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Foreword

The advantages and the diagnostic potential of microbubble-based contrast agents for
ultrasonography have become more and more clear in recent years. Numerous large-
scale, multicenter clinical studies have proven that the application of these contrast
agents in combination with modern ultrasonographic techniques such as harmonic
imaging offers substantial advantages for better management of patients. Indeed, con-
trast-enhanced ultrasonography allows better tumor characterization in various vis-
ceral organs and also improves the study of heart kinetics and vessels patency. The
use of microbubble-based contrast agents is now firmly established in routine clinical
practice.

This volume covers comprehensively the principles and physical basis of contrast-
enhanced ultrasonography as well as its actual clinical applications. The eminently read-
able text is complemented by superb diagrams and illustrations.

The editor, E. Quaia, is a renowned expert who has lectured and published widely
on the topic of ultrasonographic contrast agents .The authors of individual chapters
were invited to contribute because of their long-standing experience and their major
contributions to the radiological literature on the topic.

I would like to thank the editor and the authors most sincerely and congratulate them
for the superb efforts that have resulted in this outstanding volume.

This book will be of great interest for general and specialized radiologists who want
to increase their familiarity with this exciting new development in imaging. I am confi-
dent that it will meet the same success with readers as the previous volumes published
in this series.

Leuven ALBERT L. BAERT



Preface

Microbubble-based contrast agents for ultrasound were introduced some time ago,
although their clinical application has become widespread only in recent years. Since
color and power Doppler reveal overt artifacts after microbubble injection due to the
peculiar features of harmonic signals produced by insonation of microbubbles, dedi-
cated contrast-specific modes of US were introduced to optimize the registration of
such signals. In the past few years numerous reports have described the effectiveness of
microbubble-based agents in many fields of clinical imaging, and the utility of micro-
bubble-based agents in routine clinical practice is now under evaluation. The prelimi-
nary results are interesting and it seems that microbubble-based agents deserve an
important place in the US field.

The most important obstacle to the widespread employment of microbubble-based
agents has been the reluctance of many sonologists to accept this new way of perform-
ing US scanning. The preparation and the intravenous injection of microbubbles involve
a significant increase in the examination time, which seems to negate the traditional
advantages of US, such as the feasibility and the rapidity of the diagnostic procedure.
Microbubble-based agents have to be considered as a necessary adjunct to baseline US
which allows one to solve many diagnostic problems directly in the US unit, avoiding
contrast material-enhanced CT or MR examinations in many clinical situations.

The principal areas of employment of microbubble-based agents are the large vessels,
the heart and the parenchymal organs. This is because these agents allow assessment of
vessel patency, evaluation of heart chamber kinetics and identification and character-
ization of tumors. Moreover, many other interesting applications have been identified,
including the use of microbubble-based contrast agents in the quantification of organ
perfusion and in gene therapy.

The offer of Professor Albert Baert to edit a comprehensive textbook on the physical
basis and clinical applications of microbubble-based US contrast agents was a wonder-
ful opportunity to describe these new substances and their capabilities in radiologic and
clinical practice. Each chapter was written by well-recognized experts in the field, and
the principal effort of the editor was to ensure excellent illustrations and literature revi-
sion, besides text quality. After a preliminary introduction to the principles and physical
basis, this book provides a comprehensive review of the recognized clinical applications
of microbubble-based agents. Special attention was also dedicated to practical aspects,
such as the preparation of microbubble-based agents and the correct employment of
the different contrast-specific techniques after microbubble injection. As reflected by
the authors of the chapters, including radiologists, gastroenterologists and physicists,
this book is not exclusively intended for the radiology community but also for clinicians
and academics. I hope that this book will help to provide for microbubble-based agents
a secure place in the daily clinical practice of US.



I would like to express my sincere thanks to my previous department heads, Professor
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1.1
Introduction

The use of microbubble-based ultrasound (US) con-
trast agents is not a recent development in radiol-
ogy. The application of microbubbles to increase
the backscattering of blood was firstly described
in 1968 (GrRaAMIAK and SHAH 1968) when contrast
phenomena in the aorta during cardiac catheter-
ization following injection of saline solution were
observed. This was caused by air microbubbles pro-
duced by cavitation during the injection of the solu-
tion (BovE and ZiskIN 1969; KREMKAU et al. 1970).
From that time on, enormous efforts were dedicated
to developing clinically relevant microbubble-based
US contrast agents.

The first problem was the low stability of air-filled
microbubbles in the peripheral circulation, and in
the high-pressure environment of the left ventricle,
which was progressively solved by the introduction
of more stable bubbles covered by galactose-pal-
mitic acid or a phospholipid shell. The second prob-
lem was to make the microbubbles capable of pass-
ing through the lung circulation after intravenous

E. Quaia, MD

Assistant Professor of Radiology, Department of Radiology,
Cattinara Hospital, University of Trieste, Strada di Fiume 447,
34149 Trieste, Italy

injection, which requires that microbubbles have a
diameter smaller than 8-10 um.

Free air-filled microbubbles exhibited very lim-
ited persistence and efficacy, while aqueous solu-
tions, colloidal suspensions, and emulsions did not
meet with the required efficacy and safety profile
compatible with US. The physical and chemical
properties of the more recently introduced micro-
bubble-based contrast agents are superior to those
of the initial agents, and stabilized microbubbles
offer both excellent stability and safety profiles, as
well as acceptable efficacy.

Microbubble-based agents are injectable intra-
venously and pass through the pulmonary capil-
lary bed after peripheral intravenous injection,
since their diameter is below that of red blood cells
(Fig. 1.1). Microbubble-based agents are isotonic
to human plasma and are eliminated through the
respiratory system. With the advent of the new-gen-
eration of perfluorocarbon or sulphur hexafluo-
ride-filled microbubbles, the duration of contrast
enhancement has increased up to several minutes
which provides sufficient time for a complete study
of the vascular bed using slow bolus injections or
infusions.

1.2
Chemical Composition and Classification
of Microbubble-Based Contrast Agents

Microbubble-based contrast agents may be defined
as exogenous substances which can be adminis-
tered, either in the bloodstream (KaBALNOV et al.
1998a and 1998b) or in a cavity, to enhance ultra-
sonic backscattered signals (DE JoNG et al. 1992;
ForsBeERG and Tao SHI 2001). Moreover, micro-
bubbles which are prepared to be injected intrave-
nously must be distinguished from oral compounds
which are employed to remove the interposing bowel
gas limiting the evaluation of organ parenchymas
(GOLDBERG et al. 1994).



Fig.1.1. Two-dimensional microscopic photo of SonoVue
(white arrows) microbubbles (20x magnification; optical
microscope) compared to red blood cells (black arrows).
(Image courtesy of Peter JA Frinking, PhD, Bracco Research,
Geneva, Switzerland)

The physical properties of microbubble-based
contrast agents are closely related to their gas con-
tent and shell composition, besides the frequency
of the US beam, the pulse repetition frequency and
the employed acoustic power of insonation. At high
acoustic power, the microbubbles are disrupted
releasing a large amount of acoustic energy rich in
harmonic components. At low acoustic power, spe-
cific pulse sequences (MEUWL et al. 2003; SHEN and
L12003) driving the microbubbles to resonance are
applied for real-time imaging, producing harmonic
frequencies which may be selectively registered.

Microbubble-based contrast agents (diameter
3-10 pm) are smaller than red blood cells (Fig. 1.1)
and are composed by a shell of biocompatible mate-
rial such as a protein, lipid or polymer. The ideal
microbubble contrast agents should be inert, intra-
venously injectable, by bolus or infusion, stable
during cardiac and pulmonary passage, persisting
within the blood pool or with a well-specified tissue
distribution, provide a duration of effect comparable
to that of the imaging examination, have a narrow
distribution of bubble diameters and respond in a
well-defined way to the peak pressure of the inci-
dent US. Nowadays, only a few microbubble-based
contrast agents have been approved for human use,
even though this number may soon increase as sev-
eral agents are currently undergoing the approval
procedure.

Two principal ways were developed to increase
microbubble stability and persistence in the periph-
eral circle: external bubble encapsulation with or
without surfactants and selection of gases with
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low diffusion coefficient. Microbubble-based con-
trast agents are encapsulated (Fig. 1.2) or otherwise
stabilized using a sugar matrix, such as galactose,
or microspheres with albumin, lipids (Fig. 1.3),
or polymers. The shell is also designed to reduce
gas diffusion into the blood and may be stiff (e.g.
denatured albumin) or more flexible (phospho-
lipid), while the shell thickness may vary from 10 to
200 nm. Low-solubility and low-diffusibility gases,
such as perfluorocarbons and sulphur hexafluoride
gas (Fig. 1.3), have also been found to dramatically
improve microbubble persistence in the peripheral
circle. Microbubbles may be filled by air, perfluoro-
carbon or sulphur hexafluoride inert gas. The ideal
filling gas should be inert and should present a high
vapour pressure and the lowest solubility in blood.
Air presents high solubility in blood, while perfluo-
rocarbon and sulphur hexafluoride gases present a
low diffusibility through the phospholipid layer and
a low solubility in blood allowing a longer persis-
tence in the bloodstream. The limited solubility in
blood determines an elevated vapour concentration
in the microbubble relative to the surrounding blood
and establishes an osmotic gradient that opposes
the gas diffusion out of the bubble. The stability of a
microbubble in the peripheral circle is related to the
osmotic pressure of filling gas which counters the
sum of the Laplace pressure (surface tension) and
blood arterial pressure (CHATTERJEE and SARKAR
2003).

Fig.1.2. Scanning-electron micrograph photo of SonoVue
microbubbles which represents the variability in microbubble
diameter. (Image courtesy of Peter JA Frinking, PhD, Bracco
Research, Geneva, Switzerland)
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Fig. 1.3. Scheme of a SonoVue microbubble with the periph-
eral phospholipids monolayer filled by sulphur hexafluoride
(SF6) gas. (Image courtesy of Peter JA Frinking, PhD, Bracco
Research, Geneva, Switzerland)

The different microbubble-based contrast agents
(see also WHEATLEY 2001) arereported in Tables 1.1-
1.3. Different microbubble-based contrast agents
(Figs. 1.4 and 1.5) present different methods of
preparation according to their different composi-
tion (Figs. 1.6-1.8).

1.2.1
Carbon Dioxide Microbubbles

Carbon dioxide microbubbles are prepared by vig-
orously mixing 10 ml of carbon dioxide, 10 ml of
heparinized normal saline and 5ml of patient’s
blood (Kupo etal. 1992a,b). The size and the density
of gas microbubbles are affected by many factors,

including mixing times, volume ratio of gas and
liquid and the species of gas and liquid (MATSUDA
et al. 1998). Blood increases the surface tension and
viscosity of solution with an increased stability and
smaller diameter of microbubbles. Carbon dioxide
microbubbles were employed to detect hepatocellu-
lar carcinomas and to characterize focal liver lesions
after injection through a catheter placed within the
hepatic artery as for selective hepatic angiography
(Kupo et al. 1992a,b). Carbon dioxide microbubbles
are readily cleared from the lungs.

1.2.2
Air-Filled Microbubbles

1.2.2.1
Air-Filled Microbubbles with a Galactose Shell

1.2.2.1.1
Echovist

Echovist (SH U454; Schering, Berlin, Germany) was
the first microbubble-based contrast agent marketed
in Europe in 1991. Echovist was approved for echo-
cardiography to opacify right heart cavities and to
detect cardiac shunts. The air-filled microbubbles are
stabilized within a galactose matrix corresponding to
the peripheral shell. Even though the mean diameter
of these microbubbles is approximately 2 pm with
a relatively narrow size distribution (97% < 6 pm),
Echovist stability is not sufficient to allow the micro-
bubbles to cross the lungs after a peripheral intrave-

Table 1.1. Microbubble-based ultrasound contrast agents for intravenous injection

Trademark name Code name Manufacturer

Formulation: shell/filling gas

Albunex Mallinckrodt Human albumin/air

Bisphere PB127 Point Biomedical Polymer bilayer - albumin/air

Definity MRX-115 Bristol-Myers Squibb Phospholipid/perfluoropropane
DMP-115

Echogen® QW3600  Sonus Pharmaceutical ~ Surfactantdodecafluoropentane

Echovist SH U454  Schering Galactose/air

Filmix Cavcon Lipid/air

Imavist (Imagent) AFO150  Imcor Pharmaceuticals  Surfactant/perfluorohexane-air

Levovist SH U508A Schering Galactose-palmitic acid/air

Myomap AIP 201  Quadrant Healthcare Recombinant albumin/air

Optison FS069 Amersham Health Inc.,  Perflutren protein-type A/perfluoro-

Princeton, NJ butane

Perflubron PFOB Alliance pharmaceuticals Perfluorooctyl bromide

Quantison Quadrant Healthcare Recombinant albumin/air

Sonavist? SH U563A  Schering Polymer/air

Sonazoid NC100100 Amersham Health Lipid/perfluorobutane

SonoGen QW7437  Sonus Pharmaceuticals  Surfactant/dodecafluoropentane

SonoVue BR1 Bracco Phospholipid/sulphur hexafluoride

2Withdrawn from the market



Table 1.2. Ultrasound contrast agents for oral administration

Trade name Manufacturer Formulation

SonoRx ImaRx Pharmaceuticals Simethicone-coated
cellulose
Oralex Molecular Biosystems  Polydextrose solution

nous injection. This property of Echovist has been
employed to detect cardiac and extracardiac right-to-
left shunts that predispose to paradoxical embolism
(DrosSTE et al. 2004a,b) with Doppler interrogation of
the mean cerebral artery. The other use of Echovist
is in hysterosalpinx contrast-sonography to assess
tubal patency (CAMPBELL et al. 1994).

1.2.2.1.2
Levovist

Levovist (SH U508 A; Schering AG, Berlin, Germany)
wasthefirstmicrobubble-basedcontrastagentapproved
in Europe and Canada for radiology applications, and
nowadays is licensed for use in more than 60 countries
worldwide. Levovist is available in vials of 2.5 and 4 g
of galactose and 1g of sterile powder (Fig.1.4) con-
tains 999 mg of galactose and 1 mg of palmitic acid.
Concentrations of 200, 300, and 400 mg are reconsti-
tuted by adding specific amounts of sterile water to
the galactose powder followed by vigorous shaking of
the vial. The 200-mg concentration is recommended
for contrast-enhanced transcranial Doppler studies.
The 300-mg concentration provides sufficient Doppler
signal enhancement for most other applications. Both
300- and 400-mg concentrations can be used with non-
linear imaging sequences to enhance the echostructure
of several organs (liver, kidney, heart).

When the sugar matrix dissolves within the
plasma, the microbubbles are released and coated by
a thin monolayer of palmitic acid (FRINKING 1999).
Levovist is characterized by air-filled microbubbles
with a mean diameter of 2-3 pm and with 99% of
microbubbles smaller than 7 um covered by biode-
gradable galactose and palmitic acid shell. Palmitic
acid is a fatty acid which increases the stability of
the microbubbles to allow multiple recirculations.
Microbubbles are stable enough to pass through
capillary beds and produce systemic enhancement
of Doppler signals for 1-5 min (CORREAS et al. 2001;
HARVEY et al. 2001). Microbubbles can be adminis-
tered after a short resting period of 2 min.

After blood pool clearance, Levovist has been
shown to have a late hepatosplenic-specific parenchy-
mal phaseand can accumulate within theliver and the
spleen up to 20 min after intravenous injection once

E. Quaia

Table 1.3. Microbubble-based ultrasound contrast agents
under development

Code Name Manufacturer —Formulation: shell/gas

AI-700 Acusphere Polymer/perfluorocarbon-
nitrogen

BR14 Bracco Phospholipid/perfluorobutane

BY 963 Byk-Gulden Lipid/air

PESDA Porter Albumin/perfluorocarbon

MP1550 Mallinckrodt  Lipid/perfluorobutane

MP1950 Mallinckrodt ~ Phospholipid/decafluorobutane

MP2211 Mallinckrodt  Lipid/perfluorobutane

MRX-408 ImaRx Pharma- Oligopeptide/perfluoropropane

ceuticals
SH U616A  Schering Galactose/air

Fig. 1.4. Package of the commercial agent Levovist (Schering,
Berlin, Germany) consisting in air-filled microbubbles covered
by galactose and palmitic acid shell. Sterile saline solution (A),
lyophilisate powder (B), plastic vial (C) and syringe (D)

Fig. 1.5. Package of the commercial microbubble-based agents
SonoVue (Bracco, Milan, Italy). Lyophilisate powder (A), plas-
tic vial (B), piston of the syringe (C) and syringe filled with
sterile saline solution (D)
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Fig. 1.6a-d. Method of preparation of SonoVue: vial preparation. The piston of the syringe is screwed on the plastic support (a).
The lyophilisate powder containing phospholipids is laid on the bottom of the bottle (b). The syringe is screwed on the plastic

connection (c). The plug of the vial is removed (d)

it has disappeared from the blood pool (BLOMLEY
et al. 1998; KiTAMURA et al. 2002; MARUYAMA et al.
2004). The underlying mechanism of the selective
late uptake of Levovist by hepatic and splenic paren-
chyma is not fully understood. One possible explana-
tion is that the accumulation may be mediated by the
reticuloendothelial system (HAUFF et al. 1997; KoNo
et al. 2002; Quaia et al. 2002), or that microbubbles
are entrapped in the liver sinusoids.

1.2.2.2
Air-Filled Microbubbles with Albumin Shell

1.2.2.2.1
Albunex

Albunex (developed by Molecular Biosystems,
San Diego, CA, USA; distributed by Mallinckrodt,
St Louis, Mo, USA) was the first transpulmonary
microbubble-based agent which reached the market
in 1993 but it is not longer in production. Albunex
is produced by sonicating 5% of human albumin to
obtain air-filled microbubbles stabilized with a thin
shell of human albumin of 3-5 pm. The microbubble
concentration is 3-5x10® microspheres/ml (KiLLam

and DITTRICH 1997). The mean diameter is 3.8 pm
with a standard deviation of 2.5 um; however, the
distribution of the microbubble population is quite
large. Albunex microbubbles are very sensitive to
pressure changes and their half-life is very short
(<1 min). After an intravenous peripheral injection,
the microbubbles can pass through the pulmonary
capillary bed and reach the left ventricle.

1.2.2.2.2
Quantison

Quantison (Quadrant Ltd, Nottingham, UK) consists
of air-filled microbubbles encapsulated by a relatively
thick (200-300 nm) and rigid shell of recombinant
albumin. Imaging demonstrated that the liver was the
organ with the highest uptake, with a mean uptake of
41.8% (SD 10.4%) of the administered dose 1 h follow-
ing intravenous administration (PERKINS et al. 1997).

1.2.2.2.3
Myomap

Myomap (AIP 201, Quadrant Ltd, Nottingham, UK)
consists of an air-filled microbubbles encapsulated
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Fig. 1.7a-f. Method of preparation of SonoVue: mixture of the powder with saline solution. The plastic connection is pressed on
the bottle (a,b). Lyophilisate powder is mixed with water and the mixture has to be shaken for about 10 s (d,e). The obtained milky
suspension of microbubbles has to remain at rest for about 1 min to promote macrobubbles breaking up (f)

by recombinant albumin shell which is more than
three times thicker (600-1000 nm) than the Quan-
tison shell (FRINKING 1999). The microbubble mean
size is 10 um (range 1.46-23.5 um).

1.2.2.3
Air-Filled Microbubbles with Cyanoacrylate Shell

1.2.2.3.1
Sonavist

Sonavist (SH US563A, Schering AG, Berlin, Ger-
many) consists of air-filled microspheres with a
mean diameter of 2 um (BAUER et al. 1999) pro-
duced by emulsion polymerization. The shell of the
microspheres is formed by a 100-nm thick layer of
a biodegradable n-butyl-2-cyanoacrylate polymer.
The microspheres are pre-formed as a powdery sub-
stance which is suspended by shaking in physiologi-
cal saline for a few seconds before injection. This
suspension is isotonic and remains stable in the vial
for several hours. Unlike free gas bubbles and most

other microbubble enhancers, the microspheres of
SH U563A circulate in the blood pool intact for up
to 10 min after intravenous injection. The particles
are eventually taken up by the reticuloendothelial
system during the late phase (HAUEFF et al. 1997;
BAUER et al. 1999), principally the Kupffer cells of
the liver, which gives them a diagnostic potential
similar to that of microparticles of Iron oxide.

1.2.3
Perfluorocarbon-Filled Microbubbles

1.2.3.1
Perfluorochemical

Perfluorochemicals (perflubron emulsion; Alliance
Pharmaceutical Corporation, San Diego, USA) are
inert compounds with a low surface tension which
are immiscible with water and can be intravenously
injected if emulsified (MATTREY and PELURA 1997).
Perfluorochemicals accumulate in human tissues
when inhaled, ingested or given intravenously.
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Fig. 1.8a-f. Method of preparation of SonoVue and microbubble injection. The milky microbubble suspension is withdrawn from
the bottle (a) and still has to be gently shaken before injection to avoid microbubble sedimentation (b). A three-way stop-cock
(c) should be employed and connected to a 16-18 Gauge intravenous cannula. The left arm is preferable since this does not
hamper liver scanning during microbubble injection. The first port is connected to the intravenous cannula, the second to the
syringe with microbubbles and the third to the syringe with saline solution (d). Needles should be avoided since microbubbles
may be destroyed at the end of the needle during injection for the turbulence by Venturi phenomenon. Microbubbles are than
injected (e) followed by saline flush (f) to avoid microbubble persistence in the vial and in the vein

Perfluorooctyl bromide (perflubron) is a liquid
perfluorocarbon emulsion with particle size rang-
ing from 0.06 to 0.25 um which is composed of
carbon and bromine atoms. Perfluorooctyl bro-
mide circulates in blood with a half-life of hours
and is an effective microbubble-based contrast
agent which is also radiopaque at plain film X-ray
and computed tomography. Perfluorochemical
emulsions act as simple scatterers since they pres-
ent a higher density (1.9 g/ml) and a lower acoustic
velocity (600 m/s) than tissues with a difference
in acoustic impedance of about 30% (ANDRE et al.
1990; MATTREY and PELURA 1997). Perfluorooctyl
bromide accumulates in the reticuloendothelial
cellsandleaksfrominflammatory or tumoral capil-
laries into the interstitial space where the emulsion
particles are phagocytosed by local macrophages
(MATTREY et al. 1982; MATTREY and AGUIRRE
2003). The accumulation of a large number of par-

ticles within each macrophage results in an aggre-
gate capable of reflecting US.

From the observation that liquid perfluorocar-
bon vapour in a contained space expanded the
space by attracting air because of an osmotic gra-
dient and differential partial pressure, the develop-
ment of microbubbles that already contained per-
fluorocarbon vapour and surviving to circulation
was proposed (MATTREY et al. 1994; SCHUTT et al.
2003).

1.2.3.2
Perfluorocarbon-Filled Microbubbles
with a Phospholipid Shell

Perfluorocarbon-filled microbubbles are currently
the most important research field in microbubble-
based agents development. There are at least five
different perfluorocarbon-filled agents approved
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for cardiac imaging in the US and at least three
agents approved for non-cardiac imaging in Europe
(MATTREY and AGUIRRE 2003). Development efforts
have also focused on targeting liquid perfluorocar-
bon emulsion and microbubbles to clots and acti-
vated endothelial cells becoming visible only if
attached to their target (LANzA et al. 1996).

1.2.3.2.1
BR14

BR14 (Bracco Research, Geneva, Switzerland) is a
phospholipid-stabilized third-generation US con-
trast agent (SCHNEIDER et al. 1997) that produces
persistent contrast enhancement of tissue perfu-
sion. This persistent contrast enhancement has been
attributed to its transient retention in the liver tissue
and spleen microcirculation (Basirico et al. 2002;
FISHER et al. 2002).

1.2.3.2.2
Definity

Definity (MRX 115, DMP115, Bristol-Myers Squibb
Medical Imaging, North Billerica, MA) contains
octafluoropropane (perflutren)-filled phospholipid
microbubbles coated with a single layer of phospho-
lipids and with a mean diameter of 2.5 um (UNGER
et al. 1997; MARUYAMA et al. 2000, 2003, 2004). The
microbubbles are formed after a 45-s mechanical
shaking and may be injected. The vial contains a
clear, colourless, sterile, non-pyrogenic, hypertonic
liquid which, upon activation, provides a homoge-
neous, opaque, milky white injectable suspension of
perflutren lipid microspheres.

1.2.3.2.3
Imavist or Imagent

Imagent (AFO-150; Imcor Pharmaceutical, San
Diego, CA, USA) consists of a lipid-shell micro-
bubble containing perfluorohexane gas. The micro-
spheres are composed by water-soluble structural
agents, surfactants, buffers and salts (MATTREY
and PELURA 1997). After reconstitution with sterile
water, a suspension of perfluorohexane-filled micro-
bubbles with a surfactant membrane is formed. The
perfluorohexane presents a very low solubility in
blood and this improves microbubble stability. Like
Levovist, Sonavist and Sonazoid, Imavist showed a
late hepato-specific phase 3-5 min after injection,
suggesting a specific liver entrapment (Kono et al.
2002). However, the late liver parenchymal enhance-
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ment of Imavist is likely not related to Kupffer cell
uptake, but rather to a mechanical slowdown within
liver sinusoids (Kono et al. 2002).

1.2.3.2.4
Sonazoid

Sonazoid (NC100100, Amersham Health, Oslo,
Norway) (MARELLI 1999) consists of lipid-coated
microbubbles containing perfluorocarbon and within
awell-defined size range (median diameter of approx-
imately 3 um). Sonazoid is prepared as an easy-to-
use, non-toxic formulation. At electron microscopy,
Sonazoid was revealed to be exclusively internalized
in Kupffer cells during late phase (MARELLI 1999;
FORSBERG et al. 2002; KINDBERG et al. 2003).

1.2.3.3
Perfluorocarbon-Filled Microbubbles
with Albumin Shell

Albumin is employed in perfluorocarbon-filled
agents to further increase microbubble stability.

1.2.3.3.1
Optison

Optison (FS069; developed by Molecular Biosystems
Inc., San Diego, CA, USA; distributed by Amersham
Health Inc., Princeton, NJ) consists of perfluorobu-
tane (perflutren)-filled microbubbles coated by 15-
nm thick human albumin shell which are prepared
directly in solution. The vial contains a clear liquid
lower layer and a white upper layer that, after resus-
pension by gentle mixing, provides a homogeneous,
opaque, milky-white suspension forintravenousinjec-
tion. This microbubble-based agent should be kept in
refrigerated and shaken before use. The mean diam-
eter of the microbubbles ranges from 1.0 to 2.25 pm,
with 93% less than 10 pm, and the mean concentra-
tion ranges from 5 to 8x10® microspheres per mil-
lilitre. No immune reaction has been associated with
the presence of the human serum albumin. Optison
was recently approved in Europe, Canada, and the US
for cardiac applications in the case of inconclusive
echocardiography to provide opacification of cardiac
chambers and to improve left ventricular endocardial
border delineation. The recommended dose varies
from 0.5 to 3.0 ml. Human albumin shell-covered
microbubbles have been shown to be captured and
phagocytosed by activated neutrophils while their
acoustic properties for ultrasound are preserved
(LINDNER et al. 2000).
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1.2.3.4
Phase Shift Perfluorocarbon-Filled Microbubbles

Phase shift transition is a phenomenon in which the
material changes physical form, such as from liquid
to gas (CORREAS et al. 1997).

1.2.3.4.1
EchoGen

EchoGen (QW3600; produced by Sonus Pharmaceu-
ticals, Bothell, WA, USA) is a perflenapent liquid-in-
liquid emulsion which contains dodecafluoropen-
tane liquid in the dispersed phase which shifts to
a gas phase at body temperature forming micro-
bubbles of 3-8 um in diameter. Dodecafluoropen-
tane is a perfluorocarbon gas with a low boiling
point (28.5°C), low diffusibility, and low solubility in
plasma. The emulsion contains particles with amean
diameter of approximately 0.4 um (CORREAS et al.
1997, 2001). Following intravenous administration,
microdroplets form a distribution of microbubbles
of dodecafluoropentane with a mean diameter of
2-5pm. The dodecafluoropentane microbubbles
persist in solution much longer than similar sized
microbubbles of air. The phase transition from
liquid to gas state is achieved by producing a hypo-
baric pressure followed by an intense shock within
the syringe immediately prior to administration or
by injecting the emulsion as a bolus through a filter
which induces a drop in pressure (CORREAS et al.
1997, 2001). EchoGen obtained a European approval
for cardiac indications but was withdrawn from the
market in 2000 by Sonus Pharmaceuticals.

1.24
Sulphur Hexafluoride-Filled Microbubbles

1.2.41
SonoVue

SonoVue (BRI, Bracco imaging, Milan, Italy) is a
sulphur hexafluoride-filled microbubble contrast
agent encapsulated by a flexible phospholipid shell
which is prepared as a lyophilisate powder (Fig. 1.5)
(SCHNEIDER et al. 1995; MOREL et al. 2000; CORREAS
et al. 2000, 2001). A white, milky suspension of
sulphur hexafluoride microbubbles is obtained by
adding 5 ml of physiological saline (0.9% sodium
chloride) to the powder (25mg), using standard
clinical aseptic techniques, followed by hand agita-
tion (Figs. 1.6, and 1.7). The obtained microbubble
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density is 2x10® microbubbles per millilitre (mean
diameter 3 um, 90% of the microbubbles <8 pm).
The microbubbles are stabilized with several sur-
factants, such as polyethylene glycol, phospholipids
and palmitic acid, and are stable in the vial for a
few hours (<6 h). However, after standing for more
than 2 min buoyancy causes microbubbles to rise to
the surface and the vial has to be gently agitated in
a top-to-bottom manner to obtain a homogeneous
suspension before intravenous injection (Fig. 1.8).
SonoVue shows an elimination half-life of 6 min and
more than 80% of the compound is exhaled through
the lungs in 11 min (MoREL et al. 2000).

Recently SonoVue obtained European approval
for both cardiac and liver applications. The advan-
tages of sulphur hexafluoride-filled compared to
air-filled microbubbles is the high and prolonged
stability in the peripheral blood, due to the low solu-
bility of the gas and to stability of the phospholipids
shell, and the uniformity of the microbubble diam-
eter which improves the backscattering and har-
monic behaviour at low acoustic power insonation
(GORcE et al. 2000).

1.3
Pharmacokinetics and Clearance
of Microbubble-Based Contrast Agents

After preparation of microbubble solution, it is
always advisable to perform microbubble injection
via a flexible venous indwelling cannula (Fig. 1.8)
of sufficiently large calibre (18 Gauge). An imme-
diate after-injection flush of about 5-10 ml physi-
ological saline solution is also advisable to wash
out microbubbles remaining in the cannula and in
the proximal vein tract after injection. The use of a
three-way tap open to all sides is recommended so
that the saline solution can be injected without delay
(Fig. 1.8). Microbubble-based contrast agents may
be injected as a bolus or as a slow infusion.

Bolus injection is simple to perform even though
the increase in backscattering is brief. For bolus
injection, time-intensity curve exhibits a rapid first
pass followed by a slower washout and contrast
enhancement exhibits a linear relation with the dose
(CorrEAs et al. 2000). The principal drawback of
bolus injection is the possible presence of artefacts
during the high peak value of microbubbles.

In slow infusion microbubble administration
the enhancement is stable with a plateau-like pat-
tern from 1 to 2 min from injection (CORREAS et al.
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2000). Slow infusion may be performed by a dedi-
cated automatic injector and it is mandatory in the
quantitation of parenchymal perfusion since station-
ary levels of microbubbles are necessary. Infusion
of microbubble-based agents is easily achieved and
allows the duration of enhancement to be increased
as long as desired.

After intravenous injection microbubble-based
contrast agents present a pure intravascular distri-
bution in the peripheral circle and are defined blood
pool agents. After this preliminary vascular phase
tissue specific agents are defined, some agents, such
as Levovist, Sonavist and Sonazoid, present a late
hepatosplenic-specific phase (HAUFF et al. 1997;
BLOMLEY et al. 1998; BAUER et al. 1999; FORSBERG
et al. 1999, 2000, 2002; Qua1a et al. 2002). This phe-
nomenon is not completely understood but is prob-
ably determined by the adherence and selective
pooling of the microbubbles in the hepatic sinusoids
or by the selective uptake from the circulation by
phagocytic cells of the reticuloendothelial system in
the liver and spleen (WALDAY et al. 1994; FORSBERG
et al. 1999, 2000, 2002; HAUFF et al. 1997; Quaia et
al. 2002).

Typically, the gas content is eliminated through
the lungs while the stabilizing components are fil-
tered by the kidney and eliminated by the liver.
Perfluorocarbons and sulphur hexafluoride are
inert gases which do not undergo metabolism in the
human body and are exhaled, such as air, via the
lungs after a few minutes. Sulphur hexafluoride is
eliminated for 40%-50% of the injected gas volume
2 min after intravenous injection while 80%-90% is
eliminated in 11 min (MOREL et al. 2000).

The phospholipids of the shell enter in the
normal metabolism. The galactose-based micro-
bubbles are quickly dissolved as a result of the
concentration gradient. The galactose becomes
dispersed in the extracellular space and is sub-
jected to the glucose metabolism. Galactose is
stored primarily in the liver through the forma-
tion of galactose-1-phosphate, or is metabolised
and broken down to CO, after isomerisation to
glucose-1-phosphate. If the plasma galactose level
exceeds about 50 mg/100 ml and, therefore, the
eliminationrate oftheliver, galactoseis eliminated
via the kidneys. The elimination rate in patients
with liver disease is about one third lower than
in healthy subjects, in whom the plasma galactose
level falls by 10% per minute. Total clearance is
about 40% lower in patients with liver disease.
Galactose has a half-life of about 10-11 min in
adults and of about 7-9 min in children.
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1.4
Orally Administered US Contrast Agents

US imaging of the abdomen often is compromised
by artefacts due to adjacent bowel gas since the US
beam is almost completely reflected when the acous-
tic interface bowel gas-parenchyma is encountered.
Orally administered US contrast agents (Table 1.2)
were introduced to reduce bowel gas interposition
between the US beam and the parenchymal organs
by filling the bowel lumen with a transonic solu-
tion. Different attempts to decrease gas artefacts and
improve US image quality were performed with poor
results since a high inter-individual variability was
found. Recently, a simethicone-coated cellulose sus-
pension, called SonoRx (ImaRx Pharmaceuticals,
Tucson/Bracco Princeton, NJ, USA) was introduced
with improvement of the visualization of bowel and
abdominal anatomy with reduction of gas artefacts
(LunD et al. 1992).

1.5
Safety of Microbubble-Based Contrast
Agents in Humans

In humans, microbubbles showed an excellent safety
profile with no specific renal, liver or cerebral tox-
icity (CORREAS et al. 2001). The adverse reactions
are rare, usually transient, and of mild intensity
(CLAUDON et al. 2000; CORREAS et al. 2001). A tran-
sitory sensation of pain, warmth or cold and tissue
irritation may occur in the vicinity of the injection
site or along the draining vein during or immedi-
ately after administration. Due to the hyperosmo-
larity of microbubble solution, a transitory aspecific
irritation of vessels endothelium may be observed.
Individual cases of dyspnea, chest pain, hypo- or
hypertension, nausea and vomiting, taste altera-
tions, headache, vertigo, warm facial sensation,
general flush and cutaneous eruptions have been
described (RoTT 1999; CORREAS et al. 2001).
Short-lasting tingling, a feeling of numbness, sen-
sations of taste and dizziness have been reported.
No hypersensitivity reactions to the administration
of microbubble have so far been reported (CORREAS
et al. 2001). Even though the impaired cardiopul-
monary function - including congestive heart fail-
ure (New York Heart Association Class II-1V) with
or without pulmonary hypertension, moderate or
severe chronic obstructive pulmonary disease, and
patients with diffuse interstitial pulmonary fibrosis
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- is not a contraindication for the administration of
microbubble-based agents (KiTzmMAN and WESLEY
2000; CorRREAS et al. 2001), the benefits must be
weighed very carefully against the risk in this clini-
cal situation.

Recently, general guidelines for the safe employ-
ment of microbubble-based contrast agents were
proposed (CLAUDON and JAGER 2004; ALBRECHT
et al. 2004). These guidelines include an initial
general chapter describing the fundamentals of
microbubble-based contrast agents, paying special
attention to safety, and will be subject to changes
that reflect future advances in scientific knowledge
within the rapidly evolving field of US technology
(CLauDpoON et al. 2002). The main part of the present
text details the guidelines recommended for the
evaluation of liver lesions (ALBRECHT et al. 2004)
and, in the next future, guidelines will be directed
to the employment of microbubble-based agents in
the kidneys.
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2.1
Introduction

Microbubble-based contrast agents consist of
microbubbles of air or other gases, encapsulated
by a shell of different composition and with a
diameter of approximately 2-6 um. The high dif-
ference in acoustic impedance between the gas in
the microbubble and the surrounding tissue in vivo
makes microbubbles highly reflective resulting in
the enhanced acoustic backscattering from blood
by up to 27 dB in both colour and spectral Doppler
modes (FORSBERG et al. 1999).

The oscillation of the microbubble under USbeam
is governed by parameters such as resonance fre-
quency, pulse repetition frequency, acoustic power,
the filling gas, damping coefficients and shell prop-
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erties. Besides the other factors, the local acoustic
power is the principal parameter affecting micro-
bubbles behaviour (POWERS et al. 1997; CORREAS et
al. 2001). At low acoustic power, the microbubbles
destruction from the US beam is minimized and
microbubbles oscillate synchronously with the inci-
dent US and emit non-linear echoes. With increas-
ing acoustic power of the insonating US beam, sig-
nals returning from microbubbles are increased
by several orders of magnitude due to interactions
between the insonating beam and the microbubbles,
which include fundamental scattering, harmonic
resonance and microbubble destruction.

2.2
Microbubble Persistence in the Bloodstream

To act as effective contrast agents in the periph-
eral circulation, microbubbles have to persist in the
bloodstream. Various chemical strategies have been
adopted to produce stabilized gas microbubbles in
the peripheral circulation and the different compo-
sitions have an important influence upon the per-
formance of the resulting agent.

2.21
Diffusibility of the Filling Gas

The first factor which determines the persistence of
microbubbles in the peripheral circle is the diffus-
ibility of the filling gas throughout the peripheral
shell. The diffusibility, expressed by the diffusion
coefficient, and the solubility of the filling gas in
the blood, strongly affect microbubble persistence
in the circle, according to the following equation:

2
7= PR (1)
2DC,
where T = microbubble persistence in the blood, p
= density of the gas, R = initial radius of the micro-
bubble, D = diffusion coefficient of the gas in the
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substance of the shell, C, = saturation coefficient
of exchange of gas between aqueous and gaseous
phases, which is higher in gas with increased solu-
bility in the blood.

2.2.2
Surface Tension

Equation 1 is an effective approximation of micro-
bubble persistence in the bloodstream. However, sur-
face tension is another important mechanism respon-
sible for the disappearance of the filling microbubble
gas in a gas saturated liquid. The microbubble shell
contains surface-active molecules, namely phosphol-
ipids, which act as a surfactant reducing the surface
tension. The surfactant layer exerts a counterpres-
sure against the tendency of surface tension and other
forces to cause gas diffusion from a microbubble. The
relation of the surface tension with microbubble dis-
solution was shown by FRINKING (1999):

C .28,
R
R _pxr| & o (L1, 1 )
dt |+ 48, R /nDt
3Rp,

dR
where (E) = variation of microbubble radius (R),

with time (t) which is related to microbubble disap-
pearance from the peripheral circle; D = diffusion
coefficient of the gas; L = Ostwald coefficient which
corresponds to the ratio of the amount of gas dis-
solved in the surroundingliquid and in the gas phase
per unit volume; C;/C, = ratio of the dissolved gas
concentration to the saturation concentration; Sy =
surface tension; p, = ambient pressure. In Eq. 2 the
surface tension is shown to strongly affect the dis-
solution of microbubbles and the higher the surface
tension, the lower the microbubble persistence.

2.2.3
Osmotic Pressure of the Filling Gas

KaBaLNovV et al. (1998) showed that the stability of a
microbubble in the peripheral circle is related to the
osmotic pressure of the filling gas which counters
the sum of the surface tension and blood arterial
pressure:

2S
(CG+CA)KXT=?T+pb+patm (3)
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where C; and C, = concentration of the filling gas
(g) and air (), K = gas constant, T = absolute tem-
perature, S; = surface tension, R = bubbles radius,
Py = systemic blood pressure, p,., = atmospheric
pressure (101 kPa). The limited solubility in blood
determines an elevated vapour concentration in the
microbubble relative to the surrounding blood and
establishes an osmotic gradient that oppose the gas
diffusion out of the microbubble. After the initial
size adjustment due to the effect of body tempera-
ture, the microbubbles will either swell or shrink
depending on the partial pressure of the air in the
bubble, followed by a period of slow diffusion of
gas into the bloodstream (FORSBERG and Tao SHI
2001).

2.24
Diffusion and Ostwald Coefficients

Diffusion and Ostwald coefficients also strongly
determine the rate of decrease of the bubble radius,
which is a direct measure for the disappearance rate
of the microbubble:

—%(caw) =3RD,L,C, 4)
—i(c R*)=3RD,L, [ C, - Bum (5)
dt A AA A KT

where C; and C, = concentration of the filling gas
(g) and air (,), R = bubbles radius, Dg, D, and L,
L, = diffusion and Ostwald coefficients respectively
for the filling gas (;) and the air (), p,, = atmos-
pheric pressure (101 kPa), K = gas constant and T
= absolute temperature. From Egs. 4 and 5 it can
be derived that the diffusion and Ostwald coeffi-
cients determine the rate of decrease of the bubble
radius, which is a direct measure for the disappear-
ance rate of the microbubble. Thus, microbubbles
filled with gases having lower diffusion and/or the
Ostwald coefficient will persist longer in the blood-
stream (Fig. 2.1) (CORREAS et al. 1997). This result
was reached with the introduction of new generation
of microbubble-based agents.

2.2,5
Nature of the Peripheral Capsule

The nature of the encapsulating shell is the last
fundamental factor which affects microbubble per-
sistence in the bloodstream. Of course, the more
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Fig.2.1a,b. Difference of microbubble persistence in the
bloodstream according to the filling gas: air (a) or perfluoro-
carbon gas (b), respectively. The microbubbles are completely
dissolved when the diameter is equal to 0 and this happens
after 16 ms for air (a) and 1800 ms for perfluorocarbon gas
(b). (Images courtesy of Peter JA Frinking, Bracco Research,
Geneva, Switzerland)

stable the peripheral shell or the lower its solubil-
ity in water, the longer the microbubble persistence
and echo-enhancing effect. Galactose-covered
microbubbles present a low persistence for the high
solubility of the sugar in the water. New generation
microbubble-based agents present an albumin or
phospholipids shell which present low solubility in
water, further improving microbubble persistence
in the bloodstream and the effect of scattering.

2.3
Physical Basis and Principles of Action

2.31
Resonant Frequency

The first theoretical description of free microbubble
response to pressure was developed by RAYLEIGH
(1917). Encapsulation of microbubbles affects their
ability to oscillate, due to the presence of viscoelastic
damping effects determined by the shell which influ-
ences the microbubble acoustic properties (DE JoNG
et al. 1992, 1994; pE JoNG and HOFF 1994; FRINKING
and DE JoNG 1999). To produce effective backscat-
tering microbubbles have to be insonated by their
characteristic resonant frequency (Fig. 2.2) and the
exposure to US at their resonant frequency forces
microbubbles to contract and expand their diameter

fundamental

-20
2~ harmonic

Power [dB]
8

transmit frequency [MHz]

Fig.2.2. Power spectral density of SonoVue for low (broken
line) and high (solid line) acoustic power. The power of the
backscattered signal presents a peak at the fundamental (reso-
nant) frequency. (Image courtesy of Peter JA Frinking, Bracco
Research, Geneva, Switzerland)
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Fig. 2.3. Microbubble shows linear behaviour at verylow acous-
tic power insonation. Microbubble radius presents a degree of
compression at positive acoustic pressure which is equal to the
degree of expansion at negative acoustic pressure.

several-fold. At low acoustic power microbubbles
produce a US signal with the same frequency as the
sound that excited them (Fig. 2.3). By increasing the
acoustic power of insonation microbubbles exhibit
non-linear vibrations (Fig.2.4) at their resonant
frequency (f,) generating signals at f;, harmonics
(2f,, 3f,, 4f,, etc.) and subharmonics (f,/2, f,/3, etc.)
(Fig. 2.5) (FORSBERG et al. 1996; SHANKAR et al.
1998). At further higher acoustic power the expan-
sion eventually disrupts the microbubbles shell gen-
erating a wide-band harmonic signal similar to a
burst.
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Fig. 2.4. Microbubble shows nonlinear behaviour if the acous-
tic power of insonation is progressively increased at the reso-
nant frequency. With non-linear oscillation, the duration and
degree of microbubble expansion is greater than its compres-
sion phase. This non-linear response to the insonation deter-
mines the production of harmonic frequencies.

Intensity

a Time b Time C Frequency

Fig.2.5a-c. Microbubble non-linear behaviour. The trans-
mitted acoustic wave (a) presents a definite periodic shape.
The echo produced by microbubble resonance (b) presents
an irregular shape in the time domain which becomes more
definite in the frequency time (c) after Fourier transforma-
tion revealing multiple harmonic and subharmonic frequency
components.

According to ANDERSON and HAMPTON (1980) the
resonant — fundamental - frequency (f;) is inversely
related to the microbubble diameter and it may be
expressed as:

fom 1 [37Po (6)
2nR '\ p,
where R = microbubble diameter; y = the ideal adia-
batic constant of gas; p, = ambient fluid pressure; p,
= density of the surrounding medium. To derive Eq. 6
the damping caused by the surrounding medium is
assumed negligible, as there are no effects due to
bubble surface tension or thermal conductivity.
Considering the same model employed for the
backscattering of an air-filled microbubble sur-
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rounded by a thin elastic shell, and taking into
account the increased restoring force due to shell
elasticity, a further equation was developed by DE
JoNG et al. (1992):

fom L 3_Y(PO+£§) @)
2nr\ p 3y r

where S, is the shell elasticity parameter which is
defined as:

RO—Ri (8)

Se=8mn E
1-v

where R; and R, = inner (i) and the outer (o) diam-
eter of the microbubble (the difference R, - R;is the
thickness of the shell), v is the Poisson’s ratio which
describes the ratio of transverse contraction strain
to longitudinal extension strain in the direction of
stretching acoustic pressure (tensile deformation is
considered positive and compressive deformation is
considered negative) and E is the modulus of Young
- modulus of elasticity in tension - which describes
the stiffness of a microbubble.

2.3.141
Practical Application

According to Eq. 7 the higher the shell elasticity due
to encapsulation, the higher the resonant frequency,
at equivalent microbubble radius. Moreover, the
lower the shell elasticity due to encapsulation, the
lower the generation of harmonics, due to the damp-
ing provided by the shell viscosity which produces a
notable decrease in the pulsation amplitude. So, for
a stiff and thick shell the stability in the peripheral
blood is higher if compared with a flexible and thin
shell, but production of harmonics is lower. In prac-
tical terms, for any given US power and frequency,
less acoustic signal can be expected from microbub-
bles with thick, stiff shells. Since microbubbles with
thick and stiff shells present an increased resist-
ance to the US acoustic power of insonation, the
produced acoustical backscattering signal may be
improved simply by increasing the acoustic power
of insonation.

Moreover, according to Eq. 7, the ideal resonant
frequency for a microbubble is inversely related to
thesquare of itsradius (DE JoNG etal. 1996; FRINKING
and DE JonNG 1999). The larger the microbubble
radius, the lower the resonant frequency (Fig. 2.6),
and the resonant frequency of a microbubble with
a diameter of a few micrometres is comprised in
the low MHz frequency range, which is employed
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Fig.2.6. Free air microbubble. Inverse hyperbolic relation
between the resonance frequency and the microbubble diam-
eter. (Image courtesy of Peter JA Frinking, Bracco Research,
Geneva, Switzerland)

in abdominal US. Specifically, the resonant fre-
quency for phospholipid-coated microbubbles with
a diameters of 1-5 um is approximately 4-0.6 MHz
(DayToN and FERRARA 2002).

2.3.2
The Fundamental Equation of Microbubble
Backscattering: Rayleigh—Plesset

The Rayleigh, Plesset, Noltingk, Neppiras, Poritsky
equation, also known as the RPNNP equation and
which was further developed by CHURCH (1995),
considers a free microbubble gas-filled model and
describes both the linear and the non-linear charac-
teristics of a shell-encapsulated microbubble.

In this model, the microbubble is considered
coated by a continuous layer of incompressible
solid elastic material, with a spherically symmet-
ric motion, and surrounded by an incompressible
liquid which presents infinite extent and a con-
stant viscosity according to Newton’s law. A New-
tonian fluid is a fluid in which the shear stress - the
ratio of force up to the area subjected to the force
- is proportional to viscosity and velocity gradi-
ent (CHATTERJEE and SARKAR 2003). The rheologi-
cal parameters (surface tension and viscosity) for
microbubble-based agents may be calculated. The
wavelength of the US field is assumed to be much
larger than the microbubble diameter, and only
the motion of the bubble surface is of interest. It is

assumed that the vapour pressure remains constant
during the compression and expansion phase, and
that there is no rectified diffusion during the short
period of exposure to US. The gas in the bubble is
assumed to be ideal and compressed and expanded
according to the ideal gas law with the polytropic
exponent (I') remaining constant during vibration
(FRINKING 1999).

2.3.2.1
Motion of the microbubble wall

The first parameter to be considered in the back-
scattering is the motion of the microbubble wall
(FRINKING 1999):

w3 . )
pPRR +§pR2= P, —PPR™ =p, —p.. )

where p = density of the surrounding liquid medium
(=998 kg/m?); R =instantaneous microbubble radius;
R’ = first time derivative of the radius (the velocity of
the microbubble wall); R” = second time derivative of
the radius (the acceleration of the microbubble wall);
p.. = liquid pressure at the microbubble wall; p., =
liquid pressure at infinity.

The assumption is that presence of the micro-
bubble shell completely dominates the motion of
the microbubble wall. Therefore, the microbubbles
are considered to be elastic particles, which have an
effective bulk modulus, K¢, describing the elastic-
ity of the shell, and a friction parameter describing
the viscosity of the shell.

2.3.2.2
Bulk Modulus = Elasticity of the Shell

The effective bulk modulus describes the elasticity
of the shell. For a spherical volume V deformed by
a quasi-static pressure change, AP determines the
volume change of the microbubble and it is uniform
over the microbubble surface. The volume strain
(deformation) corresponds to ~AV/V, where V is the
initial volume and AV is the change in volume, while
the volume stress (AP) corresponds to the ratio of
the magnitude of the normal force to the area. The
effective bulk modulus, K, (FRINKING and DE JONG
1999), is given by the ratio of the volume stress to
the volume strain:
K = _V£

AV
Since thevolumeisspherical, symmetricand defined
by the radius, the volume strain can be written as:

(10)
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av_(R) |
vV R,
where R is the initial microbubble radius. Combin-
ing Egs. 10 and 11 gives:

RSN

2.3.2.3
Friction Damping = Viscosity of the Shell

(11)

(12)

The friction damping parameter describes the vis-
cosity of the shell. Since the pressure change AP,
determining the volume change of the microbubble,
can be split into three parts: (1) the liquid pressure
at the bubble wall (p;); (2) the damping pressure
caused by friction damping of the system bubble
- liquid (pg4), and (3) the hydrostatic pressure (p,),
it may be expressed as:
AP =p, +py—D, (13)
Substitution of Egs. 12 and 13 into Eq. 9, and using
the expanded expression for p. (p.= p, + Py
where p, = hydrostatic pressure; P, = time-vary-
ing applied acoustic pressure) yields:

3
w 3 Lo R

pRR +EpR =K. l(R—OJ — 1] —Pa— P(t) (14)
By equating the damping pressure, multiplied by the
bubble surface, to the damping force, an expression
for p4 can be derived from the equation of motion
of a damped forced oscillator:
4mR’*p, =PR* (15)
where B is the mechanical resistance, R = instan-
taneous microbubble radius; R" = first time deriva-
tive of the radius (the velocity of the microbubble
wall).

According to the expression of MEDWIN (1977)
for the total viscous and friction damping coeffi-
cient, §,,, = B/®m, where ® = insonating frequency
of the applied acoustic field and m = effective micro-
bubble mass [(3/4) 7 R3p], the damping pressure can
be written as:
Py =8, PORR’ (16)
where 8,,, = 8,4 + 0,5 + Oy, + O and 9,4 = damp-
ing coefficient due to reradiation; §,, = damping
coefficient due to the viscosity of the surround-
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ing medium; &, = damping coefficient due to heat
conduction (MEDWIN 1977) and &;, = damping due
to internal friction or viscosity of the shell (Horr
1996).

Including friction damping, the final expression
for the Rayleigh-Plesset theory is:

w3 R, )" 28 .
pRR +EpR . pgu (70) +pP, — P —?T—SM(DQRR _P(t)

R
(17)
or

w3 o o (R L] .
pRR +2pR = K““[(R) 1:| 3,,PORR" —P, (18)

or
W3 . 2S. 4n ..
PRR +5pR2=ng—po—f—f (19)
or
3 R, 25, 4nR
PRR""+ EPR.Z = Peo (KO) —TT_T_PO +P, sinot
(20)

where R = instantaneous microbubble radius; R" =
first time derivative of the radius (the velocity of
the microbubble wall); R™ = second time deriva-
tive of the radius (the acceleration of the microbub-
ble wall); p,, = initial internal gas pressure in the
microbubble (= [C4 + C;] R T; where C, and C; =
concentration of the filling air and gas respectively
and T = absolute temperature); R, = initial micro-
bubble radius; I" = polytropic exponent of the gas;
p, = vapour pressure; p, = ambient hydrostatic pres-
sure; S = surface tension; §_,, = total damping con-
stant (CHURCH 1995); ® = angular frequency of the
applied acoustic field; p = density of the surround-
ing medium; P, = time-varying applied acoustic
pressure; 1| = shear viscosity of liquid; ® = driving
frequency; t = time.

These differential equations predict that the sur-
face shell supports a strain that counters the sur-
face tension and thereby stabilizes the microbubble
against dissolution.

2.3.3
Scattering Cross Section - Echogenicity of
Microbubbles

The scattering cross-section, G, is used as the param-
eter defining the acoustical behaviour of the micro-
bubble and is defined as the quotient of the acoustic
power scattered in all directions per unit incident
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acoustic intensity. The scattered US intensity (L) is
a function of the incident intensity I, the distance
between the receiving transducer and the scatterer
z, and the scattering cross-section of the scatterer
o according to:

I,o

s @y

I, =

The scattering cross-section is directly related
to the scattered acoustic power and to microbubble
radius (Fig. 2.7) and inversely related to the applied
pressure.
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Fig. 2.7. Scattering cross section related to microbubble diam-
eter for an encapsulated air-filled microbubble according to
different frequencies of insonation. (Image courtesy of Peter
JA Frinking, Bracco Research, Geneva, Switzerland)

The general expression for the scattering cross
section in the frequency domain including higher
harmonics is:

2 o

o(R,0)=4nR )" ——————
(1-Q)" +(Q9)

(22)

where R = microbubble radius, R, = initial micro-
bubble radius, ® = insonating frequency, Q = w/f,
with f; = resonance frequency, & = damping con-
stant.

Equation 22, may be further developed as:

47R £
c:%{?) 5 (23)
(4]
f
2 2
G=4_T[k4R6 (ks_k) +l(3(PS_P)] (24)
9 k 30 2p,+p

where 8 =damping constant, p =density respec-
tively of the scatterer (subscript s, microbubble) and
the surrounding medium (tissue or plasma), and k
= adiabatic compressibility. The k and p are also
related to the speed of sound (c = 1 //pk ). Con-
sequently, the scattering cross section is strongly
dependent from frequency both for free air (Fig. 2.8)
and encapsulated microbubbles (Fig. 2.9) and from
the difference in density between the microbubble
and the surrounding medium.

2.3.3.1
Practical Applications

At the resonant frequency, the scattering cross sec-
tion of a microbubble is no longer simply dependent
on its size, and can reach peak (Fig. 2.8, 2.9) values
a thousand times higher compared to values at off-
resonance frequencies (DE JoNG et al. 1996). Since
the scattering cross section is strongly dependent
on the ratio between the insonating frequency and
the resonant frequency (Eq. 23), at frequency below
resonance most of the scattering occurs at 180° rela-
tive to the incident wave, with an angular distribu-
tion pattern depending on the scatterer shape and
the contrast in the acoustic properties between the
particle and the surrounding medium (Couss1os et
al. 2004).

The compressibility (k value, see Eq. 24) of air is
7.65x10° m?/N and the compressibility of water is
4.5x10""! m?/N, similarly to tissue and plasma, while

Scattering cross-section

resonance frequency

Frequency

Fig.2.8. Scattering cross section related to the insonating
frequency for free-air microbubble. Scattering cross section
abruptly increases at the resonance frequency of the micro-
bubble. (Image courtesy of Peter JA Frinking, Bracco Research,
Geneva, Switzerland)
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Fig.2.9. Scattering cross section related to the insonating fre-
quency for encapsulated air-filled microbubble. The lower the
shell elasticity due to encapsulation, the higher the resonant
frequency and the lower the scattering cross section and gen-
eration of harmonics. (Image courtesy of Peter JA Frinking,
Bracco Research, Geneva, Switzerland)

the compressibility of a coated microbubble-based
agent falls within this range (5x107 m?/N in the
case of Albunex). This high difference in compress-
ibility, and so in impedance, results in a very high
echogenicity which increases the sensitivity of US
equipment to microbubbles (DAYTON and FERRARA
2002).

Scattering cross-section equations may be sim-
plified to:

o=R,f,'[=Z] (25)

known as Born approximation, where R, is the initial
microbubble radius, f, is the resonance frequency
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and Z is the difference in acoustic impedance (ratio
of acoustic pressure to sound flow) between the sur-
rounding medium and the microbubble. Encapsula-
tion drastically reduces the influence of resonance
frequency on scattering cross section since the lower
the shell elasticity due to encapsulation, the higher
the resonant frequency (CHATTERJEE and SARKAR
2003). Moreover, since Eq. 22 shows that the scatter-
ing cross section is inversely related to the damping
constant, the encapsulation of microbubbles with
a thick and stiff shell produces a lower scattering
cross section also for the viscoelastic properties of
the surrounding shell.

2.34
US Beam Attenuation and Microbubble Size
Distribution

The US weakening results from scattering and
absorption. The combined effect of scattering and
attenuation depend on microbubble concentration
(Fig. 2.10). Scattering is the prevalent phenomenon
withlowmicrobubble concentrationswhiletheatten-
uation, caused by multiple scattering, dominates
when the microbubble concentration increases.

R max

ag = [ no@)dr

R min

(26)

where a(f) = US frequency-dependent attenuation
coefficient expressed in nepers[Np]/length and nepers
isadimensionless quantity,R ., andR,; =minimum
and maximum microbubble radii, n(r) = microbubble
concentration and ¢ = scattering cross-section.
Equation 26 may be employed to calculate the
microbubble size distribution which is in agreement

Fig.2.10a,b. US attenuation determined
by a microbubble-based agent (a). The
attenuation expressed by the posterior
acoustic shadowing increases by increas-
ing microbubble concentration (b).
(Images courtesy of Peter JA Frinking,
Bracco Research, Geneva, Switzerland)
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with values measured with optical methods. Micro-
bubble-based agents size distribution is normal-
shaped (Fig.2.11) and the standard deviation is
larger for first generation agents and lower for new
generation agents which present a more uniform
microbubble diameter.

2.3.5
Scattering to Attenuation Ratio

In a suspension of microbubbles each microbubble
has to be considered as an element which absorbs
and scatters US at the same time. The total energy
loss or attenuation for an acoustical beam travel-
ling through a screen of microbubbles is called the
extinction coefficient, . (®), and is given by:
1 () = 1, (@) + 11, (0) (27)
where [, (®) is the absorption coefficient and p (®)
is the scattering coefficient.

The scattering to attenuation ratio (STAR) is a
measure of the acoustical effectiveness of the con-
trast agent. The STAR is defined as:

STAR(w) = M (28)
i ()

and substituting Eq. 28 into Eq. 27 gives:

STAR () = N ) (29)
H, (@) +p, (@)

where 1,(®) represents the part of the energy that is
scattered away omnidirectionally by the microbub-
bles, while |,(®) represents the part of the energy
that is absorbed by the microbubbles.

Therefore, the lower the absorption of the incom-
ing plane US wave, the higher the STAR. A maxi-
mum value of STAR = 1 is obtained when there is no
absorption. However, this index is only valid for low
acoustic pressures and at high acoustic pressures
non-linear transient effects appear.

2.3.5.1
Practical Application

The attenuation of the acoustical beam travel-
ling through a screen of microbubbles can cause
shadowing of underlying biological structures
and is not considered to be a useful parameter.
An effective contrast agent, therefore, is defined
by good scattering properties and low attenua-
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Fig.2.11. Microbubbles diameter normal distribution. The
mean diameter is 3 um (Courtesy of Peter JA Frinking, Bracco
Research, Geneva, Switzerland)

tion. For these reasons, the higher the STAR, the
more effective the contrast agent. DE JoNGg and
Horr (1993) and DE JonNG et al. (1994) showed a
non-linear relation between the increase in the
acoustic pressure of insonation and the produced
backscattering and attenuation. Some experimen-
tal evidence (Coussios et al. 2004) suggests that
liposomes present a higher scattering to attenua-
tion ratio than albumin-coated microbubbles and
could be more efficient as contrast agents.

2.3.6
Acoustic Power of Insonation

The probability for a single US pulse to destroy a
microbubble (Fig. 2.12) increases for high acoustic
power amplitudes, long US pulse lengths and low
frequencies according to the following equation:

E .. = Lk (P, sin2nft)’ dt = KP,’ % ~KMD®  (30)
where E,_ .. = acoustic power of insonation (W),
P, = acoustic pressure amplitude, f = frequency, t =
time, K = number of cycles per burst which deter-
mines the US pulse length, MI = mechanical index.

The acoustic power of insonation is usually con-
sidered related to the employed MI which meas-
ures the potential for mechanical damage to tissues

exposed to intense US pulses.
P-—

7 €]

MI=
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E. Quaia

Fig. 2.12a,b. Microbubble rupture shown in a tissue-simulating model. Microbubbles are suspended in a water bath containing
a reference echoic object similar to tissues (Ob). At low acoustic power insonation (a) there is evidence of microbubble reso-
nance with production of low intensity echoes (arrow). At high acoustic power insonation (b) there is evidence of microbubble
destruction. The flash is produced by microbubble destruction (arrow) which produces a broadband frequency signal (Courtesy

of Peter JA Frinking, Bracco Research, Geneva, Switzerland)

with the peak negative acoustic pressure (P-) in
megapascals (MPa; 1 Pa = 1 Newton/m?), and the
frequency in MHz. In clinical practice, the range for
MI varies from 0.05 to 1.9. The lower the frequency
of US, the greater its MI and therefore its destruc-
tive properties. However, the MI is an unreliable
predictor of microbubble destruction, since at the
same MI value different values of acoustic powers of
insonation may be measured in different US systems
(MERRITT et al. 2000).

2.3.6.1
High Acoustic Power

High acoustic power (Wo = peak negative pres-
sure; 0.8-2.5 MPa) of insonation alters stabilized
microbubbles and increases both the likelihood and
rate of microbubble destruction (Su1 et al. 2000).
High acoustic power insonation induces changes of
microbubble-based agents corresponding to frag-
mentation, coalescence, sonic cracking, jetting and
to destruction of microbubbles (DaYTON et al. 1999;
DE JONG et al. 1999; POSTEMA et al. 2004).
Fragmentation is the fission of a bubble into
smaller microbubbles (PoSTEMA et al. 2002, 2004)
which was first visualized with high-speed cameras
(PosTEMA et al. 2001, 2004). Fragmentation occurs
around peak microbubble contraction (CHOMAS
et al. 2001), when the bubble collapse is driven by
inertial forces because the inward acceleration
continues to increase as the bubble approaches its
minimus radius, and suddenly changes sign as the
bubble begins a rebound (PosTEMA et al. 2004).

Coalescence is the fusion of two or more microbub-
bles. As adjacent microbubbles expand, the pressure
in the film between them increases, resulting in a
deformation of the bubble surfaces. This thinning
continues until a critical thickness around 0.1 um,
at which Van der Waals attractive forces results in
capsule rupture and the coalescence of the bubbles
(PosTEMA et al. 2004). Sonic cracking is the US-
induced formation of a shell defect causing gas to
escape from microbubbles (PosTEMA et al. 2004),
and it was observed with rigid-shell microbub-
bles (PosTEMA et al. 2002). Jetting corresponds to
asymmetric microbubble collapse, which causes the
velocity of the upper bubble wall to exceed the veloc-
ity of the lower wall. For this phenomenon the fluid
above the bubble is accelerated and focused during
collapse, leading to the formation of a high-speed
liquid jet (PosTEMA et al. 2004).

US energy-mediated destruction, expressed as dis-
appearance time, of microbubbles is directly related
to US intensity, duration and frequency (WALKER
et al. 1997). Microbubble destruction produces the
emission of a broadband frequency (Fig. 2.12) that
includes both sub- and higher harmonics. The result-
ing fragments differ in their echo spectra and may
be differentiated from the original microbubble-
based contrast agent and subtraction contrast-spe-
cific modes, processing the echoes obtained before
and after microbubble destruction (DAayToN and
FERRARA 2002), improve microbubble detection.

When the applied acoustic power exceeds a spe-
cificthreshold, the scatteringlevelincreases abruptly
for a few seconds producing an increased echogenic-
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ity in conventional US and a coloured mosaic map at
colour Doppler (FRINKING 1999). The effect is most
effective when the US wave hits the microbubble for
the first time. This particular transient response,
known also as stimulated acoustic emission or flash
echo imaging, may be considered as a signature of
each contrast agent and was particularly observed
in some contrast agents such as Sonavist (Schering
AG, Germany) and Quantison (Quadrant, UK).

2.3.6.2
Low Acoustic Power

Low acoustic power (Wo = peak negative pressure
100-600 kPa) is used to produce the non-linear har-
monic response of microbubbles. Below an acoustic
power threshold, microbubbles act as stable linear
or non-linear scatterers depending on the applied
acoustic power. With non-linear oscillation, the dura-
tion and degree of microbubble expansion is greater
than its compression phase. Non-linear oscillations
of microbubble-based contrast agents generate sig-
nificant scattered echoes at harmonic multiples of the
transmitted frequency (Fig.2.12). These harmonic
echoes may be differentiated from tissue echoes from
their spectral characteristic, containing prevalently
echoes at double frequency, from the lower acoustic
power and from their phase. The more recently intro-
duced contrast-specific modes employ pulse trains
with multiple frequencies, amplitudes and phases
which increase significantly the sensitivity to the har-
monic signal produced by microbubbles (Chap. 4).

24
Artefacts from Microbubble-Based Agents

241
Microbubble Artefacts with Doppler

Most microbubble-specific artefacts are found with
colour and power Doppler modes because the set-
tings of US equipment become inappropriate follow-
ing a strong increase of the backscattered signals
(Fig. 2.13) and need to be recognized to avoid inter-
pretative errors (FORSBERG et al. 1994).

2.414
High-Intensity Transient Signals

This artefact is determined by microbubble col-
lapse or by aggregates of macrobubbles producing

sharp spikes on the Doppler spectral tracing, heard
as crackling on the audio output (Figs. 2.14, 2.15).
These spikes are easily recognized since they cover
the entire frequency spectrum. This artefact may
also be detected with colour and power Doppler
imaging appearing as colour pixels of higher inten-
sity within the more uniform signal of the vessel.

2.4.1.2
Pseudoacceleration of the Systolic Peak Velocity

Anincrease in the systolic peak velocity of up to 50%
can be found at peak enhancement. This artefact is
probably the result of signals that were too weak
to be detected before microbubble injection and it
may be almost completely cancelled by reducing
the Doppler gain or by employing slow infusion of
microbubbles. The increase in systolic peak veloc-
ity may produce error in grading stenotic lesions of
the vessels.

2.4.1.3
Clutter

Clutter may be defined as unwanted strong echoes
produced by stationary or slow moving tissues.
The flow signals, registered at Doppler, are dis-
turbed by clutter signals produced by muscular
tissue and vessel walls which can be much stronger
than the blood signals even after the injection of
a microbubble-based contrast agent. These sig-
nals are also produced by the relative movement
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Fig.2.13a,b. Artefacts from microbubble-based agents. Dop-
pler signal before microbubble injection (a). Excessive ampli-
fications of Doppler signal after microbubble injection (b)
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Fig. 2.14a,b. Artefacts from microbubble-based agents. Spikes
(arrows) due to macrobubble presence in the bloodstream.
Colour Doppler and Doppler interrogation of the hepatic
artery (a) after microbubble injection. In the Doppler spectra
(b) different spikes, covering the entire frequency spectrum,
are evident due to macrobubble aggregates

between the US probe and the unwanted tissue
targets due to the cardiac beating, patient breath-
ing and the operator moving while keeping the
probe. Clutter may be reduced by using specific
filters, harmonic power Doppler (Chap. 4) or by
contrast-specific modes as three stage multi-pulse
contrast agent detection (FRINKING et al. 1998;
KIRKHORN et al. 2001). The principle of this multi-
pulse technique is that the scattering properties
are modified if microbubbles are insonated at
high acoustic power while remaining unchanged
at low acoustic power. The first stage of the puls-
ing sequence is to use low acoustic power pulses
to obtain high resolution reference images with-
out altering the agents; the second stage is to use
high acoustic power, called the release burst, to
modify the agent; and the third stage is to detect
the changes using low acoustic power.

2.4.1.4
Blooming Artefact

In Doppler tracing only the mean frequency shift
is displayed, while the Doppler signal intensity
is increased after microbubble injection since
the increase in backscattering echo-signal inten-
sity determines the appearance also of the lowest

Fig. 2.15a,b. Artefacts from microbubble-based agents. Spikes
(arrows) due to macrobubble presence in the bloodstream.
Colour Doppler and Doppler interrogation of the internal
carotid artery (a) after microbubble injection. In the Doppler
spectra (b) different spikes are evident due to macrobubble
aggregates or microbubbles collapse

velocities that were too weak to be registered before
microbubble injection. When colour or power Dop-
pler is turned on the overload of the Doppler signal
registration apparatus is determined by the strong
signals and multiple re-reflections between adjacent
microbubbles. Such artefact (Figs. 2.16, 2.17) can be
limited by reducing the colour gain and persistence
and the MI or by increasing the wall filter and the
pulse repetition frequency, resulting in a decreased
sensitivity of the system. The slow infusion of micro-
bubbles limits this artefact because of a decrease in
the peak signal intensity. Dedicated US contrast-
specific modes were introduced principally to avoid
this artefact.

2.4.1.5
Jail Bar Artefact

Thejailbarartefact (Fig. 2.18)is prevalently observed
with power Doppler mode. It is determined by an
error in image interpolation when the management
of the backscattering signal intensity from the US
system approaches saturation. Since each frame is
reconstructed from an interpolation mathematical
procedure of the image view lines, the saturation of
signal determines a lack of colour along the inter-
polating view.
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Fig.2.16a-d. Artefacts from microbubble-based agents. Blooming artefact consisting in the presence of colour signal outside
the vessels. Baseline colour Doppler US (a,b) of the right kidney. The renal parenchymal vessels are identified. After microbub-
ble-based agents injection (c,d) colour signal becomes diffuse and identified outside the renal vessels

Fig.2.17a,b. Artefacts from microbubble-based agents. Blooming artefact consisting in the presence of colour signal outside
the vessels. Baseline colour Doppler US (a) of the right carotid bulb. After microbubble-based agents injection (b) colour signal
becomes diffuse and identified outside the carotids
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Fig.2.18. Artefacts from microbubble-based agents. Jail-bar
artefact consisting in the presence of black vertical signals
void throughout the image

2.4.2
Microbubble Artefacts with Contrast-Specific
Modes

2.4.21
Attenuation of the Sound Beam

This artefact is produced when the sound beam
travels through high concentrations of microbub-
ble-based agents (JakoBSEN and CORREAS 2001).
This artefact is frequently observed in the heart, and
sometimes also observed in the liver.

2.4.2.2
Artefact from Multiple Insonations

This artefact results from different scans performed
orthogonally which causes microbubble disruption,
e.g. when the right liver lobe is scanned at a trans-
verse insonating plane after initial longitudinal
sweep through the left lobe and part of the right
lobe (Figs. 2.19, 2.20) (HARVEY et al. 2000). Another
artefact consisting in vertical signal void may be
determined by small tissue movement between the
two out-of-phase pulses in pulse inversion mode
(Fig. 2.21) and may be eliminated by power pulse
inversion mode which works as a multi-pulse tech-
nique by considering as linear the tissue movement
between the different pulses and by summing the
resulting phase shift.

E. Quaia

Fig.2.19. Artefacts from microbubble-based agents (arrows).
Artefact arising from the second scan in the same region of
the liver. The areas of the liver where microbubbles were previ-
ously destroyed (arrows) appear as hypoechoic if compared to
the adjacent areas of the liver not previously scanned

Fig. 2.20. Microbubble artefacts. Artefact (arrows) arising from
the second scan in the same region of the liver. The areas of the
liver where microbubbles were previously destroyed appear
as hypoechoic compared to the adjacent areas of the liver not
previously scanned. Some liver metastases are also evident
(arrowheads)

24.23
Artefact from Heterogeneous Rate
of Microbubble Rupture

Destructive mode presents some technical disad-
vantages. To produce a uniform microbubble rup-
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Fig.2.21. Artefacts from microbubble-based agents. Pulse
inversion mode. Artefacts arising from stationary tissue move-
ment (arrowheads) between the first and the second out-of-
phase pulse which determines the cancellation of the signal.
Liver metastases (arrows) are also identified

ture on liver parenchyma, which is necessary to
produce a wideband frequency signal, rapid and
uniform sweeps are necessary. The largest amount
of microbubbles entrapped in liver sinusoids are
destroyed after one single high MI sweep, so there
is no possibility to analyze focal liver lesions with
US acoustic windows other than transabdominal,
such as an intercostal view. Scanning irregularities
determined by a not completely uniform sweep or
liver movements during emission of the two out
phase pulses or to the heterogeneous distribution
of acoustic power produce artefacts simulating focal
liver lesions (Fig. 2.22). In order to reduce bubble
destruction and to prolong bubble permanence,
the lowest real time frame rate (7-9 Hz) has to be
employed. However, a low frame rate increases US
artefacts related to motion and to bubble rupture
heterogeneously, which can simulate focal liver
defects producing focal positive findings misinter-
preted as metastases.
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3.1
Introduction

The benefits of coated microbubble-based contrast
agents in ultrasound (US) image enhancement have
been clearly demonstrated since the development
of the first commercial agents in the 1970s. More
recently, their potential use in therapeutic applica-
tions such as targeted drug delivery has also become
an active area of research. However, existing theo-
retical descriptions of coated microbubble are inad-
equate in several respects and despite considerable
investigation, coated microbubbles behaviour is by
no means fully understood. There is consequently
substantial scope for improving the effectiveness of
contrast agents, and despite a lack of definite evi-
dence for harmful effects, there inevitably remain
some concerns as to their safety.

E. STRIDE, PhD
Department of Mechanical Engineering, University College
London, Torrington Place, London, WCI1E 7JE, UK

The aim of this chapter is to discuss the deficien-
cies in coated microbubble characterisation and
examine how these may be addressed in order to
improve contrast agent design.

3.1.1
Contrast Agent Design

The first step in any design process is to define the
requirements for a particular application. In the
case of diagnostic imaging, the aim is to obtain a
satisfactory image of the region of interest, quickly,
safely and, if possible, economically. In terms of
equipment costs and portability, scanning time and
patient risk, US is superior to alternative imaging
techniques such as CT and MR imaging. In terms
of image quality, however, it is generally inferior,
and the requirement for a contrast agent is to lessen
this disadvantage by increasing the reflectivity of a
particular feature compared with that of the sur-
rounding tissue.

Gas microbubbles are effective contrast agents
because their presence vastly increases the differ-
ence in acoustic impedance between the normally
liquid filled blood vessels and the neighbouring solid
or semi-solid tissue. There is, in addition, a fortu-
itous coincidence between the frequency range over
which coated microbubbles resonate and that which
is used in diagnostic imaging, and under the right
conditions, coated microbubbles will exhibit signifi-
cantly non-linear behaviour. This can be exploited
very effectively for imaging, as will be described
below. Thus, whilst the discovery of microbubble
contrast agents was in fact accidental (GRAMIAK
and SHAH 1968), in design terms, they represent an
ideal choice for US contrast enhancement.

In therapeutic applications the aim is to target
treatment, be it a drug or a physical effect such as
heating, to a specific region of the body in order to
minimise unwanted side effects. There is a wider
range of factors to consider in assessing the opti-
mality of microbubbles for this purpose than for
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contrast enhancement. For example, in addition to
ensuring the survival of the microbubbles in vivo,
the microbubble coating may be required to actas an
anchor site for certain species according to the type
of therapy to be delivered and/or the target area.

There may also be differing requirements regard-
ing the shape of coated microbubbles. Spheres
have a low ratio of surface area to volume, whereas
to increase the probability of a particle adhering
to a target, a large surface area is desirable. Not-
withstanding the question of optimality, however,
coated microbubbles are undoubtedly an effective
means of delivering therapy, particularly if there is
an additional requirement for imaging, for example
to trace the passage of the coated microbubbles to
the target site. They can also be destroyed using US,
which enables treatment to be delivered directly to
the target site.

3.1.2
Aims and Requirements

Having established the suitability of microbubbles
for diagnostic and therapeutic applications in a gen-
eral sense, the design of the coated microbubbles
themselves must now be examined more closely to
identify areas for improvement. The precise require-
ments will naturally vary according to the applica-
tion and, for the purposes of illustration, the fol-
lowing discussion will therefore concentrate upon
coated microbubble design for image enhancement.

The procedure may easily be adapted for therapeutic

applications however.

The three main requirements for an US contrast
agent are:

e Detectability - Coated microbubbles should pro-
duce as large a contrast effect as possible for a
given dose.

¢ Longevity - Coated microbubble survival times
should be sufficient to enable imaging of the
required region.

e Safety - Coated microbubbles should pose no
risk to the patient.

For existing contrast agents these are conflicting
requirements. In order to achieve a large contrast
effect, and thereby minimise the dose required,
the scattered signal from the coated microbubbles
must be distinct from that generated by tissue. At
present, the most effective way of obtaining a dis-
tinctive signal is to use a high acoustic power of
insonation (high mechanical index, MI). This not
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only increases the amplitude of the signal and the
proportion of coated microbubbles excited, but
also causes the microbubbles to behave non-lin-
early. In theory, the non-linear components in the
overall scattered signal will be due primarily to this
behaviour. Thus, by using an appropriate imaging
technique such as pulse inversion (Chap. 4), which
isolates these components, much of the noise from
the surrounding tissue can be eliminated. How-
ever, using a high acoustic power also increases
the likelihood of coated microbubble destruction.
This may be desirable for certain types of imaging,
but it requires larger and/or more frequent doses
to be administered and is clearly unacceptable if,
for example, drug carrying coated microbubbles are
being imaged away from the target site. Moreover,
at high acoustic power the potential for harmful
bio-effects is necessarily increased, and the effects
of non-linear propagation through the surround-
ing tissue will become noticeable, thus limiting the
maximum microbubble/tissue signal ratio that may
be achieved.

The possibility of designing coated microbubbles
in order to overcome this problem is discussed in
Sect.3.2. There are some further requirements
to consider first however. These are general to all
applications.

An ideal coated microbubble should:

Respond predictably and reproducibly

Have a well defined destruction threshold
Locate preferentially in the area required

Be economical to produce

Be convenient to administer

Eventually disintegrate or be eliminated from the
body

The reproducibility of coated microbubble
response, the ease with which coated microbubbles
can be administered and their cost, will be deter-
mined primarily by the manufacturing process. It
should perhaps be noted at this point that the main
disadvantage of ultrasound contrast agents is the
fact that the need to administer them increases the
time, skill and resources required for performing a
scan. Since this must be offset against the benefits of
contrast agents, it is important that manufacturing
requirements are considered in the design process.

As indicated above, the ability of coated micro-
bubbles to “locate preferentially”, whether for imag-
ing or treatment, is related primarily to their surface
chemistry, as is their ability to disintegrate and/or
be eliminated from the body. These properties will
be discussed further in Sect. 3.3. To predict either
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the acoustic response or the destruction thresh-
old of a coated microbubble, an accurate model is
required. This is also the principle requirement for
determining the most important factors on which to
concentrate for design. The development of a suit-
able model is the subject of the next section.

3.2
Modelling and Analysis

3.2.1
Derivation of a General Model

A number of models describing the response of a
single, coated gas microbubble to an imposed US
field have been developed (Fox and HERZFELD 1954;
GLAZMAN 1983; LorD et al. 1990; DE JoNG et al. 1992;
CHURCH 1995; KHISMATULLIN and Nabpim 2002;
MORGAN et al. 1999). They vary in terms of their
complexity but, regardless of the rigour with which
they were originally derived, they can be shown to be
mathematically equivalent. In the absence of reliable
experimental data it is not possible to assess their
relative worth. The following discussion will there-
fore be based on a generalised model, of which the
models mentioned above represent specific forms.
A spherical volume of gas enclosed by a stabilis-
ing outer layer and suspended in a volume of liquid is
considered (Fig. 3.1). The notation used is defined in
Table 3.1. The validity of the assumptions underlying
the model will be assessed subsequently. For the pres-
ent, spherical symmetry is assumed and conservation
of momentum in spherical polar coordinates yields:

2T -T
p ou,0u) o 0T, 21, =T ~Te (3.1)
ot or ) or or r
Similarly, from conservation of mass:
dp , du  dp_ 2pu_
Bt+th+ ar+ r (3.2)

i

|:| Filling gas

. Encapsulating shell
|:| Surrounding fluid

Fig. 3.1. The coated microbubble system considered

Table 3.1. Notation

Symbol Definition Subscript Definition

u radial velocity r radial

t time G gas

p pressure S shell

T stress L liquid

r radial coordinate 1 inner surface

R radius 2 outer surface

R radial velocity o0 conditions at infinity

R radial acceleration 0 initial conditions

f factor v viscous

14 volume s stiffness

G shear modulus rad radiation

M strain time derivative  th thermal

d thickness A acoustic

k constant e equilibrium conditions
max maximum

) damping factor min minimum

c surface tension 0 latitudinal

® frequency o longitudinal

v viscosity

K polytropic constant

v material function

T time variable

o material constant

r concentration

X elasticity parameter

p density

Integrating Eq. 3.1 over three regimes for the gas,
shell and surrounding fluid gives:

[jr o al+ual +a£_ aTG,rr _ ZTG,rr _TG,ee _TG,W p
) ot Jr ) or or r
b ou du) dp 0Ty, 2T, —Tse _Tsm
RPN T R et At T B 3.3
+;!|:ps(at +u3r) or or r r (3:3)

T P, al+ al +87P_E)TL.W _2TL.W_TL,ee _TL.W =0
ot or) or or r

The density, elasticity and viscosity of the filling
gas will be considerably smaller than those of the
solid shell or surrounding fluid, particularly at the
low insonation pressures which are of most interest
in this discussion. The first integral may therefore
be neglected. If the surrounding fluid is considered
to be infinite, i.e. the presence of boundaries such
blood vessel walls and other coated microbubbles is
ignored, there is no need to modify the third inte-
gral.

If the presence of other coated microbubbles in
the fluid is ignored, then, at the relevant frequen-
cies and radial amplitudes, the speed of the coated
microbubble wall (=5 m/s) will be much smaller
than the speed of sound in either the shell or the sur-
rounding fluid (=1500 m/s). p, and p; may therefore
be treated as constants and hence from Eq. 3.2:

u(r,t)=

R, (r)R 0) (3.4)



34

From conservation of radial stress on either side of
the shell:

2c
Po (Rut)=py (Ro)=Ty , (R)+ 2" (3.5)
1

20,

& (3.6)

ps (Ryst)=Ty,, (Ry,1)=p, (R,,1)=T,,, (R,,1)+
Surface tension has been treated as a constant in
Egs. 3.5 and 3.6 since, as will be shown in Sect. 3.3,
the elastic effect due to variation in the concentra-
tion of surface molecules can be included in the defi-
nition of T; . (R;,,,, t). It has also been assumed that
the vapour pressure inside the coated microbubble
will be negligible.
Substituting into Egs. 3.4-3.6 gives:

3_p3\p2 3_p3\p2 .
Ps RlRl - RIRI & +§R\2 - 4R2 1R‘ ﬁ +p, 4R2 3RI ﬁjL RIRI &
R, 2 2R | R, | 288 | R R,

26, 205, ‘f[2T, T —Ts 227, —T6 -T,
- _ N1 02 Sor BX S0 -+ Ly L.99 Loo e
[po p.(0) R R ’![ " Rf .

3

This may be rewritten as:

3 3
le'l 1+ P, —Ps ﬁ +R12 é+ P, —Ps 4R: ’le ﬁ
ps R 2 Ps 2R, )R, (.7)

1 26, 20 . . . .
:F(PG —p. (-2 + St s +/L\*+fS\r+/5,m, +f5,,, )

N RI Rz

fs» fso f1, and fi,, correspond to the integrals for
stress in the shell and fluid. The two additional fac-
tors, f5,,q and fs,;,, represent respectively the damp-
ing of coated microbubbles oscillations due to the
reradiation of the sound field and that due to con-
duction from the filling gas to the surroundings.
The rigorous derivation of these last two terms will
be discussed later. In its present form Eq. 3.7 repre-
sents a generalised model for coated microbubble
behaviour. The existing models differ only in the
way in which the last six terms are defined.

3.2.2
Sensitivity Analysis

Before Seeking to define va’ sz’ va’ fLs’ fﬁmd’ f?ith’ Pa
and p., it is desirable to identify which factors are

the most significant in controlling coated microbub-
ble behaviour, and hence which areas are the most
important for modelling and design. It is therefore
necessary to make some preliminary simplifying
assumptions from which initial definitions of the
above terms can be derived.

Firstly, if the assumption that the surrounding
fluid is incompressible is retained for the present,
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then f;,; = 0. If it also assumed that the fluid is
purely Newtonian then:

Ju
fLs =0 and 2T96 = 2T¢¢ = -Trr = TL,rr = 2“’/ B_r
X T, R*R

and hence f= 3sz 'r dr=—4y, 1‘?;‘

Similarly, if the shell is assumed to be a homoge-
neous, linear viscoelastic solid layer having finite
thickness, then for small strain:

. (R-R’
and, fSV :_4usR1( 2 1 ]

_ _4GS (Rl _Rle) (R; _R13)
B RIR,

RR

Ss

For these conditions it is justifiable to assume that
gas behaviour will be polytropic and since coated
microbubbles are unlikely to be perfectly gas-tight,
the gas pressure at equilibrium may be taken to be
equal to the ambient pressure p,.

R 3K
Thus  2e(R.?) =P,{ S ]

R and

foin = 0.
The maximum coated microbubble diameter is
restricted by the size of the smallest human blood
vessels to approximately 8 um. For the range of fre-
quencies used in diagnosticimaging (1-10 MHz) this
will be at least an order of magnitude smaller than
the wavelength of the incident sound field. In the
absence of any other coated microbubbles or neigh-
bouring boundaries therefore, the incident pressure
may be considered to be uniform over the surface
of the coated microbubble. At low acoustic power
of insonation, distortion due to non-linear propa-
gation will be small and, for the purposes of this
preliminary analysis, the incident field may be mod-
elled as a simple sinusoid p_,(f) = p, + p,sin(wt).
Substituting from the above into Eq. 3.7 gives:

LRIy

ps IR, 2 Py 2R, R,

o) oo St )
(3.8)

This is equivalent to the form derived by CHURCH

(1995).

To determine the factors having the most significant
effect upon coated microbubble behaviour, Eq. 3.8 may
be rearranged once again in terms of wall acceleration
R, and broken down into seven components repre-
senting: the filling gas pressure (PF), the inertia of the
shell and surrounding fluid (IF), the incident pressure
(AF), surface tension (SF), fluid viscosity (L,F), shell
viscosity (S,F), and shell stiffness (S,F).
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k=PF+IF+AF+TF+LJF +S,F+ S;F

3 .
R —i[&J _ psRlz (é_'_( Pr=Ps J[4Rz3 _R|3 ]Rl ]_ P, + p,Sin(®r)
=

A\ R, A Lz Ps 2R R, A
N )
PF IF AF
_2(o,,0,) 4RVip; 4RR, AVGif| R,
A\ R R, | ARR AR} AR} R,
N TNy S
TF LF S F

SF

- PL=Ps |R
(i
This type of analysis is similar to that carried out by
FLYNN (1964) to investigate the nature of free bubble
cavitation behaviour.

Equation 3.9 may either be solved numerically
or else linearised to enable an analytical solution.
Since ultimately it is the non-linear behaviour of
coated microbubbles which is of interest for design,
a numerical approach is preferable. The size of the
acceleration factors may then be compared and their
relative importance determined. This type of analy-
sis also enables the sensitivity of coated microbub-
ble behaviour to variation in the model parameters
to be assessed as shown in the next section.

(3.9)

3.2.3
Results and Implications

Figure 3.2 shows plots of the acceleration factors
for a coated microbubble and a free microbubble
of the same size exposed to the same insonation
conditions. These were obtained for the parame-
ters shown in Table 3.2 according to the procedure
described in STRIDE and SAFFARI (2003). The shell

05

non-dimensional acceleration

-05

non-dimensional time

parameters were selected to be of the same order of
magnitude as those obtained for commercial con-
trast agents (DE JoNG et al. 1992; GORCE et al. 2000).
For reasons that will be explained subsequently, the
fluid parameters used were those of plasma and it
was assumed that the gas would behave ideally and
isothermally. A variety of insonation frequencies
were used, corresponding to resonant, sub-resonant
and super-resonant regimes. Figure 3.2 shows the
case for 3 MHz at which the radial amplitude was
maximised. The relative magnitude of the different
components of Eq. 3.9 was similar at all frequencies
however. The insonation pressure was varied within
the range of pressures (0.05-0.1 MPa) at which it
would be reasonable to expect a coated microbubble
to remain intact (STRIDE and SAFFART 2003) and for
which Eq. 3.9 would be valid.

Table 3.2. Simulation parameter values

Parameter Symbol Value  Unit
Gas (air) Polytropic K 1.0
CENGEL and BOLEs constant
(1989)
Ambient pressure p, 0.1 MPa
Shell (Albunex) Shear modulus  G; 88.8 MPa
CHURCH (1995)
Density Ps 1100 Kgm®
Viscosity iR 1.77 Pas
Inner radius R, 3.635 um
Thickness d, 15 nm
Inner surface ) 0.04  Nm'
tension
Outer surface o, 0.005 Nm'
tension
Liquid (plasma)  Density V) 1030  Kgm™
Duck (1990)
Viscosity W 0.0015 Pas

o

non-dimensional acceleration

08}

o

. L .
510 515 520 525 530
non-dimensional time b

I3
S
o

Fig. 3.2a,b. Acceleration factors for (a) an Albunex-coated microbubble and (b) a free bubble insonified at 3 MHz and 50 kPa.
Factors TF and L F have been omitted in (a) and (b), respectively, as they have negligible amplitude.
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A comparison of Fig. 3.2a and Fig. 3.2b indicates
that the factors controlling the behaviour of a coated
microbubble may differ considerably from those
controlling the behaviour of a free bubble. Whilst
the latter is primarily determined by either pres-
sure or inertia, microbubble response is dominated
by the stiffness and viscosity of the encapsulating
shell. This finding has a number of implications. For
example, it calls into question the validity of relating
results obtained from work on free bubbles to coated
microbubbles. This is particularly relevant for the
assessment of contrast agent safety, which has in
many cases been based on results derived from free
bubble models (NYBorG 2001). For the purposes of
design, the main conclusion is the importance of
the shell as an area requiring accurate modelling
and offering opportunities for modifying coated
microbubble response. Similarly, the relatively large
amplitude of the incident pressure factor indicates
that the sound field should also be a focus for model-
ling and design.

Figure 3.3 indicates the sensitivity of coated
microbubble radial acceleration to a change of £20%
in each of the variables shown in Table 3.2. The
results suggest that, as might be expected, coated
microbubble response is most sensitive to changes
in the shell and sound field parameters (G, m,, d,
£, p4). This reinforces the finding from Fig. 3.2 that
these factors are the most significant in terms of
coated microbubble design.

Before the modelling and/or design of the shell and
sound field canbe considered further, the validity of the
sensitivity analysis itself must be examined. Theresults
of the analysis present something of a paradox: the aim
of the sensitivity analysis is to determine which parts
of the model it is most important to improve. In order
to perform the analysis however, a model is required
which, by implication, must be inferior. It is therefore
necessary to re-examine the assumptions made above
and determine under which circumstances the sensi-
tivity analysis could be invalidated.

The first point to examine is the model of the fill-
ing gas. Potentially, a different model could increase
the relative amplitude of PF in Eq. 3.9. However, at
the small amplitudes of oscillation considered, the
temperatures and pressures inside the coated micro-
bubble would be, respectively, high and low com-
pared with the critical values for the gas, and devia-
tion from ideal gas behaviour would be expected to
be minimal. Secondly, if the stiffness and viscos-
ity of the shell were much lower than those given
in Table 3.2, or if the shell was damaged so that its
influence were lessened, then coated microbubble
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behaviour would be expected to be closer to that of
a free bubble. At present, however, it is only shells
having a strong influence upon coated microbubble
behaviour at non-destructive insonation pressures
that are of interest for the purposes of design.

The justification for ignoring fluid compressibil-
ity has already been given. An additional term taking
account of the elasticity of the surrounding fluid
could be included in Eq. 3.8. However, for fluids such
as plasma, and indeed for whole blood, the size of this
term is so small compared with the shell elasticity
that its influence upon coated microbubble dynamics
is negligible (STRIDE and SAFFARI 2004). For coated
microbubbles enclosed in narrow blood vessels and/
or other types of denser, stiffer tissue, the non-New-
tonian behaviour of the surroundings may be more
significant and require careful modelling (ALLEN
and Roy 2000). The validity of the sensitivity analy-
sis is therefore restricted to the behaviour of coated
microbubbles in relatively large blood vessels. Fortu-
nately, for the application of diagnostic imaging, this
is frequently a reasonable assumption.

A similar analysis could be carried out for differ-
ent coated microbubble applications again by exam-
ining the equations describing the relevant physical
processes and identifying the controlling factors. In
the case of coated microbubble acoustic response,
the most important factors were found to be the
encapsulating shell and the sound field. For control-
ling the long term stability of coated microbubbles
on the other hand, the diffusivity of the gas is likely
to be important as well as the permeability and solu-
bility of the shell. Some of these considerations will
be discussed again later. The next section considers
modelling and engineering coated microbubbles to
control and improve their acoustic response.

7
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Fig. 3.3. The sensitivity of coated microbubble wall radial accel-
eration to variations of £20% in each of the model parameters
shown in Table 3.2 for insonation at 1 MHz and 50 kPa
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3.3
Design and Engineering

There are two types of variables involved in the design
and engineering of coated microbubbles. Firstly, there
are those which, within limits, can be controlled,
such as the shell, the gas and the sound field. Sec-
ondly, there are those, such as the surrounding fluid,
which cannot be controlled but whose influence upon
coated microbubble behaviour must be considered
since it may affect the design requirements.

3.3.1
The Encapsulating Shell

The conclusion from the preceding analysis was
that the main determinant of response is the
encapsulating shell. It is therefore important that
its behaviour should be modelled correctly, not
only to enable coated microbubble response to be
accurately predicted, but also to indicate the most
effective means of engineering the shell to achieve
a particular response. To do this, the assumptions
underlying the modelling of the shell must be
reviewed to determine their validity.

3.3.1.1
Improving the Shell Model

It was assumed above that coated microbubble
behaviour would be spherically symmetric. On
the basis of optical studies by PosTEMA et al.
(2003) this assumption would appear to be incor-
rect. In terms of coated microbubble acoustic
response, however, the effect of asymmetric
behaviour would be expected to be relatively
small. The decay rate for the pressure wave gen-
erated by aspherical oscillations will be very
rapid compared with that for the wave due to
radial pulsations (LEIGHTON 1994). For the pur-
poses of this study therefore, it is justifiable to
retain the assumption of sphericity and thereby
confine the analysis to one dimension.

It was also assumed in deriving Eq. 3.8 that the
shell was of finite thickness and consisted of a
homogeneous, linear viscoelastic solid. This too
may be seen to be invalid. A simple linear model is
inappropriate if decisions regarding the optimum
shell material are to be made. A fairly wide range of
materials has been used for coating microbubbles,
from palmitic acid to cyanoacrylate. Thus, even if
it is justifiable to regard some materials as behav-

ing linearly at low amplitudes of oscillation, this
may not be the case in general. Moreover, some shell
materials are far more fluid in nature than others
and it may be more appropriate to consider them
as liquids or as two-dimensional layers, i.e. having
negligible thickness, than as solid shells.

Considering firstly non-linear viscoelastic behav-
iour: it cannot be assumed in this case that the trace
of the stress tensor T in Eq. 3.3 will be zero and the
shell functions will therefore be of the form

R
¢ T, —T,

.f:?x+.f:Yv:2'[ S,rr 5.00 ar
R r

Again spherical symmetry has been assumed so that
Ty =Toe-

There are several models available for describing
this type of material. One of the most general is that
due to GREEN and R1vLIN (1957).

t

T(r)= J.{IW|[r(M1)+WzM1}d‘El

[ [ e (M, o (M, )+ Ry (VUM oy (M, o MM Y, +.
o (3.10)

where T, , are time variables of integration, I is the
identity matrix and M, , are the time derivatives
of the strain tensor with respect to T, ,, etc. Func-
tions , ,, etc. must be determined experimentally
for a particular material. Incorporating Eq.3.10
into Eq. 3.7 generates a system of differential equa-
tions which can be solved numerically. This form of
Eq. 3.7 is also suitable for modelling large amplitude
deformations.

The next case to consider is that of a surfactant
layer. It has already been shown that there may be
a significant difference between the behaviour of
a free bubble and an encapsulated microbubble
(Fig. 3.2). The nature of a surfactant coated micro-
bubble is currently unclear in this respect. Accord-
ing to the results obtained by Gorck et al. (2000) the
shell parameters for phospholipid monolayers are
of the same order of magnitude as those obtained
for albumin shells. However, results reported by
PosTEMA et al. (2003) suggest that phospholipids-
coated microbubbles behaviour is closer to that of
a free bubble. Further controlled experiments are
required to resolve this discrepancy.

It is undoubtedly true, however, that the material
microstructure is different for surfactants and poly-
mers. A phospholipid monolayer for example, con-
sists of a single layer of molecules bound together by
secondary (Van de Waals) bonds. These are continu-
ously broken and reformed, with the result that the
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molecules can “slip” over each other, allowing the
layer to deform without wrinkling. Polymers such as
serum albumin, on the other hand, consist of much
larger intertwined molecular chains which may be
cross-linked by covalent bonds. This prevents con-
tinuous deformation so that the shell is more likely
to buckle and/or rupture. In both cases, resistance
to tension and compression is due to intermolecular
forces opposing the movement of molecules from
their equilibrium positions. However, given the
monomolecular thickness of the surfactant layer, it
may be more appropriate to treat this resistance as
a variation in surface tension of a single interface,
rather than as the elasticity of a finite solid layer as
is appropriate for thicker polymer shells.

The boundary condition (Eq.3.5) for a single
interface with a surfactant layer may be expressed
as:

26  Jo

Rt)=p, (R,t)-T, (R,t)+—+—+
pG( ) pL( ) L,rr( ) R aR R3 aR RA

where G is surface tension and o is a parameter
relating to repulsion between molecules.
The corresponding form of Eq. 3.7 is:

pL(R;é_RkI%RfJ

= (RO)-p . ()——————— +—-
(pG( )=p.() R OR ROR R* R

The variation in surface tension depends upon the
variation in surface concentration of the surfactant I
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Equation 3.11 is similar in form to those derived
for the radial oscillations of ocean bubbles with
organic film coatings (e.g. GLAZMAN 1983). More
advanced descriptions of the monolayer than the
simple treatment expressed by Eq. 3.11 are avail-
able. For example, additional terms accounting for
viscous dissipation in the surfactant layer may be
included together with terms having a higher order
dependence upon R? (ISRAELACHVILI 1991). The
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difficulty, however, is obtaining reliable experi-
mental data from which the model parameters may
be derived. For example, direct measurements of ¢
have been made for a variety of liquid-condensed
and solid-state films (e.g. JoLy 1972), but there is no
data available for yy or a at frequencies in the MHz
range. Predictions from molecular modelling are at
present inadequate, and as mentioned earlier, in the
absence of this data, Eqgs. 3.8 and 3.11 are of equiva-
lent value.

1 (o , oo 1 (k
=] =2 R - == -k
From Eq.3.11 /s R3(R XK aR) R3(R 2]

From Eq. 3.8

fi = —4Gs(R —R,,) (Rz3 - Rls)
; RR

In the limit of negligible shell thickness this reduces to:

1 R 1 (k
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In spite of its potential for describing complex mate-
rial behaviour Eq. 3.10 is also of limited value until
functions E, ,, etc. can be specified on the basis of
reliable experimental data.

In order to improve the overall understanding of
coated microbubble behaviour this lack of material
data needs to be addressed. For coated microbubble
design, however, it is a comparatively minor obstacle.
The aim of the design process is to establish the opti-
mum characteristics for a product and determine
how these may be achieved. The absence of data for
existing coated microbubbles is thus relatively insig-
nificant, as demonstrated in the following section.

3.3.1.2
Designing the Shell

In order to meet the requirements for the ideal coated
microbubble set out in Sect. 3.1.2, an improvement in
coated microbubble detectability at low insonation
pressures is needed. The most obvious means of
achieving this would be to increase the harmonic
content of the signal radiated by the microbubbles.
The presence of harmonics in the coated microbubble
signal is due to the fact that, for equal peak positive
and negative insonation pressures, the amplitude of
coated microbubble oscillations will be greater during
expansion than during compression (|R,,,.|>|R,,inl)-
Therefore, if the ratio R,,,,:R,,;, could be increased,
the harmonic content and hence microbubble detect-
ability could be enhanced. It is clear from the previ-
ous discussion that the most effective way of modify-
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ing coated microbubble response is likely to lie with
the encapsulating shell.

Both the structure and the material of the shell
may be modified and there are a number of possible
approaches. For example, the shell material may be
selected or engineered so that the shear modulus G
is smaller in tension than in compression. It would be
inappropriate in an article of thislength to include the
rigorous modelling of this behaviour, and again such
a demonstration would be of limited value given the
lack of specific material data. The principle, however,
can be demonstrated effectively using a much simpler
model, of the type derived by HoFF et al. (2000), etc.
for a shell of negligible thickness.
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The frequency spectra for the pressure radiated by
coated microbubbles having G;= G;and G;=x G;
under identical insonation conditions is shown in
Fig. 3.4 for various values of x. As may be seen, there
is a distinct enhancement in the harmonic content
when x > 1. There are a number of materials which
naturally display this behaviour. The response of
TiNi crystals, for example, has long been recognised
as being asymmetric in tension and compression
(GALL et al. 1999). Clearly this type of material is
unsuitable for coating microbubbles, but similar
behaviour has also been demonstrated for materi-
als such as cartilage (PROVENZANO et al. 2002) and
other natural polymers. The reported tensile and
compressive moduli are derived from relatively large
samples and may relate to material structure on a
scale which is large compared with the thickness
of a microbubble coating. However, it may be pos-
sible to imitate these structures on a much smaller
scale. The inclusion of cholesterol molecules in a
cell membrane for example has been shown to pro-
duce a highly non-linear increase in its resistance
to deformation (BoaL 2002). Since the coatings of
phospholipid-coated microbubbles are very similar
in composition to cell membranes, it is perfectly
feasible that they could be similarly engineered.
There are alternative means by which enhanced
non-linear behaviour may be achieved. The shell may
be constructed so that it will buckle in compression,
for example by varying its thickness over the coated
microbubble surface. This will have a similar effect to
increasing the ratio of compressive to tensile modulus,

with Gg defined by G(R) :{

since a buckled shell will not compress to the same
degree as one which remains smooth. Similarly, it is
easy to envisage various ways in which the shell struc-
ture may be designed to alter its relative resistance to
tension and compression that would be easily within
the capabilities of available manufacturing methods.

3.3.2
The Insonating Field

As indicated in Figs. 3.3 and 3.4, variation in the
US field parameters will have a strong impact on
coated microbubble behaviour (SiMmPsoN et al. 1999;
UHLENDORF and HOFFMANN 1994). It will also affect
the quality of the scan image directly, in terms of
resolution, etc. Both the nature of the input wave-
form and its propagation through the microbubbles’
surroundings must be taken into account.

3.3.2.1
Influence of the Field Parameters

Provided the thickness and viscosity of the encapsu-
lating shell is not too great compared with their diam-
eter, coated microbubbles will resonate at a specific
frequency. The most appropriate range of frequen-
cies for a given application will thus depend strongly
upon the size distribution of the coated microbubble
population, and either the incident spectrum must be
selected accordingly or it may be desirable to control
the size of the coated microbubbles to enable a par-
ticular frequency range to be used, e.g. to achieve a
particular level of resolution.
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Fig. 3.4. Frequency spectra for the pressure radiated by coated
microbubbles insonated at 3 MHz and 50 kPa with shells of
varying degrees of non-linearity
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Resonance, however, is not the only consider-
ation in the selection of the insonation frequency.
A number of methods have been investigated with
the aim of improving image quality by manipula-
tion of the input spectrum. One of the most common
is to use a combination of two frequencies in order
to generate an enhanced response at the difference
frequency. Various different versions of this tech-
nique have been developed (WyzaLkowski and
SzER1 2003). The use of coded excitation (“chirps”)
has also been examined (BorsBooMm et al. 2003). The
imaging strategies which have been developed to
take advantage of these techniques will be reviewed
in subsequent chapters.

The amplitude of the incident field is also a signifi-
cant factor. As mentioned earlier, it will determine the
degree of non-linear behaviour exhibited by exist-
ing coated microbubbles and is clearly important in
terms of coated microbubble destruction. It is also
likely to be a factor in determining the fraction of a
coated microbubble population activated by the inci-
dent field. The maximum and minimum pressures
which may be used for an ultrasound scan are limited
by considerations of patient safety and signal attenua-
tion respectively. The aim in improving coated micro-
bubble design is to minimise the insonation pressure
required to obtain the desired image quality.

3.3.2.2
Influence of the Surrounding Fluid

Between transmission and detection, the incident
and scattered fields must propagate through the
surrounding tissue and will inevitably be modified
to some extent in the process. Whilst it has been
assumed that the effects of compressibility will be
smallin terms of coated microbubble dynamics, they
may have a greater impact on the propagation of the
sound field. During compression, the local density
of the tissue is increased slightly and so too there-
fore is the speed at which the wave travels through
it. The reverse occurs during rarefaction, with the
result that the shape of the wave or pulse, in the
case of imaging, will be distorted. This distortion
corresponds to an increase in the harmonic content
of the frequency spectrum and will affect both the
response of the coated microbubbles and the degree
to which the pulse is attenuated. Thus, to achieve a
particular coated microbubble response and signal
amplitude, this effect must be taken into account.
The compressibility of the surrounding fluid
must also be included when a population rather
than a single coated microbubble is considered.

E. Stride

For the reasons given in Sect. 3.2.1, acoustic radia-
tion damping is a small effect for a single coated
microbubble at low insonation power, particularly if
the viscosity of the shell is relatively large and thus
forms the main contribution to the overall damp-
ing. In a coated microbubble population, however,
the presence of the other coated microbubbles can
increase the effective compressibility of the sur-
roundings considerably, and also introduces the
problem of multiple scattering between micro-
bubbles. At sufficiently low concentrations it is still
reasonable to neglect acoustic damping and predict
the overall acoustic signal by linear summation of
single coated microbubble responses, assuming that
the activated proportion of the population is known.
At higher concentrations, however, and importantly
in the range corresponding to coated microbubble
injections, it has been shown experimentally that
linear summation fails to accurately predict acous-
tic response (MARSH et al. 1997).

3.3.3
The Filling Gas

It was assumed in deriving Eq. 3.8 that the fill-
ing gas would behave polytropically, on the basis
that the pressure inside the coated encapsulating
at low amplitudes of oscillation would be relatively
low compared with the critical pressure for the gas.
This assumption is valid for air and many other
gases (CENGEL and BoLEs 1989), although it should
not be made automatically for every gas. It was also
assumed that the gas behaviour would be isother-
mal (k=1). Given the high specific heat capacity of
plasma and the small size of the coated microbubble,
itis reasonable to assume that the surrounding fluid
will behave as a heat sink and that the temperature
gradient within the coated microbubble will be very
small at low insonation pressures (NEPPIRAS 1980).
Moreover, it was determined subsequently that
microbubble response was relatively insensitive to
the value of x (Fig. 3.3).

The choice of filling gas will also affect the long
term stability of the coated microbubble. If the shell is
gas permeable and/or soluble, then the rate at which
the coated microbubble dissolves will depend upon
the solubility of the gas as well as the durability of
the shell. Clearly, any shrinkage of the coated micro-
bubbles due to dissolution will affect their acoustic
response and this may be important for some appli-
cations. In addition there may be some safety issues
relating to very low solubility gases. If free bubbles
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are able to persist after the microbubble shells have
degraded they could potentially coalesce to form a
relatively large bubble capable of causing an embo-
lism. Finally, the possibility of chemical interaction
between the filling gas and the shell material or any
therapeutic compounds may need to be considered.

3.4
Concluding Remarks

Advances in imaging technology, and more recently
in therapeutic applications, such as drug delivery,
have greatly increased the range of potential benefits
offered by ultrasound contrast agents. Hence, the need
to develop agents for specific tasks has also increased.
The aim of this chapter has been to present an over-
view of how contrast agents may be designed in order
to improve their suitability for particular applications.
It has been shown that analytical techniques may be
applied to identify the most important factors for mod-
elling and design, and that this knowledge may be
employed to modify coated microbubbles behaviour.

Therearestill someareas of uncertainty. The char-
acterisation of existing agents is currently unsatis-
factory and there is undoubtedly scope for improve-
ment in the modelling of contrast agent behaviour in
vivo. Even using existing knowledge, however, there
are considerable advantages to be gained through
coated microbubble design. In the example given,
it was shown how the material and/or structure of
the encapsulating shell could be selected in order
to enhance the non-linearity of coated microbub-
ble oscillations at low insonation pressures. Simi-
lar improvements may be achieved by appropriate
selection of the filling gas to control coated micro-
bubble longevity, and coated microbubble structure
may be modified to improve targeting. More and
more benefits will be realised as the deficiencies in
the existing theory are addressed.
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Introduction

This chapter discusses the technical principles
behind a range of contrast-specific techniques.
New techniques are constantly being developed
to take advantage of the properties of new micro-
bubble-based ultrasound (US) contrast agents and
the range discussed here is by no means exhaus-
tive.

The discussion is primarily concerned with tech-
niques for discriminating microbubble-based con-
trast agents from tissue. However, some techniques
are so successful at suppressing tissue echoes that,
by themselves they would be difficult to use, since
the user would have no tissue landmarks to navi-
gateby. Most commercial contrast-specificimaging
modes, therefore, combine contrast agent imaging
with a tissue visualising B-mode method. Details
are not given of how conventional B-mode images
are obtained and integrated with the contrast agent
image. They can use one or more of the pulses that
are transmitted to image the contrast agent, or use
separate transmissions. The B-mode processing
can be carried out in a completely separate chan-
nel, or be little more than a separate final stage in
an otherwise common processing chain. Some sys-
tems offer the user the choice of separately display-
ing a contrast image, a tissue image or a combina-
tion of both.

Manufacturers often use very similar tech-
niques to each other, but this is not apparent in
their marketing literature. Even though a tech-
nique is mentioned here in association with a
selection of trade names, it may be also associated
with other trade names used by other manufac-
turers. The omission of any particular trade name
is not due to any bias; those mentioned are simply
examples with published descriptions known to
the author.
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4.2
Non-linearity and Harmonic Generation

4.2.1
Harmonics

As the terms fundamental and harmonic are much
used when discussing contrast agents, a brief expla-
nation may be helpful. Only a continuous sine-
wave can be characterised by a single frequency f
(Fig. 4.1a). If a waveform is anything other than this
pure mathematical concept there must be more than
one frequency present, and it is necessary to talk
about a spectrum of frequencies rather than a single
frequency. The continuous but distorted waveform
of Fig. 4.1b can be obtained by summing a number
of suitably aligned sinusoidal waveforms at frequen-
cies f, 2f, 3f, 4f etc., each with a different amplitude.
Transmitting such a wave is entirely equivalent

Continuous waves

Pressure Pressure

T. A. Whittingham

to transmitting this set of continuous sine-waves,
which are known respectively as the fundamental or
first harmonic, second harmonic, third harmonic,
fourth harmonic etc., frequency components of the
waveform.

Real transmitted pulses, of course, are neither
purely sinusoidal nor continuous. A pulse consisting
of N sinusoidal cycles has energy over a spectrum of
frequencies, with a centre frequency f. and a 3 dB
bandwidth of f, /N, as shown in Fig. 4.1c. In a real
pulse, each cycle may be different in amplitude and
duration to the others, and may not have a perfect
sinusoidal shape. The spectrum of such a pulse con-
sists of a number of harmonic spectra, with centre
frequencies f_ 2f, 3f,, 4f. etc., as shown in Fig. 4.1d.
That centred on f, is the fundamental spectrum of
the pulse, that centred on 2f, is the second harmonic
spectrum etc., although it is common to simply talk
about the fundamental or second harmonic fre-
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Fig. 4.1a-d. A continuous sine-wave can be characterised by a single frequency (a). A continuous but distorted waveform (b) can
be obtained by summing a number of suitably aligned sinusoidal waveforms at frequencies f, 2f, 3f, 4f etc., each with a different
amplitude. A pulse consisting of N sinusoidal cycles (c) has energy over a spectrum of frequencies, with a centre frequency f,
and a 3 dB bandwidth of f,/N. In a real pulse, each cycle may be different in amplitude and duration to the others, and may
not have a perfect sinusoidal shape. The spectrum of such a pulse (d) consists of a number of harmonic spectra, with centre

frequencies f, 2f,, 3f,, 4f,, etc.
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quency rather than the fundamental spectrum or
the second harmonic spectrum. In practice, third
and higher harmonics will contribute very little to
the useable signal, as they are likely to be outside the
frequency response of the transducer and will also
be highly attenuated in tissue.

When seeking an understanding of the interac-
tion of a real pulse with say a bubble, it is often very
helpful to consider what would happen to the fun-
damental and the harmonic waves individually. An
important example is in pulse inversion imaging
(Sect. 4.4.1) which involves comparing the echoes
produced by one pulse with those produced by a
second pulse that is an inverted version of the first
pulse. Figure 4.2 shows that distorted echoes scat-
tered from a non-linear target (such as a microbub-
ble) for the two pulses differ in that the fundamental
and the odd harmonics are inverted in the echo from
the inverted pulse. However, the second and other
even harmonics are the same in the two echoes.

4.2.2
Non-linear Scattering by Microbubbles

A linear reflector or scatterer is one that produces
an echo whose amplitude is always the same fraction
of the incident amplitude, whatever that amplitude
might be. As this applies at every instant of the inci-
dent pulse, it follows that the waveform (amplitude
versus time) of the echo pulse will be the same as
that of the incident pulse. Scattering from tissue
is considered to be linear. Scattering by a micro-
bubble is also approximately linear if the incident
pulse has a very low peak pressure amplitude (say
below about 0.03 MPa). However, if the peak pres-
sure amplitude of the incident pulse is increased,
scattering by microbubbles becomes more and more
non-linear - in other words the peak amplitude of
the echo pulse is not in direct proportion to the
peak amplitude of the incident pulse. This non-
linearity results from the asymmetrical way that
microbubbles expand and contract in a sound wave
(Fig. 4.3). Bubbles compress less in response to a rise
in pressure than they expand in response to a drop
in pressure of the same magnitude. This is because
the density, and hence the stiffness, of the gas in a
bubble isincreased during compression and reduced
in expansion. Since the in and out movements of the
bubble wall are asymmetric, the waveform of the
echo is also asymmetric, with a peak amplitude that
is not in proportion to the peak amplitude of the
incident pulse.
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Fig.4.3. Simplified model of the asymmetrical way that micro-
bubbles expand and contract in a sound wave.

Curve s in Fig. 4.4 shows an idealised model of
the relationship between the scattered echo wave-
form (E) and the incident sinusoidal waveform (I)
for a non-linear scatterer such as a microbubble.
The peak negative pressure of E is less than the peak
positive pressure due to the non-linearity of curve
s. Curve s can be expressed as the sum of a series
of other curves, namely a straight line (s, = k; p), a
quadratic function (s, = k, p?), a cubic function (s;=
k, p%), etc. The first three of these curves are shown
in the figure as s, s,, S5, and each of them defines an
“order” of scattering. For a linear scatterer, S would
be a straight line, such as s,, and there would only be
first-order scattering. Each of these different orders
of scattering curves can be thought of as produc-
ing its own echo waveform, the sum of all of these
being the actual echo waveform. That produced by
first-order (linear) scattering is shown as e,, that by
second-order scattering is shown as e,, and that as
third-order scattering is shown as e;. Higher-order
scattering is omitted for clarity. Adding together e,
e, and e; etc., forms the actual echo E.
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Fig. 4.4. Simplified model of the relationship (curve s) between an incident waveform I and the echo E scattered by a non-linear
target such as a microbubble. Curve s can be considered as the sum of other curves (s,, s,, s5...) of different orders: s, is a linear
(first order) relationship, s, is a quadratic relationship (second order), and s; is a cubic relationship (third order). The echo E
can be considered as the sum of the components (e}, e,, e5...) contributed by each order.

It is important to distinguish between orders of
scattering and harmonics. First-order scattering
produces an amplitude-scaled replica of the inci-
dent pulse. Higher orders of scattering introduce
harmonics of the various frequencies present in
the incident pulse. In the example of Fig. 4.4, which
shows one cycle of a single frequency incident wave,
the first-order echo waveform e, contains only that
(fundamental) frequency. The second-order echo
waveform e, has none of the fundamental frequency,
but consists of a component at twice the fundamen-
tal frequency (second harmonic) and a constant,
which can be thought of as a zero frequency com-
ponent. The third-order echo waveform e, consists
of a component at three times the fundamental fre-
quency (third harmonic) as well as a component at
the fundamental frequency, as shown in Fig. 4.5.
Although not shown, a fourth-order echo waveform
would have both second- and fourth-order harmon-
ics as well as a constant component.

The signal at the fundamental frequency, pro-
duced by third and other odd orders of scattering, is
the basis of an important contrast detection method
known as amplitude or power modulation, discussed
in Sect. 4.4.5. This “non-linear fundamental” signal
is distinct from the fundamental signal due to first-
order scattering and is only present because of the
non-linearity of the scattering process.

The amplitude of any particular frequency in the
spectrum of echoes from microbubble is strongly
dependent on the phenomenon of resonance. A
microbubble will expand and contract most vigor-
ously at one particular frequency, known as its natu-
ral resonance frequency, which is higher for smaller
bubbles and stiffer shells. An injection of US contrast

agent introduces microbubbles with a wide range of
diameters so the centre frequency of the incident
pulse is generally chosen to coincide with the mean
resonant frequency of the microbubble population.
However, it is likely that there will be some bubbles
of the ideal size to resonate at most of the frequen-
cies in the spectrum of the incident pulse.

Figure 4.6, adapted from AVERKIOU et al. (2003),
shows the echo non-linearly scattered by a micro-
bubble, for a typical incident pulse.

Fig. 4.5. The third order echo contribution e; in Fig. 4.4, in
which pressure varies in proportion to the cube of a sine wave
of frequency f. It is the sum of a fundamental component with
a frequency f and a third harmonic component at frequency
3f. (N.B. @ = 2mf, t = time.)

Fig.4.6a,b. Typical incident pulse (a) and the echo (b) from a
microbubble. From AVERKIOU et al. (2003).



Contrast-Specific Imaging Techniques: Technical Perspective

4.2.3
Non-linear Propagation in Tissue

As a pulse propagates in tissue, as in most media, it
becomes progressively distorted — a process known
as non-linear propagation. This is a consequence of
the fact that the peaks of a pressure wave are more
compressed and therefore have a higher speed than
the troughs. The peaks catch up with the troughs to an
extent that increases with the pulse amplitude and dis-
tance travelled. The resulting waveform distortion may
be negligible for low amplitude pulses but can be very
obvious in the waveforms of large amplitude pulses.
Consequently, since waveform distortion implies har-
monic content, the echo reflected or scattered from
a tissue interface will have some degree of second
harmonic component, depending on the transmitted
pulse amplitude and the position of the interface in
the beam. There will also be weaker third and higher
harmonics, but the transducer bandwidth is generally
too small for these to be of practical interest.

This phenomenon is used to great advantage in
the B-mode imaging technique known as tissue har-
monic imaging. Here acoustic noise (clutter) due to
reverberations, grating lobes and other side lobes,
etc. is much reduced by restricting the display of
echoes to those with a significant harmonic con-
tent - in other words echoes from targets close to
the beam axis where transmitted pulses are stronger
and more distorted.

It is important to note that the harmonic compo-
nents in tissue echoes arise in a quite different way
to that for microbubble echoes. In tissue, the scat-
tering process is approximately linear; any distor-
tion, and hence harmonics, in the echoes arises from
the faithful mimicking of any distortion already in
the waveform of the incident pulse. In the case of
a microbubble, the harmonic components are gen-
erated at the moment of scattering - they do not
depend on any pre-existing harmonic component in
the incident pulse. In both cases, the magnitude of
the harmonic content will be greater the larger the
amplitude of the transmitted pulse.

In this chapter, the second harmonic component
present in tissue echoes due to non-linear propa-
gation of the transmitted pulse will be referred to
simply as the “tissue harmonic”. It is always present
to some extent, increasingly so for higher transmitted
amplitudes. It presents a particular challenge to those
contrast agent visualising techniques that differenti-
ate between microbubble echoes and tissue echoes on
the basis of their second harmonic component (see
Sects. 4.4.1-4.4.4 and 4.4.6-4.4.7).
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4.3
Early Methods of Microbubble-Based
Agent Visualisation

The reason for using US contrast agent micro-
bubbles is that they scatter ultrasound much more
strongly than do blood cells. The ratio of the power
scattered by a microbubble to that scattered by a
single blood cell has been estimated at about 10'4:1
(140 dB). This is due mainly to the large differ-
ence in acoustic impedance that exists between
a gas and a liquid, but it is also due to the fact
that bubbles of typical US contrast agent dimen-
sions (around 3 um diameter) exhibit resonance,
i.e. oscillate particularly vigorously, at frequen-
cies that are typical (around 3 MHz) of diagnostic
US. In clinical use, of course, the concentration
of microbubbles must be much less than that of
blood cells, and so the actual increase in scattered
power is much less than 140 dB. Nevertheless, even
without any special instrumentation or processing,
contrast agent microbubbles in practical concen-
trations can increase the echogenicity of the blood
by about 20 dB.

4.3.1
Conventional B-Mode

Microbubble-based contrast agents gave some
immediate benefits to B-mode imaging with conven-
tional equipment, particularly in cardiology where,
for example, the abundance of strongly scattering
microbubbles in the left ventricle made it possible to
delineate the wall of the chamber with much greater
contrast and precision, allowing greatly improved
estimates of ventricular volume and output.

However, efforts to use contrast agents to visu-
alise blood vessels within tissue, such as the liver or
myocardium, were less successful. The echo signal
due to scattering from the many tiny interfaces
within tissue was still much stronger, by as much
as 20 dB, than that from within contrast-enhanced
blood vessels. The echogenicity of blood vessels
could be increased to a limited extent by increasing
the concentration of microbubbles but, unfortu-
nately, increasing the concentration also increased
the attenuating affect of the US contrast agent
itself, leading to shadowing of deeper regions. Also,
although not appreciated at first, much of the signal
was due to collapsing microbubbles (see Sect. 4.4.3)
and these could not be replenished in the smaller
vessels between real-time frames.
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4.3.2
Conventional Spectral Doppler

Microbubble-based agents were also of benefit in
spectral Doppler studies of blood flow. The increase
of about 20 dB in echo strength that they produced
allowed spectral Doppler techniques to detect and
measure blood flow in vessels that would be other-
wise too deep. This type of application is sometimes
referred to as “Doppler rescue”.

4.3.3
Conventional Colour Doppler

Colour Doppler imaging techniques, such as colour
flow imaging (CFI) or power Doppler imaging (PDI),
also benefited since the arrival and distribution of
microbubbles, at least in the larger arteries, could be
demonstrated more easily. In CFI a B-mode tissue
image is overlaid with a colour map in which the
colour of each pixel is determined by the mean Dop-
pler shift for that location. There is no information
about the strength (power) of the Doppler signal
and all coloured pixels are shown at fixed bright-
ness. In PD], the colour intensity of each pixel of the
colour overlay is proportional to the mean power of
the Doppler signal at that location (irrespective of
the Doppler shift), providing an indication of the
number of moving blood cells there. No information
about the Doppler shift is given, so the colour used
is either fixed or only changes a little with signal
strength (e.g. from dull orange for low strength to
bright yellow for maximum strength). In both CFI
and PDI, the increased signal to noise ratio provided
by microbubbles was valuable in itself, but it could
also be used to improve spatial resolution by permit-
ting the use of higher frequencies.

A disadvantage of using CFI with contrast agent is
that it is subject to “blooming” - this is the spreading
of full brightness colour beyond the walls of the vessel
to which it should ideally be confined. This leads to
loss of spatial resolution, with blooming around adja-
cent vessels merging together and blooming from
larger arteries obscuring signals from smaller ones.
It is caused by the sensitivity being so high with
microbubbles that the effective spatial dimensions of
the transmitted pulse are increased. Without micro-
bubbles, blood cells are normally unable to gener-
ate echoes above noise level unless the most intense,
central part of the pulse is within the blood vessel,
or only a small distance outside it. With US contrast
agent present, microbubbles at the vessel wall are still
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able to produce detectable echoes when the centre of
the pulse is some distance outside the vessel.

The problem with CFI in this regard is the ”pri-
ority” algorithm used to decide whether a particu-
lar pixel displays grey-scale B-mode information
or colour Doppler shift information. Without US
contrast agent, Doppler signals are generally weak,
so an algorithm is used that always shows the Dop-
pler information, provided the Doppler signal has a
strength above a specific threshold (which the user
sets with the priority control). When US contrast
agent is used, the increased strength of Doppler sig-
nals means this threshold is exceeded well beyond
the vessel wall, resulting in many pixels outside the
vessel being shown in a conspicuous colour appro-
priate to the Doppler shift, irrespective of whether
the Doppler signal strength is only just above thresh-
old or very high.

PDI is potentially the more attractive of the two
modes for microbubble imaging since it shows the
concentration of microbubbles directly. It suffers
much less from blooming than does CFI since low
strength Doppler signals from outside a vessel are
shown at low brightness. It is also the most sensitive
method for detecting moving blood. One reason for
this is that it uses just one colour rather than many,
helping the eye to better appreciate the dynamic
range of signals. Another is that it gives a signal
even when the beam is perpendicular to a vessel,
due to the angular spread of the beam. Some of this
high sensitivity can be traded for improved tempo-
ral resolution. Whereas it is normally necessary to
interrogate each scan line about 10 times in order to
obtain the Doppler information, the stronger signals
from microbubbles means that sufficient sensitivity
can be achieved with fewer transmission/reception
sequences. A consequence of spending less time
interrogating each scan line is poorer accuracy in
the measurement of the Doppler frequency shifts,
but this is of no concern in PDIL

The problem of using PDI with contrast agents,
however, isthatitsuffers from “flash” artefact. Moving
tissue produces much stronger Doppler signals than
does even microbubble-enhanced blood. Since the
brightness of each pixel in a PDI image is propor-
tional to signal strength, this signal would swamp
the weaker Doppler signals from blood, if it were not
filtered out. A high-pass “clutter” (wall thump) filter
is therefore incorporated into all Doppler equipment,
taking advantage of the fact that Doppler signals from
relatively slow moving tissue generally have a lower
frequency than that from the blood. Such filters are
reasonably effective when imaging flow in larger ves-
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selsbecause of the higher blood speeds, but, even then,
movements of the probe or tissue that produce Dop-
pler frequencies above the filter’s cut-off frequency
result in bright transient colour patches, known as
“flash” artefacts. Unfortunately, the low frequency
Doppler signals from the slow moving blood in the
smaller vessels are rejected by the clutter filter along
with the unwanted tissue signals.

This, together with poor replenishment of col-
lapsed microbubbles between imaging frames,
meant there was less success in using microbubbles
to visualise flow in smaller vessels, such as in the
liver or myocardium.

4.3.4
Harmonic B-Mode Imaging by High-Pass Filtering

Alternative / associated names: Contrast Harmonic
Imaging (CHI), Narrow Band Harmonic Imaging,
Dual Frequency Harmonic Imaging, Harmonic
Greyscale Imaging.

A considerable improvement in contrast between
blood and tissue was achieved by using a high-pass
filter to suppress the fundamental component of
the echoes but leave the second harmonic. This sup-
pressed all the signal from tissue apart from the tissue
harmonic component (see Sect. 4.2.3). The amplitude
of the transmission pulses was chosen to be large
enough to ensure a useful second harmonic signal
from microbubbles, but not so large as to cause exces-
sive bubble destruction or to generate a conspicuous
second harmonic signal from tissue. Harmonic detec-
tion sacrificed some sensitivity since, for both micro-
bubble and tissue echoes, most energy is in the sup-
pressed fundamental frequency band. However, the
second harmonic signal from microbubbles is much
more than that from tissue, allowing vessels within
tissue to show up brightly against a darker back-
ground. A further benefit of the improved contrast
was an increase in the time for which the signal from
an injected bolus of microbubbles could be detected.

It is necessary to lower the frequency of the trans-
mitted pulse so that both it and the second harmonic
spectrum can be accommodated within the frequency
range of the transducer. Thus, a transducer with a
frequency range from say 1.5 MHz to 4.5 MHz can be
used to transmit a2 MHz pulse and still have sufficient
bandwidth to receive the second harmonic spectrum
of the echoes, centred on 4 MHz. This requires a trans-
ducer with a bandwidth (3 MHz in this case) approxi-
mately equal to its centre frequency. Fortunately,
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transducer technology has advanced sufficiently to
make this possible. There is some loss of efficiency
due to either the transmission or reception centre fre-
quency, or both, not being at the peak of the transducer
frequency response curve, but this is more than offset
by the greater echo strength due to the use of micro-
bubbles. Some manufacturers arrange for transducers
that are to be used for harmonic imaging to have their
greatest efficiency at the second harmonic frequency.
The method has limitations, however. Firstly,
any overlap between the spectrum of the transmit-
ted pulse and second harmonic spectrum of the
echoes should be as small as possible, if the filter
is to separate them successfully. This means the
bandwidth of both spectra should be less than half
the bandwidth of the transducer (Fig. 4.7a). Since
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Fig.4.7a-c. Harmonic B-mode imaging with a high-pass filter.
The bandwidth of the transmitted pulse must be less than half
the transducer bandwidth in order to reduce overlap with the
second harmonic spectrum (a). Inevitably there is some overlap
and the signal rejected by the filter contains part of the second
harmonic spectrum, reducing the strength of the harmonic
microbubble signal available for display. Also, the passed signal
is contaminated by part of the fundamental spectrum, increas-
ing tissue clutter (b). The high frequency tail of a strong tissue
echo can overwhelm a weak harmonic signal (c).
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axial resolution improves in proportion to echo
bandwidth, it is twice as poor as that which can be
achieved in conventional B-mode imaging, where
the full transducer bandwidth is used to transmit
and receive.

Secondly, as in practice there will always be some
overlap, the signal rejected by the filter must con-
tain part of the low frequency end of the second har-
monic spectrum (Fig. 4.7b), reducing the strength of
the harmonic microbubble signal available for dis-
play. Conversely, the signal passed by the filter will
contains the high frequency tail of the fundamental
spectrum from tissue. If the tissue signal is strong,
or the microbubble signal is weak, this tail can over-
whelm the peak of the second harmonic spectrum
(Fig. 4.7¢c). This places a limit on the strength of
blood echoes that can be detected.

Although the contrast between microbubbles
and tissue was much improved by harmonic
imaging, the tissue harmonic signal limited the
improvement. Also, axial resolution and sensitiv-
ity remained poor. These limitations have largely
been overcome in the more recent techniques for
harmonic imaging, described later. However, these
generally require that two or more pulses be trans-
mitted down each scan line, so the filter method
of harmonic imaging retains the advantage of a
higher frame rate than is possible with the more
recent methods.

4.3.5
Harmonic Colour Flow Imaging by High-Pass
Filtering

Alternative / associated names: Harmonic Doppler
Imaging

Using a high pass filter to remove the mainly funda-
mental tissue echoes brought similar improvements
in contrast and imaging time to colour flow imag-
ing (CFI). (It was, of course, necessary to detect the
Doppler shifts relative to the second harmonic fre-
quency). In particular, blood flow could be imaged
in narrower vessels than before. The flash problem
due to probe or tissue movement (see Sect. 4.3.3)
was also very much reduced, since filtering out the
fundamental spectrum suppresses echoes from all
tissue, whether moving or not. The temporal res-
olution was poor because of the need to transmit
several pulse down each line and spatial resolution
remained poor in comparison to harmonic B-mode
because of the long pulse length.
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4.3.6
Harmonic Power Doppler Imaging by High-Pass
Filtering

Alternative / associated names: Harmonic Power
Doppler (HPD), Power Harmonic Imaging

The benefits of harmonic imaging were even more
important for power Doppler imaging (PDI). By
substantially reducing the serious flash artefact to
which PDI is vulnerable, the advantages of PDI could
be put to good use. These include its greater sensi-
tivity than CFI and its smaller blooming artefact, as
discussed in Sect. 4.3.3. Also, PDI is not concerned
with Doppler shifts so aliasing is of no consequence.
This means lower pulse repetition frequencies can
be used, with the result that a slow moving micro-
bubble will travel further between pulses. This in
turn means a larger phase difference between the
echoes from consecutive transmissions, increasing
the probability of detection when only a few pulses
are transmitted per line.

4.3.7
Intermittent Imaging in B-Mode

Alternative/associated names: Intermittent Second-
Harmonic Gray-Scale (ISHGS), Transient Imaging,
Interval Delay Imaging, Flash Echo Imaging, Trig-
gered Imaging

As mentioned earlier (Sect. 4.3.1) the principal origi-
nal application of microbubble-based agents was to
opacify the left ventricle in order to better delineate
the chamber wall. This worked well, as did visualisa-
tion of the major arteries in the liver, but efforts to
visualise very small blood vessels in the abdomen or
myocardium were much less successful. PORTER et
al. (1995) found that microbubbles became visible in
the myocardium when imaging was resumed after
freezing the system, and proved that microbubbles
were being destroyed by the scanning. In large ves-
sels and the chambers of the heart, the blood is
moving so rapidly that the imaged slice is replen-
ished with microbubbles between frames. In the
capillary bed, however, blood moves at only about
1 mm/s, so it can take several seconds to replen-
ish the destroyed microbubbles in the imaged slice.
Thus the bubbles were being continually destroyed
by the real-time scanning. By using the ECG to trig-
ger one image frame every two to four cardiac cycles,
PoRTER and Xi1E (1995) allowed time for microbub-
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ble replenishment in narrow vessels and were thus
able to visualise microbubble-based agents in the
myocardium itself.

The technique of intermittent imaging can also
be used to visualise small vessels in the abdomen.
ECG triggering is not necessary but the frame rate
must be sufficiently low to allow replenishment of
the tissue slice with microbubbles between frames.
Again, the ability to monitor the scan plane in real
time is lost. As an alternative to intermittent imag-
ing of a fixed tissue slice, the probe can be swept
sideways to view neighbouring slices of tissue, con-
taining still-intact microbubbles.

The echoes produced by collapsing microbubbles
contain a wide range of harmonics. This means har-
monic B-mode imaging can be used to reduce tissue
clutter signals. However, since the transmitted
pulses have a large amplitude, there can be a high
level of second harmonic component in the echoes
from tissue. When using the technique to image per-
fusion in the myocardium, for example, the second
harmonic microbubble signals may be only a few
decibels above the tissue harmonic contrast signal
(BEcHER and Burns 2000). In such cases, contrast
between microbubbles and tissue can be increased
by offline subtraction of a non-contrast-enhanced
image of the same cross-section from the contrast-
enhanced image.

4.3.8
Intermittent Colour Flow Imaging

Alternative / associated names: Pseudo-Doppler
Imaging, Fundamental Imaging, Sono-scintigra-
phy, Stimulated Acoustic Emission Imaging (SAE)

It was also found that using large amplitude trans-
mission pulses to deliberately destroy microbubbles
provided a very sensitive way of visualising the dis-
tribution of microbubbles when in CFI mode, even
when the blood was stationary (BLOMLEY et al. 1999).
In this mode, the microbubbles shows as a random
colour mosaic extending over a limited depth range
close to focus of the transmitted ultrasound (Fig. 4.8).
The effect quickly disappears over a few frames due
to the destruction of the microbubbles. As micro-
bubbles are destroyed, their attenuating effect no
longer protects those at greater depths, so the deeper
microbubbles then burst, generating their own colour
signal. The appearance is that of a colour “veil” start-
ing at the focal region (where the amplitute is great-
est) and shifting down the screen. The technique was
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originally called stimulated acoustic emission as it
was thought that the Doppler system was detecting
the broad spectrum of ultrasonic energy generated
by the bursting of microbubbles.

The technique is now more commonly referred
to as loss of correlation (LOC) imaging in recogni-
tion of the difference between the way this signal
is generated and the normal way Doppler systems
work, which is by measuring the regular (correlated)
changes in phase between consecutive echoes from a
moving reflector. Colour Doppler imaging involves
interrogating each scan line in the image with sev-
eral transmission-reception sequences. Each line is
divided into a number of sample volumes, one for
each colour pixel, and after every transmission an
echo signal for each of these is obtained by dividing
up the echo sequence into corresponding time seg-
ments. For each sample volume, the mean Doppler
frequency can be estimated from the average phase
shift between echoes from consecutive transmis-
sions. This is used to allocate the appropriate colour
to the pixel, from a pre-defined scale of colour
against Doppler frequency. When large amplitude
pulses are used with microbubbles, many of the
microbubbles in the beam collapse and release gas,
which then dissolves, either immediately or over
the course of the next few pulses, depending on the
gas. This results in a substantial and largely random
differences between the echoes from consecutive
transmissions. The estimate of Doppler frequency,
and hence the colour allocated to the pixel, is there-
fore random. It is different for every pixel and col-
lapse event, resulting in the observed random colour
mosaic.

Fig. 4.8. Loss of Correlation (LOC) or stimulated acoustic
emission (SAE) image, produced in colour flow imaging
mode with large amplitude transmission pulses. The collapse
of microbubbles produces changing echo signals that are
interpreted as irregular Doppler signals, and displayed as a
random colour mosaic.
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In CFI, the need to interrogate each line of the
colour box (the region of the image subject to Dop-
pler imaging) several times means there is only
time to interrogate a relatively small number of scan
lines across the box. This means the colour pixels
are wider than those in a B-mode image, and hence
lateral resolution is poorer. The axial resolution is
also poor because, in order to boost signal to noise
ratio, pulse lengths used for Doppler are longer than
those used for B-mode.

4.3.9
Intermittent Power Doppler Imaging

Alternative / associated names: Harmonic Power
Doppler, Intermittent Harmonic Power Doppler,
Colour Power Angio, Energy Imaging

The loss of correlation (LOC) signal described in
the previous section can also be detected using
power Doppler imaging (PDI). This replaces the
multicolour mosaic seen in CFI with a narrow
range of colours, the brightness indicating the
local concentration of collapsing microbubbles
(Fig. 4.9). In CFI, the accuracy of the estimates of
Doppler frequency increase with the time spent
interrogating each scan line. PDI does not display
Doppler frequency information, so the fact that
the microbubbles disappear after just one or two
transmissions is of less consequence. Ultimately,

Fig.4.9. Intermittent Harmonic Power Doppler image showing
a four chamber view of a heart during continuous infusion
of Levovist. Triggering every third cardiac cycle shows com-
plete left ventricular (LV) and myocardial opacification. From
KunTz-HEHNER et al (2002).
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an estimate of Doppler power can be obtained
from just two transmissions per line. Suppression
of tissue clutter is improved by detecting only
second harmonic echo components and using the
second harmonic frequency as the reference.

As with the all microbubble disrupting tech-
niques, the method is not real-time and intermit-
tent imaging must be used to view a fixed slice. It
also suffers from poor axial resolution owing to the
longer pulses used in Doppler imaging. Neverthe-
less, the technique is one of the most sensitive means
of imaging microbubbles.

4.3.10
The Need for Further Improvements

Despite the improvements brought about by the

filter method of harmonic imaging and the sensi-

tivity of the LOC method, there remained a number
of significant limitations. These included:

e The poor axial resolution in harmonic B-mode
imaging due to the need to restrict the bandwidth
of the transmitted pulse to less than half that of
the transducer.

e The imperfect contrast between microbubbles
and tissue in harmonic imaging when using a
filter, due to the overlap between the fundamental
spectrum and the second harmonic spectrum.

e The presence of a small but contrast limiting
second harmonic component in the echoes from
tissue, due to non-linear propagation of the trans-
mitted pulse.

e Increased microbubble destruction, and hence
an inability to image continuously in real-time
if transmitted pulses of larger amplitude were
used in an attempt to produce stronger second
harmonic signals from microbubbles.

e Poor axial resolution with the otherwise sensitive
Harmonic Power Doppler Imaging method based
on microbubble destruction and LOC signals.

These problems have been addressed by two quite
different approaches. One group of methods, com-
monly known as “low MI”, seeks to minimise the
incidence of microbubble destruction and the mag-
nitude of tissue harmonic signal by transmitting
pulses with low amplitudes and making use of the
much greater non-linearity of scattering by micro-
bubbles compared to that by tissues.

The other group of methods, commonly known
as “high MI”, uses larger pulse amplitudes (about
1 MPa), and make use of either the energy released
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or the difference in the echo signals before and after
the bubble destruction.

MI is actually a safety index, displayed on
the screen of most modern ultrasound imaging
machines, to indicate the potential for non-thermal
bio-effects. It is defined as:

MI = p- /\f,

where p- is the largest peak negative (rarefactional)
pressure that the transmitted pulse would achieve
during its travel through a medium of specified atten-
uation coefficient (0.3 dB cm™ MHz!) and fc is the
centre frequency of the pulse. The value displayed on
the screen responds to changes of operating mode or
any control settings that affect acoustic output. The
theory behind the above formula for MI relates to the
threshold for the production of inertial cavitation of
free gas or vapour bubbles in water (HoLLAND and
APrFEL 1989; AprEL and HOLLAND 1991) so it cannot
be assumed that MI will be a reliable quantitative indi-
cator of the likelihood of the rupture of microbubbles
with stabilising shells, as used in contrast agents. Nev-
ertheless, it does provide a rough indication of this, at
least for a given contrast agent, and it has the merit of
being widely available on image screens.

The differences in shell strength and flexibility
between microbubbles of different makes, and the
uncertain relevance of MI to contrast microbubble
destruction, mean there is no universally accepted
boundary between “high” and “low” MI in regard
to the potential for microbubble destruction. How-
ever, an MI of 1.0 would certainly be considered as
high, while one of 0.1 would certainly be considered
low in this regard, although values as low as 0.06 are
used. Note that there is no known threshold below
which bubble destruction does not occur; it is more
a matter of probability.

4.4
Low-MI Techniques

As stated above, these methods use low amplitude
pulses in ways that take advantage of the non-linear
nature of scattering by microbubbles. Their evolution
has gone hand in hand with the development of new
types of microbubble-based agents with more flexible
shells, able to expand and contract with larger ampli-
tudes in a non-linear fashion. The new generation of
microbubble-based agents also benefits from longer
lifetimes, allowing observations over longer periods.
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The principal advantage of low-MI techniques is that
the microbubbles are not destroyed so readily, per-
mitting continuous real-time imaging.

The principal disadvantage of low-MI techniques
is that they have less sensitivity (dynamic range) than
high-MI techniques. This is primarily due to the fact
that low-MI techniques make use of the small dif-
ferences between echoes from two or more separate
transmissions, and the energy associated with this is
only a small fraction of that in any individual echo.

Some low-MI techniques are based on the detec-
tion of the second harmonic signal from microbub-
bles, but avoid the limitations of earlier methods
based on high-pass filtering (see Sects. 4.3.4-4.3.6).
The newer methods of second harmonic detection
use pulse inversion (Sects.4.4.1-4.4.3) or coded
transmissions and matched filters (Sect. 4.4.4). An
alternative approach is to use amplitude modulation
(Sect. 4.4.5) to detect the effects of non-linear scat-
tering on the fundamental component of echoes. A
third approach is contrast pulse sequence imaging
(Sect. 4.4.6) which combines the first two.

Transmitted pulses with low intrinsic second har-
monic content are desirable for the many microbub-
ble imaging methods that are based on detecting the
second harmonic component of microbubbles echoes.
In general, the more abrupt the rise and fall of a pulse
waveform, the greater the harmonic components.
Transmitted pulses with a gently rising and falling
bell-shaped (Gaussian) amplitude profile are therefore
often used. It is also desirable that the input amplifica-
tion stage of the receiver is very linear, in other words
that the amplification factor (gain) is constant for all
echoes whether large or small in amplitude. Any non-
linearity will introduce distortion into the amplified
waveforms and hence generate second harmonic com-
ponents. Both sources of spurious second harmonic
contamination will degrade the contrast between
microbubble echoes and those from tissue.

441
Pulse Inversion with Two Transmissions

Alternative /associated names: Pulse Inversion (PI),
Phase Inversion (PI), Pulse Subtraction (PS), Polar-
ity Inversion (PI), Wideband Harmonic Imaging,
Pulse Inversion Harmonic Imaging (PIHI), Pulse
Inversion Contrast Harmonic Imaging (PICHI),
Pulse Inversion Harmonics (PIH)

This very common technique involves interrogating
each line twice. It avoids the filter method’s limita-
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tions of poor axial resolution and imperfect separa-
tion of fundamental and second harmonic compo-
nents, but at the expense of frame rate. Short (two to
three cycle) pulses, as typically used in B-mode, are
transmitted, with the waveform of the second pulse
being the inverse of the first (Fig. 4.10). In other
words, the positive half cycles in the first pulse are
replaced by negative half cycles (with the same shape
and magnitude) in the second pulse, and vice versa.
The un-demodulated echo sequences produced by
the two pulses are stored and added together. The
resultant sum is used to determine the grey levels
along the corresponding scan line on the display.
In the second echo sequence, linearly scattered
echoes, such as those from tissue, will simply be
inverted versions of those in the first echo sequence.
Tissue echoes will therefore be cancelled when the
two echo sequences are summed. If the scattering is
non-linear, as is the case for microbubbles, the two
sequences will not cancel on addition (Fig. 4.10).
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Fig. 4.10. Pulse inversion imaging involves summing echo
sequences from a non-inverted and an inverted transmission
pulse. Echoes from linear targets cancel whilst those from non-
linear targets (microbubbles) form a residual signal, consist-
ing of second and higher even harmonic signals.

An equivalent explanation may be given in terms
of the effect of inverting the transmitted pulse on the
fundamental and harmonic waveforms of an echo
pulse. Asillustrated in Fig. 4.2, inverting a transmit-
ted pulse causes the fundamental waveform (and
any odd order harmonics) of the echo to be inverted,
but the second (and any even order harmonic) wave-
forms of the echo are not inverted. Thus, summing
the two echo sequences cancels out the fundamental
and the odd harmonics in the echoes but doubles the
magnitude of the second and other even harmonics.
The pulse inversion technique therefore provides a
way of cancelling fundamental and odd harmonic
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components of echoes but preserving and amplify-
ing second harmonic (and other even) components.

The advantage of the pulse inversion method
over the filter method of harmonic detection (see
Sect. 4.3.4) is that overlap between the fundamen-
tal and second harmonic spectra does not matter
(Fig. 4.11). Hence, there is no need to restrict the
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Fig. 4.11. The pulse inversion method of suppressing funda-
mentals signals does not depend on a high-pass filter. Over-
lap of the transmitted spectrum with the harmonic spectrum
therefore does not matter, allowing the transmission spectrum
to be broad and hence the axial resolution to be good.

transmission spectrum to the lower half of the trans-
ducer frequency range and so limit bandwidth. This
allows short (large bandwidth) pulses to be used
and hence good axial resolution to be achieved. The
swamping of weak microbubble echoes by the high
frequency tail of the fundamental spectrum of tissue
echoes Fig. 4.7c) is eliminated. Similarly, the lower
frequency tail of the harmonic spectrum is retained,
increasing the strength of the harmonic signal. The
disadvantage of the method, however, is a reduction
in frame rate due to the need to interrogate each
scan line twice.

Pulse inversion is also used in the B-mode tissue
imaging method known as Tissue Harmonic Imag-
ing (Sect. 4.2.3), which produces images with fewer
acoustic noise artefacts and improved spatial reso-
lution. In that application, transmission pulses with
much greater amplitudes are used to ensure the
deliberate generation of substantial tissue harmonic
signals.

4.4.2
Pulse Inversion on Alternate Scan Lines

Alternative / associated names: Coherent Contrast
Imaging (CCI)

The reduction in frame rate referred to above can
be avoided by transmitting only one pulse per scan
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line, but inverting the transmitted pulse on alter-
nate scan lines. The overlap between adjacent beams
means that scatterers receive pulses of alternating
polarity. Summing the echo sequences from adja-
cent lines therefore cancels out echoes from linear
scatterers, as in the two-pulse method described
in the previous section. The sum of the two echo
sequences represents an average of the two contrib-
uting lines and is therefore displayed as a synthetic
line situated midway between them. The avoidance
of a frame rate penalty comes at the expense of a
slightly imperfect cancellation of the fundamental,
since not all points in a pair of overlapping beams
experience matching but inverted versions of the
same pulse waveform. This technique is well suited
to machines which use parallel beam forming (see,
for example, WHITTINGHAM 1997) as a time saving
technique in normal B-scanning, since the nec-
essary facilities for digitising storing and adding
undemodulated echo sequences from adjacent scan
lines already exist.

4.4.3
Pulse Inversion with Three Transmissions

Alternative / associated names: Power Pulse Inver-
sion (PPI) Imaging, Power Pulse Inversion Contrast
Harmonic (PPICH) Imaging

The tissue-contrast discrimination that can
be achieved by pulse inversion as described in
Sects. 4.4.1 or 4.4.2 is limited by any tissue move-
ment between the two transmissions. Where there
is tissue movement, the positions of the tissue inter-
faces in the second echo sequence will not match
those in the first, and the cancellation of fundamen-
tal echo components will not be perfect. POWERS et
al. (2000) have described how three interrogations
of a line with alternately inverted pulses can greatly
reduce the effect of tissue motion.

The processing amounts to forming an average of
the first and third echo sequences (by adding them
together and dividing by two) and adding this to the
second echo sequence. If the tissue velocity is not
too great, the difference in phase between echoes
from the first and third pulses (less than a millisec-
ond apart) will be small, say less than 30° or so. The
average echo sequence will then be a close approxi-
mation to one with half the phase shift (Fig. 4.12),
corresponding to what would have been returned if
an imaginary pulse had been transmitted midway
in time between these two real pulses. Assuming
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the tissue velocity to be constant, the positions of
any tissue interface at this time would have been
the same as when the second real pulse was trans-
mitted. Consequently, the positions of any given
tissue echo in the average echo sequence will match
that in the real sequence from the second pulse
(Fig. 4.13), overcoming the tissue motion problem.
As for the two-pulse method, adding the average
echo sequence from the two non-inverted pulses to
the real sequence from the second (inverted) pulse
will give cancellation of linear tissue echoes but not
of microbubble echoes.

The method can be considered to be a three-pulse
example of the contrast pulse sequence (CPS) tech-
nique discussed in Sect. 4.4.6.

Figure 4.12. Pulse inversion with three transmissions . If the
tissue velocity is not too great, the difference in phase between
echoes from the first (a) and third (b) pulses (less than a milli-
second apart) will be small, say less than 30° or so. The average
echo sequence (c) will then be a close approximation to one
with half the phase shift, corresponding to what would have
been returned if an imaginary pulse had been transmitted
midway in time between these two real pulses.

Time—

Fig.4.13. Pulse inversion with three transmissions. Forming an
average of the first echo sequence with the third echo sequence
means that the echoes e, and e; from a given moving tissue
interface form an average echo Y2(e; + e;) whose position is
midway between e, and e; (Fig. 4.12). This average echo will
be in the same position as, and therefore cancel, the real echo
e, from the same interface in the echo sequence produced by
the second (inverted) transmission pulse.
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4.4.4
Harmonic Detection by Coded Excitation

Coded transmission pulses (coded excitation)
were originally developed for B-mode tissue imag-
ing, where they allowed signal to noise ratio to be
improved without the need to exceed regulatory
safety limits on pulse amplitudes. Rather than using
larger amplitude pulses to increase the transmitted
energy and hence achieve greater sensitivity, longer
pulses are used. In contrast agent applications, the
use of long coded pulses allows either sensitivity to
be increased for a given transmission amplitude,
or sensitivity to be maintained while using lower
amplitude pulses in order to reduce tissue harmonic
signals.

Within the long pulses are frequency or phase
changes that act as a code. This code is present in
genuine echoes but not in noise, so by using a spe-
cial “matched” filter, designed to respond strongly
to the transmitted code, the signal to noise ratio can
be improved. This filter compresses the long coded
echo pulses into short high amplitude ones, effec-
tively using the energy distributed along the length
of the pulse to build up a shorter pulse of greater
amplitude. The use of long pulses does not lead to
poorer axial resolution since the signals produced by
the matched filter inherit the large bandwidth that
the frequency or phase changes gives to the trans-
mitted pulses. The signals from the matched filter,
therefore, have similar lengths to those of conven-
tional echoes. Note that it is bandwidth, not simply
pulse length, that limits axial resolution.

4.4.41
Binary Coding

Alternative / associated names: Coded Contrast
Agent Imaging, Coded Phase Inversion, Coded Har-
monic Angio, Coded Octave Harmonic Imaging

One coded excitation technique involves transmit-
ting pulses in the form of several “base pulses”, each
say two cycles long, strung together end to end. If
an inverted base pulse represents “-1” and a non-
inverted base pulse represents “1”, a pulse consisting
of four base pulses in which the fourth was inverted
would carry the four digit code 1,1,1,-1. A code in
which the digits are either 1 or -1 is known as a
binary code. As echoes return, they are stepped past
a reference replica of the coded transmission pulse
and compared, one code digit at a time. When an
echo code lines up perfectly with the reference code
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the output is high. A mismatch in position of just
one digit will produce only a low output. Thus a high
amplitude signal is produced that has a duration
equal to just one base pulse. However, as the echo
is stepped past the reference there are some posi-
tions where a partial degree of similarity occurs and
smaller but significant outputs are produced. The
output of the comparison process (filter) for each
echo therefore consists not only of a large amplitude
“main lobe” but also smaller “range lobes” which
degrade range (axial) resolution. The solution to the
problem is to transmit a second pulse, with a dif-
ferent carefully chosen code (technically, the codes
of the two pulses form a “Golay pair”). The filter
output for an echo from this transmission also has a
high amplitude main lobe as well as range lobes, but,
if the two codes are chosen appropriately, the range
lobes produced by the second pulse will be inverted
versions of those produced by the first pulse. Sum-
ming the two filter outputs causes the range lobes
to cancel, leaving a short main lobe of double ampli-
tude. Thus the method has high sensitivity and an
axial resolution equal to that of one base pulse.

In the above description, transmission codes are
chosen such that echoes with these codes will give
strong short output signals after filtering. This is
what is required for B-mode imaging. It is possible,
however, to do the opposite and use codes that totally
suppress echoes with the transmission codes. Such
codes are used to eliminate the fundamental signal
in microbubble-based agents applications. The key
to preserving the second harmonic component of
the echoes is to use coded transmission sequences
in which one or more of the base pulses is shifted
by a quarter of a cycle. If second harmonic compo-
nents are present in an echo, this quarter cycle shift
at the fundamental frequency will become a half
cycle shift at the second harmonic frequency. This
amounts to an inversion of that base pulse at the
second harmonic frequency, but not at the funda-
mental frequency. Thus, the code of the second har-
monic component of an echo will be modified from
that transmitted, whereas the fundamental compo-
nent will retain the code of the transmitted pulse. By
careful choice of the transmission codes and filters,
it can be arranged that the modified codes of the
second harmonic component cause the second har-
monic component to be selectively detected, whilst
the un-modified codes cause the fundamental com-
ponent to be cancelled out.
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4.4.4.2
Chirp Coding

Alternative / associated names: Chirp Excitation,
Chirp Coded Excitation

Another form of coded pulse with a large bandwidth
is a “chirp”, in which the frequency and amplitude
are progressively varied over say twenty or thirty
cycles. Ultrasonic chirps are transmitted by some
bats in order to help them recognise their own
echoes in the presence of noise. Chirps with a Gauss-
ian (bell shaped) waveform are sometimes used in
coded B-mode tissue imaging since this shape has
been shown to produce only small range lobes and
to propagate in a medium with frequency dependent
attenuation, such as tissue, with minimum change
in bandwidth. Chirp transmissions offer a frame
rate advantage over binary coded excitation, as just
described, since only one transmission is needed
per line.

The matched filtering process involves compar-
ing the echoes with a stored reference version of the
transmitted chirp. With reference to Fig. 4.14, the
comparison process consists of moving the echo
waveform past the stored reference version in small
time steps and, for each step, integrating the product
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Fig. 4.14-c. Chirp detection in harmonic detection by coded
excitation. The comparison process consists of moving the
echo waveform past the stored reference version in small
time steps and, for each step, integrating the product of the
two waveforms over time. When two waveforms of identical
shape, albeit with different amplitudes, are well out of align-
ment in time the output of this process is low (a). As they
become almost aligned the output becomes larger, reaching a
maximum at perfect alignment (b) and then falling off again
(c). To detect the second harmonic, the start and finish fre-
quencies in the reference chirp are doubled.
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of the two waveforms over time. When two wave-
forms of identical shape, albeit with different ampli-
tudes, are well out of alignment in time the output of
this processislow (a). Astheybecome almostaligned
the output becomes larger, reaching a maximum at
perfect alignment (b) and then falling off again (c).
The filter output is thus a short, large amplitude
“compressed” pulse for every match between a gen-
uine chirp echo and the reference chirp. The output
is low, however, for non-chirp noise.

BorsBooM et al. (2003, 2004) have shown that by
using a reference chirp in which the frequencies are
doubled (e.g. from 4-8 MHz for a transmitted chirp
in which the sweep is from 2-4 MHz) the filter will
extract and compress the second harmonic compo-
nent of microbubble echoes, and achieve animprove-
ment in signal to noise ratio of approximately 10 dB
over that when using a conventional short pulse of
the same bandwidth.

4.4.5
Amplitude Modulation (Power Modulation)

In this approach (BrRoCKk-FISHER et al. 1996), the
dependence of the amplitude of microbubble echoes
on transmission pulse amplitude is utilised directly.
The process is often called power modulation,
although amplitude modulation is a more accurate
description. Power can be high even if the amplitude
is low, if the pulse repetition frequency or the pulse
length is large.

At its simplest, the technique involves transmit-
ting two pulses with different amplitudes (but oth-
erwise identical waveforms) and storing the two
resulting echo sequences. Assuming the typical case
where the amplitude of the second pulse is twice that
of the first, the first echo sequence is amplified by a
factor of two before being subtracted from the second
echo sequence. This results in the cancellation of the
echoes from stationary tissue since, for linear scat-
terers, the second echo sequence will be identical
to the first, apart from having twice the amplitude.
This is not the case for a non-linear scatterer such
as a microbubble, since the echoes produced by the
two pulses will be distorted to different extents and
the amplitudes of the second set of echoes will be
less than twice those of the first. There is there-
fore a residual after subtraction, representing the
“non-linear signal” from the microbubble. Impor-
tantly, this contains components at the fundamen-
tal frequency as well as at harmonics frequencies, as
explained in Sect. 4.2.2 and shown in Fig. 4.5.



58

The ability of amplitude modulation techniques
to make use of the fundamental component of
microbubble echoes gives them more sensitivity
than second harmonic detection methods, since:

e There is much more energy in the fundamental
component of an echo than in any of its harmonic
components

e The lower frequency of the fundamental echo
component means it suffers much less attenu-
ation in returning through tissue to the trans-
ducer than do the harmonic components

e The transducer efficiency is greater since its
centre frequency can match that of the funda-
mental, whereas for second harmonic detection
both the transmitted (fundamental) frequency
and the second harmonic generally lie in the
less efficient wings of the transducer’s frequency
response (but see Sect. 4.3.4)

e Second harmonic signals from tissue can be safely
rejected without compromising the microbubble
signals.

The simple two-pulse method just described has
two limitations. Firstly, movement of tissue inter-
faces between transmissions will limit performance
since the echoes from a given interface will not be in
the same positionsin their respective echo sequences
when they are subtracted. Secondly, generating two
pulses with one having precisely twice the ampli-
tude of the other is not straightforward. Driving the
transducer with electrical pulses of different peak
to peak voltages presents challenges of precision
and quality control if small but potentially impor-
tant errors in pulse amplitudes are to be avoided.
Using all the transducer elements in the transmit-
ting aperture for one pulse, but only half for the
other, introduces difficulties due to differences in
the width, shape and/or position of the two beams.
For example, if alternate elements in the array are
used to generate the weaker beam, that beam will
have more pronounced grating lobes.

Both problems can be solved by interrogating the
scan line three times (HUNT et al. 2003). The same
peak to peak voltage is applied to all the elements
in the transmitting aperture, but only half the ele-
ments are used for the first pulse, while the remain-
ing half are used for the third pulse (Fig. 4.15). All
the elements are used for the second pulse. Process-
ing consists of subtracting the second echo sequence
from the sum of the first and third echo sequences.

Taken together, the elements and beam-forming
delays used for the first and third transmissions
are the same as used for the second transmission.
Thus, the effective beam shape used to form the
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Fig. 4.15. Amplitude (power) modulation with three pulses.
The same peak to peak voltage is applied to all the elements
in the transmitting aperture, but only half the elements are
used for the first pulse, while the remaining half are used for
the third pulse. All the elements are used for the second pulse.
Processing consists of subtracting the second echo sequence
from the sum of the first and third echo sequences.

sum of the first and third echo sequences is identi-
cal to that used to form the second echo sequence.
The fact that only half the elements are used for the
first and third transmissions means that the pres-
sure amplitudes generated by these in the focal zone
are half those produced by the second transmission.
For stationary linear scatterers, such as tissue inter-
faces, summing the echoes produced by the two half
amplitude transmitted pulses gives the same result
as would have been obtained by transmitting one
full amplitude pulse. For non-linear scatterers, this
sum will be slightly more than would have been
obtained from one full amplitude pulse. Subtracting
the second echo sequence from the sum of the first
and third echo sequences will therefore give zero for
tissue echoes but not for microbubble echoes.

The use of three pulses makes it possible to cor-
rect for uniform tissue movement in a similar way
to that used for the three-pulse pulse inversion
method (see Sect. 4.4.3). Provided the movements
of tissue interfaces between the first and third
pulses are much less than a wavelength, summing
the echo sequences from the first and third pulses
produces a double amplitude approximation to the
echo sequence that would have been obtained for
interfaces in the positions they had midway in time
between the first and third transmissions (Fig. 4.16).
If the speeds of all tissue interfaces are constant
(albeit different for each scatterer) these positions
will be the same as at the time of the second pulse.
Subtraction of the second echo sequence from the
sum of the first and third echo sequences therefore
cancels tissue echoes but leaves a residual signal (at
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Fig. 4.16. Amplitude (power) modulation with three pulses.
Echo sequences a and c are from half amplitude transmis-
sion pulses. Echo sequence b is from a full amplitude pulse
transmitted midway in time between the first and third trans-
mission. The linear target (tissue interface) is assumed to be
moving whilst the non-linear target is stationary. The sum (a
+ ¢) has approximately double the amplitude of either a or c,
with the tissue echo time-shifted to coincide in position with
the tissue echo in sequence b. Subtracting b from (a + ¢) can-
cels echoes from stationary or slow moving linear targets but
leaves a residual at the fundamental frequency for echoes from
stationary or moving non-linear targets.

the fundamental frequency) for the microbubble
echoes. Thus, the effects of slow steady motion are
largely compensated for. Where the speed is chang-
ing with time, more pulses are needed, as discussed
in Sect. 4.4.6.2. This method can be considered to be
an example of a three-pulse CPS, as discussed next.

4.4.6

Combined Amplitude Modulation and Pulse
Inversion/Phase Shift. Contrast Pulse Sequence
(CPS) Imaging

Alternative / associated names: Power Modulated
Pulse Inversion (PMPI), Cadence Imaging

Contrast pulse sequence (CPS) imaging is a general
name for interrogating each scan lines a number of
times with pulses having various amplitudes and
phases. In practice, only two pulse amplitudes are
usually involved, one being twice the other, and the
change of phase between pulses is usually either 0° or
180° (i.e. pulse inversion). However, other phase shifts,
such as 90° or 120° may be used (WILKENING et al.
2000). A processor first amplifies the echo sequence
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from each transmission by a particular weighting
factor (for example X2 or x-1) and then sums all the
weighted echo sequences. By suitable choice of trans-
mission pulses and weighting factors it is possible to
isolate or suppress the fundamental or any harmonic
or combination of harmonics as required, with a con-
trollable degree of sensitivity to motion.

Notation such as (Y2, -1, 1, -%2) (-2, -1, 1, 2) isused
to summarise the transmitted pulse amplitudes
and their weighting factors (PHILLIPS 2001). In this
example, the first set of numbers (Y2, -1, 1, -%2) indi-
cates that each line is interrogated four times, with
the first and last transmitted pulses having ampli-
tudes half that of the second and third pulses, and
that the second and fourth transmitted pulses are
inverted. The second set of numbers (-2, -1, 1, 2)
indicates that the amplifier weighting factors for the
first and last echo sequences are twice those for the
second and third sequences and that the first two
echo sequences are inverted before being summed.
The pulse inversion and amplitude modulation
techniques described previously may be considered
as examples of this more general class of techniques.
For example, the pulse inversion method using two
pulses (Sect. 4.4.1) could be represented in CPS nota-
tion as (1, -1) (1, 1).

4.4.6.1
Selection or Suppression of Particular Fundamental
and Harmonic Signals by CPS

A useful insight into how CPS is able to select par-
ticular harmonics can be gained by considering
the echo from a non-linear scatterer as the sum of
contributions from the different orders of scatter-
ing (see Sect. 4.2.2). Note that this is very much an
idealised model of scattering as many other factors
will be relevant in practice, including the occur-
rence of resonances at many different frequencies
and differences in scattering characteristics in the
wide range of bubble sizes involved. With reference
to Fig. 4.4, where s(p) is the pressure amplitude of
an echo from a microbubble and p is the pressure
amplitude of the incident wave:

s(p) =k, p + k, p* + k; p? +.....(higher orders)

The coefficientsk,, k,, k; etc. represent the relative
strengths of the first-order (linear), second-order
(quadratic) and third-order (cubic) scattering from
the microbubble. Contributions of higher orders are
likely to be smaller, so for clarity, the discussion will
be limited to the first three orders.
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Consider, as an example, the three-pulse ampli-
tude modulation technique previously described
(Sect. 4.4.5) which can be described by (Y, 1, ¥2)
(1,-1, 1). In the set of equations below, the three col-
umns represent the first, second and third orders
and the rows represents the weighted responses
s(p) to each of the three transmitted pulses at the
moment of peak transmitted amplitude. Summing
the three orders (columns) independently shows
that first-order (linear) echoes from tissue are sup-
pressed and that second- and third-order scattering
are enhanced. The third order contains the required
non-linear fundamental signal from microbubbles
(Fig. 4.5) while the second-order term shows that
second harmonic microbubble echo components
will also be preserved, albeit to a lesser degree.

Order: 1(linear) 2(quadratic) 3(cubic)
1xs(2) = k. + k,. 152 + k.40
“1xs(1) = -k,.1 - k.12 - k.18
1 xs(2) = k. + k, .52 + k.40
Sum = 0 - k. - ky.%

Another three-pulse sequence, marketed as
Cadence CPS Imaging (Fig. 4.17) is (Y2, -1, ¥2) (1, 1,
1). Summing the three orders (below) shows that,
although this achieves the same suppression of
linear (first-order) tissue signals and selection of
third-order (and hence non-linear fundamental)
signals as the previous sequence, it generates three
times the amount of second-order signal and hence

T. A. Whittingham

a larger microbubble sensitivity, due to the greater
second harmonic content:

Order: 1(linear) 2(quadratic) 3(cubic)
1xs(2) = k %2 + k, . 1»? + ki
Ixs(-1) = k-1 + k,.(-1)? +  ky.(-1)°
1xs(2) = k v + k, . 1»? + ki3

Sum = 0 + k.11 - k%

Although not involving amplitude modulation,
the pulse-inversion method using three pulses (Sect.
4.4.3) could be described as the CPS (1, -1, 1) (1, 2, 1).
The summation below shows that both first-order
(linear) and third-order echo components are sup-
pressed, leaving only second harmonic echo com-
ponents:

Order: 1(linear) 2(quadratic) 3(cubic)
Ixs(l) = k.1 + k.12 + ky.1°
2xs(-1) = 2k, .-1 + 2k,.(-1)? + 2k;.(-1)}
Ixs(l) = k.1 + k.12 + ky.1°

Sum = 0 + k4 + 0

Longer sequences can give greater sensitivity,
due to the summation of more echoes. For example,
a similar summation for the five-pulse pulse inver-
sion sequence (1, -1, 1, -1, 1) (1, 4, 6, 4, 1) gives a
response with 16 times the amplitude (sum = 0 +
64k, + 0) of the three-pulse sequence (sum = 0 + 4k,
+ 0). Long sequences also allow greater control over

Fig.4.17a,b. Cadence contrast pulse sequencing (CPS, Sequoia, Acuson-Siemens, USA). The microbubbles are depicted in a
colour overlay over a B-mode image. Scan of the left kidney. a In the first seconds after microbubbles injection, the image is
very dark because the background signal from the stationary tissues is completely suppressed. The only signal is produced by
microbubbles which are arriving in the scanning plane. b After 45 s the renal parenchyma is completely filled by microbubbles.
The renal sinus (arrow) is devoid of contrast enhancement, since microbubbles remain intravascular. The apparent slight signal
in the renal sinus is due to the presence of renal parenchyma adjacent to the scanning plane (partial volume effect)
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which harmonics are selected or suppressed. Con-
sider the CPS (Y4, -1, 1, -%4) (-2, -1, 1, 2):

Order: 1 (linear) 2 (quadratic) 3 (cubic)
2 xs(Ye) = -2k, Yo - 2k, .4 - 2k, 150
-1xs(-1) = -k, .-1 -  k.(-1)2 - ky.(-1)°
Ixs(l) = k.1 + k.12 + k.18
2xs(-Y) = 2k, .-Y2 + 2k, .(-%2)? + 2k, .(-1%)°
Sum = 0 + 0 + k1%

This CPS suppresses first-order and second-order
scattering but gives a large response for third-order
scattering, and hence for the non-linear fundamen-
tal signal from a microbubble. However, the greater
time needed to transmit longer sequences means
poorer temporal resolution. Further examples of
CPS have been discussed by PHILLIPS (2001).

Asinthe power modulation method (Sect. 4.4.5),
just half the elements in the transmitting aperture
are fired for the half amplitude pulses, and all are
fired for the full amplitude pulses (KRISHNAN et
al. 2003).

4.4.6.2
Tolerance of Tissue Motion with CPS

The cancellation of first-order (linear) signals from
tissue becomes less successful when the scatter-
ing and reflecting tissue interfaces move between
transmissions, since the position of tissue echoes
will be different in consecutive echo sequences.
Fortunately, the CPS process can be made to fulfil
another role - that of a filter to suppress the first-
order clutter signals generated by moving tissue.
How this works can be explained in engineering
terms by considering each transmission as provid-
ing one sample of the echo signal from the moving
target (tissue interface), and the weighting factors
as coefficients of a digital filter that combines these
samples. The more coefficients, the better the sup-
pression of the sampled signal and the larger the
range of target speeds over which suppression is
effective. However, a more conceptual explanation
is possible, as follows.

Let the echo sequence produced by the first
transmission pulse be represented by a, and those
from the other transmissions be represented by b,
¢, d, e ...etc., respectively. Consider the CPS pro-
cessing as forming the weighted sum w;, a + w,
b+ w;c+w,d+ ws e ..etc. Note that, for first-
order (linear) scattering, a negative weight can
be achieved by inverting either the transmission
pulse or the echo sequence. Thus, the three-pulse
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pulse inversion method (1, -1, 1) (1, 2, 1) discussed
in Sect. 4.4.3, and the three-pulse amplitude mod-
ulation method (Y2, 1, %) (1, -1, 1) discussed in
Sect. 4.4.5, both have the same overall relative
weightings of w; = X1, w, = X-2 and w; = X1. They
can both be considered as forming the weighted
sum a -2b +c, which is zero for linear echoes from
stationary or slow steadily moving tissue.

In the case of the basic pulse inversion method
discussed in Sect.4.4.1, there are just two echo
sequences, a and b, and cancellation of first-order
signals is achieved by forming a-b. The three-pulse
methods considered in the previous section are able
to compensate for tissue movement at slow constant
speed (albeit with the various interfaces moving
at different speeds), by forming an “average” echo
sequence Y2(a +c) that corresponds to that which
would have been obtained when the tissue inter-
faces were at the same positions as they were for the
middle echo sequence b. Cancellation of the linear
tissue signals can then be achieved by subtracting
b from Y(a +c). In relative terms this is the same as
forming the weighted sum a -2b +c.

If the speed of a tissue scatterer changes between
the first and third interrogations, the positions of
its echo in the average echo sequence Y2(a +c) will
not correspond exactly to that for echo sequence b.
However, provided the acceleration is constant, the
problem can be overcome by using four interroga-
tions per line, generating echo sequences a, b, c and
d. If the first three echo sequences a, b and ¢ were
used by themselves, the changing speed would mean
a -2b +c would not be quite zero. Similarly, if the
last three echo sequences b, ¢, and d were used by
themselves, the sum b -2¢ +d would differ from zero
by approximately the same error. By forming both
these weighted sums and subtracting one from the
other, the two errors will cancel and a zero result will
be produced for tissue echoes. This means forming
the weighted sum (a -2b +c) - (b -2c +d) = a -3b +3¢
-d. Thus CPS sequences such as (1, -1, 1, -1) (1, 3, 3,
)or(1,1,1,1) (1, -3, 3, -1) would extend compensa-
tion for slow tissue movement to include constant
acceleration.

The argument can be extended to longer pulse
sequences. Using five pulses, producing echo
sequences 4, b, ¢, d and e, it can be shown that the
weighted sum a - 4b + 6¢ - 4d + e allows suppression
of fundamental signals from tissue with uniformly
changing acceleration. Examples of CPS with these
overall relative weightings include the extended
pulse inversion sequence (1, -1, 1, -1, 1) (1, 4, 6,4, 1)
mentioned in the previous section and the extended
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phase and amplitude modulation sequence (%%, -1,
Y2, -1,%) (1,2,6,2,1).

Figure 4.18, adapted from THOMAS et al. (2002),
shows that the suppression of first-order echoes by
the latter five-pulse sequence (%2, -1, ¥2, -1, ¥2) (1,
2, 6, 2, 1) is more than 20 dB better than that of
the three-pulse version (%%, -1, ¥2) (1, 1, 1) men-
tioned in the previous section. Note that the speed
axis of this diagram is calibrated on the basis of a
transmitted centre frequency of 3.85 MHz and an
interval of 200 us between pulses. The velocities
marked would need to be increased in inverse pro-
portion for smaller times between pulses, or lower
frequencies.
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Fig. 4.18. Using a longer pulse sequence allows better suppres-
sion of signals from moving tissue. The transmission sequence
(Y, -1, ¥4, -1, ¥2) exhibits more than 20 dB better suppression
than (%, -1, %2). The assumed frequency is 3.85 MHz and the
interval between pulses is 200 ps. Adapted from THOMAS et
al. (2002).

4.4.6.3
Dual Processing/Interleaving

Alternative / associated names: Convergent CPS

It is possible to make one transmission pulse
sequence serve more than one purpose (PHILLIPS
et al. 2003). For example, echoes from the transmis-
sion sequence (1,-1,1,-1,1) might be summed with
weights (1, 4, 6, 4, 1), allowing second harmonic
signals to be detected with high sensitivity and good
compensation for tissue movement, as mentioned
in the previous section. Slow moving or stationary
microbubbles in narrow vessels would be detected
this way. Simultaneously and separately, the same
echoes might be summed using weights (1, 0, -2, 0,
1). Since only the first, third and fifth pulses contrib-
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ute to the output, this is equivalent to the CPS (1,1,1)
(1,-2,1) at half the pulse repetition frequency. This
CPSwill cancel out echoes of all orders from station-
ary or slow moving scatterers, including both tissue
interfaces and stable microbubbles. However, it will
give a residual signal in response to echoes from
changing or rapidly or irregularly moving micro-
bubbles in heart chambers or large blood vessels.
In this regard the reduced effective pulse repetition
rate gives more time for bubble movement between
consecutive pulses and so increases the likelihood
of detection.

Thus, the two summation processes allow echoes
from microbubbles in narrow vessels and those from
microbubbles in larger vessels to be displayed sepa-
rately, or together as different colour overlays, as
desired. This can be of value, for example, in observ-
ing flow in the myocardium without the distrac-
tion of an extensive bright image of contrast in an
adjacent heart chamber, or in observing arteries in
the liver without losing them against a background
of US contrast agents in the micro-circulation. Of
course, another processing channel can simultane-
ously use one or more of the pulses in each sequence
to produce B-mode echoes, providing a background
image for the microbubble echo overlays.

Dual processing can be shared between two or
more lines to further lower the effective pulse repeti-
tion frequency for movement detection. During gaps
left in the sequence of pulses transmitted down one
line, pulses can be transmitted down one or more
neighbouring lines. In Fig. 4.19, two pairs of pulses
separated by a longer gap are transmitted along
each scan line. The long (1200 pus) spacing of the two
pairs allows detection of slow moving microbubbles,
whilst the short (200 ps) interval between pulsesin a
pair permits suppression of tissue movement. When
more than one line is involved like this it is known
as “interleaving”.

Dual processing can also help to overcome limi-
tations on CPS performance caused by reverbera-
tions. Reverberations are duplicate tissue echoes
caused by multiple reflections between strongly

200 ps 1200 us Time —
Scanline 1+ —
Scan line 2 —4 +—
Scan line 3 —— —t—

Fig. 4.19. Contrast Pulse Sequencing. An example of “inter-
leaving” over three scan lines. Two pairs of pulses, separated
by a longer gap, are transmitted along scan line 1. Similar
sequences are transmitted along lines 2 and 3, interleaved with
that of line 1, so that no time is wasted.
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reflecting interfaces. Echoes from the second and
subsequent pulses in a transmission sequence
might contain reverberations produced by the pre-
ceding pulse in the sequence. However, there will
be no such reverberations mixed in with echoes
produced by the first pulse. This will upset the
comparison of echoes from the different pulses.
With dual processing, a pulse used for one process
can act as a reverberation-generating pulse for the
first pulse used in a second process. For example,
the transmitted sequence (1, 1, -1, 1, 1) might be
summed with weights (0, 1, 2, 1, 0) to detect echoes
from microbubbles by pulse inversion (Sect. 4.4.3),
and with weights (1, 0, 0, 0, -1) to detect irregularly
moving or collapsing microbubbles. The first pulse
in the sequence acts as a reverberation-generating
pulse for the (0, 1, 2, 1, 0) processing. Additionally,
it is possible to incorporate a “dummy” pulse at
the beginning of a sequence. Apart from the rever-
berations this contributes to the echoes from the
first active pulse, echoes from this pulse are dis-
regarded.

4.4.7
Developments in Low-MI Doppler Imaging

4.4.71
Improvements in Spatial and Temporal Resolution

The spatial (axial/range) resolution of Doppler imag-
ing methods have been dramatically improved by
using short (broadband) pulses. A problem with using
broadband pulses is that both the centre frequency
and the bandwidth of echoes decrease with increas-
ing scatterer depth, due the progressive loss of the
higher frequencies in the spectra of the transmitted
pulse and echoes as they propagate through tissue. In
any Doppler method this would lead to a reduction in
sensitivity with depth, due to the reference frequency
f,, used for producing the Doppler signal becoming
increasingly mismatched to the actual centre fre-
quency of deeper echoes. Similarly, the centre fre-
quency and bandwidth of the noise-limiting receiver
filter become increasingly mismatched to those of the
deeper echoes. A solution is to progressively lower f,,
and the centre frequency and bandwidth of the noise-
limiting band-pass filter in the receiving system
with time after transmission to constantly match the
changes in the echoes with depth.

An inconvenient consequence of changing f,, with
depth in a CFI system is that the blood velocity asso-
ciated with a given Doppler shift (given by the Dop-
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pler equation) changes at the same time. This means
there is no single value of velocity that can be shown
on screen as corresponding to the limits of the colour
bar displayed beside the image. A way of dealing with
this (SHIkI and MINE 2002a) is to show two velocity
values at the ends of the colour bar, one for the top
of the region of interest (colour box) and one for the
bottom.

Another reason for varying the filter pass band
withdepthisto passeither thefundamental orsecond
harmonic frequency bands, or both, as required. For
example, near the surface, where sensitivity is not a
problem, the fundamental can be suppressed to help
clutter reduction, whereas at depth the fundamental
may be needed to improve sensitivity.

Temporal resolution in power Doppler imaging
has been improved by reducing the number of trans-
missions per line, bringing obvious benefits to car-
diac applications. An even greater improvement in
frame rate can be achieved by “parallel beam-form-
ing” in reception. This involves transmitting a beam
that is wide enough to include several (e.g. four)
receiving beams, and have the echoes along each
of these processed simultaneously. Without micro-
bubble-based agents, parallel beam forming with a
phased array probe can cause problems in comply-
ing with safety regulations, since the dilution of the
transmitted power over a number of beams, ema-
nating in a fan-like way from the centre of the probe
face, means the temporal-average intensity near
the probe must be high. With microbubble-based
agents, this difficulty is avoided since low ampli-
tude pulses are transmitted, taking advantage of the
greater scattering ability of microbubbles.

4.4.7.2
Pulse Inversion Doppler (PID)

HopE S1MPsON et al. (1999) have described a technique,
which they named Pulse Inversion Doppler, that com-
bines the improved spatial (axial/range) resolution and
clutter rejection benefits of the pulse inversion method
of harmonic detection with the flow indicating ability
of Doppler imaging. In common with the latter, each
scan line is interrogated by transmitting pulses along,
and receiving from, each scan line several times, but
it differs in that the transmitted pulses are as short as
normal B-mode pulses and that alternate pulses are
inverted. The use of microbubble-based agents per-
mits operation at high frame rates, since the relatively
large signals from microbubbles gives sufficient signal
to noise ratio with only four or fewer transmission/
receive sequences along each scan line.
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Before explaining how PID works, it is useful to
recall that Doppler systems generally measure the
Doppler frequency shift as the rate at which the
returning echoes come in and out of phase with a
reference signal having the same frequency as the
transmitted wave. For a reflector moving toward
the probe at constant speed, the phase difference
between the echoes and the reference signal will
change between pulses due to the steadily reducing
range. If the reflector advances by (say) one hun-
dredth of a wavelength (L) between pulses, it will
take 100 pulses for this difference in phase to com-
plete a cycle from say 0°-360°. This cycle will take a
time of 100 T}, seconds, where T is the time between
transmissions, and will therefore repeat 1 /100 Tp
times per second. As stated at the start of this para-
graph, this repetition rate is the Doppler frequency
shift fp,, whilst 1/T} is the pulse repetition frequency
prf . Thus, for this moving reflector, f;, =prf / 100.
In general, if a reflector advances towards the probe
by a distance A/N between pulses, it will produce a
Doppler shift of prf / N.

In the case of a sequence of alternately inverted
pulses, even echoes from a stationary reflector
would have an apparent phase change of half a
wavelength between successive echoes. This would
therefore be interpreted asa Doppler shift of prf / 2.
Echoes from a reflector moving towards the probe
at the same velocity as above would have an appar-
ent Doppler shift of prf /2 due to the alternating
pulse inversion, and a further genuine Doppler
shift of prf / 100 due to the reflector’s movement.
Thus the effect of transmitting alternately inverted
pulses is to shift Doppler frequencies by prf / 2, as
shown in Fig. 4.20.

However, since inverting the transmitted pulse
does not invert the second harmonic component of
the echoes (Fig. 4.2), as far as the second harmonic
frequency component is concerned, the echoes from
successive transmissions willallhave the same polar-
ity. Thus the Doppler spectrum is divided into two
bands - one centred on prf / 2 containing only Dop-
plersignalsfromfundamental componentsofechoes,
and one centred on zero frequency, as normal, con-
taining only Doppler signals from second harmonic
components. This means that Doppler clutter from
tissue, which is nearly all from fundamental echo
signals at the low transmission amplitudes used,
can be removed by filtering out the Doppler spec-
trum centred on prf / 2. This can be achieved with
a low-pass filter that blocks all Doppler frequencies
above prf / 4. Note that this is half the Nyquist limit
for the onset of aliasing when using conventional
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Doppler. Strictly, the Doppler spectrum centred on
prf / 2 will also contain Doppler signals due to odd
harmonics as well as the fundamental, and the Dop-
pler spectrum centred on zero frequency will con-
tain Doppler signals due to all even harmonics, but
only the second harmonic is likely to be within the
transducer frequency response.

If any microbubbles move so fast as to produce
a conventional Doppler shift of more than prf/ 4,
their second harmonic Doppler signals will overlap
those in the fundamental Doppler spectrum and be
blocked along with the fundamental clutter. This is
not likely for blood in narrow vessels. Conversely,
tissue or probe movements producing Doppler shifts
above prf / 4 will extend into the low frequency pass
band of the filter and manifest themselves as flash
artefact.

One practical implementation (SaTo 2004)
involves transmitting four pulses, alternately
inverted, along each scan line. The echoes from
the first three are summed with weights (1, 2, 1) to
give one fundamental-free signal (see Sect. 4.4.3),
and the echoes from the last three are summed the
same way to give a second fundamental-free signal.
The phase difference between these two principally
second harmonic signals gives a velocity estimate
and the root mean square magnitude of all four
echoes gives a power estimate. As already men-
tioned (see Sect. 4.3.3), a disadvantage of using only
a few transmission/receive sequences for each scan
line is that the accuracy of Doppler frequency mea-
surement is much less than in conventional colour
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Fig. 4.20. Pulse Inversion Doppler. Doppler signals from fun-
damental echo components are shifted to a band centred at
prf/2; even stationary targets will appear to have a Doppler
shift of prf/2. Doppler signals from second harmonic echo
components are not given this shift. A low-pass filter with a
cut-off frequency at prf/4 will therefore suppress Doppler clut-
ter from stationary or moving tissue but leave Doppler signals
from second harmonic signals, such as from moving micro-
bubbles (and moving tissue if tissue harmonics are present).
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flow imaging. However, it is still possible to deter-
mine whether the Doppler frequency is positive
(flow towards the probe), negative, or close to zero.
In this method, a signal proportional to the power
in the harmonic Doppler signal can be displayed in
(say) red if flow is towards the probe, in blue if away
from the probe and in green if slow moving or sta-
tionary. A grey background B-mode image of tissue
can be added using the combined magnitudes of the
echoes before separation into harmonic and funda-
mental components by the filter. The result is simi-
lar to conventional directional power Doppler, only
having the advantages of good axial resolution and
discrimination of stationary from moving micro-
bubble-based agents. Vascular Recognition Imaging
is a commercial technique which makes use of this
approach (Fig. 4.21).
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4.5
High-MI Techniques

High-MI methods achieve higher sensitivity than
low-MI methods by using transmitted pulses with
sufficient amplitude to vigorously excite or destroy
some or all the microbubbles in the beam, and either
using the energy released or making use of the dif-
ference in the echo signals before and after micro-
bubble destruction. They are the only option for
those contrast agents (e.g. Levovist) whose micro-
bubbles are not flexible enough to give a useful non-
linear signal when insonated by low-MI pulses.
Where transmitted pulse amplitudes are suffi-
cient to cause rapid destruction of the microbubble
population, real-time scanning is not possible for
small vessels, since the images disappear with the

Fig.4.21a-c. Vascular recognition imaging (VRI), Aplio,
Toshiba, Japan. In this mode, stationary or slow moving micro-
bubbles are depicted in a green colour, microbubbles moving
toward the transducer are depicted in red, while microbubble
moving away from the transducer are depicted in blue. Scan
of the right lobe of the liver. a Before microbubble arrival no
signal is revealed in the portal vein (arrow). b In the first sec-
onds after microbubble arrival the portal vein is depicted in
red, since it presents a flow toward the transducer. ¢ From 45—
70 s after microbubble injection the liver is homogeneously
enhanced due to stationary microbubbles pooling in the liver
sinusoids, which are represented in green. A larger vessel with
flow away from the transducer (arrow) is represented in blue
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microbubbles and there is insufficient time for
replenishment between frames. However, as men-
tioned earlier (see Sect. 4.3.7), intermittent imaging
can be used or the probe can be swept sideways over
the patient’s skin while recording the images. The
distribution of microbubbles before its destruction
can then be assessed by reviewing the recording
frame by frame. This sweep may be repeated after
a pause of several seconds during which microbub-
bles are replenished by fresh blood flowing into the
region.

If pulse amplitudes are large enough to cause vig-
orous irregular oscillations in the microbubbles, but
only a slow rate of microbubble destruction, real-
time imaging of narrower vessels is possible at a few
frames per second.

4.5.1
Development in High-MI Doppler Imaging

Alternative / associated names: Advanced Dynamic
Flow, Contrast Burst Imaging (CBI)

Harmonic Power Doppler imaging (Sect. 4.3.9) can
be used with Levovist. Since it is based on loss of
correlation signals (LOC) from vigorously oscillat-
ing or collapsing microbubbles, it can detect even
stationary or very slow moving microbubbles. How-
ever, it suffers from poor spatial resolution. More
recent developments in this LOC technique use
short (broadband) high amplitude pulses in order to
improve spatial resolution. In general, the number
of pulses transmitted down each scan line has also
been reduced to improve temporal resolution - as is
desirable for cardiac applications, for example.
The bandwidth of Doppler LOC signals (see
Sect. 4.3.8) due to collapsing or irregularly oscillat-
ing microbubbles islarge. As usual, a high-pass filter
removes most of the clutter signal from tissue, as well
as the low frequency part of the broad LOC Doppler
spectrum. However, because of its large bandwidth,
most of the Doppler spectrum is passed. The clut-
ter filter performance is improved by using a high
pulse repetition frequency (prf). In normal Doppler
applications where low blood speeds are measured,
a high prf cannot be used since the distance moved
by the blood (or a microbubble) between transmis-
sions would be too small to produce a measurable
phase difference between consecutive echoes. In
LOC techniques, blood speeds are not measured,
so a high prf can be used. Tissue clutter filters work
by cancelling out echoes that do not change much
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between transmissions. A high prf means greater
tolerance of tissue movement since there is less
phase shift between consecutive tissue echoes. The
high prf also improves frame rate.

One example, marketed as Contrast Burst Imag-
ing (CBI), uses typically six large amplitude short
pulses per line to image perfusion in tissues where
high sensitivity is wanted, for example in trans-cra-
nial brain studies (MEVES et al. 2002).

Another example, marketed as Advanced
Dynamic Flow (ADF), uses fewer (2-4) pulse
transmissions per line (SaTto 2003). A version
described by Sato et al. (2003) uses slightly lower
pulse amplitudes. This reduces the rate of bubble
destruction, allowing real-time imaging, albeit
at low frame rates (4-5 frames/s). Both Doppler
power and B-mode signals are displayed in grey-
scale, the moment to moment variations and pul-
satility of the blood signals helping them to stand
out from the tissue B-mode signals. The algorithm
used to determine whether a particular pixel dis-
plays B-mode or Doppler power information is an
important part of this technique. According to the
algorithm used in conventional Power Doppler
Imaging, a particular pixel will display a colour
with a brightness proportional to the Doppler
power for that pixel if this exceeds a threshold
value (which the user sets with the colour priority
control). Otherwise it displays a grey level propor-
tional to the B-mode echo amplitude for that pixel.
This algorithm works well in non-US contrast
agent imaging, where Doppler signals are often
weak, since it allows Doppler signals with suffi-
cient strength to be displayed irrespective of tissue
signal strength. When the threshold algorithm is
used with US contrast agents, however, the greater
strength of the Doppler signals from microbubbles
means the threshold is too easily exceeded, result-
ing in blooming (see Sect. 4.3.3). In the ADF algo-
rithm, the B-mode and Doppler powers signals for
a pixel are compared and the larger one is used to
set the pixel grey level. This avoids blooming since
a pixel will not display a power Doppler signal if
the B-mode signal for that pixel is large. This com-
parison algorithm also reduces the nuisance value
of any residual clutter since, where added tissue
clutter is responsible for a power Doppler signal
level exceeding that of the a B-mode signal, the
affected pixel will merge relatively inconspicu-
ously with those showing strong B-mode tissue
signals.

In common with other techniques that use short
(wide bandwidth) pulses (see Sect.4.4.7.1), the
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centre frequency and bandwidth of the noise-limit-
ing band-pass filter in the receiving system are pro-
gressively reduced to constantly match the changes
in the echo spectra from deeper targets.

Adequate rejection of tissue clutter is difficult
when using only a few interrogations of each line,
since there only as many samples of the Doppler
signal as there are interrogations. In conventional
CFI, this is overcome to some extent by using a type
of filter known as infinite impulse response (IIR)
that effectively increases the number of samples by
using output data from the filter well as input data.
At the beginning of each sequence of samples there
is no output to use, of course, so artificial “initialis-
ing” samples, based on extrapolation of the first few
samples, are generated to precede each set of genu-
ine samples. As the set of samples passes through
the filter, these initialising signals are replaced by
genuine outputsignals. There is, however, a transient
artefact at the beginning of each sample sequence
due to the imperfect nature of the initialising data.
The technique works reasonably well with signals
fromblood, but there is a problem when using micro-
bubble-based agents since the microbubble signal
only exists for the first few pulses, after which too
many of the microbubbles are destroyed. This filter
transient therefore degrades tissue clutter rejection
during the important early part of the interrogation
when strong microbubble echoes are being gener-
ated.

An ingenious solution to the problem (SH1kI and
MINE 2002b) is to store the whole set of Doppler
data from all the lines in an image frame before
processing them. During the clutter removal stage
of processing, the samples for each pixel are read
out in the reverse order, i.e. last sample first. The
filter transient therefore degrades the last part
of the signal rather than the first. The samples
obtained when many microbubbles were still avail-
able to generate strong echoes are processed last,
by which time the filter transient is over. Thus,
transient-free efficient clutter removal is applied
to the strong part of the Doppler signal. The time-
reversal in this process means that positive Dop-
pler frequencies are converted to negative ones,
and vice versa, but this can be corrected by revers-
ing the colour coding.
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4.5.2
Pulse Subtraction

Alternative / associate names: Agent Detection
Imaging (ADI), Rate Subtraction Imaging (RSI)

This technique involves the transmission of two
identical high amplitude pulses, and the temporary
storage of the two resulting echo sequences before
the second is subtracted from the first. The two
echo sequences from tissue are identical and so are
cancelled on subtraction. Unlike pulse inversion
techniques, this cancellation applies to the second
harmonic as well as the fundamental components
of tissue echoes. (Pulse inversion was introduced
(Sect. 4.4.1) as alow MI techniques, but it can also be
used with high MI pulses to suppress tissue echoes.)
Microbubbles produce strong echoes from the first
pulse but many are destroyed or substantially dam-
aged in the process, so the echoes produced by the
second pulse will be different. Subtraction of these
two highly complex echo signals produces another
complex signal, which is used to indicate the micro-
bubbles distribution. Even if the transmissions have
sufficient amplitude to completely destroy all the
microbubbles in the beam on the first pulse, so that
there are virtually no microbubble echoes from the
second, subtraction will still produce a large differ-
ence signal.

The user can choose to display an image made up
of either the subtracted echoes (microbubble signal
only), the echoes from the second transmission
(tissue only) or a combination of the two, with the
contrast image presented as a coloured overlay on
the tissue B-mode image.

4.5.3
1.5 Harmonic Imaging (1.5 Hl)

Alternative / associated names: 1.5 Rate Subtraction
Imaging (1.5 RSI), Power Contrast Imaging (PCI).

When a transmitted pulse has sufficient amplitude
(e.g. more than 100 kPa or so) to rupture many or
all of the microbubbles in the beam, the echoes pro-
duced have a broad spectrum (Fig. 4.22). The echoes
from tissue, however, have a spectrum that is largely
confined to two peaks, one centred on the funda-
mental frequency (f) and the other on the second
harmonic frequency (2f). This method selects
signals in the frequency band between these two
peaks in order to take advantage of the larger ratio
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Fig. 4.22. Examples of echo spectra from microbubbles and
tissue, normalised to the same peak value (adapted from
KAWAGISHI 2004). The relative magnitude of the UCA signal
is much greater in the hatched frequency band centred on
1.5 f, where f is the fundamental frequency of the transmit-
ted pulse.

of microbubble signal to tissue signal there. This
band has been labelled “1.5 f” (KawagisH1 2003).
The technique can be used as part of either high-
MI B-mode or Power Doppler Imaging procedures
(KRISHNAN et al. 2001).

The larger ratio of microbubble signal to tissue
signal in this band permits either improved tissue
suppression for a givenlevel of microbubble signal or,
if a higher transmitted amplitude is used, increased
sensitivity to microbubble echoes for the same level
of background tissue signal. Experimental results
show an improvement in sensitivity of 20 dB or more
relative to second harmonic methods. Factors con-
tributing to this improvement are that the 1.5 f fre-
quency band is closer to the centre of the transducer
frequency response, where transducer efficiency is
greatest, and to the maximum of the broad micro-
bubble spectrum, which is generally centred on the
fundamental frequency. Uniformity with depth is
also improved, as is penetration, because the lower
frequency of this band means there is less attenua-
tion in tissue.

The transmission circuitry must be able to pro-
duce a pulse with a very well controlled spectrum.
Clearly, transmitted frequency components in the
1.5 f band would reduce contrast, but transmitted
frequency components around 0.75 f would gener-
ate tissue harmonics in this band, irrespective of
the presence of microbubbles, further reducing con-
trast. Generation of a suitable pulse, such as one with
a Gaussian waveform, requires that each element be
driven by a voltage waveform having a precisely con-
trolled shape and amplitude. Careful filtering tech-
niques are also needed to eliminate signals from the
fundamental and second harmonic frequency bands
whilst preserving those in the 1.5 fband.
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1.5 H filtering may be used in combination with
other methods for suppressing clutter from tissue.
KawagisHI (2004) describes its use in combination
with the pulse subtraction technique discussed in the
previous section, where it suppresses any tissue sig-
nals that remain uncancelled due to tissue motion.
Frequency bands below the fundamental and above
the second harmonic frequency may also be allowed
to contribute to the signal, in order to improve sen-
sitivity.

4.6
Techniques for Imaging Perfusion and Flow
in Very Small Vessels

Alternatice / associated names: Flash Contrast
Imaging, Microvascular imaging, Micro View

Slow perfusion, such as in the vasculature of breast
lesions, can be observed by monitoring the tracks of
single microbubbles or microbubble clusters along
very narrow vessels. A low-MI technique is neces-
sary to avoid destroying the microbubbles, but there
must also be excellent rejection of clutter, not only
from moving tissue but also from movement of the
probe, as this can be difficult to hold still over the
observation period.

The pulse inversion technique is commonly
used, as it allows the fundamental clutter signals
from tissue to be rejected. Further discrimination
is achieved by comparing consecutive frames with
each other, pixel for pixel. If the content of a pixel
has not changed from one frame to the next, it is
rejected, leaving, ideally, only echoes from moving
microbubbles. It can be difficult to identify a narrow
vessel as such because of the sparse or irregular dis-
tribution of echo signals along its length. In order to
help the eye to recognise the line of the vessel, the
signals can be made to persist on the screen, either
for a few seconds or to remain without appreciable
fading, building up a complete cross-sectional view
of the vascular structure. Different colours can
be used to indicate the times at which echoes first
appear - facilitating, for example, the differentia-
tion of larger arteries from the capillary bed.

Where microbubbles continues to arrive over along
period, bursts of large amplitude pulses can be used
to clear all the microbubbles from the imaged slice so
that re-perfusion can be observed. It is also possible
for the speed of individual microbubbles to be esti-
mated from the distance moved between frames.
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4.7
Techniques in Development

4.71
Subharmonic Imaging

When microbubbles are insonated at one frequency,
some return echoes with a frequency component
at half the insonation frequency, as well as at the
fundamental frequency and the second, third and
higher integer harmonics mentioned previously.
The strength of this “subharmonic” signal is great-
est, for a given transmitted pulse amplitude, if the
natural resonance frequency of the microbubble is
half that of the transmitted pulse. It is also greater
for transmitted pulses containing a larger number
of cycles. Two causes have been identified for the
subharmonic signal (KrisHNA et al. 1999). One
is the non-linear response of a microbubble to an
incident pulse. The other is ringing (continuing
oscillations) at the natural frequency of the bubble
after the forced oscillation due to the incident pulse
has stopped. Both will be particularly strong for
those microbubbles in the injected bolus whose size
makes them naturally resonant at half the incident
frequency. Both effects are greater for more flexible
microbubbles.

The strength of the subharmonic component
in the scatter spectrum of microbubbles is greater
than that of the second harmonic (FRINKING et al.
2000). This, combined with the fact that non-linear
propagation of ultrasound in tissue does not gener-
ate a subharmonic component, suggests that sub-
harmonic detection might offer an imaging method
with greater contrast between microbubble and
tissue echoes.

The lower frequency of the subharmonic means
attenuation is less, which would be an advantage
when imaging deep-lying blood vessels. Against
these advantages must be set the fact that pulses
containing more cycles generate stronger subhar-
monic signals and such long pulses would not give
good axial resolution. Lateral resolution would also
be poorer due to the lower frequency of the signal.

SHI et al. (1999) have already succeeded in pro-
ducing subharmonic images of a dog kidney using
Optison (Amersham Health Inc., Princeton, NJ) and
transmission pulses with eight cycles and a centre
frequency of 6.6 MHz. The use of such a high trans-
mitted frequency helps to limit the impairment of
spatial resolution, but penetration is limited.
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4.7.2
Release Burst Imaging

In the high-MI microbubble disruption techniques
described previously, the pulse characteristics
required for good spatial resolution are at vari-
ance to those required for efficient microbubble
destruction and high sensitivity. An entirely differ-
ent approach (FRINKING et al. 2000) is to interrogate
each scan line with a large amplitude “release burst”
pulse to rupture the microbubbles, preceded and
followed by other, lower amplitude, imaging pulses
to detect the transient microbubble fragments and
free gas bubbles thus released. This approach allows
the properties of the release burst and the imaging
pulses to be optimised separately for their distinct
tasks. Thus, the imaging pulses can be short and
of higher frequency to give good spatial resolution,
and of moderate amplitude to minimise unwanted
microbubble destruction. The release burst pulse, on
the on the other hand, can contain more cycles, have
alower frequency and alarger amplitude, to increase
microbubble destruction and hence increase sensi-
tivity.

In applications where there is little tissue move-
ment, one imaging pulse before and one imaging
pulse after the release burst is sufficient. The echoes
from the released gas bubbles can then be discrimi-
nated by simply subtracting the “before” from the
“after” echo sequence. Where there is significant
tissue movement, in the heart for example, a similar
subtraction is performed, but several imaging pulses
are transmitted before and after the release burst.
The processing of the echoes from several pulses is
effectively that of low-MI power Doppler imaging,
so a Doppler clutter filter can be used to overcome
the imperfect cancellation of tissue echoes caused
by tissue motion (KIRKHORN et al. 2001). In either
case, since the echoes from tissue before and after
the release burst are cancelled by subtraction, it is
possible to use the strong fundamental component
of the echoes. This gives higher sensitivity than har-
monic methods and means tissue harmonic signals
do not degrade contrast.

Where flash artefacts due to moving tissue, or
signals from intact microbubbles, cannot be entirely
eliminated, they can, at least, be distinguished from
genuine microbubble signals. To achieve this, sepa-
rate images can be displayed side by side, one using
release bursts and one where the release bursts are
disabled. Without the release bursts, the process
is equivalent to low-MI broadband power Doppler
imaging. Of course, the release burst image may
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only be generated on an intermittent basis since
it involves microbubble destruction, whereas the
image without release bursts is real-time.
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Introduction

Microbubble-based ultrasound (US) contrast agents
consist of bubblesof gases, covered by a shell of different
composition, with a diameter of approximately 2-6 um
that enhance the US signal (ALBRECHT et al. 2000) and
persist exclusively in the blood stream. The nature of
microbubble interaction with the insonating US beam
depends on the scanning parameters, principally the
acoustic power of insonation and the US frequency.

The basic underlying principle of all microbub-
ble-based contrast agents is the high difference in the
acoustic impedance between the gas in the microbub-
ble and the surrounding blood in vivo, which makes
the microbubble highly reflective as a simple backscat-
terer in the range of insonation power below 100 KPa.
Increasing the acoustic insonation power, the micro-
bubbles show an increasingly non-linear response and
the reflected US signal contains harmonic and sub-
harmonic frequencies that are multiples and fractions
of the insonating frequency (DE JoNG et al. 1994a,b;
BURNS et al. 1996; KIRKHORN et al. 2001). These non-
linear signals are produced since less energyis required
to expand the microbubble than to compress it. At yet
higher insonation acoustic power, microbubbles are
destroyed by the acoustic field, producing a strong
signal, similar to a burst, with wideband harmonic
frequencies.
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Firstly, microbubbles have to be injected and this
can be performed in two different ways, bolus or
injection, according to the type of study the sonog-
rapher needs to perform. Secondly, microbubbles
have to be correctly insonated and this can be per-
formed by a low or high transmit power of insona-
tion, according to the type of injected microbubble-
based agent. Conventional grey-scale and colour
Doppler US suffer as a result of limited sensitivity
to harmonics signal and of colour signal satura-
tion and blooming artefacts, respectively. Dedicated
US contrast specific techniques were introduced to
overcome these limitations and to selectively regis-
ter the signal produced by microbubbles insonation.
US contrast specific techniques are not of immedi-
ate application but a series of setting procedures
have to be applied before and after microbubble
injection. This chapter will describe the principal
technical parameters which have to be correctly set
to optimise microbubble insonation and harmonics
registration.

5.2
Modes of Injection of Microbubble-Based
Contrast Agents

Microbubble-based contrast agents may be injected
intravenously as a bolus (2-4 ml/s) or as a slow infu-
sion (0.2-1 ml/s). Intravenous bolus injection mode
is usually performed manually and produces a tran-
sient increase in the blood backscattering. The echo-
signal video-intensity exhibits a linear relation with
the injected microbubble dose and the time-inten-
sity curve (Fig. 5.1a) shows a first rapidly ascending
tract followed by a progressive decay (CORREAS et
al. 2000). The principal advantage is that the bolus
injection mode is very easy to perform and is usu-
ally employed for all applications of microbubble-
based agents, except for parenchymal or tumoral
perfusion quantitation. The principal drawback of
the bolus injection mode is artefact production,
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especially with colour or power Doppler US, which
are markedly evident at the peak of the time-inten-
sity curve and which are reduced if dedicated US
contrast-specific techniques are employed.
Intravenous slow infusion of microbubble-based
contrast agents is usually performed by dedicated
automatic injectors. The time-intensity curve
(Fig. 5.1b) shows a progressive increase in echo-signal
video-intensity, followed by a stationary plateau phase
from 1 to 2 min from the beginning of microbubble
injection and which lasts the duration of microbubble
injection, expressing the equilibrium kinetic between
microbubble injection and washout (CORREAS et al.
2000). The time of achievement of the stationary
phase is determined by the half-life of microbubbles
in the blood (about four-fold the half-life of micro-
bubbles). The principal advantage is that the slow
infusion mode may be applied in the quantitative
analysis of parenchymal or tumoral perfusion since
it guarantees the achievement of a stationary state in
microbubble concentration. The principal drawback
is that it is not easy to perform and that dedicated
automatic injection equipment needs to be used.

5.3
Modes of Scanning

Exposure to the US wave determines that microbub-
bles contract and expand their diameter several-fold
at their resonant frequency. At low acoustic power
microbubbles produce an US signal with the same fre-

video-intensity (dB)
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time (sec)
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quency as the sound that excited them. By increasing
the acoustic power microbubble expansion and con-
traction are non-linear and generate sub- and higher
harmonics of the applied frequency (CosGrROVE 2001;
DAYTON et al. 1999). At further higher acoustic power
of insonation the expansion/contraction eventually
disrupts the microbubble shell resulting in the emis-
sion of a wideband frequencies signal.

Dedicated contrast specific US techniques may be
employed by destructive or non-destructive mode
according to the acoustic power. The acoustic power
is variably related to the employed mechanical index

P-

\/? )

with the peak negative acoustic pressure [P-]
expressed in MPa (Pascal; 1 Pa = 1 Newton/m?),
and the frequency [f] in MHz. Actually, the MI value,
which is displayed on all approved US scanners,
ranging from 0.06 to 1.3, was introduced for protec-
tion purposes, expressing the potential for mechani-
cal effects during a diagnostic US examination. It
can be considered a practical index to express the
intensity of the acoustic field. Actually, the MI is an
unreliable predictor of microbubbles destruction,
since at the same MI value different values of acous-
tic powers of insonation were measured in different
US equipment (MERRITT et al. 2000). Of course, the
higher the MI value, the higher the probability to
produce microbubble destruction. In general, when
the MI of the insonating beam is greater than 0.3
the microbubbles are increasingly destroyed, even
though the threshold for microbubble destruction is

MI) =

video-intensity (dB)

20

Fig. 5.1a,b. Bolus (a) versus infusion injection (b) profile of a microbubble-based contrast agent. After bolus injection (a), the
microbubble concentration in the blood presents a rapid increase and a rapid decay. After slow continuous infusion (b), the
microbubble blood concentration presents a progressive increase, a stationary state, which lasts according to the duration of
microbubble injection, and a progressive decay when the microbubble infusion is stopped
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variable and depends on many factors, such as the
size and nature of the microbubble and the attenua-
tion determined by the overlying tissues (KLIBANOV
et al. 1998).

5.3.1
High Acoustic Power Insonation

The first mode, widely employed, made use of high-
transmit acoustic power (Wo = peak negative pres-
sure; 0.-2.5 MPa). Microbubble destruction produces
the emission of a wideband frequency that includes
both sub- and higher harmonics. Since MI value is
limited, because of attenuation or safety regulations,
the pulse length (K ~ 1/f) is the only parameter which
can be further modified to increase the disruption
efficiency (FRINKING et al. 1998; FRINKING 1999).

Microbubble destruction is a very fast process,
taking place during a single or a few US pulses,
during which a strong and highly non-linear signal
is returned from microbubbles. This process is also
called stimulated acoustic emission or transient scat-
tering and may be considered as a sort of microbub-
ble signature since it can be expressed exclusively
by microbubbles. When colour Doppler is employed,
microbubble destruction is displayed as a mosaic of
randomly distributed pseudo-Doppler shifts that
are independent of flow (BLOMLEY et al. 1998).

High acoustic power mode has to be employed
with air-filled microbubbles, such as Levovist
(SH U508A, Schering, Berlin, Germany) or Sonavist
(SH U563A, Schering AG, Berlin, Germany), which
present low harmonic behaviour (BLOMLEY et al.
1998, 1999; QuAlA et al. 2002). For this reason, the
only way to produce harmonics is to destroy these
types of microbubbles. High acoustic power mode
is less suitable for new generation perfluorocarbon
or sulphur hexafluoride-filled microbubbles which
present an effective harmonic response even if
insonated at low acoustic power. Anyway, some of
the new generation microbubble-based agents, such
as Sonazoid (NC100100, Amersham Health, Oslo,
Norway), a perfluorocarbon-filled contrast agent,
may be effectively insonated even at high acoustic
power (FORSBERG et al. 2002).

High acoustic power mode may be employed con-
tinuously or intermittently (Quaila et al. 2003). In
continuous scanning, the frame rate has to be reg-
istered at the lowest level, with a lower time reso-
lution, to minimise microbubble destruction, while
the echo-signal persistence has to be switched-off
to visualise fresh undestroyed microbubbles in

each new frame. Continuous insonation is usually
applied to detect focal liver lesions in the liver or in
the spleen since it allows the complete evaluation of
the parenchyma. The focal zone has to be positioned
at 10-12 cm from the abdominal surface to produce
homogeneous contrast enhancement during insona-
tion throughout the liver parenchyma.

In intermittent high acoustic power insonation
different trains of between four and six high acoustic
power US pulses are sent during the different paren-
chymal phases (arterial, portal and late phases in the
liver or spleen; early and late corticomedullary phase
in the kidney). The intermittent insonation is usu-
ally applied to characterise focal tumour in the liver,
spleen or kidney, since it allows the tumour insona-
tion during the different parenchymal phases.

The two principal advantages of high acoustic
power mode over low acoustic power mode are the
intense signals produced by microbubble insonation
and the possibility to visualise the deep areas of the
insonated parenchyma without signal attenuation
from the superficial levels. Conversely, high acoustic
power mode has four principal drawbacks. First, the
destructive nature of this mode means that real-time
scanning may be performed one single time and the
largest amount of microbubbles are destroyed after
the first sweep. For this reason, there is no possibil-
ity to assess the parenchymas with different acous-
tic windows at the same time. Second, liver scan has
to be rapid and uniform to produce homogeneous
microbubble rupture on liver parenchyma. In fact,
thescanningirregularities, determined by aless than
uniform free-hand sweep, or patient movements,
during the emission of the two out phases US pulses,
may produce artefacts (CosGROVE 2001; FORSBERG
et al. 1994) simulating focal liver lesions. Third, at
high acoustic power insonation the suppression of
stationary tissue background is imperfect due to the
harmonic signals produced by native tissues which
present non-linear behaviour as microbubbles at
high acoustic power, with a consequent production
of significant tissue background on which bubble
signal is superimposed.

5.3.2
Low Acoustic Power Insonation

The introduction of perfluorocarbon and sulphur
hexafluoride-filled microbubbles, with effective har-
monic properties, has made it possible to perform
continuous low acoustic power insonation (Wo =
peak negative pressure 100-600 KPa; MI below 0.2)
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Fig.5.2a-d. Kidney insonation (arrowhead). a Before microbubble injection, excessive signal gain is evident in the superficial
planes (arrows). b Correct signal gain before microbubble injection. The signal gain is correctly set in the superficial planes
(arrows) and appears uniform throughout the scanned parenchyma. The same signal gain is maintained after microbubble
injection (c,d) providing the effective visualisation of contrast enhancement in renal parenchyma

Fig. 5.3. The correct focal zone position (circle) at low acoustic
power insonation. The focal zone has to be positioned below
the focal liver lesion (arrowheads) to be characterised. The
signal gain in the superficial planes (arrow) is correctly reg-
istered

which is the most employed scanning mode nowa-
days after microbubble administration (ALBRECHT
etal. 2003; CORREAS et al. 2003; N1coLAU et al. 2003;
HoHMANN et al. 2004; Qual1a et al. 2004).

Before microbubble-based agent injection, the
background signal from stationary tissues has
to be uniformly set at the lowest level, from the
superficial (Figs.5.2 and 5.3) to the deeper scan-
ning levels (Fig. 5.4). The focal zone has to be posi-
tioned (Fig. 5.3) below the parenchymal region to
be assessed, the echo-signal persistence should be
turned off to reduce artefacts, while the frame rate
should be registered at the lowest level to minimise
microbubble destruction (which does occur, even
though at a much lower level than with high acoustic
power insonation).
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The two principal advantages of low over high
power mode is, firstly, to minimise microbubble rup-
ture allowing the continuous real-time evaluation
of contrast enhancement and, secondly, to allow the
effective suppression of the stationary tissue back-
ground and the selective registration of harmonic
signals produced by microbubbles with improved
contrast-to-noise-ratio. The only limitation of low
power mode is the lower reliability in assessing the
deep parenchymal regions, since harmonics present a
lower intensity than with high power mode. However,
thislimitation has been almost completely resolved in
state of the art US equipment and by multi-pulse con-
trast specific techniques which present an increased
sensitivity to microbubble harmonic signals.
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6.1
Introduction

Ultrasound (US) is used widely in medicine and has
a long history of safety and efficacy in diagnostic
imaging. Microbubble-based contrast agents are
providing new opportunities to enhance the capa-
bilities of diagnostic US imaging. US contrast agents
consist of stabilized, gas-filled microbubbles. These
microbubbles circulate through the vasculature and
provide effective backscatter to enhance diagnostic
images. Innovative imaging modalities that rely on
the characteristics of the interaction of the sound
field with the microbubbles have been developed
specifically for use with US contrast agents. Ongoing
development of novel diagnosticimaging techniques
employing contrast agents, combined with efforts to
design new types of contrast agents, may widen the
role of contrast agents in diagnostic US imaging. As
an example, research on the development of targeted
contrast agents aims to provide site-specific local-
ization of the contrast agent and may expand the
application of diagnostic US to areas of molecular
imaging (e.g., KLIBANOV 1999).
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The combination of US and microbubble contrast
agentsalsohasthe potentialto provide unique avenues
for a variety of new, noninvasive therapies. Although
still in research and development, US contrast agents
show promise for applications of US for drug delivery
(e.g., UNGER et al. 2001a), tumor therapy (e.g., SIMON
et al. 1993), thrombolysis (e.g., BIRNBAUM et al. 1998;
Curp et al. 2001), and gene therapy (e.g., UNGER et al.
2001b; GREENLEAF et al. 1998).

US exposures used for diagnostic imaging are
designed to minimize the interaction of the sound
field with the tissue. In comparison, therapeutic
applications often depend upon the interaction of
the sound with the biological system to produce the
desired effect. The presence of microbubble-based
agents can influence the interaction of US with
biological tissues through various acoustic mecha-
nisms. For either diagnostic or therapeutic appli-
cations, increased knowledge of the interaction
of US and contrast agents in tissues is important
in order to avoid potential adverse bioeffects or to
produce desired therapeutic endpoints. A complete
understanding of the interaction of US and contrast
agents with biological tissues in vivo is still needed
for microbubble-based agents to achieve their full
potential use in biomedical US.

6.2
Acoustic Mechanisms for Bioeffects

US can produce a wide variety of biological effects
in vitro and in vivo through thermal and nonther-
mal mechanisms (for review see NCRP 2002 and
AIUM 2000). Nonthermal interactions of US and
tissue include mechanisms such as acoustic cavita-
tion, radiation force, and acoustic streaming. The
presence of microbubble contrast agents can poten-
tially influence many of these acoustic mechanisms.
Acoustic cavitation is widely studied and various
bioeffects in vitro and in vivo can be attributed to
activity associated with acoustic cavitation.
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In general, acoustic cavitation describes the
interaction of an acoustic field with an existing gas
cavity. When exposed to a sound field, a bubble in a
liquid will oscillate around an equilibrium radius.
Although a comprehensive discussion of acous-
tic cavitation is beyond the scope of this chapter,
various theoretical models can be used to describe
the response of a gas bubble to a sound field (e.g.,
see YOUNG 1989; LEIGHTON 1994). The maximum
response of a bubble occurs when it is exposed at
its resonance frequency. For frequencies relevant
to diagnostic imaging, resonance-sized bubbles are
on the order of a few micrometers in radius. Nonin-
ertial cavitation describes repetitive oscillations of
a bubble where the maximum expansion typically
does not exceed twice the equilibrium radius. These
acoustically driven bubble oscillations can result in
localized heat production, microstreaming of fluid
near the bubble, and localized shear stresses. Under
appropriate exposure conditions, a bubble may
expand to a maximum radius greater than twice its
initial radius and then collapse to a fraction of its
initial radius. This process is termed inertial cavi-
tation. The response of the inertial cavity is highly
nonlinear and depends upon parameters including
acoustic frequency, pressure amplitude, and initial
bubble radius. Various physical phenomena can be
associated with inertial cavitation. Inertial collapse
of a gas bubble can result in the production of local-
ized high temperatures and pressures, as well as the
generation of acoustic shock waves and free radi-
cals. Bubbles near boundaries can collapse asym-
metrically, resulting in the formation of high-speed,
liquid microjets. These phenomena associated with
inertial cavitation are typically localized spatially
near the collapsing microbubble and are limited
temporally to the duration of the collapse.

Tissues that contain gas naturally are susceptible
to bioeffects from exposure to US. For example,
exposure of the gas-filled intestines can result in
the production of petechiae through mechanisms
associated with acoustic cavitation (DALECKI et al.
1995, 1996). The introduction of microbubble con-
trast agents into the vasculature can provide nuclei
for the generation of acoustic cavitation under
appropriate exposure conditions. Tissues that are
typically free of damage from US exposure can
become susceptible to localized biological effects
when microbubble-based agents are present. The
response of stabilized microbubble contrast agents
to US exposure differs in some ways from the clas-
sical models of the response of a free bubble in an
infinite fluid medium. In addition, our understand-
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ing of the response to US of microbubble-based
agents confined in the microvasculature in tissues
is limited. Current investigations indicate that the
presence of microbubbles in the blood can increase
the likelihood of occurrence of some US bioeffects,
such as hemolysis, capillary rupture, effects on
cardiac rhythm, and localized delivery of drugs or
genetic material. Not all reported bioeffects of US
and microbubble-based agents have been performed
under diagnostically relevant exposure conditions
with clinical contrast agent doses.

The sections that follow review current research
on the interaction of US with tissues containing
microbubble-based agents. Since microbubbles are
injected intravascularly, the summaries below focus
mainly on the effects of US and contrast agents on
red blood cells, blood vessels, and the heart in vivo.
Most investigations in vivo have been performed
with small laboratory animals. There have been no
reports of any adverse clinical consequences of the
use of US and microbubbles. It is important to note
that the bioeffects of US and microbubbles are local-
ized (typically occurring on microscale) and any
medical significance of these effects has not been
identified. In general, the extent of bioeffects pro-
duced by the combination of US and microbubble-
based agents can be reduced by using lower pressure
amplitudes, higher acoustic frequencies, and lower
contrast agent doses.

6.3
Hemolysis

Many investigations have demonstrated that US
exposure can produce hemolysis in vitro when US
contrast agents are present in the blood (for a review
see NCRP 2002). Hemolysis in vivo with Albunex in
the blood was reported to occur in murine hearts
exposed to pulsed US at 1.15MHz (10-ps pulse
duration, 100-Hz pulse repetition frequency, 5-min
exposure duration) (DALECKI et al. 1997a). At evenly
spaced times during the exposure, four boluses of
Albunex were injected into the tail vein for a total
volume of ~0.1 ml of Albunex. This contrast agent
dose exceeds that used clinically. Under these con-
ditions, the threshold at 1.15 MHz for hemolysis
occurred at an amplitude of 3.0 MPa positive pres-
sure and 1.9 MPa negative pressure. This threshold is
near the upper limits of diagnostic imaging devices.
The percent hemolysis for mice exposed at the high-
est amplitude in the absence of contrast agent was
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comparable to that of sham-exposed animals, indi-
cating that the presence of microbubble nuclei in
normal blood in vivo is rare. When contrast agent
was present, the threshold for hemolysis increased
with increasing frequency such that no measurable
hemolysis was produced for exposure at 2.4 MHz
for diagnostically relevant exposure amplitudes.
This dependence of the threshold for hemolysis on
frequency is consistent with the lack of observed
hemolysis in rabbits in vivo exposed to the fields of
a 5-MHz diagnostic imaging device when the con-
trast agent Optison (Amerham Health Inc., Princ-
eton, NJ) was present in the vasculature (KiLLAM et
al. 1998). In summary, the relatively high threshold
for hemolysis at 1.15 MHz combined with the strong
dependence of the effect on frequency suggests alow
likelihood of significant US-induced hemolysis in
vivo for clinical diagnostic procedures.

6.4
Effects on Blood Vessels

Microbubble-based contrast agents are designed to
be of an appropriate size such that they easily cir-
culate through the capillary beds and also provide
effective backscatter to enhance diagnostic imaging
techniques. As discussed above, acoustic cavitation
describes the oscillation of an existing gas cavity
about its equilibrium radius in response to exposure
to an US field. Physical phenomena associated with
acoustic cavitation (e.g., microstreaming, localized
fluidjets,shock wave generation, etc.) can potentially
produce effects on biological tissues. Since contrast
agents are in close proximity to blood vessels, it is
important to understand the effects of the inter-
action of contrast agents and microvessels in vivo.
Although the number of studies to date is limited,
several investigations demonstrate that localized
capillary rupture can be produced in laboratory ani-
mals exposed to diagnostic US when microbubbles
are present in the blood. This section summarizes
results from several studies that have investigated
the effects of US and microbubble-based agents on
the microvasculature of tissues such as the intestine,
muscle, kidney, lung, and brain.

The intestine contains gas naturally and is sus-
ceptible to damage from exposure to US even with-
out contrast agents (DALECKI et al. 1995). However,
the presence of a microbubble-based agent in the
blood has been shown to significantly increase the
extent of vascular damage in laboratory animals

(MILLER and GIES 1998, 2000). In mice exposed to
pulsed US at 1.09 MHz, the production of intestinal
petechiae and hemorrhage was significantly greater
in animals injected with contrast agent (10 ml/kg
dose of Albunex) than in control animals (MILLER
and GIEs 1998). The enhancement of the bioeffect
was significant in that there was a 30-fold increase
in the number of petechiae in mice injected with
Albunex and exposed to US (10-us pulse duration,
1-ms PRP, 100-s exposure) compared to controls
(MILLER and GIEs 1998). Larger doses of Albunex
resulted in greater numbers of US-induced pete-
chiae. In mice injected with Albunex, the thresh-
old for petechiae was 0.8 MPa and the threshold for
hemorrhage was 2.4 MPa for exposure at 1.09 MHz
(10-ps pulse duration, 0.01 duty factor) (MILLER
and GIEs 1998). A second study that investigated the
dependence of threshold on frequency determined
that for pulsed exposures (10-ps pulse duration,
1-kHz pulse repetition frequency, 100-s exposure
duration), the threshold for production of intestinal
petechiae when Albunex was injected into the vas-
culature was 0.42, 0.85, and 2.3 MPa for exposure
at 0.4, 1.09, and 2.4 MHz, respectively (MILLER and
GIEs 2000). When four different contrast agents that
contained either air or perfluorocarbon microbub-
bles (Albunex, Optison, PESDA and Levovist) were
investigated, it was found that the contrast agents
that contained perfluorocarbon gases produced
more intestinal petechiae than did contrast agents
containing air-filled microbubbles (MILLER and
Gi1Es 2000).

Diagnostic imaging devices can also produce cap-
illary damage in muscle when contrast agent is pres-
entinthe vasculature (SKYBA etal. 1998; MILLER and
Qupbpus 2000). One study (SkYBA et al. 1998) used
intravital microscopy to directly observe the effects
of US on the microvasculature of exteriorized spi-
notrapezius muscle in rats when the contrast agent
Optison was present in the blood. Using a diagnostic
phased-array system operated in harmonic imaging
mode (2.3-MHz transmit), destruction of micro-
bubbles and capillary rupture were observed in rats
exposed to US with outputs ranging from mechani-
cal index (MI) values of 0.4 to 1.0. The number of
capillary rupture sites increased monotonically with
increasing MI. A second study (MI1LLER and QUDDUS
2000) also reported production of petechial hemor-
rhage in murine abdominal muscle exposed to fields
generated by a diagnostic imaging device (2.5-MHz
transmit) when Optison was present in the vascu-
lature. In general, the number of abdominal and
intestinal petechiae increased with increasing pres-
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sure amplitude and with increasing dose of Optison
(0.05-5 ml/kg) (MiLLER and QuDDUS 2000). Abdom-
inal petechiae were also observed from exposure to
only a single scan, suggesting that damage produced
by cavitation in vivo occurs quickly. For exposure at
2.5 MHz, MiLLER and QubpDUSs (2000) determined a
threshold for the generation of abdominal petechiae
0of 0.64 MPa (i.e., MI of 0.4). This threshold is consis-
tent with results reported by SkyBa et al. (1998).

The combination of microbubble-based contrast
agents and diagnostic US has also been reported to
produce microvessel damage to renal tissue in vivo
(WIBLE et al. 2002). In this study, rat kidneys were
exposed using a clinical imaging device with either
a continuous mode (30 Hz) or intermittent (1 Hz)
technique. Frequencies of 1.8, 4, and 6 MHz were
investigated for MI values ranging from 0.4 to 1.6.
Petechiae and areas of hemorrhage were observed
in rat kidneys exposed to US when contrast was
present. Extravasation of red blood cells in the glo-
merular space and proximal convoluted tubules was
observed under histological examination. For expo-
sures at 1.8 MHz, statistically significant damage
was observed, with intermittent imaging for MI
values greater than 0.8 (measured negative pressure
of 1.26 MPa). Intermittent imaging produced signif-
icantly more damage than continuous imaging, and
lower frequencies were more effective in producing
vascular damage than higher frequencies. Although
several types of contrast agents (all containing per-
fluorocarbon gas but different stabilizing shells)
were investigated, all agents produced similar
damage, indicating that the shell material had little
effect on the production of this bioeffect.

Many reports have demonstrated lung hemor-
rhage in laboratory animals exposed to diagnosti-
cally relevant US (see AIUM 2000; NCRP 2002).
Although the sensitivity of the lung is related to
the presence of gas (HARTMAN et al. 1990), the role
of cavitation as a mechanism for US-induced lung
hemorrhage is unclear (CARSTENSEN et al. 2000).
RAEMAN et al. (1997) investigated the influence of
contrast agents on murine lungs exposed to 1.2-
MHz pulsed US. Exposures were performed at an
amplitude well above the threshold for US-induced
lung hemorrhage. The extent of lung hemorrhage
in exposed mice injected with Albunex (0.1 ml)
was compared to that in mice injected with saline.
The size of the lesion area on the surface of the lung
was not statistically different for mice injected with
Albunex compared to mice injected with saline
(RAEMAN et al. 1997). These results are consistent
with the concept that inertial cavitation in the vas-

Diane Dalecki

culature is not the mechanism for US-induced lung
hemorrhage (CARSTENSEN et al. 2000). Although
current output levels of diagnostic imaging devices
are within the threshold for US-induced lung hem-
orrhage in laboratory animals, the presence of con-
trast agents in the vasculature does not appear to
increase the sensitivity of the lung to US-induced
damage.

SCHLACHETZKI et al. (2002) investigated the
effects of contrast agents (Levovist or Optison) on
the blood-brain barrier in humans exposed to a
clinical diagnostic imaging device. In this study,
transcranial exposures were performed for 3 min at
maximum output (MI ~1.9 and pressure amplitude
~2.7 MPa) usingaclinical phased array (2-3.5 MHz).
Opening of the blood-brain barrier was assessed
using gadolinium-enhanced MR imaging. No T1-
weighted signal enhancement due to extravasation
of MR imaging contrast agent was observed for any
subjects exposed to US for either microbubble-based
contrast agent. In this study, diagnostic transcra-
nial imaging of the brain when US contrast agents
were present in the blood did not result in observ-
able opening of the blood-brain barrier. However,
transient opening of the blood-brain barrier with
contrast agents has been demonstrated in labora-
tory animals exposed to US with pulse durations
significantly greater than those used by diagnos-
tic imaging devices (HYNYNEN et al. 2001). In this
study, brains of rabbits were exposed to 1.6 MHz US
following a bolus injection of Optison (0.05 ml/kg).
The total US exposure was 20 s. Burst durations of
10 or 100 ms were employed with a pulse repetition
frequency of 1 Hz and pressure amplitudes from 0
to 5 MPa. Opening of the blood-brain barrier was
evaluated using T1-weighted MR images. Presence
of Optison in the vasculature significantly increased
the opening of the blood-brain barrier, and signal
intensity of the T1-weighted images increased with
increasing acoustic exposure amplitude. Histology
indicated extravasation of red cells and damage to
the brain in 70% of animals exposed at 5 MPa and
25% of animals exposed at 2-3 MPa. This study
(HyNYNEN et al. 2001) indicates that US can tran-
siently and reversibly open the blood-brain barrier
and demonstrates the feasibility of the use of US for
local, noninvasive delivery of drugs or genetic mate-
rial to the brain.

Indeed, production of localized capillary damage
by US and contrast agents may provide opportuni-
ties for various potential therapeutic applications of
US. Since the production of capillary permeability
or rupture is highlylocalized, the combination of US
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and microbubble-based agents provides a potential
means for noninvasive therapies. Targeted contrast
agents may produce site-specific localization of
contrast. Active research is ongoing in applications
of US and contrast agents for drug delivery, tumor
therapy, thrombolysis, and gene therapy. In addi-
tion, capillary rupture resulting from the interaction
of US and contrast agents has been demonstrated to
increase the number of arterioles, arteriole diame-
ter, and nutrient blood flow in skeletal muscle (SonG
et al. 2002).

In summary, studies with laboratory animals
indicate that diagnostic US in combination with
microbubble contrast agents can produce microves-
sel damage in various tissues, such as the intestine,
kidney, muscle, and heart. Exposures and contrast
agent doses used in these studies are within those
used for diagnostic imaging. The observed capillary
damage is localized and the clinical significance of
such microvessel damage is not clear. Capillary rup-
ture is reduced or eliminated with the use of lower
acoustic pressures and frequencies (i.e. low MI), and
lower doses of contrast agent. In some instances,
US-induced increases in vascular permeability may
be desirable for therapeutic effects. The studies
detailed above that have characterized the acoustic
parameters necessary to produce capillary bioeffects
will likely be useful in the design of US techniques
for site-specific drug or gene delivery.

6.5
Cardiac Effects

Under appropriate exposure conditions, US either
with or without contrast agents can produce pre-
mature cardiac contractions (Fig. 6.1). This section
begins with a review of the effects of US on the heart
without the use of microbubbles. This is followed
by a summary of recent reports that have begun to
investigate the effects of the interaction of US and
contrast agents in cardiac tissues.

Early studies with lithotripter fields demon-
strated that acoustic pulses directed to the heart can
produce premature cardiac contractions (DALECKI
etal. 1991; DELIUS et al. 1994). When the lithotripter
pulse is delivered during the most sensitive phase
of the cardiac cycle (i.e., TP segment, diastole), the
threshold for producing a premature contraction is
onthe order of 5 MPa (DALECKI et al. 1991; DELIUS et
al. 1994). A series of repetitive acoustic pulses deliv-
ered to the heart can capture and pace the heart in

laboratory animals (DALECKI et al. 1991). Although
the threshold for premature contractions is below
clinical lithotripsy pressure amplitudes, in clinical
practice the delivery of the acoustic pulses is syn-
chronized with the ECG to avoid effects on cardiac
rhythm.

Premature cardiac contractions can also result
from exposure to pulsed US. A single burst of high-
intensity US delivered to the heart in vivo during
diastole (TP segment) can produce a premature
contraction in laboratory animals (DALECKI et al.
1993a,b,1997b; MacRoBBIE et al. 1997). A pulse of US
delivered during systole (QRS complex) can produce
areductionin developed aortic pressure (DALECKI et
al. 1993a) and this effect appears related to radiation
force (DALEcKI et al. 1997b). In the murine heart, the
threshold for US-induced premature contractions is
~2 MPa for exposure at 1.2 MHz with a single 5-ms
burst of US (MAcRoBBIE et al. 1997). This thresh-
old increases with decreasing pulse duration and
increasing frequency. Thus, with the short duration
pulses used in diagnostic US, there is no evidence
for production of these effects from exposure to
diagnostic imaging devices. However, recent studies
detailed below indicate that the presence of micro-
bubble-based agents in the vasculature significantly
reduces the threshold for US-induced effects on the
heart such that premature contractions can be pro-
duced with exposure to diagnostic US.

In one study (VAN DER Wouw et al. 2000), prema-
ture ventricular contractions were reported to occur
in humans injected with an experimental contrast
agent (AIP 101, Andaris Ltd) and exposed to diag-
nostic US. A diagnostic imaging device operated in
triggered harmonicimaging mode with a fundamen-
tal frequency of 1.66 MHz was used for exposures.
In subjects who received contrast, a significant
increase in the production of premature ventricu-
lar contractions was observed for end-systolic trig-
gering with an MI=1.5 but not with an MI=1.1. No
premature ventricular contractions were reported
in subjects injected with contrast and exposed with

I

Fig. 6.1. Mouse ECG illustrating a US-induced premature con-
traction when microbubble contrast agents are present in the
blood. The arrow denotes the delivery to the heart of a US pulse
(10 ps, 1.2 MHz) at pressure amplitude above threshold.
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end-diastolic triggering (MI=1.5) or in subjects
exposed without contrast agents. The production of
premature ventricular contractions increased with
increasing pressure amplitude and contrast agent
dose. These results are consistent with observations
of a lack of production of premature contractions in
myocardial contrast echocardiography performed
with an MI of less than 1.0 (RAISINGHANI et al.
2003). Myocardial damage in humans has not been
reported to result from the interaction of US and
contrast agents (BORGES et al. 2002).

Although isolated premature contractions have
been reported to occur in humans from exposure to
diagnostic US with contrast agents, further charac-
terization of this effect and greater insight into the
mechanisms for cardiac bioeffects will likely arise
from investigations with laboratory animals. L1 et
al. (2003, 2004) investigated effects of US and con-
trast agents on cardiac rhythm and vascular per-
meability in rats in vivo. In these studies, US expo-
sures were performed with a commercial diagnostic
imaging device operated with a transmit frequency
of 1.7 MHz. Contrast agent was injected prior to US
exposure. Numbers of premature ventricular con-
tractions were counted prior to and during US expo-
sure. Evans blue dye was also injected into the rats
to serve as an indicator of microvessel permeability.
Effects on the microvasculature were quantified by
measuring area of Evans blue dye coloration and by
counting the number of petechiae on the surface of
the heart. No premature ventricular contractions,
petechiae, or microvessel leakages were detected in
rats exposed to US without contrast agent. In com-
parison, when contrast agent was present in the
vasculature, clear effects on cardiac rhythm and
microvessel damage were observed. The occurrence
of premature ventricular contractions and effects on
microvasculature increased with increasing pres-
sure amplitude (L1 et al. 2003, 2004). This is consis-
tent with a report of cardiac arrhythmia and myo-
cardial damage in rats injected with contrast and
exposed to US at acoustic pressures that exceeded
those used for clinical diagnosis (ZACHARY et al.
2002). The pressure threshold for the production
of US-induced premature contractions in rats with
Optison was ~1.0 MPa and the threshold for produc-
tion of petechiae was ~0.5 MPa (L1 et al. 2003, 2004).
Production of premature ventricular contractions
and capillary rupture increased with increasing
contrast agent dose over the range of 25-500 ul/kg
(L1 et al. 2003). End-systolic triggering was more
effective in producing cardiac effects than end-dia-
stolic imaging (L1 et al. 2003). A study comparing
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Definity, Imagent, and Optison demonstrated that
premature ventricular contractions can result from
the interaction of US and all three agents for expo-
sures using a clinical imaging device operated at
1.7 MHz with peak rarefactional pressure amplitude
of 1.9 MPa (L1 et al. 2004).

6.6
Lithotripsy

Lithotripsy is an application of US that has dramati-
cally altered the clinical treatment of kidney stone
disease. In lithotripsy procedures, high-amplitude
acousticpulsesarefocusednoninvasivelyonakidney
stone to produce stone fragmentation through both
cavitation and mechanical mechanisms. The acous-
tic characteristics of a typical clinical lithotripter
pulse are significantly different than exposure
parameters used for diagnostic US. High-amplitude,
clinical lithotripter fields can produce focal tissue
damage (e.g., DELIUS et al. 1988, 1990). However,
when microbubble-based agents are present, even
relatively low-amplitude lithotripter fields can pro-
duce significant damage to the microvasculature of
many organs and tissues. Investigations using lab-
oratory animals have demonstrated that the pres-
ence of US contrast agents dramatically increases
tissue damage produced by lithotripter fields (e.g.,
DALECKI et al. 1997c; MILLER and GIES 1999). In one
investigation (DALECKI et al. 1997c), mice injected
with Albunex (~0.1 ml) were exposed to 200 litho-
tripter pulses, each with a peak positive pressure
amplitude of 2 MPa. For comparison, a group of
mice were exposed to the same lithotripter fields
but were not injected with contrast agent. Mice that
were exposed to the lithotripter field alone exhib-
ited damage to the lung and intestine only. This
damage was minimal and consistent with investiga-
tions that have demonstrated the sensitivity of gas-
containing tissues, such as the lung and intestine,
to US exposure. In contrast, the mice injected with
Albunex during the exposure had extensive vascu-
lar damage to the fat, muscle, mesentery, stomach,
intestine, kidney, bladder, and seminal vesicles. The
total length of damage along the intestine was two
orders of magnitude greater when Albunex was pres-
ent compared to mice without contrast. The sensi-
tivity of tissues to lithotripter exposures can persist
for hours after an initial injection of contrast agent
(DALECKI et al. 1997d). These results indicate that
contrast agents can serve as cavitation nuclei in vivo



Biological Effects of Microbubble-Based Ultrasound Contrast Agents 83

and produce damage to many tissues exposed to
lithotripter fields at pressure amplitudes that are at
least an order of magnitude less than those used in
clinical lithotripsy.

MILLER and GIEs (1999) also reported increased
intestinal damage from lithotripter exposure when
US contrast agents were present in the vasculature
of mice. In this study, each lithotripter pulse had
a peak positive pressure of 24.4 MPa and a nega-
tive pressure of 5.2 MPa. When microbubble-based
agents were present, petechiae were also observed
in tissues such as skin, muscle, fat, mesentery, and
bladder. The total number of intestinal petechiae
increased with increasing dose of Albunex. This
study also observed that the presence of contrast
agent reduced the 24-h survival rate of mice exposed
to the lithotripter field.

The dramatic increase in damage to many tis-
sues exposed to lithotripter fields when contrast
agents are present in the blood provides evidence
that the damage results from cavitation in vivo. A
report that damage produced from negative pres-
sure pulses is greater than that produced by posi-
tive pressure pulses provides further evidence that
vascular damage from exposure to lithotripter fields
when contrast agent is present is a result of cavita-
tion (DALECKI et al. 2000). The enhanced sensitivity
of many tissues to damage from lithotripter fields
when contrast agents are present contraindicates

the use of contrast agents with clinical lithotripsy
procedures. However, the ability of the combination
of contrast agents and lithotripter fields to produce
localized microvessel rupture and permeabilization
may provide unique avenues for cancer treatment
and site-specific delivery of drugs or genetic mate-
rial (e.g., MILLER and SoNG 2002).

6.7
Summary

This chapter has reviewed investigations to date on
the biological effects of US exposure of various tissues
containing microbubble contrast agents. Figure 6.2
provides a summary of thresholds for bioeffects
produced by US and contrast agents in laboratory
animals in vivo. The solid line in the figure corre-
sponds to the current US output limit for diagnos-
tic imaging devices of an MI equal to 1.9. Although,
US-induced hemolysis can be produced in laboratory
animals in vivo with contrast agents in the blood, the
relatively high threshold and frequency dependence
of the effect indicate a minimal likelihood of any
significant US-induced hemolysis for current diag-
nostic output levels. Under appropriate conditions,
exposing the heart to US with end-systolic triggering
can result in isolated premature ventricular contrac-
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Fig.6.2. Summary of reported thresholds for bioeffects in laboratory animals in vivo produced by US and contrast agents.
Thresholds are reported in terms of negative acoustic pressure (MPa) versus exposure frequency (MHz). Data are for the
following bioeffects from the indicated studies: solid diamond, kidney petechiae (WIBLE et al. 2002); solid square, hemolysis
(DALECKI et al. 1997a); solid triangle, intestinal petechiae (MILLER and GIEs 2000); open square, abdominal petechiae (MILLER
and Qubpbus 2000); open circle, capillary rupture in myocardium (L1 et al. 2003, 2004); solid circle, premature ventricular
contractions (pvc) (LI et al. 2003, 2004). The equivalent mechanical index (MI) is calculated as the negative acoustic pressure
divided by the square root of frequency. The dashed line corresponds to MI=0.4 and the solid line to the current output limit

of MI=1.9 for diagnostic imaging devices.
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tions when contrast agents are present. US-induced,
localized petechiae can occur in tissues, such as
intestine, kidney, myocardium, and skeletal muscle,
in laboratory animals infused with contrast agents.
The lowest threshold reported for capillary rupture in
mice occurred at an equivalent MI of 0.4. The clinical
significance of localized capillary rupture is not yet
clear and there is no evidence that this effect occurs
in humans. However, enhanced permeability of the
microvasculature produced by the combination of US
and contrast agents may provide opportunities for
localized drug and gene delivery. In general, effects
of US and contrast agents are reduced or eliminated
through the use of lower pressure amplitudes, higher
frequencies, and lower doses of contrast agent. Fur-
ther research is required to clarify the biological
effects of US and microbubble-based agents.
Microbubble-based contrast agents are enhancing
the use of diagnostic US imaging techniques and are
providing new possibilities for the use of US in therapy.
Under appropriate exposure conditions, the combina-
tion of US and microbubble-based agents can affect
cells and tissues. Expanding our knowledge of the
mechanisms for the biological effects of US and micro-
bubble-based agents will provide vital information for
advancing the use of US contrast agents in medicine.
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7.1
Introduction

Transcranial color Doppler ultrasound (US), intro-
duced by AasLiD et al. (1982), provides a noninva-
sive real-time method to assess intracranial hemo-
dynamics. Microbubble-based contrast agents were
first applied in the evaluation of the central nervous
system in 1993 (BECKER et al. 1993; BOGDAHN et al.
1993). Transcranial color Doppler US depicts intra-
cranial vessels and parenchymal structures with
high spatial resolution (SEIDEL et al. 1995; ZIPPER
and StoLz 2002; BAUMGARTNER et al. 1997a), and it
is a reliable technique for noninvasive assessment of
cerebral arteries (SEIDEL et al. 1995; BAUMGARTNER
et al. 1996). The study of the cerebral structures is
often possible through the temporal bone, where
the skull thickness is very thin. In approximately
16-20% of patients an insufficient temporal bone
window is found (SEIDEL et al. 1995; BAUMGARTNER
et al. 1997b), while about 20-30% of patients in the
age range at risk for stroke present a small and thick
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transtemporal acoustic window (BAUMGARTNER et
al. 1997a; GAHN et al. 2000). Microbubbles provide a
backscatter surface that increases the US reflection
coefficient to 0.99, whereas soft biological tissues
present a reflection coefficient of about 0.03 (Z1PPER
and Storz 2002); this results in better visualization
of cerebral vessels.

The principal indication for microbubble-based
contrast agents in transcranial color Doppler US is
poor visibility of cerebral vessels at baseline scan,
especially when flow is absent or slow (SEIDEL and
MEYER 2002). In these cases, microbubble-based
contrast agents markedly improve vessel identifica-
tion in 90% of cases (Z1ipPER and Storz 2002) and
may identify very slow blood flow velocities and low
flow volume (small vessels, vessel pseudo-occlusion,
microcirculation) (SEIDEL et al. 2002) and some
pathological conditions, such as cerebral artery
occlusion, stenosis, or collateral pathways (POSTERT
et al. 1999a; DROSTE et al. 2000). Moreover, the use
of microbubbles, which present blood pool features,
allows the study of perfusion, as with other imaging
techniques.

7.2
Principles and Technique

Phased-array probes with a low-frequency emis-
sion (2-2.5 MHz) and high-intensity emission up to
200 mW/cm? are employed to transmit US through
the temporal bone. The temporal window lies
between the zygomatic arch and the inferior tem-
poral edge. Three different locations of the temporal
acoustic windows are identified: (a) anterior, located
posterior to the frontal process of the zygomatic
bone; (b) posterior, located just anterior to the ear;
(c) middle, located between the anterior and poste-
rior temporal windows.

The temporal axial mesencephalic or orbitome-
atal plane is identified by landmarks such as the
butterfly-shaped hypoechoic mesencephalon sur-
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rounded by the echogenic basal cistern, the highly
echogenic sphenoid bone, and the lateral fissure. By
an upward movement of the transducer at 10° from
the mesencephalic axial plane, the diencephalic
plane is visualized (Fig.7.1). These are the two
planes used for vascular study, and minimal move-
ments of the transducer are necessary to optimize
the visualization of the intracranial vessels. After
microbubble-based agents injection one can see the
middle cerebral artery (M1 segment), the anterior
cerebral artery (Al segment) (Fig. 7.2), and the pos-
terior cerebral artery (P1 and P2 segments).

Fig.7.1. Diencephalic plane. B-mode imaging shows the frontal
horns of the lateral ventricles (arrowheads). The white matter
(a) and the thalamic zone (b) are also identified.

G. Caruso et al.

Cerebral vein imaging is restricted by anatomic
factors such as the depth, the low blood flow veloci-
ties, the unfavorable insonation angles, and the low-
frequency probes. Nevertheless, microbubble-based
contrast agent injection leads to an improvement
in cerebral vein visualization. In fact, SToLTZ et
al. (1999) confirmed the improved visibility of the
deep middle cerebral vein, the basal vein, the vein
of Galen, and part of the superior sagittal sinus. The
transforaminal plane is used to study V3 and V4 ver-
tebral artery segments. The basilar artery origin is
demonstrated in 84% of cases, while the distal seg-
ment is seen in less than 50% of cases, even after
administration of microbubble-based agents.

7.3
Velocity Measurement

Color Doppler US allows the combination of gray-
scale imaging and depiction of vascular structures.
It permits the correct positioning of the spectral
Doppler sample volume and the calculation of blood
flow velocities, providing information on turbulent
flow, increased flow, systolic and diastolic velocities,
and flow direction.

Initial studies in vitro and in animal models have
shown a variable increase in the peak systolic veloc-
ity (FORSBERG et al. 1994; ABILDGAARD et al. 1996;
PETRIK et al. 1997). KHAN et al. (2000), after bolus
administration of a microbubble-based contrast

Fig.7.2.a Transcranial color Doppler in a healthy subject. An ineffective temporal bone window precludes the correct visualization
of circle of Willis. White arrow, middle cerebral artery; black arrow, anterior cerebral artery. b Injection of a microbubble-based
agent allows better visualization of the middle cerebral artery (white arrows) and both anterior cerebral arteries (black arrows).
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agent, found increasing peak systolic velocities in
the middle cerebral artery compared with baseline
velocities. For this reason, peak systolic velocities,
which were normal before the administration of
contrast material, could exceed a velocity threshold,
falsely suggesting abnormality. The reduction of
Doppler gain can easily compensate for this artifact
(PETRICK et al. 1997), even though it is necessary
to standardize gain reduction after microbubble-
based contrast agent administration. ALBRECHT
et al. (1998) investigated the effects of continuous
infusion of microbubble-based contrast agents, and
the infusion technique was found to result in a low
increase in peak systolic velocity that did not signifi-
cantly interfere with the use of current peak systolic
velocity thresholds.

In conclusion, when a bolus technique is used,
the effect of increasing velocity needs to be taken
into account if peak systolic velocity thresholds,
developed for disease detection at baseline scan, are
employed after microbubble injection. This techni-
cal artifact needs to be considered when velocity cri-
teria are employed in the classification of stenoses.

7.4
Brain Perfusion

Transcranial color Doppler US is able to identify
large vessels, but it cannot visualize small vessels or
vessels involved in parenchymal perfusion owing to
thereduced dimensions. The ability of US to measure
capillary blood flow and tissue perfusion by means
of microbubble-based contrast agents was improved
by the development of low-frequency scanners and
dedicated contrast-specific modes.

Studies by PosTERT et al. (1999b), FEDERLEIN
et al. (2000), and SEIDEL et al. (2000b) have dem-
onstrated the ability of second harmonic imaging
(BurNs 1996) to evaluate human brain perfusion
after microbubble injection, and destructive imag-
ing techniques are considered the most sensitive
tool. High pulse repetition frequency and wall fil-
ters are applied in loss of correlation imaging or
stimulated acoustic emission (SCHLACHETKI et al.
2001), harmonic B-mode imaging (POSTERT et al.
1999a; SEIDEL et al. 2003), pulse inversion harmonic
imaging (EYDING et al. 2003a), contrast burst imag-
ing, and time varianceimaging (POSTERT et al. 2000;
EYDING et al. 2003b).

Contrast burst imaging and time variance imag-
ing are derived from power Doppler, in which
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pulses are broadband with high acoustic power. The
changes in microbubble shape and size are reflected
in the amplitude and spectral energy distribution of
echoes, so that short sequences of six to ten pulses
per line can reveal the presence of microbubbles.
The changes are then detected as broadband noise
in the Doppler spectrum in contrast burst imaging
or as characteristic features of microbubbles using
dedicated algorithms in time variance imaging
(WILKENING et al. 1998).

7.4.1
Injection Techniques

Two main injection techniques are employed when
using microbubbles for perfusion measurements:
bolus administration and continuous administra-
tion.

a) Bolus administration. In bolus administration,
the contrast material is injected over a few seconds,
modifying imaging and the time-intensity curve.
This technique was developed for perfusion mea-
surement for ultrafast CT (AXEL 1980; GOBBEL et
al. 1991) and was adapted for US imaging. The mean
duration of diagnostically adequate enhancement is
dose dependent and ranges from 73 to 368 s (TOTARO
et al. 2002). Color Doppler US is compromised by
blooming artifacts: the vessels appear large or merge
if near each other, requiring down-regulation of the
gain settings. B-mode imaging shows an increase
in intensity in the circle of Willis and, after some
seconds, in the parenchymal tissue. In the bolus
approach, the time-intensity curve reaches maxi-
mum intensity, and a typical mono-exponential
washout is delineated: a rapid increase in contrast
enhancement is followed by a short peak of strong
enhancement with a subsequent slow exponential
fall-off, explained by the normal degradation of
the microbubbles, within a few minutes (OTis et al.
1995; SCHMINKE et al. 2001). This kinetics approach
allows the calculation of values like peak intensity,
time to peak intensity, and peak width. With this
approach it is often necessary to perform several
injections of contrast material in order to achieve an
adequate duration of diagnostic enhancement.

b) Continuous administration by slow infusion.
Microbubbles are administered intravenously, using
a specially configured infusion pump, at a constant
rate. Microbubbles are destroyed by high acoustic
power and, subsequently, nondestructive imaging is
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used to observe the slow refilling of the microcircle.
Constant administration should therefore lead to a
steady-state concentration in the blood pool at a level
lasting over 10 min and therefore useful for diagno-
sis. Microbubbles are destroyed in the insonation
plane, while new microbubbles progressively fill the
insonated parenchymal volume, depending on the
time interval between two destructive pulses. Assum-
ing that the microbubble concentration in the tissue
is related to the intensity of scattered US, the inten-
sity is related to the velocity of the contrast agent in
the microcirculation. SEIDEL et al. (2001) and SEIDEL
and MEYER (2002) demonstrated in their studies that
assessment of cerebral microcirculation is possible
by analyzing the refill kinetics after microbubble
destruction.

A sufficiently extended period of enhancement
is often required, and continuous intravenous infu-
sion is a suitable solution (ALBRECHT et al. 1998;
HoLsHER et al. 2001; ToTARO et al. 2002). Continu-
ous infusion of contrast could further optimize
three-dimensional (3D) reconstruction of power
Doppler frames which provides spatial orientation
of the intracranial vessels, thereby improving the
detection of stenoses, intracranial aneurysms, and
angiomas (DELCKER and TEGELER 1998; SCHMINKE
et al. 2000).

7.4.2
Data Acquisition and Processing Technique

Perfusion study is based on a dynamic data acquisi-
tion after bolus injection. At the end of the examina-
tion, a region of interest (ROI) is selected. ROIs are
most commonly placed over the basal nuclei (i.e.,
lentiform nucleus), thalamus, white matter, corti-
cal structures, and principal arteries. Time-inten-
sity curves are calculated by proprietary dedicated
software. POSTERT et al. (1998) and FEDERLEIN et al.
(2000) described three characteristic phases in time-
intensity curves: (1) a baseline period before contrast
agent administration, (2) a sudden acoustic intensity
peak increase, and (3) a slow decrease in acoustic
intensity (Fig.7.3). The curves obtained are influ-
enced by microbubble destruction and by the use of
high concentrations of microbubbles (EYDING et al.
2002). Several time-intensity curve parameters were
studied: peak intensity, time to peak intensity, peak
width, area under the curve, and peak intensity/time
to peak intensity ratio (positive gradient).

The main disadvantage of all US techniques is that
physical properties, such as the nonlinear relation-
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Fig.7.3. a Time-intensity curve measured in a healthy subject,
with the different phases of contrast enhancement after micro-
bubble injection. b Corresponding gray-scale appearance of
the brain. I baseline, 2, 3 30-40 s after microbubble injection
with increase in acoustic intensity, 4-6 progressive decrease
in acoustic intensity.

ship between microbubble concentration and optic
intensities (WIENCEK et al. 1993) and the depth-
dependent attenuation of the received harmonic sig-
nals, makes absolute quantification of peak intensi-
ties impossible (EYDING et al. 2003a; HARRER and
KrotzscH 2002). In all studies the peak intensity
showed wide variation and depth-dependent dif-
ferences, with higher intensities in the region closer
to the probe. EYDING et al. (2003a) showed no sig-
nificant differences between gray and white matter
regions for time to peak intensity.

Even though time to peak intensity is influenced
by various factors such as heart rate, heart ejection
fraction, and position of the venous cannula, its
potential to demonstrate hemodynamic impairment
of cerebral perfusion in acute stroke conditions has
been shown in perfusion-MR imaging (NEUMANN-
HAEFELIN et al. 1999). MEVEs et al. (2002), in a
comparison between US and perfusion-MR exami-
nations, demonstrated that time to peak intensity
and peak width provide reliable parameters in US
perfusion examinations because they are not depth-
dependent parameters. Finally, area under curve
and positive gradient showed a large intra- and
inter-individual variation which could have been
the result of different insonation conditions.

As previously demonstrated (POSTERT et al. 2000;
SEIDEL et al. 2000a), these parameters can be evalu-
ated only qualitatively, because of specific physical
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properties such as depth-dependent attenuation of
the US signals, heterogeneous temporal bone window,
and nonlinear relation between echo contrast con-
centration and video intensity (Bos et al. 1995).

7.5
Stroke

Cerebrovascular disease is the third most frequent
cause of death after cardiovascular disease and
cancer. It is possible to classify three kinds of major
vascular attacks: (1) ischemic stroke, (2) hemor-
rhagic stroke, and (3) subarachnoid hemorrhage.

Ischemic stroke can be occlusive or nonocclusive.
Occlusive causes can be divided into embolic cardio-
vascular, vascular atherothrombotic, and nonath-
erothrombotic, such as arteritis. Nonocclusive, or
hemodynamic, stroke is caused by a critical reduc-
tion in the cerebral perfusion pressure that can be
worsened by stenotic arteries (BoNAvITA et al. 1996).
Arterial lesions preferentially involve carotid arter-
ies in white people, and intracranial large arteries
in patients of Asian, African, or Hispanic ancestry
(WonG et al. 2000). Early identification of the occlu-
sive artery allows a reduction in mortality and mor-
bidity, and aggressive treatment such as fibrinoly-
sis has been developed and has proved effective in
improving outcome (GAHN et al. 2001).

MR imaging may show both vascular occlusion
and the mismatch between necrosis and ischemic
zone (GAHN and voN KuMMER 2001). If MR imaging
is not available within 24 h, evaluation is based on
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CT, which provides information exclusively about
parenchymal ischemic damage (voN KUMMER and
WEBER 1997).

Transcranial contrast-enhanced color Doppler
US can fill the diagnostic vascular gap owing to
the potential improvement in identification of the
circle of Willis collateral pathways (GAHN and voN
KuMMER 2001). Koga etal. (2002) showed that unen-
hanced transcranial color Doppler US is able to visu-
alize normal basilar artery flow through the trans-
foraminal window in only 76.4% of the patients, and
that use of a contrast agent can improve its detection
to 98.2% (Fig. 7.4a,b).

7.5.1
Arterial Occlusion

Diagnostic criteria of middle cerebral artery occlu-
sion are: (1) missing or discontinued color-coded
signal of the middle cerebral artery and lack of
pulsed-wave Doppler signal; (2) detection of the
anterior cerebral artery, the posterior cerebral artery,
or both vessels of the affected side; (3) visualization
of the middle cerebral artery on the contralateral
side (POSTERT et al. 1999a). In cases of suspected
middle cerebral artery occlusion, if the vessels of the
circle of Willis can be accounted for except for the
middle cerebral artery, the findings are essentially
pathognomonic of middle cerebral artery occlusion
(GAHN et al. 2000).

Finally, contrast-enhanced transcranial color
Doppler US shows a sensitivity and specificity of
about 100% and 83%, respectively, in the detec-

Fig. 74. a A 47-year-old patient.
CT scan of the brain shows a large
hypodense area involving the tem-
poral lobe. b Trans-cranial contrast-
enhanced US shows a hypovascular
region (arrow) surrounded by hyper-
echoic parenchyma corresponding
to reperfused cerebral areas.
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tion of middle cerebral artery occlusion, com-
pared with conventional angiography (SEIDEL and
MEYER 2002). POSTERT et al. (1999a), in a series of
90 patients, investigated the diagnostic potential of
contrast-enhanced transcranial color Doppler US
in patients with ischemia in the field of the middle
cerebral artery, and correlated these findings with
clinical, angiographic, and CT results. In territorial
middle cerebral artery infarctions, the size of the
ischemic lesions was correlated with a decrease in
flow velocities or middle cerebral artery occlusion
on the initial contrast-enhanced transcranial color
Doppler examination. In particular,largeinfarctions
(exceeding two-thirds of the middle cerebral artery
territory) and medium-sized infarctions (encom-
passing one- to two-thirds of the middle cerebral
artery territory) were associated with a middle cere-
bral artery occlusion or decreased flow velocities.
In those patients with a small infarction (less than
one-third of the middle cerebral artery territory),
lacunae, or no CT lesions, no middle cerebral artery
occlusions were found, and normal flow velocities
were observed in 75% of individuals.

In patients with extracranial artery occlusion,
contrast-enhanced transcranial color Doppler was
found to have a sensitivity and specificity of 92%
and 94%, respectively, for the detection of the intra-
cranial collateral pathways (DROSTE et al. 2000).

7.5.2
Arterial Stenosis

Diagnostic criteria for arterial stenosis are: (1)
identification of localized aliasing phenomena, (2)
poststenotic flow turbulence with decreased flow
velocities, and (3) local modification of flow charac-
teristics (BAUMGARTNER et al. 1999). Modification
of flow characteristics has been analyzed by several
authors. KLoTzscH et al. (2002) classified stenoses
according to whether luminal narrowing was less
or more than 50%. The cut-off value of minimal
peak velocities for stenoses of less than 50% and
more than 50% were, respectively: anterior cerebral
artery, 120 and 155 cm/s; middle cerebral artery, 155
and 220 cm/s; posterior cerebral artery, 100 and
145 cm/s; basilar artery, 100 and 140 cm/s.

ZUNKER et al. (2002) considered the following to
be US criteria for intracranial stenoses: a segmental
flow acceleration of 50% from baseline, a side dif-
ference of >30 cm/s (V,.,,) between corresponding
intracranial arteries, and absolute V. values of

mean
>80 cm/s for the middle cerebral artery and inter-
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nal carotid artery, >75 cm/s for the anterior cerebral
artery, >60 cm/s for the posterior cerebral artery,
and >65 cm/s for the basilar artery.

We must take into account that modifications of
peak systolic velocities, as compared with baseline,
are possible after contrast agent administration, as
found by KHAN et al. (2000). BAUMGARTNER et al.
(1997a) found that the peak systolic velocity cut-
off values used for contrast-enhanced transcranial
color Doppler diagnosis of stenosis are 23% higher
than those used for nonenhanced investigations.

Identification of intracranial pathways via the
anterior or posterior communicating artery showed
a sensitivity of 89% and a specificity of 79% for
contrast-enhanced transcranial color Doppler as
compared with angiography (GAHN et al. 2001) in
patients with extracranial stenoses.

7.6
Arteriovenous Malformations

Vascular malformations of the brain have been clas-
sified by RusseL and RUBINSTEIN (1989) into four
major pathologic types: arteriovenous malforma-
tions, cavernous angioma, capillary telangiectasia,
and venous angioma. Arteriovenous malformations
represent the most common clinically symptom-
atic cerebrovascular malformation (PERRET and
NisHIOKA 1966). Arteriovenous malformations are
congenital anomalies of blood vessel development
that result from direct communication between
arterial and venous channels without an interven-
ing capillary network (KapLAN et al. 1961). The inci-
dence in the general population is approximately
0.14%. According to YASARGIL (1987), arteriovenous
malformations may be classified as small, medium-
sized, or large when the diameter is, respectively,
<2 cm, 2-4 cm, and >4 cm.

SPETZLER and MARTIN (1986) proposed a simple
scheme for grading intracranial arteriovenous mal-
formations in order to improve surgical planning,
based on the size of the nidus, the location of the
nidus, and the venous drainage pattern. The nidus
size is scored as small (<3 cm), medium (3-6 cm), or
large (>6 cm). Thelocation of the nidusis determined
to be within either eloquent regions (sensorimotor,
visual, or language cortex, internal capsule, thala-
mus, hypothalamus, brainstem, cerebellar pedun-
cles, and deep cerebellar nuclei: all with a score of
1) or noneloquent areas (score of 0). Venous drain-
age is classified as either superficial (score of 0), if
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drainage is entirely into the cortical venous system,
or deep (score of 1), if any or all drainage enters the
deep system. Based on these parameters, intracra-
nial arteriovenous malformations can be graded
from I to V (more surgically difficult lesions).

The most common initial symptom is related to
acuteintracranialhemorrhage,althoughlargerarterio-
venous malformations are more likely to present with
seizures (WALTIMO 1973). Intracranial hemorrhage is
most often intraparenchymal and occurs during the
second or third decade (BROWN et al. 1988; ONDRA et
al. 1990). According to HErRos and Korosue (1990),
data suggest a rate of hemorrhage in the range of 2-4%
per year. The long-term prognosis of untreated arterio-
venous malformations is unfavorable (VINUELA 1992).
Therefore surgery, radiosurgery, embolization, or a
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combination thereof is used to reduce morbidity and
mortality (STEINER et al. 1993).

Transcranial color Doppler US allows the direct
or indirect visualization of intracranial arteriove-
nous malformations by identifying the location and
the dominant feeding vessel (BAUMGARTNER et al.
1996; UGGOWITZER et al. 1999). In direct visualiza-
tion, transcranial color Doppler US shows the nidus
of arteriovenous malformations as a mixed color
area with a mosaic-like appearance in color mode
because of the convolution of vessels with different
flow directions (Z1PPER and Storz 2002) (Fig. 7.5a).
Moreover, transcranial color Doppler US can dem-
onstrate the principal feeding artery and the main
draining vein with pulsatile, low-resistance flow
within it (KREJzA et al. 2000) (Fig. 7.5b).

d

Fig. 7.5. a Control of large embolized arteriovenous malformation (AVM) involving parietal region of the brain. Transcranial
color Doppler shows the vessel loops in the AVM nidus as a mixed color area with a “mosaic-like appearance” MCA middle
cerebral artery. b Pulsed Doppler of a feeding artery makes it possible to identify high flow velocities and decreased pulsatility
and resistance indices. ¢ Contrast agent administration permits differentiation between the embolized (*) and the vascular zone
(arrow). d Corresponding MR image. The arteriovenous malformation (arrow) is clearly visualized.
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Several studies (e.g., MAsT et al. 1995; ZIPPER
and StorLz 2002) have shown an inverse correlation
between arteriovenous malformation size and peak
mean systolic velocity in the feeding arteries. Even
when a lesion cannot be visualized with transcra-
nial color Doppler, it might be assessed in terms of
hemodynamic differences. The indirect diagnostic
criteria are: increased peak systolic and end-dia-
stolic flow velocities, a low pulsatility in the feeding
arteries, and increased flow velocities in the drain-
ing veins. Hemodynamic parameters such as peak
systolic velocities and resistive index of the feeding
arteries must be compared with the values assessed
in the corresponding contralateral segment. How-
ever, MAsT et al. (1995) reported that unenhanced
transcranial color Doppler has limited sensitivity in
the detection of small lesions. In fact, the size of an
arteriovenous malformation is the main factor deter-
mining the volume of shunting, the flow velocity in
the feeders, and thus the frequency of sonographic
detection using hemodynamic criteria. Using these
criteria, most arteriovenous malformations with
a diameter of >2 cm, as well as about two-thirds
of those with a diameter of <2 cm can be detected
with transcranial color Doppler (BAUMGARTNER et
al. 1996). The authors of the latter study identified
79% of arteriovenous malformations due to detec-
tion of feeding arteries, visualizing all large and
medium-sized arteriovenous malformations. By
comparison, KLotzscH et al. (1995) revealed 71% of
arteriovenous malformations and their main feed-
ers with transcranial color Doppler. Unfortunately
in 20-30% of patients undergoing transcranial color
Doppler, insufficient acoustic properties are respon-
sible for inconclusive examinations (UGGOWITZER
et al. 1999).

An insufficient signal-to-noise ratio is the prin-
cipal indication for the application of microbubble-
based contrast agents in intracranial investiga-
tions with sonography (SEIDEL and MEYER 2002).
UGGOWITZER et al. (1999) found contrast-enhanced
transcranial color Doppler to have a sensitivity of
92% in the detection of arteriovenous malforma-
tions. UGGOWITZER et al. (1999) correctly identified
the location and the dominant arterial feeder of the
lesions but slightly underestimated the size of mal-
formations. In particular, they observed that use of
a microbubble-based contrast agent resulted in a
diagnostic improvement in the detection of small
arteriovenous malformations (<2.5 cm) and lesions
located in areas difficult to insonate. Peak systolic
velocities values are significantly higher and resis-
tive index values are lower in the lesion’s feeding
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arteries than in the corresponding contralateral
vessel. However, markedly overlapping values, as
well as the possible occurrence of bilateral arterio-
venous malformations, make the use of side-to-side
differences in peak systolic velocity and resistive
index unadvisable as a diagnostic tool.

Nevertheless, sensitivity in the detection of arte-
riovenous malformations is strictly dependent on
their location, and in the case of arteriovenous mal-
formations located in the posterior fossa, the dif-
ferentiation of feeding arteries is unreliable because
of the close proximity of the vessels (KLoTzscH et
al. 2002). Scanning of supratentorial blood vessels
is considerably limited by the extent and site of the
temporal bone window, which limits the area of
insonation (SEIDEL and MEYER 2002).

Some authors, such as KrorzscH et al. (2002),
have suggested the use of transcranial color Dop-
pler as a screening method for arteriovenous mal-
formations in patients with cryptogenic intracranial
hemorrhage or frequent monomorphic migraine
attacks, even though a negative transcranial color
Doppler examination does not exclude arteriove-
nous malformations. Krejza et al. (2000) suggested
the use of transcranial color Doppler in screening
patients with intracerebral hematoma to detect pos-
sible underlying arteriovenous malformations and
thereby improve surgical planning.

In conclusion, there is no agreement as to the
most appropriate method for screening the general
population for cerebral arteriovenous malforma-
tions. Transcranial color Doppler would be useful
as a noninvasive monitoring system for follow-up
examinations during stepwise treatment of arterio-
venous malformations (PETTY et al. 1990; DIEHL et
al. 1994).

Contrast-enhanced transcranial color Doppler US
seems to be a promising technique for the diagnosis,
assessment, localization, and follow-up of arterio-
venous malformations (Fig. 7.5¢,d). However, unfa-
vorable lesion location and an insufficient acoustic
window currently limit the role of this method, and
further investigation is needed.

7.7
Aneurysms

RINKEL et al. (1998) in a systematic review, reported
that the prevalence of unruptured intracranial aneu-
rysms varies between 3.6% and 6%. Their incidence
increases in patients over 30, and they are more
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commoninwomen. Accordingtothe INTERNATIONAL
STUDY OF UNRUPTURED INTRACRANIAL ANEURYSM
INVESTIGATORS (1998), the rupture rate of small
aneurysms is only 0.05% per year in patients with no
prior clinical history of subarachnoid hemorrhage,
and 0.5% per year for large aneurysms (>1 cm diam-
eter) and for all aneurysms with previous subarach-
noid hemorrhage. WarRDLAW and WHITE (2000)
classified cerebral aneurysms as follows: (1) symp-
tomatic aneurysms, i.e., those causing subarachnoid
hemorrhage following rupture or symptoms due to
a space-occupying effect; (2) asymptomatic aneu-
rysms, i.e., additional aneurysms found in patients
with a symptomatic aneurysm which are not respon-
sible for the clinical presentation, or aneurysms
found in patients investigated because they are at
risk; and (3) incidental aneurysms, i.e., those found
unexpectedly in patients undergoing investigation
for other suspected pathology. Aneurysm location
varies in the studies reported. TURNER et al. (2003)
found aneurysms in the posterior circulation in 58%
of patients, while BONILHA et al. (2001) and FORGET
et al. (2001) reported 73% of aneurysms to occur in
the anterior circulation. In recent years, there has
been increasing interest in the possibility of detec-
tion and treatment of intracranial aneurysms prior
to rupture.

The gold standard for identification ofanintracra-
nial aneurysm is digital subtraction angiography, as
reported by MAYBERG et al. (1994). However, digital
subtraction angiography is invasive, costly and car-
ries the risk of complications. For these reasons, it is
unsuitable as a screening test. In recent years there
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has been increasing interest in the use of noninva-
sive imaging methods, such as magnetic resonance
imaging, computer tomography, and transcranial
color Doppler US, for the diagnosis of intracranial
aneurysms (WARDLAW and WHITE 2000).

Typically, transcranial color Doppler US depicts
aneurysms as round or oval structures originat-
ing from arterial segments with zones of opposite
flow direction within the structure (coffee-bean
shape) (Z1ppPER and StoLz 2002). After microbubble
administration, the aneurysm becomes visible as
an area of increased echogenicity (GAILLOUD et al.
2002) (Fig 7.6). WARDLAW and WHITE (2000), using
color Doppler and power Doppler US, found an
overall sensitivity of 80% and a specificity of 87.5%
for aneurysm detection, and sensitivity increased to
91% in patients who had an adequate bone temporal
window. The use of microbubble-based agents and
3D US may improve accuracy in aneurysm detec-
tion. KLoTzscH et al. (1999) reported a sensitivity
of 87% and a specificity of 100% in a series of 30
patients with aneurysms ranging in diameter from
3 to 16 mm.

The reported sensitivities and specificities must
be interpreted with caution, however; in fact, pub-
lication bias could be present: studies showing a
greater accuracy are more likely to be submitted
and published than those showing a poorer accu-
racy. Contrast-enhanced transcranial color Dop-
pler US offers a noninvasive method for monitoring
progressive intra-aneurysmal thrombosis following
coil embolization and for follow-up of patients with
untreatable fusiform aneurysms. Using combined

Fig. 7.6. a Transverse plane. Contrast-enhanced transcranial color Doppler reveals a large aneurysm (arrow) of the middle
cerebral artery. b Corresponding MR image. The cerebral aneurysm (arrow) is clearly visualized.
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contrast-enhanced and non-contrast-enhanced
transcranial color Doppler, TURNER et al. (2003)
studied 46 patients with intracranial aneurysms
treated with coils. They identified aneurysms with
complete occlusion with a sensitivity of 95% and a
specificity of 84%; aneurysms with minimal resid-
ual flow with a sensitivity of 40% and a specificity of
97%; aneurysms with moderate residual flow with
a sensitivity of 100% and a specificity of 95%j; and
extensive residual flow with a sensitivity of 96% and
a specificity of 100%.

Contrast-enhanced transcranial color Doppler US
is a promising modality for the evaluation of intracra-
nial aneurysms, for screening the general population
or first-degree relatives of subarachnoid hemorrhage
patients, for surveillance of coiled aneurysms, or as
an imaging technique for follow-up examinations.
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8.1
Introduction
According to clinical trials in symptomatic
(NORTH AMERICAN SYMPTOMATIC CAROTID

ENDARTERECTOMY TRIAL COLLABORATORS 1991) or
asymptomatic patients (EXECUTIVE COMMITTEE FOR
THE ASYMPTOMATIC CAROTID ATHEROSCLEROSIS
STUDY 1995), the prevalence of significant (>50%)
stenosis of the carotid bifurcation in symptom-
atic patients is 18-20%, while that in asymptom-
atic patients referred for carotid imaging is 14%.
The prevalence of internal carotid artery disease
(GRANT et al. 2003) in the asymptomatic group,
therefore, approaches that found in symptomatic
patients. Both the above-mentioned studies proved
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the benefit of carotid endarterectomy in patients
with severe symptomatic carotid artery stenosis.
Recent publications have demonstrated that sub-
groups of patients with a 50%-69% stenosis may
also expect a small benefit from carotid endarter-
ectomy (EUROPEAN CAROTID SURGERY TRIALISTS’
COLLABORATIVE GROUP 1991).

Color Doppler ultrasound (US) has dramatically
increased the accuracy and feasibility of US carotid
examination and is now the screening examination
of choice in the detection of extracranial carotid
artery stenosis (GRANT et al. 2003). Considerable
gains have been made in the quality of US exami-
nations of the carotid arteries, such as improved
gray-scale resolution due to use of speckle-reducing
modes, tissue harmonic and compound imaging,
and Doppler methods with improved sensitivity to
slow flows. Nevertheless, color Doppler US is nondi-
agnostic in a small but significant number of cases.
The more frequent causes of nondiagnostic color
Doppler US are borderline stenosis or preocclusive
internal carotid artery stenosis.

Intra-arterial digital subtraction angiography
(DSA) is considered the reference procedure in the
assessment of carotid stenosis, and DSA has become
the standard of reference for selecting patients for
carotid surgery (NEDERKORN et al. 2003). However,
DSA has several drawbacks, e.g., patient discomfort,
its invasive nature, and the risk of complications.
According to previous reports there is a 4% risk
of transient ischemic attack or minor stroke, a 1%
risk of major stroke, and even a small (<1%) risk of
death (HANKEY et al. 1990; DaviEs and HUMPHREY
1993). Therefore, noninvasive or minimally invasive
techniques such as three-dimensional (3D) time-of-
flight (TOF) magnetic resonance (MR) angiography
and contrast-enhanced MR angiography (Back et al.
2000; NEDERKORN et al. 2003) are increasingly being
used as supplements to duplex US in the diagnosis of
carotid artery stenosis. Recently, contrast-enhanced
US, performed after the injection of a microbubble-
based agent, has been proposed for the assessment
of carotid artery stenosis (Kono et al. 2004).
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8.2
Carotid and Vertebrobasilar Color Doppler US

The NASCET (1991) and ECST trials (1991) showed
the strong benefit of endarterectomy in appropriate
symptomatic patients with 70-90% internal carotid
artery stenoses. In the NASCET method, the small-
est internal carotid artery lumen diameter is com-
pared to the distal internal carotid artery diameter,
while in ECST the smallest internal carotid artery
lumen diameter is compared with the estimated
lumen diameter of the normal carotid bulb.
Numerous imaging and Doppler parameters are
currently used at various laboratories for the evalu-
ation of internal carotid artery stenosis, including
peak systolic velocity (PSV), end-diastolic veloc-
ity (EDV), the ratio of PSV of the internal and the
common carotid artery, EDV in the common carotid
artery, and the ratio of EDV in the internal and the
common carotid artery. The PSV measured in the
internal carotid artery stenosis and the presence of
plaque on gray-scale and/or color Doppler US are
the parameters that should be used when diagnosing
and grading stenosis (GRANT et al. 2003). The other
parameters may be employed when the PSV may not
be representative of the extent of disease owing to
technical or clinical factors such as the presence of
tandem lesions, contralateral high-grade stenosis,
discrepancy between visual assessment of plaque and
the PSV in the internal carotid artery, elevated veloc-
ity in the common carotid artery, hyperdynamic car-
diac state, or low cardiac output (GRANT et al. 2003).
Analysis of the spectral Doppler waveforms has
been successful in the detection of stenosis even
though this is an indirect method of evaluating the
degree of narrowing. Color and power Doppler US
provide angiographic-like images of the carotid
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arteries that help delineate the lumen but are lim-
ited by low temporal or spatial resolution, angle
dependence, and susceptibility to artifacts (Kono et
al. 2004). Although Doppler imaging is reasonable
in a number of situations, the represented flow and
the vessel wall do not overlap in conditions in which
flow is turbulent or disturbed by plaque or clot or
when vascular tortuosity is present. Furthermore,
regions of slow or small-volume flow, as occur in
very tight stenoses and long narrow channels, may
be invisible at Doppler imaging.

8.3
Contrast-Enhanced US of the Carotid Arteries

Microbubble-based contrast agents may be imaged
by dedicated gray-scale contrast-specific modes
such as phase inversion or multipulse techniques.
The phase-inversion harmonic technique was found
to be superior to the second harmonic technique for
vascular imaging because of its higher spatial reso-
lution, more effective tissue suppression, and higher
sensitivity to flow (STEINBACH 1999).

Gray-scale filling of vessels with a microbubble-
based agent was shown to be more reliable and more
accurate than filling of vessels with color Doppler
signal both in vitro and in an animal model (SIRLIN
et al. 2001), and in humans (MATTREY and KoNo
1999). The normal carotid bulb and the internal
and external carotid arteries (Fig. 8.1) are clearly
depicted by contrast-enhanced US, with accurate
delineation of the external and internal borders of
the carotid wall (Fig. 8.2).

High-frequency (5-10 MHz) linear-array trans-
ducers have to be employed to assess carotid arteries,

Fig.8.1. Contrast-enhanced US angiography of the normal carotid bulb. Contrast-tuned imaging (Esaote, Genoa, Italy) with a
high-frequency (3-10 MHz) linear transducer and low acoustic power insonation after the injection of sulfur hexafluoride-filled
microbubbles. The common carotid (CC), internal carotid (IC), and external carotid (EC) arteries are clearly depicted by enhanc-
ing the acoustic backscattering from blood. A moderately high acoustic power (mechanical index = 0.3) is employed to increase
the signal produced by microbubbles, in part from microbubble resonance and in part from microbubble destruction. However,
the increased insonation power results in incomplete suppression of the background signal from stationary tissues (arrow).
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Fig.8.2. Contrast-enhanced US angiography of the normal common carotid artery. Contrast-tuned imaging (Esaote, Genoa,
Italy) with a high-frequency (3-10 MHz) linear transducer and low acoustic power insonation after the injection of sulfur
hexafluoride-filled microbubbles. The vessel wall of the common carotid artery, at both the intimal and the adventitial side, is
accurately delineated by the enhanced acoustic backscattering from blood owing to the microbubbles.

including after the injection of microbubble-based
agents (Fig. 8.1). Nowadays, high-frequency linear-
array transducers display lower sensitivity to micro-
bubbleresonancethandolow-frequencycurved-array
transducers. This is because the resonance frequency
is related to the diameter of the microbubbles, and
most microbubbles present a resonance frequency
of around 3-3.7 MHz, which is closer to the center
frequency transmitted by low-frequency transducers
than to that transmitted by high-frequency trans-
ducers. Consequently, the insonation produced by a
high-frequency transducer results in the resonance
of fewer microbubbles with a smaller diameter, and
in the production of a lower signal. For these rea-
sons, in contrast-enhanced US of carotid arteries it
is reasonable to slightly increase the acoustic power
of insonation (e.g., mechanical index of 0.3-0.4) in
order to increase the signal, produced partly from
microbubble destruction and partly from microbub-

ble resonance. Nevertheless, this results in an incom-
plete suppression of the background signal from the
stationary tissues (Fig. 8.1), which produce signal if
the acoustic power insonation presents a mechanical
index exceeding 0.15-0.2.

8.4
Advantages of Contrast-Enhanced US
Compared to Baseline Color Doppler US

8.4.1
Quantification of Internal Carotid Artery Stenosis

Correct quantification of the percentage reduction
in the carotid lumen by a plaque may be obtained by
contrast-enhanced US (Figs. 8.3, 8.4). Correct quan-
tification of internal carotid artery stenosis may be

Fig.8.3a,b. Contrast-enhanced US
angiography of a fibrous plaque (p) in
the carotid bulb. Baseline US (a) and
contrast-enhanced US (b) after the
injection of sulfur hexafluoride-filled
microbubbles. Longitudinal plane. The
residual lumen (arrows) of the vessel is
clearly depicted by the enhanced acous-
tic backscattering from blood owing to
the microbubbles. CC common carotid
artery, IC internal carotid artery.
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Fig.8.4a,b. Contrast-enhanced US angiography of a fibrous plaque (p) in the carotid bulb. Baseline color Doppler US (a) and
contrast-enhanced US (b) after the injection of sulfur hexafluoride-filled microbubbles. Axial plane. The residual lumen (arrows)
of the vessel is clearly delineated by both color Doppler US and contrast enhanced US.

achieved by means of contrast-enhanced US after
microbubble injection. According to the NASCET
method (1991), the smallest internal carotid artery
lumen diameter at the stenosis level is compared to
the distal internal carotid artery diameter (Figs. 8.5,
8.6). Significant agreement has been shown between
contrast-enhanced US and intra-arterial digital sub-
traction angiography in the quantification of inter-
nal carotid artery stenosis (Kono et al. 2004).

The ability to visualize the entire internal carotid
artery lumen allows the accurate depiction of steno-
ses, with percentage stenosis values that are highly
correlated with those obtained using conventional
DSA (Kono et al. 2004). Furthermore, because US
images also show the outer wall, the full thickness of
the plaque is displayed (Fig. 8.4), which allows accu-
rate monitoring of disease regression or progression
(SIRLIN et al. 2001).

The ability to depict the outer and inner mar-
gins in the transverse plane allows the measure-
ment of percentage area reduction at the point
of maximal narrowing. Percentage area narrow-
ing values are more reliable than the percentage
diameter stenosis because they are measured
at the point of interest rather than at the distal
vessel, where findings may or may not be normal
(Kono et al. 2004). Furthermore, because steno-
ses can be eccentric, one would expect them to be
more accurately measured on two-dimensional
projections, as has been demonstrated by ex vivo
measurements of resected carotid plaque at MR
imaging (Kono et al. 2004).

The principal application of contrast-enhanced
USin carotid artery disease is in differentiating tight
stenoses from complete occlusion (Fig. 8.7). In par-

ticular, regions of slow flow or small-volume flow,
such as channels in recanalized clots or very tight
preocclusive stenoses, may not be identified by Dop-
pler but are clearly depicted by contrast-enhanced
US due to its higher spatial and time resolution
(SIRLIN et al. 1997). The correct differentiation of
a preocclusive internal carotid artery stenosis from
internal carotid artery occlusion is of fundamental
importance for the decision on whether to adopt a
surgical or a conservative approach.

8.4.2
Assessment of the Distal Internal Carotid Artery

Contrast-enhanced US also allows more effective
assessment of the distal part of the internal carotid
artery in comparison with color Doppler US. In
particular, the part of the internal carotid artery
immediately outside the cranium may be effectively
assessed by contrast-enhanced US (Fig.8.5¢,d).
Although contrast-enhanced US is not impaired by
artifacts, such as the blooming that occurs in color
Doppler US, acoustic shadowing or signal attenua-
tion may be identified if a large dose of microbubbles
has been employed (Kono et al. 2004).

8.4.3
Characterization of Atherosclerotic Plaques and
Detection of Carotid Plaque Ulceration

Color Doppler US does not allow correct assessment
of the surface of thrombotic atherosclerotic plaques
owing to the limited spatial resolution, the presence
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Fig.8.5a-f. Improvement in the assessment of internal carotid artery stenosis and of the distal arterial segment by contrast-
enhanced US in comparison with baseline color Doppler US. a Baseline power Doppler US does not allow accurate assessment
of the right internal carotid (IC) artery stenosis (arrows) for the presence of a fibrocalcific plaque in the carotid bulb. b Con-
trast-enhanced US after the injection of sulfur hexafluoride-filled microbubbles allows assessment of the residual lumen of
the internal carotid artery. Quantitation of internal carotid artery stenosis is performed by comparing the smallest diameter
(arrows) of the arterial stenotic segment to the diameter of the distal internal carotid artery (arrowheads) according to the
NASCET method (about 60% stenosis). c Baseline color Doppler US does not allow evaluation of the right internal carotid artery
segment (arrows) distal to the fibrocalcific plaque in the bulb. d Contrast-enhanced US clearly depicts the distal internal carotid
artery, revealing normal patency. e, f Right lateral (e) and oblique (f) intra-arterial digital subtraction angiography confirms the
stenosis (about 60%) (arrow). CC common carotid artery, EC external carotid artery.
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Fig.8.6a-f. Further examples of improvement in the assessment of internal carotid artery stenosis and of the distal arterial
segment by contrast-enhanced US in comparison with baseline color Doppler US. a Baseline power Doppler US does not allow
assessment of the right internal carotid artery stenosis for the presence of a fibrocalcific plaque in the carotid bulb. Doppler
interrogation (Doppler volume) is possible exclusively downstream of the calcific plaque, revealing high peak systolic velocity
with spectral trace broadening. b Contrast-enhanced US after the injection of sulfur hexafluoride-filled microbubbles allows
assessment of the residual lumen (arrows) of the internal carotid artery. By comparing the internal carotid artery lumen diameter
at the stenosis (above) to the downstream internal carotid artery diameter (below), according to the NASCET method, the right
internal carotid artery stenosis is quantified as 90%. ¢ Lateral view of the right internal carotid artery on intra-arterial digital
subtraction angiography. The high-grade stenosis (90%) of right internal carotid artery (arrow) is confirmed. d Baseline color
Doppler US identifies a moderate stenosis caused by a fibrotic plaque in the left internal carotid artery (Doppler volume).
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continued Fig. 8.6. e Contrast-enhanced US allows a clear
depiction of the residual lumen of the left internal carotid
artery. The stenosis is quantified as 40%. f Lateral view of the
left internal carotid artery on intra-arterial digital subtrac-
tion angiography. The low-grade stenosis of the left internal
carotid artery (arrow) is confirmed.

Fig. 8.7a-d. Improvement in the assessment
of preocclusive internal carotid artery steno-
sis by contrast-enhanced US in comparison
with baseline color Doppler US. a Baseline
power Doppler US reveals a fibrous plaque
(arrow) in the right carotid bulb without
revealing the residual lumen of the internal
carotid (IC) artery. b Contrast-enhanced US
after the injection of sulfur hexafluoride-
filled microbubbles allows correct visualiza-
tion of the residual lumen of the internal
carotid artery (arrow), revealing a reduction
in the lumen diameter of about 90-95%. The
quantitation is performed by comparing the
smallest diameter (arrow) of the stenotic
segment to the diameter (arrowheads) of the
distal internal carotid artery according to
the NASCET method. ¢, d Right anteropos-
terior (c) and laterolateral (d) intra-arterial
digital subtraction angiography confirms
preocclusive internal carotid artery stenosis
(about 95%) (arrow).
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Fig. 8.8. a Baseline US reveals a fibrotic plaque in the right carotid bulb (arrow).b Contrast-enhanced US after injection of sulfur
hexafluoride-filled microbubbles reveals ulceration (arrowhead) in the plaque in the carotid bulb.

of artifacts and superimposition of color pixels at the
plaque borders. Nowadays, contrast-specific modes
offer high spatial resolution and permit the elimina-
tion of artifacts. For these reasons, the border of a
complicated plaque, such as an ulcerative or hemor-
rhagic plaque (Fig. 8.8), may be effectively identified
and characterized after microbubble injection.
Contrast-enhanced US can clearly depict plaque
ulcerations and recanalization not detected on Dop-
pler US images because of the effect of turbulence,
flow disturbance, or slow flow (KonNo et al. 2004).
Moreover, contrast-enhanced US has further advan-
tages over color Doppler US, such as independence
from the angle of incidence and absence of the tech-
nical parameters necessary for optimal filling of
vessels on color Doppler US (Koo et al. 2004).

8.5
Limitations of Contrast-Enhanced US in the
Assessment of Carotid Arteries

Contrast-enhanced US of the carotid arteries
does have various limitations. First, like color
Doppler US, contrast-enhanced US is of limited
value in the presence of grossly calcific plaque,
the only possible solution being to examine the
vessels before and after the acoustic shadowing
caused by the plaque. This limitation is obvious,
given that US transmission is almost completely
arrested behind a calcific interface, and severe
calcifications hinder full visualization of the
residual carotid lumen even in comparison with
color Doppler US (Figs. 8.9, 8.10).

Fig.8.9. Example of the limitations of contrast-enhanced US angiography in the presence of extensively calcified plaques
(arrows) of the carotid bulb. Contrast-tuned imaging (Esaote, Genoa, Italy) with a high-frequency (3-10 MHz) linear trans-
ducer and low acoustic power insonation after injection of sulfur hexafluoride-filled microbubbles. At the level of carotid blub,
the lumen of the vessel cannot be assessed owing to the posterior acoustic shadowing caused by the calcific component of the

plaque. CC common carotid artery, IC internal carotid artery.
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Fig. 8.10a-f. Further example of the limitations of contrast-enhanced US angiography in the presence of extensively calcified plaques
of the carotid bulb. a, b Contrast-enhanced US angiography after the injection of sulfur hexafluoride-filled microbubbles. The tight
stenosis of the left internal carotid artery (a) cannot be assessed owing to the posterior acoustic shadowing caused by the calcified
component of the plaque, while the distal tract of the internal carotid artery (arrows) is clearly depicted. The presence of a calcified
plaque in the right carotid bulb (b) resulted in posterior acoustic shadowing. ¢ Color Doppler US of the left internal carotid artery
with Doppler interrogation of the arterial segment immediately distal to the calcified plaque. The spectral broadening with an increase
in the peak systolic velocity reveals a tight stenosis (about 90%). d Color Doppler US of the right internal carotid artery with Doppler
interrogation. The regular Doppler trace allows exclusion of a significant stenosis. e, f Contrast-enhanced MR angiography confirms
a tight stenosis of the left internal carotid artery (arrow) and a nonstenosing plaque (arrowhead) in the right bulb.

Second, contrast-enhanced US cannot assess Third, dedicated contrast-specific modes have
velocimetric parameters related to the grade of to be employed after the injection of microbubble-
stenosis but only geometric parameters related to based agents. The use of contrast-enhanced color
carotid lumen reduction. Velocimetric parameters Doppler US is still not acceptable because of the
still have to be evaluated by Doppler interrogation presence of many artifacts, such as color blooming
of the vessels. and spike artifacts in the Doppler trace (Fig. 8.11).
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Fig.8.11a-c. Power Doppler US with Doppler interrogation of the internal carotid artery after microbubble injection reveals
spectral broadening with a markedly increased peak systolic velocity at the internal carotid artery. Extensive blooming arti-
facts, with color signal outside the vessel wall, are visible. Moreover, spike artifacts (arrows) from macrobubble aggregates or
microbubble collapse are identifiable in the spectral trace (c).

References

Back MR, Wilson JS, Rushing G et al (2000) Magnetic reso-
nance angiography is an accurate imaging adjunct to
duplex ultrasound scan in patient selection for carotid
endarterectomy. ] Vasc Surg 32:429-438

Davies KN, Humphrey PR (1993) Complications of cerebral
angiography in patients with symptomatic carotid terri-
tory ischaemia screened by carotid ultrasound. ] Neurol
Neurosurg Psychiatry 56:967-972

European Carotid Surgery Trialists’ Collaborative Group (1991)
MRC European Carotid Surgery Trial: interim results for
symptomatic patients with severe (70-99%) or with mild
(0-29%) carotid stenosis. Lancet 337:1235-1243

Executive Committee for the Asymptomatic Carotid Athero-
sclerosis Study (1995) Endarterectomy for asymptomatic
carotid artery stenosis. JAMA 273:1421-1428

Grant EG, Benson CB, Moneta GL et al (2003) Carotid artery
stenosis: gray-scale and Doppler US diagnosis - Society of
Radiologists in Ultrasound Consensus Conference. Radi-
ology 229:340-346

Hankey GJ, Warlow CP, Sellar R] (1990) Cerebral angiographic
risk in mild cerebrovascular disease. Stroke 21:209-222

Kono Y, Pinnell SP, Sirlin CB et al (2004) Carotid arteries:

contrast-enhanced US angiography - preliminary clinical
experience. Radiology 230:561-568

Mattrey RE Kono Y (1999) Contrast-specific imaging and poten-
tial vascular applications. Eur Radiol 9 [Suppl 3]:5353-5S358

Nederkoorn PJ, Elgersma OEH, van der Graaf Y et al (2003)
Carotid artery stenosis: accuracy of contrast-enhanced
MR angiography for diagnosis. Radiology 228:677-682

North American Symptomatic Carotid Endarterectomy Trial
collaborators (1991) Beneficial effect of carotid endarter-
ectomy in symptomatic patients with high-grade carotid
stenosis. N Engl ] Med 325:445-453

Sirlin CB, Steinbach GC, Girard MS et al (1997) Improved visu-
alization of the arterial luminal surface in replicas of dis-
eased human carotids using ultrasound contrast media. J
Ultrasound Med 16:562

Sirlin CB, Lee YZ, Girard MS et al (2001) Contrast-enhanced B-
mode US angiography in the assessment of experimental
in vivo and in vitro atherosclerotic disease. Acad Radiol
8:162-172

Steinbach GC (1999) Contrast-specific instrumentation and its
potential applications. In: Thomsen HS, Muller R, Mat-
trey RF (eds) Trends in contrast media. Medical radiol-
ogy: diagnostic imaging and radiation oncology series.
Springer, Berlin Heidelberg New York, pp 321-332



9 Detection of Endoleak After Endovascular
Abdominal Aortic Aneurysm Repair

EmivLio Quaia

CONTENTS

9.1 Introduction 111

9.2 Contrast-Enhanced US 112
References 114

9.1

Introduction

Endovascular abdominal aortic aneurysm repair is
considered an accepted alternative to standard open
surgery. Endoleaks are defined as areas of persistent
blood flow outside the lumen of the endograft after
endovascular aortic aneurysm repair, either within
the aneurysm sac or within connected vascular seg-
ments bypassed by the graft (WHITE et al. 1997).
Persistent leaks are associated with outflow vessels
that contribute to the patency of leaks (GORICH et al.
2000). The evidence of blood flow in the aneurysm sac
(perigraft leak or endoleak) is a meaningful predic-
tor of clinical outcome after successful endovascular
aneurysm repair (ROZENBLIT et al. 2003). Persistent
perigraft flow within an abdominal aortic aneurysm
remains the most common complication of endovas-
cular graft placement and is considered a failure of
the procedure since it is associated with aneurysm
enlargement and even rupture (VAN MARREWIJK
et al. 2002; CorRRIERE et al. 2004). The incidence
of endoleaks ranges from 5% to 65% (GREENBERG
2003; CORRIERE et al. 2004; DaLAINAS et al. 2004;
ENGELLAU et al. 2004; NaPoLI et al. 2004). Follow-
ing endovascular abdominal aortic aneurysm repair,
lifelong surveillance by imaging is required to iden-
tify leaks since patients with endoleak may require
additional endovascular interventions or conversion
to open repair (CORRIERE et al. 2004). No criteria cur-
rently exist for cessation or reduction in frequency of
screening imaging studies (CORRIERE et al. 2004).
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Endoleaks are classified into four types: type
I, failure to obtain a complete seal at a proximal
or distal graft attachment site; type II, retrograde
reconstitution of the excluded aneurysmal portion
of the aorta from collateral arterial branches, such
as lumbar and mesenteric artery branches (WHITE
et al. 1997); type III, graft disruption (WHITE et
al. 1997); and type IV, graft porosity (WHITE et al.
1998). Types III and IV are rarer than types I and
II. Type I and type III endoleaks are associated with
an increased risk of rupture of the aneurysm (BuTth
et al. 2003) and should be corrected, preferably by
endovascular means. If endovascular repair is not
possible, then open conversion should be consid-
ered. Type IV endoleak is also correlated with an
increased need for secondary interventions. These
types of endoleak need to be treated without delay,
and when no other possibilities are present, an open
conversion to eliminate the risk of rupture should
be considered. Small reconstitution type II endole-
aks do not pose an indication for urgent treatment
since many of them will occlude spontaneously
(GREENFIELD et al. 2002). However, they may not
be harmless, because there is a frequent association
with enlargement of aneurysm and reinterventions.
Intervention is primarily indicated if expansion of
the aneurysm is documented (BUTH et al. 2003).

Those cases of aneurysm enlargement in which
no cause is identified by imaging modalities have
been classified as endotension or type V endoleak
(WHITE et al. 1999; WHITE 2001; LIN et al. 2003).
They are caused by pressure transmission through
the thrombus at the attachment site or by very low
flow endoleak. The treatment of type V endoleak is
controversial.

Although color Doppler ultrasound (US) may
detect substantial perigraft leaks (GREENFIELD et
al. 2002; RaMAN et al. 2003), contrast-enhanced
computed tomography (CT) is considered the ref-
erence imaging procedure for detecting the origin
of the perigraft leak, the outflow vessels, and the
complications related to endoluminal treatment
of aortic aneurysms (GOLZARIAN et al. 1998, 2002;
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THURNHER and CEJNA 2002). Recently, contrast-
enhanced MR imaging has also been proposed for
the follow-up of endovascular abdominal aneurysm
repair (CEJNA et al. 2002; Ayuso et al. 2004; Ersoy
et al. 2004).

Examinations performed to screen patients
for endoleaks after stent graft placement com-
monly include contrast-enhanced CT angiography
(RozENBLIT et al. 2003). CT angiography is an oper-
ator-independent, reproducible examination and is
not limited by the presence of bowel gas, which is
often a problem for duplex US in the early postop-
erative period. Delayed scan at 2-3 min after injec-
tion of iodinated contrast agent improves endoleak
detection (RozeENBLIT et al. 2003). Recognized
limitations of serial CT angiographic examinations
include repeated radiation exposure, the need to use
intravenous contrast material with potential risk of
allergy and nephrotoxicity, the relatively high cost
(D’AUDDIFERET et al. 2001), and the impossibility of
depicting the velocity or direction of the blood flow
causing the endoleak.

Contrast-enhanced US has displayed good capa-
bilitiesinrevealingtheperigraftendoleak afterendo-
vascular repair of aortic aneurysm (McWILLIAMS et
al. 1999, 2002; A1ANTI et al. 2004; NaPoLI et al. 2004),
allowing identification of the blood flow direction
and providing information regarding the origin and
mechanisms of the endoleak.

9.2
Contrast-Enhanced US

From 20 to 25 s after microbubble-based agent injec-
tion, the entire aorta has to be scanned in both the
longitudinal and the transverse plane, from the
diaphragm to below the iliac limb attachment sites
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(NapoL1 et al. 2004). The limits of the endoluminal
graft are well identified after microbubble-based
agent injection (Fig. 9.1).

The presence of endoleak is identified through
the evidence of active staining of the aortic lumen
outside the graft after microbubble injection. This
may be identified at the proximal or the distal graft
attachment site (Fig. 9.2) or outside thelateral tract of
the aortic graft, through collateral arterial branches
or graft disruption or porosity (Fig. 9.3). As for con-
trast-enhanced CT (ROZENBLIT et al. 2003), delayed
scans at 2-4 min after microbubble injection may
improve endoleak detection (Fig. 9.3).

The main advantages of contrast-enhanced US
over CT are the absence of radiation exposure and
the avoidance of iodinated contrast agent injection
in patients who frequently present with a reduced
renal function. These are important advantages for
an imaging procedure which has to be employed in
lifelong follow-up, and the latter precludes the risk
of allergy and nephrotoxicity associated with iodin-
ated contrast agents. Moreover, contrast-enhanced
US is noninvasive and fast and has a higher tempo-
ral resolution (time required to produce an image)
and a higher sensitivity to the contrast material than
CT. Contrast-enhanced US also offers the possibil-
ity of detecting dynamically the origin of endoleak
if low transmit power insonation is employed. The
only limitation is that contrast-enhanced US can be
performed for the analysis of only one defined area
of the aneurysm with continuous imaging. If the site
of endoleak is not known at the time of scanning,
a second bolus of microbubble-based agent may be
required to image the aneurysm at a different level
(NapoL1 et al. 2004).

Because of its advantages, contrast-enhanced US
is becoming a very important diagnostic tool in the
evaluation of patients with suspected endoleak at
contrast-enhanced CT.
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Fig.9.1a,b. Normal endoluminal staining of the aortic graft (arrow) after microbubble-based agent injection at low acoustic
power insonation. In the longitudinal plane (a) the graft is represented in its aortic branch (arrow), while the transverse scan
(b) represents both branches (arrow) of the graft positioned in the common iliac arteries. an aneurysm.

Fig.9.2a-d. Evidence of endoleak through the distal graft attachment site of the endoluminal graft. Type I endoleak. a,b Con-
trast-enhanced US after the injection of sulfur hexafluoride-filled microbubbles. The graft (arrows) shows complete filling after
microbubble injection (a), and there is an endoleak at the level of the distal portion of the graft corresponding to the common
iliac arteries. ¢, d Contrast-enhanced CT confirms the US findings. Endoleak is identified in the distal portion of the aortic
aneurysm at the level of the common iliac arteries.
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Fig.9.3a-d. Type I endoleak: evidence of endoleak due to graft porosity. a Filling of the graft after microbubble injection (arrow).
b Evidence of endoleak via graft porosity 40 s after microbubble injection. ¢, d Endoleak becomes more evident on delayed scan
performed 2 min after microbubble injection.
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10.1
Introduction

Renal arterial stenosis, normally associated with
widespread atherosclerosis, may manifest in differ-
ent clinical situations and is the most frequent cause
of secondary hypertension. It may be a causal factor
in renovascular hypertension and renal insufficiency,
and it accounts for up to 15% of cases of chronic renal
failure. The documented prevalence of renal arterial
stenosis varies from 0.5% to over 20% and depends
on many factors, including the age of the patient and
the degree of investigation (BERGLUND et al. 1976).
Nevertheless, the prevalence of detected renal arte-
rial stenosis is likely to increase with the age of the
population and the widespread use of noninvasive
screening tests (HAVEY et al. 1985).

Renal artery stenosis is potentially curable with
percutaneous transluminal angioplasty, endovas-
cular stent placement, or surgical revasculariza-
tion. For this reason, many noninvasive imaging
methods have been applied to screen renal artery
stenosis. Although to date the definitive diagnosis
of renal arterial stenosis has been made by means of
intra-arterial digital subtraction angiography, color
Doppler ultrasound (US), helical computed tomo-
graphic (CT) angiography, captopril renography,
and magnetic resonance (MR) angiography have all

E. Quaia, MD

Assistant Professor of Radiology, Department of Radiology,
Cattinara Hospital, University of Trieste, Strada di Fiume 447,
34149 Trieste, Italy

been assessed in the diagnosis of renal arterial ste-
nosis. While these techniques have been reported to
have a sensitivity and specificity exceeding 90% in
selected cases, they all have limitations (DAVIDSON
and WiLcox 1992) and none of them fulfill the ideal
criteria of being noninvasive and cheap and having
a high sensitivity and high negative predictive value
(CorrEAs et al. 1999).

10.2
Baseline Color and Power Doppler US

The pathology of the renal artery (main or acces-
sory) includes stenosis and obstruction. The detec-
tion of renal artery stenosis usually arises from a
clinical or laboratory context in which the presence
of renovascular hypertension is strongly suspected.
Baseline color Doppler US is often employed as
the first-line procedure to detect renal artery ste-
nosis (CORREAS et al. 2003) in patients at risk for
renovascular hypertension. Doppler US is cheap,
easy to perform, widely available, and noninvasive
(CorrEAs et al. 1999). The diagnostic performance
of color Doppler US in renal artery stenosis relies
principally on perfect knowledge of the diagnostic
criteria and the limitations of the imaging proce-
dure (HELENON et al. 1998) and is operator depen-
dent (COoRREAS et al. 1999). A screening strategy
based on Doppler US appears to be cost-effective;
it decreases the number of diagnostic angiographic
procedures and increases the number of patients
with renovascular hypertension who can benefit
from an appropriate renovascularization procedure
(CorrEAs et al. 1999). Morphological findings at
color Doppler US of renal artery stenosis include
focal narrowing, thickening, and calcification of the
arterial wall, indicating an atherosclerotic lesion,
and a typical beady appearancein cases of fibromus-
cular dysplasia (CORREAS et al. 1999). Color Doppler
US was found to be effective in the identification
of renal artery aneurysm, arteriovenous fistula,
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and distal occlusive disease (HELENON et al. 1995).
Power Doppler US has a reduced angle dependence
compared to color Doppler and is usually employed
in technically challenging cases (HELENON et al.
1998). Moreover, power Doppler allows better mor-
phologic appreciation of atherosclerotic changes
in the renal artery wall, resulting in an improved
diagnostic performance especially in hemodynami-
cally nonsignificant plaques and in the differentia-
tion between subocclusive renal artery stenosis and
occlusion (HELENON et al. 1998).

There are two methods to identify renal artery
stenosis. The first method corresponds to Doppler
interrogation of the renal artery/arteries to detect
direct signs of stenosis, while the second is Doppler
assessment of the arterial waveform in intrarenal ves-
sels for the identification of abnormalities suggestive
of a more proximal stenosis involving the main renal
artery. It is appropriate to employ both methods of
evaluation to detect renal artery stenosis.

Velocimetric analysis of the Doppler trace derived
fromrenalarteriesis of primaryimportance toidentify
renal artery stenosis. Direct Doppler criteria have been
proposed for the detection of renal arterial stenosis,
including an increased peak systolic velocity (>150-
180 cm/s) and end-diastolic velocity at the level of the
stenosis (CORREAS et al. 1999; GRANT and MELANY
2001), post-stenotic flow disturbance resulting in
spectral broadening and reversed flow (CORREAS et al.
1999), increased ratio (=3.5) of peak systolic velocity
in the renal artery and aorta (renal-aortic ratio), and
presence of turbulence within the renal artery (DEs-
BERG et al. 1990; HELENON et al. 1995). Although this
technique is easy to perform, its accuracy is question-
able because thelack of an early systolic peak has alow
sensitivity for moderate stenoses, and the waveform is
dependent on the maintenance of vessel compliance,
which limits its effectiveness in elderly patients and
patients with atherosclerosis (BUDE et al. 1994; BUDE
and RuBIN 1995).

Downstream hemodynamic repercussions of
renal artery stenosis in the distal intrarenal arte-
rial bed may be identified by Doppler US and may
provide an indirect diagnosis of renal artery steno-
sis. Numerous parameters are still being debated
(CorREAS et al. 1999) except in cases of critical
stenosis (>80%). In fact, even though examination
of intraparenchymal arteries is technically easier
than evaluation of the main renal artery, Doppler
US findings in interlobar and arcuate renal cortical
arteries are less reliable than those at the stenotic
site. This is because downstream repercussions are
absent in 20% of cases of tight stenosis (>80%) of
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the main renal artery when there is a well-developed
collateral blood supply. When a hemodynamically
significant renal artery stenosis is present, the Dop-
pler trace measured at the poststenotic or intrarenal
part of the renal artery reveals a “tardus et parvus”
profile (STavros et al. 1992; BUDE et al. 1994), con-
sisting in an increased time to reach the peak of the
trace (acceleration time >70 ms) with loss of early
systolic peak and a decreased acceleration index
(<300 cm/s2). Poststenotic pulsus tardus is caused
by the compliance of the poststenotic vessel wall in
conjunction with the stenosis, which produces the
tardus effect by damping the high-frequency com-
ponents of the arterial waveform. This information
allows the identification of those conditions which
may produce false-positive or false-negative results
when the tardus phenomenon is used to predict
hemodynamically significant upstream stenosis
(BUDE et al. 1994). This happens in the loss of vas-
cular compliance in severe diffuse atherosclerosis,
which may prevent the tardus and parvus phenom-
enon decreasing the sensitivity of color Doppler US
(GRANT and MELANY 2001). Among the other find-
ings which may be observed in the intraparenchy-
mal arteries in the presence of renal artery stenosis
is a reduction in the resistive indices in interlobar
and arcuate renal cortical arteries, with an increased
side difference of more than 10% (CORREAS et al.
1999).

Color Doppler US shows a sensitivity of 84-89%
and a specificity of 97-99% for the detection of
renal artery stenosis or occlusion (HELENON et al.
1995; GRANT and MELANY 2001). Nevertheless, the
technical failure rate in evaluating renal artery is
high due to obesity, overlying bowel gas, respira-
tory motion, deep renal artery location, tortuosity
and number of renal arteries, and the presence of
nephropathy (CorREAs et al. 1999). Obesity and
overlying bowel gas are probably the most impor-
tant causes of unsuccessful examinations, account-
ing for 30-40% of the failures (BERLAND et al. 1990;
DESBERG et al. 1990).

10.3
Contrast-Enhanced US

New diagnostic opportunities have been created by
the increased sensitivity of the latest US equipment
and by microbubble-based contrast agents, which
improve the visualization of renal arteries. The
principal drawback of the use of contrast-enhanced



Renal Arteries

Doppler US to evaluate renal arteries is the frequent
presence of artifacts, with spectral Doppler disper-
sion, pseudo-acceleration of the peak systolic flow,
and blooming (CorRREAS et al. 2003). Slow intrave-
nous infusion (e.g., 1 ml/min) of the microbubbles
can be used to produce a flatter profile of the time-
concentration curve and thereby reduce artifacts at
Doppler analysis.

The main renal artery is often difficult to detect
on baseline color Doppler US owing to its perpen-
dicular position in relation to the sound and its
depth. The injection of microbubble-based contrast
agents improves the overall quality of the procedure
by increasing the visibility of the main renal artery

Fig. 10.1. Optimal visibility of the left renal artery on color
Doppler US after the injection of microbubble-based agents
both at the ostium (arrow) and in the middle portion (blue).
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(Figs. 10.1, 10.2) or the accessory renal arteries and
the signal to noise ratio in the spectral Doppler
analysis (CORREAS et al. 1999, 2003). Since acces-
sory renal arteries occur in up to 25% of patients
and may contain stenoses that result in renovascu-
lar hypertension (GRANT and MELANY 2001), the
visibility of these vessels is very important for com-
plete diagnostic work-up. Microbubble-based agents
allow more accurate placement of the pulsed Dop-
pler sample volume in the lumen of the main renal
artery (Fig. 10.3) and provide reliable angle-adjusted
velocity measurements (CORREAS et al. 1999).

Contrast-enhanced Doppler US significantly
improves the overall quality of the examination and
reduces the examination time in complex anatomi-
cal situations (Fig. 10.4) (CORREAS et al. 2003), e.g.,
in patients who are obese or in the presence of inter-
posing bowel gas. It also reduces the frequency of
technical failures, particularly in the juxtaostial and
middle segments of the main renal artery.

The results of a European multicenter study
(CLaupoN et al. 2000) showed that the number of
examinations with successful results increased fol-
lowing contrast-enhanced Doppler US examination,
including in patients with obesity (Fig. 10.4) or renal
dysfunction, and that diagnostic agreement between
Doppler US and intravenous digital subtraction angi-
ography in the diagnosis or exclusion of renal arterial
stenosis improved after the injection of microbubble-
based agents. Similarly, in another study the overall
diagnostic performance and reliability of color Dop-
pler US in the diagnosis of renal artery stenosis were
found to improve after microbubble-based agent
injection (Fig. 10.5) (GRANT and MELANY 2001).

Fig. 10.2a,b. Poor visibility of the right renal artery in a 75-year-old male patient. a Baseline color Doppler US does not allow sat-
isfactory visualization of the right renal artery (arrow). b The artery is visualized after injection of the microbubble-based agent.
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Fig. 10.3. a Microbubble-based agent injection allows correct
placement of the pulsed Doppler sample window (arrow) at
the lumen of the main renal artery. b Doppler trace is obtained
with a correct angle correction (arrow).
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Fig. 10.4.a The right renal artery (arrow) is incompletely visualized on baseline color Doppler US in an obese patient. b Micro-
bubble-based agent injection allows complete visualization of the main renal artery and correct placement of the Doppler
sample window (arrow).

Moreover, contrast-enhanced Doppler improves the
characterization of the lesions responsible for renal
artery stenosis, in particular in the diagnosis of arte-
rial fibrodysplasia (CORREAS et al. 2003).

The injection of microbubble-based agents
also increases confidence in the diagnosis of renal

obstruction (CORREAS et al. 2003) when no color
Doppler signal is identified around the renal ostium
or in the intrarenal vessels. Microbubble-based
agents may also improve the differentiation of par-
tial from complete occlusion of the main renal artery
(CorREAS et al. 1998).
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Fig. 10.5a,b. Improved visibility of renal artery stenosis. Baseline color Doppler US scan did not allow satisfactory visualization
of the stenotic right renal artery. a After injection of the microbubble-based agent, aliasing artifact (arrow) is observed at the
proximal segment of the right renal artery, with a slight increase in the peak systolic velocity (compared to the other side) and
spectral broadening of the Doppler trace. A 60% renal artery stenosis was shown at digital angiography. b The left renal artery
(arrow) is visualized by employing the same acoustic window as was employed to visualize the right renal artery.
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Introduction

Focal liver lesions may be identified incidentally,
e.g., during an abdominal ultrasound (US) scan per-
formed for clinical reasons unrelated to the liver
lesion or during staging or follow-up procedures for
a primary neoplasm or liver cirrhosis. Focal liver
lesions may be characterized by baseline gray-scale
US and color Doppler US when a typical pattern is
identified, as in the case of homogeneously hyper-
echoic hemangiomas (VILGRAIN et al. 2000) or focal
nodular hyperplasia with a spoke-wheel shaped cen-
tral vascular pattern on color Doppler US (WaNG
et al. 1997). Even though color Doppler US may
improve diagnostic confidence in the characteriza-
tion of focal liverlesions (TAYLOR et al. 1987; HOSTEN
etal. 1999a; TANAKA et al. 1990; NINo-MURCIA et al.
1992; NUMATA et al. 1993; REINHOLD et al. 1995; LEE
etal. 1996; GONZALEZ-ANON et al. 1999), it does have
important limitations since benign and malignant
lesions may show a similar appearance on both gray-
scale and color Doppler US.

It has been shown that the visibility of periph-
eral and intratumoral vessels may be improved on
color and power Doppler US after the injection of
microbubble-based contrast agents (HOSTEN et al.
1999b; KiMm et al. 1999; LEE et al. 2002; LEEN et al.
2002). Nevertheless, color signal saturation, motion
and blooming artifacts, insensitivity to the flow of
capillary vessels and limited sensitivity to the signal
produced by microbubble-based agents represent
important limitations of color Doppler US.

Microbubble-based contrast agents (GRAMIAK
and SHAH 1968) and dedicated US contrast-specific
modes were introduced to overcome the limita-
tions of baseline gray-scale and color Doppler US.
Air-, perfluorocarbon- or sulfur hexafluoride-filled
microbubbles may be employed to characterize focal
liver lesions, though the technique of scanning dif-
fers according to the employed agent.

Levovist (SH U 508A, Schering, Berlin, Germany)
is an air-filled microbubble contrast agent covered by
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a shell of galactose and palmitic acid. Since Levovist
presents a low acoustic nonlinear response and low
production of harmonic frequencies when insonated
atalowacoustic transmit power, insonation with high
acoustic power is necessary to produce microbubble
destruction with emission of a wideband frequency
signal detectable by dedicated contrast-specific tech-
niques. Destructive imaging requires intermittent
scanning and a limited number of sweeps to mini-
mize bubble rupture and, consequently, does not
allow prolonged evaluation of liver contrast enhance-
ment. In comparison with baseline US, the injection
of Levovist has been shown to allow the identification
of tumoral vessels, to differentiate benign and malig-
nant focal liver lesions according to the enhancement
pattern (BERTOLOTTO et al. 2000; BURNS et al. 2000;
Kim TK et al. 2000; WiLsoN et al. 2000; BLOMLEY
et al. 2001; NUMATA et al. 2001; DiLL-MACKY et al.
2002; voN HERBAY et al. 2002; Kim EA et al. 2003;
MIGALEDDU et al. 2004; WEN et al. 2004), and to
improve the characterization of focal liver lesions in
terms of both overall accuracy and diagnostic confi-
dence (TANAKA et al. 2001; IsozAKI et al. 2003; voN
HERBAY et al. 2002; BRYANT et al. 2004). The late
liver-specific phase of Levovist (BLOMLEY et al. 1998,
1999; Qua1a et al. 2002b), beginning from 3 to 5 min
after injection, has been demonstrated to be the most
important dynamic phase for the characterization of
focal liver lesions (BLOMLEY et al. 2001; BRYANT et
al. 2004). During the late phase, benign liver lesions
present similar microbubble uptake to the adjacent
liver, while malignant liver lesions present lower
microbubble uptake (BERTOLOTTO et al. 2000; BURNS
etal. 2000; BLOMLEY et al. 2001; BRYANT et al. 2004).

New generation perfluorocarbon- or sulfur hexa-
fluoride-filled microbubbles covered by a phospho-
lipid shell, such as SonoVue (BRI, Bracco, Milan,
Italy), Definity (MRX 115, Bristol-Myers Squibb,
North Billerica, MA, NY, USA), and Sonazoid
(NC100100, Nycomed Amersham, Oslo, Norway),
presentanonlinear response with production of har-
monic and subharmonic frequencies (SCHNEIDER
et al. 1995; MOREL et al. 2000; CoOrRREAS et al. 2000,
2001; CosGROVE et al. 2002) at low acoustic power
insonation, allowing the employment of nondestruc-
tive imaging and the real-time evaluation of con-
trast enhancement in focal liver lesions (ALBRECHT
et al. 2003; BRANNIGAN et al. 2004; NicoLAU et al.
2003a; HoHMANN et al. 2003; QuaIa et al. 2004).
Preliminary experimental and clinical investiga-
tions proved the safety and efficacy of SonoVue in
vascular and parenchymal diagnostic applications
(Qual1a et al. 2003, 2004).
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Besides commercial microbubble-based contrast
agents, direct intra-arterial CO, injection into the
proper hepatic artery after selective hepatic arteri-
ography and superior mesenteric arteriography has
been proposed for the assessment of vascularity in
hepatic tumors and particularly in hepatocellular
carcinoma (CHEN et al. 2002; Kupo et al. 1992).

11.2
Scanning Technique for Focal Hepatic
Lesions

11.2.1
Preliminary Baseline Scan

Before microbubble injection, sonologists must per-
form a complete and accurate assessment of the liver
parenchyma and of each identified focal liver lesion.
The baseline scan includes the assessment of lesion
appearance on gray-scale and color Doppler US,
with the employment of tissue harmonic imaging
and compound imaging (CLAUDON et al. 2002) and of
state-of-the-art US equipment provided by wideband
frequency transducers. Although tissue harmonic
imaging was originally developed for microbubble-
based contrast agents(BURNS et al. 1996; WARD et
al. 1997), it also allows a clear enhancement of the
image quality in native tissues. This is achieved by
improvement of contrast resolution, particularly in
patients who are difficult to image with conventional
techniques, by reduction of the artifacts that degrade
conventional sonograms, and by improvement in the
differentiation between solid and liquid components.
Compound imaging may combine multiple coronal
images obtained from different spatial orientations,
i.e., spatial compound imaging (JESPERSEN et al.
1998), or may involve the acquisition of images of
the same object at different frequencies, combining
them into a single image, i.e., frequency compound
imaging (GATENBY et al. 1989). The result is the
generation of a single image with better delineated
margins and curved surfaces, fewer image artifacts,
speckles (echoes from subresonation scatterers), and
noise, and improved image contrast.

Baseline color Doppler US is performed by using
slow-flow settings (pulse repetition frequency 800-
1,500 Hz, wall filter of 50 Hz, high levels of color
versus echo priority, and color persistence). Color
gain is varied dynamically during the examina-
tion to enhance color signals and avoid excessive
noise, with the size of the color box being adjusted
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to include the entire lesion in the field of view of the
color image. Spectral analysis of central and periph-
eral vessels is performed by pulsed Doppler to reveal
continuous venous or pulsatile arterial flows.

11.2.2
Scanning Modes After Microbubble Injection

Two different insonation modes, destructive and
nondestructive, may be employed after micro-
bubble injection according to the acoustic power
output, which is related to the employed mechani-
cal index (MI) value. The MI value is a practical
index to express the intensity of the acoustic field,
even though it is an unreliable predictor of micro-
bubble destruction, since the same MI value cor-
responds to different powers of the transmitted US
beam in different US systems (MERRITT et al. 2000).
The destructive mode has to be performed using
the highest available MI to achieve extensive bubble
rupture and production of a wideband frequency
signal.
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a) Destructive high acoustic power intermittent
mode. This technique employs high acoustic power
insonation to achieve microbubble destruction
with emission of a transitory broadband frequency
signal. It is suitable for agents with a late liver-spe-
cific postvascular phase, such as Levovist (BLOMLEY
et al. 1998, 2001; Quaia et al. 2002b) and Sonavist
(SH U563 A, Schering AG, Berlin, Germany), because
it allows effective assessment and characterization
of focalliver lesions during the late phase: malignant
liver lesions typically do not retain microbubbles
while benign lesions present persistent microbubble
uptake (BLOMLEY et al. 1998; BRYANT et al. 2004).
To minimize microbubble rupture, destructive
imaging requires intermittent scanning and a lim-
ited number of sweeps. Moreover, the high acoustic
power of insonation produces a marked mixture
of tissue harmonics and microbubble harmonics
(CosGROVE et al. 2002), with production of a signifi-
cant tissue background on which the bubble signal
is superimposed.

Intermittent scanning may be manually or ECG
triggered or it may be turned on simply by defreez-

A
| | | |
1 30 sec 60 sec 90 sec 120 sec
arterial
phase
portal
phase
injection late
phase

Fig. 11.1. Scheme of intermittent high acoustic power insonation for the characterization of focal liver lesions. Different trains
of four high acoustic power US pulses are sent during the arterial, portal, and late phases. During the arterial phase, which is
brief, a single train is transmitted. During the portal and late phases, which are longer than the arterial phase, two trains for

each phase may be transmitted.
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ing imaging for 1-2 s. Different trains with four to
six high acoustic power US pulses may be employed
(Fig. 11.1). The gray-scale gain is set immediately
below the noise threshold, with one focal zone posi-
tioned just below the lesion. The delay time between
the first and second destructive pulses of each
train, corresponding to 110-140 ms (0.110-0.140's
= 1/frame rate = 1/7-1/9), is long enough to allow
bubble refilling in large tumor vessels with fast flow
but too brief to allow refilling in tumoral capillary
and microvessels with slow flows. Since bubbles are
rapidly destroyed from the first to the second frame,
altering image contrast from a fractional blood
volume-weighted image (first frame, Fig. 11.2) to a
fractional blood flow-weighted image (second and
subsequent frames, Fig. 11.2), the first frame repre-
sents both large and small tumor vessels and shows
the pattern of contrast enhancement, while the
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second frame selectively represents large arterial/
venous vessels with fast flow and permits assess-
ment of tumor vessel appearance and distribution.
The following two frames obtained from each train
do not add any significant findings; they appear
very similar to the second frame and are character-
ized only by a progressive reduction in bubble con-
tent due to bubble rupture.

b) Nondestructive low acoustic power continuous
mode. This mode of insonation was allowed by the
introduction of a new generation of perfluorocar-
bon- or sulfur hexafluoride-filled microbubbles and
of multipulse scanning modes showing increased
sensitivity to the nonlinear harmonic responses of
the microbubbles and more effective suppression
of tissue signals. A frequency corresponding to the
microbubble resonance frequency is transmitted, and

Fig.11.2a-d. Stimulated acoustic emission after air-filled microbubble injection at high acoustic power insonation. Agent
Detection Imaging (Philips-ATL, WA, USA). Four frames were obtained from high transmit power insonation. Diffuse contrast
enhancement (arrows) is evident in the late phase (a) in the first frame of the train. In the subsequent frames of the train
(b-d), contrast enhancement decreases progressively due to microbubble destruction, with evidence of a central scar spared
by contrast enhancement.
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harmonic frequencies are generated from nonlinear
behavior of microbubbles (CoSGROVE et al. 2002).
Harmonic frequencies that present a value double
that of the fundamental frequency may be detected by
using dedicated contrast-specific imaging modes.

The nondestructive mode has several advantages
over the destructive mode. First, it allows the effec-
tive suppression of tissue background signal since
the stationary native tissue does not produce har-
monic signals when insonated at low acoustic power.
Second, the nondestructive mode allows assessment
of contrast enhancement in real time, avoiding
scan delay; it even offers better temporal resolu-
tion than contrast-enhanced CT and MR imaging.
Third, this technique permits the acoustic window
to be changed after microbubble injection. Possible
disadvantages of nondestructive as compared with
destructive imaging are a lower signal-to-noise ratio
and the narrower dynamic range caused by the lower
acoustic power of insonation.

Insonation should encompass all the arterial
phase and must be extended to the first part (20 s)
of the portal phase (Fig. 11.3). During the following
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seconds of the portal phase and during thelate phase,
the sonologist should perform brief insonations of
5-10 s and then resume the contrast-specific mode
for 20-30 s to allow lesion replenishment by micro-
bubbles (Fig. 11.3). These brief insonations should
number at least two for the portal phase and three
for the late phase. During the late phase each lesion
should be scanned up to microbubble disappear-
ance from the microcircle (6-8 min).

11.2.3
Dynamic Phases After Microbubble Injection

Different dynamic phases of contrast enhancement
may be identified in the liver parenchyma after the
injection of microbubble-based contrast agents, as for
computed tomography (CT) or magnetic resonance
(MR) imaging after the injection of iodinated or para-
magnetic agents (vAN LEEUWEN et al. 1996),

The arterial (vascular) phase is very brief. It
begins at about 10-20 s after microbubble injection
(Figs. 11.4a, 5a-d) and lasts up to 25-35s from the

1 30 sec 60 sec 90 sec 120 sec 150 sec 360 sec
arterial
phase
portal
phase
injection late
phase

Fig.11.3. Scheme of continuous low acoustic power mode insonation for the characterization of focal liver lesions. A single
continuous scan has to be performed during the arterial phase, while several brief scans may be employed during the portal
and late phases. For the latter purpose, insonations of 5-10 s are performed, with subsequent resumption of the contrast-specific

mode for 20-30 s
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Fig. 11.4a,b. Transverse scan. Appearance of the liver during the arterial (a) and late (b) phases after Levovist (air-filled micro-
bubble agent) injection at high acoustic power insonation. Intense contrast enhancement is demonstrated during the late liver-
specific phase (b) 5 min after microbubble injection) owing to microbubble destruction. During the late liver-specific phase,
microbubbles are pooling in liver sinusoids without evidence of microbubbles in the portal vessels (arrow), which appear as
voids in the diffusely enhancing liver parenchyma.

C

Fig. 11.5a-1. Longitudinal scan. Appearance of the liver during the arterial (a-d), portal (e-h), and late (i-n) phases after Son-
oVue (sulfur hexafluoride-filled microbubble agent) injection at low acoustic power insonation. During the arterial phase (a-d),
15 s after microbubble injection, microbubbles fill the hepatic arterial vessels (arrowheads), sparing the portal vein (arrows) and
portal intrahepatic vessels. During the portal phase (e-h), 45 s after microbubble injection, microbubbles fill the portal vessels
(arrows), progressively filling the liver sinusoids. In the late phase (i-1), 120 s after microbubble injection, microbubbles fill the
liver sinusoids, giving rise to diffuse contrast enhancement in the liver parenchyma.
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time of injection according to the circulation time
(ALBRECHT et al. 2003; LEE et al. 2003). The arterial
phase is necessary to evaluate lesion perfusion: dif-
fuse and intense contrast enhancement is observed
in hypervascular focal liver lesions whereas hypo-
vascular focal liver lesions are characterized by
absent or dotted contrast enhancement.

The portal and late phases (Figs. 11.4b, 11.5e-n)
are much longer. The portal phase begins at 30-35 s
and lasts up to 100-110 s from the beginning of
microbubble injection. In liver cirrhosis, altered
hepatic blood flow dynamics are frequently found,
resulting in increased arterial flow and decreased
portal vein flow to the liver (QuiroGaA et al. 2001).
Therefore, patients with advanced cirrhosis often
have inadequate, and sometimes transient, hepatic
parenchymal enhancement during the portal phase
(CHEN et al. 1999). It is likely that in CT and MR
imaging the portal phase has limited usefulness for
the characterization of hepatic neoplasms.

The late (delayed or parenchymal) phase begins
after the portal phase and lasts about 5-8 min, up to
the time of disappearance of the microbubbles from
the peripheral circulation. The late phase of micro-
bubble agents is different from the equilibrium
phase of non-liver-specific CT and MR contrast
agents, since microbubble-based contrast agents do
not present an interstitial (equilibrium or postvas-
cular) phase and are pure intravascular agents. For
this reason, microbubbles circulate in liver sinu-
soids during the late phase and different agents dis-
play different persistence in sinusoids.

After blood pool clearance, air-filled agents, such
as Levovist or Sonavist, and perfluorocarbon-filled
agents, such as Sonazoid (NC100100, Amersham
Health, Oslo, Norway), have also been demonstrated
to show hepatosplenic-specific parenchymal affin-
ity in the late phase, during which the microbubbles
are stationary in liver and spleen, in part pooled in
sinusoids and in part phagocytosed by the reticulo-
endothelial system (HAUFF et al. 1997; BLOMLEY et
al. 1998; Quaia et al. 2002a; KINDBERG et al. 2003).
This phase is comparable to the late phase of liver-
specific MR agents such as gadobenate dimeglumine
(Gd-BOPTA; Multihance; Bracco Imaging, Milan,
Italy).

Thelate phase, with or withoutliver specificity, has
been shown to be the most important for the charac-
terization of focal liver lesions since benign lesions
typically present persistent microbubble uptake
with a hyper- or isovascular appearance relative to
the adjacent liver while malignant lesions typically
display microbubble washout with a hypovascular
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appearance (BLOMLEY et al. 2001; ALBRECHT et al.
2003; N1coLAU et al. 2003a,b; BRYANT et al. 2004;
Qua1a et al. 2004). For these reasons, the late phase
is the most important in the characterization of
focal liver lesions, as with liver-specific MR agents
(GrazioLl et al. 2001a,b).

11.2.4
Contrast Enhancement Patterns

The echogenicity of focal liver lesions on baseline
gray-scale US and the tumoral vascularity and stain-
ingafter microbubble-based contrastagentinjection
have to be compared with the adjacent liver. Lesions
with a homogeneous or slightly heterogeneous echo
intensity distribution are defined as hyper-, iso-,
or hypoechoic (or hyper-, iso-, or hypovascular),
depending on whether they display a prevalently
higher, similar, or lower echogenicity relative to the
adjacent liver parenchyma. In all other cases, lesions
are defined as heterogeneous.

According to the lesion appearance during the
arterial phase, contrast enhancement patterns
(Fig. 11.6) are classified as: (a) absent (no differ-
ence before and after microbubble injection), (b)
dotted (tiny separate spots of enhancement distrib-
uted throughout the lesion), (c) rim-like (continu-
ous ring of peripheral contrast enhancement), (d)
nodular (discontinuous or continuous peripheral
enhancement with nodular appearance), (e) central
(enhancement of the central portion of the lesion,
defined as spoke-wheel shaped if the central vessel
appears to branch toward the periphery of the
lesion), or diffuse (enhancement of the whole lesion)
with either (f) ahomogeneous or (g) a heterogeneous
appearance.

It has been proposed (TANAKA et al. 2001), the
diffuse heterogeneous enhancement in hepatocel-
lular carcinomas should be defined as mosaic-like
if only some parts of the tumor show enhancement
during the arterial phase and reticular if net-like
enhancement appears throughout the tumor during
the portal and late phases.

According to thelesion appearance during thelate
phase, contrast enhancement patterns (Fig. 11.7) are
classified as: (h) hypoechoic (compared to the echo-
genicity of adjacent liver parenchyma), (i) residual
(central hypoechoic area in a lesion with a persistent
hyper- or isoechoic appearance), (1) hyperechoic
(compared to the echogenicity of adjacent liver
parenchyma), or (m) heterogeneous (prevalently
hypoechoic or hyperechoic).
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Fig.11.6a-g. The different patterns of contrast enhancement in focal liver lesions during the arterial phase: a absent, b dotted,
c peripheral rim-like, d peripheral nodular, e central with a spoke-wheel shape, f diffuse homogeneous, g diffuse heteroge-

neous.
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Fig.11.7h-m. The different patterns of contrast enhancement in focal liver lesions during the late phase: h hypoechoic (or
hypovascular), i residual central hypoechoic area in a lesion with a persistent iso- to hyperechoic (or iso- to hypervascular)

appearance, 1 hyperechoic (hypervascular), m heterogeneous.

1.3
Benign Focal Liver Lesions

11.3.1
Hemangioma

Epidemiology and histopathologic features. Hem-
angiomas are the most common benign tumors of
theliver (Ros 1990), with an incidence in the general
population ranging from 0.4% to 20% (EDMOND-
SON 1958; KARHUNEN 1986). Although hemangio-
mas occur more frequently in women, they are not
particularly prevalent at any age. Hemangiomas
show an association with focal nodular hyperplasia,
and the two lesions may coexist in the same liver
(VILGRAIN et al. 2003).

Multimodality imaging - US and color Doppler US.
Liver hemangiomas may display a typical appearance
on baseline gray-scale US consisting in a hyperechoic
and homogeneous or centrally heterogeneous pat-
tern, with or without posterior acoustic enhancement
and well-defined regular margins (VILGRAIN et al.
2000). Besides their typical appearance, liver hem-
angiomas may also present atypical and therefore
indeterminate patterns on baseline US, appearing
either homogeneous or heterogeneous, hypoechoic
or isoechoic, and with or without a thin peripheral
echoic border (VILGRAIN et al. 2000; QuaAIA et al.
2002a). Even though typical liver hemangiomas do
not need further confirmatory studies, both benign
(focal fatty change, hepatocellular adenoma, focal
nodular hyperplasia, lipoma) and malignant (hepato-
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cellular carcinoma and metastasis) focal liver lesions
may presenta similar appearance to hemangiomas on
baseline gray-scale US. Like baseline gray-scale US,
color Doppler US shows only moderate accuracy in
the characterization of liver hemangiomas and may
also be limited by motion artifacts and low sensitivity
to slow flows. Absence of flow or a small number of
intratumoral color spots may be observed in smaller
hemangiomas, while intratumoral vessels, mostly
with a venous flow, are seen in larger hemangiomas
(Quaia et al. 2002a).

Multimodality imaging - CT and MR imaging. The
imaging procedures most frequently employed to
characterize liver hemangiomas are CT and MR
imaging, performed after contrast agent adminis-
tration during different dynamic phases (arterial,
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portal, equilibrium, and late phases). The typical con-
trast enhancement pattern of hemangiomas consists
in peripheral nodular enhancement with progressive
centripetal fill-in (NINo-MURCIA et al. 2000). Never-
theless, a variety of less frequent or less typical con-
trast enhancement patterns may be observed, such
as diffuse contrast enhancement in hypervascular
hemangiomas or absence of contrast enhancement in
fibrotic hemangiomas, which are frequently detected
in cirrhotic patients (BRANCATELLI et al. 2001a).

Contrast-enhanced US. Various contrast enhance-
ment patterns may be observed in liver hemangio-
mas after the administration of microbubble-based

contrast agents.
Most liver hemangiomas display peripheral nod-
ular enhancement (Fig.11.8) during the arterial

Fig. 11.8a-d. Hemangioma: typical 