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Περίληψη

! Οι μικροφυσαλίδες ενίσχυσης της αντίθεσης στην υπερηχοτομογραφία είναι 
ένα σχετικά καινούργιο “εργαλείο”, το οποίο χρησιμοποιείται προκειμένου να 
βελτιώσει τις διαγνωστικές ιδιότητες της υπερηχοτομογραφίας και δυνητικά να 
προσφέρει μια θεραπευτική αξία σε αυτήν. Οι μικροφυσαλίδες είναι φυσαλίδες 
μονού ή διπλού κελύφους, με διάμετρο της τάξης των 3 μm, οι οποίες περιέχουν 
αέριο που αντανακλά έντονα τον ήχο. Εισάγοντας τις φυσαλίδες αυτές στην ροή 
του αίματος του ασθενούς, ενισχύουμε τοπικά την ηχογένεια και κατ΄ επέκταση 
βελτιώνουμε την αντίθεση μεταξύ του αίματος και των παρακείμενων ιστών. Με 
αυτό τον τρόπο μπορούμε να αποκτήσουμε μια καλύτερη εικόνα της δομής των 
οργάνων, να διαγνώσουμε με ακρίβεια την παθοφυσιολογία συγκεκριμένων 
περιοχών πάνω σε αυτά και, εάν το αέριο των φυσαλίδων αντικατασταθεί με την 
κατάλληλη φαρμακευτική ουσία, να επιτύχουμε στοχευμένη εφαρμογή της 
φαρμακευτικής θεραπείας, οδηγώντας σε πιθανή ίαση της ασθένειας.

! Μέχρι τώρα, το μεγαλύτερο μέρος των μελετών που έχουν γίνει με σκοπό 
την διερεύνηση της αλληλεπίδρασης των φυσαλίδων με τους υπερήχους 
βασίζονται σε πληθυσμιακές μελέτες, οι οποίες λόγω της γενικής (σε επίπεδο 
πληθυσμού) προσέγγισής τους, δεν μπορούν με σαφήνεια να διαγνώσουν και να 
εξηγήσουν τις σύνθετες μη γραμμικές και δυναμικές ιδιότητες των 
μικροφυσαλίδων, καθώς και την συμπεριφορά τους όταν βρεθούν μέσα στο 
υπερηχητικό πεδίο. Εξαιτίας αυτού, η γνώση μας σχετικά με τις μικροφυσαλίδες 
ενίσχυσης της αντίθεσης είναι ακόμα περιορισμένη, αν και οι πιθανές βελτιώσεις 
τόσο στις απεικονιστικές όσο και στις θεραπευτικές τεχνικές των υπερήχων που θα 
μπορούσαν να επιτευχθούν μέσα από την κατανόηση αυτής της αλληλεπίδρασης θα 
ήταν ιδιαίτερα σημαντικές.

! Σε αυτή την εργασία, παρουσιάζεται μια μελέτη των μικροφυσαλίδων όχι σε 
επίπεδο πληθυσμού αλλά σε επίπεδο μονάδας, η οποία έγινε με την χρήση μιας 
καινοτόμου πειραματικής διάταξης που αναπτύχθηκε από την ομάδα 
Υπερηχοτομογραφίας του Πανεπιστήμιου του Εδιμβούργου. Η διάταξη αυτή 
χρησιμοποιεί έναν ειδικά τροποποιημένο εμπορικό υπερηχοτομογράφο, phased 
array εκπομπούς, και ένα επίσης ειδικά κατασκευασμένο σύστημα μέτρησης της 
απόκρισης των μιρκοφυσαλίδων σε επίπεδο μονάδας. Το σύστημα αυτό έχει την 
δυνατότητα να εισάγει, να διεγείρει με υπερήχους, καθώς και να συλλέγει την 
ανάκλαση από τις μικροφυσαλίδες, μία προς μία. Σκοπός της εργασίας αυτής είναι 
να συμβάλει όσο το δυνατόν περισσότερο στην κατανόηση της συμπεριφοράς των 
μικροφυσαλίδων όταν αυτές διεγείρονται από υπερηχητικά κύματα, καθώς και των 
υπεύθυνων, για την συμπεριφορά αυτή, φυσικών μηχανισμών.

! Στην παρούσα εργασία παρουσιάζεται η απόκριση δυο διαφορετικών 
εμπορικά διαθέσιμων τύπων μικροφυσαλίδων, σε υπερηχητικά κύματα 
διαφορετικών ακουστικών πιέσεων. Οι μικροφυσαλίδες που χρησιμοποιήθηκαν είναι 
οι Definity και οι biSphere. Συνολικά, η ανάκλαση από 842 biSphere και 1994 Definity 
μικροφυσαλίδες έχει καταγραφεί, και τα δεδομένα έχουν αναλυθεί με κώδικα 
Matlab, ο οποίος αναπτύχθηκε στο εργαστήριο ειδικά για την ανάλυση αυτή.

! Επίσης, ερευνάται η απόκριση των φυσαλίδων όταν διεγείρονται από 
αλλεπάληλους υπερηχητικούς παλμούς, διαφορετικών συχνοτήτων επανάληψης. 
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Για τον σκοπό αυτό, καταγράφηκαν και αναλύθηκαν ανακλάσεις από ακόμα 1221 
Definity και 459 biSphere μικροφυσαλίδες.

! Η πλήρης κατανόηση της αλληλεπίδρασης των μικροφυσαλίδων με τους 
υπερήχους μπορεί να αποτελέσει την βάση για την ανάπτυξη βελτιωμένων 
τεχνικών επεξεργασίας σήματος για την απεικονιστική υπεηχοτομογραφία, οι 
οποίες μπορούν να βελτιώσουν τις δυνατότητες των υπερήχων, και δυνητικά να 
μετατρέψουν τις μικροφυσαλίδες ενίσχυσης σε ένα μέσο ίασης ασθενειών.
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About this Thesis

Abstract

! Ultrasound contrast agents (UCA) is a relatively new tool, used in medical 
ultrasound imaging to enhance the diagnostic abilities of ultrasound and potentially offer a 
therapeutic value in medical ultrasounds. UCAs are bi or single-layered bubbles, that 
contain a highly backscattering gas. By injecting them into the blood flow, we locally 
increase the echogenicity and therefor enhance the contrast of the blood-tissue interface. 
This way we can provide a improved image of the structure of the organs, we can more 
accurately diagnose abnormal of defected areas on them, and if the containing gas is 
replaced with an appropriate drug, focus drug delivery can be achieved, providing potential 
healing of the disease.

! Up to now, most of the studies done in order to investigate the microbubbles - 
ultrasound interaction are mostly population studies, which due to their roughly approach 
cannot clearly diagnose and explain the complex nonlinear and dynamic properties of 
UCAs and their response to ultrasound field. Because of that, our knowledge on the 
UCAsʼ, is yet limited although the potential improvements at imaging and therapeutic 
technics that would be gained from a thorough understanding of this interactions can be 
very big.

! In this thesis, a study of single microbubbles is presented, using a system 
developed by the group of Ultrasound imaging in Edinburgh University. The system uses a 
specially modified commercial ultrasound machine, phased array probes and a specially 
designed single microbubbles measuring system. The system has the ability to feed, 
insonify and capture the backscattered echo from a single microbubble, with the use of 
fully calibrated and characterized ultrasound - probe system. The aim of the project is to 
contribute in the understanding of the behavior of the UCAs when insonified with an 
ultrasound wave, and the underlying physical mechanism behind that. 

The response of two different commercially available UCAs under insonification by 
ultrasound waves of varying acoustical pressure is presented. The UCAs used are Definity 
and biSphere. In total echoes from 842 biSphere and 1994 Definity microbubbles have 
ben captured and the data have been analyzed with in house made matlab codes.

Also the response of the bubbles when insonified by consequent pulses of different 
repetition frequency has been investigated. For this reason, echoes from other 1221 
Definity and 459 biSphere microbubbles have been captured and analyzed.

The fully understanding of the agent - ultrasound interaction mechanisms can be the basis 
for creating improved signal processing tools for ultrasound imaging contrast enhancement 
that would improve imaging abilities of the modality, and potentially use of UCAs as a 
therapeutic mean.
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Thesis Outline

I. Chapter 1 - Introduction
In chapter 1, the basic physical principles and the way that the ultrasound machines 
operate is presented. The history and theoretical basics of UCAs are also introduced 
here .

II. Chapter 2 - Transmitted Field Investigation
In this chapter the calibration and characterization of the transmitted field of the 
ultrasound system used (Philips Sonos 5500 (Philips Med- ical Systems, Andover, MA)) is 
presented. The calibration is done the use of a highly sensitive membrane 
hydrophone (Precision Acoustics Ltd., Dorchester, UK ).

III. Chapter 3 - Received Field Calibration
The previously characterized incident acoustic field, is now applied of sub-millimeter 
solid Cu spheres, that act as a Rayleigh scatterer. Their theoretical backscatter is 
calculated and compared with the experimentally measured one. The exact 
calibration and characterization of the ultrasound system is achieved.

IV. Chapter 4 - Acoustic Response of the Contrast Agent biSphere
In this chapter the investigation of the response of 842 biSphere microbubbles 
insonified by ultrasound pulses of varying acoustical pressure if presented.

V. Chapter 5 - Acoustic Response of the Contrast Agent Definity
As in the previous chapter the response of 1994 definity microbubbles insonified by 
ultrasound pulses of varying acoustical pressure, and emitted by two different phase 
probes is investigated.

VI. Chapter 6 - Microbubbleʼs Response from Consecutive Imaging Pulses of 
Variating Time Intervals
In this chapter the effect of consecutive pulses insonifing the same microbubble is 
investigated. In total 1221 and 459 Definity and biSphere microbubbles respectively, 
were insonified by consequent pulses of different repetition time.
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Chapter 1 - Introduction
! The history of ultrasound imaging for medical applications goes back to 1950ʼs with 
there first application in 1952 (Reid 1952) Since itʼs invention, there has been an 
enormous progress, from the first 2D images to 3D techniques (J. F. Brinkley 1982). 
Compared to others imaging technics (such as X-ray, MRI, CT,etc), ultrasound is cheaper, 
safer for the patient and portable (Hussey 1985) this is the reason why 25% of all medical 
imaging clinical procedures nowadays are done with ultrasound (Misaridis 2003). 

! In 1968, Gramiak and Shah (R. Gramiak 1968)were the first to use a contrast agent 
to improve the imaging quality of the ultrasound technics, especially in the cardiovascular 
science. The ultrasound contrast agents, are um sized microbubbles filled with gas (or 
recently with drug) in order to increase the backscattered echo. Since then, 5 generations 
of microbubbles have been developed, but the full understanding of the behavior and itʼs 
physical mechanisms hasnʼt yet been achieved. The work presented in this thesis, is an 
attempt for better characterization and understanding of the acoustical response of 
ultrasound microbubbles contrast agents.

Ultrasound Theory

! As the name itself implies, ultrasound is a sound wave with frequency higher than 
the audible range. The higher audible range of the human hearing is usually described as 
20 kHz (Lerski 1998) and the whole range is taken to be from 20 Hz up to 20 kHz. In 
medical applications the waves that are used more often have frequencies between 2 and 
20 MHz and in some special imaging techniques, such as intra-vascular ultrasound 
imaging, even higher frequency waves up to 30 or 40 MHz are used (L. Hoff 2000; C. M. 
Moran 2002).

! In a elastic medium, the ultrasound waves propagates through the adjacent regions 
of compression and rarefaction produced by the oscillating particles of the medium (figure 
1). With this oscillation, a pressure disturbance similar to the vibration that initiated the 
wave, propagates but no net displacement of the particles occurs.

! The speed of the propagation of the wave in the elastic material, is defined by the 
acoustic parameters of the medium which are its density ρ and the adiabatic 

Figure 1 - Propagation of sound waves
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compressibility k. Assuming no net transfer of energy from the wave to the medium the 
speed c of the sound wave is calculated by the equation:

where ρ0 is the mean density of the medium and B is the adiabatic bulk modulus. E.g. if 
the medium is water, which has bulk modulus equal to 2.18 109 N/m2 the speed of sound 
in the water is equal to 1480 m/s. 

! Another property that is of high importance for the medical applications of 
ultrasounds, is the acoustic impedance Z, which is defined as the ratio of pressure at a 
given point to the particle velocity at the same point and has units of kg/(m2s) or 
sometimes referred to as Rayl where 1 Rayl = 1 kg/(m2s). As we understand the acoustic 
impedance is a property of the medium and of the type of the wave that propagates 
through that particular wave. The acoustic impedance is equal to:

! The importance of the acoustic impedance in the implications of the ultrasound is 
very high. When an ultrasound wave during its propagation inside a medium encounters 
an interface with another medium of different acoustic impedances, only a percentage of 
the the wave energy passes through and the rest is backscattered back to the transducer, 
from which we get the image(figure 2). If the two mediums have acoustic impedances Z1 
and Z2 then, using the reflection coefficient is equal to:

! As we can see from the equation the reflection coefficient is a clear number without 
any measuring units. In figure 2 we can see two of the most important interfaces inside the 
human body which lead to the biggest limitations of the ultrasound. The first example is the 
fat / air interface were 99% of the sound wave is backscattered which makes it almost 
impossible to see inside the lungs, and in the case of muscle to bone interface the 48% of 
the sound wave is backscattered, which makes is very difficult to visualize the hurt that is 
encased behind the ribs. Due to this limitations, the medical implications of ultrasound 
have been limited to soft tissue imagine, were the reflection coefficient is -10% to 10%
(Misaridis 2003).

B =
1
κ

c = 1
ρ0κ

=
B
ρ0

Z = ροc

R =
Z2 − Z1
Z1 + Z2

Figure 2 - Reflection coefficient between two different mediums. Two of the most 
important examples are shown.
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! In table 1 we can see the values of density, propagation speed and acoustic 
impedance of some of the most important tissues of the human body.

! Another, very important properties of the the medium that strongly affects the 
medical implications of ultrasound is the attenuations. As a sound wave propagates inside 
the medium it looses part of its energy. This energy lost is called attenuation. Attenuation 
includes energy that is lost from both scattering of the sound wave and absorption. 
Absorptions is the physical phenomenon were the energy of sound wave is absorbed by 
the tissue and turned into heat, and it accounts for 75% of the total energy lost. The 
Attenuations, is depended both on the medium and the frequency of the propagating 
wave, and as it is obvious it increases linearly as the depth increases. The attenuation is 
equal to:

where f is the frequency of the wave r is the distance that the wave has propagated in the 
medium. The units of attenuation is Np/(MHz cm) or in dB/(MHz cm) ( 1 dB/(MHz cm) = 
8.6859 x Np/(MHz cm)). In table 2 we can see approximate ultrasound attenuation values 
in human tissues(Jensen 1996).

Table 1 - Approximate densities, sound speeds, and acoustic impedances of 
human tissue.

Medium Density (kg/m3) Speed of sound 
(m/s)

Acoustic 
Impedance

Air
Lung
Distilled water
Blood
Fat
Kidney
Liver
Spleen
Muscle
Bone
Brain

1.200E+00 3.330E+02 3.996E+02
4.000E+02 6.500E+02 2.600E+05
1.000E+03 1.480E+03 1.480E+06
1.060E+03 1.566E+03 1.660E+06
9.200E+02 1.446E+03 1.330E+06
1.040E+03 1.567E+03 1.630E+06
1.060E+03 1.566E+03 1.660E+06
1.060E+03 1.566E+03 1.660E+06
1.070E+03 1.630E+03 1.744E+06
1.600E+03 3.050E+03 4.880E+06
1.030E+03 1.550E+03 1.597E+06

A( f ,r) = exp(−2πβ fr)

Tissue
Attenuation 

(dB/(MHz cm)
Liver

Kidney
Spleen

Fat
Blood

Plasma
Bone

0.6 - 0.9
0.8 - 1.0
0.5 - 1.0
1.0 - 2.0

0.17 - 0.24
0.01

16.0 - 23.0

Table 2 - Approximate ultrasound attenuation 
values in human tissues
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Generation of the ultrasound

! The way that an ultrasound wave is generated in almost all the available 
transducers is with the use of piezoelectric crystal. Piezoelectric comes for the Greek 
words “Piezo” which means “puss of exert pressure” and “electric” which means electricity. 
As it is obvious the terms piezoelectric refers to materials which when a voltage is applied 
on them then convert the signal into pressure oscillations in their surface via mechanical 
deformations. The same way if an mechanical force is applied on the material this is then 
converting into electrical energy. This way by applying an electrical signal on one 
piezoelectric material we can force it to oscillate according to the frequency of the applied 
signal and thus create a sound wave, or when a sound wave hits the surface of a 
piezoelectric material we can monitor it, just by monitoring the voltage at the edges of the 
material. In this principle the transducers are based in order to transmit and receive 
ultrasound waves. In figure 4 we can see a schematic of the parts of a typical ultrasound 
transducer.

! In order to avoid as possible the mismatch of the impedance between the probe and 
the skin (in order to have low reflection coefficient and more acoustic energy to propagate 
in the body) an matching layer is used, which can also have a concave shape in order to 
achieve better focusing of the ultrasound beam. Behind the piezoelectric material a sound 
absorbing backing layer is attached to it, in order to limit the mechanical ringing. The 
drawback with this backing layers is that they absorb a big portion of the backscattered 

Figure 3 - Generation of an ultrasound wave with the use of a piezoelectric material.

Figure 4 - Schematic of a typical transducer.
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energy and thus reducing the sensitivity of the transducer. This leads into an inevitable 
trade-off between the sensitivity and the bandwidth of the transducer. 

Types of ultrasound transducers - beam shape and resulting display modes.

! In the first imaging systems circular single element transducers were used. If the 
element used was flat then an straight acoustic beam, that remained cylindrical up to a 
distance equal to D2/4λ, which is called near field (figure 5), after this distance from the 
face of the transducer, far field, the beam started to diverge (Lerski 1998). 

! In order to achieve more focused beams, 
concave shape crystal, of concave matching layers 
were used with their shape altering the form of the 
ultrasound beam in the way represented in figure 6.

! With this type of transducers only one display 
mode was possible, which also was the first one used, 
was the A-mode. In the Amplitude-mode the back 
scattered signal was shown as a function of depth 
(figure 7). The produced image was one-dimensional 
and only depth data could be measured. Nowadays, A-
mode is used in modern machines, only to measure the 
depth of a tissue.

Figure 5 - Schematic representation of near and far field.

Figure 6 - Beam focusing using concave 
element.
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! An evolution of the A-mode, was the motion mode (M-mode). In the M-mode, 
several lines in the same direction were emitted, and then by displaying each line side by 
side, information about the motion was seen. In figure 8 we see an example of M-mode, 
on the left is the explanation on how it works, and on the right a real image from an 
ultrasound scanner. The M-mode was used in the first years in cardiology, and is still in 
used in order to diagnose heart valve diseases.

! The breakthrough in the field of medical 
ultrasound was done with the invention of Brightness 
mode (B-mode). In the B-mode a series of focused 
fields lines were transmitted in different direction, 
acquiring a series of A-lines that covered all the 
region of interest. The A-lines were then merged and 
a 2D image was created. In the beginning a single 
element transducer that was mechanically rotated, 
was used in order to acquire multiple A-lines (figure 
9). Later the array probes were developed, which 
they were consisted of many single elements, side by 
side forming an array. Depending on the shape of the 
probe the shape of the imaged area would differ. As 
its is shown in figure 10.

Figure 7 - Amplitude display mode (A-mode)

Figure 8 - Motion display mode (M-mode)

Figure 9 -Single-element mechanical rotation 
system 
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! The latest advancement were the phased array 
probes, where the lines were not emitted only 
perpendicular to the transducers surface, but the beam 
was able to be steered (figure 11) and focused using 
delays in the excitation time of each element of the 
array(figure 12). With the phased array transducers 
several transmit and receive focus zones can be 
applied, and it is possible  to scan an area much bigger 
than the size of the aperture. In this study the two 
probes that were used (S3 and S4) were phased array 
probes. The sequential acquisition of A-lines in order to 
achieve a B-mode image using a phased array probe is 
seen in figure 13.

Figure 10 - Different types of array probes.

Figure 11 - Phased array 
probe
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! One of the greatest advancements and of the most useful features of an ultrasound 
system is itʼs ability to detect and monitor blood flow in real time. This is of outmost 
importance in the diagnosis of cardiovascular diseases. This is done by monitoring the 
frequency and phase shift of the echoed pulses when backscattered from moving blood, 
due to the doppler effect. The calculated velocities are superimposed on the B-mode with 
different intensities depending on the speed of flow. The frequency shift due to the doppler 
effect is within the audible range, which means that if we connect the spectral Doppler 
data (sonogram) into a speaker we can hear the moving blood. In figure 14 we can see the 
latest image mode, the triplex mode, in this mode we have color mapping superimposed 
on the B-mode image and the sonogram (spectral Doppler), along with information of the 
speed over time for the selected region. The depicted artery is the carotid.

Figure 12 - Electronic focusing and steering using a 
phased array probe.

Figure 13 - Acquisition of A-lines with a phased array and the creation of a 
B-mode image.
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Figure 14 - Triplex mode, in this mode we have color mapping superimposed on the B-mode image 
and the sonogram (spectral Doppler), along with information of the speed over time for the 

selected region.

Ultrasound Contrast Agents (UCA)

! Using special agents in order to increase contrast and therefore sensitivity and 
specificity of the produced image, is a technic broadly used in many medical modalities 
such us computed tomography (CT), magnetic resonance imaging (MRI) etc. In all these 
modalities though, the contrast agent doesnʼt undergo changes after its interaction with the 
imaging technic, on the other hand the ultrasound contrast agent changes after its 
interaction with the ultrasound and it is because of this unique interaction that the UCA 
offer both improved diagnostic abilities and therapeutic techniques for gene and drug 
delivery.
! The mechanism on which the UCAs are based, is to increase locally the amount of 
back scattered waves, due to there high echogenicity. This way the contrast between the 
surrounding tissue and the blood is greatly increased and gives the ability to visualize 
micro and macro vasculature, to outline cavities, to measure the efficiency of the heart, to 
specify normal from abnormal tissue etc.

Historical development of UCAs

! The first invention of UCAs was done by accident in the 1960s when the 
cardiologists Dr Charles Joiner used a cold saline injections and noticed bright echoes in 
the M-mode imaging. This was never published until the 1968 Gramiak and Shah 
published their observations of contrast enhancement using agitated green dye, that 
allowed them to see the champers of the heart. After that enhancement could be achieved 
with different agitated solutions, in which very small air bubbles were created. The 
backdrop of these free air bubbles was that they were able to remain stable and not 
dissolve for a vary small amount of time in the order of few seconds and the most 
important they could not pass through the lungs were they were totally filtered. Because of 
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that instability, the left chamber of the hurt was impossible to image, since no air bubble 
could pass thought the pulmonary circulation. In order to overcome this problem two 
decades later, the usage of an outer shell that would surround the gas, and that would 
have the ability to remain intact after passing through the lungs was introduced. This shell 
would stabilize the diffusion of the gas into the surrounding liquid, further more a less 
soluble gas than air, inside the bubble was used to further increase the life time of the 
produced microbubble. The first microbubble that was able to pass through the pulmonary 
circulations, and therefore allow imaging of the left champers, that was also commercially 
available was the Albumex (Molecular Biosystems, San Diego, US) microbubble, which 
was a albumil shell bubble that contained air (S. B. Feinstein 1990). 

! Later different gases were used that had higher density and higher molecular 
weight. Such gases are perfuorocarbons (A. Raisinghani 2002) used in the Luminity 
(Lantheus Medical Imaging Inc., N. Billerica, MA, USA), nitrogen and air were also used in 
other agents such as Levovist and Sonavist (Schering AG, Berlin, Germany). Also different 
materials to create the surround cells were used, such as palmitic acid, phospholipids, 
albumin polymers and others. In table 3 we can se a summary the main characteristic of 
many well know microbubbles as were reported by Sboros (Sboros 2008).

Physics of UCAs

! As said before the UCAs improve the contrast between the tissue/blood interface 
due to high amount of the signal they backscatter. The intensity of this signal is calculated 
by the equation: 

 where Is is the backscattered intensity the Ii is the intensity of the incident pulse, σ is the 
scattering cross section of the scatterer, and R is the distance between the surface of the 
transducer and the scatterer. It is assumed that the R>>r (r = the radius of the 
microbubble), which is true in all cases. The scattering cross-section in the case of 
microbubbles where the geometrical cross section and the scattering cross section are 
nonlinearly related, is calculated by:

Name Shell Gas Size/µm Manufacturer
Albunex

Quantison™

Optison™

MP1950

PESDA

Definity®

Imagent

SonoVue®

BR14

Levovist

biSphere™

Acusphere

Sonazoid

ST68-PFC

Sonavist

Albumin Air 4.3 Mallinckrodt Inc.

Albumin Air N/A Andaris Ltd.

Albumin Octafluoropropane 4.5 Mallinckrodt Inc.

Lipid Decafluorobutane 2 Mallinckrodt Inc.

Albumin Decafluorobutane 4.7 Uni. Of Nebraska

Lipid/Surfactant Octafluoropropane 1.1-3.3 DuPont, MA

Lipid/Surfactant Nitrogen 6 (median) Alliance Corp.

Lipid Sulfur hexafluoride 2(median) Bracco Inc.

Lipid Perfluorobutane 2.6 Bracco Inc.

Lipid/Galactos Air 2 - 4 Schering AG

Polylactide/Al Nitrogen 3 Point Medical Corp.

Polylactide Perfluoropropane N/A Acusphere Inc.

Lipid/Surfactant Perfluorobutane 2.2 Nycomed

Lipid/Surfactant Decafluorobutane 1.8 U of Drexel (patent)

Cyanoacrylate Air N/A Schering AG

Table 3 - Shell, encapsulated gas, size and manufacturer from some of the most know 
microbubbles.

Is =
Iiσ
4πR2
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where κ is the adiabatic compressibility, ρ the density of the medium, the subscript s 
denotes the properties of the scatterer, k is the frequency of the incident pulse.

! As far as the resonating response of the bubbles is concerned, according to 
Goldberg (B. B. Goldberg 1994) resonating free air bubbles can produce 3 times bigger 
cross sections than the non resonating ones. The resonance frequency of an 
encapsulated bubble is equal to:

where p0 signifies the ambient fluid pressure, ρ0 the density of the ambient fluid, γ is the 
adiabatic gas constant, and Se the experimentally determined shellʼs elasticity.

UCAs investigation methods

Population studies

! In most studies, the UCAs are studied in high concentrations, were a large number 
of microbubbles are insonified and the backscattered pulse is compared to a reference 
microbubbles free backscattered signal. With this method we are not able to distinguish 
the real response of a single bubble due to multiple scattering. 

Optical studies

! After the introduction of fast acquisition cameras such as the Brandaris 128 which 
allows 128 images to be taken with a frame rate of 25 MHz, the optical observation of an 
insonified microbubble was possible. This way the radial oscillations and thought them the 
acoustic emissions and the frequency response of the microbubbles can be calculated.

Single bubble studies

! This is the technique used in the presented study, were echoes from single 
microbubbles each one insonified alone and not on a populations. This way we can be 
certain that the observed response is a result of the behavior of the microbubble it self and 
not an artifact from intervening implications such as multiple scattering. The benefits of this 
method as well as the great importance of a very precise calibration of the measuring 
system, will be presented and thoroughly discussed in the later chapters.

σ =
4π
9
k 4r6 κ s −κ

κ
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Chapter 2 - Transmitted field investigation
! In order to accurately examine the response of 
contrast agent micro bubbles under ultrasound 
insonification, the exact characteristics of the transmitted 
ultrasound field must be known. The response of the 
Ultrasound Contrast Agents (UCA) is highly depended on 
the acoustic field incident upon them. Taking into 
consideration that exact centering of free micro bubbles in 
the transmitted field, is very difficult and cannot be done 
with precision less than 1 mm from the central line, is of 
high importance the exact characterization of the field in 
every possible direction.

! In this study a hydrophone is used to measure the 
acoustic field characteristics. A hydrophone is a device 
that picks up the acoustic energy underwater and converts 
it into electrical energy. Hydrophones are usually used below their resonance frequency 
over a much wider frequency band where they provide uniform output levels. There are 
many different types of hydrophones including membrane, capsule, and needle 
hydrophones. In this study a Polyvinylidenfluorid (PVDF) piezoelectric membrane 
hydrophone manufactured by Precision Acoustics was used (Figure 1).The hydrophonesʼ 
output was connected to an oscilloscope constructed by Tektronix Inc. which in turn was 
connected and controlled from a computer through NI Signal Express software.

! The transmitted field of S3 and S4 probes was examined. In particular, spatial 
distribution of maximum negative pressure of the transmitted field was recorded. Negative 
pressure is of great importance for the response of UCAs, since it is the driving force for 
bubble distraction. 

Materials and Methods

The scanner that it is used in this study was a Philips SONOS 5500  digital cardiac 
ultrasound system (Philips Medical Systems, Andover, MA, USA), which is designed for 
both clinical and research applications giving the ability to alter many operating parameters 
that couldnʼt be controlled in a clinical system. S3 and S4 phased array probes with 
extended frequency range of 1 to 3 MHz, and 2 to 4 MHz respectively, were calibrated. A 
specially designed hardware was also used, which with the support of Acoustic Field  Link 
software (AFLinkUSB interface, Philips Ultrasound Inc., Andover, MA, USA) enabled us to 
acquire and store the unprocessed RF data from SONOS 5500.

As mentioned before the hydrophone used in this study was a Polyvinylidenfluorid (PVDF) 
piezoelectric membrane hydrophone with an active element of 0.2 mm with a PA 
submersible preamplifier that provides gain of 8dB and 50Ohm output, this preamplifier 
was powered by a DC Coupler. It was calibrated by Precision Acoustics LTD ( Hampton 
Farm Business Park, Dorchester, UK) at 11 March 2008. The frequency response 
calibration data are shown in Table 1. 

 

Figure 1- Precision Acoustics 
Hydrophone
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! Since the frequencies that are used in this study are not integer numbers but 
contain also values between the calibrated frequencies, a polynomial fitting was applied to 
the calibration data. The fitting was done using Matlab (Mathworks Inc., Natick, MA, USA) 
Curve Fitting Toolbox Version 1.2.1, and the calculated 9th degree polynomial equation is:

f(x) = 1.936e-009*x9 + 1.666e-007*x8 -1.84e-005*x7 + 0.0005954*x6 - 0.009165*x5 + 
0.0714*x4 - 0.2412*x3 - 0.03633*x2 + 2.65*x + 18.1

! Due to the fact that the uncertainty of the sensitivity measurements was not the 
same for all the frequencies, a weight was added at each frequency according to the 
uncertainty percentage, during the calculation of the fitting curve, as it seen in the last 
column of Table 1. The 9th degree curve is shown in Figure 2. The fitting error is calculated 
to be 1.391%, further analysis of the error is discussed in the error section.

Table 1 - Hydrophonesʼ frequency response. On the 
3rd and 4th column we see the uncertainty of the 
values and the weights assigned during the fitting 

curve calculation. 

Frequency 
MHz

Sensitivity 
mV/MPa

Uncertainty 
(%)

Fitting 
Weights

1 20.5 19 81
2 22.4 19 81
3 22.7 19 81
4 24.3 19 81
5 23.7 19 81
6 25.1 19 81
7 25.6 20 80
8 25.5 19 81
9 27.2 20 80

10 27.4 20 80
11 27.6 20 80
12 27.6 20 80
13 29.5 21 79
14 29.3 22 78
15 30.6 22 78
16 31.4 22 78
17 33.4 23 77
18 32 24 76
19 34 23 77
20 37.3 25 75
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! The hydrophoneʼs output was connected to a Tektronixʼs oscilloscope (Tektronix 
TDS 2024B, Tektronix Inc., Bracknell, Berkshire, UK) which has USB connectivity enabling 
us to capture, filter and process the data in real time in a computer with NI SignalExpress 
Tektronix Edition (NI SignalExpress, National Instruments Corp., Austin, USA) software.

! For the investigation of the field, both the transducer and the hydrophone had to be 
immersed in to water as shown in figure 3. For this reason a water tank has been specially 
modified by previous researchers of the ultrasound group. Both the transducer and the 
hydrophone are inside the water and in parallel between them. The transducer is kept 
steady in the Z-axis, and can be moved along X and Y-axis. On the other hand the 
hydrophone is steady in X and Y-axes, but can be moved along the Z axis and it can also 
be rotated; with this relative movement the system has 5 degrees of freedom. This gives 
us the ability to investigate the transmitted field in all possible directions and to achieve 
high precision alignment between the transducer and the hydrophone.

Figure 2 - 9th degree polynomial fitting curve to hydrophone sensitivity values.

Figure 3 - Schematic of experimental setup
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Experimental Setup

! The experimental setup that was used to investigate the transmitted field can be 
seen in Figure 3. It is consisted of the pre-mentioned water tank inside which the 
transducer and the hydrophone (with the preamplifier) are placed. The hydrophoneʼs 
preamplifier is connected to the DC coupler which is connected to the Tektronix 
oscilloscope. Finally the oscilloscope is connected to a PC through NI Signal Express. The 
transducer is connected to the Sonos 5500 and through the AFLink USB interface to a PC. 
With both the transducer and the receiver (hydrophone) connected to a computer we can 
control and capture all needed data for our experiment. 
! The steps that were followed were the same in both S3 and S4 transducers.

• The tank was filled with boiled water that was left for at least 24 hours in the tank, in 
order to be free of gases.

• Then the hydrophone was attached on the precession holder and made sure that 
there were no air bubbles trapped underneath its surface, which could affect 
hydrophoneʼs output.

• The transducer was placed on top of the hydrophone with the transducer face 
parallel to the hydrophone membrane and its position was aligned with the same 
method that Preston proposed (Preston 1991). For each depth the transducer is 
moved at both X and Y-axis and the hydrophone rotated until the signal becomes 
maximum, where the centerline is reached.

• Starting from 2 cm from the transducer maximum negative pressure was recorder 
by steps of 1 mm in the lateral direction from the central line in order to generate the 
beam profile for each depth.

• Depth was increased in 1 cm steps up to 9 cm from the transducer, additional 
measurements were taken at depth of 7.5 cm where the free bubbles will be 
examined; the reason why this depth has been chosen will be analyzed further on.

• For each depth the raw data, the filtered data, along with the Fourier transform of 
the received pulse was captured and stored

• Additionally, for each depth the lateral distance in which the axial (maximum) 
pressure was reduced by half (6dB decrease), was recorded in order for beam 
width to be calculated.

! The settings in the SONOS 5500 were the same in both cases expect for the 
frequency and the output power. In order to alter the transmitted pulse and to make sure 
that only one pulse in the centerline is transmitted, the following backdoor commands were 
entered in the exact order (the order by which the commands are executed is crucial for 
the final pulse that is emitted, since some of the commands may overrule one another):

• Lrate 1 - sends a blank line between each pulse

• Delay Graph - setting the central line for the pulse emission

• Pulses 6 - duration of transmitted pulse is set to 6 cycles
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• Xfreq X - setting frequency of the emitted pulse equal to X

• Par2d off - transducer transmits a pulse and waits for the backscattered sound 
before moving to the next line

• Oneline - setting machine into B-mode where only one line is emitted

• Agt f 0 - initiation of Agt command which gives us the ability to change the angle 
between the transmitted lines

• Agt 4c44 400 - Agt 4c44 is the command and 400 stands for the angle between 
lines. Given in degrees 400/128=3.135o between two lines

! One of the aims of this project is to examine how micro bubbles react under 
insonification with waves that have a negative acoustic pressure of 550 kPa. For this 
reason a set of measurements where taken in order to define the power settings that 
produce the desirable pressure. To do that both the transducers were set to emit a pulse of 
6 cycles duration, and the power level was changed until the output of the hydrophone was 
equal to the theoretically calculated output according to itsʼ sensitivity. The pressure of the 
wave can be calculated with the following equation:

P = V/S

! Where P is the pressure of the wave in Pascal, V is the output of the hydrophone in 
mVolts, and S is the sensitivity of the hydrophone in mV/MPa. The values of the sensitivity 
where calculated with the 9th degree polynomial that was analyzed in the previous section. 
The power settings in dB for each of the S3 and S4 transducer depending on the 
transmitting frequency are shown in tables 2 and 3 respectively. 

Table 3 - S4 transducer. power setting in 
order to achieve negative pressure of 550 

kPa at 7.5 cm from the surface of the 
transducer.

MHz
Hydrophone 
Sensitivity mV dB

1.62 21.6691 11.918005 18.6
1.9 22.0765 12.142075 19.5

2.23 22.4796 12.36378 19.8
2.52 22.7731 12.525205 18.6
2.79 23.0032 12.65176 18.3

3 231,583 127370.65 18.9
3.25 23.3209 12.826495 18.9

MHz
Hydrophone 
Sensitivity mV dB

1.2 20.9351 11.514305 13.8
1.3 21.1236 11.61798 13.8

1.42 21.3384 11.73612 11.4
1.5 21.4748 11.81114 13.8

1.62 21.6691 11.918005 14.7
1.81 21.9524 12.07382 15.6

2 22.2071 12.213905 16.2
2.23 22.4796 12.36378 16.8
2.52 22.7731 12.525205 17.4
2.79 23.0032 12.65176 17.4

3 23.1583 12.737065 18

Table 2 - S3 transducer. power setting in order 
to achieve negative pressure of 550 kPa at 7.5 

cm from the surface of the transducer.

27



Results
S3 transducer

Beam profile

! In order to examine the profile of the transmitted field, the transducer was placed 
parallel to the hydrophone and was aligned with the method that Preston (Preston 1991) 
suggests. Starting from the maximum negative pressure position (centre), the transducer 
was moved with the help of a micromanipulator along the x-axes by a step of 1 mm and 
the negative acoustical pressure was recorded. This was repeated for depths ranging from 
2 to 8 cm. The graphical representation of the collected data give a clear picture of the 
variation of the negative pressure at each depth as we move away from the central 
transmitting line.

Figure 4 - Negative acoustical pressures variation at different depths as we move away from the central 
transmitting line.
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! As it is shown in figure 4 at all depths the beams profile have the same shape. They 
have their maximum value on the center, which is expected since the transducer was 
aligned, and they all decrease as we move away from the central line. The slope of the 
curve is not the same for all depths and this plays a crucial role in deciding the depth at 
which the free micro-bubbles will be insonified.
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Central line acoustical pressures

! It is also important to examine how the maximum negative pressure changes with 
distance from the transducer. For this reason, the values of the acoustic pressure at the 
central line have been plotted against the depth as it is seen in figure 5.

! As we can see by the slope of the curve the pressure increases quickly as we go 
closer to the transducer. In particular as we move from 8 to 5 cm the pressure increases 
with rate of 100 kPa per cm approximately. This means that when investigating the 
response of free micro bubbles, it is very important to take into consideration only 
measurements that are taken no more than 0.5 cm away from the desired distance.

Sound Wave propagation

! For each depth along the central axes, data of the transmitted wave and its Fourier 
transform were recorded for further processing. The filtered sound-wave and the amplitude 
spectrum from frequencies up to 20 MHz are depicted in figure 6.

! Although it is not obvious in the waveforms, by looking at the FFT we notice that as 
the depth increases 2nd and 3rd harmonics appear and increase in amplitude. This is due 
to the non-linear propagation of ultrasound in water. The physical explanation for this non-
linearity is that, as the sound wave propagates through the water, the positive pressure 
part of the wave forces the water molecules to come closer to each other and thus 
increases the density of the medium at that point. This density increase makes the sound 
travel faster than in the areas where the negative part of the wave forces the water 
molecules to increase their distance between them. This speed difference between the 
upper and the lower part of the wave introduces new frequencies components in the 
propagating wave and also produces a saw-tooth wave. This phenomenon implies a non-
linear system, since the output frequencies are not part of the input signal.

Figure 5 - Change of negative pressure is relation to the depth
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Figure 6 – Received Sound-wave and its Fourier transform at different depths. As the 
depth increases 2nd and 3rd harmonics appear and increase in amplitude due to the 

non-linear ultrasound propagation.
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3 cm 4 cm 5 cm2 cm
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Beam width

! In order to determine what is the shape of the transmitted beam, for each depth, the 
distance from the central line, where the negative pressure becomes half of the maximum 
(6 dB decrease), was recorded. This way we can visualize the transmitted beam. In figure 
7 we can see the beam width of S3 transducer. Settings used are pulses of 6 cycles 
length, frequency of 2 MHz and focus point at 6 cm.

! The figure shows that the transmitted beam is narrower at 4 cm from the surface of 
the transducer and not at the focus point of 6 cm as it was setup to. This can be attributed 
to the fact that since S3 is a phased array transducer, the focusing is done with electronic 
means, by delaying the triggering signals of the transmitting elements in order to change 
the relative phases between the transmitted waves. Since previous researchers in the 
ultrasound team had the same results referring to this transducer, we can assume that the 
triggering signalsʼ synchronization is not done correctly, which results in this miss focusing 
phenomenon. Other possible reasons that will be discussed later on.

Figure 7 - S3 transducer beam width. Settings: pulseʼs length 6 cycles, frequency 2 
MHz, focus point 6 cm. The beam is more focused at 4 cm depth
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S4 transducer

! The exact same procedure as the one followed for S3 transducer, was used in the 
case of S4 transducer. Settings that were used are pulses of 6 cycles length, 2MHz 
transmitting frequency, and focus point at 6 cm from the face of the transducer.

Beam Profile

! The graphical representation of the collected data at each depth for the S4 
transducer are shown at figure 8.

Figure 8 - Negative acoustical pressures variation at different depths as we move away from the central 
transmitting line
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! As in the case of S3 transducer all the curves are maximum in the centre and the 
peak negative pressure decreases as we move away from the transducer but with different 
slope depending on the depth.
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Central Line acoustical pressures

! The values of the peak negative acoustic pressure on the central line have been 
plotted against the distance of transducer surface are depicted in figure 9.

! In this case the slope of the curve is relatively big for a range of values between 9 
and 7 cm where the pressure seems to change at a rate of 150 kPa per cm. For distances 
ranging between 7 and 6 cm form the face of the transducer, the slope is smaller with the 
negative pressure changing at a rate of 90 kPa/cm. According to these measurements, it is 
safer to accept backscatters from bubbles that are at 7.5 cm or closer to the transducer, 
than the ones that are further away from the surface, in our future single bubble 
experiments. We should also keep in mind, that the value of the acoustical pressure is 
much higher than the desired one of 550 KPa, so more measurements must be taken in 
order to make a safe conclusion about which would be the tolerance interval. 

Figure 9 - Change of negative pressure is relation to the depth
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Sound Wave propagation

! For each depth along the central axes, data of the transmitted wave and its Fourier 
transform were recorded for further processing. The filtered sound wave and the amplitude 
spectrum from frequencies up to 20 MHz are depicted in figure 10.

3 cm 4 cm 5 cm 6 cm

7 cm 7.5 8 cm

Figure 10 - Received Sound wave and its Fourier transform at different depths. As the 
depth increases 2nd 3rd and higher harmonics appear and increase in amplitude due to the  

non-linear ultrasound propagation.

! In this case the pre-mentioned phenomenon of saw-tooth waves is much more 
obvious and this is confirmed from the spectral amplitude graphs where is shown that the 
amplitude of 2nd, 3rd and even higher harmonics is much higher than in the case of S3 
transducer. Also by the fact that the ratio of the fundamental to second harmonic is equal 
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to 1, for depths bigger than 7cm. The reason for this difference between the 2 fields is that 
in this case the output power was higher than in the S3ʼs transducer field. Higher output 
means higher pressures, which can be seen in the beam profile graph, which means that 
the change in the density of the medium, due to the positive or negative pressures, will 
also be bigger. The result of this is that the speed difference between the upper and the 
lower part of the transducer is bigger and thus more and more intense harmonics are to be 
introduced.

Beam width

! In figure 11 we can see the beam width of the S4 transducer. Settings used are 
pulses of 6 cycles length, frequency of 2 MHz and focus point at 6 cm.

! As in the case of the S3 transducer, there is also present a small miss-focusing 
since the beam is narrower at depths from 7 to 7.5 cm which could also be attributed to 
several reasons that will be discussed further on, including the fact that the delays of the 
triggering pulses to the transducersʼ elements are not perfectly synchronized.

Figure 11- S4 transducer beam width. Settings: pulseʼs length 6 cycles, 
frequency 2 MHz, focus point 6 cm. The beam is more focused at 4 cm 

depth.
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Measurementsʼ Error – Limitations

! In order to interpret correctly the results of all the above measurements, an analytic 
calculation of the possible measurementsʼ error and limitations must be done. 
Starting from the basic instrument used, the hydrophone, a series of errors could be 
introduced. The most important, and at the same time the biggest source of error of the 
whole experimental procedure, is introduced by the uncertainty of hydrophoneʼs sensitivity 
as stated in the calibration sheet and can be seen at the 3rd column of table 1. The 
average calibration uncertainty is 21% which is a very high value that introduces a great 
error in our measurements. On the other hand by looking through the different calibration 
results, that have taken place the last year, we see that in most cases the calculated 
sensitivity is the same, leading to an error of 7% according to the latest calibration 
certificate. Apart for the calibration uncertainty, error is also introduced by the polynominal 
fitting (figure 2) that was done, in order to calculate sensitivity value for frequencies that 
were not reported in the calibration sheet. By comparing the actual values given by the 
calibration and the values calculated from the fitted curve for the same frequencies, the 
fitting error can be calculated. As shown in table 4 the average fitting error is 1.391%, 
much smaller than the calibration uncertainty. Since these to errors are individual and do 
not depend on each other, the total error (Te) is calculated with the equation: 

Te = √{(eA)2 + (eB)2 + (eC)2}
! The total error from both the calibration uncertainty and the polynomial fitting curve 
is 7.191%. 

! Another limitation that should be taken into consideration in future use of the 
hydrophone, is that itsʼ sensitivity increases by 0.6%/Co . As a result of this, the 
hydrophone needs to be calibrated at the same temperature at which it is to be used in 
order to have more accurate measurements. Since in this experiment both the 
measurements and the calibration were conducted at room temperature, this sensitivity 
change does not affect the results.

! Apart from the error introduced by the hydrophone, error is also introduced by the 
use of the oscilloscope, the value that is recorded from the screen of the oscilloscope 
might be different from the actual one. In order to determine the scale of this error, series 
of transmitted pulses for about 3 to 4 seconds were recorded with the use of oscilloscopesʼ 
USB interface, an example of the recorded pulses is shown in figure 12. 
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Table 4 Polynomial fitting and Calibration uncertainty Error

Actual Values Fitting values Fitting error
Fitting error      

%
Calibration 

uncertainty %
Total error         

%

20.500

22.400

22.700

24.300

23.700

25.100

25.600

25.500

27.200

27.400

27.600

27.600

29.500

29.300

30.600

31.400

33.400

32.000

34.000

37.300

Average

20.533 0.0325 0.159 7 7.002

22.207 0.1929 0.861 7 7.053

23.158 0.4583 2.019 7 7.285

23.719 0.5811 2.391 7 7.397

24.203 0.5030 2.122 7 7.315

24.777 0.3232 1.288 7 7.117

25.453 0.1475 0.576 7 7.024

26.147 0.6470 2.537 7 7.446

26.763 0.4369 1.606 7 7.182

27.257 0.1433 0.523 7 7.020

27.670 0.0704 0.255 7 7.005

28.121 0.5206 1.886 7 7.250

28.744 0.7564 2.564 7 7.455

29.616 0.3156 1.077 7 7.082

30.679 0.0791 0.258 7 7.005

31.721 0.3211 1.023 7 7.074

32.466 0.9342 2.797 7 7.538

32.860 0.8604 2.689 7 7.499

33.650 0.3496 1.028 7 7.075

37.357 0.0574 0.154 7 7.002

0.387 1.391 7 7.191

Figure 12 - Series of pulses of 2MHz emitted from S3 tdr.
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! A Matlab code was written, in order to calculate the most negative peak of each 
pulse, then the rest of the pulse is erased (in order to make sure that only the most 
negative peak of each pulse is taken into account), and finally the average of these values 
is calculated. A graph of the most negative peaks of the pulses of figure 12 is shown in 
figure 13.

! As we can see, the transducer does not emit every time pulses with the same 
negative pressure, this will be elaborated later on. In order compare the recorded from the 
oscilloscopeʼs screen negative pressure and the actual transmitted negative pressure, an 
average of the previous pressures was calculated. In table 5 we can see the comparison 
between the recorded and the average negative pressure of 5 different pulse sequences.
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Table 5 - Comparison between the recorded from the screen and the average negative 
pressure

Sequence Measurement 
from Screen   

mV

Average           
mV

Error                
mV

% error

1 12.1 13.014 0.9140 7.5537

2 10.5 10.812 0.3120 2.9714

3 11.9 12.512 0.6120 5.1429

4 11.5 11.765 0.2650 2.3043

5 11.6 12.313 0.7130 6.1466

Average 0.5632 4.8238

! It is worth noticing, that as the output energy is increased, and with it the output of 
the oscilloscope in mV, the error of the recorded from the screen pressure is higher. This is 
due to the fact that in order to be able to view the whole pulse in the screen, the mV/div 
scale must be changed, resulting into lower accuracy.  The total error is calculated to be 
4.82%.

! As mentioned above, the transducer doesnʼt emit exactly the same output energy 
every time. This phenomenon also contributes to the total error of the measurements. In 
order to determine how big is this error, all the negative pressures from a series of pulse 
sequences were recorded and stored. Then for each sequence the difference of each 
transmitted pulse from the average was calculated (full table of data can be seen in the 
appendix A table 1). The calculated error of the transmitted energy for S3 transducer is 
2.906%. This outcome is very interesting and should be taken into consideration in future 
calculations.

Figure 13 - Maximum negative pressures of a sequence 
of 16 pulses
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! By combining all the afore-mentioned errors, we can calculate the total 
measurement error, which can be seen at table 6 and its value is 9.091%. 

! Finally another limitation of this technique that should be mentioned, has to do with 
the alignment of the transducerʼs central emitting line over the center of hydrophone. As 
already discussed the transducer was aligned using the calibration procedures that 
Preston proposes (Preston 1991). Due to the high sensitivity of the hydrophone, very small 
differences in the pressure would result in big differences at hydrophones output. This 
means that even small movements of the order of micrometers away from the central line 
will produce great differences in the measured pressure, and therefore the alignment 
should be done with great precision in order for the measurements to be reproducible.

Table 6 - Total measurement error

Fitting error %
Calibration 

uncertainty %
Screen recording 

error %
Tdr. transmission 

error % total error %

1.3910 7.0000 4.8240 2.9060 9.091
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Discussion

! As mentioned before at the beamʼs profile chart, the slope of the pressure variation 
as we move away from the central emitting line, changes depending on the distance from 
transducers surface. This plays a crucial role in the decision of the depth that the free 
bubbles will be insonified. Since in the free bubbles investigation it is not possible to 
perfectly align the micro-bubbles to the central line with accuracy of less than a 1 mm, we 
should choose a depth that gives us a tolerance interval of 1 or 2 mm where the applied 
pressure doesnʼt change too much from the desired 550 KPa. In the case of the S3 
transducer this depth is 7.5 cm and that is the reason why it is chosen. On the other hand, 
in the case of S4 transducer the depth that in this particular settings seems to be more 
appropriate is 6 cm from the surface of the transducer. This could be caused by the higher 
output power that was used in the measurements. Further measurements must be taken 
at lower output levels in order to confirm that 7.5 cm is the correct depth for the bubbles to 
be examined.

! In both the S3 and S4 transducers, the width of the beam is not the expected one 
since although the focus was set at 6 cm for both of them, the narrowest part of the beam 
was at 4 and 7-7.5 cm respectively. One reason for this could be the fact that the 
electronic focusing is done assuming that the sound wave is traveling inside the human 
body where the speed of sound is about 1540 m/s and not in pure water, conditions of the 
experiment, where the sound speed is about 1480 m/s. The calculated misalignment that 
is caused by this speed difference at a distance of 7.5 cm is about 1.2 mm which does not 
justify the focus difference. By comparing the depth where the beam is the narrowest with 
the depth that the negative pressure is maximum, we see that in the case of the S3 
transducer both the narrowest part and the maximum negative pressure is at the depth of 
4 to 5 cm which implies that the reason for the miss focus could be the pre-mentioned 
electronic synchronization error, resulting into a swift of the focal point. On the other hand 
in the case of the S4 transducer. we notice that although the beam is narrower at 7 to 7.5 
cm from the surface of the transducer the maximum negative pressure is applied at the 
depth of 6 cm, where the focus was set to. This implies that since the applied pressure is 
more crucial than the beam width, priority has been given to make sure that the pressure 
is correctly focused and not the width of the beam. Therefore we could conclude that the 
beam emitted by the S4 transducer is not out of focus since the desired and most 
important for our experiments parameter of pressure is correctly focused.

! Another point that came out of the measurements and needs further discussion, is 
the fact that the transducer doesnʼt emit the same output energy at every pulse. As we can 
see in the appendix table 1 and in the graphs at appendix figure 1, there is a fluctuation of 
the transmitted energy. This fluctuation although does not seem very high, about 2.9%, it 
can result into pressure differences of the order of 15 to 20 kPa.  Further investigation of 
this error in higher and lower output levels should be done in order to calculate the exact 
error of the transmitted energy.
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Chapter 3 - Received Field Calibration

Introduction

! In order to accurately investigate the backscattered echoes from the microbubbles, 
it is of upmost importance to examine the characteristics of the received field and to 
calibrate the receive function of the system.

! The method used in this study was first introduced by (Sboros 2005) and improved 
by D. H. Thomas (Thomas 2009). The aim of this calibration procedure is to fully 
investigate the receive functions of the Sonos 5500 transducers used, in order to remove 
any influence of their bandwidth on the receive data. Previous studies by other 
researchers propose different methods of normalising the received data either by using the 
transducer spectral sensitivity data (Krishna 1999), or by using “perfect” planar detectors
(Jong 1992; Jong 1998; Marsh 1998). These proposed techniques, although some of them 
are reliable, assume a linear response of the scatterer which is not always the case when 
interrogating single micro-bubbles. In order to overcome these drawbacks the use of sub 
millimetre near-Rayleigh scatterers was introduced, which allowed the point 
characterisation and the 3D calibration of the received field. The scatterers used were 
solid spheres, whose response to insonification has been comprehensively covered by 
previous studies done by Faran (Faran 1951) and R. Hickling (Hickling 1962) and 
therefore their theoretical backscatter can be safely calculated. By combining the 
theoretical with the experimentally measured backscatter an accurate characterisation of 
the received field could be done.

Materials and Methodology

! The scanner used is the previously mentioned Sonos 5500 modified ultrasound 
scanner (Sonos5500 Philips Medical Systems, Andover, MA, USA). All measurements 
presented in this chapter were performed with the S3 phased array probe. The S4 phased 
array probe, which was also used in other experiments that will be presented in this study, 
had already been fully calibrated by previous group researchers.

! As reference materials sub-millimeter solid copper spheres of average radius 45μm 
and purity of 99% from Goodfellows Ltd (Cambridge, UK) were used. The reason for 
choosing the Cu spheres as a reference material was that their characteristics and 
response to ultrasound sonification are well known and that because of their small size 
they could be considered as Rayleigh scatterers since

λ =
c
f
⇒λ =

1480 m
s

1600kHz
⇒λ = 925µm

! Where c is the speed and f the frequency of the wave. The average radius of the 
spheres is 45μm which is approximately 20 times smaller than the wavelength of a 
1.6MHz pulse. 
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! The Cu spheres were attached on a 12μm polyester membrane (Preservation 
Equipment Ltd., Norfolk, UK). The thickness of the membrane was chosen after 
investigating various materials and thicknesses as described by D H Thomas (Thomas 
2009). The membrane was glued on a 10 cm diameter membrane ring made of UPVC.

! Pictures of the attached spheres were obtained using a camera (Spot 1.5.0, 
Diagnostic instruments Inc., Sterling Heights, MI, USA) which was installed on an inverted 
microscope (Nikon Diaphot, Tokyo, Japan).

! Finally a tank was designed and constructed by previous researchers of the 
ultrasound group (figure 1). The tank consisted of two parts, an optical section were the 
optical alignment takes place, and an acoustic imaging section. The optical section has 
dimensions of 34(length) X 16 (width) X 4 (depth) cm and the acoustic section 30 X16 X 4 
cm. A microscope slide was installed in the base of the optical imaging section in order to 
enhance the optical calibration process. The acoustic imaging section, which was 
separated from the imaging, was covered with Aptflex F28 acoustic absorber (Precision 
Acoustics, Dorset, UK) to minimise any possible reflections or reverberations from the 
walls of the tank that could interfere with the measured Cu sphere backscatter. The 
membrane ring, was attached to a rod that could only be moved parallel to the bottom 
surface of the tank. This way the sphere could be first be aligned optically with the 
microscope on the optical section and then moved to acoustic measurement part of the 
tank. The same tank was used by Butler (Butler 2007; Butler 2008) to investigate the 
response of attached microbubbles.

Figure 1. Specially designed tank for both optical and acoustical 
measurements.
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Experimental Setup

! The experimental setup used to calibrate the receive field can be seen in figure 2. It 
consisted of the specially designed tank which was filled with degassed water, the 
attached Cu sphere and the transducer.  The transducer was placed at an angle of around 
30o to the membrane in order to avoid reflections from the membrane. Also a small piece 
of Aptflex absorber was place between the transducer and the edge of the ring in order to 
minimise any reverberations coming from the ring. The transducer was connected to the 
Sonos 5500 which was connected to a laptop through the specially designed AFLink USB 
interface. As mentioned before via the AFLink module we were able to capture the 
received the RF signal from the transducer that had undergone the least possible 
processing.

! The exact steps that were followed are:

I. The tank was filled with boiled water that was left for at least 24 hours in the tank in 
order to be free of gases.

II. Polyester membrane was glued in the 10 cm rings and left to dry.

III. A batch of Cu spheres were dispersed in a glass dish with boiled water. The dish was 
then placed under the inverse Nikon microscope.

IV. Using an in-lab made glass micropipette, a manual injector and micromanipulator 
(MMN-33, Narishige International Ltd., London, UK) to control the position of the 
pipette, a single Cu sphere was collected from the dish.

V. The dish was removed from the microscope and replaced with the membrane in the 
holder. The previously collected sphere was released on the membrane in the centre 
of the ring with a small amount of water.

Figure 2 - Schematic of the experimental setup.

45



VI. After the water evaporated, poly - L - lysine (Sigma-Aldrich, Irvine, UK) was used in 
order to attach the Cu sphere into the membrane. The poly-L-Lysine was left for half 
an hour to dry.

VII. Photo of the attached sphere was taken.

VIII. With the use of ImageJ (Media Cybernetics Inc., Silver Spring, MD, USA) software the 
Cu sphereʼs diameter and roundness was measured. Spheres with roundness less 
that 95% were rejected.

IX. The ring with the attached sphere is submerged in to the tank and left for 30 minutes 
in order for all air bubbles on the surface of the membrane to dissolve.

X. Using optical section of the tank,  the sphere is checked if the to confirm it is still 
attached to the membrane and then it is optically aligned.

XI. The sphere is then moved to the acoustic imaging section of the tank.

XII. Once in the acoustic imaging section the acoustical alignment procedure was the 
following for all the spheres:

• The distance between the transducer and the Cu sphere is set at 7.5 cm. Distance 
for which the transmit field calibration was done (as described in the previous 
chapter).

• The sphere is aligned  to the central line of the transducer, by using the following 
commands on the Sonos 5500 scanner:

• Lrate 1 - sends a blank line between each pulse (all reverbs are cancelled, and 
screen clears up).

• Delay Graph - sets the angle of the central line of the transmitted pulse.

• Pulses 1 - duration of the transmitted pulse is set to 1 cycle, this way the image 
is more sharp and optical alignment (through scannerʼs monitor) is easier.

• The sphere is aligned optically from scannerʼs monitor.

• Using the AFlink software the sphere is acoustically aligned by slightly moving 
the transducer until the backscatter signal is maximum in the central line.

• Once the sphere is aligned measurement settings of the scanner are set (same as 
the transmit field calibration):

• Pulses 6 - duration of the transmitted pulse is set to 6 cycles (setting that it is 
used in most of the experiments presented in this study).

• Xfreq X - sets frequency of the emitted pulse equal to X.

• Par 2d off - transducer is set to transmit a pulse and wait for the backscatter of 
the pulse before emitting the next one.
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• Oneline - scanner is set in B - mode where only one line is transmitted.

• Agt f 0 - initiation of Agt command which gives us the ability to change the angle 
between the transmitted lines.

• Agt 4c44 400 - Agt 4c44 is the command and 400 stands for the angle between 
lines. i.e. by using 400 the angle between the lines is set to 400/128=3.135o 

degrees.

XIII. Each sphere was insonified with three different frequencies at a peak negative 
pressure of 550 kPa. Settings for each frequency were calculated using a hydrophone 
(previous chapter)(table 2 chapter 1). Specifically the settings used were:

➡ Frequency = 1.2 MHz  Power output = 13.8 dB
➡ Frequency = 1.62 MHz  Power output = 14.7 dB
➡ Frequency = 2 MHz  Power output = 16.2 dB

XIV.Rf data from each sphere at all frequencies were captured, stored and analyzed in 
Matlab.

! Scanner lateral gain setting that were used in all measurements, was LGC 10, and 
this setting was chosen by previous researches in the group, after trying and analyzing 
data from all available gain settings. They concluded to this one, since it was the one that 
would provide the ability of capturing 2nd and 3rd harmonic response while at the same 
time not saturating the receive curve of the scanner.
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Theoretical Background and Data Analysis

! Before presenting the data analysis and itsʼ results, it is important to briefly present 
the theory used in order to calibrate the received field. A full analysis of the theory for the 
point calibration is done by Sboros (Sboros 2005). The main idea is to use the theoretical 
backscatter of the measured transmitted pulse hitting a Cu sphere, calculated using 
Hicklingʼs analysis (Hickling 1962) and compare it with the measured back scatter from the 
actual copper sphere.
According to theory when a pulse Pi(t) with Fourier transform

g(ω ) = 1
2 π

Pi
−∞

+∞

∫ (t)eiω tdt

hits a Cu sphere of radius R0 at a distance r0 between the centre of the sphere and the 
surface of the transducer, then the backscattered pulse PBACK can be calculated by

PBACK (t) =
R0

2r0 2π
g(ω ) f∞ (

ωR0
c
,ωR0
c1ωmin

ωmax

∫ ,ωR0
c2
)a(ω )e

iω
r0
c
e− iωt

dω

where c is the velocity of sound in water, c1 the velocity of compressional waves in copper, 
c2 the velocity of shear waves in copper and ω the angular speed.

! In our case, the incident pulse Pi(t) has been already captured and analyzed with 
the use of the hydrophone as presented in the previous chapter. By applying the theory, 
we can theoretically predicted backscattered pulse PBACK of the incident pulse on a Cu 
sphere of known radius.

! Both the incident pulse and the backscattered echoes from the Cu spheres were 
resampled to a rate of 16.63 MHz in order to be in equivalence with the receive frequency 
of the Sonos 5500 scanner. Afterwards signals were filtered using 4th order elliptic filters 
centered at fundamental, 2nd and 3rd harmonic with a  window width of Δf = 0.3 f0, where f0 
equals with the centre frequency. This way the fundamental and spectral components of 
the signals were identified and their energy density (ED) was calculated using:

ED = | Pf (t)
2 | dt

tmin

tmax

∫
by dividing the energy densities of the backscattered signal with the ED of the incident 
pulse we calculate the BackScattering Cross Section (BSCS) according to equation:

BSCS = EDBSr0
2

EDIr0
2

where EDBS and EDI are the energy densities of the backscattered and the incident pulses 
respectively, r0 stands for the distance which in this case is the same in both cases equal 
to 7.5 cm. For each sphere the theoretical BSCS was calculated according to itsʼ radius, 
using the pre mentioned Hicklingʼs analysis (Hickling 1962). By comparing the theoretically 
predicted BSCS with the measured one, a spectral calibration curve of the system was 
plotted. Specifically the ratio of the two BSCS provided the desired point calibration by 
providing the exact “digits” (arbitrary unit of the scanner system output) per Pa for a 
specific frequency at a specific gain according to equation:
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RGf =
BSCSm
BSCSth

Where m stands for measured and th for theoretically predicted BSCS. With the produced 
calibration curved the exact value in Pascals of the received pulse could be safely 
calculated.

! In total, backscatter from 28 Cu spheres were captured and recorded using the 
presented system. In order to ensure accurate calibration results a series of rejection 
criteria were applied to eliminate the probability of a defected or misaligned sphere to be 
included in the calculation of the calibration curve. The rejection criteria were:

I. Roundness of the sphere

! As mentioned before, after each sphere was successfully attached to the 
membrane a picture of it was taken using the Nikon camera installed on the microscope. 
With the use of ImageJ (Media Cybernetics Inc., Silver Spring, MD, USA) software the 
roundness of the sphere was calculated from the picture taken. If the calculated roundness 
was less than 95% then the sphere would be rejected. In figure 6 we see an image of an 
non-spherical (and thus rejected) sphere of 104μm mean diameter with a roundness of 
0.94 (figure 3.a) and an image of an accepted spherical Cu sphere of 94 μm diameter and 
roundness of 0.991 (figure 3.b), figure 3.c shows the calibration ruler of 100μm that is used 
to set the scale for the measurements of the spheresʼ diameter etc. All pictures were taken 
with the same 10X magnifying lens.

II. Amplitude of the backscattered signal

! Once a sphereʼs roundness was measured and found above 0.95, then the 
amplitude of the backscattered signal was checked in order to be within 10% of the 
normally expected amplitude as it was set by the rest of the spheres. This was done 
because due to the very small size of the copper spheres (barely viewable with naked eye) 
there was always the possibility that the beam could have been aligned to a small grain of 
dust or some other particle on the membrane surface. At figure 4 we see the captured 
backscattered signal of an 1.2MHz 6 cycles pulse. In case (a) the beam has been aligned 
to a non Cu Sphere particle and this can be seen by the amplitude of the backscattered 
signal (250 digits) in comparison to a normal Cu sphere backscatter (b) where the 
amplitude is around 25 to 30 digits.
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III. Shape of the backscattered pulse

! A third exclusion criterion used was based on the shape of the pulse. From the 
theoretical prediction of the backscatter pulse but also from the actual backscattered Cu 
sphere signal (figure 4(b)), the shape of the pulse was known. There were some cases as 
the one depicted in figure 5 were the shape of the captured pulse although it has an 
amplitude inside the accepted range , itsʼ shape is not the expected one. This abnormal 
pulse shape could be caused either by backscatter from something other than a Cu sphere 
(as in rejection criterion II) or by a strong reverberation introduced by the ring to which the 
membrane was attached.

IV. Shape of the resulting calibration curve

! The final rejection criterion was the calibration curve that each sphere would 
produce. From the theoretical predictions, the previous data collected by group 
researchers and the shape produced from the majority of the Cu Spheres, the shape of the 
calibration curve was known. There were some cases where the shape of the calibration 
curves was not the expected one, one reason for this, as investigated and analyzed by 
Thomas (Thomas 2009),was that the 2nd harmonic component of the backscattered signal 
was very sensitive in alignment with the central line. Either a very small misalignment (that 
would not effect the fundamental component) could case a great decrease in the energy 
density of the 2nd harmonic. This decrease would produce a calibration curve with a 
shape similar to the curve shown at figure 6, which implies a misalignment and thus the 
backscattered echo had to be rejected.

a) image of a rejected sphere with diameter of 104 
μm and roundness of 0.94

b) image of a accepted sphere with diameter of 94 
μm and roundness of 0.991

c) image of the 100 μm calibration ruler

Figure 3 - images of attached Cu spheres, a rejected one (a) and an accepted one (b) along with the 
100 μm calibration ruler.
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Figure 4 - Captured backscattered echoes of a 1.2MHz pulse. (a) back scatter from a non Cu sphere 
particle, (b) normal Cu sphere backscatter. As it can be seen in case of alignment at a non Cu sphere 

particle (a) the backscattered signal is up to 10 times stronger than the average Cu sphere 
backscatter (b)

(a) - non Cu sphere particle

(b) - normal Cu sphere backscatter
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Figure 5 - Rejected backscatter due itsʼ abnormal shape. Could be caused either form 
an not Cu sphere backscatter (as in rejection criterion II) or by a strong reverberation 

introduced by the ring on which the membrane was attached.

Figure 6 - Rejected calibration curve. As it is shown the 2nd harmonic components are very lower 
indicating misalignment. Blue crosses stand for fundamental, green X from 2nd harmonic and red 

crosses for 3rd harmonic.
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Results - Discussion

! According to Hicklingʼs theory (Hickling 1962) the backscatter from a solid sphere at 
the range of frequencies that we are using depends on the 6th power of its radius. As a 
result of this, spheres of different radii give a large range of response that would provide a 
sample size big enough to extract statistically safe results from a small number of spheres 
(5 - 6). 

! 28 Cu spheres were attached in order to calibrate the received field of the scanner. 
After applying the first exclusion criterion (circularity) and also excluding the ones that 
were washed out when entering the water (which was very common since the forces 
applied on the sphere when entering the water were very big), backscatters from 11 
spheres were analyzed in order to check in they met the rest of the rejection criteria. In 
table 1, we can see the diameter of these spheres. As is it shown their diameter was 
measured 5 times for each sphere in order for their median diameter to be used for the 
calculation as analyzed in previous paragraph.

Table 1 - Diameters of the 11 remaining spheres after applying 1st criterion and excluding the ones washed 
away during their entrance to the water. All numbers are in μm.

Spere No. Measur 1 Measur 2 Measur 3 Measur 4 Measur 5 Mean Diameter Standar Error
1 87 86.5 84 87 86.44 86.188 1.2516868617989
2 66.22 67.4 66 66 67.74 66.672 0.8333786654337
7 95 95 94.67 94.95 94.98 94.92 0.1412444689183
12 84.90 86.51 86.98 85.65 86.37 86.082 0.8149049024273
16 81 79.92 81.13 81.37 80.51 80.786 0.57691420506
19 100.88 101.64 100.97 100.69 100.97 101.03 0.3596526101671
20 87.5 88 86.91 87.61 86.01 87.206 0.7742932261101
21 105.03 103.4 105.8 100.8 107.6 104.526 2.572815578311
22 87.97 88.76 88.65 87.99 88.21 88.316 0.3694319964486
23 94.22 93.56 94.29 94.61 93.85 94.106 0.4075904807524
24 79 80 79 79.33 80.01 79.468 0.5083994492523

! After applying the set of rejection criteria analyzed, we ended up with 5 spheres that 
met all the criteria and were eligible for calculating the response curve. In figure 7 we can 
see a graph with the diameters of these spheres. Since all 5 spheres were insonified with 
pulses of 3 different frequencies we have a data set of 15 measurements which is big 
enough to calculate the receive characteristics of the system.

! At figure 8, we see how it the energy of the backscattered pulse depended on the 
radius of the Cu sphere. As it can be seen as the radius of the sphere increases the 
backscattered energy is also proportionally increased. It is also noticeable that the higher 
harmonics are more sensitive to the size of the sphere.

! The final calibration curve of the S3 transducer can be seen in figure 12. The 
calibration was done across itʼs full frequency range, and as previously analyzed the 
output values are in digits/Pa (arbitrary unit). This curve will be used by the in lab made 
code for the analysis of the captured microbubbles echoes, as it will be presented in the 
next chapters. 
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Figure 7 - Diameters of the final 5 Cu spheres in μm. Error bars are standard error.
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Chapter 4 - Acoustic response of the contrast agent 
biSphereTM

Introduction

! In previous chapters the procedure followed in order to fully calibrate the transmit 
and receive field of our ultrasound system was presented. After we had calibrated the 
transducer, we were able to know the exact pressure that was applied to the microbubbles 
and could also accurately calculate the pressure of the backscattered pulse. 

! In the set of experiments presented in this chapter, single free microbubbles of the 
contrast agent biSphere flowing in a water stream, were insonified one by one  by 7 
consequent pulses of 6-cycles duration at pressures varying from 215kPa up to 1000kPa. 
The received RF signals were captured and analyzed with in-house Matlab code and the 
results analyzed in terms of frequency, pressure, pulse duration, survival rate, and 
received energy. The response of the microbubbles when insonified by more that 1 pulses 
is also examined.

! The agent that it was used in this set of experiments, was BiSphereTM (POINT 
Biomedical, San Carlos, CA, USA) contrast agent, which consisted of a double layer shell 
filled with air. This agent was chosen due to previous experience gained by group 
researchers investigating this agent (Butler 2007; Sboros 2008; Thomas 2009), and the 
fact that these microbubbles can remain stable and could be used (for experimental 
purposes) for at least 24 hours after they were created as was shown by (Butler 2007). 
This long lifetime of biSphere allowed many bubbles to be insonated with little wastage 
compared to 4 hours for Definity microbubbles, which were also investigated in this study.

Materials and Methodology

! The same Sonos 5500 modified ultrasound scanner (Sonos5500 Philips Medical 
Systems, Andover, MA, USA) whose calibration procedure was presented in the previous 
chapters, was used in this study. All measurements presented in this chapter were 
performed with the S3 phased array probe, which has an extended frequency range of 1 to 
3 MHz.

Contrast agent used

! The agent used in this set of measurements was BiSphereTM (POINT Biomedical, 
San Carlos, CA, USA) contrast agent. It consists of a double layered shell filled with air in 
its core. The outer layer is made of albumin, a biologically compatible material, and the 
inner shell of a biodegradable polymer. Having a double layer shell and outer shell  made 
out of albumin and not lipid, makes them harder with increased resistance in ultrasound 
destruction. Their mean diameter is 4μm and they are capable of passing through the 
capillary system. These bubbles are made for cardiovascular use and could be used for 
ultrasound induced drug delivery.
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! Because of their hard shell, a backscattered pulse is observed only from oscillating 
air bubbles outside of the shell, which are released either by an existing or an ultrasound-
induced crack. During experiments conducted for this study, as it will be presented in this 
chapter, low amplitude hard shell oscillations have been observed which also seem to 
affect the survival of the bubble. Since biSpheres contains air, which is soluble in water, 
their lifetime is very short once the shell is cracked and the air is released. This 
characteristic makes the agent optimal for use in destruction techniques such as harmonic 
Doppler imaging (A. Bouakaz 2007)
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Figure 1 - Schematic of the measuring system used.

Single bubble scatter measuring system

! As analyzed in chapter 1, all measurements in this study were done by studying 
scattering events from single microbubbles, this way the agent-ultrasound interaction and 
microbubblesʼ physical and acoustical characteristics can be analyzed and studied more 
thoroughly. 

! In order to effectively capture single scattering events, a system was developed by 
previous researchers in the group. Some of the key requirements that the system should 
meet were:

I. To allow us to know the exact characteristics of the incident field, which should be 
uninterrupted and free from reflections and reverberations.

II. To be quickly and easily aligned

III. To allow a large throughput of microbubbles

IV. Not to exercise any increased pressure at the microbubbles before their insonification 
begins

V. Capture signals from microbubbles that have been insonated for the first time

VI. Once a bubble is insonated it should be removed from the region of interest

A schematic of the measuring system is shown in figure 1. As it can be seen the system 
consisted of a water tank, big enough to allow easy access and could be lined with sound 
absorbing material both on the wall and the base of the tank. At the centre of the base of 
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the tank a hole was drilled from which a nozzle was entered. The nozzle was connected to 
a low voltage pump, which speed could be controlled by an electronic voltage source. This 
way a narrow laminar flow stream, free of turbulence could be created in the centre of the 
tank. The microbubbles enter the tank using a glass pipette, made in lab with a 
micropipette puller (Sutter Instruments Co., Novato, CA). The tip of the pipette was inside 
the upwards going laminar flow. By altering the pressure and the diameter of the pipette it 
was possible to change the insertion flow, in order to make sure that the flow is laminar 
with no turbulence. This setting meets all the pre mentioned requirements:

I. Allows us to know the exact characteristics of the field
that hits the micro bubbles, since there are no reflecting surfaces close to the region 
of interest, as in the case of optical systems (K.E.Morgan 1999; J. E. Chomas 2000; 
S.M. van der Meer 2004; A. Bouakaz 2005), that could alter the sound field as it was 
measured at the transmit field calibration. Additionally by adding the sound absorbers 
on the walls and the base of the tank we eliminate any reflection or reverberation, 
that gives us the ability to know the exact characteristics of the filed that insonifies 
the bubble.

II. It is easily and quickly aligned, 
due to the available space for aligning the transducer parallel to microbubbles 
stream. The stream is also very easily controlled both changing the speed of the 
pump and the flow of microbubbles.

III. Since the bubble solution is constantly entering the flow, a large throughput of 
microbubbles is achieved, giving the ability to capture a great number of echoes in 
one day.

IV. The feeding system that is used is just a gravity feeder, in order to make sure that no 
extreme pressure is exerted on the microbubbles. A magnetic steerer gently agitates 
the solution to stop biSphere bubbles floating on the surface of the solution. Other 
systems have been used in the past including a clinical syringe driver feeding system, 
but it was found to exert big pressure on the bubbles that affected their response to 
ultrasound insonification. 

V. In order to make sure that the captured reflection is coming from a microbubble that 
was insonified for the first time, a sound absorber was put over the pipette to protect 
microbubbles from the transmitted field. Additionally the concentration of the bubbles 
solution was kept low in order to make sure that only one bubble was in the region of 
interest at a time.

VI. A bubble removal system, based on the principle of equilibrium tubes, was used to 
remove the insonified bubbles from the tank. The removal of all the bubbles that have 
entered the stream is of outmost importance, to avoid contamination of the tank and to 
make sure that the backscattered echoes come only from newly introduced bubbles, 
that havenʼt been insonified before. As it can be seen in the schematic, the system 
consisted of a tube, whose one tip is next to the transducer to directly suck the bubble 
stream before it recycles inside the tank. The other tip is placed inside the equilibrium 
tank, by changing the height of the tank we were able to alter the level of the water in 
the measuring tank.

!  in the case of transmit and receive field calibration, all the water used during the 
experiment was boiled and free of gases. In order to achieve the maximum possible purity 
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of the water, a 30 liter reservoir tank was filled with boiled water and left for at least 24 
hours before it was used. The water was also filtered by high quality micro-pore filters, to 
remove any dust particles that it may contain, before it was inserted by the pump into the 
measuring tank.

Experiment preparation and procedure

! The setup of the single bubble system was presented in the previous paragraph. As 
in the case of transmit and received field calibration, the Sonos 5500 was connected to a 
laptop through the specially designed AFLink USB interface. The preparation and 
execution of this experiment consists of four basic parts: a) water preparation, b) contrast 
agent preparation, c) alignment, and d) microbubbles echoes capturing. The exact steps 
are the following:

I. The 30l reservoir tank, is filled with boiled water and left in the tank to get free of 
gases for 24 hours.

II. The measuring tank is filed with the degassed and filtered water.

III. In the beginning instead of bubble solution, blue colour food dye is entered in the 
gravity feeder, and itʼs height (h1) along with the speed of the pump are regulated in 
order to achieve a straight, vertical laminar flow free of turbulence. The food dye 
allows visualisation of the flow.

IV. The transducer is mounted on a three dimensional micro manipulator above the tank. 
Using the dye stream, the transducer is roughly aligned to be on top of the stream. 
Precise alignment is done later on.

V. Preparation of the microbubbles. biSphere agent comes in the form of dry powder. To 
create the microbubbles, 94x10-4 g of the dry powder must be mixed with 
approximately 8ml of water. The vial is then shacked by hand for the microbubbles to 
be created. It must be noted, that the concentration in this 8ml solution is extremely 
high.

VI. Once the flow of  the dye stream in the tank is laminar with no turbulence and the 
biSpheres are prepared, the precise alignment of the transducer is done. A high 
concentration solution is added in the gravity feeder (a few drops of dye may also be 
added to confirm optically the undisrupted flow of the agent) so that the flow could be 
easily seen in the ultrasound scanner screen. The exact commands along with the 
steps  performed in order to align are the following:

• Lrate 1 - sends a blank line between each pulse (all reverbs are cancelled, and 
screen clears up).

• Delay Graph - sets the angle of the central line of the emitted pulse. Angle is set 
as close as possible to 0o.

• Pulses 6 - duration of the transmitted pulse is set to 6 cycles (setting that it is 
used in most of the experiments presented in this study).

61



• Xfreq X - sets frequency of the emitted pulse equal to X.

• Par 2d off - transducer is set to transmit a pulse and wait for the backscatter of 
the pulse before emitting the next one

!
With these settings the transducer sends and receives 128 lines of ultrasound. Using 
the Aflink module the received data are loaded into a laptop. By moving the 
transducer. (using the micro manipulator) both in elevation and lateral plane, the 
position of the received signal at line 62 (central line of the transducer.) is maximized. 
Then it is checked if signal coming from bubbles at 7.5 cm (which is our region of 
interest) are also maximum at that position. The maximum is determined if the lines 
61 and 63 (left and right of the central line) have equal amplitude between them but 
less than line 62. When this criteria are meet, the transducerʼs central line is perfectly 
aligned at the region of interest.

VII. Once the transducer is aligned the high concentration solution is washed out of the 
gravity feeder and the rest of the tubing.

VIII. A new, much less concentrated solution is prepared. A series of calculations and 
experiments were done to find the best solution that could provide both, individual 
bubbles at the region of interest (and not multiple) and at the same time to be 
concentrated enough to allow capturing of large data sets. After trials the right solution 
was made:

•  40μL from the first solution of 8 mL, in which the bubbles were created, was diluted 
in 50 mL of water. Drops from this is high concentration solution are mixed in 50mL of 
water for the alignment procedure.

• 40 μL from the 50 mL solution, are diluted in 50 mL of water.

• Finally 1 mL of the last solution is diluted into the gravity feeder container that had 
50mL of water. 

!
This dilution procedure results in a solution, from which one bubble would be present 
in the region of interest every three frames.

IX. Once the transducer is aligned and the contrast agent enters the stream, capturing of 
bubbles response to ultrasound can be done. The settings used were the same as 
that of the calibration of the transmit and receive field was done:

• Pulses 6 - duration of the transmitted pulse is set to 6 cycles (setting that it is 
used in most of the experiments presented in this study).

• Xfreq 1.62 - sets frequency of the emitted pulse equal to 1.62 MHz.

• Par 2d off - transducer is set to transmit a pulse and wait for the backscatter of 
the pulse before emitting the next one.

• Oneline - scanner is set in B - mode where only one line is emitted.
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• Agt f 0 - initiation of Agt command which gives us the ability to change the angle 
between the transmitted lines.

• Agt 4c44 400 - Agt 4c44 is the command and 400 stands for the angle between 
lines. i.e. by using 400 the angle between the lines is set to 400/128=3.135o 

degrees. With these settings 7 lines are sent and received per frame. 

X. biSphere microbubbles were insonified with six different peak negative pressures 
(pnp) at 1.62 MHz. Specifically the setting used were:

1. 6.3 dB which results to pulse with pnp of 1000 kPa
2. 9.0 dB which results to pulse with pnp of 800 kPa
3. 13.5 dB which results to pulse with pnp of 550 kPa
4. 18.6 dB which results to pulse with pnp of 300 kPa
5. 20.7 dB which results to pulse with pnp of 265 kPa
6. 22.2 dB which results to pulse with pnp of 215 kPa

XI. Rf data from each bubble at all pressures were captured in sets of 50 frames each 
one with 2s difference from the next one in order to make sure that the insonified 
bubbles has left the region of interest before the next pulse sequence in emitted. All 
frames were stored and analyzed in Matlab.

! Scanner gain setting that was used was LGC 10, as it was used during the 
calibration. This setting was chosen by previous researches inside the group, after trying 
and analyzing data from all available gain settings. They concluded to this one, since it 
was the one that would provide the ability of capturing 2nd and 3rd harmonic response 
while at the same time not saturating the receive curve of the scanner.

Data manipulation and analysis

! As described before the AfLink software allows us to capture and save all the data 
from the receiver. These data are saved in an AFlink data file format (.afd), which contains 
data from every captured frame and for every line in each frame. Then with an in-house 
made code, writen by previous group researchers, it can be opened by  Matlab and save 
the data in a .txt file that then is easier to handle. 

! As said before, the number of emitted lines can be controlled with the agt 
command. In this set of measurements Agt was set in 400, which results in 7 lines to be 
emitted in every frame. This means that every 2 seconds (this is the time difference that 
we have set between the pulse trains) 7 pulses of 6 cycles duration, are emitted with a 
time difference of 1.54 ms between them (frequency equal to 649 Hz). 7 lines were chosen 
in order to see how the microbubbles react when insonified by repetitive pulses. In chapter 
6 the behavior of biSphere microbubbles when insonified with repetitive pulses at higher or 
lower repetition frequencies is investigated. For each line a vector matrix of 2300 samples 
is made. Each sample of the matrix contains the amplitude of the received pulse  (in 
arbitrary units) at a specific moment which is determined by the RF sampling rate. As 
explained in the introduction chapter, the time that the signal needs to come back to the 
transducer, is proportional to the distance of the obstacle from which it was reflected. This 
means that we can selectively look at signal coming only from our region of interest. As 
analyzed in the calibration chapters, our region of interest is between 6.5 to 8 cm from 
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transducer's surface, which corresponds to data with matrix index between 1801 and 
2150. The data are then resampled at a sampling rate of 19.63 MHz.

! After this procedure we have sets of 50 frames, with 7 lines per frame, that we have 
isolated data coming only from our region of interest (ROI). The next thing to do is to find 
the frames in which bubbles were present in the ROI, since as mentioned above, with the 
selected concentration one bubble every 3 frames would be present in our ROI. At first an 
in-house made detection algorithm was used, which by employing a sum-squares 
technique identified bubble signals that were above a 
predefined threshold. Although this technique worked very 
well with bubble signal of high amplitude, lower amplitude 
signals would be undetected by the code. By lowering the 
threshold, close to the noise level, too many signals were 
misdetected as bubble echoes. In figure 2 we see an 
example of a low amplitude bubble signal that was 
undetected by the automatic code. As it can be noticed 
the amplitude is very close to the noise level and that 
existence of the bubble can only be understood by the 6 
cycles pulse pattern. For this reason a new code was 
written, that didnʼt used the automatic detection 
technique, and instead of that the user could manually look at the first line of every single 
frame if a bubbles was present. If there was a bubble in the ROI the user would select the 
beginning and the end of the pulse. Although this technique is much more time consuming, 
it assures that no bias is introduced in the data selection (and therefore analysis) since the 
low amplitude signals wont be excluded from the data sets.

! Once the frames in which bubbles were present, were selected and separately 
stored, then all the 7 lines of each frame were visually checked, in order to make sure that 
the beginning and the ending of the pulse in each line was correctly selected and also to 
investigate the behavior of the bubble when hit by consequent pulses. This procedure is of 
upmost importance for two reasons: 

We were sure that the pulse would be correctly selected throughout the lines (hence its 
duration) which is crucial for correctly calculating all the investigated parameters of the 
pulse such as energy density, RMS pressure etc.

When the echo of a bubble would fade away after 2 or 3 pulses (bubble death), it would be 
noticed by the visual inspection of the lines. This helps to make safe conclusions about the 
survival rate of the bubbles when hit with different pulses.

! After this procedure is over, we can be certain that all bubbles have been included 
in our data sets, and that the pulse of every bubble at every single line has been correctly 
selected in order to calculate all the needed variables. Each pulse is then filtered using 4th 
order elliptic filters centered at fundamental, 2nd and 3rd harmonic with a  window width of 
Δf = 0.3 f0, where f0 equals with the centre frequency. The components of each bubble  
scatter (rf data, fundamental, 2nd and 3rd harmonic) are then isolated and stored. A 
matlab structure is made, that contains all the detected bubbles and the following data for 
each line:

• Frame: number of frame that the bubble was detected
• Line: number of line that the data are calculated for
• Beginning - Ending: where bubbleʼs echo start and ends

Figure 2 - Low amplitude echo that 
was undetected by the automatic 

detection code.
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• Raw Data: the unprocessed data of the frame (in case future analysis is needed)
• Rf Data: the selected pulse, resampled and filtered to reject the noise
• Fun Data: the fundamental component (wave) of selected pulse 
• Har Data: the 2nd harmonic component (wave) of selected pulse
• Thr Data: the 3rd harmonic component (wave) of selected pulse
• Fundamental frequency value
• RF energy density
• Fundamental energy density
• 2nd Harmonic energy density
• 3rd Harmonic energy density
• Maximum amplitude of the Rf data
• Maximum amplitude of the fundamental component
• Maximum amplitude of the 2nd harmonic component
• Maximum amplitude of the 3rd harmonic component
• Duration of the pulse
• Harmonic to Fundamental energy density ratio
• Fun Rms: fundamental 
• Har Rms: 2nd harmonic component Rms Pressure
• Thr Rms: 3rd harmonic component Rms Pressure
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Results

! In total echoes from 842 biSphere microbubbles where captured. All of them where 
selected and analyzed one by one through all 7 lines (7 consequent pulses) that they were 
insonified. This procedure, although time consuming, allows us to be certain that all pulses 
were correctly selected and the reaction of the bubbles throughout the lines in different 
pressures would not be missed. It is because of this time consuming procedure, that some 
very crucial observations such as “warm up noise” (which will be presented in this chapter) 
were made.

Partial Pulses
! At figure 3 we see a typical response of a BiSphere microbubble insonified with a 
1.62 MHz 550kPa pulse with a 6 cycle duration, which are present in the backscattered 
echo. The units on the Y axis are arbitrary units set by the ultrasound scanner. The pulse 
shown here is the raw output from the Sonos 5500 scanner. At figure 4 the raw signal is 
filtered to eliminate noise (a), along with the fundamental (b) and 2nd harmonic (c) 
component filtered using the same filters, as in the case of Cu Spheres. This bubbleʼs 
signal has a peak fundamental amplitude of 13.7 Pa and a fundamental RMS Pressure 6.3 
Pa, itʼs 2nd harmonic component is also very strong with a peak harmonic amplitude equal 
to 10.2 Pa and RMS Pressure of 4.84Pa. At figure 5 we see where the presented bubble 
lies in the whole population of 121 bubs that were insonified with the exact same pulse 
(1.62 MHz 550kPa 6 cycles duration).

! The echo shown in figure 3 has a duration of 5.6 μS which is close to the mean 
duration of bubbles insonified with a 550kPa pulse. In this echo all 6 cycles of the 
transmitted pulse are present, this was not the case for all echoes since in some of them 
the duration (and thus the number of cycles that are present) was less than the average 
one. At figure 6 (a) a histogram of the durations of the backscattered echoes is shown. As 
it can be seen the mean duration is around 5.3μs, but the range of responses is very big 

Figure 3 - A typical response of microbubbles insonified with a 6 cycles 1.62 
MHz 550 kPa pulse.
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Figure 4 - biSphere echo response when insonified with a six cycle 1.62 MHz 550kPa pulse. On 
figure (a) we see the filtered raw signal, (b) filtered fundamental component (c ) filtered 2nd 

harmonic component

Fiugre 5 - Fundamental to 2nd Harmonic Rms pressure of 121 biSphere 
microbubbles insonified with a 6 cycle duration 1.62MHz 550kPa pulse. Mark as 

green is the bubble which response is shown in figures 3 and 4. Blue line is the y=x  
line where the fundamental to harmonic Rms ration is equal to1
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(a)

(b) (c)

(d) (e)

(f) (g)

Figure 6 - Duration histogram of lines 1 to 7. As it is shown after the 2nd sonification all partial pulses are 
absent, indicating that full 6 cycles echoes are backscattered.
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varying from 2 to 8 μS. What is interesting though is that in the consequent pulse the 
range of durations is limited, and in particular the low duration echoes are absent. At figure 
6 we can see the duration histograms of all 7 pulses (of 6 cycles at 1.62MHz 550kPa). As 
it is shown when the 2nd 6 cycles pulses hits the bubbles after 1.54 ms, all short duration 
echoes disappear, which indicates that all echoes are consisted of 6 cycles like the 
insonifing pulse. This, as it will be analyzed in the discussion section, proves the theory 
that echoes from biSphere are produced by the gas that escapes when the microbubbles 
rupture.

! In figure 7(a) an example of a sort duration pulse (partial pulse) coming from a 
bubble hit by a 6 cycle 1.62MHz 550kPa pulse is shown. The depicted pulse is an extreme 
case that was deliberately used in order to make clear what a partial pulse is. As it can be 
seen only 2 cycles are present out of the 6 transmitted ones. The duration of this pulse is 
only 2.8 μS while its fundamental and harmonic RMS pressure is 4 Pa and 4.8 Pa 
respectively, which is close to the full pulseʼs RMS pressures shown at figure 3, that were 
6.3 Pa and 4.84 Pa respectively. In figure 7(b) we can see were these two backscattered 
pulses lie in the population of 121 bubbles that were insonified by identical pulses. The 
echo marked with green on the left hand is the partial pulse and on the right the full pulse 
of figure 3. The filtered fundamental and 2nd harmonic component of the partial pulse are 
shown in figure 7 (c ) and 7 (d) respectively.

! It is interesting to look how the percentage of partial pulses fluctuates as the 
incident acoustic pressure is increased ( figure 8(a) ). At pressures lower than 550kPa, the 
number of partial pulses is lower than 4.5% of bubble population. On the other hand, when 
the incident pressure increases above 550 kPa the number of partial pulses increases 
dramatically reaching a higher value at 800 kPa pressure where 40.5% of the 
backscattered pulses are partial. These findings come into agreement with the results of 
previous researchers (Thomas 2009) who also observed absence of partial pulses at low 
pressures. An explanation of this phenomenon, as it will be discussed later on, is that 
since the increasing pressures cause a larger size range of bubbles to react (Sboros 
2003), with pressures above 550kPa microbubbles from a wider size range are affected by 
the incident pulse, which causes their shell to rupture and thus we have a backscattered 
pulse. When the shell does not rupture from the first cycle of the incident pulse a partial 
pulse is backscattered. At figures 8 (b) to 8 (f) the duration distribution of the backscattered 
echoes is shown, for pressure start from 265 kPa up to 1000kPa. The previously 
mentioned findings are also present in this graphs, since in the lower pressures the 
distribution is narrow and consist only of full 6 cycle pulses (duration above 4.2μS), while 
for the pressures above 550kPa the duration distribution is much wider, including echoes 
with duration much sorter than 4.2μS(partial pulses).

! At figure 9 we see how the duration of the pulse affects the fundamental and 2nd 
harmonic RMS pressure. On the left column we see graphs of the duration versus the 
fundamental RMS pressure and on the right duration versus 2nd harmonic RMS pressure, 
the green curve is a linear fitting curve. As can be seen the fundamental RMS pressure 
seems to be more sensitive to the pulse duration throughout all applied pressures than the 
2nd harmonic. These data show that as the duration of the pulse increases the 
fundamental RMS pressure also has the tendency to increase. On the other hand the 
second harmonic RMS pressure seems to be unaffected by the duration of the pulse, or 
slightly increase in the case of high acoustical applied pressures. The most profound 
difference is seen at the pressure of 300 kPa, where the fundamental RMS pressure 
increases quickly as the duration of the pulse is increased, while the same time 2nd 
harmonic RMS does not increase but it seems to decrease. This behavior could be 
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explained by the fact that biSphere microbubbles are highly harmonic scatterers, as is has 
been proven by previous investigations (Frinking 1999), as a result of this, even in a partial 
pulse (short duration) a big amount of energy can be reflected. We should also keep in 
mind the equation by which the RMS pressure is calculated: 

! As we can see from the equation, the energy density of the pulse is divided by its 
duration which means RMS pressure is less biased by the selected duration of the pulse 
than the energy density alone, and that was the reason that it was selected over energy 
density, as the main monitoring variable. In order to be more clear how ED and RMS 
pressure are affected by the duration of the pulse an example is given: assuming that we 
have a backscattered pulse that has equal amplitude at all 7 cycles. When the whole pulse 
is selected its energy density would be A and its RMS pressure B. If we select half of the 
pulse and recalculate the ED and RMS pressure we would have A/2 and B respectively. 
This was the reason the RMS pressure is selected to be monitored, because we are 
interested in seeing the real response of the bubble, independently of its duration.

RMS = EnergyDensity
Duration

=
| Pf (t)

2 | dt
tmin

tmax

∫
Δt

Figure 7 - Example of a partial pulse in response of a 1.62MHz 550kPa 6 cycle pulse. (a) only 2 cycles 
out of the 6 that it was insonified with were backscattered, nonetheless the backscattered RMS 

pressure is similar to full pulses. (b) The green echo on the left is the partial pulse and on the right 
the full pulse of figure 3. At figures (c ) and (d) filtered fundamental and 2nd harmonic component of 

the pulse are shown respectively.

(a)

(d)(c)

(b)
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! From the graphs of figure 9 a very 
interesting phenomenon arouses. As can 
be seen, when the microbubbles are 
insonified with 800 kPa pulse, two very 
distinct populations are created according 
to the backscattered 2nd harmonic RMS 
pressure. These two populations exist 
throughout the range of pulse durations, 
indicating that the phenomenon is not 
caused by their different durations. If we 
look at the response of these 227 
bubbles, on a graph were 2nd harmonic 
RMS pressure is not in logarithmic but on 
a linear axis (figure 10), the great 
difference in the response of these 
populations is revealed. As it can be seen 
the high amplitude responding population 
backscatters over 5 times the pressure of 
the low ones. Taking also into 
consideration, as it will be presented later 
on, the fact that the bubbles of the low population have a significantly bigger survival rate 
than the higher ones, indicates that this difference in their backscattered pressure is 
caused from a different response mechanism.

! In order to have a more clear view of the response of the insonified microbubbles a 
harmonic to fundamental RMS pressure graph is used as shown in figure 5. With this 
graph we can see at the same time, both the fundamental and 2nd harmonic RMS 
pressure of the backscattered pulse. The y=x line in the centre of the graph shows where 
the ratio of fundamental to 2nd harmonic pressure is equal to 1, this way it is easy to 
distinguish the bubbles that have higher 2nd harmonic than fundamental RMS pressure 
(which would be above the y=x line), from those that have higher fundamental than 2nd 
harmonic RMS pressures (which would be under the y=x line). Of great importance is the 
fact that logarithmic scale is used in these graphs.

! At figure 11 the response of biSphere microbubbles when insonified with different 
acoustic pressures is shown. In these graphs the two populations of partials (green circles) 
and full pulses (red crosses) are shown. As a general observation, we could say that 
partial pulses lie in lower fundamental RMS pressures than the full pulses, but are in the 
same range in terms of 2nd harmonic RMS pressure.

! At very low acoustic pressures (below 300 kPa), there were very few micro bubbles 
responding as expected due to the low amplitude of the transmitted pulse. At low 
pressures ranging from 215 to 300 kPa, as it was also shown in figure 8, the vast majority 
of the pulses are 6 cycles full duration pulses and only few partial pulses are observed. As 
the acoustic pressure of the incident pulse increases from 215 to 300 kPa, although there 
is a proportional increase in both fundamental and 2nd harmonic RMS pressure, the 
fundamental component seems to be more sensitive in the increase of driving pressure 
(we should always keep in mind that the graphs are in a logarithmic scale). In the case of 
300 kPa, were there are enough partial pulses to make a conclusion, we see that the sort 
duration pulses lie inside the population of full pulse echoes, but limited in low fundamental 
pressures.

Figure 10 - 227 biSphere microbubbles, insonified by a 6 
cycles 1.62 MHz 800kPa pulse. The 2nd harmonic RMS 
pressure is shown in an liner scale, revealing the great 

difference between the two populations.
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Figure 11 - Variation in backscattered RMS pressure in response to increasing acoustic pressures ranging 
from 215 to 1000 kPa (6 cycles 1.62 MHz). Non partial pulses are depicted with a red cross, partials pulses with 

green circle. Yellow line is the y=x line where the fundamental to harmonic Rms ration is equal to 1

(a) 215 kPa

(e) 800 kPa(d) 550 kPa

(c) 300 kPa(b) 265 kPa

(f) 1000 kPa

! When the pressure increases from 550 kPa and above (up to 1000 kPa), the 
number of the partial pulses increases dramatically since, as it shown in figure 8 (a), the 
percentage of partial pulses is over 30% in all cases. As the pressure increases there is a 
significant increase in both fundamental and 2nd harmonic RMS pressure. The partial 
pulses although they lie inside the full duration population, they seem to be less affected 
from the increasing incident pressure, since in the case of 800 and 1000 kPa they are 
more widely spread in both fundamental and 2nd harmonic RMS pressure. As in the case 
of low pressures, here also the partial pulses are limited in lower fundamental but are in 
the same range of 2nd harmonic pressure, with an exception of very high 1000 kPa 
pressure were they are lower in both fundament and 2nd harmonic. In the case of 1000 
kPa is the only case were a strong classification of these two populations could be seen.
In figure 12, the mean values of fundamental and 2nd harmonic RMS pressure in all 
frequencies are shown. The full duration pulses are depicted with blue crosses, and the 
partial pulses with green circles. These graphs confirm that the partial pulses are lower in 
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fundamental RMS pressure but very close to full pulses as far as the 2nd harmonic RMS 
pressures is concerned. As far as the fundamental backscatter is concerned we see that 
the backscattered pressure increases linearly at low pressures, but once the applied 
pressure is over 550kPa the increase is exponential. This is not the case for the 2nd 
harmonic pressure, where we see that the backscattered pressure increases slowly up to 
800 kPa. At the pressure of 1000 kPa, full duration pulses are much higher both in 
fundamental and 2nd harmonic backscatter making the two populations differ.

Bubblesʼ response to consequent pulses

! After discussing how the bubbles react when hit by the first pulse in different 
pressures, its time to look how the two populations react when hit by the rest 6 consequent 
pulses. As said before, each microbubble was insonified by 7 pulses of 6 cycles duration. 
Each pulse (line) was 1.54 ms apart. During the consecutive pulses, resonance and 
population clustering phenomena appear, and the survival rates of each population at 
different pressures are investigated.

Figure 12 - Mean RMS pressures of biSphere microbubbles in response to increasing incident 
pressure. Both partial and full duration populations are presented. Error bars are standard deviation.
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215 kPa

(a) Line 1 (b) Line 2 (c) Line 3

(d) Line 4 (e) Line 5 (f) Line 6

(g) Line 7
Figure 13 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 1.62 

Mhz 215 kPa.

Starting from the lowest pressure of 215 kPa (figure 13), we see that only 12 single scatter 
incidents were captured. All of them lie in very low in both fundamental and 2nd harmonic 
RMS pressures, and no partial pulses are present. There is no significant change in the 
response of the bubbles throughout the 7 consequent pulses, since no movement or 
clustering is done. As it was expected the death rate at this pressure is very low, reaching 
16% at line 5 (Table 1):
! The relatively high percentage of 16% is factitious due to the small population.

Table 1 - -Death rate at 215 kPa

Line # # of “dead” bubbles % of “dead” bubbles
1 0 0
2 0 0
3 0 0
4 1 8.33
5 2 16.66
6 2 16.66
7 2 16.66
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265 kPa

(a) Line 1 (b) Line 2 (c) Line 3

(f) Line 6(d) Line 4 (e) Line 5

(g) Line 7
Figure 14 - biSphere microbubbles insonified by 7 consequent pulses of 6 cycles duration at 1.62 

MHz 265 kPa.

! When the pressure is increased to 265 kPa, the number of single scatterers is 
increased reaching 35 and only one partial pulse appeared (marked with green circle). As 
shown at figure 12 there is a small increase in the backscattered fundamental RMS 
pressure, while the 2nd harmonic backscatter is in the same range as in the case of 215 
kPa. Again there is no particular response to the consequent pulses, and no clustering or 
resonance phenomena appear. The death rate is very low reaching 2% of the bubbles at 
line 4:!

Line # # of “dead” bubbles % of “dead” bubbles
1 0 0
2 0 0
3 0 0
4 1 2.85
5 1 2.85
6 1 2.85
7 1 2.85

Table 2 - -Death rate at 265 kPa
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! In general at these two very low pressures, bubbles seem to be unaffected by the 
consecutive pulses.

(a) Line 1 (b) Line 2

(c) Line 3 (d) Line 4

(e) Line 5 (f) Line 6

(g) Line 7
Figure 15 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 1.62 Mhz 300 

kPa.. Non partial pulses are depicted with a red cross, partials pulses with green circle. 
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300 kPa
! At the pressure of 300 kPa, 3 times higher than the rupture threshold calculated by 
Frinking (Frinking 1999), the number of captured echoes greatly increases. As shown in 
figure 8 (a), the number of partial pulses also increases reaching 4.2% of the total 
population (9 out of 210 pulses). At this pressure the first signs of clustering and 
resonance appear. As shown in figure 15, the unclustered cloud of line one (figure 15 (a)) 
is moving towards 2 clusters that are clearly distinguished at line seven (figure 15 (g)). A 
cluster is created in lower right area of the graph, which means pulses with higher 
fundamental than harmonic backscattered pressure, in which no partial pulses are present. 
In figure 16, the lower right cluster at line 7 is selected (marked with blue crosses) and the 
selected bubbles are traced in the previous lines (lines 1, 4 and 7 are shown). As we can 
see the bubbles that comprise the cluster come mainly from bubbles that already were in 
this region of the graph, but were much more spread out in terms of 2nd harmonic 
pressure.

! It is also interesting to look how the 
backscattered fundamental and 2nd harmonic 
RMS pressure varies as consequent pulses hit 
the bubbles of the selected cluster. This is of 
great importance since, an increase in the
fundamental backscattered pressure during 
consecutive insonifications, but at the same time 
a lower increase in the 2nd harmonic pressure, 
could indicate resonance phenomenon (Thomas 
2009). In figure 17, the average fundamental and 
2nd harmonic RMS pressure of the selected 
echoes are presented. There is a small increase 
in the backscattered fundamental pressure and 
no increase in the 2nd harmonic component. The 
fact that although consequent pulses of the exact 
same amplitude hit the bubbles and at the same time 
the increase in backscattered pressure increases is 
an indication of resonance. In table 3 we can se the death rates.

(a) Line 1 (c) Line 7
Figure 16 - biSphere bubbles hit with 7 6 cycles 1.62MHz 300kPa pulses. Bubbles of the lower right 

population of line 7 are traced in previous lines.

Figure 17 - Mean fundamental and 2nd 
harmonic RMS pressures of the selected 

bubbles throughout the 7 lines.

Line # # of “dead” bubbles % of “dead” bubbles
1 0 0
2 0 0
3 0 0
4 1 0.5
5 1 0.5
6 1 0.5
7 1 0.5

Table 3 - -Death rate at 300 kPa
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550 kPa

(a) Line 1 (b) Line 2

(c) Line 3 (d) Line 4

(e) Line 5 (f) Line 6

(g) Line 7
Figure 18 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 1.62 Mhz 550 

kPa.. Non partial pulses are depicted with a red cross, partials pulses with green circle.
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! At the pressure of 550 kPa, the number of single scattering events is very high 
again, which was expected due to high amplitude of the insonifing pulse. The number of 
partial pulses is greatly increased reaching 29.7% of the population. At this higher 
pressure, the response of the bubbles is much more restricted, since the majority of the 
echoes lie around the y=x line where fundamental to harmonic ratio is 1. As we see at 
figure 18 (a), at line one most of the bubble echoes are highly harmonic. There is thought 
a population of bubbles in the upper right part of the graph that have greater fundamental 
than harmonic component. As the pulse (line) number increases, it is clear that there is a 
movement towards this part of the graph, ending up at line 7 where a completely separate 
cluster with a large distance from the rest of the bubbles is created. What is interesting is 
that if we select the bubbles that form the cluster at line 7  and trace them back in the 
previous lines (figure 19), we will see that these bubbles come from all the population, and 
that bubbles with very low backscatter pressure at the beginning (some of them even 
partial pulses), end up to scatter very high fundamental and harmonic RMS pressure, 
which could be caused by resonance.

! The possibility of resonance phenomenon, 
is increased when we look at figure 20. As we see 
the mean fundamental pressure of the bubbles of 
the pre mentioned cluster increases significantly 
with the number of lines that hit the bubbles. At 
the same time the 2nd harmonic RMS pressures 
increases slightly when the second pulse hits the 
bubbles, but stays more or less stable in the rest 
of the pulses. Additionally the standard deviation 
(error bars) decreases, ending up at a very small 
value at line 7 indicating a similar response from 
all the bubbles. Taking into consideration that 7 of 
the pulses in this cluster were partial with very low 
backscattered pressure at the first line, it is safe to 
conclude that resonance phenomenon is present.
! The number of bubbles that stop 
backscattering (“die”) by line no.7 , is increased in this 
pressure reaching 6.61% (table 4) of the whole population (partial pulses included).

(a) Line 1 (b) Line 4 (c) Line 7
Figure 19 - biSphere bubbles hit with 7 6 cycles 1.62MHz 550 kPa pulses. Bubbles of the lower right 

population of line 7 are traced in previous lines.

Figure 20 - Mean fundamental and 2nd 
harmonic RMS pressures of the selected 

bubbles throughout the 7 lines.

Line # # of “dead” bubbles % of “dead” bubbles

1 0 0

2 1 0.83

3 2 1.65

4 4 3.3

5 7 5.79

6 6 4.95

7 8 6.61

Table 4 - -Death rate at 550 kPa
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800 kPa

(a) Line 1 (b) Line 2

(c) Line 3 (d) Line 4

(e) Line 5 (f) Line 6

(g) Line 7
Figure 21 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 1.62 Mhz 800 

kPa.. Non partial pulses are depicted with a red cross, partials pulses with green circle.
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! When the pressure increases further, up to 800 kPa, things become more 
complicated. At this pressure, as discussed before, the size range of the affected bubbles 
increases leading to a very large number of single scattering events being captured. The 
number of partial pulses increases further reaching itsʼ bigger value in all pressures, since 
40.5% of the pulses are partial. The result of this high pressure is destructive, as we see at 
line 7 most of the bubbles (~64%) have stopped backscattering echoes. (“died”).
! In this high pressure, from the first pulse (line 1) two clearly separated clusters 
appear (figure 21 (a)): one with significantly higher 2nd harmonic pressure and slightly 
higher fundamental (high cluster) and a second one (low cluster) with lower fundamental 
and 2nd harmonic backscatter (this is the population seen and pointed out at figures 9 and 
10), theses 2 clusters at line 2 become solid and almost all bubbles have moved toward 

(a) Low Cluster Line 1

(f) High Cluster Line 1

(e) Low Cluster Line 7(d) Low Cluster Line 6

(c) Low Cluster Line 4(b) Low Cluster Line 2

(j) High Cluster Line 7(i) High Cluster Line 6

(h) High Cluster Line 4(g) High Cluster Line 2

Figure 22 - Bubbles hit by 7 pulses of 6 cycles 1.62 MHz 800kPa, creating 2 populations. Bubbles of low 
population at line 2 selected and traced in the rest lines (a-e), and of high population (f-j).
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one of them. If we select the bubbles of these two populations (at line 2) and trace them in 
the rest lines (figure 22), we will see that at line 3 many bubbles die (moving toward the 
cloud of bubbles in the lower left side of the graph), and as the next pulses hit the bubbles 
most of them die making the clusters less solid. What is very interesting in this pressure is 
the fact that the bubbles that belong to the lower population have significantly bigger 
survival rate than the bubbles of the high cluster. Another point is that bubbles of the 
higher cluster, come from a wider range of responses, but only one of them was part of the 
lower cluster, as we can see in line 1(figure 22 (f)). This means that the classification in 
one or the other cluster, is a result of different response mechanism and not just lower 
backscattering pressures. This, in combination with the higher survival rate of the lower 
cluster could be explained by non spherical oscillations of the high clusterʼs bubbles 
(survival rates of the two clusters, along with the survival and further classification of partial 
pulses at all pressures will be discussed later in this chapter).

(a) Line 1 (c) Line 7(b) Line 4

(a) Line 1 (c) Line 7(b) Line 4

Figure 23 - Tracing low clusterʼs surviving bubbles of line 7

Figure 24 - Tracing high clusterʼs surviving bubbles of line 7

! In order to investigate how the bubbles react to the consecutive insonifications at 
these pressures, the surviving bubbles of line 7 have to be selected and traced back in the 
previous lines. Starting from the bubbles of the low 
cluster (figure 23) we see that all of them were in the 
low cluster from the very first insonification. If we look at 
the mean RMS pressure through lines (figure 25), we 
notice that the maximum backscattered pressure is 
quickly reached at line 2 and then more or less remain 
in the same order of magnitude. This very fast increase 
in the backscattered pressure, could be a result of 
forced resonance due to the high amplitude of the 
insonifing pulse. 
! The surviving bubbles of the higher cluster, origin 
from a wider range of both fundamental and 2nd 
harmonic backscattered RMS pressure (figure 24). 
Again none of them was ever a member of the lower 
cluster. This clear separation of these clusters 

Figure 25 - Mean fundamental and 2nd 
harmonic RMS pressures of low 

clusterʼs bubbles throughout the 7 
lines.
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strengthens the argue that this difference of response is 
justified by a different response mechanism. Looking now 
at the mean RMS pressures of high clusterʼs bubbles, we 
see that they reach their peak backscattered pressure 
(and consequently come in resonance) not in the 2nd but 
in the 3rd line (figure 26) and then the backscattered 
pressure gradually decreases during the next 
insonifications.
! In general both populations seem to appear 
resonance phenomena, but a big difference in the 
survival rate is seen. Looking at survival rate of the whole
Population at 800kPa, (bubbles of both clusters included) 
(table 5), we see that pressures of this amplitude have a 
destructive effect on biSphere microbubbles. As it is 
shown 25% of the bubbles die in the first 4 insonifications 
and by the end of the 7 pulses train, almost 64% of the bubbles have cracked and their 
gas has dissolved in the surrounding liquid(“died”).

Figure 26 - Mean fundamental and 2nd 
harmonic RMS pressures of high 

clusterʼs bubbles throughout the 7 
lines.

Line # # of “dead” bubbles % of “dead” bubbles
1 0 0
2 13 5.73
3 39 17.18
4 58 25.55
5 87 38.33
6 120 52.86
7 145 63.87

Table 5 - -Death rate at 800 kPa
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1000 kPa

(a) Line 1 (b) Line 2

(c) Line 3 (d) Line 4

(e) Line 5 (f) Line 6

(g) Line 7
Figure 27 - biSphere microbubbles insonified by 7 consequent pulses of 6 cycles duration at 1.62 MHz 

1000 kPa.. Non partial pulses are depicted with a red cross, partials pulses with green circle.
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! The first thing that we notice when we look at the response of microbubbles when 
insonified with 1000 kPa pulse (figure 27), 
is itsʼ destructive effect. As can be seen in 
table 6, at the 3rd sonification almost 50% 
of the bubbles die and by the 6th pulse 
91.5%. From the first sonification almost all 
the full pulses create a cluster in the upper 
right part of the graph. Most of the partial
pulses are also members of this cluster. 
However, some of them are spread over a 
wide range both in fundamental and 2nd 
harmonic RMS pressure. With the second pulse the cluster becomes more dense and 
almost all the surviving bubbles are in it (dead bubbles are in the cloud at the bottom left 
part of the graph).Since all bubbles become a member of the only one cluster there is no 
need to trace the bubbles through the rest of the lines, since we know where they came 
from (all population of line 1) and eventually all disappear by the end of the sequence of 
pulses. An interesting observation, is that if we select the dead bubbles of line 2 and trace 
them in the consequent pulses (figure 28) we will see that 7 of them reappear at line 3 in 
the cluster of the surviving bubbles and more than 2 of them are in the 7.7% that survive 
until the 7th pulse. This “resurrection” phenomenon, has also been observed at 800kPa 
but not with such high occurrence as at 1000kPa.

Line 2 Line 7Line 4
Figure 28 - Tracing the dead bubbles of line 2 in the consequent pulses. Reappearance 

phenomenon occurs.
! Due to the extremely low survival rate and the resurrection phenomenon, in order to 
find the highest mean backscatter pressure, we cannot select the surviving bubbles of line 
7 and calculate their mean pressure throughout the lines, since there are very few that 
survived at line 7 and the results would be insecure and at the same time, since bubbles 
have died and reappeared during the 7 pulses, the calculated mean pressure would be 
wrong. Although we could estimate from figure 27 (b), where the fundamental axis is 
expanded to 103 Pa (marked with a red circle), that the maximum is reached at line 2, the 
mean pressures of the surviving bubbles at lines 2,3 and 5 were calculated (figure 29).As 
we see from the graphs the maximum backscattered pressure is very quickly reached 
when the second pulse hits the bubbles (as in the case of low cluster bubbles at 800 kPa). 
The great decrease in the mean pressure that appears in the graphs of figure 29 right after 
the line in which the bubbles were selected, is due to the great number of bubbles that die 
at each subsequent insonification. The fluctuation that appears in the mean pressures of 
the surviving bubbles at line 5 (figure 20 (c)), are justified by the fact that some bubbles die 
and then reappear (resurrect) in the backscattering cluster. From the graphs of figures 29, 
we could say that a forced resonance is taking place in line 2, but due to the extremely 
high amplitude of the insonifing pulse no secure conclusion of what is really happening to 
bubbles could be made without optical experiments.

Line # # of “dead” bubbles % of “dead” bubbles
1 0 0
2 39 16.67
3 115 49.15
4 158 67.52
5 196 83.76
6 214 91.45
7 216 92.30

Table 6 - -Death rate at 1000 kPa
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(a) Line 2 (c) Line 5(b) Line 3
Figure 29 - Mean pressures throughout the lines of surviving bubbles at line 2 (a), line 3 (b) and line 5 (c).

Survival rates - “Warm up noise”

! A very important characteristic of the bubblesʼ behavior is their survival. By survival 
we mean for how long will the bubble continue to backscatter echoes from insonifing 
pulse. As it was mentioned before, biSphere microbubbles, are hard shell bubbles that 
crack under the acoustic pressure of the insonifing pulse and their gas is released. It is 
from the released air bubble that the echoes that we capture come, since the echoes from 
the shellʼs oscillations are very low and hard to see. When the free air bubbles dissolve 
into the surrounding liquid and no echo is backscattered anymore, then the “death” of the 
bubble has occurred. 
! As expected, and also shown by previous researchers of the group (Butler 2008; 
Thomas 2009), microbubbles die faster as the acoustical pressure of the incident pulse 
increases. In figure 30 the death rate at each of the 7 pulse from pressures ranging from 
300 to 1000 kPa is shown. As we can see the number of dying bubbles doesnʼt increase 
significantly for pressures under 550 kPa, but above this pressure we have an exponential 
increase of the death rate, ending at 1000 kPa where after 7 pulses almost all the bubbles 
have died (92%).

Figure 30 - Death rates of biSphere microbbubles, hit by 7 pulses of 6cycles 
duration 1.62 MHz with acoustical pressure varying from 300 to 1000 kPa.

88



Survival rate of two populations at 800 kPa

! As it was seen in figures 23 and 24 there is a difference in the survival rate of the 
populations in the 2 clusters. In table 7 the exact number of partial and and non partial 
pulses at each cluster is represented. As we see the majority of both partials and non 
partial pulses of the high cluster die ending up only 13.1% and 10.7% of them surviving at 
line 7 respectively. On the other hand the pulses of the lower cluster have 38% and 53% 
survival rates respectively. In total 88.3% of the bubbles of the high cluster die at the end 
of the 7 pulses train, while only 53% of the low cluster are dead at line 7. This difference in 
response, as mentioned before, indicates a different response mechanism that could be 
attributed to the fact that the bubbles of the high cluster donʼt perform spherical but non-
spherical oscillations (thus the higher 2nd harmonic pressure). The possible underlying 
mechanism, will be discussed in the  discussion part of the chapter.

Table 7 - Number of Partial and Non Partial pulses at each one of the 2 clusters created at 
the insonifing pressure of 800 kPa
Line 2 Line 7 % Survived % Overall

High Cluster
Non - Partial Pulses

Partial Pulses

Low Cluster
Non- Partial Pulses

Partial Pulses

56 6 10.7
11.7

38 5 13.1
11.7

67 36 53
47

50 19 38
47
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Warm up noise

! As it has been presented the response of the bubbles, is separated in to main 
populations according to the number of cycles of the backscattered pulse, the full and 
partial pulse. Their number is relative to the applied pressure and reaches a peak at 
pressure of 800 kPa (figure 8(a)). Apart from these two populations, there is a 
subpopulation that appears in the partial pulses in which a very low amplitude, just above 
noise oscillation is observed before the beginning of the pulse.This low amplitude 
oscillation (warm up noise), most likely to be hard shell oscillation. In figure 31 two 
examples of warm up noise are shown, as we see before the beginning of the pulse in the 

first line (figures 31 (a) and (b)) a small oscillation is present (inside the yellow circle) 
which in the second line becomes part of the elongated pulse. From the length of the warm 
up noise we can accurately predict the length of the backscattered pulse at the second 
line. In some cases we can even predict the exact pulse before it ever appears as shown 
in figure 32. In this example at line 1 no pulse was present and only warm up noise could 
be seen (take note that the axis are zoomed and that the real amplitude of the noise if very 
low), but from the duration of this noise the appearance and duration of the backscattered 
pulse at line 2 was predicted.

(a) Line 1 of bubble A (b) Line 1 of bubble B

(c) Line 2 of bubble A (d) Line 2 of bubble B

Figure 31 - Warm up noise of 2 different microbubbles both insonifed by 7 pulses of 6 cycles 1.62 MHz 550 
kPa. The backscattered pulses from the 2 first lines are shown. 
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! Except for the fact that hard shell 
oscillations have been captured, which were 
thought to be very low to capture, the most 
interesting thing about warm up noise, and this is 
the basis for the name  is that the bubbles which 
appear to have this noise during their first 
sonification, tend to live longer (they have much 
bigger survival rate) than the rest of the bubbles in 
the population. The reason why this survival rate 
difference occurs is not yet known, and more 
experiments must be done.

! The occurrence rate of warm up noise, is 
related to applied acoustic pressure as it is shown 
in figure 33. As expected it has the same trend 
with the number of partial pulses per pressure 
(since the presence of partial pulse is needed in 
order to have warm up noise) with a difference 
seen at pressures of 1000 kPa were the 
occurrence of warm up noise is greatly decreasing. 
The number of pulses with warm up noise is higher 
and very close to each other at pressures of 550 
kPa and 800 kPa.
The exact death rates and comparison with the 
rest of the bubbles will be presented later in this 
chapter.

! Survival rates at pressures below 550 kPa, 
have already been presented and since there are 
no partial pulses in these pressures, death rates in 
the
rest of the pressures will be analyzed in this part.

! At figure 34 we see the death rates 
of the 2 populations (partial and non 
partial) at different insonifing pressures. 
Starting with 550 kPa (figure 34 (a)), we 
notice that the death rate of partial pulses 
is higher in the first lines, but then remains 
stable for the rest of the lines finishing 
lower than of the non partial pulses at line 
7. The difference between them and the 
overall death rate is too small for safe 
conclusions to be made. The same 
response is observed and at the case of 
800 kPa, where the death rate of the 
partial pulses is a bit higher than of the full 
pulses but the final death rate at line 7 is 
equal. At 1000 kPa the difference between 
the two populations during line 2 to 5 becomes bigger, reaching 15% at line 3. But  the 
final death rate at the end of the pulse sequence is again the same between the 2 
populations. In general, a small tendency of partial pulses to either die in the first lines, or 

(a) Warm up noise at Line 2

(b) Full duration pulse at Line 2
Figure 32 - Example of a case were no pulse 

was present in the first line, but itʼs 
appearance and duration was predicted by 

warm up noise.

Figure 33 - Percentage of partial pulses that have warm 
up noise in response to increasing insonifing pressure.
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survive all 7 pulses (this is why although the death rates at first lines is higher, at the end 
the final percentage is the same with the full pulses) could be pointed, but no significant 
difference is observed between the two populations.

! Things are different if we compare the pulses that had a warm-up-noise (WUN) at 
their beginning with all the other insonified bubbles (both partials without WUN and non-
partial pulses).
As we can see from the death rates at table 8 and figure 35, there is a big difference 
between the death rates of the 2 populations. Starting with the pressure of 550 kPa, we 
see that none of the bubbles that had WUN died during all seven pulses, while 6.61% of 
the rest bubbles (this includes all partials without WUN and non partial pulses) did. At 800 
kPa, while at line 4 28% of the without WUN pulses had died, none of the WUN did and 
the end of the 7 pulses sequence there is a difference of 31% in the death rate of the two 
populations with 35% and 66.67% of the pulses dead from the WUN and non WUN pulses 
respectively. Even at the very high pressure of 1000 kPa, whose destructive effect has 
been analyzed, at line 4 all the WUN pulses were still alive (with one disappearing and 

Figure 34 - Survival rate of partial and non partial pulses, backscattered by microbubbles insonified with 7 
pulses of 6 cycles 1.62 MHz at different pressures.

(a) 550 kPa (b) 800 kPa

(c) 1000 kPa
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reappearing) while at the same time 68% of the non WUN pulses had faded away. At this 

high pressure the difference between the two populations is bigger than in any other 
pressure, and although until line 6 death rate of WUN pulses is lower, it is the only case 
where at the end of the 7 pulses the survival rate of non WUN pulses is slightly higher, but 
still both close to 100% of the population.
! In general the difference between the two populations seems to increase with the 
pressure, and the bubbles that have WUN are more resilient and survive insonation for 
longer than the rest of the population (which includes both partial pulses without WUN and 
non-partial pulses).

! What that makes the WUN phenomenon more interesting, is that while the 
presence of the WUN makes the biSphere bubbles more resistant and live longer, itsʼ 
absence makes the bubbles more fragile and they have a shorter lifetime. In order to have 
a more clear view of how the populations respond, the three different populations: Non 
Partial pulses, Partial pulses With WUN, and Partial pulses Without WUN, are compared 
to each other. In table 9 we can se the exact death rates of 

Table 8 - Death rates of pulses with and without Warm Up Noise at different pressure

% Death

Pressure

Line #

% Death% Death% Death% Death% Death% Death

550 kPa550 kPa 800 kPa800 kPa 1000 kPa1000 kPa

With WUN Without WUN With WUN Without WUN With WUN Without WUN

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

0 0.00 0 0 0 0

0 0.83 0 6.28 0 16.88

0 1.65 0 18.84 33.33 49.35

0 3.31 0 28.02 0 68.40

0 5.79 10 41.06 33.33 84.42

0 4.96 35 54.59 66.67 91.77

0 6.61 35 66.67 100 92.21

(a) 550 kPa (b) 800 kPa

(c) 1000 kPa
Figure 35 - Death rate of pulses with and without Warm Up Noise backscattered by microbubbles insonified 

with 7 pulses of 6 cycles 1.62 MHz at different pressures.
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(a) 550 kPa (b) 800 kPa

(c) 1000 kPa
Figure 36 - Death rate of pulses of all populations.

all three populations in all pressures (that WUN appears), and a graphical representation 
of the data is shown at figure 36. As we can see the partial pulses that did not have WUN 
at their begging (blue line) have the higher death rate of all populations in all pressures. 
Even at the pressure of 550 kPa that the death rate is very low the non WUN partial pulses 
have the bigger death rate from the 2nd line ending up at line 7 6.6% of the non WUN 
partial pulses dead and 0% on the partial pulses with WUN. At the pressure of 800 kPa 
after the final pulse there is a difference of 22% in the death rate of partial pulses without 
WUN and non partial pulse, and difference of ~50% between partial pulses with and 
without WUN. The same difference is observed in the highest pressure (1000 kPa) where 
again the without WUN partial pulses have the bigger death rate within the population 
(except for line 7) and their difference with the partial pulses with WUN reaches 75% at 
line 4.

! As it is shown the biSphere microbubbles without WUN partial pulses have not only 
greater death rate than the partial pulses with WUN but also from the non partial pulses, 
which is the rest of the population. It should be pointed out that those without WUN partial 

Table 9 - Death rates of pulses with and without Warm Up Noise at different pressure
% Death in All Populations

Pressure

Line #

% Death in All Populations% Death in All Populations% Death in All Populations% Death in All Populations% Death in All Populations% Death in All Populations% Death in All Populations% Death in All Populations% Death in All Populations

550 kPa550 kPa550 kPa 800 kPa800 kPa800 kPa 1000 kPa1000 kPa1000 kPa

Partial PulsesPartial Pulses
Non Partial 

Pulses

Partial PulsesPartial Pulses
Non Partial 

Pulses

Partial PulsesPartial Pulses
Non Partial 

PulsesWith WUN
Without 

WUN

Non Partial 
Pulses With WUN

Without 
WUN

Non Partial 
Pulses With WUN

Without 
WUN

Non Partial 
Pulses

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

0 0.00 0.00 0 0 0 0 0 0

0 0.83 0.00 0 4.17 7.41 0 24.36 14.7

0 1.65 1.18 0 25.00 15.56 33.33 61.54 44.45

0 3.31 2.35 0 34.72 24.45 0 75.64 65.36

0 5.79 5.88 10 52.78 36.3 33.33 88.46 83

0 4.96 4.70 35 72.22 50.37 66.67 92.31 91.50

0 6.61 7.06 35 84.72 62.23 100 91.03 92.81
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pulses have the tendency to survive the 2 first lines and then quickly die in line 3 or 4 
which is can be seen by the slope of the curves at line 3 or 4.
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Discussion

! In total echoes from 842 bubbles where captured and all 7 lines of each one of them 
were visually checked and the exact pulse was manually selected. This way we are 
confident that the duration, RMS pressure, and death rates are correctly calculated.
!
! As reported in previous results in the literature (Frinking 1999; Thomas 2009) 
biSphere bubbles scatter is from gas that escapes from the hard shelled albumin agent in 
response to an insonifing pulse. The shell cracks (either due to a pre-existing weak point, 
or directly because of the applied pulse) under the presence of pulses with pressure higher 
than the threshold pressure of 100 kPa (as Frinking defined it). Findings presented in this 
study agree with this analysis, since the captured echoes have nonlinear response which 
is expected by free gas bubbles.

! At the first insonifing pulse, there is a wide range of durations of the backscattered 
pulses, which becomes narrower when the second pulse hits the bubbles as it was shown 
in figure 6. This difference in the duration between the first pulse and the rest is due to the 
existence of partial pulses which are only present during the first line. When the second 
pulse hits, the partial pulses respond with full 6 cycles pulses. The existence of partial 
pulses was also observed by Thomas, who gave an explanation that is confirmed by the 
findings of this study. The fact that partial pulses have only a subset of the cycles of the 
insonifing pulse, indicates that the disruption of the shell takes place not on the first cycle 
of the incident pulse but at a later cycle. This way we have no backscattered signal for the 
first cycles (in this study the hard shell oscillation of the intact bubble has been captured in 
the form of Warm Up Noise, strengthening the validity of this explanation), and when the 
shell cracks at the 2nd or later cycle the encapsulated gas is released, forming a free gas 
bubble which backscatters the echo that we capture. The fact that the appearance of 
partial pulses is higher at pressures over 550 kPa (figure 11), strengthens this theory, since 
as shown in the literature (Sboros 2008), when the pressure is increased bubbles from a 
wider size range are affected. In details, at low pressures (<300 kPa) only the bubbles 
whose size is responsive to the insonifing frequency react to the pulse. These bubbles 
since they have the matching frequency size, crack from the very first cycle of the
incident pulse, backscattering an non-partial full duration pulse. When the pressure is 
increased, bubbles from a wider size range are affected by the pulse, but their size is not 
the corresponding one to the applied frequency, therefore their shell doesnʼt crack from the 
first but from a later cycle, emitting a shorter duration - partial pulse.

! In general, the partial pulses have lower Fundamental RMS pressure than the full 
pulses (figure 11), but this is explained by the fact that, as figure 9 shows, fundamental 
RMS pressure seems to be more sensitive by the duration of the pulse than the 2nd 
harmonic. In terms of 2nd harmonic RMS pressure, the partial pulses are in the same 
range with the full ones. Generally no significant separation of these two populations can 
be seen for pressure below 1000 kPa, as seen in figure 12. Only when insonated with the 
very high pressure of 1000 kPa a separation could be seen which is expected due to the 
high amplitude of the insonifing pulse, which magnifies any difference in
response between the 2 populations

! When looking at the response of the bubbles when insonated by consecutive
pulses, resonance behavior seems to appear. Starting with an insonating pressure of 300 
kPa, we see that there is a small increase in the backscattered fundamental RMS pressure 
although the amplitude of the insonifing pulse remains the same. At the same time the 2nd 
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harmonic RMS pressure is stable. This phenomenon is magnified at higher pressures. At 
550 kPa, a clear increase in the backscattered fundamental pressure is seen
(figure 18 and 19) but a lower one in the 2nd harmonic pressure. At this pressure, we also 
see significant movement of bubbles during all seven pulses toward the upper right part of 
the graph, creating a clearly distinguished cluster, where the fundamental and 2nd 
harmonic RMS pressure is higher. At higher pressures (800 kPa and 1000 kPa) the 
increase of backscattered pressure and the population movement and clustering is also
seen but it takes place in the very first, 2nd or 3rd lines and not in all 7 pulses.

! This response throughout the pressures could be a sign of resonance (which
explains the increase of backscattered pressure although the insonating pulse is of same 
amplitude) or rectified diffusion. Rectified diffusion could justify this response, since the 
increase of the air in the free gas bubble due to the applied pressure would lead to an 
increase of free gas bubble size, which in turn would reflect higher pressure. More 
acoustical and optical measurements should be done to obtain more information on this 
phenomenon.

! A point that needs further discussion, is the difference in the survival rate of the two 
populations observed in the case of 800 kPa (figure 24). There are 4 main reasons for the 
different response mechanism of these 2 populations:

a. Bubbles of the cluster with the lower 2nd harmonic pressure (low cluster), have a 
much higher survival rate reaching 47% while upperʼs cluster is only 11.7%.

b. All the bubbles in each cluster never were part of the other, and in particularly 
bubbles of the low cluster were from the first line part of it.

c. Each population comes into resonance at different lines. 
d. Low cluster comes at resonance at line 2 and then remains in the same range of 

backscattered fundamental pressure. High cluster at line 3 and then the 
backscattered fundamental pressure decreases as the lines increase.

! A possible mechanism that would explain this response difference is that the free 
gas bubbles of the high cluster perform a non spherical oscillation while the low cluster is 
spherical. This would explain the higher 2nd harmonic backscattered pressure of the high 
cluster and also the higher mortality of these bubbles since the non spherical oscillation 
could cause the gas bubble to quickly break down into smaller bubbles that rapidly 
dissolve (the smaller air bubbles would reflected less fundamental pressures explaining 
also the 4th reason). Further investigation is needed to understand the exact underlying 
investigation.

! As far as the survival of the bubbles is concerned, it is safe to conclude that as the 
pressure of the incident pulse increases the death rate also increases (figure 30). There 
seems to be no significant difference between the partial and non-partial pulses in terms of 
surviving rate (when partial pulses are seen as a whole). 

! A very interesting point that came out from the captured data, is that the partial 
pulses can be further divided into 2 different populations. The ones that appear with warm 
up noise (WUN) before their beginning and the ones that donʼt. This warm up noise could 
be hard shell oscillation of the rigid bubbles and this would prove the explanation of how 
partial pulses are created. The crucial thing is that there is a very big difference in the 
survival rates of these two populations (figure 36). When we compare the pulses that had 
WUN with the rest of the pulses (both partial without WUN and non-partial) (figure 35) we 
see that there is big difference in the death rate and that the WUN pulses survive more 
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than the rest. The difference is even bigger when we separate the 3 populations (partials 
with WUN, partial without WUN, and non partial pulses), where we see that not only the 
pulses with WUN are the most resisting and more surviving ones, but that on the contrary 
the partial pulses that didnʼt had a WUN are the more sensitive ones with the higher death 
rate. It seems that this warm up noise makes the bubbles more resistant (like warming 
them up) and if it is not present the bubbles are much more fragile. More optical and 
acoustic measurements must be taken in order to safely conclude what is the mechanism 
behind this response.

! Finally, another phenomenon observed was the case of some bubbles that although 
they seem to die in an early line (i.e. Line 3) then they would re-backscatter echoes one or 
two lines after the one they disappeared (resurrection). This phenomenon was mostly 
seen in very high pressures (800 and 1000 kPa). Due to the high amplitude of the 
insonifing pulse no conclusion could be made about what is causing this phenomenon
without optical measurements.

98



Chapter 5 - Acoustic response of the contrast agent 
Definity

Introduction

! In the previous chapters the calibration procedure of transmit and receive field of 
Sonos 5500 were presented. The calibration results gave us the ability, to know the exact 
characteristics of the acoustic field incident on the microbubbles, and the effect of 
transducerʼs transfer function on the received signal allowing as to accurately calculate all 
the monitored variables of the received pulse. Using these data, the response of the hard 
shelled contrast agent biSphere was investigated. The agent was insonified by varying 
pressure pulses, consisting of 7 consecutive, 6 cycle duration 1.62 MHz pulses, using the 
S3 probe of the Sonos ultrasound scanner.

! In this chapter, single free microbubbles of contrast agent Definity were 
investigated. The bubbles were insonified one by one, using the same experimental 
measuring system used in biSphere chapter (Chapter 4), by a 7 consecutive pulses of 6 
cycles duration at 1.62MHz. The received RF signals were captured and analyzed with in 
house Matlab code, and their response investigated in terms of energy density, pressure, 
survival rate and resonance response. In this set of experiments 2 different probes were 
used to insonify the microbbules, the S3 probe that was also used in the biSphere 
investigation and the S4 probe that has been calibrated by previous group researchers.

! The Definity agent that used in this chapter, contains bubbles with a soft lipid shell
(perflutren lipid) which encapsulates a non soluble gas (octafluoropropane). The agent has 
FDA approval and is used for cardiac imaging. The agent was chosen, because of prior 
work done by groupʼs researchers and the knowledge that has been gained through it.

Materials and Methodology

! As mentioned before, the scanner used in this set of experiments is the specially 
modified Sonos 5500 ultrasound scanner (Sonos5500 Philips Medical Systems, Andover, 
MA, USA), which was connected to a laptop through a specially designed AFLink USB 
interface. The experiments presented in this chapter, were done using two different 
probes. The S3 probe, whose calibration procedure was presented in previous chapters, 
and that was also used for insonifing biSphere microbubbles (chapter 4), and the S4 
probe, whose calibration curve was already calculated by previous researchers.

Contrast agent used

! The agent used in this set of measurements is Definity (Luminity in Europe). Definity 
in the evolution of MRX - 115 (ImaRx Tucson, AZ) which was an albumin agent that had 
very sort life (could recirculate through the heart) allowing to be used as an arterial agent. 
To overcome this problem a preflutren lipid shell was used. Definity comes in vials of 
1.5mL, which are to be shaken for 45 seconds (in a provided shaking machine) in order to 
be activated. Upon activation the components contained in the vial yield perflutren lipid 
microspheres that encapsulate octafluoropropane gas (non soluble) in the form of milky 
white microbubble suspension. After activation each mL of the milky white suspension 
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contains a maximum of 1.2 X 1010 perflutren lipid microspheres, and about 150 µL/mL 
(1.1 mg/mL) octafluoropropane. The average diameter of the created microbubbles, 
according to the manufacturer(table 1), is 1.1 - 3.3 μm while 98% of the bubbles are 10 μm 
and the maximum diameter is 20 μm.

Table. 1: Microsphere Size Distribution

  Microsphere particle size parameters  Microsphere particle size parameters
Mean diameter range 1.1 µm -3.3 µm
Percent less than 10 µm 98%
Maximum diameter 20 µm

! Definity has been approved by FDA (United States Food and Drug Administration) 
and MHRA (UK Medicines and Healthcare products Regulatory Agency) as an ultrasound 
contrast agent for cardiac imaging, and it is also approved for radiological use in Canada. 
Lately some reports have linked it to deaths and serious cardiopulmonary reactions (Clark 
2009), but it is still regarded as a quite safe clinical tool.

! The microbubbles remain in suspension for 5 minutes after their creation, but can 
then be easily resuspended with hand agitation. The overall lifetime of the agent for in vivo 
use is hours, but through investigation of previous groupʼs researchers, the effective 
lifetime was found to be 4 hours, since the scatter from bubbles decreases after this time. 
All experiments presented in this chapter, were limited in this time frame.

Measuring system - Experiment preparation and procedure

! The same single bubbles measuring system that was described in chapter 4 was 
used to investigate the response of biSphere (Chapter 4, Figure 1). The experimental 
preparation and procedure, was the same as in the case of biSphere investigation with two 
main differences:

A. Both S3 and S4 probes were used to insonify the microbubbles
! In the case of biSphere only probe S3 was used which has an extended 
frequency range of 1 - 3 MHz. In these measurements the probe S4 was also used 
which has an extended frequency range of 1.5 - 5.5 MHz. Both probes were 
transmitting 7 consecutive pulses with 6 cycles duration and 1.62 MHz frequency. 
The chosen frequency of 1.62 MHz lies near the center of the frequency range of 
the S3 transducer, but is very close to the lower frequency that the S4 probe 
transmits. As a result of this, the pulse transmitted from the S4 probe has different 
characteristics from S3ʼs, mainly in terms of amplitude of 2nd harmonic. As it will 
presented in this chapter, this difference seems to strongly affect the survival of the 
spheres.

B. The preparation and use of Definity differs from biSphereʼs
! As explained, Definity comes in vials of 1.5mL, that need to be shaken for 45 
seconds. The concentration inside the vial is extremely high and a much lighter 
solution has to be prepared, in order to have individual bubbles in the Region Of 
Interest (ROI) but at the same time to be concentrated enough to allow large 
numbers of bubble echoes to be captured. After a series of trials the right solution 
was found:
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• 0.1 ml of the milky white suspension from the vial is drawn with a syringe, and is 
diluted in 50 mL of water. This high concentration solution was used in the 
aligning procedure.

• 40 μL from the 50ml solution are diluted into the gravity feeder container, that 
had 50 mL of water.

! Because of the sort life time of Definity, a new solution had to be created every 30 
minutes from the shaken vial (which was agitated by hand for 10 seconds), with the 
procedure described above. The old solution was washed out of the gravity feeder and the 
fresh one was used for the next measurements.

Data manipulation and analysis

! The captured RF signals, were filtered and analyzed monitoring the same properties 
as in the case of the biSphere contrast agent. An additional analysis that is applied in this 
set of data, is based on the previous work of group researcher (Thomas 2009), who after 
theoretical analysis of the response of Definity microbubbles concluded in a particular 
response of Definity that indicated resonance phenomena, which afterwards was tested on 
experimental data.

! This analysis is based on the shape of the envelope of the fundamental and 2nd 
harmonic component of the backscattered echo. Depending on the radius of the insonified 
bubble and the frequency of the insonifing pulse, the microbubble comes at resonance. At 
figure 1 we see an example of 2 different Definity microbubbles, where one of them is out 
of resonance (figure 1 (a)) and the other at resonance (figure 1 (b)). The pulse coming 
from the non resonant bubble keeps a steady amplitude throughout most of the cycles of 
the insonifing pulse. On the other hand the echo backscattered from the at resonance 
bubble, increases in amplitude until the 3rd or 4th cycle, and then gradually decreases. 

(a) Off Resonance (b) At Resonance

Figure 1 - Examples of echoes from Definity microbubbles off resonance 
(a) and at resonance (b). Both bubbles were insonified with a 6 cycles 

1.62 MHz 550 kPa pulses emitted by the S3 probe.
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This gradual increase and the higher amplitude of the pulse, indicates resonance of the 
bubble. In order to identify all the bubbles that are in resonance, the normalized cross 
correlation between a reference pulse of a resonant bubble, and all the captured echoes is 
calculated. As we can see in figure 2, the cross correlation of the two out of resonance 
pulses has a max value of 0.85. On the other hand when calculating the cross correlation 
of the at resonance pulse with the off resonance one the max value of cross correlation is 
0.54. By calculating the cross correlations of the reference bubble with all the rest of the 
population and then setting a threshold at 0.7 we can locate all the bubbles that are at 
resonance.

(a) Off resonance (b) At resonance (c) Cross Correlation

(d) Off resonance (e) Off resonance (f) Cross Correlation
Figure 2 - normalized cross correlation used to compare different pulses. When comparing a non 

resonance pulse (a) with a resonance one (b) the result of the cross correlation is 0.54. When comparing 
two similar pulses of two non resonant bubbles (d),(e) the result of the cross correlation is 0.85.
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Results

(a) Bubbles insonified with the S3 probe (b) Bubbles insonified with the S4 probe
Figure 3 - Typical responses of microbubbles insonified with a 6 cycle 1.62 MHz 550 kPa pulse 

emitted by S3 probe (a) and S4 probe (b)

! In total echoes from 1994 Definity microbubbles insonified by both S3 and S4 
transducers were captured (the number of bubbles insonified by each probe in each 
pressure are shown in table 2). All echoes, using the matlab code presented and used in 
the biSphere chapter, were selected and analyzed one by one through all 7 lines (7 
consequent pulses of the emitted pulse train). The first thing that we notice when looking 
this pulses, is their difference from the backscattered echo of the biSphere bubbles 
(Chapter 4, figure 3) where the signal was more “clear” and the cycles could easier be 
distinguished. This difference is due to the higher harmonic component that is present in 
Definityʼs echoes. Comparing the two Definity signals between them, we see that while in 
the S3 signal the cycles can be distinguished at the negative part of the pulse, at the signal 
from the bubble that was hit with the S4 probe, the cycles cannot be seen in the negative 
part of the pulse, and can be distinguished only by looking at the positive edges. This is 
due to higher 2nd harmonic component that is present in the echoes when insonified with 
the S4 transducer. This difference seems to be crucial since, as will be presented later in 
this chapter, the bubbles of the S4 probe seem to have greater survival rates which could 
be attributed to this 2nd harmonic component. 

Table 2 - Number of interrogated bubbles

Number of interogated Bubbles
Pressure

Number of interogated BubblesNumber of interogated Bubbles
S3 S4

300 kPa
550 kPa
800 kPa
1000 kPa

253

406 679

114 449

93
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Pulse Duration
! The echoes that are depicted in figure 3, is the raw output signal of Sonos 5500 
scanner. The units in the Y axis are arbitrary, and noise is present. Using matlab these 
signals were filtered with elliptical filters to eliminate noise. In figures 4 and 5 we can see 
the RF signal (a) along with the filtered fundamental (b) and 2nd harmonic (c) component 
and their position in the population of the rest of the bubbles that were insonified with the 
same pulse. From figures 4 (d) and 5(d) we can see the difference in the amplitude of the 
2nd harmonic rms pressure in the echoes from the bubbles that were insonified with the 
S4 transducer. In exact number fundamental and harmonic RMS pressure from the bubble 
of figure 3(a) that was insonified with S3 probe are 2.21 Pa and 4.1 Pa respectively, and 
from the bubble of figure 3(b) that was insonified with S4 probe are 0.21 Pa and 24.48 Pa 
respectively (note that on figure 5 (d) the axis limit are on 103 instead of 102 in figure 4
(d)).

! Looking at the duration of the backscattered echoes, we notice the absence of 
partial pulses. At figure 6, histograms of the echoesʼ durations from the bubbles after the 
first pulse insonifies them are shown. On the left column we see the histograms from the 
bubbles insonified by the S3 probe, and on the right from the S4 probe. As it is seen from 
the figure there are no partial pulses present in Definityʼs echoes in all pressures at both 
probes. There is though a difference in the duration of the echoes from the two probes, 
since the echoes coming from S4 have a narrower range of durations and a distribution 
that is kept more of less stable throughout all applied pressures.

! The absence of partial pressures is due to the nature of the contrast agent. Definity  
microbubbles are soft shelled bubbles, who shell unlike biSphere is able to perform 
oscillations. In fact the echoes that we capture from the dDefinity microbubbles, are not 
from free gas bubbles made by gas that has escaped from the microbubbles after the 
disruption of the shell (as in biSphere), but from the oscillation of the whole microbubbles 
with the gas encapsulated in the soft shell. Since there is no late shell disruption to cause 
partial pulses, once a bubbles is insonified it will start to oscillate either with big or with s

(a) RF signal (b) fundamental

(c) 2nd harmonic (d) All bubs

(a) RF signal (b) fundamental

(c) 2nd harmonic (d) All bubs
Figure 4 - Definity echo response when insonified 

with a six cycle 1.62 MHz 550kPa pulse emitted by S3 
probe. On figure (a) we see the filtered raw signal, (b) 

filtered fundamental component (c ) filtered 2nd 
harmonic component (d) we see were the bubble lye 

in itsʼ population

Figure 5 - Definity echo response when insonified 
with a six cycle 1.62 MHz 550kPa pulse emitted by S4 
probe. On figure (a) we see the filtered raw signal, (b) 

filtered fundamental component (c ) filtered 2nd 
harmonic component (d) we see were the bubble lye 

in itsʼ population
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(a) S3 550 kPa

(b) S3 800 kPa

(c) S3 1000 kPa

(d) S4 300 kPa

(e) S4 550 kPa

(f) S4 800 kPa
Figure 6 -  Histograms of the duration of echoes from Definity contrast agent at line 1. All bubbles were 

insonified with a 6cycles 1.62 MHz pulse and pressures varying from 550 - 1000 kPa by the S3 probe ( (a)- 
(c)), or pressures from 300 - 800 kPa by the S4 probe ( (d) - (f)).

maller oscillation amplitudes depending if itʼs size is close to the corresponding with the 
insonifing frequency one. Even if the amplitude of the oscillation is small, the duration of 
echo will be full, and all cycles of the insonifing pulse will be present.

! At figures 7 and 8 the dependence of the backscattered pressure on the duration of 
the echoes is shown for bubbles insonified by both probes. Starting with the S3 probe we 
see that the dependence on the duration decreases as the insonifing pressure increases.
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! In details, at the pressure of 550 kPa, both fundamental and 2nd harmonic RMS 
pressure seem to increase as the duration of the pulse increases, it should be noted that 
the 2nd harmonic pressure appears to be more sensitive. At the pressure of 800 kPa, 
again a slight increase in response to duration increase can be seen, but with a smaller 
inclination than in 550 kPa. In this pressure is the first time that we see some kind of 
classification in the data. As we can see at figure 7 (b) in the backscattered fundamental 
pressure two clusters appear, one with low and one with high fundamental backscattering 

(a) S3 550 kPa Fundamental RMS pressure

(c) S3 1000 kPa Fundamental RMS pressure

(b) S3 800 kPa Fundamental RMS pressure

(d) S3 550 kPa 2nd Harmonic RMS pressure

(f) S3 1000 kPa 2nd Harmonic RMS pressure

(e) S3 800 kPa 2nd Harmonic RMS pressure

Figure 7 - Variation of fundamental and 2nd harmonic RMS pressure with duration. All bubbles where hit by 
a 6 cycles 1.62 MHz pulse of different acoustic pressure emitted by the S3 probe.
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pressure, which doesnʼt appear at the 2nd harmonic pressure where the two populations 
seem to merge. What makes this clustering more interesting, is the fact that, as it will be 
presented later on, the bubbles of the higher fundamental backscattering cluster have 
greater survival rate than these of the low one. When the pressure is further increased to 
1000 kPa, the backscattered pressure is independent of the duration of the pulse.

! Moving to the echoes from bubbles insonified by the S4 probe, there two thing that 
we directly see. First that the range of the duration of the pulses is smaller than that of S3 

(a) S4 300 kPa Fundamental RMS pressure

(c) S4 800 kPa Fundamental RMS pressure

(b) S4 550 kPa Fundamental RMS pressure

(d) S4 300 kPa 2nd Harmonic RMS pressure

(f) S4 800 kPa 2nd Harmonic RMS pressure

(e) S4 550 kPa 2nd Harmonic RMS pressure

Figure 8 - Variation of fundamental and 2nd harmonic RMS pressure with duration. All bubbles where hit by 
a 6 cycles 1.62 MHz pulse of different acoustic pressure emitted by the S4 probe.
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probe (note that the duration axis is depicting values from 3 to 10 μS instead of 1 to 10 μS 
at the S3 probe), and that not only the amount but also the range of the backscattered 2nd 
harmonic RMS pressure is much wider that of the S3 probe. In general in the case of S4 
probe too, the dependence of the backscattered pressure on the duration seems to 
decrease as the acoustic pressure of the incident pulse increases, but in lower scale. 
Starting with 300 kPa we see that the range of both fundamental and 2nd harmonic 
pressure is narrow, and that the backscattered pressure increases as the duration of the 
pulse increases. The same response is seen when the pressure is increased to 550 kPa , 
with the difference that the range of values in terms of 2nd harmonic RMS pressure is 
much wider in this case. Finally at the pressure of 800 kPa, the dependence on the 
duration is less but the range of values equaly wide. No echoes from insonifing pulse with 
acoustic pressure of 1000 kPa were taken, but if we consider that this tendency to of the 
dependence on the duration to decrease would continue, we can assume that at 1000 kPa 
the backscatter pressure would be independent of the duration of the pulse, as in the case 
of S3 probe emitting pulses at 1000 kPa acoustic pressure.

Mean backscattered pressures from bubbles insonified with probes S3 and 
S4

! At figures 7 and 8 we noted the big 
difference between the backscattered 
pressures from bubbles of each probe. In 
order to better investigate these pressures, at 
figure 9 we can see the plots of the mean 
fundamental and 2nd harmonic RMS 
pressures, backscattered when the first pulse 
of the 7 pulses sequence hit the bubbles in all 
applied pressures. As we can see the at the 
pressure of 550 kPa the backscattered 
fundamental pressure from the two 
populations is almost equal at both S3 and S4 
probe, this is not the case for the 2nd 
harmonic RMS pressure where bubbles 
insonified by the S4 probe backscatter up to 4 
times the 2nd harmonic pressure of those of 
S3 probe. When the pressure increases at 800 
kPa the difference between the two 
populations greatly increases, especially as far 
as it concerns the fundamental pressure, 
where the bubbles of the S4 population almost 
backscatter the same amount of fundamental 
pressure as in the case of 550 kPa, while the 
bubbles of the S3 population backscatter 6 
times higher fundamental RMS pressure. At 
the 2nd harmonic pressure, the bubbles of the 
S4 probe are higher at all pressures 
increasing linearly as the insonifing pressure 
increases, while the bubbles of the S3 probe 
increase the amount of backscattered pressure 
only at a fraction of the increase of the 
pressure of the insonifing pulse.

(a) Mean Fundamental RMS pressure

(b) Mean 2nd Harmonic RMS pressure
Figure 9 - Comparison of mean backscattered 

fundamental and 2nd harmonic RMS pressure at 
Line 1 between S3 and S4 probes. All bubbles 

where insonified with 1.62 MHz pulses.
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! As mentioned before, the difference in response of the two bubblesʼ population, is 
based on the pulses that is emitted from each pulse. At figure 10, we see the emitted pulse 
and itsʼ Fourier transform from each probe, these graphs were present in chapter 2 as part 
of figures 6 and 10 but are shown here alone in order to emphasize the difference in the 
2nd harmonic component of the S4 pulse. As we can see from the FFT but even from the 
shape of the pulse that is emitted from the S4 probe, the amplitude of the 2nd harmonic 
component is much higher than the of the S3 probe, and equal to the fundamental. This is 
happening because the S4 probe has an an extended frequency range of 1.5 - 5.5 MHz 
and thus as closer to the limit of the probeʼs range we are moving, the more harmonic 
component is introduced. Note that the pulse shown at figure 10 has frequency of 2 MHz 
and not 1.62 MHz as the one used to insonify the bubbles, which is even closer to the 
lower limit of the probe, and where even more harmonic component will be introduced.

(a) S3 pulse

(b) FFT (d) FFT

(c) S4 pulse

Figure 10 - Pulses emitted by S3 (a) and S4 (c) probes. Both are 6 cycles 2 MHz 550 kPa pulses. 
Underneath them them the FFT of each pulse is shown.
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S3 probe
! In total 613 Definity microbubbles were insonified using the S3 probe. At all cases 
the pulse used, had 6 cycles duration and frequency of 1.62 MHz but varied in their 
acoustic pressure. Two different diameters of glass pipettes, from which the bubbles enter 
the flow, were used. At the beginning a pipette with an ending diameter of 100um was 
used, but a small number of resonant bubbles appeared. In order to investigate the cause 
of this small number of resonant bubbles (in comparison to previous measurements) a 
bigger diameter pipette was used to investigate if size filtering effects could cause this 
difference. 

550 kPa
100 μm diameter pipette

! In figure 11 we see the fundamental to harmonic RMS pressure backscattered from 
223 bubbles, all of which went through a 100 μm pipette. As we can almost all the bubbles 
are above the y=x line, meaning that all the echoes have a 
higher 2nd harmonic than fundamental backscattered pressure. 
This is due to the pre mentioned highly harmonic response of 
the Definity microbubbles. In order to identify the resonant 
bubbles, the cross correlation of the envelope of the 
fundamental component of all bubbles with the reference 
resonant bubbleʼs envelope of figure 12 was calculated. As we 
can see the resonant bubbles lie in areas with higher both 
fundamental and 2nd harmonic pressure, but only 4 of them are 
outside of the range of the non resonant ones.
! With this pipette of 100 μm only 33 out of 223 bubbles 
(15%) came at resonance and no clear classification between 
the two populations could be done.

Figure 11 - Fundamental to 2nd harmonic RMS pressure backscattered from 
223 bubbles insonified by a 6 cycles 1.62 MHz 550 kPa pulse by the S3 probe. 

All bubbles entered the stream from a 100um diameter pipet.

Figure 12 - Reference 
resonant bubble for 100μm 

pipette.
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! At figure 13 we can see how the bubbles react when insonified with 7 consecutive 
pulses. The bubbles that were resonating at the first line are marked with green circles and 
the non resonating ones with red crosses. No particular movement or cluster creation is 
noticed, but the high 2nd fundamental backscatter is kept throughout the lines in both 
populations. The bubbles that move to the down left part of the graph after the 2nd 
sonification, are the ones that die and therefore their backscattered pressure is close to 0 
(thus moving in lower left part). As we can see there is a great amount of bubbles that die 
from the 2nd pulse, and that at line 5 only 9 out of the 223 bubbles (resonant and non 
resonant) are still reflecting. The exact numbers and percentages of the bubbles that died 
at each line can be seen at table 3. 
! There is also a difference in the survival rates of the two populations, since at line 2 
where 78% of the non resonant have died only 21% of the resonant ones died. This big 
difference keeps up to line 6 were the majority of both populations has died. But overall the 
resonant bubbles have a greater survival rate, especially in the first line which they seem 
to survive very easily.

(a) Line 1

(d) Line 4 (f) Line 6(e) Line 5

(c) Line 3(b) Line 2

(g) Line 7
Figure 13 - Definity microbubbles insonified by 7 consequent pulses of 6 cycles duration at 1.62 MHz 550 kPa. 

Bubbles were fed through a 100 μm pipette. Resonant bubbles are marked with green circles, and non resonant 
with red crosses.
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Table 3 -  Survival rates of resonant and non resonant Definity microbubbles. 100 
μm pipette used.

Survival Rates 100 um

Line #Line #

Survival Rates 100 umSurvival Rates 100 umSurvival Rates 100 umSurvival Rates 100 um
ResonantResonant Non ResonantNon Resonant

# Dead 
bubbles

% Dead 
bubbles

# Dead 
bubbles

% Dead 
bubbles

Line 1
Line 2
Line 3
Line 4
Line 5
Line 6
Line 7

0 0 0 0
7 21.21 149 78.42
20 60.6 178 93.68
24 72.73 184 96.84
27 81.82 187 98.42
29 87.88 187 98.42
30 90.91 188 98.95
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200 μm diameter pipette

! When bigger diameter pipette was used, as we can see at figure 14 where the 
bubbles lie closer to y=x line, the echoes were less harmonic than when the 100 μm was 
used. Quantitatively, the mean fundamental and 2nd harmonic 
RMS of bubbles that came through the 100μm pipette are 2.73 
Pa and 5.19 Pa respectively, while for the bubbles that went 
through the 200 μm pipette 3.33 Pa and 3.7 Pa respectively. 
Further more we see that the resonant bubbles (red cycle) lie in 
the area bellow the fundamental = harmonic line, indicating 
higher fundamental than harmonic component which as was 
analyzed by Thomas (Thomas 2009) is a characteristic of 
resonant bubbles. The reference resonant pulse used can be 
seen in figure 15.
! In this case the resonant bubbles can be clearly 
distinguished from the rest of the population and they lie in higher fundamental but in the 
same range with the non resonant ones in terms of 2nd harmonic RMS pressure. The 
percentage of bubbles in resonance is also increased to 20% (38 out of 183).

! At figure 16, we see how both populations response when insonified with 7 
consecutive pulses. The bubbles that were in resonance in the first line are marked with 
green circles and the non resonant ones with red crosses. As we see, resonant bubbles lie 
in higher fundamental and 2nd harmonic pressures after all consecutive sonifications. No 
particular movement or cluster appears throughout the lines, except for a light spreading of 
the bubbles to the lower areas of the graph as they fade out throughout sonifications. 
There is a big difference in the survival rate of the two groups, with the resonant bubbles 
having a much bigger survival rate. If we look at table 4 we will see that at line 2 42% of 

Figure 14 - Fundamental to 2nd harmonic RMS pressure backscattered from 
223 bubbles insonified by a 6 cycles 1.62 MHz 550 kPa pulse by the S3 

probe. All bubbles entered the stream from a 200um diameter pipet.

Figure 15 - Reference 
resonant bubble for 200 μm 

pipette.
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the non resonant bubbles have died while non of the resonant ones. At the end of the 7 
pulses sequence only 5.5% of the non resonant bubbles have survived on the contrary 
31.5% of resonant one have survived. Also in this case of the 200 um pipette the high 
survival rates of the resonant bubbles at the first lines that was seen at the 100 μm pipette, 
is appearing, something that could indicate difference in the response mechanism.

(a) Line 1

(d) Line 4 (f) Line 6(e) Line 5

(c) Line 3(b) Line 2

(g) Line 7
Figure 16 - Definity microbubbles insonified by 7 consequent pulses of 6 cycles duration at 1.62 MHz 550 kPa. 

Bubbles were fed through a 100 μm pipette. Resonant bubbles are marked with green circles, and non resonant 
with red crosses.

Table 4 -  Survival rates of resonant and non resonant Definity microbubbles. 100 
μm pipette used.
Survival Rates 200 um

Line #Line #

Survival Rates 200 umSurvival Rates 200 umSurvival Rates 200 umSurvival Rates 200 um

ResonantResonant Non ResonantNon Resonant

# Dead bubbles % Dead bubbles # Dead bubbles % Dead bubbles

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

0 0 0 0

0 0 62 42.76

4 10.53 104 71.72

8 21.05 123 84.83

19 50 134 92.41

23 60.52 138 95.17

26 68.42 139 94.48
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! In order to directly compare the effect of pipettesʼ diameter, both populations are 
depicted at figure 17. The bubbles that entered the flow through a 100 μm pipette are 
marked with the red crossed (both resonant and non resonant) and the bubbles that went 
through the 200 μm one with green circles (again both resonant and non resonant). As we 
see the two populations spread in the same range of fundamental rms pressures, but are 
differentiated in the 2nd harmonic component, where the bubble that went through the 
narrower pipette backscatter higher pressures. Except that we can see that there is a 
similarity is the shape of both cloud (with the 100 µm pipette cloud just been shifted in 
higher 2nd harmonics) which is a sign of general response of the agent.

! As far as the survival of the two populations is concerned, at table 5 we can see 
analytically the death rates of both populations and of the resonant and non resonant sub 
populations of each one. Looking first at the overall death rates we see that the bubbles 
from the 200 μm pipettes have greater survival rates than the ones from the 100 μm. This 
difference is not very big (8%), but if we look at the death rates of the subpopulations we 
notice that the survival rates in resonant groups of the two populations have a very big 
difference, since the bubbles of the 200 μm tube have 22% greater survival rate. This 
difference doesnʼt appear in the over all percentage due to the big number of non resonant 
bubbles which at both populations have over 90% death rate.

(a) Line 1

(d) Line 4 (f) Line 6(e) Line 5

(c) Line 3(b) Line 2

(g) Line 7
Figure 17 - Comparison of response of bubbles fed through 100 μm and 200 μm pipette, and insonified by 7 

pulses 6 cycles duration 1.62 MHz 550 kPa emitted by the S3 probe. 100 μm pipette bubbles are marked with red 
crosses, 200 μm pipette bubbles with green circles.
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The similarity in the increased survival rates at the first lines of the resonant bubbles of 
both populations can also be seen. Graphical representation of the death rates 
percentages can be seen at figure 18.

Table 5 -  Survival rates of resonant and non resonant Definity microbubbles of both 100 μm and 
200 μm pipettes.

% Dead bubbles 100 µm% Dead bubbles 100 µm% Dead bubbles 100 µm % Dead bubbles 200 µm% Dead bubbles 200 µm% Dead bubbles 200 µm

Line #

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

Resonant Non Resonant Tottal Resonant Non Resonant Tottal

0 0 0 0 0 0

21.21 78.42 69.96 0 42.76 33.88

60.6 93.68 88.78 10.53 71.72 59.02

72.73 96.84 93.27 21.05 84.83 71.58

81.82 98.42 95.96 50 92.41 83.61

87.88 98.42 96.86 60.52 95.17 87.98

90.91 98.95 97.96 68.42 94.48 89.07

Figure 18 -  Survival rates of bubbles insonified with 7 pulses of 6 
cycles duration 1.62 MHz 550 kPa emitted by the S3 probe. Overall 

percentages (a) and sup populations (b) of bubbles fed thought two 
different diameter pipettes.

(a) Overall percentages

(b) Sub populations percentages
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! The mean backscattered pressures of surviving bubbles during the lines, can be 
seen in figure 19. When the two populations from the different pipettes are seen as a 
group of both resonant and non resonant bubbles (figure 19 (a)), we see that there is a 
common response in both populations. At the first line the backscatter 2nd harmonic 
pressure in both populations is higher than the fundamental one, but this difference 
gradually decreases and at the same time (line 4) from both populations the fundamental 
pressure is higher than the 2nd harmonic. There is though a difference between the two 
populations, the bubbles of the 100 μm pipette strongly increase their backscattered 
fundamental pressure as the lines increase while their 2nd harmonic RMS pressure stays 
more or less constant (this behavior is caused by the resonant part of the population as it 
is seen in figure 19 (b)). This is the same response through lines that was seen in the 
biSphere contrast agent, and it an indication of resonance. This phenomenon in not seen 
at the 200 μm bubbles.
! If we look now at the subpopulations of the two main bubble groups, and see how 
the resonant and non resonant bubbles react for each diameter of pipette, we will see that 
in both cases the non resonant bubbles decrease both their fundamental and second 
harmonic pressure, ending up in very low levels at line 7. On the other hand in the case of 
100 μm pipette (figure 19(b)) the resonant bubbles increase their fundamental 
backscattered pressure, and keep almost steady their 2nd harmonic RMS, this kind of 
behavior has been explained as a resonance phenomenon. While at the 200 μm pipettes 
bubbles, the resonant bubbles are again higher than the non resonant ones in terms of 
backscattered pressures, the phenomenon of fundamental component increase is not 
seen.

(a) 100 μm and 200 μm bubbles

(b) 100 μm bubbles (c) 200 μm bubbles
Figure 19 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm pipettes. Whole 

populations (including resonant and non resonant) (a), mean pressures of resonant and non resonant bubbles 
of 100 μm pipette (b) and 200 μm pipette (c).
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800 kPa
100 μm diameter pipette

! When the pressure of the incident pulse was increased to 800 kPa, the amount of 
resonant bubbles increased,as is shown at figure 20 (resonant bubbles are marked with 
green circles) reaching 24% of population. As we see the majority of the non resonant 
bubbles are in areas with lower fundamental backscatter and above the y=x indicating that 
the backscattered echo is highly harmonic. In this pressure 
we see a clear cluster to form in the upper right part of the 
graph which is mainly consisted of resonant bubbles. The 
bubbles of this cluster have higher fundamental than 2nd 
harmonic component and therefore are are below the y=x 
line. It must be noted that, except from one, all the resonant 
bubbles backscatter higher pressures in the fundamental 
frequency. The fact that the backscattered pressure of the 
fundamental component is higher than of the 2nd harmonic, 
doesnʼt necessary mean that the bubble is resonating, 
since when the cross correlation of the fundamental 
component of the bubble shown at figure 21 with the rest 
population was calculated in order to indicated which ones 
are in resonance, some bubbles of that cluster were not found to be resonating.

! In figure 22 we can see how the bubbles respond when they are insonified with 
seven pulses of 800 kPa pressure. The death rate is so high that no movement or cluster 
is seen, since 92% of the bubbles die in the second line (table 6), at line three only one 
bubble of each population survives, and there is only one resonating bubble that survives 
up to line 6. This difference in survival rate is insignificant and we could safely conclude 
that the pressure is destructive for the agent.

Figure 20 - Fundamental to 2nd harmonic RMS pressure backscattered from 
38 bubbles insonified by a 6 cycles 1.62 MHz 800 kPa pulse by the S3 probe. 

All bubbles entered the stream from a 100um diameter pipet.

Figure 21 -Fundamental component 
of reference resonant bubble for 100 

μm pipette
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(a) Line 1 (b) Line 2 (c) Line 3

(f) Line 6(e) Line 5(d) Line 4

(g) Line 7
Figure 22 - Definity microbubbles insonified by 7 consequent pulses of 6 cycles duration at 1.62 Mhz 800 kPa. 

Bubbles were fed through a 100 μm pipette. Resonant bubbles are marked with green circles, and non resonant 
with red crosses.

Table 6 - Death rates of resonant and non resonant Definity microbubbles. 800 kPa 
100 μm pipette used.

Death Rates 100 um

Line #Line #

Death Rates 100 umDeath Rates 100 umDeath Rates 100 umDeath Rates 100 um
ResonantResonant Non ResonantNon Resonant

# Dead 
bubbles

% Dead 
bubbles

# Dead 
bubbles

% Dead 
bubbles

Line 1
Line 2
Line 3
Line 4
Line 5
Line 6
Line 7

0 0 0 0
12 92.3 23 92
12 92.3 24 96
12 92.3 25 100
12 92.3 25 100
12 92.3 25 100
13 100 25 100
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200 μm diameter pipette

! When the pipette used to put the bubbles in the flow had a increased diameter of 
200 μm, we see that there is also an increase to the amount of bubbles that are 
resonating. With this pipette 52% of the bubbles are in resonance (this difference in the 
resonant population is justified by the wider size distribution of the bubbles that enter the 
flow, due to diameter of the pipette, as it will be discussed in 
the discussion chapter). As we see in figure 23, the cluster 
of the resonating bubbles in the upper right part of the 
graph, is bigger than in the case of the 100 μm pipette, and 
include the majority of the bubbles, combining both resonant 
and non resonant bubbles. All the population of the resonant 
bubbles are in this cluster and only non resonant ones 
appear above the y=x lines. The mean fundamental RMS 
pressure of the resonant bubbles is higher than the non 
resonant but the 2nd harmonic is of the same scale at both 
populations. The exact numbers at line 1 are for the resonant 
bubbles 23.05 Pa fundamental RMS 11.46 2nd harmonic 
RMS and for the non resonant 19.05 Pa and 11.66 Pa respectively. The fundamental 
component of the reference pulse that was used to identify the resonant bubbles can be 
seen in figure 24. With this pipette, the majority of the bubbles are backscattering higher 
fundamental than harmonic pressures (and are below the y=x line), but still this response 
by itʼs self cannot guarantee that the bubbles are resonating as is proven by the presence 
of non resonating bubbles on the upper right cluster.

! In this higher pressure the death rate is higher as expected. As we can see in figure 
25 at the 3rd line none of the resonant bubbles survives and only two of the non resonant 
ones. Due to the extremely high death rate, no particular movement or clustering can be 
seen. The death rates of each populations at every line can be seen at table 7. There is a 

Figure 23 - Fundamental to 2nd harmonic RMS pressure backscattered from 
76 bubbles insonified by a 6 cycles 1.62 MHz 800 kPa pulse by the S3 probe. 

All bubbles entered the stream from a 200um diameter pipet.

Figure 24 -Fundamental 
component of reference resonant 

bubble for 200 μm pipette
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difference in the death rates at line 2 were the non resonant 29% greater survival rate, it 
should be noted that non insonating bubbles above the y=x has also survived at the 2nd 
line, and that one resonant bubble from the upper left cluster has moved at this above y=x 
cluster.

(a)	  Line	  1 (b)	  Line	  2 (c)	  Line	  3

(f)	  Line	  6(e)	  Line	  5(d)	  Line	  4

(g)	  Line	  7

Figure 25 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 MHz 800 kPa. 
Bubbles entered the flow through a 200 µm pipette. Resonant bubbles are marked with green circles and non 

resonant with red crosses.

Death Rates 200 um

Line #Line #

Death Rates 200 umDeath Rates 200 umDeath Rates 200 umDeath Rates 200 um
ResonantResonant Non ResonantNon Resonant

# Dead 
bubbles

% Dead 
bubbles

# Dead 
bubbles

% Dead 
bubbles

Line 1
Line 2
Line 3
Line 4
Line 5
Line 6
Line 7

0 0 0 0
36 90 22 61.11
40 100 34 96.45
40 100 36 100
40 100 36 100
40 100 36 100
40 100 36 100

Table 7 - Death rates of resonant and non resonant Definity microbubbles. 800 
kPa 200 μm pipette used.
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! To compare the response of the bubbles from the different pipettes, both 
populations have been plotted at figure 26. Only the first 3 lines are shown, since as it was 
presented, all bubbles die after the 3rd line except one bubble of the 100 um pipette. In the 
figure the bubbles that went into the flow via the 100 µm pipette are marked with red 
crosses, and the ones via 200 μm with green circles. As we can see the bubbles of the 
200 μm pipettes are shifted down and to the right in comparison to the 100 μm pipetteʼs. 
This movement is due to the higher fundamental and 2nd harmonic rms pressures 
backscattered at the first pulse by the 200 pipetteʼs bubbles, which can also be seen in the 
mean rms pressure graph of figure 27 (a). The same phenomenon was also seen when 
the acoustic pressure of the insonifing pulse was equal to 550 kPa. When looking at the 

(a) Line 1 (b) Line 2 (c) Line 3
Figure 26 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 MHz 800 kPa. 

Bubbles entered the flow through a 200 µm pipette. 200 μm pipetteʼs bubbles are marked with green circles and 
100 μm pipetteʼs with red crosses. Only the first 3 lines are shown due to high death rate.

Figure 27 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm pipettes. Whole 
populations (including resonant and non resonant) (a), mean pressures of resonant and non resonant bubbles 

of 100 μm pipette (b) and 200 μm pipette (c).

(a) 100  μm and 200 μm pipettes.

(b) 100 μm pipette (c) 200 μm pipette

122



graphs of figure 27, we should keep in mind that only the mean pressures of the first 3 
lines should be taken under consideration, because any average after that is calculated by 
one or two bubbles that have survived thus no safe conclusions can be made. As in the 
550 kPa, here too the mean fundamental and harmonic rms pressure of the 100 μm 
pipetteʼs bubbles are higher,and increase as the consecutive pulses insonify them. This is 
an indication of resonance through the lines, which is not seen at the 200 μm bubbles.

! As far as the survival rates are concerned, as it is shown in figure 28, the only 
difference between the populations is seen at the non resonating bubbles that came 
through the 200 μm pipette where there survival rate is 30% higher than the rest of the 
populations. This difference makes the 200 μm pipette bubbles have a lower overall death 
rate at line 2.

(a) Overall death rates

Figure 28 -  Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 
MHz 550 kPa emitted by the S3 probe. Overall percentages (a) and sup populations (b) of 

bubbles fed thought two different diameter pipettes.

(b) Sub populationsʼ death rates
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1000 kPa
200 μm pipette

! At the acoustical pressure of 1000 kPa, only the 200μm pipette was used. As seen 
in the previous pressures, the number of resonating bubbles is increased when the 
pressure is increasing reaching 78% of the population. As in the biSphere contrast agent, 
in this high pressure only one cluster is present in the upper 
right part of the graph were all the bubbles are included. 
These bubbles, all have higher fundamental than 2nd 
harmonic component and therefore are below the y=x line. 
Although they lie in the same part of the graph, when the 
fundamental component of the pulse of figure 30 was used 
to calculate the resonating ones only 78% of them were 
found to resonate. Still, as we can see in the graph, the 
resonating bubbles are in higher fundamental and 2nd 
harmonic areas, which is also confirmed by the mean 
pressures of the two populations. The mean fundamental 
and 2nd harmonic RMS pressure of the resonant bubbles 
are 45.23 Pa and 15.26 Pa respectively, while the mean 
pressures of the non resonant ones are 30 Pa and 12.85 Pa respectively. This is a 
difference in the two groups that is seen in different scales at all insonifing pressures.

! The response of the bubbles when they were insonified with a 7 consecutive pulses, 
is more or less what is was expected, with no movement of clusters been created. What is 
interesting though, is the survival rates of both populations. As we can see in figure 31 the 
majority of the pulses die in line 3 as at 800 kPa, but there are more bubbles from both 
groups that survive longer, and some of the resonant one even all seven pulses despite 
the high acoustic pressure of the insonifing pulses. The death rates of each populations at 

Figure 29 - Fundamental to 2nd harmonic RMS pressure backscattered from 
76 bubbles insonified by a 6 cycles 1.62 MHz 1000 kPa pulse by the S3 

probe. All bubbles entered the stream from a 200um diameter pipet.

Figure 30 -Fundamental 
component of reference resonant 

bubble for 200 μm pipette
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every line can be seen at table 8 and their graphical representation at figure31. As it is 
shown the resonant bubbles have greater survival rate through the pulses a 3% of them 
survives all the insonifing pulses. Over all the survival rate is higher than that of bubbles 
insonified by a 800 kPa pulses.

! Looking at the mean pressures of all the bubbles insonifed with 1000kPa pulse 
(figure 33 (a)), we see that there is an increase in the mean backscattered Fundamental 
RMS pressure, while at the same time the 2nd harmonic pressure stays unchanged. This 
response has been seen through the pressures and has been explained as an indication 
of resonance through the lines. If we look thought, in the mean pressure of each 

(a) Line 1 (b) Line 2 (c) Line 3

(f) Line 6(e) Line 5(d) Line 4

(g) Line 7
Figure 31 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 MHz 1000 kPa. 
Bubbles entered the flow through a 200 µm pipette. Resonant bubbles are marked with green circles and non 

resonant with red crosses.

% Dead bubbles 200 µm% Dead bubbles 200 µm% Dead bubbles 200 µm

Line #

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

Resonant Non Resonant Tottal

0 0 0

75.34 90 78.5

84.93 95 87.1

89.04 95 90.32

93.15 100 94.62

97.26 100 97.85

97.26 100 97.85

Table 8 - Death rates of resonant and non resonant Definity 
microbubbles. 800 kPa pressure 200 μm pipette used.
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populations individually, we see that, except for the fact that the resonant bubbles 
backscatter higher fundamental and 2nd harmonic RMS pressure, only the resonant 
population increases itsʼ mean backscattered pressured as the consecutive pulses hit the 
surviving bubbles. This phenomenon that seems to appear also in other pressures will be 
discussed further in the discussion chapter.

! The overall response of Definity contrast agent when insonified with varying 
pressure pulses transmitted by the S3 probe, will be presented and compared with the 
response at sonification by the S4 probe, in a later part of the chapter.

Figure 32 - Death rates of bubbles insonified with 7 pulses 
of 6 cycles duration 1.62 MHz 1000 kPa emitted by the S3 

probe.

Figure 33 - Mean RMS pressures of bubbles that were fed through 200 μm pipette and insonified by 7 pulses 
train of 1000 kPa acoustic pressure. Whole population (including resonant and non resonant) (a), mean 

pressures of resonant and non resonant bubbles (b).

(a) All bubbles (b) Resonant and non Resonant bubbles
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S4 probe
! In total 1381 Definity microbubbles were insonified by the S4 probe. All bubbles 
were hit by a 7 consecutive pulses each one of 6 cycles duration and 1.62 MHz frequency. 
The acoustic pressures used were 300 kPa , 550 kPa, and 800 kPa. Again 2 different 
pipettes were used, a 100 um and 200 um diameter. As is has been already mentioned the 
S4 probe, emits more harmonic signals than the S3 which is seen in the response of the 
bubbles and in their survival rate.

300 kPa

! In figure 34, we can see the fundamental to 2nd harmonic RMS pressure 
backscatter from bubbles insonified with a 300 kPa 6 cycles 
duration pulse. Bubbles were fed through two different diameter 
pipettes, an 100 um (figure (a)) and a 200 um (figure (b)). Using 
the pre mentioned envelope cross correlation technique the 
resonant (green circle) and non resonant (red crosses) bubbles 
have been identified, with the only difference being that in this 
case a non resonating bubble was used as reference and the 
resonating were identified due there low cross correlation with 
the non resonating one. The bubble used in each case are 
shown at figure 35. As we can see the echoes from both 
pipettes lie in the same area of fundamental and harmonic 
pressure. The number of captured echoes from 100 um pipette 
is much smaller than the 200 um, but the percentage of bubbles 
that are resonating is exactly the same in both cases, 1 out of 
36 (2.78%) of the 100um and 6 out of 217 (2.78%) of the 200 
um. Also the area of the graph that the resonant bubbles 
appear is the same in both populations, and it is interesting that 
in both cases, the backscattered echoes of the resonating 
bubbles, have fundamental and 2nd harmonic backscattered 
pressure that is in the middle of the range of the backscattered 
fundamental pressure and in the lower part in terms of 2nd 
harmonic. On the other hand the bubbles that appear at the 
upper right part of the graph are not resonating as it would be expected. In both cases a 

Figure 34 - Fundamental to 2nd harmonic RMS pressure backscattered from bubbles insonified by a 6 cycles 
1.62 MHz 300 kPa pulse by the S4 probe. 36 entered the stream through a 100um diameter pipette (a), and 217 

through a 200 um pipette (b).

(a) 100 um pipette (b) 200 um pipette

(a) 100 um reference bubble

(b) 200 um reference bubble
Figure 35 -Rf signal of reference  
non resonant bubble for 100 μm 

(a) and 200 μm(b) pipette.
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different cluster of resonating bubbles is created which is clearly separated from the rest 
population (in the case of 100 um pipette is consisted only of one bubble, but this is 
probably due to the number of captured echoes).

(a) Line 1 (b) Line 2 (c) Line 3

(f) Line 6(e) Line 5(d) Line 4

(g) Line 7
Figure 36 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 MHz 400 kPa. 

Bubbles entered the flow through a 100 μm pipette are marked with green circles and 200 μm pipetteʼs with red 
crosses.

! If we plot the two populations (100 um and 200 um pipette bubbles) in the same 
graph we see that they both lie in the same part of the graph, and that one overlays the 
other (figure 36). There seems to be though a small movement after the first line since the 
bubbles that were fed through the 100 um pipette (green circles) move up right in relation 
to the 200 um pipetteʼs bubbles. This movement is confirmed by the mean pressures of 
the surviving bubbles (figure 37 (c)) where the mean 2nd harmonic pressure of the 200 um 
pipetteʼs bubbles is decreasing while on the other hand the 100 umʼs bubbles increases, 
the same is happening in terms of fundamental pressure but the changes and the over all 
backscattered pressure is very low to appear in the graph. This explains the relative 
movement seen in the graph. Except that no other particular movement is seen in the 
populations and no particular clustering to appear. Every cluster that is present in the first 
line, is kept throughout all 7 lines in the same place. 
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! Looking now at the mean pressures of each population, the first thing that we 
notice, is that the backscattered 2nd harmonic pressures is many times higher than the 
fundamental. This is also seen in figure 36 by the fact that all the echoes are way above 
the y=x line. Except that if we look in the graphs showing how the subpopulations of each 
pipetteʼs bubbles react (figure 37 (a) (b)), we notice that in the case of the non resonating 
100 umʼs bubbles, the backscattered 2nd harmonic RMS increase as the line number 
increase. This is not the case for the 200 umʼs non resonating bubbles were the mean 
backscattered pressure decreases after each sonification.

(a) 100 um pipette (b) 200 um pipette

(c) both populations
Figure 37 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm pipettes. Whole 

populations (including resonant and non resonant)(c), mean pressures of resonant and non resonant bubbles 
of 100 μm pipette (a) and 200 μm pipette (b).

Table 9 - Death rates of resonant and non resonant Definity microbubbles. 300 kPa acoustic pressure both 
100um and 200 μm pipette used.

% Dead bubbles 100 µm% Dead bubbles 100 µm% Dead bubbles 100 µm % Dead bubbles 200 µm% Dead bubbles 200 µm% Dead bubbles 200 µm

Line #

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

Resonant Non Resonant Tottal Resonant Non Resonant Tottal

0 0 0 0 0 0

0 0 0 0 5.69 5.53

0 11.43 11.11 16.67 16.11 16.13

0 14.28 13.89 16.67 21.33 21.2

0 20 19.44 16.67 28.91 28.57

0 28.57 27.78 33.33 33.65 33.64

0 37.28 33.33 33.33 36.97 36.87
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! As far as the death rates of each population is concerned, the exact numbers can 
be seen at table 9 while their graphical representation in figure 38. As we can see the over 
all death rate of bubbles that were fed through the 200 um pipette are higher than that of 
the 100 umʼs. Also from figure 38 (b) we can see the non resonating bubbles in both 
populations have lower survival rates than the resonating ones. Especially for three 
resonating bubbles of the 100 um pipette where the death rate is 0% at all lines. This 
higher survival rate of the resonating populations was also seen in the bubbles insonified 
by the S3 probe. Comparison between the two probes will be presented later in this 
chapter.

550 kPa

! In figure 39 we can see the fundamental to 2nd harmonic backscattered rms 
pressures from 679 Definity bubbles. 356 of them entered the flow through a 100 um 
pipette (figure 39 (a)) and 323 of them through a 200 um pipette (figure 39 (b)). The 
number of resonant bubbles is very low in both populations, 3 out of 356(0.8%) for 100 um 
and 1 out of 323 (0.3%) for 200 um pipette. In order to distinguish this bubbles several 
trials of different reference bubbles were done. Finally from the first population (100 um), 

Figure 38 - Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 300 kPa emitted by 
the S4 probe. Overall percentages (a) and sup populations (b) of bubbles fed thought two different diameter 

(a) Over all death rates (b) sub-populationsʼ death rate

Figure 39 - Fundamental to 2nd harmonic RMS pressure backscattered from bubbles insonified by a 6 cycles 
1.62 MHz 550 kPa pulse by the S4 probe. 36 entered the stream through a 100um diameter pipette (a), and 217 

through a 200 um pipette (b).

(a) 100 um pipette (b) 200 um pipette
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after finding the most common envelope shape (which was 
obviously not resonant) (figure 40 (a)), and calculating the 
cross correlation with the rest of the bubbles the 3 resonant 
bubbles were spotted. In the case of 200 um pipetteʼs 
bubbles, the reference bubble was the resonating bubbles of 
figure 40 (b), which turned to be the only one. This very small 
number of resonating bubbles was also seen at the insonifing 
pressure of 300 kPa, but except for the number of resonating 
bubbles, also the position of the bubbles in the graph is still 
the same. In both populations (100 and 200 um ) the 
resonating bubbles are in the lower limits of the 2nd harmonic 
range and in the middle of range in terms of fundamental rms 
and not in the higher backscattering cluster as in the case of 
the s3 probe. In exact number the mean backscattered 
fundamental and 2nd harmonic pressures of the resonating 
bubbles, is 0.35 Pa and 9.14 Pa respectively for the 100 um 
pipetteʼs bubbles, and 0.33 Pa and 7.35 Pa for the resonating 
bubble of the 200 um population. It seems that the higher 
harmonic signal transmitted by the S4 probe inhibits the 
Definity bubbles from resonating. 

! Since the number of resonating bubbles is very low 
compared to rest of the bubbles, we plotted the two populations from the two different 
pipettes as a whole (figure 41). As it can be seen the populations are overlapping and 
there is a small cluster consisted mainly on bubbles from the 200 um pipette, in the upper 
right part of the graph backscattering higher fundamental and 2nd harmonic pressure. This 
cluster as the number of line increases, seems to separate from the rest of the population. 
If we select the bubbles of this cluster at line 7 and trace them back to the previous lines, 
we will see that they all were part of it from the very first line, and that the distance from 
the rest of the population is built during line 3 to 6, where some of the bubbles that were in 
the cluster at line 3 moved in to lower parts of the graph (figure 42). It is also interesting 
that none of these bubbles have died after all 7 pulses insonified them leading to 0% death 
rate for these high backscattering bubbles.

! Looking at the plots of figure 43 the mean pressures of the surviving bubbles at 
each line we see that the bubbles of 200 um pipetteʼs backscatter higher rms pressures in 
both 2nd harmonic and fundamental frequency (the difference in fundamental pressure is 
very small, but still the yellow line can be distinguished to be higher than the blue one) 
(figure 43 (a)). This difference, confirms the upper right position of these bubbles at figure 
41 and 42. Looking now at the two populations separately in figure (b) and (c), we see that 
they have a similar response at sonification by consecutive lines. In both populations the 
not resonant bubbles backscatter higher 2nd and fundamental RMS pressure, and the 
mean value is decreasing as the number of insonifing pulses increase. The resonating 
phenomenon, seen in other pressures, where the mean backscattered pressure during the 
lines increased.

(a) 100 um reference bubble

(b) 200 um reference bubble
Figure 40 -Rf signal of reference  

non resonant and resonant 
bubble for 100 μm (a) and 200 
μm(b) pipette respectively.

131



(a) Line 1 (b) Line 2 (c) Line 3

(f) Line 6(e) Line 5(d) Line 4

(g) Line 7
Figure 41 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 MHz 550 kPa. Bubbles 

entered the flow through a 100 μm pipette are marked with green circles and 200 μm pipetteʼs with red crosses.

(c) Line 4(b) Line 3(a) Line 1

(d) Line 5 (f) Line 7(e) Line 6
Figure 42 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 MHz 550 kPa. 

Tracing bubbles of cluster at line 3 in the rest lines.
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! As far as the survival of the bubbles is concerned, we can see the exact number of 
death for each populations and itsʼ sub populations at table 10, and their graphical 
representation at figure 44. The bubbles of the 200 um pipette, from which the cluster at 
figure 42 mainly consisted of, have better survival rates than the 100 umʼs. What should be 
noted is that the rate that the bubbles die in both populations, is the same and this can be 
also seen from the fact that the 2 lines at figure 44(a) are moving in parallel after line 2. 
The difference of the death rate between the two populations is built in the first 2 lines, 
were the bubbles of the 100 um pipette, tend to die at the 2nd sonification. The difference 
in the death rates of the two populations, is due to the size distribution of the bubbles that 
pass enter the flow through each pipette, due to size filtering done by the pipette. This will 
be discussed further at the discussion section of the chapter.

(b) 100 um pipette (c) 200 um pipette

(a) both populations

Figure 43 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm pipettes. Whole 
populations (including resonant and non resonant)(a), mean pressures of resonant and non resonant bubbles 

of 100 μm pipette (b) and 200 μm pipette (c).

% Dead bubbles 100 µm% Dead bubbles 100 µm% Dead bubbles 100 µm % Dead bubbles 200 µm% Dead bubbles 200 µm% Dead bubbles 200 µm

Line #

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

Resonant Non Resonant Tottal Resonant Non Resonant Tottal

0 0 0 0 0 0

33.33 20.4 20.5 0 14.49 11.45

33.33 38.24 38.2 0 25.15 25.08

33.33 50.42 50.28 0 34.16 34.25

33.33 54.67 54.49 0 40.99 40.87

33.33 58.92 58.7 0 45.96 45.82

33.33 62.89 62.64 0 48.45 48.3

Table 10 - Death rates of resonant and non resonant Definity microbubbles insonified with 550 kPa acoustic 
pressure, 100 um and 200 μm pipette used.
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800 kPa

! If figure 45 we see the fundamental to harmonic backscattered rms pressure from 
449 Definity bubbles insonified with a 800 kPa acoustic pressure pulse. Two pipettes with 
different diameter were used, one with 100 um from which 179 bubble went through (figure 
45 (a) and one with 200 um diameter from which 269 bubbles went through. The number 
of resonant bubbles is, as is all other pulsesʼ pressures emitted by the S4 probe, very low. 
Only 3.3% of the 100 um pipetteʼs bubbles and 4.8% of the 200 um pipetteʼs bubbles were 
found in resonance. In this pressure, the resonating bubbles were not found by the 
envelope cross correlation technique used in the other pressures, but by manual 
inspection and selection of all bubbles in both populations. As we see the position of the 
resonating bubbles does not create any cluster in contrary there are spread throughout the 
range of fundamental and 2nd harmonic pressures. The shape of both distributions seen in 
figure 45, is the same, but the bubbles of 200 um pipetteʼs are shifted into higher both 
fundamental and harmonic pressures (shifted in the upper right side of the graph) in 
comparison to the 100 umʼs population. This is better seen in figure 46 were the two 

Figure 44 - Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 550 kPa emitted by 
the S4 probe. Overall percentages (a) and sup populations (b) of bubbles fed thought two different diameter 

pipettes.

(a) Over all death rates (b) sub-populationsʼ death rate

Figure 45 - Fundamental to 2nd harmonic RMS pressure backscattered from bubbles insonified by a 6 cycles 
1.62 MHz 800 kPa pulse by the S4 probe. 179 entered the stream through a 100um diameter pipette (a), and 269 

through a 200 um pipette (b).

(a) 100 um pipette (b) 200 um pipette
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populations are plotted together. As we can see the 200 um pipetteʼs bubble are spread in 
the upper right part of the graph (lower part of the distribution is covered by the 100 umʼs 
bubbles). There seem to be a clustering effect appearing in line 5 and after, where a lower 
and a higher backscattering bubbles cluster is formed. If we select the lower cluster we will 
see that it is consisted of originate from the whole range of backscattered (?) pressures 
and if we select the higher cluster at line 5 we will see that the bubbles are moving in to 
the low cluster just before they die (this selections and tracings are not shown since no 
important information is extracted). This means that the bubbles as the number of the 
consecutive pulses increases gas is getting out of the bubble decreasing is diameter thus 
slowly decrease the backscattered pressure until they completely fade away.

! In figure 47 we see the mean pressures of both populations. Starting from figure 47
(a) where both populations (100 um and 200 um pipetteʼs bubbles) are seen as a whole 
including both resonant and off resonance bubbles, we see in numbers what was seen as 
placement in upper right part of the graph of the 200 um pipetteʼs bubbles, since the 
backscattered fundamental pressure in line 1 is almost 2 times higher than that the 
pressure of 100 umʼs bubbles. The fundamental pressure is also higher but in lower 
proportions due to the generally very low backscattered pressure in the fundamental 
frequency. As the number of lines increases both populations end up in backscattering the 

(a) Line 1 (b) Line 2 (c) Line 3

(f) Line 6(e) Line 5(d) Line 4

(g) Line 7
Figure 46 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 MHz 800 kPa 
emitted by S4 probe. 100 μm pipetteʼs bubbles are marked with green circles and 200 μm pipetteʼs with red 

crosses.
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same amount of pressure in both harmonic and fundamental frequency. The difference 
seen here is that the 200 um pipetteʼs bubbles have a constant decrease in the 
backscattered pressure, while the 100 umʼs fluctuate ending up backscattering around the 
same pressure in line 7 as in line 1. Looking now at the sub population of each main 
population (figures 47 (b) and (c)) there is a similar response as the consecutive pulses hit 
the bubbles, with the bubbles of 200 um pipette (c) constantly decrease the backscatter 
pressure, while the 100 um pipetteʼs non resonating bubbles  (which is the great majority 
and drive the overall mean pressure of figure 47 (a)) fluctuating and ending in line 7 with a 
slightly lower pressure than in line 1.

(b) 100 um pipette (c) 200 um pipette

(a) both populations

Figure 47 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm pipettes. Whole 
populations (including resonant and non resonant)(a), mean pressures of resonant and non resonant bubbles 

of 100 μm pipette (b) and 200 μm pipette (c).

Table 11 - Death rates of resonant and non resonant Definity microbubbles insonified with 800 kPa acoustic 
pressure, 100 um and 200 μm pipette used.

% Dead bubbles 100 µm% Dead bubbles 100 µm% Dead bubbles 100 µm % Dead bubbles 200 µm% Dead bubbles 200 µm% Dead bubbles 200 µm

Line #

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

Resonant Non Resonant Tottal Resonant Non Resonant Tottal

0 0 0 0 0 0

16.667 48.555 49.162 7.6923 31.641 31.111

16.667 64.162 64.804 23.077 51.562 51.481

33.333 75.145 75.419 30.769 65.625 65.556

33.333 79.191 79.33 53.846 75 74.815

33.333 79.191 79.33 53.846 79.297 78.889

33.333 81.503 81.564 53.846 83.203 82.593
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! Finally as far as the survival rate is concerned, we can see the exact death rates in 
table 11 and their graphical representation in figure 48. The 200 umʼs bubbles have higher 
survival rates up to line 5 (figure 48 (a)) but after the 7th pulse hit the bubbles around 80% 
of both populations die. Looking now at the resonant and non resonant bubbles of each 
populations, we see that the resonating bubbles in both cases have lower death rates than 
the non resonating ones. The only difference seen here is that the resonating bubbles of 
the 200 um pipette have great survival rate after the 7 pulses, than the resonating bubbles 
of 100 um pipette.

Figure 48 - Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 800 kPa emitted by 
the S4 probe. Overall percentages (a) and sup populations (b) of bubbles fed thought two different diameter 

pipettes.

(a) Over all death rates (b) sub-populationsʼ death rate
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S3 - S4 probe Comparison

! As we saw from the results presented so far, there is difference in the response of 
the Definity microbubbles, when they are insonified using the 2 different S3 and S4 
probes.  In the very beginning of the results section, the difference in the shape of the 
backscattered echoes from Definity bubbles insonifies with S3 and S4 probe (figure 3), 
was pointed out explaining this differentiation due to higher 2nd harmonic component of 
the pulse emitted by the S4 probe. As said, because of the fact that the frequency of the 
emitted pulses (1.62 MHz) is near the lower limit of the S4 probeʼs bandwidth, a big 
amount of nonlinearity is introduced in the signal in the form of harmonic components 
(figure 10). This high insonifing 2nd harmonic component is then very clearly seen in the 
backscattered signal, since as we saw at figure 9, the mean backscattered 2nd harmonic 
RMS pressure from the bubbles insonified by the S3 probes is many times lower than that 
of the bubbles insonified by the S4 probe. What is also interesting is the fact that the 
bubbles of the S3 probe have in general higher fundamental than harmonic component, 
while it is the opposite for the bubbles of the S4 probe. According to the theory about the 
resonating bubbles introduced by 
Thomas (Thomas 2009), the resonating 
definity bubbles backscatter higher 
fundamental than 2nd harmonic 
pressure, and their position on the 
harmonic to fundamental RMS pressure 
graph, on the upper right part below the 
y=x line. This theory seems to be 
confirmed by the data presented in this 
study. If we look how the fundamental to 
harmonic ratio of the backscattered 
pressure from the bubbles of s3 and s4 
probe at figure 9, we will see that as the 
ratio increases with the applied pressure, 
in the case of the bubbles insonified with 
the S3 probe, the percentage of resonating bubbles (figure 49) also increases reaching 
almost 80% of the population at the pressure of 1000 kPa. On the other hand, the 
populations of the bubbles that were insonified with the S4 probe,where the 2nd harmonic 
component is much higher than the fundamental, they have very low percentages of 
resonating bubbles at all applied pressures. 

! In figure 51 we can see how these 
populations, respond when insonified by 
consequent pulses of different acoustic 
pressures. Starting from the S3 probeʼs 
spheres, we see that expect for the 
pressure of 800 kPa, the resonating 
bubbles have lower death rates in the first 
lines, and at high pressure of 800 kPa and 
1000 kPa that as said before their effect is 
destructive, at line 7 (last pulse) most of the 
bubbles in both populations are dead. In 
the bubbles insonified with the S4 probe, 
there is a bigger distance in terms of death 
rates between the two populations. At 

Figure 49 - Percentage of resonating bubbles at line 1. 
Insofied with pulses emitted from S3 and S4 probe, with 

varying pressures.

Figure 50 - Death rate at line 7, of bubbles insonified 
with S3 and S4 probe.
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Figure 51 - Death rates of resonant and non resonant bubbles as the number of lines increases. All 
bubbles were insonified with 7 consequent pulses of 6 cycles duration and frequency of 1.62 MHz, 

emitted by the S3 probe (a) and S4 probe (b).

(a) Bubbles insonified with S3 probe (b) Bubbles insonified with S4 probe

all pressures and lines the resonating bubbles have lower death rates than the non 
resonating ones and the percentage of dead bubbles at the end of the train is lower at all 
cases for the resonating bubbles(figure 50). In figure 50, we can see more clearly the 
death rates at the end of the 7 pulses train for both probes, from this figure we can also 
have a first look of  the lower death rates of the bubbles insonified with the S4 probe.

! Comparing now directly the death rates at each pressure, at figure 52 we can see 
the populations of each transducer and their death rates as the number of lines increases. 
The percentages shown in this graph are calculated taking into account both resonant and 
non resonant bubbles. Starting with the 550 kPa acoustic pressure, we see that the death 
rates of the bubbles insonified by the S4 probe are much lower throughout the lines and 
that at line 7 almost 40% less bubbles insonified by the S4 probe have died. The same 
behavior is seen and tin higher pressure of 800 kPa, where not only there is a big 
difference in the death rates, but while for the bubbles insonified by the S3 probe at the 3rd 

pulse almost 90% of the population died (leading us to the conclusion that the pressure is 
destructive for the agent) the bubbles insonified with the S4 probe have lower death rate 
even after all the 7 pulses had insonified them (82.1%). What we see is that even for a 
pressure that was thought to be destructive the shape of the emitted pulse can 
dramatically change agentʼs survival rates. The exact death rates at all pressures can be 
seen in table 12.

Figure 52 - Death rates of bubbles insonified with S3 and S4 probe (both resonant and non resonant 
populations together) as the number of lines increases. All bubbles were insonified with 7 consequent pulses 

of 6 cycles duration and frequency of 1.62 MHz. Applied acoustic pressure of 550 kPa (a) and 800 kPa (b).
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! In figure 53 we can see the death rates for both transducers at all applied 
pressures. As said before the death rate of the S4 probesʼ bubbles is lower than the S3ʻs. 
What is worth noticing, is that the death rates of bubbles insonified with acoustic pressure 
of 800 kPa by the S4 probe, are lower at all lines even from bubbles insonified with lower 
acoustic pressure, of 550 kPa by the S3 probe.

! By comparing the data from the two probes, we see that even thought same agent 
bubbles insonified by the exact same pulses in terms of duration, frequency and applied 
pressure, can have much different response based on the fundamental and harmonic 
component of the insonifing pulse.

Line #

S3S3S3 S4S4S4

550 kPa 800 kPa 1000 kPa 300 kPa 550 kPa 800 kPa

Line 1

Line 2

Line 3

Line 4

Line 5

Line 6

Line 7

0 0 0 0 0 0

53.941 82.456 61.29 4.7431 16.2 38.17

75.616 96.491 80.645 15.415 31.959 56.696

84.729 99.123 87.097 20.158 42.563 69.42

91.133 99.123 92.473 27.273 48.012 76.562

93.35 99.123 96.774 32.806 52.577 79.018

94.581 100 96.774 36.364 55.817 82.143

Table 12 - Death rates of Definity microbubbles insonified with variable acoustic 
pressures, from S3 and S4 probes.

Figure 53 - Death rates of bubbles insonified with S3 and S4 probe (both resonant and 
non resonant populations together) as the number of lines increases. All bubbles 

were insonified with 7 consequent pulses of 6 cycles duration and frequency of 1.62 
MHz. 
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Discussion

! In total echoes from 1994 Definity microbubbles where captured, all 7 lines were 
manually selected and analyzed following the same analysis presented in the biSphere 
chapter. In order to find the resonating bubbles, a envelope cross correlation technique 
was used, calculating the cross correlation of each bubbleʼs envelope with one reference 
bubble, that was resonating or not.

! As it has been reported in literature Definity microbubbles are soft shelled agents 
that when insonified, the bubbles themselves perform oscillations in contrast to the 
biSphere bubbles that the shell couldn't oscillate. Resonance phenomena have been 
observed and reported before (Thomas 2009), and were also seen in the data presented 
in this study. Due to the small number of resonating bubbles seen when the 100 um 
pipette was used, a wider 200 um pipette was tried to investigate if there would be an 
increase in the number of resonating bubbles. As we see in figure 54, the expected 
increase in the number of resonating bubbles was 
experimentally confirmed. In this graph the percentage 
at 1000 kPa for the 100 um pipette is theoretically 
calculated, assuming a linear increase in the number 
of resonating bubbles in relevance to the applied 
pressure, as it is the case for the 200 um pipette. The 
reason for this increase, is that the 100 um pipette, is 
causing filtering effects, on the population of the 
bubbles that pass through it, leading to a very narrow 
size distribution, of small diameter bubbles. On the 
other hand, the size distribution of the bubbles that 
come through the 200 um pipette, is wider including 
bubbles with bigger diameter. As it has been reported 
in the literature (Thomas 2009), the response of a 
bubble when insonified with an ultrasound pulse is 
based on the frequency of the pulse and the diameter 
for the bubble. This dependance of resonance, on the diameter of the bubbles is causing 
the increase in the percentage of resonating bubbles at the wider pipette. The increase 
that is seen as the applied pressure is increasing,is due to the fact that , as was shown by 
Sboros (Sboros 2008), higher acoustic pressure cause a wider range of bubbles to 
respond to the insonifing pulse, and in this case forcing them to oscillate. At the case of the 
S4 probe the percentages of resonating bubbles, were very low and therefor no 
comparison and safe conclusion can be made for this probe.

! Based on the theory, the bubbles that have higher fundamental component in 
comparison with 2nd harmonic, and there for are in the upper right part of the population, 
below the fundamental = 2nd harmonic RMS line are resonating bubbles. As it was seen in 
figure 20 and 23 and others, the existence of a bubbles in this part of the graph doesnʼt 
mean that it is resonating, since there is a great number of bubbles that are in this cluster 
but were not resonating. On the other hand the resonating bubbles indeed tend to appear 
in this upper right cluster, which confirms the theoretical analysis and is in agreement with 
previous measurements.

! Another part of the response of Definity microbubbles that is interesting to 
investigate is the decay of the bubbles until they die. As it was pointed out in the case of 
bubbles that were insonified by the S4 probe with 800 kPa pulses, the bubbles of the 

Figure 54 - Percentage of resonating 
bubbles at different acoustic pressures. 

The value of 1000kPa at the 100 um 
pipette, is theoretically calculated, 

assuming linear increase.

Theoritical
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higher cluster moved to lower one before they died. This was also seen in many cases in 
other pressures and probe too. This phenomenon is cause by gas that slowly exits the 
bubble as the consequent pulse insonify it. This escaping gas causes a diameter decrease 
and there for a lower backscatter echo. This phenomenon should be further investigated.

! As it was seen for the very first figure of the backscattered echoes from the 2 
probes. There was a big difference in the echo that the bubbles backscatter depending on 
which probe was use to insofinfy them. When the transmitted pulse was analyzed, we saw 
that the pulse emitted by the S4 probe was much higher in 2nd harmonic component, 
which was then appearing at the backscattered pulse. What is very interesting though, is 
that this higher 2nd harmonic component by itself can cause very big difference in the 
response of microbubbles of the same agent. As we saw in the data in this study, although  
both insonifing pulses had the exact same acoustic pressure, the same number of cycles 
and the same frequency, when the pulse with the higher (in relevance to fundamental ) 
2nd harmonic component insonified the bubbles, the number of resonating bubbles was 
greatly reduce and the survival rates of the bubbles was greatly increased. In details, we 
saw that the percentage of resonating bubbles when they where insonified by the S4 
probe was extremely low, while on the other hand when they were insonified with the same 
pulse but transmitted by the S3 probe (which  introduced less harmonic component to the 
pulse) the number of resonating bubbles was many times greater. 

! Of up most importance is the difference in the survival rates of the bubbles, where 
we saw difference up to 40% between the bubbles that were insonified with the pulse with 
higher 2nd harmonic component ( S4 probe) and the bubbles insonified with the S3 probe. 
Even at high pressures (such as 800 kPa) which was found to have catastrophic effect in 
the bubbles insonifed by the S3 probe since at line 3 almost all bubbles were dead. When 
the same acoustical pressure but with higher 2nd harmonic component was insonifing 
bubbles, even after all seven pulses had hit the bubbles the death rate was 82%.This great 
survival difference, indicates that the higher harmonic component drives the bubbles off ? 
resonance, but makes them more resistive to the distractive effects of the insonifing pulse. 
Although the number of echoes captured in this study is big enough for a concrete 
conclusion to be made, this phenomenon should be further investigated and more data 
should be collected.

142



Chapter 6 - Microbubbleʼs response from consecutive 
imaging pulses of variating time intervals

Introduction

! In previous chapters, we investigated the response of contrast agent biSphere and 
Definity when insonified with 7 consecutive pulses of 1.62 MHz frequency and varying 
acoustical pressure. In all cases each one of the 7 consecutive pulses had time difference 
of 1.54 ms between them (frequency equal to 649 Hz), and we saw how the applied 
pressure and the ratio of harmonic to fundamental component of the transmitted pulse, 
could effect the response and the lifetime of each contrast agent. Relevant investigations 
have been presented before in the literature (P. A. Dayton 1999; J. E. Chomas 2000; J. E. 
Chomas 2001; J.E. Chomas 2001; M. Postema 2004; M. Postema 2004; S. H. Bloch 2004; 
A. Bouakaz 2005; M. Postema 2005; V. Sboros 2007), explaining the physics behind the 
destruction of the microbubble. 

! In this chapter, a new set of experiments was done in order to investigate how the 
lifetime of each one of our contrast agents is affected, not depending on the acoustic 
pressure or the frequency of the transmitted pulse, but on the time difference between 
each 6 cycles pulse. In order to do that, the rest of the variables, which is pressure and 
frequency of the pulse, were held the same under all experimental data presented here.

! Agents used in this set of experiments, was the double layered  BiSphereTM 
(POINT Biomedical, San Carlos, CA, USA) contrast agent and the soft lipid shell Definity 
(Luminity in Europe) contrast agent, results from each agents as well as comparison of 
their response will be presented in this chapter.

Literature on bubblesʼ destruction

! As said before in previous chapters, when no echo from the insonified microbubbles 
is received, then the bubbles is considered to be destroyed. The process that is taking 
place in order for the bubbles to be destroyed is of great importance, since it could lead 
into elongation of microbubbleʼs lifetime which is very limited. As it has been shown in vivo 
appliance of microbubbles, they tent to destroy rather quickly when they enter human body 
circulation (68), mainly due to the big pressures exerted to them at the lungs and other 
body organs (71). From the investigations that have been done in order to determine the 
reasons that are behind the destruction, the interaction of the microbubbles with the 
ultrasound waves was found, which led in improved imaging techniques (116), and even 
drug delivery methods (based on targeted destruction of drug filled bubbles using high MI 
ultrasound waves) (117,118).

! Throughout the investigations presented in the literature, three are the main 
mechanisms that have been identified to cause bubblesʼ destruction, fragmentation (27, 
65, 60, 70), acoustically driven diffusion (3, 64 ,65) and static diffusion (3). Many sub-
categories of these mechanisms have been also observed such us, ultrasound-induced 
coalescence of microbubbles (27,110), fragmentation of microbubbles into smaller ones 
(3,27,60-64) etc.

! The properties of the surrounding shell (3,65), as well as the containing gas it self
(73,120), play significant role on the lifetime of a microbubbles.
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Materials and Methodology

! As in previous chapters, the scanner used in this set of experiments is the specially 
modified Sonos 5500 ultrasound scanner (Sonos5500 Philips Medical Systems, Andover, 
MA, USA), which was connected to a laptop through a specially designed AFLink USB 
interface. The experiments presented in this chapter, were done using the S3 probe, 
whose calibration procedure was presented in chapter 2 and 3, and that was also used for 
insonifing biSphere and Definity microbubbles (chapter 4,5).

Contrast agent used

! The agents used in this set of measurements were both BiSphereTM (POINT 
Biomedical, San Carlos, CA, USA) and Definity (R) (Luminity in Europe) contrast agents.

! BiSphere consists of a double layered shell filled with air in its core. The outer layer 
is made of albumin, a biologically compatible material, and the inner shell of a 
biodegradable polymer. Having a double layer shell and outer shell made out of albumin 
and not lipid, makes them harder with increased resistance in ultrasound destruction. Their 
mean diameter is 4μm and they are capable of passing through the capillary system. 
These bubbles are made for cardiovascular use and could be used for ultrasound induced 
drug delivery.

! Because of their hard shell, a backscattered pulse is observed only from oscillating 
air bubbles outside of the shell, which are released either by an existing or an ultrasound-
induced crack. Since biSpheres contains air, which is soluble in water, their lifetime is very 
short once the shell is cracked and the air is released. This characteristic makes the agent 
optimal for use in destruction techniques such as harmonic Doppler imaging (114)

! Definity is the evolution of MRX - 115 (ImaRx Tucson, AZ) which was an albumin 
agent that had very sort life (could recirculate through the heart) allowing to be used as an 
arterial agent. To overcome this problem a preflutren lipid shell was used. Definity comes 
in vials of 1.5mL, which are to be shaken for 45 seconds (in a provided shaking machine) 
in order to be activated. Upon activation the components contained in the vial yield 
perflutren lipid microspheres that encapsulate octafluoropropane gas (non solubule) in the 
form of milky white microbubble suspension. The average diameter of the created 
microbubbles is 1.1 - 3.3 μm.
! Definity has been approved by FDA (United States Food and Drug Administration) 
and MHRA (UK Medicines and Healthcare products Regulatory Agency) as an ultrasound 
contrast agent for cardiac imaging, and it is also approved for radiological use in Canada. 
Lately some reports have linked it to deaths and serious cardiopulmonary reactions (Clark 
2009), but it is still regarded as a quite safe clinical tool.

! The microbubbles remain in suspension for 5 minutes after their creation, but can 
then be easily resuspended with hand agitation. The overall lifetime of the agent for in vivo 
use is hours, but through investigation of previous groupʼs researchers, the effective 
lifetime was found to be 4 hours, since the scatter from bubbles decreases after this time. 
All experiments presented in this chapter, were limited in this time frame.
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Hydrophone

! In order to make sure, that the applied pressure and the frequency of the 
transmitted pulse, was the same at all time intervals used, hydrophone was used for 
calibration. The Hydrophone used in this study is a Polyvinylidenfluorid (PVDF) 
piezoelectric membrane hydrophone with an active element of 0.2 mm with a PA 
submersible preamplifiers that provides gain of 8dB and 50Ohm output, this preamplifier is 
powered by a DC Coupler. It was calibrated by Precision Acoustics LTD ( Hampton Farm 
Business Park, Dorchester, UK) at 11 Match 2008. The frequency response calibration 
data as well as the curve fitting done in order to specify the response in the frequencies of 
our interest, were presented in chapter 2. 

! The calibration was done inside a specially designed tank that has been presented 
at the transmitted field investigation chapter (chatper 2). Transducer is placed on top of the 
hydrophone parallel to its membrane and its position was aligned with the same method 
that Preston (ED 1991) proposed. For the desired depth ( 7.5 cm )the transducer was 
moved at both X and Y-axis and the hydrophone rotated until the signal becomes 
maximum, where the centerline is reached. Then the output amplitude was changed until 
the desired 550 kPa at 7.5 cm from the transducer's surface was achieved, also the time 
between the lines at each setting was measured. The whole data table can be seen in the 
appendix B. 

Measuring system - Experiment preparation and procedure

! The same single bubbles measuring system that was described in chapter 4 and 
was used to investigate the response of biSphere and Definity microbubbles at chapters 4 
and 5 respectively. Before changing from the one agent to the other, it was made sure that 
all the tubing system was cleared, and the tank was emptied and filled with clean, gas free 
water.

The scanner settings used were the same as that of the calibration of the transmit and 
receive field as well as in the biSphere and Definity response investigation, with the 
difference that the agt used was different each time in order to achieve the desired time 
interval between the lines. In details the settings were:

• Pulses 6 - duration of the transmitted pulse is set to 6 cycles (setting that it is 
used in most of the experiments presented in this study).

• Xfreq 1.62 - sets frequency of the emitted pulse equal to 1.62 MHz.

• Par 2d off - transducer is set to transmit a pulse and wait for the backscatter of 
the pulse before emitting the next one.

• Oneline - scanner is set in B - mode where only one line is emitted.

• Agt f 0 - initiation of Agt command which gives us the ability to change the angle 
between the transmitted lines.

145



• Agt 4c44 X - Agt 4c44 is the command and X stands for the angle between lines. 
i.e. by using 400 the angle between the lines is set to 400/128=3.135o degrees. 
With these settings 7 lines are sent and received per frame. By changing the X 
number, you can control the angle between the lines and therefore the time 
interval between them, since the time of each frame is kept steady.

• In order to achieve the desired time intervals and maintain the pressure at 550 
kPa, the Lrate (number of black lines) and the output dB had also to be altered.

Both agents were insonified with the following time intervals:

i. Agt 400 - Lrate 19 - 14.1 dB --> 16.6 ms between lines --> 60 HZ
ii. Agt 500 - Lrate 1 - 12.3 dB   --> 1.66 ms between lines --> 600 HZ
iii. Agt 200 - Lrate 0 - 5.4 dB     --> 0.83 ms between lines --> 1.2 kHZ
iv. Agt 100 - Lrate 0 - 14.4 dB   --> 0.53 ms between lines --> 1.89 kHZ
v. Agt 50 - Lrate 0 - 4.5 dB       --> 0.23 ms between lines --> 4.39 kHZ

! As it is obvious, since the insonification time was steady for all time intervals, the 
number of lines differed depending on time interval used, as it will be seen at the resultsʼ 
presentation.

! It must be noted that in all cases the S3 probe was used, which as it was shown in 
the results of previous chapters, lead to higher death rates than the S4. The S3 was 
chosen on purpose in order to make sure that we would see all difference in our results.
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Results

! In total echoes from 1221 Definity and 348 biSphere microbubbles were captured. 
All echoes were selected and analyzed one by one thought all the consecutive lines (the 
number of which differed depending on the time interval and frameʼs total duration). The 
echoes were analyzed, using the same matlab code that was presented and used in the 
analysis of biSphere and Definity microbubbles. Before we continue presenting our 
experimental results, we have first to make clear, which is the exact variable that we are 
altering in this set of measurements. As we can see in figure 1, we are changing the time 
that separates each 6 cycle pulse from the previous and the next one. The idea behind 
this, is to see if by insonifing the bubble with very frequent, and close to each other, pulses 
we could elongate itʼs life time. What we excepted to see, which finally indeed was seen, 
was that at higher repetition frequencies, the small amount of time that the bubbles would 
be left without any external force exerted on to it, wouldnʼt allow the fractions of the 
fractured shell to spread away and thus the bubble would react as a unity backscattering 
echoes for longer time. (the proportions between the duration of the pulse and the 
repetition time, shown in graph 1, are not realistic since the duration of the pulse is 
approximately 7 us while the smallest repetition time used was 0.29 ms)

trepetition

Figure 1 - Explanatory schematic showing the variable that we change in this set of measurements. Trepetition is 
the time between the middle of two consecutive pulses.

biSphere

! In total echoes from 348 biSphere bubbles were captured. In table 1 we can see the 
exact number of bubbles that were insonified with each pulseʼs repetition frequency. At all 
cases the pulse used, had 6 cycles durations frequency of 1.62 MHz and acoustic 
pressure of 550 kPa and a 200 um pipette was used to eliminate any size filtering effects. 
By keeping steady all the variables and altering only the repetition frequency, we can be 
sure that any difference in the response of the microbubbles that we would observe, would 
be a result of the repetition frequency change only.

! In figure 2 we can se the death rates of the biSphere microbubbles when they are 
insonified by consecutive pulses of different repetition frequencies (the exact numbers can 
be seen in the Appendix). As we see the number of emitted lines in each frequency 
changes, depending on the frequency it self and the duration of the aperture (time of each 
frame) that was chosen. All the setting have been tested to make sure that all pulses are of 
550 kPa acoustic pressure.
! As we see as the pulse repetition frequency increases the death rate decreases. It 
must be noted, that the transducer used here is the S3 probe, which as we was in the 
previous chapter resulted in much higher death rates than the S4. In details when the 
repetition frequency is set at 60Hz the death rate is very high reaching 50% from the 3rd 
line and ending close to 100% after 15 pulses. On the other hand when the frequency is 
increased at 600 Hz the death rate greatly decreases reaching only 47% after 12 lines and 
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Figure 2 - Death rates of biSphere microbubbles insonified with consecutive pulses of different 
repetition frequencies. In all cases the pulse used, had 6 cycles durations frequency of 1.62 MHz and 

acoustic pressure of 550 kPa, emitted by the S3 probe.

it is worth noticing that the death rate of 36% which with 60Hz repetition frequency is 
reached at the very 2nd line, is reached after 8 lines when the frequency is set to 600 Hz 
and it is never reached when the frequency is further increased even after 33 lines in the 
case of 4.39 kHz. At the frequency of 1.89 kHz the death rate is further decreased ending 
at 28% after 16 lines and at the repetition frequency of 4.39 kHz where the time between 
the pulses is only 0.29 ms ( the duration of the 6 cycles pulse at 1.62 MHz is 
approximately 7 us), the death rate is kept at very low levels of 13% even after 33 pulses 
insonifing the same bubble. 

! In figures 3 and 4 we see the mean fundamental and harmonic RMS pressures 
backscattered by the biSphere microbubbles at each pulse repetition frequencies (RMS 
pressures of the surviving bubbles at each line are taken into account). The first thing that 
we notice is that the backscattered fundamental RMS pressure when the frequency is 1.89 
kHz is much higher than the rest, which is not the case for the 2nd harmonic RMS 
pressure were the backscattered pressure at the same repetition frequency is within the 
range of the rest and below the 4.39 kHZ. Except from the back scattered fundamental 

Table 1 - Number of analyzed biSphere 
microbubbles, in each frequency.

Frequency # of bubbles

60 Hz 47

600 Hz 159

1.89 kHz 67

4.39 kHz 75

Total 348
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pressure at 1.89 kHz, we can see as a general rule that as the repetition frequency 
increases the backscattered RMS pressure (fundamental and harmonic) increases also.

! Another point that it should be noticed, is that when the repetition frequency is set at 
60 Hz, both the fundamental and 2nd harmonic mean backscattered pressure is 
decreasing as the number of lines increases. This is a sign of diffusion that is observed 
only at this very low frequency.

Figure 3 - Mean Fundamental RMS pressure of biSphere bubbles, insonified by a 6	  cycles	  durations	  frequency	  
of	  1.62	  MHz	  and	  acoustic	  pressure	  of	  550	  kPa,	  emitted	  by	  the	  S3	  probe,	  pulse	  of	  variating	  pulse	  repetition	  

frequency

Figure 4 - Mean Harmonic RMS pressure of biSphere bubbles, insonified by a 6	  cycles	  durations	  frequency	  of	  
1.62	  MHz	  and	  acoustic	  pressure	  of	  550	  kPa,	  emitted	  by	  the	  S3	  probe,	  pulse	  of	  variating	  pulse	  repetition	  frequency
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Definity

! In total echoes from 1221 Definity microbubbles were captured, in table 2 we can se 
the exact number of bubbles at each pulseʼs repetition frequency. As in the case of the 
biSphere microbubbles, the pulses used had 6 cycles durations, frequency of 1.62 MHz, 
acoustic pressure of 550 kPa emitted by the S3 probe and all bubbles were fed through a 
200 um pipette. In this set of experiments one more repetition frequency was used, 1.2 
kHZ in order to break the gap between the 600 Hz and 1.89kHz frequencies, in order to se 
see the progression of the response in greater details.

! In figure 5 we can see the death rates of Definity microbubbles insonified by 
consecutive pulses of different repetition frequencies (the exact numbers can be see in the 
Appendix). From the first view of the data we notice that the death rates of Definity bubbles  
are higher that those of biSphere. As in the case of biSphere bubbles the death rate is 
maximum when the frequency is lowest (60 Hz). We notice that at this low frequency the 
death rate reaches almost 100% from the 4th line. 

Figure 5 - Death rates of Definity microbubbles insonified with consecutive pulses of different repetition 
frequencies. In all cases the pulse used, had 6 cycles durations frequency of 1.62 MHz and acoustic pressure 

of 550 kPa, emitted by the S3 probe.

Table 2 - Number of analyzed biSphere 
microbubbles, in each frequency.

Frequency # of bubbles

60 Hz 333

600 Hz 196

1.2 kHz 115

1.89 kHz 239

4.39 kHz 338

Total 1221
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! When the repetition frequency increases the death rate decreases, as in the case of 
biSphere, but it is very interesting that it reaches a plateau at 1.2 kHz, above which the 
death rate doesnʼt decrease further even when the frequency is increased almost 4 times 
(4.39 Khz) where the death rate seems to be completely unaffected by the repetition 
frequency increase. The lowest death rate is reached at line 26 with at repetition frequency 
of 1.89 kHz which is just below 75%. Despite that plateau, there is an obvious decrease of 
the death rate when the frequency is increased from 60 Hz to 1.2 kHz, which implies that 
our starting assumption of life time elongation by altering the repetition frequency was 
valid.

Figure 6 - Mean Fundamental RMS pressure of Definity bubbles, insonified by a 6 cycles durations frequency 
of 1.62 MHz and acoustic pressure of 550 kPa, emitted by the S3 probe, pulse of variating pulse repetition 

frequency.

Figure 7 - Mean Harmonic RMS pressure of Definity bubbles, insonified by a 6 cycles durations frequency of 
1.62 MHz and acoustic pressure of 550 kPa, emitted by the S3 probe, pulse of variating pulse repetition 

frequency.
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! In figures 6 and 7 we can se the mean fundamental and 2nd harmonic 
backscattered RMS pressures of the surviving bubbles at each line. Before we further 
analyze what we see in these figures, we have to point out, that the curve seen for the 
repetition frequency of 60 Hz, after the line 4 is calculated by the 2 out of 333 surviving 
bubbles and should not be taken into consideration for that point beyond.

! The first thing that we notice, is that both the fundamental and 2nd harmonic mean 
backscattered pressure, decrease at the 2nd line at all repetition frequencies. This 
common reaction at all frequencies, implies that the responsible mechanism has to do with 
the physical characteristics of the Definity microbubbles in general. After the decrease of 
line 2, the mean pressures increase with the number of lines at all frequencies. This 
increase is greater in the fundamental component. The pre mentioned death rate plateau 
at 1.2kHz, is seen in the 2nd harmonic pressure but not at the fundamental component. As 
we see the fundamental backscattered RMS pressure, is approximately the same for 
frequencies of 1.2 kHz and 1.89 kHz, but it further increases when the repetition frequency 
is set to 4.39 kHZ, this behavior is not seen in the 2nd harmonic component were the 
mean pressure for all 3 high frequencies are in the same range. This difference in 
response, shows that there is a reaction of the agent when the repetition frequency is 
increased (thus the backscattered fundamental mean pressure increases) which on the 
other hand doesnʼt affect the death rate (lifetime) of the agent. 

Discussion

! In total echoes from 348 biSphere and 1221 Definity microbubbles were captured 
and analyzed. By analyzing the response of the bubbles, an overall conclusion is that 
when the repetition frequency of the consecutive pulses is increased the survival rate of 
the contrast agent (in both cases) increases.

! In details as we saw in figures 2 and 5, the death rate of the biSphere microbubbles, 
was constantly decreasing as the repetition frequency was increased. The same response 
was also seen in Definity microbubbles but only up to the repetition frequency of 1.2 KHz, 
above this frequency no increase in the survival rate was seen even when the repetition 
frequency was set to 4.39 KHz. This plateau in the response of definity microbubbles 
should be further investigated.

! More measurements should be done with different pressures and repetitions 
frequencies, in order to understand the mechanism that is responsible for the response 
seen in the presented results. 
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Appendix A

Table 1 - Peak negative pulse pressures of 5 different sequences of pulses and the total output energy 
transmission error
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Figure 1 - Peak Negative pressures of 5 different sequences of pulses
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Appendix B

Time between linesTime between linesTime between linesTime between linesTime between linesTime between linesTime between linesTime between linesTime between lines
SettingsSettings Measured Value (Hydrophone)Measured Value (Hydrophone) SettingsSettings Measured Value (Hydrophone)Measured Value (Hydrophone)

AGT Line Rate Time mS Frequency Hz AGT Line Rate Time mS Frequency Hz

50

0 0.228 4385.96

400

0 0.83 1204.82

50

1 1.06 943.40

400

1 1.54 649.35

50

2 1.9 526.32

400

2 2.38 420.17

50

3 2.72 367.65

400

3 3.2 312.50

50

4 3.56 280.90

400

4 4.04 247.52

50

5 4.4 227.27

400

5 4.88 204.92

50

6 5.2 192.31

400

6 5.7 175.44

50 7 6 166.67 400 7 6.5 153.8550 8 6.9 144.93 400 8 7.4 135.1450

9 7.7 129.87

400

9 8.2 121.95

50

10 8.6 116.28

400

10 9.1 109.89

50

12 10.3 97.09

400

12 10.6 94.34

50

14 12 83.33

400

14 12.4 80.65

50

16 13.6 73.53

400

16 14 71.43

50

18 15.4 64.94

400

18 15.8 63.29

50

19 16 62.50

400

19 16.6 60.24

100

0 0.53 1886.79

500

0 0.83 1204.82

100

1 1.19 840.34

500

1 1.66 602.41

100

2 2.02 495.05

500

2 2.48 403.23

100

3 2.84 352.11

500

3 3.32 301.20

100

4 3.68 271.74

500

4 4.16 240.38

100

5 4.52 221.24

500

5 5 200.00

100

6 5.3 188.68

500

6 5.8 172.41

100 7 6.2 161.29 500 7 6.7 149.25100 8 7 142.86 500 8 7.5 133.33100

9 7.9 126.58

500

9 8.3 120.48

100

10 8.7 114.94

500

10 9.2 108.70

100

12 10.4 96.15

500

12 10.9 91.74

100

14 12 83.33

500

14 12.4 80.65

100

16 13.6 73.53

500

16 14.2 70.42

100

18 15.4 64.94

500

18 15.8 63.29

100

19 16.2 61.73

500

19 16.6 60.24

200

0 0.83 1204.82

600

0 0.84 1190.48

200

1 1.38 724.64

600

1 1.68 595.24

200

2 2.22 450.45

600

2 2.58 387.60

200

3 3.04 328.95

600

3 3.32 301.20

200

4 3.88 257.73

600

4 4.16 240.38

200

5 4.72 211.86

600

5 5 200.00

200

6 5.5 181.82

600

6 5.8 172.41

200 7 6.4 156.25 600 7 6.7 149.25200 8 7.2 138.89 600 8 7.5 133.33200

9 8.1 123.46

600

9 8.3 120.48

200

10 8.9 112.36

600

10 9.2 108.70

200

12 10.6 94.34

600

12 10.9 91.74

200

14 12.2 81.97

600

14 12.4 80.65

200

16 13.8 72.46

600

16 14.2 70.42

200

18 15.6 64.10

600

18 15.8 63.29

200

19 16.2 61.73

600

19 16.6 60.24

300

0 0.84 1190.48

700

0 0.84 1190.48

300

1 1.44 694.44

700

1 1.66 602.41

300

2 2.28 438.60

700

2 2.48 403.23

300

3 3.12 320.51

700

3 3.32 301.20

300

4 3.96 252.53

700

4 4.16 240.38

300

5 4.8 208.33

700

5 5 200.00

300

6 5.6 178.57

700

6 5.8 172.41

300 7 6.4 156.25 700 7 6.7 149.25300 8 7.3 136.99 700 8 7.5 133.33300

9 8.1 123.46

700

9 8.3 120.48

300

10 9 111.11

700

10 9.2 108.70

300

12 10.6 94.34

700

12 10.9 91.74

300

14 12.2 81.97

700

14 12.4 80.65

300

16 14 71.43

700

16 14.2 70.42

300

18 15.6 64.10

700

18 15.8 63.29

300

19 16.4 60.98

700

19 16.6 60.24

800

0 0.84 1190.48

800

1 1.66 602.41

800

2 2.48 403.23

800

3 3.32 301.20

800 4 4.16 240.38800 5 5 200.00800

6 5.8 172.41

800

7 6.7 149.25

800

8 7.5 133.33

800

9 8.3 120.48

Table 1 - Time between lines and resulting frequency, for all scannerʼs available settings.
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Figure 1 - Evolve of time between lines for different AGT values, as the lrate increases.
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25. Figure 11- S4 transducer beam width. Settings: pulseʼs length 6 cycles, frequency 2 MHz, focus 
point 6 cm. The beam is more focused at 4 cm depth.

26. Figure 12 - Series of pulses of 2MHz emitted from S3 tdr.
27. Figure 13 - Maximum negative pressures of a sequence of 16 pulses
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Chapter 3 - Received Field Calibration
28. Figure 1. Specially designed tank for both optical and acoustical measurements.
29. Figure 2 - Schematic of the experimental setup..
30. Figure 3 - images of attached Cu spheres, a rejected one (a) and an accepted one (b) along 

with the 100 μm calibration ruler.
31. Figure 4 - Captured backscattered echoes of a 1.2MHz pulse. (a) back scatter from a non Cu 

sphere particle, (b) normal Cu sphere backscatter. As it can be seen in case of alignment at a 
non Cu sphere particle (a) the backscattered signal is up to 10 times stronger than the average 
Cu sphere backscatter (b)

32. Figure 5 - Rejected backscatter due itsʼ abnormal shape. Could be caused either form an not 
Cu sphere backscatter (as in rejection criterion II) or by a strong reverberation introduced by 
the ring on which the membrane was attached.

33. Figure 6 - Rejected calibration curve. As it is shown the 2nd harmonic components are very 
lower indicating misalignment. Blue crosses stand for fundamental, green X from 2nd harmonic 
and red crosses for 3rd harmonic.

34. Figure 7 - Diameters of the final 5 Cu spheres in μm. Error bars are standard error.
35. Figure 8 - Energy density of the backscattered pulse versus the diameter  of the Cu sphere.
36. Figure 9 - Receive calibration curve of S3 transduce, shown in digits per Pa (the error bars 

show the standard error).

Chapter 4 - Acoustic response of the contrast agent biSphereTM

37. Figure 1 - Schematic of the measuring system used.
38. Figure 2 - Low amplitude echo that was undetected by the automatic detection code.
39. Figure 3 - A typical response of microbubbles insonified with a 6 cycles 1.62 MHz 550 kPa 

pulse.
40. Figure 4 - biSphere echo response when insonified with a six cycle 1.62 MHz 550kPa pulse. 

On figure (a) we see the filtered raw signal, (b) filtered fundamental component (c ) filtered 2nd 
harmonic component

41. Fiugre 5 - Fundamental to 2nd Harmonic Rms pressure of 121 biSphere microbubbles 
insonified with a 6 cycle duration 1.62MHz 550kPa pulse. Mark as green is the bubble which 
response is shown in figures 3 and 4. Blue line is the y=x line where the fundamental to 
harmonic Rms ration is equal to1

42. Figure 6 - Duration histogram of lines 1 to 7. As it is shown after the 2nd sonification all partial 
pulses are absent, indicating that full 6 cycles echoes are backscattered.

43. Figure 7 - Example of a partial pulse in response of a 1.62MHz 550kPa 6 cycle pulse. (a) only 
2 cycles out of the 6 that it was insonified with were backscattered, nonetheless the 
backscattered RMS pressure is similar to full pulses. (b) The green echo on the left is the 
partial pulse and on the right the full pulse of figure 3. At figures (c ) and (d) filtered 
fundamental and 2nd harmonic component of the pulse are shown respectively.

44. Figure 8 - Histograms of the durations and percentage of partial pulses as the incident acoustic 
pressure is increased

45. Figure 9 - How the duration of the pulse affects the fundamental and 2nd harmonic RMS 
pressure

46. Figure 10 - 227 biSphere microbubbles, insonified by a 6 cycles 1.62 MHz 800kPa pulse. The 
2nd harmonic RMS pressure is shown in an liner scale, revealing the great difference between 
the two populations.

47. Figure 11 - Variation in backscattered RMS pressure in response to increasing acoustic 
pressures ranging from 215 to 1000 kPa (6 cycles 1.62 MHz). Non partial pulses are depicted 
with a red cross, partials pulses with green circle. Yellow line is the y=x line where the 
fundamental to harmonic Rms ration is equal to 1
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48. Figure 12 - Mean RMS pressures of biSphere microbubbles in response to increasing incident 
pressure. Both partial and full duration populations are presented. Error bars are standard 
deviation.

49. Figure 13 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 
1.62 Mhz 215 kPa.

50. Figure 14 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 
1.62 Mhz 265 kPa.

51. Figure 15 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 
1.62 Mhz 300 kPa.. Non partial pulses are depicted with a red cross, partials pulses with green 
circle.

52. Figure 16 - biSphere bubbles hit with 7 6 cycles 1.62MHz 300kPa pulses. Bubbles of the lower 
right population of line 7 are traced in previous lines.

53. Figure 18 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 
1.62 Mhz 550 kPa.. Non partial pulses are depicted with a red cross, partials pulses with green 
circle.

54. Figure 19 - biSphere bubbles hit with 7 6 cycles 1.62MHz 550 kPa pulses. Bubbles of the lower 
right population of line 7 are traced in previous lines.

55. Figure 20 - Mean fundamental and 2nd harmonic RMS pressures of the selected bubbles 
throughout the 7 lines.

56. Figure 21 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 
1.62 Mhz 800 kPa.. Non partial pulses are depicted with a red cross, partials pulses with green 
circle.

57. Figure 22 - Bubbles hit by 7 pulses of 6 cycles 1.62 MHz 800kPa, creating 2 populations. 
Bubbles of low population at line 2 selected and traced in the rest lines (a-e), and of high 
population (f-j).

58. Figure 23 - Tracing low clusterʼs surviving bubbles of line 7
59. Figure 24 - Tracing high clusterʼs surviving bubbles of line 7
60. Figure 25 - Mean fundamental and 2nd harmonic RMS pressures of low clusterʼs bubbles 

throughout the 7 lines.
61. Figure 26 - Mean fundamental and 2nd harmonic RMS pressures of high clusterʼs bubbles 

throughout the 7 lines.
62. Figure 27 - biSphere microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 

1.62 Mhz 1000 kPa.. Non partial pulses are depicted with a red cross, partials pulses with 
green circle.

63. Figure 28 - Tracing the dead bubbles of line 2 in the consequent pulses. Reappearance 
phenomenon occurs.

64. Figure 29 - Mean pressures throughout the lines of surviving bubbles at line 2 (a), line 3 (b) and 
line 5 (c).

65. Figure 30 - Death rates of biSphere microbbubles, hit by 7 pulses of 6cycles duration 1.62 MHz 
with acoustical pressure varying from 300 to 1000 kPa.

66. Figure 31 - Warm up noise of 2 different microbubbles both insonifed by 7 pulses of 6 cycles 
1.62 MHz 550 kPa. The backscattered pulses from the 2 first lines are shown.

67. Figure 32 - Example of a case were no pulse was present in the first line, but itʼs appearance 
and duration was predicted by warm up noise.

68. Figure 33 - Percentage of partial pulses that have warm up noise in response to increasing 
insonifing pressure.

69. Figure 34 - Survival rate of partial and non partial pulses, backscattered by microbubbles 
insonified with 7 pulses of 6 cycles 1.62 MHz at different pressures.

70. Figure 35 - Death rate of pulses with and without Warm Up Noise backscattered by 
microbubbles insonified with 7 pulses of 6 cycles 1.62 MHz at different pressures.

71. Figure 36 - Death rate of pulses of all populations.

159



Chapter 5 - Acoustic response of the contrast agent Definity
72. Figure 1 - Examples of echoes from Definity microbubbles off resonance (a) and at resonance 

(b). Both bubbles were insonified with a 6 cycles 1.62 MHz 550 kPa pulses emitted by the S3 
probe.

73. Figure 2 - normalized cross correlation used to compare different pulses. When comparing a 
non resonance pulse (a) with a resonance one (b) the result of the cross correlation is 0.54. 
When comparing two similar pulses of two non resonant bubbles (d),(e) the result of the cross 
correlation is 0.85.

74. Figure 3 - Typical responses of microbubbles insonified with a 6 cycle 1.62 MHz 550 kPa pulse 
emitted by S3 probe (a) and S4 probe (b)

75. Figure 4 - Definity echo response when insonified with a six cycle 1.62 MHz 550kPa pulse 
emitted by S3 probe. On figure (a) we see the filtered raw signal, (b) filtered fundamental 
component (c ) filtered 2nd harmonic component (d) we see were the bubble lye in itsʼ 
population

76. Figure 5 - Definity echo response when insonified with a six cycle 1.62 MHz 550kPa pulse 
emitted by S4 probe. On figure (a) we see the filtered raw signal, (b) filtered fundamental 
component (c ) filtered 2nd harmonic component (d) we see were the bubble lye in itsʼ 
population

77. Figure 6 -  Histograms of the duration of echoes from Definity contrast agent at line 1. All 
bubbles were insonified with a 6cycles 1.62 MHz pulse and pressures varying from 550 - 1000 
kPa by the S3 probe ( (a)- (c)), or pressures from 300 - 800 kPa by the S4 probe ( (d) - (f)).

78. Figure 7 - Variation of fundamental and 2nd harmonic RMS pressure with duration. All bubbles 
where hit by a 6 cycles 1.62 MHz pulse of different acoustic pressure emitted by the S3 probe.

79. Figure 8 - Variation of fundamental and 2nd harmonic RMS pressure with duration. All bubbles 
where hit by a 6 cycles 1.62 MHz pulse of different acoustic pressure emitted by the S4 probe.

80. Figure 9 - Comparison of mean backscattered fundamental and 2nd harmonic RMS pressure 
at Line 1 between S3 and S4 probes. All bubbles where insonified with 1.62 MHz pulses.

81. Figure 10 - Pulses emitted by S3 (a) and S4 (c) probes. Both are 6 cycles 2 MHz 550 kPa 
pulses. Underneath them them the FFT of each pulse is shown.

82. Figure 11 - Fundamental to 2nd harmonic RMS pressure backscattered from 223 bubbles 
insonified by a 6 cycles 1.62 MHz 550 kPa pulse by the S3 probe. All bubbles entered the 
stream from a 100um diameter pipet.

83. Figure 12 - Reference resonant bubble for 100μm pipette.
84. Figure 13 - Definity microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 1.62 

Mhz 550 kPa. Bubbles were fed through a 100 μm pipette. Resonant bubbles are marked with 
green circles, and non resonant with red crosses.

85. Figure 14 - Fundamental to 2nd harmonic RMS pressure backscattered from 223 bubbles 
insonified by a 6 cycles 1.62 MHz 550 kPa pulse by the S3 probe. All bubbles entered the 
stream from a 200um diameter pipet.

86. Figure 15 - Reference resonant bubble for 200 μm pipette.
87. Figure 16 - Definity microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 1.62 

Mhz 550 kPa. Bubbles were fed through a 100 μm pipette. Resonant bubbles are marked with 
green circles, and non resonant with red crosses.

88. Figure 17 - Comparison of response of bubbles fed through 100 μm and 200 μm pipette, and 
insonifed by 7 pulses 6 cycles duration 1.62 MHz 550 kPa emmitted by the S3 probe. 100 μm 
pipette bubbles are merked with red crosses, 200 μm pipette bubbles with green circles.

89. Figure 18 -  Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 
550 kPa emitted by the S3 probe. Overall percentages (a) and sup populations (b) of bubbles 
fed thought two different diameter pipettes.

90. Figure 19 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm 
pipettes. Whole populations (including resonant and non resonant) (a), mean pressures of 
resonant and non resonant bubbles of 100 μm pipette (b) and 200 μm pipette (c).
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91. Figure 20 - Fundamental to 2nd harmonic RMS pressure backscattered from 38 bubbles 
insonified by a 6 cycles 1.62 MHz 800 kPa pulse by the S3 probe. All bubbles entered the 
stream from a 100um diameter pipet.

92. Figure 21 -Fundamental component of reference resonant bubble for 100 μm pipette
93. Figure 22 - Definity microbubbles insonifed by 7 consequent pulses of 6 cycles duration at 1.62 

Mhz 800 kPa. Bubbles were fed through a 100 μm pipette. Resonant bubbles are marked with 
green circles, and non resonant with red crosses.

94. Figure 23 - Fundamental to 2nd harmonic RMS pressure backscattered from 76 bubbles 
insonified by a 6 cycles 1.62 MHz 800 kPa pulse by the S3 probe. All bubbles entered the 
stream from a 200um diameter pipet.

95. Figure 24 -Fundamental component of reference resonant bubble for 200 μm pipette
96. Figure 25 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 

MHz 800 kPa. Bubbles entered the flow through a 200 µm pipette. Resonant bubbles are 
marked with green circles and non resonant with red crosses.

97. Figure 26 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 
MHz 800 kPa. Bubbles entered the flow through a 200 µm pipette. 200 μm pipetteʼs bubbles 
are marked with green circles and 100 μm pipetteʼs with red crosses. Only the first 3 lines are 
shown due to high death rate.

98. Figure 27 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm 
pipettes. Whole populations (including resonant and non resonant) (a), mean pressures of 
resonant and non resonant bubbles of 100 μm pipette (b) and 200 μm pipette (c).

99. Figure 28 -  Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 
550 kPa emitted by the S3 probe. Overall percentages (a) and sup populations (b) of bubbles 
fed thought two different diameter pipettes.

100.Figure 29 - Fundamental to 2nd harmonic RMS pressure backscattered from 76 bubbles 
insonified by a 6 cycles 1.62 MHz 1000 kPa pulse by the S3 probe. All bubbles entered the 
stream from a 200um diameter pipet.

101.Figure 30 -Fundamental component of reference resonant bubble for 200 μm pipette
102.Figure 31 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 

MHz 1000 kPa. Bubbles entered the flow through a 200 µm pipette. Resonant bubbles are 
marked with green circles and non resonant with red crosses.

103.Figure 32 - Death rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 1000 
kPa emitted by the S3 probe.

104.Figure 33 - Mean RMS pressures of bubbles that were fed through 200 μm pipette and 
insonified by 7 pulses train of 1000 kPa acoustic pressure. Whole population (including 
resonant and non resonant) (a), mean pressures of resonant and non resonant bubbles (b).

105.Figure 34 - Fundamental to 2nd harmonic RMS pressure backscattered from bubbles 
insonified by a 6 cycles 1.62 MHz 300 kPa pulse by the S4 probe. 36 entered the stream 
through a 100um diameter pipette (a), and 217 through a 200 um pipette (b).

106.Figure 35 -Rf signal of reference non resonant bubble for 100 μm (a) and 200 μm(b) pipette.
107.Figure 36 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 

MHz 400 kPa. Bubbles entered the flow through a 100 μm pipette are marked with green 
circles and 200 μm pipetteʼs with red crosses.

108.Figure 37 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm 
pipettes. Whole populations (including resonant and non resonant)(c), mean pressures of 
resonant and non resonant bubbles of 100 μm pipette (a) and 200 μm pipette (b).

109.Figure 38 - Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 
300 kPa emitted by the S4 probe. Overall percentages (a) and sup populations (b) of bubbles 
fed thought two different diameter pipettes.

110.Figure 39 - Fundamental to 2nd harmonic RMS pressure backscattered from bubbles 
insonified by a 6 cycles 1.62 MHz 550 kPa pulse by the S4 probe. 36 entered the stream 
through a 100um diameter pipette (a), and 217 through a 200 um pipette (b).

111.Figure 40 -Rf signal of reference non resonant and resonant bubble for 100 μm (a) and 200 
μm(b) pipette respectively.
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112.Figure 41 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 
MHz 550 kPa. Bubbles entered the flow through a 100 μm pipette are marked with green 
circles and 200 μm pipetteʼs with red crosses.

113.Figure 42 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 
MHz 550 kPa. Tracing bubbles of cluster at line 3 in the rest lines.

114.Figure 43 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm 
pipettes. Whole populations (including resonant and non resonant)(a), mean pressures of 
resonant and non resonant bubbles of 100 μm pipette (b) and 200 μm pipette (c).

115.Figure 44 - Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 
550 kPa emitted by the S4 probe. Overall percentages (a) and sup populations (b) of bubbles 
fed thought two different diameter pipettes.

116.Figure 45 - Fundamental to 2nd harmonic RMS pressure backscattered from bubbles 
insonified by a 6 cycles 1.62 MHz 800 kPa pulse by the S4 probe. 179 entered the stream 
through a 100um diameter pipette (a), and 269 through a 200 um pipette (b).

117.Figure 46 - Definity microbubbles insonifies by 7 consequent pulses of 6 cycles duration 1.62 
MHz 800 kPa emitted by S4 probe. 100 μm pipetteʼs bubbles are marked with green circles 
and 200 μm pipetteʼs with red crosses.

118.Figure 47 - Mean RMS pressures of bubbles that were fed through 100 μm and 200 μm 
pipettes. Whole populations (including resonant and non resonant)(a), mean pressures of 
resonant and non resonant bubbles of 100 μm pipette (b) and 200 μm pipette (c).

119.Figure 48 - Survival rates of bubbles insonified with 7 pulses of 6 cycles duration 1.62 MHz 
800 kPa emitted by the S4 probe. Overall percentages (a) and sup populations (b) of bubbles 
fed thought two different diameter pipettes.

120.Figure 49 - Percentage of resonating bubbles at line 1. Insofied with pulses emitted from S3 
and S4 probe, with varying pressures.

121.Figure 50 - Death rate at line 7, of bubbles insonified with S3 and S4 probe.
122.Figure 51 - Death rates of resonant and non resonant bubbles as the number of lines 

increases. All bubbles were insonified with 7 consequent pulses of 6 cycles duration and 
frequency of 1.62 MHz, emitted by the S3 probe (a) and S4 probe (b).

123.Figure 52 - Death rates of bubbles insonified with S3 and S4 probe (both resonant and non 
resonant populations together) as the number of lines increases. All bubbles were insonified 
with 7 consequent pulses of 6 cycles duration and frequency of 1.62 MHz. Applied acoustic 
pressure of 550 kPa (a) and 800 kPa (b).

124.Figure 53 - Death rates of bubbles insonified with S3 and S4 probe (both resonant and non 
resonant populations together) as the number of lines increases. All bubbles were insonified 
with 7 consequent pulses of 6 cycles duration and frequency of 1.62 MHz.

125.Figure 54 - Percentage of resonating bubbles at different acoustic pressures. The value of 
1000kPa at the 100 um pipette, is theoretically calculated, assuming linear increase.

Chapter 6 - Microbubbleʼs response from consecutive imaging 
pulses of variating time intervals

126.Figure 1 - Explanatory schematic showing the variable that we change in this set of 
measurements. Trepetition is the time between the middle of two consecutive pulses.

127.Figure 2 - Death rates of biSphere microbubbles insonified with consecutive pulses of different 
repetition frequencies. In all cases the pulse used, had 6 cycles durations frequency of 1.62 
MHz and acoustic pressure of 550 kPa, emitted by the S3 probe.

128.Figure 3 - Mean Fundamental RMS pressure of biSphere bubbles, insonified by a 6 cycles 
durations frequency of 1.62 MHz and acoustic pressure of 550 kPa, emitted by the S3 probe, 
pulse of variating pulse repetition frequency

129.Figure 4 - Mean Harmonic RMS pressure of biSphere bubbles, insonified by a 6 cycles 
durations frequency of 1.62 MHz and acoustic pressure of 550 kPa, emitted by the S3 probe, 
pulse of variating pulse repetition frequency
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130.Figure 5 - Death rates of Definity microbubbles insonified with consecutive pulses of different 
repetition frequencies. In all cases the pulse used, had 6 cycles durations frequency of 1.62 
MHz and acoustic pressure of 550 kPa, emitted by the S3 probe.

131.Figure 6 - Mean Fundamental RMS pressure of Definity bubbles, insonified by a 6 cycles 
durations frequency of 1.62 MHz and acoustic pressure of 550 kPa, emitted by the S3 probe, 
pulse of variating pulse repetition frequency.

132.Figure 7 - Mean Harmonic RMS pressure of Definity bubbles, insonified by a 6 cycles 
durations frequency of 1.62 MHz and acoustic pressure of 550 kPa, emitted by the S3 probe, 
pulse of variating pulse repetition frequency.

Appendix A
133.Figure 1 - Peak Negative pressures of 5 different sequences of pulses

Appendix B
134.Figure 1 - Evolve of time between lines for different AGT values, as the lrate increases.
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