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1
Introduction

Echolocation provides animals such as bats and dolphins with an advanced bioa-
coustic system to catch their prey, to navigate, and to avoidobstacles [1]. The
principle of echolocation is based on the localization of objects by acoustic detec-
tion of the echoes of these objects. The very same technique is used in SONAR
(acronym for sound navigation and ranging) to locate targetvessels in naval de-
fense operations or to find schools of fish in commercial trawler fishing. Even
human’s use echolocation for navigation [2]. Some blind people click with their
tongue and interpret the sound waves reflected. The distanceto the object is cap-
tured from the echo travel time. The lateral position is determined from a clever
internal signal processing of the ear first to receive the echo. However, humans
produce sound of low frequency and the located objects are therefore relatively
large. Marine mammals use higher frequencies in ultrasound, moreover they have
the ability to use adjustable pulse rate, pulse sequencing and automatic gain control
to increase the precision of the location and to identify smaller objects.

Robert Hooke predicted already in the 17th century that in the future we could
image the human body with sound [1]. It was however not until the 1940’s before
the first ultrasound scan was made of the brain. Nowadays, ultrasound imaging is
the most widely used medical imaging technique. Ultrasoundimaging is relatively
inexpensive as compared to computer tomography (CT) and magnetic resonance
imaging (MRI). The machines are small and flexible and can be used at bed-side.
Finally, the biggest advantage is that ultrasound imaging provides real-time im-
ages.

Imaging with ultrasound is based on the reflection of the transmitted sound wave
at interfaces, where the wave encounters an acoustic impedance mismatch, i.e. the
reflection takes place at the interface of two materials withdifferent density and
speed of sound. The frequency of ultrasound used for medicalimaging is in the
Megahertz range (1-50 MHz). The short wavelength associated with the highest
frequency would increase the resolution. On the other hand,attenuation increases
with increasing frequency, which decreases the penetration depth. The choice of
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1. INTRODUCTION

Figure 1.1: Ultrasound echo of a fetus.

the ultrasound imaging frequency is therefore always a compromise between res-
olution and the desired imaging depth.

The most common medical imaging application is the “echo” ofa fetus, see
Fig. 1.1. Tissue contains many inhomogeneities which scatter the ultrasound and
which then appear as white speckles in the ultrasound image.The amniotic fluid
around the fetus contains only very few scatterers and consequently the image is
completely black. We observe the same features in echocardiography, i.e. medical
ultrasound imaging of the heart. Blood is a poor ultrasound scatterer, resulting in
a low contrast echo. To enhance the visibility of the blood pool, ultrasound con-
trast agents (UCA) are injected in the blood stream, see Fig.1.2. Highly efficient
scattering of the contrast agent enables the quantificationof the perfusion of the
myocardium and other organs.

It was only by accident that ultrasound contrast agents werediscovered some
decades ago during an intravenous injection of a saline solution [3]. The microbub-
bles contained in the solution scattered ultrasound highlyefficiently. To date, the
second and third generation ultrasound contrast agents arecomposed of a suspen-
sion of microbubbles with a of radius 1 to 5µm, see Fig 1.3A and B. The bubbles
are of a size in the order of those of red blood cells, allowingthem to reach even
the smallest capillaries. The microbubbles are coated witha phospholipid, albu-
min or polymer shell, see Fig. 1.3C. The coating decreases the surface tensionσ
and therefore the capillary pressure 2σ/R, whereR is the radius of the bubble. In
addition the coating counteracts diffusion through the interface, thus preventing
the bubble from quickly dissolving in the blood.

The resonance frequency of microbubbles with a radius of 1-5µm is in the
megahertz range, which nicely (and for obvious reasons) coincides with the op-
timum imaging frequencies used in medical ultrasound imaging. The mechanism

2
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Figure 1.2: Ultrasound echo of a rabbit kidney. A) Before the UltrasoundContrast Agent
is injected, and B) after the ultrasound contrast agent is injected. Images by courtesy of
Bracco Research S.A.

by which microbubbles enhance the contrast in ultrasound medical imaging is two-
fold. First, microbubbles reflect ultrasound more efficiently than tissue due to the
larger difference in acoustic impedance with their surroundings. Second, in re-
sponse to the oscillating pressure field microbubbles undergo radial oscillations
due to their compressibility, which in turn generates a secondary sound wave. The
oscillations are highly nonlinear, i.e. the frequency response contains harmonic
frequency of the fundamental insonation frequency.

The most basic method in pulse-echo imaging is fundamental imaging, where
no filtering of the echo is applied and the reflected intensityat the fundamental
frequency is detected. New imaging techniques have been developed in the last 2
decades which are based on the non-linear response of the microbubbles. The most
straightforward nonlinear technique is harmonic imaging where the 3rd and higher
harmonic response is processed for imaging [4]. Other approaches combine the re-
sponse of multiple transmitted ultrasound pulses. Pulse inversion imaging [5] was
proposed where two pulses are transmitted with opposite phase. Addition of the
echo’s causes the linear response to be canceled out. The nonlinear contribution of
the bubbles results in the harmonic signal. Power modulation imaging [6] is a sec-
ond popular pulse-echo scheme based on the nonlinear bubbleresponses. Again
two pulses are sent, this time with different acoustic pressures. Subtraction of the
echo signals, while correcting for the difference in applied acoustic pressure, leads
to a cancelation of the linear signal, while the nonlinear signal remains. There
are two major drawbacks of these pulse-echo schemes. First the amplitude of the
remaining echo is very much lower. Second, nonlinear propagation of the ultra-
sound wave produces higher harmonics, especially for deep-tissue imaging, which
makes the pulse-echo schemes less efficient. An interestingtechnique is subhar-

3



1. INTRODUCTION

Figure 1.3: A) Vial containing ultrasound contrast agents. B) Ultrasound contrast
agent microbubbles captured in optical microscopy. The scale bar represents 5µm. C)
Schematic drawing of a microbubble coated with a phospholipid monolayer (Courtesy of
T. Rozendal).

monic imaging with microbubbles, as no subharmonic components are produced
through propagation of the ultrasound [7].

A promising new application of ultrasound contrast agents is in non-invasive
molecular imaging for the diagnosis of disease at the molecular level with ultra-
sound [8, 9]. The ultrasound contrast agents are covered with targeting ligands
that bind specifically to selective biomarkers on the membrane of endothelial cells,
which constitute the blood vessel wall. In general, the approach of imaging adher-
ent microbubbles is to wait 5 - 10 minutes for all the freely circulating microbub-
bles to be washed-out of the blood pool by the lungs and liver.After this wash-out
time the adherent microbubbles can be imaged with ultrasound. The wash-out
approach can be avoided when we would be able to acousticallydistinguish the
echo of adherent bubbles and of freely circulating bubbles.This would be highly
beneficial for molecular imaging applications.

The pulse-echo techniques for contrast-enhanced ultrasound imaging are de-
signed to exploit the nonlinear response of ultrasound contrast agents. Due to
the high concentration of bubbles in the blood pool, the echoof the ultrasound
pulse is the bulk response of an ensemble of bubbles. The response of the bub-
ble dispersion is a complex summation of the polydisperse size distribution and
the bubble-bubble interactions. The first step in our understanding of the response
of a collection of targeted bubbles, as would be required formolecular imaging
application, is to separate the individual contributions leading to the collective
response. This would require, first, the full understandingof the dynamics of sin-
gle ultrasound contrast agent microbubbles. Nonlinearities have been observed for
phospholipid-coated microbubbles which are not present for uncoated bubbles. De
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Jonget al. [10] observed that bubbles compress significantly more thanthat they
expand, which was named “compression-only” behavior. Furthermore it was ob-
served that small bubbles only oscillate above a certain threshold pressure [11].
The origin of this so-called “thresholding” behavior is still unknown. Second, we
need to study the complex interaction between bubbles and the interaction of sin-
gle bubbles with a wall. Finally, we need to identify those conditions that lead
to an improved differentiation between the response of adherent and freely circu-
lating microbubbles. as the coating on the dynamics is stillnot fully understood.
Further research will be focused on the interaction betweenbubbles or the inter-
action of a bubble near a wall can be investigated in detail. Understanding of the
circumstances of which the response of adherent and freely circulating microbub-
bles differs the most, can result in pulse-echo techniques specifically designed for
molecular imaging applications to diagnose up to the cellular level.

We now discuss the outline of this thesis, see also Fig. 1.4. Following the discus-
sion in the previous paragraph, the thesis can be divided into three parts. In the first
part the focus is on the influence of the phospholipid coatingon the bubble dynam-
ics. We start with an introduction of the known behavior of coated microbubbles
in chapter 2. In chapter 3 we reveal the origin of the so-called “thresholding” be-
havior. Furthermore, we show why apparently identical bubbles show completely
different behavior by implementing the shell-buckling model by Marmottantet
al. [12]. In chapter 4 we explore in detail the so-called “compression-only” behav-
ior by means of a weakly nonlinear analysis of the shell-buckling model. Further-
more, we demonstrate buckling of the phospholipid-coatingoptically in the Mega-
hertz range. Subharmonic behavior of coated bubbles is investigated in chapter 5
as this behavior is particularly interesting for pulse-echo imaging. In the second
part of the thesis the influence of a boundary on the dynamics of the coated bubbles
is investigated. The Brandaris 128 ultra-high speed camerais combined with an
optical tweezers setup allowing for 3D manipulation of the bubble position and for
temporally resolving the bubble dynamics, see chapter 6. The full parameter space
of ultrasound frequency, acoustic pressure and distance tothe interfering wall is
investigated in detail in chapter 7. The results are compared to a bubble dynamics
model accounting for an interaction with a thin viscoelastic wall. As the bubble
also translates near the boundary due to an interaction withits “image” bubble,
leading to a secondary radiation force, we investigate the translatory oscillations
on an isolated two-bubble system in chapter 8. The third partof the thesis explores
the dynamics of bubbles adherent to a wall. The experimentalmethods developed
and explored in the preceding chapters are applied to a studyof the changed re-
sponse for a functionalized bubble adherent to a target wall. In chapter 10 we
discuss the obtained results of the thesis and we anticipateon a variety of future
applications of ultrasound contrast agents in medical diagnosis.

5



1. INTRODUCTION

Figure 1.4: Guide through the thesis. Part I: the influence of the phospholipid-coating is
discussed in Ch. 3 to 5. Part II: the bubble-wall interactions are investigated in Ch. 6 and
7. Ch. 8 reveals the bubble-bubble interaction. Part III: the influence of targeting ligands
on the dynamics as well as the dynamics of adherent bubbles isdiscussed in Ch.9.
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2
Dynamics of coated bubbles:

an introduction1

In this chapter an introduction is given on the known behavior of phospholipid-
coated microbubbles. The contrast agent microbubble behavior is described start-
ing from the details of free bubble dynamics leading to a set of equations describing
the dynamics of coated microbubbles. The response of an uncoated, a coated, and
an uncoated bubble near a rigid boundary are compared in the case of small am-
plitude oscillations where the equations of motion can be linearized. We report the
nonlinear phenomena of phospholipid-coated microbubblesthat were observed ex-
perimentally such as “compression-only” behavior, “thresholding” behavior, and
subharmonic response. Furthermore, we describe the ultra-high speed camera
Brandaris 128, which was especially built to investigate coated microbubbles and
which was also used here to experimentally investigate the radial dynamics of sin-
gle microbubbles.

1Based on: M. Overvelde, H. J. Vos, N. de Jong and M. Versluis,Ultrasound contrast agent
microbubble dynamics, Ultrasound Contrast Agents: Targeting and Processing Methods for Thera-
nostics, ISBN 978-88-470-1494-7, Springer-Verlag Italia(2010)
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2. COATED BUBBLE DYNAMICS

2.1 Introduction

The dynamics of ultrasound contrast agents has been investigated extensively in
the last two decades. In this chapter we give an introductioninto the known
dynamics of coated bubbles both in theory and experiments. We start with the
well-known Rayleigh-Plesset equation and discuss existing theoretical models for
coated microbubbles. The resonance frequency and damping are obtained in case
of small amplitude oscillations by linearizing the equations and by comparing the
results for the coated bubbles with those of the uncoated bubbles. The influence
of a rigid boundary is discussed in the simplest case using the method of images
to elaborate on the expected changes in the bubble dynamics in the proximity of
a boundary. In the experimental section we describe the ultra-high speed camera
Brandaris 128 which will be used to temporally resolve the radial dynamics of the
microbubbles in the following chapters. After the theoretical section we give an
overview of the experimentally observed behavior of phospholipid-coated bubbles.
Finally, we summarize the questions still open on the dynamics of phospholipid-
coated bubbles which we investigate in further detail in this thesis.

2.2 Theory

2.2.1 Dynamics of an uncoated gas bubble

The dynamics of an uncoated bubble in free space was first described by Lord
Rayleigh [13] and was later refined by Plesset [14], Noltingk& Neppiras [15, 16]
and Poritsky [17] to account for surface tension and viscosity of the liquid. A
popular version of the equation of motion describing the bubble dynamics (often
referred to astheRayleigh-Plesset equation ) is given by:

ρ

(

R̈R+
3

2
Ṙ2

)

=

(

P0+
2σw

R0

)(

R0

R

)3κ(

1−
3κṘ

c

)

−P0−P(t)−4µ
Ṙ

R
−

2σw

R

(2.1)

whereρ is the liquid density,µ the dynamic viscosity of the liquid,c the speed
of sound in the liquid,σw the surface tension of the gas-liquid system andκ the
polytropic exponent of the gas inside the bubble.P0 is the ambient pressure and
P(t) the applied acoustic pressure.R0 is the initial bubble radius,R represents the
time-dependent radius of the bubble, whileṘ andR̈ represent the velocity and the
acceleration of the bubble wall, respectively. The bubble is assumed to be sur-
rounded by an infinite medium and it remains spherical duringoscillations. The
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2.2 THEORY

bubble radius is small compared to the acoustic wavelength.The gas content of
the bubble is constant. Damping of the bubble dynamics is governed by viscous
damping of the surrounding liquid and by acoustic radiationdamping, through
sound radiated away from the bubble [18–25]. For the sake of simplicity the ther-
mal damping is not included here. More information on the thermal damping can
be found in [26–28]. Finally, the density of the liquid is large compared to the gas
density.

Linearized equations

We often use the linearized equations to describe the bubbledynamics at low
driving pressures. For small amplitudes of oscillation an oscillating bubble be-
haves as a harmonic oscillator. The time-dependent radiusR can be written as
R=R0(1+x(t)) and through a linearization of the Rayleigh-Plesset [29, 30] equa-
tion around the initial radiusR0 the relative radial excursion is obtained:

ẍ+ω0δ ẋ+ω2
0x= F(t) (2.2)

with x the relative radial excursion,ω0 = 2π f0 where f0 is the eigenfrequency of
the system andδ the dimensionless damping coefficient .F(t) = F0sin(ωt) is the
acoustic forcing term. The eigenfrequency of the system follows from (2.1) and
(2.2).

f0 =
1

2π

√

√

√

√

1

ρR2
0

(

3κP0+(3κ −1)
2σw

R0

)

(2.3)

The total damping coefficient(δ ) is given by the sum of the individual damping
coefficients. The contribution from the sound radiated by the bubble(δrad) is:

δrad =

3κ
ρcR0

(

P0+
2σw

R0

)

ω0
≈

ω0R0

c
(2.4)

and the viscous contribution(δvis) is:

δvis =
4ν

ω0R2
0

(2.5)

The resonance frequency of the system is then obtained from:

fres= f0

√

1−
δ 2

2
(2.6)
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2. COATED BUBBLE DYNAMICS

For a free gas bubble the damping coefficient is negligible. The surface tension
is negligible in the mm size range and the resonance frequency is given by the
Minnaert frequency [31] :

fres≈ f0 =
1

2π

√

3κP0

ρR2
0

(2.7)

For an air bubble in water we then recover the common rule of thumb for the
bubble resonancef0R0 ≈ 3 mmkHz. It should be noted that for bubbles with a
radius< 10 µm the surface tension cannot be neglected.

Assuming a steady-state response (t → ∞) and substitution into Eq. 2.2 gives the
absolute relative amplitude of oscillation:

|x0|=
F0

√

(

ω2
0 −ω2

)2
+(δωω0)

2
(2.8)

For small damping, as in the case of a free gas bubble, the amplitude of oscillations
of a bubble driven at a frequency well below its resonance frequency is inversely
proportional to the effective “mass” and the eigenfrequency squared of the sys-
tem (stiffness-controlled). Well above the resonance frequency the amplitude of
oscillation is inversely proportional to the effective “mass” of the system (inertia-
driven). Close to resonance the amplitude of oscillation is inversely proportional
to the damping coefficient, the eigenfrequency squared and the effective “mass” of
the system [32].

2.2.2 Coated bubbles

Ultrasound contrast agents are encapsulated with a phospholipid, protein, palmitic
acid or polymer coating. The coating shields the water from the gas, reducing the
surface tension and inhibits the gas diffusion to prevent the bubbles from dissolu-
tion. Several Rayleigh-Plesset type models have been derived for coated bubbles.
Church [1995] derived a theoretical model for a coated bubble assuming that the
gas core is separated from the liquid by a layer of an incompressible, solid elastic
material. The shell has a finite thickness and the shell elasticity and the shell vis-
cosity depend on the rigidity of the shell and the thickness of the shell. Commercial
1st generation Albunex (Mallinckrodt) microbubbles have an albumin shell and re-
main stable for an extended period of time at atmospheric pressure. Therefore,
in Church’ model it was assumed that the elastic shell counteracts the capillary
pressure (Pg0 = P0) which stabilizes the bubble against dissolution.

The second generation contrast agents have a more flexible phospholipid shell.
The commercially available contrast agents SonovueR© (Bracco), Definity (Lan-
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Figure 2.1: The effective surface tension as a function of the bubble radius (R0 = 2 µm)
for the different models accounting for a purely elastic shell.

theus Medical Imaging) and Sonazoid (GE) consist of a monolayer of phospho-
lipids with a thickness of a few nanometers. Various models account for a coating
by assuming a viscoelastic thin shell, see for example [34],[35] and more recently
[36]. The Rayleigh-Plesset type models account for the shell by an elastic term
Pelasand a viscous termPvis.

ρ

(

R̈R+
3

2
Ṙ2

)

= Pg0

(

R0

R

)3κ(

1−
3κṘ

c

)

−P0−P(t)−4µ
Ṙ

R
−Pelas−Pvis

(2.9)
The elasticity of the coating causes the surface tension to vary with the radius of
the bubble:

Pelas=
2σ(R)

R
, (2.10)

The viscous term can be expressed as:

Pvis = 4Svis
Ṙ

R2 (2.11)

with the shell viscositySvis. Hoff et al. [35] modified Church’ model to account
for the thin shell by reducing the equation of Church to a formsimilar to that of
Eq. 2.9. The effective surface tension and the shell viscosity in the various models
are given in table 2.1. The effective surface tension changes as a function of the
bubble radius, see Fig. 2.1 for a plot for the various shell models. The parameters

11



2. COATED BUBBLE DYNAMICS

Table 2.1: Values for the initial gas pressure in the bubble(Pg0), the effective surface
tensionσ (R) and the shell viscositySvis for three elastic shell models. For comparison the
values for an uncoated bubble (Rayleigh-Plesset) are also given.

Model Pg0
[

N/m2
]

σ (R) [N/m] Svis [kg/s]

Rayleigh-Plesset P0+
2σw

R0
σw -

Church [1995],

Hoff et al. [2000] P0 6Gsdsh0
R2

0

R2

(

1−
R0

R

)

3µsdsh0
R2

0

R2

De Jonget al. [1994] P0+
2σw

R0
σw+Sp

(

R

R0
−1

)

Sf

16π

Sarkaret al. [2005] P0 σ (R0)+ES

(

R2

R2
E

−1

)

κs

are chosen to be comparable in the models (Sp = 2Es = 12Gsdsh0 = 1.1 N/m) for
the shell elasticity and (Sf = 16πκs = 48πµsdsh0 = 2.7 ·10−7 kg/s) for the shell
viscosity, as reported by [37]. In this regime, the slope of the effective surface
tension as a function of the bubble radius is similar for the models by De Jonget
al. [34] (blue) and Sarkaret al. [36] (red). The main difference between the models
is found for the effective surface tension at the initial bubble radius(σ(R0)). It
equalsσw for the model by De Jonget al. [34] and it varies for the model by
Sarkaret al. [36]. In this example we chooseσ(R0) = 0.036 N/m for the model
of Sarkaret al.. The model of Church [33], modified by Hoffet al. [35] for a
thin shell, has a lower initial effective surface tension,σ(R0) = 0 N/m, and has a
different slope (black). Note that the effective surface tension in these models is
not bound to an upper or lower limit and the effective surfacetension can become
negative and larger thanσw.

Marmottantet al. [12] introduced a model which seems to be more applicable
for high amplitude oscillations. The model accounts for an elastic shell and also
for buckling and rupture of the shell. Compression of the bubble leads to an in-
creased phospholipid concentration. Therefore, in the elastic regime the effective
surface tension decrease is a linear function of the area under compression. Further
compression leads to such high phospholipid concentrations that the shell tends to
buckle leading to a tensionless state where the surface tension is effectively zero.
On the other hand expansion of the bubble decreases the phospholipid concentra-
tion and leads to rupture. It is assumed that the surface tension will effectively
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2.2 THEORY

Figure 2.2: The effective surface tension as a function of the bubble radius (R0 =2 µm) for
the model of Marmottantet al. [12] including an elastic regime and buckling and rupture
of the shell.

relax toσw. The effective surface tension using Eq. 2.9 for the three regimes is
given by:

σ (R) =























0 if R≤ Rb

χ

(

R2

R2
b

−1

)

if Rb ≤ R≤ Rr

σw if ruptured andR≥ Rr

(2.12)

with χ the shell elasticity andRb and Rr the buckling and rupture radius, re-
spectively. The effective surface tension as a function of the radius is shown in
Fig. 2.2 for the Marmottant model. The initial surface tension is chosen to be
σ (R0) = 0.036 N/m similar to the example of the Sarkar model. The choiceof
σ (R0) in combination with the typical value for the shell elasticity χ = Sp/2=
0.55 N/m results inRb = 0.97 R0 andRr = 1.03 R0. In this example the bubble
is assumed to rupture when the surface tension reachesσw. The shell viscosity in
Eq. 2.9 is given bySvis = κs. As will be shown in the following paragraph, the
elasticity of the shell increases the eigenfrequency of thebubble while the shell
viscosity increases the total damping of the system.
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2. COATED BUBBLE DYNAMICS

Linearized equations

The bubble resonance frequency and its corresponding damping coefficient for the
coated bubble is derived in a similar way as in Sec. 2.2.1. Forthe model of De Jong
et al. [34] the eigenfrequency and the total damping(δtot = δrad +δvis+δshell) are
given by:

f0 =
1

2π

√

√

√

√

1

ρR2
0

(

3κP0+(3κ −1)
2σw

R0
+

2Sp

R0

)

(2.13)

δtot =

3κ
ρcR0

(

P0+
2σw

R0

)

ω0
+

4ν
ω0R2

0

+
Sf

4πρR3
0ω0

(2.14)

The eigenfrequency of a coated bubble has two contributions: one part that is
identical to the eigenfrequency of an uncoated bubble and anelastic shell contribu-
tion. The shell viscositySf increases the damping for a coated bubble. Fig. 2.3A
shows the eigenfrequency and resonance frequency for an uncoated and coated
bubble. The resonance frequency and the eigenfrequency of the uncoated bubble
agree to within graphical resolution. The eigenfrequency of a coated bubble in
comparison to an uncoated microbubble is higher due to the shell elasticity. The
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Figure 2.3: A) The resonance frequency as a function of the initial bubble radius (R0) for
an uncoated (blue solid line) and coated microbubble (greensolid line). For comparison
the eigenfrequency is plotted (dashed lines). The resonance frequency and the eigenfre-
quency of the uncoated bubble agree to within graphical resolution. B) The amplitude of
oscillation for an uncoated (blue) and coated (green) bubble with R0 = 2 µm, normalized
with the maximum amplitude of oscillation of the uncoated microbubble. The driving
frequency is normalized to the resonance frequency of the uncoated microbubble.
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2.2 THEORY

damping has a negligible influence on the resonance frequency for an uncoated
bubble and for coated bubbles withR0 > 1 µm. Fig. 2.3B shows the resonance
curve of an uncoated and coated microbubble with a resting radius of 2µm. The
amplitude of oscillation and the resonance frequency are normalized to the maxi-
mum amplitude of oscillation and the resonance frequency ofthe uncoated bubble,
respectively. Both the damping and eigenfrequency increase for a coated micro-
bubble, while the effective “mass” stays the same. The amplitude of oscillations
at resonance is therefore lower when the bubble has a shell, see Fig. 2.3B. Below
resonance, neglecting the influence of the damping, the system is stiffness driven.
The shell increases the stiffness of the system and the amplitude of oscillation be-
low resonance is therefore lower for a coated microbubble. Far above resonance
the amplitude of oscillations is inversely proportional tothe effective “mass” of
the system. Consequently well above resonance the amplitude of oscillations does
not depend on the shell properties.

2.2.3 Bubble dynamics near a rigid wall

In this section we discuss the influence of a rigid wall on the bubble dynamics.
We start with the simplest approach, the so-calledmethod of images, to simulate
the influence of a wall. In literature several extensions to the bubble dynamics
equations have been made to account for the presence of a rigid wall. All the
models described here are based on the method of images depicted in Fig. 2.4. If
the wall is rigid, the specific acoustic impedanceZ = ρ c is infinite, and no energy
crosses the wall. To describe the acoustic (or equivalentlythe fluid-mechanical
field) the wall is replaced by an identical image bubble oscillating in-phase with the
real bubble and positioned at the mirrored image point. The dynamics of the real
bubble is influenced by the pressure emitted by the image bubble. The dynamics
of a coated bubble near a rigid wall is therefore described bya Rayleigh-Plesset
type equation including the radiated pressure of the image bubble:

ρ

(

R̈R+
3

2
Ṙ2

)

= Pg0

(

R0

R

)3κ(

1−
3κṘ

c

)

−P0

−P(t)−4µ
Ṙ

R
−

2σ (R)

R
−4Svis

Ṙ

R2−ρ
∂
∂ t

(

ṘR2

2d

)
(2.15)

whered represents the distance between the bubble and the wall. Fora bubble
positioned directly at the wall, such as bubbles floating up against the capillary
wall, the distanced is simply given by the bubble radiusR. In this particular case
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A B

d 2d

Figure 2.4: In (A) the actual situation, where the bubble is located at a distanced from
the rigid wall, (B) shows the method of images in which the wall is replaced by an image
bubble.

the bubble dynamics equation becomes:

ρ

(

3

2
R̈R+2Ṙ2

)

=Pg0

(

R0

R

)3κ(

1−
3κṘ

c

)

−P0

−P(t)−4µ
Ṙ

R
−

2σ (R)

R
−4Svis

Ṙ

R2

(2.16)

The difference between the uncoated bubble in in the unbounded fluid and floating
against the wall are the pre-factors in the left hand side of Eq. 2.16. Note that all
assumptions made previously for the Rayleigh-Plesset equation for an uncoated
microbubble remain valid. Therefore the bubble must remainspherical, which
may not be strictly true in the experimental situation. For example we know that
bubbles deform close to the wall [38].

Linearized equations

For an (un)coated bubble at a wall the eigenfrequency and damping can be derived
in a similar way as in Sec. 2.2.1. The rigid wall increases theeffective “mass” of
the bubble by a factor 3/2 resulting in a decrease of the eigenfrequency and the
damping. The eigenfrequency and damping can be derived in a similar way as in
Sec.2.2.1. The eigenfrequency and damping for an uncoated bubble at a rigid wall
reduce to:

f wall
0 =

√

2

3
f f ree
0 ≈ 0.8 f f ree

0

δ wall =

√

2

3
δ f ree≈ 0.8δ f ree

(2.17)
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Fig. 2.5 shows the resonance curve of a coated bubble in free space (blue) and at
the wall (red). The amplitude of oscillation and the appliedfrequency are normal-
ized to that of the bubble in free space. The amplitude of oscillations at resonance
is
√

3/2 larger for a bubble at a wall than for bubble in the unboundedfluid. Well
below the resonance frequency the amplitude of oscillations is unchanged as the
stiffness of the system dominates the amplitude of oscillations. Well above the res-
onance frequency the amplitude of oscillation is 3/2 times smaller for a bubble at
a rigid wall than in the unbounded fluid because of the increased effective “mass”
of the system.

2.3 Experiments

2.3.1 Optical and acoustical characterization

The theoretical models are validated through experiments on single bubbles. Acous-
tical and optical experiments reveal the response of UCA microbubbles and both
have there own particular advantages and disadvantages. Inacoustical experiments
the scattered pressure, or pressure-timeP(t) curve, is recorded. Acoustic charac-
terization has the advantage of a high sampling rate using long pulse sequences.
The scattered pressure of a single bubble however is limited(order 1 Pa) and close
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Figure 2.5: Resonance curves for an uncoated bubble with a initial radius of 2µm in free
space (blue) and at a rigid wall (red). The frequency and the amplitude are normalized
with the resonance frequency and amplitude of oscillation at resonance in the free case.
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2. COATED BUBBLE DYNAMICS

to the noise level of our detection system. The size of the transducer focus is in the
order of the acoustic wavelength and in order to prevent the detection of multiple
bubble echoes the bubble must be isolated in thein-vitro setup. In optical exper-
iments a high-speed camera is used to record the radial response, or radius-time
R(t) curve, of single bubbles. Such a camera must temporally resolve the dynam-
ics of the microbubbles which is driven at MHz frequencies. Therefore framer-
ates of tens of millions of frames per second are required. The Brandaris 128
camera, see Fig. 2.6, was especially designed for this purpose [39]. The cam-
era uses a fast rotating mirror (max 20,000 rps) to sweep the image across 128
highly sensitive CCDs (charge-coupled device). At maximumspeed an interframe
time of 40 nanoseconds is obtained, which corresponds to a framerate of 25 Mfps.
Fig. 2.7 shows a sequence of 25 frames recorded with the Brandaris 128 camera
at a framerate of 13.5 Mfps. The driving pulse has a frequencyof 2.7 MHz and an
acoustic pressure amplitude of 30 kPa. The accompanyingR(t)curve of the micro-
bubble derived from the Brandaris recording is shown in Fig.2.8. The maximum
amplitude of oscillation is 200 nm corresponding to a relative amplitude of 10%.

The first characterization of SonoVueR© was performed acoustically on a micro-
bubble suspension by Gorceet al. [37]. Recently, opticalR(t) curves of single
UCA microbubbles (SonoVueR©) were recorded and fitted, to an elastic shell model
(Hoff’s model), by Chettyet al. [40]. In the model the values of the shell thickness
and shell viscosity were fixed and it was found that the shell elasticity increases
with increasing bubble radius. The experiments were performed with a single ap-
plied frequency of 0.5 MHz and a pressure amplitude between 40 and 80 kPa. To
test the validity of the shell parameters for the very same bubble the bubble should
be exposed to a set of frequencies and pressures. Van der Meeret al. [41] insoni-
fied single UCA microbubbles (BR-14) consecutively with 11 ultrasound pulses,
increasing the frequency for each pulse, near resonance. With this method named
microbubble spectroscopy, the resonance curve was then obtained by plotting the
amplitude of oscillation as a function of the applied frequency. A fit of the lin-
earized shell model of Marmottantet al. [12] then resulted in the shell elasticity
and shell viscosity. In contrast to Chettyet al. [40], Van der Meeret al. [41] found
that the shell elasticity was nearly constant while the shell viscosity decreases with
decreasing dilatation rate

(

Ṙ/R
)

. One should note that all above experiments were
performed at or in close proximity to a (capillary) wall.

De Jonget al. [10] reported on an observation of coated microbubbles at low
applied acoustic pressures, where the bubbles compress, but hardly expand. An
example of this highly nonlinear effect, referred to as “compression-only” behav-
ior, is shown in Fig. 2.9. De Jonget al. showed that “compression-only” behavior
occurs for 40% of the bubbles even at pressures as low as 50 kPa. Remarkably all
bubbles with an initial radius less than 2µm show “compression-only” behavior
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Figure 2.6: Schematic drawing of the Brandaris 128 camera. The rotatingmirror sweeps
the light beam projecting the microscope image on the CCD’s.The mirror sweeps the
image over the CCD’s with a minimum interframe time of 40 ns orequivalent a maximum
framerate of 25 Mfps. (courtesy: E.C. Gelderblom)

at a frequency of 1 MHz. “Compression-only” behavior has never been observed
for uncoated bubbles and cannot be described by a model accounting purely for an
elastic shell. Actually, the purely elastic shell models even predict a decrease of
the nonlinear behavior of the coated microbubbles as compared to the dynamics
of an uncoated microbubble. The model of Marmottantet al. [12] accounting for
an elastic shell and for buckling and rupture of the shell hasbeen very successful
in predicting “compression-only” behavior. As stated by Marmottantet al. the
compression modulus in the elastic state is much higher thanin the buckled or
ruptured state. For a bubble where the resting radius very close to buckling it is
much harder to expand than to compress resulting in “compression-only” behavior
of the bubble [12].

Emmeret al. [11] showed an oscillation threshold for coated microbubbles with
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Figure 2.7: Sequence of 50 frames of a 2.2µm radius bubble recorded with the Bran-
daris 128 camera at a framerate of 13.5 Mfps.
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Figure 2.8: TheR(t)curve of the same bubble as in Fig. 2.7. The bubble is insonified with
an ultrasound pulse with a frequency of 2.7 MHz and an acoustic pressure of 30 kPa.
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Figure 2.9: Example of a bubble showing “compression-only” behavior, i.e. the oscillat-
ing bubble hardly expands and strongly compresses. The bubble with a radiusR0 = 1.6 µm
is insonified with an acoustic pressurePa = 55 kPa and a frequencyf = 1.7 MHz.

a radius smaller than 2.5µm at a driving frequency of 1.7 MHz. Below a certain
pressure optically no oscillations where observed, while above this threshold the
amplitude of oscillation increases linearly with the applied acoustic pressure. An
example this so-called “thresholding” behavior is shown inFig. 2.10. At pressures
below 28 kPa the bubble hardly oscillates, while a sudden increase of the amplitude
of oscillation is observed for higher acoustic pressures. The cause of this nonlinear
“thresholding” behavior is not understood. A third nonlinear effect that is often
observed for coated bubbles are strong subharmonic frequency components. Sub-
harmonic behavior is well-known for uncoated bubbles and isonly observed above
a certain pressure threshold which increases with increasing damping, see e.g.
Prosperetti [42]. As the oscillations of coated bubbles areconsiderably stronger
damped it has been assumed that subharmonic behavior for coated bubbles must
occur at higher acoustic pressures. However, it has been shown experimentally
that subharmonic behavior of coated bubbles occurs at loweracoustic pressures
even lower than those for uncoated bubbles [7, 43–49]. The Fourier transform
of the radius-time curve of an oscillating coated bubble insonified at a frequency
of 2 MHz shows a strong subharmonic component at a frequency of 1 MHz, see
Fig. 2.11. No explanation has been found for the increased subharmonic behavior
found for coated microbubbles.
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Figure 2.10: Example of “thresholding” behavior. The relative amplitude of oscillation
increases strongly nonlinear as a function of the applied acoustic pressure. The bubble has
a radiusR0 = 1.9 µm and is insonified at a frequency of 2.7 MHz.
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Figure 2.11:A) Radius-time curve of a bubble with a radiusR0 = 4 µm is insonified with
an acoustic pressurePa = 80 kPa and a frequencyf = 2 MHz. B) The frequency domain
of theR(t)-curve shows besides the fundamental component atf = 2 MHz the presence of
a strong subharmonic component atf = 1 MHz.

2.4 Open questions

The goal of this thesis is to acoustically distinguish between adherent and freely
circulating microbubbles. The first step is to optimize current pulse-echo tech-
niques and to develop new techniques based on the nonlinear dynamics of the
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coated microbubbles. It has indeed been observed that phospholipid-coated mi-
crobubbles show strong nonlinear behavior, such as “compression-only” behavior,
“thresholding” behavior, and subharmonic frequencies at low acoustic pressures.
These nonlinear dynamics are ideal for medical imaging withultrasound as they
allow to distinguish between the tissue echo and the bubble echo. However, in the
experiments the bubbles are injected in an in vitro setup (e.g. capillary or flow
cell) and float up due to buoyancy until they reach the top wall. Due to the limited
focal depth of the microscope objective the rising bubbles are difficult to capture in
free space. The radial bubble dynamics is therefore traditionally captured with the
bubbles positioned against the top wall of the capillary. Inthese experiments the
optical axis was perpendicular to the flow cell wall, i.e. it was always observed in
top-view. Voset al. [38] showed, with a setup allowing both, a side-view (optical
axis parallel to the wall) and a top-view that the oscillations of UCA microbub-
bles may appear spherical in top-view and can be quite asymmetric in side-view.
Therefore, the influence of the coating and the capillary boundary cannot be sepa-
rated. Besides the cause of the strong nonlinearly observedbehavior we would like
to answer some questions in more detail. What causes “thresholding” behavior?
Are the effects we observe bubble-size dependent or are theymainly influenced by
resonance? Is there a model that predicts all these nonlinear phenomena? Can we
optimize the current pulse-echo techniques to exploit thisnonlinear behavior? Can
we possibly develop new more efficient pulse-echo techniques?

When the influence of the phospholipid coating on the bubble dynamics is known
we can investigate the proximity of a boundary and for targeting applications the
adherence to a boundary on the bubble dynamics. From the simulations described
above we expect a change in the resonance frequency and the amplitude at reso-
nance. In the simulations the wall was considered as an infinitely thick rigid wall.
No energy passes the wall and the ultrasound will be fully reflected at the wall. In
our experiments however the wall is acoustically transparent to allow ultrasound
to enter the flow cell and to prevent unwanted reflections. Forsuch a compliant
wall the (complex) amplitude of the image bubble needs to be adapted to the wall
properties. There are still several questions related to the influence of the bound-
ary. Do we observe a change in the dynamics close to a boundary? Is there a
difference in the dynamics between floating bubbles near a boundary and that of
adherent bubbles? Can we predict the bubble dynamics near a wall? Is the change
in dynamics sufficient to distinguish acoustically betweenadherent and freely cir-
culating microbubbles?
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3
Nonlinear shell behavior of

phospholipid-coated

microbubbles1

The key feature of ultrasound contrast agents microbubblesin distinguishing blood
pool echo from tissue echo is their nonlinear behavior. Here, we investigate exper-
imentally the influence of the stabilizing phospholipid-coating on the dynamics of
ultrasound contrast agent microbubbles. We record the radial dynamics of indi-
vidual microbubbles with an ultra-high speed camera as a function of the driving
pressure and frequency. The shell was found to enhance the nonlinear bubble
response at acoustic pressures as low as 10 kPa. For increasing acoustic pres-
sures a decrease of the frequency of maximum response was observed for one set
of bubbles, leading to a pronounced skewness of the resonance curve, which we
show to be the origin of the “thresholding” behavior [Emmer et al., UMB 33(6),
2007]. For another set of bubbles the frequency of maximum response was found
to lie just above the resonance frequency of an uncoated microbubble, and to be
independent of the applied acoustic pressure. The shell-buckling bubble model by
Marmottant et al. [JASA118(6), 2005], which accounts for buckling and rupture
of the shell, captures both cases for a unique set of the viscoelastic shell param-
eters. The difference in the observed nonlinear dynamics between the two sets of
bubbles can be explained by a difference in the initial surface tensionσ(R0) which
is directly related to the phospholipid concentration at the bubble interface.

1Submitted as: M. Overvelde, V. Garbin, J. Sijl , B. Dollet, N.de Jong, D. Lohse, and M. Versluis,
Nonlinear shell behavior of phospholipid-coated microbubbles, Ultrasound Med. Biol.
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3.1 Introduction

Ultrasound is the most commonly used medical imaging technique. As compared
to computer tomography (CT) and magnetic resonance imaging(MRI) ultrasound
offers the advantage that the hardware is relatively inexpensive and that it pro-
vides real-time images. Imaging with ultrasound is based onthe reflection of the
transmitted sound wave at tissue interfaces, where the waveencounters an acoustic
impedance mismatch, and scattering due to inhomogeneitiesin the tissue. Unlike
tissue, blood is a poor ultrasound scatterer, resulting in alow contrast echo. To en-
hance the visibility of the blood pool, ultrasound contrastagents (UCA) have been
developed, enabling the visualization of the perfusion of organs. A promising new
application of UCA is in molecular imaging [8] with ultrasound and in local drug
delivery [9].

The typical UCA is composed of a suspension of microbubbles (radius 1-5µm)
which are coated with a phospholipid, albumin or polymer shell. The coating de-
creases the surface tensionσ and therefore the capillary pressure 2σ/R and in ad-
dition counteracts diffusion through the interface, thus preventing the bubble from
quickly dissolving in the blood. The mechanism by which microbubbles enhance
the contrast in ultrasound medical imaging is two-fold. First, microbubbles re-
flect ultrasound more efficiently than tissue due to the larger difference in acoustic
impedance with their surroundings. Second, in response to the oscillating pressure
field microbubbles undergo radial oscillations due to theircompressibility, which
in turn generates a secondary sound wave. The oscillations are highly nonlinear,
and likewise the sound emitted by the oscillating bubbles. Several pulse-echo tech-
niques have been developed to increase the contrast-to-tissue ratio (CTR), making
use of the nonlinear components in the acoustic response of microbubbles, which
are not found in the tissue, e.g. pulse-inversion [5] and power modulation [6]. The
nonlinear response specific to coated microbubbles offers the potential for new
strategies for the optimization of the CTR.

The bubble dynamics in an ultrasound field can be described bya Rayleigh-
Plesset type equation [29, 50]. The influence of the coating has been investigated in
the last two decades, resulting in various extensions of theRayleigh-Plesset equa-
tion. De Jonget al. [34] describe the coating as a thin homogeneous viscoelastic
solid with a shell elastic parameterSp and a shell friction parameterSf . A more
theoretical approach was provided by Church [33] who considered a viscoelastic
surface layer of finite thickness. The models by De Jonget al. and Church were
both developed for the albumin-coated contrast agent Albunex. [35] reduced the
model developed by Church to the limit of a thin shell. Sarkaret al. [36] proposed
a model for a thin shell of a viscoelastic solid where the effective surface tension
depends on the area of the bubble and the elasticity of the shell. In the model by
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Stride [51] the coating is a molecular monolayer, which is treated as a viscoelastic
homogeneous material, and the shell parameters depend on the surface molecular
concentration. Doinikovet al. [52] addressed the lipid shell as a viscoelastic fluid
of finite thickness described by the linear Maxwell constitutive equation.

The models accounting for a viscoelastic solid predict thatthe elasticity of the
shell increases the resonance frequency. Van der Meeret al. [41] scanned the
insonation frequency at constant acoustic pressure to obtain resonance curves. The
acoustic pressure was maintained below 40 kPa to ensure linear bubble dynamics.
Van der Meeret al. [41] indeed found an increase of the resonance frequency with
respect to uncoated microbubbles.

Emmeret al. [11] investigated the nonlinear dynamics of phospholipid-coated
microbubblesR0 = 1−5 µm by increasing the applied acoustic pressure at a con-
stant frequency of 1.7 MHz. They found that a threshold pressure exists, for mi-
crobubbles smaller thanR0 = 2 µm, for the onset of bubble oscillations, and that
the threshold pressure decreases with increasing bubble size. Bubbles with a ra-
dius larger than 2µm show a linear increase in the amplitude of oscillation with
the applied acoustic pressure.

De Jonget al. [10] observed another nonlinear phenomenon which was termed
“compression-only” behavior, where the coated bubbles compress significantly
more than they expand. In the study of De Jonget al. “compression-only” behav-
ior was observed in 40 out of 100 experiments on phospholipid-coated bubbles,
for acoustic pressures as low as 50 kPa. “Compression-only”behavior was most
pronounced for small bubbles. Models accounting for alinear viscoelastic shell
do not predict the “thresholding” or “compression-only” behavior.

Marmottantet al. [12] developed a model that incorporates the viscoelastic shell
and in addition accounts for buckling and rupture of the shell that predicts the
“compression-only” behavior in great detail. The model is based on the behavior
of a phospholipid monolayer for quasi-static compression [53–55]. Depending
on the number of phospholipid molecules per unit area the gas-water interface is
shielded to a different extent, resulting in a different effective surface tension. In
a small range of expansion and compression the phospholipid-shell behaves elas-
tically as in the previous models and the effective surface tension is linear with
the surface area of the bubble. In the elastic regime, compression of the bubble
decreases the surface area and assuming a constant number ofphospholipids thus
increases the packing density and decreases the effective surface tension. For fur-
ther compression the bubble reaches a critical packing density where the dense
phospholipid monolayer starts to buckle. Below the buckling radius the effective
surface tension vanishes. On the other hand, expansion of the bubble results in a
lower packing density. Above a critical radius for the expansion, the concentra-
tion of the phospholipids at the interface is so low that the monolayer ruptures. If
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3. NONLINEAR SHELL BEHAVIOR

the gas is in direct contact with the liquid the effective surface tension reaches the
surface tension of water.

Van der Meeret al. measured the resonance curves at low acoustic pressure.
For uncoated bubbles it is well known that the resonance curve becomes asym-
metrical and that the frequency of maximum response decreases with increasing
acoustic pressure [56, 57]. Emmeret al. scanned the acoustic pressure, keeping
the frequency constant and showed that small bubbles have the highest threshold
pressure. The question remains whether this effect is bubble-size or frequency de-
pendent. Therefore some questions remained unanswered since the experiments
performed up to now did not cover the full parameter space. A better insight in
the nonlinear phenomena of coated bubbles can be gained by changing both the
applied acoustic pressure and the insonation frequency on the same bubble.

In this chapter, we measure the resonance curve of a bubble asa function of the
acoustic pressure to study the influence of the acoustic pressure on the resonance
curve. Similarly, we study the influence of the frequency on the “thresholding” be-
havior. The experimental results are compared to the existing models and the influ-
ence of the phospholipid-coating on the nonlinear dynamicsof UCA microbubbles
is discussed in detail. The chapter is organized as follows.In Sec. 3.2 the predic-
tions of three types of models are discussed. The setup and reproducibility of the
experiments is addressed in Sec. 3.3. The full dynamics of single phospholipid
microbubbles are described and compared with simulations to obtain the shell pa-
rameters in Sec. 3.4. In Sec. 3.5 the influence of the shell parameters are discussed
on the bubble dynamics and the conclusions are given in Sec. 3.6.

3.2 Models

The most general equation describing the radial dynamics ofa coated bubble is
given by an extended Rayleigh-Plesset equation [12]:

ρ
(

R̈R+
3
2

Ṙ2
)

=

(

P0+
2σ (R0)

R0

)

(

R0

R

)3κ (

1− 3κṘ
c

)

−P0−P(t)−4µ
Ṙ
R
− 2σ (R)

R
−4κs

Ṙ
R2

(3.1)

whereρ is the liquid density,µ the dynamic viscosity of the liquid,c the speed
of sound in the liquid, andκ the polytropic exponent of the gas inside the bubble.
P0 is the ambient pressure andP(t) is the driving pressure pulse with a pressure
amplitudePa. R0 is the initial bubble radius,R(t) the time-dependent radius of the
bubble and the overdots denote the time derivatives.κs accounts for the surface
dilatational viscosity of the shell andσ(R) is the effective surface tension which
in some models is a function of the radius.
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3.2 MODELS

In this section we discuss the results of three different models: a model for an
uncoated bubble, a model for a bubble with alinear viscoelastic shell and a model
including buckling and rupture of the shell. In the case of anuncoated bubble there
is no shell and the surface viscosityκs = 0. The gas is in direct contact with the
water, resulting in the surface tension of the gas-liquid systemσ(R) = σw.

The shell-buckling model by Marmottantet al. [12] accounts for three regimes
of the shell behavior: elastic, buckled, and ruptured and the model is applicable
to high amplitude oscillations. Fig. 3.1 shows the effective surface tension in the
three regimes which is given by:

σ (R) =























0 if R≤ Rb

χ

(

R2

Rb
2−1

)

if Rb < R< Rr

σw if R≥ Rr

(3.2)

with χ the elasticity of the shell andσw the surface tension of the gas-water in-
terface. The shell buckles for radii below the buckling radius Rb and is in the

ruptured state for radii larger thanRr = Rb

√

σw
χ +1. The effective surface tension

in the elastic regime depends on the concentration of phospholipids and therefore
on the area of the bubble. The initial state is defined by the initial surface tension

σ(R0) which is directly related to the buckling radiusRb = R0/
√

σ(R0)
χ +1, see
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Figure 3.1: Effective surface tension in the shell-buckling model as a function of the
bubble radius. The effective surface tension in the model has three regimes. The bubble
buckles forR≤ Rb, is ruptured forR≥ Rr , and behaves elastically in forRb < R< Rr .
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Fig. 3.1. We prefer to defineσ(R0) instead ofRb as was done by Marmottantet
al. [12] becauseσ(R0) immediately reveals the initial state of the shell with respect
to the buckled and ruptured regime. The results will also be compared to a coated
bubble model accounting for alinear viscoelastic shell which is valid in the limit
of small amplitude oscillations. We use the linearized effective surface tension of
the shell-buckling model in the elastic regime:

σ(R) = σ(R0)+2χ

(

R

R0
−1

)

(3.3)

In the caseσ(R0)=σw we obtain the well-known equation for the effective surface
tension of De Jonget al. [34].

For small amplitude oscillations we can obtain the eigenfrequency of the bubble.
For a coated bubble the eigenfrequency of the bubble with alinear viscoelastic
shell equals the eigenfrequency of the model by Marmottantet al. in the elastic
regime. The eigenfrequency of a bubble with alinear viscoelastic shellf c

0 is given
by [41]:

f coated
0 =

1

2π

√

√

√

√

1

ρR2
0

(

3κP0+(3κ −1)
2σ(R0)

R0
+

4χ
R0

)

(3.4)

In the case of an uncoated bubble the eigenfrequency is [29, 30]:

f uncoated
0 =

1

2π

√

√

√

√

1

ρR2
0

(

3κP0+(3κ −1)
2σw

R0

)

(3.5)

To investigate the dynamics as a function of the applied frequency and acoustic
pressure, simulations are performed for a bubble with a radius R0 = 3.2 µm with
the three different models described above. Fig. 3.2 shows the resonance curves
obtained from numerical simulations as a function of the acoustic pressure for an
uncoated microbubble (A), a microbubble with alinear viscoelastic shell (B), and
a microbubble with a viscoelastic shell including bucklingand rupture of the shell
(C). To investigate the linearity of the resonance curves, the relative fundamental
amplitude of oscillationA1 is divided by the acoustic pressurePa. In the case of a
linear resonance curve the shape and amplitude are identical at each pressure. For
all three models the valueA1/Pa is normalized to the response of an uncoated bub-
ble atPa = 1 kPa. The uncoated bubble has a resonance frequency near 1 MHz,
see Fig. 3.2A. The maximum amplitude(A1/Pa)norm slightly decreases with in-
creasing pressure which reflects the onset of its nonlinear behavior. In Fig. 3.2B
the response of a bubble with thelinear viscoelastic shell is shown. Its resonance
frequency is almost 3 times the resonance frequency of the uncoated bubble, owing
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Figure 3.2: Simulations of the resonance curve as a function of the acoustic pressure.
The relative amplitude of oscillationA1 is divided by the acoustic pressure amplitudePa

and normalized with the response of the uncoated bubble atPa = 1 kPa. A) Uncoated.
B) Linear viscoelastic shell. C) Elastic shell including buckling and rupture of the shell.
The initial radius of the bubble isR0 = 3.2 µm, and in case of a coatingχ = 2.5 N/m,
σ(R0) = 0.02 N/m, andκs = 6 ·10−9 kg/s.
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to the elasticity while its maximum amplitude response is 8 times lower than that
of the uncoated bubble as a result of the combined effect of the increased damping
and elasticity of the shell. The oscillation amplitude is independent of the applied
acoustic pressure and indicates a linear response. Fig. 3.2C shows the simula-
tions performed with the shell-buckling model, showing dependence on the applied
acoustic pressure. For the initial surface tension of the bubble σ(R0) = 0.02 N/m
and for low acoustic pressurePa = 1 kPa, the bubble is oscillating in the elastic
regime. Therefore the resonance curve is identical to the response of the bubble
with the linear viscoelastic shell. An increase of the acoustic pressure induces
strong nonlinear behavior and skewing of the resonance curves is observed. For
linear oscillations the response is maximal at the resonance frequency while in
the case of nonlinear behavior this need to be the case. In general, there is a fre-
quency of maximum response which decreases with increasingacoustic pressure.
At Pa = 40 kPa the frequency of maximum response decreased and approaches
the eigenfrequency of the uncoated bubble. The relative amplitude of oscillation
at the frequency of maximum response increases with increasing acoustic pressure
which reveals another nonlinear response. The resonance behavior obtained with
the three models is significantly different. An experimental study of the resonance
curves as a function of the acoustic pressure applied to UCA microbubbles may
therefore reveal the influence of the phospholipid-coatingon the bubble dynamics.

3.3 Experimental setup

Fig. 3.3 shows a schematic drawing of the experimental setup. The ultrasound
contrast agent BR-14 (Bracco S.A., Geneva, Switzerland) was injected in an Opti-
Cell cell culture chamber (NUNCTM, Thermo Fisher Scientific) filled with a saline
solution. The OptiCell chamber was mounted in a water bath and connected to
a 3D micropositioning stage. A water tank mounted on a planar-stage was de-
signed to hold an illumination fiber and the ultrasound transducer (PA168, Preci-
sion Acoustics). The driving pulse for the transducer was generated by an arbitrary
waveform generator (8026, Tabor Electronics) and amplifiedby a RF-amplifier
(350L, ENI). The sample was imaged with an upright microscope equipped with
a water-immersed 100× objective (Olympus). The dynamics of the microbubble
was captured with the ultra high-speed Brandaris 128 camera[39] at a framerate
of 15 million frames per second (Mfps). An optical tweezers setup allowed for
the positioning of a single microbubble in 3D [58]. The infrared laser beam of
the optical tweezers was coupled into the microscope using adichroic mirror. The
optical trap was formed through the imaging objective. The setup combining the
Brandaris 128 camera with optical tweezers will be described in detail in chapter 6
and 7.
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Figure 3.3: (color online) Schematic drawing of the experimental setup. The solution
containing contrast agent microbubbles is injected in an OptiCell chamber. The chamber
is located in a water tank which holds the transducer and illumination fiber. The driving
ultrasound pulse is produced by an arbitrary waveform generator (AWG), amplified, and
sent to the transducer. The bubbles are imaged and manipulated with optical tweezers
through the same 100× objective.

The bubbles were insonified with an ultrasound burst of 10 cycles whose first and
last 3 cycles were tapered with a Gaussian envelope. To scan the frequency with
a constant acoustic pressure the transducer was calibratedprior to the experiments
with a needle hydrophone (HPM02/1, Precision Acoustics). To align the acoustical
focus of the transducer and the optical focus of the objective the OptiCell was
removed, the tip of the hydrophone was positioned in the focus of the objective,
and the transducer was aligned with the planar-stage. The 3D-stage connected to
the OptiCell chamber allowed for the movement of the sample independently of
the transducer to keep the acoustical and optical focus aligned. A motorized stage
(M110-2.DGm, PI) was used to accurately control the distance between the bubble
in the trap and the OptiCell wall. In all experiments the minimum distance between
the bubble and the wall was 100µm.

The experimental protocol is based on the microbubble spectroscopy method by
Van der Meeret al.[41]. Each resonance curve is a result of 2 runs of the Brandaris
128 camera recording 6 movies of 128 frames with 12 increasing frequencies at
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Figure 3.4: A) ExperimentalR(t)-curve of a bubbleR0 = 2 µm, insonified with an acous-
tic pressurePa = 37.5 kPa and a frequencyf = 1.7 MHz. B) The relative fundamental re-
sponseε1, C) the low frequency responseε0. D) The frequency response of theR(t)-curve.
E) The frequency response of a single 2.4 µm radius bubble insonified withPa = 30 kPa
and f = 1.7 MHz is reproducible over 12 separated experiments.

constant acoustic pressure. The experiment was repeated several times for increas-
ing acoustic pressure on the very same bubble, until the fullparameter space of
acoustic pressure and frequency ranges was covered (typically 8 pressures). Each
one of the 96 (8× 12) movies therefore captured the radial dynamics at a single
acoustic pressure and frequency. The radius vs. time curve (R(t)-curve) of the
bubble was determined by tracking the contour of the bubble in each frame with a
code programmed in MatlabR©.

To ensure that the observed nonlinear phenomena were not caused by changes
in the bubble properties due to repeated insonation, we performed a set of control
experiments. In the first control experiment we sent 12 pulses at constant acoustic
pressure and frequency and confirmed the reproducibility ofthe 12R(t)-curves.
The same protocol was then repeated for a higher acoustic pressure and we found
that the relative standard deviation at the fundamental frequency was below 7% un-
less a bubble visibly reduced in size during the experiments. Fig. 3.4E shows the
reproducibility of the bubble frequency response of a 2.4µm radius bubble insoni-
fied 12 times with an acoustic pressurePa = 30 kPa and frequencyf = 1.7 MHz.
The second test consisted in repeating a resonance frequency experiment on a sin-

34



3.3 EXPERIMENTAL SETUP

gle bubble at a fixed acoustic pressure, to verify that the bubble behavior would
not change due to repetitive insonation. We observed that the frequency of maxi-
mum response was constant for a given acoustic pressure. Finally, to ensure that
by repetitive frequency scans at increasing acoustic pressures the bubble proper-
ties were not altered, we repeated one run with low acoustic pressure after a few
runs with increasing acoustic pressure and compared the response with the one
obtained in a previous run at the same pressure. These experiments confirmed that
the observed nonlinear phenomena are a result of the phospholipid-coated bubble
dynamics and not a side effect due to aging of the bubble.

Fig. 3.4A shows a typical oscillation of aR0 = 2 µm bubble insonified at a fre-
quencyf = 1.7 MHz and at an acoustic pressurePa = 37.5 kPa. The compression
phase of the oscillations is larger than the expansion phase. The compression phase
of the oscillations is larger than the expansion phase. This“compression-only” be-
havior [10] causes a low frequency component, see chapter 4.The authors showed
through a weakly nonlinear analysis that the “compression-only” behavior can be
excluded by filtering out the low frequency component. The relative excursion at
the fundamental frequencyε1 (blue) and the low frequency responseε0 (red) are
shown in Fig. 3.5B and C. We use as a measure for the maximum relative radial
amplitude at the fundamental frequencyA1:

A1 =
εmax

1 − εmin
1

2
(3.6)

whereεmax
1 is the maximum relative expansion andεmin

1 the minimum relative
expansion, see Fig. 3.4B.

In the following we nondimensionalize the frequency with the resonance fre-
quency of the uncoated bubble:

Ω =
f

f uncoated
0

(3.7)

and with the frequency of maximum response:

ΩMR =
fMR

f uncoated
0

(3.8)

The resonance curves will be obtained fromA1 as a function ofΩ.
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3.4 Results

Fig. 3.5 shows the resonance curve for three values of the acoustic pressurePa =
7.5,12.5, and 25 kPa. The bubble has a radius ofR0 = 3.2 µm and is positioned
150µm from the wall while the applied frequency is between 0.75 and 3 MHz.
The experimental data (circles) are compared to the three different models, the un-
coated bubble (blue), the coated bubble with alinear viscoelastic shell (black) and
the coated bubble including buckling and rupture of the shell (red). For compar-
ison the amplitude of oscillationA1 is normalized to the maximum simulated re-
sponse of an uncoated bubble (Anorm

1 ). For an acoustic pressurePa = 7.5 kPa (top)
the experimental data show a maximum responseΩMR = 2.5. The frequency
of maximum response decreases toΩMR = 1.7 at Pa = 12.5 kPa (middle) and to
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Figure 3.5: Skewing of the resonance curve of a coated microbubble at lowacoustic pres-
sures (Pa = 7.5, 12.5, and 25 kPa). The model for the uncoated bubble (blue) and alinear
elastic shell model (black) cannot predict skewing of the resonance curve at low acoustic
pressures. The shell model [12] including buckling and rupture (red) captures the skewness
of the experimental resonance curve (circles). The bubble radius is 3.2µm and the shell
parameters are the same for both coated bubble models:χ = 2.5 N/m, κs = 6 ·10−9 kg/s
andσ(R0) = 0.02 N/m.
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ΩMR = 1.4 atPa = 25 kPa (bottom). Besides a decrease in the frequency of maxi-
mum response the resonance curves atPa = 12.5 and 25 kPa are strongly skewed.
At low acoustic pressure (Pa = 7.5 kPa) the observed maximum amplitude of os-
cillation is small compared to the simulated amplitude of anuncoated microbubble
Anorm

1 = 0.1. The maximum amplitude of oscillation relative to an uncoated bubble
increases with increasing acoustic pressure, and atPa = 25 kPa the amplitude of
oscillation isAnorm

1 = 0.4. The experiment atPa = 7.5 kPa was repeated to ensure
that the change in behavior for increasing acoustic pressure is not an artifact due to
a change in the properties of the bubble. The comparison withthe models showed
that the shell-buckling model accounting for an elastic regime, buckling and rup-
ture of the shell (red) captures the decrease in the frequency of maximum response,
the asymmetry of the resonance curves, and the relative amplitude of oscillation
with a single set of shell parameters.

We present the experimentally obtained relative amplitudeof oscillationA1 for
the full acoustic pressure and frequency scan in an iso-contour plot in Fig. 3.6A.
A total of 120R(t)-curves have been measured near the frequency of maximum
responseΩMR in the acoustic pressure rangePa = 7.5−25 kPa at an interval of
2.5 kPa. Fig. 3.6B shows the simulations with the shell-buckling model with the
same shell parameters as in Fig. 3.5. The comparison of the frequency of maxi-
mum responseΩMR obtained from the experiments (circles) and the simulations
for the three different models is shown in Fig. 3.6C.ΩMR decreases by 50% for
an increase of the acoustic pressure fromPa = 7.5 toPa = 25 kPa. The frequency
of maximum responseΩMR simulated with the shell-buckling model (red) is in
excellent agreement with the experimental results. For comparison the frequency
of maximum response obtained with the model for an uncoated bubble and the
linear viscoelastic model are shown. In the shell-buckling model at low acoustic
pressuresPa < 2 kPa the oscillations are in the elastic regime and the frequency
of maximum response equals the resonance frequency of a coated bubble that fol-
lows from thelinear viscoelastic model. Above acoustic pressuresPa > 2 kPa the
shell starts to buckle and the frequency of maximum responsedecreases rapidly,
approaching the resonance frequency of an uncoated bubble at Pa > 20 kPa.

A vertical scan line of Fig. 3.6A and B results in the typical resonance curves
shown in Fig. 3.5. A horizontal scan line on the other hand results in the pressure-
dependent response for different applied frequencies. De facto this is the same
experiment as performed by Emmeret al. [11] with the exception that Emmeret
al. varied bubble radiusR0, not frequency. Such a horizontal scan-line is depicted
in Fig. 3.7 where the relative amplitude of oscillationA1 is shown for three ap-
plied frequenciesΩ = 2.1 (A), Ω = 1.5 (B), andΩ = 1 (C). For each frequency,
the experimentally observed amplitude of oscillations (circles) increases nonlin-
early with increasing acoustic pressure. In particular, the so-called “thresholding”
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Figure 3.6: The relative amplitude of oscillationsA1 as a function of the acoustic pressure
Pa and frequencyΩ. A) Experimentally measuredA1 as a function ofPa andΩ for a bubble
R0 = 3.2 µm. The frequency of maximum responseΩMR (white dots) B) Simulations with
the model including buckling and rupture of the shell. The white line shows the frequency
of maximum responseΩMR. The bubble has a radius of 3.2µm and the values for the shell
parameters areχ = 2.5 N/m,κs = 6 ·10−9 kg/s andσ(R0) = 0.02 N/m. C) The frequency
of maximum responseΩMR as a function ofPa.
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Figure 3.7: Relative amplitude of oscillationA1 as a function of the acoustic pressurePa.
A1 increases nonlinearly and displays the “thresholding” behavior. The prediction of the
shell-buckling model is plotted (lines) for each value of the frequency and captures the
experimental data (circles).

behavior is apparent. The threshold pressure for the onset of oscillations depends
on the frequency and is most pronounced forΩ = 1.5, where the bubble shows no
oscillations if driven belowPa = 15 kPa and abruptly starts to oscillate (A1 ∼ 0.1)
atPa = 17.5 kPa. The shell-buckling model (solid lines) reproduces the data accu-
rately and predicts the “thresholding” behavior.

The decrease of the resonance frequency with increasing pressure as shown in
Fig. 3.6C does not uniquely describe the bubble response. Weobserve a different
behavior for different bubbles, even for bubbles of the samesize. Fig. 3.8 shows the
frequency of maximum responseΩMR of two equally sized bubblesR0 = 2.4 µm.
To compare the response of different bubbles we plotΩMR as a function ofA1

instead ofPa. One bubble has a frequency of maximum responseΩMR = 2.2 at
A1 = 0.03 and shows a decrease in the frequency of maximum response of 40%
with increasingA1, reaching a value ofΩMR = 1.4 at A1 = 0.12 (triangles). The
second bubble shows a different trend,ΩMR = 1.4 and independent ofA1 (squares).
The experimental results are compared to the results of the shell-buckling model.
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Figure 3.8: Normalized frequency of maximum responseΩMR as a function of the relative
amplitude of oscillationA1 for two equally sized microbubblesR0 = 2.4 µm. One of the
bubbles shows a decrease in the frequency of maximum response ΩMR (triangles), while
the other bubble has a constant frequency of maximum response (squares). Simulations
are shown with the shell-buckling model for three initial cases: the bubble is initially in
the buckled state (blue), the ruptured state (green), and the elastic regime (red), see inset.
The shell elasticity and shell viscosity are respectively,χ = 2.5 N/m,κs = 6 ·10−9 kg/s.

Simulations performed for different values of the shell parametersχ andκs show
that these parameters do not change the observed trend inΩMR with A1. Therefore
simulations were performed to calculate the frequency of maximum response for a
bubbleR0 = 2.4 µm for the same shell elasticityχ = 2.5 N/m and shell viscosity
κs = 6 · 10−9 kg/s and only the initial surface tensionσ(R0), which depends on
the phospholipid concentration on the bubble surface, is varied to investigate its
influence, see Fig. 3.8. The simulations withσ(R0) = σw/2 (red) capture the
decrease in theΩMR (triangles), while simulations withσ(R0) = 0 N/m capture
the constantΩMR (squares).

Over 4000R(t)-curves were obtained experimentally on 45 bubbles rangingin
size betweenR0 = 1.2−3.4 µm. The resulting 168 frequencies of maximum re-
sponseΩMR are shown as a function ofA1 (dots) for all bubbles in Fig. 3.9.
For small amplitude of oscillations (A1 < 0.05) the experimental data (dots) are
scattered betweenΩMR = 1.2 andΩMR = 3. For increasing amplitude of oscilla-
tions the frequency of maximum response converges to a valueof ΩMR = 1.2. For
comparison the regimes ofΩMR are shown for the smallest bubbleR0 = 1.2 µm
(red) and largest bubbleR0 = 3.4 µm (blue) are shown. The overlapping regime
of both bubbles is highlighted in green. The minimumΩMR is obtained with
σ(R0) = 0 N/m and the maximumΩMR with σ(R0) = σw/2. Similar to the ex-
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Figure 3.9: Experimental obtainedΩMR as a function of the relative amplitude of os-
cillation A1 (dots) for all bubblesR0 = 1.2−3.4 µm. The simulated regimes of the fre-
quency of maximum responseΩMR for a small bubbleR0 = 1.2 µm (red) and a large
bubbleR0 = 3.4 µm (blue) are plotted. The overlapping regime of both bubblesis colored
green. The lines showΩMR for σ(R0) = 0 N/m (bottom) andσ(R0) = σw/2 (top). The
shell elasticity and shell viscosity are kept constant,χ = 2.5 N/m,κs = 6 ·10−9 kg/s.

perimental resultsΩMR is strongly scattered at lowA1, while atA1 > 0.15 the fre-
quency of maximum response is practically indistinguishable from the resonance
frequency of an uncoated bubble.

3.5 Discussion

3.5.1 Initial surface tension

In the previous section we found a large variability in the frequency of maximum
responseΩMR as a function of the relative amplitude of oscillationA1 even for
equally sized bubbles. Simulations showed that the variability in the trend inΩMR

can be explained by a difference in the initial surfactant concentration, expressed
in the effective surface tension at restσ(R0). To investigate the influence ofσ(R0)
on the “compression-only” behavior, skewing of the resonance curves, and the
“thresholding” behavior, we perform simulations with the shell-buckling model.
The simulations were performed for a bubble with a radiusR0 = 2 µm, with a
shell elasticityχ = 2.5 N/m, and a shell viscosityκs = 6·10−9 kg/s.

“Compression-only” behavior was first observed in experiments by De Jonget
al. [10]. Marmottantet al. [12] showed that the initial state of the bubble, i.e.
the initial surface tensionσ(R0), is essential to determine whether “compression-
only” behavior appears. They showed that the most pronounced “compression-
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Figure 3.10: Influence of the initial surface tension on the radial dynamics, σ(R0) =
0 N/m (bottom),σ(R0) =σw/2 (middle), andσ(R0) =σw (top). The acoustic pressure and
frequency are 40 kPa andΩ = 1.3, respectively. A)R(t)-curve, B) fundamental response
εfund, and C) low frequency responseε0.

only” behavior is observed for a bubble with a radiusR0 close to its buckling
radiusRb which is equivalent toσ(R0) = 0 N/m. The authors pointed out that the

compression modulus−V
dP

dV
of the coated bubble is much higher in the elastic

state than in the buckled or ruptured state. In our simulations, the shell elastic-
ity χ = 2.5 N/m and indeed the compression modulus of the bubble is 10 times
higher in the elastic regime. Fig. 3.10 shows the simulated bubble dynamics for
a “ruptured” bubbleσ(R0) = σw (top), an “elastic” bubbleσ(R0) = σw/2 (mid-
dle), and a “buckled” bubbleσ(R0) = 0 N/m (bottom), see also inset Fig. 3.8. The
R(t)-curves (A) are divided in the fundamental responseεfund (B) and the low fre-
quency responseε0 (C), the latter being a measure for the “compression-only”
behavior of the bubble 4. The “buckled” bubble shows more compression than ex-
pansion as expected. The expansion of the “ruptured” bubbleis more pronounced
as compared to its compression, hence we term this behavior “expansion-only”
behavior in analogy of the “compression-only” behavior forthe “buckled” bubble.
The explanation is similar to that of “compression-only” behavior. The compres-
sion modulus in the ruptured regime is much lower than in the elastic regime and
for a “ruptured” bubble it is easier to expand than to compress. In the case of an
“elastic” bubble the bubble starts to oscillate in the midpoint of the elastic regime
and the oscillations are symmetrical.

In our experiments, we predominantly observe “compression-only” behavior.
Only occasionally (≤ 3%) the expansion was observed to be larger than the com-
pression. From the above simulations we conclude that most bubbles have an ini-
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tial surface tensionσ(R0) = 0 N/m and thereforeR0 close to the buckling radius.
This can be explained as the capillary pressure forces the bubbles to a new equi-
librium, and tensionless state, as previously pointed out by Marmottantet al. [12].

Fig. 3.5, 3.6, and 3.7 reveal that a bubble with a skewed resonance curve shows a
decrease of the frequency of maximum response with increasing acoustic pressure.
In addition it displays “thresholding” behavior [11]. The initial surface tension of
this particular bubble was found to beσ(R0) = 0.02 N/m. Here we will focus on
the influence ofσ(R0) on the shape of the resonance curves and the “thresholding”
behavior for the two cases most relevant to our experiments,a “buckled” bubble
and an “elastic” bubble. Fig. 3.11A shows the resonance curves for three values of
the acoustic pressurePa = 1, 20, and 40 kPa (top-bottom). The shape of the reso-
nance curve of the “buckling” bubble (blue) is hardly changed for all three pres-
sures. The frequency of maximum response is almost independent of the acous-
tic pressure and lies just above the resonance frequency of an uncoated bubble,
ΩMR = 1.3. ForPa = 1 kPa (top) the “elastic” bubble (red) oscillates only in the
elastic regime and behaves like a bubble modeled with alinear viscoelastic shell
as can be inferred from its frequency of maximum responseΩMR = Ωres= 3.3. On
the other hand, the frequency of maximum responseΩMR of the “elastic” bubble
decreases with increasing pressurePa = 20 kPa (middle). Since the radius of the
“elastic” bubble now exceeds the elastic regime betweenRb andRr , the bubble is
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now also oscillating in the buckled and ruptured regime. Thefrequency of maxi-
mum response of the “elastic” bubble decreases even more forPa = 40 kPa (bot-
tom), approaching the resonance frequency of an uncoated bubble. The resonance
curves of the “elastic” bubble are strongly skewed atPa = 20 kPa and 40 kPa and
practically no oscillations are observed for frequencies below its maximum re-
sponse frequency.

Fig. 3.11B shows the influence ofσ(R0) on the “thresholding” behavior. The
amplitude of oscillations for the “buckled” bubble (blue) increases almost linearly
with the acoustic pressure at all three frequencies (top-bottom). On the contrary,
the “elastic” bubble (red) shows strong nonlinear behavior. For a driving frequency
below the resonance frequency of the coated bubble (Ωres= 3.3), the amplitude
of oscillations increases slowly with increasing acousticpressure, until the slope
suddenly changes and we observe “thresholding” behavior atPa = 40 kPa (top)
or Pa = 22 kPa (middle). The “elastic” bubble is initially oscillating in the elastic
regime andA1 increases very slowly withPa. At a certain amplitude of oscillation
the bubble starts to buckle andA1 rapidly increases withPa, leading to an apparent
“thresholding” behavior. For comparison the linear increase in the responseA1 of
a bubble with alinear viscoelastic shell is shown (black, middle).

3.5.2 Ambient pressure

The variability in the experimentally observed dynamics, such as skewing of the
resonance curve, “thresholding” behavior, and “compression-only” behavior, can
be explained by a change in the initial surface tensionσ(R0), which depends on
the concentration of phospholipids at the bubble interface. Provided that the total
amount of phospholipids at the interface is constant, a change in the radius of the
bubble would changeσ(R0). The extent of the elastic regime can be calculated
from Eq. 3.3 withR= Rr , R0 = Rb, χ = 2.5 N/m, andσ(Rr)−σ(Rb) = σw. The
total size of the elastic regime is 0.01R0 and a bubble withR0 = Rb is only 1%
smaller than a bubble starting to oscillate in the ruptured regime. As the volume
scales withR3 we can deduce from the ideal gas law that a change in the ambient
pressure of 3% is sufficient to obtain a decrease of 1% inR0. Therefore, we antic-
ipate that a slight change of the ambient pressure will causea change in the initial
surface tension leading to a change in the observed bubble dynamics phenomena.
The change in “compression-only” and subharmonic behaviorcaused by a change
in the ambient pressure has been shown very recently by Frinking et al. [59].

3.5.3 Shell elasticity

Values of the shell elasticity of phospholipid-coated microbubbles were previously
obtained by fitting the data to models accounting for alinear viscoelastic shell. By
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recalculating these values to the elasticity as defined in this paper the parameters
correspond to aχ = 0.5−1 N/m [37, 40, 41]. In these papers the amplitude of
oscillationA1 was in the order of 0.1 and the oscillations were expected to be in
the elastic regime of the bubble. In the present chapter, we show that at oscillation
amplitudes ofA1 > 0.01 the bubble is not oscillating purely in the elastic regime.
The obtained shell elasticities fitted to alinear viscoelastic model can therefore
be seen as effective shell elasticities. By definition the effective shell elasticities
are lower than the shell elasticity obtained for the model including buckling and
rupture of the shell and they decrease with increasing applied acoustic pressure.

3.5.4 Shell viscosity

In this chapter we showed that the relative amplitude of oscillation A1 is well pre-
dicted with a constant shell viscosityκs= 6·10−9 kg/s. With thelinear viscoelastic
model of De Jonget al. [34] Gorceet al. [37] found a shell friction parameter of
Sf = 0.45·10−6 kg/s, which is corresponds to a shell viscosityκs = 9·10−9 kg/s.
Chettyet al. [40] used the model described by Hoffet al. [40]. The authors used
a shell viscosityµs = 1 Pas and a shell thicknessds = 2.5 nm takingR= R0 the
shell viscosity is recalculatedκs= 8·10−9 kg/s . On the other hand, Van der Meer
et al. [41] obtained the damping from the width of the obtained resonance curves
and found a shell viscosity in the same order. In addition theauthors found that the
shell viscosity decreases with increasing dilation rate. In some cases the resonance
curves obtained by Van der Meeret al. were observed to be asymmetrical and the
simple analogy with a harmonic oscillator is not valid anymore.

On the other hand, theR(t)-curves show detailed information of the bubble re-
sponse at a single applied frequency and pressure. Fig. 3.12B shows the experi-
mentalR(t)-curve (blue) and the simulation (red) of a 3.2 µm radius bubble insoni-
fied with Pa = 25 kPa andf = 1.5 MHz (Fig. 3.12A). The maximum amplitude
of oscillation is indeed well predicted by the simulations with κs = 6 ·10−9 kg/s.
However, the simulations show oscillations after insonation, while in the experi-
ments the bubble stops oscillating immediately after insonation. Using a higherκs

for the simulations the bubble stops oscillating immediately after the ultrasound
is turned of, but these simulations predict a too low amplitude of oscillationA1.
Possible explanations can be the thinning behavior as foundby Van der Meeret
al.. However, we have obtained strongly skewed resonance curves which cannot
be described by the response of a simple harmonic oscillator. Another possibility
is that the shell viscosity depends on the initial state of the bubble, i.e. is the bubble
oscillating in the elastic, in the buckled, or in the ruptured state. But in the end, the
damping of the shell is of less importance on the dynamics of the bubble than the
nonlinear behavior as a result of buckling and rupture of theshell.
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3.6 Conclusions and outlook

We have studied experimentally the resonance curves of individual ultrasound con-
trast agent microbubbles as a function of the acoustic pressure. The experiments
were performed by positioning the microbubbles with the aidof optical tweezers
so that they can be regarded as if in an unbounded fluid. In thisway we were able
to exclude wall effects, and isolate the influence of the phospholipid monolayer
only. Coated microbubbles show strong nonlinear dynamics at low acoustic pres-
sures, such as “compression-only” behavior and skewing of the resonance curve,
which could not be predicted by models accounting for alinear viscoelastic shell.
The model by Marmottantet al.[12] accounting for an elastic regime and including
buckling and rupture of the shell accurately predicts the observed nonlinear behav-
ior of the phospholipid-coated microbubbles. We found thatthe dynamics of the
BR-14 microbubbles can be explained with a single shell elasticity χ = 2.5 N/m
independent of the bubble radius. The maximum amplitude response of the bub-
bles is well predicted with a shell viscosityκs = 6·10−9 kg/s.

In general, in the experiments the bubbles show more compression than expan-
sion limiting the initial surface tensionσ(R0) in the regime 0≤ σ(R0)≤ σw/2.
Roughly, the observed phenomena can be divided into two regimes depending on
the initial surface tension. A bubble initially in the buckled stateσ(R0) = 0 N/m or
R0 = Rb shows strong compression-only behavior. The frequency of maximum re-
sponse is nearΩ = 1.3 and almost independent of the acoustic pressure. A bubble
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initially in the elastic regime 0≤ σ(R0)≤ σw/2 shows a rapid decrease of the fre-
quency of maximum response with increasing acoustic pressure and a pronounced
skewing of the resonance curves which we show is the origin ofthe so-called
“thresholding” behavior.

The fundamental understanding of the nonlinear dynamics ofphospholipid-coated
bubbles at low acoustic pressures is important to optimize the frequencies and pres-
sures used in the ultrasound imaging techniques. The model including buckling
and rupture of the shell allows for the development of new imaging techniques us-
ing the observed phenomena of phospholipid-coated bubbles. For instance, “elas-
tic” bubbles show “thresholding” behavior and are interesting for power modula-
tion [6] due to the nonlinear increase in the amplitude of oscillation with applied
pressure. On the other hand, engineering of bubbles for specific techniques is a
promising application. Strideet al.[60] added nanoparticles to the shell restricting
the bubbles to compress and behave nonlinearly. Further research on the influ-
ence of a phospholipid-coating on “compression-only” behavior and subharmonic
behavior of UCA microbubbles is conducted and described in detail in chapter 4
and 5. Another exciting prospect is the development of ultrahigh-speed fluores-
cence imaging to visualize the time-resolved distributionof phospholipids at the
interface during buckling and rupture of the shell.
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4
“Compression-only” behavior

of phospholipid-coated

microbubbles1,2

Oscillating phospholipid-coated ultrasound contrast agent microbubbles display
a so-called “compression-only” behavior, where it is observed that the bubbles
compress efficiently while their expansion is suppressed. Here a theoretical un-
derstanding of the source of this nonlinear behavior is provided through a weakly
nonlinear analysis of the shell buckling model proposed by Marmottant et al.. It
is shown that the radial dynamics of the bubble can be considered as a superposi-
tion of a linear response at the fundamental driving frequency and a second order
nonlinear low-frequency response that describes the negative offset of the mean
bubble radius. The analytical solution deduced from the weakly nonlinear anal-
ysis shows that the “compression-only” behavior results from a rapid change of
the shell elasticity with bubble radius. In addition, the radial dynamics of single
phospholipid-coated microbubbles was recorded as a function of both the ampli-
tude and the frequency of the driving pressure pulse. The comparison between
the experimental data and the theory shows that the magnitude of “compression-
only” behavior is mainly determined by the initial phospholipids concentration on
the bubble surface, which slightly varies from bubble to bubble.

1Submitted as: Jeroen Sijl, Marlies Overvelde, Benjamin Dollet, Valeria Garbin, Nico de Jong,
Detlef Lohse and Michel Versluis, “Compression-only” behavior: A second order nonlinear response
of ultrasound contrast agent microbubbles, J. Acoust. Soc.Am.

2The experimental work in this chapter is part of the present thesis. The analytical and numerical
work was performed by Jeroen Sijl.
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4.1 Introduction

The contrast in medical ultrasound imaging is enhanced through the use of micron-
sized bubbles which owing to their compressibility increase the scattering cross
section of the blood pool. The typical bubble radius of ultrasound contrast agent
(UCA) microbubbles is 2 to 3µm. The gas core consists of air or an inert gas and
the bubbles are coated with a thin protein, lipid or polymer layer. The microbub-
bles are resonant scatterers at medical ultrasound frequencies of 1 to 5 MHz. More-
over, unlike tissue, the contrast agents scatter at harmonic frequencies of the driv-
ing ultrasound frequencyf , mainly at the second harmonic frequency 2f , which
opens up improved imaging modalities in ultrasound, termedharmonic imaging
[61]. Power modulation imaging [62] and pulse inversion imaging [5], includ-
ing many of its derivatives are now standard pulse-echo techniques found on ul-
trasound scanner equipment. These imaging modalities all exploit the nonlinear
behavior of the ultrasound contrast agents. A thorough and fundamental under-
standing of the interaction of the ultrasound with the bubbles, the induced bubble
dynamics and its resulting nonlinear acoustic response is therefore of prime im-
portance for the development of improved contrast-enhanced ultrasound imaging.

The nonlinear dynamics of bubbles is described by the Rayleigh-Plesset (RP)
equation. For coated bubbles the RP equation is extended with a set of shell pa-
rameters to model the rheological behavior of the viscoelastic coating. De Jong
et al. [63] introduced a shell stiffness parameter and a shell friction parameter
for Albunex, a human serum albumin-coated microcapsule. Church [33] refined
the physical modeling for Albunex, while Hoffet al. [35] introduced a thin shell
limit to model the phospholipid monolayer of Sonazoid, a second generation con-
trast agent. The volumetric oscillations predicted by the Rayleigh-Plesset equation
were then used to predict attenuation and acoustic backscatter of the agent. Ex-
periments on a representative sample of the UCA, containingmany microbubbles,
confirm the general trends and the influence of the bubble coating as predicted by
the models. The resonance frequency is observed to shift to higher frequencies due
to the shell stiffness and the extra damping introduced by the shell decreases the
overall acoustic response [37, 41, 63].

At a detailed level and particularly on a single bubble levelthe agreement be-
tween theory and experiment is less convincing. Recent optical characterization
studies using high-speed imaging revealed some interesting features of single bub-
ble dynamics that could not be described by the traditional coated bubble models.
One of them is “compression-only” behavior reported by De Jong et al. [10],
where the bubble oscillations are non-symmetric with respect to the resting radius;
the bubbles compress more than they expand.
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Figure 4.1: An example of “compression-only” behavior of a phospholipid-coated micro-
bubble, recorded with the Brandaris ultrahigh-speed camera. A) optical images, showing
buckling of the phospholipid shell B) the driving pressure pulse C) corresponding radius
time curve.

A typical example of “compression-only” behavior is shown in Fig. 4.1. A selec-
tion of a high-speed recording displays the dynamics of a 3µm radius phospholipid-
coated BR-14 (Bracco Research S.A., Geneva, Switzerland) contrast agent bub-
ble exited with a driving pulse with an amplitude of 40 kPa anda frequency of
1.5 MHz. Each row in Fig. 4.1A corresponds to one acoustic cycle. The frames to
the left and to the right show the bubble during expansion, while the center frames
show the bubble during compression at maximum pressure. Theradius time curve
of the bubble displays “compression-only” behavior, the bubble compresses twice
as much relative to its expansion, see Fig. 4.1C. Another feature that can be iden-
tified in the recording is that the coating of the bubble appears to buckle during
compression. Buckling also known as the 3-D collapse of a phospholipid mono-
layer occurs when a phospholipid monolayer is compressed beyond its saturated
phospholipid concentration. At this point which is marked by zero surface tension
the monolayer starts to fold. The buckling is shown to be reversible and repeat-
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able. It should be noted that in typical recordings the buckling is not always as
pronounced as shown in Fig. 4.1A. The “compression-only” behavior occurs quite
frequently, 50% in a typical sample, see De Jonget al. [10].

Buckling is well-known for macroscopic phospholipid monolayers which has
inspired Marmottantet al. [12] to develop a coated bubble dynamics model based
on the quasi-static behavior of a phospholipid monolayer [64–68]. The model re-
lates the lipids concentration at the gas-liquid interfaceto an effective surface ten-
sion. The total number of phospholipids on the interface is fixed and consequently
the effective surface tension changes with bubble radius when the bubble pulsates.
Marmottantet al. [12] show that this description of the phospholipid shell ofa
microbubble is able to capture correctly the “compression-only” behavior shown
by these bubbles.

Experimental data presented in the paper by Marmottantet al. show very good
agreement with the model calculations for each individual bubble where the shell
parameters are free to vary for each case. So far we have not come to a general-
ized description of “compression-only” behavior with a unique and dedicated set
of shell parameters; the overall trends are difficult to model. This has become ev-
ident in the work of De Jonget al. [10] where no clear dependency was found
on either the initial bubble radius, the driving pulse frequency or pressure ampli-
tude. The goal of this paper is therefore to come to a more universal description
of the “compression-only” behavior. Following previous successful work on un-
coated bubbles we linearize the generalized model of the Rayleigh-Plesset equa-
tion for coated bubbles up to second order to come to an analytical solution. The
analytical solution is shown to give direct and detailed insight on how the shell
parameters govern the “compression-only” behavior. We have also studied exper-
imentally the radial dynamics and related “compression-only” behavior of single
BR-14 microbubbles using the Brandaris 128 ultra-high speed camera [39]. Both
the frequency and the amplitude of the driving pulse were varied to enable a full
characterization of this phenomenon.

In the following section, Sec. 4.2, details of the model and the linearization will
be discussed. In Sec. 4.3 we will discuss and show the implications of the results
from the analytical solution on the full model of Marmottantet al. and the effect of
the shell parameters. In Sec. 4.4 the experimental setup is described and in Sec. 4.5
the experimental results are discussed and related to the full numerical model. In
Sec. 4.6 we end with a discussion. The conclusions are presented in Sec. 4.7.

4.2 Weakly nonlinear analysis

To describe the radial dynamics of a phospholipid-coated microbubble, different
models have been proposed [12, 33, 35, 36, 63]. In general, the phospholipid shell
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is assumed to increase the damping of the system and is taken into account through
a shell viscosityκs. In earlier models the increase of the maximum response fre-
quency of coated microbubbles was accounted for by incorporating a shell stiffness
that is described by the compression modulus or shell elasticity χ [35, 41, 63].

For a phospholipid-coated microbubble the shell elasticity can be expressed as
the gradient that describes the change of the effective surface tension as a function
of the bubble surface areaA according toχ = A(dσ/dA) [12]. For a bubble
oscillating with a small amplitude the effective surface tension may be expressed
as a linear function of the bubble radiusR throughσ(R) ≃ 2χ(R/R0 − 1). For
larger amplitudes of oscillation the relation between the effective surface tension
σ(R) and bubble radiusRdeviates from this linear relation. Some authors assume
a linear relationship betweenσ and R, with constantχ also for larger amplitudes of
oscillation, while others explore more complex behavior ofthe viscoelastic shell.
For now we assume that the relationσ(R) is unknown. The generalized form of
the bubble dynamics equation for a phospholipid-coated microbubble then reads:

ρ
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)

=
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c

)

− 2σ(R)
R

−4µ
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Ṙ
R2 −P0−PA(t)

(4.1)

In this equationR, Ṙ andR̈ are the radius, velocity and acceleration of the bubble
wall, respectively. The initial bubble radius is given byR0 and the ambient pres-
sure byP0. The properties of the surrounding water are described by the viscosity
µ = 10−3 Pa s, the densityρ = 103 kg/m3 and the speed of soundc = 1500 m/s.
The driving pressure pulse is described byPa(t). The relation between the internal
gas pressurePg, the gas temperature and bubble volume is described by the poly-
tropic ideal gas law,Pg ∝ R−3κ whereκ is the polytropic exponent. For isothermal
oscillationsκ = 1 and for adiabatic oscillationsκ is equal to the ratio of the
specific heats of the gas inside the bubble,Cp/Cv. The thermal diffusion length
scale inside the gas during one oscillation cycle can be shown to be smaller than
the bubble radius [12, 41]. Therefore we approximate the oscillations as adiabatic.
For the experimental agent BR-14 the gas core consists of perfluorocarbon-gas
with κ = Cp/Cv = 1.07 [12, 41]. Following Eller [27] we can show that thermal
damping is small but not zero in this problem. We account for thermal damping
through a slight increase of the liquid viscosityµ = 2·10−3 Pa s.

To understand why a phospholipid-coated microbubble shows“compression-
only” behavior it is insightful to approximate Eq. 4.1 with asecond order lin-
earization. The linearized equations can be solved analytically as shown before for
similar equations [33, 69]. As a most general assumption we approximateσ(R)
aroundσ(R0) for small amplitude oscillations aroundR0 through a second-order
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Taylor expansion:

σ(R) = σ(R0)+2χe f f

(
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where we have defined,
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To come to an analytical solution of Eq. 4.1 we substitute Eq.4.2 into Eq. 4.1 and
we use a perturbation technique where we substitute,

R(t) = R0(1+x) (4.5)

into Eq. 4.1. Here,x represent the bubble’s relative radial excursion, wherex<< 1.
After substitution we keep only the first and second order terms. This results in the
following equation.

ẍ+ω0δ ẋ+ω2
0x= PA(t)+4b2ẋx+αx2− 3

2
ẋ2− ẍx (4.6)

whereω0 is the linear eigenfrequency of the system. We can show that the results
of the weakly nonlinear analysis presented in the followingare independent of
the choice of the initial surface tensionσ(R0). To simplify the calculations we
therefore chooseσ(R0) to be zero. The eigenfrequency is then given by:

ω2
0 =

3P0κ
R2

0ρ
+

4χe f f

R3
0ρ

(4.7)

From Eq. 4.7 it is clear that the shell elasticity increases the eigenfrequency of the
coated bubble compared to that of an uncoated bubble. The linear dimensionless
damping coefficient of the system consists of three parts,

δ =
3P0κ

ω0cR0ρ
+

4µ
ω0R2

0ρ
+

4κs

ω0R3
0ρ

(4.8)

where the first term represents acoustic radiation damping,the second represents
viscous damping and the third represents shell viscous damping. The shell viscous
damping is the largest and accounts for nearly 80% of the total damping of the
system. The second order terms (resonance and damping) are given by:

α =
9P0κ(κ +1)

2R2
0ρ

− (ζe f f −8χe f f)

R3
0ρ

(4.9)
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b2 =
P03κ(3κ +1)

R0ρ4c
+

2µ
R2

0ρ
+

3κs

R3
0ρ

(4.10)

The solution of Eq. 4.6 depends on the driving pressure whichwe take,PA(t) =
PAsin(ωt). Next, following Church [33] we assume Eq. 4.6 has a solutionof the
form,

x(t) = A0+A1sin(ωt +φ1)+A2cos(2ωt +φ2) (4.11)

The amplitudeA1 is of first order and bothA0 and A2 are of second order. In
this solutionA0 describes the time-averaged offset of the radius time curve. A2

represents the amplitude of the second harmonic response attwo times the driving
pressure frequency.

Eq. 4.11 is inserted into Eq. 4.6 and if only the first order terms are considered
the well-known differential equation of a harmonic oscillator is obtained:

ẍ+ω0δ ẋ+ω2
0(x) = PA(t) (4.12)

The solution of Eq. 4.12 gives the amplitudeA1 which describes the linear reso-
nance curve of the microbubble,

A1 =

(

Pa

ρω2
0R2

0

)

(

1
√

(1−Ω2)2+Ω2δ 2

)

(4.13)

where the phase of the linear solution is described by,

φ1 = arctan

[

δΩ
Ω2−1

]

(4.14)

whereΩ representing the non-dimensional driving frequency,

Ω =
ω
ω0

(4.15)

The second order terms from Eq. 4.6 and Eq. 4.11 give the amplitude and phase of
the second harmonic response,

A2 =
A2

1α
2ω2

0

√

√

√

√

[

[

1+
5ω2

2α

]2

+
16b2

2ω2

α2

][

1
√

(1−4Ω2)2+4Ω2δ 2

]

(4.16)

and its phase,

φ2 = arctan

[

Brsin(2φ1)−Bicos(2φ1)

Brcos(2φ1)+Bisin(2φ1)

]

(4.17)

with:

Br =
4b2ω

α
(1−4Ω2)−2δΩ

[

1+
5
2

ω√
α

]

(4.18)
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Bi = (1−4Ω2)

[

1+
5
2

Ω2
2

]

+2δΩ
4b2ω

α
(4.19)

While the second harmonic response is important for medicalimaging purposes,
here our main interest goes to the “compression-only” behavior of the bubble
which is characterized by the time-averaged offset of the bubble radiusA0. In-
serting Eq. 4.11 into Eq. 4.6 gives us:

A0 =
A2

1

2ω2
0

(

α − 1
2

ω2
)

(4.20)

with α described by Eq. 4.9. For a coated and an uncoated bubble the expressions
for A0 are the same. Differences between the average offset of a coated and an
uncoated bubble result from differences in the resonance frequencyω0 andα . The
derivation of Eq. 4.20 is based on acontinuousdriving pressure wave andA0 is
therefore a zero order frequency component. For a driving pressure with a finite
length the offsetA0 has a frequency of the order of the reciprocal length of the
driving pressure waveform.

Equation 4.20 shows a linear relationship betweenA0 and A2
1. This has two

important consequences. First, sinceA1 increases linearly with the amplitude of
the driving pressure pulsePa, A0 increases quadratically withPa. Furthermore,
sinceA1 is maximum at the resonance frequency,A0 will also be maximum at the
resonance frequency of the bubble. This is shown in Fig. 4.2,whereA1 andA0

are plotted as a function of the driving frequency both for anuncoated bubble and
for a coated bubble with an initial bubble radius ofR0=3.8 µm. For both bubbles
A1 andA0 are normalized with respect to their maximum fundamental response
max(A1). For this reason the decrease of the maximum amplitude of oscillation
of the coated bubble as a result of shell damping with respectto the uncoated
bubble is not visible. The increase of the resonance frequency and broadening of
the resonance curve that results from the viscoelastic shell of the bubble can be
clearly identified. The most striking difference between the time-averaged offset
A0 of the uncoated and the coated bubble is the sign ofA0. For the uncoated
bubbleA0 is positive while for the coated bubble it has a negative amplitude. This
remarkable difference results from the difference inα , see Eq. 4.9. For an uncoated
bubble the effective surface tension does not vary with bubble radiusR. Therefore
both χe f f and ζe f f are zero and Eq. 4.9 reduces to the first term only, which is
always positive. For a coated bubble on the other hand, the value ofα can become
negative for a sufficiently largeζe f f, in which caseA0 becomes negative, leading
to a decrease of the initial bubble radius during the forcing. This is in agreement
with what was found by Marmottantet al. [12] who showed that a bubble with an
initial bubble radius close to the transition from the elastic to the buckled regime
(R0 = Rbuckling) shows most “compression-only” behavior. This sudden buckling
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Figure 4.2: The top figure shows the resonance curve (fundamental response (A1) as a
function of driving frequency) of aR0=3.8 µm radius uncoated gas bubble (blue) and a
coated microbubble (red) as determined from the linearizedRayleigh-Plesset equations.
Both are normalized to their maximum amplitude. The bottom figure shows the corre-
sponding zero order frequency component (A0) as a function of frequency, also normalized
to the corresponding maximum fundamental response (A1). Both for the uncoated bubble
and the coated microbubble the zero order frequency component is maximal at the reso-
nance frequency. The free gas bubble shows a positive offsetwhereas the coated micro-
bubble shows a negative offset. The parameters used in the simulation were,PA = 40 kPa,
χe f f=0.55 N/m,κs = 3 ·10−8 kg/s andζe f f = 42.2 N/m.

transition is characteristic for a collapsing phospholipid monolayer [68] and marks
a large positive second derivative of the effective surfacetension with respect to
radiusζe f f.

A few comments on the elasticityχe f f and its first order correctionζe f f are in
order. In the most general form bothχ andζ are a function of the radius R. In
the model by De Jonget al. [63] the bubble shell is assumed to have a constant
elasticity, χ = constant. Consequently the first order correction and derivative
of χ , 2R0(∂ χ/∂R) = ζ is zero. Using a constant elasticity to model a more
complex elastic behavior, results in an effective elasticity χe f f which is different
from an elasticityχ(R) that varies with radius,R. As the linear eigenfrequency
ω0 originates from a first order linearization, the elasticityin Eq. 4.7 is assumed
to be constant,χe f f. This analysis holds similarly for the description ofζ (R)
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where we have introduced a constant effective first order correction ζe f f for the
linearized equations. In the analytical solutions presented in Fig. 4.2χe f f was
taken to be 0.55 N/m, following Van der Meeret al. [41] who deduced the elas-
ticity of phospholipid-coated bubbles from an analysis of linear resonance curves;
the use ofχe f f is therefore adequate.ζe f f was taken to be 42.2 N/m. For this
value ofζe f f we observe in Eq. 4.9 and Eq. 4.20 that the zero order offset ofthe
radius of the bubble at resonance is larger even than the linear/harmonic oscillation
amplitude. This indeed results in the very asymmetric radius-time curves similar
to the curves found experimentally by Marmottantet al. [12] and by De Jonget
al. [10].

Let us reconsider the radius-time curve of Fig. 4.1C. If we now view the radius-
time curve, not as a set of bubble expansions and compressions from a reference
resting radiusR0, but instead we recover the radius-time curve from a superposi-
tion of R0, a negative zero-order offsetA0, and a linear oscillationA1, we obtain
the picture plotted in Fig. 4.3. As the frequency ofA0 is an order lower than that of
A1, a segmentation in the frequency domain can be performed after subtraction of
the resting radiusR0. This results in the temporal evolution ofA0 andA1, Fig. 4.3
to the right. Note that strictly speakingA1 analyzed in this way may contain higher
order harmonics of the form given in Eq. 4.16, which we will neglect here. Details
of the Fourier segmentation will be given in the experimental section.

Equation 4.20 has shown that the zero-order offsetA0 is negative for suffi-
ciently largeζe f f and that the maximum “compression-only” behavior is recov-
ered for a maximumA1. It can also be shown that the driving frequency has very
little effect on the relation betweenA0 andA1 when “compression-only” behav-
ior is observed. In this caseζe f f is large as to makeα sufficiently large and the
contribution ofω is negligible. Something that is less obvious from the equation
is that the “compression-only” behavior is most pronouncedfor the smallest bub-
bles. This finding will be confirmed by full numerical simulations in the following
section and is in agreement with the recent observations of “compression-only”
behavior of phospholipid-coated Sonovue and BR-14 by De Jong et al. [10].

4.3 Numerical Model

From the analytical solutions forA0 presented in the previous section it was ob-
served that “compression-only” behavior of phospholipid-coated microbubbles is
predominately determined by the initial increase of the shell elasticity with bubble
oscillation amplitudeζe f f = 2R0∂ χe f f/∂R. Earlier models such as proposed by
De Jonget al. [63] assume a constant shell elasticity and are therefore unable to ex-
plain such behavior. Equation.4.2 is valid for small bubbleoscillation amplitudes
only. For larger bubble oscillation amplitudes the effective surface tension as pre-
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Figure 4.3: The radius time curve presented in Fig. 4.1C can be decomposed into two
components. The fundamental responseA1 and a low frequency componentA0 expressing
the “compression-only” behavior of the bubble. The frequency of A0 is of the order of the
reciprocal of the length of the driving pressure pulse.

dicted by Eq. 4.2 grows indefinitely withRand could become negative. Therefore
in this chapter we will use the model proposed by Marmottantet al. [12] where
the shell elasticity is assumed to change with bubble oscillation amplitude and the
effective surface tension is bound betweenσ = 0 N/m andσ = 0.072 N/m.

As a first approximation Marmottantet al. assumed three regimes forσ(R), one
elastic regime, for small bubble oscillations, where the effective surface tension
is described in the spirit of the model of De Jonget al. [63] and two regimes
where the shell elasticity is assumed to be zeroχ = 0 N/m. The shell elasticity
χ in the elastic regime is assumed to be fixed and the functionσ(R) as a whole
is assumed to be same for all bubbles independent of the initial bubble radius.
Therefore this model introduces only one additional parameter as compared to the
model proposed by De Jonget al. [63]: the initial surface tension of the bubble
σ(R0), which directly relates to the phospholipid concentrationon the interface of
the bubble.

In the model described by Marmottantet al. σ(R) is defined as a piecewise affine
function, implying thatζ (R) is zero except at the two transition pointsσ(R) = 0
andσ(R) = σwater, where this quantity is not defined. As already pointed out by
Marmottantet al. [12], this is a practical idealization of the shell responsewhich
is smoother in reality. Furthermore, the weakly nonlinear analysis presented in
the previous section has shown thatζe f f and thusζ (R) is of prime importance

59



4. “COMPRESSION-ONLY” BEHAVIOR

to explain “compression-only” behavior. In order to haveζ (R) defined for allR
we propose to introduce two quadratic crossover functions,Y1(R) andY2(R) in the
two transition regions as depicted in Fig. 4.4. In order for both the effective surface
tension and the shell elasticity to remain continuous at thetwo transition points the
two quadratic functions at the two different transitions should each satisfy a set of
boundary conditions. For the transition from the so called ’buckling’ regime to the
’elastic’ regime the functionY1(R) should be chosen such thatσ(R) satisfies,

σ(RBuck) = 0 N/m

∂σ(RBuck)/∂R = 0 N/m2

∂σ(RElas)/∂R = 2χmax/R0 N/m2

(4.21)

whereRBuck marks the transition to the buckling regime andRElas to the elas-
tic regime. In a separate experiment shown in chapter 3 resonance curves of
phospholipid-coated BR-14 microbubbles were measured at extremely low driv-
ing pressures. This allowed measurements of the resonance curves of bubble in a
purely elastic state as the oscillations were confined to the’elastic’ regime. In this
way themaximumshell elasticity in the elastic regime could be determined and
was foundχmax = 2.5 N/m. For radii betweenRBuck andRElas the shell elasticity
is determined byY1 as shown in Fig. 4.4. To limit the number of free parameters of
the model we have assumed the transition from the ’buckling’regime to the ’elas-
tic’ regime and from the ’elastic’ regime to the ’ruptured’ regime are the same. The
boundary condition that should be satisfied for this last transition are therefore,

σ(RFree) = 0.072N/m

∂σ(RElas2)/∂R = 2χmax/R0 N/m2

∂σ(RFree)/∂R = 0 N/m2

(4.22)

The end of the elastic regime is now marked byRElas2and the start of the ’ruptured’
regime is marked byRfree. From the boundary conditions we find the following
quadratic functions.

Y1 =
1
2

ζ
(

R
RBuck

−1

)2

i f RBuck< R< RElas (4.23)

Y2 = σwater−
1
2

ζ
(

R
RBuck

− RFree

RBuck

)2

i f RElas2< R< RFree (4.24)
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With these two new quadratic functions the final function ofσ(R−∆R) becomes,

σ(R−∆R) =











































0 if (R−∆R)< RBuck

Y1(R−∆R) if RBuck < (R−∆R)< RElas

2χmax

(

(R−∆R)
R0

−1
)

if RElas< (R−∆R)< RElas2

Y2(R−∆R) if RElas2< (R−∆R)< RFree

σwater if (R−∆R)> RFree

(4.25)

Here∆R defines the shift of theσ(R) curve with respect toR0, i.e. ∆R defines
σ(R0).

In the original modelζ was undefined in the two transition regions. With the
introduction of the two quadratic function the constantζ can be defined. This
implies that another shell parameter must be introduced. However, since in the
original modelζ was undefined and in fact was determined by the step size of
the numerical code, the original model could also be considered as having already
incorporated (in an uncontrolled way) theζ shell parameter. Note that onceζ ,
σ(R0) andχmax are defined, the parameters,RBuck, RElas, RElas2andRFreeare fixed
and are therefore not to be considered free shell parameters. Furthermore, as in the
original model we assume thatσ(R) is valid for all bubble radii.

Sinceχmax is known and the same for all bubbles, the only parameters that af-
fect the “compression-only” behavior of bubbles and that can vary from bubble to

Figure 4.4: In the model of Marmottantet al. [12] the second derivative ofσ(R) with
respect toR is undefined in the transitions from the buckling regime to the elastic regime,
and from the elastic regime to the free gas bubble regime. To correct this, we propose to
expand the original model with two quadratic functionsY1 andY2 that describe the two
transition points.
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bubble areζ andσ(R0). To investigate the effect of these two free parameters and
the initial bubble radiusR0 on the “compression-only” behavior of phospholipid-
coated microbubbles we have conducted a parameter study of the full numerical
model described by Eq. 4.1 whereσ(R) is described by Eq. 4.25. The results are
presented in Fig. 4.5. Through a variation of the driving pressure amplitude the
zero order offsetA0, i.e. the “compression-only” behavior, was determined as a
function of the oscillation amplitudeA2

1. By varying bothζ andσ(R0) indepen-
dently for a bubble with an initial bubble radiusR0 = 1.2 µm the influence of
these two parameters on the relation betweenA0 andA1 was determined. Finally,
also the effect of the initial bubble radiusR0 on the “compression-only” behav-
ior was investigated by varyingR0. In the weakly nonlinear analysis it was found
thatA0/A2

1 is nearly independent of the driving pressure frequency. Wetherefore
chose the frequency close to resonance, as to promote large amplitude oscillations
to cover a reasonable range ofA1. We used a frequency of 4 MHz in the case of
the 1.2µm bubble and 2 MHz and 1 MHz for the 2.3µm and 3.4µm bubble,
respectively. Similarly the shell viscosityκs does not affect the quantityA0/A2

1
and a difference in the shell viscosity for different bubbles therefore not alters the
results presented in Fig. 4.5. In the simulations presentedin Fig. 4.5 a shell vis-
cosity ofκs = 1·10−9 kg/s was taken for the 1.2µm bubble and the 2.3µm and
3.4 µm bubble were assumed to have a shell viscosity ofκs = 1 ·10−8 kg/s and
κs = 2.5·10−8 kg/s respectively, in agreement with the values found by Vander
Meeret al. [41] for the same type of bubbles. To determineA1 from the individual
radius-time curve, the zero-order frequencies were first filtered out with an ideal
high-pass filter with a cut-off frequency of 1 MHz. The resulting radius time curve
was normalized to the initial bubble radiusR0. Note again that strictly speaking
the A1 defined here differs slightly from theA1 of the analytical solutions, since
the numerical data may contain higher harmonics. To determine A0, the initial
bubble radiusR0 is first subtracted from the full radius time curveR(t). After the
resulting curve is normalized with the initial bubble radius RO we apply an ideal
low-pass filter with a cut-off frequency of 1 MHz to the curve.The amplitude of
the resulting low frequency offset shown in Fig. 4.3 is defined asA0.

As was found from the weakly nonlinear analysis presented inthe previous sec-
tion, we find from the numerical simulations using the full numerical model that
the zero-order frequency componentA0 is indeed negative and decreases for in-
creasing oscillation amplitudeA1. Furthermore, from Fig. 4.5B we find that the
“compression-only” behavior slightly increases for increasingζ however the in-
crease is limited even for a two order of magnitude increase of ζ . This confirms
that the relation betweenA0 andA2

1 depends on an effectiveζe f f = (
∫

ζ (R)dR)/(
∫

dR).
ζe f f is less dependent on the initialζ (R0) but depends both on the size of the
regime ofζ and the value ofζ itself. This is confirmed by the decrease of the
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Figure 4.5: A parameter study of the “compression-only” behavior of phospholipid-
coated microbubbles. Three parameters were varied,ζ (B), σ(R0) (D) andR0 (E) which
resulted in different relations forσ(R) as shown in the two left figures A and C. The
“compression-only” behavior was expressed as the relationbetweenA2

1 andA0, whereA2
1

was varied by changing the driving pressure amplitude with afixed driving frequency of
4 MHz. The right top figure B shows the “compression-only” behavior for three different
values ofζ with σ(R0) = 0 N/m andR0 = 1.2 µm. The middle right figure D) shows
how the “compression-only” behavior changes for differentσ(R0) with ζ = 5 kN/m and
R0 = 1.2 µm fixed. Finally in the bottom figure, E) the “compression-only” behavior for
differently sized bubbles is shown (ζ = 5 kN/m,σ(R0) = 0 N/m). In all figures it was
assumed that the maximum shell elasticity equalsχmax = 2.5 N/m.
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“compression-only” behavior that we observe for largerA2
1 but also by the strong

dependency of theA0/A2
1 on the initial surface tensionσ(R0). In Fig. 4.5D we

observe that for a bubble with an initial surface tensionσ(R0) close to the buck-
ling regimeA0/A2

1 is smaller, i.e. we observe more “compression-only” behavior.
For a bubble with a larger initial surface tensionσ(R0) the region with a large
positiveζ is reached only for larger oscillation amplitudes. Furthermore the tran-
sition from the elastic regime to the ruptured regime is marked by a negativeζ and
is reached for much smaller oscillation amplitudes, explaining why the minimum
A0 reached for bubbles with a largeσ(R0) is higher. For an initial surface ten-
sionσ(R0) sufficiently largeσ(R0)> 0.036 N/m (=0.072/2) we may even observe
”expansion only” instead of “compression-only” behavior,see also experimental
evidence in Marmottantet al. [12]. Finally, we observe that the full numerical
simulations predict that smaller bubbles show more “compression-only” behavior
in agreement with recent observations by De Jonget al. [10].

4.4 Experimental

From the weakly nonlinear analysis and the numerical calculations with the full
shell-buckling model we found that the amount of “compression-only” behavior
that a microbubble exhibits depends on the initial bubble radiusR0, the initial sur-
face tensionσ(R0) and the amplitude of oscillationA1. The other parameters of
the model, the shell elasticity, shell viscosity, and the driving pressure amplitude
and frequency are all included inA1. The relation betweenA0 andA1 is unaltered
by these parameters. To investigate how and if these theoretical findings can be
confirmed experimentally we recorded the radial dynamics of45 individual mi-
crobubbles with the Brandaris ultra-high speed camera [39]as a function of both
the driving pressure frequency and of the driving pressure pulse. To study purely
the effect of “compression-only” on the bubble dynamics, the bubble under study
was isolated and located away from neighboring objects (walls, bubbles) by means
of optical tweezers.

4.4.1 Experimental setup

BR-14 (Bracco S.A., Geneva, Switzerland) contrast agent microbubbles were in-
jected in an OptiCellR© chamber (NuncT M). The chamber was positioned on top
of a custom-built water tank, see Fig. 4.6. The water tank contained a light fiber
and an ultrasound transducer (PA168, Precision Acoustics). A needle hydrophone
(HPM02/1, Precision Acoustics) replacing the OptiCell wasused to align the ul-
trasound with the focus of the objective. A XYZ-stage controlled the OptiCell
position separately from the watertank in order to keep the ultrasound aligned with
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the objective. For accurate control of the distance betweenthe bubble and the wall
a motorized stage (M-110.2DG, PI) was used.

The ultra high-speed Brandaris 128 camera [39] was coupled to a set of op-
tical tweezers. A dichroic mirror (CVI laser) reflected the infrared laser beam
(λ = 1064 nm) into the back aperture of the objective (LUMPLFL100xW, Olym-
pus). Individual bubbles were trapped in the low intensity region of a Laguerre-
Gaussian beam. The imaging and trapping of the microbubble was performed
through the same objective. The dichroic mirror transmitted the visible light used
for imaging. Details of the optical tweezers setup coupled to the Brandaris camera
can be found in chapter 6.

The ultrasound pulses were generated by an arbitrary waveform generator (8026,
Tabor Electronics). The signal was amplified (ENI, Model 350L with 50 Ω input
impedance, Rochester, NY) and sent to the ultrasound transducer. The transducer
was calibrated prior to the experiments in a separate water tank over a broad range

OptiCell

Objective

Illumination

To Optical Tweezer Setup

To Brandaris Camera

Hydrophone

Amplifier

AWG

Dichroic Mirror

transducer

Figure 4.6: A schematic overview of the experimental setup. Single microbubbles were
investigated with the combined Brandaris 128 camera and optical tweezers setup. The
driving waveform produced by an arbitrary waveform generator was amplified and trans-
mitted by a focused transducer.
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of frequencies (0.75-5 MHz) and ultrasound pressures. The driving pressure wave-
form had a length of 10 cycles and was apodized with a 3 cycle Hanning window.
One experiment consisted of 2×6 movies of 128 frames. The bubble dynamics
of the very same bubble was recorded while scanning the applied frequency at
constant pressure in each of the 12 movies.

4.4.2 Data analysis

The images from the high-speed movies were analyzed off-line with Matlab (The
Mathworks, Natick, MA). The radius of the bubble as a function of timeR(t) was
determined from each image sequence through a semi-automatic minimum cost
algorithm [41]. A typical radius-time curve is shown in Fig.4.7A. The radiusR
was normalized to the initial bubble radiusR0. The linear oscillation amplitudeA1

was determined from the individual radius-time curve through filtering (B) with
a step function shaped high-pass filter with a cut-off frequency of 1 MHz. To
determineA0, the initial bubble radiusR0 was first subtracted from the full radius-
time curveR(t), then normalized toR0. A step function shaped low-pass filter
with a cut-off frequency of 1 MHz was applied to the curve. Theamplitude of the
resulting low frequency offset shown in Fig. 4.7E is defined as A0.

4.5 Results

In total, 324 resonance curves at different driving pressure amplitudes were ob-
tained for 45 individual microbubbles. In 24% of the experimentsA0 was found
to be positive, i.e. 76% of the experiments showed a negativetime average offset.
Furthermore the amount of compression-only behavior was observed to vary for
different bubbles, even for bubbles with the same size.

Figure 4.8 shows the linear resonance curves of two microbubbles, both having
an initial bubble radius of 2.3µm. A1 and the correspondingA0 are plotted as a
function of the driving frequency. Both bubbles were excited with the same driving
pressure amplitudes and driving pressure frequencies. Thedriving pressure ampli-
tude for both resonance curves shown in Fig. 4.8 was 18.5 kPa.We observe that the
bubbles have the same resonance frequency of 2.5 MHz, which following Eq. 4.7
indicates that the bubbles have the same effective elasticity χe f f. We can identify a
good agreement between the experimental data and the theoretical linear resonance
curve based onχe f f = 0.55 N/m. We also observe for both bubbles that the time
average offsetA0 is minimal at the resonance frequency, in agreement with our
earlier findings in Eq. 4.20. On the other hand, there is a difference in the ampli-
tude ofA0 between the two bubbles, one of them shows less “compression-only”
behavior. To explain the difference between the two bubblesthe experimental data
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Figure 4.7: A) An example of a radius time curve of a 1.9µm radius phospholipid-coated
bubble recorded with the ultra-high speed Brandaris camera. B) shows the corresponding
Fourier transform. The Fourier transform besides a zero-order component from the initial
bubble radiusR0 also shows another low frequency component which is associated with
the “compression-only” behavior of the microbubble. The radial response can be decom-
posed into a fundamental/linear response (C,D) and a low frequency component of the
order of the length of the driving pressure pulse (E,F). For the phospholipid-coated micro-
bubble the low frequency component has a negative amplitudewhich is contrary to what
we observe for the free gas bubble where it is positive.
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4. “COMPRESSION-ONLY” BEHAVIOR

is fitted to the two theoretical predictions forA0 based on Eq. 4.20. From the two
fitted curves we find that the difference between the two bubbles results from a dif-
ference in the second derivative of the effective surface tension with respect toR,
ζe f f. For the bubble that shows most “compression-only” we findζe f f = 91 N/m
and for the otherζe f f = 41 N/m.

If we relate this finding to the model proposed by Marmottantet al. where it is
assumed that all microbubbles follow the same relation forσ(R) a difference in
ζe f f can only result from a difference in the initial phospholipid surface concen-
tration of the bubble, i.e. a difference inσ(R0). For a bubble with an initial phos-
pholipid surface concentration close to the saturation concentration of the bubble
wall, i.e. σ(R0) ≈ 0 N/m, the shell elasticity will vary strongly with the bubble
radiusR. Already for small amplitudes of oscillation the bubble will go from the
elastic regime with a shell elasticity of aroundχ(R) = 2.5 N/m into the buckled
regime withχ(R) = 0 N/m. This rapid change of the shell elasticity correspondsto
a largeζe f f = 2R0∂ χe f f/∂R. The bubble with the smallerζe f f has an initial phos-
pholipid surface concentration that is lower. The bubble therefore remains in the
elastic regime for larger amplitudes of oscillation. As a result the shell elasticity
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Figure 4.8: Experimentally determined resonance curve for two 2.3µm radius bubbles
with the two corresponding time average offsetsA0. BothA0 andA1 are normalized on the
maximum value ofA1. Though the resonance frequency and thus the shell elasticity χ is
the same for both bubbles the time average offset is different for both, as in Fig. 4.9. The
experimental data is in good agreement with the analytically calculated resonance curves
which are based onχ(R) = 0.55 N/m determined by Van der Meeret al. [41]. The two
theoretical predictions forA0 are based on two different values forζe f f , ζe f f = 91 N/m
(blue squares) andζe f f = 41 N/m (red circles).

68



4.5 RESULTS

will not vary strong with bubble radius effectively reducing ζe f f.

Figure 4.9 shows the negative time average offsetA0 plotted as a function of
A2

1. The experimental data shown in Fig. 4.9 is obtained at different driving pres-
sure amplitudes and frequencies. For each of the two bubblesall the different
resonance curves are observed to collapse onto each other showing the same rela-
tion betweenA0 andA2

1. This confirms our previous findings that both the driving
pressure amplitude and frequency do not change the relationbetweenA0 andA2

1.
The shape of the relation betweenA0 andA2

1 is the same as was found from the
numerical simulations, see Fig. 4.5D. As mentioned before,the flattening of the
curve for increasingA1 results from the transition from the elastic regime to the
ruptured regime. For the two different bubbles we observe that both the change
of the gradient and the minimumA0 are different. From the numerical simula-
tions we found thatζ was a parameter of relatively little importance, and therefore
the difference between the two curves can only be explained by a difference in
σ(R0). To fit the full model to the experimental data therefore requires the vari-

0 0.005 0.01 0.015

−0.04

−0.03

−0.02

−0.01

0

A
1
2

A
0

Figure 4.9: Two different microbubbles with the same radiusR0 = 2.3 µm show differ-
ent “compression-only” behavior though the experimental data was obtained for similar
driving pressure amplitudes and frequencies. Even though the two curves look qualitative
the same, quantitatively they are different. The experimental data of both bubbles is cor-
rectly described by a single parameter fit ofσ(R0) of the full numerical model. The best
fit through the red circles corresponds to aσ(R0) = 0.008 N/m and for the blue crosses it
is σ(R0) = 0.02 N/m. In the full numerical simulations the other shell parameters were
taken from the literature to beκs = 1 ·10−8 kg/s,χ = 2.5 N/m, andζ = 5 kN/m. The
driving pressure frequency was fixed on 2 MHz and the driving pressure amplitude was
varied.
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Figure 4.10: According to the numerical model the amount of “compression-only” be-
havior exhibited by a phospholipid-coated microbubble is restricted. The initial condition
of the phospholipid shell,σ(R0) and the initial bubble radiusR0 determine the maximal
time average offsetA0 a bubble can show in itsR(t) curve. This hypothesis is confirmed
by the clear boundary we observe on the left/bottom flank in this scattered plot whereA0 is
plotted as a function ofA2

1 for all experimental data. This boundary is correctly described
by the red line corresponding to the numerically calculatedrelation betweenA0 andA2

1 for
a bubble with an initial bubble radiusR0 = 1.2µm (smallest bubble in the experimental
data) andσ(R0) = 0 N/m.

ation of only one parameter. A least-squares fits of the full model to the two
experimental data sets are shown in Fig. 4.9. The data set corresponding to the
bubble showing most “compression-only” behavior is best fitted with a value for
σ(R0) = 0.008 N/m, the other data set is shown to nicely fit with the numerical
model forσ(R0) = 0.02 N/m. The other shell parameters of the numerical model
were taken as before from the literatureκs = 1 ·10−8 kg/s, χ = 2.5 N/m and
ζ = 5 kN/m.

In Fig. 4.10 all experimental data is shown for all bubbles. Where we plotA0

as a function ofA2
1. The smallest initial bubble radius in the experimental data is

1.2 µm and the largest bubble has a radius of 3.4µm. The shape of the scattered
experimental data is determined by the limiting number of valuesσ(R0) can have.
The smallest value forσ(R0 is 0 N/m for the smallest bubble size and determines
the maximum amount of “compression-only” behavior. This isconfirmed by the
numerical simulation of the full model of Marmottantet al. for σ(R0) = 0 N/m
andR0 = 1.2µm, which was shown before in Fig. 4.5 and now shown in Fig. 4.10.
The numerical simulation confines the left/bottom side of the experimental data.
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4.6 Discussion

From the results presented here it is clear that the shell elasticity of the phos-
pholipid shell varies with bubble oscillation amplitude. To explain the observed
“compression-only” behavior the shell elasticity of the coated microbubble will
first rapidly increase with bubble radius and then decrease as the bubble shell
reaches the ruptured regime. This finding confirms the assumption of Marmottant
et al. that the behavior of a phospholipid-coated microbubble oscillating in the
MHz frequency range is similar to the static behavior of phospholipid monolayers
[64–68].

The rapid increase of the shell elasticity with increasing bubble radius is a result
of a collapse of the phospholipid monolayer [68]. The collapse of the monolayer
is a result of the compression of a saturated layer of phospholipids with the highest
possible packing. If the monolayer is compressed beyond this point, 3D structures
of phospholipids are formed on the surface of the monolayer.This phenomenon
is termed buckling of the monolayer and can be observed in microscopic detail as
shown in Fig. 4.1A. If the monolayer is in the buckled state the effective surface
tension is zero (or at least very close to zero) and does not vary with bubble ra-
dius. Once the bubble surface is expanded beyond its buckledstate, the monolayer
extends into an elastic state where the effective surface tension increases with bub-
ble radius as a result of a decrease of the phospholipids concentration. The surface
elasticity is described by the change of the effective surface tension with the bubble
radius. The buckling point of the phospholipid monolayer marks the rapid increase
of the shell elasticity.

The effective surface tension cannot increase indefinitelyas the phospholipid
concentration becomes so small that the bubble ruptures andthe phospholipids
segregate in lipid islands on the interface and the surface tension recovers to that
of the water/air interface (σ = 0.072 N/m). The decrease of the effective shell
elasticity with bubble radius for larger oscillation amplitudes is a result of this
upper limit to the effective surface tension. Therefore theshell elasticity effectively
decreases to zero for larger bubble radius.

For a bubble with a known resonance frequency the “compression-only” behav-
ior of a phospholipid microbubble quantified byA0/A2

1, provides a direct measure
of the initial state of the phospholipid shell. Furthermore, assuming the resonance
frequency of the bubble is known the relation betweenA0 and A2

1 for different
oscillation amplitudesA1 can be fitted to the full numerical model proposed by
Marmottantet al. with the variation of a single parameterσ(R0). This fit will
therefore provide an accurate measure of the initial surface tension of the bubble.
This provides a quantitative way to dynamically measure thephospholipid concen-
tration on the interface of the bubble. This quantitative information deduced from
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4. “COMPRESSION-ONLY” BEHAVIOR

the “compression-only” behavior of a phospholipid-coatedmicrobubble will also
help to predict other nonlinear properties of these microbubbles. The enhanced
subharmonic behavior shown by phospholipid-coated microbubbles for example
is shown to also depend strongly on the initial surface tension of the phospholipid
shell of the microbubbleσ(R0) see chapter 5.

4.7 Conclusions

In this paper we have investigated the negative time averageoffset of the bubble
radius of acoustically driven oscillating phospholipid-coated microbubbles, often
referred to as “compression-only” behavior. We show that the radial dynamics of
the bubble can be considered as a superposition of a linear response at the fun-
damental driving frequency and a second order nonlinear low-frequency response
that describes the “compression-only” behavior of the bubble. We have linearized
the model proposed by Marmottantet al. [12] up to second order to show that
the negative time average offset results from an initial shell elasticity that rapidly
increases with bubble radius. This is known to happen for statically collapsing
phospholipid monolayers [68]. We propose to quantify the “compression-only”
behavior of a microbubble according to its second order timeaverage offset am-
plitudeA0. From the linearized equations it follows that the negativetime average
offsetA0 is strongly correlated with the fundamental oscillation amplitudeA2

1. We
also show both experimentally and from numerical simulations that for larger os-
cillation amplitudesA2

1 the negative time average offsetA0 reaches a plateau level.
This effect is also described by the model proposed by Marmottant et al. when
the break up tension as proposed in this model is set toσmax = 0.072 N/m, i.e.
the surface tension of water. The saturation is shown to result from a decrease
of the shell elasticity for larger oscillation amplitudes when the maximum effec-
tive surface tension/break-up tension is reached for low surface concentrations of
phospholipids. Finally, we show through numerical simulations that the relation
betweenA0 andA2

1 in the model proposed by Marmottantet al. is predominately
determined by the initial effective surface tension of the phospholipid shellσ(R0).
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5
Subharmonic behavior of

phospholipid-coated

microbubbles1,2

Coated microbubbles, unlike tissue are able to scatter sound subharmonically.
Therefore, the subharmonic behavior of coated microbubbles can be used to en-
hance the contrast in ultrasound contrast imaging. Theoretically, a threshold am-
plitude of the driving pressure can be calculated above which subharmonic oscil-
lations of microbubbles are initiated. Interestingly, earlier experimental studies
on coated microbubbles demonstrated that the threshold forthese bubbles is much
lower than predicted by the traditional linear viscoelastic shell models. This paper
presents an experimental study on the subharmonic behaviorof differently sized in-
dividual phospholipid-coated microbubbles. The radial subharmonic response of
the microbubbles was recorded with the Brandaris ultrahigh-speed camera as a
function of both the amplitude and the frequency of the driving pulse. Threshold
pressures for subharmonic generation as low as 5 kPa were found near a driving
frequency equal to twice the resonance frequency of the bubble. An explanation
for this low threshold pressure is provided by the shell buckling model proposed
by Marmottant et al. Marmottant et al. [JASA118(6), 2005]. It is shown that
the change in the elasticity of the bubble shell as a functionof bubble radius as
proposed in this model, enhances the subharmonic behavior of the microbubbles.

1Submitted as: Jeroen Sijl, Benjamin Dollet, Marlies Overvelde, Valeria Garbin, Timo Rozendal,
Nico de Jong, Detlef Lohse and Michel Versluis, Subharmonicbehavior of phospholipid-coated
ultrasound contrast agent microbubbles, J. Acoust. Soc. Am.

2The numerical simulations leading to the understanding andthe influence of the shell parameters
on the subharmonic behavior are part of this thesis. The experimental work and the weakly nonlinear
analysis were performed by Jeroen Sijl.
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5.1 Introduction

Microbubbles scatter ultrasound effectively and nonlinearly, which makes them
ideal contrast agents for medical ultrasound imaging. The bubbles are coated with
a protein, lipid or polymer layer and they are filled with air or an inert gas. Ultra-
sound contrast agents are clinically used on a daily basis tovisualize blood flow
at the microvascular level to image organ perfusion in e.g the liver, kidney and the
myocardium [70]. Contrast enhancement is expressed as the ratio between the re-
sponse of microbubbles in the blood pool and that of the surrounding tissue, termed
the contrast-to-tissue ratio (CTR). Improvement of the CTRfor current contrast
imaging modalities such as power modulation [62] and pulse inversion imaging
[5] is accomplished by exploiting the nonlinear response ofthe microbubbles, pre-
dominantly at the second harmonic frequency of the driving frequency [71, 72].
The typical enhancement of the CTR in nonlinear harmonic imaging is 40 dB. For
deep tissue imaging, however, the contrast enhancement is limited by the nonlinear
propagation of the ultrasound. Linear scattering of the second harmonic compo-
nent of the driving pulse interferes with the bubble’s second harmonic response.
Non-linear propagation of the ultrasound is limited on the other hand only to higher
harmonics of the driving frequency. For this reason the subharmonic response of
the bubbles at half the driving frequency has received increased interest for ul-
trasound contrast imaging [7]. Moreover the subharmonic response is attenuated
less than both the fundamental and higher harmonic bubble responses. Given the
transducer bandwidth limitations, subharmonic imaging isparticularly interesting
for high frequency imaging applications [73, 74].

Subharmonic bubble responses were first described following experimental ob-
servations by Esche [75] already in 1952. Additional experimental work has been
conducted to investigate the nature of this nonlinear behavior [76, 77] followed
by several theoretical descriptions of subharmonic behavior of bubbles in a sound
field [42, 56, 57, 78, 79]. Prosperetti [42] showed through a weakly nonlinear
analysis of the Rayleigh-Plesset equation that the subharmonic behavior of bub-
bles can only exist if the driving pressure amplitude exceeds a threshold pressure.
It was found that the threshold pressure for subharmonic behavior is minimum
when the bubble is driven at twice its resonance frequency. It was also shown that
the threshold pressure increases for increased damping [42, 78, 80].

The viscoelastic shell of ultrasound contrast agent microbubbles is known to
increase the damping considerably [36, 41, 63]. Therefore,it has always been
suggested that the threshold pressure to excite subharmonic behavior for coated
microbubbles should be increased. Shankaret al.[44] studied the subharmonic be-
havior of coated bubbles following the analysis of Prosperetti [42] and confirmed,
by using a purelylinear viscoelastic shell model as by De Jong [63], Church [33],
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or Hoff [35], that indeed the threshold for subharmonic generation is increased as
a result of the increased damping. There exists, however, experimental evidence in
the literature showing that for both the albumin-coated contrast agents OptisonTM

and Albunexr and the phospholipid-coated contrast agent SonoVuer, the thresh-
old pressure to excite subharmonic behavior is lower than that of uncoated bubbles
[7, 43–49]. Other work reports no significant change in the threshold pressure,
neither for albumin-coated bubbles [81] nor for the phospholipid-coated DefinityTM

contrast agent microbubbles [82].
Here, we show that a lower threshold for the initiation of subharmonic behavior

of phospholipid-coated microbubbles can be explained withthe model proposed
by Marmottantet al. [12]. Similarly to Shankaret al. [44] we employ a weakly
nonlinear analysis along the earlier work on uncoated bubbles by Prosperetti [42],
and instead of using a purelylinear viscoelastic model, we assume the shell elas-
ticity of the phospholipid shell to vary with the bubble radiusR. It is shown that the
rapid change in the elasticity of the bubble shell as proposed in the model of Mar-
mottantet al., is responsible for the enhancement of the nonlinear subharmonic
behavior of phospholipid-coated ultrasound contrast agent microbubbles. Further-
more we have used ultrahigh-speed imaging with the Brandaris camera [39] to
characterize the subharmonic behavior of individual microbubbles from the exper-
imental agent BR-14, which contains microbubbles with a phospholipid shell and
a perfluorocarbon gas core (Bracco Research S.A., Geneva, Switzerland). We have
investigated the full subharmonic resonance and thresholdbehavior of individual
coated microbubbles for small acoustic pressures and driving pulse frequencies
near two times the resonance frequency of the microbubbles.

Details of the model and the weakly nonlinear analysis will be presented in
Sec. 5.2. The experimental setup is discussed in Sec. 5.3. InSec. 5.4 the experi-
mental results are presented and compared with the full numerical model of Mar-
mottantet al.. Finally we end with a discussion in Sec. 5.5 and our conclusions in
Sec. 5.6.

5.2 Theory

5.2.1 Analytical solution

The most general description of the dynamics of phospholipid-coated microbub-
bles is given by,

ρ
(

RR̈+
3
2

Ṙ2
)

=

(

P0+
2σ(R0)

R0

)(

R0

R

)3κ(

1− 3κṘ
c

)

− 2σ(R)
R

−4µ
Ṙ
R
−4κs

Ṙ
R2 −P0−P(t)

(5.1)
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Here, the radius of the bubble is described byR(t) and its velocity and acceleration
are given byṘ andR̈, respectively. The initial bubble radius is given byR0 and
the ambient pressure byP0. The liquid viscosity isµ = 10−3 Pa·s, its density
ρ = 103 kg/m3 and the speed of sound in the liquid isc = 1500 m/s. The applied
acoustic pressure pulse is described byP(t). We approximate the microbubble
oscillations as adiabatic. Therefore we assume the polytropic exponentκ to be
the ratio of the specific heats of the gas inside the bubble. For the experimental
agent BR-14 the gas core consists of perfluorocarbon gas withκ =Cp/Cv = 1.07
[12, 41]. Thermal damping is accounted for by a slightly increasing the liquid
viscosityµ = 2 ·10−3 Pa s. The effect of the phospholipid coating is taken into
account through a shell viscosityκs kg/s and an effective surface tension which is
assumed to depend on the concentration of phospholipid molecules on the surface
of the bubble. Consequently, the surface tension depends onthe radius of the
bubbleσ(R) (N/m). In earlier models [35, 63] the effective surface tension was
assumed to increase linearly with the bubble radius ,σ(R) = 2χ(R/R0−1), where
χ represents the shell elasticity. Based on the static properties of phospholipid
monolayers, Marmottantet al. [12] introduced a relation forσ(R) where also the
shell elasticity is varied with bubble radiusχ(R).

Solving Eq. 5.1 numerically for a certain relation,σ(R), provides a specific
radius time curve,R(t), with possibly subharmonic oscillations. Depending on the
relationσ(R) the subharmonic content of the numerically calculated radius time
curve changes. To investigate the effect ofσ(R) on the subharmonic response,
Eq. 5.1 can be solved numerically for different functionsσ(R).

However to come to a more fundamental understanding of the effect of σ(R)
on the subharmonic behavior of ultrasound contrast agents it is insightful to solve
Eq. 5.1 analytically. Hereto we perform a weakly nonlinear analysis of Eq. 5.1
where we follow the approach of Prosperetti [42, 44, 56, 80].The principal steps
of the weakly nonlinear analysis will be repeated here.

As a most general approximation, we assume that, for small oscillations around
R0, σ(R) can be described as a second order Taylor expansion:

σ(R) = σ(R0)+2χe f f

(

R
R0

−1

)

+
1
2

ζe f f

(

R
R0

−1

)2

(5.2)

where we have defined for any functionσ(R)
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(5.3)
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(5.4)
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χe f f (N/m) andζe f f (N/m) are the effective shell elasticity and the derivativeof
the effective shell elasticity around the equilibrium point R0. In the model of Mar-
mottantet al. χ(R) andζ (R) depend on the bubble radiusR. The effective shell
elasticity χe f f and ζe f f defined in Eq. 5.3 and Eq. 5.4 are constants. The shell
elasticity as determined by Van der Meeret al. [41] for BR-14 microbubbles was
assumed to be independent of the bubble radiusRand is therefore equal toχe f f.

We can show that the results of the weakly nonlinear analysispresented in the
following are independent of the choice of the initial surface tensionσ(R0). To
simplify the calculations presented here we therefore assume σ(R0) to be zero.
We insert Eq. 5.2 into Eq. 5.1 and assume the radiusR of the bubble is correctly
described by

R = R0(1+x), (5.5)

wherex is small. Following Prosperetti [42] we define a dimensionless timescale,
frequency and driving pressure amplitude:

τ =

√

P0

ρ
t

R0
, ω = R0Ω

√

ρ
P0

, ξ =
Pa

P0
(5.6)

whereΩ is the dimensional driving frequency andPa is the driving pressure ampli-
tude. Because we assume the surface tension at restσ(R0) to be zero, the pressure
inside the bubble is equal toP0.

Inserting all these relations into Eq. 5.1, performing a series expansion inx, and
ignoring third and higher order terms we obtain

d2x
dτ2 +ω2

0x = −3
2

(

dx
dτ

)2

+α1x2−ξ xcos(ωτ)−2b
dx
dτ

+ξ cos(ωτ) (5.7)

where we have assumed the driving pressure to be described byP(t)/(PaP0) =
ξ cos(ωτ). Eq. 5.7 is identical to Eq. (4) from Prosperetti [42] exceptfor the
third order terms which we neglect since we are only interested in the solution of
this equation forω ≈ 2ω0, for which the second-order terms are sufficient [42].
Furthermore we have defined

ω2
0 = 3κ +

4χe f f

P0R0
(5.8)
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2µ

R0
√

ρP0
+

2κs

R2
0
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ρP0
+

3κ
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P0

ρ
(5.9)

α1 =
9
2

κ(κ +1)− (ζe f f −8χe f f)

P0R0
(5.10)
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whereb describes the non-dimensional damping of the system. Note that the res-
onance frequency in dimensional form follows directly fromEq. 5.8 inserted into
Eq. 5.6. Aroundω ≈ 2ω0 the solution of Eq. 5.7 reads

x=
ξ

√

(ω2−ω2
o)

2+4b2ω2
cos(ωτ +δ )+Ccos

(

1
2

ωτ +ϕ
)

(5.11)

whereδ is the phase angle of the linear solution which satisfies

tanδ =
2bω

ω2−ω2
0

(5.12)

The amplitude of the first subharmonic solution either vanishes (C = 0), or be-
comes

C=

√

ω2
o − 1

4ω2+g1ξ 2+
√

β 2ξ 2−ω2b2
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(5.13)
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and:
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(5.16)

Note that nearω = 2ω0 all three quantities,β , g0 andg1 are positive.
Theoretically the solution of Eq. 5.13 can only exist if the term β 2ξ 2 −ω2b2

is positive. This corresponds to the well-known theoretical threshold for the exis-
tence of subharmonics

ξth(ω) =
ωb
β

(5.17)

The threshold determines the regime where the subharmonic solution is stable.
However, as discussed by Prosperetti and others [78, 80], depending on the initial
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conditions the subharmonic solution may still not exist. Another threshold is pro-
vided by the regime where the linear solution of Eq. 5.11 becomes unstable. In
this regime the only stable solution is the subharmonic solution. The instability
threshold,ξin is given by [78, 80]

ξin(ω) =

√

β 2−2g1
(

ω2
0 − 1

4ω2
)

2g2
1

−

√

√

√
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√

β 4−4g1
[(

ω2
0 − 1

4ω2
)

β 2+g1ω2b2
]

2g2
1

(5.18)

which for ω = 2ω0 reduces toξin = ξth.
From Eq. 5.17 it is clear that the threshold for subharmonicsincreases with

increased damping. However from Eq. 5.10 and Eq. 5.14 it follows thatβ and
consequentlyξth vary with ζe f f −8χe f f. ζe f f −8χe f f is determined by the initial
condition of the phospholipid shell. In Fig. 5.1 we have plotted ξth at ω = 2ω0

as a function ofζe f f − 8χe f f for the linearized uncoated gas bubble model from
Prosperetti [42] and for the coated bubble model withσ(R) described by Eq. 5.2
for R0 = 3.8 µm. The damping for the coated bubble is determined by Eq. 5.9
where we assume the shell viscosity is equal toκs = 3·10−8 kg/s as determined
by Van der Meeret al. for the same type of bubbles [41]. This brings the total
damping for the coated bubble tobcoated= 0.5. For the uncoated bubble the damp-
ing is determined by the bubble size andκ only, bringing the total damping of the
uncoated bubble tobuncoated= 0.1. We observe that depending on the initial con-
dition of the shellζe f f −8χe f f, the threshold for a coated bubble can vary. In the
caseζe f f − 8χe f f is sufficiently large the threshold for the coated bubble canbe
lower than the threshold for an uncoated bubble. This provides a possible expla-
nation that even for a fivefold increase of the damping as a result of the shell, the
threshold for the existence of subharmonics for coated bubbles can be lower than
for uncoated bubbles depending on the initial conditions ofthe bubble shell.

The ultrasound contrast agent models with a purely elastic shell regime [33, 36,
63] cannot predict a decrease in the threshold pressure as a function of the initial
conditions since in these modelsζe f f is either zero or of the same order asχe f f,
hence|ζe f f−8χe f f| remains about 1 N/m, which is too low to explain subharmonic
enhancement for contrast agents. In the model shell buckling model proposed by
Marmottantet al. [12] we can identify that close to the transition point from the
elastic to the buckled regime,χ(R) changes rapidly fromχmax≈ 2.5 N/m to χ =
0 N/m, corresponding to a largeζ (R). In fact, in the current model of Marmottant
ζ (R) is undefined at the transition points. At the transition points ζ (R0) ∼ ζe f f

can be much higher thanχ(R0)∼ χe f f, hence|ζe f f −8χe f f | can be large enough
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Figure 5.1: The mathematical thresholdξth atω/ω0 = 2 given by Eq. (5.17) plotted as a
function of the termζe f f −8χe f f for R0 = 3.8 µm with fixedχe f f = 0.55 N/m. We ob-
serve that if|ζe f f −8χe f f| is large enough, the threshold for a coated bubble can decrease
below the threshold of an uncoated gas bubble despite its additional shell damping. The
damping for the uncoated gas bubble is determined by the reradiation damping and the
liquid viscosity, for this bubbleb= 0.1. For the coated bubble model the shell damping
introduces and extra damping described by the shell viscosity which is taken 3·10−8 kg/s
resulting in a total damping ofbcoated= 0.5.

to enable subharmonic enhancement for contrast agents. In Fig. 5.2 we have fixed
χe f f = 0.55 N/m (corresponding to the average shell elasticityχe f f found by
Van der Meeret al. [41] for the same type of bubbles) andζe f f = 502.2 N/m.
In Fig. 5.2 we have plotted bothξth and ξin as a function ofω/ω0 for both the
uncoated gas bubble and the coated bubble model withσ(R) described by Eq. 5.2.
As a result of the initial conditions we observe that both thresholds (ξth andξin) for
a coated microbubble are as low as 6 kPa, much lower than thosefor an uncoated
gas bubble where the threshold is near 90 kPa.

5.2.2 Full numerical solution

The analytical solutions presented in the previous sectionprovide a fundamen-
tal understanding of the source of subharmonic behavior of coated microbubbles.
However, for these calculations we have assumed an infinitely long driving pres-
sure pulse and a sufficiently small amplitude of oscillationneglecting higher order
terms in Eq. 5.7. In practice, the driving pressure pulse hasa finite length and the
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Figure 5.2: The mathematical thresholdξth (blue) and the instability thresholdξin (red) as
a function ofω/ω0 for R0 = 3.8 µm. The damping for the coated and the uncoated bubble
are the same as in Fig. 5.1, i.e. the damping coefficient for the coated bubble is five times as
large as for the uncoated bubble. Even so, the threshold for acoated bubble is only 6 kPa,
much lower than for an uncoated bubble which has a threshold of 90 kPa. This decrease
of the threshold for the coated bubble results from the rapidchange of in the effective
surface tension as a function ofRdescribed byχe f f = 0.55 N/m andζe f f = 502.2 N/m
(ζe f f −8χe f f = 500 N/m)

amplitudes of oscillation of the microbubbles exceed the small amplitude limit. In
the following we will therefore solve Eq. 5.1 numerically. Solving the equation
numerically requires a model for the relation between the bubble radius and the
effective surface tensionσ(R).

We will assumeσ(R) to be described as proposed in the model of Marmottantet
al. [12]. In agreement with what is known for the static behaviorof phospholipid
monolayers, Marmottant assumes it is the surface concentration of phospholipids
on the surface of the bubble that determines the surface tension experienced by the
bubble. For low surface concentrations of phospholipids, the surface tension of the
water-air interface of the bubble is unaltered and thus equal to σwater= 0.072 N/m.
This regime corresponding to an expanded bubble (area) is referred to as the rup-
tured regime. If the surface concentration of phospholipids on the surface of the
bubble increases for example by compressing the bubble, thesurface tension of the
bubble decreases and the bubble enters the elastic regime. In the model of Mar-
mottant it is assumed that in the elastic regime the surface tension of the bubble
varies linearly with the radius of the bubble according toσ(R) = 2χmax(R/R0−1)
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as in the model of De Jonget al. [63]. The shell elasticity in the elastic regime is
referred to as the maximum shell elasticityχmax. We know from Chapter 3 that
the maximum shell elasticity in the elastic regime for thesetype of microbubbles
is χmax = 2.5 N/m. Below a certain radius the surface concentration of phos-
pholipids can not increase more and at this point the bubble enters the buckled
regime with a corresponding minimum surface tension ofσ(R) = 0. In the model
of Marmottantet al. ζ (R) is undefined near the two transition points from the
buckled regime to the elastic regime and from the elastic regime to the ruptured
regime. In order to haveζ (R) defined for allR we assumeζ (R) in the two tran-
sition regimes to be defined by two quadratic functions. Thismodification to the
original model of Marmottant is described in more detail in Sec. 4.3. The section
starts with a more detailed description of the model of Marmottant after which
the two quadratic functions and their corresponding boundary conditions are in-
troduced. The shell parameters of the model that are undetermined up to now are
the initial surface tensionσ(R0), the shell viscosityκs and finally the value ofζ
in the two transition regimes of the effective surface tension. From the theoretical
threshold for the existence of subharmonics (Eq. 5.17) we expect that these three
shell parameters strongly influence the subharmonic behavior. The shell viscos-
ity increases the dampingb of the system and is therefore expected to decrease the
subharmonic response. On the other hand, the initial surface tensionσ(R0) and the
quadratic transition determined byζ strongly affectζe f f and thusβ in Eq. 5.17.

The effect ofσ(R0) on the subharmonic behavior of phospholipid-coated mi-
crobubbles is shown in Fig. 5.3. In Fig. 5.3C and D two different responses of a
3.8 µm radius bubble driven at an acoustic pressure of 40 kPa with afrequency
of 2.4 MHz are shown. We observe that the bubble with a small initial surface
tension,σ(R0) close to the buckled regime shows a large subharmonic response.
In contrast, for a bubble with an initial surface tension in the elastic regime where
no subharmonic response is observed. Note also that the fundamental response for
both bubbles is similar and is almost unaffected byσ(R0).

To investigate the effect of the shell parameters on the subharmonic behavior, a
parameter study was conducted. The results are shown in Fig.5.4. In the parameter
study the driving pulse pressure amplitude and frequency were kept constant at
40 kPa and 2.4 MHz, respectively. The driving frequency corresponds to two
times the resonance frequency of the bubble. The corresponding pulse shape of
the driving pressure pulse is shown in Fig. 5.3A and is the same as was used in the
experiments which will be discussed in the next section. Theinitial bubble radius
was 3.8µm and it was found that the results presented in Fig. 5.4 are similar for all
bubbles with an initial bubble radius between 1µm and 5µm. Finally, while one of
the shell parameters was varied the other four parameters were fixed as in Fig. 5.3,
i.e. σ(R0) = 0.001 N/m,ζ =2000 N/m,κs = 3·10−8 kg/s andχmax= 2.5 N/m.
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Figure 5.3: Top figures: An example of the driving pressure waveform (A),and (B)
its corresponding power spectrum. Bottom figures: The radius time curve (C) and the
corresponding Fourier transform (sampling rate 1 GHz, 12001 datapoints, multiplied with
a factor 50 MHz/1 GHz to enable comparison with Fourier transform of experimental
data) (D) for two bubbles with a different initial surface tensionσ(R0) driven with the top
driving pressure of 40 kPa with a frequency of 2.4 MHz. The dotted black line represents
the numerical simulation for a bubble withσ(R0) = 0.001 N/m and the solid red line
corresponds to a bubble withσ(R0) = 0.01 N/m. The initial bubble radius and the other
shell parameters are the same for both bubbles,ζ = 2000 N/m,κs = 3 ·10−8 kg/s and
χmax = 2.5 N/m.
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Figure 5.4: The absolute value of the Fourier transforms of a parameter study on the sim-
ulated radius-time curve presented in Fig. 5.3. The fundamental response to the driving
pressure of 2.4 MHz is clearly visible in all three figures while the subharmonic response
is observed to strongly vary for each shell parameter variedindependently. A) Forσ(R0)
varied between 0 andσwater the subharmonic response is only visible for the initial condi-
tion of the bubble satisfyingσ(R0)≈ 0 orσ(R0)≈ σwaterB) As expected the subharmonic
response is observed to decrease forκs increasing from 0 to 10−7 kg/s. C) Forζ increasing
from 342 to 10000 N/m the subharmonic is observed to increasebut for ζ > 5000 N/m
the amplitude of the subharmonic response saturates.
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The fundamental response in all three cases in Fig. 5.4 is observed to vary little
as compared to the subharmonic response which strongly depends on shell param-
eters. The subharmonic threshold is observed to strongly depend on the damping
κs. In Fig. 5.4B we observe that forκs = 6·10−8 kg/s the threshold for the initi-
ation of subharmonics is 40 kPa corresponding to the drivingpressure amplitude.
For smallerκs the subharmonic response is observed to increase. In agreement
with what was found in the weakly nonlinear analysis we find that the subhar-
monic response depends strongly on the change of the initialshell elasticity. In-
deed, the subharmonic behavior is only observed for microbubbles that have an
initial surface tension close toσ(R0) ≈ 0 or σ(R0) ≈ σwater, close to the transi-
tions from the elastic regime to the two other regimes corresponding to a large
second derivative of the effective surface tension. The local minima observed in
the subharmonic response in Fig. 5.4A are a result of transient effects resulting
from the finite length of the driving pressure pulse. These local minima disappear
for an increased length of the driving pressure pulse. As with the linearized model
we can conclude that the change in the effective surface tension is of fundamen-
tal importance to be able to predict subharmonic behavior for phospholipid-coated
microbubbles at low driving pressure amplitudes. Furthermore a difference in the
initial surface tension of bubbles caused by the initial phospholipid surface con-
centration explains why in some experiments subharmonics are observed at low
driving pressures while in other experiments no subharmonics are observed for
microbubbles similar to the ones used in this study [7, 43–47, 81, 82].

Finally, the subharmonic response is also observed to increase with increasing
ζ , see Fig. 5.4C. For an increasedζ alsoζe f f = 2R0(∂ (χ(R0))/∂R) increases.
The transition from the elastic regime to the other two regimes becomes sharper.
Following Fig. 5.1 such an increase would result in a decrease of the threshold for
the generation of subharmonics. The maximum subharmonic response is observed
to saturate for a value ofζ > 5000 N/m.

5.3 Experimental

The previous sections have shown that the subharmonic behavior of phospholipid-
coated bubbles is predominantly determined by the driving pulse frequency, pres-
sure amplitude, and the initial phospholipid surface concentration of the micro-
bubble. Experimentally, the initial phospholipid surfaceconcentration of the phos-
pholipid shell of the microbubble is difficult to control as opposed to the frequency
and the amplitude of the driving pulse. We therefore have recorded the radial dy-
namics of 39 different isolated microbubbles with the Brandaris ultrahigh-speed
camera [39] as a function of both the driving pressure pulse frequency and ampli-
tude.
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5.3.1 Setup

The experimental setup is schematically shown in Fig. 5.5. The setup consists
of a cylindrical Plexiglass container that was mounted under an upright micro-
scope (BXFM, Olympus Optical, Japan). Within the containerthe microbubbles
were confined inside an OptiCell cell culture chamber (Thermo Fisher Scientific,
Waltham, MA, USA). The acoustic transmit circuit consists of a focused 3-MHz
center frequency transducer (PA168, Precision Acoustics Ltd., Dorset, UK) that
was mounted under an angle of 45◦ under the OptiCell. A 0.2 mm needle hy-
drophone (Precision Acoustic Ltd., Dorset, UK) that moves in and out of the com-
bined optical and acoustical focus was used to calibrate andalign the transducer.
The transmit transducer was excited with a sequence of pulses generated by an
arbitrary waveform generator (Tabor Electronics Ltd, Model 8026, Haifa, Israel)
and amplified by a power amplifier (ENI, Model 350L with 50Ω input impedance,
Rochester, NY). To calibrate and align the transmit transducer, a broadband chirp
function was used to excite the transducer. The output response of the transducer
was measured with the calibrated needle hydrophone in the focus of the transducer.
From the response the transmit transfer function of the transducer was determined
as is described in [83]

The optical focus of a 100× microscope objective was positioned in the acous-
tical focus of the transducer. It was illuminated from belowwith a highintensity
xenon flashlight (MVS 7010 XE, Perkin Elmer, Waltham, MA). A continuous-
wave light source (ACE I, Schott, NY) in combination with a CCD camera (LCL-
902K, Qwonn) was used to monitor the bubble in between experiments. The im-
age plane of the microscope objective was coupled into the Brandaris 128 ultrahigh
speed imaging facility. The high-speed camera consists of 128 separate highly sen-
sitive CCD (Charge Coupled Device) sensors that are illuminated consecutively by
a rotating mirror. The mirror turbine is driven by a mass-flowcontrolled flow of
Helium, at a revolving rate of up to 20,000 revolutions per second, corresponding
to a frame rate of 25 million frames per second. Six consecutive movies of 128
frames each can be stored in a memory buffer with a time interval of 80 ms. We
employed the microbubble spectroscopy method detailed in [41] to characterize
the bubbles. The microbubbles were excited with a smoothly windowed driving
pressure waveform with a frequency ranging from 1 to 4 MHz, all with peak rar-
efactional amplitudes ranging from 5 to 150 kPa and a fixed length of 8.9µs. An
example of a driving pressure waveform is shown in Fig. 5.3A.In preparation of
the experiment 12 driving pressure pulses were uploaded to the arbitrary wave-
form generator. The frequencies of each of the waveforms were varied and equally
spaced near two times the resonance frequency of the microbubble. In this way the
radial subharmonic resonance behavior of the bubble was quantified. The optical
recordings consisted of two times six movies at a frame rate near 13 Mfps.
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The movies were stored on a PC, and all data were post-processed using Matlab
(The Mathworks, Natick, MA). The image sequence of the oscillating bubble was
analyzed with Matlab through a semi-automatic minimum costalgorithm [41] to
give the radius of the bubble as a function of timeR(t).

All the results discussed in this paper were conducted with microbubbles lo-
cated against the top wall of the OptiCell. The experimentalsetup is compatible
with an optical tweezers setup that was coupled through the microscope into the
microscope objective. With this combined setup we could also position the mi-
crobubbles 100µm away from the top wall. The details of this setup are described
in full detail in previous work [84, 85]. To investigate the effect of the wall on the
subharmonic behavior of coated microbubbles we have conducted several scans
around the subharmonic resonance of different microbubbles both when the bub-
ble was located against the top wall of the OptiCell and when brought 100µm
away from the wall. Based on these experiments we conclude that the presence of

Figure 5.5: A schematic overview of the experimental setup that was usedto optically
record the radial dynamics of coated microbubbles located inside an optically and acousti-
cally transparent OptiCell chamber. The driving pressure waveform produced by an arbi-
trary waveform generator (AWG) was amplified and transmitted by a focused transducer.
The radial dynamics were recorded through a 100× objective coupled through an inverted
microscope into the Brandaris ultrahigh-speed camera.
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a wall does not alter the subharmonic behavior of ultrasoundcontrast agents to be
experimentally observable in the current setup. In the following we therefore only
consider the results based on the setup without the optical tweezers.

5.4 Results

In total 39 individual microbubbles were included in this study. Subharmonic re-
sponses were observed for approximately 50% of the microbubbles. The other 50%
of the microbubbles could not be forced into subharmonic oscillations for the driv-
ing pressure amplitudes and/or pulse lengths employed in this study which were
always smaller than 150 kPa. This finding confirms previous results by Bhaga-
vatheeshwaranet al. [81] and by Kimmelet al. [82]. In those cases where subhar-
monic oscillations were observed these were initiated already at driving pressure
amplitudes smaller than 40 kPa confirming the results found by another set of au-
thors [7, 43–47].

Fig. 5.6 shows a typical example of an ultrahigh speed recording of a micro-
bubble with an initial bubble radius of 3.8µm. The bubble was excited with 12 dif-
ferent frequencies near two times its resonance frequency,which was 1.3 MHz
following Van der Meeret al. [41]. The subharmonic response is clearly visible
both in the time and frequency domain. We observe a maximum for the ampli-
tude of the subharmonic response around a driving pressure frequency of 2.4 MHz
corresponding to a 1.2 MHz subharmonic oscillation. At thisfrequency the ampli-
tude of the (radial) subharmonic response is even higher than the amplitude of the
fundamental response. Both above and below the resonance frequency the subhar-
monic response decreases and a subharmonic resonance curve(data not shown)
can be obtained similar to the resonance curve produced withmicrobubble spec-
troscopy by Van der Meeret al. [41]. Furthermore, as expected, the fundamental
response of the microbubble does not show a resonance behavior since it is ex-
cited far above its resonance frequency, which also explains why the fundamental
response is observed to decrease for increasing driving pulse frequency. Finally,
note that most of the responses presented in Fig. 5.6 show a zero order frequency
component even though the initial bubble radius was subtracted from the radius-
time curve before the Fourier transform was performed. The zero order component
results from the compression-only behavior of the bubble, i.e. the bubble appears
to compress more than it expands [10].

The experimental data is compared to the theoretical predictions. Fig. 5.7 shows
a best fit of the model of Marmottantet al. [12] for the radius-time curve that shows
the maximum subharmonic response in Fig. 5.6 (e). The unknown parameters of
the model,ζ , the shell viscosityκs and the initial surface tensionσ(R0) of the
bubble are varied using the iterative fit functionfit in Matlab. The driving pressures
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Figure 5.6: The radius-time curves (left column) of a 3.8µm microbubble excited with
twelve different driving pulses all with an amplitude of 40 kPa and different frequencies. In
the corresponding absolute value of the Fourier transform (sampling rate 50 MHz, length
pulse 501 points) of the radius-time curves (right column) we observe clear subharmonic
behavior. We can identify a subharmonic resonance curve that peaks at a driving frequency
of 2.4 MHz, about twice the resonance frequency of the bubble.
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Figure 5.7: The best fit of the fifth radius-time curve from Fig. 5.6E with the model
proposed by Marmottantet al. with the shell parametersχmax = 2.5 N/m,ζ = 2000 N/m
κs = 3 ·10−8 kg/s andσ(R0) = 0.001 N/m both in A) the time domain and B) in the
frequency domain (sampling rate both curves 50 MHz, 501 points).

for the simulated and measured radius-time curve are identical. The goal of the fit
was not to determine the definitive values for the three shellparameters but to see if
the model proposed by Marmottantet al. is able to predict subharmonic behavior
of coated microbubbles at these low driving pressure amplitudes as observed in the
experiments.

The agreement between the two radius-time curves is good. The best fit pa-
rameters found are in good agreement with the parameter study presented in Sec.
5.2.2 and the values found elsewhere in the literature. The best fit value for the
shell viscosityκs = 3 ·10−8 kg/s is in agreement with Van der Meer et al.[41].
To explain the amplitude of the subharmonic oscillations observed in Fig. 5.7 we
observe in Fig. 5.4 that the amount of damping depicted byκs = 3 · 10−8 kg/s
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requires a large value forζ . This is in agreement with the value forζ found in the
best fit, namelyζ = 2000 N/m. Furthermore, in Sec. 5.2.2 and from the analytical
solutions in Sec. 5.2.1, we foundσ(R0) should be close to zero which agrees well
with the best fit value found in Fig. 5.7,σ(R0) = 0.001 N/m.

To investigate the frequency dependence of the subharmonicbehavior of phos-
pholipid-coated microbubbles we varied the driving frequency as shown in Fig. 5.6.
An overview of the frequency behavior presented in Fig. 5.6 is shown as a single
plot in the spectrogram in Fig. 5.8B. The horizontal axis of the figure is divided
into twelve columns representing the twelve driving frequencies. The vertical axis
represents the response frequencies corresponding to the horizontal axis of the fig-
ures in the right column of Fig. 5.6. A frequency of 50 MHz was used to interpolate
the radius-time curves. The color coding in Fig. 5.8 represents the absolute value
of the Fourier transform of the radius-time curves. The zeroorder frequency com-
ponent was filtered out completely. Two other spectrograms for different bubble
radii are presented in Fig. 5.8A and Fig. 5.8C.

Figure 5.9 shows the full (sub)harmonic resonance behaviorof the very same
bubbles presented in Fig. 5.8. The initial surface tension and ζ were assumed to
be equal to the values found in the previous fit (see Fig. 5.7) and the shell viscosity
was assumed to vary with initial bubble radius as shown by Vander Meeret al.
[41]. The color coding for the simulated spectra is identical to those in Fig. 5.8
allowing for a quantitative comparison between the experimental an theoretical
subharmonic behavior. Both the simulated spectra and the measured spectra show
subharmonic resonance behavior at the same frequencies. Furthermore, we iden-
tify a good agreement between the absolute amplitude of the subharmonic response
between the simulated and the measured spectra.

To determine the threshold pressure for the initiation of subharmonic oscillations
for coated bubbles the experiment as presented in Fig. 5.6 was repeated for differ-
ent driving pressure amplitudes. The maximum response frequency for the ex-
perimentally determined subharmonic oscillations was observed to decrease from
1.4 MHz (<5 kPa) to 1 MHz (>80 kPa) for increased driving pressures. This can
be attributed to a nonlinear phenomenon, where the frequency of maximum re-
sponse of the bubble decreases for increased driving pressure, see chapter 3. In
Fig. 5.10A the subharmonic oscillation amplitude at the maximum subharmonic
response frequency is plotted as a function of the driving pressure amplitude. We
observe that the threshold pressure for the initiation of subharmonic oscillations
is smaller than 5 kPa, much lower than that of an uncoated gas bubble without a
shell and much lower than is expected based on the additionaldamping introduced
by the phospholipid shell of the bubble [7, 43–47]. For the 5 kPa driving pres-
sure the only driving frequency showing a subharmonic response was 2.8 MHz
corresponding to a resonance frequency of 1.4 MHz.
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Figure 5.9: Simulated subharmonic resonance behavior of coated microbubbles with the
same initial bubble radii as in Fig. 5.8 using the best fit shell parameters found in Fig. 5.7.
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5. SUBHARMONIC BEHAVIOR

Interestingly, we observe that the subharmonic amplitude decreases for increas-
ing driving pressure amplitudes above a pressure of 80 kPa. To investigate these
results in more detail we conducted numerical simulations using three different
models, an uncoated gas bubble model as described by Lotsberg et al. [43], a
purely linear viscoelastic shell model [63] and the model proposed by Marmot-
tant et al. [12]. The shell parameters for the model of Marmottant were taken
from the best fit from Fig. 5.7. For thelinear viscoelastic shell model we used
the very same shell viscosity. The shell elasticity was taken from Van der Meer
et al. [41], χe f f = 0.55 N/m, who determined the shell elasticity for alinear vis-
coelastic shell model. The initial surface tension in thelinear viscoelastic shell
model is assumed to be the same as found in the best fit from Fig.5.7. In the nu-
merical simulations, the initial bubble radius and drivingpressures were those of
the experiments. As discussed before, the maximum subharmonic/linear response
frequency varies slightly for increased driving amplitudes. Therefore, similar to
the experiments, we varied the driving frequency around twice the resonance fre-
quency of the bubble to find the maximum subharmonic responsefrequency. The
maximum subharmonic oscillation amplitude for the three different models at the
maximum subharmonic response frequency was plotted against the driving pres-
sure amplitude together with the experimental data in Fig. 5.10A. From this figure
it is clear that the uncoated gas bubble model starts to show subharmonic behavior
for driving pressure amplitudes between 50 kPa and 80 kPa whereas the experi-
mental data shows subharmonic behavior already at a drivingpressure amplitudes
of 5 kPa. As a result of the increased damping introduced by the bubble shell, the
linear viscoelastic shell model shows no subharmonics up to a driving pressure
amplitude of 240 kPa. The model by Marmottant on the other hand predicts that
the threshold pressure for the initiation of subharmonics almost vanishes, which is
in agreement with what is found experimentally. Overall theagreement between
the theoretical predictions of the model proposed by Marmottant et al. [12] and
the experimental data is very good. In both theory and experiment we observe that
the oscillation amplitude at the subharmonic frequency canbe as high as 4 % of
the initial bubble radius already at a driving pressure amplitude of 40 kPa. Also
the decrease of the subharmonic oscillation amplitude for higher pressures seems
to be correctly predicted by the model. The very same experiments and numerical
simulations were conducted for two other microbubbles: onefor a bubble with an
initial bubble radius of 4.8 µm and one for a 2.4 µm radius bubble; these are pre-
sented in Fig. 5.10B and Fig. 5.10C, respectively. The shellviscosity was adapted
to the initial bubble radius of the bubble in accordance withthe results of Van der
Meeret al. [41], who found a shell viscosity depending on bubble size, or more
precisely on dilatation rate. The shell viscosity was directly taken fromFig.8 (b)
from Van der Meeret al. [41]. For the 4.8µm radius bubble the shell viscosity
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Figure 5.10: The maximum amplitude of the subharmonic oscillations of a A) 3.8 µm
bubble, B) 4.8µm and C) 2.4µm bubble as a response to different driving pressure am-
plitudes. The measured responses are compared with the subharmonic responses for the
same initial bubble radii predicted by three different models. The model proposed by Mar-
mottantet al.[12] (solid red line), and a purelylinear viscoelastic shell model (dashed blue
line) and a free gas bubble model (dotted black line).
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5. SUBHARMONIC BEHAVIOR

was therefore taken to be equal to 4.3·10−8 kg/s and for the 2.4µm radius bubble
it was taken to be equal to 1.2·10−8 kg/s.

In Fig. 5.10C and Fig. 5.10B we again observe that the subharmonic threshold
pressure has decreased considerably compared to the threshold pressure predicted
for an uncoated gas bubble of the same size. Thelinear viscoelastic shell model is
unable to predict subharmonics at such low driving pressureamplitudes.

Comparing Fig. 5.10A, Fig. 5.10B and Fig. 5.10C we observe that the max-
imum subharmonic oscillation amplitude of the largest and smallest bubble are
comparable. Furthermore it is found that the threshold pressure for the initiation
of subharmonic oscillations does not vary strongly with bubble radius. We also ob-
serve that for all three bubble sizes the model of Marmottantpredicts a maximum
for the subharmonic oscillation amplitude between a driving pressure of 50 kPa
and 100 kPa.

5.5 Discussion

From the comparison between the analytical, numerical and experimental results
we conclude that the subharmonic behavior of phospholipid-coated microbubbles
at low acoustic driving pressure amplitudes can be explained by a rapid change
of the effective surface tension of the bubble shell. We alsofind that the subhar-
monic behavior of phospholipid-coated microbubbles is predominantly determined
by the initial phospholipid surface concentration on the bubble wall. The descrip-
tion of the effective surface tension of a phospholipid-coated microbubble as a
function of bubble radius proposed by Marmottantet al. [12] is based on the quasi-
static behavior of phospholipid monolayers [64, 65]. Here we show that the main
features of the model responsible for the subharmonic behavior of phospholipid-
coated microbubbles, such as the large change of the initialshell elasticity, also
provide excellent agreement with experimental observations at higher frequen-
cies. The phospholipid molecules covering the surface of BR-14 microbubbles,
are distearoylphosphatidylcholine (DSPC), and dipalmytoylphosphatidylglycerol
(DPPG). These are well known pulmonary surfactants [86] andtheir dynamic be-
havior has been the subject of numerous studies. Hereto, researchers make use of
a so-called pulsating bubble surfactometer [87]. In a pulsating bubble surfactome-
ter a bubble of around 500µm is coated with the surfactant of interest while the
radius of the bubble is varied through an externally appliedpressure. The pressure
in and outside the bubble, which is monitored during the oscillations, provides
direct information on the dynamic surface tension of the bubble. From dynamic
surface tension measurements conducted by Wenet al. [66] and Chenget al. [67]
on DPPC (similar to DPPG and DSPC) we observe that the change of the shell
elasticity is indeed much larger than the shell elasticity itself for an initial surface
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tension close to the phospholipid surface saturation concentration (which can be
appreciated from the sharp peaks for low effective surface tension and round peaks
for large effective surface tension in Fig.2 of [66] and Fig.1 of [67].

The functional form of the effective surface tension figure proposed by Mar-
mottantet al. [12] is based on a few approximations: a perfectly elastic regime
can be defined, the elasticity is zero in the buckled regime and after rupture of the
shell, buckling and rupture are reversible, the surface tension goes to zero in the
buckled state. Furthermore, a more realistic description should account for several
factors that are known to influence the dynamic behavior of phospholipids mono-
layer, such as the ionic strength and pH of the solution, temperature, impurities
and dissolved surfactants [86].

An explanation why around 50% of the microbubbles studied inthis paper and
similar studies by other authors [81, 82] showed no subharmonic behavior at low
acoustic driving pressures could be that the surface of these bubbles was insuffi-
ciently saturated with phospholipids. This would result inan insufficiently large
change of the initial shell elasticity to initiate subharmonic behavior.

The findings presented in this paper are valuable for the application of phospho-
lipid-coated microbubbles in medical ultrasound imaging.By controlling the ini-
tial conditions of the microbubbles, their subharmonic behavior can be enhanced
leading to an improved contrast to tissue ratio in contrast-enhanced ultrasound
imaging. One way of changing and controlling the initial conditions of the phos-
pholipid shell is through a change of the ambient pressure. This idea has very
recently been shown by Frinkinget al. [49] and provides new possibilities for non-
invasivein vivo hydrostatic pressure estimations inside the heart and large vessels.

5.6 Conclusions

Through a weakly nonlinear analysis we provided an explanation for the decrease
of the threshold amplitude of the driving pressure above which the subharmonic
behavior of phospholipid-coated microbubbles is initiated. We show that a de-
crease of the subharmonic threshold for coated microbubbles can only be explained
if the shell elasticity of the bubble shell,χ(R), varies rapidly with the amplitude
of oscillation. Unlike the purelylinear viscoelastic models [33, 35, 36, 63] the
model of Marmottantet al. [12] assumes that the shell of a phospholipid-coated
microbubble is elastic only in a small radius domain. Outside this domain the shell
elasticity is zero. It is shown that as a result of this rapid change in the shell elas-
ticity, the subharmonic behavior of coated microbubbles islikely to occur already
for driving pressure amplitudes as low as 6 kPa.

In a full parameter study of the model we show that the initialsurface tension
of the bubble shell, i.e. the initial phospholipid surface concentration, determines
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5. SUBHARMONIC BEHAVIOR

whether or not subharmonics occur. If the initial surface tension of the bubble is
sufficiently close to the buckled regime and the collapse of the phospholipid mono-
layer from the elastic regime to the buckled regime determined byζ is sufficiently
abrupt subharmonic behavior is enhanced. Furthermore it isconfirmed that the
subharmonic behavior is enhanced for a smaller shell viscosity.

Experimentally the subharmonic radial dynamics of differently sized microbub-
bles was studied for different driving pressure frequencies near two times the res-
onance frequency of the bubble for different driving pressure amplitudes. Sub-
harmonic oscillations were observed for bubbles insonifiedwith driving pressures
with amplitudes as low as 5 kPa. This indicates that the threshold pressure above
which subharmonic oscillations may occur is even smaller for phospholipid-coated
microbubbles than for uncoated gas bubbles, even though as aresult of the shell
viscosity coated bubbles are more heavily damped.
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6
Bubble-wall interactions:

Changes in microbubble

dynamics1

The authors report optical observations of the change in thedynamics of one and
the same ultrasound contrast agent microbubble due to the influence of interfaces
and neighboring bubbles. The bubble is excited by a 2.25 MHz ultrasound burst
and its oscillations are recorded with an ultrahigh-speed camera at 15 million
frames per second. The position of an individual bubble relative to a rigid wall or
second bubble is precisely controlled using optical tweezers based on Laguerre-
Gaussian laser beams [P. Prentice et al., Opt. Express 12, 593 (2004); V. Garbin et
al., Jpn. J. Appl. Phys. 44, 5773 (2005)]. This allows for repeated experiments on
the very same bubble and for a quantitative comparison of theeffect of boundaries
on bubble behavior.

1Based on: V. Garbin, D. Cojoc, E. Ferrari, E. Di Fabrizio, M. Overvelde, S.M. van der Meer, N.
de Jong, D. Lohse, and M. Versluis,Changes in microbubble dynamics near a boundary revealed by
combined optical micromanipulation and high-speed imaging, Applied Physics Letters90 (2007)
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6. BUBBLE-WALL INTERACTIONS

6.1 Introduction

Micron-sized gas bubbles are effectively used as a contrastagent in ultrasound
medical imaging. They contain an inert gas and are encapsulated by a phospho-
lipid, protein or polymeric shell. In the ultrasound field, with typical medical
imaging frequencies between 1 and 10 MHz, they undergo linear and nonlinear
oscillations leading to an acoustical response that allowsthe discrimination of the
blood pool from the surrounding tissue [88]. The study of theacoustical response
of ultrasound contrast agent (UCA) microbubbles has attracted wide interest from
both the medical and acoustical communities, not only for providing a better under-
standing of their complex dynamics, but also for their potential use for drug deliv-
ery and therapeutic applications [8]. Bubble oscillationsat ultrasound frequencies
can be recorded optically [89–91] with the advantage of providing direct visual-
ization of nonlinear oscillations [12], bubble rupture [92] and interactions with
vesicles or cells [93, 94]. In our experiments, ultra-high speed optical imaging is
performed using a digital rotating mirror camera specifically developed for inves-
tigating microbubble dynamics [39]. The camera system is capable of recording
128 frames at a frame rate of up to 25 million frames per second(Mfps), thereby
fully resolving the oscillation dynamics at nanoseconds timescale.

For molecular imaging applications in ultrasound, i.e. thenon-invasive detec-
tion of a specific disease at a molecular level, it will be crucial to develop meth-
ods for selectively detecting adherent UCA microbubbles that have bound to spe-
cific molecular targets from freely flowing ones, primarily based on a change in
their acoustic response. Considerable differences in the amplitude of oscillations
[95, 96] and in the spectral response [97] were reported recently. In general, the
studies on UCA microbubble dynamics suffer from the lack of control on bub-
ble position, however, and they are therefore based on ensemble averaging and
statistical observations of many different bubbles. To thebest of our knowledge,
time-resolved dynamics of one and the same UCA microbubble under controlled
well-defined conditions has not been reported previously.

In this chapter, we report the use of optical tweezers for UCAmicrobubble ma-
nipulation, enabling the study of bubble dynamics with controlled boundary con-
ditions. A quantification of the acoustical and fluid dynamical forces for the very
same bubble when it is freely floating and when it is close to a boundary is there-
fore feasible, provided that the initial bubble propertiesremain unchanged in con-
secutive experiments. Three-dimensional optical trapping of single and multiple
UCA microbubbles has been demonstrated by various groups, either by focusing
an optical vortex beam, e.g. a Laguerre-Gaussian beam [58, 98] or by rapidly
scanning the beam in a circular trajectory [99]. The abilityto position UCA mi-
crobubbles with optical tweezers was also successfully exploited for studying cell

100



6.2 SETUP

sonoporation phenomena induced by violently collapsing microbubbles [100].

6.2 Setup

The setup for combined optical trapping and ultra-high speed imaging is based on
an upright microscope (BXFM, Olympus), see Fig. 6.1A. A Gaussian beam from
a 1064 nm continuous wave Yb fiber laser (YLM, IPG Photonics) is converted
into a Laguerre-Gaussian (LG) mode (Fig. 6.1B) by a phase diffractive optical el-
ement (DOE) [58] implemented on a spatial light modulator (SLM) (X8267-11,

BA

D

C

Figure 6.1: A) Setup for combined UCA microbubble trapping, acousticaldriving and
ultra-high speed optical recordings. The laser beam is converted by the spatial light mod-
ulator (SLM) into a Laguerre-Gaussian mode; upon reflectionon a dichroic mirror (DM)
it enters the objective (100x) and is focused into the samplevolume. The ultrasound beam
overlaps the optical focal volume. BS: beam splitter, enables two imaging modes: monitor
mode on a CCD camera (T = 20%) and imaging mode on the ultra-high speed camera
Brandaris (R = 80%). L1 and L2: lenses. B) A focused Laguerre-Gaussian beam; scalebar
5 µm. C) Schematic view of microbubble trapping in a Laguerre-Gaussian beam.D) Image
sequence of a trapped microbubble which is positioned in 3D
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6. BUBBLE-WALL INTERACTIONS

Hamamatsu). Upon reflection on the dichroic mirror, the beamis focused by a
100x microscope objective (LUMFPL, Olympus; NA = 1.00, water immersion)
into an OptiCell cell culture chamber (BioCrystal, Inc.), where bubbles are in-
jected. The beam divergence is adjusted to compensate for the mismatch between
the trapping plane and the image plane. The chamber is positioned on top of a
water-filled container with an unfocused 2.25 MHz transducer (V306, Panamet-
rics Inc.) mounted at 45◦incidence angle with the optical axis. The acoustical
beam (5 mm diameter) fully overlaps the optical field of view (100× 100 µm2).
Bright-field transmission imaging is performed through thesame objective. The
ultra-high speed camera is directly connected to the imaging port of the micro-
scope and records the bubble oscillations during ultrasound insonation at 15 Mfps.
A charge-coupled device (CCD) camera (LCL-902HS, Watec, 6%efficiency at
1000 nm) monitors the trapping beam shape and position, and the bubble selected
to be trapped. The trapped bubble (Fig. 6.1C) can be positioned at a prescribed
distance from the wall by positioning the chamber upwards with 0.5µm accuracy,
using a micropositioning stage. An image sequence of the 3D manipulation of the
bubble is shown in Fig. 6.1D. In the first image the bubble is trapped at the wall.
The following two images the chamber is moved in XY-direction to reposition the
trapped bubble. In the last two images the sample is moved upwards as seen from
the free bubbles which are floating at the upper sample wall, while the trapped

A

E F

Trapping/ imaging plane

D

Trapping/ imaging plane

CB

dwall

dwall

Figure 6.2: Schematic of an experiment. A) The dynamics of a bubble at thewall are
recorded. B) The laser trap is turned on which allows manipulation of the bubble position,
C) the bubble is positioned in free space by moving the chamber wall up, and D) the trap
is turned of and the dynamics of the bubble at a distancedwall are recorded. E) After
the recordings the bubble is immediately trapped at the sameposition, F) the chamber is
moved to change the distance from the wall and the experimentcan be repeated.
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bubble remains in focus at a controlled distance from the wall.
The dynamic implementation of DOEs on a programmable spatial light mod-

ulator enables fully flexible trap configurations. The size of a trap can be con-
trolled by changing the Laguerre-Gaussian mode [101] and adapted to the full
range of UCA microbubble size. All studies were performed with the experimen-
tal contrast agent BR-14 (Bracco S.A., Geneva, Switzerland), an agent containing
phospholipid-stabilized microbubbles with a perfluorobutane gas core. The bub-
bles have a mean radius of 1.5µm and 95% of the bubbles are smaller than 10µm.

The schematic of a typical experiment is shown in Fig. 6.2. A bubble is insoni-
fied at the wall (Fig. 6.2A) with an ultrasound wave which consists of an eight
cycle burst at a frequency of 2.25 MHz, with a peak negative pressure of 150 to
200 kPa (M.I.= 0.12). After the experiment the laser trap is turned on to trap the
bubble (Fig. 6.2B). The sample is moved upwards and the trapped bubble remains
in the optical focus at a distancedwall from the wall, while the other bubbles float
up against the upper wall (Fig. 6.2C). The laser is blocked during the recording to
avoid interfering optical forces (Fig. 6.2D). Directly after the experiment the bub-
ble was trapped again at the same position (Fig. 6.2E). Whilethe bubble is in the
trap the distance between the bubble and the wall is changed (Fig. 6.2F) and the
experiment is repeated. For analysis and comparison with theoretical models, the
2D bubble contours (which are always observed to be symmetrical in our experi-
ments) were processed to track the bubble radius as a function of time, resulting in
a so-called radius-time (R(t))-curve of the bubble.

6.3 Results and Discussion

We investigated the influence of the chamber wall on the dynamics of an individual
bubble. The radius-time curves of a bubble with a resting radius of R0 = 2.45 µm
are shown in Fig. 6.3. First a movie was recorded when the bubble was insonified
and positioned at the wall, while a second movie was recordedwhen the bubble
was positioned 50µm away from the wall. One last movie was recorded after
positioning the bubble back at the wall, to double-check if the bubble properties
were not changed during the previous insonations. The radius-time curves indicate
that the vicinity of the wall suppresses the amplitude of oscillations for one and the
same microbubble by more than 50%. This finding can be attributed to three dis-
tinct effects. First, the vicinity of a rigid wall is expected to cause a shift in the
resonance frequency of the bubble [102]. The effect of a rigid wall is commonly
described by the so-called ’method of images’ (see, e.g, Refs. [32] and [103]),
where an acoustic image bubble is located in the mirrored position; a system of
two bubbles having the same size and oscillating in phase indeed generates the
same potential flow at the wall position. As our experiments were carried out at a
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Figure 6.3: ThreeR-t curves of a single bubble with an initial radiusR0 = 2.45 µm,
insonified with a 8-cycle ultrasound burst at 2.25 MHz with anapplied pressure of 200 kPa.
The frame rate is 15 Mfps. The solid line represents the amplitude of oscillations at the
wall; the dash-dotted line is recorded with the bubble at a distance of 50µm from the
wall. The dashed line is the radius-time curve of the same bubble repeated at the wall
is identical to the first one showing that repeated insonations have not altered the initial
bubble properties.

fixed insonation frequency of 2.25 MHz, a shift in the resonance frequency results
in different amplitudes of oscillations being observed at the wall and away from
the wall. Second, a full description of the bubble-wall system has to account also
for a dissipation introduced by the viscous boundary layer at the wall, which is not
taken into account when applying the image bubble method. This phenomenon
contributes to the damping of the oscillations, in additionto the other damping
mechanisms for coated bubbles (bulk and shell viscosity, thermal diffusion, re-
radiation of sound). Finally, asymmetric oscillations mayarise in the vicinity of
the wall. The eccentricity of bubbles in the vicinity of a capillary wall and driven
at comparable pressures has been indeed reported to be closeto 0.7 [95], although
these observations were made on adherent bubbles. In our experiments, the pos-
sible adhesion to the wall was excluded by verifying with theoptical tweezers
whether bubbles were indeed non-adherent, yet in contact with the wall. In order
to visualize asymmetric oscillations the behavior in a plane orthogonal to the wall
should be observed, however this was not possible in our present setup without
major modifications.

The optical tweezers setup presented here, nonetheless, allows decoupling of
the mechanisms listed above. The resonance frequency shiftinduced by the image
bubble can be observed by studying a real two-bubbles system. Then the viscous
boundary layer induced by the wall is not present. Furthermore in this case the
system is imaged in the plane containing both the bubbles. Should asymmetric
oscillations arise, they would then be detected from this point of observation. Two-
trap DOEs are produced by dividing the full SLM active area into two sections,
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Figure 6.4: Radius-time curves taken at 15 Mfps for two interacting bubbles.
A) R-t curves of the two bubbles trapped at 8µm distance from each other and positioned
50 µm away from the wall. The dashed curve 1 corresponds to bubble1, the solid line 2a
corresponds to bubble 2. B) The dashed line 2B represents theR-t curve of bubble 2 os-
cillating after bubble 1 has been released. TheR-t curve 2a is also plotted for comparison.
White scalebar in pictures: 5µm.
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each containing a DOE for a single-trap. The distance between the two traps can
be controlled in real-time with subµm precision by changing the distance between
the two DOEs, with a minimum distance corresponding to the two bubbles being
in contact, and a maximum distance corresponding to severalbubble diameters
separation between the bubbles. The same approach can be used to efficiently
generate larger arrays of traps (up to 10-20 in our setup) each one individually
tuned for a prescribed bubble size.

Two bubbles having similar size were trapped with a separation distance in the
same order as their diameter. The bubble pair was then positioned 50µm away
from the wall to reduce wall effects as previously discussed, and to extract informa-
tion purely on the bubble-bubble interaction. We investigated the radial dynamics
of the bubble pair, then released one bubble by switching offthe corresponding
trap, and studied the behavior of the remaining bubble.

Fig. 6.4 shows the result of this experiment: the initial radius of the bubbles is
2.25 µm and 2.40µm, respectively, the bubble centers being 8µm apart. The
dynamics of the bubble pair in ultrasound (f = 2.25 MHz, Pa = 150 kPa) was
first recorded at 15 Mfps, see the radius-time curves of Fig. 6.4A. In Fig. 6.4B the
radius-time curve for the residual bubble is shown, together with the radius-time
curve previously recorded for the very same bubble in the presence of the second
one. When comparing the two curves it is apparent that bubbleoscillations are
highly suppressed by the presence of the neighboring bubble. In repeated experi-
ments the two bubbles always retained their spherical symmetry. In this case we
can thus ascribe the change in the bubble response to the shift in resonance fre-
quency. A change in the distance between the bubbles was alsoobserved (data
not presented here), due to an attractive secondary Bjerknes force (see e.g. [32]
for an overview of the topic). A detailed study and quantification is presented in
chapter 8.

6.4 Conclusion

In this chapter we presented a setup that enables for a quantitative characteriza-
tion of the boundary-dependent UCA microbubble dynamics atthe single-bubble
level. We compared the behavior of the very same UCA microbubble under dif-
ferent boundary conditions, by a well-controlled positioning of individual bubbles
using Laguerre-Gaussian optical tweezers and by recordingtheir ultrasound-driven
oscillations with an ultra-high speed camera. We thereforeintroduced a powerful
tool for investigating how the bubble dynamics changes withvarying distance to
neighboring objects. A deeper understanding of these phenomena may lead to
novel imaging modalities together with the use of functionalized microbubbles
specifically designed for targeted diagnostic ultrasound imaging.
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7
Bubble-wall interactions near

a thin compliant wall1

The influence of a thin boundary on the dynamics of single ultrasound contrast
agent microbubbles is investigated. Experiments were performed with the ultra-
high speed camera Brandaris 128 coupled to an optical tweezers setup allowing
for micromanipulation of the microbubbles in 3D space and temporally resolv-
ing their dynamics. The proximity of the boundary is investigated by recording
the radial dynamics of one and the very same bubble at controlled distances from
the wall. Influences of the coating on the bubble dynamics areminimized by in-
sonifying the bubbles above their frequency of maximum response. The observed
radial response of the bubbles decreases with decreasing distance from the wall.
Resonance curves of the microbubbles were obtained by scanning the insonation
frequency at various distances from the wall. The frequencyof maximum response
is found to decrease in the vicinity of the wall with respect to the bubble oscillating
far from the wall in case shell effects are minimized. The experimental results are
compared to simulations performed with a numerical model, which accounts for
the interaction of a coated bubble with a compliant boundary. The experiments
and simulations are in good agreement when the bubble is driven above resonance
where the shell contributions are small. Below resonance, where the bubble re-
sponse is dominated by the nonlinear shell behavior, the coupled system allows for
an extremely sensitive assessment of the boundary conditions of the bubble-wall
interaction.

1M. Overvelde, T. Hay, B. Dollet, V. Garbin, Y. Ilinkskii, N. de Jong, D. Lohse, and M. Versluis
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7.1 Introduction

Ultrasound contrast agents [104] (UCA) are widely used in medical imaging with
ultrasound, e.g. to enhance endocardial border delineation and to quantify organ
perfusion. A contrast agent solution contains microbubbles with a radius of 1 to
5 µm. The bubbles are coated with a phospholipid monolayer or with a polymeric
shell to reduce the capillary pressure and to prevent them from dissolving in the
blood. The compressibility of the microbubbles causes themto pulsate in response
to the driving pressure field which leads to a strong scattering echo. The bubble
oscillations are strongly non-linear, which improves its contrast with respect to
tissue, the non-linear behavior being even more enhanced bythe non-linear mate-
rial properties of the bubble coating. Pulse-echo techniques in medical ultrasound
imaging exploit the non-linear response of UCA microbubbles; examples include
pulse inversion imaging [5] and power modulation imaging [6].

An emerging application of UCA microbubbles is in molecularimaging with
ultrasound, where the coated bubbles are functionalized with a targeting ligand,
which adheres to specific markers on endothelial cells. Targeting allows for diag-
nosis at the cellular level and for local drug delivery applications [8, 9]. The close
proximity of the vessel wall changes the dynamics of the microbubbles. Assuming
potential flow, the interaction with the wall can be modeled through the “method of
images” by placing a virtual bubble with identical source strength (the image bub-
ble) in the mirrored position of the wall plane. The models predict a decrease of the
resonance frequency and translatory oscillations near thewall [29, 32, 105–109].
Other phenomena that possibly occur are shape oscillations[38] or asymmetrical
collapse of the bubbles leading to jet formation [110, 111].The changed dynamics
of the bubbles has direct consequences for the applied imaging protocols. On the
other hand, molecular imaging applications with ultrasound would greatly bene-
fit from an imaging modality that can acoustically distinguish freely circulating
microbubbles from targeted ones.

The interaction of free gas bubbles of millimeter size with arigid wall is well-
understood, both theoretically [29, 105, 106] and experimentally [110, 112, 113].
However, our understanding of the interaction of microscopic bubbles with a wall
are rather limited because of experimental complexity. Microbubbles are difficult
to produce, they dissolve rapidly and single bubbles are difficult to image, both
acoustically and optically. For optical detection we need high magnification which
results in a very limited optical depth of field. Therefore the microbubbles are
usually confined in space through a cellulose membrane wall or an elastic capillary
fiber. Then to prevent bubble shrinkage these bubbles must bestabilized through
a surface active coating, which altogether results in a highly complex bubble-wall
interaction as a result of many combined effects. Only a complete decoupling of all
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contributing effects would allow us to fully understand thebubble-wall interactions
for coated microbubbles. This would require, first, a full understanding of the non-
linear coated bubble behavior, which we derived in Chapter 3. Second, control
over the bubble position with respect to the wall, and finallya model that would
incorporate, in complex representation, the acoustic properties of the compliant
wall.

In chapter 6 the influence of a boundary on the dynamics of a single UCA micro-
bubble was investigated. Full control over the distance to the wall was assured
using an optical tweezers setup, which was combined to the ultra-high speed cam-
era Brandaris 128 [39] to optically record the radial dynamics of the microbubble.
The dynamics of a single bubble positioned at a distance of 50µm was compared
to the dynamics of the very same bubble at the wall. The authors found that the
amplitude of oscillations at the wall was over 50% lower thanthe response away
from the wall. From the reported experiments it was not clearhow far the influ-
ence of the wall on the bubble dynamics extends. Furthermore, the experiments
failed to identify the frequency dependence of the bubble-wall interaction, which
is expected from previous work on mm-sized bubbles.

While the “method of images” facilitates the theoretical description of the in-
teraction of bubbles with an acoustically rigid wall, in experiment the bubbles are
contained in a capillary tube or a polystyrene cell, which are acoustically transpar-
ent. Recent numerical work is performed on the interaction of uncoated bubbles
with elastic boundaries using the boundary element method (BEM) [114] and fi-
nite element method (FEM) [115]. Hayet al. [116] account for a bubble between
two compliant walls with a model similar to the “method of images”, where the
complex source strength of the image bubble depends on the acoustic wall proper-
ties and the thickness of the wall. The model is applicable tophospholipid-coated
microbubbles.

Here, we investigate the interaction of a single UCA microbubble with a thin
compliant wall. We explore the bubble dynamics above, at andbelow the reso-
nance frequency. The distance from the wall is controlled bymeans of an optical
tweezers setup. The insonation frequency is scanned to determine the resonance
curve of the bubble at varying distances from the wall. The results of the experi-
ment are compared to the model by Hayet al. [116], which explicitly accounts for
a compliant wall.

7.2 Theoretical background

The model by Hayet al. [116] accounts for the change of the radial dynamics of
a gas bubble as a result of its close proximity to a viscoelastic plate. The bubble

109



7. COMPLIANT WALL INTERACTIONS

dynamics is described by:

ρ
(

R̈R+
3
2

Ṙ2
)

= Pgas−Pref, (7.1)

whereR is the time-dependent bubble radius, overdots indicate differentiation with
respect to time,Pref is the pressure due to reflections from the plate andPgas is the
pressure at the bubble wall in the liquid. As explained in Ref. [116], a theoretical
description for encapsulated bubbles may be obtained by substituting an appropri-
ate expression for the gas pressurePgas. For lipid encapsulated microbubbles the
appropriate expression for this pressure is given by:

Pgas=

(

P0+
2σ (R0)

R0

)

(

R0

R

)3κ(

1− 3κṘ
c

)

−P0−P(t)−4µ
Ṙ
R
− 2σ (R)

R
−4κs

Ṙ
R2 (7.2)

whereR0 is the equilibrium bubble radius. The fluid properties are the densityρ ,
the kinematic viscosityµ , the speed of soundc. At the fast oscillations normally
imposed on the microbubbles it is assumed that the process behaves adiabatically
and the polytropic exponent isκ = 1.07 for C4F10 gas. The additional pressure
terms in the equation are the ambient pressureP0 and the external driving pressure
P(t). The dilatational viscosity of the phospholipid coating isgiven byκs. The
surface tension at the gas-liquid interface here is radius-dependent through a de-
pendence on the concentration of phospholipids on the bubble surface. A model to
account for the physical behavior of the viscoelastic shell, which includes elastic-
ity, viscosity, but also shell buckling and rupture, was introduced by Marmottantet
al. [109] and is discussed in more detail in chapter 3. The above nonlinear shell
behavior is described in the model in terms of an effective surface tension in the
following way:

σ (R) =























0 if R≤ Rb

χ

(

R2

Rb
2−1

)

if Rb ≤ R≤ Rr

σw if R≥ Rr

(7.3)

with the buckling radiusRb, the rupture radiusRr , the shell elasticityχ , and the
surface tension of the gas-water interfaceσw = 0.072 N/m.
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Reflections from a planar wall may be included by introducingthe pressure term

Pref = Punb(t)∗h(t) =−ρ

[

∂φ
∂ t

+
1

2
(∇φ)2

]
∣

∣

∣

∣

∣

r=R

∗h(t)

= ρ
(

RR̈+
3
2

Ṙ2
)

∗h(t) (7.4)

wherePunb is the pressure at the bubble wall in the unbounded fluid due topul-
sation,φ = −ṘR2/r is the velocity potential due to bubble pulsation,h(t) is the
impulse response of the environment, and∗ denotes convolution. For a viscoelas-
tic wall the impulse responseh(t) is the inverse Fourier transform of the frequency
domain quantity

Hwall (ω) = R0

∫ ∞

0
KLL

κ
κl

dκ (7.5)

which represents the frequency response of the wall, derived using angular spec-
trum decomposition. In Eq. (7.5)KLL denotes the reflection coefficient relating
the incidentLinc and reflected componentsLref of the angular spectrum, which is
represented by longitudinal waves corresponding to wave numberκ , with κl the
eigenvalue of the longitudinal mode in the fluid. A complete derivation of Eq. (7.5)
is provided in Ref. [116].

Figure 7.1: Schematic drawing of the bubble near the OptiCell wall.

Calculation ofH(ω) requires that the elastic parameters and density of the wall
to be known. The OptiCell membrane is aD = 75 µm polystyrene layer with a
Young’s modulusYps= 3.3 GPa and a shear modulusµps= 1.23 GPa, see Fig. 7.1.
The density of the material is obtained experimentallyρOptiCell = 1020 kg/m3.
Throughout the paper the OptiCell wall is referred to as a viscoelastic wall and
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in all simulations we use the material properties as described above. The model
includes effects of both bulk longitudinal and transverse waves in the fluid and
wall as well as surface waves. The viscous boundary layer hasa thickness of ap-
proximatelyδ =

√

(2ν/ω) which is of the order of the bubble radius [116] and
is therefore negligible for distances larger than a few bubble radii. The dominant
material parameter influencing the bubble dynamics is therefore the stiffness of the
wall material.

For comparison with the viscoelastic wall we also present results for a lossless
rigid wall. In this case the reflection coefficient becomes [116]

Hrigid (ω) =
R0

2d
exp(2iωd/c) , (7.6)

or equivalently,hrigid(t) = δ (t −2d/c)R0/2d, whered is the distance between the
bubble center and the wall. For the rigid wall, attenuation of the reflected pressure
is due solely to spherical spreading over the round trip distance between the bubble
and wall (2d), and the phase is shifted by the round-trip flight time.

7.2.1 Simulations

Simulations were performed on an uncoated bubble to excludeshell effects and
focus instead on effects purely due to the confining environments, i.e. a rigid wall
and a viscoelastic OptiCell wall. The material properties of the OptiCell wall used
in the simulations are described in the previous section. The gas pressure in the
uncoated bubble is given by:

Pgas=

(

P0+
2σw

R0

)

(

R0

R

)3κ(

1− 3κṘ
c

)

−P0−P(t)−4µ
Ṙ
R
− 2σw

R
(7.7)

The radius of the bubble is 1.5µm and has a resonance frequency of 2.2 MHz in
the unbounded fluid. Fig. 7.2 shows the amplitude of oscillation as a function of
the distance for the rigid wall (A) and the OptiCell wall (B).The simulations were
performed for three different applied frequencies below and above the resonance
frequency of the bubble in the unbounded fluid, and at a frequency intermediate
to the resonance frequency of the bubble in the unbounded fluid and that at the
wall. For both the rigid wall and the OptiCell wall, above resonance the ampli-
tude decreases with decreasing distance from the wall, while below resonance the
amplitude increases with decreasing distance. Just below the resonance frequency
in the free bubble case and above the resonance frequency of the bubble at the
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Figure 7.2: Simulated response for an uncoated bubble with a radius of 1.5 µm and an
applied pressurePa = 10 kPa. The applied frequencies are below (blue) and above (black)
the resonance frequency of the uncoated bubble in the unbounded fluid. The dash-dotted
line shows the influence of the wall in the case the applied frequency is in between the res-
onance frequency of the free bubble and the bubble at the wall(red). A) bubble near a rigid
wall; B) bubble near a viscoelastic OptiCell wall. The material properties of the OptiCell
membrane are a 75µm thick polystyrene layer with a Young’s modulusYps= 3.3 GPa, a
shear modulusµps= 1.23 GPa, and a densityρOptiCell = 1020 kg/m3, see Sec. 7.2.

wall the amplitude of oscillation first increases and then decreases with decreas-
ing distance from the wall. The maximum amplitude in case of the rigid wall
is a maximum of 2.5 times the amplitude of oscillation of the bubble in the un-
bounded fluidAmax

1 = 2.5Aunb
1 , while for the viscoelastic wall a maximum ampli-

tude ofAmax
1 = 2Aunb

1 is obtained. The influence of the rigid wall is still noticed at
a distanced = 40R0, while no influence is observed atd > 25R0 in case of the vis-
coelastic wall. However, at all distances from the wall it isdifficult to distinguish
the response of the bubble at the rigid wall from that at the viscoelastic OptiCell
wall.

For a bubble at a wall (red) the amplitude of oscillations is calculated as func-
tion of the frequency and plotted in Fig. 7.3. The influence ofa rigid wall (A)
and a viscoelastic OptiCell wall (B) on the bubble dynamics are compared with
the response in the unbounded fluid (blue). The amplitude of oscillation and the
frequency are normalized to the maximum amplitude of oscillation and the reso-
nance frequency of the bubble in the unbounded fluid, respectively. In both cases
the resonance frequency decreases with decreasing distance to the wall by about
20%. The rigid wall increases the maximum oscillation amplitude slightly and its
contribution is found to be less than the increase expected from the “method of
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Figure 7.3: Simulated resonance curve for an uncoated bubble with a radius of 1.5µm
for a bubble in the unbounded fluid (blue,dwall = 100R0) and at the wall (red,dwall =
R0). The resonance frequency and the amplitude of oscillationare normalized with the
response of the bubble in the unbounded fluid. A) bubble near arigid wall; B) bubble
near a viscoelastic OptiCell wall. The material propertiesof the OptiCell wall are given in
Sec. 7.2.

images” due to the inclusion of the boundary layer in the model. The viscoelastic
wall on the other hand decreases the maximum oscillation amplitude. In conclu-
sion, the most noticeable difference between the interaction of the bubble with the
rigid and the viscoelastic plate is expected for the maximumamplitude of oscil-
lation at the wall, which increases in the case of a rigid surface and decreases for
a viscoelastic plate. The relative change of the maximum amplitude of oscilla-
tion can be deduced from the resonance curve measured on one and the very same
bubble measured first in the unbounded fluid, then at the wall.

7.2.2 Nonlinear behavior of the coating

UCA microbubbles exhibit a strong nonlinear behavior mainly as a result of the
nonlinear behavior of the phospholipid-coating, see chapter 3. An increasing
acoustic pressure decreases the frequency of maximum response by more than
50%. The decrease is the origin of the so-called “thresholding” behavior, where a
small change in acoustic pressure causes a dramatic increase in the amplitude of
oscillation. The dynamics is well-described by the shell-buckling model proposed
by Marmottantet al. [12]. In chapter 3 the shell parameters were determined for
BR-14 microbubbles, which are also used in this study, giving a shell elasticity
χ = 2.5 N/m and a shell viscosityκs = 6 ·10−9 kg/s. Even for apparently iden-
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tical bubbles the dynamics strongly varies, which was attributed to a variation in
the initial surface concentration of phospholipids. The relevant shell parameter
here is the initial effective surface tensionσ(R0), which may vary between 0 and
0.072 N/m. Throughout the chapter we use the shell elasticity and shell viscosity
as given above. The initial surface tension will be obtainedfrom the results far
away from the wall.

We will now investigate in what parameter regime the bubble-wall interaction
can be separated into changes in bubble dynamics due to the confining wall and
those due to the lipid shell. Fig. 7.4A shows simulated resonance curves of a
phospholipid-coated microbubble for varying initial surface tensionsσ(R0) (see
inset). The frequencies of maximum response of the “buckled” bubble (σ(R0) =
0 N/m) and the “elastic” bubble (σ(R0) = σw/2) are very different. The amplitude
of oscillation is very different below the frequency of maximum responsefMR of
the “elastic” bubble, while above the frequency of maximum response the dynam-
ics of the bubble is less dependent onσ(R0). The explanation is simple when we
consider the analogy of the linear response of the mass-spring system: below res-
onance the stiffness mainly determines the amplitude of oscillation while above
resonance the system is inertia-driven [32]. The shell of the bubble increases the
stiffness of the system and is dominant below the frequency of maximum response,
while the shell has minimal influence above the frequency of maximum response,
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Figure 7.4: Simulated resonance curves of a phospholipid-coatedbubble in the unbounded
fluid. The parameters areR0 = 2.2 µm, χ = 2.5 N/m, κs = 6 · 10−9 kg/s, andσw =
0.072 N/m. A) Varying initial surface tensionsσ(R0), Pa = 30 kPa. B) Varying applied
acoustic pressuresPa, σ(R0) = 0.02 N/m.
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see also [83]. Therefore the dynamics of the bubble resembles a more linear re-
sponse above the frequency of maximum response, which makesits response much
more predictable. Furthermore, in chapter 3 it was found that a strong decrease in
the frequency of maximum response was observed as a result ofthe nonlinear in-
fluence of the coating especially at low driving pressure amplitudes. This effect
can be appreciated in Fig. 7.4B where the simulated resonance curves are plotted
for three different pressures. The amplitude of oscillation A1 is divided by the
acoustic pressurePa and then normalized by the maximum of the three curves for
easy comparisonAnorm

1 = (A1/Pa)norm. From both results we therefore conclude
that the influence of the phospholipid-coating can be minimized by insonifying
the bubble above its frequency of maximum response or at relatively high acoustic
pressures. We should, on the other hand, avoid destruction and shrinkage of the
bubbles and limit the amplitude of oscillations, which are known to also change
the bubble dynamics.

7.3 Experimental methods

7.3.1 Setup

Fig. 7.5 shows the coupled optical tweezers and ultra-high speed Brandaris 128 cam-
era [39] setup allowing for simultaneous micromanipulation of single microbub-
bles in 3D space and temporally resolving the bubble dynamics. The optical tweez-
ers consist of a 1064 nm CW laser (YLM-5, IPG Photonics) converted into a
Laguerre-Gaussian mode by a phase diffractive optical element implemented on
a spatial light modulator (X8267-15, Hamamatsu). Before the laser beam enters
the objective (LUMPLFL 100x, water immersed, NA = 1.00, Olympus) the laser
light is reflected by a dichroic mirror (CVI-laser), mountedin a customized upright
BXFM Olympus microscope. The Brandaris 128 camera [39] has amaximum
framerate of 25 million frames per second (Mfps). Up to 6 movies of 128 frames
can be stored with a minimum time interval of 80 millisecondsbefore the data is
transferred to a PC. The Brandaris camera is designed to run in a segmented mode
where 12 movies of 64 frames are recorded in a single run.

The 100x objective is used both for trapping and for imaging of the bubble.
With a telescope (focal distances 125 and 150 mm) the divergence of the laser
beam is adjusted to match the trapping and the imaging plane.The sample is back-
illuminated with an intense flashlight (MVS-7010, Perkin-Elmer). The image is
transmitted by the dichroic mirror, then magnified with a 2x magnifier (U-CA,
Olympus). A beam splitter reflects 80% of the light into the Brandaris camera, the
remaining 20% is used for monitoring with a CCD camera (LCL-902HS, Watec).

A custom designed Perspex module, filled with demineralizedwater, holds the
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Figure 7.5: Schematic drawing of the setup (not to scale). The setup can be divided in
three parts the ultra-high speed Brandaris 128 camera, the optical tweezers setup, and the
Perspex module. The Brandaris camera can record up to 25 Mfpsand is described in detail
in [39]. The optical tweezers setup consists of a infrared laser, a spatial light modulator
and a telescope. The Brandaris camera and the tweezers setupare coupled through the
same 100x objective. The Perspex module is designed to alignthe ultrasound, the light
and the sample with the objective.
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light fiber and the transducer. The ultrasound contrast agent BR-14 (Bracco S.A.,
Geneva, Switzerland) is injected in an OptiCellTM (Biocrystal, Inc.), which can be
moved separately from the Perspex module, and is mounted on top of the water
tank. The microbubbles were trapped near the upper wall of the OptiCell. Two
translation stages (Thorlabs PT3/M) allowed to manually move the chamber in
xyz-direction. A motorized micro-translation stage (M-110.2DG, PI) was used
for precise translation of the OptiCell along the z-direction, with a unidirectional
repeatability of 0.2µm and a backlash smaller than 1µm. The distance between
the bubble and the wall was changed by moving the OptiCell upwards, while the
position of the trap remained unchanged. The OptiCell was decoupled from the
Perspex module and therefore the bubble always stayed in theexact same position
with respect to the focus of the transducer.

The computer-generated driving pulse programmed in a Matlab R© script was fed
to an arbitrary waveform generator AWG (8026, Tabor Electronics) and a power
amplifier (350L, ENI). A single element transducer (PA081, Precision Acoustics)
was calibrated with a 0.2 mm needle hydrophone (SN1143, Precision Acoustics)
between 0.7 and 6 MHz and the amplitude of driving pulse was compensated for
the frequency-dependent response of the transducer. The length of the driving
pulse was 8 cycles with a Gaussian envelop tapering the first and last two cy-
cles. The applied pressure was chosen to be between 10 and 60 kPa depending
on the bubble radius, the applied frequency, and the distance from the wall. The
acoustical and optical focus were aligned with a 500µm diameter glass bead and a
pulse-receiver system (5077PR, Panametrics).
The timing error of the Brandaris camera master controller is of the order of 1
frame, resulting in a maximum error of 70 ns at a framerate of 15 Mfps. In the
case where two or moreR(t)-curves were recorded under identical conditions the
curves were correlated and a maximum time shift of 1 frame wasallowed.

7.3.2 Analysis

Each movie captures the radial dynamics at a single acousticpressure and fre-
quency. The radius vs. time curve (R(t)-curve) of the bubble was determined
by tracking the contour of the bubble in each frame with a codeprogrammed in
MatlabR©. Fig. 7.6A shows a typical oscillation of a bubble with a resting ra-
dius of R0 = 2 µm which was insonified at a frequencyf = 1.7 MHz and at an
acoustic pressurePa = 37.5 kPa. TheR(t)-curve (blue) is Fourier-transformed to
a frequency domain representation, where we remove the low frequency compo-
nent (red), which originates from the so-called “compression-only” behavior [10].
Then the time-domain is reconstructed by an inverse Fouriertransform of the fil-
tered result, see Fig. 7.6B. For a detailed explanation see chapter 4. We use as a
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Figure 7.6: A) ExperimentalR(t)-curve (blue) of a BR-14 microbubble in the unbounded
fluid with a radiusR0 = 2 µm insonified with an acoustic pressurePa = 37.5 kPa and a
frequencyf = 1.7 MHz and the low frequency component (red). B) The relative funda-
mental responseε1

measure for the maximum radial excursion at the fundamentalfrequencyA1:

A1 =
εmax

1 − εmin
1

2
(7.8)

whereεmax
1 is the maximum relative expansion andεmin

1 the minimum relative ex-
pansion, see Fig. 7.6. The response of the bubble from the simulations is obtained
with the same procedure. The absolute error in the radial oscillations is 40 nm, see
chapter 8. For a typical bubble with a radiusR0 = 2 µm this corresponds to a noise
level of the oscillation amplitudeA1 of approximately 0.02.

7.3.3 Distance from the wall

TheR(t)-curves of individual bubbles were recorded at various distances from the
wall by micromanipulation of the bubble position with the optical tweezers. To
exclude a potential disruption of the bubble behavior by thelaser radiation the
bubble dynamics was recorded with the bubble released from the trap. The laser
beam was momentarily blocked (order s) and a photodiode signal triggered the
recording mode in the master controller of the Brandaris 128camera. When the
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laser beam passage was cleared the bubble was instantly trapped again. We define
the distance from the walldwall as 0µm when the bubble is in contact with the
wall. In this case the center of the bubble is at a distanceR0 from the wall.

7.3.4 Resonance curves

To investigate the influence of the wall on the resonance frequency the Brandaris
camera was running in the segmented mode recording 12 moviesof 64 frames.
This mode allowed us to perform a spectroscopic investigation of the microbubble
response, as described by Van der Meeret al. [41]. The bubble response was
recorded 12 times; one recording without ultrasound and 11 recordings at different
frequencies. while recording the amplitude response. No ultrasound was send in
the first movie. The total time of a single run of 12 recordingswas of the order of
1 s. It therefore required the optical tweezers system to be operational during the
spectroscopy experiment to prevent the bubble from rising out of focus.

The optical trapping forceFT counterbalances the buoyancy forceFB (neglecting
the gravity force) and is given by:

FT = FB = ρl gVB
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Figure 7.7: The laser trap has no influence on the bubble dynamics. The applied acoustic
pulse has a pressure of 150 kPa and a frequency of 2.25 MHz. ThebubbleR0 = 2.6 µm
is positioned at a distance of 50µm from the wall. A) Radius-time curves of a bubble
with the laser on (red) and the laser off (blue) show no changein behavior. B) Residue
∆R= Rlaser on−Rlaser off. The standard deviation is 0.01, the mean of the residue is 0,and
the frequency domain shows that the residue contains only white noise.
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with ρl the density of the liquid,g the gravity andVB the volume of the bubble.
The force is in the order of 0.1 pN for a 1.5µm radius bubble and 5 pN for a
5 µm radius bubble. An estimate of the force associated with thebubble wall
acceleration, is given by the added mass force:

FM =CMρlVBR̈

with CM = 1/2 the added mass coefficient andR̈ the bubble wall acceleration. For
an applied frequency of 2 MHz and an amplitude of oscillationA1 = 0.1 the added
mass force is of the order of 0.1µN for a 1.5µm radius bubble and 20µN for
a 5 µm radius bubble. The added mass force is therefore 6 orders ofmagnitude
larger than that of the trapping force. To confirm experimentally that the laser trap
indeed does not change the bubble dynamics, ten bubbles wereinsonified with the
laser trap on and off. No substantial difference was observed in these experiments,
as expected, see Fig. 7.7.

7.4 Results

Fig. 7.8 shows the results of an experimental interrogationof a single micro-
bubble with a radiusR0 = 2.9 µm at a series of distances away from the wall.
The bubble was insonified with a driving pressure pulse (8 cycles; frequency
f = 2.25 MHz and a pressurePa = 30 kPa), see Fig. 7.8A. The distances fange
from 0 to 200µm from the wall. R(t)-curves of the bubble at 4 distances from
the wall (dwall = 200,50,10 and 0µm) are shown in Fig. 7.8B-E. The distance
between the bubble and the wall was first decreased from 200 to0 µm (blue) and
then increased again from 0 to 200µm (red). The reproducibility of theR(t)-curves
verifies that the change in the dynamics of the bubbles is caused by the interaction
with the wall, not by a change in the bubble properties. Two effects in the radial
dynamics of the bubble are observed with changing distance from the wall. First,
the amplitude of oscillation decreases with decreasing distance to the wall, which
is in agreement with the observations shown in chapter 6. Second, the oscillations
of the bubble far from the wall,dwall = 200 µm, start att ∼ 3 µs, at ultrasound
arrival, while the response of the bubble at the wall,dwall = 0 µm, is delayed by
another microsecond, which corresponds to 2 cycles of ultrasound or 15 samples
of the high-speed camera. As the second effect is a transienteffect which is en-
hanced by the phospholipid coating, not by the bubble-wall interaction, we will
focus her only on the change in the maximum amplitude of oscillations.

The relative amplitude of oscillationA1 is obtained from theR(t)-curves and is
plotted as a function of the distance from the wall (circles)in Fig. 7.9. At a dis-
tance of 200µm the amplitude of oscillationA1 is 0.07. The bubble experiences
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Figure 7.8: The bubble is insonified twice to assure the repeatability ofthe experiment
(dashed line). A) shows the applied acoustic pulse with a frequency f = 2.25 MHz and
a pressurePa = 30 kPa. B-E) Experimental (R(t)) curves for a single bubble withR0 =
2.9 µm at distances between 200 and 0µm from the wall.
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no interaction with the wall as a decrease in the distance only slightly decreases
the amplitude of oscillation. Even at a distancedwall = 30 µm the amplitude of os-
cillation is still relatively high,A1 = 0.06. The amplitude of oscillation decreases
rapidly for distancesdwall < 30 µm and the responseA1 is 0.03 at the wall. The
experimental results are compared to the models accountingfor a compliant wall
(blue) and for a rigid wall (red). The initial surface tension of the bubble is taken
to beσ(R0) = 0.02 N/m to match the amplitude of oscillation atdwall = 200 µm.
The trend of a decreasing response with decreasing distanceto the wall as well as
the ratio of the amplitude in free space and that at the wall isin qualitative agree-
ment with the models accounting for a compliant and a rigid wall. A deviation
between the experiments and simulations is found only closeto the wall at dis-
tancesdwall ≥ 30 µm as both models show a faster decrease in the response close
to the wall than was observed in experiments. At a distance of70 µm a small peak
is observed in the simulation accounting for the compliant wall. Further research
will be performed to find an explanation for this peak.
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Figure 7.9: The relative amplitude of oscillationA1, as defined in Eq. 7.8. The bubble
oscillates above its frequency of maximum response.A1 is derived from the experimental
R(t)-curves at distances between 0 and 200µm from the wall (circles), which are partly
shown in Fig. 7.8. The radius of the bubbleR0 = 2.9 µm and the ultrasound pulse has a
frequency of 2.25 MHz and an acoustic pressure of 30 kPa. Simulations with the model ac-
counting for a viscoelastic OptiCell wall (blue) and a rigidwall (red) are shown. The prop-
erties of the OptiCell wall and the phospholipid coating of the shell are given in Sec. 7.2.
The initial surface tension isσ(R0) = 0.02 N/m.
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In the previous experiment we experienced a considerable influence of the wall
on the bubble dynamics at distances belowdwall < 30 µm, which is not reflected
in the model. To investigate the bubble behavior near resonance, we scan the in-
sonation frequency to measure the resonance curves for a bubble R0 = 2.2 µm
at distances between 0 and 200µm from the wall, see Fig. 7.10A. The bubble is
insonated with a pressurePa = 30 kPa and the amplitude of oscillations is kept
relatively largeAMR

1 ≥ 0.08 to minimize nonlinear effects due to the phospholipid-
coating, see chapter 3. The resonance curve was first measured at the wall,dwall =
0 µm (squares), and in the following frequency scan the distance from the wall
was increased up to the maximum distancedwall = 200 µm (circles). Resonance
curves were measured at intermediate distances from the wall of dwall = 5,10,20,
50,100 µm (dots). A second resonance curve measured at the wall (triangles)
concludes the set of resonance experiments. The results of the resonance exper-
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Figure 7.10: Experimental resonance curves for a bubbleR0 = 2.2 µm at distances be-
tween 0 (squares and triangles) and 200 (circles)µm. The applied pressure is 30 kPa while
the frequency is scanned between 1.5 and 3 MHz.
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Figure 7.11: Simulation results for a bubble with a radius of 2.2µm at distances between
0 µm (blue thick line) and 200µm (red thick line). The applied pressure is 30 kPa. The
simulations on the bubble dynamics account for a rigid wall (A) and an OptiCell wall (B).
The initial surface tensionσ(R0) = 0.02 N/m. The other shell parameters as well as the
material properties of the OptiCell wall are given in Sec. 7.2.
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iments confirm that the wall decreases the frequency of maximum response and
the maximum amplitude of oscillationAMR

1 . As soon as the bubble is positioned
closer to the wall, we first observe a decrease of the response, then a change of the
frequency of maximum response is observed, but only very close to the wall, at
dwall < 10 µm.

The experiments are compared to simulations accounting forthe rigid wall and
the compliant wall, see Fig.7.11. The initial surface tension σ(R0) = 0.02 N/m
is optimized to the shape of the resonance curve, the amount of “compression-
only” behavior observed in theR(t)-curves (data not shown), and the frequency
of maximum response atdwall = 200 µm. Both models predict a decrease of the
frequency of maximum responsefMR of approximately 20%, from 2.0 to 1.6 MHz,
when approaching the wall, which is similar to the experimentally obtained change
of the frequency of maximum response. In the case of the rigidwall the proximity
of the wall increases the response, while the presence of a compliant wall decreases
the response. The experiments resemble the modeled behavior of a compliant wall.
In agreement with the experiments, the model also predicts that the change of the
frequency of maximum response occurs mainly in the first 10µm from the wall,
while the change in amplitude is still appreciated at largerdistances from the wall.

The experimental results are compared to the simulations for the compliant wall
in more detail in Fig. 7.12, where we find overall good agreement. The frequency
of maximum response as a function of the distance from the wall is in excellent
agreement (Fig. 7.12A). The maximum amplitude of oscillation AMR

1 decreases
with decreasing distance to the wall both in the experimentsand the simulations,
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Figure 7.12:Comparison between the experimental results and the simulations accounting
for a viscoelastic OptiCell wall as shown in Fig. 7.10 and 7.11. Frequency of maximum
response (A) and maximum amplitude of oscillationAMR

1 (B). Parameters as in Fig. 7.11B.
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see Fig. 7.10B. Nonetheless, there is still a small discrepancy of about 20%.
We now investigate the dynamics of coated bubbles interacting with a com-

pliant wall while the bubbles are driven below their frequency of maximum re-
sponse. Below the frequency of maximum response the nonlinear behavior of
the coating is expected to contribute significantly to the bubble dynamics. A
bubbleR0 = 2.9 µm is insonified at a pressure ofPa = 40 kPa and a frequency
f = 1 MHz, which is just below the resonance frequency of an uncoated bubble.
At a distancedwall = 200 µm the relative amplitude of oscillation isA1 = 0.14.
The responseA1 decreases with decreasing distance to the wall untilA1 = 0.03
at the wall,dwall = 0 µm, see Fig. 7.13. Simulations performed with the model
accounting for the compliant wall (blue) predict a very muchconstant response
upon approach to the wall and a rapid increase in the amplitude of oscillation
very close to the wall, contrary to the experimental observation. The initial sur-
face tensionσ(R0) = 0.01 N/m was obtained from the amplitude of oscillation at
dwall = 200µm. Simulations performed for differentσ(R0) do not change the ob-
served trend. It is quite remarkable that the amplitude of oscillation of the bubble
oscillating above the frequency of maximum response is predominantly disturbed
at close distances from the wall (below 30µm), while the bubble oscillating below
the frequency of maximum response shows an influence up to a distance of at least
150µm away from the wall.

To investigate the influence of the phospholipid-coating onthe observed devia-
tions between the experiments and simulations below the frequency of maximum
response in more detail we measured the resonance curves forsmall amplitude
oscillations. Fig. 7.14A shows the resonance curve of a bubble R0 = 2.5 µm at
three different distances from the wall,dwall = 0, 50, and 150µm, and an acous-
tic pressurePa = 20 kPa. The response far from the wall is twice as large as the
response at the wall, very similar to the changes found in Fig. 7.10. On the other
hand, the frequency of maximum response of the bubble at the wall is higher than
the frequency of maximum response away from the wall, atdwall = 150µm, while
the wall was expected to decrease the frequency of maximum response with 20%.
The resonance curves were also obtained at a series of distances between 0 and
150µm and Fig. 7.14 show the influence of the wall as a function of the distance
below (B) and above (C) the frequency of maximum response. The response below
the frequency of maximum response is similar tot that of Fig.7.13 (f = 1.9 MHz)
the wall influences the responseA1 even at a distancedwall = 150µm. Above the
frequency of maximum response (f = 2.3 MHz) the responseA1 is unchanged for
distancesdwall > 50 µm, as was observed before in Fig. 7.9.
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Figure 7.13:The relative amplitude of oscillationA1 for a bubble insonified just below its
frequency of maximum response. The bubbleR0 = 2.9 µm is insonified with a frequency
f = 1 MHz and a pressurePa = 40 kPa. Simulations performed withσ(R0) = 0.01 N/m
accounting for a viscoelastic OptiCell wall. Other parameters as described in Sec. 7.2.
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Figure 7.14: The relative amplitude of oscillationA1 for varying frequencies and dis-
tances. The bubbleR0 = 2.5 µm is insonified with an acoustic pressurePa = 20 kPa. The
resonance curves of the bubble at three distances from the wall (A). A1 as a function of the
distance from the wall insonified with a frequencyf = 1.9 MHz just below the frequency
of maximum response (B) and insonified with a frequencyf = 2.3 MHz just above the
frequency of maximum response (C).
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7.5 Discussion

The experimental results and the numerical solutions, suchas the ones depicted
in Fig. 7.9-7.14, provide us with a couple of important observations. The first ob-
servation is that if the shell has a minor influence, i.e. whenthe bubble is driven
above its frequency of maximum response or at an elevated pressure, such that the
maximum bubble responseAMR

1 > 0.1, the experimental trend is well-predicted by
the model accounting for a compliant wall. The proximity of the wall decreases
the frequency of maximum response with 20% and it only affects the frequency
of maximum response at distancesdwall < 5R0. The amplitude of oscillation at
the frequency of maximum response on the other hand is changed at distances up
to 50R0. The amplitude of oscillation of a bubble oscillating aboveits frequency
of maximum response decreases with decreasing distance to the wall and devi-
ations between the experiments and simulations are only observed at distances
smaller than 10R0 from the wall. On the contrary, when the bubble is driven in its
stiffness-dominated regime, i.e. when the phospholipid-coating has a substantial
influence on the dynamics of the UCA microbubbles, a remarkable difference was
found between the experiment and simulations. Insonation below the frequency of
maximum response causes a decrease of the bubble responseA1 with decreasing
distance to the wall, while the opposite is expected from thesimulations. Further-
more the simulations predict a decrease in the frequency of maximum response of
20%, while in experiments a slightly higher frequency of maximum response is
observed at low amplitude oscillations, with a maximum responseAMR

1 < 0.1, at
the wall as compared to far from the wall. We will therefore now first discuss the
possible mechanisms and potential flaws in the model or experiment, which may
lead to the observed mismatch close to the wall, see Fig. 7.9.Second, we will dis-
cus the inconsistent behavior observed far from the wall when the bubble is driven
below resonance, as depicted in Figs. 7.13 and 7.14B.

One of the assumptions in the model is that the bubble remainsspherical during
oscillation. The dynamics of the bubbles is recorded in top view, perpendicular to
the wall, and the oscillations of the microbubble appear to oscillate purely spheri-
cal. Experiments with a setup allowing simultaneous observations in top and side
view of microbubbles oscillating near a wall by Voset al. [38, 117] showed that
oscillations can appear perfectly spherical in top view andhighly non-spherical
in side view. The authors also showed that the non-sphericaloscillations become
more pronounced with increasing pressure. At an applied acoustic pressure near
30 kPa, which are those used in the experiments described here, no significant os-
cillations of a non-spherical nature were observed. Furthermore, Strassberg [102]
showed numerically that non-spherical oscillations do notsignificantly contribute
to a change of the resonance frequency and the amplitude of oscillations at reso-
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nance.

It was shown by Voset al. [38, 117] that bubbles translate close to a wall.
Translatory oscillations were not included in the numerical model and could not
be observed in the experiment as a result of the optical configuration, viewing the
bubble in top view. An estimate of the secondary radiation force, which drives
the translatory oscillations (see chapter 8), shows that the force rapidly decreases
with increasing distance from the wall, following a 1/d2

wall wall dependence. In
conclusion, deviations due to non-spherical oscillationsand translatory oscillations
are expected to be mainly important in very close proximity to the wall.

We now discuss the influence of the coating as the main discrepancy was found
for a bubble driven below resonance, where the coating has a strong influence on
the bubble dynamics. An important consideration is that even up to a distance
of 150 µm (dwall = 50R0) changes in the bubble responseA1 were observed. As
pointed out before, translatory oscillations and non-spherical oscillations are neg-
ligible at these distances and cannot explain deviations atthese large distances.
The non-linear contribution of the phospholipid-coating on the bubble dynam-
ics is fully included in the numerical model. It was shown in chapter 3 that the
shell-buckling model can predict the dynamics of the phospholipid-coated BR-14
microbubble very accurately for the full parameter space offrequency and pres-
sure. Here we also use BR-14 microbubbles, and the shell parameters are well-
known: χ = 2.5 N/m andκs = 6·10−9 kg/s (chapter 3). The third shell parameter
depends on the initial concentration of phospholipids on the surface of the bubble
and is expressed in the initial surface tensionσ(R0). The response of the bubble
depends strongly on the value ofσ(R0), see chapter 3. We obtainσ(R0) from the
amplitude of oscillation of the bubble at a distancedwall = 200µm and we verified
that the observed decrease of the bubble responseA1 with decreasingdwall does not
depend onσ(R0). We therefore have full knowledge over the bubble shell prop-
erties. In addition, as discussed in the experimental methods section no deflation
of the bubble was observed and therefore no change of the bubble properties is
expected. The experiments also confirm that indeed identical behavior was mea-
sured, both for a series of measurements where the bubble wasmoved away from
the wall, thereby increasing the amplitude of oscillations, as well as an experiment
where the bubble was moved closer to the wall.

In chapter 3 we found that the frequency of maximum response depends strongly
on the driving pressurePa as a result of the nonlinear shell behavior. A decrease
of 50% can be observed while increasing the driving pressure, the behavior is
reproduced in Fig. 7.15. In section 7.2 the compliance of thewall is modeled by
a pressure termPref which depends on the sound radiated by the bubble and the
complex reflection coefficient of the wall. The direct coupling of Pref with the
radial oscillations of the bubble changes a priori the system properties. The real
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part of the reflected sound is similar in a qualitative sense for the compliant wall
and for the rigid wall and changes the eigenfrequency of the system. The imaginary
part of the reflected sound wave is very different for the two types of walls and can
be seen as a change in the damping of the system. In the case of the compliant wall
the decrease of the bubble response can be attributed to an increased damping of
the system.

To investigate the effect of damping on the frequency of maximum response we
performed simulations, included in Fig. 7.15. The simulations were performed
with the shell-buckling model for a phospholipid-coated microbubble in the un-
bounded fluid [12]. The maximum amplitude of oscillation wasvaried by changing
the damping (red) and the acoustic pressure (blue). The damping of the system was
increased, by changing the shell viscosity betweenκs= 4·10−9 to 6·10−8 kg/s, to
cover a change of the maximum bubble responseAMR

1 from 0.04 to 0.07, similar
values as those obtained in Fig. 7.14. The acoustic pressurewas varied between
Pa = 7 to 22 kPa. Fig. 7.15 shows that in this regime a decrease of the frequency
of maximum response of approximately 20% is observed when the driving pres-
sure is changed, while almost no change in the frequency of maximum response
is observed when the damping is changed. This exercise showsthat the higher
frequency of maximum response observed at the wall (Fig. 7.14A) might be a sig-
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Figure 7.15: Simulated frequency of maximum responsefMR as a function of the max-
imum amplitude of oscillationAMR

1 . The simulations were performed with the shell-
buckling model [12] for a bubble with a radiusR0 = 2.5 µm in the unbounded fluid.AMR

1
is changed by changing the applied acoustic pressurePa (blue) and the damping (red). The
shell elasticityσR(0) = 0.02 N/m and the shell elasticityχ = 2.5 N/m. In case of a change
in the acoustic pressure (blue), the shell viscosityκs= 6·−9 kg/s and the acoustic pressure
is varied betweenPa = 7 to 22 kPa. In case of a change in the damping (red), the acoustic
pressurePa = 20 kPa and the shell viscosity is varied betweenκs= 4·10−9 to 6·10−8 kg/s.
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nature of a change in the primary pressure field, which we willnow explore in
more detail in the following.

The numerical model describing the bubble-wall interaction includes the reflec-
tion of the sound radiated by the oscillating bubble with an image bubble approach.
It is assumed that the bubble emits the sound as a point source. What is not in-
cluded in the model is the reflection of the wall of the primaryinsonifying ultra-
sound wave. Due to the reflection of the primary wave the bubble would experience
a slightly different driving pressure field, both in amplitude as well as in phase. The
primary ultrasound wave and its reflection can be described by a plane wave, there-
fore the reflected wave must be considered even for bubbles positioned far away
from the wall. As shown in chapter 3 the so-called “thresholding” behavior can
cause a dramatic change in the bubble response below the frequency of maximum
response for a change of the driving pressure of only a few percent. And therefore,
even though the reflection itself is expected to contribute up to only 10% of the total
insonation pressure, we feel very much inclined to explain the striking difference
between experiment and numerical simulations below the frequency of maximum
response by a combined effect of the reflection of the primaryultrasound beam
and the nonlinear response caused by the phospholipid-coated bubble.

While the pressure amplitude of the reflected primary wave was estimated to
contribute up to a maximum of 10% of the total pressure, its complex behavior
in phase space as a result of the compliance of the wall is muchmore difficult
to incorporate into our current model. Measurements of the beam profile of the
transmitted wave as a function of the angle of incidence and as a function of the
acoustic properties of the compliant wall material have notlead to a quantitative
and conclusive answer on the complex wave reflection properties. It should also
be noted that the measurement presented in Fig. 7.13 was a result of tedious ex-
periments on tens of bubbles. Most of the bubbles would show either no change of
their response with changing distance or no response at all.This is now the more
understandable: bubbles above resonance indeed show no change, bubbles below
resonance show no response and only a very small selection ofbubbles would be
excited right near their “threshold”. Through our very delicate control over bub-
ble position with the optical tweezers, and hence the contribution of the reflected
wave in amplitude and phase, we were able to map out and quantify the extremely
responsive details of the thresholding step with great accuracy.

7.6 Conclusions

We investigated the interaction of an UCA microbubble with athin compliant
wall. The non-linear influence of the coating on the bubble dynamics was min-
imized by insonation of the bubble above resonance or at amplitudes of oscillation
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AMR
1 > 0.1. In the case where the shell has minor influence both the experiments

and simulations showed that the frequency of maximum response is decreased
with 20% at the wall with respect to a bubble far from the wall.The frequency
of maximum response is decreased only at distances smaller than 5R0 from the
wall. At the wall the amplitude of oscillation at the frequency of maximum re-
sponse is about half the amplitude of the bubble far from the wall. In the case the
coating dominates the bubble dynamics, large deviations are present between the
experimental results and the simulated results. In experiments the proximity of
the OptiCell wall decreases the response of the bubble even up to 50 bubble radii
away, while the simulations show an increase in the dynamicsnear the wall and
only for distances less than 10R0 from the wall. As shown in chapter 3 below the
frequency of maximum response the dynamics of the bubble is strongly nonlinear
and a small increase in the acoustic pressure can cause a dramatic increase in the
amplitude of oscillation (so-called “thresholding” behavior), which allows for an
extremely sensitive evaluation of the bubble-wall interactions.
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8
Bubble-bubble interactions:

oscillatory translations1

In this chapter the unsteady translation of coated microbubbles propelled by acous-
tic radiation force is studied experimentally. A system of two pulsating microbub-
bles of the type used as contrast agent in ultrasound medicalimaging is considered,
which attract each other as a result of secondary Bjerknes force. Optical tweezers
are used to isolate the bubble pair from neighboring boundaries, so that it can
be regarded as if in an unbounded fluid, and the hydrodynamic forces acting on
the system can be identified unambiguously. The radial and translational dynam-
ics, excited by a 2.25 MHz ultrasound wave, is recorded with an ultra-high speed
camera at 15 million frames per second. The time-resolved measurements reveal a
quasi-steady component of the translational velocity, at an average translational
Reynolds number〈Ret〉 ≈ 0.5, and an oscillatory component at the same frequency
as the radial pulsations, as predicted by existing models. Since the coating en-
forces a no-slip boundary condition, an increased viscous dissipation is expected
due to the oscillatory component, similar to the case of an oscillating rigid sphere
that was first described by Stokes [Trans. Camb. Phil. Soc9, 8 (1851)]. A history
force term is therefore included in the force balance, in theform originally pro-
posed by Basset and extended to the case of time-dependent radius by Takemura
and Magnaudet [Phys. Fluids347, 3247 (2004)]. The instantaneous values of the
hydrodynamic forces extracted from the experimental data confirm that the history
force accounts for the largest part of the viscous force. Thetrajectories of the
bubbles predicted by numerically solving the equations of motion are in very good
agreement with experiment.

1Published as: V. Garbin, B. Dollet, M. Overvelde, D. Cojoc, E. Di Fabrizio, L. van Wijgaarden,
A. Prosperetti, N. de Jong, D. Lohse, M. Versluis,History force on coated microbubbles propelled
by ultrasound, Physics of Fluids21 (2009)
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8.1 Introduction

Bubbles in a sound wave translate unsteadily under the action of an effective force
FG(t) =−V(t)∇p(t), whereV(t) is the volume and∇p(t) is the local instanta-
neous pressure gradient. In a sound wave∇p(t) is oscillatory, and the bubble vol-
umeV(t) pulsates, resulting in a force, known as acoustic radiationforce, which
periodically changes both direction and magnitude [50]. The corresponding mo-
tion of the bubble is an oscillatory translation, at the frequency of the radial pul-
sations, around a position that slowly drifts. The time average of the acoustic
radiation forceFB j =−〈V(t)∇p(t)〉, the so-called Bjerknes force, is non-zero and
results in the net translation of a bubble. If the sound wave driving such motion is
the secondary wave emitted by a neighboring pulsating bubble, a mutual interac-
tion comes into effect and two bubbles pulsating in phase attract each other. The
average force is then called secondary Bjerknes force.

The translation of uncoated bubbles due to acoustic radiation forces has been the
subject of numerous studies over the past decades, only a fewof which are men-
tioned here. Crum and Eller [118] and Crum [119] validated expressions for the
primary and secondary Bjerknes forces against experimental data by measuring the
mean terminal velocity of mm-sized bubbles. Good agreementof a time-averaged
equation of motion with experiment was found by balancing the Bjerknes force
with a quasi-steady drag force. Indeed, flow oscillations have no effect on the
mean terminal velocity if the governing equations can be linearized. According
to the analysis of Landau and Lifshitz [120], for a sphere of radiusR oscillat-
ing with frequencyω and amplitudea, the convective term(v ·∇)v is of order
ω2a2/R, and therefore it can be neglected compared to∂v/∂ t ∼ ω2a for oscilla-
tions of small amplitude,a≪ R, which appears to be the case in the experiments
of Crum [118, 119]. Oğuz and Prosperetti [121] developed anapproximate for-
mulation for the instantaneous dynamics of two interactingbubbles to investigate
the influence of nonlinear effects. From numerical calculations, a richer behavior
was found than what is predicted by the linear theory of Bjerknes forces, although
viscous effects were neglected. Reddy and Szeri [122], in a numerical study on
the propulsion of microbubbles by traveling ultrasound waves, included viscous
effects through the expression obtained by Magnaudet and Legendre [123] for
shear-free bubbles with time-dependent radius. The history force was found to
be unimportant, consistent with the criterion given in Ref.[123] that it plays a role
only if at least one of the two Reynolds numbers,Ret andRer , is smaller than 1.
HereRet = R|U |/ν is the Reynolds number for the translation andRer = R|Ṙ|/ν
the one for the radial dynamics.

History force effects have been shown to be important for shear-free bubbles, for
instance in single bubble sonoluminescence [124]. It is well known that the history
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force on a rigid sphere is much larger than on a shear-free sphere [125], and surfac-
tant molecules adsorbed on the surface of a bubble change theshear-free boundary
condition to a no-slip one [126]. For the oscillatory motionof a rigid sphere, an
increased viscous dissipation is to be expected since the vorticity remains confined
in an oscillatory boundary layer of thicknessδ ∼

√

ω/ν , whereω is the frequency
of the oscillations andν the kinematic viscosity of the liquid. The Basset history
integral [127] generalizes to an arbitrary velocity the expression for the drag on an
oscillating sphere that was first obtained by Stokes [128]. Stokes’ solution for an
oscillating sphere was also found by Mei [129] to reproduce the numerical solution
of the full Navier-Stokes equation in the limit of high frequency of oscillations. An
expression for the history force on a no-slip bubble with time dependent radius was
derived and validated experimentally by Takemura and Magnaudet [130] at finite
Ret .

Bubbles whose surface is immobilized by surfactants are encountered in a num-
ber of contexts, and they have proven particularly beneficial in ultrasound medi-
cal imaging. In this application, contrast enhancement is obtained by injecting in
the blood vessels microscopic gas bubbles [88], ranging in size from 1 to 5µm,
coated by design with a surfactant monolayer to stabilize them against dissolu-
tion. Several models have been proposed to describe the effect of a coating on the
radial dynamics of a pulsating microbubble [12, 33, 34, 36].In contrast, its influ-
ence on the markedly unsteady translation in an ultrasound field has hardly been
treated. Emerging applications of contrast agent microbubbles in drug delivery
and targeted molecular imaging [8, 9, 131] demand a deeper understanding of the
behavior on the time scale of competing phenomena, for instance the binding to
target molecules or the interaction with the blood vessel walls. These applications
ultimately require a detailed description of theinstantaneoustranslation ofcoated
microbubbles. The first experimental study on the instantaneous translation of con-
trast agent microbubbles in a traveling ultrasound wave, byDaytonet al. [132],
compared time-resolved optical observations with a dynamical model which in-
cluded a finite-Reynolds-number empirical extension of thequasi-steady drag on
a no-slip bubble. The authors observed that such a model systematically overpre-
dicted the total displacement, and ascribed the discrepancy to the fact that in the
experiment the bubbles were in contact with the top wall of the sample chamber
due to buoyancy, with the attendant difficulty of quantifying the friction coefficient
between a bubble and the wall.

The purpose of the present chapter is to provide a time-resolved description
of the unsteady translation of coated microbubbles propelled by ultrasound. We
consider a system of two bubbles translating due to their mutual radiation force,
which offers the advantage that the pressure gradient on onebubble is known with
great accuracy from the time-resolved observations of the radial and translational
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dynamics of the neighboring bubble. We predict the trajectories of the two bubbles
with the aid of the measured radial dynamics, and investigate the influence of the
history force in a range of parameters (bubble sizeR0, viscosity of the fluidν ,
frequencyω , relative radial excursion∆R/R0) of interest for medical ultrasound
imaging.

8.2 Effect of confining geometry: micromanipulation of
bubbles

Isolating bubbles from the walls of the container greatly simplifies the problem of
determining the forces acting on them. Here we use optical tweezers to position
bubbles at a prescribed distance from the sample chamber wall. The experimental
technique is described in Sec. 8.3. As sketched in Fig. 8.1a,a bubble pair is
pushed downward and away from the wall, with the line of centers parallel to the
wall. The bubbles can be held in the prescribed position for the duration of the
experiment. We therefore avoid the problem, encountered byDaytonet al. [132],
of sliding friction at the wall.

The influence of a rigid wall on the flow field can be modeled in the inviscid case
through the method of images where the wall is replaced by a virtual particle which
mirrors the dynamics of the real particle and generates a flowthat, by canceling
out the primary flow, satisfies the zero normal velocity condition at the wall. In

Figure 8.1: Observations of the dynamics of two coated bubbles in ultrasound. a) Layout
of the experiment (side view). A microscope objective is used to focus the laser traps (op-
tical tweezers) and for transmission imaging. The direction of incidence of the ultrasound
beam is orthogonal to the line of centersx. b) Frames from an ultra-high speed time series
of bubble dynamics (top view). The recording is taken at 13.4million frames per second,
corresponding to an interframe time of 70 ns. Here only everysecond frame is shown. The
black crosses in the first and last frame indicate the initialpositions of the bubble centers.
The distance between the bubbles decreases due to the secondary Bjerknes force. White
scale bar: 5µm.
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our experiments the sample chamber wall is not perfectly rigid; for a partially
transparent wall the following considerations do not strictly hold, but the effect of
a rigid wall can be considered as a limiting case.

The quasi-steady dragFQS for a sphere translating near a rigid boundary can
be written asFQS= −6πηγRU, whereγ is Faxén’s correction factor. Up to third
order in the parameterR/r, whereR is the sphere radius andr the distance from

the boundary, one hasγ =
(

1−9/16(R/r)+1/8(R/r)3
)−1

, see [133]. ForR/r ∼
1/20, the typical value in our experiments, the drag is increased by less than 5%.

The image of a pulsating bubble also generates a spherical wave, with the result
that an acoustic radiation force arises between the bubble and the wall through
the coupling of the bubble and its image. The acoustic radiation force between
pulsating bubbles is derived in Sec. 8.4. The leading term depends on(R/r)2, and
therefore forR/r ∼ 1/20 the net attraction force to the wall becomes negligible.
Incidentally, this force acts in a direction orthogonal to the line of centers (see Fig.
8.1a) and would not affect the force balance in the directionof interest.

By positioning the bubbles at least 20 radii away from the wall we therefore
minimize the effect of reflections on the translational dynamics, so that the bubbles
can be regarded as if in an unbounded liquid. In eliminating these disturbances we
can focus on the forces acting on the bubbles purely due to theinteraction with the
liquid.

8.3 Experimental procedure

The facilities and protocols used in this study to simultaneously control the ex-
perimental conditions with optical tweezers and opticallyrecord the dynamics of
microbubbles in ultrasound have been presented in chapter 6and 7. The opti-
cal tweezers setup was based on an upright microscope (Olympus) modified to
couple a laser beam into a water-immersed 100× objective lens (Olympus, N.A.
1.00). A strongly focused Gaussian beam is known to produce athree-dimensional
optical trap for dielectric microparticles with a refractive index greater than the
surrounding medium. Since a bubble has a lower refractive index than the sur-
rounding liquid, a suitable optical trap consists in this case of a laser beam ex-
hibiting a minimum of intensity on the optical axis, such as aLaguerre-Gaussian
beam [134]. We produced the intensity distribution required to generate two traps
by converting a 1064 nm continuous-wave linearly polarizedlaser beam (CVI)
through a computer-generated phase diffractive optical element. The implementa-
tion of diffractive optical elements on a spatial light modulator device enabled us
to adjust in real-time the separation distance between the traps [58].

A suspension of microbubbles of an experimental phospholipid-coated ultra-
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sound contrast agent (Bracco S.A., Geneva, Switzerland) was injected in a cham-
ber enclosed by two optically clear polystyrene matrix membranes (OpticellTM ,
Thermo Fisher Scientific) which ensure high acoustic transmission. We selected
pairs of bubbles with a size close to the resonant size for thefrequency of the driv-
ing ultrasound, set the initial distance between the centers, and positioned them
away from the wall using a micropositioning stage. The chamber was coupled to a
single-frequency unfocused ultrasound transducer (Panametrics) by immersion in
a water bath. An 8-cycle 2.25 MHz ultrasound pulse with a 2-cycle Gaussian taper
was produced by a waveform generator (Tabor Electronics) and amplified by a RF
power amplifier (ENI) before being transmitted by the transducer. The ultrasound
beam overlapped with the focal volume of the microscope objective and its angle
of incidence with the optical axis (z in Fig. 8.1a) was 45◦, so that the acoustic re-
flection from the objective did not reach the bubbles. Furthermore, the direction
of incidence of the beam was orthogonal to the line of centers(x in Fig. 8.1a) to
decouple the effects of the primary acoustic radiation force from the mutual inter-
action through the secondary acoustic radiation force. Thesample was illuminated
from below and the same microscope objective that was used tofocus the optical
traps was used to produce a top view transmission image, in conjunction with a
2× magnifier. The ultra-high speed digital camera Brandaris 128 [39] recorded
the dynamics at near 15 million frames per second, corresponding to a temporal
resolution under 70 ns.

Fig. 8.1b shows 28 frames extracted from the movie of two microbubbles un-
dergoing radial pulsations and experiencing mutual attraction. The marks in the
first and last frame indicate the initial positions of the bubble centers. The bubbles
remain spherical during the radial pulsations; we discard the experiments where
the bubbles significantly deviate from spherical symmetry.To prevent optical
forces from interfering with the dynamics, the laser was briefly blocked during
the recording, even though the magnitude of the optical force in the horizontal
plane (∼ 10−11 N) is four orders of magnitude smaller than the secondary acoustic
radiation force we typically measure.

The radius and position as a function of time are extracted from the 128 frames
of each recording, using the minimum cost tracking algorithm described in [41].
The optical resolution is 100 nm per pixel; image analysis results in sub-pixel res-
olution on the extracted quantities, with a typical accuracy of 30−40 nm for the
radius and 70−80 nm for the distance. The pattern of rings generated in the image
plane by the Mie scattering of light transmitted by a bubble [135] introduces an ex-
perimental uncertainty in setting the in-focus position ofa bubble. This ultimately
leads to a systematic uncertainty in the determination of the initial bubble radius
for each experimental run, and the edge detected through theminimum cost algo-
rithm may not correspond to the correct radius. By conducting a series of control
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experiments where the focus of the image was varied we estimated a maximum
systematic uncertainty of 10%.

The radius-time and distance-time curves obtained from image tracking were
resampled using a cubic interpolation and filtered using a low-pass filter to remove
high-frequency noise. The frequency components of the noise close to the fre-
quency of oscillations cannot be removed by filtering. Therefore, we impose the
radius before and after oscillations to be equal to the resting radius, or else the
residual noise would give rise to an apparent acoustic radiation force. The maxi-
mum difference between the processed data and the measured data points is less
than 3%. This is taken as the maximum error on the radius and distance data, and
is used to estimate the error on the derived quantities. Fromthe resampled and
filtered data we compute the radial and translational velocities and accelerations.

8.4 Hydrodynamic model

The system of coordinates is shown in Fig. 8.2. We takex along the line of centers
of the two bubbles with radiusR1 andR2; the distance between the bubbles isd =
x2−x1. Buoyancy and the primary radiation force act along a direction orthogonal
to x and do not affect the translation in thex−direction. From conservation of
momentum one has the force balance in thex direction for a bubble of radiusR:

0= ρ
4
3

πR3Du
Dt

− 1
2

ρ
d
dt

(

4
3

πR3U

)

−6πηRU−6πρ
√

ν
π

∫ t

0

dτ
√

∫ t
τ R(s)−2ds

d(RU)

dτ

= FG+FA+FQS+FH

(8.1)

U = ẋ−u is the velocity of the bubble relative to the fluid, ˙x the velocity of the bub-
ble relative to the laboratory frame, with the dot representing differentiation with
respect to time.d/dt is the time derivative on the particle trajectory,u the veloc-
ity of the fluid, initially quiescent, generated by the dynamics of the neighboring
bubble, andDu/dt is evaluated on the fluid trajectory.

The first term in the r.h.s. is the force due to the acceleration imparted to the
fluid by the neighboring bubble, i.e. the radiation pressureFG due to the sec-
ondary ultrasound wave emitted by a pulsating bubble, the pressure gradient being
∂ p/∂x = −ρ Du/Dt; if convective effects are negligible, as is the case here, it
reduces to∂ p/∂x = −ρ ∂u/∂ t. The second term is the added mass forceFA on
a sphere, which is independent of the boundary condition andof the Reynolds
number [125]. Note that, sinceR is time-dependent, the added mass force is
FA =−1/2 ρ d/dt

(

4/3 πR3U
)

=−πρ
(

2/3 R3U̇ +2R2ṘU
)

. The third term,FQS,
accounts for the quasi-steady component of the viscous force and the last term for
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Figure 8.2: System of coordinates.Ri (i = 1,2) is the radius of bubblei andxi its position
on the line of centersx. r i denotes the position of a fluid element relative to bubblei.

the unsteady component through the history force,FH . A boundary condition of
no-slip is assumed at the bubble interface, which is fully immobilized by the layer
of surfactant molecules. The quasi-steady drag only depends on the instantaneous
values ofR(t) andU(t). The modification of the kernel of the history integral that
accounts for time-dependent radius effects was first introduced by Magnaudet and
Legendre for bubbles with shear-free boundary condition [123] and subsequently
extended by Takemura and Magnaudet to the case of bubbles that obey a no-slip
condition [130]. The integral is evaluated from the timet = 0 when the bubbles
start oscillating. Fort < 0 the velocity of the bubbles is zero, and so is the inte-
gral for−∞ < t < 0. The velocity of the fluid generated by bubblej is evaluated
at the center of bubblei (i, j = 1,2, i 6= j), assuming that the other bubble is ab-
sent and that the flow is spatially uniform. The frequency of insonationf = 2.25
MHz corresponds to a boundary layer of thicknessδ ∼ 300 nm, and in this study
we only consider bubbles of radiusR∼ 2 µm. When the viscous boundary layer
on the bubble is small with respect to the radius (δ ≪ R, or ωR2 > ν), as is the
case here, we may use inviscid theory for determining the flowvelocity outside
the boundary layer. A pulsating and translating bubble generates a fluid veloc-
ity at distancer whose potential has a contribution from a source of strengthq,
Φs=−q/4πr, due to the radial pulsations, with the kinematic boundary condition
that the velocity atr = R equalsṘ, and a contribution from a dipole of strengthp,
Φp = −pcosθ/4πr2, due to the translation, withp given by the boundary condi-
tion that the velocity atr = R is equal to ˙x. The fluid velocityu is the sum of the
two velocitiesu = ur + ut = Ṙcosθ R2/r2 + ẋ R3/r3 (θ = 0, π). If the distance
between the bubbles becomes small, the assumption of uniform flow breaks down.
In addition, if the wall-to-wall distance between the bubbles becomes comparable
with the thickness of the boundary layer,d− (R1+R2)∼ 2δ , a description of the
viscous dissipation in the boundary layer becomes necessary. We limit ourselves
to the cased− (R1+R2)≫ 2δ .
By substituting in Equation 8.1 for bubblei the fluid velocity generated by bubble
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j and retaining terms up to order 3 inR/d, we obtain two coupled equations of
motion, identical to this order of accuracy to those obtained by other authors using
a Lagrangian formalism [107, 108, 136]. The difference withprevious models is
in the terms that account for viscous effects, since only shear-free bubbles were
considered before.

The resulting equation of motion describes the translationof a no-slip bubble
for a given radial dynamics. The radial dynamics can be modeled through two
coupled Rayleigh-Plesset-type equations [107, 108, 136] coupled to the translation
equations. For coated bubbles this would introduce at leasttwo fitting parameters
[12, 33, 34, 36] to describe the viscoelastic properties of the coating. For most
coating materials the parameters are not known with satisfactory accuracy, and
may depend on the dilatational rate [41]. Therefore, we use experimental values
of R1, R2 and their derivatives as time-dependent coefficients.

The numerical integration of the history force was treated in an approximate
fashion to handle the singularity atτ = t in the kernel of the history integral:

∫ t

0
dτ
(

∫ t

τ
R(s)−2ds

)−1/2

d(RU)/dτ .

The integral in the interval[0, t − dt] can be evaluated using standard numerical
schemes. By defining the nonlinear mappingθ =

∫ τ
0 R(s)−2dswe write the integral

near the singularity as:

∫ θ (t)

θ (t−dt)
dθ (θ(t)−θ(t −dt))−1/2 d(RU)/dθ .

Since in our experimentsd(RU)/dθ varies slowly near the singularity, it can be
taken as constant over the interval[θ(t−dt),θ(t)] and the resulting integral can be
evaluated analytically. We tested our approximation against the numerical scheme
proposed by Chung [137], which is commonly used to compute the history integral
[130, 138], and found the results to agree to within 0.5%.

8.5 Results and discussion

Fig. 8.3A and 8.3B show the time evolution of the radius of thetwo bubbles and the
distanced between their centers. The radial pulsations are in phase with a relative
radial excursion∆R/R0 < 0.3. The positions of the centers display small trans-
lational oscillations, (typical amplitude 200− 300 nm) with the same frequency
as the radial pulsations, around a position that slowly drifts, resulting in the net
attraction expected for bubbles pulsating in phase. When the external forcing is
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turned off, and the radial pulsations have damped out (t ≈ 3.6 µs), the bubbles de-
celerate subject only to viscous drag. Fig. 8.3C and 8.3D shows the time evolution
of the Reynolds numbers,Rer = R|Ṙ|/ν for the radial dynamics andRet = R|U |/ν
for the translation. The values of the Reynolds numbers during the motion are
below 5 for the translation and below 25 for the radial dynamics. The time aver-
ages are〈Ret〉 ≈ 0.5 and〈Rer〉 ≈ 3, respectively. Therefore, we hypothesize that
high-Reeffects can be neglected in the translational dynamics, an assumption that
is confirmeda posteriori. We also expect that time-dependent radius effects do
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Figure 8.3: (A) Time evolution of the radii obtained by image tracking. The solid symbols
represent experimental data points, and the lines the resampled and filtered radius-time
curves. The bubbles oscillate in phase and have relative radial excursions∆R/R0 ∼ 0.3.
(B) Time evolution of the distance between the centers,d = x2− x1. The solid symbols
represent experimental data points, and the line the resampled and filtered distance-time
curve. (C-D) Time evolution of the Reynolds numbers computed from the experimental
radial and translational dynamics. Only the values for bubble 1 are plotted for clarity. The
radial Reynolds numberRer = R|Ṙ|/ν is below 25 with a time average〈Rer〉 ≈ 3. The
translational Reynolds numberRet = R|U |/ν is below 5 with a time average〈Ret〉 ≈ 0.5.
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not significantly influence the transport of vorticity, but we use the version of the
history force for a bubble with time-dependent radius for consistency.

Following Takemura and Magnaudet [130], we begin our analysis by deter-
mining the values ofFA(t), FG(t), FQS(t) and FH(t) from the experimental val-
ues ofR1(t), R2(t), d(t) and their derivatives. We can then test the expression
for the viscous forceFQS+FH against the value deduced from the force balance,
FQS+FH = −(FA+FG). The comparison is shown in Fig. 8.4. The value of the
viscous force determined from experiment is indicated by the red line. The black
line shows that the zero-Reexpression forFQS+FH shown in Equation 8.1 gives a
good prediction of the viscous force. The value ofFQS is also plotted (blue line) to
emphasize how neglecting the history force would result in alarge underestimation
of the total viscous force.

Since the governing equations can be linearized if convective effects are negli-
gible, the velocity can be decomposed into its quasi-steadyand oscillatory com-
ponents. The oscillatory component experiences an increased viscous dissipation,
since the vorticity generated at the bubble surface does notdiffuse away during
one period of oscillation and remains confined to the viscousboundary layer of
thicknessδ ∼

√

ν/ω . The drag force experienced by an oscillating sphere can be
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Figure 8.4: Comparison of models for the viscous force. The values are computed for one
bubble from the experimental values of the radius and position and their derivatives. Red
line: experimental value from the force balance−(FA+FG). The red symbols show the
values corresponding to the experimental data points. Black line: model including quasi-
steady drag and history forceFQS+FH. Blue line: a model including only quasi-steady
dragFQS, neglecting history force, largely underestimates viscous dissipation.
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Figure 8.5: Time evolution of the distance between the centers of the bubbles. Red line:
experimental value (after resampling and filtering). The red symbols are the measured
data points. Blue line: prediction using the model including history force and quasi-steady
drag,FQS+FH. The shaded area represents the tolerance (±5%) on the prediction due to
the systematic experimental uncertainty on the resting radius of a bubble. Inset: compari-
son of the model including only the quasi-steady dragFQS(black) with the model including
history force,FQS+FH (blue).

estimated, in the high-frequency limit, as 6πη(1+R/δ )RU [120]. In the range
of parameters of our experiments, the drag on the oscillatory component of the
velocity is increased by a factor(1+R/δ )∼ 5 compared to the quasi-steady value
6πηRU. The Basset expression for the history force is only strictly valid at zero
Reynolds number, or for an oscillatory motion. The main limitation in the applica-
bility of this expression to the present case is probably theτ−1/2 time decay, which
was observed to be too slow for a particle accelerating from rest [139] and is not
strictly valid for the quasi-steady component of the velocity.

We now proceed to test the performance of the model by integrating the equa-
tions of motion and predicting the displacement of the bubbles. The experimental
values ofR1(t), R2(t) and their derivatives are substituted in the equations of mo-
tion as time-dependent coefficients, and the equations are integrated numerically
to obtain the time evolution ofx1(t) andx2(t). The agreement between the pre-
dicted displacement and the experiment is fully satisfactory, as shown in Fig. 8.5.
The comparison with the result obtained by neglecting the history force (inset)
emphasizes again how crucial the influence of this force is for coated bubbles as
opposed to shear-free bubbles. As described in Section 8.3,for each experimental
run the extracted bubble radii can differ from the true radiidue to the systematic
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uncertainty in the imaging. To test the robustness of our findings in this respect,
we compute the numerical solution for two limiting cases,R±5%. The solution
corresponding to the true radiiR1, R2 then lies in the shaded area in Fig. 8.5. The
prediction remains highly satisfactory and the model can beused to predict the
low-Re translation of coated bubbles of known radius due to acoustic radiation
pressure.

8.6 Summary and Conclusions

We performed a time-resolved study of the translation of coated microbubbles pro-
pelled by ultrasound radiation pressure in a range of parameters that is relevant for
medical ultrasound imaging. By positioning the bubbles with optical tweezers
we were able to exclude the influence of confining geometries and to unambigu-
ously identify the contributions of the several hydrodynamic forces acting on the
bubbles. The use of an ultra-high speed camera operated near15 million frames
per second ensured the required temporal resolution to characterize the unsteady
translation of the bubbles. We developed a point-particle model to describe the
translation of bubbles subject to secondary radiation pressure due to a neighboring
pulsating bubble, and found that the inclusion of the history force is crucial for
a correct description of the unsteady motion of coated microbubbles. Neglecting
this force results in a large underestimation of the viscousdissipation. This can be
understood from the fact that the translational velocity has an oscillatory compo-
nent, which experiences an increased dissipation due to theoscillatory boundary
layer that develops around the bubble.

One of the limits of applicability of this model is that the bubbles should be
far enough from each other so that the approximation of uniform flow holds, and
dissipative effects in the boundary layer are unimportant (d− (R1 +R2) ≫ 2δ ).
Furthermore we restricted ourselves to the case of spherical bubbles, an approx-
imation that breaks down when the bubbles get too close. For longer insonation
pulses the bubbles are often observed to lose their spherical symmetry, with non-
spherical oscillations arising as a parametric instability [85]. Viscous effects are
then more difficult to account for [140].
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9
Dynamics of coated bubbles

adherent to a wall1

Molecular imaging with ultrasound is a promising non-invasive technique for
disease-specific imaging, enabling for instance the diagnosis of thrombus and in-
flammation. Selective imaging is performed by using ultrasound contrast agents
containing ligands on their shell, which bind specifically to the target molecules.
Here, we investigate the influence of adherence on the dynamics of the microbub-
bles, in particular on the frequency of maximum response, byrecording the radial
response of individual microbubbles as a function of the applied acoustic pressure
and frequency. The frequency of maximum response of adherent microbubbles was
found to be over 50% lower than for bubbles in the unbounded fluid and over 30%
lower than that of a bubble in contact with the wall. The change is caused by adhe-
sion of the bubbles to the wall as no influence was found solelyby the presence of
the targeting ligands on the bubble dynamics. The shift in the frequency of maxi-
mum response may prove to be important for molecular imagingapplications with
ultrasound as these applications would benefit from an acoustic imaging method
to distinguish adherent from freely circulating microbubbles.

1M. Overvelde, V. Garbin, B. Dollet, N. de Jong, D. Lohse, and M. Versluis
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9.1 Introduction

The use of ultrasound contrast agents in medical imaging with ultrasound is well
established. The contrast agent is injected intravenouslyand is designed to en-
hance the contrast of the blood pool. The most common ultrasound contrast agent
(UCA) is composed of a suspension of microbubbles (radius 1-5 µm), which are
coated with a phospholipid, albumin or polymer shell. The coating reduces the
surface tensionσ and therefore the capillary pressure 2σ/R. Moreover the coat-
ing increases the diffusive timescales and the combined effect prevents the bubble
from quickly dissolving in the blood.

A promising application is non-invasive molecular imagingfor selective diag-
nosis with ultrasound using ultrasound contrast agents. The ultrasound contrast
agent microbubbles contain targeting ligands that bind to selective biomarkers on
the membrane of endothelial cells, which constitute the blood vessel wall. A se-
ries of challenges are encountered in the development of targeted microbubbles
for molecular imaging applications. The first question, as was stated by Lindner
[8], is whether bubbles adhering to a target cell produce strong enough acoustic
signals. It was found that the response of adherent microbubbles is comparable
to that of phospholipid-coated microbubbles [96, 97]. However, it remains to be
seen if the concentration of adherent microbubblesin vivo will be high enough
to produce signals in the order of normal contrast-enhancedultrasound in perfu-
sion imaging. In the extreme limit even the signal of a singlebubble must be
detected. Another challenge that has received significant attention is the adhe-
sion of the bubbles to the vessel wall under shear flow. Primary radiation force
has been used to effectively push the bubbles towards the vessel [132, 141–144].
New biochemical engineering of the ligands has lead to a method to increase the
number of adherent microbubbles. The use of two distinct antibody-receptor pairs
has been proposed [145], as well as the use of a polymeric version of the ligand
to increase the ligand surface density [146, 147], and the use of increasing the
length of the spacer arm [148]. Finally, one would be able to distinguish adherent
microbubbles from freely circulating ones [8]. The simplest approach is to wash-
out all the freely circulating microbubbles and image the remaining bubbles. The
disadvantage is that it takes 5 to 10 minutes before all freely circulating bubbles
are cleared by the liver and that there is no new supply of bubbles. Therefore it
would be beneficial to distinguish acoustically between adherent and freely cir-
culating microbubbles. Considerable changes between adherent and non-adherent
microbubbles were found, such as a decrease in the acoustic response of adherent
microbubbles with respect to non-adherent microbubbles [96] and a change in the
spectral response [97]. In chapters 6 and 7 of this thesis it was shown that the close
proximity of a wall changes the bubble dynamics. As the bubbles circulate freely
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in the blood vessel, their position with respect to the wall is unknown. Therefore
it is important to understand the influence of adherence to a wall on the bubble
dynamics. Furthermore, we would like to investigate under what conditions the
response of adherent and freely circulating can be differentiated, as to optimize
them for pulse-echo techniques.

Here, we investigate the change in the dynamics of adherent microbubbles with
respect to bubbles in the unbounded fluid. In Sec. 9.2 we describe the setup, ex-
perimental methods and the preparation of the bubbles. The influence of targeting
ligands, the proximity of the wall, and the adhesion to the wall at the frequency of
maximum response and the amplitude of oscillation will be shown and discussed
in the Sec. 9.3. The conclusions and an outlook on future experiments are given in
Sec. 9.4.

9.2 Experimental methods

9.2.1 Setup

Fig. 9.1 shows a schematic drawing of the experimental setup. An OptiCell cham-
ber was mounted in a water tank and connected to a 3D micropositioning stage.
The water tank was mounted on a planar-stage and was designedto hold an illu-
mination fiber and the ultrasound transducer (PA168, Precision Acoustics). The
driving pulse for the transducer was generated by an arbitrary waveform gen-
erator (8026, Tabor Electronics) and amplified by a RF-amplifier (350L, ENI).
The sample was imaged through an upright microscope equipped with a water-
immersed 100× objective (Olympus). The dynamics of individual microbubbles
was captured with the ultra high-speed camera Brandaris 128[39] at a framerate
of 14 million frames per second (Mfps). An optical tweezers setup allowed for
the positioning of a single microbubble in 3D [58]. The infrared laser beam of
the optical tweezers was coupled into the microscope using adichroic mirror. The
optical trap was formed through the imaging objective. The setup combining the
Brandaris 128 camera with optical tweezers is described in detail chapter 6 and 7.

The bubbles were insonified with an ultrasound burst of 10 cycles whose first and
last 3 cycles were tapered with a Gaussian envelope. To scan the frequency with a
constant acoustic pressure , the transducer was calibratedprior to the experiments
with a needle hydrophone (HPM02/1, Precision Acoustics). To align the acoustic
focus of the transducer and the optical focus of the objective the OptiCell was
removed, the tip of the hydrophone was positioned in the focus of the objective,
and the transducer was aligned with the planar-stage. The 3D-stage connected to
the OptiCell chamber allowed for the movement of the sample independently of
the transducer to keep the acoustical and optical focus aligned.
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Figure 9.1: Schematic drawing of the experimental setup. The solution containing con-
trast agent microbubbles is injected in an OptiCell chamber. The chamber is located in a
water tank which holds the transducer and illumination fiber. The driving ultrasound pulse
is produced by an arbitrary waveform generator (AWG), amplified, and sent to the trans-
ducer. The bubbles are imaged and manipulated with optical tweezers through the same
100× objective.

The experimental protocol is based on the microbubble spectroscopy method by
Van der Meeret al. [41]. Each resonance curve is a result 12 movies with the
Brandaris 128 camera with increasing frequencies at constant acoustic pressure.
The experiment was repeated several times for increasing acoustic pressure on the
very same bubble, until the full parameter space of acousticpressure and frequency
ranges was covered. Control experiments to confirm that the bubble properties
were not altered by this protocol of repeated insonations can be found in Chapter 3.

Far from the wall

Individual microbubbles were trapped with the optical tweezers and positioned
away from the OptiCell wall to study their dynamics in the approximation of
unbounded fluid. A motorized stage (M110-2.DGm, PI) was usedto accurately
control the distance between the bubble in the trap and the OptiCell wall. In all
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9.2 EXPERIMENTAL METHODS

experiments the minimum distance between the bubble and thewall was 100µm.
The laser trap was turned on during the experiments to prevent the bubbles from
rising out of the optical focus due to buoyancy. In chapter 7 it was demonstrated
that the laser trap does not influence the radial dynamics of the bubbles. Twelve
movies of 128 frames were recorded in 2 runs with the Brandaris camera. The
second run started after the data of the first run was transferred to the computer.
The time between the two runs is of the order of 20 s and the timebetween two
movies is 80 ms. The bubble was insonified with a ultrasound pulse at 12 different
frequencies and at constant acoustic pressure.

At the wall

The optical tweezers were not used for the experiments on thebubbles in con-
tact with the wall and those adherent to the wall. During these experiments the
Brandaris camera was running in a segmented mode, which allowed us to record
12 movies of 64 frames in a single run. The time between the movies was 80 ms.
No ultrasound was applied during the first movie. In the consecutive 11 movies
the insonation frequency was changed while the pressure waskept constant.

9.2.2 Analysis

Each movie captures the radial dynamics at a single acousticpressure and fre-
quency. The radius-time curve (R(t)-curve) of the bubble was determined by track-
ing the contour of the bubble in each frame with a code programmed in MatlabR©.
Fig. 9.2A shows a typical oscillation of a bubble (blue) witha radiusR0 = 2 µm

insonified with an ultrasound pulse at a frequencyf = 1.7 MHz and at an acoustic
pressurePa = 37.5 kPa. The compression phase of the oscillations is larger than
the expansion phase, which refers to the so-called “compression-only” behavior of
an oscillating bubble [10], which results in a low frequencycomponent (red) dur-
ing insonation. For the analysis we use the relative excursion near the fundamental
frequencyε1, see Fig. 9.2B. As there are minor amplitudes of higher harmonics
observed in the spectral responses, only the lower frequency components are re-
moved, for more information see chapter 4. The maximum radial excursionA1 is
defined as:

A1 =
εmax

1 − εmin
1

2
, (9.1)

whereεmax
1 is the maximum relative expansion andεmin

1 the minimum relative ex-
pansion, see Fig. 9.2B.
The absolute error in the radial oscillations is 40 nm, see chapter 8. For a typi-
cal bubble with a radiusR0 = 2µm, Anoise

1 ≈ 0.02. We use the non-dimensional
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9. ADHERENT BUBBLE DYNAMICS

Figure 9.2: A) Experimental radius-time (R(t)) curve (blue) of a BR-14 micro-
bubbleR0 = 2 µm insonified with an acoustic pressurePa = 37.5 kPa and a frequency
f = 1.7 MHz and the low frequency responseε0 (red). B) The relative fundamental re-
sponseε1.

Figure 9.3: Experimental resonance curve (circles),A1 as a function ofΩ. The bubble has
a radiusR0 = 2 µm and is insonified with an acoustic pressurePa = 32.5 kPa. We obtain
the frequency of maximum responseΩMR and the maximum relative responseAMR

1 from
the resonance curve. The simulations are performed with theshell buckling model [12]
(line). The shell parameters areχ = 2.5 N/m,κs= 5·10−9 kg/s, andσ(R0) = 0.025 N/m.
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9.2 EXPERIMENTAL METHODS

frequencyΩ to compare the results with the well-known response of an uncoated
bubble:

Ω =
f

f unc
0

(9.2)

with the eigenfrequency of the uncoated bubble [29, 30]:

f unc
0 =

1

2π

√

√

√

√

1

ρR2
0

(

3κP0+(3κ −1)
2σw

R0

)

(9.3)

The frequency of maximum responseΩMR and the maximum relative amplitude
of oscillationAMR

1 is obtained from the resonance curves,A1 as a function ofΩ,
see Fig. 9.3.

9.2.3 Preparation

The experimental contrast agents BG-6437 and BG-6438 (Bracco S.A., Geneva,
Switzerland) were prepared following the protocol described below. The BG-6437
bubbles were prepared by injecting 1 ml of sterile saline (BBraun, 0.9% Sodium
Chloride) through the rubber cover of the vial, while a second needle was used for
venting the excess pressure. The vial was shaken for 5-10 s and the suspension
was left to rest for 5 minutes. BG-6438 is similar to BG-6437 while the shell con-
tains streptavidin. The BG-6438 microbubbles were reconstituted following the
same protocol (0.7 ml of sterile saline). A solution of biotinylated anti-fluorescein
antibody (anti-FITC, 10µg in 300µ l of saline solution) was injected through the
rubber cover of the reconstituted vial, while venting the excess pressure. The vial
was shaken and incubation took place for 10 minutes at room temperature. All
prepared microbubbles were used within the same day.

The OptiCell was coated in the following manner. Fluorescein-labeled bovine
serum albumin (FITC-BSA) was diluted in phosphate-buffered saline (PBS, pH
7.4, GIBCO, 10010023) to a concentration of 0.1 mg/l. The OptiCell was filled
with this solution and incubation took place overnight at room temperature. Before
usage, the OptiCell was rinsed 3 times with PBS and finally it was filled with 10 ml
of sterile saline solution.

9.2.4 Method

We investigated the radial dynamics of 2 different types of UCA microbubbles for
a total of 4 different situations. The dynamics of a phospholipid-coated BG-6437
microbubble was measured far away from the wall to obtain theviscoelastic pa-
rameters of the shell [12], see Fig. 9.4A. To investigate theinfluence of antibodies
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9. ADHERENT BUBBLE DYNAMICS

on the dynamics of phospholipid-coated microbubbles the results were compared
to the functionalized BG-6438 microbubbles, see Fig. 9.4B.In the experiment
these microbubbles were positioned far away from the wall toexclude the influ-
ence of the boundary. In the third experiment the BG-6437 microbubble was in
contact with the wall, see Fig. 9.4C. The results of a BG-6437bubble at the wall
and in free space were compared to confirm the influence of the boundary as dis-
cussed in chapter 7. In the previous three experiments the bubbles were injected
in an uncoated OptiCell. In the fourth experiment the functionalized BG-6438 mi-
crobubbles adhere to the inside of an OptiCell coated with BSA-FITC solution.
The schematic of this situation is shown in Fig. 9.4D and in the following these
bubbles are referred to as adherent bubbles.
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Figure 9.4: Schematic drawing of the 4 experimental situations. A) Phospholipid coated
microbubble away from the wall. B) Functionalized microbubble away from the wall. C)
Phospholipid bubble floating at the OptiCell wall. D) Functionalized microbubble adher-
ent to the FITC-BSA coated wall.
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9.3 Results and discussion

Fig. 9.5A shows the frequency of maximum responseΩMR as a function of the
maximum amplitude of oscillationAMR

1 . The results for a phospholipid-coated
microbubble (circles) are compared to a functionalized microbubble (squares). The
radius of both microbubbles is 2.0 µm and the applied pressure and frequency are
scanned to recover the full parameter space fromPa = 15 to 45 kPa and from
f = 1.2 to 4 MHz. The bubbles are located in the unbounded fluid at a distance of
150µm from the OptiCell wall.

We observe a decrease inΩMR with increasingPa. At small amplitude oscil-
lationsAMR

1 ≈ 0.05 the frequency of maximum response isΩMR ≈ 2. For larger
amplitude of oscillationAMR

1 > 0.15 the frequency of maximum response tends to
converges toΩMR = 1.3. The obtained frequency of maximum response is very
similar to the frequencyΩMR of phospholipid-coated BR-14 microbubbles, see
chapter 3. Simulations with the shell-buckling model (see details in chapter 3) are
depicted in Fig. 9.5A and are in good agreement with the experimental results,
except maybe at an amplitudeAMR

1 > 0.15 where a small deviation is encountered.

The relative amplitude of oscillation atΩMR as a function of the driving pressure
Pa is shown in Fig. 9.5B. The smallest oscillations are observed at an acoustic pres-
surePa = 20 kPa. The increase of the maximum amplitude of oscillationwith the
acoustic pressure is very similar for phospholipid-coatedmicrobubbles and func-
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Figure 9.5: Response of a phospholipid-coated microbubble (BG-6437) and a functional-
ized microbubble (BG-6438) in the unbounded fluid, both withan radiusR0 = 2 µm. The
simulations are performed with the shell buckling model [12]. The shell parameters are
χ = 2.5 N/m,κs= 5·10−9 kg/s, andσ(R0) = 0.025 N/m. A) The frequency of maximum
responseΩMR as a function of the amplitude of oscillationAMR

1 . B) AMR
1 as a function of

the applied acoustic pressurePa.
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Figure 9.6: Response of a phospholipid-coated microbubble (BG-6437) with a radius
R0 = 2 µm far away from the wall (dwall = 0 µm, blue) and the response of a BG-6437
bubble with a radiusR0 = 2.1 µm at the wall (dwall=0 µm, green). A) The frequency of
maximum responseΩMR as a function of the amplitude of oscillationAMR

1 . B) AMR
1 as a

function of the applied acoustic pressurePa.

tionalized microbubbles. The nonlinear increase of the amplitude AMR
1 with pres-

sure is in excellent agreement with the prediction of the shell-buckling model [12].
The shell parameters areχ = 2.5 N/m,κs= 5·10−9 kg/s, andσ(R0) = 0.025 N/m,
which is comparable to the values used for BR-14 microbubbles. We therefore
conclude that the ligands do not influence in any way the frequency of maximum
response and the maximum amplitude of oscillation of phospholipid-coated mi-
crobubbles.

Fig. 9.6A shows the frequency of maximum response as a function of the am-
plitudeAMR

1 for a phospholipid-coated bubble at a distance of 150µm away from
the wall (blue circles) and for a phospholipid-coated microbubble in contact with
the wall (green circles). The influence of the wall on the frequency of maximum
response is most noticeable at an amplitudeAMR

1 > 0.15, whereΩMR reaches an
almost constant value. This “plateau” is reached for the bubble in free space at
ΩMR = 1.3 and for the bubble at the wall the frequency of maximum response is
20% lowerΩMR = 1.1. Fig 9.6B shows the amplitude of oscillationAMR

1 atΩMR as
a function ofPa for both cases: at the wall and away from the wall. The maximum
amplitude of oscillationAMR

1 of the bubble in free space increases rapidly with in-
creasing pressure, reaching an amplitudeAMR

1 = 0.15 at a pressurePa = 37.5 kPa,
while the bubble at the wall reaches the same amplitude of oscillation only for a
much higher pressurePa = 80 kPa. The results are in good agreement with the
results found in chapter 7, where we found a decrease of about20% inΩMR and a
decrease of 50% in the responseAMR

1 , respectively.
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Figure 9.7: The relative amplitude of oscillationA1 as a function of the acoustic pressure
Pa and frequencyΩ. A) The response of a bubbleR0 = 2.1 µm in contact with the wall.
B) The response of a bubbleR0 = 2.2 µm adherent to the wall.
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Figure 9.8: Resonance curve of a phospholipid-coated bubble (BG-6437)in contact with
the wall (green) and a functionalized bubble (BG-6438) adherent to the wall (black) in-
sonified with a pressurePa = 100 kPa. The resonance curves are obtained from Fig. 9.7.

Each frequency of maximum response is obtained from the radial response of a
bubble insonified with at least 11 subsequent frequencies. The experiment is then
repeated for different acoustic pressures. The response ofthe bubbleA1 is shown in
the iso-contour plot in Fig. 9.7 for the full set of applied pressures and frequencies.
The response of a phospholipid-coated microbubble with a radius R0 = 2.1µm
at the wall (A) is compared to the response of a microbubble with similar radius
R0 = 2.2 µm adherent to the wall (B). As observed in Fig. 9.6A, the frequency
of maximum responseΩMR of the bubble in contact with the wall decreases with
increasing pressure as shown in Fig. 9.7, reaching a frequency ΩMR = 1.1 at a
pressurePa ≥ 65 kPa. For the bubble adherent to the wall the highest response
is observed at the lowest applied frequencyΩ = 0.7 at acoustic pressuresPa ≥
55 kPa. Due to the limited bandwidth of the transducer the bubbles could not be
insonified at even lower frequencies and the exact frequencyof maximum response
could therefore not be obtained for the bubble adherent to the wall.

The resonance curves of the bubble in contact with the wall and those of the
adherent bubble shown in Fig. 9.7 are compared in Fig. 9.8. The acoustic pressure
is 100 kPa. We observe that the amplitude of oscillation of the adherent bubble
at Ω = 0.7 (which we already indicated above, is not its frequency of maximum
response) is already 25% higher than the amplitudeAMR

1 of the bubble at the wall.
Comparing the frequency of maximum response of the adherentbubbleΩMR ≤ 0.7
with the bubble in the unbounded fluidΩMR = 1.4 a decrease is observed of at least
50%. A second adherent bubble was present in the field of view (distanced =
15 µm ≈ 7R0). Therefore we performed simulations to verify if this remarkable
difference was due to the interaction with the second bubble. The simulations
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show that the neighboring bubble decreases the frequency ofmaximum response
with 6% and consequently it cannot account for the 50% changein response.

We now try to interpret the observed change in response by drawing the analogy
with the harmonic oscillator model (see e.g. [29]). An oscillating bubble can be
thought of as a harmonic oscillator, where the inertia (“mass” mof the oscillator) is
due to the surrounding fluid that is displaced, and the restoring force (with “spring”
constantk) comes from the gas inside the bubble that is compressed. Fora coated
bubble, the dilatation and compression of the viscoelasticcoating contributes to
the stiffness of the system. The bubble-wall interaction can be modeled through
the method of images [32]. The wall is replaced by an “image” bubble, which
mirrors the dynamics of the real bubble and generates a flow that, by canceling
out the primary flow, satisfies the zero normal velocity condition at the wall. The
oscillations of the image bubble effectively result in an increased “mass” of the
system, and therefore in a decrease of the eigenfrequencyω0 =

√

(k/m) of about
20% for a perfectly rigid wall. The much larger decrease of the frequency of
maximum response for a bubble adherent to a wall can be interpreted as a larger
decrease ink/m. Following the linear approach, we can see the bubble adherent to
the wall as two coupled harmonic oscillators. The coupling can cause a change in
the totalk/m as well as a change in the total damping. However, the microscopic
mechanisms that cause the decrease in the frequency of maximum response remain
unclear at this stage.

Future research on adherent bubbles at lower insonation frequencies must be per-
formed to reveal frequency of maximum response of the adherent bubble. Further-
more, increased statistics and additional control experiments are required (negative
control) where the functionalized bubbles are positioned at an uncoated OptiCell
wall and vice versa phospholipid-coated bubbles at a target-ready OptiCell wall.
Finally, in this research the focus was on bubbles with a radiusR0 ≈ 2µm, which
is relatively large with respect to the mean radius of the bubble solution. The dy-
namics of smaller ultrasound contrast agent microbubbles should be investigated
to see whether they respond similarly to the applied ultrasound.

9.4 Conclusions and outlook

We investigated the influence of adhesion of a functionalized bubble to a target
membrane on its frequency of maximum response and amplitudeof oscillation.
The bubble dynamics in the unbounded fluid was unchanged for bubbles con-
taining with targeting ligands as compared to phospholipid-coated microbubbles
alone. Comparing the response of functionalized bubbles inthe unbounded fluid
with the response of an adherent bubbles a decrease of over 50% of the frequency
of maximum response was observed for the adherent microbubbles. The frequency
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9. ADHERENT BUBBLE DYNAMICS

of maximum response of a phospholipid-coated bubble floating at the OptiCell
wall was observed to decrease with 20%, which is in excellentagreement with the
results found in chapter 7. This finding might prove useful for developing image
protocols to discriminate between adherent and freely circulating bubbles.
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10 Conclusion and outlook

Bubblesare ideal ultrasound contrast agentsbecauseof their high scattering cross-
section, which is 9 orders of magnitude higher than of a solid particle of the same
size. Moreover bubbles scatter ultrasound nonlinearly, which boosts the contrast-
to-tissue ratio through the use of elegant pulsing schemes such as those used in
pulse inversion and power modulation imaging. It wasalwaysbelieved that damp-
ing as a result of the viscoelastic bubble coating, which was added to prevent the
bubbles from quickly dissolving in the blood, would reduce the bubble response
and suppress the nonlinear bubble echoes.

Therehasbeen extensiveexperimental evidence that thebehavior of coated bub-
bles ismuch more nonlinear than expected from theoretical considerations. These
includetheobservationsof “compression-only” behavior [10], strong subharmonic
response at low acoustic driving [7, 47, 59], and the “ thresholding” behavior [11].
In this thesis it was shown that the nonlinear behavior of the phospholipid mono-
layer is responsible for many of theobserved nonlinear bubble dynamics phenom-
ena. We show that the shell-buckling model of Marmottant et al. [12], which
includes an elastic regime as well as buckling and rupture of the shell, captures
in detail the nonlinear echo responses. The key factor turned out to be the initial
surface concentration of phospholipids at the bubble surface, which in the model
is expressed in the effective surface tension σ(R0) at rest. A bubble with a rela-
tively low surfactant concentration behaves elastically, at least initially, and shows
a strong decrease of the frequency of maximum response for increasing acoustic
pressures. This leads to apronounced skewness of the resonance curve, which we
show to be the origin of the “ thresholding” behavior (Ch. 3). On the other hand, a
bubble with ahigh packing of surfactants, such that the interface will buckle upon
compression, showsastrong “compression-only” behavior (Ch. 4), aswell assub-
harmonics (Ch. 5). The other two shell parameters, the shell elasticity χ and the
dilatational viscosity κs, have a minor influence and change only qualitatively the
observed nonlinear phenomena.

Wehaveshown that theelastic regimeof thecoating of thebubble isonly of the
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order of 1% of the resting radius of the bubbleR0. For a bubble withR0 = 3 µm,
this corresponds to a change of only 30 nm, which falls withinthe noise level of
our optical high-speed camera Brandaris 128 and acoustic detection likewise. We
can therefore conclude that if bubble oscillations were to be observed, in principle
the shell behavior is then no longer purely elastic. The coating was also observed
to influence the dynamics primarily below the frequency of maximum response
and at low amplitude oscillations.

We also show that the proximity of a wall changes the bubble dynamics. The
bubble-wall interaction decreases the frequency of maximum response and the
amplitude of oscillation at the frequency of maximum response (Ch. 6 and 7).
Nonetheless, all observed nonlinear phenomena are a resultof the nonlinear behav-
ior of the bubble coating. The previously mentioned nonlinear bubble dynamics,
subharmonics, “compression-only” and “thresholding” behavior can be identified
in experiments performed while the bubbles are in contact with the wall. This
means that in the description of bubble-wall interactions the frequency or pressure
may change at which the phenomena occur as a result of the presence of the wall,
or an acoustic image bubble, the nonlinearities are still governed by the behavior
of the phospholipid shell. We also show that once the bubble is driven below its
frequency of maximum response, where the coating strongly increases the nonlin-
ear behavior, a small change of the driving pressure as a result of the position of
the bubble with respect to the wall allows for an extremely sensitive evaluation of
the bubble-wall interaction. Moreover we quantify the sound radiated by an os-
cillating bubble which causes a secondary radiation force on neighboring bubbles
and we show that the history force plays a major role in the translational dynamics
of coated bubbles (Ch. 8).

In a pilot study we show that the frequency of maximum response of bubbles
bound to a target substrate was decreased by 30% as compared to a bubble floating
up freely, but in contact with the substrate. At this stage the microscopic details
of the targeting mechanism remain unexplored and future research may reveal the
intrinsic properties of the targeting strategies for adherent microbubbles designed
for molecular imaging with ultrasound.

In medical ultrasound imaging there is an ongoing effort related to the clinical
requirement to resolve in more and smaller details the acquired images. By in-
creasing the ultrasound driving frequency the image resolution can be increased at
the expense of loss of penetration depth. Moreover an increase of the frequency re-
quires the use of smaller bubbles in contrast-enhanced ultrasound imaging, while
in this thesis the focus was on the larger contrast microbubbles within the size
distribution of the sample, for smaller bubbles the dilatational viscosity becomes
more important and it is quite likely that the smallest bubbles are critically damped
or even overdamped. The dynamics can therefore change drastically and it is im-
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portant to explore the parameter space for these smaller bubbles.

In this thesis the general phenomena were well predicted with a constant dilation
viscosity. On the other hand, we have shown (Ch. 3) that for the typical values for
the shell viscosity used here, a constant dilatational viscosity κs would predict
oscillations that decay gradually with time after the ultrasound has been switched
off, while these oscillations are not observed experimentally. Van der Meeret
al. [41] found a decrease in the dilatational viscosity of the coating with increasing
dilation rate, which could support also the above observations. Furthermore, it is
expected that not only the shell elasticity, but also the shell viscosity of the coating
depends on the state of the shell, i.e. whether it is elastic,buckled, or ruptured.
And as said, for the larger bubbles studied in this thesis therelative contribution of
the shell viscosity can be small, for smaller bubbles the viscous contribution can
be important, if not dominant.

All single bubble dynamics experiments presented in this thesis were performed
in an in-vitro setup in a chamber filled with a saline solution at room tempera-
ture. Here, we briefly discuss the potential changes when themicrobubbles would
be injected intravenously in anin-vivo application. As blood has a higher liquid
viscosity the bubble oscillations will be more damped. On the other hand, the
shell viscosity contributes to 75% of the total damping, hence we expect very little
change as a result of viscous damping of the liquid. The influence of the temper-
ature on the bubble dynamics has been investigated and described by Vos (PhD
thesis 2010). The nonlinear shell behavior such as “compression only” behav-
ior and “thresholding” behavior were still observed at bodytemperature, which
indicates that the shell still behaves as described by the shell-buckling model by
Marmottantet al.[12]. UCA microbubbles injected in blood will be surroundedby
red blood cells which will cause an interaction between the bubbles and the cells.
Moreover, in narrow vessels there will be a strong interaction with the endothelial
wall, including its associated boundary layer flow. And while the pressure in the
vasculature periodically changes during the cardiac cycle, its effect on the ambi-
ent radius of the bubble, consequently on the local surfactant concentration at the
bubble interface will modulate the effective surface tension of the bubble and its
dynamics. In fact, this highly sensitive feature of the bubble coating can be applied
for an in-vivo non-invasive local pressure measurement [59, 149].

Our detailed knowledge of the nonlinear shell behavior has introduced us to the
explanation of new nonlinear bubble dynamics such as the “thresholding” behavior
and subharmonics, which can be exploited by pulse-echo techniques to increase the
contrast-to-tissue ratio. Power modulation would benefit from “thresholding” be-
havior. Power modulation imaging for instance would benefittremendously from
the “thresholding” behavior. As power modulation was already proven to be bene-
ficial for perfusion imaging at low mechanical index, e.g. [150], the question arises
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whether we were not using the “thresholding” behavior of contrast bubbles al-
ready. Subharmonic imaging will benefit from the strong subharmonics produced
by a “buckled” bubble. The frequencies and pressures used for medical ultrasound
imaging can be optimized numerically with the use of the shell-buckling model and
thereby improve the current pulsing schemes for power modulation, pulse inver-
sion and subharmonic imaging. Altogether, we now have the excellent opportunity
to develop new pulsing schemes with improved sensitivity and specificity.
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Summary

To enhance the visibility of the blood pool, ultrasound contrast agents (UCA) have
been developed, enabling the visualization of the perfusion of organs. The typ-
ical UCA is composed of a suspension of microbubbles (radius1-5 µm) which
are coated with a phospholipid, albumin or polymer shell to prevent the bubble
from quickly dissolving in the blood. The key feature of ultrasound contrast agent
microbubbles is their nonlinear response. Special pulse-echo techniques such as
power modulation and pulse-inversion have been developed to distinguish the non-
linear echoes of the microbubbles in the blood pool echo fromthe tissue echo
to optimize the contrast-to-tissue ratio. A new promising non-invasive technique
for disease-specific imaging is molecular imaging with ultrasound, enabling the
diagnosis of for instance thrombus and inflammation. Selective imaging is per-
formed by using ultrasound contrast agents containing ligands on their shell that
bind specifically to selective biomarkers on the membrane ofendothelial cells,
which constitute the blood vessel wall. For these molecularimaging applications it
would be highly beneficial to distinguish acoustically between adherent and freely
circulating microbubbles.

To increase the contrast-to-tissue ratio of the blood pool it is important to de-
velop pulse-echo techniques based on the nonlinear acoustic response of the bub-
bles. The optimization of pulse-echo techniques for molecular imaging applica-
tions demands an even deeper understanding of the nonlineardynamics of the
microbubbles, in particular the interaction of (targeted)bubbles with a neigh-
boring wall. For all these reasons we must investigate the dynamics of single
phospholipid-coated microbubbles in great detail. Beforewe discuss the new re-
sults, we start with an overview of the experimentally observed phenomena of
phospholipid-coated bubbles and the existing in chapter 2.The subsequent chap-
ters can be divided basically in three subjects: the phospholipid-coating, the prox-
imity of a boundary, and the adherence of bubbles to a boundary.

In the first part of this thesis we investigate experimentally the influence of the
phospholipid-coating on the dynamics of ultrasound contrast agent microbubbles.
We record the radial dynamics of individual microbubbles with an ultra-high speed
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camera as a function of the driving pressure and frequency. We observe a strong
nonlinear contribution of the coating on the dynamics in agreement with previ-
ous experimental observations. These include the “thresholding” behavior (chap-
ter 3), ‘compression-only’ behavior (chapter 4) and subharmonics (chapter 5). The
phospholipid-coating is found to enhance the nonlinear bubble response at acous-
tic pressures as low as 5 kPa. For increasing acoustic pressures a decrease of the
frequency of maximum response is observed for a distinct class of bubbles, leading
to a pronounced skewness of the resonance curve, which we show to be the ori-
gin of the “thresholding” behavior. For other bubbles the frequency of maximum
response is found to lie just above the resonance frequency of an uncoated micro-
bubble, and to be independent of the applied acoustic pressure. The shell-buckling
bubble model by Marmottantet al., which accounts for buckling and rupture of
the shell, captures both cases for a single value of the shellelasticity and shell
viscosity. The difference in the observed nonlinear dynamics between the two sets
of bubbles can be explained by a difference in the initial surface tension, which is
directly related to the phospholipid concentration at the bubble interface. A bubble
oscillating in the elastic regime shows “thresholding” behavior and is specifically
beneficial for power modulation imaging. A bubble with an initial radius that
equals the buckling radius shows “compression-only” behavior and subharmonic
behavior as these phenomena depend strongly on the second derivative of the ef-
fective surface tension. The subharmonic behavior is very interesting for imaging
purposes, as the tissue signal lacks a subharmonic component. We found that the
elastic regime is in the order of 1% of the bubble radius, and asmall change in the
initial bubble radius is sufficient to change the initial surface tension, leading to a
dramatic change of the observed behavior. As the shell-buckling model describes
the dynamics of phospholipid coated bubbles in great detailthe model allows for
an optimization of current pulse-echo techniques and for the development of new
pulse-echo techniques.

The second part of the thesis focuses on the interaction of single phospholipid-
coated bubbles with a boundary. A combined optical tweezersand Brandaris 128
ultra-high speed camera setup allowed us to investigate thedynamics of a single
bubble at controlled distances from an OptiCell wall, and isdescribed in detail in
chapter 6. In chapter 7 the proximity of the OptiCell wall is investigated below,
at, and above the bubble’s frequency of maximum response. Wefirst investigate
the influence of the wall in case the coating of the bubble has little influence, i.e.
above its frequency of maximum response and at high amplitude of oscillations.
We observe that the radial response of the bubbles decreaseswith decreasing dis-
tance from the wall. The frequency of maximum response was found to decrease
with about 20% at the wall as compared to the bubble oscillating far from the wall.
The experimental results are compared to simulations performed with a numeri-
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cal model, which accounts for the interaction of a coated bubble with a compliant
boundary. The trend in the experiments and simulations are in good agreement
when the bubble is driven above resonance where the shell contributions are small.
Below resonance, where the bubble response is dominated by the nonlinear shell
behavior, simulations predict an increase in the amplitudeof oscillation with de-
creasing distance from the wall, while we measure quite the opposite namely a
decreasing response with decreasing distance. We anticipate that the nonlinear dy-
namics caused by the phospholipid-coating of the bubble allows for an extremely
sensitive assessment of the boundary conditions of the bubble-wall interaction, and
reveals the presence of a primary reflection of the ultrasound beam.

A bubble near a boundary oscillates radially, but also translatory. In chapter 8
we investigate the translatory oscillations caused by radiation force of a two bub-
ble system. Optical tweezers are used to isolate a bubble pair from neighboring
boundaries, so that it can be regarded as if in an unbounded fluid, and the hydro-
dynamic forces acting on the system can be identified unambiguously. Since the
coating enforces a no-slip boundary condition, an increased viscous dissipation is
expected due to the oscillatory component, which is accounted for by the inclusion
of a history force term in the force balance equations. The instantaneous values
of the hydrodynamic forces extracted from the experimentaldata confirm that the
history force accounts for the largest part of the viscous force.

In the third part of the thesis we investigate the influence ofadherence on the dy-
namics of the microbubbles, in particular on the frequency of maximum response,
by recording the radial response of individual microbubbles as a function of the
applied acoustic pressure and frequency. We show that the frequency of maximum
response of adherent microbubbles is lower than for bubblesin the unbounded fluid
by as much as 50%, while it is more than 30% lower for a bubble incontact with
the wall. The strong change of the frequency of maximum response is caused by
adhesion of the bubbles to the wall as no influence was found solely by the pres-
ence of the targeting ligands on the bubble dynamics. The shift in the frequency
of maximum response may prove to be important for molecular imaging applica-
tions with ultrasound as these applications would benefit from an acoustic imaging
method to distinguish adherent from freely circulating microbubbles.
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Samenvatting

Van alle medische beeldvormingtechnieken is ultrageluid de meest gebruikte tech-
niek. Ultrageluid is relatief goedkoop, bovendien kunnen beeldenreal-timeen aan
het bed van de patiënt worden gemaakt. Echobeelden van de doorbloeding van
organen vertonen een relatief laag contrast wat een direct gevolg is van de lage
verstrooiingseigenschappen van de rode bloedcellen. Het contrast van bloed kan
worden verhoogd door gebruik te maken van een contrastmiddel. Het contrastmid-
del bestaat uit microscopisch kleine belletjes met een straal van 1-5 micrometer.
De compressibiliteit van de bellen zorgen voor een weerkaatsing van het ultra-
geluid die circa 9 ordes hoger ligt dan van een vast deeltje van dezelfde grootte.
De bellen hebben een schil, een coating, die de bel stabiliseert en voorkomt dat de
bellen oplossen in het bloed. De echo van de bellen is sterk niet-lineair ten opzichte
van de echo van het weefsel. Het niet-lineaire gedrag van de bellen wordt gebruikt
in de verschillende puls-echo technieken, zoals ‘power modulation’ en ‘pulse-
inversion’ die zijn ontwikkeld om het contrast tussen contrastbellen en het weefsel
zo optimaal mogelijk te versterken. Een nieuwe veelbelovende toepassing van
contrastbellen is beeldvorming op moleculair niveau (molecular imaging), waar-
bij bellen worden beplakt met antilichamen welke zich hechten aan biomarkers op
celmateriaal. Op deze manier kan bijvoorbeeld trombose en ontstekingen in het
lichaam zichtbaar worden gemaakt. Voor deze toepassingen is het van belang om
akoestisch onderscheid te maken tussen bellen die vastgehecht zitten aan de cel-
wand en bellen die vrij door de bloedbaan circuleren. Voor deze nieuwe toepassin-
gen moeten de puls-echo technieken verder worden geoptimaliseerd, want naast
het begrip van het akoestische gedrag van de bellen in de vrije vloeistof is hier ook
de interactie van de bellen met de wand belangrijk. Daarom ishet essentieel dat we
allereerst het niet-lineaire gedrag van fosfolipide gecoate bellen onder instraling
van ultrageluid volledig in kaart brengen en daarna de interactie met de wand. We
beginnen daarom met een korte beschrijving van het ons bekende gedrag van fos-
folipide bellen. De daaropvolgende hoofdstukken kunnen worden onderverdeeld
in drie onderwerpen: de invloed van de fosfolipide coating,de interactie van de
bel met de wand en het gedrag van een bel die vastgehecht zit aan de wand.
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In het eerste deel van dit proefschrift onderzoeken we experimenteel de dyna-
mica van fosfolipide gecoate microbellen. De radiële oscillaties van enkele bellen
worden vastgelegd met een hogesnelheidscamera, de Brandaris 128, terwijl de
aangelegde druk en frequentie van de ultrageluidspuls wordt gevarieerd. We vin-
den, in overeenstemming met eerder gerapporteerd werk, eensterk niet-lineair
gedrag zoals het zogenoemde “thresholding” gedrag (hoofdstuk 3), “compression-
only” gedrag (hoofdstuk 4) en opwekking van subharmonischefrequenties (hoofd-
stuk 5). De fosfolipide coating veroorzaakt niet-lineair gedrag bij zeer lage drukken
van 5 kPa. Voor een specifieke groep bellen vinden we bij toenemende druk een
sterke asymmetrie van de resonantiecurves. We laten zien dat deze asymmetrie
tezamen met een afname van de maximale responsfrequentie ten grondslag ligt
aan het “thresholding” gedrag. De frequentie waarbij een maximale respons op-
treedt ligt voor de overige gemeten bellen net boven de eigenfrequentie van een
ongecoate bel. Het gedrag van gecoate bellen kan worden gemodelleerd met een
aangepaste Rayleigh-Plesset vergelijking, de standaard bewegingsvergelijking van
de bel. Het model van Marmottantet al. is gebaseerd op het quasi-statisch gedrag
van fosfolipide monolagen en neemt naast elastisch gedrag van de schil ook het
kreukelen van de schil bij hoge fosfolipiden concentratiesen het opbreken van de
monolaag bij een relatief lage concentratie van de fosfolipiden. Dit model beschri-
jft het niet-lineaire gedrag van de gecoate bellen voor een unieke waarde van de
elasticiteit en viscositeit van de schil. Het verschil in gedrag kan worden verk-
laard door de initiële concentratie van fosfolipiden die weer wordt uitgedrukt in
de initiële oppervlaktespanning. De coating van een bel die “thresholding” gedrag
vertoont is aanvankelijk elastisch. “Thresholding” gedrag is zeer interessant voor
beeldvor- ming met behulp van de power modulation pulse-echo techniek. Aan
de andere kant, bellen die dichtbij de overgang van het elastische en gekreukelde
gebied zitten vertonen “compression-only” gedrag en latensubharmonische fre-
quenties zien. Aangezien de lineaire echo van weefsel geen subharmonische fre-
quentie kan bevatten is het zeer interessant om deze subharmonische belrespons te
gebruiken voor contrastbeeldvorming. Het gebied waarin decoating zich elastisch
gedraagt is totaal maar ongeveer 1% van de belstraal. Een kleine verandering in
de belstraal is dus genoeg om een drastische verandering vanhet belgedrag te be-
werkstelligen. Met een juiste keuze van de schilparametersmaakt het model van
Marmottantet al. het mogelijk om grotendeels numeriek de bestaande puls-echo
technieken te optimaliseren en nieuwe technieken te ontwikkelen.

In deel twee van dit proefschrift ligt het focus op de interactie van fosfolipide
gecoate bellen met een wand. Een optisch laser pincet (optical tweezers) gekop-
peld aan de hogesnelheidscamera Brandaris 128 maakt het mogelijk om de positie
van de bel ten opzichte van de wand nauwkeurig te controleren. De gecombineerde
opstelling wordt in detail besproken in hoofdstuk 6. In hoofdstuk 7 onderzoeken
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we de nabijheid van een polystyreen membraan onder, op en boven de maximale
responsfrequentie. Boven de maximale responsfrequentie,waar de coating weinig
invloed heeft op de beldynamica, neemt de oscillatieamplitude af dichter bij de
wand. De maximale responsfrequentie van een bel aan de wand is 20% lager dan
die van een bel in de vrije vloeistof. De resultaten zijn vergeleken met een model
dat speciaal ontwikkeld is voor gecoate bellen dicht bij eendunne flexibele wand.
De gemeten trend in het gedrag wordt inderdaad goed voorspeld door het model
wanneer de invloed van de fosfolipide coating minimaal is. Onder de maximale
responsfrequentie, waar de invloed van de coating het belgedrag domineert, neemt
de oscillatieamplitude af dichterbij de wand. Dit in tegenstelling tot het model
dat een toename van de oscillatieamplitude voorspelt. We merken op dat het sterk
niet-lineaire gedrag van de fosfolipide gecoate bellen gebruikt kan worden om heel
kleine veranderingen in de omgevingsdruk te meten. De niet-lineaire invloed van
de fosfolipide coating op de beldynamica onthulde hierbij dat een reflectie van de
primaire ultrageluidspuls aan het membraan niet werd meegenomen in het model.

Een bel dichtbij een wand oscilleert radieel en vertoont bovendien een translatie.
In hoofdstuk 8 onderzoeken we met behulp van deoptical tweezersopstelling de
translaties van een geı̈soleerd bellenpaar. De twee bellenworden gepositioneerd
in de vrije vloeistof omsecde hydrodynamische krachten te onderzoeken. De
fosfolipide coating van de bellen zorgt voor eenno-slip randvoorwaarde op de
belwand en door de beloscillaties neemt de viskeuze dissipatie toe. Een kracht-
enbalans laat zien dat de zogenaamde “history force”, die veroorzaakt wordt door
een interactie met de door de bel zelf veroorzaakte wervels het grootste deel van
het energieverlies veroorzaakt.

In het derde deel wordt gekeken naar het gedrag van fosfolipide gecoate bellen
die vastgehecht zitten aan een wand. De frequentie waarbij de amplitude maxi-
maal is wordt gemeten voor enkele bellen door het meten van deradiele oscillaties
bij verschillende drukken en frequenties van het ultrageluid, zie hoofdstuk 9. De
resonantiecurves van vastgehechte bellen worden vergeleken met die van enkele
bellen in de vrije vloeistof. De frequenties van maximale respons blijken 50%
lager te zijn dan die van een bel in de vrije vloeistof en 30% lager dan die van een
bel los tegen de wand. Er werd geen noemenswaardige verandering gevonden in
het gedrag van gefunctionaliseerde bellen, d.w.z. bellen beplakt met antilichamen,
ten opzichte van normale contrastbellen. Hieruit leiden wij af dat de sterke veran-
dering in de frequentie van maximale respons wordt veroorzaakt door het fysische
mecha- nisme van hechting van de bellen aan de wand. De verschillende respons
kan het mogelijk maken om akoestisch onderscheid te maken tussen bellen die
vastgehecht zittend aan de wand en bellen die vrij circuleren door de bloedbaan.
Deze verandering van het resonantiegedrag is dus in hoge mate interessant voor
toepassingen inmolecular imagingmet ultrageluid.
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