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“Above all, we cannot afford not to live in the present.”

Henry D. Thoreau



Abstract

Ultrasound Contrast Agent microbubbles are micron-sized encapsulated bub-
bles that are injected in the bloodstream to increase the contrast for medical
ultrasound imaging. For an improved contrast detection technique it is im-
portant to understand the interaction of single bubbles with ultrasound. A
new method to simultaneously record the optical and acoustical response of
a single UCA-microbubble is presented. The use of this setup is illustrated
with several examples and an extensive dataset of over 400 measurements is
compared to bubble dynamics models using numerical simulations. Various
nonlinear phenomena, which are important for the imaging application, are
observed, including a ‘transient startup’. A substantial part of our measure-
ments performed at low acoustic pressures displayed subharmonics. The
link between subharmonics and surface modes is investigated. In addition,
the potential of measuring with long chirps is demonstrated.
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Chapter 1

Introduction

1.1 Ultrasound

Ultrasound is sound with a higher frequency than humans can hear (mean-
ing higher than 20kHz). Bats use it to navigate in the dark by sending
out short high-pitched pulses and listening to how these sounds echo back.
What follows is an internal processing in their brains to create a map of
their environment. What happens in that last step continues to puzzle
scientists[1]. This mechanism employed by these animals inspired us to de-

(a) Bat (b) Sonogram of a fetus

Figure 1.1: Uses of ultrasound

velop a simplified version of this technique to navigate submarines. In the
1950s it was tried for the first time on humans to visualize what’s going on
inside the body[2, 3]. Nowadays most of us are familiar with the medical
use of ultrasound in the form of sonograms made of a developing fetus in a
mother’s womb (see for example Fig. 1.1b). This technique exploits the fact
that the different materials the body is made of (e.g. bones, blood, mus-
cle tissue) scatter the ultrasound pulses in a different way. Other medical
uses of ultrasound and shockwaves include tumor detection and treatment,
dental-cleaning, liposuction, destroying kidney-stones, detecting heart valve
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1 Introduction

defects, detecting liver diseases and more.

1.2 Contrast agents

Blood does not reflect ultrasound which makes it hard to detect. In 1968 it
was discovered that small air-bubbles injected in the bloodstream increase
the response of blood[4]. What happens is that these bubbles start to vibrate
in response to the incoming ultrasound, this results in a good ultrasonic re-
sponse send out in all directions which can easily be picked up. Moreover,
this response contains not only the frequency that was send into the body,
but also frequencies that are multiples of this insonation frequency called
harmonics (see Fig. 1.2 for a schematic overview). These harmonics are
hardly present in the response of the rest of the body, which makes it pos-
sible to distinguish between these bubbles in the blood and the rest of the
body.

The problem with using normal air-bubbles is that they dissolve quickly
in the blood due to the high-diffusivity of air and surface tension. This is
solved by using bubbles with a thin shell and a less soluble gas that slows
down this process. These micron sized shelled bubbles, that are injected in
blood to enhance the response to ultrasound are called Ultrasound Contrast
Agents (UCA’s).

Currently UCA’s are already quite common in certain medical fields where
they are used to visualize organ perfusion and for example gain info on the
blood flow rate by use of doppler techniques. Other developments are that
UCA’s are prepared to be used for drug-delivery by attaching medicine to
the cell or in the core[5]. The possibilities to let the UCA’s stick to only
a certain type of tissue (called ‘targeting’) is also under investigation (see
for example [6]). A successful combination of these techniques could lead
to a situation where you could treat for example tumors in a local and
non-invasive way.

1.3 Improving contrast

With this increasing interest in more complex applications of Ultrasound
Contrast Agents researchers are looking for ways to more accurately and
quantitatively study the behavior of UCA’s in an ultrasound field. The aim
is to improve the contrast between the response from the coated microbub-
bles and the surrounding tissue. This can be done by improving the imaging
methods or by making different bubbles.

In this way it is possible to increase the fundamental response (the response
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1.4 Current research

Figure 1.2: Schematic explanation of the optical and acoustical response of an UCA-
microbubble to an ultrasound driving pulse. The responses have a different frequency
content (right part of the picture) than the drivesignal

at the insonation frequency, f in Fig. 1.2), or the nonlinear response at
higher harmonics or at a subharmonic frequency. There is however a prob-
lem with higher harmonics and that is that the penetration depth is less than
lower frequencies. The subharmonic response (at lower frequency than the
insonation frequency, the 1/2f in Fig. 1.2) doesn’t have this limitation and
it has an additional benefit that tissue does not generate these frequencies
at all (the higher harmonics do appear in the tissue response, even though
they are smaller than the response from the bubbles).

The current models describe the behavior of single UCA microbubbles. Most
research however is done on populations of microbubbles. The attenuation
spectra obtained in these experimental studies are fitted as weighted sums
of contributions from different bubble sizes[7, 8, 9, 10]. Bubble-bubble in-
teractions are thus not taken into account although this could play an im-
portant role. Furthermore it has been shown that the properties are size
dependent[9]. Therefore, to understand and describe the behavior of Ultra-
sound Contrast Agents one should look at individual bubbles[11].

1.4 Current research

There are two distinctive ways to investigate isolated UCA microbubbles:
optically and acoustically. The first gives information on what is happen-
ing with the bubble surface and can reveal rupture of the shell or nonlinear
movement, this is however usually only a 2D projection of the 3D movement
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1 Introduction

of the bubble. The second records the sound generated by this movement,
this is what matters in a clinical end application. However the acousti-
cal response of a bubble is not unique in the sense that it is not possible
to determine the actual bubble dynamics from the acoustical response alone.

To make a direct optical recording you need an ultra high speed camera
since the movement itself is in the order of megahertz. The Brandaris 128
is such a camera and has been successfully used to characterize single mi-
crobubbles [12, 13]. Several interesting nonlinear phenomena were discov-
ered using high speed imaging. Examples are ‘compression only’[14, 15],
‘thresholding behavior’[15] and ‘surface modes’[16].

On the other hand, recording the acoustical response of a single microbubble
is also gaining more and more attention [17, 18, 19]. The challenge here is
to isolate the bubble and to measure the response qualitatively.

1.5 Combined optical and acoustical measurements

Both optical and acoustical investigation of single bubbles give information
that leads towards further understanding of UCA’s. However, sometimes it
is still hard to interpret them apart from each other. The optical measure-
ments are limited by the resolving power of the optical system in detecting
small radial responses at low acoustic pressures. The acoustical measure-
ments are hard to interpret without knowing the actual bubble movement.
Besides this the observed nonlinear optical phenomena mentioned in the
previous paragraph are not yet investigated acoustically. For these reasons
there is a need to combine quantitative acoustical measurements on single
Ultrasound Contrast Agent microbubbles with optical high speed imaging.

This thesis presents such a combined optical and acoustical method and
gives examples of its possibilities. It is a combination of the optical setup
described in [13] and the acoustical setup of [18] combined with a new bub-
ble selection method. The phenomena that are investigated are no finished
‘chapters’, but rather serve to illustrate the possibilities.

1.6 Outline

In the following chapters the combined optical and acoustical method to
measure single microbubbles is presented and illustrated by measurements
on a specific type of contrast agent named BR-14 1. First the current knowl-
edge is presented in chapter 2. In this chapter it is explained and made clear

1Bracco Research S.A., Geneva, Switzerland
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1.6 Outline

Figure 1.3: vial of BR-14

by numerical simulations how the behavior of a BR-14 bubble differs from
a free gas bubble.

This is followed by the description of the setup and the measurement tech-
nique in chapter 3. Afterwards the result of this setup put into practice is
presented in the following two chapters. In chapter 4 the focus is on how
the measurements relate to the existing knowledge on these bubbles, end-
ing with an example where it clearly deviates from this. Chapter 5 is all
about the subharmonic response which was clearly present in our measure-
ments. The relation between subharmonic behavior and ‘surface modes’ is
also briefly investigated. This thesis ends in chapter 6 with the conclusions
and with ideas on how continue along this path.
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Chapter 2

Theory

This chapter will present the theoretical background of the research. Firstly
our situation is defined. Afterwards models for coated and uncoated bubbles
are presented. These models are illustrated with simulations.

2.1 Defining our situation

Ideal Ultrasound Contrast Agents have a size similar to that of red blood
cells, they are monodisperse and they don’t shrink or break apart during
insonation or while undergoing (blood-)pressure differences. The acoustical
response to ultrasound should be clearly distinguishable, even at lower in-
sonation pressures. Recently a lot of work has been done to get closer to
this ideal picture, but there is still a lot of room for improvement[20].
We use the experimental contrast agent BR-14 from Bracco Research. It is
a gas bubble coated with a thin layer of phospholipids. The gas used is per-
fluorobutane (C4F10) which is an inert gas which has over the years proven
to be very low in toxicity. The shell is a monolayer and therefore only a few
nanometers thick. Biological membranes often consist of a similar material.

Figure 2.1: Schematic view
of a BR-14 bubble. This mi-
celle structure is formed due
to the fact that phospholipids
have a hydrofylic head and a
hydrophobic tail. The heads
are directed towards the wa-
ter and the tails away from
it.
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2 Theory

The mean radius of these coated bubbles is 2 µm, with 90% of the bubbles
smaller than 3 µm [21].

These bubbles respond to frequencies in the megahertz range. In this re-
search we look at how the encapsulated bubbles behave in degassed deminer-
alized water at room-temperature with negligible flow in a cellulose capillary.
We should keep in mind that the actual in vivo situation will be in blood
with higher temperatures and different fluid properties and varying pres-
sures and flow. Moreover the red blood cells are of comparable size, so they
will influence the behavior as well. The idea is to start with this simplified
situation and extrapolate the results later on with the help of more complex
experiments.

2.2 Modelling normal bubble behavior

If a bubble experiences a time-varying pressure field (such as an incoming
ultrasound wave) it will react to that by compressing or expanding it’s gas
and thus giving the surrounding liquid a new kinetic energy. This should
be equal to the difference between the work done by the fluid far from the
bubble and at the bubble wall. If we assume the bubble to remain spherical
and the liquid to be incompressible we obtain the Rayleigh-Plesset equation:

ρ

(
RR̈+

3Ṙ2

2

)
︸ ︷︷ ︸
kinetic energy

= (pL − p∞)︸ ︷︷ ︸
pressure difference

(2.1)

R is the radius of the bubble in [m]
pL is the pressure of the water just outside the bubble in [Pa]
p∞ is the pressure of the water remote from the bubble in [Pa]
ρw is the density of the water in [kg/m3] which is 1 · 103kg/m3

This equation can be worked out and extended in various ways. We use the
following version which is also a popular one in the context of sonoluminescence[22]:

ρ

(
RR̈+

3Ṙ2

2

)
=

pL︷ ︸︸ ︷[(
p0 +

2σw
R0

)(
R0

R

)3κg
(

1− 3κgṘ
cw

)
− 2σw

R

]

−
[
p0 + Pdrive(t)

]
︸ ︷︷ ︸

p∞

−4µwṘ
R

(2.2)
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2.3 Acoustical response

p0 is the hydrostatic pressure in [Pa] which is 1 · 105Pa
σw is the surface tension of water in [N/m] which is 0.072N/m
R0 is the initial radius of the bubble in [m]
cw is the speed of sound in water in [m/s] which is 1484m/s
Pdrive(t) is the acoustic driving pressure in [Pa]
µw is the dynamic viscosity of water [Pa · s] which is 1 · 10−3Pa · s
κg is the polytropic gas exponent, we take this 1 which corresponds

with an isothermal process1

This takes into account the surface tension, loss due to viscous dissipa-
tion, loss due to acoustic radiation and uses a formulation for an ideal gas
to describe the gas pressure inside the bubble. Thermal damping, vapor
pressure or non-spherical deformation of the bubble are not included in this
model.

This nonlinear ordinary differential equation can be solved using a numeri-
cal solver to get the radial bubble response to an arbitrary driving pressure
Pdrive(t).

2.3 Acoustical response

From this radial response we can calculate the sound emission far from the
bubble by using mass conservation and the unsteady Bernoulli equation
when we assume inviscid, irrotational flow[23]:

Presponse =
ρw(R̈R2 + 2RṘ2)

r
(2.3)

Presponse is the pressure at the transducer surface in [Pa]
r is the distance from the bubble center to the receive transducer

in [m]

This translation from bubble dynamics to ultrasound, results in an acoustical
response with a different frequency content than the optical response. It
emphasizes higher frequencies and generates higher harmonics due to the
inherent nonlinearity of this equation.

2.4 Modelling encapsulated bubble behavior

Because of its shell an Ultrasound Contrast Agent behaves different from a
normal free gas bubble. The behavior depends on the type of shell and the

1The measurements are done in a regime where the processes are in between isothermal
and adiabatic. In the case of an adiabatic process the κp would have been 1.07 (the ratio of
specific heats for C4F10). This changes the results negligibly. Therefore this simplification
is allowed.
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2 Theory

exact composition of the shell of a particular bubble. However, in general
the encapsulation decreases the maximum response of the bubble and in-
creases its nonlinear behavior.

To model this behavior we use the model proposed by Marmottant et al.
[14] which uses Eq. 2.2 with two additions: an effective shell viscosity is
added and the surface tension has become radius dependent to account for
the shell elasticity. The idea behind the latter is that the phospholipids
decrease the effective surface tension by shielding the water from the gas.
The model is implemented as follows:

ρ

(
RR̈+

3Ṙ2

2

)
=

(
p0 +

2σ(R0)
R0

)(
R0

R

)3κp
(

1− 3κpṘ
cw

)
− 2σ(R)

R

−p0 + Pdrive(t)−
4µṘ
R
− 4κsṘ

R2︸ ︷︷ ︸
shell viscosity

(2.4)

σ(R) =


0 if R ≤ Rbuckling
χ
(

R2

R2
buckling

− 1
)

if Rbuckling ≤ R ≤ Rrupture
σw if R ≥ Rrupture

(2.5)

κs is the monolayer shell surface viscosity in [kg · s]
we take 2.3 · 10−8kg · s

χs is the elastic compression modulus of the shell in [N/m]
we take 0.54N/m

Rbuckling is the buckling radius of the bubble in [m]
we take Rbuckling = R0

Rrupture is the rupture radius of the bubble in [m]

we take Rrupture =
√
R2

0

(
σw
χs

)
When the bubble compresses it reaches a point where there is more shell
material than bubble surface area. At that point the shell monolayer starts
to buckle. On the other hand if the bubble expands and the space between
the individual molecules will get too large, the bubble surface will break up
in islands of shell material. Then the bubble is said to be in a ruptured
state. This is equivalent to saying that the bubble starts with a certain
effective surface tension which elastically increases when the bubble grows
and decreases when it shrinks. The minimum effective surface tension is 0
and the maximum is the surface tension of water.

The values we take for χs and κs are based on previous characterization
measurements on the type of bubbles we use[13]. The sound emission can
be calculated in the same way as for a gas bubble without a shell with Eq. 2.3.
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2.5 Simulations
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Figure 2.2: Simulated optical and acoustical response of an encapsulated bubble
using the Marmottant model (R0 = 3.5µm, signal length: 8.9µs, driving pressure:
40kPa, driving frequency: 2MHz)

In Fig. 2.2 an example is shown of a typical bubble response for this model.
Note that the amount of compression is larger than the expansion. This
is called ‘compression only’ behavior. This figure also illustrates how the
Eq. 2.3 is a source of non-linearity and therefore emphasizes the higher har-
monics.

2.5 Simulations

The difference in behavior between a coated and an uncoated bubble are
simulated using an explicit solver with a fixed timestep written in Matlab.
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Figure 2.3: Comparing the magnitude of the optical and acoustical fundamental
response for R0 = 3µm for a free bubble and a coated bubble (signal length: 8.9µs,
driving pressure: 40kPa)

In Fig. 2.3 we compare the fundamental response2 of a coated and an un-
coated bubble with R0 = 3µm. It can be seen that the coating decreases
the maximum response considerably (the maximum is > 80% lower for the
coated example). The sharp peak disappears. In Fig. 2.3a the optical and
acoustical response have a maximum at the same frequency, however in
Fig. 2.3b there is a clear difference in maximum response frequency. The
absence of a sharp peak emphasizes the effect of an increased sound emission
at higher frequencies inherent with Eq. 2.3.

In Fig. 2.4 we investigate the behavior of the optical response for differ-
ent radii in a similar way (the red line corresponds with the red graphs in
Fig. 2.3). It is clear from the relative comparison in Fig. 2.4c that the shell
has the largest effect on the peak in the response. For frequencies higher
than this peak there is no substantial difference in the fundamental response.
The movement of the bubble is then inertially driven and dominated by the
liquid around the bubble.

2The amplitude of the response is presented by the value of the peak in the absolute
fast fourier transform of the simulated response at the drivesignal frequency.
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2 Theory

With these two models we can describe the behavior of free gas bubbles and
coated bubbles. The coating changes the dynamics of a bubble drastically,
especially around its maximum response frequency and smaller bubbles are
more effected than larger bubbles. In the following chapters we will use
this coated bubble model to show how our observations are captured by the
model and where they deviate.
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Chapter 3

Experimental setup and
analysis

3.1 Overview

This chapter explains the experimental setup: the role of the separate ele-
ments and how they are used. Additional info is found in Appendix A.

The experimental setup is split in three functional-parts: the creating and
emission of the ultrasonic probe-signal (‘drivesignal’), the acquisition of the
acoustical response and the acquisition of the optical response of a microbub-
ble to this driving pressure. Another important feature of the setup is the
single bubble selection method. The center of the setup is a plexiglass con-
tainer. This plexiglass container is placed under an upright microscope
(BXFM, Olympus). Within this container the UCA microbubbles are con-
fined in a capillary fiber. Two transducers and two needle hydrophones
mounted on the container represent the acoustical setup.

3.2 Acoustical setup

The main acoustic parts are the two single-element ultrasound transducers:
one to send the drivesignal to the bubble (PA168, Precision Acoustics) and
another one to receive the acoustical response of the bubble (C381, Pana-
metrics). This is visualized in the left side of Fig. 3.2. Both transducers
are focussed and aligned such that their focal regions coincide. Both trans-
ducers are calibrated in situ using needle-hydrophones (0.2mm diameter,
SN 1143 and SN 1232, Precision Acoustics) with a known response. For
the receive transducer this is not trivial, but as is shown in [24, 25] it is
possible to determine the receive transfer function of the transducer directly
from its transmit transfer function if we assume reciprocity. A more detailed
description of the calibration process is presented in Sect. A.2.
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3 Experimental setup and analysis

Figure 3.1: Photo of the setup (top view). In front of both transducers there is a
needle-hydrophone visible that is used for alignment and calibration, the optical part
(microscope, lightsource and Brandaris camera) are not visible in this photo

Figure 3.2: Schematic view of the setup
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3.3 Optical setup

The drivesignals consist of smoothly windowed tonebursts with a fixed length
and frequency and in a few occasions longer broadband chirp signals are used
(see Sect. A.1). Before each measurement they are calculated and corrected
for the transmit transfer function of the transmit transducer on a PC using
Matlab and uploaded to an arbitrary wave generator (Tabor 8026, Tabor
Electronics) using a GPIB connection. The triggering is done manually in
the case where only acoustical measurements are done. For the combined
optical and acoustical measurements the triggering is synchronized with the
Brandaris 128 to obtain the acoustical and optical response simultaneously.
Before the signal reaches the send transducer it is first amplified approxi-
mately 50 dB with a RF power amplifier (350L, ENI ).

The response signal is picked up by the receive transducer, amplified 60
dB by a low noise amplifier (AU-1519-10289, Miteq) and then recorded on
a digital oscilloscope (TDS 3012, Tektronix ). This recorded signal is then
transferred (including all the oscilloscope settings) over GPIB to the com-
puter where it is corrected for the receive transfer function.

The noise is also recorded for each measurement-situation. Afterwards this
noise is subtracted in the time-domain from the response signal using cross-
correlation.

3.3 Optical setup

The bubble in the focus is illuminated from below with a high intensity
xenon flashlight (MVS 7010 XE, Perkin Elmer) and a weaker continuous
light source for keeping track of the bubble in between experiments (ACE
I, Schott). The scene is imaged with a 100× water immersed objective
(LUMFPL, Olympus) and 2×magnifier in the microscope. This is visualized
in the right side of Fig. 3.2. The light from the microscope is coupled into
the Brandaris 128 camera during measurements. In between measurements
another sensitive camera (LCL-902K, Qwonn) is used to pick and position
the bubble. The Brandaris 128 camera is a custom designed camera by
Cordin Scientific Imaging, Erasmus Medical Centre and our research group
[12]. It actually consists of 128 separate sensitive CCD (Charge Coupled
Device) cameras that are illuminated consecutively by a rotating mirror (see
Fig. 3.3). When the camera frame is filled with helium (to reduce friction)
it is possible to record a movie of 128 frames at a framerate of 25 MHz. In
our measurements we recorded series of 6 movies at speeds around 13 MHz
with ≈ 2.5 s in between (this time is needed to read out the oscilloscope). A
few measurements were done with chirp-drivesignals which were longer than
a single movie. In this situation we captured a part of the optical response
in each of the 6 movies so that the complete response could be derived from
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3 Experimental setup and analysis

these 6 partial responses (the acoustical response was always recorded in
full).

3.4 Single bubble selection

The microbubbles are confined in a cellulose capillary fiber (Spectra/Por,
Spectrum Laboratories Inc.) with an inner diameter of about 200 µm. This
capillary is located in the center of the plexiglass container as presented in
Fig. 3.2.

To isolate a single microbubble two different methods are used. The first is
to highly dilute a solution of BR-14 bubbles and to let it decant. This means
that we let a syringe with a bubble-solution rest for a minute so that only
the biggest bubbles have risen. At that point the syringe is almost emptied,
leaving mostly bigger bubbles. Afterwards we inject this diluted solution
into the capillary1. After the flow has come to rest, it is set to a controlled
low flowrate by use of a peristaltic pump (PicoPlus, Harvard Apparatus).
The next step is to insonify the focal area with a short low pressure burst
(5-10 kPa with a repetition rate of 50 Hz) and to wait until we have a single
bubble ‘in sight’ optically and acoustically. Finally the surrounding region
of the capillary is scanned with the microscope and it is made sure that there
is no other bubble-response noted upstream and downstream the capillary.
This method eventually works, but it is very time consuming.

The other method became available halfway the experiments and was in-
spired by the experimental method described in [26] (and worked out by
Jan van Veldhuizen). It utilizes a glass capillary (1 mm diameter, World

1This dilution and decantation process is not strictly formalized. An attempt was made
to do this, but it depends on too many parameters to let a formalization be of any use.

Figure 3.3: Schematic view of the Brandaris 128 camera

26



3.5 Additional setup information

Precision Instruments) that is stretched mechanically by a puller (P-87, Sut-
ter international Co.) until the tip is only a few micron in diameter. This
micropipet is now inserted into a perspex ‘bubble-chamber’ that is attached
to the entrance of the capillary fiber. The BR-14 solution is diluted as before
and injected into the capillary as before, however then the capillary itself is
flushed with water and after a few moments the only bubbles in the system
are a few ‘risen’ bubbles in the bubble-chamber.
This situation is depicted in Fig. 3.4a. A good candidate-bubble2 should
be chosen and grabbed by applying a negative pressure at the other end
of the micropipet (this is done manually with a syringe). This bubble is
carefully moved downwards to the level of the capillary entrance and then it
is pushed inside the capillary where it is released (see Fig. 3.4). The pump
connected to the capillary is turned on again and the bubble is brought into
the confocal area of the transducers and the microscope for a measurement.

3.5 Additional setup information

The capillary and its surroundings are filled with degassed demineralized
water. Vaseline is used at various connections in the setup to keep it wa-
tertight. A problem we encountered was ‘sticky bubbles’, bubbles got stuck
at the fiber wall and remained there, unaffected by the flow induced by the
pump. To prevent this we used a coating technique described in [27].

Both transducers can be used in the frequency range of 0.5-7 MHz, yet
it was found that for the send transducer there is a certain limiting voltage
above which it will distort the incoming signal severely. This especially lim-
ited the pressures we could apply for lower frequencies. Moreover we noticed
during use that our setup has strong noise problems with drivesignals of low
frequency. Below 1.5 MHz a strong acoustical response is needed to be able
to distinguish a bubble response from the noise floor.

The measurement procedure is automated with various connected Matlab-
scripts that form a step by step guide for experiments and quick analysis
afterwards.

3.6 Analysis

The acoustical responses follow directly from the recorded voltage traces
which are converted to Pascal using the transducer calibration. Some more
work is needed to obtain the optical responses. Every movie is analyzed
in an existing Matlab program (see [13]) which tracks the contour of the

2The ‘suitability’ of a bubble also depends on the size of the tip of that particular
micropipet, and smaller bubbles are generally harder ‘to get’.
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3 Experimental setup and analysis

(a) Initial situation

(b) Select a bubble with the micropipet

(c) Grab the bubble with the micropipet by applying a negative
pressure

(d) Move the bubble down

(e) Move the bubble inside the capillary fiber

(f) Release the bubble

(g) Move micropipet back

Figure 3.4: Schematic step by step explanation of single bubble selection.
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3.6 Analysis

bubble in every frame based on the dark-bright interface at the edge of the
bubble. From this contour an average radius of the bubble in pixels in that
frame is determined. A conversion from pixels to micrometers is done by
using a recording of a calibrated grid. The optical response then follows
from combining the info of all the 128 frames.

The data of all these measurements was collected and organized using a
graphical user interface (GUI) which made it possible to easily try out var-
ious data processing methods (see Sect. A.3). These methods are described
in the appropriate places in the following chapters.
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Chapter 4

Experimental results and
simulations

This chapter presents the results of the measurements done with the setup
described in the previous chapter. The results are compared with the the-
ory described in chapter 2. Afterwards a simultaneous optical and acousti-
cal measurement done with a long chirp is discussed. It ends with a good
example of newly observed bubble dynamics. The results concerning sub-
harmonics are described in the subsequent chapter.

4.1 Measurement series example

In Fig. 4.1 the resulting traces of a typical measurement series are shown.
This is a good illustration of the difference between the optical and acous-
tical response of a bubble. The optical response almost disappears in the
noiselevel for higher insonation frequencies. The acoustical response on the
other hand remains of the same magnitude. The frequency content of these
responses is shown in Fig. 4.2 together with what we expect from simula-
tions. It is clear that for the acoustical measurements the dynamic range
is larger than for the optical measurements. The optical traces suffer from
noise due to the finite pixelsize and bubble contour tracking technique. The
response at twice the insonation frequency (second harmonic response) is
not visible in the optical traces. However, it is clearly present in the acous-
tical traces. This is due to the nonlinear properties of Eq. 2.3 which enhance
the second harmonic response.

The simulations capture the fundamental and second harmonic response
reasonably well in the first measurements (see also Table 4.1). Though it
seems that in this measurement series the simulations underestimate the re-
sponse for higher frequencies. For the measurements done at 3.6 and 4 MHz
it was not possible to measure the second harmonic response experimentally
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4 Experimental results and simulations
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Figure 4.1: Example of a combined optical and acoustical measurement series at
40 kPa, drivesignal length: 8.9µs (top=drivesignal, mid=optical response, bot-
tom=acoustical response)
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Figure 4.2: Normalized power spectra of the optical and acoustical responses from
Fig. 4.1 compared with simulations. The predictions of the acoustical responses
based on the optical responses are plotted as well. The frequency of the fundamental
response is indicated with a solid black line, the frequency of the second harmonic
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4.1 Measurement series example

Table 4.1: Comparison of the fundamental optical and acoustical response of the
measurements shown in Fig. 4.1 with simulations and predictions. The values given
in percent explain how the measured values from the power spectrum relate to the
simulated/predicted values. 100% means that they are identical. 50% means that
the measured value is half the simulated/predicted value.

Insonation frequency (MHz): 2.0 2.4 2.8 3.2 3.6 4.0
Simulated optical response (%): 87 104 133 158 153 175
Simulated acoustical response (%): 98 78 118 120 134 140
Predicted acoustical response (%): 117 76 98 86 104 101

neither optically nor acoustically, since this was out of our measurement
range1. There is another feature visible in the spectra in Fig. 4.2: a ‘sidelobe’
left to the fundamental response that is most apparent for lower insonation
frequencies. This is not captured by the model at all. It was found that
this ‘sidelobe’ is strongly related to the startup behavior of these encapsu-
lated microbubbles. An example of this will be worked out later in Sect. 4.6.

It is possible to calculate the acoustical response from optical measurements
using a numerical implementation of Eq. 2.3. This prediction is dependent
on the first and second derivative of the optical response and therefore very
sensitive to noise. A good example are the the optical and acoustical re-
sponses in Fig. 4.1 at 3.6 and 4 MHz: the bubble hardly moves, but that
small movement results in a substantial acoustical response. Small oscilla-
tions at high frequencies are amplified by the properties of Eq. 2.3, increasing
the noise significantly. Therefore we need to carefully filter and resample the
data before calculating the acoustical response prediction. The results for
this particular measurement series are shown as purple lines in Fig. 4.2. The
height and shape of the fundamental response agrees well with the measured
values. Note the increased noise at higher frequencies. In this measurement
series there is a better correspondence between the predicted acoustical re-
sponses than with the simulated acoustical responses. This comparison is
also shown on in Table 4.1 (as ‘Predicted acoustical response’). From this
we can conclude that for this measurement series this calculation shows a
good agreement with the actual measured acoustical fundamental responses.

1acoustical bandwidth: approximately 0.5 to 6.5 MHz, optical bandwidth: 0.5 to 6-7.5
MHz (depending on framerate)
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Figure 4.3: Optical response example showing ‘compression only’ and ‘buckling’
(R0 = 3.05µm, fdrive = 1.5MHz, Pdrive = 40kPa, recorded at 14.5 Mfps)

4.2 Compression only and buckling

From the optical responses in Fig. 4.1 it is clear that the amount of compres-
sion is larger than the expansion. This phenomenon is called ‘compression
only’ and is a result of the nonlinear properties of the shell[14, 28]. The
assumption is that during compression the shell will start to buckle (see the
explanation of Rbuckling on page 18). The optical response shown in Fig. 4.3a
displays this behavior as well. A selection of frames of this recording shown
in Fig. 4.3c indicates that during compression the bubble deforms and the
surface becomes uneven. This looks similar to the schematic representation
of buckling2 as shown in Fig. 4.3b. The bubble is restored again to its initial
appearance in the expansion phase. These observations therefore seem to

2reprinted from [29]
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4.3 40 kPa dataset: Fundamental response

support the ‘buckle’-assumption, however it should be noted that this be-
havior is not always visible when ‘compression only’ occurs. This is maybe
due to the limited resolution of the optical system.

‘Compression only’ occurs frequently in our measurements. However we
did not observe a clear trend for the occurrence of this behavior. This
phenomenon is present in the Marmottant model (recall Fig. 2.2) and is
predominantly governed by the buckling radius (Rbuckling). The variance
in our measurements suggests that each bubble has its own Rbuckling and
this can be understood as that each bubble has its own balance between gas
content and shell material. If this is true than it is possible that two bubbles
with the same initial radius can behave differently.

4.3 40 kPa dataset: Fundamental response

In Fig. 4.4a a dataset is presented consisting of measurements done at 40
kPa insonation pressure for different bubblesizes and frequencies. The am-
plitude of the fundamental response is compared with simulated values in
Figs. 4.4b and 4.4c. The measurements are plotted as filled circles against a
background of 180× 81 simulations sharing the same colormap. The optical
measurements show that the agreement can differ quite a bit. Especially
for the smaller bubbles the measured response is structurally lower than the
response predicted by the model. The statistical data of the comparisons
shown in Fig. 4.4b are presented in Fig. 4.5a and Table 4.2 (50% means that
the measured value is half the simulated value, 100% means that they are
the same). The mean value is promising, but the spread is significant. The
reason for this can be due to a variance in bubble behavior, or inaccuracy
of our measurements. The variance in bubble behavior can be explained by
a dependence of the three shell parameters3 on frequency and bubble size.
This idea is proposed by [13]. Future experiments should be conducted to
fit the shell parameters. In this case more measurements around the maxi-
mum response of the bubbles are needed to obtain sensible correspondence.
The presence of a wall nearby is another factor that can cause a deviation
from the model. Previous research showed that the presence of a wall can
significantly change the response of the microbubbles (see for example [30]).

The second possible explanation, the inaccuracy of the measurement, is
due to several reasons. The first reason is the error in the calibration of the
transmit transducer, since the transducers are calibrated with hydrophones
that have an uncertainty4 ranging from 10 to 18%.

3 κs, χs and Rbuckling, see Sect. 2.4
4This means that there is 95% chance that the actual value lies within a range defined

by the given percentage above and below the measured value.
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Figure 4.4: Dataset overview, and comparison of the fundamental optical and acous-
tical response of the measurements with simulations performed with the Marmottant
model (drivesignal length: 8.9µs, driving pressure: 40kPa)
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4.3 40 kPa dataset: Fundamental response
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Figure 4.5: Histograms of the data shown in Figs. 4.4b and 4.4c

Table 4.2: Fundamental optical response
Agreement of measurements with simulations

average agreement: 90.1%
standard deviation: 36.1%
percentage of measurements within 10% of simulated value: 23.7%
percentage of measurements within 20% of simulated value: 45.1%

Table 4.3: Fundamental acoustical response
Agreement of measurements with simulations

average agreement: 63.2%
standard deviation: 29.9%
percentage of measurements within 10% of simulated value: 10.4%
percentage of measurements within 20% of simulated value: 21.0%

Table 4.4: Fundamental acoustical response
Agreement of measurements with predictions from optical response

average agreement: 82.8%
standard deviation: 52.1%
percentage of measurements within 10% of simulated value: 14.3%
percentage of measurements within 20% of simulated value: 31.5%
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Figure 4.6: Comparison of the measured fundamental acoustical response with the
calculated acoustical response based on the optical measurements (signal length:
8.9µs, driving pressure: 40kPa)

Another possible error in the calibration is the fact that we calibrate outside
the fiber and we assume that the capillary is acoustically transparent. It is
also possible that we are slightly out of focus due to a misalignment. Finally
there is an error in the movie-analysis which is estimated to be around 10%
in [13] (the initial radius used for the simulations is based on this analysis).
The comparison of the fundamental acoustical responses with the simula-
tions is shown in Fig. 4.4c, Fig. 4.5b and Table 4.3. It is clear that the
agreement is less than that of the fundamental optical responses. The pos-
sible causes for this disagreement are partly the same as described above for
the optical case. The measurement inaccuracy is slightly different: there is
now a double error in the calibration (transmit and receive) and the effect
of the capillary. Finally there is always a bit acoustical noise left, even after
correction.

There is another way to look at the quality of the same data: we can com-
pare the measured acoustical fundamental responses with the predicted re-
sponses from the measured optical responses as described on page 33. The
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4.4 40 kPa dataset: Second harmonic response

results of this comparison are presented in Fig. 4.6 and Table 4.4. This
comparison shows a better agreement than the previous comparison with
the simulations. Several things can be concluded from this result. First,
the disagreement we observe in the comparison of our measurements with
simulations is bigger than the error we make in our combined optical and
acoustical measurements. Second, since we also make a significant error in
calculating these predictions we can be optimistic about the quality of our
acoustical measurements.

4.4 40 kPa dataset: Second harmonic response

Because the amplitude of the second harmonic response is low with these
low pressure drivesignals, comparison with simulations is more difficult.
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Figure 4.7: Measured second harmonic response compared to the simulated second
harmonic response, only values that exceed the noiselevel are shown (signal length:
8.9µs, driving pressure: 40kPa)
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4 Experimental results and simulations

Therefore we only include the measurements that exceed the noiselevel.
Again the measurements are plotted as filled circles against a background of
180× 64 simulations sharing the same colormap. This comparison is shown
in Fig. 4.7. Note that the frequency on the left is the insonation frequency,
the values in the plot are the amplitudes of the bubble responses at twice
that frequency present in the bubble responses.

From Fig. 4.7 we observe that the second harmonic response is hardly mea-
surable in the optical responses. The acoustical measurements give a better
result. From these we can conclude that the second harmonic response is less
in the area where we would expect from the simulations the most response.
However for frequencies above that area the second harmonic response is
significantly higher. Thus the model appears to underestimate this nonlin-
ear response for higher frequencies.

This result also illustrates one of the applications of this technique to si-
multaneously measure the optical and acoustical response. It is possible to
relate optical observations like ‘buckling’ and ‘surface modes’ to the nonlin-
ear ultrasound emission, even when in the optical response this nonlinearity
is still below the noiselevel.

4.5 Chirp measurement examples

In the previous section we used short tonebursts to capture a part of the
frequency response of the microbubble. In this section we will give an exam-
ple of another method to capture the frequency response: with long chirps.
With these broadband signals we can interrogate the bubble using a lot of
different frequencies in a single measurement (see also Sect. A.1). The re-
sults of a simultaneous optical and acoustical measurement is presented in
Fig. 4.8 and Fig. 4.9.

The drivesignal is shown in Fig. 4.8a together with the acoustical response.
These kind of responses are more difficult to investigate than the previous
results with tonebursts. If we would look for example at the power spectrum
of this response at 2.5 MHz, we would get a value that represents the fun-
damental response at a driving frequency of 2.5 MHz, the second harmonic
response of driving the bubble with 1.25 MHz and a possible subharmonic
response of driving with 5 MHz. This is due the way the power spectrum
is generated: it sums up all the responses that fit in a particular frequency
band, you lose the timing information.

A useful and illustrative method to look at these signals and their responses
is in a spectrogram, such spectrograms are shown in Fig. 4.8b. These figures
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(c) Amplitude of the insonation frequency and the fundamental and second harmonic
acoustical response (measured and simulated) obtained by tracking spectrograms

Figure 4.8: Acoustical bubble-response to a long chirp
(R0 = 2.9µm, fdrive = 1− 5MHz, Pdrive = 30kPa, chirp-length = 39µs)

give an estimate of the frequency content on a certain time, so it is a com-
bined time- and frequency-domain analysis method5. It is clearly visible in
the spectrogram of the drivesignal that this chirp-signal scans a whole range
of frequencies linearly. The fundamental response to this signal is easily

5A popular way to implement this is using a shifting (and overlapping) fft-window,
however the spectrograms that are shown here are made by plotting the absolute envelopes
of the original signal, filtered with 150 bandpass-filters.
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(a) Measured optical traces, in each plot the corresponding part of the drivesignal is shown

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
−25

−20

−15

−10

−5

0

t(µs)

dB

 

 
movie #1
movie #2
movie #3
movie #4
movie #5
movie #6
simulated response
normalised drivesignal

(b) Power spectra of the 6 optical responses plotted together with the simulated response
and the drivesignal

Figure 4.9: Optical bubble-response to a long chirp captured in 6 movies
(R0 = 2.9µm, fdrive = 1 − 5MHz, Pdrive = 30kPa, chirp-length = 39µs, time in
between movies: 2.5s)
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4.6 Transient startup

recognizable in the spectrogram of the acoustical response. It is clear that
the bubble responds better to the lower frequencies since this is closer to the
maximum response frequency for a bubble of this size. The second harmonic
response is also present in the spectrogram, it is located at the dashed white
line (with a slope twice as steep as the fundamental response). A spectro-
gram is not only a useful tool to get an ‘idea’ of the shape of the responses,
by extracting the values along the white lines we can obtain a quantitative
frequency response of this bubble. We are still able to look at the funda-
mental and second harmonic response separately. This is done in Fig. 4.8c,
including the drivesignal and similar graphs obtained from a simulation. It
agrees reasonably well with the simulation, though we didn’t interrogate
this bubble at its maximum response frequency (and that is impossible with
our current setup due to our low frequency limitations described on page
27). This way of analyzing looks promising for further research, however
it should be kept in mind that this analysis with spectrograms is only an
estimate of the frequency content on a certain time.

It is more difficult to look at the optical response of a microbubble to long
chirps. We are bound to the 128 frames that the Brandaris 128 can record,
resulting in movies of about 10µs at a typical framerate of 13 Mfps. There-
fore we captured the response in 6 movies. Each movie recorded the re-
sponse to an overlapping part of the drivesignal. This is shown in Fig. 4.9a,
including the corresponding part of the drivesignal. The power spectra of
these 6 responses are plotted in Fig. 4.9b together with the simulated opti-
cal response to the whole chirp and the normalized power spectrum of the
drivesignal. Again we see reasonably good agreement with what the model
predicts.

4.6 Transient startup

This chapter ends with a phenomenon that is currently not captured by the
model: the transient startup of a bubble. A good example of this is shown
in Fig. 4.10a. At first the bubble hardly oscillates at all, but at a certain
time the bubble ‘locks in’ and follows the drivesignal almost perfectly. In the
end it deviates again, but not as much as in the startup phase. The same
behavior is also visible in the optical response (data not shown). However
in this case the resolution is much lower.

The observation of the transient is reproducible: in the following experi-
ment the bubble will ‘lock in’ at approximately the same point. This point
is related to a certain insonation pressure. This startup transient is shorter
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(b) Normalized power spectra of the drivesignal and the acoustical response
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(c) Spectrograms of the drivesignal and the acoustical response

Figure 4.10: Transient startup example
(R0 = 2.0µm, fdrive = 3MHz, Pdrive = 55kPa)
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4.6 Transient startup

if we use a drivesignal with a higher maximum pressure6. The phenomenon
is also frequency dependent. We observed this phenomenon frequently in
our measurements. In a measurement series ranging from low to high fre-
quency it is most pronounced for lower frequencies. This is also visible in
the first example we used in this chapter, shown in Fig. 4.1. The transient
behavior is observed in the first 4 traces. The easiest way to identify this
phenomenon is to look if the signal shows an asymmetry along the vertical
axis.

If we look at the power spectrum of the response (shown in Fig. 4.10b) a
sidelobe on the left side of the fundamental response is observed. This side-
lobe originates from the first part of the response, which can be observed
from the spectrogram in Fig. 4.10c . The size of this sidelobe is a measure
for the amount of occurrence of the transient (compare Fig. 4.1 and Fig. 4.2).

It is reminiscent of ‘thresholding behavior’ observed in [15] and numerically
investigated in [31], where smaller bubbles responded less at low acous-
tic pressures. However this case is slightly different. First, our measure-
ments are all above the maximum response frequency7, in contrast to below
resonance for the mentioned papers on ‘thresholding behavior’. Secondly,
the phenomenon reported here is only visible at the startup of the signal,
whereas [15] and [31] consider the overall maximum amplitude. It would
be interesting to look at how these phenomena relate or even overlap. This
can be done in future research where attention should be paid to varying
the drivesignal-shape, duration and on the time between the experiments.
The last point is especially of interest to investigate the ‘reset-time’ of the
shell. A timescale for this process can be obtained by shortening the time
in between the measurements.

6This can be observed because we use smoothly windowed signals, thus increasing and
decreasing in pressure.

7This is comparable with the ‘resonance’-frequency derived from linearizations, since
in our (nonlinear) case we cannot use that term.
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Chapter 5

Subharmonics

The focus of this chapter is on the subharmonic response that was observed
in many measurements. The background concerning nonlinear subharmonic
response is presented and we discuss how our measurements relate to that.
In the last part of this chapter we investigate the connection between mi-
crobubble surface modes and subharmonic response

5.1 High pressure example

In Fig. 5.1 an acoustical response of a small bubble to a high pressure drives-
ignal of 3 MHz is shown in three different ways: the recorded P-t curve, a
power spectrum of this curve and a spectrogram. First we clearly notice
the fundamental response around 3 MHz. The second harmonic response
is also clearly present around 6 MHz. On the left side of the fundamental
response we see a sidelobe that was discussed in Sect. 4.6 and that is related
to the ‘transient startup’. Around 1.5 MHz we notice a new modality that
was not discussed before in this report: a subharmonic response at half the
insonation frequency. It comes up in the second part of the signal and is in
strength comparable to the second harmonic response. It is also visible in
the P-t curve, shown in Fig. 5.1a. There it is visible in the alternating peak-
height. In the power spectrum and spectrogram we can also see a strong 4.5
MHz component, the so-called intraharmonic. This peak is strongly related
to the subharmonic response as will be discussed later.

5.2 Background

Subharmonic frequency content in the response for free cavitation bubbles
and free gas bubbles is known for some time. Esche was the first to ob-
serve subharmonic response in a cavitation field in 1952[32] and since then
a lot of experimental, theoretical and numerical research has been done in
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Figure 5.1: Subharmonic example
(R0 ≈ 2.0µm, fdrive = 3MHz, Pdrive = 420kPa)

this area. Various mechanisms have been proposed to explain these subhar-
monics: First the possibility that at high amplitudes a bifurcation appears
in a bubble’s volumetric pulsations[33]. This is part of the transition to
chaotic behavior which is a common phenomenon in a large class of non-
linear dynamic systems, including the Raleigh-Plesset equation. Second,
the potential for bubbles driven at twice their linear resonance frequency to
pulsate with a component at their linear resonance frequency (which is a sub-
harmonic of the driving frequency)[34]. Finally some authors suggest that
possibly surface modes are responsible[35] for the subharmonic response. It
has been found that all of these mechanisms indeed have the potential to
generate subharmonic response. These three mechanisms have in common
that they have a frequency-dependent pressure threshold. These thresholds
have a minimum at twice the linear resonance frequency of a bubble (thus
the subharmonic emission is then at this resonance frequency)[36, 37]. This
phenomenon has also been observed with encapsulated bubbles[38, 39]. This
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(b) Pdrive = 200kPa, R+ = 8.2%, R− = 16.5%
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(c) Pdrive = 500kPa, R+ = 24.5%, R− = 40.7%
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(d) Pdrive = 700kPa, R+ = 38.7%, R− = 55.7%
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(e) Pdrive = 900kPa, R+ = 54.7%, R− = 66.7%
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(f) Pdrive = 1000kPa, R+ = 70.4%, R− = 74.1%

Figure 5.2: Simulated optical response and power spectrum of acoustical response
for increasing pressures (R0 = 3.75µm, fdrive = 2MHz,drivesignal length: 8.9µs)
The maximum compression and expansion of the optical response are given in per-
cent of the initial radius
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5 Subharmonics

is of interest for the application of these encapsulated bubbles as Ultrasound
Contrast Agents. Since unlike higher harmonics, tissue cannot emit sub-
harmonics. Subharmonics have another advantage that they have a deeper
penetration depth. For a similar type UCA, namely SonoVue1, two types of
subharmonics can be identified depending on the applied pressure[19]. The
first type are stable subharmonics above a low pressure threshold. It has
been suggested that due to the properties of the shell this threshold is lower
for UCA microbubbles than for free gas bubbles[39]. The second type of
subharmonics start above a much higher pressure threshold and are related
to the destruction of the bubble. The bubble oscillates violently in this pres-
sure regime. The subharmonics present in Fig. 5.1 are of the second type. A
brief numerical investigation confirms that subharmonic behavior exists for
high driving pressures and violent bubble oscillation. An example is shown
in Fig. 5.2 where we insonate a bubble with R0 = 3.75µm at twice its max-
imum response frequency. Another thing to note from these simulations is
that the subharmonic response needs a certain time to develop.

1Bracco Research S.A., Geneva, Switzerland
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(a) Spectrograms of the drivesignal and the acoustical response
(the solid white lines indicate respectively the insonation frequency and the fundamental
response, the dashed white line indicates the subharmonic response)
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(b) Amplitude of the insonation frequency and the fundamental and subharmonic acoustical
response obtained by tracking spectrograms

Figure 5.3: Acoustical bubble-response to a long chirp
(R0 =unknown, fdrive = 1.5− 6MHz, Pdrive = 30kPa, chirp-length = 39µs)
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5.3 Low pressure examples

5.3 Low pressure examples

For medical applications it is interesting to make use of the stable subhar-
monic response at low insonation pressures, since this is less harmful than
high pressures and the fact that this phenomenon is non-destructive makes
it possible to re-use UCA-microbubbles that have already been subjected to
ultrasound. The long chirp measurement shown in Fig. 5.3 is performed at
such a low driving pressure. The subharmonic response is clearly visible for
an insonation frequency between 2.5 and 3 MHz. The response is stable for
the six successive measurements. This means that we measure subharmon-
ics of the first type. Note that there is almost no second harmonic response
visible, the subharmonic response is much stronger. Unfortunately we don’t
have the optical response. However, based on previous measurements we
expect the bubble to move only moderately. This is confirmed by a toneb-
urst measurement series presented in Figs. 5.5 and 5.6 where the maximum
radial excursion stays well below 10%. The acoustical response is clearly
related to stable volumetric bubble oscillations observed in the radius-time
curves that start roughly halfway the drivesignal. The nonlinearity of the
translation of the optical response to the acoustical response is illustrated by
the intraharmonic between the fundamental and second harmonic response
that is only present in the acoustical responses. The simulations capture the
fundamental response quite well, however the subharmonic response is not
predicted by the model at all. Combining the power spectra of the optical
responses in one figure in Fig. 5.7 shows the strong frequency dependence.
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Figure 5.4: Measured acoustical subharmonic response (values normalized on the
fundamental response), only values that exceed the noiselevel are shown. The solid
green line indicates two times the maximum response frequency as derived from
simulations (signal length: 8.9µs, driving pressure: 40kPa)
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5.4 Surface modes

0.5 1 1.5 2 2.5 3 3.5 4
−20

−18

−16

−14

−12

−10

−8

−6

−4

−2

0

dB

MHz

 

 
optical response
simulation

Figure 5.7: Combination plot of the normalized power spectra of the optical re-
sponses as shown in Fig. 5.6 compared with simulations. The predicted maximum
(fundamental) response frequency from simulations is indicated with a solid black
line.

The subharmonic response peaks at a frequency close to the predicted max-
imum fundamental response frequency2, which agrees with what we expect
from the theory.

The measurement series we just discussed is not an isolated result. In fact
24.1% percent of the 40KPa dataset presented in the previous chapter dis-
play subharmonics. This is shown in Fig. 5.4. The green line indicates where
we would expect the maximum response. The results follow this line, but
appear to have a vertical offset.

5.4 Surface modes

Surface modes have been proposed as a possible mechanism for the genera-
tion of subharmonic acoustical response. These non-spherical deformations
of the bubble surface oscillate at half the insonation frequency. However,
since the sound emission of surface modes behaves like a dipole or higher
order, their acoustical emission decays very fast with distance, resulting in
no measurable sound emission in the far field3. Nevertheless, a surface mode
can couple with a volumetric mode, thus inducing a subharmonic volumetric
oscillation mode resulting in subharmonic sound emission[41]. Only recently
surface modes have been observed and studied for contrast agents, but the
acoustical response was not recorded during these experiments[16].

The setup we use to simultaneously record the optical and acoustical re-
sponse of single UCA microbubbles makes it possible to investigate the re-

2The nonlinear equivalent of the resonance frequency.
3It has been suggested that surface waves can result in monopole sound emission. The

frequency is however not subharmonic, but close to the fundamental frequency[40].
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5 Subharmonics

lation between subharmonics and surface modes. For this we use a method
to decompose the bubble contour deformation in surface modes as described
in Appendix B. As an example we take the measurement series presented
in Figs. 5.5 and 5.6. For each movie we investigate the strongest mode
present during the insonation. The amplitude of this mode is plotted for
each movie in Fig. 5.8. In the optical response of the first movie is a clearly
visible mode 5 surface mode present. This mode comes up in the second
part of the signal. However, no measurable subharmonic is present in the
acoustical response (as observed in Fig. 5.6). On the other hand, the second
movie does not display a strong surface mode, but the subharmonic response
is at its maximum. The third measurement, at 2.35MHz, displays a mode
4 and a strong subharmonic response. The subharmonic response remains
present in the last 3 movies, but the non-spherical deformations stay below
the noiselevel. Nevertheless from watching the movies it is clear that a small
non-spherical deformation is present in movie 4 and 5.

This example is illustrative for all the measurements we analyzed. Sub-
harmonics and surface modes appear in the same frequency and pressure
regime. Sometimes the subharmonics and surface modes appear together
and sometimes separately. The measurements with the strongest surface
modes do not show subharmonics. Unfortunately our current image analysis
method is not capable of detecting every deformation. Both subharmonics
and surface modes need a certain time and pressure to develop. Therefore
it is interesting to do more research with longer signals and for different
pressures. Besides this, it is also interesting to investigate the acoustical
response of free gas bubbles that display surface modes.

54



5.4 Surface modes

0 1 2 3 4 5 6 7 8 9
−0.1

0

0.1

0.2

0.3

|A
5| (

µm
)

t(µs)

(a) movie 1: fdrive = 1.75MHz, maximum mode: 5

0 1 2 3 4 5 6 7 8 9
−0.1

0

0.1

0.2

0.3

|A
3| (

µm
)

t(µs)

(b) movie 2: fdrive = 2.05MHz, maximum mode: 3
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(c) movie 3: fdrive = 2.35MHz, maximum mode: 4
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(d) movie 4: fdrive = 2.65MHz, maximum mode: 5
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(e) movie 5: fdrive = 2.95MHz, maximum mode: 2
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(f) movie 6: fdrive = 3.25MHz, maximum mode: 2

Figure 5.8: Amplitude of the surface mode with the maximum amplitude for the
measurement series shown in Figs. 5.5 and 5.6
(R0 = 3.7µm, Pdrive = 40kPa, signal-length = 8.9µs)
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Chapter 6

Conclusions and outlook

6.1 Conclusions

A setup is presented which combines ultra high speed imaging with ultra-
sonic quantitative acoustical probing and measuring. With this setup single
Ultrasound Contrast Agent microbubbles have been isolated and subjected
to tonebursts of different frequencies and long broadband chirps. The acous-
tical and optical responses of these single bubbles are simultaneously mea-
sured. These measurements were compared with the existing theory with
the help of simulations.

These recorded responses provide quantitative and detailed information on
the dynamical behavior of individual UCA microbubbles, in contrast to
acoustic measurements on populations of microbubbles having a relatively
wide size distribution. The fact that the optical and acoustical response are
captured simultaneously makes it possible for the first time to directly relate
optical phenomena to acoustical features and vice versa.

The nonlinear phenomenon ‘compression only’ is strongly present in our
measurements and observations seem to support the idea that this is related
to ‘buckling’ of the shell. This phenomenon is captured by the existing
theory, in contrast to the ‘transient startup’-behavior of encapsulated bub-
bles which is a newly observed phenomenon. The latter seems strongly
related to previously reported ‘thresholding behavior’. It is shown how with
this setup a relation between optically observed surface modes with acousti-
cally measured subharmonic response can be investigated. Based on current
measurements and analysis it can be concluded that there is no direct link
apparent, nevertheless they occur in the same regime. It is still possible that
there is a more intricate relationship between these two phenomena.

The fundamental response of the measured bubble-responses is reasonably
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6 Conclusions and outlook

well captured by the Marmottant model. Fitting the shell parameters would
probably have lead to an even better agreement. However it proved to be im-
possible to measure at low frequencies. This is where the maximum response
for these bubbles is expected and the effect of the shell parameters can be
identified separately. Therefore fitting our current data would increase the
agreement with the model without giving us more info on encapsulated bub-
ble dynamics. The second harmonic response seems underestimated in our
model and the measured subharmonic response for low insonation pressures
was completely absent in simulations. This means that the current model
doesn’t capture all the observed nonlinearities caused by the shell.

The method to use a long-chirp drivesignal to obtain more information
on the dynamics of single UCA microbubbles looks promising. With this
method it is possible to non-destructively scan a large range of frequencies in
one measurement. Spectrograms make it possible to follow the fundamental
and harmonic responses separately.

6.2 Outlook

The research presented in this thesis illustrates the possibilities of measuring
the optical and acoustical response of single UCA microbubbles simultane-
ously. It is promising to do more rigorous research with this setup on specific
topics. One of the most important improvements in the setup itself lies in
improving the bandwidth. It is worthwhile to try out absorbing material
and different transducer positions to overcome the low frequency crosstalk.
Using a longer working distance objective is another possible improvement.
Finally, another transmit transducer should be used, one that is capable of
emitting higher intensity ultrasound at lower frequencies.

It will be interesting to look at for instance when and how the second
harmonic response is enhanced and how this relates to ‘compression only’-
behavior. Further research to understand and model the subharmonic re-
sponse is also of interest. The transient startup phenomenon of a bubble
can be investigated by using different signals and repetition times. This will
give more detailed information about the shell-dynamics. It is interesting to
investigate how these phenomena relate to phase-transitions in the mono-
layer shell. Exploiting this phenomenon could lead to an enhanced use of
pulse-inversion imaging methods at low insonation pressures.

The error in the acoustical response can be reduced by calibrating the trans-
ducer with hydrophones that have a factory calibration with a lower uncer-
tainty. A more flexible way to align the transducers will also help. The
imaging and image-analysis methods can be improved to decrease the error
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we make in radius determination and to increase the optical resolution. Es-
pecially for reliably determining surface modes it is important to suppress
the optical noise

It has been shown that the nearby presence of a wall strongly affects the var-
ious observed features of the bubble-dynamics[16, 42, 30]. The fundamental
response changes in shape and amplitude and a wall can strongly increase
non-spherical behavior. These boundary conditions can be fully controlled
with the help of an optical tweezers-setup. Unfortunately inclusion of this
technique is currently not compatible with the setup as presented in this
thesis. This is due the fact that it didn’t fit in. It is worthwhile to adjust
the setup to make this inclusion possible.

The acoustical properties of the cellulose capillary-fiber should be inves-
tigated in more detail. An idea to do this is to use particles with a known
acoustical response. These particles can be put inside the capillary and their
response can be recorded for different frequencies. This will give more info
on how the capillary fiber influences the response. Another approach is to
model the acoustic properties of our situation using an approach similar to
the one used in [43] where the channel acoustics and air bubble dynamics
are modelled for the case of entrapped air in an ink channel. If we would do
this for our situation as well we could quantify the effect of our capillary.
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Appendix A

Additional information on
the setup

In this appendix some topics concerning the setup that is used for record-
ing the optical and acoustical response of single UCA microbubbles are ex-
plained in more detail.

A.1 Signals

To gain more info about on the behavior of UCA microbubbles we would
like to see how they respond to different frequencies. This basically means
that we would like to know how an encapsulated bubble reacts to an infinite
continuous signal of a single frequency. A practical measurement situation
however always uses signals of a finite length. Because of this the signal you
send to the bubble always contains a band of different frequencies and the
frequency content is determined by the length of the signal and how this
signal is windowed.

We used mostly tonebursts which have all the same length and the same
smooth window. This ensures that the width and shape of the frequency
distribution doesn’t change but only shifts for different frequencies. The
smoothness of the window results in a signal with a narrow frequency dis-
tribution with negligible side lobes. This is important for comparing the
acoustical with the optical measurements because the former emphasizes
the higher frequencies present in the optical response.

The window used is a combination of two gaussians:

W =
1[

1 + e
−
(

t−wa
wb

)] [
1 + e

−
(

t+wa−l
wb

)] (A.1)
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W is the window envelope
t is the time in [s] which runs from signal start to signal end
l is the signal length in [s], which is 8.9µs for tonebursts1

wa is the first window parameter, which is 3.5e−6 for tonebursts
wb is the second window parameter, which is 1e−6 for tonebursts

Then W ∗ is obtained by normalizing W with it’s minimum and maximum
to make sure that it starts at 0 and peaks at 1. Then the actual toneburst
is obtained by:

D = P · sin(2πft) ·W ∗ (A.2)

D is the resulting drivesignal
P is the desired pressure in [Pa]
f is the frequency in [Hz]

Some measurements and all the transducer calibrations were done with
chirps instead of tonebursts. These signals vary linearly in frequency over
time and are calculated as follows:

D = P · sin
(

2π
[
fstart + (fend − fstart)

t

l

]
t

)
·W ∗ (A.3)

fstart is the start frequency in [Hz]
fend is the end frequency in [Hz]

Ideally, you would like to have a flat frequency distribution in your chirp
across the whole desired bandwidth (meaning that every frequency is equally
present in the chirp signal). Therefore for these signals it is important
to look for optimal window parameters. In Fig. A.1a a broadband chirp
without a window (or rather: with a rectangular window) is presented both
in the time and frequency domain, followed by three windowed examples
in Figs. A.1b, A.1c and A.1d. It can be seen that a window can effectively
remove the unwanted ‘jags’, however it also decreases the bandwidth. There
is an optimum in between these two that flattens the frequency distribution
while maintaining a fairly wide bandwidth, see Fig. A.1d. These optimal
window parameters depend on chirplength and bandwidth. Therefore an
algorithm was written that will give optimal window parameters based on
the given input parameters2.

1This corresponds with 90% of the maximum recording time of the Brandaris 128 at a
framerate of 13 MHz.

2Procedure: a. Start with a smooth window and make it step by step less smooth,
check when the side jags appear. b. Zoom in on that specific point with a smaller stepsize
and then take the windowparameters of that transition (fixed relation: wa = 3.5wb).
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A.1 Signals
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(a) No window used - the jagged top line in the frequency spectrum is the problem
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(b) wa = 17.5e−6 and wa = 3.5e−6 - this window gets rid of all the jags, but decreases the
effective bandwidth
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(c) wa = 0.35e−6 and wa = 0.1e−6 - this window diminishes the jags a bit, while hardly
changing the effective bandwidth
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(d) wa = 2.7e−6 and wa = 0.8e−6 (values from optimization) - this window gets rid of all
the jags and still has a decent effective bandwidth

Figure A.1: Illustration of chirp window optimization with a 40µs chirp that ranges
from 1 to 5 MHz. On the left is the signal in the timedomain and on the right the
absolute values of the frequency spectrum (normalised).
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A Additional information on the setup

Figure A.2: Schematic view of the calibration configuration

A.2 Transducer calibration and alignment

The receive and send transducers are calibrated before use. This is done
with a needle hydrophone positioned in one line with the transducer as de-
picted in Fig. A.2. The tip of the needle is in the focus of the transducer.
This focus was found by looking for the maximum response using an align-
ment signal of a windowed three cycle burst at the nominal frequency of
the transducer. It was found that it is important to always use the same
signal for aligning and calibrating, because a different signal will result in a
different focus and a different calibration. The position of the focus and the
amplitude of the alignment signal is always compared with previous align-
ments for this same reason.

The calibration itself is done with a 19µs windowed chirp ranging from
0.5 to 10 MHz with an amplitude of 0.2Vpp before amplification. This signal
is put on the transducer and the resulting pressure signal is recorded with
the hydrophone and oscilloscope using the calibration of the hydrophone.
Afterwards the receive calibration is retrieved by dividing the absolute fft
(fast fourier transform) of the calculated input signal by the absolute fft of
this pressure signal given in Pascal.

Ct(f) =
|Vinput(f)|
|Pfocus(f)|

(A.4)

Ct is the transmit calibration in [V/Pa]
Vinput is the input voltage in [V ]
Pfocus is the pressure in the focus in [Pa]

Now we know for every frequency how much volt is needed to get a desired
pressure in the focus (only the amplitude is calibrated, not the phase). This
calibration is directly compared with a previous calibration and a check is
performed with a broadband chirp corrected with this calibration. Actually
this send-calibration is not only a calibration of the transducer alone, but
of the signal chain consisting of the Arbitrary Wave Generator (AWG), the
RF-amplifier and the transducer3.

3It was found that this is necessary since the RF-amplifier was far from ‘ideal’. The
AWG also had a slight error for higher frequencies (> 6 MHz), but this was negligible for
our situation.
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A.3 Measurement Gui

This transmit calibration is not the same as the transmit transfer func-
tion. First it is in [Pa/V ] in stead of [V/Pa], secondly the transmit transfer
function is a function of the open circuit voltage instead of the AWG output
voltage and thirdly it is defined as a function of the pressure at the surface
of the transducer. The relation is the following:

Tt =
1

2Ct
· cwdf
Atf

(A.5)

Tt(f) is the transmit transfer function in [Pa/V ]
cw is the speed of sound in water in [m/s]
df is the focal distance in [m]
At is the surface area of the transducer in [m2]

For the receive transducer we would like to know how much volt we measure
per Pascal on the transducer surface (in stead of in the focus) for different
frequencies. This is the same as the receive transfer function (Tr = Cr).
To obtain the receive transfer function we first obtain a transmit transfer
function in a similar way as described above, only we omit the RF-amplifier
and use the AWG alone at its maximum voltage output (10Vpp). We assume
that this ceramic single element transducer is reciprocal. This means that
the receive transfer function relates to the transmit transfer function in the
following way[25]:

Tr(f) = Tt(f)
2RiAt
ρwcw

(A.6)

Tr(f) is the receive transfer function in [V/Pa]
f is the frequency in [Hz]
Ri is the resistance of the oscilloscope in [Ω], which is 50Ω
At is the surface area of the transducer in [m2]
ρw is density of water in [kg/m3]

So we obtain Tr, the information on how much Volt you measure with an
oscilloscope (@50Ω) per Pascal on the transducer surface for different fre-
quencies and that is what we need to quantify our measurements.

A.3 Measurement Gui

A graphical user interface (gui) was programmed in Matlab to organize all
the different files that constitute the data of a measurement. This made it
easy to select and analyze measurements while keeping all the original files,
thus making the analysis method more flexible. A screenshot of this gui is
shown in Fig. A.3.
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A Additional information on the setup

Figure A.3: Example screenshot of the graphical user interface that is used to save
all the measurement files together and to analyze the data
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Appendix B

Surface mode analysis

This appendix explains how the surface mode analysis that is used in chap-
ter 5 is done. This method is illustrated with two examples.

B.1 Analyzing non-spherical bubbles

Most mathematical models that are used to describe bubble-behavior as-
sume that the bubble remains spherical. This is not always the case. Under
certain circumstances a bubble can deform to a nonspherical shape. A pop-
ular way to describe this deformation is to decompose this deformation into
surface modes[23], analogue to a fourier decomposition of an arbitrary signal
into sine waves. These surface modes are 3D waves on the bubble surface,
however our recordings of the bubble are in 2D, thus only giving us the con-
tour of the bubble from the top-view. If we have knowledge about the axis
of symmetry of the deformation, we can decompose the contour in Legendre
polynomials. This is done for example in [42]. Unfortunately we don’t have
this advantage, so we use the method described in [16]: we use a fourier
analysis. This also means that we discard deformations in the plane per-
pendicular to our imaging plane.

Each surface mode can be indexed by a so-called mode number which cor-
responds with the amount of bumps along the contour. It should be noted
that a deformation can also exist of a superposition of different modes.

B.2 Method

Figures B.1 and B.2 illustrate our analysis method. Our usual analysis
method to give the optical response traces (described on page 27) also gives
us the contour of the bubble in every movieframe. This contour is shown in
Figs. B.1a, B.1d and Figs. B.2a, B.2d. First this is transformed from carte-
sian into polar coordinates and then the fast fourier transform is taken.
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B Surface mode analysis
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Figure B.1: Surface mode analysis: Example 1
(R0 = 3.05µm, fdrive = 1.5MHz, Pdrive = 40kPa, signallength: = 8.9µs)

The absolute value of this gives us the amplitude of the different surface
modes in that frame. By combining the amplitude of surface mode for all
the frames we can derive how this specific mode develops over time (shown
in Figs. B.1g and B.2g). If we look at the first example in Fig. B.1 we see
that the initial contour of the bubble is circular and in polar coordinates
it results in a constant R(θ). No surface modes have a significant ampli-
tude. Six microseconds later the bubble looks almost like a square with two
flattened corners. Indeed, mode number 4 displays the highest amplitude,
even though other modes are also present (or rather: needed to describe this
deformation). From the trace shown in Fig. B.1g we can see that this mode
is present during a large part of the movie with a well defined frequency and
that it develops in the second half. The second example shown in Fig. B.1
shows a similar behavior, only the deformation is even less governed by a
single surface mode. Other info about this measurement can be found in
Figs. 5.5 and 5.6.
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B.2 Method

(a) frame #7
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Figure B.2: Surface mode analysis: Example 2
(R0 = 3.67µm, fdrive = 1.75MHz, Pdrive = 40kPa, signallength: = 8.9µs)
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