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ABSTRACT 
 
Targeted contrast agents allow molecular imaging in-vivo by 

binding to endothelial cell surfaces expressing molecular biomarkers of 
disease and enhancing their contrast in ultrasound images. The 
ultrasound echo from targeted contrast agents is poorly understood 
because it is not only affected by their acoustical properties, but also by 
their surface densities and spatial distribution. The goal of this thesis is 
to develop models to predict the contrast enhancement obtainable from 
different types of targeted agents. The concepts developed are also 
generalized to the ultrasound reflection of all spherical particles 
forming layers to mimick the echo formation from a complex tissue.  

The first contrast agents studied are submicron liquid 
perfluorocarbon particles. Their production is described and their 
ultrasound scattering at high-frequencies (>20 MHz) is demonstrated to 
be linear and Rayleigh in nature. The enhancement in the reflection of 
surfaces covered with these particles at different surface densities is 
then measured. It is shown to correspond well to a model that sums the 
contribution of each scatterer while taking diffraction into account. 
Experiments with glass beads further confirm the summation model. It 
is shown experimentally that, when several layers of particles are 
present, interference between these different layers is an important 
factor which has to be considered in the model. The reflection goes 
through several maxima and minima, which can be demonstrated on 
layers of glass beads and spherical cancer cells accumulated on a 
surface. It is shown that further complexity, such as multiple scattering, 
is added when strong scatterers such as gaseous contrast agents are 
bound on surfaces. 

These different models and measurements can help to optimize the 
use of targeted contrast agents in ultrasound imaging and to understand 
further the appearance of layered tissue on ultrasound images.  
 
 
 
 
Cover Page: Pattern formed by high surface densities of microbubbles 
attached to a gelatin surface. 
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CHAPTER 1 
INTRODUCTION 

1.1 Historical Setting 

In 1845, Rudolph Virchow, a young Pomeranian pathologist 
delivered a series of speeches on the future directions of medical 
progress (Ackerknecht 1981). He claimed that three approaches should 
be taken to acquire information on diseases and their treatments:  

- Study of pathologies at the cellular level. 
- Experimentation on animals. 
-Clinical observations such as the examination of patients with 

physicochemical methods. 
He was inspired by the work of his contemporaries such as Remak, 

Schwann and Schleiden and his own work on the cellular origin of 
disease (Wagner 1999). For instance, during his lifetime, Virchow 
described the microscopic processes involved in inflammation, 
thrombus formation and cancer (Turk 1993).  

In our present times, Virchow’s three recommendations are 
fundamental to medical research. Cellular biopsies, molecular and 
genetic tests, such as for prostate-specific antigen or breast cancer 
genes, are now used in the clinic. Also, much of our knowledge of 
biology and medicine has been derived from research on animal 
models. Finally, the physicochemical methods go well beyond the 
microscope and include various types of imaging such as magnetic 
resonance imaging, computed tomography, positron emission 
tomography and ultrasound.  

I believe that the paradigm evinced by Virchow’s generation can 
still yield important medical discoveries today if original ways of 
combining physicochemical observations with experimentation on 
animal and cellular pathology are found. In this context, this thesis 
discusses approaches for the cellular and molecular imaging of 
diseases. In particular, it will concentrate on ultrasound imaging of 
humans and animals. The main object of this work is to describe the 
acoustic scattering from contrast agents or cells accumulated on 
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surfaces. In general, the motivation is to improve the detectability of 
molecular and cellular biomarkers of disease using ultrasound imaging. 

The following introduction will present the background knowledge 
for molecular imaging, the physics of ultrasound imaging, including a 
description of scattering, and the use of contrast agents and targeted 
contrast agents. 

1.2 Molecular biology of diseases 

During the hundred years following Virchow's speech, many 
discoveries have been made on the nature of various cells, their 
environment and the function of their different cellular organelles. In 
1953, the description of the molecule containing the genetic material by 
Watson and Crick opened the field of molecular biology. Its central 
dogma: that proteins are encoded by DNA that is transcribed through a 
series of cellular mechanisms, led to a new understanding of how cells 
reproduce, maintain homeostasis, communicate and eventually die 
(Lodish et al. 2001).  

Not only did this knowledge lead to a description of healthy cells, 
but also to the molecular processes leading to diseases such as cancer 
and vascular disease. Many chronic diseases are now perceived as a 
break in the balance of molecular promoters and inhibitors that preserve 
homeostasis in healthy individuals. Cancer for instance is considered to 
be the result of a series of mutations that disrupt the molecular 
pathways that usually control mitosis, apoptosis, angiogenesis and 
anoikis; creating a population of cells that are immortal and invasive 
(Hanahan and Weinberg 2000; Khanna and Helman 2006).These 
mutations affect the DNA, leading to variations in the protein content of 
the cell itself, its membrane and its surroundings, potentially giving a 
target for both therapy and imaging that is specific to diseased cells.  

The goal of this thesis is to allow the imaging of these molecular 
targets with ultrasound. It is important to introduce some of these 
pathways. Two examples - atherosclerosis and angiogenesis - will be 
very briefly reviewed. 

Atherosclerosis is a disease where lipid-rich plaques are 
accumulated within the wall of large arteries (Choudhury et al. 2004).  
It contributes to the death of about 80,000 Canadians every year 
(Manuel et al. 2003) and impairs the life of many others, through 
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myocardial infarction, chronic stable angina, stroke and peripheral 
vascular diseases. The accumulation of low-density lipoproteins under 
the endothelial cells of the vessel walls leads to a cascade of molecular 
signaling that ultimately creates a lipid-rich necrotic core which can 
rupture and cause embolus or hemorrhage. Many of these molecular 
processes are related to inflammation, as in a response to injury, and the 
consequent recruitment of monocytes and macrophages by the vessel 
wall. The adhesion of monocytes on the endothelial cells is mediated by 
proteins on the cell membrane such as VCAM-1, P-Selectin, E-Selectin 
or CS-1 and MMPs. When the artery is sufficiently blocked, 
angiogenesis is initiated and markers such as alpha-v-beta-3 integrins 
are expressed. All these processes lead to the presence of thrombus, 
which is loaded with fibrin and tissue factor (Libby 2002; Lusis et al. 
2004). The presence of lipid cores, thin fibrous caps and inflammatory 
cells expressing proteins listed above is relatively specific to 
atherosclerosis. Many of these proteins are actually expressed at the 
surface of the endothelial cells, a fact that will become important, as we 
shall see, for the use of ultrasound targeted contrast agents. 

The endothelial cells forming the inner vessel walls are also 
involved in the process of angiogenesis, which is the sprouting of new 
vessels. Angiogenesis can be beneficial in embryonic development and 
wound healing, but it becomes problematic in rheumatoid arthritis and 
in diabetic retinopathy (Carmeliet 2005). Moreover, it can also be 
induced by cancer cells to increase their blood supply (Trachsel and 
Neri 2006). Angiogenesis is considered as a fundamental step for a 
tumor to grow beyond 1-2 mm3 and become malignant (Folkman 1990). 
Numerous studies have investigated the genetic origin of this process 
(St Croix et al. 2000). Tumors recruit blood vessels by inducing, 
through molecular signaling, the multiplication and migration of 
endothelial cells from nearby blood vessels. Numerous signaling 
molecules are involved, some inhibiting and some promoting 
angiogenesis (Hagedorn and Bikfalvi 2000). The vascular endothelial 
growth factor  (VEGF) and its major receptors VEGFR-1 and VEGFR-
2, for example, are over-expressed in tumors, but are expressed at very 
low levels in normal tissue (Epstein et al. 2001). Other proteins, such as 
the vascular adhesion integrins ανβ3, are present in endothelial cells in 
angiogenic tissue. Signaling proteins specific to tissue undergoing 
angiogenesis are therefore ideal targets for tumor imaging and 
treatment. For instance, antibodies that bind to VEGF are now approved 
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for the treatment of colorectal cancer in combination with 
chemotherapy (Ferrara and Kerbel 2005). 

A better understanding of the genetic and biomechanical 
mechanisms of diseases like atherosclerosis and cancer, the two leading 
causes of death in developed countries, have prompted optimism 
toward future cures. By selectively blocking the expression of 
oncogenes or the action of signaling proteins, it is believed that the 
molecular process leading to diseases can be stopped with minimal side 
effects. For instance, Imatinib, a drug blocking a protein-tyrosine kinase 
activated in chronic myeloid leukemia, has shown extremely 
encouraging results (Deininger et al. 2005). But Imatinib is a notable 
exception and even if the discovery of the first proto-oncogenes and 
tumor suppressor genes is now 30 years-old, cancer mortality rates have 
not decreased (Varmus 2006). This situation is partly caused by the lack 
of information on the molecular expression of diseases in patients in-
vivo. Specific therapy requires specific diagnosis…a future possibility 
with molecular imaging. 

1.3 Molecular imaging 

Molecular imaging is, for imaging scientists, a means to observe 
cellular properties such as protein expression, gene transcription, 
enzyme activity, pH, etc, in animal models and patients in-vivo (Behm 
and Lindner 2006). 

The motivations to image molecular and cellular processes in-vivo 
are multiple (Christiansen and Lindner 2005). Firstly, it is a clear 
extension of methods that are already applied in the field of molecular 
biology to study the progression of diseases in animal models at the 
cellular level. Imaging modalities, for instance, can have a higher 
throughput, partly because longitudinal studies can be done on the same 
subjects (Atri 2006). In animals, this could help in guiding and studying 
the kinetic of new therapies.  

Also, the newly gained knowledge of genetics and proteomics could 
be applied to improve early diagnosis in patients. Molecular imaging 
offers the potential to detect subtle changes in molecular expression 
patterns that may accompany early cancer growth. Currently, tumors 
containing less than 500,000 cells are most often undetected by 
traditional imaging techniques (Benaron 2002).  
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Beyond early detection, molecular imaging could help monitor 

patients for relapse or for the development of metastasis. It could also 
be used to follow the immune response to conditions such as 
inflammation. Molecular imaging could give further information on the 
response to novel therapies by providing new surrogate endpoints (Jain 
2001; Smith et al. 2003), different from current markers such as tumor 
mass.  Finally, it could even be used to directly target therapy to 
specific sites that express molecular biomarkers of disease. 

Current clinical imaging techniques are minimally invasive methods 
that measure bulk physical properties of tissue in-vivo. The mechanism 
of contrast varies: plain X-ray and CT measure electron density, MRI 
measures proton density or magnetic relaxation properties and 
ultrasound measures the variation of acoustical impedance and 
absorption in tissue. These imaging methods allow the detection of 
changes in macroscopic structures in the body. However, the sensitivity 
of these contrast mechanisms is limited and they cannot distinguish 
molecular processes even with the use of exogenous contrast agents.  

Molecular constituents of diseases are too small to be resolved by 
clinical modalities. A small molecular weight molecule is on the order 
of about 10-10m in radius, a cell is about 10-5m and typical resolution of 
clinical imaging is millimetre (Dzik-Jurasz 2003). Molecular imaging is 
thus based on a series of amplification processes usually combining a 
detector and a probe (contrast agent). In general, the contrast agent has 
a high-affinity to a molecular or a cellular process through selective 
compartmentalization, targeting or other “smart-sensor” methods. The 
contrast agents are made of a specific compound such as antibodies, 
ligands, RNA, combined to an agent that has particular physical 
properties, such as radioactivity, paramagnetism, compressibility, etc. 
Since the imaging modality is very sensitive to the contrast agent, the 
contrast of the site of interest is increased.  

In general, the key aspects of the contrast agent should be: a 
compatibility with existing imaging modalities, a long circulation half-
life (hours), selective binding to epitopes of interest, high contrast, low 
background signal and, obviously, low toxicity profile (Wickline and 
Lanza 2002). An additional advantage would be the potential to deliver 
therapy. Contrast agents have already been developed for PET, SPECT, 
MRI, CT, optical imaging and ultrasound imaging (Weissleder 2006). 
Note that the sensitivity, spatial and time resolutions of the different 
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modalities are discussed in greater detail in the review by Gillies 
(Gillies 2002).  

Nuclear imaging techniques, such as PET or SPECT, are the most 
sensitive methods since they can detect picomolar concentrations of 
radiolabels (Phelps 2000). These radioactive markers have been used 
for 30 years to follow the metabolism of several endogenous molecules 
in the body such as glucose or dopamine, providing a wealth of 
information about in-vivo cellular processes in diseases such as cancer 
and Alzheimer’s. Unfortunately, nuclear imaging provides poor 
resolution (5-6 mm in human use) as compared to other imaging 
modalities. It is sensitive to function (normal or diseased), but 
additional information on the underlying anatomy is needed for 
treatment. To alleviate this problem, nuclear imaging is now being 
combined with higher-resolution imaging techniques such as in PET-
CT, SPECT-CT or PET-MRI (Cherry 2006).  

Another approach for molecular imaging is to make other high-
resolution imaging modalities sensitive to molecular markers. For 
example, contrast agents used in ex-vivo fluorescence microscopy are 
now being translated to in-vivo optical imaging with micrometer 
resolution and picomolar sensitivity. This allows the imaging of 
reporter genes in animal models (Contag and Bachmann 2002) and, 
potentially, the mapping of molecular expression in humans tissues 
accessible directly or through endoscopy such as the skin, the retina, the 
colon, the bronchus, etc.  

Another example is the use of magnetic resonance imaging to detect 
paramagnetic contrast agents such as gadolinium (millimolar 
sensitivity) or superparamagnetic agents such as iron oxide (nanomolar 
sensitivity), which can be encapsulated and combined with antibodies. 
It allows the imaging of processes such as angiogenesis (Sipkins et al. 
1998; Anderson et al. 2000) or vulnerable plaque (Flacke et al. 2001). 
Gene expression can also be assessed with magnetic resonance imaging 
through the use of reporter genes that increase the accumulation of iron 
oxide in the cells (Weissleder et al. 2000) or with paramagnetic ions 
that can be activated by enzymatic cleavage (Louie et al. 2000).  

Ultrasound imaging is sometimes depicted as having little molecular 
imaging potential (Allport and Weissleder 2001). This is unfortunate 
because ultrasound is one of the most sensitive modalities with respect 
to contrast agent detection and has considerable potential as a means of 
molecular imaging (Lindner 2004).  
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1.4 Ultrasound imaging 

Ultrasound is the second most common imaging technique in 
Ontario (2004, Canadian Institute for Health Information). Its 
popularity originates from its sub-millimetre spatial resolution, but 
especially from its time resolution since the simplest scanners can 
acquire tens of images every second. It is often used in the first stages 
of patient management, because of its flexibility, relative innocuousness 
and low cost. Moreover, the capacities to measure blood flow and blood 
perfusion with Doppler allow ultrasound to go beyond structural 
imaging and provide information about the function of tissue. 
Currently, the major roles of ultrasound imaging are in 
obstetrics/gynaecology, urology, musculo-skeletal, abdominal and 
cardiac/vascular imaging (Brant 2001). It is, for instance, fundamental 
in the assessment of pregnancies, the diagnostic of cardiac 
malformations and of liver tumors. The current use of ultrasound for 
diagnostic imaging is discussed in great extent in many medical books 
such as Rumack et al. (Rumack et al. 2005).  

Ultrasound imaging uses the variation of acoustical properties of 
various tissues (density, compressibility) as a source of contrast and the 
delay of the echo to create images. Transducers convert electric pulses 
into acoustic waves and then sense returning echoes from biological 
structures to form the image. Diagnostic imaging is commonly 
performed in the range from 1-20 MHz. The transducer geometry, 
frequency and the related bandwitdh of the pulses, determines the axial 
and lateral resolution of the imaging system, but also the penetration of 
the imaging pulses. These parameters and the general physics of 
ultrasound imaging have been discussed in various books (Cobbold 
2007). 

Frequencies higher than 20 MHz have been used to increase the 
resolution of images in intravascular, skin, ocular and small animal 
imaging (Foster et al. 2000b). It provides near microscopic resolution 
for studies of development (Foster et al. 2003), atherosclerosis, tumor 
growth, angiogenesis and drug effects (Goertz 2002). Most of the work 
for this thesis has been done in this high-frequency regime because of 
our interest in the development of preclinical imaging tools. However, 
one has to keep in mind that ultrasound is based on wave phenomena 
that are most often scalable between various frequencies. Thus, the 
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work presented here, including the next section on scattering, extends to 
the whole spectrum of ultrasound.  

1.5 Scattering 

Since ultrasound imaging is mostly done in pulse-echo mode, the 
main mechanisms of contrast relate to reflection and scattering. 
Scattering is a process by which an ultrasound wave is redirected by 
structures less than or equal to a wavelength in size. Scatter is distinct 
from reflection, the redirection of an ultrasound wave at an interface 
that is much larger than a wavelength. To understand how a contrast 
agent would increase signal in ultrasound imaging it is important to 
understand how small particles affect the scattering of waves, starting 
with a single scatterer. 

1.5.1 Scattering by a single particle 
Figure 1.1 shows the geometrical and acoustical parameters of a 

plane wave impinging on a sphere of radius a. In general, when a wave 
encounters an object, part of it is redirected, or scattered. The scattered 
pressure depends on the position of the observation point, but also on 
the properties of the particles and the medium such as their densities 
and compressibilities and the frequency of the wave. For a single 
object, the ratio between the power of the deflected wave and the 
intensity of the incident wave is referred to as the scattering cross-
section. Physically, it represents the area of the incident waveform that 
contains an intensity equal to the total scattered power (Cobbold 2007). 
The term differential backscattering cross-section is used for the 
scattered power per unit solid angle in the opposite direction to the 
incident beam (π radians). It is critical to obtain a theoretical prediction 
for the differential backscattering cross-section of particles that are 
smaller or close to the wavelength. 
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a

Propagation Medium 
(κ0,ρ0 or clongitudinal 0, ρ0) 

Scatterer 
(κν,ρν,σν or clongitudinal ν, cshear ν, ρν)

r

Observation Point (r,θ)

Plane incident wave

θ

 
Figure 1.1: Scattering of a planar incident wave on a sphere with acoustical 
properties different from its surrounding medium (inspired by (Cobbold 
2007)). The fluid medium has a density ρ0 and compressibility κ0 and the 
scatterer has a radius a, density ρν, compressibility κν and Poisson ratio σν. 
Equivalently, compressibilities, densities and Poisson ratios can be 
converted to longitudinal and shear speed of sound (c).  

The mathematical description of the scattering by single particles in 
a fluid medium can be developed as a boundary value problem. As 
described by Lord Rayleigh (Strutt 1872); (Rayleigh 1945), the wave is 
perturbed by a particle because the values of pressure and normal 
velocity have to be continuous at its surface. From the amplitude of the 
scattered pressure, the total scattered intensity can be determined 
yielding for the differential scattering cross-section of a small particle: 

  
σ d (θ ) =

k 4a6

9
κν −κ 0

κ 0

+
3(ρν − ρ0 )
2ρν + ρ0

cosθ
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

2

   (1.1) 

where k is the wavenumber.  
Note that this description assumes that the oscillation of the 

spherical surface caused by the wave is very small with respect to the 
radius. It also assumes that the particle is much smaller than the 
wavelength and thus senses a uniform field. This is not true for larger 
particles, for which the wave is not in phase over the whole diameter. In 
this case, the echoes from different parts of the particles interfere 
negatively, reducing the overall scattering cross-section (Feynman et al. 
1989). The exact solution for such a situation has been derived and 
experimentally confirmed by Faran (Faran 1951). It can be presented in 
the following way:  

  
pS r→∞⎯ →⎯⎯

pi

k3r
(2 j +1)sinη j e

iη j Pj (cosθ )
j=0

∞

∑   (1.2) 
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where ps is the pressure amplitude at scattering angle θ and distance 

r. pi is the incident pressure, k3 is the wavenumber in the fluid 
surrounding the scatterer, ηn is a term accounting for properties of the 
scatterer, and Pj is the jth order Legendre polynomial.  

Faran describes the scattering of a solid isotropic material that 
supports both longitudinal and shear waves. By setting the Poisson ratio 
infinitely close to 0.5, it also describes fluid particles that only support 
longitudinal waves. Rather than assuming that the particle is in a 
uniform field, the Faran solution calculates the propagation of waves 
inside the particle and applies the boundary conditions at every unit 
area of the surface of the scatterers. Contrary to the model developed 
for bubble oscillation, the Faran solution does not take into account the 
effect of surface tension or non-linear oscillation. However, the 
Anderson model, a limiting case of Faran’s theory, has previously been 
applied to the scattering of a bubble in a liquid medium (Feuillade and 
Clay 1999). All the theoretical predictions in this thesis are performed 
with the Faran model using a small correction due to Hickling (Hickling 
1962).   

Scattering from a variety of particles is discussed in this thesis. In 
particular, contrast agents made of either liquid perfluorocarbon 
particles or gaseous perfluorocarbon microbubbles are studied. Glass 
beads with a narrow-diameter distribution centered around 5.1 μm are 
used as models. Finally, spherical cancer (Acute Myeloid Leukemia or 
AML) cells are employed to study the reflection from layered tissue. 
The properties of these particles and the resulting differential 
backscattering cross-sections are summarized in Table 1.1.   

To give a sense of the predictions of both Rayleigh and Faran 
models, graphical solutions obtained using material properties in Table 
1.1 are presented in Figures 1.2 and 1.3. Figure 1.2 shows the frequency 
dependence of the (differential) backscattering cross-section of the 4 
different particles. At lower frequencies, both Rayleigh and Faran 
predict the same values and increase with the fourth power of the 
frequency, which is expected for ka<<1. As the frequency increases, 
interference between the echoes from the different parts of the spherical 
scatterer induces a difference in the results of the two models. The same 
effects arise in a plot showing the size dependence of the backscattering 
cross-section.  

The overall amplitude of the scattering is also affected by the 
composition of the particles. Particles that have acoustical properties 
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very close to the surrounding medium, such as AML cells, have very 
low scattering cross-section. Conversely, particles filled with gas, 
which have densities much lower than water and compressibilities 
much higher than water, have very large scattering cross-sections.  

In addition to frequency, size and composition dependence, the 
scattering is also dependent on the angle of observation, an effect that is 
shown in Figure 1.3. This polar graph demonstrates that very small and 
compressible particles scatter sound in all directions and, thus, the 
forward and backscattering are fairly similar. A particle with a density 
significantly different from the surrounding medium yields, in addition 
to the monopole term, a dipole term in the scattering cross-section. The 
wave interference inside particles larger than the wavelength produces 
complex angle dependence such as those calculated for glass beads 40 
microns in radius.  
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Typical radius (μm) 2.55 5.75 0.5 1 
Density (kg/m3) 2230 1240 1680 10.3 

Longitudinal Speed of sound 
(m/s) 

5570 1535 520.9 112 

Poisson ratio 0.19 0.487 0.5 0.5 
Boiling point (°C) - - 56 -37 

Reference (Briers et 
al. 1997) 

(Baddour 
and 

Kolios 
2007) 

(Marsh et 
al. 2002a) 

(Chomas et 
al. 2001; 

Vacek et al. 
2001) 

Differential backscattering 
cross-section    (m2Sr-1, 40 

MHz, Faran)  

5.0x10-14 3.4x10-13 1.7x10-17 9.3x10-13 

Table 1.1: Acoustical properties and scattering of various particles used in 
this thesis 

 
Figure 1.2: Faran and Rayleigh solution for the scattering cross-section of 
small particles. Because of non-linear scattering, the backscattering cross-
section of microbubbles is not defined around resonance.  
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Figure 1.3: Faran and Rayleigh solution for the scattering cross-section of 
small particles of various compositions in an ultrasound field (angle 
dependence at 40 MHz). Backscattering is at 180°.  

It can also be seen from Figure 1.2 that the scattering of a gaseous 
microbubble increases significantly at its resonance frequency to attain 
a backscattering cross-section higher than its geometric cross-section. It 
is, in fact, larger than any other particle. This is mainly due to the fact 
that the compressibility term in Equation 1.1 is about 2000 times higher 
for an air bubble than for a glass bead. Consequently, the surface of 
bubbles in an ultrasound field can undergo very large oscillations 
relative to their actual diameters. Because of the amplitude of the 
motion, a break in the proportionality between their oscillations and the 
wave’s amplitude and phase may be observed. The behaviour of 
microbubbles hence becomes non-linear and, for large incident 
pressures, its modeling is more complex than for solid or liquid 
particles. In this case, the Faran model cannot be used.  

Models for the oscillation of spherical microbubbles are generally 
descriptions of the motion of the bubble wall through differential 
equations that describe the flow of the fluid medium outside of the 
bubble (Chin 2001). Bubbles have an inertial mass (the liquid in the 
medium), a spring constant (the gas compressibility), damping 
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(viscosity, radiation, thermal losses) and a driving force (incident 
ultrasound pulses). They are thus driven damped oscillators and they 
have been extensively described in the literature starting with Rayleigh 
(Rayleigh 1917; de Jong 1993).  

One of the sets of differential equations describing the acoustical 
behaviour of bubbles has been derived by Rayleigh and Plesset and 
modified, among others, by Keller and Miksis (Keller and Miksis 
1980). Their model takes into account the compressibility of the 
surrounding fluid and is applicable for oscillations when the velocity of 
the surface is lower than half the speed of sound in the medium. 
Additional complexity (increased stiffness and viscosity) is added by 
the presence of a shell surrounding the bubble. However, our main 
concern is to determine the conditions when both Faran and bubble 
oscillation models yield the same prediction for unshelled 
microbubbles.  

Calculations were performed with the Keller-Miksis model on a 1 
μm radius bubble with no shell and compared to the backscattering 
cross-section predicted by Faran. The results are shown in Figure 1.4 
and 1.5. Figure 1.4 shows that the Faran model overestimates the 
scattering cross-section at the resonance frequency of the microbubble 
and does not predict the harmonics of a microbubbles insonated at this 
frequency. However, the non-linear model and the Faran model yield 
similar predictions for non-resonant microbubbles at lower amplitudes.  

The amplitude dependencies of both models are presented in Figure 
1.5. The Keller-Miksis model, which is assumed to be a more accurate 
depiction of bubble behaviour, deviates from Faran’s prediction in the 
kPa range for pulses at 3 MHz (value taken at 6 MHz). However, 
divergence between the two models only arises in the MPa range for 
pulses at 40 MHz. At such pressures, the radial excursion of the 
microbubble and the velocities attained by its shell can lead to its 
disruption, a phenomenon that is observed at lower pressures (hundreds 
of kPa) for clinical frequencies (Bouakaz et al. 2005). 

Note that the angle dependence of the scattering cross-section of the 
microbubbles is shown in Figure 1.5 as the difference between the 
differential backscattering cross-section and the forward scattering 
cross-section at 40 MHz. Keller-Miksis’ model assumes the scattering 
to be isotropic and its value is the average of Faran’s prediction in both 
directions. From these graphs, it can be concluded that Faran’s model 
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can be used to predict the scattering cross-section of microbubbles at 
frequencies higher than their resonance and at low pressures.  

 
Figure 1.4: Backscattering cross-section of a 1 μm radius bubble with no 
shell as calculated by the Keller-Miksis (K-M) model (using BubbleSim 
developed by Lars Hoff (Hoff et al. 2000)) and the Faran model (frequency 
dependence).  

 
Figure 1.5: Backscattering cross-section of a 1 μm radius bubble with no 
shell as calculated by the Keller-Miksis model and the Faran model 
(pressure dependence).  
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1.5.2 Scattering by populations 

The scattering of single particles was described in the last section. 
However, ultrasound imaging is always performed on collections of 
particles or complex structures and the scattered wave is affected by 
interference. The echo of targeted contrast agents will not be an 
exception.  

The geometry of a group of particles, such as their number density, 
the randomness, their placement in space or on a plane changes 
fundamentally the scattered intensity. In most experiments, the echo 
from a population of particles occupying a limited space is studied. In 
this situation, the scattered wave can be divided between a term that 
arises from the reflection from the overall structure of the "cloud" of 
scatterers, the coherent scattering contribution, and a term that arises 
from the random fluctuations of acoustical properties within the 
population of scatterers, the incoherent scattering contribution (Mo and 
Cobbold 1992; Shung and Thieme 1993; Ishimaru 1997). 

For random populations of particles, away from the boundary of the 
cloud, the phase of the scattered wave is randomly distributed, causing 
incoherent scattering. Because of this statistical independence, the total 
scattered intensity is the sum of the scattering intensity of each 
scatterer. The scattered power therefore increases linearly with the 
density of the particles and depends on the acoustical and geometric 
properties of the particle as discussed in the previous section. In this 
regime, it can also be demonstrated that an increase in variance of the 
volume of the scatterer yields an increase in backscattering (Cobbold 
2007).  

The linear relationship between the scattering coefficient, which is 
the scattering cross-section per unit volume (in m-1Sr-1), and the 
concentration of particles is lost when particle positions are correlated 
or when multiple scattering takes place. The former situation is 
discussed frequently in the literature based on evidences from the 
backscattering from blood in the context of Doppler imaging (Mo and 
Cobbold 1992; Cloutier and Qin 1997). In this case, the backscattering 
coefficient increases linearly with the density of red blood cells up to a 
maximum around 16% hematocrit (Cobbold 2007), before decreasing 
because of the loss of randomness in the position of the particles due to 
the geometric constraints from their finite sizes.  

Loss of linearity in the backscattering coefficient can be observed at 
much lower concentrations for strong scatterers. In this case, the 
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scattering from one particle can affect the incident wave on another, 
even several diameters away. Multiple scattering of waves has been the 
object of theoretical work notably by Foldy (Foldy 1945) and Twersky 
(Twersky 1964), and reviewed in Ishimaru (Ishimaru 1997). Recently, 
these theories have been used in the context of microbubbles 
suspensions as in Chen (Chen and Zhu 2006b; Chen and Zhu 2006a) or 
referred to in (Sboros et al. 2002).  

Chin (Chin 2001) has briefly discussed, in his thesis, the situation 
when multiple scattering starts to become significant in populations of 
particles. The contribution increases with the scattering strength (here 
σb will be used here rather than the total scattering cross-section) and is 
inversely proportional to the square of the distance between each 
scatterer. For particles distributed in space, he postulated that the 
secondary scattering ratio (SSr) is given by Equation 1.3, where nV is 
the number density of particles in a volume.  Adapting his calculation 
for scatterers on a plane for the purpose of this thesis, it is possible to 
calculate the same secondary scattering ratio in 2-dimensions as shown 
in Equation 1.4, where ns is the surface density of particles.  

  
SSr3D =

4πσ bnV
2/3

0.55402
      (1.3) 

  SSr2 D = 16πσ bnS       (1.4) 

Chin defines a secondary scattering ratio of 10% as significant. 
From the scattering cross-section calculated in the previous section, it is 
possible to calculate the maximum surface densities of particles before 
multiple scattering becomes significant, as presented in Table 1.2. Glass 
beads, AML cells and perfluorohexane particles are very weak 
scatterers and they would have to be closer than their own diameter for 
their scattered pressure to be significantly affected by multiple 
scattering. However, in the case of microbubbles, even off their 
resonance frequency, multiple scattering becomes relevant when they 
are positioned several diameters away from each other. In fact, at 
resonance, multiple scattering can be significant for secondary bubbles 
tens of microns away. Note that scattering combined with absorption 
will yield attenuation and thus multiple scattering will affect the loss of 
signal through a population of particles. 
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Backscattering cross-section    
(m2Sr-1, 40 MHz) – as calculated by 

Faran model 

5x10-14 3.4x10-13 1.7x10-17 9.3x10-13 

Volume density 
(particles / m3) 

6.4x1016 3.5x1015 1.0x1022 7.9x1014 
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Distance / 
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0.27 0.31 0.025 3.0 

Surface density 
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1.6x1011 2.4x1010 4.8x1014 8.5x109 

10
%

  s
ec

on
da

ry
 

sc
at

te
ri

ng
 

Su
rf

ac
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Distance / 
Diameter 

0.24 0.28 0.02 2.7 

Table 1.2: Multiple scattering by various types of particles. Only 
microbubbles have scattering cross-section high enough for this effect to be 
important. 

At the surface of a cloud of scatterers, the phases of scattered waves 
are not cancelled by the randomly distributed neighbouring particles, 
leading to a coherent wavefront. This can be generalized to all 
"continuous" materials even though they are themselves formed of high 
densities of scatterers much smaller than the wavelength of the 
ultrasound. The ultrasound echo from a continuous material is rarely 
derived from the scattering properties of individual particles. It is rather 
determined from bulk properties such as the difference in acoustical 
impedance at an interface. The theoretical prediction of the reflection of 
an ultrasound pulse at an interface between two media is analogous to 
optics (Hecht 1998; Cobbold 2007). These simple models have already 
been used in medical ultrasound for the prediction of the propagation of 
high-intensity focused ultrasound pulses in layered tissue (Fan and 
Hynynen 1992) and the reflection from surfaces covered with 
nanoparticles (Lanza et al. 1998). More complex models that include 
surface roughness have also been developed (Haines and Langtson 
1980).  
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1.6 Ultrasound contrast agents 

We have seen that contrast in ultrasound imaging is caused by 
scattering and reflection, which depends on the variation of acoustical 
properties of tissue. However, the range of compressibilities and 
densities in endogenous structures is sometime insufficient for 
diagnostic imaging. For example, the signal from blood in a typical 
ultrasound picture is about 30 dB less echogenic than surrounding 
tissue (Hoff 1996). This is unfortunate considering that blood flow is an 
important marker for the viability of downstream tissue.  

In 1969, Gramiak et al. (Gramiak et al. 1969) have observed that the 
injection of bubbles in the blood stream can significantly enhance its 
ultrasound echo. Since then ultrasound contrast agents (UCA) have 
engendered a lot of interest and many reviews have been written on this 
subject (Correas et al. 2001; Klibanov 2002; Stride and Saffari 2003; 
Burns and Wilson 2006; Wilson and Burns 2006).   

Although their have been examples of contrast agents for the 
lymphatic system (Wisner et al. 2003), most ultrasound contrast agents 
(UCA) have been designed to enhance signal from blood, especially 
when it is moving slowly. The current uses of UCAs are for left-
ventricular opacification (Miller and Nanda 2004) and perfusion-
imaging in tumors of the liver (Albrecht et al. 2003). For these 
applications, contrast agents need to have low toxicity, but also to be 
stable for several minutes, to increase image brightness and, in 
particular, to provide good contrast with respect to tissue. Toxicity and 
stability are related to the composition of the core of the contrast agent 
and its shell. The use of high molecular weight gases, such as gaseous 
perfluorocarbon and various types of shell (lipids, albumin, polymer) 
have increased the longevity of contrast agents to several minutes. 

A useful contrast agent must be small enough to pass through 
capillaries, which have an inner diameter of about 5-10 micrometers. 
Larger agents would not pass through the lungs and would not opacify 
the left part of the heart. However, since Rayleigh scattering increases 
with the 6th power of radius of small particles, the detectability of linear 
particles decreases rapidly for smaller sizes. This trade-off, does not 
apply to particles that undergo resonance, which produce a strong echo 
at a specific frequency. Interestingly, a 2 μm diameter air or sulphur 
hexafluoride microbubbles (Sonovue), resonates, respectively, at 3.8 
and 7.7 MHz (de Jong et al. 2002). These frequencies are in the range 
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of clinical applications and this coincidence will henceforth be referred 
to as a gift from nature.  

The core of the contrast agent provides the signal enhancement over 
tissue. These contrast agents affect the scattering of the medium where 
they are present because their properties, especially compressibility, are 
different from surrounding tissue. We have seen, in section 1.5, that the 
scattering cross-section of microbubbles at resonance can be on the 
order of 10-10 m2Sr-1, which is about a billion times higher than the 
scattering cross-section of a red blood cell. Dilute microbubble 
concentrations can increase the echo from blood to the level of tissue. 
However, making blood as echogenic as tissue is suboptimal to 
highlight blood flow. A contrast agent needs to stand out of the image 
with respect to normal tissue. Unfortunately, the increase in the linear 
signal from contrast agents is limited by the fact that increasing their 
numbers or their scattering cross-section automatically increases the 
attenuation in an ultrasound image (Uhlendorf 1994). This fundamental 
limitation can be circumvented by using contrast agent specific imaging 
techniques.  

UCA can be distinguished from tissue using their non-linear 
properties. This arises from the fact that their echo is not proportional, 
in amplitude, phase and frequency, to the incident pulse. Oscillations of 
microbubbles, driven by ultrasound, can yield very complex harmonic 
rich echoes, in time and frequency domains, and even cause 
microbubbles to disrupt and disappear. Consequently, contrast agent 
specific imaging can be done by filtering out linear echoes with 
frequency filters or time-domain techniques such as pulse-
inversion(Simpson and Burns 1998). This way the second-harmonics 
(however contaminated by non-linear propagation), subharmonics and 
ultraharmonics from microbubbles can be detected. The subharmonic is 
of particular importance for high-frequency imaging (Goertz et al. 
2005b) because microbubbles have a more non-linear behaviour closer 
to their resonance peak. Other methods can also be exploited, such as 
those using the long ringing of microbubbles after excitation or their 
differential response dependent on their pressure-modulated size 
(Borsboom 2005). These techniques are now advanced enough to allow 
the detection of single microbubbles (Bloch et al. 2004), a fact that will 
become very important for targeted contrast imaging. 
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1.7 Molecular imaging with ultrasound 

In the previous section we have seen how contrast agents can 
highlight physiologic biomarkers such as blood flow by increasing 
image brightness. The main target of this thesis is, however, to be able 
to image molecular biomarkers such as those expressed on endothelial 
cells in the presence of angiogenesis, inflammation or thrombus. 
Unfortunately, the resolution of an ultrasound scanner, even at higher-
frequencies (axial resolution 31 μm at 60 MHz for f#3 transducer 
(Foster et al. 2000b) is far from the actual size of a molecule of interest 
(nm range). Hence, molecular targets must be detected without being 
resolved. 

Like other molecular imaging techniques, it is necessary to use an 
amplification mechanism to obtain the desired contrast in ultrasound. 
Currently, the amplification mechanism for ultrasound is targeted 
contrast agent which bind specifically to certain cells through the 
properties of their shell or by the presence of antibodies or ligands on 
their surface (see Figure 1.6). The overall principle of targeted contrast 
agents is that they bind to the target with greater affinity than other 
tissue and enhance the ultrasound scattering at this specific site.  
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Figure 1.6: Targeted contrast agent for ultrasound. The core is chosen for its 
contrast capability. It is combined with ligands that are specific to the antigen 
of interest. 

We have already noted that a contrast agent has to be biocompatible, 
stable and provide signal enhancement over tissue. Two additional 
requirements are important for targeted contrast agents: they must 
specifically bind to their target and they must be distinguishable 
between their bound and unbound states (Lindner 2004). Some of these 
properties can be attained through engineering of the contrast agent or 
manipulating image processing in the ultrasound system. The contrast 
agent will now be described, from the core to the ligands and its target. 
The reviews by Bloch (Bloch et al. 2004), Lindner (Lindner 2004) and 
Behm (Behm and Lindner 2006) provide additional detail on targeted 
contrast agents.  

The first targeted contrast agents proposed were liposomes (Demos 
et al. 1997), which were inspired from experiments with radiolabeled 
antibodies and liposome drug delivery. The liposomes were made 
principally of phospholipids, cholesterol and glycerol and have been 
shown to be relatively echogenic at 20 MHz, in vitro and in animal 
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models of atherosclerosis (Alkan-Onyuksel et al. 1996). It is believed 
that the liposomes are echogenic because of small amounts of air 
trapped during the freeze-drying process (Huang et al. 2001).  

In the same period, the group of Lanza and Wickline developed a 
contrast agent with a liquid perfluorocarbon core (Lanza et al. 1996). 
Liquid perfluorocarbons, which are thoroughly characterized 
acoustically (Hall et al. 2000; Marsh et al. 2002a), are heavier than 
water and have slower speeds of sound. The liquid perfluorocarbon 
particles generally have diameters under a micron and have the 
advantages of stability and long half-life in the body (hours). They also 
have the advantage to serve as an MRI contrast agent when gadolinium-
DTPA-BOA was added to their shell (Flacke et al. 2001) and are small 
enough to go in neovasculature and tunica media via microfractures in 
the vessels (Lanza et al. 2002).  

The liquid perfluorocarbon nanoparticles, or submicron particles, 
have a high ultrasound contrast when they are bound to a target and 
very low contrast when they are floating in the blood (Hughes et al. 
2005).  As discussed before, this is ideal for specific targeted contrast 
imaging. This effect was explained by assuming that the particles were 
forming a layer on the targeted surface and acting as a transmission line 
(Lanza et al. 1998). The reported contrast enhancement of a thrombus 
clot was as high as 22.8 dB for perfluorohexane particles (Marsh et al. 
2002a). The argument in the literature is confusing, however, since the 
same researchers have later demonstrated an opacification of the heart 
chamber (Wickline et al. 2002) from the agent claimed to be almost 
invisible in the blood. One of the motivations of this thesis is to explain 
this apparent contradiction. 

The other approach for the core was to use gaseous agents, such as 
those in blood pool contrast agents, and add targeting molecules on 
their surfaces (Klibanov et al. 1997). This has been the approach taken 
by most ultrasound laboratory and pharmaceutical companies since.  
Various gases are used to produce targeted contrast agents such as 
nitrogen (Butler et al. 2005), decafluorobutane (C4F10, (Unger et al. 
1998; Lindner et al. 2000; Weller et al. 2003)), octafluoropropane 
(C3F8, Targeson Inc.) and sulphur hexafluoride (SF6, (Wang et al. 
2006)). Some targeted agents were even produced as liquid droplets and 
vaporized in-situ with ultrasound (Kawabata et al. 2006).  

As noted previously, it is very important for the core of contrast 
agents to have low toxicity. Gaseous perfluorocarbon have already been 
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shown to be generally safe in blood contrast agents. In toxicity studies, 
adverse effects were similar to those observed in placebo groups 
(Jakobsen et al. 2005). The toxicity of liquid perfluorocarbon was 
assessed through the study of perfluorocarbon-based oxygen delivery 
agents such as Oxygent.  These submicron particles of F-octyl bromide 
are removed from by the lungs and the reticuloendothelial system. In 
some patients, these particles have been shown to cause untoward 
bleeding and neurological events. The conclusions of this study have 
since been questioned (Riess 2006).  

Although the core provided contrast, it could not serve as a targeted 
contrast agent by itself. Targeted ultrasound contrast agents are 
stabilized by shells, which not only serve to prevent the leakage of the 
core, but also to improve biological compatibility, They also serve as 
anchoring sites for targeting ligands or create the conditions for 
immune cells to bind to the contrast agent.  

Some contrast agents are targeted passively. They rely simply on the 
fact that their albumin or lipid shells can bind to activated neutrophils 
or monocytes and be phagocytosed while remaining acoustically active 
(Lindner et al. 2000). This passive binding can be modulated by 
modifying the composition of the shell, for example the concentration 
of phosphatidylserine.  

Other contrast agents are actively targeted; ligands or antibodies 
seeking the molecules of interest. To make such targeted contrast 
agents, these shells have to be complemented with linkers and spacers. 
Antibodies can be directly bound to phospholipids through covalent 
bonds (Villanueva et al. 1998) or they can be bound through an avidin-
biotin complex, which are two molecules with very high affinity to each 
other. In the latter case, the biotin or avidin is combined with the 
phospholipid molecules and since the antibodies or ligands are 
themselves biotinylated, they bind to the contrast agents.   

Currently, the main applications for targeted ultrasound contrast 
agents are vascular diseases and cancer. Cancer has been targeted 
through tumor angiogenesis (Ferrara et al. 2000; Cosgrove 2003) with 
targets such as ανβ3 (Ellegala et al. 2003; Leong-Poi et al. 2003; Winter 
et al. 2003). Vascular diseases have been imaged using various targets 
such as P-selectin and ICAM-1 for inflammation (Lindner et al. 2001), 
fibrin or GPIIb IIIa receptors for thrombus (Lanza et al. 1996; 
Schumann et al. 2002), tissue factor for overstretched injury (Lanza et 
al. 2000) and intercellular adhesion molecule-1 for atherosclerosis 
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(Villanueva et al. 1998) or cardiac transplant rejection (Weller et al. 
2003).  

Most studies have been using monoclonal antibodies to create 
contrast agents that are specific to the protein of interest, but short 
peptides have also been used. Tens of thousands of antibodies can be 
conjugated to the shell surface of a microbubble (Klibanov 2005). 
These antibodies significantly increase the binding capability of the 
microbubbles. For one study on atherosclerosis, Villanueva (Villanueva 
et al. 1998) demonstrated that 8.1 targeted microbubbles can be bound 
per diseased cell.  

Just after injection, ultrasound contrast agents, targeted or not, have 
similar kinetics. The particles spreads through the whole blood pool and 
enhance the signal from the vasculature. As demonstrated by intravital 
microscopy (Leong-Poi et al. 2003), the targeted contrast agents then 
attach directly to endothelium expressing their markers of interest and 
are retained in the region. The targeting depends on the presence of the 
target, but also on blood flow characteristics such as shear forces 
(Takalkar et al. 2004).  After several passages, untargeted contrast 
agents are likely to be eliminated through gas diffusion in the lungs and 
by the reticuloendothelial system in the liver (Correas et al. 2001). The 
microbubbles remaining are those which are bound to their target.  

The detection of targeted contrast agents has been done with 
external ultrasound probes, but also intravascular probes. Some 
methods rely on the increase in linear echo such as for liquid 
perfluorocarbon particles or the detection of microbubbles at high 
frequency. Other groups have used contrast enhancement techniques 
such as pulse inversion (Ellegala et al. 2003) or the subharmonic signal 
(Goertz et al. 2005c). As noted previously, not only do the targeted 
contrast agents have to be detected, but they also have to be 
distinguished from unbound agents. The current method to distinguish 
bound and unbound agent is described in Figure 1.7. As the agents in 
the blood are eliminated, image contrast shows retained targeted agents. 
More recent work seems to suggest that the acoustical response of 
targeted microbubbles might be used to directly distinguish them from 
unbound agents (Zhao et al. 2005; Garbin et al. 2006). 
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Figure 1.7: Kinetics of targeted ultrasound contrast agent after injection in 
the blood. A fraction of the targeted microbubbles population is retained by 
specific binding to the site of interest while unspecific freely-circulating 
microbubbles are slowly eliminated from the circulation. Specific contrast is 
obtained after several minutes (inspired by (Lindner 2001)). 

Ultimately, targeted contrast agents appear in various ways in 
ultrasound images, such as a series of individual dots (Foster et al. 
2006), as a diffuse increase in the speckle of a region (Ellegala et al. 
2003) or as a bright line highlighting the surface of a vessel (Lanza et 
al. 1997). The appearance and intensity of the contrast from targeted 
agents are the subject of the remainder of the thesis. 
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1.8 Outline of the thesis 

As shown in the last section, many targeted contrast agents have 
already been developed for ultrasound imaging. Most of the studies 
have been proof-of-principle in nature, showing interesting contrast 
enhancement in the presence of diseases in animals. However, little 
detailed knowledge on how this contrast arises has been acquired.  

The goal of this thesis is to provide a theoretical description of the 
echo of targeted contrast agents. It tackles the problem of the 
complexity of the geometry of a blood vessel by simplifying it to a 
poorly reflective flat surface onto which various spherical particles are 
bound. In this situation, contrast enhancement can be measured as an 
increase in the reflection coefficient of the surface in the presence of 
particles. Describing how to optimize this reflection coefficient will 
have a direct effect, in the future, on the choice of the targeted contrast 
agent (composition and size) and its dose.  

In order to predict the reflection of targeted contrast agents, 
theoretical models have been developed. It is hypothesized that the echo 
from a population of scatterers on a surface can be determined by 
summing their scattering cross-sections, while taking diffraction, 
interference and multiple scattering into account.  

The first step is, hence, to determine the scattering cross-section of 
the targeted contrast agents. In Chapter 2, we will discuss this matter 
for liquid perfluorocarbon submicron particles, a contrast agent 
developed by Lanza et al. (Lanza et al. 1996). Their production, 
acoustical characterization in solution and scattering function is 
described. Chapter 3 will then explain how the reflection coefficient of 
a surface covered with a low density of particles can be predicted from 
their individual scattering cross-sections. Chapter 4 will then generalize 
this model to encompass the situation where high-densities, or many 
layers, of particles are present on the surface. The reflection from layers 
of cells will also be explained using this model. Chapter 5 will present 
preliminary studies on the reflection of microbubble contrast agents 
with very high scattering cross-sections. Concluding remarks and 
suggestion for further studies are presented in Chapter 6.  
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CHAPTER 2 
ACOUSTICAL PROPERTIES OF 

PERFLUOROHEXANE PARTICLES IN SOLUTION2 

2.1 Abstract 

Submicron particles filled with liquid perfluorocarbon are currently being 
studied as a potential ultrasound targeted contrast agent. The objective of 
this study was to evaluate the scattering properties of these particles.  
Sets of perfluorohexane (PFH) filled particles of different average sizes 
(300 nm to 1000 nm) were produced with a constant total volume fraction. 
The attenuation coefficient was measured in the 15 to 50 MHz frequency 
range and was found to increase smoothly with frequency and to be 
independent of the amplitude and bandwidth of the transmitted pulse. The 
values range from 0.31 to 0.64 dB/mm at 30 MHz for mean particle sizes 
ranging from 970 to 310 nm, respectively. The backscattering spectra of 
the particle solutions were measured and showed no sign of non-linear 
scattering. The backscattering coefficient increased with the power 3.9 ± 
0.3 of the frequency. These results confirm that liquid perfluorocarbon 
droplets behave as linear Rayleigh scatterers.  

2.2 Introduction  

As discussed in the introduction, molecular imaging can be 
performed with ultrasound using targeted contrast agents. Of principal 
importance for such a task, are the high echogenicity of ultrasound 
contrast agents at small doses and the possibility to distinguish specific 
and non-specific binding. Contrast agent echogenicity has been 
optimized at conventional frequencies and extensively discussed in the 
literature (de Jong et al. 2000; Jakobsen 2001; de Jong et al. 2002; 
Lindner 2002; Dijkmans et al. 2004). However, little work has been 
done at frequencies higher than 15 MHz, which are used to provide near 
microscopic resolution for studies of development (Foster et al. 2003), 
                                                           
2 The work presented in this chapter has been published as: Couture O, Bevan PD, et al. 
(2006)." Investigating perfluorohexane particles with high-frequency ultrasound". 
Ultrasound Med Biol 32(1): 73-82. 
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atherosclerosis, tumor growth or angiogenesis (Foster et al. 2000a) and 
drug effects (Goertz et al. 2002; Franco et al. 2006; Shaked et al. 2006).  
For such applications, two main types of ultrasound contrast agents 
have been described: microbubbles and submicron particles.   

Microbubbles are gas encapsulated by lipids, albumin, polymer or 
surfactants. The contrast due to microbubbles resides in their inherent 
acoustical impedance mismatch, their resonant and highly non-linear 
behavior and transient behaviors such as bubble disruption (Correas et 
al. 2001; de Jong et al. 2002). Their characteristics have been partially 
studied at high frequency by Morgan (1996). Microbubbles have been 
used in conjunction with ultrasound biomicroscopy by Goertz for blood 
flow measurements (Goertz et al. 2005a; Goertz et al. 2005b) and by 
Deng (1998).  

In contrast to microbubbles, submicron particles are filled with 
liquid perfluorocarbon encapsulated by a lipid shell (Lanza et al. 1996) 
or fluorosurfactant shell (Couture et al. 2004). Submicron particles have 
been demonstrated to be useful for targeted imaging at high-frequencies 
(Lanza et al. 1997). Because these particles are reported to be poorly 
echogenic in the blood (Hughes et al. 2005), but highly echogenic when 
bound to a target, it may be possible to obtain a high contrast between 
specific and non-specific agents. This difference in behaviour between 
bound and unbound particles has been tentatively explained using a 
transmission line model where the particles were considered to form a 
layer of perfluorocarbon that acted as a specular reflector (Lanza et al. 
1998; Hall et al. 2000; Marsh et al. 2002a; Marsh et al. 2002b). 
However, it has been reported that this transmission line model 
underestimates the ultrasound reflection enhancement of submicron 
particles attached to a nitrocellulose membrane (Marsh et al. 2002a). 
This is potentially due to the fact that the particulate nature of the 
contrast agent is not taken into account. Also, the potential non-linear 
behaviour, which may arise from a transient vaporization of the liquid 
perfluorocarbon, are not described or used in this model even though it 
has since been applied with some targeted agents with low boiling point 
(Kawabata et al. 2006). To develop a more comprehensive model, the 
knowledge of the acoustical properties of the particles is critical and 
requires a thorough investigation.  

One of the objects of this chapter is to determine if the liquid 
perfluorocarbon submicron particles show any non-linear effect. This 
can be established based on measurements of attenuation and scattering. 
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If the particles are linear scatterers, their scattering cross-sections 
should be measured and used for further modeling.  

This chapter describes a methodology to estimate the physical and 
acoustical properties of submicron perfluorocarbon particles in solution. 
The production of nanoparticles and the dependence of size with 
respect to the surfactant concentration are described. The acoustical 
properties include the attenuation and backscattering coefficients of 
solutions of various sizes of particles at frequencies between 20 and 50 
MHz.  

2.3 Materials and Methods 

2.3.1 Particle preparation 
The particles were made as simple droplets of perfluorocarbon 

suspended in water without consideration for biocompatibility or 
targeting. Submicron droplets of perfluorocarbon were prepared by 
combining water, 5% v/v C6F14 (FC72, 3M, St-Paul, MN, USA, boiling 
point = 56°C) and 0.07% to 0.8% v/v fluorinated surfactant (Zonyl 
FSO, Dupont Canada, Mississauga, ON, Canada). A coarse emulsion 
was obtained by mixing the solution for 1 minute with a Vortex Mixer. 
The coarse emulsion was then emulsified continuously in a 
Microfluidizer (M-110EHI, Microfluidics, Newton MA, USA) for 3 
minutes at a pressure of 100 MPa. To remove surfactant-stabilized gas 
bubbles, the solution was centrifuged at 900g for 1 hour and the 
supernatant was removed. Experiments on the remaining solutions were 
performed in the 48 hours after preparation to reduce the effect of size 
evolution (Oswald ripening). The size of the particles was varied by 
limiting the surfactant concentration (Vleeschauwer and Meeren 1998).  

2.3.2 Particle sizing 
The sizes in this study were obtained by dynamic light scattering on 

a Nanosizer-S (Malvern, Malvern UK). Measurements were repeated 
five times for each particle population. Since the size distributions 
obtained with this apparatus (Figure 2.1) are weighted by the intensity 
of the light scattered by the particles, the contribution of bigger 
particles was overestimated (Hallett et al. 1991). Therefore in this 
study, the number distribution was used for a relative comparison of the 
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different populations of submicron particles and not as an absolute 
measurement of the particle size. It is important to note that, since the 
total volume fraction of the particles is assumed to be conserved, the 
number of particles increases as the particles get smaller. 

 
Figure 2.1: Intensity-weighted size distribution of four of the particle 
solutions used in this study.  

The average size is obtained from the number distribution using the 
Sauter mean diameter: 

  
D32 =

ξ jδ j
3∑

ξ jδ j
2∑

      (2.1) 

where ξj is the number of particles of a specific diameter δj. The 
Sauter diameter represents the diameter of a droplet having the same 
volume/surface ratio as the complete emulsion. When the size of the 
particle is solely limited by the volume fraction (Vf) and interfacial 
surface (Sinterfacial), the Sauter D32 average size is given by 
(Vleeschauwer and Meeren 1998): 

  
D32 =

6 ⋅Vf

Sinterfactial

      (2.2) 
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2.3.3 Assessment of non-linearity  
Assessment of the non-linearity of particle scattering was based on 

previous approaches used to investigate microbubble and submicron 
particle ultrasound contrast agents. Microbubbles have highly non-
linear resonant scattering properties (de Jong et al. 1991; Burns 1996; 
de Jong et al. 2002) and were used as a standard. Backscattering spectra 
of microbubbles show high harmonics, subharmonics (Forsberg et al. 
2000) and ultraharmonics that cannot be explained by non-linear  beam 
propagation. Moreover, the attenuation spectra of microbubbles may 
peak near the size-dependent resonant frequency of the bubbles (Chen 
et al. 2002). The attenuation is also amplitude-dependent, unlike linear 
media. Finally, the attenuation spectrum of microbubbles is also 
dependent on the length of the pulse sent, or conversely, the bandwidth 
of the pulses. This study examined the presence of these effects for the 
submicron liquid particles. 

2.3.4  Attenuation in solution 
A 20 MHz PVDF transducer (12 mm focal length, 10 mm aperture) 

was aligned and focused on a quartz reflector inserted in a flow cell 
(Figure 2.2).  A diluted solution of particles (0.25% v/v PFH), chosen to 
reduce the effect of potential multiple scattering, was circulated through 
the flow cell by gravity. A series of pulses of different frequency, 
bandwidth (BW) and amplitude were emitted by an arbitrary waveform 
generator (AWG2020, Tektronix, Beaverton,OR,USA) and amplified 
by a power amplifier (M3206, AMT, Anaheim, CA, USA). Echoes 
reflected from the quartz were collected, bandpassed filtered from 10 to 
70 MHz, amplified by a 40 dB pre-amplifier (AU-1313, Miteq, 
Hauppauge, NY, USA) and digitized by an A/D board (DP240, Acqiris, 
Geneva, Switzerland). 

The ultrasound attenuation of the solutions relative to water was 
then calculated from (D'Astous and Foster 1986):  

  
α( f ) =

−20
2L

log10

AS ( f )

AW ( f )
dBmm−1     (2.3) 

where AS(f) and AW(f) are, respectively, the magnitude spectrum of 
the reflected signal from the quartz in the presence and the absence of a 
sample of thickness L of submicron particles solution in the propagation 
path of the ultrasound pulse. AW(f) and AS(f) were calculated using 
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Matlab (v6.5, Mathworks).  These attenuation measurements were 
performed using both a set of narrowband pulses (-6dB BW : 3 MHz) 
and a broadband pulse ( -6dB BW : 15MHz) . The relative attenuation 
was calculated in the bandwidth of each pulse using Equation 2.3, and 
corrected for the attenuation in water (2.221 x 10-4dB/mm/MHz2 (Vogt 
et al. 2004)) in order to estimate the absolute attenuation in the 
submicron particle solution.    

 
Figure 2.2: Set-up for attenuation and backscattering experiments. For 
attenuation experiments, a 20 MHz centre frequency transducer (12 mm 
focal length, f#1.2) is focused on the quartz reflector.  For backscattering 
experiments, a 50 MHz centre frequency transducer (7.5 mm focal length, 
f#2.5) is focused 2 mm inside the flow cell. An example of a waveform from a 
backscattering experiment is shown.  

2.3.5 Backscattering 
The backscattering coefficient was determined from a pulse-echo 

experiment. This measurement and the required corrections for 
transducer response, diffraction, frequency-dependent attenuation and 
frequency-dependent insonification volume were previously described, 
among others, by Hall (1997),  Madsen (1984) and Roberjot et al. 
(1996). A simpler depth-independent version of the method was used to 
determine the backscattering coefficient in the focal region: 
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where <Sm(f,F)> is the apparent backscattered power, <Sp(f,F)> is 
the power spectrum of the signal from a reference reflector, Rp is the 
amplitude reflection coefficient of the reflector, k is the wavenumber, aT 
is the transducer radius, F is the focal length, α(f) is the frequency-
dependent attenuation in the solution, d is the length of the gating 
window (Hamming window in our case) and z is the attenuated path 
inside the medium 

The first term of Equation 2.4 is the backscattered power corrected 
for transducer response. The second term compensates for the loss in 
energy due to the gating by a Hamming window. The third term is the 
correction for the frequency dependence of the volume of 
insonification. Finally, the fourth term is the attenuation correction 
term.  

The apparent backscattered power <Sm(f,F)> was measured with a 
50 MHz lithium-niobate transducer (7.5 mm focal length, 3 mm 
aperture) focused 2 mm inside the flow cell (Figure 2.2). The set of 
pulses used for the attenuation measurements was transmitted in the 
submicron particle solution and the signal backscattered from the focal 
region was collected. Backscattered signals were windowed (1μs mm 
long Hamming window), Fourier-transformed and the electronic noise 
was subtracted. In addition to the 16 populations of submicron particles, 
the experiment was performed on a solution of silica particles (4-µm 
mean diameter), which was used as a reference linear scatterer 
(Verbeek et al. 1999). <Sp(f,F)> was measured using the reflection of 
the pulses on a quartz flat positioned in the focal plane of the 
transducer.  



CHAPTER 2: PERFLUOROHEXANE PARTICLES IN SOLUTION 
 

35

2.4 Results  

2.4.1 Production of particles 
Liquid perfluorocarbon droplets ranging from 300 to 1000 nm were 

obtained using high-pressure emulsification. Such an apparatus 
transfers energy to an emulsion using jets colliding at high velocity. As 
shown in Figure 2.1, the intensity-weighted size distribution of the 
particles is log-normal for smaller particles. The FWHM of the 
distribution of particles 500 nm in diameter was about 275 nm. For 
bigger populations of particles the size distribution was skewed. At 
lower concentrations of surfactant (< 0.07 %), particles with multiple 
peaks were obtained.  

Note that the particle size will also affect their number since the total 
volume fraction of particles is kept constant. Smaller particles will be in 
greater number, which will affect the scattering and the attenuation 
measurements. 

As shown in Figure 2.3, the particle size decreased with the amount 
of surfactant added to the solution. The mean particle diameter as a 
function of the surfactant concentration followed a sigmoid on a log-log 
plot. The mean diameter reached a plateau around 1000 nm for the 
lowest surfactant concentration, and decreased down to another plateau 
around 300 nm for the highest concentration. The slope in the central 
part of the sigmoid in Figure 2.3 was –0.93 ± 0.03, which is close to the 
theoretical slope of –1 obtained from Equation 2.2.  

Figure 2.4 shows the evolution of the size of submicron particles 
over time. All particles get bigger over a long period of time. However, 
the biggest particles shrink within the first 100 hours of their 
production. 72 hours after emulsification, an increase in average 
diameter of up to 50 nm could be observed for the smallest particles. 
Since the fluorosurfactant used in our preparation tends to create a very 
bubbly and foamy solution, centrifugation to remove small surfactant 
stabilized air bubbles from the solution was a critical step in our particle 
production process. Indeed, when small bubbles were not removed from 
the solution of submicron particles produced at high concentrations of 
fluorosurfactant, a significant increase of the backscattering was 
observed. Centrifugation time and speed were chosen such that most 
particles were observed to sink to the bottom of the centrifuge tube.  
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Figure 2.3: Average diameter (Sauter diameter D32) of 16 populations of 
submicron particles obtained by varying the concentration of fluorosurfactant. 
Arrows show data points used for Figure 2.5. 

 
Figure 2.4: Time evolution of the average size of particles made with 
different amount of surfactant (unpublished data). 
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2.4.2  Attenuation 
The attenuation curves of fo ur of the 16 populations of particles 

(310, 446, 810 and 970 nm size) obtained using narrowband pulses are 
shown in Figure 2.5. The attenuation increased smoothly with 
frequency. These curves can be fitted to the following equation: 

  α ( f ) = Af j + B  (dB/mm)     (2.5) 
where α is the frequency-dependent attenuation, f is the frequency, 

and A and B are fitting coefficients. In water, j=2, A=2.2x10-4 dBmm-

1MHz-j and B=0 (Vogt et al. 2004). In the solution of submicron 
particles studied, j increased with the particle size from 1.8 to 2.1. 
However, the overall attenuation decreased with the increasing particle 
size (Figures 2.5 and 2.6). 

Figure 2.7 shows the attenuation coefficient with respect to particle 
size at different frequencies. It is normalized because the attenuation 
increases significantly with frequency. Note that the attenuation started 
to increase for bigger particles at higher frequencies. This effect became 
even more pronounced as the frequency increased. 

The attenuations in submicron particle solutions obtained using 
narrowband and broadband pulses are compared in Figure 2.8. The 
attenuations measured using both techniques were identical, within 
error, for all frequencies, pulses and particle populations. The 
broadband and narrowband measurements yielded similar results. 

Attenuation spectra at two different pressure amplitudes at the focus 
(300 kPa and 1.8 MPa) were compared (Figure 2.9) and were found to 
be independent from the transmitted amplitude. 
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Figure 2.5: Narrowband attenuation spectra of C6F14 particles of different 
diameters (D, Sauter diameter). 

 
Figure 2.6: Absolute attenuation of different populations of submicron 
particles at 30 MHz. Arrows show data points used for Figure 2.5. 
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Figure 2.7: Relative attenuation of different populations of submicron 
particles at 30 MHz, 50 MHz and 70 MHz. The errors are smaller than the 
icons. The lines are only for visual aid.  

 
Figure 2.8: Comparison of the attenuation obtained with narrowband and 
broadband pulses (Particle size = 970 nm, Perfluorocarbon: C6F14). The 
usable portion of the wideband pulses was shorter than narrowband pulses 
because of SNR issues. 
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Figure 2.9: Comparison of the attenuation obtained at two different pressure 
(Particle diameter = 970 nm, Perfluorocarbon: C6F14). 

2.4.3 Backscattering 
The backscatter spectra of 3 different populations of submicron 

particles and a solution of silica particles insonified with a 34 MHz 
narrowband pulse are shown in Figure 2.10. For these experiments, 
high transmitted pressures (up to 3.2 MPa) were used because 
submicron particles do not typically have a high scattering coefficient. 
The fundamental (at 34 MHz) and the second harmonic (at 68 MHz) 
were observable in all the samples. No subharmonic or ultraharmonic 
peaks were detectable. If present, the subharmonic signal was buried in 
the noise and must be at least 35 dB lower than the fundamental. In 
comparison with the level of fundamental, the intensity of the 2nd 
harmonic was 24 ± 1 dB lower for particles with an average diameter of 
920 nm and 810 nm, and 26 ± 1 dB lower for silica and particles with 
an average diameter of 422 nm. The difference between the different 
samples was thus not significant considering the error.  
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Figure 2.10: Backscattering spectra of C6F14 particles of different diameters 
(D) and silica (33MHz at 3.2 MPa). 

 
Figure 2.11: Normalized backscattering intensity of a solution of submicron 
particles (Diameter ~ 530 nm) diluted at different concentrations relevant to 
this experiment. 
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Figure 2.12: Backscatter coefficient of two solutions of submicron particles. 
Slope of the fit for the 693-nm particles is 4.2±0.7 and, for the 346 nm 
particles, the slope is 3.8± 0.2. Average slope for the other samples was 
3.9±0.3. Blood data is from Lockwood et al.  

 
Figure 2.13: Backscatter coefficient of different populations of submicron 
particles at 50 MHz. The fit has a slope of 5.4 ± 0.3.  
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A solution of particles with an average diameter of 530 nm was 
diluted at different volume fractions of liquid perfluorocarbon relevant 
to the backscattering experiments (0.03 % to 0.375 %). The normalized 
backscattering intensity is plotted in Figure 2.11. The relative 
backscattering increases linearly with the volume fraction of PFH. In 
preliminary experiments, no clear increase in the relative backscattering 
intensity could be seen at concentrations beyond 0.375 %, which may 
originate from multiple scattering or the partial correlation of the 
position of the scatterers.  

The increase of the backscattering coefficient with frequency is 
shown in Figure 2.12. The slope of the log-log fit for the larger particle 
was 4.2 ± 0.7, while for smaller particles the slope was 3.8 ±0.2. The 
average slope for all samples was 3.9 ±0.3.  

The backscattering coefficients of the 16 populations of particles 
were also measured. The experimental values are shown in Figure 2.13 
along with the backscattering coefficients calculated from Equation 2.4. 
The error shown is obtained from reproducing the experiment 10 times 
for the same particle population. Despite a decrease in the number of 
particles present in the solution, the scattering clearly increases with the 
size of the particles. On a log-log plot, a linear fit was obtained with a 
slope of 5.4 ±0.3.  

2.5 Discussion 

2.5.1 Production of the particles 
The goal of this study was to determine the acoustical behavior of 

submicron droplets of liquid perfluorocarbon. It was thus important to 
create a reproducible set of populations of particles with, preferably, a 
narrow size distribution. The fluorosurfactant Zonyl FSO is well 
adapted to this purpose. Its aqueous surface tension is low (19 dyn/cm 
at 0.01% concentration, Dupont), enabling the enclosure of the liquid 
perfluorocarbon with sufficient stability. Compared to lecithin-
stabilized particles (Hughes et al., 2005), the process was simplified by 
the fact that only 3 ingredients were used to create the particles and that 
less surfactant was needed. 

The surface covered by the surfactant is linearly proportional to the 
mass of surfactant added in the solution assuming it is completely used 
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to coat the particles. Hence, from Equation 2.2, the Sauter mean 
diameter of the particles should be inversely proportional to the amount 
of surfactant. Behavior close to the theoretical prediction is observed in 
Figure 2.3 where the slope of the log-log sigmoid fit was close to –1.   

As observed, the size of smaller particles was limited by the amount 
of energy that is input by the high-pressure emulsifier. More energy is 
necessary to increase the total interfacial area of the particles. Below 
0.07% surfactant concentration, not enough surfactant was present to 
stabilize the particles. 

2.5.2 Linearity of particles 
Some contrast agents, such as Echogen, have a boiling point 

between room temperature and body temperature (Correas and Quay 
1996). Consequently, such a contrast agent behaves as a bubble inside 
the body with its accompanying non-linear behavior. In this study, we 
examined whether such an effect is observed with droplets of 
perfluorohexane.  

PFH was chosen because it has one of the lowest boiling points 
(56˚C, 3M) and lowest acoustical impedances (0.875 MRayl (Marsh et 
al. 2002a)) among usable liquid perfluorocarbons. A low boiling point 
was supposed to favour non-linear processes induced by the 
vaporization of the perfluorocarbon and low acoustical impedance was 
supposed to enhance the mismatch with the acoustical impedance of the 
medium (water). The boiling point is still much higher than the 
temperature at which the study was performed (21˚C) or the body 
temperature (37˚C).  Furthermore, liquid perfluorocarbon enclosed in a 
droplet has a higher boiling point than the bulk product (Giesecke and 
Hynynen 2003). However, Kripfgans et al. (2000) showed that droplets 
of dodecafluoropentane can be vaporized by ultrasound and that the 
threshold of vaporization diminishes with frequency . Giesecke and 
Hynynen (2003) also observed ultrasound-mediated cavitation with 
PFH droplets at low frequency.  If vaporization of the perfluorohexane 
inside the particles studied here were to happen, a non-linear bubble-
like acoustical behavior would be expected.  

2.5.3 Attenuation 
Several non-linear phenomena can be observed in the attenuation 

spectra of bubble solutions. One of the possible observable bubble-like 
behaviors is a resonance phenomenon in the attenuation spectra. When 
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measurements are performed with narrowband pulses and only the 
region of the spectra around the fundamental is used to evaluate 
attenuation, it is expected that a non-linear behavior would induce a 
transfer of energy outside the fundamental spectral band. Therefore, 
non-linear effects, either in the propagation or the scattering, or 
resonance may lead to increased attenuation at the fundamental, 
especially when scattering becomes a major contributor at higher 
frequencies and particles sizes.   

In bubble solutions, such as Optison and Definity, attenuation 
decreases with increasing frequency above resonance (Chen et al. 
2002). This is quite different from most liquids, such as water, which 
have an attenuation that increases smoothly with frequency.  

Also, the amplitude and the number of cycles of the pulse affect the 
scattering of microbubbles and ultimately, their attenuation spectra. The 
attenuation of gas bubbles increases with the input amplitude with an 
increase of scattering cross-section due to high harmonic production 
and from loss due to damping mechanisms (Chen et al. 2002).  

The bandwidth dependence of the attenuation of bubbles is related to 
the transient response of the resonant system. It is reflected in a 
difference of attenuation measured with narrowband and wideband 
transmitted pulses.  

In this study on submicron particle solution, attenuation spectra 
showed no deviation from a smoothly increasing curve (Figure 2.5). 
Also, the attenuation of submicron droplets was not affected by the 
bandwidth of the pulses used (Figure 2.8). Moreover, increasing the 
pressure from 300 kPa to 1.8 MPa at the focus did not affect the shape 
of the attenuation curve (Figure 2.9). Consequently, based on 
attenuation measurements, the droplets appear to be acting as linear 
scatterers in the range of frequency and amplitudes studied. 

2.5.4 Backscattering 
The backscattering spectra are themselves very informative about 

the acoustical linearity of the submicron droplets. For example, in high-
frequency ultrasound a sign of nonlinear behaviour is the appearance of 
a component in the subharmonic frequency range in the backscatter 
spectrum of microbubbles. The spectrum of submicron particles did not 
show such a subharmonic content (Figure 2.10).  

No subharmonics or ultraharmonics could be observed from the 
scattering spectra of the particles. Second harmonics were detectable in 



CHAPTER 2: PERFLUOROHEXANE PARTICLES IN SOLUTION 
 

46

scattering spectra of the particles. However, it has to be noted that very 
high-transmitted pressures (up to 3.2 MPa) were used because 
submicron particles do not typically have a high scattering coefficient. 
At high pressure amplitude, non-linear propagation does occur in the 
solution with the consequent generation of harmonics. It is therefore 
important to distinguish the linear scattering of the harmonics generated 
during non-linear propagation from the non-linear scattering itself. To 
do so, particles of silica that are known to be linear scatterers were used 
as a reference. Experimentally, the levels of second harmonics due to 
PFH particles are equal within error to those from silica particles 
(Figure 2.10). Thus, it can be concluded that, even at high amplitudes, 
most second harmonics are generated during propagation of the wave 
through water, and linearly scattered by the particles.  

2.5.5 Rayleigh scattering 
The overall scattering of PFH submicron particles increases linearly 

with concentration (Figure 2.11). Such a behavior demonstrates that the 
measurements are not affected by multiple scattering. From the flow 
cell design, it can also be assumed that the scattering was completely 
decorrelated in the focal region of the transducer. Moreover, the 
previous section also demonstrated that the submicron particles are 
small (1 micron in comparison to a 30 micron minimum wavelength), 
linear scatterers, and probably remain liquid under the experimental 
conditions of this study. These results support the hypothesis of 
Rayleigh scattering to describe the submicron PFH particles. Therefore, 
the differential scattering cross-section (σd) for a particle whose radius 
is a can be expressed as (Rayleigh 1945):  

  
σ d (θ ) =

k 4a6

9
κν −κ 0

κ 0

+
3(ρν − ρ0 )
2ρν + ρ0

cosθ
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

2

   (2.6) 

where k is the wave number, a is the radius of the scatterers, κ is the 
compressibility and ρ the density. The subscript 0 refers to the external 
medium.  

Figure 2.12 shows that the frequency dependence of the scattering 
coefficient is within error of the theoretical power of 4 for Rayleigh 
scattering. It is more difficult to conclude anything from the size 
dependence (Figure 2.13) because of the variation in the number 
concentration for each sample and the finite size distribution of the 
particles. 
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In this study, the absolute backscattering coefficient at 50 MHz of 
the submicron particles at 0.25% concentration was determined to be 
3x10-6 Sr-1 mm-1 for smaller particles (300 nm) to 2x10-3 Sr-1 mm-1 for 
bigger particles (900 nm).  In comparison, the backscattering coefficient 
of a fibrous plaque at 50 MHz lies between 0.01 to 0.1 Sr-1 mm-1 
(Machado and Foster 2001) and the backscattering coefficient of blood 
at 50 MHz is around 0.0005 Sr-1 mm-1 (Lockwood et al. 1991). 
Consequently, if the particles of concern were to be perfused, they 
would probably not increase significantly the blood contrast in high-
frequency ultrasound.  

It is theoretically possible to calculate the expected Rayleigh 
backscattering coefficient for a distribution of particles (Mo and 
Cobbold 1986). However, the size distribution has to be known with 
precision, which is not the case in this study. Furthermore, because of 
the inherently low backscattering coefficient of the PFH particles, the 
signal-to-noise ratio (SNR) was low, especially for smaller particles. 
Also, because of practical limitations, a limited number of detectable 
scatterers were studied. Hence, the phase of the signal from the particles 
is not uniformly distributed and the signal envelope follows a K-
distribution rather than a Rayleigh distribution. This deviation decreases 
for increasing particle size. It was impossible to correct for the phase of 
the signal because of insufficient statistics. 

The issue of finding the expected backscattering coefficient 
highlights the problems related to the measurement of backscattering 
coefficient for dilute solutions of weak scatterers. Not only are 
measurements affected by diffraction and attenuation, but they rely also 
on the decorrelation of the echo signals from the particles, requiring a 
significant amount of these particles to ensure sufficient backscattered 
signal averaging. The submicron particles are themselves weak 
scatterers in solution because of their size, but also because of the low 
mismatch in acoustic impedance with the surrounding water (PFH : 
0.875 MRayl versus water : 1.5 MRayl). The weak scattering of the 
particles in solution is one of the motivations for their use as a targeted 
contrast agent, but makes their study more challenging. 

This study confirms some conclusions about submicron 
perfluorocarbon particles found in the literature. The apparent 
backscattering and attenuation of perfluorooctyl bromide (PFOB) 
particles in blood was previously measured at frequencies up to 15 
MHz (Hughes et al. 2005) at various powers. They also found no 
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evidence of non-linear phenomena. The particles have also been 
characterized when bound to a surface (Lanza et al. 1998). Our study 
was concerned about the attenuation and backscattering coefficients at 
higher frequencies for perfluorohexane particles of various sizes. It also 
describes the production of simple droplets and their modelling as 
Rayleigh scatterers. 

The study of the backscattering coefficient of perfluorohexane 
particles was performed for dilute suspensions. However, the particles 
are intended to be used, not as a blood-pool contrast agent, but as a 
bound agent. Targeted agents were shown to increase the reflectivity of 
surfaces significantly, a phenomenon that was modeled previously 
(Lanza et al. 1998) based on the idea that these particles would form a 
layer and act as a transmission line. This model is limited because it 
does not take into account surface roughness, surface density of the 
particles or their size distribution. It may be possible to develop a model 
where the particles act as independent scatterers and where their 
impulse response functions are summed to obtain the total reflectivity 
enhancement.  

2.5.6 Dependence of attenuation on size 
It is interesting to note that, although the scattering increased with 

the size of the particles, the overall attenuation decreased. Such 
behavior can be understood from the description of attenuation in 
emulsions given by McClements (1996). Four components are taken 
into account: intrinsic absorption, thermal absorption, visco-inertial 
absorption and scattering. The intrinsic absorption depends on the 
proportion of each phase in the emulsion and is independent of the 
droplet size. The visco-inertial and thermal components originate from 
frictional losses during particle oscillation, and the asymmetrical heat 
flow, in and out of the droplets. The content of the droplets determines 
the size at which the absorption of the solution will be maximal. For 
Rayleigh scattering, the scattering contribution depends on the fourth 
power of the frequency and the third power of the particle radius. It 
becomes the main factor in attenuation for high frequencies or large 
particles. The curve in Figure 2.6 is the summation of the growing 
scattering and the decay of the visco-inertial and thermal processes. 
This study suggests that the contribution of the scattering in the 
attenuation is lower than the contributions from the visco-inertial and 
the thermal attenuation, which may be understood from the fact that the 
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experiments were performed in a frequency range covering what 
McClements refers as a long wavelength regime and an intermediate 
wavelength regime. Another clue is that the scattering contribution 
becomes more evident when the frequency is increased from 30 MHz to 
70 MHz (Figure 2.7).  

2.6 Conclusions 

A solution of water, perfluorohexane and fluorosurfactant can be 
used to create a simple model for liquid PFH submicron droplets. 
Changing the concentration of the fluorosurfactant easily modifies the 
size of the particles. By varying the concentration in PFH, one can 
change the concentration in particles. Unlike gas-filled ultrasound 
contrast agents, these submicron particles do not undergo strong 
resonance or strong non-linear acoustical behavior. The frequency and 
size dependence of the backscattering coefficient of the submicron 
particles correspond reasonably well to the theory of Rayleigh 
scattering. For volume concentrations of 0.25%, the backscattering 
coefficient of the particles is around 0.0002 (Sr-1 mm-1) for particles of 
700 nm in size. This low value suggests that these particular agents are 
unlikely to be useful as freely circulating contrast agents for high-
frequency ultrasound.  

Knowing that submicron particles made of liquid pefluorohexane are 
behaving like linear Rayleigh scatterers is essential in the modeling of 
their acoustical behavior attached to a surface. The fact that the increase 
in signal intensity is due to acoustical impedance mismatch between the 
particles and the medium and not due to resonance or vaporization of 
the liquid perfluorocarbon has been confirmed. Based on these findings, 
it may be easier to explain the contrast mechanism of the submicron 
particles and improve the methods for their detection.   
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CHAPTER 3 
ULTRASOUND REFLECTION OF SURFACES 

COVERED WITH LOW DENSITIES OF 
PARTICLES3 

3.1 Abstract 

Submicrometer particles filled with liquid perfluorocarbon have been 
shown to increase the ultrasound reflectivity of surfaces onto which they 
bind and, consequently, are seen as potential targeted contrast agents. 
The objective of this study is to explain the reflectivity enhancement due 
to the presence of randomly-distributed particles on a surface. A model is 
presented where the diffraction-weighted scattering of all particles is 
summed over the exposed surface. Experiments were performed at 
frequencies ranging from 15 MHz to 60 MHz with glass microbeads and 
perfluorohexane particles deposited on the surface of agar and Aqualene, 
a rubber closely matched to water, to confirm the validity of the model. 
Results showed that the model predicts the surface density and the 
frequency dependence of the reflectivity enhancement up to a density 
corresponding to twice the maximum packing of spheres on a surface (2 
layers) for glass beads and a fifth (0.2 layers) for perfluorohexane 
particles. This suggests the possibility of predicting signal enhancement 
due to a bound contrast agent for simple geometries.  

3.2 Introduction  

The acoustical properties of liquid perfluorocarbon particles in 
solution were measured in Chapter 2. We concluded that the scattering 
of the submicron particles remains linear under the conditions of 
experimentation. It can also be described as Rayleigh scattering. These 
particles were also shown to be poorly echogenic compared to blood, 
which confirmed previous studies (Hughes et al. 2005).  These results 
appear to contradict the report that the particles have been shown to be 
                                                           
3 The work presented in this chapter has been published as: Couture O, Bevan PD, et al. 
(2006)." A model for reflectivity enhancement due to surface bound submicrometer 
particles". Ultrasound Med Biol 32(8): 1247-1255. 



CHAPTER 3: REFLECTION FROM SINGLE LAYERS OF PARTICLES 
 

51

easily detectable when bound to a surface (Lanza et al. 1996). This 
phenomenon has been described over a wide range of frequencies and is 
of particular interest for high-frequency imaging of thrombus (Lanza et 
al. 1997) and possibly tumors (Hughes et al. 2004).  

An attempt was made to explain the high contrast between free-
flowing and bound liquid perfluorocarbon particles by using a 
transmission line model, in which the particles were considered to form 
a layer of perfluorocarbon acting as a specular reflector when bound to 
a surface (Lanza et al. 1998). This model is simple, but has been 
reported to underestimate the reflectivity enhancement of particles 
bound to a nitrocellulose membrane (Marsh et al. 2002a). Also, it does 
not take into account the particulate nature of the contrast agent, the 
density of its distribution on the surface, its size distribution or particle 
scattering cross-section.  

The approach taken here is to model the particles as a collection of 
individual scatterers all lying in the same plane. This approach could 
account for the nature of the surface and the nature of the particles, in 
particular their backscattering coefficient, and could include the effects 
of diffraction due to the geometry of the ultrasound source. The 
backscattering coefficient of perfluorohexane particles has been 
measured between 15 and 50 MHz in the previous chapter. Using this 
information, we here develop and test a predictive model for the 
enhancement in the reflectivity when these particles are bound to a 
surface. 

This study is an attempt to model the ultrasound reflectivity of 
submicrometer-sized particles bound to a surface through active 
targeting. Ultimately, our motivation is to improve the contrast using 
targeted contrast agents in-vivo. However, in order to simplify the 
problem, the model and experiments will concentrate on the effect of 
particles simply deposited on a surface. First, a model is presented that 
is based on scattering and diffraction theory. Second, experiments are 
performed using glass beads and perfluorohexane particles deposited on 
weakly reflective surfaces.  The results of theoretical predictions are 
then compared with experimental measurements. 
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3.3 Theoretical model 

A model to predict the reflectivity enhancement caused by particles 
targeted to a surface was proposed by (Lanza et al. 1998). In this 
transmission line model, the particles are viewed as a continuous film 
of perfluorocarbon covering the surface, with thickness corresponding 
to the particle diameter. The model, for a normally incident plane wave, 
is described by:  

  
rc (k) = R12 +

T12T21R23e
2ikd f

1− R21R23e
2id f k

,     (3.1) 

where Tc is the amplitude reflection coefficient at the interfaces 
between the film layer and the surrounding fluid or tissue, df is the film 
thickness and k is the wave number of the propagating ultrasound. Rxy 
and Txy are the complex reflection and transmission coefficients at the 
different interfaces where x and y stand for the medium of incidence 
and transmission, respectively.  

The model developed here considers a number of particles randomly 
and uniformly placed over a weakly reflective surface (Figure 3.1). It is 
hypothesized that, at low surface density, the response can be modelled 
as the sum of the individual impulse responses of the particles, with all 
the phases accounted for.  It is assumed that the increase of amplitude 
reflectivity from the particles can simply be added to the reflectivity of 
the surface itself. This assumption should hold if the particles are small 
enough and close enough to the surface for the interference between the 
scattered echo from a particle and the reflected echo from the 
underlying surface to be considered to be constructive.  
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Figure 3.1: Schematic for the proposed model. The particles are all lying in a 
plane.  The contribution of the particles is summed over an annulus of width 
Δζ at a distance ζ from the axis. Because the distance from the annulus to 
the transducer is a constant, the echoes from the particles in the annulus are 
all in phase. 

The backscattering of particles randomly placed in space has been 
described extensively, in particular, in connection with speckle in 
organs (Foster et al. 1983; Shung and Thieme 1993), the echo from 
blood (Mo and Cobbold 1992) and tissue backscattering (Madsen et al. 
1984; Roberjot et al. 1996).  The signal received at the transducer is 
often described by the convolution of diffraction, attenuation and 
scattering.  

Madsen et al. (Madsen et al. 1984) describe backscattering from a 
collection of linear particles by summing their contribution over space, 
taking into account the frequency-dependency of backscattering and the 
phase from the two-way diffraction pattern, which can be calculated 
from the Rayleigh integral. The response is then corrected for 
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diffraction and electromechanical response using the reflection from a 
quartz flat: 
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where VS(ω) is the Fourier-transformed and time-gated echo signal 
voltage. T1 and T2 are the time limits of the rectangular gating function. 
Vr(ω) is the echo signal from a reference reflector with amplitude 
reflection coefficient Rp.  

   
A0 (r,ω ) = ds '

exp(ik r − r ' )

r − r 'S
∫∫     (3.3) 

is related to the Rayleigh integral (r refers to the point where the 
pressure must be calculated and r′ refers to the position of the source).   

   
dsA0 (r,ω ')

Smir

∫∫       (3.4) 

is the response from a transducer facing a perfect reflector. ψ(ω) is 
the square root of the differential scattering cross-section at π radian; 
Ξ(r) is the position of each scatterer. The triple integral is the sum over 
all scatterers in the observation volume corrected for two-way 
diffraction. For a concave transducer, A0(r, ω) can be calculated by 
using the ring function method (Arditi et al. 1981; Fink and Cardoso 
1984). Vr(ω) is obtained experimentally. As described in Chapter 2, the 
differential scattering cross-section could be determined from Rayleigh 
scattering. However, in order to generalize this model to larger 
particles, it will be simulated from Faran’s equations (Faran 1951).  

If the particles are all located in the focal plane of the transducer, the 
volume integral is much simplified. The spatial dependence is reduced 
to a single variable ζ, which is the distance of the particles from the axis 
of the transducer. Since the phase of the particles sitting in an 
infinitesimal ring is uniform, one can calculate the volume integral in 
the following way: 
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where nS is the number of particles per unit surface. Note that this is 
a constant and can be taken out of the integral of Equation 3.2, 
indicating that the signal is proportional only to the surface density of 
the particles. From this, an expression for the signal from particles 
randomly placed in a plane is obtained: 
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 (3.6) 

Several assumptions are inherent in the model of Equation 3.6. First, 
the propagation and scattering of the ultrasound are assumed linear. It 
was also assumed that the echo from the particles and surface came 
from the same point in space.  The surface density of the particles has to 
be low enough to exclude layering or ordered packing of the particles 
and multiple scattering. A minimal number of particles are also required 
for the phase of the wave scattered by the particles to be distributed 
uniformly. This statistical requirement also imposes a lower limit for 
the wavelength of the sound used in this model, as a sufficient number 
of particles must be present within the beamwidth of the transducer. 

3.4 Experimental method 

In all experiments, the sample surface was immersed in water and 
placed at the focus of a 50 MHz broadband lithium-niobate transducer 
(7.5 mm focal length, 3 mm aperture), as shown in Figure 3.2. A series 
of pulses of different frequency were emitted by an arbitrary waveform 
generator (AWG2020, Tektronix, Beaverton, OR, USA) and amplified 
by a power amplifier (M3206, AMT, Anaheim, CA, USA). Echoes 
reflected from the surface were collected, bandpassed filtered from 10 
to 70 MHz, amplified by a 40 dB preamplifier (AU-1313, Miteq, 
Hauppauge, NY, USA) and digitized (DP240, Acqiris, Geneva, 
Switzerland). Different narrow-band transmitted pulses (-6 dB 



CHAPTER 3: REFLECTION FROM SINGLE LAYERS OF PARTICLES 
 

56

bandwidth: 3 MHz) covering the range from 15 to 55 MHz were used. 
For each frequency, the transducer was positioned above 10 different 
regions 300 μm apart (about 1.2 times the -6 dB beamwidth at 15 
MHz). At each transducer location, 100 pulses at a given frequency 
were transmitted and reflected echoes were acquired. The pulse 
amplitude at focus was lower than 350 kPa peak-negative pressure for 
the measurement of the reflection coefficient.  

 
Figure 3.2: Experimental set-up. A 50 MHz centre frequency transducer (7.5 
mm focal length, f#2.5) is focused in the plane onto which the particles are 
deposited. A pulse-echo experiment is then performed to determine the 
reflectivity of the surface.  

At each transmitted frequency, the q echoes reflected from one 
region (q=100) were averaged in time, as shown in Equation 3.7, 
Fourier-transformed and the signals from the m different regions 
(m=10) were averaged in the frequency domain (VS(ω) in Equation 3.6). 

  
V (ω ) =

1
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ℑ 1
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The parts of the spectra corresponding to the bandwidths of the 
pulses transmitted at each frequency were isolated and joined together 
to form a continuous frequency-dependent reflection amplitude curve. 
This curve was corrected for the transfer function of the transducer 
using the reflection from a quartz flat (Vr(ω) in Equation 3.6) and the 
contribution of the underlying surface was subtracted in amplitude. The 
amplitude reflection coefficient of the surfaces (rc) was calculated from 
the comparison with the known amplitude reflection coefficient of the 
quartz surface following Equation 3.8. Unless specified, the data shown 
are the reflection coefficient or the normalized reflection amplitude at 
40 MHz.  

  
rc (ω ) =

VS (ω )
Vr (ω )

⋅ RP       (3.8) 

Experiments were performed using glass beads 5.1± 0.5 μm in 
diameter (Duke Scientific Corporation, Palo Alto, CA, USA). The 
particles were mixed in water and placed in a sonic bath for 60 min to 
separate the beads. The solution was then poured into a container with 
Aqualene (Pulsecho Inc., Port Hope, Canada), a rubber of acoustical 
impedance very close to water, at the bottom. It was observed under 
light microscopy that beads sank in such a way that they were randomly 
distributed over the surface. Pulse-echo reflectivity measurements were 
performed when all the particles had sunk to the bottom surface (after 
20 min). The surface density of the particles was calculated based on 
their number, mass and radius and this was then converted to a measure 
a number of layers, which represents the packing of the particles over 
the surface. One layer is the highest possible packing of spheres in a 
plane, assuming a random loose distribution. 

The production of perfluorohexane particles was described 
previously (Chapter 2). Briefly, submicrometer droplets of 
perfluorocarbon were prepared by combining water, 5% v/v C6F14 
(FC72, 3M, St-Paul, MN, USA) and 0.2% v/v fluorinated surfactant 
(Zonyl FSO, Dupont Canada, Mississauga, ON, Canada). A coarse 
emulsion was obtained by mixing the solution for 1 min using a Vortex 
mixer. The coarse emulsion was then emulsified continuously for 3 min 
at a pressure of 100 MPa in a Microfluidizer (M-110EHI, 
Microfluidics, Newton MA, USA). The size distribution of the particles 
was estimated using dynamic light scattering (Nanosizer-S, Malvern 
Instruments Ltd, Malvern UK). 
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Since the submicrometer particles do not sink as fast as the glass 
beads, centrifugation was necessary. Sample preparation was performed 
in a 50 ml centrifuge tube partly filled with agar (0.5% to 5% m/v agar 
in water), moulded to create a flat surface. The top part of the centrifuge 
tube was then filled with a solution of perfluorohexane particles in 
water. The tubes were centrifuged at 900 g for 2 h before starting pulse-
echo reflectivity measurements.  

The assumption that all the particles sank to the surface was tested. 
Multiple pulse-echoes over the same regions were done before and after 
the addition of particles on top of the Aqualene surface. A second 
control experiment confirmed that the pulse pressure did not affect the 
particles. This was done using 1.6 and 8.3 MPa peak-negative pressure 
Gaussian 14-cycles pulses at 30 MHz (PRF 1 kHz) over one region. 
Finally, an experiment where the same concentration of particles was 
added over surfaces of different reflectivity (agar at concentrations 
ranging from 0.5% to 5%) was performed, to verify the assumption that 
the amplitude reflectivity from the particles can simply be added to the 
reflectivity of the surface.  

The expected reflectivity of the particles lying on a surface was 
calculated with the model of Equation 3.6, using the geometry of the 
experimental transducer, the reflection from the quartz flat and the 
expected backscattering coefficient of the particles obtained from Faran 
(1951) theory. For particles with a broad size distribution 
(polydisperse), the backscattering coefficient was calculated for all 
possible sizes of particles and weighted based on their size distribution 
measured by dynamic light scattering. 

3.5 Results 

As shown in Figure 3.3, the reflectivity of the Aqualene surface 
increased rapidly in the first 10 min after the addition of the glass 
microbeads in the water. It reached its maximum and stayed almost 
constant over the 1 h following the addition of the particles.  
Consequently, it was assumed that all the glass beads were sinking to 
the Aqualene surface and that the experiments could be performed 20 
min apart. Moreover, considering that all the added particles ultimately 
ended up on the surface, the density of particles on the surface was 
calculated from the total mass of particles added.  
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Figure 3.3: Influence of the time-dependent accumulation of glass beads (on 
a surface of Aqualene) on the reflectivity. Standard deviations shown (n=10). 
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Figure 3.4: Effect of high power pulses on the reflection of perfluorohexane 
particles deposited on a surface.   
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Figure 3.5: Effect of a fixed amount of perfluorohexane particles deposited 
on surfaces of different concentrations of agar. The reflection coefficient of 
agar increases with a slope of 0.0025 ± 0.0001 and has a y-intercept of 
0.00017 ± 0.00024 (R2 = 0.96). The reflection coefficient of agar with 
particles increases with a slope of 0.0027 ± 0.0003 and has a y-intercept of 
0.0035 ± 0.0007 (R2 = 0.94).  Standard deviations shown (n=10). 

The results of the second control experiment, which tested the 
stability of the particles with respect to insonation pressure after they 
were deposited on the surface, are shown in Figure 3.4. For this 
experiment, the lighter perfluorohexane submicrometer particles were 
used to highlight any effect of radiation pressure from the ultrasound 
beam. The reflection amplitude stayed unaffected, even after 5000 
pulses at 1.6 MPa peak-negative pressure. Consequently, the particles 
were not likely to be affected by the pulses at 350 kPa.  However, at 8.3 
MPa, the reflection amplitude decreased by 13 % over the experiment. 
The particles may have been displaced by radiation force or altered by 
the pulses.  

The third control experiment verified the assumption that the 
contribution of the particles to the reflectivity could be added, in 
amplitude, to the reflectivity of the surface. The effect of adding a fixed 
amount of perfluorohexane particles (1.5 mL of original solution) over 
an agar surface (5.6 cm2) made with varying concentrations of agar is 
shown in Figure 3.5. The native reflection coefficient of agar increased 
fairly linearly with concentration, with a slope of 0.0025 ± 0.0001 %-1 
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(R2 = 0.96). The reflection coefficient of agar with particles also 
increased fairly linearly, with a similar slope (0.0027± 0.0003 %-1, R2 = 
0.94). There was, however, higher variability in the reflectivity of the 
surface with particles which was probably caused by inhomogeneities 
in the surface density of the particles. Since data were collected from 10 
different uncorrelated regions, the mean was not strongly affected by 
this variability. The increase of the amplitude reflection coefficient of 
agar with particles was found to be linearly proportional to the increase 
of the reflection coefficient without particles (slope 1.0 ± 0.1, R2 = 
0.94).  

The effect of the accumulation of glass beads on the reflectivity of a 
surface of Aqualene is shown in Figure 3.6.  Figure 3.6a shows the 
entire span of the experiment and 3.6b zooms on the region of lower 
surface density. Until 2 layers, the reflection coefficient increased fairly 
linearly with the total number of particles (slope of 0.191± 0.09 %-1, R2 
= 0.96). In the linear regime, the effect of the glass microbeads 
followed the particle model reasonably well. The transmission line 
model for a layer of glass of thickness corresponding to the diameter of 
the particles, which is surface-density-independent, predicted the peak 
value of the reflectivity. Beyond the linear regime, the reflection 
coefficient saturated and reduced to less than half the peak value at 6 
layers. 
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Figure 3.6: (top) Variation of the reflectivity of a surface deposited with 
increasing number of glass beads (surface density dependence). (bottom) 
Until 2 layers, the reflectivity increases linearly with a slope of 0.191± 0.09 
(R2 = 0.96).  Standard deviations shown (n=10). 

The frequency dependence of the reflection coefficient at different 
surface densities is shown in Figure 3.7. At lower surface densities (A), 
the reflection coefficient increased smoothly with frequency between 
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15 MHz and 55 MHz. The particle model was generally within error of 
the experimental results at surface densities less than 1.5 layers. It 
deviated from a line around 3 layers (C), where it approached the 
prediction of the transmission line model. Although the transmission 
line model did not predict the actual value, it seemed to predict the 
shape of the frequency dependence over a wide range of surface 
densities. At very high surface density (D), neither model predicted a 
frequency response that looked closer to an antiresonance pattern.  

Figure 3.8 shows the effect of the accumulation of perfluorohexane 
particles (surface density of 0 to 1.06 layers) on a 1% agar surface. The 
error was much larger than for experiments using microbeads. The 
reflection coefficient seemed to increase linearly until about 0.5 layers 
(fit, slope of 0.09 ± 0.01, R2=0.92). At very low surface densities 
(below 0.06 layer), the particle model fit the experimental points. 
However, at higher surface densities, the model overestimated 
reflectivity enhancement. The transmission line model predicted the 
reflectivity for two values of surface densities. Figure 3.9 shows that 
only the particle model correctly predicts the frequency dependence of 
the reflection coefficient of the particles at lower surface density.  
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Figure 3.7: Variation of the reflectivity of a surface deposited with increasing 
number of glass beads (frequency dependence). Surface densities (a) 0.25 
layer, (b) 0.95 layer, (c) 2.35  layer, (d) 8.6 layer. In (d), the particle model is 
outside of the range of the graph. Standard deviations shown (n=10). 
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Figure 3.8: Variation of the reflectivity of a surface deposited with increasing 
number of perfluorohexane particles (surface density dependence). The fit, 
which applies for surface densities below 0.5 layer has a slope of slope of 
0.09 ± 0.01 and a y-intercept of 0 .000± 0.003 (R2=0.92). Standard 
deviations shown (n=4). 

 
Figure 3.9: Variation of the reflectivity of a surface deposited 
perfluorohexane particles. Frequency dependence for 0.048 layers. Standard 
deviations shown (n=4). 
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3.6 Discussion 

The control experiments confirmed that the glass beads and the 
perfluorocarbon particles can be deposited on a surface of Aqualene or 
agar. Also, they showed that the particles are unaffected by the pulses 
used to interrogate their reflectivity. The third control experiment 
(Figure 3.5) showed that the addition of particles did not change the 
slope of the increase of reflectivity caused by the increase in agar 
concentration. Consequently, if particles cover a weakly reflective 
surface, it is possible to sum their amplitude reflectivity to that of the 
surface itself. It can be argued that, since the top of the submicrometer 
particles is at a maximum distance of 1/40th of the wavelength from the 
surface (at 40 MHz), their reflections will probably interfere 
constructively with the surface. However, the additive rule is probably 
not as accurate for glass beads, which are bigger. Moreover, this simple 
addition does not take into account that the particles are probably 
shadowing part of the surface underneath. It was also not verified for 
surfaces with a high reflectivity, since concentrations of agar higher 
than 5% were not found to be practical. However, the range may still be 
relevant for biological medium modelling. As a comparison, a blood 
clot (density = 1.01 g/cm3, velocity same as water (Hall et al. 2001)) 
would have a reflection coefficient of 0.005 in water, while the most 
reflective surface in this experiment had a reflection coefficient of 
0.012.   

Figure 3.6 shows that the reflectivity of glass beads on a surface 
increases linearly with number over a very wide range. The particle 
model predicts this proportionality, but not the transmission line model, 
which is independent of surface densities. The particle model followed 
quite accurately the experimental results in the linear region as shown 
in Figure 3.6b. The transmission line model is independent of surface 
density and assumes a continuous layer, but it actually predicted quite 
accurately the maximum reflectivity of the particles over a surface 
(reflection coefficient of about 0.48).  

It is interesting to note that Figure 3.6 is similar to the curve of the 
backscattering from blood with increasing hematocrit (Mo and Cobbold 
1992). The reflectivity increased linearly with the number of particles 
until reaching a peak and subsequently decreased, possibly because the 
position of the scatterers was no longer random or the particles were 
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piling up and shadowing the particles underneath. The reflection 
coefficient of glass beads increased fairly smoothly with frequency for 
lower surface densities (< 2 layers). However, interference-like 
behavior was observed at higher surface densities (> 5 layers). Over 8 
layers, it showed complete cancellation at some frequencies. It is likely 
that the particles form a real layer, which would induce interference 
cancellation at certain frequencies.  

In general, glass microbeads seemed to be ideal to confirm the 
model, because they were monodisperse (single size) and their number 
could be estimated from their total weight. Moreover, even though the 
microbeads cannot be assumed to be pure Rayleigh scatterers at 40 
MHz, their backscattering cross-section can be modelled using Faran 
(1951) theory.  

Transposing the model to the liquid contrast agent was more 
complex, because the perfluorohexane particles were polydisperse 
(mean Sauter diameter = 340 nm, FWHM = 200 nm). The expected 
response of each particle size had to be modelled, weighted with respect 
of their relative number and summed to obtain the total reflection 
coefficient. Nevertheless, Figure 3.8 shows that the reflectivity still 
increases linearly with the number of particles, up to 0.5 layers. As 
expected from their impedance, the reflection coefficient caused by the 
perfluorohexane particles was lower than the one originating from glass 
beads (maximum around 0.045). It also saturates earlier. It is possible 
that the perfluorohexane particles have a tendency to interact with each 
other and do not act as independent scatterers beyond a certain density. 
As a comparison, note that reflectivity enhancement caused by 
perfluorohexane particles (0.5 layers) on a 1% agar surface is about 17 
dB. This corresponds to the level of enhancement that has been reported 
in the literature and triggered the interest in these particles. The model 
predicts fairly well the reflection coefficient at lower surface densities 
(<0.05 layers). It also accurately follows the frequency dependence of 
the reflectivity. However, it overestimates the reflectivity at higher 
surface densities. This inaccuracy is probably caused by the fact that the 
model relies on an accurate measurement of the size of the particles, 
which could not be obtained. The transmission line model also predicts 
the reflection coefficient over a certain range. However, it does not 
account for the surface density or frequency dependence of the 
reflectivity.  
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These experiments showed that it is possible to represent the effect 
of particles of different composition, sizes and numbers deposited on a 
surface with a model summing their individual contributions. It may be 
used to predict the enhancement from targeted contrast agents in 
ultrasound imaging. The model, however, has several limitations. The 
assumed geometry, a plane, does not correspond to realistic in-vivo 
imaging situations. To generalize to other geometries, the hypothesis of 
constructive interference between the particles and the surface would 
probably have to be abandoned. The particle model also assumes a 
random distribution of the scatterers with a known size distribution. 
Finally, the model does not work at very high concentrations of 
particles where piling, multiple scattering and organized distribution of 
scatterers become an issue. However, it is unlikely that confluence 
fraction higher than a few percent would ever be obtained in-vivo.  

This study shows that the reflectivity from a surface can be 
enhanced by the binding of particles up to a saturation concentration. 
Thereafter, the reflectivity cannot be increased by the addition of more 
particles, but only by increasing the backscattering cross-section of the 
particles, which is determined by their size and the acoustical properties 
of their content. Consequently, it may be preferable to use contrast 
agents with acoustical impedance very different from water, such as 
gas-filled agents, or liquid-filled agents that are known to undergo 
vaporization such as those described by Kawabata et al. (Kawabata et 
al. 2006). The physics describing those agents is still unexplored and 
the experiments described in this Chapter could be reproduced on such 
agent.  

3.7 Conclusion 

This study shows that it is possible to deposit particles over a surface 
and to measure the ultrasound reflectivity enhancement. It also shows 
that the reflectivity of the particles could be added, in amplitude, to that 
of the surface. The frequency and confluence fraction dependence of 
the reflection coefficient can be predicted by using a model where the 
contribution of each scatterer weighted by the diffraction pattern of the 
transducer is summed. These experiments were performed for both 
monodisperse glass beads and polydisperse perfluorohexane particles. 
The particle model is more complex than previously described 
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transmission line model, but yields more accurate predictions. The 
perfluorohexane particles are similar to contrast agents that have been 
proposed for targeted ultrasound imaging. This study may allow a better 
understanding of reflection enhancement caused by the accumulation of 
particles on a surface of the body such as the inner surface of an artery. 
The model should be extended to other geometries and other types of 
contrast agents with a linear or a nonlinear behavior.  
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CHAPTER 4 
MODEL FOR THE ULTRASOUND REFLECTION 

FROM MICRO-BEADS AND CELLS DISTRIBUTED 
IN LAYERS ON A UNIFORM SURFACE4  

4.1 Abstract 

A model predicting the reflection of ultrasound from multiple layers of 
small scattering spheres is developed. Predictions of the reflection 
coefficient, which takes into account the interferences between the 
different sphere layers, are compared to measurements performed in the 
10 to 80 MHz and 15 to 35 MHz frequency range with layers of glass beads 
and spherical Acute Myeloid Leukemia (AML) cells, respectively. For both 
types of scatterers, the reflection coefficient increases as a function of 
their density on the surface for less than 3 superimposed layers, at which 
point it saturates at 0.38 for glass beads and 0.02 for AML cells. Above 3 
layers, oscillations of the reflection coefficient due to constructive or 
destructive interference between layers are observed experimentally and 
are accurately predicted by the model. The use of such a model could 
lead to a better understanding of the structures observed in layered tissue 
images and to the optimization of targeted contrast agents. 

4.2 Introduction  

The previous Chapter concentrated on the physics of the reflection 
enhancement when contrast agents are bound to a surface. These studies 
demonstrated that, when particles of liquid perfluorocarbon are 
deposited on a surface, the reflection coefficient increases linearly with 
the density of the particles. However, at a specific density, the 
reflection coefficient saturates. In the case of glass beads, we also 
demonstrated that the reflection coefficient decreases when several 
layers are accumulated. 

Knowing the surface density and reflection coefficient at which the 
reflectivity of a surface covered with particles saturates is fundamental 
                                                           
4 The work presented in this chapter has been accepted for publication by Physics in 
Medicine and Biology (2007) 
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to the optimization of molecular imaging with ultrasound. It would 
allow the determination of the best size, composition and dose of 
targeted contrast agents to be injected in order to attain the maximum 
possible echo from specific biomarkers of disease.  

In addition, a model predicting the reflection from layered structures 
would be of particular importance in ultrasound. Many tissues, such as 
epithelia, are stratified, and although their appearance on ultrasound 
images has been well documented, it is sometimes poorly explained and 
subject to controversy. The origin of each reflection from the wall of 
the stomach, for example, has been the subject of debate (Bolondi et al. 
1986; Lim and Jeong 1994). In this tissue, it is often difficult to 
determine if the various hypoechoic and hyperechoic regions observed 
in ultrasound images correspond to real layers or if the difference in 
aspect is produced by some phenomenon of localized interference. 
Similar concerns have been raised about human arteries (Siegel et al. 
1993). The complexity of the echo originates mainly from the fact that 
the different structures forming these tissues cannot be resolved in 
space, and also that their appearances change with the frequency used. 
Therefore, it is of particular interest to develop a model able to predict 
the interference in layered structures, which is applicable at all 
frequencies.  

The goal of this study is to explain the saturation of the signal when 
several layers of microbeads or cells are accumulated on a surface. For 
particles with scattering cross-sections much lower than their geometric 
cross-sections, it is hypothesized that signal saturation is caused by 
interference between layers. This Chapter consists of three parts: the 
development of the interference model, its validation by comparison 
with experiments performed with layers of glass beads, and its 
application to layers of cells.  

 
 

4.3 Theoretical Method 

The coefficient of reflection from several layers of homogeneous 
materials is derived in most optics or ultrasound books (Cobbold 2007). 
The approach of considering tissues as multiple layers of homogenous 
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media of known acoustical properties has already been discussed for 
particular ultrasound applications (Chivers and Santosa 1986; Hughes 
et al. 1999), and has also been applied to contrast agents (Lanza et al. 
1998). Here, we discuss the case where the scattering cross-section of 
each particle forming the layer, rather than the acoustical impedance of 
the layer itself, is known.  

The objective of our work is to estimate the reflection coefficient 
due to several layers of particles. Our model is based on the hypothesis 
that it can be calculated by summing the reflection coefficient of 
individual layers after proper consideration of the phase-shift which is 
based on the thickness of the layers and the speed of sound. It has been 
shown in the previous chapter that the reflection coefficient of a single 
layer can be determined from the linear sum of the backscattering cross-
sections of each particle. 

As shown in Figure 4.1, describing the model, the particles are 
spherical with a radius of a. In the horizontal plane, they accumulate 
over the underlying surface in a random and loose fashion yielding a 
coverage fraction of 0.8 for a single layer (Hinrichen et al. 1990). In the 
vertical direction, it is assumed that the spheres are stacking in a 

hexagonal pattern with an inter-plane distance of a 2 . The maximum 
surface density of the particles is determined from their diameter, and 
their individual backscattering cross section is calculated from their size 
and composition using the Faran model (Faran 1951). The Faran model, 
which is applicable for fluid or solid particles, can also be used to 
describe the scattering of cells (Baddour et al., 2005). 
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Figure 4.1: Schematic representation of the layer model. The particles are 
lying randomly in the horizontal plane, but are organized hexagonally in the 
vertical direction. The radius of spheres a determines the inter-plane 
distance.  

The reflected amplitude from multiple layers of particles can be 
determined with a recursive formula relating the reflection from N 
layers to the reflection from N-1 layers. The total reflected pressure 
from N layers is the pressure reflected from the top layer added to the 
pressure reflected from N-1 underlying interfaces, which is modulated 
by the transmission coefficient through the top layer and phase shifted 
by an angle ϕ related to the layer thickness and speed of sound: 

  pN
r = tS ⋅ pN −1

r ⋅ e− iϕ + rS ⋅ pN
i     (4.1) 

where pN
i  is the incident amplitude at interface N, pN

r is the 

reflected amplitude at interface N,   pN −1
r is the reflected amplitude at 
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interface N-1, rS is the reflection coefficient of a single layer, and tS, its 
transmission coefficient. Note that the reflection and transmission 
coefficients are assumed to be equal in both vertical directions. The 
reflected pressure at the interface N-1 is the incident pressure at 
interface N-1 multiplied by the equivalent reflection coefficient of all 
layers underneath (rN-1): 

  pN
r = tS ⋅ rN −1 ⋅ pN −1

i ⋅e− iϕ + rS ⋅ pN
i     (4.2) 

The incident pressure at interface N-1 is the phase-shifted 
transmitted pressure through interface N. 

  pN
r = tS ⋅ rN −1 ⋅ pN

i ⋅ e− iϕ ⋅ tS ⋅e− iϕ + rS ⋅ pN
i    (4.3) 

The reflection coefficient of N layers is then obtained by calculating 
the ratio of the reflected pressure to the incident pressure: 

  
rN ≡

pN
r

pN
i

= tS
2 ⋅ rN −1 ⋅e−2iϕ + rS                 (4.4) 

The phase-shift depends on the thickness of the layer ( a 2 ), the 
wavelength (c/f) of the wave inside the slab of particles and the 
attenuation (α ( f ) ). The attenuation in each layer is expressed by adding 
an imaginary component in the phase-shift term. By inspection:  

  
ϕ = 2π f

c
2a − iα( f ) ⋅ 2a      (4.5) 

Combining Equation 4.4 and Equation.4.5. 

  rN = tS
2 ⋅ rN −1 ⋅e

−2i 2π f
c

2a−iα ( f )⋅ 2a
⎛
⎝⎜

⎞
⎠⎟ + rS    (4.6) 

Due to the principle of conservation of energy, the amplitude 
transmission coefficient tS is related to the amplitude reflection 
coefficient rS by tS

2=1-rS
2. The expression of the coefficient of 

reflection from N layers of particles can therefore be expressed as a 
function of the coefficient of reflection from N-1 layers, recursively:  

  rN = rN −1 ⋅ Λ + rS       (4.7) 

where   Λ = (1− rS
2 ) ⋅e

−2i 2π f
c

2a−iα ( f )⋅ 2a
⎛
⎝⎜

⎞
⎠⎟  
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If the reflection coefficient of the underlying surface (r0) is assumed 
to be 0 and the reflection of all other layers is assumed to be rS, 
Equation. 4.7 can be rewritten as a sum of polynomials: 

  
rN = rS ⋅ Λ j

j=0

N −1

∑       (4.8) 

Using the properties of infinite series, it is possible to obtain an 
analytical expression: 

  
rN = rS ⋅

1− ΛN

1− Λ
⎛

⎝⎜
⎞

⎠⎟
      (4.9) 

Equation. 4.9 represents a function oscillating with a period 
dependent on the frequency of the incident pulse, the size of the 
scatterers and the number of layers. The position of the first maximum 
of the function can be determined by: 

  
N =

c

4 2af
      (4.10) 

The reflection coefficient of a single layer of particles (rS), which is 
used in these formulae, can be estimated from a model developed for 
low-concentrations of particles deposited on a poorly reflective surface. 
This model calculates the reflection coefficient based on the sum of the 
differential backscattering cross-section of particles weighted by the 
diffraction pattern of the transducer. The contribution from the particles 
is then simply added linearly to the reflection from the surface. c and 
α( f )  are properties of the medium comprising the particles and the 
interstitial fluid. These parameters can either be determined 
experimentally or using theoretical models. For the glass bead case, we 
used the values of speed of sound and attenuation reported by Williams 
et al.(Williams et al. 2002) for layers of sand in the sea, which were 
estimated using a model developed by Buckingham (Buckingham 
1997). When these models are adapted to Pyrex glass, the speed of 
sound is predicted to be 1860 m/s and the attenuation coefficient to be 
5.3 dB/mm at 40 MHz.  
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4.4 Experimental method 

4.4.1 Microbeads 
The experiment involving micro-beads was described in detail in the 

previous Chapter. In brief, 5.1 μm diameter glass beads were 
accumulated on a poorly reflective surface made of Aqualene (Figure 
4.2), a rubber of acoustical impedance very close to water (Density: 920 
kg/m3; Longitudinal velocity: 1590 m/s). The resulting change in 
reflected signal was measured with a 40 MHz transducer (12 mm focal 
length, 3 mm aperture) emitting pulses (-6 dB bandwidth: 3 MHz) at 
various frequencies covering the range from 10 to 80 MHz. The peak-
negative pressure at the focus was measured to be -0.79 MPa. Previous 
experiments have shown that such pressures do not affect the glass 
beads in terms of motion due to radiation pressure.  

 
Figure 4.2: Data acquisition setup for the determination of the reflection 
coefficient of multiple layers of micro-beads. For the experiment on cells, the 
electronics are replaced by a Visualsonics Vevo 770 system.  An example of 
an acquired RF line for the reflection of AML cells is shown.  
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Reflection coefficients were obtained by comparing the amplitude of 
the reflected signal with that from a quartz flat. The reflection 
coefficient from the underlying surface was subtracted from the 
reflection coefficient of the surface covered by the glass beads. The 
surface density of the micro-beads was calculated from their total mass, 
density and radius. The number of layers of these beads was then 
determined on the basis that loose-random packing of disks yields a 
surface coverage fraction of 0.8.  

4.4.2 AML cells experiment 
 

Acute Myeloid Leukemia (AML) cells were cultured in minimum 
essential medium. The cells were centrifuged, transferred into 
phosphate buffered saline (PBS) and counted with a haemocytometer. 
The cells were then diluted at different concentrations in PBS and kept 
at 4°C for the duration of the experiments.  

A solution of 2% w/v of gelatin (300 Bloom, Sigma Inc, Saint-
Louis, USA) was poured in a tissue culture dish. After solidification, a 
square grid was put over the surface to compartmentalize the surface of 
gelatin. Each of the compartments was then filled with 200 μL of one of 
the dilutions of AML cells. The same dilutions were also poured into a 
96-well plate with a clear bottom (Corning Incorporated, Corning, NY, 
USA). Both gelatin and 96-well plates were then left undisturbed for 70 
minutes for the cells to deposit on the surface.  

Ultrasound scans of the gelatin surface with AML cells were 
performed using a Visualsonics Vevo770 (Visualsonics, Toronto, 
Canada) equipped with a 30 MHz probe (model RMV 707, 12.7 mm 
focal length, 6 mm aperture). The probe was positioned such that the 
transducer was focused on the surface. Single cycle pulses at 277 kPa 
peak-negative pressure were used to obtain 3D images with a field of 
view of 7 mm x 7 mm centered over the compartment containing AML 
cells. RF data were also acquired by an A/D card at a sampling rate of 
500 MHz (DP240, Acquiris, Geneva, Switzerland) and later analyzed 
with Matlab (The Mathworks, Natick, MA, USA). The reflection 
coefficient was obtained by comparing, in the frequency domain, the 
amplitude of the echo reflected from a surface covered with AML cells 
to the amplitude of the echo reflected from a quartz flat (reflection 
coefficient 0.79). The experiments were performed for 24 different 
densities of AML cells on the surface, ranging from 0 to 2.8x1010 
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cell/m2 (or 10.4 layers). Each experiment was repeated 4 times, for 
statistical analysis.  

In parallel to the ultrasound scans, images of the cells in the 96-well 
plate were collected using a bright-field microscope (Leica, Wetzlar, 
Germany), at a magnification of 100 X for counting, and a 
magnification of 400 X for sizing.  

4.5 Results  

4.5.1 Glass beads 
 

Figure 4.3 shows an optical microscope image of the glass beads 
used in these experiments. In this particular image, the glass beads are 
close to confluence, distributed randomly over the surface, occupying 
most of it.  

As shown in Figure 4.4, the reflection coefficient increases with 
frequency when a single layer of glass beads is covering the surface. 
Fundamentally, this reflection coefficient is the sum of the scattering 
cross-section of 3.9x1010 particles / m2 weighted by diffraction. The 
theoretical values were calculated independently from the experimental 
data. In this particular case, no interference between multiple layers is 
present. Consequently, the theoretical curve follows the prediction of 
the model for particles at low surface density as demonstrated in the 
previous chapter. 
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Figure 4.3: Bright-field microscope image (400 X) of loosely packed glass 
micro-beads. The beads are 5.1 μm in diameter. 
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Figure 4.4: Frequency dependence of the reflection coefficient of a surface 
covered with a single confluent layer of glass beads. Standard deviations 
shown (n=10). 
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The influence of the surface density of glass beads on the reflectivity 
of the surface at 40 MHz is presented in Figure 4.5. In the experimental 
data, the reflection of the underlying surface (Aqualene) has been 
subtracted from the subsequent measurement of reflectivity of glass 
beads and, consequently, the reflection coefficient of layer 0 is 0. 
Surface densities are presented as a number of layers. A fractional 
number of layers represents the ratio between the number of cells on the 
surface and the number of cells required for them to be confluent in a 
random-loose arrangement. At this frequency, the increase in the 
reflection coefficient was found to be linear for values less than one 
layer (R2=0.988, slope = 0.221 ± 0.007, y-intercept: 0.009 ± 0.004). The 
reflection coefficient increases until reaching a maximum at 3.4 layers 
(rc=0.38) and then oscillates, with minima at 6.1 layers (rc=0.06) and 
11.7 layers (rc=0.11), and maxima at 9.1 layers (rc=0.33) and 14.2 
layers (rc=0.27). The amplitude of the maxima and minima decreases 
with the number of layers.  

In general, the interference model follows accurately the oscillations 
in Figure 4.5. The maximum reflection coefficient is overestimated by 
the model (rc theory=0.42 as compared to rc exp=0.38 ± 0.02). The distance 
between the first two maxima is also slightly overestimated by the 
model, predicted to be 6.4 layers as compared 5.7 layers 
experimentally. The interference model deviation from experimental 
data increases with surface density. 

Further evidence of interference can be found for the reflection 
coefficient of 8 layers of glass beads (Figure 4.6) which oscillates with 
maxima at 14 MHz (rc=0.46) and 47 MHz (rc=0.32), and minima at 32 
MHz (rc=0.10) and 62 MHz (rc=0.18). The interference model 
accurately predicts these fluctuations. 
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Figure 4.5: Reflection coefficient from a surface covered with increasing 
number of layers of glass beads. The model is calculated from Equation 4.7, 
with the reflection coefficient of a single layer calculated directly from the 
theoretical differential backscattering cross-section of glass beads. The error 
bars represent the standard deviations over trials performed on different 
regions of the surface (n=10). 
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Figure 4.6: Frequency dependence of the reflection coefficient of a surface 
covered with the equivalent of 8 confluent layers of glass beads. Standard 
deviations shown (n=10). 
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Oscillations in the averaged reflection coefficient over all 
frequencies and surface densities studied are presented in Figure 4.7. 
Observations about interference phenomena in Figures 4.4, 4.5 and 4.6 
can be generalized. Experimental measurements and model predictions 
are in good agreement in the 10-80 MHz frequency range for a number 
of layers ranging from 0 to 16.7 (Χ2 = 4.6, R2 = 0.85). For a frequency 
range reduced to 30 to 50 MHz and a number of layers ranging from 0 
to 10 layers, the agreement between the model and the experiment is 
improved (Χ2 = 3.1, R2 = 0.93). 

The frequencies at which the first, second and third peaks of the 
interference pattern are found depends on the number of layers, as 
shown in Figure 4.8. The theoretical values are determined from 
Equation. 4.10 for a speed of sound of 1860 m/s and a glass bead 
diameter of 5.1 μm. For the first peak, the correlation between the 
experimental and theoretical values is R2=0.79. Equation. 4.10 can also 
be fitted to experimental values in order to find, independently, the ratio 
between the speed of sound and the size of the particles. The fits for the 
first peak (R2=0.92) and the second peak (R2=0.99) yield a ratio c/a = 
6.2 x 108 s-1 and 6.8 x 108 s-1, respectively. For glass beads 5.1 μm in 
diameter, this would produce a speed of sound of 1600 m/s or 1731 m/s.  
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Figure 4.7: Oscillations in the measured averaged reflection coefficient for 
increasing number of layers of glass beads at various frequencies. 

 
Figure 4.8: Experimental and theoretical position of the peak reflectivity on 
Figure 4.7. 
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4.5.2 AML cells 
Two microscope pictures of sparse populations of AML cells are 

shown at two different magnifications in Figure 4.9. From this picture, 
the surface density was calculated to be 1330 cells/mm2. On the 
magnified picture in Figure 4.9, which is one of 7 pictures used to 
determine the size of the cells, most cells appeared to be spherical. 
However, some cells seemed to have some vacuoles on their surface. 
The size distribution of the cells is presented in Figure 4.10. A total of 
350 cells were counted and their diameters were determined to be 
Gaussian-distributed (R2=0.99) with a mean and standard deviation of 
9.77 μm and 1.86 μm, respectively. The density of cells at the surface 
was measured, in the low end, from the microscope picture obtained at 
100X magnification. Figure 4.11 shows that the surface density of cells 
increases linearly (R2=0.998) with the number of cells added originally 
in the solution (slope: (112 ± 3) x103 cell/mm2, intercept: -50 ± 90 
cell/mm2). The conversion between cell surface density and number of 
layers is also shown in this graph. It is based on the average surface 
area of AML cells as determined in Figure 4.10. For higher 
concentrations of cells in the original solution, the surface density is 
assumed to stay linear since cell number is conserved. However, the 
error in this prediction from the linear fit increases with surface density.  
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A  

B 

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

 
Figure 4.9: Bright-field microscope images (10 X and 40X) of AML cells 
on the surface of a 96-well plate. A) Low surface density B) Surface density 
higher than confluence. The images have been histogram equalized. 
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Figure 4.10: Size distribution of 
AML cells as measured on 
microscopy images. The 
distribution is Gaussian-distributed 
(R2=0.99) with a mean and 
standard deviation of 9.77 μm and 
1.86 μm, respectively. 

Figure 4.11: Surface density of 
deposited AML cells obtained from 
different volume concentrations of 
cells. The original concentration is an 
arbitrary number representing the 
maximum volume concentration of 
cells used. The surface density could 
only be determined for low 
concentrations. The increase in 
surface density is linear (R2=0.998) 
with respect to volume concentration 
with a slope of (112 ± 3)x103 cell/mm2 
and a y-intercept of -50 ± 90 cell/mm2. 
Standard deviations shown. 

 
The increase of the reflection coefficient at 30 MHz as a function of 

the number of AML cells on the surface is shown in Figure 4.12. In 
contrast to the glass beads, the reflection coefficient from the 
underlying surface could not be subtracted from the reflection 
coefficient of the measurements with overlying cells, because the 
reflection coefficient of the cell covered surface did not increase 
linearly with the number of deposited cells even at the lowest densities. 
The reflection coefficient reaches a maximum for 2.5 layers (rc=0.021), 
and appears to reach a minimum for 4.1 layers (rc=0.016). At higher 
surface densities the reflection coefficient varied considerably with a 
relatively constant mean. As shown in Figure 4.13, the reflection 
coefficient of 3 layers actually decreases with frequency. The reflection 
coefficient at 10 layers also decreases, although with a more 
pronounced slope (Figure 4.14).  
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In contrast to the glass beads, for which the model was purely 
theoretical, some parameters determined experimentally had to be used 
for the modelling of AML cells. The speed of sound (c=1461 m/s) and 
the attenuation coefficient (a=0.012 f1.48 dB/mm) in the mix of AML 
cells and PBS were determined experimentally in pellets of cells at 4°C. 
The reflection coefficients R0 and R1 of the 0th and the 1st layers were 
determined from a second-order fit of the experimental values from 0 to 
1.4 layers. At 30 MHz, they are 0.005 and 0.009, respectively. Then, 
the interference model was used to extrapolate the reflection coefficient 
of multiple layers of AML cells.  

The model prediction for the maximum reflection coefficient 
(rc=0.023) was within error of the experimental value (rc=0.020 ± 
0.005). The model also predicted a minimum between 4 and 5 layers of 
AML cells. The reflection coefficient oscillated with a period of 3.5 
layers, which is identical to the value obtained with Equation 4.10. The 
amplitude of the oscillations predicted by the model was more 
pronounced than the amplitude observed in experimental 
measurements. Experimental measurements and model predictions are 
in good agreement in the 15-35 MHz frequency range for a number of 
layers ranging from 0 to 10 (Χ2 = 3.4, R2 = 0.89).  
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Figure 4.12: Top: Reflectivity, at 30 MHz, of a surface covered with 
increasing number of layers of AML cells. The interference model is 
calculated from Equation 4.8 with the reflection coefficient of a single layer 
determined experimentally from a fit of the data within 2 layers (first arrow, 
0 layer; second arrow, 1 layer). Standard deviations shown (n=4). Bottom: 
RF lines corresponding to the reflection of different surface densities. 
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Figure 4.13: Frequency 
dependence of the reflectivity of a 
surface covered with three confluent 
layers of AML cells. Standard 
deviations shown (n=4). 

Figure 4.14: Frequency dependence 
of the reflectivity of a surface 
covered with 10 confluent layers of 
AML cells. Standard deviations 
shown (n=4). 

Previously, the reflection coefficient for one layer of glass beads 
was calculated from its theoretical differential backscattering cross-
section and the diffraction pattern of the transducer. It was consequently 
possible to do the inverse analysis. The experimental backscattering 
cross-section can be obtained by dividing the reflection coefficient of a 
single layer by the corresponding number of cells and the correction for 
the diffraction of the transducer.  The measured differential 
backscattering cross-section of AML cells increases from (1.2 ± 0.4) 
x10-16 m2/Sr at 14 MHz to (1.2 ± 0.7) x10-15 m2/Sr at 35 MHz. These 
values are significantly smaller than theoretical predictions from the 
Faran model using published acoustical properties of cells (Baddour et 
al., 2005).  

4.6 Discussion 

When small numbers of particles are present on a surface, the 
ultrasound reflection coefficients of both types of particles behave 
similarly. The increase in reflectivity with the surface density was 
already described and modeled in the previous chapter. In this regime, 
the reflection coefficient is simply the sum of the backscattering cross-
section of the particles weighted by the frequency-dependent 
diffraction. The reflection coefficient of one layer of glass beads can be 
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accurately predicted from first principles using the Faran model and the 
acoustical properties of glass.  

Further complexities are introduced in our experiments with AML 
cells since their reflection does not increase linearly at low densities. 
This difference is probably due to two parameters. One is the amplitude 
of the reflection coefficient of the particle layer relative to the reflection 
coefficient of the underlying surface. The other is the phase shift 
between the echo from the layer of particles and the echo from the 
underlying surface. For the glass beads, the reflection coefficient of a 
single layer is much larger than the reflection coefficient from the 
surface underneath (rc = 0.221 and 0.008, respectively, at 40 MHz). 
Therefore, the echo from the glass beads is largely predominant. 
Moreover, the phase shift is relatively small (< π/9, at 40 MHz). In this 
case rc can be estimated relatively accurately by linearly subtracting the 
reflection coefficient of the Aqualene surface from the total reflection 
coefficient R1 of the surface covered by glass beads. In the case of 
AML cells, the reflection coefficient of the gelatin and the reflection 
coefficient of a single layer of cells are similar (rc=0.005 and 0.009, 
respectively) and the phase shift is significant (>π/4, at 40 MHz). 
Consequently, the effect of the underlying surface cannot be linearly 
subtracted from the reflection from the AML cells, whatever the 
number of AML cells may be. This leads to the initial non-linear 
increase of the coefficient of reflection from AML cells as a function of 
the number of layers. This fact has been taken into account 
automatically in our model, due to its recursive nature.  

As an additional complication, the reflection of a single layer of 
AML cells has to be obtained from an experimental fit since their 
theoretical backscattering cross-sections calculated using properties 
described by Baddour et al. (Baddour et al. 2005) yield much larger 
reflection coefficients than those observed in our experiment. Such a 
discrepancy could be caused by the difference in the local environment 
of cells in layers as compared to isolated cells floating in aqueous 
solution. 

When glass beads and AML cells accumulate with increasing 
surface densities, the reflection eventually attains a maximum and 
oscillates. This interference phenomenon is clearly demonstrated for 
glass beads in Figure 4.7, which shows ripples in both the frequency 
and the number-of-layers dependence of the reflection coefficient. 
Moreover, the distances between the maxima and the minima are 
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regular and can be predicted by the position of the zeros of the 
derivative of Equation 4.9, which is the analytical formulation of our 
model. This suggests that the position of the peaks can be predicted 
from the frequency, the size of the particles and the speed of sound. 
Conversely, the knowledge of the interference pattern caused by 
layered media allows the determination of either the speed of sound or 
the layers’ thickness.  

In addition to the period of oscillation, our model also predicts the 
amplitude of the reflection of multiple layers from the reflection 
coefficient of a single layer. As shown in Figures 4.4, 4.5 and 4.6, the 
concordance between experimental and theoretical values for glass 
beads is excellent. The model also accounts for the decrease in the 
amplitude of the oscillation with the number of layers and the 
frequency. This is caused by the reduction in the contribution of deeper 
layers caused by the modulation by the transmission and attenuation 
coefficient. The damping of the oscillation is also affected by 
frequency-dependent attenuation.  

The prediction of the model for AML cells is less accurate, 
especially when several layers of cells are present. However, it seems to 
correctly predict the maximum reflection coefficient and the number of 
layers required. The period is overestimated and the attenuation 
underestimated. The difference between prediction and measurement is 
possibly due to the fact that the measurements of the speed of sound 
and attenuation used in the model were performed in centrifuged 
pellets of cells which are likely to be more packed than cells left to 
sediment for one hour.  

The oscillations of the reflection coefficient as a function of the 
number of layers of AML cells are smoothed out. Although it has a 
perceptible trough after the first maximum, the reflection coefficient 
seems to stabilize after the first oscillation at a value above 0.02. This 
behaviour could be explained by the broader size distribution of the 
AML cells with respect to the glass beads. After a few layers, the layers 
become less defined and the cells are packed randomly in the vertical 
direction, therefore cancelling the interference phenomenon. This 
regime is likely to be better explained by models assuming the random 
position of cells such as the one developed by (Hunt et al. 2002).  

The model presented here is based on the hypothesis that the 
maxima and minima of the reflection coefficient are caused by 
interferences between layers. The reflection of a single layer determines 
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the overall amplitude of the oscillation. The real part of the phase of the 
wave propagating through the layer determines the period of oscillation 
while the imaginary part determines the damping. Rather than using the 
impedance of each layer, our theoretical description uses the 
backscattering of individual particles to calculate the reflection 
coefficient of layered media. In fact, the layers are seen as infinitely 
thin planes with a specific reflection and transmission coefficient 
regularly spaced within a uniform medium with a speed of sound and 
attenuation established by transport theories. This perspective comes 
from the fact that the beads, as seen by the wave, are much smaller than 
their geometric radius (400 times smaller for glass beads at 40 MHz). 

In some ways, this interference theory applied to layers of AML 
cells is similar to the description of the scattering from blood using the 
hybrid method (Mo and Cobbold 1992). The scattering is comprised of 
a fluctuation term, which originates from the pseudo-random placement 
of the cells over each layer, and a crystallographic term which 
originates from the regular spacing of each layer. Contrarily to the 
scattering from red blood cells, however, the crystallographic 
contribution from layers of cells is significant because the phase-shift 
cannot be assumed to be randomly distributed.  

The model presented was applicable because, even at high surface 
concentrations, layers of particles still transmit a significant fraction of 
the incident sound, and the echo from lower layers can interfere with 
the echo from top layers. It is thus limited to particles with small 
scattering cross-sections. Otherwise multiple scattering would have to 
be taken into account in the interference model. This could be further 
investigated using highly scattering objects, such as microbubbles.  

The interference model could be applied to explain the appearance 
of layered tissue such as the wall of the stomach or of arteries. It 
requires the reflection coefficient, the speed of sound and the 
attenuation of each layer independently. These values could be 
determined experimentally through micro-dissection of tissue into its 
constituent layers (Siegel et al. 1993), the reflection of grown layers of 
cells on culture plates or by using models of the scattering cross-section 
of individual cells. Also, the interference model can predict the 
maximum possible reflectivity enhancement obtainable from contrast 
agents such as perfluorocarbon particles. Such knowledge is 
fundamental to optimize their use.  
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4.7 Conclusion 

This study has demonstrated that the reflection coefficient of glass 
beads and AML cells accumulated on surfaces can be measured 
reproducibly. The oscillatory behavior of the reflection coefficient 
reveals an interference phenomenon between the different layers of 
particles (glass beads and cells). Although the maximum reflection 
coefficient was very different between the glass beads (rc=0.38) and 
AML cells (rc=0.02), they could both be predicted with an interference 
model. This interference model determines first the reflection of a 
single layer using the scattering cross-section of the particles and then 
sums the phase-shifted contribution of all the layers. The application of 
this model could also be inverted to determine the scattering cross-
section of particles from the reflection due to a full layer. In the future, 
this model could be used to explain the appearance of layered tissue and 
predict the maximum reflectivity enhancement of contrast agents.  
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CHAPTER 5 
REFLECTION FROM BOUND MICROBUBBLES AT 

HIGH FREQUENCY5 

5.1 Abstract 

Targeted contrast agents and ultrasound imaging are now used in 
combination for the assessment and tracking of biomarkers in animal 
models in-vivo. These applications have triggered interest in the 
description and prediction of the echoes from contrast agents bound to 
cells. Models to predict the reflectivity enhancement of discrete particles 
covering a poorly reflective flat surface have been proposed previously.   
This study tries to explain the echo from a surface covered with particles 
with large scattering cross-sections. It is hypothesized that the reflection 
coefficient of a surface covered with particles increases with their surface 
density until reaching saturation, which can occur if the incident beam is 
fully scattered.  
Microbubbles, with a scattering cross-section close to their geometric 
cross-section, were bound to a surface of gelatin through an avidin-biotin 
complex. The reflection coefficient was determined for surface densities 
up to a coverage fraction of about 20%. The reflection coefficient peaked 
at 0.8 when 10% of the surface was covered with microbubbles 
(corresponding to approximately 70 microbubbles in the transducer beam 
area). A multiple scattering model corresponded very well to the values of 
the first trial.   
This study shows that the reflection coefficient of a surface covered with 
microbubbles can be higher than that of a polished quartz surface. The 
proposed model appears suitable in predicting the reflection coefficient 
microbubbles bound on a surface even at very high concentrations. 
Predicting the maximum enhancement from targeted contrast agents 
using the proposed model is very useful for choosing the optimal agent 
for molecular imaging with high-frequency ultrasound.   

                                                           
5 The work presented in this chapter has been presented as: Couture O, Rychak JJ, 
Foster FS (2006). A new model for the maximum reflectivity enhancement from 
targeted contrast agents. IEEE Ultrasonics, Ferroelectrics and Frequency Control 
Society, Vancouver. 
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5.2 Introduction  

In the previous chapters, we have discussed the reflection from 
particles accumulated on surfaces in order to model targeted ultrasound 
contrast agents and explain the reflection from layered tissue. Chapter 3 
and 4 have shown that this reflection is strongly dependent on the 
scattering cross-section of the individual particles, which is itself 
dependent on their acoustical properties. For example, the maximum 
reflection coefficient attainable with liquid perfluorocarbon particles 
has been shown to be 0.045. Consequently, even with a full layer of 
particles, these targeted contrast agents will backscatter a very small 
fraction of the total incident ultrasound pulse. By modifying the 
acoustical properties of the core of the contrast agents, their appearance 
on ultrasound images might be significantly enhanced.  

Microbubbles are currently used as contrast agents in ultrasound 
because their gaseous core has a compressibility and a density very 
different from water or blood. For instance, the gas C3F8, which is used 
in many contrast agents, has a density 100 times lower than water and a 
compressibility 1.7x104 times higher than water. For pure signal 
enhancement, these particles are expected to be much better than liquid 
perfluorocarbon particles and, as a result, are currently the targeted 
contrast agent of interest in most laboratories in the world. It is 
therefore important to create a model for the reflection of surfaces 
covered with bound microbubbles such that these too could be 
optimized for clinical use.  

The acoustical behaviour of microbubbles is much more complex 
than the previously studied particles (glass beads, liquid 
perfluorocarbon submicron particles, AML cells). The extent of their 
scattering cross-section is such that, even when they are several 
diameters away from each other, multiple scattering cannot be ignored. 
Also, the large radial oscillation of the microbubbles under insonation 
yield non-linear scattering and, even, disruption. However, for 
sufficiently low incident pressures and off-resonance, it should be 
possible to predict the total reflection of a surface covered with 
microbubbles. 

The goal of this study is to describe theoretically and experimentally 
the reflection of surfaces covered with different densities of 
microbubbles. It follows a similar logic described in previous chapters 
where the reflection of particles covering a flat surface is used as a 
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simplification of the contrast enhancement in-vivo. A multiple-
scattering model is introduced and preliminary ultrasound experiments 
with bound microbubbles on gelatin are described. 

5.3 Theoretical Method 

Many approaches can be taken to model the reflection or 
backscattering of bound microbubbles. Modeling the acoustic response 
of microbubbles in aqueous medium has been extensively studied (de 
Jong et al. 2002). Most of these models describe the non-linear radial 
motion of microbubbles as damped oscillators driven by ultrasound 
pulses. Many of these models have been confirmed through 
measurements acquired using high-speed cameras and ultrasound 
probes (Postema et al. 2003).  

Unfortunately, one of the main assumptions of the accepted models 
for the behaviour of microbubble in an acoustical field is isotropic 
oscillation. This assumption cannot be applied for targeted 
microbubbles because of the inherent asymmetry of the boundary 
conditions. The effect of a boundary close to the microbubble can be 
compensated through a mirror-image method as demonstrated by 
Garbin (Garbin et al. 2006). However, the microbubbles cannot be 
assumed to have a spherical shape during oscillation because of the 
forces applied by the surface and the tethering by the targeting ligands 
(Zhao et al. 2005). To develop a new model, another variable would 
have to be introduced to take into account the asymmetry on the 
circumference of the microbubble. The numerical solution for the 
differential equations governing the motion of a single microbubble 
next to a surface is expected to be difficult. 

In certain conditions, it should be possible to simplify the behaviour 
of microbubbles and use models similar to those applied to liquid 
perfluorocarbon particles or glass beads in previous chapters. For low 
incident pressures and frequencies outside of their resonance frequency-
range, microbubbles can be seen as simple linear scatterers with a 
frequency-dependent backscattering cross-section.  An example of this 
situation was shown in Figure 1.4 where the scattered signal of an 
unshelled microbubble was calculated with both the Keller-Miksis 
model and the Faran model. If the results are presented as 
backscattering cross-sections, it is clear that both models give almost 
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identical results at low pressure (40 kPa) and high frequencies (40 
MHz). One difference is that the Faran model does not assume isotropic 
scattering and exhibits a difference in its back and forward scattering. 
In general, computer simulation presented in Chapter 1 seems to 
support the idea that a 1 micron bubble can be modeled by Faran in the 
range of frequencies that are of interest in this thesis (over 20 MHz). 
Therefore, the ill-defined backscattering cross-section associated with 
non-linear conditions is not an issue.  

The prediction of the echo from targeted contrast agents in-vivo 
requires modeling populations of microbubbles. Again, for simplicity, 
the first step would be to predict the reflection from a surface covered 
with microbubbles at different surface densities as presented in chapter 
3 and 4. However, Table 1.2 shows that another level of complexity is 
introduced because of multiple scattering.. Indeed, in the case of glass 
beads, secondary scattering cross-section could be ignored even when 
the particles were touching each other. In the case of microbubbles, 
secondary scattering cross-section is present when microbubbles are 
separated by several diameters. Consequently, even for sparse 
population of bubbles, multiple scattering will have to be taken into 
account.  

 
Figure 5.1: Screen of scatterers as seen in Angel’s model 

One model addressing multiple scattering was recently derived by 
Angel and Aristegui (Angel and Aristegui 2005). This model describes 
the reflection of a screen of scatterers immersed in an infinite medium 
as shown in Figure 5.1. They demonstrated that this reflection could be 
fully described by the effective wave number inside the screen and the 
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reflection coefficient of a half-space screen. Both parameters could be 
determined directly from the scattering cross-section of a single 
particle. The model determines an effective wavenumber (K) for the 
slab that depends on frequency, the volume density of the scatterers 
(nV) and their back and forward scattering coefficients expressed as 
angular shape functions FS(θ). The reflection coefficient (R) is 
ultimately determined in relation to the reflection from a slab occupying 
half-space (Q) as shown in Equation 5.1. 

 
  
R = −

Qe−2ikh

1− Q2e4iKh
(1− e4iKh )        (5.1) 

where k is the wavenumber in the fluid and 
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Interestingly, Angel and Aristegui conclude that a screen of 
scatterers can be treated as an effective medium with real acoustical 
boundaries defined by two independent parameters K and Q. Apart 
from the wavenumber, the thickness and the number of scatterers, the 
only other parameters are the backscattered and forward scattered 
amplitude of a single scatter, which can be determined experimentally 
or with theoretical models such as Faran's. In fact, the ratio between the 
back and forward scattered amplitude is the main determinant for the 
maximum reflection from a screen of scatterers. 

To apply the Angel and Aristegui model to the present study where 
all the scatterers are on a plane, the thickness of the screen denoted by h 
is made to tend toward 0. In this case, the volume density of the 
scatterers becomes a surface density. The forward and backscattered 
amplitude are determined with Faran's model. 

5.4 Experimental method 

Twenty milliliters of a solution of 2% w/v gelatin (Sigma-Aldrich 
Co, St-Louis, USA) and 1% w/v Biotin (from dietary supplements, 
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Solaray, Park City, USA) was poured in a tissue culture dish. The 
dishes were left to solidify and dry for about 1 hour.  

Biotinylated microbubbles (Targeson LLC, Charlottesville, USA) 
were prepared and avidinated following the protocols of the 
manufacturer. Briefly, 0.3 mL of microbubbles were washed (which 
included centrifugation at 50g), re-suspended with 0.5 mL of degassed 
PBS and combined with 3 μg of streptavidin (Sigma-Aldrich Co, St-
Louis, USA) per 107 particles and counted using a haemocytometer. 
The microbubbles were put on ice for incubation for 30 minutes. The 
avidinated bubbles were then diluted in various amounts of PBS down 
to a 1/40 of the original concentration and left on ice.  

15 μL of each concentration of avidinated microbubbles were dotted 
on the gelatin plates (serial dilution, n=5). The plates were then inverted 
and the microbubbles interacted with the surface for 15 minutes. The 
plates were then washed with degassed PBS and immersed in a water-
bath for imaging (Figure 5.2).  

The ultrasound scan was performed with a Visualsonics Vevo770 
(Visualsonics Inc., Toronto, Canada) using a 40 MHz probe focused on 
the gelatin surface (6 mm focal length). Single cycle pulses at various 
frequencies (10-60 MHz) at 3% power -20dB (less than 37.7 kPa peak-
negative pressure at focus) were used to obtain 3D images with a field 
of view of 6 mm x 6 mm centered on the dot of microbubbles. The RF 
data were also acquired by an A/D card and further analyzed with 
Matlab (The MathWorks Inc, Natick, USA). The reflection coefficient 
was obtained by comparing, in the frequency domain, the average 
amplitude reflected from the center of the microbubble dot to the 
amplitude reflected from a quartz flat. As control experiments, the 
reflected amplitude of a dot of microbubbles was observed over time to 
measure stability and at increasing incident pressures to measure 
linearity. Disruption of microbubbles was also observed at 3 different 
amplitudes (37.7 kPa, 440 kPa and 4.54 MPa) by sending more than 
6000 one-cycle pulses over single points (M-mode). 

In parallel to the ultrasound scanning, replicates plates were 
observed under a Leica bright-field microscope (Leica Microsystems, 
Wetzlar, Germany) with magnification of 200X and 400X. The bubbles 
were observed under transmission light and also with a custom-made 
dark-field adaptation for the microscope. The bubbles were counted by 
eyes and with a Matlab software that also established a size distribution. 
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Samples of the solution of bubbles were also counted and sized using a 
Coulter Multi-sizer 3 (Beckman Coulter Inc., Fullerton, USA). 

 
Figure 5.2: Experimental setup for bound microbubbles 

5.5 Results  

An optical microscope image of microbubbles is shown in Figure 
5.3a. The volume concentration of the dotted solution used for this 
image was about 100 millions bubbles / mL. The microbubbles appear 
to be black dots with particle diameter that can be resolved over 1 
micron, which is twice the Abbe theoretical resolution limit for this 
objective. Figure 5.3b shows an example of microbubbles that are not 
distributed uniformly over the surface of gelatin. Such patterned dots 
were not used for ultrasound measurements.  
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Figure 5.3: (a) Microscope image of uniformly distributed targeted 
microbubbles. The scale bar is 10 μm long. (b) Low magnification picture of 
bound microbubbles forming a pattern over the gelatin surface. 

 The contrast between the microbubbles and the background allows 
them to be counted. The relationship between the surface density of 
microbubbles bound to the surface with respect to the concentration of 
microbubbles in the dot is presented in Figure 5.4. It shows that the 
number of bubbles on the surface increases with the total number of 
bubbles added. The fit demonstrates that the increase is not linear and 
follows the Equation:  

  nS = 5+ 2100nV − 3200nV
2      (5.2) 

where ns is the surface density and nV is the volume concentration.  
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Figure 5.4: Microbubbles binding efficacy. The error bars are standard 
deviations and the fit is a second order (R2=0.98) 

 
Figure 5.5: Bubble size distribution as measured when bound. The fits are 
log-normal (R2 > 0.99) 
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The size distribution of the bound bubbles is determined using a 

Matlab code that recognizes disks and measures their diameters. Sizing 
was also performed with a Coulter counter when the microbubbles were 
in solution after centrifugation. The size distributions of microbubbles 
corresponding to trial 2 and 3 of the acoustical experiments are 
presented in Figure 5.5. The bound distribution can be fitted with a log-
normal distribution (R2>0.99) with a peak radius of 1.1 μm and 1.0 μm 
for, respectively, trial 2 and 3. Less than 3% of all bound bubbles are 
bigger than 2 μm in radius. The two distributions are smaller than the 
corresponding size-distribution measured in the vial for which the peak 
radius is 1.6 μm and 24% of bubbles are over 2 μm in radius. 

The results of the stability experiment are shown in Figure 5.6. The 
measured reflection of dots of bound microbubble is constant over the 
first two hours passed in PBS at room temperature. The reflection then 
decreases with a slope of 0.0018±0.0005/minutes. The results of the 
linearity control experiment are shown in Figure 5.7. It shows the 
reflection of microbubbles normalized to the value at 37.7 kPa with 
respect to the normalized reflection of gelatin. The two follow a linear 
relationship (slope 0.82±0.01) up to, at least, 214 kPa. Finally, Figure 
5.8 shows the decrease of the reflection of microbubbles following 
repeated pulses of specific amplitude. The reflection is unaffected by 
more than 6500 single-cycle pulses at a peak-negative pressure of 37.7 
kPa. For higher pressures the reflection decays following a mono-
exponential decay with a half-life of 1054 pulses and 418 pulses for 
peak-negative pressures of 440 kPa and 4.54 MPa, respectively. The 
plateau is also at different levels for these two pressures: 0.89 and 0.50. 
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Figure 5.6: Time-evolution of the reflection of targeted microbubbles in PBS 
at room temperature. The error bars are standard deviations. 

 
Figure 5.7: Linearity of the reflection from bound microbubbles at different 
incident pressures. The error bars are standard deviations and the fit is 
linear. 
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Figure 5.8: Disruption of bound microbubbles with single-cycle pulses at 
different pressures (1kHz PRF). 

Quantitative assessment was performed by scanning over dots of 
dotted microbubbles. The resulting RF data sets were converted to maps 
of reflection on the surface and are shown, for the first plate of trial 1, 
in Figure 5.9. The presence of microbubbles created bright disks of 
about 4 mm in diameter with brightness that were dependent on the 
surface density. The dots appeared coarse since the distance between 
scan lines has been set to 0.5 mm because of analog-digital conversion 
limitations. This limited the capacity to isolate individual bubbles in the 
scan. In general, the reflection of the dots appeared to be uniform. It is 
clear, from the brightness of the dots with respect to the surrounding 
gelatin surface, that the contrast was significantly increased by the 
bound microbubbles. 
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Figure 5.9: C-Scan (40 MHz) of various concentrations of avidinated 
microbubbles on the gelatin surface. The surface density of microbubbles (in 
bound bubbles in -6dB beam area) is displayed over each image and the 
image intensity represents the reflection coefficient.  

The average reflection coefficient over each dot was measured and 
plotted in Figure 5.10. The surface density of the microbubbles is 
presented, not in number of layers, but in number of particles per -6dB 
beam area. The beam area was calculated from the transducer focal 
length and aperture and from the wavelength of the transmitted pulse. 
Presented this way, it allows us to see how many bubbles were required 
to create a significant contrast and if a single bubble could be detected 
by such an apparatus. A 10% surface coverage, or 0.1 layer, 
corresponds to 88 microbubbles in the beam area.  

The experimental data are comprised of three trials done with 
different vials of the agent. High variability was observed. All trials 
showed an increase in the reflection coefficient with an increase in the 
surface density before reaching a plateau. However, the slope at which 
reflectivity increases and the level of the plateau varied greatly. In 
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particular, the maximum reflection coefficient was around 0.8 in case of 
trial 1 and around 0.6 for trial 2 and 3.  For trial 1, the maximum 
reflection coefficient was attained when about 10% of the surface was 
covered with microbubbles. The reflection is, at that point, higher than 
the reflection from a mirror made of polished quartz (r=0.79). Before it 
reaches that point, the microbubbles reflection increase somewhat 
linearly (R2=0.91) with a slope of 0.016 ± 0.001 bubbles / beam area 

The original linear model, used for glass beads and liquid 
perfluorocarbon particles, is also presented in Figure 5.10. This model 
only considers single scattering, while the Angel and Aristegui model 
takes into account multiple scattering. For trial 1, the Angel and 
Aristegui model predicts accurately the maximum reflection coefficient 
and the surface density at which it is attained. The Angel and Aristegui 
model also shows potential reduction of the reflection coefficient at 
higher surface densities. The Χ2 in this case is 1.0. Neither model seem 
to describe the second and third trials.  
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Figure 5.10: Experimental and theoretical dose response of microbubbles 
bound on a gelatin surface. 
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5.6 Discussion 

The goals of this work were to create a simple experimental system 
to study bound microbubbles, determine their acoustical properties 
under linear conditions and create a predictive model.  

The initial experiments on binding microbubbles to a poorly 
reflective surface demonstrated that biotin-saturated gelatin is ideal for 
targeted bubble experiments. Acoustical properties can be modified 
with the powder concentration of gels such as agar or gelatin. 
Reflection coefficient lower than 0.005 were obtained for surfaces 
made of solid gels. Gelatin was chosen over agar because it has a 
stronger affinity for proteins such as avidin and biotin. However, this 
affinity does reduce the specificity of the binding.  

For simplicity, the microbubbles were not targeted using antibodies, 
but through the avidin-biotin complex. The biotinylated bubbles and 
surface were linked with avidin. The binding affinity between avidin 
and biotin is 105 to 1010 stronger than the antibody-antigen binding 
(Heeger and Heeger 1999). This may affect how the bubbles are 
maintained on the surface and how they respond to acoustical waves. It 
provides much-needed stability for these preliminary experiments. As 
demonstrated by Figure 5.3 and 5.4, many bubbles remained on the 
surface after multiple washes with PBS. Qualitatively, it was generally 
observed under ultrasound that, even under a violent jet of water, most 
bound microbubbles remained on the surface. 

Not only were microbubbles strongly attached to the surface, the 
amount of binding was reproducible and strongly dependent on the 
number of bubbles originally added in the solution (Figure 5.4). For a 
specific vial of the agent, 250 million bubbles / mL post-centrifugation, 
yields a surface coverage of 320 microbubbles per beam area (36% of 
available area covered with microbubbles). Interestingly, the binding 
affinity for additional microbubbles, expressed as the derivative of 
Equation 5.2, decreased as the surface density increased. In other 
words, a microbubble had less chance to bind when other microbubbles 
were already present. This seems to support the idea that microbubbles 
interact to inhibit binding repulsively (Klibanov 2002) and are affected 
by steric hindrance.  

Figure 5.5, which shows the size distribution of microbubbles, was 
obtained from pictures such as Figure 5.3. The size measurement of the 
smallest bubbles might have been affected by the Airy disk around the 
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object, blurring the boundaries and introducing a systematic error. 
However, the resolution of the microscope was sufficient to distinguish 
the sides of bubbles with diameter bigger than one micron. The 
resulting size distributions show that bound microbubbles had a fairly 
tight size distribution around 1.1 μm in radius, which could be very 
well described by a lognormal fit.  Very few bubbles were bigger than 2 
μm in radius. Also, the large population of very small bubbles seen in 
other contrast agents such as Definity was not present, probably due to 
the centrifugation and washing process. Such a tight distribution is 
advantageous for modeling the average backscattering of these bubbles.  

Interestingly, the bound microbubbles were smaller than those 
observed in solution, which seems to contradict the results of Takalkar 
et al. who did not see any difference between the two populations 
(Takalkar et al. 2004). In this study, the binding of smaller 
microbubbles seemed to be advantaged. One can hypothesize that the 
ability of a microbubble to resist washing can be determined by the 
ratio between the pulling forces, which are partly volume dependent, 
and the binding forces, which are dependent on the area of contact of 
the microbubbles with the underlying surface. Because volume to 
surface ratio increases linearly with radius, smaller bubbles would be 
advantaged under such conditions.  

The experiments on the reflectivity of surface were preceded by a 
series of control experiments to determine the stability and the linearity 
of the reflected signals from microbubbles. The time stability 
experiment consisted of repeating the measurement of the reflection of 
4 dots over five hours. As shown in Figure 5.6, the reflection was 
stable, within error, for the first two hours and then the signal decreased 
linearly over time. Not only does this experiment showed that further 
experiments can be done for an extended period, but it also gave 
temporal information on the physics of bubble dissolution in degassed 
buffer.  Indeed, microbubbles disappear by loss of gas through 
diffusion, which depends, among other factors, on the partial pressure 
of gas around them. Hence, bubble stability is strongly affected by its 
environment, such as a degassed solution or the lungs. However, it is 
not yet known how targeted contrast agents, bound in the capillary bed 
of an organ or tumor, disappears with time.  

The assumption of linearity, fundamental in the modeling, was 
tested in Figure 5.7. One-cycle pulses with different peak-negative 
pressures were incident on the microbubbles and the gelatin and the 
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relationship between the reflections of the two surfaces was established. 
Since this is a measure of the signal at the fundamental, a significant 
fraction of the energy being transferred to higher harmonics would 
cause the reflection from microbubbles to plateau. A linear relationship 
between the reflection of microbubbles and that of a linear reflector 
such as gelatin demonstrates that the linear assumption can be used for 
pressures below 214 kPa. Consequently, it is believed that the Faran 
model is accurate for pulses at 37.7 kPa at this frequency and for these 
bubble sizes. 

The last control experiment was to determine if the microbubbles 
were affected by the experimental conditions. From Figure 5.8, it can 
be seen that they were not affected by the low pressure pulses (37.7 
kPa), even after being hit by 6500 of them. However, at higher 
pressures, the reflection of the microbubbles seems to have been 
affected. This phenomenon was qualitatively observed in B-scan 
images of bound bubbles. This observation led to the use of the lowest 
transmission power of the Visualsonics Vevo 770 with an additional 20 
dB of attenuation in transmission. It is interesting to note that the decay 
was more than twice as rapid for the 4.54 MPa than the 440 kPa. As 
well, higher intensity pulse brought the overall reflection of the surface 
at a lower fraction of the original, which seem to confirm observations 
made with microbubbles in solution exposed to lower frequencies 
(Bevan et al. 2006).  

Although the disruption experiment was originally designed to prove 
that multiple experiments could be performed on the same dot, it also 
has interesting implications for the understanding of microbubbles 
oscillating next to a surface. Effectively, the measurement of the 
disruption of microbubbles in solution is problematic because the 
decorrelation of the signal is partly caused by bubble motion induced by 
radiation force or simple fluid currents in the medium. This problem 
plagues high frequencies even more since the focal zone is significantly 
smaller, increasing the influence of motion. By targeting the 
microbubbles, it is now possible to observe the behaviour of the same 
microbubbles over time after a series of pulses. Obviously, the presence 
of the neighboring surface will affect this behaviour, but the disruption 
threshold of bound microbubbles might help the understanding of 
flowing and targeted microbubbles in-vivo.  

After having reproducibly measured the reflection of targeted 
microbubbles, experiments were performed with different surface 
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densities of microbubbles. An example of a set of dots (5 sets per trial) 
is shown in Figure 5.9. The quality of the image was unfortunately 
affected by the coarse scan in one direction, which was necessary to 
reduce the quantity of data. The fact that the microbubbles were 
confined and homogeneous supports the idea that the reflection can be 
averaged over the dot. It also shows that the microbubbles were cleanly 
washed away from the surface. Only the bound bubbles, initially in the 
dot, were present on the surface.  

The reflection measured for three trials have clearly showed high 
variability. Although reflectivity increased with surface density, the 
trends and, in particular, the peak reflection were quite different. It is 
well known that microbubbles are very sensitive to the conditions of 
experiments. Even commercial microbubbles are affected by how they 
are drawn from the vials, the timing of the experiment, the presence of 
gas in the headspace, etc. For the experiments with targeted 
microbubbles, it was difficult for the experimentalist to control all the 
variables. In this study, the same vials were used repeatedly over 
several weeks. Gas content variability might have caused the changes in 
reflectivity of microbubbles observed in Figure 5.10, which are, 
otherwise, similar in numbers and size. 

Trial 1, which was performed with the newest agent, demonstrated 
the most promising results. Initially, the reflection of the microbubbles 
increased rapidly. The slope of the fit shows that the presence of a 
single bubble in the beam area tripled the reflection from the gelatin. 
The reflection eventually reached a maximum at a level higher than a 
polished surface of quartz when as few as 71 microbubbles were 
present in the beam area. Such a reflection coefficient is twice as high 
as the one attained with three layers of glass beads, which are more than 
twice the microbubbles size. 

Such a high contrast was predicted by an adaptation of the model 
presented by Angel and Aristegui. The prediction of the model fitted 
very well within the error of the experimental data of trial 1. It 
predicted the maximum reflection and the initial increase in reflection 
with surface density. Moreover, it also showed that the reflection 
eventually decreases with the addition of microbubbles, which is typical 
in models of multiple scattering such as for blood (Cobbold 2007). 
Signs of such a decrease, although not significant, could be seen in the 
experimental data of Figure 5.10. This decrease happened much earlier 
than the Angel model predicted, which might be caused by the fact that, 
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at higher densities, bubble-bubble interactions reduced the randomness 
of the position of the bubbles. The linear model, which worked for 
other particles in previous chapters, was inadequate for microbubbles 
because of the contribution of multiple scattering.  

These studies have several limitations. First, the avidin-biotin 
system developed is unspecific. Hence microbubbles binds to the 
gelatin, bypassing the classics antigen-antibody or ligand-receptor 
strategy. Thus this system was not a good representation of what will 
happen inside real vessels. Also, the registration method between the 
optical microscope and ultrasound images was limited and it was 
assumed that the average microbubbles count remains constant between 
the dots used for the ultrasound experiment and the optical imaging. 
Moreover, in certain conditions, the microscope images showed 
patterns linked to unknown fluid phenomena. Sometime, the 
microbubbles formed a ring around the circumference of the dot or, 
even, formed shapes that resemble galaxies under the microscope and 
patches under the ultrasound scanner (Figure 5.3b). These phenomena 
were difficult to eliminate completely and, at higher surface densities, 
the microbubbles distribution was not always uniformly random. The 
ultrasound experiments obviously suffered from the lack of 
reproducibility. The experiments could be improved by using fresh 
vials of agent and controlling more carefully the deposition of the 
microbubbles. 

The Angel and Aristegui model and our experiments are limited by 
their assumption of linear conditions. Contrarily to the results and 
models presented in Chapter 2,3 and 4 which were valid over a wide 
range of frequency, the acoustical behaviour of microbubbles does not 
scale with frequency. An increase in amplitude of the incident pulse, a 
decrease in its frequency or in the bubble size would cause the 
microbubbles to oscillate more violently and undergo a non-linear 
behaviour. As shown in Chapter 1, many models have been developed 
to describe the scattering of a freely oscillating microbubbles even in 
non-linear conditions. However, the presence of a nearby interface, the 
binding of the microbubbles by ligands and the fact that each 
microbubble is part of a larger population of different sizes interacting 
with each other’s would complicate the problem greatly. The use of 
higher frequencies to study populations of bound microbubbles made 
many simplifications possible, which would not apply at frequencies 
closer to the resonance of microbubbles.  
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These studies, although preliminary, have very interesting 

implications. First of all, it has been clearly demonstrated that the echo 
from targeted microbubbles is vastly higher than the echo from other 
liquid or solid contrast agents. For the first trial, when 10% of the 
surface is covered with particles, the reflection coefficient is 0.8 for 
microbubbles, while it is 0.02 for glass spheres and 0.01 for liquid 
perfluorocarbon particles. Moreover, this is the minimum contrast 
attainable since microbubbles have the extra advantage of being 
differentiable from tissue through their non-linear behaviour. 
Consequently, it shows that, microbubbles are ideal to image contrast 
enhancement due to targeted contrast agents.  

In the first three Chapters, it was discussed that non-gaseous agents 
such as liquid perfluorocarbon particles could benefit from their long 
stability, even if the contrast they were inducing was much lower. 
Considering that the stability of the microbubbles have been increased 
through heavier gas and different shells, these advantages are mainly 
lost, except for specialized usage such as drug-delivery (Dayton et al. 
2006) or phase-shift nanoparticles (Kawabata et al. 2006). Our study 
also shows that, in some cases, the expected reflection coefficient can 
be calculated with the Angel model before doing any experiment. This 
is very important for the optimization of the targeted contrast agent. It is 
now possible to determine the appropriate dose to attain the maximum 
reflection coefficient. With the advances in molecular biology and 
biochemistry, we are confident that it will eventually become possible 
to determine the total injectable dose of microbubbles required to detect 
a specific receptor density on the target cells.  

5.7 Future work 

The work in this Chapter should be continued to further understand 
the physics of the agents and to optimize their use. Eventually, these 
studies will help the imaging of the molecular expression patterns of 
endothelial cells in the vasculature of mice and men (and possibly other 
animals if Steinbeck allows it). The objectives of imaging physicists 
should be to: 1- Understand the physics of the ultrasound signal 
enhancement due to targeted contrast agents, 2- Optimize the 
reflectivity of the agent, 3- Optimize the specificity of the agent to 
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biomarkers, 4- Optimize the specificity of ultrasound imaging to the 
bound agent with respect to the free-flowing agent.  

The first step in further studies on targeted microbubbles would be 
to improve the setup to study the acoustical properties of microbubbles 
when bound on a surface. In particular, planar binding assays and wall-
less vessel phantoms should be developed. Improvements should be 
made in the registration of ultrasound and light microscopes since it 
will be important to see the same population of microbubbles with both 
the ultrasound and optical system for further studies on disruption and 
size distribution. Registration can be done either with markers such as 
microbeads or with a fixed mounting system for the high-frequency 
transducer on the microscope.  

The experiments on linear acoustical properties of targeted 
microbubbles should then be repeated since they will help determining 
the optimal injected dose in an animal for a particular application. The 
experiments on reflection coefficients should be done with fresh vials, 
possibly, increasing the dose to obtain a fully confluent layer of 
microbubbles. This experiment would be an interesting test for the 
model based on Angel's paper (Angel and Aristegui 2005). 
Additionally, work could be done to determine how binding affects the 
resonance frequency of microbubbles. It is hypothesized that the 
number of binding sites by which microbubbles are tethered on surfaces 
will affect their resonant oscillation. 

The stability of the bubbles in different conditions should also be 
studied. Before any further experiments, it is necessary to know how 
long the microbubbles can be used for when they are injected in-vivo 
and targeted. Considering the processes by which microbubbles are 
eliminated, these half-lives are likely to differ. The optical 
disappearance of microbubbles or the decay in their scattering can be 
used to assess stability as shown in Figure 5.8. 

Most current contrast techniques are based on the non-linear 
behaviour of microbubbles as compared to acoustically linear tissue. 
The backscattering of bound microbubbles under different ultrasound 
pressures should be compared to free flowing microbubbles to 
determine if binding affects their behaviour. The relative intensity of 
subharmonics, ultraharmonics and harmonics to the fundamental should 
be measured. Also, various contrast techniques such as pulse-inversion, 
coded-excitations, radial modulation imaging, etc should be tested on 
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bound microbubbles. Discoveries in this field would improve the 
specificity of the detection of bound agent.  

More studies should be performed on the disruption threshold of 
bound microbubbles since disruption-reperfusion is the most efficient 
contrast mechanism. In this context, the method would highlight, not 
only perfusion rates and blood volume, but also binding mechanics. The 
threshold of disruption can be established from the decorrelation of 
echo between successions of pulses. Disruption experiments are easier 
for targeted microbubbles since they are not affected by radiation 
pressure and fluid motion. 

When the physics of bound microbubbles are better understood and 
after microbubbles and pulse sequences are optimized for use in 
molecular imaging, in-vitro cellular and molecular models would be the 
next step. Initially, a two-way dose response with biological receptors 
should be attempted. The objective of this experiment is to determine 
how the density of biomarkers on surfaces, such as receptors on cells, 
influences the binding and reflectivity of microbubbles. The study has 
to be done on a poorly reflective surface onto which receptors are cross-
linked to resist washing. Varying concentrations of receptors and 
microbubbles can be added to the surface before measuring their effect 
on reflectivity. Another experiment might be to conduct flow cell 
studies of microbubbles bound to endothelial cells in culture to 
establish the proper biomarkers of disease such as VEGFR-2 or ανβ3. 
These studies can be done at various flow velocities to determine the 
dependence of binding on shear stress. 

The in-vitro studies will lead to experiments in-vivo on tumor 
models such as MeWo melanoma or transgenic retinoblastoma. The 
goal is to demonstrate that microbubbles can be used as a tool to assess 
the spread of a disease based on its molecular biomarkers. One can 
envision additional work on various cancers that are accessible to high-
frequency laparoscopy such as Barret’s esophagus, bladder cancer, 
prostate cancer, cervical cancer. Possibly, these methods could even be 
tested on lymphatic metastasis using intra-lymphatic microbubbles 
targeting to assess the grade of a cancer. Finally, a potential new idea 
would be to use an immersion tank setup to image targeted 
microbubbles density in freshly resected tissue. This technique could 
serve as a quick biopsy (on the operating table) test to determine if the 
whole tumor was resected. 
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5.8 Conclusion 

The subject of this study was the measurement and the modeling of 
the echo from targeted microbubbles at high frequency. A simple 
experimental setup was developed to measure, at 40 MHz, the 
reflection coefficient from microbubbles bound to a poorly reflective 
surface. Control experiments have shown that targeted microbubbles 
can be stable for 2 hours in degassed PBS at room temperature, that 
their reflection is linear for single-cycle pulses below 214 kPa peak-
negative pressure and that microbubbles are unaffected by pulses at 38 
kPa. In general, the reflection coefficient of microbubbles correlates 
well with the number of microbubbles on the surface measured with 
optical microscopy. For one trial, the maximum reflectivity was 
measured to be 0.8 when only 10% of the surface was covered with the 
agent. This measurement varied strongly for other vials of the same 
agent. The experimental values of the first trial fitted well the 
predictions made by a multiple scattering model, which was applicable 
because of the high-frequencies and low powers used in the setup. 
These results will allow the optimization of microbubbles used as 
targeted contrast agents, such as for establishing the proper dose of 
agent to inject to detect a specific receptor. This study also contributes 
to the general knowledge of the acoustic of microbubbles. Additional 
work includes the study of the non-linear response of targeted 
microbubbles, the correlation between microbubbles attachment and 
target surface density and some animal in-vivo optimization. 
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 

The goal of this thesis was to describe the ultrasound reflectivity of 
particles covering surfaces. Originally, it was intended to explain the 
reflection from targeted liquid perfluorocarbon particles and to help 
optimize their use for targeted applications. However, the scope was 
extended to cover targeted contrast agents in general as well as layered 
tissue.  

Chapter 1 described the ultrasound scattering of small spheres of 
liquid perfluorocarbon and demonstrated that they can be considered 
linear Rayleigh scatters. Figure 6.1 shows a summary of all experiments 
presented in Chapters 3, 4 and 5, along with the appropriate theoretical 
models. In general, the addition of any type of particle increased the 
reflection coefficient of a surface. This increase can be predicted by 
summing the scattering cross-section of each particle while taking 
diffraction, interference with the underlying surface and multiple 
scattering into account. This hypothesis was presented in section 1.8. 
Not surprisingly, the reflection coefficient varies significantly with the 
acoustical properties of the material composing the particles. For 
example, the reflection coefficient from gaseous perfluorocarbon 
particles (microbubbles) covering 10% of a surface can be over 0.8, 
while the reflection coefficient of liquid perfluorocarbon covering the 
same surface is about 0.01. Figure 6.1 also shows that, in all cases, the 
reflection coefficient saturates. Interference between layers of glass 
beads and AML cells explains the maxima and the minima of their 
reflection coefficients. This does not apply to microbubbles, whose 
reflection coefficient attains a maximum because they scatter the vast 
majority of the incident pulse, even at 10% coverage fraction. 
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Figure 6.1: Experimental and theoretical reflection coefficients of various 
particles. 

The three models presented in this thesis (summing, interference and 
multiple scattering) are applied to the different particles in Figure 6.1. 
Because the summing model calculates the reflection from the surfaces 
based on the sum of the scattering cross-section of the particles, it is 
strongly influenced by their size, compressibility and density, along 
with the frequency of the incident ultrasound pulse. Variation in these 
properties between glass and perfluorohexane explains why, for the 
same surface coverage, glass particles reflect more sound than liquid 
perfluorocarbon particles. The interference model uses the reflection of 
a single confluent layer, the thickness of each layer and the attenuation 
and speed of sound through a slab of particles to calculate the reflection 
coefficient at various layer numbers and frequencies. Differences in 
sizes of the particles and speed of sound explain why the first minima 
of the reflection coefficient happens earlier in AML cells than in glass 
beads. Finally, the increase in reflection coefficient with the number of 
microbubbles on a surface of gelatin cannot be explained without taking 
into account multiple scattering. In this latter model, the saturation 
point is determined by the ratio of the forward scattering and 
backscattering coefficient for the particles.  
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6.1 Implications 

This thesis contributes to the field of ultrasound imaging in several 
ways. First, it introduced liquid perfluorocarbon particles that are 
relatively simple to produce in order to study their physical properties. 
It described a method to determine the nature of the scattering of small 
particles at higher frequencies. It also established an experimental and 
theoretical arrangement (particles deposited or bound on a flat poorly 
reflective surface) for the future study of the ultrasound enhancement of 
targeted contrast agents. We have now a metric, the reflection 
coefficient, to compare the echo from various agents. 

This thesis has shown that additional contrast agents on a surface 
will increase the echo up to a certain surface density. Consequently, we 
can conclude that there is an optimal dose for each agent and that it can 
be determined from its acoustical properties and the theoretical models 
described in Chapters 3, 4 and 5. Hence, the targeted contrast agent 
with optimal sensitivity can now be chosen. Unless long stability 
(hours) is required, gaseous contrast agents should be preferred for 
ultrasound imaging. We have shown that, even when the microbubbles 
were not oscillating in their resonant mode and at relatively low surface 
density, surfaces covered with microbubbles can become close to a 
perfect reflector.  

Finally, as demonstrated in Chapter 4, imaging scientists should be 
prudent in equating bright and dark lines in the ultrasound echo to 
histological layers since these lines could result from interference and 
not be a direct depiction of the actual structure of the tissue. With the 
interference model, it should be possible to calculate the expected 
reflection from various layered tissues as demonstrated for AML cells 
in Figure 6.1. It is even conceivable that the model could be used to 
extract additional information on structured tissue such as layer 
thickness.  

6.2 Future work on the physics of targeted contrast 
agents 

Figure 6.1 demonstrates that the reflection enhancement from 
microbubbles is much higher than that from liquid perfluorocarbon 
particles. Fortunately, the field of targeted contrast agents had already 
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moved its focus away from liquid perfluorocarbon particles in favour of 
microbubbles prior to the publication of these results. Since a single 
microbubble can be detected with proper signal processing, they were 
believed to be ideal for molecular imaging. However, these studies are 
still at the stage of proof of principle. The imaging sequence, the type of 
microbubbles, the number of ligands and the dose required for each 
target are still unknown. This impedes on our capacity to quantify the 
underlying biology of disease. The role of the imaging physicist is to 
improve the detection of targeted microbubbles by explaining their 
response to ultrasound pulses. 

Currently, two main approaches are used to describe the signal from 
bound microbubbles. Most laboratories in the field are trying to 
elucidate the scattering of a single microbubble near a wall. They are 
modifying non-linear differential equations to account for the 
asymmetry introduced by the presence of the surface. This is an 
appropriate method if the targeted microbubbles are expected to be 
present in a small concentration at the site of interest. However, it has 
been shown in this thesis that microbubbles are very sensitive to the 
presence of neighbouring microbubbles and the effect of large 
concentrations of them could not be accounted by summing the results 
of many single-bubble simulations. Moreover, current work is 
concentrating on bubbles near a wall without any consideration for the 
ligands or the non-spherical shape of the microbubbles.  

The other approach, described in this thesis, is to model the linear 
scattering of populations of microbubbles for specific geometries. It has 
been shown that this method is sufficient to describe the scattering from 
microbubbles at frequencies far away from their resonance. I believe 
that our model can further be generalized to any geometry by 
simulating the position of each scatterer, calculating the related phase-
shifts and summing their individual contribution to the ultrasound field. 
Unfortunately, this model cannot be applied in the non-linear regime. It 
is expected that, as the incident pulse frequency gets closer to the 
resonance frequency of the microbubbles, the slope of the reflection 
coefficient would get steeper and reach a higher saturation point. Near 
the resonance frequency of the microbubbles, the harmonics generated 
by their violent oscillations would not be accounted by the multiple 
scattering model. 

Differentiating microbubbles from tissue is not the main problem for 
targeted contrast imaging. Using pulse sequences such as pulse-
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inversion allows the detection of a single bubble. In fact, the core issue 
is to distinguish the targeted microbubbles from the freely circulating 
microbubbles in the blood, which comes back to the original motivation 
for the use of liquid perfluorocarbon particles. Several methods can be 
envisioned to solve this problem, notably by using the kinetics of 
targeted microbubbles, their unique acoustical response or some 
inducible microbubbles.  

The present method to distinguish targeted microbubbles from 
flowing microbubbles is the time-delay imaging sequence proposed by 
Lindner (Figure 1.7). The targeted microbubbles are imaged several 
minutes after injection allowing the flowing bubbles to be cleared from 
the blood flow. This approach, relying on the kinetics of the agent, is 
further improved by using ultrasound pulses that can disrupt the 
microbubbles.  

Latest results using a high-speed camera have shown that the 
presence of a nearby surface dampens the oscillation of a microbubble 
(Garbin et al. 2006). Consequently, these microbubbles might be more 
difficult to distinguish from tissue. However, bound microbubbles 
might display a different acoustical response, such as variations in its 
harmonic content, that is unique to microbubbles oscillating near a wall. 
Methods relying on various pulse schemes could exploit these 
differences. However, microbubbles slowly moving in capillaries are 
likely to display the same acoustical behaviour as bound microbubbles.   

A hybrid method, combining kinetics and signal processing, could 
potentially be used to distinguish bound agents. Figure 6.2 shows the 
result of one of these new contrast methods based on the fact that 
targeted agents are both non-linear and stationary. In this case, 
biotinylated microbubbles are made to flow in a tube partly covered 
with avidin. The first picture shows the subharmonic signal of the 
flowing microbubbles. The second picture shows both flowing and 
bound microbubbles. The latter are highlighted (in red in Figure 6.2) by 
imposing a threshold on the velocity of the microbubbles. Note that the 
accumulation of microbubbles on the bottom wall is believed to be due 
to radiation pressure. 
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Figure 6.2: A. Subharmonic signal of microbubbles flowing in a wall-less 
phantom. B. Flowing (25 mm /s) and bound microbubbles (in red).  (Courtesy 
of Andrew Needles). 

To address the problem of specificity, I believe that it is important to 
think beyond kinetics and signal-processing. Current emulsion 
technology makes possible the fabrication of microbubbles that are 
acoustically “on” when targeted and “off” when circulating in the 
blood. A possible method to create such microbubbles would be to 
combine the targeting ligands to rafts of stiffer material that floats on 
the membrane of phospholipids. When a microbubble is bound, these 
rafts would migrate to the target site, leaving most of the microbubble 
surface free to oscillate. The future of targeted contrast agents might be 
in designer microbubbles.  

6.3 Future directions in ultrasound imaging of 
molecular targets 

This thesis showed how to improve molecular imaging with 
ultrasound by increasing the contrast from targeted agents. Potentially, 
this information could help optimize the detection of disease-related 
processes such as atherosclerosis and angiogenesis.  However, the 
contrast between agents and tissue is only one of several aspects that 
have to be improved before ultrasound can be used as a molecular 
imaging tool in the clinic.  
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In molecular imaging symposia, ultrasound generally gets little 

attention as compared to the more established PET or the trendier MRI 
and fluorescent/bioluminescent imaging. Currently, in the clinic, the 
main advantages of ultrasound imaging are cost, flexibility and time 
resolution. Unfortunately for ultrasound, molecular imaging involves 
injections of specialized, and expensive, contrast agents that take 
several minutes to bind and, hence, does not fully exploit these 
advantages. Moreover, most ultrasound contrast agents are limited to 
blood vessels and the molecules expressed on vascular endothelia. 
Smaller agents that can bind to molecular targets deeper in tissue could 
be designed (Lanza et al. 2000), but with the price of lower sensitivity 
since scattering decreases rapidly for smaller particles. To use smaller 
agents, the size of the contrast agents and the ultrasound imaging 
frequency would have to be decoupled, which could possibly be done 
with radial modulation imaging.  

More practical impediments will also determine the future 
applications of targeted contrast imaging. For example, it is important 
to note that the approval of microbubble contrast agents by government 
health agencies such as the FDA is already challenging and may 
become extremely difficult if they are combined with antibodies. 
Moreover, these combinations would have to change for each particular 
disease, if not patient. There might not be enough profit to be had for 
this complex endeavor to be attractive to for pharmaceutical companies.  

Using targeted contrast agents in applications in which the risk to 
patients is counterbalanced by high potential benefits such as targeted 
therapy or animal imaging might solve this problem. For instance, it has 
been shown that the delivery of drugs using targeted microbubbles has 
the potential to reduce the dose to healthy tissue (Tsutsui et al. 2004). 
Microbubbles for drug delivery and imaging are similar in principle and 
clinical applications for therapeutic targeted microbubbles might pave 
the way for targeted imaging contrast agents.  

Also, targeted contrast agents could be used for animal imaging to 
study molecular biology, the development of disease or the assessment 
of therapy. When combined with ultrasound biomicroscopy, these 
agents would allow longitudinal studies in mice. For example, the 
expression of VEGFR-2 in mice can be assessed using targeted 
microbubbles (Foster et al. 2006) and help provide new information on 
tumor angiogenesis. In the past, human imaging modalities have been 
miniaturized for the imaging of mice. It is possible that, conversely, 
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molecular imaging would transfer from studies on animals to human 
applications.  

To be exploited in the clinic as a molecular imaging modality, 
ultrasound will have to concentrate on diseases involving the vascular 
system. This is hardly a limitation since, through atherosclerosis and 
angiogenesis, these vascular targets are involved in close to two thirds 
of all deaths in Canada. Moreover, as argued by Christiansen 
(Christiansen and Lindner 2005), the fact that agents are limited to the 
lumen of vessels might increase specificity by restricting their scope to 
endothelial cells.  

I believe that the flexibility and relative innocuousness of ultrasound 
imaging should be exploited for molecular monitoring. Following 
diagnosis and initiation of treatment, the evolution of the molecular 
expression in tumours could be tracked by regular injections of targeted 
contrast agents and ultrasound scanning. As compared to current 
markers of disease, such as tumour mass, this method would certainly 
allow a faster assessment of the effect of therapy. Moreover, the same 
methods could be used to guide biopsies of tumours.  

6.4 Future directions in molecular imaging 

In the near future, molecular imaging is unlikely to become a 
screening tool to detect diseases at an early stage. The financial cost of 
specific ligands probably outweighs the benefits. Molecular imaging 
should be used in conjunction with molecular detection strategies such 
as prostate specific antigen analysis. Patients with elevated levels of 
disease-related molecules in their blood should undergo molecular 
imaging to determine the exact nature, location and stage of the disease. 
In particular, since molecular imaging is expected to increase sensitivity 
to a small number of cells, it could help discover metastasis.   

The development of molecularly targeted, but extremely expensive 
(more than US$50,000 per patient per year (Berenson 2006)), drugs 
such as Avastin is another factor that will encourage the use of 
molecular imaging. The efficacy of those treatments is determined by 
the molecular expression in tumours. For example, the drug 
Trastuzumab is specific to breast cancer overexpressing HER-2 
(McKeage and Perry 2002). In such a case, molecular imaging might 
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actually reduce expenditures and the use of unnecessary and inefficient 
drugs.  

Unfortunately, all molecular imaging modalities are plagued by the 
lack of a “magic bullet”, the agent with perfect specificity to diseased 
cells. In biology, there are no dichotomous switches and homeostasis is 
preserved through a balance of various proteins. Some receptors or 
ligands, such as VEGF, might be clearly overexpressed in diseased 
tissue, but they will still be present in other normal processes, such as 
wound healing. Consequently, there will always be background noise in 
a molecular image.  

In fact, this molecular specificity problem goes well beyond 
imaging. It affects all diagnosis and therapy techniques. It can be 
traced, I believe, to our reductionist approach to biology. Science is not 
equipped to explain complex systems with multiple feedback loops. 
Consequently, we still hope to find an imaging parameter or a drug that 
will interact in a binary way (on/off) with a biological system. This 
quest is unrealistic.  

Rather than looking for a very specific marker of disease, we should 
realize that the assessment of multiple parameters is required for a 
proper diagnosis. In molecular imaging, this means that multiple 
proteins should be traced at the same time. An additional improvement 
would be gained if these parameters were not addressed as a series of 
independent exams with positive and negative outcomes, but as a single 
set of data that is scrutinized with a trained analysis system for subtle 
variations in their relative values.  Such a diagnostic system has already 
been tested on lung cancer patients with an overall sensitivity and 
specificity of 0.99 (McCulloch et al. 2006). Interestingly, this 
diagnostic modality detects minute (parts per trillion) changes in the 
scent of the breath of patients and often answers to the name of Fido.   

Among man-made diagnostic systems, the closest concept to a dog’s 
sense of smell is the micro-array, which displays the variation in the 
expression of thousands of genes all together. I believe that molecular 
imaging should go in this direction and attempt to probe the 
overexpression and underexpression of thousands of proteins at each 
pixel, displaying the molecular content of a tissue or a cell. Only then 
will we be able to follow all the subtleties of the molecular mechanisms 
in healthy and diseased cells. Currently, no imaging modality is capable 
of such a tour de force, but such a concept should guide us in future 
developments.  
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6.5 Final words 

After discussing the marvels of modern medical research: the 
discovery of the code of life, the understanding of its expression and, 
eventually, its observation in-vivo for imaging and therapeutic 
purposes, one may think back to the time of Rudolph Virchow and 
consider the great development of science and technology since then. 
Nevertheless, much of our knowledge can still be traced back to his 
fundamental discoveries on the building blocks of organisms, the 
development of atherosclerosis and the explanation of inflammation. 
The paradigm that was established during his time continues to apply 
today.  

Beyond his scientific contributions, I believe that Virchow’s ideas 
on the social implications of medicine are now particularly important. 
For example, when he studied the epidemic of typhus in 1847/1848, he 
refused to consider only the disease and he discussed the effect of 
poverty and illiteracy on the health of the population (Ackerknecht 
1981). As a founder of social medicine and, later, a politician, he 
supported public health initiatives such as modern aqueducts and 
sewage systems. If we want to explain our contemporary life 
expectancy, which is about twice as long as the average at Virchow’s 
time, we probably have to concede that most of these gains come from 
these simple initiatives and not from high-technology such as molecular 
imaging.  

Public health initiatives, such as the fight against tobacco and the 
control of the papillomavirus, are main contributors to our few victories 
against cancer. I believe that a scientist has to remember that he or she 
is working for the betterment of knowledge, but also, as a public 
servant, for the betterment of the life of his/her fellow citizens. In this 
light, it is our responsibility to continue both the quest for specialized 
knowledge, and also to support broader and simpler initiatives, which 
will probably have a more profound effect on all of us. 
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