Ultrasound Contrast Agent Detection
Enhanced Subharmonic Imaging Using Self-Demodulation

VERYA DAEICHIN

Department of Signal and System
Division of Biomedical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden, 2011
Report No. EX095/2011



Master of Science Thesis

Ultrasound Contrast Agent Detection
Enhanced Subharmonic Imaging Using
Self-Demodulation

Verya Daeichin

Department of Signal & Systems
Chalmers University of Technology
2011

Thesis Supervisor:

Prof. Nico de Jong
Biomedical Engineering
Thorax Center

Erasmus MC

Rotterdam, The Netherlands

&

Dr. John G. Bosch
Biomedical Engineering
Thorax Center

Erasmus MC

Rotterdam, The Netherlands

Examiner:

Prof. Yngve Hamnerius

Chalmers University of Technology
Department of Signals and Systems
SE-412 96 Goteborg Sweden



Ultrasound Contrast Agent Detection
Enhanced Subharmonic Imaging Using Self-Demodulation
Verya Daeichin

Abstract

Ultrasound imaging systems are popular imaging tools due to the various features they
have. Ultrasound waves used for medical applications have frequencies typically in the
MHz range. These ultrasound waves propagate through the human body and are partially
reflected from the different tissues. Part of these reflected waves return to the ultrasound
system, which receives and processes them into an image. In this way, the size and
structure of the tissue can be visualized in echo images, as these images may also reveal
possible pathologies or lesions in the tissue. Normally blood is a poor ultrasound
scatterer and it remains dark in an echo image. The addition of gas bubbles to the blood
pool can greatly increase backscattered ultrasound, and resulted in an enhanced contrast
between the surrounding tissue the blood. A gas bubble is unstable due to the surface
tension between the gas core and the surrounding liquid. The addition of a coating
reduces this surface tension and inhibits the diffusion of the gas. The contrast agent
microbubbles owe their function to the high compressibility of the gas core in
comparison with surrounding liquid and tissue. This results in a high backscattering of
ultrasound. Moreover, the microbubbles can act as resonant systems with resonant
frequencies within the same range as medical ultrasound frequencies. Such a resonating
microbubble can behave nonlinearly. Microbubbles coating can be conjugated with
antibodies and peptides which can be specifically targeted to molecules expressed on
endothelial cells lining blood vessels. Targeted imaging with microbubbles may resolve
the molecular expression within the vulnerable atherosclerotic plaques. Optimal imaging
requires understanding the interaction between targeted microbubbles and high-frequency
ultrasound. The Subharmonic (SH) emission from ultrasound contrast agent (UCA) is of
interest since this is produced only by the UCA and is free of artifacts produced in
harmonic imaging modes. The use of self-demodulation (S-D) signal as a means of
microbubble excitation at the SH frequency was studied. The S-D wave is a low-
frequency signal produced by nonlinear propagation of an ultrasound wave in the
medium and it can be approximated by the second time derivative of the squared
envelope of the transmit pulse. Such an stimulation effect was investigated in a single
element experiment and the result were compared to the numerical simulation. This study
suggests the SH imaging is feasible with low cycle-number transmit burst and low
acoustic pressure by optimizing the shape of the transmit pulse. Such a new nonlinear
imaging method was implemented in a high frequency pre-clinical ultrasound system and
a practical approach for detecting the microbubbles at high frequencies was presented.
The results of this thesis will help optimize the parameters for targeted imaging using the
nonlinear behavior of the microbubbles.

Keywords: Self demodulation, Subharmonic response, Contrast agent, High frequency
ultrasound, nonlinear imaging.
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1 Introduction

Starting with the question ‘what is clinical ultrasound?’ can be answered in a many
different ways. Even though the answers to the people in the field might seem very
simple and obvious there are lots of difficulties in explaining details and real physical
phenomenon behind the technology. The history of acoustics goes back to thousands of
years ago. Such a phenomenon and even the technology has always used by other
creatures before being transformed into manmade technology. On the other hand such a
long and established history may mislead the scientists, engineers and technology
translators consider the field as a solved problem because the basic mathematics have
been done more than a century ago. As a result of such a not fully correct description of
acoustic, ultrasound in the clinical field is well known for unpredictability, difficulty in
scale-up, and a reputation as a “black art’ (Mason T J et al., 1992). The consideration of
ultrasound safety, especially in the clinical application, must indeed include the
involvement of specialists in fields such as clinicians other than acoustic physics. It is
crucial to increase the understanding of the complexities in the field, in order to use a
predictable and understandable science rather than an unpredictable ‘black art’.
Ultrasound in the biomedical world is by necessity a multidisciplinary activity, since
successful utilization of the technology needs knowledge of experts in different fields
such as chemistry, fluid dynamics, acoustics, transducer, and electronic technology. All
these kind of specifications make the field to be very fruitful for discoveries, however it
is in turn difficult for correctly understanding, scale-up and exploitation in details.

The application of ultrasound in our today world can be classified into two groups:
detection and material processing. These terms in the biomedical world can be translated
to the equivalent terms: diagnosis and therapy. In the diagnostic part using ultrasound for
scanning of the foetus or other organs is commonplace (Duck F A et al., 1998, Szabo T
L, 2004). The most common ultrasound function in diagnostic perhaps is external foetal
scanning using ultrasound systems working in frequency range of 3-10MHz. The safety
of these applications is regularly and professionally reviewed (Barnett Stanley B et al.,
2000), although this subject comes into sight in the popular press very often. Applications
of diagnostic ultrasound has not been limited to only foetal scanning and nowadays lots
of other anatomical sites are benefiting from ultrasonic scanning for diagnostic purposes.
Lots of improvement and innovations have been done on different part of this field.
Different probes are developed in a more specialized way for monitoring specific organs
or anatomical structure and the exploitation of higher frequencies up to 50 MHz to gain a
micrometer size resolution. Ultrasound has not only being used for imaging methods but
also other non-imaging diagnostic techniques have been developed for applications such
as monitoring bone health and osteoporosis through measurement of sound speed and
attenuation (Langton C M et al., 1984, Hosokawa A et al., 1997, Strelitzki et al., 1998,
Hughes et al., 1999, Hughes et al., 2003, Njeh et al., 1999, Lin et al., 2001, Lee et al.,
2003, Wear, 2005). Using the ultrasound technologies for therapeutic applications in
biomedical field vary from lithotripsy (for destructing the kidney stones) (Sass et al.,
1991, Chaussy et al., 2002) to surgery (Bailey et al., 2001), physiotherapy and



Sonochemistry (the enhancement of local drug delivery and chemical reactions with the
help of ultrasound) characterizes some of the topics facing the use of ultrasound.

1.1. Clinical ultrasound as an imaging modality

Up to now the most common way of using ultrasound for imaging purposes, is the pulse-
echo method which is in principal very similar to the methods used in sonar and radars
systems. An acoustic wave is transmitted in the medium and the backscattered signals
from objects in the medium are processed to provide an image from the medium (Figure
1.1).
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Figure 1.1. Schematic of pulse-echo technique used for ultrasound imaging.

An ultrasound image then is the visible corresponding part of an object which is invisible
for human naked eyes. In an ultrasound system the transducer is used both to generate the
sound wave and to listen to the echo coming from the tissue. In Figure 1.2 you can see
different types of transducers commonly used in clinics. Table 1.1 provides a short
description for each of these transducers (CardioVascular Sales, 2011).



Table 1.1. Commonly used ultrasound probes for medical applications (CardioVascular

Sales, 2011)
Transducer Description
AcuNav 8F Intra-cardiac probe (2-10 MHz)
Aux CW Transthoracic probe (2 MHz)
V5MS Shielded TEE Transesophageal probe (3-7 MHz)
VM TEE Transesophageal probe (5-10 MHz)
10V4c Vector linear probe (4-10 MHz)
4Vv1C Adult cardiac linear array probe (1-4 MHz)
4C1 Curved linear OB/abdominal probe (1-4 MHz)
6C2 Curved linear OB/abdominal probe (2-6 MHz)
9L4 Linear probe (4-9 MHz)
15L8W Linear array ultrasound probe (8-15 MHz)
4C1 Curved linear OB/abdominal probe (1-4 MHz)
6L3 Linear array vascular probe (3-6 MHz)
8L5T T-shaped inter-operative probe (5-8 MHz)
4C1 Curved linear OB/abdominal probe (1-4 MHz)
6C2 Curved linear OB/abdominal probe (2-6 MHz)

Figure 1.2. Different kinds of transducer used in biomedical field (CardioVascular Sales,
2011)




The received echo by the transducer is processed by the ultrasound system then presented
as visible dots which will form the anatomical images on the screen of the system. In
such a way, the intensity of each dot in the image shows the strength of the echo from
corresponding anatomical point. This method is called gray scale imaging. The exact
position of the dots corresponds to the real anatomical structure can be estimated by
knowing the direction of the echo pulse as well as the time needed for the wave to reach
the target and the echo to come back to the transducer. By knowing the speed of sound in
the medium the depth of the structure can be determined in the image. Ultrasound
systems use the arrival times of the echoes from the targets in different distances to locate
them properly in depth. When one pulse of ultrasound is transmitted into the medium, a
series of dots with different intensities are displayed. This line of echo information is
called one scan line. Obviously not all of the ultrasound energy is scattered back from the
different objects in the medium. There is some of the energy passing through the
interfaces and being reflected from the deeper objects. If this process is repeated in
different locations, a cross sectional view on the objects in the medium is made. This way
of displaying the ultrasound echoes as a an image is called linear image, referring to the
linear array transducers used to make such an image. There are also other ways of
making the ultrasound images such as sector image and intravascular ultrasound image
(IVUS). In sector images the starting point of each line is the same but the angle of each
transmitted pulse is slightly changed. In IVUS a small transducer is send into the vessels
and the images are made by rotating such a transducer and doing the pull back at the
same time which results in having circular image with a view from the center of the
vessel. Figure 1.3 shows examples of clinical cross-sectional gray-scale ultrasound
images for three different technologies.

A B &

T e e ———

Figure 1.3. Clinical cross-sectional gray-scale ultrasound images for A: IVUS B: Linear
image and C: Sector image.

These kind of ultrasound images are called B-mode images. They are all made by
sending the ultrasound pulses through the imaged cross-section and converting the echo
into the intensity values. The intensity shows the strength of the echo in each point in the
image. That is the reason they are called B-scan or B-mode where B is coming from
brightness.



Ultrasound technology is not limited to only image the static anatomical structure but
also its ability to make the images very fast (up to few thousands images per second)
makes it possible to monitor the movements of the different organs.

Other very popular ability of ultrasound systems is Doppler. Echoes produced by moving
objects will modify the original frequency of the transmitted pulse. This effect is called
Doppler effect. Knowing the physics of this phenomena an ultrasound system can detect
the speed of the moving objects.

The introduction of real-time two-dimensional (2-D) imaging which can be called a 3-D
where the third dimension is time, different anatomical structures in the body could be
monitored in real time noninvasively.

Nevertheless, this is not the end of the way and there are still lots of new applications and
technological innovations, being developed. Real time 3-D imaging is an example which
offers volumetric information, rather than cross-sectional images. Additionally, using
ultrasound contrast agent (UCA) opened a new world for ultrasound applications at the
molecular levels. The UCA which is mostly gas bubble in very small size (few
micrometers) can be injected into the blood flow to enhance the contrast between the
blood and the tissue around. Perfusion imaging of, for example, the myocardium or
tumors, is also another common application of using the UCA. These small gas bubbles
can also bind to a specific targets in the body to provide meaningful physiological and
pathological information using ultrasound. In section 1.7 we will discuss them more in
details.

1.2. Linearised Plane Wave Equation

Acoustic waves can propagate through a medium differently. Longitudinal plane wave,
shear wave; and torsional wave are the most common ones. However the longitudinal
compressional waves are the most familiar types of acoustic wave especially in medical
ultrasound. The characteristic of this kind of wave is that particles of the medium through
which the wave is propagating, swing in the direction of the wave propagation. A short
description of the mathematical derivation of this kind of wave taken from (Shung, 2006)
is presented here.

Imagine an elastic cube such as in figure 1.4 the pure force in the z direction can be
written using the Newton's second law as:

oK, 0K, oK, oW

oz oy  oOX re

Which p is the mass density of the cube, W is the displacement in the z direction and t is
time. The left hand side of the equation shows the final force applied to the cube in the z



direction and the right hand side shows the mass of the cube multiplied by the produced
acceleration.
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Figure 1.4. Cross-section view of a cube under tension. 2L , A and 2h are length, cross-
sectional width and height of the cube respectively.

When we talk about compressional waves shear stresses can be neglected which means
K, and K, are zero. Now the equation 1.1 can be rewritten as:

K, oW L

a

For small displacement the longitudinal stress, K,, can be written as:
K, :(U+2,u)aaﬂ:(u+2,u)gZZ 1.3
z

Wherevand g are Lame constants. The Lame constants depend on the material and its

temperature. They are related to the modulus of elasticity (Young’s modulus) and
Poisson’s ratio v. Substituting equation 1.3 in 1.2 results in:
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Knowing that the speed of sound, c is:
c= (l) + 2/,!) 1.5
Yo,
We can write the final wave equation as:
oW 1 0°W
2 T 2 A2 16
0z c” ot

The general answers of this equation are f(z + ct) and f(z - ct) where minus sign indicates
the wave propagating in the z direction and plus sign shows the wave going the opposite
direction.

1.3. Nonlinear propagation

The absorption of the ultrasound wave is proportional to the frequency. The higher the
frequency the larger the absorption of the acoustic wave will be. Increasing in the
amplitude of the pressures used in medical ultrasound systems are unavoidable in order to
have higher SNR and larger penetration depth. The ultrasound wave with such a transmit
pressure propagates nonlinearly through the medium and the linear representation of the
wave equation will not be valid anymore. For the finite amplitude waves (e.g. ultrasound
propagating in gases and liquids) the linearised plane wave equation is not covering all
the observed phenomenon. Therefore a nonlinear model as well as the important
assumptions for having an acceptable linear model will be described in this section.

According to the characterization of the propagation of an acoustic wave in a fluid (gases
and liquids) three fundamental statements can be made: Conservation of mass,
conservation of momentum and finally an equation which relates the pressure gradient to
a longitudinal wave. Considering a one dimensional-wave these three statements can be
explained by following equations respectively (Hamilton et al., 1998):

op
—+V.(pv)=0 1.7
p (pv)



Where v is the particle velocity. This conservation of mass equation states that the
change of the mass per unit volume is equal to the flux across the surface of the volume.

Considering the Euler’s equation for an inviscid fluid the equation for conservation of
momentum can be written as:

ov ov 1op
V—t—=—"

— 1.8
ox ot P OX

Which p is the sum of all the steady and unsteady acoustic pressures; and the last
equation is:

2 — ap(P,S) 19
op

c

Which relates the speed of sound c, to the equation of state for the medium p = p(p,S)
where S is the entropy of the system.

Combining all these three equations gives us the formulation of the propagation of
acoustic longitudinal wave in a fluid. When the pressure amplitude of the acoustic wave
is small, having the approximation that p™* zpo_l (p, Is the equilibrium density), the
speed of sound can be represented by phase speed in the linear limitc, . In the other world

to determine the density, pressure and velocity in this linear limit, the propagation of
sound assumed to be adiabatic (evaluated at constant entropy, S). Now we can rewrite the
equation 1.9 as following:

c26—p=@ , Cza_p_@ 1.10

ot ot ° ox  ox

In linear acoustic an assumption is made that [v(ov/ox)[(|ov/et| when calculating
(6p/0x)/ pyusing the Euler’s equation in 1.8. Assume that P=g(t+x/c,) and
v=f({ttx/c,)/(p,Cc,) are the linear solutions for the acoustic pressure and velocity.

Since neglect of the nonlinear term in 1.8 implies that v/t = —p, " p/dx, then recalling
1.10 the second ratio can be reduced to
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The linear assumption will be valid when the acoustic Mach Number (v/c,) f is small

and the nonlinear term is negligible. As a consequence of finite Mach Number the linear
wave equation (1.6) no longer holds. In such a regime the initially transmitted sinusoidal
wave for instance will be distorted during the propagation through the medium and it will
not remain perfectly sinusoidal. Distortion of the original wave happens because part of
the wave which is compressed moves faster than the refraction component as the wave
propagates in the medium (equation 1.11). Such distortion in the spectrum of energy
shows itself as the ‘pumping’ of energy from the fundamental frequency up to higher
frequencies where the absorption is greater and also lower frequency where attenuation is
smaller. The medium ability to absorb the acoustic wave plays an important role in such a
distortion: The higher the absorption the faster the attenuation of the transmitted wave
will be, which means a lower mach number and in turn a lower nonlinear distortion.
More mathematical expressions of these nonlinearities will be give when the wave
models are introduced in section 1.4.

1.4. Model equation

In the most applications in the biomedical field intense directional sound beams are used
more than plane waves. At such high acoustic intensities, and for propagation in the real
situations such as in tissues, a suitable model of directional acoustic radiation must
consider different parameters such as diffraction, thermo-viscous attenuation and
nonlinearity. It is very critical to realize the approximations and assumptions on which
the mathematical equations are based, in order to wisely indentify the limitations and area
of applicability associated with model equations of nonlinear acoustics. In this chapter
the more commonly used model for nonlinear propagation of acoustic wave in
homogeneous fluids, KZK (Khokhlov-Zabolotskaya-Kuznetsov) equation, is briefly
described. Then such a equation model is used to mathematically express the S-D signal.

1.4.1. KZK Equation

The KZK equation accounts for the combined effects of diffraction, absorption, and
nonlinearity in the directional sound beam. Let's assume z to be the direction of the
propagation for the acoustic wave, and let (x,y) be the coordinates perpendicular to the z.
For the source producing the acoustic wave several assumption are made: The surface of
the transducer is defined in the plan z = 0, It has a radius a, the acoustic signals are
transmitted at frequencies which satisfy the relation ka>>1 where k is the wave number.

9



According to the liner theory for directional acoustic beams there are two different
regions so called near field and far field regions. The border of these two different
regions is defined as Rayleigh distance (1/2ka"2), measured from the surface of the
transducer along the axis of propagation. The planar wavefront is considered to be
responsible for the near field and the wavefront that are spherical characterize the far
field (Hamilton et al., 1998). We are not going into details of derivation of KZK here and
those who are interested can look at the book nonlinear acoustic by Hamilton (Hamilton
et al., 1998). Having these assumptions the most widely used equation model, KZK
equation, for a directional acoustic beam accounting diffraction, absorption and
nonlinearity can be written as:

*p c_ ., 6 0p B o0°p

==V ‘p+ + 1.12
L P e 2p,c® o7’

where p is the sound pressure, z is coordinate along the axis of the beam,
vV > =08%/ox* +6%/oy* is a Laplacian function in x and y directions which are
perpendicular to the direction of the propagation z, z =t—z/c,is the retarded time, and
C,is the speed of sound in the medium. The first part on the right hand side of the

equation stands for diffraction term, the second part accounts for thermo-viscous
absorption where & is the diffusivity of sound and finally the third term accounts for
quadratic nonlinearity of the fluid where S determines the nonlinearity of the medium

and p, is the ambient density of the medium. This equation was introduced for the first

time by Zabolotskat and Khokhlov (Zabolotskaya E A et al., 1969) without considering
the thermo-viscous term and some years later this term was included by Kuznetsov
(Kuznetsov V P, 1971). Also in 1980 a later derivation was provided by (Tjotta et al.,
1980).

1.4.2. Self demodulation

As it was mentioned when an acoustic wave is propagating through the medium it will be
distorted due to the nonlinear propagation. As a result of this distortion leaking of energy
to not only higher harmonics but also lower frequencies takes place. This low-frequency
signal produced due to nonlinear propagation of the ultrasound burst in the medium is
called the S-D wave. The term S-D was used for the first time by Berktay in the 1960s
(Berktay, 1965). He could derive a mathematical explanation for the S-D signal under
some assumptions: First of all the propagation should not reach the shock regime; the
envelope of the carrier wave should varies slowly compare to the center frequency of the
transmitted burst; and the absorption length for the center frequency should not go
beyond the Rayleigh distance at that frequency. In that way the S-D waveform predicted
by Berktay is proportional to the second time derivative of the square envelope of the

10



transmitted acoustic pulse. This theory was confirmed experimentally for the first time by
Moffett et al(Moffett et al., 1971)

Let's look briefly at the mathematical derivation of the S-D signal. Here we assume a
piston source for transmitting the directional acoustic beam which has the following
transient condition:

p(r,0,t) = p,f(t)H(@-T), f (t) = E(t)sin[a,t + #(t)] 1.13

Where r? =x*+ y?and x and y are the directions perpendicular to the direction of the
propagation, and the amplitude modulation E(t) and phase modulation ¢(t)are changing
slowly in respect to the carrier wave sin(a,t) . The instantaneous angular frequency of the
carrier wave is Q(t) = m, + dep/dt. If the attenuation coefficient of the medium at the

frequency of the carrier wave is large enough, an asymptotic solution can be driven for
the axial waveform under the approximation that the exponential attenuation acts locally
according to the instantaneous angular frequency (€(t)) as below (Averkiou et al.,

1993):

f(t) = e “O?E(t) sin[wyt + o(t)] 1.14

where a(t) =[Q(t)/®,]* accounts for the time dependant attenuation coefficient in thermo
viscous fluid. As it was explained earlier the secondary pressure is determined by the
square of the primary pressure p,, therefore it contains high frequency term coming from
E?(t)cos[2am,t + 2p(t)]and low frequency term as coming from EZ?(t). The high

frequency components are not of interest since it is highly attenuated due to the frequency
dependant attenuation of the medium and it will be absorbed much quicker than the wave
with the low frequency. Ignoring the high frequency term and remembering that the
absorption of the nonlinearly generated low frequency components is a weak effect (since
E(t)and ¢(t) are changing slowly in time) as well as ignoring the thermo-viscous

attenuation term in equation 1.12 (seto =0), the secondary pressure, p, can be
approximated as follow:

P _C [y g op’
———=|(V dr = —_— 1.15
oz ZI( LP.)dz 2p,C. Ot

-00

An axial Green function solution for p, can be written in time domain as follow
(Hamilton et al., 1998):
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- H 12
G,(0,7|r',7') = J—a)exp[ Jor

—— ] 1.16
27C,(z—17) 2¢c,(z-17")

Remembering the time convention e’“", from Fourier transform theory one can replace
the first factor of jwin equation 1.16 with the derivation d/07, and the argument of the

exponential term with the time delay — r’2/2c0(z —2"). According to the definition of the
Green function and using the Fourier transform, the axial solution for p, produced by an
arbitrary p,(r,z,7)is:

2 1

p 0 |, r'? r'dr'dz’
O! Z! = - 5 r y z y b
P,(0.2,7) 2p,Cs 07° -M P ‘ 2c,(z-2") | z-7

1.17

Under some assumptions such as taking z to be large enough that the phase term
r'2/2c0(z— z') can be ignored, substituting dz'/(z-2z') by dz'/z, expanding the upper
integration limit on z' to oo, substituting the secondary pressure term into equation 1.17 ,
and finally calculating the integrations results in:

Za® d® E*(r)

4 > 1.18
16p,c,z dz° a(r)

pZ(O,Z,z') ~

In order to get the final complete solution p = p, + p, for the axial direction, we should

include the thermo-viscous attenuation term in the equation. For that we can start with the
linear axial solution of equation 1.12 having a source of equation 1.13 for arbitrary f(t)
(Froysa et al., 1993):

0,(0,2,7) = p|f (r) - f (r —a%/2¢,2)[*D(z,7) 1.19

where D(z,7) = (¢2/278)"? exp(-cir? /26z) is a thermo-viscous dissipation function
(Hamilton et al., 1998) and the "*" means convolution with respect to 7. Assuming that
the secondary pressure p, is present within relatively compact volume directly in front of

the transducer, the following solution for the final axial waveform can be
obtained(Averkiou et al., 1993):
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222 d? E2(r)
16p,Ccoz d7° a(r)

p(0,2,7) = p{f(r)— f(r —a?/2c,z) + *D(z,7) 1.20

According to the equation 1.20 the dominant source near the transducer is the primary
source while moving away from the transducer surface, associates with more contribution
to the secondary source.

One of the very nice examples showing the building up of the S-D signal due to the
propagation in a nonlinear medium both theoretically and experimentally is the work
done by (Averkiou et al., 1993) (figure 1.5). The acoustic source for that study was a
piston transducer of radius a=6.4 mm and the center frequency of the carrier wave was
3.5 MHz. The tone burst propagates through glycerin. The theory is given by equation

1.20 with E(t) = exp[—(a,t/257)°], #(t) =0, and z,/(p,c/Bpyw,) =1.16.
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Figure 1.5. Comparison of experiment and theory for the axial propagation of a 3.5MHz
pulse and corresponding frequency spectra illustrates S-D of a pulsed sound beam in
glycerin (Averkiou et al., 1993). Decibels indicate level relative to the corresponding

source level.

Look how quick the carrier frequency in the tone burst is attenuating and disappearing in
comparison with the low frequency, the S-D signal. At z/z,=1.15, virtually all that

remains from the original tone burst is only the secondary pressure predicted by equation
1.18.
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The very important message to keep in mind about the S-D signal is that it is a low
frequency physical acoustic wave which is characterized by the envelope of the high
frequency carrier pulse, therefore the frequency content of the S-D can be tuned by
tuning the shape and the envelope of the transmitted burst.

1.5. Scattering of sound

Imagine a compressional acoustic wave propagating through a medium and facing an
object with different acoustical properties on its way. Because of the different acoustical
features such as compressibility the change in volume of the object as a reaction to the
changing pressure will be different than the surrounding medium. This causes some part
of the original wave energy to be scattered.

Let us assume an object with a radius R sitting on the way of a linearised longitudinal
compression wave expressed by equation 1.6 and an observer at distance r which is larger
than the object size, R but smaller than the wavelength, 4 (1 <<r<<R). The right hand

side of the equation 1.6 can be ignored because aZW/az2 oc r? in compare to the left side
which is0®W /ot «c 1% resulting in 9°W/6z° =0 (Laplace’s equation only in z
direction). Expanding this equation to all directions and defining a velocity potential
v = V¢ results in well known Laplace’s equation as follow (Leighton, 1994):

Ap=0 121

Solutions of this equation are harmonic functions. Assuming an incompressible fluid
(Vv =0) the velocity potential goes down as the distance increases and so does the
gradients. According to this physical phenomenon solutions are on the order of r™" for
n=1, 2, and may look like:

s=-21avd ). 1.22
r r r

Therefore the velocity potential is described by the functions such as a, A, B ...
independent of r and defined by the boundary conditions. Assume that the volume of the
object can change by pressure changes when the sound wave hits the object. Since the
fluid is suppose to be incompressible, only changes in the volume V'=0V /ot will be
responsible for the flow rate of the mass m’ across a surface. Keeping only the first order
approximation for the solution of the Laplace’s equation we can write:
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m' = § pvdS = 47RV ¢ 1.23

And the general solution for a distance large enough compare to the wavelength is a
spherical wave:

_V'(t-r/c)
4nr

¢= 1.24

Recalling the equations for velocity v =Vgand pressure p=-pd¢/dt they can be
calculated for the scattered wave as below

yov-rior 105
Anrc r
0, = pV'(t-r/c) 16
4arc

Where p, indicates the scattered pressure by the object in the sound field. Now if we

assume the object scattering the acoustic energy is spherical as it is for the microbubbles,
the scattering pressure can be rewrite as follow:

P, = pR;Et)S - pRr(t) (2R'(1)” +ROR"(1)) hel

It might be useful to go a bit further and define another variable, the scattering cross-
section o, which is defined as a ratio of the intensity scattered by the object to the
transmitted energy flux density. Since the intensity of is proportional to the square of the
pressure, the scattering cross-section can be written as follow:

D2 2p 2
o=4nr? Fz%g = %[2W(t)2 +ROR'M)] 1.28

in the other word the scattering cross-section shows the amount of power scattered by a
spherical object such as a microbubbles.
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1.6. Ultrasound contrast agent

Ultrasound contrast agent (UCA) is used to enhance the backscatter signal in clinical
ultrasound. They are mainly injected into the blood stream to increase the contrast
between blood and anatomical structure such as vessel walls and heart chamber. UCA
can be very helpful in applications such as imaging the vasculature structure, clarifying
the myocardial border and organ perfusion etc(Quaia, 2007, Dolan et al., 2009). Perhaps
the first usage of gas bubbles as a contrast agent for ultrasound was in 1968, when
Gramiak et al reported “a cloud of echoes between the undulating margins of the aortic
root” after they injected agitated saline in the aortic root (Gramiak et al., 1968). It seemed
that the small gas bubbles in the blood pool greatly increased backscattered ultrasound,
and resulted in an enhancement of the contrast in the ultrasound images. There were
some problems with the very first generation of this contrast agent such as instability and
big size of the gas bubbles (Goldberg B B et al., 2001). It was found experimentally that
the stability of such gas bubbles can be improved by mixing the patient’s blood to the
saline (Blomley et al., 2007). The prolongation of the lifetime of the bubbles was due to
the surfactant from the blood which formed a coating around the gas core. Not so long
time after and in the end of 1980s sufficient stable microbubbles were entered into the
medical market.

Instability of a gas bubble is due to the surface tension between the solution around the
bubbles and its gas core. When the surface tension is high the bubble tends to decrease in
size and the gas escapes into the surrounding liquid. The coating around the gas core
reduces this surface tension and therefore slows down the diffusion of the gas.

A new generation of contrast agents consist of small gas bubbles (0.5-10 micron
diameter) typically stabilized by an albumin (e.g. Optison, GE Healthcare, Chalfont St
Giles, UK), a polymer (e.g. Sonazoid, GE Healthcare, Chalfont St Giles, UK) or have a
phospholipids coating (e.g. SonoVue, Bracco, Milan, Italy and Definity, Lantheus
Medical Imaging, North Billerica, MA, USA) to reduce dissolution and prevent
coalescence. Moreover, these gases are with high molecular weight such as
perfluorocarbon, which are also less solvable and have a slower diffusion rate in liquid
compared to air (Goldberg B B et al., 2001). A summary of currently available contrast
agents is given in Table 1.1 (Emmer, 2009).
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Table 1.2. Commercially avalable UCA for clinical applications(Emmer, 2009).

Name Manufacturer Gas core Coating Year
Echovist Bayer Schering Air Galactose 1991
Pharma AG
Albunex Molecular Air Human albumin 1994
Biosystems
Levovist Bayer Schering Air Galactose 1996
Pharma AG Trace palmitin
Optison GE Healthcare AS C3F8 Human albumin 1997
Definity Lantheus C3F8 Phospholipids 2001
Medical Imaging
SonoVue Bracco SF6 Phospholipids 2001
Imagent Alliance C6F14 Phospholipids 2002
Pharmaceutical Corp
Sonazoid Amersham Health C4F10 Lipids 2006

UCA is generally injected intravenous in order to allow the first passage through the
pulmonary circulation before going through the systemic circulation which can change
the population of the microbubbles. Because of the small size of the microbubbles, they
are able to pass through the small capillaries but it seems ones which have sizes more
than 5 um are removed by the lungs providing a safety standpoint in order to prevent
small blood vessel obscuration by the large microbubbles (Bouakaz et al., 2007, Lindner
et al., 2002). As it was mentioned before, the gas cores of UCA are mainly from low
solubility gases which results in a longer existence in the circulation (several minutes).
After rupture of the microbubble the released gas is mainly taken by the lungs and the
coating by macrophages(Yanagisawa et al., 2007). Normally the volume of the whole gas
taken by the lungs in a clinical application is less than a 1 ml while in a single breath
about 500 ml will be exhaled. The microbubbles which are used now days as UCA are
safe and have high merits compare to other agents used in different image modalities
(Blomley et al., 2007, Cosgrove, 2006, Kaul, 2008, Feinstein, 2006, Dolan et al., 2009).

1.6.1. Dynamic of microbubbles interacting with ultrasound waves

Generally speaking, since gas core of the microbubble has higher compressibility than
surrounding liquid and tissue, they highly scatter the incident ultrasound wave. Moreover,
the microbubbles have also the resonance behavior within the range of medical
ultrasound frequencies. When a microbubble resonates, its scattering cross-section
becomes in the order of thousands times bigger than when it is not (Pace et al., 1997). If
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the amplitude of the incident ultrasound is low, then vibration behavior of microbubble in
the ultrasound pressure field can be explained by the harmonic oscillators theory
(Leighton, 1994). The stiffness of the microbubbles (oscillator) can be described by the
compressibility of the gas core. The oscillations are dampened mainly due to the liquid
viscosity and the coating of the microbubbles and other effects such as the radiation of
ultrasound and thermal effects. The complete impact of the coating on the microbubble
behavior is not fully understood but it has been shown that coating can increase the
resonant frequency and lower and broader the resonant peak of the microbubbles
(Khismatullin, 2004, van der Meer et al., 2007). A more detailed explanation for this
phenomena fallows.

1.6.2. Modified Rayleigh-Plesset equation

Assuming that the fluid is incompressible and remembering that the source of the mass
flux,m’, is the changes in the volume,V', one can write the following equations for a
spherical scatterer with a radius R:

m' = pV' = pdsR°R’ 1.29

According to the conservation of mass law this mass flux is the same for any bound
surfaces such as another spherical boundary with radius r which contains the scatterer
(r>R) (Leighton, 1994):

m' = pV' = pdar’r’ 1.30

Comparing equations 1.29 and 1.30 results in:

r’r' = R°R’ 1.31

This equation is only true under the assumption of incompressible fluid. Close to the
border of the microbubble with the surrounding fluid, the spherical symmetry is no longer
valid and the fluid molecules will experience a net cohesive force away from the bubble
in the radial direction. In order to reduce the increased potential energy in the fluid
molecules close to the boundary, the surface area of the cavity tends toward a sphere
shape which has the minimum surface area compare to any other geometry. Imagine p,as
the internal pressure in the microbubble and p, as the pressure at the fluid boundary the
outwards overpressure p_ in the microbubble can be calculated by force of water

molecules at the surface as follow (Leighton, 1994):
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pi_pL= pU:F 1.32

Where o is the surface tension which has a unit of Newton per meter. Another parameter
also coming from the cohesive forces in a fluid around the scatterer is viscosity. Due to
viscosity, the vibration of the microbubble results in irreversible diffusion in the
momentum. This can be expressed by the stress tensor o;; which has the pressure as its

normal component and a shear component proportional to the orthogonal velocity:

ov. OV,
L =—po + pu(—+— 1.33
o =—Pd; + u( v ax.)

] 1

Which g; is the unit tensor (it is one if i=j and zero otherwise), s is the shear viscosity

and p is the pressure inside the microbubble. Looking only at the radial component of the
stress tensor gives (Landau LD et al., 1987, Leighton, 1994):

ov
=p =—-p +2u— 1.34
O, =D pi 'uﬁr

From equation 1.31 knowing r’=vand having in mind that p, =—p, atr =R we can
write:

— =4 —
P— P ﬂR 1.35

Looking at the boundary condition, viscosity and surface tension result in a bigger
pressure inside the microbubble compare to the pressure in the liquid at the boundary:

_ (%0 R
R R

PL=Pi 1.36

Since the relation of variation of the microbubble volume to its internal pressure is more
of an interest the following steps can be derived:

Assuming the compression of the gas to be polytropic process:

19



Vo« Ro\ax
n=ndﬁ)=m&§f 1.37

Where R, is the equilibrium radius, p,,is equilibrium pressure inside the bubble and

x is the exponent of the polytropic process. Accepting such a process means that the
thermal contribution to the energy dissipation of the bubble is ignored (Plesset M et al.,
1977). From equation 1.32 the internal equilibrium pressure can readily be written as:

20

Pio = Po +R_0 1.38

Which p,indicates the ambient pressure. According to the equation for a polytropic
process the pressure in the liquid at the boundary can be expressed as:

20,,Ry\sx 20 4uR’
= + —)(— —_——
O A

1.39

The difference in the pressure in the bulk liquid p,_compare to the pressure at the
boundary p, results in a force which is balanced by the energy coming from the change

in the kinetic energy corresponding to bubble vibration. This force can be calculated as
follow considering that F =—-VW =—-dW /dR (Leighton, 1994):

d

— p.)AR? =
(pL poo) dR

[ pframidr] 140
R

Recalling the equation 1.31 and rearranging we get:

Qilﬂﬁ:RW+gw2 141

yo,

The Rayleigh-Plesset equation can be obtain by considering the p_ = p,+ p(t) and
equation 1.39:
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RR 4+ 5 R = (o + IR — ===~ Po= POV 1.42

Having this equation makes it possible to determine the radius of the bubble as a function
of time for a given applied acoustic pressure. Looking deeper in the Rayleigh-Plesset
equation one can see that not all the parameters are involved and there are some
approximation for simplifications. For example the damping of the sound energy because
of the sound radiated by the bubble is not accounted. Here we will introduce a new
equation without going through the derivation which contains this damping (Neppiras E,
1980, Lofstedt et al., 1993):

, 3 ., 1 26 R, a0 R, 20 MR
R+ 5 R =Py + 2RI 1- 30 20 R b - p(] 1.43

Some of the assumptions made for this equation are: The radius of the bubble is much
smaller than the wavelength of the applied acoustic signal; the spherical shape of the
bubble is preserved; the density of the gas inside of the bubble is much less than the
medium around; and the timescale of the gas core diffusion is much longer than the time
considered here (Plesset M et al., 1977).

1.6.3. Resonance behavior of gas core microbubbles
Assuming the oscillation of the bubble to be small, resonance structure can be seen in
equation 1.43. If the radial oscillation of the bubble is expressed by R(t) = R,(1+ x(t))

where x(t)<<1 the excursion of the bubble can be estimated to be linear. Substituting the
assumed R(t) into equation 1.43 and only taking the first order terms, we can get:

" 4;“ X'+ (3Kp0 + 20—(3’(_1)))( —

1
X" + (p() 1.44
pR; - TpPR; pRS 0

which can nicely match to a format of an harmonic oscillator with force and damping
factors X"+ 28X+ w?x = —ap(t) . Now we can conclude:

3/(,00 20(3x —1) )

1.45
R R

= (
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where a, is the eigenfrequency and @, = o, l—% is the frequency in which the

radial oscillation of the bubble is maximum in amplitude. It is also known as resonance
frequency. The &, is a constant defining the viscose dimensionless damping at
resonance (Leighton, 1994). Looking closer at the resonance frequency shows that if the
damping is small the eigenfrequency is the same as the resonance frequency. The o, is

the summation of all the three damping which are thermal, acoustic and viscous damping.

1.6.4. The addition of a coating

According to equation 1.32 the internal pressure within the bubble exceeds the fluid
pressure, in order to balance the outwards overpressure p_ in the microbubble at the

fluid boundary. Such an unbalancing in the forces will push the gas molecule within the
bubble to migrate into the surrounding fluid resulting in the volume reduction of the
bubble and therefore dissolving. The rate of this dissolution is proportional to the
pressure within the bubble which in turn has a inverse relation to the radius of the bubble.
It has been shown that the lifetime of micron size bubbles in air saturated water are less
than a second (Neppiras E, 1980). This time is very short to use them as ultrasound
contrast agent in the human body. The minimum time which takes for the microbubbles
to pass from the site of injection to the end organ is about 12 seconds (Goldberg B B et
al., 2001). Therefore, stabilizing the gas bubbles is needed to prolong the lifetime as well
as resistance against the pressure changes in the heart.

Methods which are mostly used for stabilizing the microbubbles for clinical applications
are based on adding materials such as albumin, polymers and phospholipids at the gas-
liquid interface, and using the gases which are less soluble such as hexafluoride and
perfluorobutane. If elastic solid materials such as aloumin and polymers are used for the
shell, the stability of microbubbles is caused by supporting a strain to counter the effect
of a surface tension. The enhanced stability of microbubbles with surfactants shells such
as phospholipids is because of the reduction in the surface tension at the interface of
bubble shell and liquid. On the other hand the higher chemical potential of a gas core will
increase the diffusion rate of the gas through the surface layer of the microbubble into the
suspending medium. If the molecules of the shell are bundled tightly, the gas core cannot
easily escape into the aqueous medium, which means enhancement in microbubbles
stability. For a summary of different microbubbles and the materials used look at table
1.2.
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1.6.5. Subharmonic behavior

Exciting a microbubble near its resonance frequency with a suitable pressure can result in
radially asymmetric oscillation which in turn leads to leaking of energy into the higher
harmonics of the driving frequency such as second third and higher integer harmonics
(Leighton, 1994). On the other hand, microbubbles driven by a certain fraction of their

resonance frequencies ( f,) can produce oscillations with frequency fractions identical to
the driving frequency ( f,/n, n= 2, 3,...), called subharmonic, as well as other integer

multiples, termed as ultraharmonic (Parlitz et al., 1990). For example if a microbubble is
stimulated by a acoustic pulse with a frequency twice its resonance frequency and above
a certain pressure threshold, the bubble will emit a pressure component which has a
frequency of half the transmitted frequency (resonance frequency of the bubble), this is
called subharmonic emission.

The pressure needed to produce this subharmonic emission from microbubbles is
minimum for n = 2. As the incident pressure increases the other higher order
subharmonic and ultraharmonic maybe provoked (depending on the shell properties and
damping) (Parlitz et al., 1990).

The exact explanation for subharmonic response of microbubbles and the threshold
behavior is not very well understood. Generally, the asymmetry in stiffness between
different phases of the microbubble oscillation is a know source of this behavior
(Thompson JMT et al., 2002). It also has been shown that the microbubbles which show
the compression only and expansion only behavior have a lower threshold for emitting
subharmonic responses (Marmottant et al., 2005, Goertz DE et al., 2007).

There are more sophisticated models which are capable of predicting subharmonic
behavior which will be discussed briefly in following section.

1.7. Modeling Ultrasound contrast agent

In the scientific research world models play a very important role in the investigations
and discovery of new phenomenon. A very essential part of the studies in any fields are
done on the models rather than real experiments. With the help of models a system or a
phenomena can be studied in details with a great control to investigate all the different
features and fact involved. With models it is possible to have a quantitative reasoning to
examinations of the world and hope to see sides which may have been out of scope of
others (Silvert W, 2000). Such a cognitive ability of models has been greatly appreciated
in the history of science. It has been proposed by some researchers that models bring up a
new way of reasoning, so-called ‘model based reasoning’ (Frigg R P, 2006).

Two very important functions can be defined for models in general. First one is that they
can be a representation of a selected part of the reality mimicked by them. Those models
are normally called phenomenological or data models. Secondly, a theory can be
characterized by a model in the way that it explains the laws and axioms behind that
theory (Frigg R P, 2006).
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A model of a microbubble as a UCA can be a good example for what we said about
models. The coated microbubble as a monolayer of lipids separating a gas core from the
liquid around, is represented as a phenomenological model. Such a model usually refers
only to part of the event in question, therefore even two models of the same phenomenon
may differ because of the conceptual or aesthetic dissimilarities by the decision makers
during the modeling procedure (Frigg R P, 2006). Within such a phenomenological
models group, there is also the data model which is a corrected, rectified, regimented, and
in many cases idealized version of the raw data obtained from immediate observations
(Frigg R P, 2006). Basically, first step is to eliminate errors (e.g. discarding data points
caused by faulty observation) and then presenting the clean data in a efficient way (e.g.
drawing a curve through a dataset). Data models are very important and fundamental for
confirming theories since it is the model and not the often complex and chaotic raw data
that we match up to a theoretical prediction.

The microbubble can also be typified by a theoretical model. Such a concept in modern
logic means that a model is a formation in which all sentences of a theory come true,
where a theory is defined as a set of sentences in a formal language. This kind of
structure is a 'model’ since it represents what the theory explains (Frigg R P, 2006).

In section 1.6 we explained the basics of a gas bubble and its reactions to ultrasound by
discussing modified Rayleigh-Plesset equation as well as the effect of coating. In the
following sections we will try to have an overview of publications considering a variety
of coated-bubble models. Of course not all the existing models are mentioned here but we
try to introduce references for the most frequently cited models and briefly explain two of
the most commonly used models, the De Jong and Marmattant models. For each of these
two models some important concepts are covered such as the equation of motion for the
bubble wall, the constitutive law for the coating material, the source for the coating
parameter values, and the main implications of the model. For having the deeper
knowledge for each of the models references are mentioned in which you can find the
model descriptions.

1.7.1. The De Jong model(1994)

Based on the theoretical explanation of an encapsulated microbubble vibration De Jong et
al. developed a model for UCA in 1994 (de Jong N et al., 1994). The main part of the
model is based on the Rayleigh-Plesset equation written by (Eatock et al., 1985),
explained in section 1-6. De Jong model extends the equation of motion for an air-filled,
albumin-coated microbubble Albunex (Molecular Biosystems Inc., San Diego, USA). In
Rayleigh-Plesset equation, the viscosity of liquid medium around the microbubble is not
a separate term and it is considered as part of a total damping term. In other words all the
three different sources of damping, liquid viscosity, thermal and radiation, are derived
assuming linear conditions and put together in one damping term (Medwin H, 1977). In
the de Jong model the effect of the coating is implemented in two parameters, the shell
elasticity S, and the shell friction S, then these terms are included in the Rayleigh-

Plesset equation. The value for these parameters are established under linear conditions
for Albunex contrast agents by comparing the value of calculated acoustic transmission
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and scattering to those acquired in measurements (de Jong et al., 1993). The result is the
equation for the bubble wall motion as follow:

3 1 20 R 20 1 1
RR"+=R? == +—— 0¥ 4 p ———-2S (—-2)-— RR'— p, — p(t
5 p[( Po R, P, )( R) -3 p(RO R) L@, P — P(t)]

(1.47)

where the new parameters p, is the vapour pressure,  is the frequency of oscillation,
4, is the total damping term which contains pe.q, fts, M 1y WhEre g, th,e, tty, are

radiation, liquid viscosity and thermal damping terms respectively, and x, =42R°pw.

1.7.2. The Marmottant model

The main objective of the model introduced by Marmottant in 2005 is to formulate
microbubbles with phospholipids coating oscillating at large amplitudes (Marmottant et
al., 2005). Using Langmuir-Blodgett balances for measuring the surface tension of flat
monolayer, an effective surface tension which depends on the concentration of molecules
on surface is described in this model. In this way the bubble dynamics can be driven by
an ad hoc law for the surface tension (Emmer, 2009).

In small part of the radial oscillation regime the lipid coating is considered to be a
viscoelastic solid. In such a regime, the model is basically similar to the first approach by
the De Jong model (de Jong N et al., 1994). Qutside of this regime in one side is the
ruptured regime were the bubble is considered to break apart and in the other side is the
buckling regime where the bubble tends to buckle. In the buckling area, the radius of the

bubble is smaller than a defined R, ,» and the elastic term as well as the surface

tension almost disappear. In the rupture regime the surface tension goes OVer oy .y,
which means the bubble radius R exceeds R, - In this regime the lipid coating breaks

apart resulting in the surface tension to become equal to that of free bubbles and the
elastic term to become zero. While the elasticity of the coating depends on the bubble
radius, the viscosity remains unchanged (Emmer, 2009). In this model the modified
Rayleigh-Plesset equation is used. The contrast agents used for the study is SonoVue and
BR14 (Bracco, Switzerland) and for the modeling the gas core assumed to be an ideal
adiabatic gas. Having all this in mind gives the motion equation as follow:

3 1 25(R,)

RR!I+_RI2=_[(pO+ _20(R)_4l[l|R _4KSR
2 P R,

R R R?

- 2ER) - py P ()]
C

(1.48)
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As we can see from the equation, it is the same as the equation for an uncoated bubble
except for the effective surface tension o(R) and the shell viscosity terms. As we

explained earlier the surface tension is expressed in three different regimes according to
the bubble radius:

Rg) If R< Rbuckling
G(R) = Z( 2 _1) if Rbuckling <R< Rbreak—up (149)
;““"“g if  rupture(R =R ureq)

water

Where yis shell elasticity, «is shell viscosity and they are together with buckling
radius, R The ruptured surface tension, oy, ,, IS determined by comparing the
modeling results with optical observation of vibrating microbubbles.

buckling *

One of the very important features of this model is that it can predict nicely the nonlinear
behavior of the contrast agent such as asymmetrical oscillation which results in
subharmonic emission for instance (Overvelde M et al., 2008).

1.7.3. Other models

Since the first model for contrast agent developed by De Jong in 2004, a great variety of
coated bubble models have been suggested by now. The basis of the Rayleigh-Plesset
equation in all the models has stayed unchanged. By developing new contrast agent with
new shell properties also new models were proposed considering the release of new
experimental data. The first coated bubble models applied the Kelvin-Voigt constitutive
equation, which predicts a linear relationship between stress and strain (Emmer, 2009).
Most of the first generation of coated contrast agents had an albumin shell (e.g. Albunex
and Quantison) supposed to be relatively stiff and elastic. The main positive point of the
Kelvin-Voigt law is that the shell parameter is modeled from a physical basis using two
terms, the elasticity and the viscosity of the coating.

Other models than De Jong and Marmottant et al models using the Kelvin-Voigt
constitutive equation are Church (Church, 1995); Hoff (Hoff et al., 2000); and
Khismatullin (Khismatullin et al., 2002) models.

Morgan (Morgan et al., 2000), Marmottant (Marmottant et al., 2005), and Tsiglifis
(Tsiglifis et al., 2008) consider slightly compressibility for the surrounding liquid while
the other models assume Newtonian liquid which are uncompressible except for model
by Khismatullin, who proposed that the effect of the liquid is outweighed by the effect of
the shell properties by studding the comprisable liquid.

The first models that did not used the Kelvin-Voigt constitutive equation were the
Morgan model and Chatterjee model (Chatterjee et al., 2003). Chatterjee studied a
different type of microbubble, called Optison, thinking that the albumin shell is very thin
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and consist of only a few molecules so they applied a Newtonian interfacial rheological
model whereby only viscous interfacial stresses are taken into account. MP1950 was
another different kind of microbubbles investigated in Morgan model. The coating of this
contrast agent is a flexible monolayer of phospholipid molecules. Both investigations
however resulted in formations whereby the physical basis can be discussed. To progress
in this physical basis, Sarkar extended the model by Chatterjee by adding an elasticity
parameter (Sarkar K et al., 2005).

For further improvement in predicting the lipid coated contrast agents, Doinikov and
Dayton developed their model in 2007 based on the linear Maxwell constitutive law
(Doinikov et al., 2007). In this way instead of using two terms for describing coating as
in the Kelvin-Voigt equation, six parameters were used. However, this model is limited
only to the small amplitude oscillations.

To overcome the limitation of predicting only the small amplitude oscillation different
models started to be developed from 2004 that contain constitutive equations valid for
large deformations of the coating. One of the first models in this group is the model by
Allen (Allen et al., 2004). They considered polymer spheres with a neo-Hookean elastic
response. The coating with such a material can have a specific elasticity, but without a
viscosity. The next model specifically developed for large oscillation was the model by
Marmottant et al. (2005) as we described it before.

More recent model considering a dynamic elasticity term for the coating was introduced
by Tsiglifis in 2008 (Tsiglifis et al., 2008). In this model the elasticity of the microbubble
shell is related to the radius by a constitutive law. In this way the shell elasticity can
either *soften’ or *harden’, which also needs adding an empirical term. However the shell
viscosity stays fixed.

In the same year a model was developed by Stride (2008), which is not especially
designed for large oscillation, but it considers two dynamic shell properties: viscosity and
elasticy which are both dependent on the instantaneous radius of the contrast agent. These
dynamic coating parameters follow from a description of interfacial tension for insoluble
films and not from a constitutive law (Stride, 2008).

1.8. High frequency ultrasound

High-frequency ultrasound (10 to 40 MHz) has a lot of applications in small-animal,
preclinical studies and intravascular imaging. The main advantage of using such a high-
frequency ultrasound is improved resolution. There are two kinds of resolutions evolved
in ultrasound images. One is the lateral resolution (transverse to the direction of beam
propagation) directly related to the transmitting frequency. The other one is the axial
resolution dependent on the pulse length which is in turn proportional to the frequency
and number of cycles. There is often a misunderstanding about the focused transducer
that focusing a transducer improves the lateral resolution. This is not true because the
lateral resolution is diffraction limited and, hence, solely a function of the aperture of the
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transducer and the frequency of the wave. However, the axial resolution, is related to the
beam width and it can be improved by focusing. It is perhaps necessary to remind the
reader that the resolution of any imaging modalities is effectively limited only by the
degree to which the point-spread function is known, and the level of noise (den Dekker et
al., 1997). Therefore, a focused transducer, with higher focal gain (The ratio of the
pressure at the focus to the pressure at the surface of the transducer) have effectively a
better resolution because of their higher signal to noise. High-frequency ultrasound can
provide information on different levels such as the morphology, and the perfusion of
tissue. Besides clinical applications of high frequency ultrasound systems, the UCA may
be used with them as well (Goertz DE et al., 2001), however the response of the
microbubble is not completely understood in high frequencies, owing to the nontrivial
frequency-dependence of the properties of microbubbles.

1.9. Targeted Imaging

Many applications in biology, such as stemcell treatments (Strauer et al., 2003) and anti-
angiogenic therapies (Ferrara et al., 2005), are theoretically simple, but in practice
formidable and intractable problems are involved. Binary nature of almost all of the
biology experiments on one side and the stream of conflicting data from micro-arrays on
the other side are the compounding problems in the field (Tinker et al., 2006). A
powerful tool, capable of adding texture to primitive, binary biology experiments and
organizing the confusing micro-array printouts, can be targeted imaging. This technology
is imaging disease process at the molecular levels. However, a promising perception
provided by the heterogeneous difficulty of biology is the concept of using methods such
as targeted imaging to advance diagnosis and classify patient risk by correlating
progression-free and overall survivals (Ratain et al., 2007). The more promising side of
utilizing targeted imaging is to discover the heterogeneity and difficulties of disease
procedures in order to get a more sophisticated control of such complex phenomenon.
Here we will briefly mention a potential application of microbubbles and high frequency
ultrasound as a targeted imaging system. Microbubbles coating can be conjugated with
antibodies and peptides which can be specifically targeted to molecules expressed on
endothelial cells lining blood vessels (Klibanov, 2007, Bloch SH et al., 2004, Leong-Poi
H, 2009) (figurel.6). The microbubble accumulation due to the targeting process can be
detected with ultrasonic techniques. This accumulation of targeted microbubbles is
expected to show the underlying expression of the molecule, controlled for blood volume,
shear rate, geometry, etc., of the blood vessel. One of the very primary problems in
applying the targeted microbubbles to a environment such as human body is to create a
sufficiently fast and strong binding. This biding mechanism can be copied from similar
situation in nature when white blood cells bind to cell receptors responding to infection
and foreign organisms. For the readers interested in the details of the chemistry and
conjugation methods paper by (Klibanov, 2005) and the references in that paper could
be very useful. Next problem is to detect these attached microbubbles and discriminate
them from the free moving UCA.
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Figure 1.6. Schematic diagram of potential strategies for targeted imaging of
Microbubbles (MB) targeted to engrafted EPCs could be constructed by the attachment of
the ligand/antibody targeted against the marker protein on the microbubble surface (left
aspect of diagram), which when administered intravenously could bind to EPCs that are
engrafted within the vasculature, and be imaged by ultrasound. The other strategy
involves manipulating EPCs to fully engulf MB, prior to delivery. Once delivered and
engrafted, ultrasonic imaging could then detect MBs present within engrafted EPCs (right
aspect of diagram) (Leong-Poi H, 2009).

1.10. Project goal

In the context of targeted imaging, the goal of this thesis is to optimize the excitation
acoustic pulse used in detecting the UCA at high frequencies. Development of such a
new technique for contrast imaging can solve the problem of detecting the attached UCA
in targeted imaging. Before thinking about a way to selectively image the bound
microbubbles, exciting the UCA at high frequencies in a way to get strong enough echo
from them is challenging by itself. Targeted ultrasound imaging using the UCA in such
high frequencies are hampered because of incomplete understanding of the UCA in those
frequency range as well as being far from the resonance frequency of the normal sized
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microbubble. The nonlinearity produced due to the nonlinear propagation of the acoustic
wave in the tissue also makes the conventional contrast imaging methods not to be
optimal. The key problem this work hopes to solve is to introduce a new method to be
used as a nonlinear contrast mode in high frequency systems with acceptable factors such
as high tissue cancelation and high contrast to noise ratio.

In chapter two of this thesis the experimental and theoretical setup developed to study the
effect of the S-D signal on the SH emission from the UCA, is explained. Then the result
of this part is used to implement a new nonlinear contrast imaging mode in chapter three
together with showing in vitro and in vivo validation. In chapter four the possibilities and
difficulties of using such a methods and the potential usage of this method in selectively
imaging the attached microbubbles are discussed.
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2 Optimization of excitation burst envelope for subharmonic
enhancement

In this chapter we study the use of the S-D signal as a means of microbubble excitation at
the SH frequency in order to enhance the SH emission of UCAs. SH emission from the
UCA is of interest since this is produced only by the UCA and is free of artifacts
produced in harmonic imaging modes. The S-D wave is a low-frequency signal produced
by nonlinear propagation of an ultrasound wave in the medium and it can be
approximated by the second time derivative of the squared envelope of the transmit pulse.
A diluted population of Difinity UCA was insonified by a 10 MHz transducer focused at
76mm firing bursts with different envelopes, durations and peak pressure. The
transmitted 10 MHz wave was multiplied with the envelope function: E(t) = exp[- (
2t/T)"2M] where T is the nominal duration of the pulse and the integer M determines the
rise and decay time of the envelope. The center frequency of the S-D signal is changing
from low frequencies (around 0.5 MHz) towards the transmitted frequency (10 MHz) by
modifying the envelope function from Gaussian (M=1) to rectangular (M=15). For both 6
and 20 transmitted cycles, the SH response is increased up to 20 dB because of the S-D
stimulation when M is equal to 15 (rectangular envelope). The experimental results were
confirmed by numerical simulation. The effects of the excitation pulse duration and
pressure were also studied. This study suggests that a suitable design of the envelope of
the transmit excitation to generate a S-D signal at the SH frequency can enhance the SH
emission of UCA and the SH imaging is feasible with low cycle-number transmit burst
and low acoustic pressure (~100 KPa).

2.1 Introduction

Angiogenesis, a process in which the formation of new blood vessels takes place, is
known to be a key factor for the proliferation of disease processes such as atherosclerosis.
Many of the cardiac failures and other events such as stroke have a root in atherosclerotic
plaque rupture. This kind of plaques which have a high risk of rupture are called
"vulnerable plaque” (Virmani et al., 2000, Schaar et al., 2004). Vasa vasorum which are
networks of micro vessels taking the oxygen and nutrients to the arteries wall (Ritman et
al., 2007, Gossl et al., 2003) seem to be essential in atherosclerotic plaque pathogenesis
and stability (Zamir et al., 1985, Barger et al., 1984). Increase in the vasa vasorum
branching in the plaque is suspected as a sign of plaque internal hemorrhage and growth
(Mause et al., 2009, Sluimer et al., 2009). Using the noninvasive imaging modalities such
as ultrasound for imaging blood flows in the microcirculation can be very important in
detecting abnormalities in very early stages. A good example for such a process is
measuring the carotid atherosclerosis for the diagnosis and monitoring of patients at risk
of stroke (Foster et al., 2000, Eliasziw et al., 1995, Baldassarre et al., 2000). Having the
carotid artery not so deep in the body and easily accessible for non invasive ultrasound
imaging as well as the new developed methods such as targeted and non targeted contrast
enhanced ultrasound make it possible to characterize the carotid vasa vasorum and intra-
plaque angiogenesis as signs of plaque vulnerability (Feinstein, 2006, Shah et al., 2007,
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Vicenzini et al., 2007, Coli et al., 2008, Staub et al., 2010, Xiong et al., 2009, Shalhoub
et al., 2010).

Ultrasound contrast agents, micron size gas bubbles encapsulated by a lipid shell or a
polymer, are an effective tools for enhancing the contrast of blood using ultrasound.
When expose to ultrasound, the microbubbles reveal resonance due to the compressible
nature of the gas inside the bubble. Increasing the amplitude of the acoustic wave can
lead in asymmetrical oscillation of the microbubble which in turn results in the leaking of
energy to harmonic multiples of the transmit frequency (f). In order to increase the
contrast with respect to the tissue around the blood flow, different techniques such as
harmonic imaging (Burns, 1996) and pulse inversion (Simpson et al., 1999) was
developed to extract the second harmonic (2f). The emission of energy at the SH (0.5 fo)
and ultraharmonic (1.5 fo, 2.5 fo, etc) frequencies has also been detected (Shankar et al.,
1999, Forsberg et al., 2000, Dayton et al., 2002, Shi et al., 2002).

When it comes to use the contrast agents in frequencies higher than conventional clinical
rage (3-7 MHz) there are a number of difficulties due to the frequency dependence of
tissue and microbubbles (Lockwood et al., 1991). Second harmonic imaging techniques
are hampered because of the increase in harmonics produced by the tissue as a result of
nonlinear propagation of ultrasound in the medium. In such a situation focusing on the
SH frequency may increase the contrast to the tissue ratio (CTR) since it is unique to
microbubbles and not produced by the tissue and nonlinear propagation. It has been
shown by Goertz et al that the SH imaging technique can give good results with in vivo
models such as in mouse and rabbits (Goertz et al., 2005).

The characterization of the SH signal at clinical frequencies has been studied quite well
(Shi W T et al., 1997, Krishna P D et al., 1999, Chomas J et al., 2002, de Jong N et al.,
2002). Unlike the second and the other higher harmonics that has a continuous quadratic
relation with the pressure of the incident wave (Chang P H et al., 1995, Leighton, 1994),
the SH is expressing a threshold behavior. This threshold seems to be minimum when the
excitation pulse has a frequency of twice the resonance frequency of microbubble and it
is also bandwidth dependent (Eller A et al., 1969, Plesset M et al., 1977, Shi W T et al.,
1999, Faez et al., 2011). Increasing the pressure of the incident acoustic wave beyond the
threshold results in the SH signal growth in strength until a saturation point (Forsberg et
al., 2000).

Even though lots of studies have been done on the SH subject, there are only few of them
which paid attention to the dependency of the SH emission from the microbubble on the
excitation acoustic pulse shape (Zheng et al., 2005, Biagi et al., 2006, Masotti et al.,
2007, Zhang et al., 2009). In 2005 Zheng et al. presented a use of multi-frequency
excitation, where rectangular and triangular pulses with four harmonics were used to
excite the UCA through a numerical modeling via a modified Rayleigh-Plesset equation.
They showed that the rectangular wave is effective in improving the nonlinear signal
scattered by microbubbles, with effective scattering cross-section area significantly
higher (up to 35 times) than the widely-used Gaussian waveform(Zheng et al., 2005).
Biagi et al. in 2006 examined ultrasound bursts with three different shapes in order to
evaluate the SH response of the UCA, where they found a decrease up to 30 dB in the SH
response to a Gaussian-shaped pulse and increase in the SH emission up to 21 dB for a
composite pulse (two-tone burst), in respect with sinusoidal burst signals used as
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reference pulses. Their experimental results confirmed that the transmitted pulse shape
strongly affects the SH emission. Their hypothesis was that the smoothness of the
beginning of the shaped pulses can inhibit the SH generation from the UCA (Biagi et al.,
2006). In another study, Masotti et al. reported that the SH behavior of UCA is not only
pressure and concentration dependant but also a phase dependant phenomenon (Masotti
et al., 2007) . Zhang et al. in 2009 also compared a dual-frequency excitation technique
with the conventional single frequency sinusoidal excitation technique for enhancing the
SH emission from microbubbles and they showed with both simulation and in vitro
experiment that a dual-frequency signal (2 and 4 MHz) is able to improve the amplitude
of the subharmonic component up to 13 dB over the single frequency sinusoidal
excitation technique (Zhang et al., 2009).

Among the studies which have been done on the effect of the pulse shape on the SH
emission from the UCA non is explaining the exact reason behind the physical
phenomena they see. In this paper, we investigate the effect of S-D signal on the SH
response of a phospholipid-coated microbubble at 10 MHz which might be an answer to
the question that why optimization the shape of the excitation pulse is important in SH
imaging.

2.2. Methods

2.2.1. Sample preparation

Difinity microbubbles ((Bristol Myers Squibb, Boston, MA, USA) were reconstituted to
manufacturer's specifications, then diluted 10000 times by volume with a distilled ,
degassed water. The microbubble solution was then poured into a 10 mm diameter thin
shell cylindrical tube made of Polypropylene film backing coated with a water based
acrylic adhesive (Tesa® 4024 PV 2) having a total thickness of 52um. Then the tube

containing microbubbles was inserted into the water tank filled with distilled, degassed
water. The microbubble consisted of a phospholipid monolayer shell with a
perfluoropropane gas core with a peak volume weighted diameter of 6.8 um. The
concentrations used were low enough to enable the assumption of having individual
microbubbles at the focus of the transducers to minimize the variability of the
measurements.

2.2.2. Experimental setup

The sample was mounted in the center of a equilateral triangular water tank where two
transducers were installed in the side walls with 120 degrees in respect to each other. The
center of the tube containing the UCA was at the focus of the both transducers used for
transmitting and receiving the signals. Magnetic steerer was used to stir the UCA in the
tube gently in order to have a homogeneous solution (figure 2.1).
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In the direction of wave propagation, the echo from the UCA and the walls of the
containing tube was easily separable since the scattering from the walls were stable and
not changing in time while the echoes from the UCA change in time because
microbubbles are moving constantly. The separation ensured that received echoes were
from the UCA and not the linear scattering from walls of the tube.

2.2.3. Acoustic measurements

A broadband 10 MHz centre frequency, 75 mm focal length, single-element, spherically
focused transducer (Panametrics V311; 3-13 MHz) was driven at 10 MHz and low
pressure of 50 kPa. Pressure values were calibrated using a 0.2 mm PVDF probe
hydrophone (Precision Acoustics Ltd., Dorchester, UK). An envelope functions for the
transmit bursts were defined by the following formula:

_(g)ZM

Ef)=e T 2.1

where T is the nominal duration of the pulse and the integer M determines the rise and
decay time of the envelope. The envelope of the transmit burst was varied from Gaussian
to rectangular shape by changing the M from 1 to 15. Then the sinusoidal 20-cycle burst
at 10 MHz were modulated by these three different envelopes having the M values of 1,3
and 15. The pulses were generated by an arbitrary wave generator (8026, Tabor
Electronics Ltd., Tel Hanan, Israel) and amplified with a gated 60 dB pulse amplifier
(Amplifier Research, 150A100B). The scattered pressure waves were received, amplified
by 60 dB and digitized by an 12-bit ADC at a sampling frequency of 500 MHz. The
receive acquisition settings were kept constant. At 5 MHz the one-way transducer
frequency response was 5 dB lower than the maximum response at 10 MHz. One hundred
sets of pulses were transmitted with peak negative pressures (PNP) of 50 kPa with a
pulse repetition frequency of 1 kHz.
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2.2.4. Simulation

In order to investigate the influence of the S-D signal and the driving frequency on the
SH response of the UCA, we linked the KZK model (Hamilton et al., 1998) with the
model of Marmottant (Marmottant et al., 2005). The KZK is used to simulated the
propagation of the 20-cycle, 50 kPa acoustic burst with three different envelopes (M: 1, 3
and 15) in water and at the focus of a 10 MHz circular focused transducer with a diameter
of 10 mm. The focal length of the transducer was set the same as in experiment, 76 mm.
The Marmottant model simulate the bubble dynamics in response to the output of the
KZK block (figure 2.2). Both the KZK and Marmottant models were discussed in more
detailed in the chapter 1. We used exactly the same acoustic burst as we did for the
experiment as an inputs for the KZK model. The bubble radius for the Marmottant model
set to be 1um.
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Figure 2.2. Schematic of the KZK and the Marmottant blocks used for the simulation. a:
shows the input signal with a single peak at 10 MHz in the frequency domain. b: shows
the signal after being propagated in water which contains higher harmonics as well as the
low frequency S-D signal. c: shows the response of a single microbubble to the distorted
acoustic wave.
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According to the Marmottant model to get subharmonic oscillations a sharp change in the
elasticity is required (Overvelde et al., 2010) which means that in the elastic regime,
where the elasticity doesn’t change rapidly, not so much SH behavior can be expected.
Since we are using a low acoustic pressure we do not expect to push the bubbles towards
the rupture regime, therefore the only chance to get the maximum SH emission from the
simulated microbubble is to set the surface tension in the buckling regime as it has been
observed by (Sijl et al., 2010). Therefore in the simulations we choose the initial surface
tension to be very close to the buckling regime but not zero. Instead of taking the
buckling radius (R, ) of the microbubble to be constant as it is in the original Marmottant

model the following formula was used for R, (Overvelde et al. 2010).

R, =—0 2.2

Where »=2.50 N/m is the shell elasticity (Overvelde et al., 2010), R, =1 umis the

initial radius of the microbubble, and o(R,) =0.0991 N/m is the initial surface tension
of the microbubble.

2.2.5. Data analysis

Recalling from chapter 1 the energy of the S-D signal is concentrated in the beginning
and the end of the burst. Therefore in order to remove that part of the signal which
corresponds to the linear scattering of the S-D signal, a Hanning time window was
applied to discard 3 periods at 10 MHz from the beginning and the end of the received
scattered signal. Sets of 100 pulses were averaged in the frequency domain in order to
increase the signal to noise ratio and make the SH frequency peak more distinguishable.
Since we study the differences in the SH emission from the UCA in response to pulses
with different envelopes and not the absolute values of SH signal, the correction for
attenuation or the transducer's frequency response is not done. The energy content of all
the three different bursts used for transmission were set to be the same in such a way that
the SH response of the UCA could directly be compared, however the comparison is
done in between the ratio of the SH peak to the fundamental peak.
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2.3. Results

Figures 2.3 to 2.5 show a representative series of measurements and simulations for 20-
cycle pulses with three different envelopes having a pressure of 50 kPa. A 0.01% diluted
population of Definity UCA was insonified by a 10 MHz transducer in the experiment
and a single bubble with radius of R, =1 gmwas used for the similar situation in

simulation. Using the KZK simulation three transmitted bursts with a PNP of ~50 kPa
with three different envelopes at the surface of the transducer and at the focus and their
corresponding Furious transform are shown in figure 2.3. In this figure the graphs in the
frequency domain with dash lines correspond to the Fourier transform of the time signal
at the surface and the solid lines represent the Fourier transform of the time signal at the
focus of the transducer. The green ellipses indicates the S-D signal which are popping up
for the burst at the focus. The received echo is shown in figure 2.4 representing a clear
SH component at 5 MHz for all the three different bursts and finally figure 2.5 shows the
result for the simulation using the linked KZK and Marmottant models.

At surface At focus

Amplitude (kPa)
Amplitude (kPa)

Normalized output pressure (dB)

Y a5 12 s
Time (us) Time (ps) Frequency (MHz)
a b c

Figure 2.3. KZK simulation showing the 20-cycle, 50 kPa burst for three different
envelopes (M: 1, 3 and 15) at the surface of the transducer (a column), at the focus (b
column), and their corresponding frequency contents (¢ column) (green ellipses shows

the position of the S-D signal).
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Figure 2.4. Experiment results showing the Fourier transform of the scattered signal from
the UCA and three 20-cycle, 50 kPa pulses with three different envelopes used as
excitation bursts.
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Figure 2.5. Simulation results showing the Fourier transform of the scattered signal from
a single microbubble and 20-cycle, 50 kPa pulses with three different envelopes used as
excitation bursts (R =1um, o =0.0099(N/M)).

To compare the SH signal, the received echoes were normalized to their maximum and
then the ratio of the SH amplitude to the fundamental amplitude were used for
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comparison. In this way, keeping in mind that the beginning and the end of the received
signals have been windowed, we can be sure that the differences in the SH to
fundamental ratio comes from a true enhancement in SH responses and not the linear
scattering of S-D signal and leakage of energy have been minimized.

2.4. Discussion

Results of the KZK simulation in figure 2.3 shows the effect of the pulse shape on the S-
D signal produced due to the nonlinear propagation. In section 1.4.2 we showed that the
S-D signal is proportional to the second time derivative of the squared envelope of the
carrier high frequency ultrasound burst. The three pulses with different envelopes tested
here are made only by changing the M in equation 2.1 which means only the decay and
raise time of pulses have been change. For M=1 we have a Gaussian-like envelope and
the higher the M gets the more rectangular the shape of the pulse will be. The center
frequency of the S-D signal is changing from low frequencies (around 1 MHz) towards
the fundamental frequency (10 MHz) by changing the envelope of the 10 MHz transmit
burst from Gaussian to rectangular (by changing the "M" from 1 to 15). The S-D signals
for different transmit bursts are indicated by the green ellipses in the frequency domain in
figure 2.3. We can see that the frequency content of the S-D signal for a rectangular
envelope (M=15) is not a clear single peak as it is for a pulse with a Gaussian envelope
(M=1) and it is more like elevation in a wide range of low frequencies (from 3 to 8 MHz)
with a center close to 5 MHz. The reason is clear because the frequency content of the
squared rectangular envelope is different compare to a Gaussian envelope. This is
because to make the rectangular shape more frequencies are involved while a Gaussian
shape can be produced by a single low frequency component.

Subharmonic energy at 5 MHz was observed for all transmitting bursts with different
envelopes, having different S-D signals, with clear distinguishable peaks from the
fundamental peaks at 10 MHz. By changing the envelope from a Gaussian shape to a
more rectangular shape the energy of the SH responses produced by the UCA increases
monotonically up to 20 dB (figure 2.4). This enhancement of the SH emission because of
the shape of the pulse is in a agreement with the previous studies (Zheng et al., 2005,
Biagi et al., 2006, Masotti et al., 2007, Zhang et al., 2009). It seems that having more
energy of the S-D signal at the SH frequency can stimulate the microbubble to oscillate
more asymmetrically and produce more SH signal. It was mentioned in (Biagi et al.,
2006) that having a Gaussian shape prevent emission of the SH, however we think that
having a rectangular shape stimulates the SH emission and there is no prevention effect
involved with Gaussian shape. The reason for such a stimulation effect might be the more
energy at the SH frequency due to the S-D signal in the acoustic burst with rectangular
shape in respect to the one with Gaussian envelope.

Figure 2.5 shows the result from numerical simulation which is in a very good agreement
with the results of experiment. Of course the initial values of the radius of the
microbubble and the surface tension for the numerical simulation is very important. Both
of these factors have direct influence on nonlinear emission from the UCA such as the
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SH response in the model. The radius actually represents the resonance frequency
characterization of the bubble and the initial surface tension has a great impact on SH
response since it is indicates the position of the bubble in the three states: rupture, linear
and buckling graph in Marmottant model (Marmottant et al., 2005, Overvelde et al.,
2010). In order to find a right size for the bubble which results in maximum SH response
for our simulation we swept a rage of different bubble radiuses for transmit frequency of
10 MHz. The maximum SH response for a 20-cycle 10 MHz Gaussian shaped burst was
found to happen when R =1 um. Different values for initial surface tension was also
tested by sweeping method and the most similar results to the experiment found
wheno =0.0099 N/m.

Since the maximum SH response takes place when the surface tension is in the bucking
regime readers might indeed ask why not having the initial surface tension equal to zero
instead of a value close to zero to have the maximum SH response. The answer for such a
question is: since we want to see the effect the of the S-D signal on SH emission this
effect is more clear if the microbubble has an initial surface tension a bit above zero. In
this way we can see that the S-D signal can actually push the bubble towards the bucking
regime and that is what we call the stimulation effect of the S-D on the SH emission.
Having the minimum value for surface tension =0 N/m will not result in showing

the enhancement of the SH response using the S-D signal because the bubble already is
giving the maximum SH emission even using the Gaussian envelope. Therefore in such a
position, the microbubble does not need to be stimulated by the S-D signal. However,
being slightly above the buckling regime (e.g. o =0.0099 N /m) results in not having

the maximum SH response for the Gaussian-shaped pulse but for the pulse which has
slightly more energy at the resonance frequency of the bubble (half the transmitting
frequency). As it was explained earlier this energy at the SH frequency coming from the
S-D signal for the excitation pulse with a rectangular envelope. In this way the
mechanism behind this stimulation effect of the S-D signal on the SH response of
microbubbles can be predicted by the Marmottant model.

Readers should also recall that the amplitude of the S-D signal itself is very low and it is
within a range of 50 to 30 dB below the amplitude at the fundamental frequency (\Vos et
al., 2010). Comparing the frequency content of the rectangular-shaped pulse at the
surface of the transducer and at the focus in figure 2.3 might be misleading since the
amplitudes at the SH frequency (5 MHz) are only 15 to 10 dB below the amplitude at 10
MHz. The reason that we do not see the lower values which we expect is that the low
frequency content of the envelope as well as the S-D signal are combined by the side
lobes as the result of energy leakage of the fundamental due to windowing. This is not
influence the effect we try to study in this work since we are more interested in
differences between the amplitudes around the SH frequency for the burst at the surface
(without the S-D signal) and the burst at the focus of the transducer (containing the S-D
signal) which is about 10 dB. However still one might ask that the enhancement we see
might be only because of the low frequency component in the envelope itself as a
rectangular envelope contains several different low frequency components. One way to
answer this question is to repeat the experiment with two burst with rectangular envelope
but one with the S-D signal and the other one without. Unfortunately it is not possible to
filter out the S-D signal in the experiment since it is a low frequency signal which is
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spread all over from the fundamental frequency to the very low frequencies but it can
numerically be simulated. For that we run the simulation for a bubble with a radius of
1um and then sweep the initial surface tension from 0 to 0.1 N/m. This time instead of

using burst with different envelopes, two 20-cycle, 50 kPa rectangular envelope burst are
examined. One is from the surface of the transducer where the S-D signal is not built yet
and the other one is the wave after propagating 76 mm in water and contain the S-D
signal (figure 2.5 third row). The differences in the amplitude of subharmonic emission
from the microbubble in response to these two different bursts for different initial surface
tension is shown in figure 2.6 with the blue curve.

Enhancement in subharmonic response of the UCA to acoustic waves with (red) and without (blue) the S-D signal
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Figure 2.6. Simulation results showing the enhancement of the subharmonic response of
a single microbubble to a 20-cycle, 50 kPa rectangular envelope acoustic burst at the
surface of the transducer and at the focus of the transducer (blue) and the inverted pulses

(red) (R=1 um)

Looking at the blue curve in figure 2.6 one can see there is almost no differences between
using the burst with rectangular envelope at the focus of the transducer containing the S-
D signal and the other one at the surface of the transducer without the S-D signal. if we
look at these two acoustic bursts and their frequency content filtered by a low pass filter
with a cutoff frequency of 6 MHz (figure2.7 first row) we can see that the low frequency
content of the envelope itself (dotted red curve) is in phase with the low frequency so
called the S-D signal. It means that both of them have a positive pressure phase at the
beginning of the burst which can probably push the bubbles towards the buckling regime.
This similarity in the amplitude of the SH emission using these two bursts can be
explained in this way. However, if we just invert the transmit burst and keep the rest of
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the settings as before, since the S-D signal is related to the second time derivative of the
squared envelope, it stays the same while the low frequency component of the envelope
itself will be converted which means a negative pressure instead of a positive pressure at
the beginning of the burst (figure 2.7 second row). The simulation results for this
situation is the red curve in figure 2.6 which clearly shows the enhancement of the SH
emission for the acoustic burst containing the S-D signal compare to the one without the
S-D signal and having the same rectangular envelope.

According to the formulation for the S-D signal inverting the high frequency carrier wave
should not change the S-D signal at all. The dissimilarities that we see in figure 2.7
between the blue and black curves, which suppose to show the S-D signal for the pulse
and the inverted one, is because of the low frequency component of the envelope itself
which has not been filtered out from the S-D signal. These components will be inverted
by inverting the transmitting burst. Therefore some distortion in the S-D signal is
presented. Regardless of this change in the shape of the S-D signal for the inverted burst,
having a positive pressure at the beginning of the pulse is more important since it is
responsible for pushing the bubbles towards the buckling regime.

Comparing the low frequency part of the time signal for bursts with rectangular envelope
T T T

= LPF pulse at focus
]l PE pulse at surface

Normilized amplitude

= LPF inverted pulse at focus
| PE jnverted pulse at surface

Time (arbitrary unit)

Figure 2.7. Simulation results showing the low pass filtered (LPF) pulses at surface and
focus of the transducer (cutoff frequency of the LPF: 6 MHz).

The result of these simulation confirms our explanation that: The S-D signal which starts
with a positive pressure at the beginning of the transmitting burst can push the
microbubble towards the buckling regime where oscillation in response to the rest of the
burst gives a higher SH emission.
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One of the problems that we might face when using such a technique in imaging
applications is the poor axial resolution due to the long length of the transmitting burst.
The experiment are done with a 20-cycle burst because it is easier to distinguish the S-D
component in the transmitting pulses as well as the SH component in the scattering signal
from the UCA. According to the physical background and numerical simulations our
hypothesis to explain the stimulating effect of the S-D signal on the SH emission is not
dependent on the pulse length at all. To prove that exactly the same experiment was
repeated but this time with a 6-cycle burst instead of 20-cycle. Figure 2.8 shows the
results of this experiment.
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Figure 2.8. Experiment results showing the Fourier transform of the scattered signal from
the UCA and 6-cycle, 50 kPa pulses with three different envelopes used as excitation
bursts.

Figure 2.8 shows that unsurprisingly the same results as for 20-cycle bursts are presented
except that the SH peaks are more clear and apart from the fundamental peak in the
experiment with 20-cycle pulses. The almost 20 dB enhancement in the SH response of
the UCA due to the S-D signal around the SH frequency in a rectangular envelope can be
appreciated in figure 2.8 even for a ultrasound burst with a lower number of cycles.

For using such a technique in a imaging modality, the linear scattering of the S-D signal
itself should also be considered carefully. Although the S-D signal is a very week signal
it can be scattered by not only the UCA but also by the tissue which results in decreasing
the CTR. On the other hand, the enhancement in the SH response (20 dB) of the UCA
due to the S-D signal is much higher than the level of the S-D signal itself. Therefore
optimizing the shape of the excitation pulse in a way to have the maximum energy of the
S-D will always be beneficial in increasing the CTR and the nonlinear response of the

43



microbubbles. The other solution might be to use other fraction of the SH response such
as ultraharmonic to minimize the effect of the linear scattering of the S-D signal while
keeping the enhancement in the ultraharmonic emission.

2.5. Conclusions

Even though the low amplitude self-demodulated pulse alone may not be able to excite
microbubbles efficiently, our result shows it can effectively stimulate the SH response of
the UCA. Our hypothesis for such a phenomena is that the microbubbles are pushed
towards the buckling regime by the positive pressure of the S-D signal at the beginning of
the transmitted burst which results in presenting the maximum SH emission in response
to the rest of the burst. This hypothesis are confirmed by the numerical simulation using
the linked KZK and Marmattant model. Besides the limitations in optimization the
excitation pulse as well as in SH response of the UCA this study suggests the SH imaging
is feasible, thanks to the S-D signal, with low acoustic pressure (~100KPa) and low
cycle-number transmit burst (6 cycles), hence providing a good compromise
contrast/spatial resolution.
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3 High frequency nonlinear contrast imaging

Results of the single element study in the previous chapter suggested that optimizing the
envelope of the excitation burst can enhance the SH response of the UCA up to 20 dB. In
this chapter such an optimized enveloped in combination with conventional contrast
detection methods (AM and PI) are used for nonlinear contrast imaging at high
frequencies. Such a new method was implemented in a commercial ultrasound scanner
and different phantom studies were done The results were then validated in vivo using a
chicken embryo model.

3.1. Introduction

Current progress in high frequency ultrasound imaging technology have pushed
traditional frequencies into the higher range of 10-70 MHz using linear array transducers
(Ritter et al., 2002, Lukacs et al., 2006, Brown et al., 2007). Improved depth of field and
overall image quality and more flexibility in pulsing schemes for imaging are the key
advantages of such a new technology compared to the old single-element transducers
used in previous generation of micro-ultrasound systems. In the contrast mode imaging
techniques using post-processing subtraction algorithms the echoes from UCA can, in
certain conditions, be visualized above the tissue echoes (background). However, in lots
of clinical applications such as for tissue perfusion conditions due to the low
concentration of the UCA used in small capillaries the backscattered signal from the
microbubbles are below tissue levels, making the selectively imaging of the UCA
difficult (if not impossible) by subtracting images or signals after rf demodulation
(Needles et al., 2010). Other difficulties in image subtraction methods are the motion
artifacts due to breathing and cardiac-induced motions. In order to gain high sensitivity in
contrast imaging, tissue backscatter signals must somehow be taken away from the
received echoes, while keeping signals produced by UCA. This can preferably be done
by new imaging strategies where multi-pulse schemes are used instead of single
transmission pulse. In these methods each line of sight is imaged by sequences of
transmit pulses, with rf-echo processing designed to remove the tissue backscattered
signal (linear echo components ). In addition to enhance the sensitivity in such an
approach, the detection and visualization of UCA will be done in real time. In the
ultrasound systems with array transducers it is easily possible to electronically control
desired transmit and receive beam patterns and the latter focused can be dynamically set
for all depth samples in the image (Needles et al., 2010) providing a significant and
valuable improvement in depth of field and, therefore, an overall enhancement in UCA
detection over image depth.
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3.1.1 Nonlinear contrast agent detection

It has been shown that ultrasonic nonlinear imaging provides higher image quality and a
better contrast compared to conventional linear imaging techniques, making it become an
important valuable diagnostic tool in many clinical and biomedical applications (Gramiak
et al., 1969, Ophir et al., 1989, Tranquart et al., 1999, Desser et al., 2001) and many
techniques have been proposed for nonlinear imaging of UCA (Burns, 1996, Chang P H
et al., 1995, Simpson et al., 1999, de Jong et al., 2000, Phillips, 2001, Deng et al., 2002).
Two different sources generate the nonlinear echoes in clinical applications: the tissue
and the UCA which are usually introduced into the vascular beds via intravenous
administration. Nonlinearity generated by the tissue is due to the nonlinear propagation
which was explained in section 1.3 in more details. This nonlinearity can be mainly
characterized by the generation of harmonic signals whose frequencies are at multiples of
the fundamental (F) transmit frequency as well as the S-D signal (see section 1.4.2). The
acoustic waveforms before and after nonlinear propagation and their corresponding
spectra are shown in Figure 4-1.

Nonlinear
Transduccr
propagatlon

High
Self- dcmodulat\on ‘gher
harmonics

Associated spectrum Assoclated)pfﬁf\
|

-100

Spectrum density (dB)
2
Spectrum density (dB)

n
o

1 2] 3 4 5 = 1 2 3 4 5
Frequency (MHz) Frequency (MHz)

Figure 3.1. Transmit ultrasound wave, a nonlinearly deformed wave and their associated
spectra.

Since the tissue harmonic and the S-D signals are generated gradually throughout the
propagation path, these nonlinear terms are weak in the near field. Though the
reverberations from imaged targets in the near-field are reduced in nonlinear imaging.
For UCA, the generation mechanism of nonlinearity is different than nonlinear
propagation. Due to the acoustic impedance mismatch between blood and the gas core of
UCA, microbubbles produce strong backscattered signals (Goldberg et al., 1994).
Therefore, using UCA can enhance both grayscale images and Doppler signals.
Furthermore, microbubbles exhibit strong nonlinear oscillations especially if excited near
their resonance frequencies (Chang P H et al., 1995). Nonlinearities generated by UCA
include not only the harmonic but also the SH frequencies (de Jong, 1996, Shi et al.,
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2000). In conventional F imaging, the dominating echoes from both microbubbles and
tissue are the linear components, and often on a similar order of magnitude for high
transmit frequency, making the separation of microbubble echo from tissue signal
difficult. The main challenge in contrast imaging, therefore, is to design particular pulse
sequences and signal processing which provides maximum UCA detection efficiency
while removing signals originated by tissue. Using properties of the microbubble
nonlinear oscillations, nonlinear imaging using the UCA is improved compared to its
linear counterpart, however the performance of nonlinear imaging is still limited. For
instance, the nonlinearity which is produced in an imaging system itself can degrade the
image contrast (Che-Chou et al., 2001). Also the signal to noise ratio and contrast to
tissue ratio (CTR) in tissue harmonic imaging, which are also important factors for
imaging, are sometimes insufficient, especially in the near-field area (Li et al., 1999).

Conventionally, nonlinear components such as harmonic signals are extracted from the
received echo by applying a filter at the desired frequency (Averkiou et al., 1997,
Christopher, 1997, Ward et al., 1997). Although filtering can be implemented efficiently,
spectral leakage can result in potential contrast degradation. Therefore other development
of other signal processing techniques free from this leakage problem seem to be
necessary. Among all the different methods which have been developed for medical
applications the pulse inversion (PI) and amplitude modulation (AM) techniques are the
most promising methods for improving the performance of nonlinear imaging. These
methods offer enhanced image quality and improved diagnostic abilities by reducing
potential interference from the linear part of the propagated acoustic wave.

3.1.2 Conventional contrast imaging

Instead of filtering, the Pl method can be used to extract the nonlinear signals emitting
from the UCA. PI was for the first time introduced by (Simpson et al., 1999) and uses
two transmit ultrasound waves that are sent one after the other into the medium, with the
second pulse being an identical but inverted copy of the first. According to the
characteristics of linear systems, adding up the echo signals resulting from the two
transmit pulses ends up in removal of all linear echo components of the tissue, and
preserving the nonlinear signals from UCA. Pl keeps even-order harmonics such as
second harmonic as well as the SH, and removes odd-order harmonics. It has been shown
that, at low transmit frequency, P1 improves CTR relative to F imaging (Eckersley et al.,
2005) (i.e., 14 dB enhancement in CTR at a transmit frequency of 2 MHz). At higher
frequencies, Goertz et al (Goertz D E et al., 2006) investigated Pl with a 30 MHz
intravascular ultrasound transducer for both SH and second harmonic imaging. This study
showed an improvement in CTR ranging between 10-20 dB (second harmonic) and 5-15
dB (SH) for transmit peak negative pressure range of 0.1 to 2 MPa. They also reported
that at such high frequencies, the enhancement in CTR using the Pl method decreases
dramatically as imaging depth and transmit pressure are increased, especially for second
harmonic imaging. A schematic diagram of the PI method is demonstrated in Figure 3.2.
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Figure 3.2. Schematic diagram of the PI technique for extracting the nonlinear terms of
the UCA oscillations.

In AM technique (also known as power modulation) two ultrasound pulses are sent
consecutively into the tissue, with the first pulse scaled by a factor A relative to the
second pulse (Brock-Fisher G et al., 1996, Phillips, 2001, Eckersley et al., 2005). The
backscattered echoes, after scaling the signal in response to the second pulse by the same
factor A, are subtracted from each other. Based on the properties of linear systems the
linear component in the echo is canceled, while retaining components resulting from the
imperfect cancellation of nonlinear UCA echo signals (Figure 3.3). It can be shown that
AM keeps nonlinear energy at the F frequency, in addition to even-order harmonics such
as the SH frequency (Eckersley et al., 2005).
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Figure 3.3. Schematic diagram of amplitude modulation technique with a scaling factor
A=2 for extracting the nonlinear terms of the UCA oscillations.
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As shown in figures 3.2 and 3.3 both Pl and AM methods can extract the nonlinear
component of the backscattered signal without interference from any linear terms of the
signal. In other words, potential spectral leakage in ultrasonic nonlinear imaging which
was the main problem in conventional filtering method can be avoided with the PI and
AM techniques.

In most of the conventional ultrasound frequency the nonlinear imaging methods are used
to extract the energy at the second harmonic. However such approach is less effective at
higher frequencies for two main reasons (Needles et al., 2010): First, the level of second
harmonic produced by the tissue due to the non linear propagation is high even at low
transmit pressures (Goertz et al., 2005). This reflects the frequency dependence of
nonlinear propagation in tissue, especially as the transmit pressure is increased for
increasing imaging depth. Second, due to the frequency dependence of ultrasound
attenuation in most soft tissues, the level of energy at second harmonic for high transmit
frequencies suffers from higher attenuation compare to at lower transmit frequencies.
Therefore commonly used contrast imaging techniques such as Pl and AM performing
very well at low frequencies suffer from poor tissue cancelation at higher frequencies. In
addition, the limitation in the bandwidth of the most of high frequency probes makes it
imposable to look at the second and higher harmonics. The goal of this chapter is to
determine the optimal imaging strategy for a real-time nonlinear contrast mode, using a
high frequency ultrasound system with the array-based transducer and validate such an
optimal method both in vitro and in vivo. In the following section based on the method
we developed in chapter 2, a practical approach is proposed.

3.1.3 Novel contrast imaging method

Since the S-D signal is proportional to the second time derivative of the squared envelope
of the transmitting ultrasound burst ( p,, oc 8*E(t)/at?) (Averkiou et al., 1993), by

inverting the transmit pulse, the S-D signal stays the same because the squared envelope
is unchanged. Therefore adding the two pulses in the Pl method will double the S-D
signal in amplitude. On the other hand, in the AM technique (with A=2) the S-D signal in
the pulse with double amplitude is four times higher than in the other pulse, because in
the weakly nonlinear regime there is a quadratic relation between the amplitude of the
transmitting envelope and the S-D signal (Vos et al., 2010). Hence, doubling the echo
from the pulse with half amplitude and subtracting it from the other pulse, the S-D signal
will be enhanced by a factor of two. In the other hand in chapter 2 we showed that
optimizing the shape of the transmit pulse in such a way that the S-D will be around the
SH frequency, can enhance the SH emission from the UCA up to 20 dB. Therefore
applying the Pl or AM techniques together with an optimization of the pulse envelope
and imaging at the SH frequency might provide a contrast imaging mode with a better
tissue cancelation and consequently higher CTR.
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3.2. Methods

The MicroMarker (VisualSonics Inc., Toronto, Canada) UCA was used in this study.
These microbubbles consist of phospholipid shell encapsulating a C4F10/N2 gas core.
These are obtained after reconstitution of a lyophilisate cake with 0.7 mL of 0.9% saline,

resulting in a concentration of approximately 2.10° bubbles/mL, with a mean bubble
diameter of 1.2 um (Needles et al., 2010).

A high frequency pre-clinical ultrasound scanner (Vevo 2100, VisualSonics Inc.,
Toronto, ON, Canada) was operated at 18 MHz, with a 256-element linear array
transducer (model MS-200). The frequency response of the transducer measured in the
pulse echo experiment with a flat Steel plate is presented in figure 3.4. An in-phase
quadrature (I/Q) sampling method (Powers et al. 1980) was implemented in the system
and the sampling rates is set to be double the transmit frequency(2*18=36 MHz in our
case) in this way the sampling process allowed non-aliased quadrature sampling of
signals having a spectrum in the range zero to transmit frequency, therefore the SH, and
wideband F signals from microbubbles and tissue are properly sampled while unwanted
second harmonic sampled signals is not fold back into the frequency range of interest
through aliasing (Needles et al., 2010). Through measurement, the focus of transmit
ultrasound beam was set at the far end of the region of interest so that a more uniform
transmit pressure (200 to 400 kPa) could be maintained over depth in tissue. This
guaranteed that all of the echoes form the UCA and the tissue in the region of interest
were in a more uniform fashion, thus maximizing sensitivity over a wider depth.
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Figure 3.4. Frequency response of the linear array transducer measured with a
flat steel plate.
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In order to see the effect of the Pl and the AM techniques on the S-D signal an
experiment with a micron size wire phantom was implemented. The S-D signal enhanced
by both PI and the AM modes was used for the SH imaging in a tissue mimicking
phantom and a chicken embryo as an animal model. A scheme of the experimental setup
depicted in figure 3.5.

Pulse sequences
| Exported IQ data > and other
x processing in
MATLAB
- MS-200
High frequency Phantom
ultrasound system | s—— Or
Vevo 2100 Animal model

Figure 3.5. Summary of the experimental setup. Echoes are detected with the MS-200
array transducer and the 1/Q sampled signals were exported from the Vevo 2100 and
processed with MATLAB.

3.2.1. Wire phantom

In order to look at the propagated wave in different depths a wire phantom was made
consisted of five tungsten wires with the diameter of 30 zm mounted in different depths

(figure 3.6).
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B-mode Image Phantom Schematic

Vv

Figure 3.6. Wire phantom consist of five tungsten wires with 30 micrometer diameter in
different depths: 5, 10, 15, 20 and 25 mm. Left images shows a gray scale image taken by
the high frequency system (Vevo 2100) with a 20-cycle transmit pulse at 18 MHz. The
right panel shows a schematic diagram of the phantom.

The reflected wave from the wires in different depths were recorded as it is summarized
in figure 3.5.

3.2.2. Invitro experiment

A tissue mimicking phantom prepared (Teirlinck et al., 1998). During the formation of
the phantom a steel rod was placed in the phantom to make a cylindrical wall-less whole
with a diameter of 10 mm in the phantom. A suspension of Micro-Marker was prepared
as a 1:1000 dilution in saline after agent reconstitution. The microbubble solution was
then poured into the wall-less whole inside the phantom. For making a homogeneous
distribution of the UCA a magnetic steerer was used to mix the bubble solution gently.
For each pulse sequence 15 image frames of the phantom in cross-section were acquired.
I/Q data from low-amplitude (~300 kPa) narrowband 20-cycle transmit pulses with
rectangular envelope were collected with the following pulse sequences: B-mode, Pl and
AM. The coupling between the probe and the phantom was done by an ultrasound gel.
All measurements were made very quickly (5 minutes) and an appropriate receive
processing for each of the pulse sequences was done in MATLAB. The regions of
analysis were positioned within the UCA and tissue mimicking phantom, at the same
image depth (figure 4.10). Fast Fourier transforms (FFTs) were applied to compare the
levels of nonlinearity at the F and the SH frequencies as well as residual tissue signals.
Guided by the FFT spectra, 1/Q signals were digitally filtered around either the SH or the
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F frequency bands using a band-pass Butterworth type 5 filter designed in MATLAB.
The —-40 dB stop-band ripple frequency cut-offs for the F and SH images 13 to 23 MHz
and 4 to 14 MHz respectively. Next the CTR was determined for each image. For both
the FFT and 1/Q analysis, the results reflect an average of all 15 image frames collected.
Six different images were compared in total; the SH and F images for the B-mode, PI-
mode and AM-mode. Since a rectangular envelope was used for transmit pulse the S-D
signal is supposed to be present in all the three different modes. The brightness in the
gray scale images were normalized to one maximum value and the dynamic range of 30
was used for displaying the images. Dynamic range in ultrasound images refers to the
range of echoes displayed by the ultrasound system, from strongest to weakest and it
determines how many shades of gray are demonstrated in one image.

3.2.3. Invivo experiment

All animal work was performed in accordance with local ethical guidelines and approved
animal care procedures. Fertilized eggs from White Leghorn chickens were obtained
from a local hatchery (Drost Loosdrecht B.V., the Netherlands), and incubated at 37.8 C
and 85% humidity in a brooder (Ehret, Emmendingen, Germany). The development of
the chicken embryo takes 21 days and heart formation is complete after 14 days. Chick
embryos were used for catheterization in vivo after 6 days of incubation (E6). The shell
of the egg was broken in a water bath to prevent damaging the embryo and breaking the
vessels. The embryo on the top of the egg yolk was kept in a water tank covering the
whole egg. The microbubble injection was performed using a microinjection system (the
Vevo Imaging Station, VisualSonics Inc., Toronto, Ontario, Canada). Bolus injections of
1044 of native MicroMarker contrast agent was administrated intra-venously. For
visualization of the microbubbles, the MS200 transducer with a transmit frequency of 15
MHz was then mounted with a 30 degrees angle above the object. Having the heart and
big vessels in the field of view was confirmed by means of a Doppler technique and the
injection was conducted under guidance of a microscope.

3.3. Results

Figure 3.7 shows the echoes of a rectangular envelope 20-cycle transmit burst from the
wires in different depths for three different modalities: B-mode, PI-mode and AM-mode.
As it was explained earlier the B-mode single RF line consists of a single echo line while
in the Pl and AM mode it is made by 2 lines. In the PI-mode the second pulse is inverted
and the echoes are then summed up and in the AM-mode the second pulse is twice the
first one in amplitude then the first echo is multiplied by two and subtracted from the
second echo.
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Figure 3.7. Single echo lines (RF signal) from 30 zm diameter wires in different depths
and the gray scale image of the phantom.

Figure 3.8 shows the frequency spectra of the received echoes from the tissue-mimicking
phantom (dashed) and UCA (solid) for the three different pulse sequences at 18 MHz.
Figure 3.8 demonstrates how PI1 (blue) and AM(black) retain and even enhance the SH
from the UCA, compared with the SH for the B-mode (red). Moreover tissue suppression

and SH enhancement in general are more effective with PI.

54



— Bubble-Bmode
— Bubble-PImode
— Bubble-AMmMode
““““““ Tissue-Bmode
wen Tissue-Plmode
- Tissue-AMmMmode

Amplitude (dB)

A
30 35 40

S 10 15

20 25
Frequency (MHZz)

Figure 3.8. Frequency spectra of microbubble UCA (solid) and tissue-mimicking
material (dashed) for the different pulse sequences. PI (blue), AM (black). The transmit
frequency was 18 MHz.

The results of the in vitro study are presented in figure 3.10. The dynamic range for
displaying all the images was set to 30 dB. Identical rectangular region of interest in the
same depth, one in the tissue and one in the bubbles, were selected for CTR calculations.
Figure 3.9 summarizes the in vitro results of CTR for all pulse sequences. The CTR
enhancements at 18 MHz were 28 and 26 dB for the P1 and the AM respectively.
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Figure 3.10. In vitro comparison between the F and the SH imaging in three different

modalities: B-mode, PI-mode and Am-mode.
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Figure 3.9. Summary of the in vitro results for F and SH imaging and different pulse
sequences (B-mode, blue; PI, red; AM, black). The largest improvements in the CTR in
regard to the F B-mode image were observed for SH bandpass filter with P1 (28 dB) and

AM (26dB).
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Since the PI technique turned out to give the maximum enhancement in the CTR, only
the result of this pulse sequence on the chicken embryo model is demonstrated in figure
3.11.

B-mode

S-D enhanced Pl mode
Filtered at fundamental

S-D enhanced Pl mode
Filtered at subharmonic

Figure 3.11. In vivo comparison between the F and the SH imaging in the PI-mode

3.4. Discussion

3.4.1 Self-demodulation enhancement

In most of the high frequency systems such a quadratic relations between the S-D signal
and the transmit signal is not exactly correct because of the high transmit pressures used
in order to increase the penetration depths. In such cases the Pl could be a better option
for doubling the S-D signal compared to AM method since both of the transmit pulses
have the same amplitude but different phases in the Pl mode. As it was shown in figure
3.7 the echoes from the wires close to the transducers in both AM and Pl mode are
similar and both of these methods could reduce the linear F echoes from the wire. Close
to the transducer the S-D signal is not developed yet and it is not present in the echo
signals. However looking at the echoes from the deeper wires at the focus of the
transducer shows that when the transmit pressure is high the AM method reaches a
saturation level where its performance in reducing the linear part of the signal degrades
compared to the PI. The reason is that in such a high transmit pressure doubling transmit
pressure does not result in doubling the actual pressure at the focus of the transducer and
the pressure saturates. Therefore doubling the first echo and subtracting it from the
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second one keeps part of the linear F echo. On the other hand in Pl method the same
pressures are transmitted and the second pulse is only inverted. The S-D signal can be
clearly seen in the echoes from the deeper wires in the PI-mode while it is lost in the
residual of the F signal in the AM mode (note that the amplitude of the S-D signal is 60
dB lower than the amplitude at F). According to the result of the single element study in
chapter 2 such a low amplitude SD signal can enhance the SH emission from the UCA.

3.4.2 Scattering from UCA

Figure 3.8 compares the spectrum of the backscattered signal from tissue and the UCA
for different modalities used in this study: B-mode, PI-mode and AM-mode. As we
expect from the wire phantom the PI technique seems to be more successful in reducing
the linear F echo both from the tissue and the UCA while keeping the nonlinear terms
(The SH and second harmonic signals) in comparison to the AM technique. The other
interesting point in this figure is the level of the SH signal for different modalities. All the
three methods can provide a distinguishable peak at the SH in the spectrum. However the
Pl and AM method give the most enhancement in the SH emission from the UCA
respectively compared to the SH signal in the B-mode. Such a behavior can be explained
by the effect of the SD signal on the SH emission from UCA (chapter 2). Since in such a
the Pl and AM techniques have higher SD signal they can stimulate the SH emission of
the UCA more efficiently than in the B-mode.

3.4.3 Imaging validation

Both the in vitro and in vivo results (figures 3.9, 3.10 and 3.11) confirm that the SH
imaging using the stimulation effect of the SD signal can increase the CTR compared to
the contrast F imaging. Figure 3.9 shows that the SH imaging in all the three different
modalities can enhance the CTR. Looking at the CTR for each modality separately, the
highest increase in CTR takes place for the B-mode since the F imaging in the B-mode
contains lots of strong backscatter echoes from the tissue while they are cancelled to a
large extend in both Pl and AM methods. The SH imaging in the PI and AM modes
results in higher CTR than in the B-mode. That is mostly because of the doubling effect
of the SD signals in those modalities since the tissue does not produce any signals at the
SH frequency. In total the maximum improvement in the CTR compared to the B-mode
images happens in the Pl-mode and AM-mode having the values of 28 and 26 dB
respectivly. Based on the phantom characterization the gray scale images are all
normalized to one maximum value and then presented using the dynamic range of 30 dB.
This way the brightness can be directly compared between the different images. In figure
3.10 we can see that the B-mode image filtered at the F frequency contains both the
nonlinear echoes from the UCA and the linear echoes from the tissue mimicking phantom
while in both the PI-mode and AM-mode these linear echoes have been cancelled. Due to
relatively low transmit pressure in the region of interest both the Pl and AM methods
very well remove the linear echoes from the tissue mimicking phantom.

Second row of the figure 3.10 shows the filtered images at the SH frequency for B-mode,
PI-mode and AM-mode. The CTR in the B-mode images is lower than both in the PI and
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AM modes since the SD signals are doubled using the Pl and AM method. Therefore SH
emission is stimulated more effectively. Finally since the region of interest is out of the
focal area, there is no significant difference in CTR between the PI-mode and AM-mode.
This result is in agreement with the pulse echo measurement using the wire phantom
(figure 3.7).

Results of the in vitro study suggest that the SD enhanced Pl mode is the best candidate
with the maximum improvement in the CTR for contrast imaging. Therefore only this
method was tested in vivo. Figure 3.11 shows that the signals from the UCA are so weak
in the B-mode image and almost lost in the tissue signal. On the other hand the F image
in the PI-mode reduces the signals from the tissue but also does not provide enough CTR.
However the SH image clearly shows a better image with higher CTR. The UCA
circulating in the heart and the big vessel are nicely visualized while the linear echoes
from the tissue and the body of the embryo are canceled. These differences in the F and
SH images in vivo might be due to the different experimental environment. The amount
of microbubbles in the field of view is much less in vivo compared to in vitro situation.
Also the hydrostatic pressure which seems to have an impact on the SH emission is
different in these two experiments.

One of the problems of using the SD enhanced Pl method for SH imaging is the linear
backscatter of the SD signal itself by the tissue since its frequency content is close to the
SH frequency for transmit pulse with rectangular envelope. However, the very low
amplitude of the SD signal in the low transmit pressures (40 dB below the amplitude at
the F frequency at its maximum) can guarantee that the linear backscatter of such a weak
signal does not have a big impact on the final CTR in the images. It might also be
possible to apply some signal processing techniques or even using a new pulse sequences
to reduce the linear back scatter of the SD signal for higher transmit pressures. For
instance subtracting the two transmit pulse in the PI mode instead of the summation,
results in cancelation of the SD signal while part of the SH can still be kept due to the
phase dependency nature of SH emission. Also other harmonics of the SH signal such as
ultraharmonic can be used for imaging.

3.5. Conclusion

After analyzing the effect of the SD signal on the SH stimulation in chapter 2, a real time
nonlinear contrast imaging with an array based high frequency ultrasound system was
demonstrated in this chapter. Such a new nonlinear contrast detection method offers
improved performance over a larger depth and a better CTR at high frequencies
compared to with the conventional linear and nonlinear contrast methods.
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4 Conclusion and future work

In this chapter a summary of this thesis, a trend for further investigations in future, some
limitations of the newly developed technique, introduced in this work, as well as potential
solutions for those limitations, are presented. Similar to the SH emission the
ultraharmonic response of the microbubbles as an another unique behavior of the UCA is
introduced. The primary numerical simulation results presenting in this chapter, suggest
another promising method for improving the contrast detection techniques. How our new
contrast detection method based on the SH signal can help in the field of targeted
imaging is the subject of the last part of this chapter.

41. Summary

A description of sound propagation through a fluid medium was derived considering a set
of assumptions. The nonlinear behavior of the traveling sound beam was briefly reviewed
and the KZK model was introduced as a model equation capable of predicting nonlinear
phenomenon such as the S-D signal. The numerical solution was driven for the S-D
signal according to the KZK model. In the next step the response of a ultrasound pulse to
a sphere object within the fluid medium was considered. The scattered pressure wave
was illustrated by the object's time-varying volume. Limiting the radial oscillation to
small-amplitudes, the microbubble was presented as a forced, damped oscillator
characterised by damping constants and a resonance frequency. The SH signal, unique to
microbubbles, was explained to be preferentially produced for excitations at twice the
microbubbles resonance frequency. As the shell changes the behavior of the microbubble,
two different mathematical models by de Jong (de Jong N et al., 1994) and Marmottant
(Marmottant et al., 2005) for the microbubble including the shell properties was
introduced, and references were suggested for the other models.

Developing a new method for detecting the UCA at high frequency while reducing the
backscattered signal from the soft tissue as a pre-requirement of targeted imaging was the
overarching goal of this thesis. To that end, the subharmonic response of the
microbubbles was enhanced by mean of the S-D signal. Based on the single element
investigation, optimizing the shape of the transmit pulse (having a rectangular shape
rather than Gaussian) can place the frequency content of the S-D signal closer to the SH
frequency which in turn increases this nonlinear oscillation of the UCA up to 20 dB
(figure2.4). These results were supported by results of numerical simulations.

The new contrast detection method developed in chapter 2 was then implemented in a
pre-clinical high frequency ultrasound system (Vevo 2100, VisualSonics Inc., Toronto,
ON, Canada) to be examined in real life situation. A wire phantom was used to see the
propagated wave in different depth in water for three different modes: B-mode, PI-mode
and AM-mode (figure3.6). A region of interest was placed in the UCA area and tissue
area in the same depths for CTR calculation. Both the SH images with Pl and AM
techniques resulted in large CTR improvements (28 and 26 dB respectively) compare to
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the F B-mode image. The PI method was the best candidate for the nonlinear imaging at
high frequencies with high transmit pressures providing the maximum CTR in the SH
imaging. And finally this technique was tested in a chicken embryo as a animal model.

4.2. Future work

Although this work suggested a new method for detecting the UCA at high frequency
ultrasound using the enhanced SH oscillations of microbubbles by optimizing the shape
of the excitation pulse, there are still some limitations in such a techniques. On the other
hand this new technique was developed as a pre-requirement tool for going into a more
sophisticated world which is targeted imaging using the targeted microbubbles. Therefore
improvement and solving the limitation of the newly developed nonlinear imaging
method and applying it to the targeted imaging applications will be the headlines of the
future work.

4.2.1 Limitations and solutions

One of the main limitations of the technique we discussed during this work is the linear
backscatter echo of the S-D signal itself from the tissue. Even though the amplitude of the
S-D wave is very lower than the amplitude of the signal at the F frequency (about 60 dB)
it might still reduce the CTR in deeper region of interest at high transmit pressures and
high frequencies due to the week SH signal. One solution for such a problem might to
process the echo signals in the Pl method differently. Since the stimulation effect of the
S-D signal is a phase dependent phenomenon inverting the transmit pulse cause phase
shifting in the SH stimulation and therefore SH emission form the microbubble.
Therefore subtracting the received echo in the Pl mode instead of the summation (let's
call it subtracted PI) can keep the SH oscillation. Obviously such a method cannot
remove the linear fundamental part of the backscatter signal, since this part is
independent of the stimulation effect of the S-D wave, but this method can still be used
for SH imaging since the F content of the echoes are filtered out for SH imaging. In order
to briefly study such a hypothesis a simulation using the linked KZK and Marmattant
model similar to the one in chapter two was implemented to predict the reaction of a
single bubble having a radius of R, =1 xm and o =0.0099 N/M to 10 MHz 20-cycle

pulses at the focus of the single element transducer with a rectangular envelope and a
pressure of 50 kPa. Figure 4.1 shows the spectra of the scattered signal from the
microbubble in response to two different methods: the Pl method and the method which
we call subtracted PI. Even though the F component in the subtracted Pl method is not
cancelled as it is in the conventional PI mode the level of the SH component seems to
stay similar which is a good news for SH imaging using the subtracted Pl method to
minimize the linear backscatter of the S-D signal and increase the CTR. Further
investigations and carefully designed experiments are needed to confirm this simulation
result and to develop a practical approach for imaging.
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Figure 2.5. Simulation results showing the Fourier transform of the scattered signal from
a single microbubble and 20-cycle, 50 kPa pulses in two different methods: Pl and
subtracted PI (R=1 um, o=0.0099 N/M).

Another solution which does not change the signal processing part of the imaging is to
look at the ultraharmonic (UH) emission of the UCA instead of the SH response.
According to the simulation result in (figure 4.2) the stimulation effect of the S-D wave
on the UH emission of the microbubble is as effective as for the SH emission. In the other
word the same 20 dB enhancement in the UH response of the microbubble can be
achieved by the mean of the S-D signal as it was for the SH response. Using the UH
harmonic imaging instead of the SH imaging has the advantage of lower direct reflection
of the S-D signal itself, however such a method has its own limitations and problems
which needs more and accurate investigations.
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Figure 2.5. Simulation results showing the Fourier transform of the scattered signal from

a single microbubble and 20-cycle, 50 kPa pulses with three different envelopes used as

excitation bursts. We can see the same enhancement for the UH response and SH due to
the stimulation effect of the S-D signal (R=1 gm, ¢=0.0099 N/M).

Both of the solution suggested here seem to improve the method, however further
investigation and experiments are needed to confirm these simulation results.

4.2.2 Targeted imaging

The attachment of targeting ligands to the microbubble shell enables an accumulation of
the UCA at the target site selectively. However, to the best of our knowledge, there is still
no optimized method to distinguish between the attached bubbles from the free moving
ones by using the differences in their nonlinear signals. The method which is normally
used for targeted image is to wait for the free bubbles to be washed out of the region of
interest and then image only the remaining bubbles which supposed to be the targeted
UCA. Such a method, despite of being very time consuming, is hampered by artifacts
such as motion and the uncertainty of the ultrasound echoes in each frames. Recently,
Brandon et al reported that there is a significant differences in the SH response of a
bound microbubble and a free moving one (Brandon Helfield et al., 2010). They studied
a size-per-size comparison of the acoustic nonlinear response of individual
streptavidin-coated MicroMarker microbubbles bound to a compliant agaroggotin gel
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surface. The size of bubbles were optically measured and then insonified at 25 MHz over
a range of pressures. Such a difference in the SH emission can be used together with the
method we explained in this work to develop a real time imaging technique for targeted
microbubbles by using the differences in the SH response of bound and unbound bubbles.
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