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Summary
For many years the clinical use of contrast enhanced ultrasound (CEUS) with ultrasound
contrast agents (UCA) has been implemented using harmonic imaging, in which the first
harmonic of the transmit frequency is received to form the resultant images. Currently, the
clinical practice of CEUS is predominantly used for qualitative imaging, although in recent
years quantitative perfusion ultrasound imaging with UCAs has demonstrated potential for
diagnosing

tumour

malignancy

and

determining

angiogenesis;

however,

poor

reproducibility, low signal and poor contrast performance often lead to poor quantification
accuracy. Recent advances in ultrasound technology have demonstrated potential to improve
signal quality (and hence image quality) and allow for more robust modelling of contrast
agent uptake curves. However, optimal strategies for implementing these concepts have not
been fully investigated or exploited. One such concept is ‘subharmonic imaging’, which has
been suggested as a method for enhanced tissue suppression. Subharmonic imaging involves
receiving at half the fundamental transmit frequency.
In this thesis, an optimised subharmonic imaging technique for liver imaging is presented.
Initially, the technique was developed through bench-level acoustic characterisation. It was
found that acoustic characterisation using a narrowband bubble acoustic characterisation
system was superior to a broadband bubble acoustic characterisation system. Two variations
of the UCA SonoVue® (Bracco, Italy) were investigated in this work: the ‘Native’ UCA,
which was made up as per the manufacturer’s instructions, and had a size distribution of 1 –
10 µm; and an ‘Altered’ UCA, which was altered to a narrower size distribution of 1 – 4 µm
using the method of decantation. The size and volume distributions for both UCA were
measured and the resonance frequencies calculated as 3.6 MHz/1.7 MHz for the ‘Native’
UCA, from the size/volume distributions respectively, and 3.7 MHz/2.4 MHz for the
‘Altered’ UCA. The response of both UCAs to various transmit beams was investigated to
establish the optimum transmit parameters for subharmonic generation, with characterisation
performed across the frequency range 1.8 – 5 MHz and with pulse lengths 1 – 8 cycles. A
pulse length of 3 cycles consistently resulted in the highest subharmonic generation. In the
‘Native’ UCA, a transmit centre frequency of 1.9 MHz resulted in the most subharmonic
signal generation, while altering the UCA shifted this transmit centre frequency into the
range of 2.3 – 2.5 MHz. The maximum subharmonic generation for the ‘Altered’ UCA was
therefore in a more clinically useful range for abdominal ultrasound imaging, where the
utilised transducers are more sensitive to receiving at frequencies > 1 MHz. The results for
both UCAs indicated that the highest subharmonic signal was achieved near the resonance
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frequency of the UCA, measured from attenuation curves at 2.1 MHz for the ‘Native’ UCA
and 2.4 MHz for the ‘Altered’ UCA. Furthermore, combining these results with the
resonance frequencies predicted from the size and volume-weighted distributions indicated
that the volume distribution was a better indicator of bubble response.
The optimised subharmonic generation technique was then transferred to a clinical
ultrasound system (Aixplorer®, V11.2, Supersonic Imagine, France) and tested on two
newly-developed phantoms which mimicked both healthy and diseased liver tissue: (i) a
foam perfusion phantom, which was designed to produce different tissue representative
time-intensity curves at different depths, with ‘healthy’, ‘diseased’ and ‘necrotic’ mimicking
regions, and (ii) a hepatic artery attenuating flow phantom, which mimicked clinically
relevant attenuation for ‘healthy’, ‘fatty’ and ‘fibrotic’ liver tissue. The perfusion phantom
was used to compare the use of the newly developed optimised subharmonic imaging
technique with the clinically practiced CEUS harmonic pre-set. CEUS harmonic imaging
was carried out with the ‘Native’ UCA, to mimic current clinical applications, and the
subharmonic technique was carried out using both the ‘Native’ and ‘Altered’ UCA. The
optimised subharmonic imaging technique was shown to result in improved measurement of
perfusion dynamics, particularly at depth, with less shadowing, due to lower attenuation of
the lower subharmonic frequencies and no tissue signal contamination due to ‘tissue
harmonic signals’. The ‘Altered’ UCA resulted in improved estimation of the time intensity
curves, with less error and variation associated with the measurements and, furthermore,
imaging with this UCA better indicated changes in UCA concentration. Therefore, the use
of UCA altered in an application specific manner may lead to improved quantification
accuracy.
The developed SHI DCEUS technique, and research into the influence of the UCA size
distribution on both the optimum subharmonic imaging transmit parameters and the potential
for improving quantification accuracy with the technique, have clearly indicated the steps to
be taken to clinically implement an optimised SHI DCEUS quantification technique for liver
cancer. By implementing the recommendations herein, in terms of optimum transmit
parameters and producing SHI specific UCA, the use of SHI DCEUS holds potential for
indicating differences in perfusion dynamics which may be used in staging disease/tracking
response to treatments in liver cancer patients.
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Abbreviations
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The American Institute of Ultrasound in Medicine
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Area under the curve

BACS
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Computed Tomography
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Dynamic contrast-enhanced ultrasound
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3D
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14

μl

liquid viscosity

µi

mean of a sample

µT

mean of the population

̂𝑇
∆𝜇

standard error

N

number of population samples

n

number of samples

Naperture

number of elements in the aperture

nPe

number of piezoelectric elements in the transducer

nRF

number of RF samples per firing

nV

number of voxels in a line

ni

number of samples/measurements

P

pressure recorded

P0

ambient pressure

PA

excitation pressure with amplitude A

𝑃𝐺

gas pressure

𝑃𝐺0

initial gas pressure

Pd

acoustic pressure at distance d

R
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Chapter 1 Introduction
1.1 Context and Motivation
Over the last 20 years (Wei et al., 1998), quantitative perfusion ultrasound imaging with
ultrasound contrast agents has demonstrated potential for diagnosing tumour malignancy and
assessing angiogenesis; however, poor reproducibility, low signal and poor contrast
performance often lead to poor quantification accuracy. Recent advances in ultrasound
technology open up new possibilities to address these problems by improving signal quality
(and hence image quality) and allowing for more robust modelling of contrast agent uptake
curves, measured as time intensity curves. However, optimal strategies for implementing
these concepts have not been fully investigated or exploited. One such area of high potential,
that of Subharmonic Imaging, was the focus of this project.

Liver cancer is the second most common cause of cancer death worldwide, accounting for
9.1% of all cancer deaths, and is most prevalent in less developed regions, where 83 % of
the new liver cancer cases occurred in 2012 (Ferlay et al., 2015). The ratio of mortality rate
to incidence rate of liver cancer is 0.95 and therefore, the geographical patterns of incidence
and mortality are quite similar. Furthermore, the incidence and mortality rate of
Hepatocellular Carcinoma also tripled in the United States between 1972 and 2005
(Altekruse et al., 2009). Southern Europe and Northern America have intermediate rates,
while the lowest rates are in the North of Europe and South-Central Asia (Ferlay et al., 2015).
The poor prognosis of liver cancer means that early detection and tracking of treatments are
of particular interest and importance.

There is considerable interest in investigating tumour neovascularisation to both improve
cancer diagnosis and to investigate the efficacy of anti-angiogenic treatments and the
metastatic potential of tumours arising elsewhere (Cosgrove and Lassau, 2010). In tumorous
tissue the amount of blood perfusion is related to the microvessel density, which is in turn
related to the malignancy of the tumour. Therefore, quantifying the blood perfusion in
diseased tissue may allow for the assessment of the effect of the angiogenesis-inhibiting
drugs used for treatment. Dynamic contrast enhanced techniques offers considerable
potential in this regard, and have been investigated for many years with MRI, and more
recently for ultrasound using microbubble ultrasound contrast agents (UCA) (Eisenbrey and
Forsberg, 2010). As UCA respond non-linearly to ultrasound energy, this relationship can
be exploited to increase detectable contrast, UCA can be injected as a bolus, or as an infusion
in conjunction with in-situ burst-replenishment by applying short high-intensity bursts of
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ultrasound energy and monitoring the subsequent replenishment of the microbubbles from
the body (Tang et al., 2011).

Subharmonic imaging, has been suggested as a means of producing more accurate
assessment of vascularisation due to its potential for tissue suppression (Forsberg et al.,
2000). However, the technique, which has been used in research settings (Forsberg et al.,
2007), has not been implemented clinically, and therefore, current commercially available
ultrasound contrast agents have not been optimised for subharmonic imaging nor have
clinical ultrasound systems been optimised for the detection of low frequency subharmonic
signals, specific to abdominal imaging.

1.2 Aim and Objectives
The aim of this work was to develop an optimised subharmonic ultrasound imaging
technique for use in dynamic contrast enhanced ultrasound quantification techniques to
assess blood perfusion in liver tumours. The technique needed to be developed for use on a
clinical ultrasound system for liver imaging and, therefore, the frequency range 1 – 6 MHz
was investigated. To develop such a technique, it was first necessary to investigate and
optimise the generation of subharmonic signals in a bench-level system, and then transfer
this optimised technique to a clinical ultrasound system.
The main objectives and goals of this thesis are summarised below:
1. Development of bench-level bubble acoustic characterisation system, which
required:


A system to be capable of measuring the attenuation and subharmonic signal
level from ultrasound contrast agents.



Development of an optimised technique required control of the transmit
beam, specifically, the transmit centre frequency and pulse length;
additionally the pressure of the system, due to an initial threshold for
generation of subharmonic signals and related to the amplitude of the signal
thereafter, also needed to be controlled.



A code was also required to analyse the frequency content of the recorded
signals and to extract the relevant subharmonic signals.

2. Optimisation of the subharmonic imaging technique, which required:
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The technique developed to be at a controlled applied acoustic pressure which
was sufficiently high to elicit a subharmonic response but also did not disrupt
UCA.



The technique to be optimised in terms of transmit parameters, to achieve the
maximum subharmonic generation corresponding to the strongest signal and
therefore, greatest contrast in imaging.



The UCA size distribution to be investigated for maximising subharmonic
generation and to assess quantification accuracy and reproducibility of the
technique.



An appropriate subharmonic signal bandwidth to be established which did
not include contamination from other signals, specifically the fundamental
signal component.

3. Transfer of the optimised technique to the clinical ultrasound system, which required:


Access to raw radiofrequency data (Raw RF data).



Transfer of the optimised transmit parameters to the clinical ultrasound
system.



A robust method of extracting the subharmonic frequency content from the
Raw RF data.



The development of a novel phantom device which mimicked various
attributes of liver perfusion, including but not limited to: areas mimicking
various stages of disease, heterogeneous microvasculature, isotropic flow, a
clinically relevant input/output system, and some qualities which allowed for
the comparison of current clinical techniques to the newly developed
technique.



The development of a technique for dynamic contrast enhanced ultrasound,
including the development of a robust code to analyse the dynamic data and
produce time-intensity curves from processed clinical data and Raw RF data,
which allowed testing/comparison of techniques and UCAs.

1.3 Thesis Overview
The thesis has been divided into seven main chapters, mapping the development of an
optimised subharmonic imaging technique specifically designed for liver dynamic contrast
enhanced ultrasound imaging with the clinical ultrasound system, Aixplorer (Version 11.2,
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Supersonic Imagine, France). The chapters, which are outlined as follows, track the
development of this technique from a bench level system to implementation using the
clinical ultrasound system.
Chapter 2: Background & Literature
The background knowledge required for all subsequent chapters is provided in Chapter 2
along with a review of the current uses of subharmonic imaging techniques. The chapter
begins with a brief introduction to microcirculation and angiogenesis. The reader is then
introduced to ultrasound imaging and specifically contrast enhanced ultrasound imaging for
the diagnosis of liver cancer. A description of UCA and microbubble encapsulation models
follows. The nonlinear response of UCA to insonation is then discussed, including the
production of harmonic and subharmonic signals. Next, the theory of subharmonic
generation is described, detailing the subharmonic regimes and the transmit parameters
required for the production of subharmonic signals. A brief review of the use of subharmonic
imaging in vivo in the research environment is then presented. The techniques of
administering UCA are then discussed, including bolus injection and burst replenishment
techniques alongside models used for quantification of UCA dynamics when using both
techniques. Finally, a summary of the literature in the context of the current work is
presented.

Chapter 3: Development of a system for acoustic characterisation of ultrasound contrast
agents
Chapter 3 describes and presents the development of the bench-level bubble acoustic
characterisation systems (BACS), including the development of a broadband pulse-echo
system and a narrowband through-transmission system. The systems were developed for
attenuation measurements and to establish the optimum transmit parameters for subharmonic
generation in UCA. The BACS included single element transducers; the characterisation of
which are also detailed in this chapter. A hydrophone system was used to characterise the
output of the transducers in terms of transmit centre frequency, bandwidth and acoustic
pressure levels. Furthermore, the transducer’s receive sensitivities were characterised. Thus,
this chapter details the development and characterisation of the bench-level systems used to
establish the optimised subharmonic imaging technique.
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Chapter 4: Subharmonic Characterisation of Ultrasound Contrast Agents
The subharmonic response of two UCA was investigated; the commercial UCA SonoVue®
(Bracco, Italy), made up as per the manufacturer’s instructions, called the ‘Native’ UCA and
an ‘Altered’ UCA, made up by altering the size distribution of the ‘Native’ UCA using the
method of decantation. The size distribution and attenuation of both UCAs were measured
to establish the resonance frequency of each. The subharmonic response of both UCAs as a
function of transmit centre frequency and pulse length was investigated to establish the
transmit parameters which yielded the highest subharmonic signal. Furthermore, the method
of defining the frequency bandwidth of the subharmonic signal was considered. The
maximum subharmonic responses of the two UCA were compared to each other and
computational predictions of subharmonic response from a simulation of UCA at various
sizes with the physical characteristics of SonoVue®. In this way the optimum technique for
subharmonic generation was established for translation to the clinical ultrasound scanner.

Chapter 5: Initial transfer of the optimised subharmonic imaging technique to a clinical
ultrasound system
Chapter 5 introduces the clinical ultrasound system used in this work, the Aixplorer (V11.2,
Supersonic Imagine, France) which included the research package SonicResearch™. The
research package provided access to raw radiofrequency data (RF data) and allowed control
of advanced system parameters for image optimisation. The XC6-1 abdominal transducer
was characterised in terms of transmit spectra and acoustic output. A MATLAB (MATLAB
R2015a, The MathWorks, Inc., USA), code was developed for analysis of frequency content
of the Raw RF data using Welch’s periodogram to transform the data to the frequency
domain; the code output images mapping the subharmonic signal in the imaged region. A
simple system was then used to transfer the optimised subharmonic imaging technique to
the clinical scanner based on the results of Chapter 4. The subharmonic imaging technique
on the system was used to compare the potential merits of the ‘Native’ and ‘Altered’ UCA
for indicating changes in concentrations in a region of interest to assess the quantification
accuracy and repeatability of the technique and both UCA.
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Chapter 6 Investigation of SHI DCEUS on the clinical ultrasound system using novel liver
mimicking phantoms
Chapter 6 details the design and development of novel liver mimicking phantoms, which
were then used to test the subharmonic imaging dynamic contrast-enhanced ultrasound
technique. The first phantom developed was designed to mimic the complex perfusion
dynamics of various stages of liver disease and test the ability of the system to detect changes
in the time-intensity curves (TICs) associated with the different vascularisation of the ‘tissue
types’. Furthermore, the phantom was designed to include a harmonic signal component to
mimic the tissue harmonic components which can contaminate current CEUS techniques,
thereby allowing the phantom to be used to compare the newly developed optimised
subharmonic imaging technique with the clinically practiced CEUS technique. Therefore,
the developed perfusion phantom was unique in its ability to both mimic diseased tissue
vasculature, in its heterogeneous and isotropic nature, and provide a harmonic ‘tissue’
component for comparison of subharmonic and harmonic imaging techniques. In addition
to comparing these techniques, measured time-intensity curves were used to compare the
two UCAs and assess their potential for use in quantification techniques. A second phantom,
a flow phantom mimicking the acoustic characteristics of diseased liver tissue, was used to
further assess the optimised technique’s application on the clinical scanner with the ‘Altered’
UCA. This investigation exposed the limitations of the scanner in implementing the
optimised technique for clinically relevant attenuations and depths of the liver.

Chapter 7: Conclusions
Finally, the most important conclusions and implications of the research are discussed in
Chapter 7, including the various recommendations for the development of commercial
UCA for use in SHI DCEUS and the requirements of clinical ultrasound systems for the
development of such techniques.
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Chapter 2 Background
Tumour progression is a multistage process depending on a number of alterations in cell
physiology which combine to dictate cancerous growth (Averkiou et al., 2010).
Angiogenesis is a complex process involving the formation of new blood vessels from preexisting vessels, while it is a normal process which occurs in healthy tissue, it is also a
fundamental step in the formation of malignant tumours.
Angiogenesis has been a topic of interest in cancer research since 1971 after Folkman
(Folkman, 1971) developed the hypothesis that tumor growth was an angiogenesisdependent process. Today it is widely recognized that a key part of the growth and
development of malignant tumours is the development of a network of micro-capillaries
which satisfy the tumours nutrient requirements. The generation of malignant tumour
masses relies on both tumour cell proliferation and angiogenesis (Folkman, 2006). As a
result, there has been a great interest in the development of anti-cancer treatments and drugs
which are designed to both stop the development of these new capillaries and/or attempt to
destroy those already created, cutting off nutrient supply and, therefore, killing tumour cells.
Techniques which are capable of measuring the perfusion of blood through the capillary
network could, therefore, shed light on tumour malignancy and the response of tumours to
anti-angiogenic therapy. Patients may continue to take angiogenesis inhibiting drugs for
extended periods of time, sometimes 3 – 5 years, without evidence of drug resistance
(Folkman, 2006). As they may be used for such prolonged periods, early evidence of the
drugs ability to inhibit angiogenesis for a particular patient is important. If the drug is found
to be working early on, continued treatment could go on as planned; however, if the
treatment is not seen to be successful, alternative drugs or doses may be used to tackle the
tumour before it becomes more aggressive.

2.1 Microcirculation and Angiogenesis
Angiogenesis is a prerequisite for tumour growth greater than 2 𝑚𝑚2 and is a key factor of
metastasis by allowing the in-growth of vessels into a tumour providing a pathway for
systemic dissemination via the blood or lymph system.
Tumour heterogeneity leads to heterogeneity in the tumour vasculature. Tumour blood
vessels are different from normal blood vessels, they are irregular in shape, tortuous and can
have dead ends. Tumour angiogenesis differs significantly from physiological angiogenesis.
Differences

include aberrant

vascular structure, altered

endothelial-cell–pericyte

interactions, abnormal blood flow, increased permeability and delayed maturation. There is
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evidence that angiogenesis can be switched on at different stages of tumour progression,
depending on the nature of the tumour and the microenvironment; however,
neovascularization is a prerequisite for tumour progression (Bergers and Benjamin, 2003).
Measuring tumour flow and vascular volume at different stages in the progression of the
tumour may provide valuable information regarding the response of tumours to antiangiogenic therapies.

2.2 Liver Cancer and Contrast Enhanced Ultrasound (CEUS)
Ultrasound imaging is based on the principle of echolocation and is used in many clinical
applications, due particularly to the use of non-ionising radiation and relative low cost per
examination. Other advantages of ultrasound imaging include the achievement of relatively
high spatial, contrast and temporal resolution and, therefore, it is regarded as a good option
for many clinical applications and examinations. However, conventional imaging can have
limitations with the imaging depth and the contrast-to-tissue ratio. Ultrasound contrast
agents (UCA), used in contrast-enhanced ultrasound (CEUS) may be used to increase the
amplitude of echoes from deeper lying structures, allowing for improved detectability and
hence applicability of ultrasound imaging in general. With the development of advanced
ultrasound imaging techniques, such as the use of microbubble contrast agents, harmonic
and subharmonic imaging, volumetric imaging and plane wave imaging, there has been a
great increase in the research and use of ultrasound imaging for abdominal, cardiac and
breast imaging applications in particular. For example, in cardiac imaging CEUS has been
used to assess cardiac output by measurements of blood flow based on UCA dilution (Mischi
et al., 2003), in breast imaging applications SHI CEUS has been shown in improve diagnosis
and lesion characterisation (Forsberg et al., 2007), and in abdominal imaging, harmonic
imaging CEUS in the liver has become established as a method of lesion characterisation
(Claudon et al., 2013). CEUS using harmonic imaging and subharmonic imaging are further
discussed in Sections 2.4, 2.5, 2.6 and 2.7.
Cancer is a leading cause of death worldwide, accounting for 8.2 million deaths in 2012
(Stewart BW., 2014). The most common causes of cancer death are cancers of (Stewart BW.,
2014):


lung (1.59 million deaths/year)



liver (745,000 deaths/year)



stomach (723,000 deaths/year)



colorectal (694,000 deaths/year)
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breast (521,000 deaths/year)



oesophageal cancer (400,000 deaths/year)

Hepatocellular carcinoma (HCC) is the most common type of liver cancer, which begins in
the main type of liver cell, hepatocyte cells. Cancer can also develop in other types of cells
in the liver; however, these are far less common. There is a need for the development of
tools that provide sufficient resolution to assist in the early diagnosis of HCC, patient
stratification for prognosis and therapy (Wang XW, 2011).

HCC is most frequently

developed in patients with diseased liver, so that both HCC and cirrhosis deeply influence
survival and both simultaneously contribute to the applicability and efficacy of therapy.
Due to the dual blood supply of the liver tissue by the hepatic artery (25 – 30 %) and the
portal vein (70 – 75 %), three overlapping vascular phases can be defined and visualised
using CEUS. These are the arterial, portal and late phases. The length of each phase depends
on the circulatory status. The arterial phase starts from 10 – 20 seconds post injection and
generally lasts approximately 10 – 15 seconds. The portal phase generally continues for
about 2 minutes, while the late phase continues until the contrast agent is cleared out of the
hepatic parenchyma. The late phase is dependent on the UCA used, which is thought to result
in different uptake of the Kupffer cells and has been shown last up to 4 – 6 minutes using
the UCA SonoVue® (Claudon et al., 2008). Focal liver diseases have also developed into
one of the most important applications of CEUS due to the improvement in detection and
characterisation of lesions over conventional ultrasound (Claudon et al., 2008).
As with all imaging modalities there are limitations to the use of CEUS in liver, including
(Claudon et al., 2013):


The resolution achievable and the particular scanning conditions mean that the
smallest detectable lesions range between 3 – 5 mm in diameter, and hence very
small Focal Liver Lesions (FLL) may be overlooked.



Lesions which are sub-diaphragmatic may not be accessible.



The falciform ligament and surrounding fat can result in an enhancement defect in
images which may be misinterpreted as a FLL.

By observing the enhancement patterns during CEUS, various lesions may be characterised
(Claudon et al., 2008, Claudon et al., 2013, Eisenbrey et al., 2014b, Dietrich, 2004).
Enhancement patterns are characterised in terms of degree of enhancement in different
stages to differentiate lesions. For example, during a CEUS examination in the liver, a cyst
will be non-enhancing in all phases; whereas a HCC lesion in the arterial phase, will appear
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as hyper-enhanced with complete non-enhancing areas due to necrosis and may also feature
chaotic vessels, in the portal venous phase, will appear iso-enhanced, hypo-enhanced and
non-enhanced (necrosis) in different areas, while in the late phase the lesion will be hypoenhanced potentially with non-enhanced necrotic regions (Claudon et al., 2013).
Furthermore a focal nodular hyperplasia (FNH) will appear as a hypo-enhanced lesion
throughout a CEUS examination (Dietrich, 2004). There has recently been a move towards
perfusion quantification and assessment of antiangiogenic treatment using CEUS in the liver
(Claudon et al., 2013).
The use of more advanced techniques, such as subharmonic imaging, which results in
increased tissue suppression, may improve the detectability of smaller and deeper lesions.
There are three commonly used UCA in the liver at the present time, SonoVue®, Definity™,
and Sonazoid™ (Table 2.1). SonoVue® is marketed as Lumason® in the USA but is not
currently licensed for use in the liver (Nolsøe and Lorentzen, 2016).
Table 2. 1: Description of commonly used UCA in the liver and the countries in which they
are licensed for use (Claudon et al., 2013).
Microbubble

SonoVue®

Definity™/Luminity™

Sonazoid™

Sulphur Hexafluoride

Octafluoropropane

Perfluorobutane with a

with a phospholipid shell

[perflutren] with a lipid

phospholipid shell

Product Name
Description

shell

Manufacturer

Licensed in

Bracco SpA, Milan, Italy

Lantheus Medical,

Daiichi-Sankyo, GE

Billerica, USA

Tokyo, Japan

Europe, China, India,

USA, Canada and

Japan, South Korea,

Korea, Hong Kong, New

Australia

Norway and Denmark

Zealand, Singapore,
Brazil

2.3 Microbubble Ultrasound Contrast Agents
The three main requirements for ultrasound contrast agents are (Stride, 2005):


Detectability - microbubbles should produce as large a contrast effect as possible for
a given dose.
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Longevity - microbubble survival times should be sufficient to enable imaging of the
required region.



Safety- microbubbles should pose no risk to the patient.

In addition to the above requirements an ideal microbubble should (Stride, 2005):


Respond predictably and reproducibly



Have a well-defined destruction threshold



Locate preferentially in the region of interest



Be economical to produce



Be convenient to administer



Eventually disintegrate or be eliminated from the body.

In diagnostic ultrasound imaging, the majority of contrast agents used for imaging
microvasculature are comprised of microbubbles, typically between 1 – 10 μm in diameter,
with some nanobubbles (400-800 nm) recently developed for targeted drug delivery
techniques (Paefgen et al., 2015). Nanobubbles were not used in this work and therefore, all
further references to UCA refer to microbubble UCA. UCA are gas filled with a stabilising
shell (Figure 2.1). The gas contained in microbubbles, usually air or Perfluorocarbon gas,
and the stabilising shell (denatured albumin, surfactants or phospholipids) are crucial to the
effectiveness of microbubbles as UCA and must allow them to be sufficiently stable so that
they persist in the circulatory system for several minutes after injection to allow sufficient
time for imaging of the region of interest to take place. Encapsulated UCA microbubbles can
be injected into the circulatory system to act as red blood cell tracers as their size is close to
that of red blood cells, which are approximately 6 – 8 μm in diameter. Microbubbles are,
therefore, sufficiently small that they may cross the capillary bed of the pulmonary
circulation, but also large enough that they do not cross the vascular endothelium, allowing
them to be true intravascular contrast agents. Unlike in other modalities such as MRI,
microbubble contrast agents in ultrasound do not leak from capillaries, they remain entirely
in the microvasculature.
The ideal UCA should be inert, intravenously injectable by either bolus or infusion, should
remain stable during both cardiac and pulmonary passage, persist within the blood pool or
with a well specified tissue distribution, the duration of the echo enhancement effect
produced should be comparable to that of the imaging examination, have a narrow
distribution of bubble diameters and respond well to the peak pressure of the incident
ultrasound wave.
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Phospholipid Shell

10 – 100 nm

Perfluorocarbon gas

1 – 10 µm

Figure 2. 1: The structure of a microbubble UCA (1 – 10 μm), composed of a
perfluorocarbon gas encapsulated in phospholipid shell (10 – 100 nm).
UCA result in a large difference in acoustic impedance, which in turn increases the amplitude
of the reflected signal. Through this increase in reflectivity, UCA are used to produce
enhanced signals from blood vessels, resulting in an improved sensitivity to both deeper
tissues and very small vessels which might otherwise be invisible using conventional
ultrasound techniques. Reflectivity is proportional to the fourth power of the particle
diameter and also directly proportional to the concentration of the particles themselves, for
a UCA of certain size increasing the number of particles in a region leads to a direct increase
in signal, this relationship can be exploited for use in quantification techniques. In addition
to providing increased reflectivity, the UCA generate harmonic and subharmonic signals as
a result of nonlinear behaviours.
Due to their small diameter, a, in comparison with the wavelength of ultrasound (λ  1 –
0.1 mm >> a), UCA are Rayleigh scatters (Hedrick WR, 1995).

As fluid pushes on the

surface of the microbubble, its inertia and the stiffness of the entrapped gas of the
microbubble lead to the mechanical response which results in enhanced echo signals. The
balance between these competing factors results in a resonant frequency given by:

𝑓𝑟 =

1
3𝛾𝑐 𝑃0
√
2𝜋𝑎
𝜌𝑐

(2.1)

where a is the microbubble radius, 𝜌𝑐 the density of the surrounding medium (i.e. the
surrounding blood), 𝛾𝑐 =

𝑐𝑝
𝑐𝑣

, the ratio of the heat capacities at constant pressure and volume

and 𝑃0 the static pressure at the bubble surface. For microbubbles < 7 μm in diameter this
resonance frequency corresponds to the frequencies used in diagnostic ultrasound (2 – 10
MHz) (Cosgrove, 2006).
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The usefulness of UCA for deep abdominal imaging was suggested in the literature shortly
after their introduction (Forsberg et al., 1998) and predicted the use of contrast kinetics in
differentiating benign from malignant tumours. Using UCA for the assessment of blood
flow and tissue perfusion means that the microbubbles must meet a number of conditions:


The UCA must be representative for blood, therefore, intravascular distribution and
flow of the agent must be equal to that of red blood cells.



The UCA should not influence the blood in anyway.



The UCA should not separate from the blood stream (Greis, 2011).

First generation microbubbles were air-filled and coated with galactose microcrystals
(Levovisit) or denatured albumin (Albunex); however, these are no longer in common use
(Kim et al., 2008). Second generation microbubbles contain perfluorocarbon gases such as
perfluoropropane (Definity™, Lantheus Medical Imaging, USA) or sulphur hexafluoride
(SonoVue®, Bracco, Italy), and are encapsulated with phospholipid shells (Kim et al., 2008).
These low solubility and low diffusibility gases have been found to dramatically improve
UCA persistence. Ideally a filling gas should have a low solubility in blood, be inert and
present a high vapour pressure. Second generation UCA also remain more uniform in size
when in the blood, allowing for a more consistent backscatter, which is related to bubble
radius, and therefore providing potential improvements for quantification accuracy.
The UCA SonoVue® was used in this work. It is a sulphur hexafluoride-filled microbubble
contrast agent encapsulated by a flexible phospholipid shell. In the body, SonoVue® has an
elimination half-life of six minutes and more than 80% of the compound is exhaled through
the lungs. The advantage of sulphur hexafluoride-filled compared to air-filled microbubbles
is the high stability and prolonged persistence in peripheral blood. As the gas displays a low
solubility and the phospholipid shell is stable, along with the uniformity of the microbubble
diameter there is improved backscattering and harmonic behaviour at low acoustic power
insonation.
2.4 Nonlinearity and Harmonics
Nonlinearity is a property of a medium by which the shape and amplitude of a signal at a
location is no longer proportional to the input excitation. In contrast, a linear scatterer is one
that produces an echo whose amplitude is always the same fraction of the incident amplitude;
if this is true at every instant of the incident pulse, it follows that the waveform of the echo
pulse will match the incident pulse (Whittingham, 2005).
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Tissue is almost incompressible, and therefore, is mainly a linear resonator. However, UCA
have a fragile flexible boundary and are compressible, they can expand and contract with the
compressional and rarefractional half cycles of sound waves when insonified, which allows
for nonlinear oscillation to take place above a threshold pressure. UCA therefore act as
nonlinear resonators that under certain conditions may change size, cavitate, and fragment
or be moved. This nonlinear resonance behaviour leads to the generation of both harmonic
and subharmonic signals from the UCA.
The oscillatory response of UCA depends on the acoustic power of the transducer, as well
as the shell material. At low acoustic powers symmetrical oscillations occur, similar to those
in tissue but with enhanced echo signal, and the frequency of the scattered signal is the same
as the transmitted pulse. At this stage the expansion and contraction of the bubble is
symmetric about its equilibrium position. However, as the acoustic power is increased the
microbubble begins to oscillate nonlinearly. This is because, for larger amplitude sound
fields, a bubble can expand with the sound field, but it cannot contract without limit as the
volume of the encapsulated gas can only be compressed so far (Figure 2.2). This finite
compression limit leads the pressure response of the microbubble to be asymmetric as a
function of time. This unequal response is said to be nonlinear and causes the returning
signals to contain multiples of the insonation frequency, which are known as harmonics.

The incident pressure wave is
symmetric

UCA can only contract so far
under positive pressure, but can
expand much further under
negative pressure
Resulting asymmetrical
vibrations produce nonlinear
signals
Figure 2. 2 Schematic of the nonlinear oscillation of a microbubble insonated with a high
acoustic power adapted from (King et al., 2008).

Microbubble ultrasound contrast agents, therefore, at high incident pressure produce an
asymmetric response with a peak amplitude that is not in proportion to the peak amplitude
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of the incident pulse. This nonlinearity can be used to enhance the contrast-to-tissue ratio in
ultrasound imaging. The contrast-to-tissue ratio (CTR) is defined as the ratio of the mean
intensity within the region of interest with microbubbles to the mean intensity within the
ROI in the tissue (Hwang and Woo, 2012). The nonlinear characteristics of the contrast
agent results in harmonic generation, allowing for the contrast agents to be optimally imaged
using harmonic imaging techniques.
In harmonic imaging (HI) the transducer transmits at a frequency 𝑓0 but is set to detect at the
first harmonic frequency, 2𝑓0 , by using high pass filters to block the detected component at
the fundamental frequency. HI leads to restrictions on the bandwidth available for imaging:
in order to ensure that there is no contamination of the harmonic signal by the fundamental
signal there should be minimum overlap between the two harmonic and fundamental
bandwidths (Averkiou et al., 2003). If the transmitted signal overlaps with the received
bandwidth, a type of acoustic harmonic noise is created that can interfere with the pure
harmonic echoes. Therefore, longer pulses are transmitted to narrow the transmit spectrum,
which results in a loss of axial resolution (Szabo, 2004).
Harmonic imaging does not result in total cancelation of tissue signal and as a result bloodto-tissue contrast can suffer due to harmonic generation and accumulation in tissue. As the
ultrasound pulse propagates through tissue, a nonlinear response causes the waveform within
the pulse to become distorted so that the returning echoes contain not only the fundamental
frequency but also harmonics of that frequency. The peaks of the pressure wave travel
marginally faster than the troughs due to the different velocity of the ultrasound propagation
in compressed tissue compared with relaxed tissue, this gives rise to a distorted saw-tooth
pulse, which will eventually form a shock wave resulting in the generation of harmonics.
The amplitude of the harmonics is related to the nonlinear parameter B/A of the tissue
through which the pulse is travelling. There is, therefore, also a small amount of harmonic
produced in tissue as well as by the contrast agent. This is one of the main issues with
harmonic imaging, as the generation of harmonics in tissue can decrease the CTR, this is
especially true for deeper lying structures.
A number of methods have been developed for combating the shortcomings of harmonic
imaging, such as tissue cancellation, including pulse inversion and amplitude modulation.
Pulse inversion (PI) overcomes the axial resolution limitations of HI. The technique avoids
the bandwidth limitations by using a subtraction method to cancel out the fundamental
component (Averkiou et al., 2003). The pulse inversion technique consists of transmitting
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two or more pulses with each new pulse being the inverse of the previous one, i.e. applying
a phase difference of π, and adding the echoes to remove the fundamental component without
the use of any filtering operation. This method removes the requirement of narrowband
transmit for harmonic signal extraction and even in the case of broadband transmit, where
fundamental and harmonic components overlap, the second harmonic component can be
isolated. Since the original pulses differ in phase by an amount equal to π, their respective
odd harmonic components (n = 1, 3, 5, . . .) differ in phase by nπ and are inverses of one
another and thus cancel by addition, whereas the even harmonic components (n = 2, 4, 6, .
. .) double since they differ by 2nπ (Averkiou, 2000). If the scattering is nonlinear, as in the
case of microbubbles, the two sequences will not cancel on addition, thus providing a way
of cancelling the fundamental and odd harmonic components, but preserving or amplifying
the 2nd harmonic and other even components.
Bernatik (Bernatik et al., 2001) compared a wideband HI technique using PI with
conventional US for detecting liver lesions. The study involved 28 patients and 63 lesions,
and CEUS HI was found to detect 97% of lesions previously detected with X-ray CT,
compared to a corresponding detection rate of 59% for conventional US. However, the study
did not include a comparison to conventional non-HI CEUS.
Amplitude Modulation (AM) is similar to pulse inversion in that two pulses are emitted;
however, both pulses are of the same phase with one being amplitude scaled relative to the
other.

Typically, the second pulse is transmitted along the same line with twice the

amplitude of the first, and upon detection it is rescaled before summing, which results in the
cancelation of the linear signal component. The echoes from stationary tissue are cancelled
since, for linear scatterers, the second echo sequence will be identical to the first, apart from
having twice the amplitude. This is not the case for a nonlinear scatterer, such as the
microbubbles, for which there will be a residual nonlinear signal after subtraction
(Whittingham, 2005). The advantage of amplitude modulation over pulse inversion is that
the odd order harmonics are preserved as non-linear signals and will not scale to the same
echo as is present in the first pulse. The movement of tissue interfaces between transmissions
will limit the performance of amplitude modulation since the echoes from a given interface
will not be in the same positions as their respective echo sequences when they are subtracted,
and furthermore it is technically difficult to generate two pulses where one is precisely half
the amplitude of the other (Whittingham, 2005).
Harmonic imaging is now commonly used in CEUS imaging, and its use has resulted in good
tissue cancellation and an increased ability to detect microbubble contrast agents. However,
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as harmonics are also produced in tissue, total cancellation of tissue signal is not achieved.
Even with the use of techniques developed to improve CTR, residual tissue signal still
remains in harmonic imaging. This limitation has led to the development of subharmonic
imaging techniques which are discussed in the next section.
2.5 Dynamic Contrast Enhanced Ultrasound
Dynamic Contrast Enhanced Ultrasound (DCEUS) is a type of CEUS which involves rapidly
and sequentially imaging a region of interest immediately before and then after a bolus
injection of an ultrasound contrast agent or during a constant infusion combined with a burstreplenishment technique. By imaging a region of interest continuously from wash-in of the
UCA, through peak enhancement and to wash-out, DCEUS can be used to characterise
different lesions and to quantify perfusion through various parameters derived from the
resulting measured signal as a function of time, i.e. the time intensity curve (TIC). Typically
DCEUS includes the use of harmonic imaging.
A study of 42 HCC patients treated with the anti-angiogenetic agent bevacizumab indicated
that a reduction in tumour vascularity could be detected within 3 days using harmonic
DCEUS and changes in tumour size within 7 days when combined with B-mode imaging
(Lassau et al., 2011). The DCEUS scans were performed before treatment on day 0, and
then on days 3, 7, 14 and 60 after treatment. This took place in two stages: first, B-mode
imaging and measurement of tumour size was performed and then DCEUS was performed
with a 4.8 ml injection of SonoVue® with images acquired for three minutes. Seven semiquantitative perfusion parameters were extracted from the time intensity curves: peak
intensity, time-to-peak intensity, total area under the time-intensity curve (AUC), AUC
during wash-in, AUC during wash-out, slope coefficient during wash-in, and full width half
max. Reductions in tumour blood volume, in terms of AUC and AUC during wash-out,
were evident within 3 days after treatment and correlated with standard tumour response
measures and overall survival. The authors suggest that DCEUS may be useful for detecting
and quantifying dynamic changes in tumour vascularity and perfusion estimates and these
changes may have potential in the early evaluation of anti-angiogenic agents. No significant
differences were observed in the statistical tests for this study between the 7 parameters
tested before and after the treatment, which may be due to the low number of patients
involved in the study. The data acquired in this clinical study was harmonic data, which
therefore included some degree of tissue harmonic contamination of the signals which were
used to quantify changes in the tumour vascularity’s, subharmonic imaging, which is not
contaminated in this way therefore holds potential for improving the accuracy in such a
33

study. Furthermore, the commercial UCA available are not optimised for quantification
techniques and have wide size distributions which may also limit the quantification accuracy
as the response, in terms of harmonic and also subharmonic imaging, of the UCA to
transmitted signals is dependent on their resonance frequency which in turn is dependent on
the microbubble size.
Kogan (Kogan et al., 2011) compared 2 methods using low-intensity non-destructive
ultrasound, to observe UCA enter the rodent kidney microvasculature and assess flow
‘‘rate’’ by either fitting a wash-in rate model or a parametric method, and estimate the time
for the contrast signal to return to a set percentage of maximum signal enhancement. The
wash-in method was found to be less sensitive than the parametric method in detecting
changes in renal blood flow, but also relatively insensitive to UCA infusion rate. Renal
blood flow was modulated through different doses of Angiotensin II. DCEUS was reported
to be suitable for use in a calibrated quantitative measurement of perfusion in vivo with
enough sensitivity to evaluate differences in regional responses to vasoactive drugs. Similar
to the previously discussed quantification study, this study might benefit from the use of
subharmonic imaging and UCA altered to achieve better quantification accuracy.
The use of DCEUS in prostate imaging can lead to fewer biopsies per session and allow for
more cancers to be detected than with systematic biopsy (Mitterberger et al., 2007). Mischi
(Mischi et al., 2015) performed a study comparing the use of transabdominal and transrectal
DCEUS for imaging of the prostate with the contrast agent SonoVue®. The study included
the use of both techniques on a small patient cohort (ten patients) and the analysis of the
‘goodness-of-fit’ of the time-intensity curves derived from both the techniques. Acquisitions
of approximately 1 minute were recorded to obtain the TICs. The fitting in this study was
carried out through use of the local density random walk model to the time-intensity curves
measured at each pixel. The local density random walk model describes the convectiondispersion process of TICS. Colour maps of the goodness-of-fit parameter 𝑅 2 were used to
compare the two techniques. As both techniques achieved an average 𝑅 2 = 0.91, the authors
concluded that the replacement of the currently practiced transrectal approach with the
transabdominal technique was feasible, which would improve patient comfort and may be
useful for prostate cancer localisation and monitoring. Reduced signal strength was reported
for transabdominal scanning compared to transrectal studies, which may have resulted from
the increased distance travelled by the ultrasound wave between the probe and the prostate
compared with the transrectal probe. The authors suggest that this may be avoided through
use of prostate imaging specific probes, which would be designed to view small deep targets.
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The use of subharmonic imaging can lead to improved penetration depth and might improve
the identification of small deep targets in transabdominal prostate imaging.
DCEUS has also been investigated for use in the characterisation of complex cystic focal
liver lesions. Corvino et al. carried out a prospective study with 36 patients, and a total of
61 complex cystic FLLs, into the impact DCEUS has in the assessment of cystic FLLs
unclassified with conventional ultrasound imaging (Corvino et al., 2015). SonoVue® was
also used in this study, and was administered in bolus injections of 2.4 or 4.8 mL, depending
on radiologist preference, patient type, number and distribution of lesions. Continuous
scanning was performed immediately after injection and lasted 4 – 5 minutes. Using the
DCEUS technique a correct differential diagnosis was made between benignity and
malignancy in 58 of 61 lesions (95%). The technique correctly identified all malignancies,
although it misclassified half of the abscesses and did not distinguish cystadenoma from
biliary cystadenocarcinoma. Where diagnosis was difficult this was often due to an overlap
in features, as was the case for cystadenoma and cystadenocarcinoma. In this study
observational bias was introduced as the same radiologist performed both the conventional
and DCEUS studies and therefore, they may have relied on the baseline appearance of the
lesion when making a diagnosis. There was also a selection bias as all patients enrolled were
from those entering a cancer institute and therefore the cohort contained a high prevalence
of malignant forms of cystic lesions compared with benign lesions. The number of lesions
evaluated in this study was low relative to the long observational period of three years and
the lesion types examined are rare, therefore the authors suggest that larger patient
populations are needed to confirm the findings. This study used DCEUS to subjectively
assess the lesions and no quantitative data was collected from the dynamic perfusion of the
lesions, the use of which might improve classification. Furthermore, due to the depth of FLL,
diagnosis, particularly in difficult to image/obese patients, might be improved through the
use of subharmonic imaging.
2.6 Subharmonic Generation
It has been known since 1969 that bubbles are capable of emitting subharmonics when
suspended in liquid (Eller and Flynn, 1969). Since the late 1990s the use of subharmonic
imaging in CEUS has been investigated in various studies (Eisenbrey et al., 2011a, Forsberg
et al., 2000, Daeichin et al., 2015, Eisenbrey et al., 2013, Eisenbrey et al., 2011b, Eisenbrey
et al., 2014b, Gupta et al., 2014, Shi et al., 1999, Bhagavatheeshwaran et al., 2004).
Subharmonic imaging (SHI), in which echoes at half the fundamental frequency are
detected, has been suggested as an alternative to harmonic imaging to improve blood-tissue
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contrast, on the basis that tissue does not produce significant subharmonic content (Shankar
et al., 1998, Forsberg et al., 2000, Chomas et al., 2002). Additionally, due to the frequencydependent attenuation of ultrasound beam energy in tissue, the lower frequency subharmonic
signals result in less attenuation of the signal compared to the first harmonic component,
thus the lower frequency subharmonic component has an improved penetration depth.
Early studies investigating the SHI approach have demonstrated that a significant amount of
subharmonic signal can be generated at pressures typically used in conventional imaging,
and with lower tissue attenuation of the signal, resulting in increased penetration depth
(Harput et al., 2013, Shankar et al., 1998, Forsberg et al., 2000). The subharmonic response
of UCA is however, complex and depends on many factors, including controllable transmit
beam parameters such as: the transmit frequency, the transmit pulse-length, and the applied
acoustic pressure (Forsberg et al., 2000, Shi et al., 1999, Harput et al., 2013, Liu et al., 2016).
The resonance frequency of UCAs has been reported to be related to the maximum
subharmonic signal. Eller and Flynn reported that a subharmonic response would be elicited
from a free bubble in the event that a periodic solution of the equation of motion of a
spherical bubble in a sound field became unstable (Eller and Flynn, 1969). The subharmonic
threshold is defined as the condition where a pure harmonic solution of the equation of
motion of the bubble becomes unstable (Kimmel et al., 2007), and the production of
subharmonic energy is possible. Eller and Flynn defined a region of instability within which
at a certain acoustic pressure threshold, as a function of frequency, a subharmonic response
would be generated. When including the effect of damping in their analysis, which means
that for a subharmonic oscillation to be generated the growth rate of unstable oscillations
must exceed the decay rate due to damping, they reported that the lowest threshold pressure
for SH generation was at twice the resonance frequency. However, as discussed, UCA are
not free bubbles but are encapsulated in a stabilising shell e.g. phospholipids to improve
longevity. Determining the threshold at which subharmonic generation occurs is an
important aspect of the development of non-destructive subharmonic imaging applications
(Katiyar and Sarkar, 2011). A low acoustic pressure threshold at twice the resonance
frequency was also reported by Shankar et al (Shankar et al., 1999), when using a similar
approach with a de Jong encapsulation model (de Jong et al., 1994). Additionally, using
Church’s model, which takes account of an elastic solid surface layer (Church, 1995),
Kimmel et al examined the subharmonic response of Definity™ predicting and measuring a
lower subharmonic threshold at twice the resonance frequency measured for the UCA cloud
(Kimmel et al., 2007).
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However, more recently, Katiyar et al (Katiyar and Sarkar, 2011) discussed a minimum
threshold for subharmonic generation, through a numerical investigation, which is not
necessarily at the resonance frequency, but can occur in the range of the resonance frequency
to twice the resonance frequency. They predict the bubble response using a free bubble RP
equation and various encapsulation models including; the de Jong model (de Jong et al.,
1994), the Church-Hoff model (Hoff et al., 2000), the Marmottant model (Marmottant et al.,
2005), and their own Newtonian (Chatterjee and Sarkar, 2003), constant elasticity (Sarkar et
al., 2005) and exponential elasticity (Paul et al., 2010) models. They found a variation in the
predicted subharmonic thresholds with the ratio of transmit frequency to resonance
frequency depending on which model was applied.

The Newtonian and free bubble

investigation showed a minimum at twice the resonance frequency, however the authors also
noted a distinct local minimum near the resonance frequency; they reported the de Jong and
constant elasticity models predicted unrealistically higher threshold values with a single
minimum at twice the resonance frequency. The Church-Hoff, Marmottant and exponential
elasticity models all predicted broad valleys of low threshold values with shallow minima
present at the resonance frequency and at twice the resonance frequency. Additionally the
authors noted that encapsulation presents further damping to the bubble, which typically
restricts the nonlinear response which decreases subharmonic generation. Damping
increases with decreasing radius and the results indicated that decreasing the bubble radius
increased the threshold for subharmonic generation and this caused the minimum at twice
the resonance frequency to gradually disappear, shifting the global minimum threshold to
near the resonance frequency. In a further study (Katiyar and Sarkar, 2012), the authors
conclude that the shift in the lower acoustic pressure threshold for subharmonic generation
from twice the resonance frequency in the free-bubble predictions, to the resonance
frequency, was due to the increased damping due to encapsulation of UCA.
These theoretical results were validated in an experimental study by Chomas et al (Chomas
et al., 2002), with subharmonic signals observed both when transmitting at resonance
frequency and twice the resonance frequency. The authors defined the two subharmonic
generation regimes as, TR and T2R, respectively. In the TR subharmonic regime, the UCA
is compressed below its resting radius for every cycle of insonation but exhibits a maximum
expansion on every other cycle, whereas in the T2R regime, the bubble is compressed below
resting radius and exhibits maximum expansion every other cycle. However, the authors
recommended TR SHI would result in destruction of the UCA as the threshold for generation
was high. But the subharmonic generation acoustic pressure threshold was found to be lower
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for TR than T2R for lipid coated UCA when imaging a chicken embryo at 300 – 400 kPa,
were the subharmonic response was found to be in TR regime not the T2R regime (Faez et
al., 2012). In another study, Faez et al. observed a size dependent behaviour of the
subharmonic resonance frequency with increased acoustic pressure (Faez et al., 2011a) with
increasing subharmonic resonance frequency with increased driving pressure for bubbles of
diameter less than 3 µm, while the opposite was found for larger microbubbles. This was
reported to be a result of shell strain hardening of smaller bubbles and shell strain softening
(decrease of shell elasticity as deformation strength increases) of larger bubbles. The
frequency of the subharmonic response was not locked to the fundamental resonance
frequency but occurred in a range of frequencies dependent on the applied acoustic pressure.
Nonlinear oscillations of UCA microbubbles have been demonstrated to occur at acoustic
pressures as low as 20 – 50 kPa, with a nonlinear dependence of the subharmonic signal
amplitude on the applied pressure above these levels (Shi et al., 1999, de Jong et al., 2009).
With increasing applied acoustic pressure the subharmonic component increases quickly in
the growth phase, followed by a gradual saturation and eventual disappearance (Katiyar and
Sarkar, 2012). For example, the commonly-used UCA SonoVue®, has been shown to emit
subharmonics from ~ 50 kPa, and can withstand acoustic pressures of 150 kPa without
changes in the microbubble characteristics (de Jong et al., 2009). The dependence of the
subharmonic amplitude on applied acoustic pressure and the ambient pressure has even lead
to the development of subharmonic aided pressure estimation (Dave et al., 2012a).
Some studies indicate that the pulse length also effects the generated subharmonic
enhancement. Liu et al investigated the subharmonic response of four UCA formulations
and 3 commercially available UCA; Definity™, Sonazoid™ and SonoVue®, at transmit
frequency, 2.5, 3.0, 3.5 and 4 MHz and pulse lengths 1 - 4 cycles with various acoustic
output settings on a commercial system (SonixTablet, BK Ultrasound, Canada) (Liu et al.,
2016). The study showed that the subharmonic response to the various transmit parameters
was agent dependent. Transmit frequency did not affect the new UCA formulations
subharmonic enhancement, however a 2.5 MHz transmit frequency resulted in the highest
subharmonic enhancement for all three commercial UCA and an acoustic output of 25%
consistently resulted in the highest subharmonic enhancement. The pulse length did not
affect the subharmonic generation in 2 of the new UCA formulations or Definity™, however
there was variation in the subharmonic enhancement as a function of pulse length for the
other 4 UCA; specifically, the other 2 new UCA, Sonazoid™ and SonoVue® and a pulse
length of 4 cycles resulted in the highest enhancement for each. In simulations of
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subharmonic response of SonoVue®, Micromarker® and Definity™ over pulse lengths of
5, 10, 15, 20 and 25 cycles Sun (Sun, 2013) reported that that transmitting shorter cycles
gave a higher subharmonic enhancement for all UCA. Similarly, in a study at high
frequencies Cheung et al (Cheung et al., 2008), found for ‘Native’ and ‘Altered’ populations
of Definity™ that subharmonic enhancement increased with decreasing pulse length across
the range, 4 – 15 cycles. There have been limited studies investigating the influence of pulse
length on subharmonic generation, however, the results indicated that short pulse lengths
resulted in improved generation, albeit only reporting as low as 4 cycles overall.
The size distribution of the UCA can influence the strength of the subharmonic signal
emitted from the contrast agent. As the resonance frequency is related to the bubble radius
it is therefore obvious that the driving frequency of the system at which optimum
subharmonic signals are emitted is also dependent on the size distribution.
A number of studies involve the alteration of the size distribution of contrast agents in order
to acquire the strongest UCA signal. Cheung et al. investigated the effect of bubble size
distribution and driving frequency on the subharmonic response of Definity (Cheung et al.,
2005). They investigated the subharmonic response of Definity for frequencies between 2040 MHz. The ‘Native’ population was altered through the process of mechanical filtration,
after activation the agent was mixed in 30 ml of deionised water and filtered by pushing the
solution through either a 1.2 μm or 5 μm syringe filter at an approximate rate of 6 ± 2mL/min,
with the filtrate further diluted to 0.1% by volume for both ‘Altered’ UCA and 0.05% by
volume for the ‘Native’ UCA. Backscatter experiments were then performed using flow test
cells, transmitting 10 cycle Gaussian pulses with centre frequencies between 20 – 40 MHz.
Increasing the peak negative pressures (PNP) with driving frequency such that subharmonic
signal was detected above the noise floor. PNP varied from 380 kPa at 20 MHz to 1 MPa at
40 MHz. Using a PRF of 50 Hz, the cell was able to replenish with new contrast agent
between pulses. The authors then averaged the spectra from 1000 pulses and corrected for
both electronic noise and the frequency response of the transducer. They repeated the
process 6 times for each bubble population. The effectiveness of the filtration method was
assessed using a Richardson microscope the populations found to be successfully altered.
For transmit frequencies between 20 – 32 MHz, the authors concluded that Definity™
bubbles sized between 1.2 μm and 5 μm in diameter produced the majority of the
subharmonic signal and for frequencies between 32 – 40 MHz, the bubbles below 1.2 μm
produced the majority of the signal.

39

Gorce et al. preformed a study of SonoVue® examining the influence of bubble size
distribution on echogenicity (Gorce et al., 2000). Experimental data was used to validate a
model for the acoustic response of SonoVue®, which simulated the acoustic response of a
standard batch of SonoVue® as a sum of the responses of a non-overlapping set of bubble
classes. The agent was assessed in fundamental mode only with an efficacy measured as an
average backscatter coefficient in the fundamental range 1 – 7 MHz. They concluded that
the gas volume was a better indicator of an agent’s efficacy than bubble count. Three
microbubble suspensions were formed through decantation of the native suspension after
increasing times of 6, 10 and 20 minutes. For acoustic measurements, a plane steel reflector
was used to produce reference echoes and microbubble measurements taken using two
approaches. The first approach involved the use of a single transducer used in both transmit
and receive modes, while in the second set-up a transducer was driven by a 50 MHz
programmable pulse-function generator coupled with a radiofrequency power amplifier
through a diplexer. The output of the diplexer was then connected to the pulser-receiver in
receive only mode. The authors reported that the first set-up could achieve acoustic peakpressure levels of several kPa and high signal-to-noise ratios, while a lower SNR was
achieved in the second case, although the frequency band of the transmit pulses could be
controlled in this latter case.

Three transducers were used to achieve a wideband

measurement, with central frequencies 2.25 MHz, 5 MHz, 7.5 MHz. The dilution of each
suspension was adapted to achieve a maximal attenuation of approximately 2 – 4 dB/cm.
The authors concluded from the results obtained that 60 % of the bubbles did not participate
in the echogenicity. For SonoVue®, bubbles smaller than 2 µm represent less than 5% of
the global gas volume and their effects were negligible for fundamental imaging at
frequencies up to 7 MHz. The authors found that 80 % of the echogenicity was provided by
bubbles in the 3 – 9 µm diameter range. The authors did not, however, assess the
subharmonic signal.
As discussed, the subharmonic response of UCA is highly complex, depending on a number
of transmit factors. There has been some research into the effect of pressure on the generated
signal, indicating that the transmit pressure must be above certain threshold levels to elicit a
subharmonic response, with increasing amplitude of the generated subharmonic with
increased pressure thereafter (within non-destructive pressure levels). It is, therefore,
extremely important to control output pressure levels when preforming UCA
characterisation and in this work, a single pressure level, above the subharmonic generation

40

threshold for SonoVue® was selected and all characterisation experiments preformed at this
level.
As a result of the conflicting literature in terms of transmit centre frequencies where the
lowest subharmonic generation acoustic pressure thresholds occur, with a mixture of
numerical and experimental studies recommending imaging in the different regimes, TR or
T2R, and very few studies regarding pulse lengths, no definitive optimum transmit beam
characteristics for the generation of subharmonic signals from SonoVue® have been
established. Furthermore, the wide size distributions of UCA make establishing optimum
transmit parameters more complicated due to the variety of resonance frequencies of the
singular UCA which make up the UCA cloud. Without optimised transmit characteristics
the use of subharmonic imaging for quantification techniques will give more variable results.
2.7 Subharmonic Imaging in vivo
SHI is not currently clinically available on commercial ultrasound systems; however, there
has been some preliminary studies in vivo (human and animal) investigating its efficacy for
perfusion

estimation

in

the

kidney

(Eisenbrey

et

al.,

2012),

for

lesion

identification/diagnosis in breast imaging (Forsberg et al., 2007) and for subharmonic aided
pressure estimation in the liver (Dave et al., 2012b).
A number of studies using subharmonic imaging have been performed in vivo on animals,
all of which showed accurate perfusion measurements and increased contrast-to-tissue ratio
(CTR) (Eisenbrey et al., 2012, Forsberg et al., 2006, Sridharan et al., 2013). Forsberg et al.
investigated in vivo perfusion estimation in canine kidneys using subharmonic imaging with
the Optison contrast agent (Forsberg et al., 2006). Imaging parameters were kept constant
during the experiments and log-compressed SHI data was acquired for a scan plane
corresponding to the maximum diameter of the kidney, for 30 – 40 seconds covering from
baseline to beyond peak enhancement. Time intensity curves were generated by summing
all pixel data within 8 regions of interest in each image, each corresponding to a different
kidney section (from the upper pole anterior and posterior, mid upper pole anterior, . . . ,
lower pole posterior). To reduce breathing artefacts, a fifth order smoothing filter was used
on all TICs. The perfusion was estimated from the initial slope of the fractional blood volume
uptake (rFBV):
𝑟𝐹𝐵𝑉 =

𝑑𝐹𝐵𝑉
𝑑𝑡

(2.2)
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where the initial slope was defined as the slope from 10 – 30 % above the baseline, scaling
relative to the difference between the baseline and peak enhancement. Perfusion estimates
were averaged over three injections and the results compared with a neutron activation assay
based on isotope labelled microspheres for quantifying perfusion. Overall, the SHI perfusion
estimates correlated significantly with the gold standard microsphere results (r = 0.57; p <
0.0001). SHI perfusion estimates were found to be most accurate when acoustic shadowing
was minimal and the concentration of microbubbles highest. Limitations of this study
include that log compressed data was used as neither linearized or RF raw data were
available, and the respiratory motion of the dogs was not compensated for when acquiring
the time-intensity curves. The SHI data was also obtained in a single image plane but was
compared to a three-dimensional neutron activation assay technique; the authors suggested
that this limitation could be overcome using new three-dimensional techniques.
The first examples of in vivo human SHI images were acquired by Forsberg et al. (Forsberg
et al., 2007). The authors stated that the use of SHI was found to improve the diagnosis of
breast cancer when compared to conventional ultrasound and mammography; however, the
results were not found to be statistically significant. Moreover, as only a small number of
subjects were investigated (n = 14), further investigation would be required.

X-ray

mammography was found to have 100 % sensitivity and 20 % specificity, whereas: precontrast ultrasound imaging had 50 % sensitivity and 92 % specificity; contrast enhanced
power Doppler had 75 % sensitivity and 75 % specificity; and SHI had 75 % sensitivity and
83 % specificity. The specificity was significantly higher for all US modes than for
mammography (p < 0 .04), perhaps indicating a possibility of a reduced number of false
positives, but there was no significant difference in specificity or sensitivity between the US
imaging modes. The ability to characterise vessel morphology increased significantly from
baseline power Doppler imaging to SHI. The data was acquired through imaging at twice
the resonance frequency of the UCA, and therefore in the T2R regime. The UCA Definity™
was used as part of this study with 1.4 ml boluses employed for SHI, indicating that high
concentrations of UCA are required for SHI when compared to similar breast perfusion
studies using harmonic imaging which have been reported to use 0.3 ml Definity boluses
(Hoyt et al., 2015). The UCA Optison was also used before voluntary recall of the agent and
a similarly high volume bolus was used, 4 ml. Limitations of the study also include the fact
that motion compensation was not performed and a small sample size was used (n=14),
however, this was the first in vivo CEUS SHI study in the human breast.

42

The same dataset for SHI of breast tissue in 14 patients has also been investigated with
cumulative maximum intensity images produced with motion compensation (Dave et al.,
2010), the algorithm for which had previously been developed in the same group (Dave and
Forsberg, 2009). The cumulative maximum intensity images are a composite image of the
vascularity in the region constructed from the maximum intensity of pixels over consecutive
images after a high M.I. transmission exposure has been used to destroy bubbles in the
imaging plane (Kim et al., 2008, Yang et al., 2007, Sugimoto et al., 2008, Averkiou et al.,
2003, Forsberg et al., 2006).

Dave et al. developed a new automated motion correction

technique and compared it to a manual motion correction technique for the length of
computational time, correction of motion artefacts, removal of noisy frames and quality of
the final image (Dave et al., 2010). In the automated technique the user selected a kernel in
the first frame and the algorithm then used the sum of absolute difference (SAD) technique
to identify motion-induced displacements in the remaining frames. A reliability parameter
was then used to estimate the accuracy of the motion tracking based on the ratio of the
minimum SAD to the average SAD. Two thresholds (the mean and 85% of the mean
reliability parameter) were investigated to disqualify images in which there was excessive
motion and/or noise present. The automated algorithm was found to sufficiently compensate
for motion artefacts and noisy frames. The computational time was found to be just 2
minutes compared with 60 – 90 minutes for the manual method. The static and dynamic
CMI-SHI technique was compared to standard ultrasound techniques including; grayscale
SHI and grayscale power Doppler imaging, after being evaluated by an experienced
radiologist.

Significant differences were found between the vessel continuity, detail

resolution and image quality parameters between the mean scores obtained by image
processing techniques. The CMI-SHI imaging techniques were found to be statistically
significantly better for these 3 parameters compared to the best single frame. The dynamic
CMI-SHI was the only technique to produce a significantly greater breast cancer detection
relative to mammography. As the same patient data set was used in this study as the
previously reviewed Forsberg et al’s (Forsberg et al., 2007) the same limitation applies in
that a small sample size with only 14 patients and 16 lesions was used.
The use of SHI in liver has been investigated as a means of subharmonic aided pressure
estimation (Eisenbrey et al., 2013) of the hepatic venous pressure gradient, but, to the best
of our knowledge, has not been used for quantifying perfusion in the liver in human studies.
The use of both three-dimensional (3D) and subharmonic imaging has recently been
investigated in in vitro and in vivo studies. 3D imaging allows for a volume of interest to be
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examined giving more accurate estimation of microvessel density, allowing for any bias in
the selection of a particular imaging plane in 2D approaches to be overcome when estimating
perfusion. The use of these two methods together, therefore, may allow a more accurate
estimation of the microvasculature present than has previously been possible. The feasibility
of using B-mode SHI imaging and 3D SHI imaging were investigated in an in vitro and in
vivo study (Eisenbrey et al., 2011b). The authors noted that using SHI alone had been
difficult due to the suppression of surrounding tissue landmarks, therefore, they investigated
the implementation of both B-mode/SHI and 3D SHI on a commercial system.
The use of 3D SHI was shown to provide improved contrast-to-tissue ratios compared to 3D
HI in an in vitro and in vivo study (Eisenbrey et al., 2012). In vivo imaging was performed
in two open-abdomen canine kidney scans using Definity™ contrast agent for 3D SHI and
3D HI and in vitro in a flow phantom. Contrast injections for SHI imaging were four times
the concentration of HI imaging, to allow for the reduced signal amplitude deriving from the
use of SHI. SHI resulted in statistically significant improvements in contrast to tissue ratio
(CTR) relative to HI in both cases, and better tissue suppression. HI imaging resulted in a
decrease in signal intensity with depth due to increased scattering and attenuation at higher
frequencies. A more than twofold reduction was seen in CTR when SHI was applied in vivo
compared to the tissue mimicking phantom, possibly due the phantom being an ‘ideal’ vessel
surrounded by homogenous tissue material. SHI therefore preformed in general better than
HI, with the draw back that four times more contrast agent is required for SHI.
The same group reported on an ongoing study involving 149 breast cancer patients in 2014
using real time 3D SHI (Eisenbrey et al., 2014a). The ultrasound exams taken for this study
were reviewed by two radiologists at each site and one universal reader to determine the
ability of real time 3D HI and real time 3D SHI to improve the characterisation of breast
masses. This study indicated that SHI resulted in improved tissue signal suppression in 146
cases when compared to harmonic imaging, with equal suppression in 2 cases and inferior
tissue suppression in 1 case. Flow visualisation was reported to be evident in 82 cases using
power Doppler imaging, 8 cases with HI and 68 cases with SHI. The authors, therefore,
concluded that initial results indicated that real time 3D SHI provides improved tissue
suppression and visualisation of flow in breast masses.
A 3D study of 134 patients for breast imaging investigated the use of HI and SHI for
visualising breast lesion vascularity and quantifying vascular heterogeneity (Sridharan et al.,
2014). Definity™ was administered in a bolus dose for both HI and SHI, for HI a 0.25 mL
dose of Definity™ was followed by a saline flush, 30 minutes after a weight based dose of
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20 µL/kg up to a maximum of 1.25 mL was administered for SHI. HI was performed using
a transmit frequency of 5 MHz and receive of 10 MHz, while SHI was performed using
transmit of 5.8 MHz and receive of 2.9 MHz. Contrast agents in the blood vessels were
observed in 4D View™ (GE Medical Systems) and used to generate TIC (time-intensity
curves) for the lesion volume. The authors concluded that quantitative analysis of vascular
heterogeneity using 3D SHI illustrated significant differences in the vascularity between
central and peripheral sections of benign lesions (1.71 ± 0.96 vs 1.13 ±0.79 dB, p < 0.001),
while malignant lesions resulted in no significant difference between there sections (1.66 ±
1.39 vs 1.24 ± 1.14 dB, p = 0.24).

The 3D SHI studies highlighted the need for higher doses of UCA for subharmonic imaging
over other conventional harmonic techniques, due to reduced signal amplitudes of the SHI
techniques used. All three studies were performed in the same research group, with a T2R
regime used for subharmonic imaging of commercially available UCA which are optimised
for clinical harmonic imaging. Therefore, through results of the investigation herein, in
which optimum transmit parameters and altering the UCA size distribution for subharmonic
specific applications are investigated the application of 3D subharmonic imaging might be
further improved and in turn lead to improved quantification accuracy.

2.8 Microbubble Encapsulation Models
A number of nonlinear models have been developed for encapsulated microbubbles in an
attempt to explain bubble dynamics. These include models such as the Newtonian model
(Chatterjee and Sarkar, 2003), the de Jong model (de Jong et al., 1992), the Marmottant
model (Marmottant et al., 2005), the Church-Hoff model (Hoff et al., 2000), the contrast
elasticity model (Sarkar et al., 2005) and the stain-softening exponential elasticity
model(EEM) (Paul et al., 2010). Each of these models involves two terms from the
Rayleigh-Plesset equation

representing dampening and elastic resistance of the

encapsulation (Katiyar and Sarkar, 2011).
The Rayleigh-Plesset equation for a free bubble (derived in Appendix 1) is given by:
3
2𝛾 4𝜇𝑅̇
𝑅 𝑑𝑃𝐺
𝜌 (𝑅𝑅̈ + 𝑅̇ 2 ) = 𝑃𝐺 −
−
− 𝑝𝑜 + 𝑝𝐴 (𝑡) −
2
𝑅
𝑅
𝑐 𝑑𝑡

(2.3)

where R is the spherical bubble radius, 𝑅̇ 𝑎𝑛𝑑 𝑅̈ are the first and second order time
derivatives of the bubble radius respectively, ρ is the liquid density, μ is the liquid viscosity,
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γ is the gas-liquid surface tension, 𝑝0 is the ambient pressure, 𝑝𝐴 the excitation pressure with
amplitude 𝑃𝐴 and c is the sound velocity in the medium. The last term in equation (2.3)
represents compressibility. Assuming the gas content of the bubble does not change, i.e.
neglecting diffusion of the gas bubble, the gas pressure 𝑃𝐺 is given by:
𝑅0 3𝑘
𝑃𝐺 = 𝑃𝐺0 ( )
𝑅

(2.4)

Where 𝑅0 is the initial bubble radius, 𝑃𝐺0 , is the initial gas pressure inside the bubble, and k
is the polytropic exponent.
Substituting equation 2.4 into equation 2.3:
3
𝑅0 3𝑘
3𝑘𝑅̇
2𝛾 4𝜇𝑅̇
𝜌 (𝑅𝑅̈ + 𝑅̇ 2 ) = 𝑃𝐺0 ( ) (1 −
)−
−
− 𝑝𝑜 + 𝑝𝐴 (𝑡)
2
𝑅
𝑐
𝑅
𝑅

(2.5)

The resonance frequency, 𝑓0 , of a free bubble is then given by
𝑓0 =

1
1
2𝛾
√ (3𝑘𝜌0 + (3𝑘 − 1))
2𝜋𝑅0 𝜌
𝑅0

(2.6)

Most encapsulation models modify the Rayleigh-Plesset equation to include terms related to
viscoelastic stresses generated by the encapsulation. Katiyar et al. express these models
using two effective interfacial stress terms, one due to effective dilatational surface viscosity
𝜅 𝑠 (𝑅) and the other due to an effective surface tension 𝛾(𝑅), with a modified Rayleigh –
Plesset equation (Katiyar and Sarkar, 2011):
3
𝜌 (𝑅𝑅̈ + 𝑅̇ 2 )
2
𝑅0 3𝑘
3𝑘𝑅̇
2
4𝑅̇
4𝜇𝑅̇
= 𝑃𝐺0 ( ) (1 −
) − 𝛾(𝑅) − 2 𝜅 𝑠 −
− 𝑝𝑜 + 𝑝𝐴 (𝑡) (2.7)
𝑅
𝑐
𝑅
𝑅
𝑅
Conventional contrast imaging involves a peripheral bolus injection of contrast agent which
then travels through the circulatory system to the site of interest, throughout this path the
arterial input function becomes convoluted by both the cardiac cycle and unknown amounts
of bubble elimination. This results in an unknown input function of UCA entering the region
of interest. As the concentration of UCA is directly proportional to the echo signal received
by the system, the unknown input to the region of interest causes the accuracy of any
measurements taken from this signal to be compromised. However, the use of the burstreplenishment technique, which uses a continuous infusion, allows for a gradual build-up of
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contrast agent in the region of interest to a peak echo level were the vessels in the region are
completely filled by contrast agent, which can then be thought of as a step function input to
the region. Therefore, the peak echo level can be taken to describe the total blood volume
in the region of interest, whereas the initial phase of the replenishment can be considered as
reflecting blood velocity. The constant infusion technique is more commonly practiced in
Canada and the US, while bolus injections are more frequently practiced in Europe.
Various models for both techniques have been proposed in the literature. Madsen et al
(Madsen, 1992) derived a form of the gamma variate function (Equation 2.9) to describe the
dispersion of a bolus which takes account of some ‘undesirable mathematical properties’ of
the usual form of the function (Equation 2.8).
𝑦(𝑡) = 𝐴(𝑡 − 𝑡0 )𝛼 exp (−

𝑡 − 𝑡0
)
𝛽

(2.8)

where t if the independent variable, to the delay time form t = 0 to the times the function
begins and A, α and β are free parameters.
ln(𝑦(𝑡 ′ )) = ln(𝑦𝑚𝑎𝑥 ) + 𝛼(1 + ln(𝑡 ′ ) − 𝑡 ′ )

(2.9)

Where t’ = t/tmax where tmax time of the peak enhancement ymax. This variation of the function
eliminated the coupling of α and β, allowing for α to be varied freely and no renormalisation
was necessary.
Maciak et al (Maciak et al., 2009) developed a model of contrast agent uptake and washout
for MRI and ultrasound time-intensity curves. The model is described by Equation (2.10),
which has 3 main parts, a0 describes the flow at baseline intensity, the product describes the
rise in flow, (1 + e-a3(t-t0))-1, and the washout, e-a2t.
𝑒 −𝑎2 𝑡
𝐼(𝑡) = 𝑎0 + 𝑎1
1 + 𝑒 −𝑎3 (𝑡−𝑡0 )

(2.10)

where the contrast agents saturation is given by a1 and the half-life of the contrast agent in
the plasma by a2. The authors validated the model for use with contrast enhance MRmammography, myocardial perfusion MRI and cerebral harmonic ultrasound imaging, and
found that it accurately modelled the flow, estimating peak intensity time, time to peak and
mean transit time. They note a limitation in that there is no quantification of flow speed or
flow volume.
Wei et al. modelled the burst-replenishment procedure using a mono-exponential function
(Wei et al., 1998). The replenishment function is given by:
𝑦 = 𝐴(1 − 𝑒 −𝛽𝑡 )

(2.11)
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where t is the video intensity at the pulsing interval, A is the plateau of the intensity and β is
the constant rate that determines the rise of the video intensity (Wei et al., 1998). It can then
be shown that the mean velocity in the region of interest is proportional to β and the flow is
proportional to Aβ.
Krix et al. suggested that the Wei et al. model (Wei et al., 1998) does not correctly reflect
replenishment as the exponential model assumes a constant blood velocity, which does not
take into account the irregular distribution of blood velocities in tissue which especially
occurs in tumour tissue (Krix et al., 2003). It was also suggested that switching from
exponential to linear causes the estimation of blood velocity and volume to be inaccurate.
The authors developed a hyperbolic model as an alternative method to quantify the
replenishment of microbubbles which takes into account the distribution of blood velocities
present in vivo. In this model, dependence of contrast agent concentration on time after a
bolus injection, t, and on the pulsing interval, 𝜏, (time after destruction) is given by:
𝑁(𝑡, 𝜏) = 𝐴𝑓(𝑡)[1 − exp(−𝛽𝜏)]

(2.12)

where N is the number of microbubbles, f the frequency and A the amplitude.

2.9 Ultrafast Imaging
Conventional ultrasound imaging is performed using a sequential insonification of the
medium using focused beams, each focused beam allows the reconstruction of one image
line. An image is then formed typically from 64 to 512 lines, the frame rate is then
determined by the time required to transmit the beam, receive and process the backscatter
echoes from the tissue for each line in the image. Therefore, for the time to build the full
image using conventional 2D ultrasound, at depth z, is 𝑇𝑖𝑚𝑎𝑔𝑒 and the max frame
rate 𝐹𝑅𝑚𝑎𝑥 :
𝑇𝑖𝑚𝑎𝑔𝑒 =
𝐹𝑅𝑚𝑎𝑥 =

2𝑁𝑍
𝑐
1

𝑇𝑖𝑚𝑎𝑔𝑒

(2.13)
(2.14)

In the recent years technical improvements in ultrasound software and processing
capabilities have allowed the development of new 2D ultrasound imaging techniques based
on high frame rate imaging. These techniques can process up to 20,000 frames.s -1 in
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comparison to traditional clinical systems which only process 50 – 200 frames.s-1. The
systems which can perform these high frame rate imaging sequences rely on fast data transfer
rates and high memory capabilities which were not previously available.
The technique of Ultrafast imaging involves transmitting a wide field-of-view beam into the
tissue and recording the backscatter echoes before performing digital parallel beamforming,
also known as time reversal focusing, of the echoes to computationally build the final
ultrasonic image from a single transmission. The frame rate in ultrafast imaging is no longer
limited by the number of lines which are reconstructed but by the time of flight of a single
pulse to propagate through the medium and echo back to the transducer.
Instead of using a number of narrow ultrasound beams to create a B-mode image like in
conventional ultrasound imaging, each element is simultaneously excited to create a quasiplane wave covering the aperture. By introducing small delays in firing the plane wave can
be steered at different angles. The scattered echo is received simultaneously by all elements,
which creates an unfocused image of the region in a fraction of the time require to form a
conventional B-mode image.
Plane wave imaging allows for the computation of one full ultrasound image per transmit at
the expense of image quality, because as the transmit focus is removed the image contrast
and resolution are reduced. Therefore, in order to increase image quality, several plane
waves are transmitted by the transducer, at different angles and coherently summed to
compute the full image. It is therefore possible to retrospectively focus the beam through
this summation; however, there is a trade-off between the maximum frame rate and the
image quality. Using a greater number of tilted plane waves at different angles will result in
increased image quality. High frame rates improve the temporal resolution, which in turn
provides high quality tissue motion mapping and blood flow mapping (Provost et al., 2014).
The clinical scanner used in this study was the Aixplorer® (V11.2, Supersonic Imagine,
France), which uses ultrafast acquisition for its clinical pre-sets. The Aixplorer® research
package (SonicResearch™, V11.2, Supersonic Imagine, France) allowed ultrafast
acquisition, however, the data exported was processed data, raw radiofrequency data was
only available using conventional acquisition, therefore the subharmonic technique was
developed using conventional acquisition and was compared to the clinically practised
ultrafast CEUS mode on the clinical scanner.
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2.10 Summary
The use of subharmonic imaging as a means of tissue suppression has been suggested as an
alternative method for tissue suppression to clinically practiced harmonic imaging in CEUS,
however, as the technique has not been brought into standard clinical practice as of yet no
UCA have been specifically optimised for this application nor do clinical scanners include
optimised subharmonic pre-sets. The literature around the characterisation of subharmonic
generation reviewed in this chapter indicated that the optimum settings for generation of
subharmonic signals have yet to be established, in particular with conflicting information on
the frequency at which the lowest generation threshold is present from numerical and
experimental research. Furthermore, the transmit parameter of pulse length, which
corresponds to bandwidth, appears to effect the generation of the subharmonic signals but
few studies have examined the response of UCA across pulse lengths using either clinical
systems or bench-level bubble acoustic characterisation systems (BACS). It is likely, due to
the relationship between the generation of subharmonic signals and the resonance frequency
of the UCA, that the current formulations of commercial UCA which are optimised for
harmonic imaging may not be optimum for the generation of subharmonics in the clinical
bandwidths of ultrasound transducers. Furthermore, commercial UCA are mainly used
clinically for qualitative purposes, however, the use of CEUS for quantitative measurements
has been proposed in research. Commercial UCA have wide size distributions, and therefore
can have varied responses to transmit signals due to differences in resonance frequencies, a
narrower size distribution tailored in an application specific manner may lead to improved
quantification accuracy through reduced variation in response at frequencies of interest and
improved repeatability of measurements. Potentially by improving the generation of
subharmonic signals from UCA, through optimising transmit parameters and by altering
UCA size distributions for the specific application of subharmonic imaging including
narrowing the distribution to attempt to improve quantification accuracy the use of
subharmonic imaging with quantification techniques might further progress the clinical use
of CEUS in the diagnosis and tracking of liver cancer.
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Chapter 3. Development of a system for acoustic characterisation of
ultrasound contrast agents (UCAs)
3.1 Introduction
3.1.1 UCA characterisation systems
The response of ultrasound contrast agents (UCA) to acoustic excitation is dependent on a
number of factors, specifically excitation factors such as: transmission frequency, pulse
length and acoustic pressure; and UCA specific factors such as: microbubble size, size
distribution and shell composition ((Goertz et al., 2007, de Jong et al., 2009, Faez et al.,
2011b, Faez et al., 2011a)). A specific acoustic pressure threshold must be exceeded in order
to elicit a subharmonic response (Katiyar and Sarkar, 2011, de Jong et al., 2009); this
pressure threshold is UCA specific, for SonoVue® it is approximately 50 kPa (de Jong et
al., 2009).
The aim of this chapter was to develop a bubble acoustic characterisation system (BACS)
which was capable of characterising the response of UCA to various excitation conditions
and from this to optimise the excitation conditions. The system, therefore, required control
of the centre frequency, pulse length and applied acoustic pressure of the excitation signal.
There are a number of systems used for acoustic characterisation in the literature, which can
be divided into two main categories: broadband (Chatterjee et al., 2005) and narrowband
(Chen et al., 2002), relating to the pulse length of the excitation signal. A further subdivision
of these systems is whether they operate in pulse-echo mode (Goertz et al., 2007, Parrales et
al., 2014), where the transducer acts as both the transmitter and receiver, or throughtransmission mode (Faez et al., 2011b), where both a transmit and receive transducer are
positioned co-axially. In order to investigate the response of the UCA to both broadband
and narrowband excitation, three different BACS were developed and evaluated with the
purpose of determining both the attenuation and subharmonic response of SonoVue®.
The first system, henceforth called the ‘BACS-Mark I’, was a broadband pulse-echo system,
the second system, the ‘BACS-Mark II’, was a narrowband through-transmission system,
while the third system, the ‘BACS-Mark III’ was also a narrowband through-transmission
system. This latter system was the main system used to define the optimum excitation pulse
for subharmonic generation of SonoVue® and, ultimately, to inform the selection of the
optimum transmit settings on the research package of the clinical ultrasound system,
Aixplorer® (V11.2, Supersonic Imagine, France). Each system was characterised using a
needle hydrophone system developed in-house.

This needle hydrophone system was
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designed to characterise the acoustic output and receive sensitivities of each of the singleelement transducers used with the three BACS. Figure 3.1 shows a flow chart of the
approach taken to the system development; each of these systems will be presented and
discussed in this chapter.

Development of
BACS

Test Cell
- floatation of
UCA
- unsuccessful

Through
transmission
container
- minimised dead
space
- successful

Pulse-echo
container
- minimised dead
space
- successful

BACS Mark I
- broadband
pulse-echo
system
- successful

BACS Mark II
- narrowband
through-transmission
system
-function generator:
DS345
- unsuccessful

BACS Mark III
- narrowband
through-transmission
system
- function generator:
AFG325
- successful

Figure 3. 1: A flow chart of the approach taken to develop a bubble acoustic characterisation
system (BACS).

3.1.2 Ultrasound transducer operation and characteristics
Ultrasound transducers operate through electro-acoustic energy conversion based on the
principle of the piezoelectric effect. In piezoelectric materials, a mechanical stress causes a
variation in the surface charge density and a voltage is produced (Manbachi and S. C.
Cobbold, 2011), while applying a voltage to a piezoelectric material causes the inverse
effect. Ultrasound transducers can work in ‘Transmit Only’, ‘Receive Only’, or ‘Transmit
and Receive’ mode; Transducers on clinical ultrasound systems operate in the latter mode
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and are known as transceivers. The thickness of the transducer piezoelectric material
determines the resonance frequency, through the relationship: [thickness = wavelength/2],
and the frequencies at which it may be driven (Halliwell, 2010). The resonance frequency is
the frequency at which the transducer has maximum sensitivity and efficiency. The
transducer is generally usable in the range of the full-width at half-maximum, this is the
bandwidth with which the manufacturers label the probe, e.g. 1 – 6 MHz for the Aixplorer®
(SuperSonic Imagine, France) curvilinear probe designed for abdominal imaging.
Transducers also include: (1) a matching layer, located on the front face of the piezoelectric
element to improve transfer of energy through matching the acoustic impedance between the
impedance of the piezoelectric material and soft tissue; (2) electrodes which are metal plating
on the piezoelectric element surface; (3) a backing material, to minimise ‘ringing’ in the
crystal through dampening; (4) an acoustic absorber, to prevent transmissions of stray
acoustic energy and (5) a casing which houses and provides structural support and electrical
insulation to all the transducer components. Finally, the entire transducer assembly is
encased in a hollow metallic cylinder to shield against electromagnetic interference.
To transmit an ultrasound signal, the piezoelectric crystals are excited by an
excitation voltage signal, usually a sine wave, which is tailored to the specific desired
frequency (typically chosen to be close to the resonance frequency of the material). The
transmit signal is often reported as a single centre frequency, however various pulse lengths
or number of wavelengths/cycles may be used to excite the transducer, thereby producing
transmit frequency spectra of a specific bandwidth centred around the desired frequency.
Characterising the actual bandwidth is important when working with UCA as the response
of microbubbles is frequency-dependent. The bandwidth of the transmitted signal is
frequently described as the full-width at half-maximum (FWHM), also referred to as the
‘-3 dB bandwidth’ (Figure 3.2), where the signal amplitude is 50 % of its maximum value.
A further descriptor the spectra of frequencies is the full-width at tenth-maximum (FWTM),
which is the signal amplitude at 10 % of its maximum value.
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Figure 3. 2: An example of a transmit spectrum at a transmit centre frequency of 3.4 MHz,
measured using a hydrophone, with the full-width at half maximum and the full-width at
tenth maximum indicated.
The frequency response of a system is the sensitivity to input signals of different frequencies.
Sensitivity is defined as the output increment produced per unit of input increment (Xiao et
al., 2016). The sensitivity can be defined as:
𝑆(𝑡) =

𝑑𝑦(𝑡)
= ℎ(𝑡)
𝑑𝑥(𝑡)

(3.1)

where h(t) is the impulse response of the system and x(t) and y(t) are the input and output
of the system, respectively. In the frequency domain this is given as:
𝑆(𝜔) =

𝑌(𝜔)
= 𝐻(𝜔)
𝑋(𝜔)

(3.2)

where X () and Y() are the input and output of the system in the frequency domain.
The applied acoustic pressure is also an important characteristic of ultrasound signals, and it
is related to bioeffects such as tissue heating, acoustic cavitation and non-linear effects.
Bioeffects depend on the intensity of the beam, but also the duration of the exposure and the
transmission frequency. The applied acoustic pressure also affects the behaviour of UCAs
and consequently the acoustic response from them. Furthermore, above a UCA specific
threshold pressure, nonlinear motion of the microbubbles occurs, which leads to the
production of harmonic and subharmonic signals.
Hydrophones can be used for the acoustic characterisation of ultrasound transducers. They
return a voltage that is proportional to the spatial average of the acoustic pressure
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experienced at the active piezoelectric element (Hurrell, 2004). Therefore, the pressure can
be measured by transforming to the frequency domain and correcting for the frequency
profile of a calibrated hydrophone and the transmit frequency spectrum of an ultrasound
transducer can be determined. Through such measurements, the transducer’s frequency
response to excitation signals of various pulse lengths and centre frequency can be
determined.
3.1.3 Single Element transducers
Single element immersion transducers were used for the characterisation of the attenuation
and subharmonic signals from UCAs in the bench-level experiments which were conducted
as part of this project. The use of such transducers allowed for control of the transmit signal
characteristics previously mentioned in section 3.1.1. Immersion transducers are designed to
be immersed in water. They are single element longitudinal wave transducers, with a ¼
wavelength layer which is acoustically matched to water to allow for the efficient transfer of
energy between the transducer and water in both transmission and receive modes. All three
transducers used for transmission in this project were focused transducers, which can
produce higher pressures than unfocused transducers and were used specifically to achieve
the threshold pressure for the generation of subharmonic signal from the UCA. The
transducers selected for this project were from the Videoscan series from Olympus (USA);
these transducers are designed for broadband performance and are recommended for making
acoustic measurements in attenuating or scattering mediums. The focus for all transducers
were specified to be at 2.54 cm in order to lessen the attenuation of the signal measured at
the focus and the required volume of UCAs, by reducing the path length of the transmission
relative to further focused transducers. The transducers used for transmission were selected
to covered the frequency range of the clinical ultrasound system, Aixplorer® (Supersonic
Imagine, France), while those used for receive were chosen to have optimum receive
characteristics close to the centre of the subharmonic bandwidth, defined by the transmit
fundamental bandwidth.
This chapter details the development of the BACS used at bench-level for the optimisation
of the subharmonic technique (Section 3.2.1) and the measurement of the transmit and
receive characteristics of the single element transducers (Section 3.2.2).
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3.2 Methods
3.2.1 Development of acoustic characterisation systems
3.2.1.1 Selection of appropriate container to house UCA for measurements
The first component of the BACS which required investigation was the identification of the
most appropriate UCA housing container. Ideally, the container needed to be low in volume
to minimise the amount of UCA required, in order to avoid attenuation artefacts. The first
housing system was a custom-made test cell configuration (Figure 3.3) with two acoustic
windows to facilitate a through-transmission set-up involving co-axially positioned transmit
and receive transducers (Figure 3.4). The test cell was composed of a Perspex ring with thin
plastic film (Saran wrap, SC Johnson, USA) as the two acoustic windows, and two injection
ports on the Perspex ring to vent the cell when solution was injected or extracted from the
cell.
It was found using this set-up that the attenuation values had a wide range of 56 dB cm-1 to
8 dB cm-1 and it was thought these anomalous results were most likely due to floatation of
the microbubbles and non-uniform mixing the UCA solution.

Plastic
acoustic
window

Injection
ports

Figure 3. 3: Example of a test cell constructed for the initial UCA characterisation
experiments. The test cells are constructed from a Perspex ring with two injection ports fixed
at the edge for venting and plastic film acoustic windows glued to both sides.
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Transmitter
transducer
Receiver transducer

Test cell
containing UCA
solution

Figure 3. 4: First attempt at a transmission set-up used to measure the attenuation and
backscatter. The set-up includes a transducer receiving the signal from transmit transducer
which has passed through a water path and the microbubble solution in a test cell positioned
at the focus of both the transducers.

The use of test cells for characterisation was therefore ruled out and a new housing container
was constructed which provided a more uniform mixing of the UCA solution, prevented
microbubble floatation, and also minimised the required volume of UCA. The system
comprised of a custom-made container which had a silicone barrier surrounding both the
transmit and receive transducers which reduced the dead space around each of the
transducers (Figure 3.5). The length of the container was selected to ensure that the focus of
both the transmit and receive overlapped in the middle of the container, and thus the UCA
solution was interrogated at the focus of both transducers. The volume of UCA solution
required for the experiments was 300 mL.
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Transmit
transducer

Silicone

Receive
transducer

Figure 3. 5: A photograph of the through transmission set-up which minimised the volume
of UCA required to perform the experiments.
A housing container for the reflection-based pulse-echo set-up was also devised and
constructed, as presented in Figure 3.6. The criteria for this housing container were two-fold:
firstly, to minimise the volume of UCA required, and secondly, to incorporate a glass block
acoustic reflector. This system was designed for broadband attenuation measurements. A
diecast box was lined with an acoustic matt, to prevent reflections from the sides of the
housing container. The reflector was placed at the focus of the transducer and a removable
silicone block was placed behind the reflector to minimise the required UCA volume and
also to facilitate the repositioning of the reflector to focal lengths of the different frequency
transducers used. The transducer connector was fixed in position through the end of the
housing container.
Glass reflector block
Acoustic matt

Silicone
Single element
transducer fixed
position

Figure 3. 6: A photograph of the reflection-based set-up, used as part of BACS Mark I, which
included; a diecast box, an acoustic matt to prevent stray reflections and glass reflector. The
transducer cable was embedded in the box side and the transducer was fixed in position.
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3.2.1.2 The BACS Mark I broadband pulse-echo system
A broadband ‘substitution method’ pulse-echo system was developed (Figure 3.7), called
the BACS Mark I. A pulser-receiver device (PR5052, Olympus, USA) was used to provide
a single excitation pulse to a selected single element transducer (Olympus, USA); the signal
passed through the UCA solution, was reflected by the glass block reflector and received by
the same transducer. The echo-signals received by the transducer were captured and recorded
by the acquisition system, which comprised a data acquisition card and code written in the
LabVIEW programming environment (PCI–5144/LabVIEW, National Instruments, USA).
The diecast box containing the UCA solution was positioned on a magnetic stirrer to
maintain a uniform UCA solution and avoid microbubble floatation. The pulser-receiver
device works through excitation of the transducer by ‘spike’ excitation. The transmit side
has three controls; the ‘energy setting’, which controls the amount of energy stored in the
capacitor, the ‘rep rate’, which controls the frequency at which the switch is closed, and the
‘damping’ which changes the damping resistance in the pulser-receiver. The ‘energy’ setting
has 4 levels, the ‘damping’ 10 and the ‘rep-rate’ 8. By changing the energy and damping
settings the rise time, width and voltage of the excitation spike can be altered, however, no
exact indication of the corresponding values to these levels is given. The device therefore
does not permit exact control of the excitation signal and cannot be used to mimic those from
the clinical ultrasound system, Aixplorer® (V11.2, Supersonic Imagine, France), it can
however, be used to produce broadband signals.

'
Figure 3. 7: A photograph of BACS Mark I, which included; a pulser receiver device in
transmit/receive mode which allowed the transducer to work as a transceiver. A glass block
reflected the transmitted signal which had travelled through the solution of interest and the
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reflected signal was then received by the same equipment and digitised by the acquisition
system.
3.2.1.3 The BACS Mark II narrowband through-transmission system
A narrowband through-transmission system was also developed, called the BACS Mark II,
which allowed more precise control of the transducer excitation signal, specifically in
regards to waveform type, frequency, pulse length and amplitude which is related to the
applied acoustic pressure. A function generator (DS345, Stanford Research Systems,
California, USA) was used to generate the excitation pulse. The function generator included
a pulse generator option called ‘burst modulation’, allowing the generation of pulse trains of
defined lengths. However, the function generator pre-sets were not set-up to produce the
‘burst modulation’ sine waveforms above 1 MHz. Although, the system did allow external
control to create arbitrary waveforms, the maximum frequency for arbitrary waveforms was
10 MHz, which was above the maximum frequency needed in this work of 5 MHz. The
generator was externally controlled through code developed in LabVIEW. The code
involved the truncating of a continuous sine wave generated at the frequency of interest and
adding a zero voltage signal to the end in order to control the pulse length and PRF (pulse
repetition frequency) of the generated signal. The laptop, on which the code was run,
communicated with the function generator via a GPIB interface. Using this external control,
it was possible to set the function generator to emit pulses at the same number of cycles and
frequencies which were available on the clinical ultrasound system, Aixplorer® (V11.2,
Supersonic Imagine, France). The signal emitted from the function generator was then
amplified (75A250, Amplifier Research Inc., USA) before exciting a transmit transducer, a
trigger signal was simultaneously sent from the generator to the acquisition system, and then
the received signals were recorded. The acquisition system was the same as that used in the
broadband system, however with the receive transducer or the hydrophone connected to the
receive channel of the pulser-receiver device, which was set to isolated transmit and receive
mode. A photograph of this system and the LabVIEW transmit control block diagram are
shown in Figure 3.8.

The output of the function generator was measured using an

oscilloscope to calibrate the resultant excitation signals, while the output of the transmit
transducer was measured using a hydrophone to calibrate the generated frequency spectra.
All frequency analysis was performed using codes developed in MATLAB. The hydrophone
system (Precision Acoustics Ltd., UK) comprised of a 0.5 mm needle hydrophone, a
preamplifier and DC coupler connected to the data acquisition system.
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(a)

(b)

Amplifier
Pulser receiver

Measurement
chamber

Function generator

Figure 3. 8: BACS Mark II: (a) The developed transmit LabVIEW block diagram, and (b) a
photograph of the hardware system set-up for performing the attenuation measurements.
The system was a through-transmission system.

3.2.1.4 BACS Mark III a narrowband through-transmission
As is discussed in Section 3.3.1, BACS Mark II was not successful due to the limited
capabilities of the system to generate ultrasound pulses even when external control was
employed, which resulted in a floating baseline artefact and low frequency noise. A second
version of the through-transmission system, BACS Mark III, was developed using a higher
specification radiofrequency (RF) function generator (AFG325, Tektronix, USA), which had
a range of 0.001–240 MHz. The function generator was capable of producing sine waves in
‘Burst Mode’ up to 120 MHz with a pulse width of 4 ns to 999.99 seconds (a bandwidth of
0.001 Hz to 250 MHz) at an internal trigger rate of 1 µs to 500.0 s (a PRF of 0.002 Hz to 1
MHz) and therefore, was capable of producing excitation signals at the frequencies and
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number of cycles available on clinical scanner with higher accuracy and without the need
for external control. A diagram of the BACS Mark III is presented in Figure 3.9. The output
of the function generator was measured using an oscilloscope to calibrate the excitation
signal and the output of the transmit transducer was measured using the hydrophone system
to calibrate the generated frequency spectra.

MATLAB Data
Analysis

PC Control/Acquisition
Digitizer
Trigger to PC
Function
Generator

Temperature Probe

Signal to amplifier
Amplifier

Transmit
Transducer

Stirrer bar

Pulser
Receiver
Receive
Transducer

UCA Solution

Magnetic Stirrer

Figure 3. 9: BACS Mark III in which the function generator from BACS Mark II (DS345)
was replaced with a higher specification generator (AFG325) which did not require external
control.

3.2.2 Characterisation of single element transducers
The transducers which were characterised in terms of acoustic pressure output, transmit
frequency content (centre frequency and the bandwidth), and receive sensitivity, and which
were ultimately used for the UCA characterisation experiments, are detailed in Table 3.1.
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Table 3. 1: Details of the single-element transducers used for transmission and receive of
signals in the three BACS, with the corresponding transmit frequency ranges for each.
Transmit Frequency

Transmit:

Receive:

Range [MHz]

model, centre frequency

model, centre frequency

[MHz]

[MHz]

1.8 – 2.8

V306, 2.25

V303, 1.0

2.9 – 3.75

V382, 3.5

V306, 2.25

4.5 – 5

V309, 5.0

V382, 3.5

3.2.2.1 Characterisation of the transmit spectra of single element transducers
The transmit spectra of the single element transducers when used as part of BACS Mark III
were calibrated using the hydrophone system. The needle hydrophone was calibrated
immediately prior to the experiments and the resulting frequency profile of the hydrophone
was used to calibrate the acoustic output of the single element transducers. The transmit
spectra for each of the transducers at the defined set of excitation parameters to be used in
the UCA bubble acoustic characterisation experiments were calibrated using the set-up
shown in Figure 3.10.
The hydrophone was carefully positioned at the focus of the transducer, where the pressure
is highest, using an optical rail system which provided accurate movement in 3 orthogonal
axes, as the accuracy of the hydrophone measurements are dependent on the measurement
position within the acoustic field. The acquisition system was triggered by the function
generator to ensure that each data line recorded included the measurement of the transmitted
pulse. The measured voltage at each set of the individual transmission parameters were
averaged over 30 lines.
The time domain data was then transformed to the frequency domain using the Welch
periodogram (D. Welch, 1967) and corrected for the receive frequency sensitivity of the
hydrophone as determined from the hydrophone calibration certification.
The Welch periodogram was selected over other methods, such as the Fourier transform and
other periodogram methods, due to its superior estimation of the frequency spectrum to
transform the data to the frequency domain for analysis. Welch's method is a variation of
Schuster's periodogram, and works by splitting the data into smaller segments and averaging
their periodograms (Djuric and Kay, 1999). The individual segments are overlapped, usually
by 50 % or 75 % of the segment length. The data within each segment are windowed.
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Through overlapping, more segments can be formed compared to other periodogram
methods, and overlapping can also be used to allow for longer segments. Increasing the
number of segments reduces the variance of the estimator while longer segments improve
the frequency resolution. The method can trade reduction in variance for improvement of
frequency resolution. The method used consisted of Welch's periodogram with a sliding
Hanning window and is particularly appropriate for signals of a random nature. The signal
was zero-padded before transformation to smooth the spectrum; this was achieved by
specifying a higher number of points than the number of samples in the signal N, e.g. 2N,
which avoided the 'picket-fence' effect on the resultant spectra.
From the resulting frequency spectra, the FWHM and the FWTM were determined. These
bandwidths were then used to define the fundamental and subharmonic bandwidths for the
acoustic characterisation of the UCA solutions (Chapter 4).

Figure 3. 10: A photograph of BACS Mark III altered for single element transducer
characterisation. The receive side of the system has been changed to include a hydrophone
system. The inlay shows a photograph of the needle hydrophone positioned at the focus of
a single element transducer for measurement of the transducer’s transmit characteristics.

3.2.2.2 Characterisation of the receive sensitivity of single element transducers
The receive sensitivity of the single element transducers operating in receive mode (Table
3.1) was also established. The frequency response function of a transducer indicates the
sensitivity of the transducer to input signals at various frequencies. This was measured using
the hydrophone system and implementing the principle of reciprocity to infer the receive
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sensitivity of the transducer (Xiao et al., 2016). This method involved measuring the acoustic
output of the transducer with the hydrophone placed coaxially in the far-field region, with
the signal path length at a distance, d from the hydrophone and the output voltage of the
hydrophone was V(ω). The input current, Iin was known by exciting the transducer using the
function generator and amplifier set-up with a broadband 1-cycle pulse. MH(ω) was the
hydrophone frequency response. The acoustic pressure (𝑝𝑑 ) was calculated as:
𝑃𝑑 (𝜔) =

𝑉(𝜔)
𝑀𝐻 (𝜔)

(3.3)
𝑃 (𝜔)

The transmit sensitivity was defined as: 𝑆(𝜔) = 𝐼 𝑑 (𝜔). Therefore, this equation could be
𝑖𝑛

written as:
𝑆(𝜔) =

𝑝𝑑 (𝜔)
𝑉(𝜔)
=
𝐼𝑖𝑛 (𝜔) 𝑀𝐻 (𝜔) ∗ 𝐼𝑖𝑛 (𝜔)

(3.4)

Then, assuming the measured transducer was reciprocal, the receiving sensitivity of the
transducer could be calculated M(ω) using the reciprocity parameter J = 2A/ρc, where A is
the area of the transducer.
𝑀(𝜔) =

𝑆(𝜔)
𝐽

(3.5)

This method was used to calculate the sensitivity of each of the receive transducers.
3.2.2.3 Pressure measurement
The hydrophone was used to measure the pressure at the focus of the respective transmit
transducers. A voltage-to-pressure conversion (Hurrell, 2004) of the measured voltages was
carried out using Equation 3.6:
𝑃(𝑡) = ℱ −1 {

ℱ(𝑉(𝑡))
}
𝑀𝐻 (𝜔)

(3.6)

where P was the pressure, V was the voltage recorded, and ℱ and ℱ −1 were the Fourier and
inverse Fourier transforms, respectively.
The sensitivity profile of the hydrophone in the calibration certificate for the instrument
(Figure 3.11) was modelled with a power function (Equation 3.5) to interpolate the data
points in between the measured frequencies to allow for the use of Equation 3.4 to determine
the acoustic pressure output of the respective transmission transducers.
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Figure 3. 11: The sensitivity profile of the hydrophone from the calibration certificate
measured at integer values between 1 and 20 MHz and the power function model fit to the
data to interpolate between the points. The model fit the data with an R2 of 0.98.

This function was found using the solver add-in in Microsoft Excel:
𝑀𝐻 (𝜔) = 5𝑥10−5 𝜔4 − 0.0024𝜔3 + 0.037𝜔2 − 0.2287𝜔 + 0.8561 (3.7)
where MH(ω) was the sensitivity of the hydrophone (V/MPa) and ω was the frequency
(MHz). The modelled function fit the data with an R2 value of 0.98.
The peak positive and peak negative pressures (PPP and PNP respectively) where then
determined from the resulting pressure waveform (Figure 3.12) and recorded for each
transmit pair.
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Peak Positive Pressure

Peak Negative Pressure

Figure 3. 12: The measured pressure waveform for a typical ‘pulse’ of ultrasound energy
from a single element transducer. The peak positive pressure and peak negative pressure
are indicated by the arrows.

3.3 Results
3.3.1 Comparison of narrowband characterisation systems output
The BACS Mark II was found to have an unstable signal output. When the output of the
function generator was measured with an oscilloscope, the signal was found to have a
floating baseline, most likely due to the fact that the signal generator was being operated
outside its specifications while it was being externally controlled. Furthermore, when the
acoustic output of a transducer connected to the system was measured using the hydrophone
and then analysed using the Welch transform, the signals were found to be contaminated
with low frequency noise as shown in Figure 3.13. This noise was within the frequency range
in which the subharmonic signal for this transmit frequency would be detected, and
consequently it would contaminate and mask the subharmonic signal generated by the UCA
solution. The output from BACS Mark III, using the AFG325 function generator, was
measured and the resulting signals were found to be stable and the frequency spectrum was
free from low frequency noise.
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Figure 3. 13: The frequency spectra output from the narrowband BACS, measured using a
hydrophone, transformed to the frequency domain using the Welch transform. The spectrum
from BACS Mark II (left) exhibited large amplitude low frequency noise, however, the
spectrum from BACS Mark III (right) displayed no low frequency noise component. The
amplitude of the spectrum from BACS Mark III was higher than BACS Mark I as the
transducer was responding to a more stable and clean signal.

3.3.2 Characterisation of Single Element Transducers
3.3.2.1 Characterisation of transmit spectra of single element transducers
The measured FWHM and FWTM from the transmit frequency spectra of the single element
transducers at each of the excitation parameters are presented in Table 3.2. The transmit
spectra measured across the frequency range of 1.8 – 3.7 MHz at pulse length of 3 cycles
and 8 cycles are presented in Table 3.3.
Table 3. 2: The variation of the single element transducer’s bandwidth as a function of
driving frequency and pulse length for the frequencies available on the XC6-1 clinical
research package measured using a needle hydrophone and calculated from frequency
spectra determined using the Welch transform. The bandwidth is given in terms of the lower
and upper limit of the frequency range with the width of the frequency range in brackets.
Transmit Centre

Pulse length

Bandwidth FWHM

Bandwidth FWTM

Frequency [MHz]

[number of

lower – upper limits

lower – upper limits

cycles]

(width) [MHz]

(width) [MHz]

1

1.57 – 3.00 (1.43)

1.05 – 3.60 (2.55)

2

1.77 – 2.74 (0.97)

1.41 – 3.10 (1.69)

3

1.86 – 2.64 (0.78)

1.56 – 2.94 (1.38)

4

1.91 – 2.58 (0.67)

1.65 – 2.85 (1.20)

5

1.97 – 2.52 (0.55)

1.75 – 2.75 (1.00)

2.25
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2.80

3.40

3.75

4.50

5.00

6

2.01 – 2.48 (0.47)

1.82 – 2.68 (0.86)

7

2.04 – 2.46 (0.44)

1.85 – 2.65 (0.80)

8

2.05 – 2.46 (0.43)

1.85 – 2.65 (0.80)

1

1.70 – 3.32 (1.62)

1.10 – 4.10 (3.00)

2

2.10 – 3.23 (1.13)

1.70 – 3.70 (2.00)

3

2.29 – 3.17 (0.88)

1.95 – 3.50 (1.55)

4

2.37 – 3.13 (0.76)

2.05 – 3.37 (1.32)

5

2.42 – 3.10 (0.68)

2.12 – 3.37 (1.25)

6

2.48 – 3.07 (0.59)

2.22 – 3.30 (1.08)

7

2.53 – 3.04 (0.51)

2.31 – 3.24 (0.93)

8

2.57 – 3.01 (0.44)

2.37 – 3.20 (0.83)

1

2.35 – 4.55 (2.20)

1.60 – 5.40 (3.80)

2

2.70 – 4.15 (1.45)

2.25 – 4.62 (2.37)

3

2.90 – 3.95 (1.05)

2.55 – 4.30 (1.75)

4

3.00 – 3.83 (0.83)

2.67 – 4.18 (1.51)

5

3.04 – 3.79 (0.75)

2.74 – 4.10 (1.36)

6

3.07 – 3.76 (0.69)

2.78 – 4.05 (1.27)

7

3.09 – 3.70 (0.61)

2.84 – 3.97 (1.13)

8

3.12 – 3.67 (0.55)

2.90 – 3.90 (1.00)

1

2.49 – 4.77 (2.28)

1.65 – 5.77 (4.12)

2

2.95 – 4.47 (1.52)

2.40 – 5.00 (2.60)

3

3.17 – 4.30 (1.13)

2.80 – 4.60 (1.80)

4

3.30 – 4.20 (0.90)

2.95 – 4.54 (1.59)

5

3.35 – 4.15 (0.80)

3.04 – 4.46 (1.42)

6

3.39 – 4.11 (0.72)

3.08 – 4.41 (1.33)

7

3.40 – 4.07 (0.67)

3.12 – 4.34 (1.22)

8

3.44 – 4.04 (0.60)

3.19 – 4.24 (1.05)

1

2.60 – 5.80 (3.20)

1.70 – 7.20 (5.50)

2

3.40 – 5.36 (1.96)

2.75 – 6.10 (3.35)

3

3.75 – 5.15 (1.40)

3.30 – 5.65 (2.35)

4

3.94 – 4.98 (1.04)

3.58 – 5.39 (1.81)

5

4.05 – 4.92 (0.87)

3.70 – 5.30 (1.60)

6

4.08 – 4.89 (0.81)

3.75 – 5.25 (1.50)

7

4.60 – 5.37 (0.77)

3.82 – 5.16 (1.34)

8

4.62 – 5.35 (0.73)

3.84 – 5.10 (1.26)

1

3.00 – 6.40 (3.40)

1.55 – 7.75 (6.20)

2

3.80 – 5.90 (2.10)

3.10 – 6.70 (3.60)

3

4.20 – 5.67 (1.47)

3.70 – 6.25 (2.55)

4

4.38 – 5.54 (1.16)

4.00 – 5.97 (1.97)
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5

4.48 – 5.45 (0.97)

4.15 – 5.80 (1.65)

6

4.56 – 5.39 (0.83)

4.23 – 5.74 (1.51)

7

4.60 – 5.37 (0.77)

4.30 – 5.68 (1.38)

8

4.62 – 5.35 (0.73)

4.31 – 5.66 (1.35)

Table 3. 3: The variation of the single element transducer bandwidth as a function of
excitation signal of pulse length (3 cycles and 8 cycles) across the driving frequency range
1.8 – 3.7 MHz in steps of 0.1 MHz. The transmitted signal was measured using a needle
hydrophone and the bandwidths calculated from frequency spectra determined using the
Welch transform. The bandwidth is given in terms of the lower and upper limit of the
frequency range with the width of the frequency range in brackets.
Transmit Centre

Pulse length

Bandwidth FWHM

Bandwidth FWTM

Frequency [MHz]

[number of

lower – upper limits

lower – upper limits

cycles]

(width) [MHz]

(width) [MHz]

1.80

3

1.47 – 2.12 (0.65)

1.21 – 2.41 (1.20)

1.80

8

1.55 – 1.95 (0.40)

1.38 – 2.13 (0.75)

1.90

3

1.53 – 2.22 (0.69)

2.51 – 1.26 (1.25)

1.90

8

1.64 – 2.06 (0.42)

1.47 – 2.24 (0.77)

2.00

3

1.55 – 2.26 (0.71)

1.26 – 2.54 (1.28)

2.00

8

1.72 – 2.14 (0.42)

1.54 – 2.32 (0.78)

2.10

3

1.61 – 2.36 (0.75)

1.32 – 2.63(1.31)

2.10

8

1.82 – 2.24 (0.42)

1.61 – 2.43 (0.82)

2.20

3

1.69 – 2.45 (0.76)

1.40 – 2.75 (1.35)

2.20

8

1.92 – 2.34 (0.42)

1.70 – 2.53 (0.83)

2.25

3

1.86 – 2.64 (0.78)

1.56 – 2.94 (1.38)

2.25

8

2.05 – 2.46 (0.41)

1.85 – 2.65 (0.80)

2.30

3

1.76 – 2.54 (0.78)

1.45 – 2.83 (1.38)

2.30

8

2.02 – 2.44 (0.42)

1.80 – 2.62 (0.82)

2.40

3

1.83 – 2.62 (0.79)

1.51 – 2.94 (1.44)

2.40

8

2.11 – 2.53 (0.42)

1.90 – 2.70 (0.80)

2.50

3

1.91 – 2.71 (0.80)

1.60 – 3.03 (1.43)

2.50

8

2.21 – 2.63 (0.42)

2.00 – 2.80 (0.80)

2.60

3

2.18 – 3.03 (0.85)

1.83 – 3.38 (1.55)

2.60

8

2.33 – 2.76 (0.43)

2.15 – 2.98 (0.83)

2.70

3

2.25 – 3.14 (0.89)

1.92 – 3.48 (1.56)

2.70

8

2.42 – 2.87 (0.45)

2.23 – 3.08 (0.85)

2.80

3

2.35 – 3.25 (0.90)

2.00 – 3.58 (1.58)

2.80

8

2.52 – 2.98 (0.46)

2.32 – 3.16 (0.84)
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2.90

3

2.42 – 3.35 (0.93)

2.08 – 3.68 (1.60)

2.90

8

2.62 – 3.08 (0.46)

2.42 – 3.28 (0.86)

3.00

3

2.50 – 3.45 (0.95)

2.15 – 3.78 (1.63)

3.00

8

2.70 – 3.18 (0.48)

2.50 – 3.40 (0.90)

3.10

3

2.60 – 3.54 (0.94)

2.23 – 3.90 (1.67)

3.10

8

2.78 – 3.29 (0.51)

2.58 – 3.51 (0.93)

3.20

3

2.68 – 3.68 (1.00)

2.32 – 4.05 (1.73)

3.20

8

2.86 – 3.39 (0.53)

2.68 – 3.61 (0.90)

3.30

3

2.78 – 3.80 (1.02)

2.40 – 4.20 (1.80)

3.30

8

2.97 – 3.51 (0.54)

2.75 – 3.75 (1.00)

3.40

3

2.90 – 3.95 (1.05)

2.55 – 4.30 (1.75)

3.40

8

3.12 – 3.67 (0.55)

2.90 – 3.90 (1.00)

3.50

3

2.92 – 3.99 (1.07)

2.54 – 4.38 (1.84)

3.50

8

3.16 – 3.73 (0.57)

2.93 – 3.98 (1.05)

3.60

3

3.00 – 4.10 (1.10)

2.62 – 4.46 (1.84)

3.60

8

3.25 – 3.83 (0.58)

3.00 – 4.08 (1.08)

3.70

3

3.10 – 4.20 (1.10)

2.70 – 4.60 (1.90)

3.70

8

3.36 – 3.94 (0.58)

3.12 – 4.20 (1.08)

3.3.2.2 Characterisation of receive sensitivity of single element transducers
The receive sensitivities of the three single element transducers used to receive the UCA
signals which were measured using the hydrophone method are presented in Figure 3.14.
The normalised sensitivity was used to correct across the bandwidths of the signals of
interest (Figure 3.14), allowing for the intra-transducer sensitivity to be corrected. Examples
of a corrected frequency spectrum are shown in Figure 3.15, which illustrate the importance
of correcting the frequency spectra for the receive sensitivity of the transducers. Due to the
manufacturing process of these transducers, they each had different receive sensitivities,
with the 3.5 MHz V382 transducer being the most sensitive. The maximum sensitivity (V/N)
of each transducer was 4.6 x 109 V/N, 4.2 x 109 V/N and 3.5 x 109 V/N for the 3.5 MHz,
2.25 MHz and 1 MHz transducers respectively. Therefore, it was necessary for the signal
amplitudes to be corrected for the inter-transducer sensitivity also. This was done by
normalising the data to the maximum amplitude of the most sensitive transducer; hence, the
3.5 MHz (V382) transducer was deemed to be 100 % sensitive, and the 2.25 MHz (V306)
and 1 MHz (V303) transducers to be 89 % and 76 % sensitive, respectively. Therefore, the
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calculated signal amplitudes were corrected by these factors to account for this intertransducer sensitivity.

Figure 3. 14 The normalised intra-transducer receive sensitivity profiles of the single
element transducers used for receiving the UCA signals in the narrowband characterisation
set-up measured using the hydrophone method. Profiles for the 1 MHz (top), 2.25 MHz
(middle) and 3.5 MHz (bottom) transducers are shown.
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Examples of two frequency spectra, which included subharmonic signals from UCA, which
have been corrected for the receive sensitivity of the receiver transducer are presented
alongside their uncorrected counterparts in Figure 3.15. The top row shows a signal at
transmit centre frequency 2.9 MHz, transmitted by the 3.5 MHz transducer and received by
the 2.25 MHz transducer. In this case the subharmonic signal centre frequency, 1.45 MHz,
was closer to the edge of the sensitivity of the receive transducer than the fundamental, which
was reflected in the relative increase in the subharmonic peak compared to the fundamental.
The bottom row shows a signal at transmit centre frequency 1.9 MHz, transmitted by the
2.25 MHz transducer and received by the 1 MHz transducer. In contrast to the previous set,
here the subharmonic centre frequency, 0.95 MHz was very close to the centre frequency of
the receive transducer and the fundamental signal was in a less sensitive region, this was
reflected in the relative decrease in the subharmonic signal relative to the fundamental.
Additionally, the subharmonic peak was slightly wider as the lower subharmonic frequency
signal is corrected.

Figure 3. 15 : Two examples of frequency spectra including subharmonic signals which have
been corrected for the receive sensitivity of the receiver transducer (right) are presented
alongside their uncorrected counterparts (left). The top row shows a signal at transmit
centre frequency 2.9 MHz, transmitted by the 3.5 MHz transducer and received by the 2.25
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MHz transducer. The bottom row shows a signal at transmit centre frequency 1.9 MHz,
transmitted by the 2.25 MHz transducer and received by the 1 MHz transducer.

3.3.2.3 Acoustic Pressure Measurements
The acoustic pressure output was measured as a function of the input voltage selected on the
function generator for the various transducers at the 6 clinical output frequencies. This
voltage was amplified by ~ 45 dB before exciting the transducer. The PNP was calculated
for each measurement as the nonlinear response of the UCA is governed by the applied PNP.
An example of these measurements is plotted in Figure 3.16 for the 2.25 MHz (V306)
transducer when driven at frequencies of 2.25 MHz and 2.8 MHz. As expected, the pressure
increased linearly with increased input voltage for all transducers. The data was fitted with
a linear model and for each frequency the input voltage which would result in an output PNP
of 150 kPa

from the transducers was found (Table 3.4) for use in characterisation

experiments (Chapter 4). As discussed in Section 2.6, SonoVue® can withstand pressure of
150 kPa without changes to bubble characteristics, however as the pressure increases above
this level changes in the characteristics can lead to bubble destruction at pressures of 300
kPa.

Figure 3. 16: The PNP as a function of increasing input voltage for the 2.25 and 2.8 MHz
transmit frequencies using the 2.25 MHz V306 transducer.

74

Table 3. 4: The transmit centre frequency and corresponding input voltage to achieve a PNP
output of 150 kPa.
Transmit Centre Frequency

Input voltage peak-to-peak

[MHz]

[mVpeak-to-peak]

2.25

196

2.80

184

3.40

132

3.75

124

4.50

175

5.00

156

3.4 Discussion
Two robust bubble acoustic characterisation systems (BACS) were developed for this work:
a broadband pulse-echo system, the BACS Mark I, and a narrowband through-transmission
system, the BACS Mark III. BACS Mark I was a simple system which was easier to set-up,
with very few system settings to alter for analysis and, therefore, could be easily replicated
in other laboratories. The pulser-receiver device used in the system was designed for
broadband emissions and had a ‘spike’ excitation. However, as a result, the system did not
allow control of the specific excitation frequency or pulse length and therefore did not allow
as precise a control of the transmit beam as the narrowband system, the BACS Mark III.
This latter system allowed for the control of the excitation pulse, which allowed for an
investigation of the range of transmit parameters such as variable pulse lengths and centre
frequencies, matching those which were available on the clinical ultrasound system. A
further limitation of the BACS Mark I lay in the pulser/receiver unit it used, which only had
4 ‘Energy’ settings to control the signal amplitude, whereas the function generator and
amplifier used in BACS Mark III gave a wide range of potential amplitudes of the excitation
signal and therefore, pressure output. BACS Mark I was designed for reflection-based
measurements, using only one transducer, which decreased the expense of the system;
however, this makes it unsuitable for accurate subharmonic characterisation, as the
transducer centre frequency would not be close to the subharmonic frequency. The throughtransmission nature BACS Mark III allowed for the receive transducer to be chosen to be
centred closer to the centre frequency of the subharmonic signal than when using a single
transducer to transmit and receive, therefore making this system more appropriate for the
measurement of subharmonic signals than a pulse-echo system. However, there is some
debate as to which type of system, for example broadband (Chatterjee et al., 2005) or
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narrowband (Chen et al., 2002), is more applicable for the measurement of UCA attenuation,
and hence in the current study both systems were designed and constructed so that a
comparison of these techniques could be made. SonoVue® is an extremely nonlinear agent
which shows substantial harmonics/subharmonics at very low acoustic pressure (<50 kPa).
This could particularly complicate broadband attenuation measurements because of the poor
control of frequency-dependent transmit pressure (Frinking, 2018).

The results of these

investigations are presented in Chapter 4.
Known simply as the subharmonic frequency in ultrasound, the subharmonic frequency of
order ½ for a fundamental frequency ω0, is

𝜔0
2

(Eller and Flynn, 1969). Often in the literature,

the subharmonic bandwidth that is reported is not defined or appears to be defined somewhat
arbitrarily, e.g. a 0.5 MHz filter centred at the frequency of interest when computing the
subharmonic gradient in a subharmonic aided pressure estimation (SHAPE) (Eisenbrey et
al., 2013). For the current investigation, two definitions of the transmit bandwidths were
used: the FWHM and FWTM, and the subharmonic frequency content was defined from
each of these bandwidths, with the subharmonic frequency bandwidth being specifically
defined as the frequencies corresponding to half the defined transmit frequency bandwidth.
The characterisation of the single element transducers’ frequency output demonstrated that,
using an excitation signal of 1 cycle pulse length, the transmitted spectra was, as expected,
broadband (1.43 – 3.4 MHz at FWHM). For example, the transmit bandwidth for centre
frequency 5 MHz using an excitation signal of 1 cycle pulse length was found to be 3.00 –
6.40 MHz (Δω = 3.4 MHz) at FWHM and 1.55 – 7.75 MHz (Δω = 6.2 MHz) at FWTM. For
these transmit signals, the subharmonic bandwidths were 1.50 – 3.20 MHz (Δω = 1.7 MHz)
and 0.78 – 3.88 MHz (Δω = 3.2 MHz), respectively. There was thus a frequency overlap in
the defined bandwidths, and consequently the subharmonic bandwidths were contaminated
by the transmitted fundamental frequency. When the bandwidths were defined by FWHM,
this contamination was present for the excitation signal of 1 cycle pulse length and centre
frequencies of 2.8, 3.4, 3.75 and 4.5 MHz. When the bandwidth definition was expanded to
FWTM, the 1 and 2 cycles pulse lengths for all transmit centre frequencies included
fundamental contamination of the subharmonic bandwidths. Therefore, in this work, the
subharmonic signal was investigated for 2 – 8 cycles pulse length at the FWHM and 3 – 8
cycles pulse lengths at the FWTM in the bench-level experiments using the single element
transducers; the results of these experiments are presented in Chapter 4. The receive
sensitivities of the single element transducers were calculated from the measurements made
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using the hydrophone system to correct the measurements made using the bench level setup.
As discussed in Chapter 2, (Section 2.6) the applied acoustic pressure influences the
generation of subharmonic signal, with phospholipid shelled UCAs being reported as having
a threshold acoustic pressure of 50 kPa for the generation of subharmonic signals (de Jong
et al., 2009). A standard output acoustic pressure level was chosen to allow for direct
comparison of the response of the UCA solution to the transmit parameters of centre
frequency and pulse length. SonoVue® has been reported to resist pressure of up to 150 kPa
without changes in its characteristics, while above a pressure level of approximately 300 kPa
some bubble destruction may occur (de Jong et al., 2009). Therefore, the narrowband
BACS’s response to increased input voltage was characterised and the input voltage which
corresponded to a PNP of 150 kPa at the focus of the transducer was established for each of
the transmit centre frequencies of the respective transducers. It was found that the acoustic
output pressure was not influenced by the different pulse lengths investigated in this project.

3.5 Conclusions
Broadband and narrowband systems were developed for acoustic characterisation of UCA
solutions. A calibrated needle hydrophone system was used to characterise the various
transmit characteristics of the chosen single element transducers when driven with the
transmit parameters selected for this investigation. The acoustic pressure output response of
the single element transducers to increasing input function generator voltage was established
and the voltage level for each transmit centre frequency to achieve a standard 150 kPa
pressure level was determined. The receive sensitivity of the single element transducers was
established. The measured transmit spectra of all transducers at the selected transmit
parameters was used to calculate the fundamental frequency bandwidths, which were then
used to define the subharmonic bandwidths. The subharmonic bandwidths which included
fundamental contamination were noted and these were excluded from the transmit
parameters which were investigated in Chapter 4.
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Chapter 4 Subharmonic Characterisation of Ultrasound Contrast Agents
4.1 Introduction
Since 1969 it has been known that bubbles are capable of emitting subharmonic signals when
suspended in a liquid solution (Eller and Flynn, 1969). Subharmonic imaging, is a mode of
imaging which involves the detection of echoes at half the fundamental frequency and it has
been suggested as an alternative to harmonic imaging for producing improved blood-tissue
contrast; the primary basis of this improvement is that tissue does not produce significant
subharmonic content (Shankar et al., 1998, Forsberg et al., 2000, Chomas et al., 2002).
Additionally, due to the frequency-dependent attenuation of ultrasound beam energy in
tissue, the lower frequency subharmonic signals result in less attenuation of the signal. Early
studies investigating the SHI approach have demonstrated that a significant amount of
subharmonic signal can be generated at pressures typically used in conventional imaging,
and with lower tissue attenuation of the signal, resulting in increased penetration depth
(Harput et al., 2013, Shankar et al., 1998, Forsberg et al., 2000). The subharmonic response
of UCAs depends on many factors, including controllable transmit beam parameters such
as: the transmit frequency, the transmit pulse-length, and the applied acoustic pressure
(Forsberg et al., 2000, Shi et al., 1999, Harput et al., 2013, Liu et al., 2016), however, in
order for new contrast imaging modes to be implemented clinically, they need to be fully
investigated to systematically determine and quantify the acoustic characteristics and
response of microbubbles to the transmit beam parameters in-vitro, in bench-level
experiments.
The AIUM Technical standards committee (1995) recommended a broadband substitution
technique to determine the frequency dependent attenuation coefficient in tissue mimicking
phantoms and objects. As a result, broadband techniques are also commonly used for
determining the attenuation of ultrasound contrast agents (Raymond et al., 2014). It has
been suggested that broadband attenuation data may not be a dependable method of UCA
characterisation (Chen et al., 2002). Chatterjee et al (Chatterjee et al., 2005) preformed a
study across broadband transducers with different centre frequencies and found that, within
the error estimations, there was overlap between the attenuation measured through a
solution of Definity™. They concluded that broadband attenuation measurements were
appropriate for UCA characterisation. Their analysis is one of the few studies of UCA
attenuation to include error estimate on the measurements, which is commonly not
reported. These illustrate the significant variability in the measured values, with error
estimates indicating up to 50% uncertainty in the measured values. Therefore, the use of
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broadband versus narrowband characterisation systems was investigated in this work, to
investigate if this uncertainty could be reduced through the use of a narrowband
characterisation system. The systems developed and described in Chapter 3 were used to
carry out this investigation.
The resonance frequency of UCAs has been reported to be related to the maximum
subharmonic signal. It has been shown that using the Rayleigh-Plesset equation this
threshold for free bubbles (Eller and Flynn, 1969) and encapsulated bubbles (Shankar et al.,
1998) is close to twice the resonance frequency. Katiyar et al (Katiyar and Sarkar, 2011)
discuss a minimum threshold for subharmonic generation, through a numerical investigation,
which is not necessarily at the resonance frequency, but can occur in the range of the
resonance frequency to twice the resonance frequency. It has also been reported that the
subharmonic response of coated bubbles is related to the applied acoustic pressure also, with
increasing subharmonic resonance frequency with increased driving pressure for bubbles of
diameter less than 3 µm, while the opposite was found for larger microbubbles (Faez et al.,
2011b). The peak subharmonic response, i.e. the most subharmonic generation, would be
expected to occur where the subharmonic threshold is minimum.
To date, subharmonic imaging has not been implemented clinically, therefore, the UCAs
which are commercially available have not been optimised with subharmonic applications
in mind, but rather for the current clinical harmonic imaging applications. A necessary first
step in implementing SHI in a clinical environment was to investigate optimal conditions for
maximising the subharmonic signal from the UCA. SonoVue® (Bracco, Italy) is the only
clinical contrast agent licensed for abdominal CEUS in Europe. Therefore, this chapter
describes the acoustic characterisation of the UCA, SonoVue® and the characteristics of the
subharmonic signal that it is capable of emitting with a view to establishing the optimum
transmit beam properties to generate the maximum SH signal; therefore, centre frequency
and pulse length, at a standard applied acoustic pressure which did not adversely affect the
microbubbles, was investigated for the generation of subharmonic signals from the UCA.
Furthermore, in order to obtain more reproducible SH response from the UCA and improve
SHI the effect of the UCA’s microbubble size distribution on the SH signal was investigated.
From here on, the subharmonic signal emitted from SonoVue®, made up as per the
manufacturer’s specification, will be referred to as the ‘Native’ UCA.
The ‘Native’ size distribution was then ‘Altered’ to alter the mean size and to reduce
polydispersity of the solution of UCA. The optimum transmit parameters for subharmonic
generation were then determined for the ‘Altered’ UCA and the subharmonic signal
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generated for both the ‘Native’ and ‘Altered’ UCAs were compared. The size distribution,
volume distribution, concentration and attenuation were also, measured for both ‘Native’
and ‘Altered’ UCA.
4.2 Methods
To investigate the optimal conditions for subharmonic signal generation, experiments
focussed on two aspects:
(i)

transmit beam properties – the centre frequency and pulse length of the
insonation beam were varied, at an acoustic pressure level above the threshold
for subharmonic signal generation but below that at which appreciable
microbubble destruction occurs

(ii)

UCA microbubble size distribution – the UCA size distribution was modified,
with experiments performed on the ‘Native’ and ‘Altered’ distributions to
investigate the effect of the resultant ‘Altered’ microbubble resonant frequency
on the subharmonic signal generation.

These steps are described in turn in the following Sections.
4.2.1 ‘Native’ UCA
4.2.1.1 Size distribution and concentration measurement
The preparation of the ‘Native’ UCA solution was performed as per the manufacturer’s
instructions. SonoVue® was the main contrast agent used throughout this study. SonoVue®
consists of microbubbles of a sulphur hexafluoride (SF6) gas encapsulated in a phospholipid
shell. Clinical and research formulations of SonoVue® were used, the activation of each is
detailed below. The formulations are composed of the same constituents and measurements
made during this work showed them to be interchangeable when made up to the correct
concentrations in terms of mb/mL. The only other difference between the formulations was
that the clinical formulation came as part of an administrating set, for ease of use by
clinicians, including a MiniSpike transfer system, while the research formulation required
use of syringes in the lab for activation/withdrawal of the UCA. This meant that the two
formulations were prepared in a slightly different manner but the UCA, unless otherwise
stated (e.g. in Section 4.2.2), was made up as per the manufacturer’s instructions. The UCA
was left to stand for ten minutes after reconstitution to allow the bubbles to stabilise at room
temperature, before samples were extracted from the main solution for subsequent
characterisation and measurement. The activation steps that were used are detailed as
follows.
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For the clinical formulation:
1. The plunger rod was connected by screwing it clockwise into the syringe.
2. The MiniSpike transfer system blister was opened and the syringe tip cap removed.
3. The transfer system cap was opened and the syringe connected to the system by
screwing it clockwise.
4. The protective disk was removed from the vial. The vial was positioned into the
transparent sleeve of the transfer system and placed firmly until locked into place.
5. The contents of the syringe were emptied by pushing the plunger rod.
6. The vial was shaken vigorously for 20 seconds, mixing the contents to obtain a white
milky homogeneous liquid.
7. The vial was left to stand for 10 minutes to settle.
8. The system was inverted and the required volume carefully withdrawn.
9. The syringe containing the required volume was then removed.
For the research formulation:
1. The plastic protective cap was removed from the vial.
2. An 18 G needle was inserted in the rubber stopper of the vial for pressure
compensation venting.
3. 5 mL of sterile saline (0.9% sodium chloride) was then injected through the rubber
stopper of the vial with a second needle.
4. Both needles were then extracted from the rubber stopper.
5. The vial containing the suspension was then shaken vigorously for 30 seconds.
6. The vial was left to stand for 10 minutes to settle.
7. The desired volume was then recovered while maintaining the vial upside down with
the bevelled tip of the needle just inside the septum.
The size distribution of the ‘Native’ UCA was measured by electro-impedance volumetric
zone sensing using a Coulter Counter™ (Beckman Coulter™, Life Sciences, USA). The
Coulter Counter is based on the Coulter Principle developed to count blood cells. A tube
with a small aperture on the side was immersed in a vial containing a solution of UCA diluted
to a low concentration in saline and Isoton. An electric field was created by two electrodes,
one outside and one inside the aperture tube, creating a current path through the electrolyte
(Isoton). The impedance between the electrodes was then measured creating a “sensing
zone” in the aperture allowing for the UCA suspended in the electrolyte to be counted by
passing them through the aperture.
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When a microbubble passed through the aperture a volume of electrolyte equivalent to the
volume of the particle was displaced from the sensing zone. A short-term change in
impedance across the aperture was measured as a current pulse, the height of which was
proportional to the volume of the particle. Through use of the count- and pulse-height
analyser circuits, the number and volume of each particle passing through the aperture was
recorded. The solution was sampled in 0.5 ml volumes.
The Coulter Counter was fitted with a 100 µm aperture and had a minimum size sensitivity
of 1.3 µm, therefore the size was measured in the range of 1.3 – 10 µm; microbubbles below
this diameter could not be measured on the system and therefore were not accounted for. A
baseline background count, consisting of an average of five measurements of Isoton solution,
was subtracted from all microbubble count measurements, to account for system background
noise across this measurement range. A dilution of 1 µl of UCA in 1 ml of saline was added
to Isoton solution and sized with the coulter counter across the required range. The
measurements were made for 3 vials with 5 sample measurements taken per vial (sample
number, n= 15). The total concentration across the size range was calculated by multiplying
the total count by the dilution factor 4200. The size distribution was also calculated in a
similar fashion.

The volume distribution was then calculated based on spherical

microbubbles. Research SonoVue® formulations were measured alongside a standard
SonoVue® clinical formulation (lot: 16A003A), to ensure parity of the research
formulations for use as the ‘Native’ UCA.
4.2.1.2 Attenuation for narrowband versus broadband excitation as a function of
concentration
Broadband attenuation measurements were made using BACS Mark I (described in Section
3.2.1.2). BACS Mark III, a through-transmission narrowband acoustic characterisation
system was also developed (described in Section 3.2.1.4) and narrowband attenuation
measurements were carried out using this system. As discussed in Chapter 3, there is some
debate as to whether narrowband or broadband techniques are more appropriate for UCA
attenuation measurements and this investigation was used to compare the techniques.
Attenuation measurements for both systems were performed using a ‘substitution method’.
This method involved first acquiring a measurement with deionised water only in the
transducer path, then substituting in a solution of ultrasound contrast agent diluted in
deionised water to a specific concentration. The attenuation was calculated through
subtraction of the frequency spectra of the signal through the microbubble suspension from
the signal through water using the Equation 4.1:
82

𝛼=

𝐼𝑠𝑎𝑚𝑝𝑙𝑒
10
log10 (
)
𝑑
𝐼𝑤𝑎𝑡𝑒𝑟

(4.1)

where 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 is the mean of the power spectrum of the signal through UCA solution, 𝐼𝑤𝑎𝑡𝑒𝑟
is the mean of the power spectrum of the signal through deionised water, and d is the distance
travelled by the pulse (Sun et al., 2014).
A transducer centred at 3.5 MHz (V382, Olympus, USA) was used in this comparison, with
a second 3.5 MHz transducer (I4-0306-R, Olympus, USA) used for receiving the signals in
the narrowband system. 3 independent samples of the ‘Native’ UCA were characterised
using each system at 8 different concentrations (n = 24). The mean attenuation was
calculated from power spectra determined using the Welch transform. The measured
attenuation was compared between the methods, with reference to previous studies, to assess
each systems’ capability for UCA characterisation. The attenuation as a function of
concentration was examined to inform of the concentration selection for further
characterisation studies.
4.2.1.3 Narrowband attenuation as a function of frequency
The attenuation of SonoVue® as a function of frequency in the range 1.8 – 3.7 MHz was
investigated in steps of 0.1 MHz using pressure levels calibrated to a PNP of 150 kPa as
previously described in Section 3.3.3. Narrow bandwidths were produced using 8 cycle pulse
lengths, using the single element transducers V306 and V382, to investigate where the peak
attenuation occurred, which is related to the resonance frequency.
4.2.1.4 Subharmonic response as a function of pressure
The effect of pressure on the subharmonic signal was investigated for 3 solutions of the
‘Native’ UCA. Solutions of 150 µl in 300 ml of deionised water were prepared,
corresponding to a concentration of 6.5 x 105 mb.ml-1, and insonated with a focused
transducer (V382) driven at 3.4 MHz and 3 cycles.

A focused transducer with centre

frequency of 2.25 MHz and bandwidth 1.28 – 2.98 MHz (V306), was used to receive the
signals which had passed through the UCA solution.
Pressure in the characterisation system was controlled by increasing the output voltage of
the function generator. Each solution was repeatedly insonated at a series of pressure levels,
from low to high and then retracing back to low again to assess the effect of pressure on the
solution. For each transmit setting, 30 measurements were recorded before moving to the
next pressure level. The frequency spectra were determined from the data using the Welch
transform. The subharmonic-to-fundamental ratio is a common parameter used as an
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indication of the subharmonic peak amplitude (Andersen and Jensen, 2010). Therefore, both
the subharmonic signal level and subharmonic-to-fundamental ratio were calculated from
the spectra. The fundamental bandwidths were defined by the full-width at half-maximum
(FWHM) and full-width at tenth-maximum (FWTM) of the transmit frequency spectrum
measured using a needle hydrophone and described in detail in Chapter 3. The subharmonic
frequency bandwidth was defined as half the frequencies of the bandwidth defining the
fundamental frequencies, SHFWHM and SHFWTM, respectively, for example, for a transmit
fundamental frequency bandwidth of 1.56 – 2.94 MHz, the subharmonic bandwidth was 0.78
– 1.47 MHz. The subharmonic and fundamental amplitude were then calculated by
integration of the frequency spectrum across the respective FWHM and FWTM bandwidths.
The signal level and subharmonic-to-fundamental ratio were then compared to assess
whether there was appreciable bubble destruction occurring and the effect of pressure on the
subharmonic signal level and subharmonic-to-fundamental ratio. All signals were corrected
for the receive frequency sensitivity (using the methodology described in Section 4.2.1.8)
after transformation to the frequency domain.
4.2.1.5 Subharmonic response as a function of transmit pulse train length
The subharmonic response as a function of the transmit parameter pulse train length, which
corresponds to the transmit bandwidth, was investigated. The frequencies selected for this
Section were those available on the clinical pre-set of the research scanner used in this study
(Aixplorer®, V11.2, Supersonic Imagine, France): 2.25, 2.8, 3.4, 3.75, 4.5 and 5.0 MHz.
The excitation pulse train lengths investigated were 1 – 8 cycles, corresponding to 8 different
bandwidths for each frequency (Table 3.2).
Three single element transducers centred near the centre frequency of the desired excitation
signal were used to transmit (V303, 2.25 MHz; V382, 3.5 MHz; V309 5MHz). Each of the
transducers were calibrated for pressure output as well as the excitation voltage selected to
achieve an excitation pressure of 150 kPa across all acquisition transmit parameters, using
the hydrophone system , described in Chapter 3.
After reconstitution, a sample volume of the UCA was extracted and stored in 1.5 ml PCR
tubes, and a pipette was used to transfer 150 μL into a container holding 300 mL of deionised
water, to make up a concentration of 6.5 x 105 mb.ml-1. Samples were replaced for each
measurement made, to ensure that the microbubbles were not affected by the previous
insonation. Each solution was measured for approximately 30 seconds at a PRF of 1 Hz.

84

The subharmonic signal amplitude was then extracted from the data, as in the previous
section using the Welch transform, for all transmit parameters. The subharmonic-tofundamental ratio was calculated from the frequency spectra for the frequencies 3.4, 3.75,
4.5 and 5 MHz for both the FWHM and FWTM bandwidths. The receive transducer (V303,
1 MHz) for the lower frequencies was not sensitive enough to the fundamental signal
bandwidths to allow this analysis to be performed for data with transmit centre frequencies
of 2.25 MHz and 2.8 MHz.
4.2.1.6 Subharmonic response as a function of frequency
To establish the frequency and bandwidth at which the ‘Native’ UCA of the UCA produced
the highest subharmonic signal, measurements were made on 6.5 x 105 mb.ml-1 solutions
with a centre transmit frequency ranging from 1.8 MHz to 3.7 MHz in steps of 0.1 MHz,
with pulse lengths of 3 and 8 cycles, and at the centre frequencies 3.75 MHz, 4.5 MHz and
5 MHz. The choice of 3 and 8 pulse train lengths followed from the results of Section
4.2.1.5., where 3 cycles was found to consistently result in the highest subharmonic signal,
while a length of 8 cycles is the narrowest bandwidth investigated. The bandwidths for the
FWHM and FWTM at these transmit parameters were measured using the hydrophone
(presented in Table 3.3). The subharmonic frequencies were defined as SHFWHM and SHFWTM,
and the frequency spectrum was determined using the Welch transform.
4.2.1.7 Receive sensitivity correction
Three single element transducers (V303, 1MHz; V306, 2.25 MHz; V382 5 MHz, Olympus,
USA) were used to receive the subharmonic signal for all experiments described in this
Chapter, each selected so that the subharmonic frequency, located at half the centre
frequency of the transmit bandwidth, was as close as possible to the centre frequency of the
receiving transducer, in order to maximise the measured signals in each case. The receive
sensitivity for each transducer was measured as described in Section 3.2.2.2 and used to
correct the frequency spectrum calculated, before the subharmonic amplitude was extracted
from the signals. This allowed for the intra-transducer sensitivity to be corrected. All
subharmonic data was corrected for intra-transducer sensitivity.
Due to the specific manufacturing processes used to produce these transducers, they each
had different receive sensitivities, with the 3.5 MHz V382 transducer being the most
sensitive; this variability in performance was as expected by the manufacturer. Therefore,
it was necessary for the extracted amplitudes to be corrected for the inter-transducer
sensitivity also when comparing across frequencies, as described in Section 4.2.1.6.
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Therefore, the calculated subharmonic amplitudes were corrected to account for the intertransducer sensitivity using the factors detailed in Section 3.3.2.2.
4.2.1.8 Calculation of uncertainty in measurements
All measurements were repeated for three independent samples of UCA (N = 3), with
approximately 30 measurements taken per sample solution (ni) for each transmit beam
profile or solution concentration. A mean frequency spectrum was calculated for each
measurement and the mean value of interest, e.g. signal level over the frequencies of interest
or pressure, calculated (µi).

The mean values (µT) of these measurements was then

calculated across the three solutions (Equation 4.2) and is presented here with the standard
̂𝑇 , between the measurements as the error on the measurements, (Equation 4.3,
error, ∆𝜇
where si is the unbiased standard deviation).
𝜇̂𝑇 =

∑𝑁
𝑖=1 𝑛𝑖 𝜇𝑖
∑𝑁
𝑖=1 𝑛𝑖

̂𝑇 =
∆𝜇

2
√∑𝑁
𝑖=1 𝑛𝑖 𝑠𝑖

∑𝑁
𝑖=1 𝑛𝑖

(4.2)

(4.3)

4.2.2 ‘Altered’ UCA
The clinical formulation of SonoVue® is optimised for current clinical applications,
including harmonic imaging. The agent is not, however, optimised for subharmonic imaging,
which is currently not available on clinical ultrasound systems. To improve the generation
of subharmonic signals the clinical UCA was ‘Altered’ to reduce the polydispersity of the
solution. The subharmonic response of the ‘Altered’ UCA was then investigated. The
clinical formulation was the only formulation which was altered through decantation to
produce the ‘Altered’ UCA.
4.2.2.1 Method of UCA Alteration
The decantation method (Goertz et al., 2007) was used to alter the UCA’s size distribution
and polydispersity. This method involved the separation of different microbubble sizes using
gravitational forces only, with the time for decantation being governed by the Stoke’s
equation (Equation 4.4) with the time (t) being dependant on the radius of the bubble (r) the
distance that the bubble rises, d:
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𝑡=

9𝑑𝜇𝑙
2𝑟 2 𝑔𝜌𝑙

(4.4)

where µl is the viscosity of the liquid, 0.001 kgm-1s-1; g the gravitational force, 9.8 ms-1; ρl
the density of the liquid, 1000 kgm-3.
The resonance frequency of a bubble may be calculated using:

𝑓𝑅 =

1
3𝜅𝑃
√
2𝜋𝑟
𝜌

(4.5)

where the ratio of the heat capacityfor a diatomic gas equals 1.4, is the density of the
surrounding medium 988 kg.m-3, P the pressure is 101325 Pa. Resonance frequencies thus
calculated using code developed in MATLAB are presented in Figure 4.1. For a microbubble
size range of 1 – 4 m, the resonance frequency was calculated to be between 1.65 – 6.6
MHz, decreasing to 1.61 – 0.66 MHz for a particle size range of 4.1 – 10 m. The range 1 –
4 m was selected for the decanted UCA, because above 4.1 m the subharmonic signal
arising from insonating at the resonant frequency of the microbubble would not be in the
clinically relevant range, considering that the curvilinear probes used for abdominal imaging
on clinical ultrasound scanners are not sensitive below 1 MHz.
To extract a 2.4 ml sample (approximately half the available volume) for measurement from
a vial of the UCA, the distance for unwanted larger diameter microbubbles to rise to the
upper phase was 16 mm. Using Equation 4.4, the time for bubbles greater than 4.1 m to
rise 16 mm was 20 minutes.

Figure 4. 1: The calculated resonance frequency for bubbles of diameter 1 – 10 µm.
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The decantation method proceeded as follows:
1. The agent was activated as per the manufacturer’s specification.
2. The vial was inverted immediately after activation for the duration of the calculated
decantation time and remained inverted during extraction.
3. After the calculated decantation time, namely 20 minutes, an 18 gauge needle was
inserted with the base of its bevelled tip just inside the rubber stopper.
4. 2.4 mL was withdrawn from just inside the rubber stopper of the inverted vial
corresponding to the removal of (approximately) the lower 16 mm of the vial,
accounting for the tapering of the vial in this region.
4.2.2.2 Size distribution measurement of decanted solutions
3 vials of clinical SonoVue® were ‘altered’ using the decantation method. The lower portion
was separated and stored in 1.5 ml PCR tubes. Repeated measurements were made on the
‘Altered’ UCA over a 3 hour period. These were measured using the Coulter counter as in
Section 4.2.1.1. The concentration, size and volume distributions were then calculated. From
these the measurements, the average bubble size and the associated resonance frequency
could be calculated.
4.2.2.3 Attenuation of ‘Altered’ UCA
The narrowband attenuation of the ‘Altered’ UCA was measured using the narrowband
‘through-transmission’ characterisation system in the frequency range 1.9 – 3.9 MHz. Due
to the decreased concentration of the ‘Altered’ UCA relative to the ‘Native’ UCA and
smaller volume available, the ‘Altered’ UCA measurements were made at a lower
concentration than the ‘Native’ UCA. These measurements were taken at a concentration of
1.2 x 105 mb.ml-1.
4.2.2.4 Subharmonic Response as a function of selected transmit parameters
The subharmonic response as a function of frequency in the range of 1.9 – 3.9 MHz was
investigated in steps of 0.2 MHz at both 3 cycles and 8 cycles pulse train lengths and a PNP
of 150 kPa. These measurements were taken at a concentration of 1.2 x 105 mb.ml-1.
4.2.2.5 Comparison of the maximum subharmonic response between the ‘Native’ and
‘Altered’ UCA
To allow a direct comparison of the ‘Native’ and ‘Altered’ UCAs, the subharmonic signal
for the ‘Altered’ UCA was measured at the frequencies which gave the highest subharmonic
response at the concentration used in Section 4.2.1.6, 6.5 x 105 mb.ml-1. The amplitudes of
the subharmonic signal produced in the optimum frequency range for each UCA were then
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compared to indicate whether the ‘Altered’ UCA was more efficient for subharmonic
imaging than the ‘Native’ UCA.
4.2.2.6 Computational prediction of maximum subharmonic response for singular
microbubbles of various sizes
A computational simulation was performed to compare the predicted bubble response of
singular microbubbles with the characteristics of SonoVue® based on the measured mean
size based on bubble count and volume, and the results compared to the experimental
responses recorded. The simulation as performed using the program ‘Bubblesim’ (Hoff,
1999), which simulates the dynamic response of microbubbles to various ultrasound pulses.
The response of 1.80, 1.85, 4.00 and 2.80 μm diameter microbubbles was investigated. The
input parameters chosen are detailed in Figure 4.2, showing the ‘Bubblesim’ GUI. The other
UCA characteristics input were: shell thickness (4 nm), shell shear modulus (20 MPa) and
shell viscosity (0.6 Pas) (Tu et al., 2009). The insonation pulse was chosen to mimic that of
the experimental set-up with a pulse length 3 cycles and amplitude of 0.15 MPa. The centre
frequency was varied across the range 1.8 – 3.7 MHz in steps of 0.1 MHz and the maximum
subharmonic amplitude recorded for each simulation.
The liquid model chosen was the Rayleigh-Plesset equation modified to include radiation
damping; this model includes realistic physics while also being more computationally simple
and numerically stable compared to other models (Hoff, 2001). Damping was approximated
as isothermal, since the polytropic gas exponent of SonoVue® is 1.095 (Marmottant et al.,
2005) and the oscillation system is considered stiff and the ordinary different equation solver
(ODE) selected is ‘stiff variable order’ (Sun, 2013).
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Figure 4. 2: The graphical user interface of the ‘Bubblesim’ toolbox developed by Hoff et
al (Hoff, 2001).The transmit centre frequency and bubble radius were varied and are
indicated by the red circles in the figure.
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4.3 Results
4.3.1 ‘Native’ UCA
4.3.1.1 Size distribution and concentration measurement
Table 4.1 details the average size and concentrations of the ‘Native’ research and clinical
formulations and Figure 4.3 illustrates the measured size distributions. The average
concentration of the research formulations was found to be 2.05 ± 0.2 x 109 mb.ml-1 with the
average concentration of the clinical formulation 1.33 ± 1.2 x 108 mb.ml-1. The variation in
the measured concentrations in each formulation was due to a vial-to-vial variation of the
UCA, in the literature SonoVue® has previously been noted to be particularly effected by
such variations (Sun et al., 2016). Both the research and clinical formulations of SonoVue®
were found to be sufficiently close in terms of both size distribution and mean size to allow
them to be used interchangeably, with a higher concentration in the research formulation
being the only notable difference. The concentration only affected the volume of agent
needed and, therefore, the research agent was used as the ‘Native’ UCA in the subsequent
bench-level experiments.
Table 4. 1: The concentration, mean size and resonance frequencies of the clinical and
research SonoVue® formulations, based on the number and volume weighted distributions.
Formulation

Mean Size [μm]

Concentration
[mb.ml-1]
Vial 1
Vial 2

Vial 3

Mean

based on
number

based
on
volume

Resonance
frequency [MHz]
based
based
on
on
number volume

Clinical

1.09 ±
0.3 x 108

1.56 ±
1.2 x 108

1.35 ±
0.1 x 108

1.33 ±
1.2 x 108

1.80

4.28

3.7

1.6

Research

1.48 ±
0.1 x 109

3.47 ±
0.2 x 109

1.21 ±
0.1 x 109

2.05 ±
0.2 x 109

1.85

4.00

3.6

1.7

The research UCA size distribution (Figure 4.3) measured more than 75 % of the bubbles
counted smaller than 2 µm in each vial. Therefore, based on these measurements and Figure
4.1, the resonance frequencies of more than 75 % of the bubbles should be above 3.3 MHz.
This fraction, however, only contained 30 % of the gas volume which has been suggested to
be a better indicator of SonoVue®’s efficacy (Gorce et al., 2000) for fundamental imaging,
although it is currently unknown which is a better indicator for subharmonic imaging. The
mean UCA size based on number of microbubbles predicted a resonance frequency of 3.6
MHz, while the mean UCA size based on volume predicted a resonance frequency of 1.7
MHz using Equation 4.5.
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Figure 4. 3: (Top row) The size distribution for the ‘Native’ UCA of research (left) and
clinical (right) SonoVue® based on number of microbubbles. (Bottom row) The size
distribution of the ‘Native’ UCA of research (left) and clinical (right) SonoVue® based on
gas volume.
4.3.1.2 Attenuation as a function of concentration for narrowband versus broadband
excitation
Two systems for UCA characterisation, BACS Mark I and BACS Mark III, were developed
as detailed in Chapter 3. The attenuation as a function of concentration was compared when
measured with narrowband versus broadband excitation signals (Figure 4.4). Both graphs
show a linear increase in attenuation with concentration, in the range investigated. The
broadband graph (Figure 4.4(a)) displays approximately 3 – 4 times higher values than the
narrowband (Figure 4.4(b)). The narrowband measurements are consistent with those
previously published in the literature, e.g. 1.2 dB/cm at 3MHz and ~ 1.5 x 106 mb.ml-1 (de
Jong et al., 2009). Furthermore, broadband measurements resulted in higher variability in
the attenuation measurements across all concentrations than the narrowband measurements.
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The variability in the broadband measurements is thought to be a result of the relation
between UCA response and insonation frequency. Single microbubbles in the UCA solution
resonate at different frequencies depending on their diameter, and have a varied response to
acoustic excitation at different frequencies. UCA are not monodisperse and the variability in
the size distribution means that mean resonance frequency of UCA is not the same for each
individual microbubble, nor will the response to any particular transmit frequency be the
same for each individual microbubble. The broadband measurements included a wide range
of frequencies, meaning that the response of the UCA was more variable than the
narrowband. The narrowband had less variation of transmit frequency and therefore, resulted
in a less variable response of the UCA, allowing a more accurate estimation of the
attenuation of the UCA. The variability in the attenuation measurements may indicate a
potential factor that would affect the quantification accuracy associated with contrastenhanced ultrasound.

Figure 4. 4 (a, b): Attenuation of the ‘Native’ UCA measured as a function of concentration
using a broadband (a) and a narrowband (b) characterisation system. Both systems show a
linear increase in attenuation with concentration. The narrowband system shows less
variability in the measurements (error bars) and resulted in attenuation values consistent
with those published in literature.

4.3.1.3 Narrowband Attenuation as a function of frequency
The attenuation of the ‘Native’ UCA was measured across the frequency range 1.8 MHz to
3.7 MHz in steps of 0.1 MHz at the narrower bandwidth, pulse length of 8 cycles (Figure
4.5). The attenuation curve shows a maximum of 1.83 ± 0.14 dBcm-1 in the region of 2.1
MHz. A previous study suggested that the peak in the attenuation curve is expected to be
located at the resonance frequency of the UCA (Parrales et al., 2014). In the current
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experiment, a resonance frequency of 2.1 MHz corresponds to a bubble diameter of 3.14 µm
(Equation 4.5).

Figure 4. 5: Narrowband characterisation of the ‘Native’ UCA attenuation with frequency
across the range 1.8 – 3.7 MHz at a concentration of 6.5 x 105 mb.ml-1.

4.3.1.4 Subharmonic response as a function of pressure
There is a dependence of the subharmonic signal on the applied pressure (Shi et al., 1999,
de Jong et al., 2009). The mean subharmonic signal level at each pressure level did not show
any significant difference between measurements between ascent and descent through the
pressure levels (Figure 4.6). Therefore, it can be concluded that no appreciable destruction
occurred during insonation at any of the pressure levels. Similarly, the subharmonic-tofundamental ratio (Figure 4.7) did not indicate appreciable bubble destruction. Both the
subharmonic signal level and the subharmonic-to-fundamental ratio increased with
increased pressure of insonation; the150 kPa showed the lowest variation in subharmonic
signal level between the measurements. In previous studies, researchers showed a
subharmonic component for SonoVue® at an insonation frequency of 3.5 MHz was present
above 48 kPa which increased at higher applied pressure (for example, see Figure 3 in (de
Jong et al., 2009)). Soft-shelled UCA can resist acoustic pressures of 150 kPa without
changes in bubble characteristics (de Jong et al., 2009). Therefore, 150 kPa was selected as
a standard level of applied acoustic pressure for following experiments described herein.
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SHAmp FWTM (V2/MHz)

Pressure (kPa)

Figure 4. 6: Subharmonic signal amplitude as a function of peak negative pressure at
SHFWTM. The data represents a mean of 3 solutions, insonated approximately 30 times at

SHF FWTM (V2/MHz)

each pressure level.

Pressure (kPa)

Figure 4. 7: Subharmonic to fundamental ratio as a function of peak negative pressure, with
the bandwidths defined by the FWTM. The data represents a mean of 3 solutions, insonated
approximately 30 times at each pressure level.

4.3.1.5 Subharmonic response as a function of pulse train length
There is some debate in the literature as to the relation between the highest subharmonic
generation and the resonance frequency as discussed in Chapter 2, therefore, the
subharmonic response of the ‘Native’ UCA was investigated across all the centre frequencies
available on the clinical ultrasound system, 2.25, 2.8, 3.4, 3.75, 4.5 and 5 MHz. The
subharmonic response as a function of pulse train length was examined across these
frequencies for pulse lengths from 1 to 8 cycles. Only data in which there was no overlap
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between defined subharmonic frequencies and the fundamental frequencies are presented
herein. Consequently, the 1 cycle data was disregarded for all measurements and the 2 cycle
data disregarded when the fundamental FWTM was used to define the frequency bands.
The subharmonic amplitude data is presented in Figure 4.8 where the subharmonic
bandwidths were defined SHFWHM and SHFWTM, respectively. Across the six centre
frequencies, a transmit pulse length of 3 cycles consistently resulted in the highest
subharmonic signal level above the other pulse lengths investigated. The SHFWTM amplitude
was significantly higher than the SHFWHM, which was expected considering the SHFWTM
included more of the generated subharmonic signal. Therefore, these results suggested that
a pulse train length of 3 cycles resulted in the most efficient subharmonic generation in the
‘Native’ UCA and that the frequencies delineated by half the FWTM bandwidth could be
used to capture the entire subharmonic signal. Furthermore, it was noted that the
subharmonic signal level increased with decreasing transmit centre frequency. The highest
signals were recorded at the lowest transmit centre frequency investigated, corresponding to
2.25 MHz.
Additionally, the subharmonic-to-fundamental ratio was also determined from the frequency
spectra for the frequencies 3.4 MHz, 3.75 MHz, 4.5 MHz and 5 MHz over both the FWHM
and FWTM bandwidths (Figure 4.9). Similarly, this data indicated an increase in
subharmonic signal as the frequency decreases. There was a marginal increase in the
subharmonic-to-fundamental ratio when the bandwidth was defined by the FWTM. These
results provide further support that the 3 cycles transmit pulse length appears to result in
greater subharmonic signal generation for the ‘Native’ UCA. Furthermore, it was found that
there was an increase in subharmonic signal with decreasing frequency, although the
increase was marginal for the subharmonic-to-fundamental ratio where the bandwidth was
defined by the FWTM.
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(b)

(c)

(d)

(e)

(f)

SHAmp FWTM (V2/MHz)

SHAmp FWHM (V2/MHz)

(a)

Pulse length (number of cycles)

Figure 4. 8: The subharmonic amplitude at SHFWHM (SHAmp FWHM - top row) and SHFWTM (SHAmp FWTM - bottom row) for pulse train lengths of 2
– 8 cycles and transmit centre frequencies of (a) 2.25 MHz, (b) 2.8 MHz, (c) 3.4 MHz (d) 3.75 MHz (e) 4.5 MHz (f) 5 MHz. The data represents
a mean of 3 solutions, insonated approximately 30 times at each transmit pulse length. Note the difference in the amplitude of the y-axis for
each graph. The highest value is indicated in each graph with a red circle and was found to consistently be measured at a pulse length of 3
cycles. The overall maximum was measured at transmit centre frequency 2.25 MHz and a pulse length of 3 cycles in both bandwidths.
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Figure 4. 9: Subharmonic to fundamental ratio at full-width at half maximum (SHFFWHM - top row) and full-width at tenth maximum (SHFFWTM
- bottom row) at centre frequencies (a) 3.4 MHz (b) 3.75 MHz, (c) 4.5 MHz, (d) 5 MHz. The data represents a mean of 3 solutions, insonated
approximately 30 times at each transmit pulse length. The highest value is indicated in each graph with a red circle and was found to consistently
be measured at a pulse length of 3 cycles. The overall maximum was measured at transmit centre frequency 2.25 MHz and a pulse length of 3
cycles in both bandwidths.
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4.3.1.6 Subharmonic response as a function of frequency
The subharmonic signal level as a function of transmit centre frequency measured at both
SHFWHM and SHFWTM data are presented in Figure 4.10, for a pulse length of 3 and 8 cycles.
Both SHFWHM and SHFWTM data was corrected for intra-transducer receive sensitivity. At
SHFWHM the highest signal amplitude was measured at frequencies of 2.25 MHz and 1.9 MHz
at pulse lengths of 3 and 8 cycles, respectively. For a pulse length of 8 cycles, a similar trend
was present when the bandwidth was expanded to SHFWTM. Furthermore, a centre frequency
of 1.9 MHz was also found to produce the highest subharmonic amplitude when integrating
over the SHFWTM bandwidth for 3 cycles which was marginally higher that the amplitude
produced at 2.25 MHz. A higher subharmonic amplitude was measured for each set of
transmit parameters at SHFWTM as previously noted, suggesting this subharmonic bandwidth
captures more of the subharmonic signal.

Figure 4. 10: Subharmonic signal amplitude at SHFWHM (SHAmp FWHM - top row) and SHFWTM
(SHAmp FWTM -bottom row), pulse length 3 cycles(left), 8 cycles (right) for the ‘Native’ UCA
at concentration 6.5 x 105 mb.ml-1 and applied pressure 150 kPa. The data represents a
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mean of 3 solutions, insonated approximately 30 times at each transmit centre frequency.
The data has been corrected for intra-transducer sensitivity.
The subharmonic signal level as a function of centre frequency, integrated over the SHFWHM
and SHFWTM are presented in Figure 4.11 for a pulse length of 3 and 8 cycles. Both SHFWHM
and SHFWTM data was corrected for intra-transducer and inter-transducer receive sensitivity.
The highest signal amplitude extracted from the frequency spectra was at 1.9 MHz across
both pulse lengths and defined bandwidths when the inter-transducer receive sensitivity was
corrected for. The subharmonic amplitude was considerably higher in the range 1.9 – 2.5
MHz with the amplitude decreasing below 1.8 MHz and above 2.5 MHz in all cases. These
results illustrate the importance of properly accounting for transducer sensitivity when
characterising UCAs.

Figure 4. 11: Subharmonic signal amplitude at SHFWHM (SHAmp FWHM - top row) and SHFWTM
(SHAmp FWTM - bottom row) for pulse length 3 cycles (left), 8 cycles (right) for the ‘Native’
UCA at concentration 6.5 x 105 mb.ml-1 and applied pressure 150 kPa. The data represents
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a mean of 3 solutions, insonated approximately 30 times at each transmit centre frequency.
The data has been corrected for intra-transducer and inter-transducer sensitivity.
4.3.2 ‘Altered’ UCA
4.3.2.1 Measured size distribution and concentration of decanted solutions
The subharmonic signal with greatest amplitude for ‘Native’ UCA, at 1.9 MHz, was found
to occur close to the measured resonance frequency of 2.1 MHz. In the size range of 1 – 4
µm, the resonance frequency range was found to be 1.65 – 6.6 MHz, while from 4.1 – 10
µm the resonance frequency was found to be 0.66 - 1.61 MHz. For the larger size range, the
resonance frequencies of the microbubbles subharmonic response would most likely be
below the detection capabilities of ultrasound systems, as most commercial ultrasound
systems do not operate at frequencies below 1 MHz. The time for bubbles greater than 4.1
µm to rise 1.6 cm was calculated, using Equation 4.4, as 20 minutes and the vial split into
two sections. The lower portion of the vial which contained the lower diameter microbubbles
was selected as the ‘Altered’ UCA.
Decantation successfully resulted in an ‘Altered’ UCA (Figure 4.12). The lower fraction of
the vial contained mainly microbubbles of diameter 1 – 4 µm, accounting for 99 % of the
microbubble count and 82 % of the bubble volume, lowering the mean bubble size based on
volume, which, in turn, raised the resonance frequency based on volume. There was an
increase in the amplitude of the distribution at the lower diameters mainly due to the fact
that during decantation, the larger bubbles rise through the volume of the vial towards the
surface, and push down some of the smaller microbubbles sitting in the upper region, as the
larger microbubbles begin to fill the available upper volume. The mean microbubble size
based on bubble number was 1.8 µm, which corresponded to a resonance frequency of 3.7
MHz and the mean size based on volume was 2.8 µm, which corresponded to a resonance
frequency of 2.4 MHz. The resonance frequency corresponding to the mean size based on
volume was of particular interest as maximum subharmonic generation for the ‘Native’ UCA
was found to be in the region of this frequency. The concentration of the ‘Altered’ UCA was
found to be 1.9 ± 0.7 x 10 8 mb.ml-1. The subharmonic for a mean resonance frequency of
2.4 MHz would correspond to 1.2 MHz and the harmonic would correspond to 4.8 MHz,
both within the range for clinical abdominal imaging.
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Figure 4. 12: The measured size (left) and volume (right) distributions of ‘Native’ (dotdashed) and ‘Altered’ (dashed) UCA, the dotted line indicating the ideal cut-off point of the
‘Altered’ UCA (1 – 4 µm) according to calculations made using the Stokes equation.
4.3.2.3 Attenuation of ‘Altered’ UCA
The attenuation of the ‘Altered’ UCA was measured across the frequency range of 1.9 –
3.9 MHz using the narrowband system at a concentration of 1.2 x 105 mb.ml-1. The average
attenuation across the three samples, each measured 30 times, is presented in Figure 4.13.
The highest attenuation measured was at 2.5 MHz, which was close to the predicted
resonance frequency according to the mean bubble size based on the volume distribution of
2.4 MHz.

Figure 4. 13: The attenuation of the ‘Altered’ UCA across the frequency range 1.9 – 3.9
MHz at a concentration of 1.2 x 105 mb.ml-1. The data represents a mean of 3 solutions,
insonated approximately 30 times at each transmit centre frequency.
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4.3.2.4 Subharmonic Response as a function of selected transmit parameters
The subharmonic signal of solutions of concentration 1.2 x 105 mb.ml-1 was acoustically
characterised across the frequency range 1.9 – 3.9 MHz in steps of 0.2 MHz at pulse length
of 3 and 8 cycles. The subharmonic signal amplitude was calculated as previously described,
by integrating over SHFWHM and SHFWTM and the respective data is presented in Figure 4.14.
Similar to the ‘Native’ measurements, the highest subharmonic amplitude was consistently
recorded at a pulse length of 3 cycles integrated over SH FWTM, this defines the widest
subharmonic bandwidth examined. The subharmonic signal as a function of frequency was
highest at pulse length of 3 cycles across the range of 2.3 – 2.5 MHz. The subharmonic signal
for a pulse length of 8 cycles defined at SHFWHM was highest at 2.4 MHz, which was the
predicted resonance frequency, and 2.3 – 2.5 MHz at SHFWTM.

Figure 4. 14 (a, b; c, d): Subharmonic signal amplitude at SHFWHM (SHAmp FWHM - top row)
and SHFWTM (SHAmp FWTM -bottom row), pulse length 3 cycles(left), 8 cycles (right) for the
‘Altered’ UCA at concentration 1.2 x 105 mb.ml-1 and applied pressure 150 kPa. The data
represents a mean of 3 solutions, insonated approximately 30 times at each transmit centre
frequency. The data has been corrected for intra-transducer and inter-transducer sensitivity.
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Altering the UCA successfully narrowed the range of frequencies in which the subharmonic
amplitude was highest, confining it to the higher end of the range measured in the ‘Native’
UCA (1.9 – 2.5 MHz, ‘Native’ and 2.3 – 2.5 MHz, ‘Altered’). Both of these subharmonic
frequency ranges are within the frequency range used clinically in abdominal imaging. This
investigation was performed at a lower concentration than that interrogated for the ‘Native’
UCA, therefore, the frequencies of the highest subharmonic amplitudes were also
investigated at the higher concentration so as to facilitate the direct comparison of the two
populations of UCAs.
4.3.2.5 Comparison of the maximum subharmonic response between the ‘Native’ and
‘Altered’ UCA
The maximum signal amplitude at the SHFWTM bandwidth, for solutions at a concentration
of 6.5 x 105 mb.ml-1, for both populations of UCAs was compared at a pulse length of 3
cycles. This occurred between 1.9 – 2.5 MHz for the ‘Native’ UCA and between 2.3 – 2.5
MHz for the ‘Altered’ UCA (Table 4.2, Figure 4.15). The absolute maximum subharmonic
amplitude at the individual transmit centre frequencies was higher in the ‘Native’ (466 ± 3
V2/MHz at 1.9 MHz) than the ‘Altered’ UCA (400 ± 3 V2/MHz at 2.3 MHz). The average
subharmonic signal for the ‘Native’ UCA was 375 ± 54 V2/MHz and 385 ± 13 V2/MHz for
the ‘Altered’ UCA. Therefore, within the measurement error, the average subharmonic
signal across the frequencies of interest of both UCAs was found to be the equal.
Table 4. 2: Subharmonic amplitude at SHFWTM for the ‘Native’ and ‘Altered’ UCA at the
transmit centre frequencies which gave the highest subharmonic signal, 1.9 – 2.5 MHz and
2.3-2.5 MHz, respectively. The insonated solution made up to a concentration of 6.5 X 10 5
mb.ml-1.
Centre Transmit Frequency
[MHz]
1.9
2.0
2.1
2.2
2.3
2.4
2.5

‘Native’ Subharmonic amplitude
SHFWTM [V2/MHz]
466 ± 3
332 ± 6
412 ± 4
319 ± 4
374 ± 4
396 ± 4
327 ± 4

‘Altered’ Subharmonic
amplitude SHFWTM [V2/MHz]
400 ± 6
379 ± 10
376 ± 3

104

Figure 4. 15: Subharmonic amplitude at SHFWTM (SHAmp FWTM) for the ‘Native’ and ‘Altered’
UCA at the transmit centre frequencies which gave the highest subharmonic signal, 1.9 –
2.5 MHz and 2.3 – 2.5 MHz, respectively. The insonated solution made up to a concentration
of 6.5 x 10 5 mb.ml-1. The data represents a mean of 3 solutions, insonated approximately 30
times at each transmit centre frequency.
4.3.2.6 Computational prediction of maximum subharmonic response for singular
microbubbles of various sizes
The maximum subharmonic amplitude was recorded as a function of frequency for the mean
measured UCA sizes from simulations with the ‘Bubblesim’ program (Figure 4.16). This
program calculated the response of singular microbubbles to the input waveforms. From the
calculated maximum subharmonic responses of the UCA at various transmit centre
frequencies, it was noted that the response of the mean sized bubble based on volume for
both ‘Altered’ (2.80 μm) and ‘Native’ (4.00 μm) UCA, more closely matched the
experimental data than that for the mean size based on microbubble count (1.80 and 1.85
μm, respectively). The response of the ‘Native’ UCA peaked at 1.9 MHz experimentally,
while the response of a single UCA, at the measured mean size based on volume, predicted
in the simulated data increased with decreasing frequency to the lowest frequency measured
of 1.8 MHz. The ‘Altered’ UCA subharmonic response peaked around 2.3 – 2.5 MHz
experimentally and a similar trend was seen in the simulated data for a singular UCA at the
mean size based on volume. Furthermore, the simulated response of the UCA corresponding
to the mean size based on count was much lower and did not correlate with the experimental
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results. Therefore, these simulations of the response of singular UCA support the hypotheses
that the UCA size and resonance frequency based on volume was a better indicator of the
region of maximum subharmonic generation.

Figure 4. 16: The maximum subharmonic amplitude was recorded as a function of transmit
centre frequency for the mean measured UCA sizes from simulations with the ‘Bubblesim’
program. The simulation of the response of the mean sized bubble based on volume for both
‘Altered’ (2.80 μm) and ‘Native’ (4.00 μm) UCA, more closely matched the experimental
data than that for the mean size based on microbubble count (1.80 and 1.85 μm,
respectively).
4.4 Discussion
This Chapter described an extensive characterisation of the subharmonic generation from
‘Native’ and ‘Altered’ SonoVue® UCA through examination of the frequency response to
various transmit beam profiles. The transmit beam profile was manipulated by changing
transmit parameters such as centre frequency and pulse length. A custom built narrowband
‘through-transmission’ system, BACS Mark III facilitated the investigation of the effect of
the transmit beam profile. The method of defining the subharmonic bandwidth was also
refined. This Section discusses the findings of this investigation, comparing the
subharmonic signal generated in both populations of UCA for the different beam profiles
and comparing that generated by the ‘Native’ UCA to the ‘Altered’ UCA.
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The size distribution of the ‘Native’ UCA was measured and indicated a resonance
frequency, based on mean size, of 3.6 MHz. However, a large portion of the microbubble
volume occurred in the range 3 – 6 µm and the volume distribution indicated a lower
resonance frequency of 1.7 MHz. The resonance frequency of the ‘Native’ UCA was found
to be at 2.1 MHz when the attenuation was measured using a narrowband characterisation
system, which was closer to the resonance frequency predicted by the volume distribution.
Van der Meer optically examined the resonance frequency of individual SonoVue®
microbubbles (Meer et al., 2004) and reported those of diameter 4.0 μm had a resonance
frequency at 1.6 MHz, 3.2 μm at 2.1 MHz and 2.6 μm at 3.1 MHz. In another paper, the
resonance frequency of SonoVue® was reported to be 3 MHz (de Jong et al., 2009) based
on backscatter measurements, and it was also noted that the broad size distribution and high
damping of bubble vibration lead to a broad peak in the measurements. However, the same
group had previously reported the resonance frequency of SonoVue® from the measured
attenuation curve to be 1.6 MHz (Emmer et al., 2009) and, although referencing this paper
in the same paragraph, this discrepancy in findings was not commented on by the authors.
Schneider et al. (Schneider, 1999) also reported a peak response at 3 MHz when measuring
the backscatter of SonoVue® and concluded that this was resonance frequency of the UCA.
Another study determined that the resonance frequency of the entire SonoVue® microbubble
population was at 1.75 MHz (Tang and Eckersley, 2006) using a narrowband through
transmission system, however, the authors do not state how they measured the resonance
frequency. The polydispersity of UCA has been noted to result in difficulties in identifying
the resonance peak from attenuation measurements made using a broadband ‘pulse-echo’
system similar to BACS Mark I (Parrales et al., 2014). The differences in resonance
frequencies reported in the literature appears to be a result of variations in the measurement
techniques used to establish this value and potentially is also influenced by the polydispersity
of commercial UCA. An example of the discrepancies which may arise can be highlighted
by the differences in the attenuation values measured using the broadband (BACS Mark I)
and narrowband (BACS Mark III) systems in the current study.
The size and volume distribution data for both the ‘Native’ and ‘Altered’ UCA demonstrated
that the decantation method successfully resulted in an ‘Altered’ population containing
mainly microbubbles in the size range 1 – 4 µm, accounting for 99 % of the bubble count
and 82 % of the bubble volume. It was expected that this narrower size range would have
two main effects on the subharmonic generation. Firstly, that the frequency at which the
subharmonic signal occurred would be shifted up into the clinically-detectable range for
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abdominal imaging, namely between 1 – 6 MHz. Secondly, that more of the microbubbles
would be insonated at their resonance frequency, the frequency which would result in the
maximum subharmonic generation, and that this in turn would result in a higher subharmonic
signal when compared to the ‘Native’ UCA for the same applied pressure and concentration.

As discussed in Chapter 2, subharmonic generation can be divided into two regimes, the TR
and T2R regimes (Chomas et al., 2002). In an earlier study (Krishna et al., 1999), strong
subharmonic generation was predicted theoretically and shown experimentally to be present
when UCAs were insonated at twice the resonance frequency, i.e. in the T2R regime. More
recently, an experimental study involving imaging the subharmonic response of
microbubbles with an ultra-high-speed camera supported that there is a minimum acoustic
pressure threshold in this region (Sijl et al., 2010). However, some later studies have
reported lower subharmonic generation thresholds when transmitting in the region of the
resonance frequency, the TR regime, rather than at twice the resonance frequency, the T2R
regime, both numerically and experimentally (Katiyar and Sarkar, 2012, Faez et al., 2012),
with the actual minimum also depending on the bubble size distribution (Katiyar and Sarkar,
2011). Shekhar examined the subharmonic signal from six distinct size distributions of
Targester-P using high frequency imaging (Shekhar et al., 2013), and it was found that there
was up to 20 dB difference in the subharmonic response. The authors suggested that a vialto-vial variability in UCA size distribution may lead to considerable differences in
subharmonic imaging performance and that the subharmonic response for high frequency
imaging could be considerably improved by altering the size distribution to eliminate the
larger microbubbles. The authors also reported that the number weighted distribution was a
better indicator of the efficacy for SHI at high frequencies. However, in this work, the
resonance frequency measured (2.1/2.5 MHz for ‘Native’ and ‘Altered’ UCA, respectively)
was close to the predicted value based the volume-weighted distribution (1.7/2.4 MHz for
‘Native’ and ‘Altered’ UCA, respectively) and was found to be a better indicator of
subharmonic efficacy as the maximum subharmonic generation was measured transmitting
in this region (1.9/2.3 – 2.5 MHz, for ‘Native’ and ‘Altered’ UCA, respectively) and was
therefore, in the TR regime. A computational investigation of the subharmonic signal
generated from single microbubbles of the mean sizes calculated based on both volume and
number weighted distributions for both UCA further supported these experimental findings.
Furthermore, the results supported the theory that, as the mean size decreases, the peak in
attenuation coefficient occurs at a higher frequency, and that for less polydisperse size
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distributions, the peak in attenuation occurs in a narrower frequency range at the resonance
frequency (Gong et al., 2009, Parrales et al., 2014).
In the literature there is little discussion of the manner in which the subharmonic frequency
bandwidth is determined, and rather the centre frequency is usually only reported. When the
frequencies of interest, i.e. the fundamental and subharmonic bandwidths, are defined on the
basis of the FWTM, in general there was a notable increase in the subharmonic signal
amplitude and a slight rise in the subharmonic-to-fundamental ratio. The increases noted
when the FWTM definition was used, particularly the significant increase in the
subharmonic amplitude, suggests that more of the generated subharmonic is included in this
wider definition of the subharmonic frequencies.
The subharmonic signal level for the ‘Native’ UCA was investigated across the transmit
frequency range of 1.8 to 5 MHz and pulse length of 1 to 8 cycles. In agreement with Liu et
al it was found that SonoVue® responded with the highest subharmonic signal when
insonated at a pulse length of 3 cycles (Liu et al., 2016), however, it should be noted that
this study was conducted using a clinical ultrasound system and not a bench-level bubble
characterisation system. Similarly, the subharmonic-to-fundamental ratio, another measure
of subharmonic signals (Andersen and Jensen, 2010), revealed that a pulse length of 3 cycles
gave the highest ratio, in this case with experimental ultrasound system for acoustic
characterisation. Furthermore, Liu et al reported that a transmit frequency of 2.5 MHz gave
the highest subharmonic response for the frequencies tested (2.5, 3.0, 3.5 and 4.0 MHz)
however, this was also the lowest transmission frequency that they investigated in their study
(Liu et al., 2016). In this work, the highest subharmonic response for the ‘Native’ UCA was
achieved at a centre transmit frequency of 1.9 MHz. This suggests that the subharmonic
signal measured by Liu et al. may not necessarily have been optimised given the optimum
frequency range that was determined as part of this study.
For the measurements made here, the optimised transmit centre frequency of 1.9 MHz
measured for the ‘Native’ UCA is not available on the Aixplorer® research
(SonicResearch™, V11.2, Supersonic Imagine, France) package and the subharmonic
bandwidth contains frequencies which are below the 1 MHz lower frequency limit of this,
and many other, clinical scanners. Therefore, there is a mismatch for optimal subharmonic
transmit parameters for the SonoVue® UCA in the current formulation and the clinically
used transmit parameters. This discrepancy is perhaps not surprising, considering the UCA
is not currently optimised for subharmonic imaging, (which is not readily available on
clinical scanners), but rather for harmonic imaging which is the technique used for routine
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clinical imaging. For the subharmonic imaging technique to be implemented clinically, the
clinical UCAs and/or the clinical transducer transmit parameters would benefit from being
optimised in an application-specific manner.
Altering the UCA resulted in only half the volume of contrast agent being available for use,
therefore the agent was investigated across the frequency range 1.9 – 3.9 MHz at a lower
concentration in order to establish the region in which the subharmonic signal was highest
before making up the higher concentrations in order to compare the signal at these centre
frequencies to highest signal region for the ‘Native’ UCA. The frequency range in which a
higher subharmonic signal was generated (2.3 – 2.5 MHz) was much narrower than that for
the ‘Native’ UCA (1.9 – 2.5 MHz), which was expected due to the narrowing the size
distribution. The highest subharmonic signal occurred at receive centre frequencies of 1.15
– 1.25 MHz which, unlike the highest subharmonic centre frequency for the ‘Native’ UCA,
is inside the detection capabilities of clinical ultrasound scanners.
It was expected that altering the UCA to a narrower distribution and insonating at the centre
frequency with the highest subharmonic component would result in a higher signal level
compared to the more disperse ‘Native’ UCA, as more of the microbubbles would be
insonated close to their resonance frequency. When comparing the signals present when the
optimum transmit parameters were used on each UCA, however, this was not found to be
the case. It is also found that the subharmonic signal levels in the frequency range of 2.3 –
2.5 MHz were similar for both populations of UCA. The potential improvement due to
decreased vial-to-vial variability by modified distributions, as suggested for Targester-P
(Shekhar et al., 2013) at high frequencies, does not appear to be substantiated in the data
collected here. However, the modified distributions did increase the transmit frequency at
which the highest subharmonic was detected to 2.3 MHz. Increasing the transmit frequency
and narrowing the maximum subharmonic response bandwidth will allow for the full
subharmonic signal to be detected by the clinical ultrasound system, which may be an
important factor in the use of subharmonic imaging for quantification studies. The narrower
frequency range of the attenuation peak and the subharmonic peak may give rise to more
reproducible and quantifiable signals in the future development of clinically applicable
subharmonic imaging techniques.
The clinical ultrasound system which was used for this work and described in Chapter 5, had
a defined set of user-selectable transmit parameters. The transmit frequency closest to the
optimum transmit frequency for both UCAs was 2.25 MHz, which was the lowest transmit
frequency available.
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4.5 Conclusions
This study presents a comprehensive investigation of the characterisation of the subharmonic
response of both ‘Native’ and ‘Altered’ populations of SonoVue®, the only UCA licensed
in Europe for abdominal contrast enhanced ultrasound imaging. Abdominal imaging is
generally performed clinically in the frequency range 1 – 6 MHz. The decantation method
was successfully used to alter the size distribution of the ‘Native’ UCA and reduce
polydispersity of the contrast agent. The attenuation data indicated that a narrower
attenuation peak was present for less polydisperse populations which was maximum at the
resonance frequency of the UCA. Altering the UCA to a smaller mean size successfully
increased the resonance frequency. The subharmonic bandwidths defined by SH FWTM
appeared to include more of the generated subharmonic signal than those defined by
SHFWHM. For both populations of UCA, a transmitted pulse length of 3 cycles generated the
greatest subharmonic signal. The results indicated that the greatest subharmonic response
was present when insonated near the resonance frequency of the particular UCA. The size
distribution based on volume appears to be a better indicator of the efficacy for subharmonic
generation. The decreased mean size of the ‘Altered’ UCA, and hence increased resonance
frequency, resulted in the frequency at which the maximum subharmonic occurred to be
shifted into the clinically detectable range for abdominal imaging. The established optimum
transmit parameters and defined frequency bandwidth for subharmonic extraction were then
transferred to a clinical set-up thereby, allowing for a clinically applicable subharmonic
imaging technique to be developed for the ultrasound contrast agent, SonoVue®. The lowest
transmit frequency available on the clinical scanner was 2.25 MHz. This was in the range
which resulted in higher subharmonic generation in the ‘Native’ UCA and close to the
optimum transmit frequency for the ‘Altered’ UCA. Therefore, the optimum ‘clinically
available’ transmission parameters of a pulse length of 3 cycles and transmit centre
frequency of 2.25 MHz were used to translate the subharmonic technique to the clinical
ultrasound system, which is discussed in Chapter 5.
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Chapter 5 Transfer of the optimised subharmonic imaging technique to a
clinical ultrasound system
5.1 Introduction to the clinical ultrasound scanner
The clinical ultrasound system used in this project was the Aixplorer® (V11.2, SuperSonic
Imagine, France). This system included a research package, called, SonicResearch™, which
allowed access to advanced transmit beam parameters for image acquisition/optimisation as
well as access to the measured raw radio frequency (RF) data on the receive end. Accessing
the Raw RF data before beam formation meant that there was the potential to investigate
new application-specific imaging techniques, such as subharmonic imaging, as the
frequency content of the data was not filtered as is the case with processed data, which is
usually filtered to contain either fundamental or harmonic frequency data depending on the
application the processing is for e.g. fundamental B-mode imaging or harmonic CEUS
imaging. The research option could be used with three of the available transducers on the
system: the linear (SL15 – 4), the curvilinear (XC6 – 1) and the 3D (SLV16 – 5) transducers.
The curvilinear transducer is the transducer used clinically for abdominal imaging, the shape
of the array makes it particularly useful for intercostal scanning. The effective bandwidth of
the transducer has frequency range spanning 1 – 6 MHz. The transducer has 192 elements
and a 60° field of view. This transducer was chosen for the experimental work described in
this Chapter, focusing on the translation of the bench-level results to the clinical setting, as
the aim of this project was to develop subharmonic imaging in the liver which required this
frequency range, furthermore, the probe was focused at a depth of ~ 6.4 cm which was
relevant for the depth of the liver in vivo. The transmit centre frequencies and pulse lengths
available with the XC6-1 transducer in the research package were 2.25, 2.8, 3.4, 3.75, 4.5,
5.0 MHz and 1 – 6 cycles in ½ cycles step sizes.
The data output types available were: (i) ‘Beamformed’, where the data has been processed
through the beamforming step; (ii) ‘Synthetic RF data’, where the transmit aperture was
reduced to translating across the transducer one element at a time; and (iii) ‘Raw RF’, where
the data exported was the raw radiofrequency unprocessed data. The Raw RF data type was
selected in the B-mode section of the research package and this also allowed for the control
of the transmit parameters: number of cycles, transmit frequency, number of transmits i.e.
the number of firing beams used to create a single image, and the steer angle. Ultrafast
imaging, employing plane waves generated by applying flat delays on the transmit elements
of the transducer, whereby all elements of the transducer are fired at once (Bercoff, 2011),
was also available in the research package, however this mode only allowed access to
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processed data in which the subharmonic frequency information had been filtered out of the
data and therefore was not useful for this investigation.
To form an image in focused B-mode, an emission aperture was translated across the
transducer, emitting a focused ultrasound beam at each position. The number of elements in
the transmit aperture was dependent on the number of firings selected, fnumber. The width of
the elements, a, in the XC6-1 transducer was 0.336 mm. ‘Firing’ refers to the application of
a voltage to elements in the transducer to employ the piezoelectric effect to transmit a beam.
There is some delay between the ignition times of different elements of the aperture to focus
the beam at a certain user-definable focal point, depth zf. The number of elements in the
aperture, Naperture is given by Equation 5.1, for example, for a focus at a depth of 64 mm and
firing number 48 the number of elements in the aperture was 4.
𝑁𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 =

𝑧𝑓
𝑎 ∗ 𝑓𝑛𝑢𝑚𝑏𝑒𝑟

(5.1)

After transmission in this manner, the acoustic wave then propagated through the medium,
was reflected and received by the elements on the transducer face. The system has 256
transmit channels, but 128 electronic receiver channels and so the receive aperture was
limited to the 128 elements around the centre of the transmit aperture; the other values in the
RF data matrix for non-receiving elements were forced to zero.
Once the research data was acquired it was exported from the scanner to a portable USB
drive and was structured as a 3D matrix, with the following 3 dimensions; (1) number of RF
samples per firing; (2) number of piezoelectric elements of the transducer and (3) index of
firings. A modified MATLAB code was used to read in and display this Raw RF data, which
could then be manipulated using various transforms. Example frames of the data, from an
acquisition where the perfusion phantom developed as detailed in Chapter 6 was imaged, are
displayed in Figure 5.1 in which the firing number was set to 48.
The frequency content of the transmit beam depended on two transmit parameters: the
transmit centre frequency and the excitation pulse length; increasing the pulse length
narrowed the bandwidth. The maximum pulse length available on the research package was
6 cycles. The sampling frequency was fixed at four times the transmit centre frequency.
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Increasing
firing number

Figure 5. 1: Raw data frames of firing number 1, 10, 20. 30 and 48, representative of the 48
frames overall which span the field of view. The frames are from a reference acquisition in
the perfusion phantom developed in Chapter 6, where the perfusion core begins at a depth
of ~ 600 RF samples, above this level there was deionised water in the beam path. The
frames show the procession of the transmit and receive apertures with time for one Raw RF
research acquisition. The receive aperture is marked with a blue bracket in each frame.
Note the values of the 64 elements in total on either side of the receive aperture 128 elements
are forced to zero in each frame. For example in frame 1, all 64 elements are to the right
hand side of the frame, whereas in frame 3 corresponding to firing number 20, where the
transmit aperture was centred around piezoelectric element number 78, 14 elements to left
and 50 elements to the right of the receive aperture are forced to zero.
It was necessary to characterise the frequency content and applied pressure of the transducer.
The developed subharmonic technique using the Raw RF data was compared to the clinically
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practiced harmonic CEUS pre-set in Chapter 6, therefore the measurement of the transmit
characteristics for both the research package and the CEUS pre-set was required. Section
5.2.1 of this chapter describes the measurement of the transmit characteristics of the XC6 –
1 transducer. To extract the subharmonic information from the Raw RF data it was necessary
to develop a MATLAB code to determine the frequency content and filter to the frequencies
of interest, Section 5.2.2 describes the MATLAB processing that was performed to extract
the subharmonic information from the raw data. The transfer of the optimised SHI technique,
which was established in Chapter 4 through the bench-level experiments, to the clinical
ultrasound system is discussed in Section 5.2.3. Finally, the results of the translation of these
optimised parameters to the clinical ultrasound system are presented in Section 5.3 and
discussed in Section 5.4.

5.2 Methods
5.2.1 Characterisation of Aixplorer® XC6-1 transducer
5.2.1.1 Characterisation of transmit spectra
The transmit spectra for the Aixplorer® research package and clinical CEUS pre-set were
measured using the needle hydrophone system, with the same receive/acquisition system setup as described in Section 3.2.1.2. The clinical transducer could not be submerged in water
and therefore, the set-up had to be adapted to account for this. This involved the use of a
plastic tank which had an acoustic window built into its side which was axial to where to the
submerged hydrophone was positioned; the tank was lined with an acoustic absorber mat to
reduce interference from stray reflections. The acoustic window used was an optical film
PCR (polymerase chain reaction) cover (Applied Biosystems® MicroAmp® Optical
Adhesive Film). The transducer was clamped on the outside of the container at this window
and was coupled using acoustic coupling gel, to improve transmission of the ultrasound
beam into the tank. The transducer was then set to the desired acoustic output level and the
needle hydrophone system measured the acoustic pressure waveform from the transducer.
The experimental set-up is shown in Figure 5.2. The needle hydrophone was positioned at
the focus of the ultrasound beam using an optical rail 3D translation system.
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Figure 5. 2: The Aixplorer® XC6 – 1 transducer characterisation set-up. The inlay shows a
needle hydrophone inside the tank lined up with transducer outside pressing against the
acoustic window and held in position by a retort stand. The tank was lined with acoustic mat
during measurements and filled with deionised water. A trigger from the clinical scanner
synchronised the acquistion system.

BNCout

3.3V

BNCin

3.3 kΩ

Figure 5. 3: A schematic of the shielded box equipped with BNC connectors, which served
to embed the pullup function of the trigger out line.
The research package on the clinical scanner included a trigger interface, which was based
on open-collector circuitries. An open collector is a common type of output found in
integrated circuits which behaves as a switch and can be connected to a positive supply
through a right valued external resistor, which provides a voltage to the transistor. Using a
pull-up resistor ensures that there are two states only, ‘on’ or ‘off’, meaning that there is
either a voltage output or the voltage goes to ground, avoiding a floating state which may
occur if the current was not forced to ground, which can effect timing accuracy. A shielded
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box with BNC connector’s was manufactured, a schematic of which is given in Figure 5.3 ,
and was placed between the “trigger out” connection on the scanner and the “trigger in” on
the acquisition system to embed the pull-up function and allow the transmit and receive
systems to be synchronised.
The Raw RF data mode, which was the acquisition mode used in the subharmonic imaging
technique did not have the functionality to emit a trigger signal. The research package
transmit waveforms were therefore measured using the ultrafast mode, which was the only
mode which emitted a trigger signal and allowed for control of the same transmit parameters
that were used in this work in the focused B-mode Raw RF data mode, which meant that the
transmit characteristics were equivalent.
Additionally, the system was used to measure the output from the clinically used CEUS
mode. The CEUS mode with the SonoVue® specific pre-set was selected in the liver
abdominal mode. There are three available pre-sets in this mode, ‘General’, ‘Resolution’ and
‘Penetration’. The ‘General’ mode is the most frequently used mode, while ‘Penetration’
may be used for deeper regions or for regions in difficult to image patients and ‘Resolution’
in cases were greater resolution is necessary. All three pre-sets were characterised in terms
of transmit parameters.
The measured signals, for both the research package and the CEUS mode, were used to
calculate the transmit spectra, the FWHM and FWTM bandwidths and centre frequencies
for the research and clinical CEUS modes.

5.2.1.2 Acoustic output pressure measurements
The pressure output of the clinical ultrasound system was measured in a similar manner to
that described in Chapter 3. However, it was necessary to take into account the attenuation
of the ultrasound beam by the acoustic window used at the side of the tank. Therefore, the
attenuation due to the optical film window was measured using a through-transmission
substitution method (described in Chapter 4) across the frequency range 2.25 MHz – 5 MHz
using the single element transducers. A correction factor based on this measurement was
applied to the measured signals to account for the attenuation due to the film and then the
acoustic pressure from the ultrasound system was calculated.
5.2.2 RF Data Analysis Software
Software to analyse the Raw RF data was written in MATLAB. The Raw RF data was read
into MATLAB as a 3D matrix as detailed in Section 5.1. A composite image of this data was
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made by summing across the third dimension, resulting in a single frame per acquisition.
The data in this frame was then analysed using the Welch Transform. To ensure there was a
relationship between the position in the image and any extracted information, each line of
the data was split into 64 sample length sections and the Welch transform was performed on
each of these sections, giving an axial and a lateral resolution of 4 mm and 1 mm,
respectively.
The Welch transform was then preformed on each section: the length of the segments were
set to the number of samples divided by 4 and the overlap was set to 50 %. A sliding Hanning
window was used to filter the data and each segment was zero-padded to avoid the ‘picket
fence’ effect. The resulting spectrum was then integrated over the frequencies corresponding
to the selected subharmonic bandwidth and the calculated value was then placed in its
corresponding voxel in a matrix, which had a size of ‘number of lines’ multiplied by the
‘number of sections’. This was repeated for all the sections in the line and then for all lines
in the Raw RF data matrix. The resulting matrix was then scan-converted to generate an
ultrasound image. Scan conversion involved interpolating the data to form the sector image
from a curvilinear transducer. In this way, maps of the subharmonic or fundamental signal
across the image could be extracted. This was performed for every acquisition within a
sequence, and facilitated the signal in the images to be averaged, or for a subharmonic
amplitude time-intensity curve from a selected region to be extracted from the stacked
images. The flow chart of the method is presented in Figure 5.4.
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2D composite image
(A):

Input Data Read in as a 3D matrix:
[number of RF samples per firing
(nRF)] x [number of piezo elements
of the transducer (nPE)] x [index of

Sum along
dimension 3

[Number of nRF] x
[nPE]

firings].
For i = 1: nPE
A (:, i ) = A1(1:64, i) + A2(65: 128,i) + ……. + AnV(nRF64:nRF, i)
For nA = 1:nV
Welch
Transform
A(nA) 
Hanning window

Periodogram

Average frequency spectra
Integrate over SH
bandwidth
If nA = nV

If nA < nV
If i < nPE

If i = nPE
2D SH image:
nV x nPE

Figure 5. 4: A block diagram representing the MATLAB program developed for the
subharmonic analysis of one acquisition of the Raw RF data extracted from the scanner. The
Raw RF data 3D matrix was input, the Welch transform was performed on a composite
image of the data and a 2D subharmonic image map was output. This method was performed
on every acquisition in a sequence.
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5.2.3 Transfer of bench-level optimised SHI techniques to clinical ultrasound system
The subharmonic imaging technique, developed on the bench-level system, was transferred
to the clinical ultrasound system by selecting the closest transmission parameters that were
available on the clinical ultrasound system, to the corresponding optimum parameter
established; specifically, a pulse length of 3 cycles was selected and the transmit centre
frequency of 2.25 MHz was selected as this was closest to the optimum frequencies for the
‘Native’ and ‘Altered’ UCA of 1.9 MHz and 2.3 – 2.5 MHz, respectively.
In order to quantify the subharmonic signal generation as a function of UCA concentration,
simple pulse-echo experiments were undertaken using the clinical ultrasound system with
homogeneous solutions of UCA and deionised water of varying UCA concentrations. The
XC6–1 transducer was positioned so that the focus (~ 6.4 cm) was in the middle of the
solution. All measured solutions were continuously stirred with a magnetic stirrer. Three
reference measurements of deionised water alone were taken using a transmit centre
frequency of 2.25 MHz and pulse length of 3 cycles. A pipette was then used to transfer the
required volume of UCA to the beaker and the solution was stirred at high rpm (revolutions
per minute) for approximately 30 seconds. A total of 5 measurements were taken for each
concentration of UCA solution and then the beaker was emptied, rinsed and dried before the
next set of measurements were taken. Reference measurements were taken at each
concentration before the UCA was added to the solution. Measurements were recorded with
samples from three vials for each concentration for both UCAs, providing n = 15 samples at
each concentration.
The data was analysed in MATLAB and the analysis was similar to the technique described
in Section 5.2.2. Furthermore, as the UCA solution was uniformly distributed in the field of
view, the lateral resolution of the subharmonic maps was permitted to be degraded in the
interest of saving computation time. Therefore, for this analysis alone, each line of the data
was split up into approximately 12 sections corresponding to 1 cm in length. The Welch
transform was then used to transform each segment of the data into the frequency domain.
Two bandwidths were then used to define the FWTM fundamental and subharmonic
frequencies, and the filtered frequencies were mapped back into the same segment position
and generated two frequency maps the fundamental and the subharmonic signal in generated
in the imaged region. A region of interest was selected in both the raw data and the scanconverted raw data. The mean signal for each frequency map in the selected ROIs was then
recorded. This calculation was performed on each frame of the reference and UCA data for
each sample and the mean and standard deviation recorded.
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The sample data was also corrected to account for the attenuation of the UCA solution. The
subharmonic amplitude of the reference data was used to correct for the noise at the
subharmonic frequency bandwidth in the ultrasound system using equation 5.2.
𝑆𝐻𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
= 10 log10

𝑆𝐻𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
𝑆𝐻𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

(5.2)

The relative subharmonic amplitude and subharmonic-to-fundamental ratio were then
compared across the concentrations in both UCA populations. The signal as a function of
concentration was investigated for both the ‘Native’ and ‘Altered’ UCAs at the following
concentrations: 0; 1.3 x 104; 6.5 x 104; 1.3 x 105; 3.9 x 105; 6.5 x 105 and 9.1 x 105 mb/ml. A
linear regression model was fit to the data to assess the quantification potential of the
subharmonic technique. The statistic measures R2, SSE and RMSE were used to analyse the
linearity of the data. The analysis was carried out using the curve fitting tool, ‘cftool’ in
MATLAB.
5.3 Results
5.3.1 Characterisation of Aixplorer® XC6-1 transducer
5.3.1.1 Characterisation of transmit spectra
The XC6-1 transducer output was measured using the hydrophone. From the determined
transmit frequency spectra the centre frequency, the FWHM and FWTM bandwidths were
calculated for the research settings and the clinical CEUS pre-set, and the data are presented
in Tables 5.1 and 5.2, respectively.
Table 5. 1: The Aixplorer® research mode transmit frequency characteristics: transmit
centre frequency, FWHM bandwidth and FWTM bandwidth, from hydrophone
measurements. Measurements were made for all transmit frequency settings and all integer
wavelength settings available on the XC6-1 probe.
Transmit Centre

Pulse length

Centre

Bandwidth FWHM

Bandwidth FWTM

Frequency [MHz]

[number of

frequency

lower – upper limit

lower – upper limit

cycles]

measured

(width) [MHz]

(width) [MHz]

[MHz]
2.25

1

2.29

1.60 – 2.98 (1.38)

1.07 – 3.63 (2.56)

2

2.24

1.75 – 2.72 (0.97)

1.38 – 3.08 (1.70)

3

2.21

1.82 – 2.60 (0.78)

1.52 – 2.92 (1.40)

4

2.21

1.88 – 2.54 (0.66)

1.61 – 2.82 (1.21)

5

2.22

1.93 – 2.46 (0.53)

1.70 – 2.70 (1.00)
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2.80

3.40

3.75

4.50

5.00

6

2.19

1.96 – 2.42 (0.46)

1.78 – 2.61 (0.83)

1

2.26

1.70 – 3.40 (1.70)

1.13 – 4.3 (3.17)

2

2.65

2.06 – 3.23 (1.17)

1.67 – 3.78 (2.11)

3

2.68

2.23 – 3.12 (0.89)

1.90 – 3.48 (1.58)

4

2.68

2.30 – 3.05 (0.75)

2.00 – 3.39 (1.39)

5

2.72

2.38 – 3.06 (0.68)

2.08 – 3.34 (1.26)

6

2.73

3.02 – 2.44 (0.58)

2.19 – 3.27 (1.08)

1

2.95

1.95 – 3.95 (2.00)

1.15 – 4.65 (3.50)

2

3.25

2.53 – 3.97 (1.44)

2.00 – 4.48 (2.48)

3

3.36

2.82 – 3.90 (1.08)

2.42 – 4.28 (1.86)

4

3.38

2.94 – 3.82 (0.88)

2.58 – 4.16 (1.62)

5

3.39

3.00 – 3.77 (0.77)

2.63 – 4.08 (1.45)

6

3.39

3.04 – 3.74 (0.70)

2.72 – 4.00 (1.38)

1

3.10

2.05 – 4.15 (2.10)

1.24 – 4.80 (3.56)

2

3.52

2.78 – 4.25 (1.47)

1.67 – 3.78 (2.11)

3

3.61

3.05 – 4.16 (1.11)

2.65 – 4.56 (1.91)

4

3.65

3.20 – 4.09 (0.89)

2.81 – 4.43 (1.62)

5

3.67

3.28 – 4.06 (0.78)

2.92 – 4.37 (1.45)

6

3.68

3.32 – 4.03 (0.71)

3.00 – 4.32 (1.32)

1

3.22

2.09 – 4.35 (2.26)

1.30 – 5.05 (3.75)

2

3.42

2.20 – 4.64 (2.44)

2.56 – 5.10 (2.54)

3

4.14

3.57 – 4.70 (1.13)

3.20 – 5.15 (1.95)

4

4.23

3.75 – 4.71 (0.96)

3.40 – 5.10 (1.70)

5

4.31

3.88 – 4.74 (0.86)

3.52 – 5.08 (1.56)

6

4.33

3.93 – 4.72 (0.79)

3.57 – 5.05 (1.48)

1

3.41

2.34 – 4.47 (2.13)

1.42 – 5.15 (3.73)

2

4.10

3.40 – 4.80 (1.40)

2.86 – 5.30 (2.44)

3

4.29

3.75 – 4.83 (1.08)

3.41 – 5.28 (1.87)

4

4.55

4.10 – 5.00 (0.90)

3.77 – 5.38 (1.61)

5

4.63

4.23 – 5.03 (0.80)

3.87 – 5.36 (1.49)

6

4.69

4.32 – 5.05 (0.73)

3.61 – 5.33 (1.72)
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Table 5. 2: The clinical CEUS pre-set transmit frequency characteristics: transmit centre
frequency, FWHM bandwidth and FWTM bandwidth, from hydrophone measurements made
at 0 dB acoustic output.
Liver CEUS Pre-set

Centre Frequency

Bandwidth FWHM

Bandwidth FWTM

Acoustic output

Measured [MHz]

lower – upper limit

lower – upper limit

(width) [MHz]

(width) [MHz]

0 dB
General

2.75

2.00 – 3.50 (1.50)

1.50 – 4.10 (2.60)

Resolution

1.98

1.61 – 2.35 (0.74)

1.35 – 2.58 (1.23)

Penetration

1.91

1.47 – 2.35 (0.88)

1.12 – 2.69 (1.84)

5.3.1.2 Acoustic Pressure Measurement
The attenuation of the optical film was measured using the through-transmission substitution
bench-level system with the range of single element transducers. The value of the amplitude
of the signal with the optical film in the beam path was consistently attenuated by
approximately 0.32 dB/cm when compared with only deionised water in the path of the
transducer with the same path length used.
The acoustic pressure was measured at transmit frequency 2.25 MHz as a function of pulse
length from 1 – 6 cycles at the maximum acoustic output (0 dB). Across these pulse lengths,
the pressure was found to be relatively constant with a mean value of 1.88 ± 0.09 MPa.
The acoustic pressure was then measured across the six available frequencies at fixed pulse
lengths of 3 cycles and an acoustic output of 0 dB to examine the sensitivity of the
transducer; the results are presented in Table 5.3. The transducer had the highest acoustic
pressure at 3.4 MHz, which measured as 2.6 MPa PNP, suggesting that the resonance
frequency of the transducer was close to this transmit frequency. This indicated that this was
the frequency region in which the transducer was most sensitive.
The acoustic pressure as a function of the system’s acoustic output level was measured for
the research mode and compared to that reported for the corresponding acoustic output levels
for the ‘general’ clinical pre-set. The Mechanical Index (MI) was calculated from the
measured acoustic pressure to allow comparison to the acoustic output, indicated by the
clinical ultrasound system; the M.I. is the standard acoustic output value reported on clinical
ultrasound systems. The Mechanical Index was calculated as follows;
𝑀𝐼 =

𝑃𝑁𝑃
√𝐹𝑐𝑒𝑛𝑡𝑟𝑒

(5.3)
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where PNP is the peak negative pressure and Fcentre the centre frequency of the transmitted
signal. The MI as a function of acoustic output for the clinical pre-set and research mode
was found to be similar across the acoustic output range tested (Figure 5.5).
Table 5. 3: The peak negative pressure measured across the six clinical frequencies at 0 dB
acoustic output. The highest acoustic output, 2.6 MPa at 3.4 MHz, was an indication that
the resonance frequency of the transducer of the transducer was in this region.
Frequency [MHz]

Peak Negative
Pressure [MPa]

2.25

1.93

2.80

2.28

3.40

2.60

3.75

2.54

4.50

2.15

5.00

1.79

Figure 5. 5: The calculated mechanical index (MI) from the research mode pressure
measurements at 2.25 MHz and the on-screen scanner-quoted MI for the ‘general’ liver preset as a function of acoustic output (dB).
5.3.2 Transfer of bench-level optimised SHI techniques to clinical scanner
Ideally, for quantification purposes, the subharmonic signal would increase linearly with
increased UCA in the imaging region. By measuring the response of the subharmonic signal
measures: subharmonic amplitude (SHAmp) and subharmonic-to-fundamental ratio (SHF), as
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a function of concentration of ‘Native’ and ‘Altered’ UCA in the imaging region it was
possible to assess the potential quantification accuracy for these signal measurements
between the two UCA.
The relative amplitude of the subharmonic signal and the subharmonic-to-fundamental ratio,
at bandwidths defined by the FWTM, as a function of UCA concentration for regions
selected in raw and scan-converted frequency map images is presented in Figure 5.6. The
subharmonic amplitude and subharmonic-to-fundamental ratio increased for both UCA
across the measured range of concentrations. The ‘Altered’ UCA appeared to show a more
linear increase with concentration, with less measurement error, compared to the ‘Native’
UCA. Therefore, the data for both UCA was fit with a linear regression model, i.e. f(x) =
p1*x + p2, the goodness of fit criteria for the models are given in Table 5.4.

Figure 5. 6: The relative subharmonic amplitude (top) and subharmonic-to-fundamental
ratio (bottom) for the raw (left) and scan-converted data (right) for the ‘Native’ and
‘Altered’ UCAs as a function of UCA concentration.
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Table 5. 4: The statistical measures of goodness-of-fit: R2, SSE and RMSE, for a linear
regression model of the data presented in Figure 5.5 showing the variation in the
subharmonic signal measures SHAmp and SHF as a function of concentration for the
‘Altered’ and ‘Native’ UCA.
UCA
Altered
Native
Altered
Native
Altered
Native
Altered
Native

Data type
Raw
Raw
Scan Converted
Scan converted
Raw
Raw
Scan Converted
Scan converted

SHF/SHAmp
SHAmp
SHAmp
SHAmp
SHAmp
SHF
SHF
SHF
SHF

R2
0.95
0.50
0.91
0.65
0.94
0.51
0.91
0.66

SSE
2.12
45.45
3.97
10.64
0.0005
0.0090
0.0009
0.0021

RMSE
0.65
3.02
0.89
1.46
0.0097
0.042
0.013
0.021

The R2 value is a measure of how closely the data was to the fitted regression, with a value
of 1 indicating a perfect fit, where the model explains all variation in the data. The ‘Altered’
UCA has a R2 value of 0.91 or above for all data types (raw or scan converted) and
subharmonic measures (SHAmp or SHF), an excellent correlation, which indicates that the
model of a linear increase in subharmonic response as a function of concentration fits the
measured data closely. In contrast, the ‘Native’ UCA data fit with a linear model, resulted
in a poor correlation of the data and model, with an R2 between 0.5 and 0.66, meaning the
regression only explains 50 – 66 % of the variation of the data. An increase in concentration
of the ‘Native’ UCA was not linearly proportional to an increase in the observed
subharmonic signal.
The sum of squared errors of prediction (SSE) is another statistical measure of goodness-offit and is the sum of the squared differences between the observations and the fitted model.
It is a measure of the discrepancy between the data and the model, i.e. a measure of sampling
error, where a small SSE indicates a model which tightly fits the data. The SSE’s calculated
for the data here are not comparable between the SHAmp and SHF values, as the SHF value
errors will be much lower in scale because of the ratio nature of the data. If we first compare
the SSE values for the SHAmp data, we can see that the SSE’s for the ‘Altered’ UCA data for
raw and scan converted data types are 2.12 and 3.97 respectively, which were much lower
than the corresponding values for the ‘Native’ population (45.45 and 10.64 respectively). In
fact a factor of 22 and 2.5 times smaller for the raw and scan converted data respectively,
indicating that there was more discrepancy associated between the data and the model for
the ‘Native’ rather than the ‘Altered’ UCA data. The SSE values for the SHF measure differ
by similar factors for the ‘Native’ and ‘Altered’ UCA data. Overall the SSE values indicated
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that modelling the ‘Altered’ UCA with a linear regression will have a smaller random error
component than modelling the same for the ‘Native’ UCA.
The final ‘goodness of fit’ measure reported is the RMSE, the Root Mean Square Error,
which is the standard deviation of the residuals. Residuals, are a measure of how far the
observed data is from the regression line and the RMSE is a measure of how spread out these
residuals are, it is a measure of accuracy of the model. It is particularly sensitive to outliers
as the effect of each error is proportional to the square of the error, i.e. larger residuals will
have a greater effect on the value. Similar to SSE, as the RMSE depends on the scale of the
data it is not appropriate to compare between the SHAmp and SHF values, however, as the
scale of the ‘Native’ and ‘Altered’ UCA data for each measurement and data type pair was
similar, it is an appropriate measure for comparing the accuracy between the UCA. Firstly,
taking as before, the SHAmp data, the SSE values indicated that modelling the ‘Altered’ UCA
using a linear regression was indeed more accurate than using a linear model for the ‘Native’
UCA with RMSE’s of 0.65 and 0.98 for the raw and scan converted ‘Altered’ UCA data
respectively, as opposed to 3.01 and 1.46 for the ‘Native’ UCA data. Similarly the RMSE
values for the SHF measure indicated that modelling the response of the ‘Native’ UCA
subharmonic signal to increased concentration of UCA as a linear model was less accurate
than modelling the same for the ‘Altered’ UCA with lower RMSE values of 0.0097 and
0.013for the ‘Altered’ data types (raw and scan converted, respectively) compared to the
‘Native’ values of 0.042 and 0.021.
Therefore, combining these statistical measures the modelling of the ‘Altered’ UCA with a
linear regression better predicted the response of the subharmonic signal measures SH Amp
and SHF to increased concentration of UCA than modelling the same for the ‘Native’ UCA.
The model explains less of the variation in the ‘Native’ UCA data, results in a larger random
error component in the predictions from the data and was less accurate in predicting the
values for the relationship. Therefore, the subharmonic signal measured from the ‘Altered’
UCA was found to be a better indicator of the concentration than that measured for the
‘Native’ UCA, meaning that the ‘Altered’ UCA was more appropriate for use in
quantification measurements.

5.4 Discussion
The research package available on the clinical ultrasound system facilitated access to the
Raw RF data, pre-processed data and beamformed data, and also facilitated control of certain
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transmit beam parameters which were of interest in this investigation, namely the transmit
frequency and pulse length. However, the research package was not without limitations
which are discussed here.
The transmit parameters were controllable at defined intervals - for the XC6-1 transducer,
these were transmit frequencies corresponding to 2.25, 2.8, 3.4, 3.75, 4.5 and 5 MHz and
pulse lengths of 1 to 12 ½ cycles. The Raw RF data acquisition mode did not facilitate
continuous acquisition, in fact it was necessary to actively acquire the data, first freezing the
frame on the console, then saving the frozen image, for just one Raw RF data acquisition.
This meant that is was only possible to achieve a frame rate of 1 Hz, whereas the general
abdominal contrast pre-set had a frame rate of 10 Hz and ultrafast architecture has a typical
frame rate of 3800 Hz for abdominal imaging (Bercoff, 2011). Ultrafast imaging of UCA
has been implemented using the Aixplorer® ultrasound system to achieve frame rates of up
to 500 Hz following coherent synthetic recombination of the plane waves emitted at 5500
Hz (Couture et al., 2009). Therefore, the temporal resolution using the research package was
significantly degraded in comparison to the clinical counterparts, in the case of the
abdominal pre-set on the scanner, by a factor of 10. This has implications on the ability to
perform dynamic measurements with the research package and effectively limited the
temporal resolution of the developed subharmonic imaging technique. Ideally, in acquiring
dynamic data for time-intensity curves, there would be the option to perform signal
averaging across adjacent time points in order to decrease the influence of any random noise;
however, this would reduce the temporal resolution of the TIC even further, which would
result in a loss of perfusion dynamics. Therefore, it was decided that in developing the Raw
RF SHI DCEUS technique, no signal averaging across time points would be applied, in order
to achieve the highest temporal resolution currently possible with the system of 1 Hz and
thereby avoid loss of any significant detail in the acquired time-intensity curves. Signal
averaging was permitted for the initial non-dynamic tests, as these would indicate the
potential of the accuracy and repeatability of the technique in terms of quantification if it
was further developed on a system with higher frames rates.
Another limitation of the system’s research package was related to the sampling rate, which
was 4 times the transmit centre frequency, e.g. for a transmit centre frequency of 2.25 MHz,
the sampling rate was 9 MHz. The Nyquist frequency is half the sampling rate of a discrete
processing system and is the maximum frequency that can be reconstructed from a signal
sampled at that rate. Therefore, the maximum frequency recorded by the research package
will be twice the transmit frequency, which meant that the ultrasound systems Raw RF data
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did not contain details from the harmonic bandwidth which spread above the Nyquist
frequency. As a consequence, it was not possible to reconstruct harmonic frequency maps
from the Raw RF data. The clinical pre-set, however, has a higher sampling rate which
allows the reconstruction of harmonic images. This indicates that the sampling rate is not a
limitation of the scanner hardware, but rather is a limitation of the research package itself,
probably due to the on-board memory or data transfer rates.
The transmit bandwidth of the clinical ultrasound system research package was measured to
ensure the package was transmitting at the expected frequencies, and also to define the
subharmonic bandwidth when using the optimised transmit parameters identified in the
bench-level system. There was no overlap of the fundamental and subharmonic bandwidths
above a pulse length of 3 cycles at either FWHM or FWTM. For comparison purposes with
the optimised SHI protocol and the measured resonance frequency from UCA
characterisation, the frequency spectra of the CEUS pre-set were also measured. The
measured centre frequencies of 2.75 MHz (general CEUS) and ~ 2MHz (penetration and
resolution CEUS) were close to the 2.25 MHz transmit centre frequency selected for the SHI
technique.
Due to the proprietary nature of the clinical ultrasound system and lack of access to the
excitation signals, the receive sensitivity of the XC6-1 transducer could not be established.
However, from the transmit acoustic pressure measurements it was determined that the
transducer most likely resonated at ~ 3.4 MHz, and therefore it is likely to be more sensitive
at this frequency than at the frequencies at the lower and upper range of the 1 – 6 MHz range
labelled on the transducer. It is generally accepted that the transducer should be sensitive to
detection to the range of frequencies stated on the transducer (Halliwell, 2010). Nonetheless,
in the case of the developed subharmonic imaging technique, the upper limit of the receive
sensitivity for the acquisition of Raw RF data was limited, by the sampling rate, to 4.5 MHz.
The pressure output from the clinical ultrasound system when the research settings were
selected was found to closely match that of the XC6-1 probe liver pre-set. For example, the
acoustic output range -25 – -30 dB was found to result in a sufficiently low applied
pressure for use in SHI measurements with an MI of less than 0.2, which corresponded to
less than 𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒𝑙𝑦 300 kPa, when transmitting at the centre frequency of 2.25
MHz. Above 300 kPa, soft shelled UCAs, such as SonoVue®, have been reported to
undergo destruction (de Jong et al., 2009). The acoustic output used for general scanning
in the clinical CEUS pre-set was -26 dB.
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Transfer of the optimised subharmonic imaging technique to the clinical ultrasound system
was then undertaken. The nearest possible transmit frequency available on the ultrasound
system research package to the identified optimised transmit parameters were selected,
namely a transmit frequency of 2.25 MHz and a pulse length of 3 cycles. The subharmonic
signal as a function of UCA concentration was investigated. The selected concentrations
were in the region 104 – 105 mb/ml. In vivo, at high UCA concentrations, multiple scattering
and attenuation effects can be expected; however, assuming uniform distributions
throughout the circulatory system, it is reasonable to expect the lower concentrations
selected for this investigation and furthermore, at these concentrations it is also justifiable to
neglect multiple scattering effects (Tang et al., 2011). A previous investigation using a
diagnostic clinical system (iU22, Phillips Medical Systems, USA), of the nonlinear
behaviour of UCAs investigated the harmonic response of SonoVue® across similar ranges,
from ~ 1.5 x 103 – 7.8 x 105 mb/ml using clinical processed data, finding that above 2 x 105
mb/ml the linear relationship broke down (Lampaskis and Averkiou, 2010). The authors
concluded that the saturation of the signal was due to increased attenuation and shadowing
by the large microbubble population, and also to the ultrasound system signal processing
routines, specifically the effects of log compression and gain. In the subharmonic technique
developed in this work, the effects of machine processing were eliminated as only
unprocessed Raw RF data was acquired, although the effects of machine processing are
present in the CEUS harmonic pre-set which was used for comparison purposes in Chapter
6. Additionally, the attenuation of the signal is frequency-dependent and is therefore lower
for lower frequency subharmonic signals compared to harmonic signals. However, it can be
seen that, for the ‘Native’ UCA, there appeared to be some plateau effects above 3.9 x 105
mb/ml. This was not present in the ‘Altered’ UCA, which may have been due to the lack of
large microbubbles in this UCA population.
A linear regression analysis of the response of both subharmonic signal measures (SH Amp
and SHF) as a function of concentration was carried out and the statistical measures of
goodness-of-fit of the model: R2, SSE and RMSE, were calculated for both UCA. The
statistical measures indicated that a linear model of the ‘Altered’ UCA better predicted the
response of the subharmonic signal measures to variations in concentration than a linear
model of the ‘Native’ UCA. The model of the ‘Native’ UCA response explained less of the
variation present in the data, resulted in a larger random error component in the predictions
from the data and was less accurate in predicting the measured values for different
concentrations. Therefore, the analysis indicated that the measured subharmonic signal
response of the ‘Altered’ UCA was more linear than the ‘Native’ UCA as a function of
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concentration. In terms of quantification this means that estimating the concentration or
amount of UCA in a region of interest based on the subharmonic signal received by the
scanner would be more accurate when using the ‘Altered’ UCA, as the true value is more
likely to be correctly predicted and the predicted value is far less likely to be influenced by
random errors.
Furthermore, the magnitude of the error measurements on the subharmonic signal measures
themselves (for sample size n=15) indicated that there was less error associated with the
measurement of the subharmonic signal for the ‘Altered’ UCA than for the ‘Native’ UCA.
This was most likely due to the reduced polydispersity of the UCA and therefore, more
consistent generation of subharmonic signal at the selected transmit frequency as more UCA
were insonated at or near the resonance frequency for that diameter microbubble. The
reduced error associated with the measurements indicated a better repeatability of
subharmonic generation was present when using the ‘Altered’ UCA; the signal measured for
a certain concentration was more likely to be consistent in repeated measurements as it was
associated with less sample to sample variability.
Therefore, the subharmonic imaging of ‘Altered’ UCA may hold potential for increased
quantification accuracy and improved repeatability of quantified contrast enhanced
ultrasound subharmonic measurements compared to both clinical harmonic CEUS and
subharmonic imaging with the ‘Native’ UCA population.

5.5 Conclusions
The output of the XC6-1 curvilinear probe on the clinical ultrasound system was measured
and the transmit spectra and acoustic pressure were characterised. The subharmonic
bandwidths were established from the measured fundamental bandwidths. The optimised
transmit parameters for the subharmonic imaging technique were transferred to the
Aixplorer® clinical ultrasound system. However, the limitations of the research package
meant that a transmit centre frequency of 2.25 MHz was used for all UCA measurements
rather than the exact frequencies identified in the bench-level experiments. Furthermore,
limitations associated with the sampling rate of the ultrasound system prevented comparison
of raw subharmonic and raw harmonic data and, therefore, raw subharmonic data was
compared to the clinical CEUS pre-set harmonic data and is presented in Chapter 6. Finally,
the temporal resolution of the SHI DCEUS technique was limited to 1 Hz.
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A simple UCA through-transmission substitution experiment indicated an increase in
subharmonic signal with increased concentration for both UCAs.

The ‘Altered’ UCA

displayed a more linear relationship with concentration in both subharmonic and
subharmonic-to-fundamental ratio measurements for the raw and scan-converted images
than the ‘Native’ UCA and had lower error values associated with the measurements. The
improved linearity of the relationship was supported by modelling of the data using linear
regression and the associated goodness-of-fit values. Therefore, the subharmonic signal
measured from the ‘Altered’ UCA was found to be a better indicator of the concentration
than that measured for the ‘Native’ UCA; for a given signal level it was more likely that a
predicted value based on the linear increase in signal level with increased amount of UCA
in an imaged region would be correct, meaning that the ‘Altered’ UCA was more appropriate
for use in quantification measurements.
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Chapter 6. Investigation of SHI DCEUS with a clinical ultrasound
system using a novel liver mimicking phantoms
6.1 Introduction
The transfer of the optimised subharmonic technique to a clinical ultrasound system
(Aixplorer®, V11.2 Supersonic Imagine France) was successfully demonstrated using a
simple uniform contrast enhanced ultrasound set-up, as reported in Chapter 5, and it was
found that the optimised subharmonic technique implemented on the clinical ultrasound
system accurately and reliably detected changes in the amount of UCA within this simple
uniform sample. The next step of the development and optimisation of the subharmonic
technique on the clinical ultrasound system was to demonstrate the accuracy and reliability
of the DCEUS technique using a more clinically relevant and anatomically realistic dynamic
liver perfusion phantom.
Phantoms are often used as an independent validation process in ultrasound imaging as they
provide a stable, controlled and ideal environment to test current and new imaging
techniques. Before newly-developed medical devices or diagnostic imaging techniques
graduate to routine clinical use, the validation processes must ensure safety, efficacy and
accuracy. Such processes can require expensive and lengthy clinical trials, with associated
ethical challenges, and can prove difficult to recruit sufficient patient numbers for statistical
purposes (Smith et al., 1996). Accordingly, an accurate clinical understanding is seldom
established. However, validation procedures for new imaging techniques can also include
physical simulation models, such approaches have concentrated on the development of
anatomical carotid (Smith et al., 1996, Poepping et al., 2004) and renal flow and perfusion
phantoms (King et al., 2010, King et al., 2011a, King et al., 2011b) with blood flow
simulation.

For the areas of ultrasound perfusion imaging the currently available

commercial phantoms are not of sufficient sophistication as they lack the complex geometry,
or the representation of the different flow and perfusion dynamics. A small number of
perfusion phantoms are commercially available for other modalities, such as the Shelley
Medical Imaging Technologies’ DCE Perfusion flow phantom for CT (computed
tomography), MRI and PET (Position Emission Tomography), and Gammex’s CT Perfusion
Phantom.
A phantom for testing imaging techniques which quantify blood perfusion must have a
considerably more complex flow and perfusion system and should simulate spatially
distributed small vessels with various different flow directions (Eriksson et al., 1995). The
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average flow velocity possible must include typical velocities for blood flow in the
microvasculature. It should also be possible to vary the mean velocity, the flow directions
should be isotropic, due to the isotropic nature of tumour vessels, and stationary scatterers
should be kept to a minimum. To mimic capillary flow function, phantoms must mimic flow
velocities (1 – 10 mm/s) and dimensions of microcirculation, with inner diameters less than
0.3 mm (Veltmann et al., 2002). Table 6.1 lists different research phantoms which are
relevant to CEUS perfusion imaging.
Table 6. 1:List of research phantoms which are relevant to CEUS perfusion/flow imaging.
Author (Year)
Bhagavtheeswaran et al
(2004)
(Bhagavatheeshwaran et
al., 2004)

Chen et al (2009) (Chen
et al., 2009)

Cho et al (2012)(Cho et
al., 2012)

Claassen et al
(2001)(Claassen et al.,
2001)

Couture et al
(2009)(Couture et al.,
2009)

Eriksson et al
(1995)(Eriksson et al.,
1995)

Brief Phantom(s)
Purpose/Advantages
description
1. 2 different sized
Assessment of SHI in
tubes embedded in vessels of comparable
a homogenous
diameter to
phantom
angiogenetic tumours
2. Dialyzer
immersed in water
Preserved porcine
Mimic perfused kidney
kidney
Provided vascular bed
and realistic spatial
distribution, and would
have a ‘tissue harmonic’
component
Cellulose sponge
Mimicked torturous
phantom 2
vasculature,
configurations
heterogeneous
1. Single sponge
vasculature
channel with
permeability and
parallel shunt line
interstitial fluid pressure
2. 2 parallel sponge
build-up
lines to mimic
vascular
impedance
3. 2 compartment
model with line 2
containing an
outer interstitial
space (for MRI)
Dialysis tube
Evaluated various TICs
immersed in water
using phantom
with pulsatile pump
delivering variable
flow rates.

1.

Wall-less vessel/
Mylar chamber in
agar and cellulous
2. Bound
microbubbles on a
gelatine surface
Ball of spatially
random-oriented thin
plastic tubes

Assessed ultrafast
imaging

Microcirculation
phantom for testing
equipment for
measuring blood

Disadvantages for
perfusion application
Single direction of flow
Does not mimic
tortuous/heterogeneous
vasculature
No ‘tissue harmonic’
component
Phantom is not precisely
reproducible

High echogenicity of
some parts make this
unsuitable for ultrasound
No ‘tissue harmonic’
component

Not suitable for higher
flow rates
Single flow direction
Does not mimic
tortuous/heterogeneous
vasculature
No ‘tissue harmonic’
component
Single flow direction
Does not mimic
tortuous/heterogeneous
vasculature
No ‘tissue harmonic’
component
All vessels the same size,
no pulsatile flow possible
No ‘tissue harmonic’
component
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Gauthier M. et al
(2011)(Gauthier et al.,
2011a)

1.
2.
3.

a single straight
pipe phantom
3 intertwined pipe
phantom
a dialyzer

perfusion. Flow was
isotropic
Assessing intra-operator
variability in perfusion
measurements.

Gauthier T. et al
(2011)(Gauthier et al.,
2011b)

Dialysis cartridge

Assessing perfusion
quantification using
linearized log
compressed data

Harput et al
(2013)(Harput et al.,
2013)

1.

Assessed amplitude
modulation with chirp
excitation on SHI

Cho-Pei (2010)(Cho‐
Pei, 2010)

Rapid prototyping
vessel phantom Common vessel
branches to internal
and tumour vessels

Investigating thermal
dosage profile in HIFU
surgery

King et al (2009)(King,
2009)

Kidney phantoms
1. Basic
microcirculation
phantom bundled
tubing
2. Tubing branching
into smaller tubing
3. Dialysis filter
4. Reticulated foam
phantom with
network of inlet
tubing

1.

Li et al (2002)(Li et al.,
2002)

Compartment
phantoms
1. same
inflow/outflow
direction
2. 2 opposite inflow
output directions
Dialysis cartridge

2.

Microbubble
chamber
Wall-less vessel
flow phantom

Randomly
distributed vessels
with isotropic flow
2. Randomly
distributed vessels
with isotropic flow
and smaller vessels
3. Mimicked the
capillaries, similar
dimensions and
velocities to that
found in vivo
4. Mimicked fractal
nature of the
vessels
TIC volumetric flow
measurements
Assessed different flow
directions in
compartment models

Some variation in flow
direction in phantom 2,
single flow direction in
phantom 1 and 3.
Phantom 1 and 2 do not
mimic dimensions of
microvasculature
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component
Single direction of flow
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component
1. No flow
2. Single direction of
flow
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component
Single flow direction
Does not mimic
tortuous/heterogeneous
vasculature
No ‘tissue harmonic’
component
Initial phantoms had
single direction of flow,
final phantom addressed
this.
Issues with floatation of
the UCA, which caused
shadowing in the image
were noted due to
direction of flow relative
to the scanning surface
No ‘tissue harmonic’
component

Does not mimic
tortuous/heterogeneous
vasculature
No ‘tissue harmonic’
component
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Lueck et al
(2008)(Lueck et al.,
2008)

Flow phantom with
arterial and portal
mimicking tubing
overlapping in the
imaging region
Dialysis cartridge and
silicone tubing for
region before and
after.

Mimicked dual blood
supply of liver with
portal vein delay loop

Multimodality
phantom MR US. Agar
with dialysis tubing in
parallel, mesh at either
end to keep tubes
parallel
Flow phantom with
tubing and flow
appropriate for
Doppler measurements

Multi-modal for
contrast enhanced MRI
and US

Soldati et al
(2011)(Soldati et al.,
2011)

Lung mimicking
sponge phantom

Tang et al (2006)(Tang
and Eckersley, 2006)

Phantom with
compartment of UCA
on top of block of
TMM

Density of the phantom
in different drying
phases was measured
and correlated to the
presence of echographic
artifacts
Useful for assessing
CEUS tissue
cancelation techniques

Tremblay-Darveau et al
(2014)(TremblayDarveau et al., 2014)

Tissue-mimicking
phantom containing a
wall-less vessel of 7
mm in diameter

Assessing Doppler and
plane wave

Veltmann et al
(2002)(Veltmann et al.,
2002)

3 phantom sections
1. a high-flow circuit
(HFC)
2. a low flow circuit
(LFC)
3. a contrast agents
section dialysis
cartridge

Complex flow system
mimicking areas of high
and low flow

Mezl et al (2010)(Mezl
et al., 2010)

Pang et al (2011)(Pang,
2011)

Samavat et al
(2006)(Samavat and
Evans, 2006)

Could measure arterial
input function, venous
output function and
dialyser region

Assess blood mimicking
fluid for Doppler

Does not mimic
tortuous/heterogeneous
vasculature
No ‘tissue harmonic’
component
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component
No flow
No ‘tissue harmonic’
component

No flow
Does not mimic
tortuous/heterogeneous
vasculature
No ‘tissue harmonic’
component
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component
Does not mimic
tortuous/heterogeneous
vasculature
Single flow direction
No ‘tissue harmonic’
component

Harput et al. (Harput et al., 2013) developed a simple phantom in an investigation of SHI
with chirp excitation to analyse the effect of amplitude modulation on the excitation signal,
performing two experiments. The first experiment measured the subharmonic response,
based on the scattered pressure from the microbubbles, which were the groups own
manufactured UCAs, which had resonance frequency 3.8 MHz. This was preformed using
a simple microbubble chamber in a tank of de-ionised, degassed water, insonified with a
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transducer positioned perpendicular to a hydrophone which measured the response. The
second experiment involved the manufacture of a wall-less ultrasound flow phantom using
TMM, from which subharmonic and fundamental B-mode images were captured. A 10 μL
suspension of microbubbles was injected (~ 5 × 106 microbubbles/mL) in one minute. A
linear scan was performed at 1 MPa PNP in the focal region, where microbubbles
experienced 630 kPa PNP due to the attenuation in the TMM. The authors found that as a
result of reduced spectral leakage, the reflections from within the TMM were suppressed in
subharmonic images when compared with grayscale fundamental images. The authors noted
that spectral leakage of the excitation signal’s energy into subharmonic frequencies was one
of the main factors causing image degradation in subharmonic imaging. They investigated
a custom window function to control the tapering of the transmit waveform and its harmonic
content. A nonlinear frequency modulated chirp waveform was designed to compare
between coherent gain, resolution, and spectral leakage.

The authors concluded that

experimental results showed the custom-windowed nonlinear frequency modulated
excitation generated more subharmonic emissions than the linear frequency modulated
excitation and improved the subharmonic image contrast. The phantom used in this study
was sufficient for the purpose of this paper; however, it does not mimic perfusion of UCA
in the tissue. The flow phantom used had a single direction of flow and the phantom did not
mimic the tortuous/heterogeneous nature vasculature of tumour vasculature. The TMM used
did not include any harmonic generating component, which is a common clinical artefact
which confounds CEUS TIC measurements, the inclusion of such a component would allow
comparison of subharmonic and harmonic imaging techniques and illustrate potential
improvements SHI may provide in this respect.
Eriksson et al. used several tubes knotted together in a cluster to develop a blood perfusion
phantom (Eriksson et al., 1995). 20 parallel tubes of inner diameter 0.28 mm and outer
diameter 0.61 mm were run randomly between each other to obtain a flow that was evenly
distributed spatially and directionally. This was placed in a Plexiglas container with
absorbing material at the walls filled with a water glycerol mixture. A small container
holding the particle suspension was placed underneath with a magnetic stirrer to keep the
concentration uniform. Inlets of the tubes were placed vertically in the smaller container
and the suspension pumped using a peristaltic pump. The authors tested this phantom for
various flow velocities (1 – 3 mm/s), analysing the relationship between pump flow and
measured velocity and perfusion measurements. These measurements were made through
integrating the Doppler frequency spectrum.

They concluded that the phantom was

satisfactory for mimicking blood perfusion. A limitation of this phantom set-up is that in

137

real tissue there are a number of different types of vessels, e.g. arterioles, capillaries and
venules, which have different sizes, lengths and flows, however this phantom design only
used one size tubing in order to simplify control of velocities. The phantom does not
adequately mimic the heterogeneous/tortuous nature of tumorous vasculature and no
‘harmonic tissue signal’ mimicking component was present.
Dialysis cartridges have been suggested for microcirculation phantoms as they contain
bundles of capillaries with inner diameters ranging from 0.15 – 0.3 mm. However, the case
of the cartridge results in both attenuation and diffraction of the ultrasound beam. If the case
is removed there may be a mismatch of flow in the inlet and outlet to the flow assessed, as
fluid leaks out of the capillaries. Removing the casing may also damage the fragile
capillaries. Veltmann et al. identified the following requirements for a capillary flow
phantom, which they addressed using a perfusion phantom based on modified dialysis
cartridges (Veltmann et al., 2002).


Low attenuation and diffraction in the phantom insonated section.



No ‘dead water’ zones to avoid floatation which might affect the concentration
gradient of contrast agent.



A homogeneous distribution of microbubbles which is not affected by flow
velocities.



Low velocities to mimic capillary flow.



Physiologic low pressure in the perfusion cartridge.

The phantom created was composed of three different sections, a high-flow circuit (HFC), a
low flow circuit (LFC) and a contrast agents section. Filter cartridges in the HFC and the
LFC remove contrast agent from the circuit, so contrast-free blood mimic circulates to the
point of contrast infusion therefore avoiding recirculation of microbubbles. The HFC
simulated a large vessel mixing of the contrast agent distribution. A gear pump provided
continuous non-pulsatile flow of 200 mL/min of the blood mimic through a filter cartridge,
to remove air bubbles and contrast microbubbles, into the entry chamber of the perfusion
cartridge. The amount of blood mimic that entered the capillaries of the perfusion cartridge
was controlled by a second gear pump. The LFC involved the second gear pump and the
perfusion cartridge, which contained over 10,000 capillaries with a total cross sectional area
of 1257 mm2 with 942 mm2 sealed with glue. An area of the plastic case was removed from
the cartridge and replaced with a latex foil of thickness 0.5 cm, to lessen the attenuation of
the ultrasound beam. The contrast section was made up of a part of the HFC reaching from
the point of infusion of the contrast agent to the entry chamber, the contrast agent was infused
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continuously via a modified PTCA catheter. In order to determine the linear range of the
measured signal acquired with the amount of UCA the AF0150 contrast agent infused at
rates between 0.017 mL/min and 0.17 mL/min. The authors noted that at lower dosages
UCA appeared randomly in the perfused area of the phantom, homogeneous distribution was
noted by the authors at infusion rates 0.05 – 0.083 mL/min, above which level attenuation
of the signal was noted in the lower part of the phantom. They reported that the signal
response was linear for infusion rates of 0.025 to 0.083 mL/min. A limitation of this set-up
was that capillaries are parallel and therefore, the phantom only has flow in one direction,
which would not be the case in vivo, where flow is isotropic in many directions. It was noted
by the authors that for simulation of non-moving organs, such as the liver, the depth and
number of perfused capillaries must be increased. Furthermore the phantom did not mimic
a ‘tissue harmonic signal’, which is a common artefact which can confound clinical
measurements.
In developing an ultrasound phantom Li et al. investigated a hollow acrylic spherical
compartment phantom and a perfusion phantom using four renal dialysis cartridges placed
in parallel with a mean diameter of 200 µm and length of 235 mm, making a total capillary
volume of 79 mL (Li et al., 2002). These were investigated using a custom made albumin
based UCA and the UCA Levovist. Acoustic information was acquired at both input and
output of the ‘mixing chambers’, i.e. the compartment or perfusion phantom, using
transducers with 3.5 MHz centre frequency. For the chamber phantoms, the wash-out time
calculated was smaller than the mean transit time, possibly due to measurement noise. The
mean transit time was investigated for each phantom set-up and found to be linearly
proportional to the total volume of the mixing chamber. For a fixed number of connected
dialysis cartridges the time constants derived decreased with flow rate. Therefore the authors
concluded that the time constants measured, were not sufficient for quantitative analysis.
They conclude that the time-intensity technique can only be applied for relative flow analysis
if no additional information on the volume or the flow rate is available. The authors also
note that the single input/output set up considered here was not representative of many
organs including the liver and brain, as many organs have multiple input and output vessels.
Additionally this phantom did not mimic the torturous/heterogeneous nature of tumour
vasculature or include a ‘tissue harmonic’ component.

Another phantom designed to overcome the attenuation issues with dialysis cartridge based
phantoms was developed by Pang (Pang, 2011). Small porous tubes in a chamber of agar
gel were aligned in parallel with a well-controlled spacing achieved by passing the tubes
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through two pieces of nylon mesh at either end of the phantom. Similar to the previous
phantom described this phantom only has flow in one direction, did not include isotropic
flow or include a harmonic tissue signal mimicking component, and therefore does not
mimic the situation in vivo.
Gauthier et al. conducted in vitro experiments on a phantom consisting of 3 intertwined
silicone pipes of internal diameter 2 mm with a 1 mm thick wall, which were organised to
mimic the complex structure of vessels in tumours and attached to a feeding pipe which
mimicked the arterial input function (Gauthier et al., 2012). The phantom was immersed in
a water tank connected to a peristaltic pump, causing the water to flow at a rate of 42.2
mL/min. The 3 pipes were linked at the input and output by 3-way taps. The phantom study
involved injecting SonoVue®, an ROI was selected containing the 3 pipes, feeding pipe and
water spaces for each injection and the TIC obtained. Two volumes of SonoVue® were
tested: 0.03 and 0.06 mL, using 5 injections per volume. Measured TICS were analysed
using either the Gustave Roussy Institute model only or the Gustave Roussy Institute model
combined with the deconvolution process and the coefficient of variation calculated. There
was no significant influence of the injected amount of microbubbles found. The authors
noted that water was used in this study which does not mimic the properties of blood and the
silicone pipes also differ in sonographic properties from vessels. This phantom included
some variation in the flow direction but the phantom did not mimic the dimensions of
microvasculature, neither was the tortuous/heterogeneous nature of the tumour
microvasculature adequately mimicked and flow was in one direction only. Furthermore no
component of the phantom provided a ‘tissue harmonic signal’, which is a common artefact
which can confound clinical measurements.
Leuck et al. noted that most liver tumours are supplied by the hepatic artery while the normal
liver tissue is supplied by both the hepatic artery and the portal vein, with increased arterial
perfusion and reduced portal perfusion of focal liver lesions indicating malignancy (Lueck
et al., 2008). In order to simulate the blood flow in the liver with two vessels with different
enhancement phases, they designed a water bath phantom, with a polyethylene tube in which
contrast agent flowed. The tube looped back into the region of interest after the first pass
through in order to mimic the portal perfusion after the initial arterial phase. The overlap
within the field of view simulated a linear mixed signal from two distinct flows. To establish
a means of digitally separating the signal from the different vessels the authors developed a
method of factor analysis, a technique that attempts to explain the variation between
individual pixel TICS in terms of factor curves or latent variables, which had previously
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been shown to be effective for extracting information from DCEUS images. Using this
analysis the phantom data was represented using two factors which agreed with the arterial
bolus and portal bolus curves, with a third factor extracted which represented background
signal over time. The authors found that correlations with the true bolus curves from the
ROIs selected resulted in correlation coefficients of over 0.95 from three sets of analyses of
the phantom data. They then applied this analysis to patient images to quantify hepatic
perfusion indices, comparing the resultant curves to a standard bolus. This study involved
the use of log compressed data from the system and the authors recommended that in future
the use of raw data should be investigated were possible in order to establish a method of
quantification that is system independent. Similar to the previously reviewed phantoms this
phantom did not adequately mimic the heterogeneous/tortuous nature of tumour tissue
vasculature and no component of the phantom provided a ‘tissue harmonic signal’.
No commercially available device or phantom in the literature adequately mimicked the
perfusion of the liver for the purposes of this project. None of the phantoms mimicked the
complex perfusion dynamics of tumour vasculature and neither do any of the research
phantoms mimic the common clinical artefact of a ‘tissue harmonic signal’, which would
allow comparison of clinically practiced harmonic imaging and the newly developed
subharmonic imaging technique. Therefore, this chapter details the development of two
different types of flow phantoms based on liver characteristics specifically designed for
testing and evaluating the SHI technique, and comparing it to the clinically implemented
CEUS technique: the first was an anatomically realistic perfusion phantom which mimicked
the flow in different regions of a diseased liver, which included a TMM which provided a
tissue harmonic signal; the second was a hepatic artery flow phantom which included tissue
mimicking material (TMM) to mimic the acoustic properties (attenuation and speed of
sound) of various stages of liver disease (‘healthy’, ‘fatty’ and ‘fibrotic’ liver tissue) was
also designed to challenge the developed technique’s ability to detect appropriately
attenuated signals at clinically relevant depths.
The purpose of the anatomically-realistic perfusion phantom which was developed as part
of this project was to provide an objective test-bed so that the signals generated using the
clinical CEUS pre-set, utilising the harmonic imaging technique, could be compared to the
signals generated using the newly developed subharmonic imaging technique, to determine
if this newly developed technique was superior to the clinical CEUS pre-set. The design of
the anatomically realistic liver perfusion phantom needed to include some key features, the
specifications of which were established from a review of the relevant literature. The hepatic
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artery phantom was designed to further test the implementation of the developed technique
through providing a clinically realistic attenuation of the generated signals. This phantom
was not designed to mimic perfusion and was more similar to basic flow phantoms such as
those reviewed, including only a single flow direction and no tortuous/heterogeneous
vascular mimicking structures. The phantom did however, include a ‘tissue harmonic
component’ and clinically relevant attenuation, both of which were lacking in most of the
reviewed research phantoms. The specifications met by both phantom designs are detailed
in table 6.2.
Table 6.2: The specifications for the design of a clinically relevant phantom for use in testing
newly-developed CEUS techniques designed for use in liver cancer diagnosis. The
specifications which the two phantoms (an anatomically realistic perfusion phantom and a
hepatic artery attenuating flow phantom) adequately matched are marked with a ‘Y’ and
those the phantoms do not match are marked with an ‘N’.
Specification

Anatomically realistic

Hepatic artery attenuating

perfusion phantom

flow phantom

Y

N

Isotropic

Y

N

Control velocity input

Y

Y

Low perfusion velocities

Y

N

Harmonic component to mimic

Y

Y

Y

N

N

Y

Y

Y

Heterogeneous nature, with areas
of high and low flow

tissue signal
2 inputs and 1 output, with option
to include portal delay loop
Material with clinically relevant
attenuation
Clinically applicable depth

The main specifications for the anatomically realistic liver perfusion phantom were that the
phantom needed to mimic the heterogeneous nature of microvasculature, in particular the
blood flow within tumorous tissue, which is inhomogeneously distributed throughout the
tissue and in which there are usually areas of both high and low blood flow present. The flow
within the phantom needed to be isotropic in order to mimic the perfusion through the
capillaries of tissue with low velocities, ideally as low as 1 – 10 mm s-1 (Veltmann et al.,
2002). Furthermore, it was also important to be able to control the velocity of flow input into
the system, for example the normal portal venous flow has a mean velocity of ~ 15 – 18 cm
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s-1, while the normal hepatic artery during systole has a velocity of 30 – 40 cm s-1 slowing
to 10 – 15 cm-1 during diastole (Goyal et al., 2009). Other liver specific criteria included the
need to replicate two inputs and one output from the perfused area, as well as the need to
mimic the delayed perfusion through portal vein through the use of a delay loop before
perfusing the system (Lueck et al., 2008).
As previously discussed in Chapter 2, the main advantage of SHI is that subharmonic signals
are not generated in tissue, therefore it was necessary to introduce a tissue mimic into the
perfusion phantom which could produce a harmonic signal when insonated with ultrasound,
thereby mimicking the tissue harmonic signal which typically contaminates clinical CEUS
data. Three prototype perfusion phantoms were developed, each building on the experience
gained from the previous one; herein, these were labelled the Mark I, Mark II which included
variations Mark IIa and IIb, and the final Mark III phantom. The hepatic artery attenuating
flow phantom was designed to further assess the ability of the system to implement the
developed technique in the presence of a clinically relevant attenuating material which
included a tissue harmonic component.
The design and manufacture of these phantoms is detailed in section 6.2 and the Time
Intensity Curves (TICs) measured in using both phantoms are presented in section 6.3.

6.2 Methods
6.2.1. Flow chart of the phantom development
The development of the phantoms is illustrated in the flow chart in Figure 6.1. Key points
are listed under each phantom type indicating the uses of the phantoms. The preparation of
the main TMMs: a condensed milk (CM) based TMM, a Poly-vinyl-alcohol cyrogel (PVAc)
based TMM, and a variation of the International Electrotechnical Commission (IEC) agar
TMM, are detailed in section 6.2.5.
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Perfusion
phantom
Mark I

• condensed milk
TMM foam core
• single use only
• unreliable

Perfusion
phantom
Mark IIa

• PVAc TMM
foam core
• individual
samples
• multiple use
• indicated
different TICs

Perfusion
phantom
Mark IIb

Perfusion
phantom
Mark III

• PVAc TMM
combined foam
core
• excellent flow
• good TICs

• anatomically
realistic
combined PVAc
foam core
• qualitatively
CEUS showed
realistic
perfusion.
• different TICs
with depth
• TICs mimicking
different tissue
types

Hepatic
artery
attenuating
flow
phantom
• single vessel
• PVAc
mimicking
disease stages
• tested the ability
to detect
appropraitely
attenuated
signals

Figure 6. 1: A flow chart illustrating the development of the phantoms used in this work to
test the newly-developed technique.
.
6.2.2 Perfusion Phantom vascular mimic designs
Previous studies have shown that the use of reticulated foam as the main constituent in
perfusion phantoms adequately mimics the perfusion in smaller vessels as seen in ultrasound
imaging (King, 2009). The foam mimics the random distribution of vessels with isotropic
flow, which was one of the key criteria established for the development of a realistic
perfusion phantom. The development stages of the perfusion phantom are detailed in this
section.
6.2.2.1 ‘Mark I’ Perfusion phantom
To mimic the various types of liver tissue, specifically, healthy, tumorous and necrotic liver
tissue, it was necessary to develop a method to alter the foam structure to mimic different
flow dynamics which would be relevant to the clinical range of perfusion dynamics.
Furthermore, to compare the developed SHI technique to the clinical CEUS technique and
produce the common clinical artefact present in CEUS, which is a harmonic tissue
component, a TMM component which would produce a typical tissue harmonic signal was
required. The introduction of a TMM which would be used to permeate through the foam
structure by varying amounts in different regions of the overall phantom and thereby produce
a varying tissue harmonic signal from these different sections within the foam was devised
and evaluated. The first prototype of the perfusion phantom, named “Mark I”, investigated
the use of a condensed milk based (CM) TMM (reported with an attenuation coefficient and
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speed of sound of 0.5 dBcm-1 and 1540 ms-1, respectively as recommended by (Madsen et
al., 1998, Browne et al., 2003)); the preparation of which is described in section 6.2.4. The
type of foam which was selected to replicate the healthy liver perfusion had a pore-density
of 10 pores per inch of foam (Foam Techniques Ltd, UK), which facilitated the introduction
of molten TMM into the pore network of the foam which would thus mimic the different
types of liver tissue and thereby provide a tissue harmonic signal. Three foam samples were
prepared, the first was fully soaked in the TMM, the second was fully soaked and then
squeezed to expel some of the molten TMM, effectively ‘semi-soaking’ the foam, while the
third was prepared by injecting molten TMM into specific regions of the foam, to create
concentrated areas of TMM within the foam (Figure 6.2). The first foam core was to mimic
a dense region of tissue, which might later be used as a ‘necrotic’ core mimic, the second
foam core was designed to mimic a more vascular tissue, which might later be used to mimic
highly vascular diseased tissue, and the third injected core was to assess the influence of
concentrated areas on the flow and harmonic signals.
Once the TMM was set, each of the foam perfusion cores were separately encapsulated in a
thin layer of silicone (T15 RTV silicone rubber, Polycraft, UK) which had been prepared on
a tray 24 hours, previously. The silicone was wrapped around the foam and then sealed
underneath to ensure that the UCA solution perfusing the foam did not leak into other areas
of the phantom and flowed through to the output. Following this, it was placed at the bottom
of a plastic water tank, at a clinically relevant depth of ~ 6cm, on top of rubber mat, to
prevent reflections from the base of the plastic water tank. The silicone was pierced at both
ends of the foam and PVC (poly-vinyl chloride) tubing (3.2 mm inner diameter (id), 6.4 mm
outer diameter (od), E-3606, Tygon, Saint-Goban performance, France) was connected at
each end to the foam and sealed with silicone adhesive and epoxy resin. The tubing ran
through holes at the edges of the plastic water tank to allow liquid to be pumped into the
foam structures and perfused through the foam (Figure 6.3). The flow and perfusion though
the perfusion phantoms were then tested using a low flow velocity pump system (Micropump
Model EW-07003-02, Smith Engineers, UK; Motor M586TE, McLennon Servo Supplies,
UK; Computer controller LabVIEW/National Instruments UK).
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Figure 6. 2: A photograph of the Mark I perfusion phantom foam cores which were either
fully saturated in the TMM (left), semi-saturated (centre) or injected to produce localised
dense regions to mimic harmonic signals (right).

Figure 6. 3: A photograph of a perfusion core of the Mark I perfusion phantom prepared in
the phantom container. The foam was encased in silicone to contain the fluid and keep the
UCA solution perfusing through, as opposed to leaking out of, the foam, and had an inlet
and outlet tubing attached to both ends of the foam structure.
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6.2.2.2 ‘Mark II’ perfusion phantoms
The Mark II perfusion phantoms incorporated a poly-vinyl-alcohol cryogel (PVAc) instead
of the CM TMM due to the failure of the Mark I phantom, which is discussed in section 6.3.
Two versions of the Mark II phantoms were manufactured, single separate foam core
phantoms, the Mark IIa phantoms, and a combined foam core phantom, were three foam
networks were combined with different amounts of PVAc perfused throughout.
Mark IIa Perfusion Phantom
A 10 wt % PVAc TMM was manufactured as described in section 6.2.4 and was introduced
into the foam network in a similar manner to that used to manufacture the different tissue
types for the Mark I perfusion phantoms. The main difference in the manufacture process
for the TMM used in the Mark II perfusion phantom was that a cryogel TMM was used and
so the soaked foam samples underwent 2 freeze-thaw cycles to induce the required acoustic
properties. Four samples were prepared for the Mark IIa phantoms: a fully soaked sample, a
semi-soaked sample, a sample with injected concentrated areas and a fully-squeezed and
injected foam sample (Figure 6.4), to assess different vascularity structures. The phantoms
were then constructed in a similar manner to the Mark I perfusion phantoms, Section 6.2.1.1.

(a)

(b)

(c)

(d)

Figure 6. 4: A photograph of the Mark IIa perfusion phantom foam cores with various
amounts of PVAc dispersed throughout the foam. Pictured from left to right are: (a) fully
soaked, (b) semi-soaked, (c) injected sample, (d) a fully squeezed and injected sample.
Mark IIb Perfusion Phantom
A combined foam network perfusion phantom, Mark IIb, was then constructed to assess the
feasibility of perfusing throughout changing foam network structures, produced through the
different amounts of TMM soakage, and to generate clinically relevant perfusion dynamics
(Figure 6.5). Three foams were used in this phantom: a fully soaked, a semi-soaked and an
injected foam network structure; the three were combined and encased together using
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silicone. Care was taken to prevent any gaps between the foam network structures to
encourage the flow to pass through the foams as opposed to around. The inlet of the phantom
was positioned into the least dense foam structure and the outlet in the densest foam structure
to ensure flow would pass through all types. The phantom was constructed in a similar
manner to that described in section 6.2.1.1. The Mark II phantoms were assessed using
continuous infusion of low concentration ‘Native’ UCA and imaged with the clinical
ultrasound system to test their ability to mimic the various tissue dynamics.

An injected foam

A semi-soaked foam

A fully soaked foam

Figure 6. 5: A photograph of the combination of foam network structure used as the
perfusion phantom core in the Mark IIb perfusion phantom. The network consisted of an
injected foam (top), a semi-soaked foam (centre) and a fully soaked foam (bottom), the three
foams making up the network were encased in silicone.
6.2.3 The Mark III perfusion phantom
The final perfusion phantom, Mark III contained the following foam network structures: a
fully soaked and injected foam which mimicked a dense ‘necrotic’ core; a fully squeezed
foam, which mimicked a ‘tumorous’ region; and a ‘semi-soaked’ foam structure which
mimicked a ‘healthy region’ (Figure 6.6). Each type of foam network structure was
approximately 2 cm thick. The entire perfusion foam core of the phantom consisted of each
foam section being wrapped around the other (as seen in the right-hand image in Figure 6.6
with the layers arranged as healthy > tumorous > necrotic) and then encapsulating the whole
lot in a layer of silicone. Care was taken to ensure no gaps were present between the different
foam network compartments, as before. Thus the phantom perfusion core consisted of tissue
representative layers with various amounts of PVAc dispersed throughout to provide a
harmonic ‘tissue’ component, which were arranged to produce tissue representative TICs at
different depths, giving areas of high and low flow to mimic the heterogeneous nature of
tumour vasculature. The silicone was sealed with epoxy resin and silicone sealant at the back
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of the phantom, away from the imaging face. Two input PVC tubes (i.d. 6.3 mm, o.d. 9.6
mm) were connected to the base of the perfusion foam core and one output at the top, to
mimic the vascular network of the liver. The flow entered from the bottom to the top of the
phantom, this configuration was chosen in order to avoid issues with floatation of the
contrast agent microbubbles which can occur in other input and output orientations (King,
2009). The phantom was designed to be imaged from the side with UCA filling from the
bottom to top of the phantom, with the healthy region on the outside surrounding the diseased
region which surrounded the necrotic region, as presented in Figure 6.6.

Healthy
Diseased
Necrotic
Diseased
Healthy
Figure 6. 6: Photographs of the construction of the foam core of the Mark III perfusion
phantom. The phantom consisted of tissue representative layers (left) with various amounts
of PVAc dispersed throughout to provide a harmonic ‘tissue’ component, which were
arranged to produce tissue representative TICs at different depths (right), giving areas of
high and low flow to mimic the heterogeneous nature of tumour vasculature.
A plastic water tank was designed and constructed to contain the Mark III perfusion phantom
core. An acoustic window was set into the end of the plastic water tank and two holes were
drilled into the base, to facilitate the two input tubes to the perfusion phantom core, which
were positioned 12 cm from the acoustic window. The perfusion phantom core was set into
the water tank with the imaging face 6 cm from the plastic water tank’s acoustic window.
Structural support was provided to the perfusion phantom core and the input tubes by fixing
a stand to the bottom of the plastic water tank, this also prevented the tubes from becoming
kinked and damaged. The perfusion phantom core was surrounded by deionised water rather
than liver TMM so that TICs for the different tissue types represented by the different foam
structures could be evaluated without the complication of an attenuating medium, as the
generation of a subharmonic signal from conventional UCAs has been reported to low and
found to require a solution of UCA which 4 times more concentrated than for harmonic
CEUS (Eisenbrey et al., 2012). The plastic water tank was carefully filled with deionised
water, and left to stand for 30 minutes prior to carrying out the contrast agents experiments.
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A photograph of the Mark III perfusion phantom is presented in Figure 6.7, and the flow and
perfusion dynamics of the phantom are presented in the schematic in Figure 6.8.

Perfusion
foam core

Output
vessel

Input
vessels

Acoustic
window

Figure 6. 7: A photograph of the final perfusion phantom, the Mark III, with acoustic window
and 1 output (left) and 2 supported inputs underneath the container (right).

Direction of flow
Waste reservoir

Deionised
H2O

Signal to
ultrasound
system

Pump

Transducer at
acoustic window
Deionised
H2O
Before injection site to
avoid bursting UCA

Foam perfusion core submerged in
Deionised
H2O
UCA injection site underwater
to maintain pressure balance

Figure 6. 8: A schematic of the Mark III perfusion phantom set-up and flow and perfusion
dynamics. Flow entered from the base of the phantom and flowed up to the top of the
phantom to avoid floatation of UCA. The pump was positioned before the injection site to
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avoid bursting UCA microbubbles in the pump head. The injection site was in a beaker of
deionised water (Deionised H20) to maintain a pressure balance in the system and avoid the
introduction of any air pockets into the system.

6.2.4 Hepatic artery attenuating flow phantom
This section describes the design and manufacture of the hepatic artery attenuating flow
phantom which mimicked tissue at various stages of liver disease. The phantom included a
single vessel which represented the hepatic artery, through which the different UCA
solutions could flow. The three tissue mimicking materials were used which mimicked the
different types of liver tissue, “Healthy”, “Fatty” and “Fibrotic”, made from a PVAc-based
TMM, the manufacture of which is detailed in Section 6.2.5. The phantom structure was
composed of 3 cm thick cylinders of the 3 different PVAc TMM surrounding a ~1 cm outer
diameter (i.d. 6.3 mm, o.d. 9.6 mm) PVC tubing so the diameter of the entire TMM cylinder
was 7 cm. The phantom thus consisted of the three different types of liver tissue positioned
adjacent to each other as shown in Figure 6.9 (left). The remaining volume in the phantom
container was then filled with background IEC agar TMM in order to produce a region of
healthy non-hepatic average soft tissue and a clinically-relevant depth of 6 cm from the face
of the transducer to the centre of the vessel mimicking the hepatic artery. The stages of the
construction of the phantom are illustrated in Figure 6.9.

Figure 6. 9: Photographs of the construction of hepatic artery attenuating flow phantom
mimicking the acoustic characteristics of various stages of liver disease. PVAc TMM was
strung onto the vessel, then glued into place in phantom container, making three sections of
phantom (left). The finished phantom was filled with agar TMM background (right).
The experimental setup consisted of the hepatic artery attenuating flow phantom being
connected to the low flow pump system which sucked the water and UCA solution from a
water beaker positioned proximal to the phantom and imaging sites, as presented in Figure
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6.10. A waste water beaker was positioned distal to the pump system to collect the waste
water and UCA solution. The pump was placed in this position, after the imaging region, in
order to avoid possible destruction of the UCA in the pump head (Ramnarine et al., 2002).
UCA injection site
underwater to ensure
no air bubbles enter
system

Signal to ultrasound system
Liver
mimicking
TMM

Transducer

Waste
reservoir
Pump

DH2O

Pulling liquid through
to avoid bursting UCA
Direction of flow

Figure 6. 10: A schematic of the flow and imaging set-up of the hepatic artery attenuating
flow phantom mimicking the acoustic characteristics of diseased liver. The pump pulled
UCA through the system to avoid bursting of UCA microbubbles in the pump-head. The
phantom was imaged from above at various positions above the PVAc TMM and UCA
travelled through a vessel passing through the centre of various TMM mimicking the
different stages of liver disease. The vessel was positioned at a depth of 6 cm.

6.2.5. Phantom TMM constituents
Mark 1 Perfusion Phantom Constituents
A solid condensed milk (CM) based TMM was used in the development of the perfusion
phantom, as per (Madsen et al., 1998). A mixture of distilled water (644 mL) and 2-propanol
(56 mL) was rapidly mixed by hand with 28g of gelatine. This mixture was then heated to
90°C until it became transparent. 1 g of thimerosal was dissolved in 500 mL of CM and the
mixture heated to 68°C and the mixture was then passed through 5 – 8 µm filter paper (QL
100 Fisherbrand, Fisher Scientific, UK) using a simple water flow vacuum filter. The filtered
CM solution was then warmed to 55°C and the molten gelatine TMM solution was cooled
to 55°C and the two solutions were combined.
Mark II & III Perfusion Phantom and Hepatic Artery Phantom Constituents
Poly-vinyl-alcohol cyrogel (PVAc) has the ability to mimic a wide variety of acoustic
properties of both healthy and diseased liver (Cournane et al., 2012). The PVAc samples
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used in this study were constructed as per previous work in our group (Cournane et al., 2010).
99+% hydrolysed PVA powder was used in the preparation of liquid PVA mixtures using 5
– 10 wt% PVA solution to achieve a low stiffness material. The mixture for the samples also
contained; benzalkonium chloride (BC) as an anti-bacterial agent, 0.3 μm aluminium oxide
(Al2O3) particles, which act as acoustic scatters to alter the attenuation, and glycerol to vary
the acoustic velocity of the samples. The different samples were made by mixing the
constituents with deionised water and heating to 90°C in a water bath to achieve complete
dissolution of a liquid gel. To ensure a homogenous solution, without the formation of any
accumulation of the powder/particles, the mixture was continuously stirred for 1 hour at 100
rpm (revolutions per minute) using an overhead mixer. This mixture was weighed prior to
boiling and at the end of the 1 hour period and any lost mass was replaced with deionized
water. The solution was stored in an airtight container while it cooled to room temperature.
Once it had cooled it was poured into cylindrical moulds (for the hepatic artery attenuation
flow phantom) or over sponge samples (for the perfusion phantom), and left for 2 hours in
order to allow air bubbles to rise to the surface and then be removed. Solidification and
polymerisation was then induced by putting the samples through various numbers of freezethaw cycles depending on the type of tissue it was mimicking. The TMM samples used in
this study mimicked: ‘Healthy liver’, undergoing 2 freeze-thaw cycles with 5 wt% PVA,
‘Fatty liver’, undergoing 5 freeze-thaw cycles with 5 wt% PVA and ‘Fibrotic liver’,
undergoing 3 freeze-thaw cycles with 6 wt% PVA and a 10 wt% PVA undergoing 2 freezethaw cycles as the ‘tissue harmonic’ component in the perfusion foam phantom. Test cell
samples of the PVAc TMMs were produced from the main batch of TMM used in each of
the phantoms in order to acoustically characterise the respective TMMs.
The background material used in this study as part of the hepatic artery flow phantom was a
variation on IEC TMM, the components for which are listed in Table 6.2 (adapted from
(Cannon et al., 2011)). First, the liquid components were mixed together in a stainless steel
container, then the dry components were added to the mixture and it was mixed with an
overhead mixer at 60 rpm to ensure that the components were uniformly mixed with the
solution. The stainless steel container was then placed in a water bath heated to 96 °C and
the mixture was continuously mixed using an overhead mixer at 60 rpm. The solution was
heated to 90°C, once the solution reached this temperature it was maintained at this
temperature for 1 hour in the water bath. Following this, the container was then removed
from the water bath and the TMM allowed to cool to 46 °C, while continuously mixed at 75
rpm using the overhead mixer. When the TMM had reached 46 °C it was poured into the
phantom container and 3 test cells in order to acoustically characterise the TMM.
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Table 6. 2: The weight composition (%) of the background Agar TMM.
Liquid/Dry (L/D) Component

Weight Composition (%)

Deionised waterL

82.97

Glycerol

L

11.21

Benzalkonium ChlorideL
Agar

0.46

D

3.00

Silicon CarbideD (SiC, 17 μm)

0.53

Aluminium OxideD (Al2O3, 3.0 μm)

0.95

Aluminium Oxide (Al2O3, 0.3 μm)

0.88

D

6.2.6 Acoustic characterisation of liver mimicking TMMs
The acoustic characterisation, specifically the attenuation coefficient and speed of sound, of
the different types of TMM was carried out using an acoustic macroscope, similar to the
pulse-echo broadband characterisation system detailed in section 3.2, with a pulser-receiver
(Model 5052PR; Panametrics, Waltham, MA, USA) for transmission of the excitation signal
and detection of the reflected echoes from the glass reflector using the same transducer. The
experimental setup is presented in Figure 6.11.
Temperature probe

Pulser/Receiver
Device

PC Control/Acquisition
Digitizer

2.25 MHz single element transducer
TMM sample, thickness dthick, positioned at the focus
DH2O

2.54 cm
Glass slide

Figure 6. 11: The acoustic macroscope, the 2.25 MHz transducer was used in the pulse-echo
mode to detect reflections from a glass slide which had passed through the sample when
making sample measurements and through deionised water for reference measurements.
The 2.25 MHz single element transducer (Panametrics V306; Olympus NDT Inc., Waltham,
MA, USA) was used in the pulse-echo mode, with the transmit centre frequency set to that
of the clinical subharmonic frequency which the TMM and phantom was designed to assess.
A glass reflector was used and the acoustic medium comprised of deionised water
maintained at room temperature. The acoustic characterisation methodology used was the

154

substitution technique, wherein the reference measurements were made in the deionised
water with the glass reflector at the focus of the transducer and then the sample
measurements were made with the sample placed onto of the glass reflector, and from the
difference between the reference and the sample echoes the acoustic characteristics were
derived. All data analysis was performed using code developed in MATLAB. The
attenuation was calculated using Equation 6.1 and the speed of sound was calculated using
Equation 6.2.

𝛼=
1
𝑐𝑠

=

𝐼𝑠𝑎𝑚𝑝𝑙𝑒
10
log10 (
)
2 ∗ 𝑑𝑡ℎ𝑖𝑐𝑘
𝐼𝑤𝑎𝑡𝑒𝑟
1
𝑐𝑤

−

∆𝑡
2𝑑𝑡ℎ𝑖𝑐𝑘

(6.1)

(6.2)

where Isample and Iwater are the power spectra of the signal through the sample and through the
water cs is the speed of sound in the phantom sample, cw is the speed of sound in the degassed
water, dthick is the thickness of the phantom sample and Δt is the resultant time shift in the
RF pulse with and without the sample TMM in the path of the ultrasound beam.

6.2.7 TIC flow measurements
The Mark III perfusion phantom was set-up as shown in the schematic presented in Figure
6.8. The input vessel, into which the contrast agent was injected, was kept below water level
at all times in order to ensure a stable pressure environment and to prevent air pockets being
drawn into the system. When setting up the device it was necessary to carefully position the
input and output tubing, so that there was a pressure balance in the system to ensure perfusion
within the foam perfusion core and which did not cause the silicone wrapping surrounding
the core to expand or contract when the flow was switched on, and also to avoid siphoning
when switched off. Prior to each UCA experiment the tubing was checked to ensure that it
was straight, thereby avoiding potential bubble traps. The input velocity into the system
was set at 17 cms-1, which was physiologically relevant for the normal velocities within the
portal vein. The velocity decreased as it perfused through the foam network of the perfusion
phantom core as the liquid transitioned from flowing within the tubing into the large
perfusion phantom volume and through the different types of foam networks, representing
the different types of tissue. A low velocity of 0.6 cms-1 was present within the perfused
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core, which mimicked the flow velocities in the microcirculation. The perfusion system was
primed by running the pump for 5 minutes prior to the UCA experiments, ensuring the foam
was filled with water and that all air had been pushed out of the perfusion phantom system
(foam and tubing). Once the system was primed, the UCA was prepared. Both ‘Altered’ and
‘Native’ UCA solutions were investigated using this phantom. A bolus injection of 2.4 mL
was used for each UCA solution; this volume was used to ensure a strong SH signal was
measurable as the UCA solution perfused throughout the phantom. When the UCA was
prepared, 2.4 mL was drawn into a syringe and positioned in the tubing at the injection site
and held underneath the water to ensure no air entered the system. The Aixplorer® system
was then used to image the phantom and the UCA was injected after a period of between 20
– 40 seconds of imaging time with just deionised water perfusing within the phantom. The
time of injection was noted. The phantom was then imaged for approximately 4 minutes
post-injection to record the dynamics of perfusion within all layers of the perfusion phantom
core. The data was then exported from the system for further analysis.
The response of the ‘Native’ UCA was measured using both the newly developed SH
imaging technique and the general CEUS pre-set used routinely in clinical practice, which
facilitated a direct comparison of the TICs for both techniques. The ‘altered’ UCA, which
was specifically tailored for efficient SH production, was measured using the SHI technique
only. Three acquisitions were performed for both UCA solutions and acquisition techniques
and the resulting TICs were generated from the data using the codes detailed in Section 6.2.8.
The Hepatic artery attenuating phantom was imaged with boluses of the ‘Altered’ UCA. The
pump was on the output side of the system and the UCA bolus was injected at the point of
the water beaker, so that the UCA did not pass through the pump system; furthermore, as
with the perfusion phantom, the injection site was underwater to prevent any air bubbles
entering the system. The transducer was sequentially positioned over each of the different
types of liver tissue and the SHI acquisitions acquired using an ‘Altered’ UCA bolus. The
data was acquired in the same manner as the perfusion phantom and the TICs generated from
the data using a similar code as detailed in Section 6.2.8.
6.2.8 TIC code
MATLAB codes were developed for generation and analysis of time-intensity curves from
both CEUS video loops and SH intensity map stacks determined using the Welch transform.
The research data comprised of frames of voxels corresponding to the size of the segments
used in the Welch transform, i.e. 64 sample points in the original image, covering
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approximately 4 mm. Each scan converted frame contained 1179 x 1963 samples. Therefore,
the region corresponding to the perfusion phantom core area was first extracted and then the
selected area within each of the frames were broken into blocks containing 10 x 64 samples,
and the mean signal calculated in each block across a stack and placed within a vector to
form the TIC for that element. In this way, approximately 1490 TICs were calculated for
each data acquisition.
The TICs for the hepatic artery flow phantom data were calculated using this code also, with
the exception that only one ROI was selected in the centre of the vessel, corresponding to 80
x 196 data samples.
The CEUS TIC MATLAB code read in the selected DICOM video file, displayed the first
frame of the image and then required input from the user regarding the selection the region
of interest within the image. The code then looped through the sequential frames of the
DICOM video file, and the corresponding mean signal intensity within the ROI was
calculated and stored in a matrix for each frame.

6.3 Results
6.3.1 Perfusion phantom results
6.3.1.1 Mark I perfusion phantoms
The Mark I perfusion phantoms were evaluated in terms of reliability of flow and perfusion
through the phantom and for the presence of leaks. Through this evaluation is was found that
the integrity of the foam cores were failing due to the TMM re-liquefying as the water was
perfused through the perfusion core. This was clear due to the cloudy milky appearance of
the deionised water. In Figure 6.12, a foam core which has been extracted from the Mark I
phantoms is presented after use, in which the re-liquefaction was obvious. Therefore, the use
of the condensed milk based TMM to provide a source of tissue harmonic signal was not felt
to be reliable. As a result, a new TMM was investigated for the Mark II perfusion phantoms.
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Figure 6. 12: A photograph of a foam core of a Mark I phantom after use, the flow of
deionised water through the phantom has caused the CM TMM to re-liquefy.
6.3.1.2 Mark IIa and Mark IIb Perfusion Phantom
The perfusion foam networks infused with PVAc-based TMM which were developed were
first tested in separate phantoms, the Mark IIa perfusion phantoms, before being combined
into one phantom as was the case for the Mark IIb perfusion phantom. The individual foam
networks infused with the PVAc were evaluated in terms of the reliability of flow and
perfusion through the phantom and the presence of leaks, and were found to pass these basic
evaluations. Following this, the perfusion dynamics produced by each of the foam cores
was evaluated; an example of some of the CEUS harmonic TICs which were produced upon
perfusion through the cores are shown in Figure 6.13. As can be seen, the different amounts
of PVAc dispersed throughout the foams led to different TICs depending on the perfusion
dynamics within the foam cores; for example, the TIC produced by the denser foam network
(designed to mimic necrotic tissue) (a), had a much lower intensity than those related to the
less dense foam networks, (b) (c) and (d). Furthermore, (a) and (b) both demonstrated more
gradual rise times. The least dense phantom, (c), which had only injected PVAc, exhibited
a fast rise time and gradual decrease in signal. Figure 6.10 (d), which was also less dense
than (a), exhibited a faster rise time and a gradual washout also, however, it exhibited much
noisier data than (c) due to the more complex perfusion dynamics produced by the manner
in which the PVAc was dispersed throughout the foam, i.e. soaked and injected into specific
areas.
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(a)

(b)

(c)

(d)

Figure 6. 13: The harmonic TICs determined from CEUS data for the Mark IIa phantom
cores, for: (a) a fully soaked foam, (b) a semi soaked foam, (c) a PVAc injected foam, (d) a
semi-soaked and PVAc injected foam. UCA were injected in the first 10 seconds of imaging
for (a) and (d) and immediately in (b) and (c).
The next version of the perfusion phantom which was investigated, the Mark IIb perfusion
phantom, consisted of a combination of foam network cores positioned adjacent to each
other and within which flow travelled from the least dense to most dense foam network. It
was investigated for reliability of flow and perfusion initially and once this was confirmed
the perfusion dynamics within this phantom were evaluated and it was found to demonstrate
excellent potential for producing the different types of TICs corresponding to the perfusion
dynamics within different types of liver tissue (Figure 6.14). The first, least dense, foam core
produced a TIC with a fast rise time, while the second, medium density foam core produced
a TIC with a slower rise time as well as a slightly higher harmonic signal baseline. The
apparent lower noise in Figure 6.14 compared to 6.13 is due to the scale of the signal, with
overall lower signal making the noise more apparent in Figure 6.13. The third, most dense
foam core produced a TIC with a high baseline harmonic signal and a very gradual rise-time.
This foam also produced a TIC with more noise compared to those from the other foams in
this set, most likely due to the higher harmonic contamination from tissue as well as the more
complex perfusion dynamics and flow path. The densest foam network, (c), also had a lower
maximum signal intensity than the less dense foam networks, (a) and (b). The foam phantom

159

networks, therefore generated TICs which mimicked the perfusion of ‘healthy’ (b),
‘tumorous’ (c) and ‘necrotic’ (d) tissue.

(a)
Intensity (a.u.)

(b)

Intensity (a.u.)

(c)

Time (seconds)

Figure 6. 14: The harmonic TICs determined from CEUS data for the Mark IIb phantom
core from different regions in the combined PVAc phantom, presented are, from top to
bottom: (a) the least dense PVAc foam, (b) a medium density PVAc foam and (c) the densest
PVAc foam. Note the different y-axis scale of graph (c).

6.3.1.3 Mark III Perfusion Phantom
The final perfusion phantom developed was the Mark III perfusion phantom. This was
investigated for reliability of flow and perfusion initially and, once confirmed, the perfusion
dynamics within this phantom were evaluated. It was found that this phantom was capable
of producing a range of TICs which mimicked those found for different types of liver
disease; Figure 6.15 shows a selection of representative frames from the CEUS harmonic
clinical pre-set acquisition, corresponding to a time interval of 11 seconds so that the
perfusion dynamics could be illustrated. The initial perfusion and flow path though the
phantom demonstrated that the UCA solution perfused though the path of least resistance,
flowing up through the top section of the phantom, specifically, the foam core with the least
amount of PVAc infused through it designed to mimic “healthy” tissue. This was clearly
seen from the enhancement signal and, as time progressed, the effects of shadowing on
deeper regions due to this enhancement were evident (frames 6 – 15). Another characteristic
of the perfusion dynamics of the phantom was the UCA re-perfused the necrotic region
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deeper in the phantom (frames 9 – 14). The maximum CEUS acquisition time in the clinical
pre-set was 180 seconds - however, it was evident from the signal enhancement in the final
frame compared to the initial frame that the UCA solution had not fully washed-out of the
phantom by this time. The continuous acquisition of the CEUS pre-set also resulted in the
data acquired using this technique having a much better temporal resolution in comparison
to that acquired using the newly developed SHI technique. As discussed in the Section 5.3.2,
in order to acquire one frame of Raw RF data for the SHI technique, it was necessary to
actively image by freezing the frame and then saving the data on the scanner console, which
resulted in a reduced temporal resolution of just 1 Hz, 10 times less than that achievable with
the CEUS clinical pre-set.
TICs representing the perfusion dynamics within the ‘healthy’ foam core near the input (e.g.
from ROI 1 in Fig 6.15), generated from the ‘Native’ UCA response using the CEUS
harmonic clinical pre-set, and the ‘Native’ and ‘Altered’ UCAs response using the developed
subharmonic imaging technique, are presented in Figure 6.16. The corresponding TICs for
the ‘healthy’, ‘tumorous’ and ‘necrotic’ foam cores are presented in Figures 6.17 – 6.19,
respectively. In each of these figures, three graphs are presented showing representative data
from each of the three independent UCA samples measured using the CEUS harmonic
clinical pre-set with ‘Native’ UCA and also from the developed subharmonic imaging
technique using the ‘Native’ UCA and ‘Altered’ UCA. The data for each TIC acquisition
needed to be exported separately, due to the large file size of the Raw RF data (approximately
14 GB of data). Furthermore, the ultrasound system had a slow data transfer rate and a
correspondingly long data export time (approx. 20 minutes for a typical export operation of
a TIC dataset), which resulted in the relative positioning of the transducer over the Mark III
perfusion phantom being slightly different for the repeat acquisitions. However, when
selecting the TICs for the different ROIs within the corresponding frames from the phantom,
the depth and lateral position of the ROIs within the image was taken into account, so that
the ROIs from each acquisition matched each other as closely as possible. It should be noted
that there was some variation in the ROIs from within the phantom and it was not appropriate
to average the TIC data. It should also be noted from the presented TICs that there was a
small variation in the injection time of the UCAs solution and, thus, the arrival of the UCA
within the acquired frames, which accounted for the different positions of the peaks in time
(x-axis) for similar regions. The time of injection was recorded for all contrast enhancement
experiments and was noted on the different figures presented with the corresponding TICs
marked with a blue triangles.
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Figure 6. 15: Stills are presented from a CEUS video sequence illustrating the flow of the
UCA through the phantom, with example regions of interest used for TIC analysis marked
on the first image and some features of perfusion dynamics of interest marked with arrows
in the images within the main panel. The phantom was imaged from the side, and hence the
flow in these images is from left (near the input) to right (where the output was positioned).
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The phantom gradually brightens with bands of high intensity perfusion seen in the later
frames (10 – 17).
Vial 2

Vial 3

SHAmp FWTM (V2/MHz)

Intensity (a.u.)

Vial 1

Time (seconds)

Figure 6. 16: TICs for regions of interest placed close to the input vessel, in a ‘healthy’
tissue mimicking foam region (e.g. ROI 1 Figure 6.15), for the general CEUS pre-set (top
row), and the SH maps of the response of the ‘Native’ UCA (middle row) and the ‘Altered’
UCA (bottom row). The blue arrows indicate the time of injection.
In Figure 6.16, the point when the initial UCA solution bolus entered into the phantom is
clearly indicated; the UCA bolus had travelled the short distance of 60 cm from the injection
site, through the inlet tubing, and thus essentially was presented as an ‘impulse’ in the first
region of the perfusion phantom, as it had not undergone much perfusion at this stage. This
is clearly demonstrated by the narrow peak in the TIC produced by the 1st ‘healthy’ foam
core region. Another important feature noted for the TIC produced by the 1st ‘healthy’ foam
core region were the effects of shadowing which were prominent in the harmonic data,
whereas the subharmonic data TICs showed minimal shadowing effects due to the lower
frequencies being less attenuated than the higher frequency harmonics. Within this region of
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the perfusion phantom, there were no significant differences between the subharmonic data
TICs resulting from the ‘Native’ and ‘Altered’ UCA solutions.
Figure 6.17 presents the TICs for a region further across the phantom in the ‘healthy’ foam
core (e.g. ROI (2) ‘Healthy region 2’ in Fig 6.15). In this region it was expected that, as the
UCA solution arrived, the signal would increase for a time and then plateau for the majority
of the acquisition. This was expected because the slow flow through and constant perfusion
of the region was observed in the video clip from the harmonic CEUS acquisition. The effect
of shadowing was present in the TICs in this region in the harmonic data. It was also noted
that the ‘Native’ UCA generated a much noisier signal compared to the ‘Altered’ UCA,
which may have been due to the more varied frequency response to the excitation signal, as
a result of the wider size distribution with the ‘Native’ UCA solution.
Vial 2
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Figure 6. 17: TICs for regions in a ‘healthy’ tissue mimicking foam region (e.g. ROI 2 Figure
6.15), for the general CEUS pre-set (top row) the SH maps of the response of the ‘Native’
UCA (middle row) and the ‘Altered’ UCA (bottom row). The blue arrows indicate the time
of injection.
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In Figure 6.18, TICs for a ‘diseased’ region deeper in the phantom are presented. The effect
of depth within the phantom on the measured signals is clear in these graphs: the higher
frequency harmonic signal was attenuated significantly (compared to that measured in the
other ROIs) due to the increased depth of the ROI, which furthermore displayed more
pronounced shadowing due to the UCA perfusion above the ROI, all of which masked the
perfusion of the UCA through this region. The subharmonic signal however, was less
attenuated, due to its lower frequency, and the ‘Native’ and ‘Altered’ UCA TICs exhibited
a fast rise time / wash-in and slow / gradual wash-out, which mimicked the general perfusion
of ‘diseased’ tissue. It was also noted that the ‘Native’ UCA signal was again noisier than
the ‘Altered’ UCA, again this could be attributed to the more varied frequency response due
to the wider size distribution as seen in the other ROIs.
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Figure 6. 18: TICs for regions in a ‘diseased’ tissue mimicking foam region (e.g. ROI 3
Figure 6.15), for the general CEUS pre-set (top row), the SH maps of the response of the
‘Native’ UCA (middle row) and the ‘Altered’ UCA (bottom row). The blue arrows indicate
the time of injection.

165

Vial 2

Vial 3

SHAmp FWTM (V2/MHz)

Intensity (a.u.)

Vial 1

Time (seconds)

Figure 6. 19: TICs for regions in a ‘necrotic’ tissue mimicking foam region (e.g. ROI 4
Figure 6.15), for the general CEUS pre-set (top row), the SH maps of the response of the
‘Native’ UCA (middle row) and the ‘Altered’ UCA (bottom row). The blue arrows indicate
the time of injection.
Figure 6.19 presents the TICs for the densest and deepest ROI selected in the images, that in
the ‘necrotic’ mimicking region. This region was expected to have late perfusion, as the
UCA first travels through the paths of lesser resistance, i.e. the ‘healthy’ and ‘diseased’
regions. It was also expected to display high harmonic baselines, which is indeed evident in
the top row of Figure 6.19, as this region had the greatest amount of the ‘tissue mimicking
harmonic component’ (the PVAc) infused throughout the foam network. It was also noted
that the CEUS harmonic TICs once again displayed the effects of shadowing on the signal,
as expected. In contrast, the baseline signal for the SHI TICs, for both ‘Native’ and ‘Altered’
UCA, was in general low, as there was no subharmonic ‘tissue’ component present to
contaminate the signal. The SHI TICs exhibit no effects of shadowing - this is as expected,
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due to the lower frequency of the subharmonic component which was less susceptible to
frequency-dependent attenuation effects. The graphs indicated the complex, late, reperfusion of this area as the dispersed UCA bolus washed in and out through the ROI. Again,
it was noted that the ‘Altered’ UCA displayed a much less noisy signal than the ‘Native’
UCA, as seen in previous SH data.
6.3.2 Hepatic Artery Attenuating Flow Phantom
The different TICs produced within the perfusion phantom from the ‘Native’ and Altered’
UCA solutions provided a validation of the developed SHI technique, and also demonstrated
the technique’s ability to detect subharmonic signals of a complex perfusion dynamics
similar to those found in vivo. However, the perfusion phantom did not present a clinically
relevant attenuating medium which, as mentioned in Table 6.1, was another specification
that needed to be met to mimic the in vivo environment. Therefore, to further validate the
newly developed SHI technique with the clinical ultrasound system, it was necessary to
determine the accuracy with which subharmonic signals in the presence of an attenuating
medium could be detected. In order to meet this further validation specification, a hepatic
artery attenuating flow phantom which mimicked different stages of liver disease was
designed and manufactured. This phantom presented a clinically realistic attenuating
medium, see Table 6.3, through the incorporation of different types of liver tissue and a
further layer of soft tissue which resulted in the vessel representing the hepatic artery being
positioned at a depth of 6 cm.
Table 6. 3: The attenuation and speed of sound measured using a substitution technique for
the hepatic artery phantom TMMs.
TMM type
Background Agar
‘Healthy’ PVAc
‘Fatty’ PVAc
‘Fibrotic’ PVAc

Attenuation
[dBcm-1MHz-1]
0.43 ± 0.04
0.20 ± 0.10
0.77 ± 0.09
0.91 ± 0.06

Speed of Sound
[ms-1]
1543 ± 2.0
1483 ± 0.3
1506 ± 0.9
1518 ± 2.2

Figure 6.20 presents subharmonic TICs generated from the data deriving from ROIs placed
in the tubing running through each of the three TMM types. The TICs were all extremely
noisy and there were no defined peaks in the curves. The same concentration of ‘Altered’
UCA bolus was injected into this phantom set-up as that used in the perfusion experiments.
Furthermore, this bolus would have remained as an impulse signal as it was not perfused
within the vessel, and therefore it was expected that a strong peak would be present.
However, the TMM appeared to significantly attenuate the generated subharmonic signal
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beyond the detection capabilities of the scanner – in general, the ‘Healthy’ TMM section had
signals approximately 10 – 102 times lower than those measured in the perfusion phantoms,
while the ‘Fatty’ and ‘Fibrotic’ TMMs had signals lower again by a factor of 102..
Nevertheless, it was possible to discern a trend towards an increase in the amplitude of the
subharmonic frequencies in the ‘Healthy’ TMM and to a lesser extent in the slightly more
attenuating ‘Fatty’ TMM. However, the noise was so severe in the most attenuating,

SHAmp FWTM (V2/MHz)

‘Fibrotic’, TMM that no suggested trend was detected.

Time (seconds)

Figure 6. 20: Examples of the calculated TICs for ‘Altered’ UCA passing through a vessel
in the ‘healthy’ (left), ‘fatty’ (centre), and ‘fibrotic’ (right) TMM materials with an agar
background material. The sensitivity of the scanner appeared to have limited the ability to
detect the low signals present as a result of the highly-attenuating TMM materials.
For the developed subharmonic imaging technique, the ultrasound system needed to detect
signals with frequencies that corresponded to the edge of its quoted frequency bandwidth (16 MHz) of the curvilinear transducer used for the experiments. The resonance frequency of
the transducer was approximately 3.4 MHz, established from transmit pressure
measurements in Chapter 5, while the detected subharmonic signal was centred at 1.125
MHz. The actual sensitivity of the curvilinear transducer across its useful bandwidth was
unknown, due to the proprietary nature of this information. However, it appeared that it was
far less sensitive at the frequencies of interest for subharmonic signal detection, particularly
from the analysis of the transducer’s frequency output measured using the hydrophone
system. Thus, as evident in the TICs presented for this investigation, the use of the hepatic
artery attenuation flow phantom was far too challenging for the curvilinear transducer and
the ultrasound system to adequately detect the subharmonic signal generated by the ‘Altered’
UCA.
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6.4 Discussion
The two test-bed phantoms, Perfusion Phantom Mark III and The Hepatic Artery Attenuating
Flow Phantom, which were developed successfully validated the ability of the clinical
ultrasound system research package to implement the optimised subharmonic imaging
technique. Furthermore, it provided an objective assessment of the newly developed SHI
technique as implemented on the clinical ultrasound system to the clinically used CEUS
harmonic pre-set using a range of complex perfusion dynamics. Additionally, the use of the
‘Native’ and ‘Altered’ UCA for SHI DCEUS was investigated.
The developed Mark III perfusion phantom was unique in its ability to mimic diseased tissue
vasculature, in terms of its heterogeneous and isotropic nature, and also in providing a
contamination ‘tissue’ harmonic signal. These two critical features were successfully
incorporated into the phantoms’ designs and allowed for an objective comparison of the
newly developed subharmonic technique with harmonic imaging techniques. The phantom
addressed many of the requirements set out by Veltmann et al (Veltmann et al., 2002) for
the design of a capillary flow phantom: the phantom had (1) low attenuation and diffraction,
(2) floatation of UCA was avoided, and (3) relevant velocities for microcirculation were
achieved. The isotropic nature of the phantom addressed one of the main limitations to date
of many other perfusion phantoms, for example those developed by Veltmann et al and Pang
et al (Pang, 2011), namely, that the flow in these phantoms is in a single direction.
Additionally, the 6 cm depth of the liver perfusion mimicking foam core of the phantom
developed herein was clinically relevant for liver imaging, which has been noted to be
important for simulation of non-moving organs (Veltmann et al., 2002). One of the main
advantages of the developed phantom over others in the literature, which have included
phantoms made from dialysis cartridges, polyethylene and silicone tubing and foam
(Gauthier et al., 2012, Lueck et al., 2008, Li et al., 2002, Cho et al., 2012), was the inclusion
of a TMM with produced a tissue harmonic contamination signal, mimicking anatomical
noise in CEUS images, which thereby allowed for the direct comparison of harmonic and
subharmonic techniques. The harmonic response of tissue is known to be a source of
variability for CEUS (Tang et al., 2011). The harmonic response of the TMM was evident
in the baseline signal of the CEUS TICS, which would clearly affect the quantification
accuracy of any measurements with this technique.
The TICs measured using this phantom were capable of differentiating different types of
perfusion dynamics present in the different tissue- and pathology-mimicking areas, which
demonstrated key differences between the contrast imaging techniques and the UCA
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populations used. Clinical CEUS data is processed data, and hence the absolute accuracy of
the TICs are known to be affected by processing steps such as log-compression, gain and the
dynamic range used, while even when using linearized log-compressed data the small
dynamic ranges typical in CEUS can lead to saturation of the signals and incorrect
linearization of the data (Tang et al., 2011). The CEUS data used here was not linearized,
and serves as an example of the effect of such scanner settings on the time-intensity data.
Handling and injection of the UCA has also been noted to be a source of variability (Sun et
al., 2016), in the current study, the handling and injection of the UCA was performed by the
same person in the same manner for each acquisition, except where specifically stated i.e. in
altering the UCA, in an attempt to provide more comparable and reproducible data. As
previous SHI studies have used up to 4 times the UCA necessary for HI (Eisenbrey et al.,
2012), a high concentration of UCA (a 2.4 ml bolus), was used in the contrast experiments
to ensure a high concentration of UCA perfusing through the different foam cores. Of
particular note, the TICs measured demonstrated the advantage of the subharmonic imaging
technique for measuring at depth compared to harmonic imaging, in which significant
shadowing was present due to the higher attenuation of higher frequencies; this feature has
also been observed in previous studies (Eisenbrey et al., 2012).
The measured time intensity curves for the SHI CEUS technique also demonstrated
differences between the ‘Native’ and ‘Altered’ UCAs. The ‘Native’ UCA resulted in noisier
TICs than the ‘Altered’ UCA, which would certainly affect the accuracy of any potential
quantification approach to this data. The subharmonic response of UCA has been shown to
be related to the resonance frequency, with the highest subharmonic response generated near
the measured resonance frequency. The bench-level measurements of the ‘Native’ UCA
determined a wide size distribution, attenuation peak and region of higher subharmonic
response. The wide size distribution of the ‘Native’ UCA meant that many of the
microbubbles were not insonated at their resonance frequency, which appeared to result in a
fluctuating subharmonic response which was evident in the TICs for this UCA population.
In contrast, the ‘Altered’ UCA had a narrower size distribution and hence more of the UCA
was insonated at or near the resonance frequency, which resulted in a more consistent
subharmonic response, which manifested as smoother, less noisy TICs. The decreased
polydispersity of the ‘Altered’ UCA appears to be more suitable for dynamic CEUS and may
result in more accurate quantification of subharmonic TICs.
The second phantom, a hepatic artery attenuation flow phantom, was designed to mimic the
acoustic characteristics of healthy and diseased liver tissue, and was used to further assess
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the developed SHI technique’s implementation on the clinical ultrasound system in
conjunction with the ‘Altered’ UCA. This investigation highlighted the limitations of the
utilised transducer and the clinical ultrasound system in implementing the developed SHI
technique for clinically relevant attenuation and depths for the liver. The optimum frequency
for subharmonic generation was in the ‘TR’ regime and was established to be the resonance
frequency of the UCA, the closest frequency to this which was available in the research
package was a transmit centre frequency of 2.25 MHz, which meant that the subharmonic
frequency of interest was close to 1 MHz. This frequency is at the limit of detection
sensitivity for the transducer, and the limit of clinical ultrasound systems, in general. The
attenuated subharmonic signals were much lower than those from the perfusion phantom;
therefore, these lower amplitude signals, close to the detection limit of the system and where
the transducers were less sensitive, were lost in the noise of the system.
Finally, a number of recommendations may be made based on this investigation. Firstly, a
number of potential improvements could be made to the phantom system to further mimic
the in vivo environment. The phantom in this study did not require physiological pressure;
however, with the installation of a pressure valve, the system’s pressure could be controlled
more accurately and therefore, could potentially be useful for evaluating SHAPE type
measurements (Dave et al., 2012b). The perfusion-mimicking complexity of the system may
be surplus to requirements for SHAPE applications however, and hence the phantom could
then be used for testing multiple techniques. The ability to easily control the pressure would
also make the set-up of the phantom more straightforward, as there would be less potential
of the perfusion core to contract and expand or the liquid siphoning during measurements.
Aside from the introduction of a pressure regulator, other potential improvements might also
be made, particularly if UCA of a higher resonance frequency was used. In this case, the
clinical systems would be more sensitive to the corresponding higher frequency subharmonic
signals and therefore, a lower concentration of UCA might be used alongside a constant
infusion and burst-replenishment technique. Such techniques have the potential to further
increase the quantification accuracy of the TICS in vivo where the arterial input function is
not known when a UCA bolus has reached the imaging region. In this case, a delay loop may
be added to the system to mimic the delayed portal vein perfusion after the arterial phase. If
better detection of subharmonic signals were achieved the hepatic artery attenuation
phantom could be redesigned to include the ability to assess attenuation with depth by
including a flow vessel at a 45° angle, in this case with three separate vessels through each
PVA TMM to compare the attenuation across the different TMMs at different depths, such
as that used as part of Raine-Fenning et al’s 3D power Doppler perfusion study (Raine-
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Fenning et al., 2004). The hepatic artery phantom might also be improved by designing a
wall-less vessel phantom, in which the tubing, which itself presents attenuation to the
system, is not used (Ramnarine et al., 2001). Furthermore, with the better detection of the
subharmonic signals, attenuating background material could be introduced into the perfusion
phantom to further mimic the in vivo environment, thereby combining the two phantoms
developed in this work.
Secondly, in regards to the implementation of the SHI DCEUS technique, the following
recommendations can be made. To implement the developed technique for subharmonic
generation from the current ‘Native’ or ‘Altered’ UCA in the clinical environment for
abdominal imaging, the sensitivity of conventional abdominal transducers to low frequencies
would need to be improved, in the region of 1 MHz and below. Alternatively, the
manufacture of application-specific UCAs for abdominal subharmonic imaging, which are
designed to have a higher resonance frequency, would bring the optimised subharmonic
generation frequency into a frequency range which is more clinically applicable. For
example, further decreasing the UCA size range would increase the resonance frequency,
bringing the maximum subharmonic response into a range at which the clinical transducers
are more sensitive. Using equation 4.5, a UCA with size range 1 – 1.65 μm would have
resonance frequency between 4 and 6.6 MHz, thereby, bringing the frequency at which the
maximum subharmonic occurs into the 2 – 3.3 MHz frequency range which is clinically
applicable for abdominal imaging. Furthermore, the current technique, using the ‘Altered’
UCA, may also hold potential for improved quantification of SHI CEUS in superficial
imaging, such as breast imaging, albeit honed for a narrow size distribution in the range of
0.5 – 1 µm which would potentially produce maximum resonance between 7- 13 MHz
(Sridharan et al., 2015). As discussed in Chapter 2, DCEUS may be used in a variety of
applications and the findings of this work indicate that the use of SHI with DCEUS for
quantification of TIC curve-shapes is dependent upon the resonance frequency and the
polydispersity of the UCA used. Thus, the development of application-specific UCA for SHI
DCEUS, which have narrow size distributions tailored to have resonance frequencies
specific to the bandwidths of the application specific transducers utilized, is recommended
for implementation of SHI DCEUS for quantification imaging.

6.5 Conclusions
Based on the specifications developed through a review of the literature two phantoms were
developed to fully assess the ability of the clinical scanner to implement the developed
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dynamic CEUS technique. The phantoms mimicked (1) the perfusion of different types of
liver tissue and (2) the flow within a hepatic artery flow phantom within an attenuating
medium, which together provided two test-beds which could provide a full objective
evaluation of the capabilities of the new developed subharmonic imaging technique. Using
the perfusion phantom it was found that different TICs were generated due to the perfusion
dynamics produced within the different foam network cores representing the liver perfusion
within ‘healthy’, ‘tumorous’ and ‘necrotic’ liver tissue. Furthermore, it was found that the
SHI technique had improved signals at deeper penetration depths compared to the signals
generated using the clinical CEUS technique. The ‘Altered’ UCA solution was found to
result in more consistent subharmonic generation which may hold potential for improved
quantification accuracy. Through the use of the hepatic liver attenuating flow phantom, it
was found that the clinical ultrasound system was not sensitive to subharmonic signals which
were significantly attenuated by imaging to clinically relevant depths for liver imaging. The
sensitivity of the utilised transducer to the low frequency subharmonic signals is thought to
be the reason the system could not detect these signals, as the measured transmit frequency
response of the transducer indicated that the transducer was far less sensitive at the edges of
the quoted bandwidth than in the centre frequencies, near the resonance frequency of the
transducer, measured at 3.4 MHz. However, the current technique using an ‘Altered’ UCA
could be investigated for improving accuracy in superficial imaging techniques. To improve
accuracy using a SHI CEUS technique for liver analysis it is recommended that an
application specific UCA is further developed with a narrow size distribution and a higher
resonance frequency.
The perfusion phantom provided a method of objectively evaluating the perfusion of regions
which generated clinically relevant TICs, future work with the phantom to compare different
DCEUS techniques could include: signal to noise measurements, measurement of baselines
levels and perfusion modelling of TICs for quantification purposes. The developed perfusion
foam cores could be used in testing and evaluation of techniques for other perfusion
applications, for example the necrotic core could be used to mimic tumorous breast tissue.
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Chapter 7 Conclusions
A Dynamic Contrast Enhanced Ultrasound Subharmonic Imaging technique for liver cancer
was developed and optimised. The aim of the study was to develop and translate an
optimised SHI technique from the bench to a clinical system.
This involved the following steps: firstly, optimising the generation of subharmonic signals
in the laboratory in a bench level system, through the alteration of the contrast agent
SonoVue® and the identification of the transmit parameters which produced the greatest
subharmonic signal. Secondly, transferring the technique to a clinical ultrasound system,
including assessment of it’s potential for use as a quantification technique. Finally,
validating the newly developed SHI technique utilising a test-bed liver perfusion phantom
to determine the accuracy and ability of the technique to differentiate perfusion dynamics
representative of health, diseased and necrotic tissue.
The newly-developed SHI technique was shown to detect complex perfusion dynamics
without contamination from tissue harmonic signals, which are a confounding clinical
artefact of the clinically practiced CEUS technique. The ‘Altered’ UCA, designed
specifically to improve subharmonic generation, was found to produce less noisy signals and
holds potential for improved quantification techniques. The final conclusions are described
below for each chapter in turn.

7.1 General Conclusions
The two main techniques employed for the acoustic characterisation of ultrasound contrast
agents were systematically compared utilising the systems developed as part of this study:
the BACS Mark I (broadband) and the BACS Mark III (narrowband). It was found that the
narrowband through-transmission system allowed more control of the various transmit
parameters which govern subharmonic generation compared to the broadband reflectionbased system.
Following this finding, the narrowband transmission system, the BACS Mark III, was
utilised for both the determination of the attenuation of UCA and characterisation of the
subharmonic signals. This part of the study involved a comprehensive investigation of the
characterisation of the subharmonic response of both ‘Native’ and ‘Altered’ populations of
the commercially available UCA, SonoVue®. Through using a decantation method, the size
distribution of the ‘Native’ UCA was successfully altered to reduce polydispersity of the
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UCA. The ‘Altered’ UCA resulted in a smaller mean size and successfully increased the
resonance frequency. The attenuation data indicated that a narrower attenuation peak was
present for less polydisperse populations which was at a maximum at the resonance
frequency of the UCA. The method of defining the bandwidth over which the subharmonic
signal was integrated was also considered and the bandwidths selected were those which did
not include any contamination by the fundamental signal. Therefore, the subharmonic
bandwidth SHFWHM was investigated for pulse lengths of 2 – 8 cycles and SHFWTM for pulse
lengths of 3 – 8 cycles. The subharmonic bandwidths defined by SHFWTM appeared to
include more of the generated subharmonic signal than those defined by SHFWHM. It was
found that for both UCA, a transmitted pulse length of 3 cycles generated the greatest
subharmonic signal. The results indicated that the greatest subharmonic response was
present when UCA were insonated near the resonance frequency of the particular UCA, i.e.
subharmonic signals in the TR regime were found to be the maximum subharmonic signal
attainable. The size distribution based on volume appeared to be a better indicator of the
efficacy for subharmonic generation, as the maximum signals measured occurred in the
region of the predicted resonance frequency based on volume. The decreased mean size of
the ‘Altered’ UCA, and hence increased resonance frequency, resulted in the frequency at
which the maximum subharmonic occurred to be shifted into the clinically detectable range
for abdominal imaging.
Following the identification of the optimum transmit parameters which govern subharmonic
generation, the SHI technique was translated to a clinical ultrasound system; thereby,
allowing for a clinically applicable subharmonic imaging technique to be developed for the
UCA, SonoVue®. In translating the SHI technique to the clinical ultrasound system
(Aixplorer®, V11.2, Supersonic Imagine, France), it was possible to directly transfer the
optimum transmit pulse length of 3 cycles and the use of the optimised subharmonic
bandwidth of SHFWTM, as the system research package, SonicResearch™, allowed control
of the pulse length between 1 – 12 ½ cycles and access to Raw RF data. However, the
limitations of the research package in terms of the available transmit centre frequency, meant
that a transmit centre frequency of 2.25 MHz was used for all UCA measurements rather
than the exact frequencies identified in the bench-level experiments. This was in the range
which resulted in higher subharmonic generation in the ‘Native’ UCA and close to the
optimum transmit frequency for the ‘Altered’ UCA. Furthermore, limitations associated
with the sampling rate of the ultrasound system prevented comparison of raw subharmonic
and raw harmonic data and therefore, raw subharmonic data was compared to the clinical
CEUS pre-set harmonic data utilising a test-bed system which was capable of replicating the
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perfusion dynamics present in healthy, diseased and necrotic liver tissue. Finally, due to the
method of acquiring each frame of Raw RF data, the temporal resolution of the SHI DCEUS
technique was limited to 1 Hz. In an initial assessment of the potential of the technique to be
used for quantification purposes a simple UCA through-transmission substitution
experiment indicated an increase in subharmonic signal with increased concentration for
both UCA. The investigation indicated that the ‘Altered’ UCA appeared to produce a wider
linear response to the investigated range of concentrations as well as demonstrating
improved accuracy of the measurements; this indicated a potential improvement over the
‘Native’ UCA for quantification measurements.
Finally, two test-bed systems, a liver perfusion phantom and a hepatic artery attenuation
flow phantom were developed to validate the dynamic CEUS SHI technique implemented
on the clinical system . Through the use of the dynamic liver perfusion phantom, it was
possible to determine the ability of the newly developed technique in terms of differentiating
different types of liver tissue through interpretation of the TICs for different tissue perfusion
cores. It was found that the SHI technique displayed improved signal at deeper penetration
depths compared to the clinically used HI technique. The ‘Altered’ UCA was found to result
in more consistent subharmonic generation and may hold potential for improved
quantification accuracy. Using the hepatic artery attenuation flow phantom which was
developed to mimic clinically relevant attenuation at the depths necessary for liver imaging,
the clinical system was not sensitive to the attenuated subharmonic signals.
In conclusion, an optimised dynamic contrast enhanced ultrasound subharmonic imaging
technique was developed and validated for application in liver scanning applications for
assessment of blood perfusion in liver cancer. The implementation of the developed
technique was limited by the sensitivity of the clinical scanner to the subharmonic
frequencies corresponding to the optimum transmit frequencies for subharmonic generation
of both the UCA. This was particularly evident when TMMs with clinically relevant
attenuation were used in the hepatic artery flow phantom, however, the current technique
using the ‘Altered’ UCA could be investigated for improving accuracy in superficial imaging
techniques, where less attenuation of the signals is present.

7.2 Implications of the research and suggestions for future work
SonoVue® has been developed and optimised for almost 20 years (Gorce et al., 2000), with
the specific purpose of producing harmonic signals optimised for application with clinical
CEUS. Therefore, the commercial UCA is optimised to be insonated at a fundamental
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frequency for which the harmonic signals are within the clinically relevant bandwidths for
CEUS applications and therefore, it is not surprising that the resonance frequencies are kept
low. Subharmonic DCEUS techniques have been shown in this work to address some of the
issues prevalent in clinical harmonic DCEUS techniques, such as increased shadowing and
attenuation of signals at depth and better suppression of signals from tissue. This indicates
that SHI DCEUS holds potential for more accurate quantification of perfusion dynamics, in
particular in hard to image patients, such as obese patients, where the imaging region is at
greater depths.
As previously discussed, some subharmonic imaging techniques have been developed in
the T2R regime (transmit at twice resonance), which uses the same frequencies as harmonic
imaging, in the reverse order, such that the transmit frequency is at twice the natural
resonance frequency and the receive frequency is the natural resonance frequency. However,
as shown in this study, this is a sub-optimum technique for subharmonic generation and
results in weaker generation of subharmonic signals from the UCA. In the developed
optimised subharmonic technique insonating in the TR regime (transmit at resonance)
produced the most subharmonic generation from both UCA, however, there was a mismatch
of the clinical ultrasound system sensitivity to the subharmonic frequencies in this regime.
For this technique to be implemented clinically using the current commercial UCA, clinical
ultrasound transducers would have to be made more sensitive to lower frequencies.
Alternatively, in order to develop an accurate and clinically applicable SHI DCEUS
technique for analysis of perfusion in diseased liver tissue it is recommended that an
application specific UCA be developed with a narrower size distribution and a higher
resonance frequency than the commercially available SonoVue®. In this work using the
‘Altered’ UCA, created a UCA which was less polydisperse, with a lower mean size based
on the volume-weighted distribution, and has been shown to move the resonance frequency
of the UCA into a more clinically applicable region for TR subharmonic imaging.
Furthermore, the narrower size distribution has been shown to result in subharmonic
generation which has more potential for quantification techniques, with less error and
variation in repeated measurements, a wider linear response range as a function of UCA
concentration and less noisy subharmonic time-intensity curves than the ‘Native’ UCA.
Further refining of the UCA to achieve narrower size distributions holds potential for further
improvements in terms of accurate quantification techniques. Additionally, through altering
the UCA to have a natural resonance at a higher frequency, the optimum subharmonic
generation, shown to be in the TR regime, which makes best use of the UCA by producing
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the strongest subharmonic signal, will make the technique appropriate for use with the
currently manufactured clinical transducers.
The clinical ultrasound system used in this work had limitations associated with the
achievable PRF, due to the manner of raw data acquisition and a low sampling rate. If the
system research package were to improve the manner of acquisition the use of signal
averaging might be investigated to improve signal to noise ratios, as it currently stands using
signal averaging with the low PRF of 1 Hz runs the risk of losing dynamic perfusion detail.
Furthermore, by increasing the sampling rate the Raw RF data could be used to develop a
wider range of techniques and also would allow comparison of subharmonic and harmonic
imaging using the same data filtered to different frequencies, comparing like with like to
truly assess the potential of newly developed subharmonic techniques.
The overall recommendations for future work are therefore:


To further investigate the optimum UCA size range for subharmonic generation in
UCA. Specifically:


to further reduce the mean size to increase the resonance frequency and bring
the optimised technique into a more clinically detectable frequency range



to design a narrow distribution, to ensure a reproducible and consistent
subharmonic generation which would improve quantification accuracy.



Using a further optimised UCA the perfusion phantom could be used to further
develop the technique, including the incorporation techniques such as continuous
infusion and burst-replenishment.


The perfusion dynamics of the phantom could then be altered to further
mimic liver perfusion including the introduction of a portal vein delay loop.



With improved sampling rates and PRFs signal averaging and the use of other
techniques might be investigated, including quantification techniques and modelling
of TICs, which may be useful for differentiation of perfusion dynamics to detect
treatment response.



With further access via the Aixplorer® research package to the probe excitation
signals, techniques such as pulse shaping and chirp excitation might be investigated.



An optimised SHI 2D technique could then be translated to acquire volumetric data
to develop an optimised 4D perfusion imaging technique to improve visualisation
and quantification of the heterogeneous tumour vasculature.
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A SHI DCEUS technique using optimised UCA for subharmonic generation could
be used in a clinical study including baseline measurements and tracking of patient
response to anti-angiogenic drugs.

The developed SHI DCEUS technique and research into the influence of the UCA size
distribution on both, the optimum subharmonic imaging transmit frequency and the potential
for improving quantification accuracy with the technique, has clearly indicated what steps
must be taken to clinically implement an optimised SHI DCEUS quantification technique
for liver disease. By implementing these recommendations, in terms of optimum transmit
parameters and producing SHI specific UCA, the use of SHI DCEUS holds potential for
indicating differences in perfusion dynamics which may be used in staging disease/tracking
response to treatments in liver cancer patients.
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Appendix 1: Derivation of the Rayleigh-Plesset Equation (Leighton, 2007, Brennen, 1995)
Consider a spherical bubble with time-dependent radius R(t), where t is time.
Now assume the following, which may not be justified in all circumstances:


The bubble contains a homogenously distributed vapour/gas



Temperature of the bubble, TB(t) is a simple constant, temperature gradients are not
considered.



A uniform pressure, PB(t), is a known or controlled input that regulates the growth
and collapse of the bubble.



Outside the bubble is an infinite domain with constant liquid density, 𝜌𝐿 , and
dynamic viscosity, 𝜇𝐿 .

Let the temperature and pressure far from the bubble be given by T∞ and P∞(t). The
temperature is assumed to be constant. The radial distance, r, from the centre of the
bubble, the varying liquid properties are given by, P(r,t), T(r,t) and radially outward
velocity u(r,t). These liquid properties are only defined outside the bubble for r ≥ R(t).

u(r,t)
p(r, t)
Far from bubble
𝑃∞ (𝑡), 𝑇∞

r
Vapour/Gas

T(r,t)

R(t)

𝑃𝐵 (𝑡), 𝑇𝐵 (𝑡)

Bubble Surface

Conservation of Mass
Conservation of mass and the inverse square law require that the radially outward velocity
must be inversely proportional to the square of the distance from the origin. Therefore, letting
F(t) be some function of time:
𝑢(𝑟, 𝑡) =

𝐹(𝑡)
𝑟2

(𝐴1.1)
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In the case of zero mass transport across the bubble surface, the velocity at the interface must
then be:
𝑢(𝑅, 𝑡) =

𝑑𝑅 𝐹(𝑡)
= 2
𝑑𝑡
𝑅

𝑅 2 𝑑𝑅
𝐹(𝑡) =
𝑑𝑡

(𝐴1.2)
(𝐴1.3)

This is often a good approximation even when evaporation or condensation is occurring at
the interface provided liquid density is much greater than vapour density 𝜌𝐿 >> 𝜌 so the F(t)
can be approximated as the zero mass transfer, A1.3, so that:

𝐹(𝑡)
𝑅 2 𝑑𝑅
𝑢(𝑟, 𝑡) = 2 = 2
𝑟
𝑟 𝑑𝑡

(𝐴1.3)

Momentum conservation
Assuming a Newtonian liquid, the incompressible Navuer-Stokes equation of motion in the
r direction:
𝑑𝑢
𝑑𝑢
𝑑𝑃
1 𝑑
𝑑𝑢
2𝑢
𝜌𝐿 ( + 𝑢 ) = −
+ 𝜇𝐿 [ 2 (𝑟 2 ) − 2 ] (𝐴1.4)
𝑑𝑡
𝑑𝑟
𝑑𝑟
𝑟 𝑑𝑟
𝑑𝑟
𝑟
Substituting kinematic viscosity vL = µL/ρL and rearranging gives:

𝜌𝐿 (

−

𝑑𝑢
𝑑𝑢
𝑑𝑃
1 𝑑
𝑑𝑢
2𝑢
+𝑢 )= −
+ 𝜌𝐿 𝑣𝐿 [ 2 (𝑟 2 ) − 2 ] (𝐴1.4)
𝑑𝑡
𝑑𝑟
𝑑𝑟
𝑟 𝑑𝑟
𝑑𝑟
𝑟

1 𝑑𝑃 𝑑𝑢 𝑢𝑑𝑢
1 𝑑
𝑑𝑢
2𝑢
=
+
− 𝑣𝐿 { 2 (𝑟 2 ) − 2 }
𝜌𝐿 𝑑𝑟 𝑑𝑡
𝑑𝑟
𝑟 𝑑𝑟
𝑑𝑟
𝑟

(𝐴1.5)

Subbing in for u(r,t) from mass conservation gives (noting that the viscous terms cancel
during substitution, indeed the only viscous contribution to the Rayleigh Plesset equation
comes from the dynamic boundary condition at the bubble surface):
1 𝑑𝑃 2𝑅 𝑑𝑅 2 𝑅 2 𝑑𝑅 2𝑅 4 𝑑𝑅 2
−
= 2( ) + 2 2− 5 ( )
𝜌𝐿 𝑑𝑟
𝑟 𝑑𝑡
𝑟 𝑑𝑡
𝑟
𝑑𝑡
1
𝑑𝑅 2
𝑑 2 𝑅 2𝑅 4 𝑑𝑅 2
2
= 2 (2𝑅 ( ) + 𝑅
− 5 ( )
𝑟
𝑑𝑡
𝑑𝑡 2
𝑟
𝑑𝑡

(𝐴1.6)
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Separating the variables and integrating from the bubble boundary r = R to r ∞ gives:
−

∞
1 𝑃∞
1
𝑑𝑅 2
𝑑2𝑅
2𝑅 4 𝑑𝑅 2
∫ 𝑑𝑃 = ∫ [ 2 (2𝑅 ( ) + 𝑅 2 2 ) − 5 ( ) ]𝑑𝑟
𝜌𝐿 𝑃(𝑅)
𝑑𝑡
𝑑𝑡
𝑟
𝑑𝑡
𝑅 𝑟
∞

𝑃(𝑅) − 𝑃∞
1
𝑑𝑅 2
𝑑2𝑅
2𝑅 4 𝑑𝑅 2
2
= [ 2 (2𝑅 ( ) + 𝑅
)− 5 ( ) ]
𝜌𝐿
𝑟
𝑑𝑡
𝑑𝑡 2
𝑟
𝑑𝑡 𝑅
𝑑2 𝑅 3 𝑑𝑅 2
=𝑅 2 + ( )
𝑑𝑡
2 𝑑𝑡

(𝐴1.7)

Boundary Conditions
A dynamic boundary condition on the bubble surface is constructed.
Therefore, consider a control volume consisting of a small, infinitely thin lamina containing
a segment of interface as seen in the diagram below.

Bubble
surface

(𝜎𝑟𝑟 )𝑟=𝑅

𝑝𝐵
Liquid
Vapour/Gas

Let 𝜎𝑟𝑟 be the normal stress in the liquid that points in the radially outward direction from
the centre of the bubble. In spherical coordinates, for a fluid with constant density and
constant viscosity,
𝜎𝑟𝑟 = −𝑃 + 2µ𝐿

𝑑𝑢
𝑑𝑟

(𝐴1.8)

The net force on the lamina is:
𝜎𝑟𝑟 (𝑅) + 𝑃𝐵 −

2𝛾
𝑑𝑢
2𝛾
= −𝑃(𝑅) − 2𝜇𝐿
|𝑟=𝑅 + 𝑃𝐵 −
𝑅
𝑑𝑟
𝑅
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𝑑 𝑅 2 𝑑𝑅
2𝛾
= −𝑃(𝑅) − 2𝜇𝐿 ( 2
) 𝑟=𝑅 + 𝑃𝐵 −
𝑑𝑟 𝑟 𝑑𝑡
𝑅
= −𝑃(𝑅) −

4𝜇𝐿 𝑑𝑅 2𝛾
−
𝑅 𝑑𝑡
𝑅

(𝐴1.9)

where γ is the surface tension. In the absence of mass transport across the boundary
(evaporation or condensation) this force must be zero, therefore
𝑃(𝑅) = 𝑃𝐵 −

4𝜇𝐿 𝑑𝑅 2𝛾
−
𝑅 𝑑𝑡
𝑅

(𝐴1.10)

So, the results from mass conservation, A1.7, becomes:
𝑃(𝑅) − 𝑃∞ 𝑃𝐵 − 𝑃∞ 4𝜇𝐿 𝑑𝑅 2𝛾
𝑑 2 𝑅 3 𝑑𝑅 2
=
−
−
= 𝑅 2 + ( ) (𝐴1.11)
𝜌𝐿
𝜌𝐿
𝜌𝐿 𝑅 𝑑𝑡 𝜌𝐿 𝑅
𝑑𝑡
2 𝑑𝑡

Then rearranging and letting vL = µL/ρL, yields the generalised Rayleigh-Plesset equation
for bubble dynamics:
𝑃𝐵 (𝑡) − 𝑃∞ (𝑡)
𝑑 2 𝑅 3 𝑑𝑅 2 4𝑣𝐿 𝑑𝑅 2𝛾
=𝑅 2 + ( ) +
+
𝜌𝐿
𝑑𝑡
2 𝑑𝑡
𝑅 𝑑𝑡 𝜌𝐿 𝑅

(𝐴1.8)

Given 𝑝∞ (𝑡) this represents an equation that can be solved to find R(t) provided 𝑝𝐵 (𝑡) is
known.

183

Bibliography
ALTEKRUSE, S. F., MCGLYNN, K. A. & REICHMAN, M. E. 2009. Hepatocellular carcinoma
incidence, mortality, and survival trends in the United States from 1975 to 2005. J Clin
Oncol, 27, 1485-91.
ANDERSEN, K. S. & JENSEN, J. A. 2010. Impact of acoustic pressure on ambient pressure
estimation using ultrasound contrast agent. Ultrasonics, 50, 294-299.
AVERKIOU, M., LAMPASKIS, M., KYRIAKOPOULOU, K., SKARLOS, D., KLOUVAS, G.,
STROUTHOS, C. & LEEN, E. 2010. Quantification of tumor microvascularity with
respiratory gated contrast enhanced ultrasound for monitoring therapy. Ultrasound Med
Biol, 36, 68-77.
AVERKIOU, M., POWERS, J., SKYBA, D., BRUCE, M. & JENSEN, S. 2003. Ultrasound
contrast imaging research. Ultrasound Q, 19, 27-37.
AVERKIOU, M. A. Tissue harmonic imaging. Ultrasonics Symposium, 2000 IEEE, Oct 2000
2000. 1563-1572 vol.2.
BERCOFF, J. 2011. Ultrafast Ultrasound Imaging. In: MININ, P. O. (ed.) Ultrasound Imaging Medical Applications.
BERGERS, G. & BENJAMIN, L. E. 2003. Tumorigenesis and the angiogenic switch. Nat Rev
Cancer, 3, 401-10.
BERNATIK, T., STROBEL, D., HAHN, E. G. & BECKER, D. 2001. Detection of liver
metastases: comparison of contrast-enhanced wide-band harmonic imaging with
conventional ultrasonography. J Ultrasound Med, 20, 509-15.
BHAGAVATHEESHWARAN, G., SHI, W. T., FORSBERG, F. & SHANKAR, P. M. 2004.
Subharmonic signal generation from contrast agents in simulated neovessels. Ultrasound
Med Biol, 30, 199-203.
BRENNEN, C. E. 1995. Spherical bubble dynamics. Cavitation and bubble dynamics. Oxford
University Press.
BROWNE, J. E., RAMNARINE, K. V., WATSON, A. J. & HOSKINS, P. R. 2003. Assessment of
the acoustic properties of common tissue-mimicking test phantoms. Ultrasound Med Biol,
29, 1053-60.
CANNON, L. M., FAGAN, A. J. & BROWNE, J. E. 2011. Novel tissue mimicking materials for
high frequency breast ultrasound phantoms. Ultrasound Med Biol, 37, 122-35.
CHATTERJEE, D. & SARKAR, K. 2003. A Newtonian rheological model for the interface of
microbubble contrast agents. Ultrasound Med Biol, 29, 1749-57.
CHATTERJEE, D., SARKAR, K., JAIN, P. & SCHREPPLER, N. E. 2005. On the suitability of
broadband attenuation measurement for characterizing contrast microbubbles. Ultrasound
in Medicine and Biology, 31, 781-786.
CHEN, N. G., FOWLKES, J. B., CARSON, P. L., SCHIPPER, M. J. & LECARPENTIER, G. L.
2009. Rapid 3D Imaging of Contrast Flow: Application in a Perfused Kidney Phantom.
Ultrasound in medicine & biology, 35, 813-828.
CHEN, Q., ZAGZEBSKI, J., WILSON, T. & STILES, T. 2002. Pressure-dependent attenuation in
ultrasound contrast agents. Ultrasound Med Biol, 28, 1041-51.
CHEUNG, K., COUTURE, O., BEVAN, P. D., BURNS, P. N. & FOSTER, F. S. The effect of
bubble size distribution and driving frequency on the "subharmonic" response from
definity microbubbles. Ultrasonics Symposium, 2005 IEEE, 18-21 Sept. 2005 2005. 850853.
CHEUNG, K., COUTURE, O., BEVAN, P. D., CHERIN, E., WILLIAMS, R., BURNS, P. N. &
FOSTER, F. S. 2008. In vitro characterization of the subharmonic ultrasound signal from
Definity microbubbles at high frequencies. Phys Med Biol, 53, 1209-23.
CHO‐PEI, J. 2010. Vessel phantom fabrication using rapid prototyping technique for investigating
thermal dosage profile in HIFU surgery. Rapid Prototyping Journal, 16, 417-423.
CHO, G. Y., KIM, S., JENSEN, J. H., STOREY, P., SODICKSON, D. K. & SIGMUND, E. E.
2012. A versatile flow phantom for intravoxel incoherent motion MRI. Magn Reson Med,
67, 1710-20.
CHOMAS, J., DAYTON, P., MAY, D. & FERRARA, K. 2002. Nondestructive subharmonic
imaging. IEEE Trans Ultrason Ferroelectr Freq Control, 49, 883-92.
CHURCH, C. 1995. The effects of an elastic solid surface layer on the radial pulsations of gas
bubbles.

184

CLAASSEN, L., SEIDEL, G. & ALGERMISSEN, C. 2001. Quantification of flow rates using
harmonic grey-scale imaging and an ultrasound contrast agent: an in vitro and in vivo
study. Ultrasound Med Biol, 27, 83-8.
CLAUDON, M., COSGROVE, D., ALBRECHT, T., BOLONDI, L., BOSIO, M., CALLIADA, F.,
CORREAS, J. M., DARGE, K., DIETRICH, C., D'ONOFRIO, M., EVANS, D. H.,
FILICE, C., GREINER, L., JAGER, K., JONG, N., LEEN, E., LENCIONI, R.,
LINDSELL, D., MARTEGANI, A., MEAIRS, S., NOLSOE, C., PISCAGLIA, F., RICCI,
P., SEIDEL, G., SKJOLDBYE, B., SOLBIATI, L., THORELIUS, L., TRANQUART, F.,
WESKOTT, H. P. & WHITTINGHAM, T. 2008. Guidelines and good clinical practice
recommendations for contrast enhanced ultrasound (CEUS) - update 2008. Ultraschall
Med, 29, 28-44.
CLAUDON, M., DIETRICH, C. F., CHOI, B. I., COSGROVE, D. O., KUDO, M., NOLSOE, C.
P., PISCAGLIA, F., WILSON, S. R., BARR, R. G., CHAMMAS, M. C., CHAUBAL, N.
G., CHEN, M. H., CLEVERT, D. A., CORREAS, J. M., DING, H., FORSBERG, F.,
FOWLKES, J. B., GIBSON, R. N., GOLDBERG, B. B., LASSAU, N., LEEN, E. L.,
MATTREY, R. F., MORIYASU, F., SOLBIATI, L., WESKOTT, H. P. & XU, H. X. 2013.
Guidelines and good clinical practice recommendations for contrast enhanced ultrasound
(CEUS) in the liver--update 2012: a WFUMB-EFSUMB initiative in cooperation with
representatives of AFSUMB, AIUM, ASUM, FLAUS and ICUS. Ultraschall Med, 34, 1129.
CORVINO, A., CATALANO, O., SETOLA, S. V., SANDOMENICO, F., CORVINO, F. &
PETRILLO, A. 2015. Contrast-enhanced ultrasound in the characterization of complex
cystic focal liver lesions. Ultrasound Med Biol, 41, 1301-10.
COSGROVE, D. 2006. Ultrasound contrast agents: an overview. Eur J Radiol, 60, 324-30.
COSGROVE, D. & LASSAU, N. 2010. Imaging of perfusion using ultrasound. Eur J Nucl Med
Mol Imaging, 37 Suppl 1, S65-85.
COURNANE, S., BROWNE, J. & FAGAN, A. 2012. The effects of fatty deposits on the accuracy
of the Fibroscan (R) liver transient elastography ultrasound system. Phys Med Biol, 57,
3901-14.
COURNANE, S., CANNON, L., BROWNE, J. E. & FAGAN, A. J. 2010. Assessment of the
accuracy of an ultrasound elastography liver scanning system using a PVA-cryogel
phantom with optimal acoustic and mechanical properties. Phys Med Biol, 55, 5965-83.
COUTURE, O., BANNOUF, S., MONTALDO, G., AUBRY, J. F., FINK, M. & TANTER, M.
2009. Ultrafast imaging of ultrasound contrast agents. Ultrasound Med Biol, 35, 1908-16.
D. WELCH, P. 1967. The Use of Fast Fourier Transform for the Estimation of Power Spectra: A
Method Based on Time Averaging Over Short, Modified Periodograms.
DAEICHIN, V., BOSCH, J. G., NEEDLES, A., FOSTER, F. S., VAN DER STEEN, A. & DE
JONG, N. 2015. Subharmonic, Non-linear Fundamental and Ultraharmonic Imaging of
Microbubble Contrast at High Frequencies. Ultrasound in Medicine & Biology, 41, 486497.
DAVE, J. K. & FORSBERG, F. 2009. Novel automated motion compensation technique for
producing cumulative maximum intensity subharmonic images. Ultrasound Med Biol, 35,
1555-63.
DAVE, J. K., FORSBERG, F., FERNANDES, S., PICCOLI, C. W., FOX, T. B., MERTON, D. A.,
LEODORE, L. M. & HALL, A. L. 2010. Static and dynamic cumulative maximum
intensity display mode for subharmonic breast imaging: a comparative study with
mammographic and conventional ultrasound techniques. J Ultrasound Med, 29, 1177-85.
DAVE, J. K., HALLDORSDOTTIR, V. G., EISENBREY, J. R. & FORSBERG, F. 2012a.
Processing of Subharmonic Signals from Ultrasound Contrast Agents to Determine
Ambient Pressures. Ultrasonic Imaging, 34, 81.
DAVE, J. K., HALLDORSDOTTIR, V. G., EISENBREY, J. R., MERTON, D. A., LIU, J. B.,
ZHOU, J. H., WANG, H. K., PARK, S., DIANIS, S., CHALEK, C. L., LIN, F.,
THOMENIUS, K. E., BROWN, D. B. & FORSBERG, F. 2012b. Investigating the Efficacy
of Subharmonic Aided Pressure Estimation for Portal Vein Pressures and Portal
Hypertension Monitoring. Ultrasound in Medicine & Biology.
DE JONG, N., CORNET, R. & LANCÉE, C. T. 1994. Higher harmonics of vibrating gas-filled
microspheres. Part one: simulations. Ultrasonics, 32, 447-453.

185

DE JONG, N., EMMER, M., VAN WAMEL, A. & VERSLUIS, M. 2009. Ultrasonic
characterization of ultrasound contrast agents. Medical & Biological Engineering &
Computing, 47, 861-873.
DE JONG, N., HOFF, L., SKOTLAND, T. & BOM, N. 1992. Absorption and scatter of
encapsulated gas filled microspheres: theoretical considerations and some measurements.
Ultrasonics, 30, 95-103.
DIETRICH, C. F. 2004. Characterisation of focal liver lesions with contrast enhanced
ultrasonography. Eur J Radiol, 51 Suppl, S9-17.
DJURIC, P. & KAY, S. 1999. Spectrum Estimation and Modeling. In: MADISETT, V. W., DB
(ed.) Digital Signal Processing Handbook. CRC Press LLC.
EISENBREY, J. R., DAVE, J. K., HALLDORSDOTTIR, V. G., MERTON, D. A., MACHADO,
P., LIU, J. B., MILLER, C., GONZALEZ, J. M., PARK, S., DIANIS, S., CHALEK, C. L.,
THOMENIUS, K. E., BROWN, D. B., NAVARRO, V. & FORSBERG, F. 2011a.
Simultaneous grayscale and subharmonic ultrasound imaging on a modified commercial
scanner. Ultrasonics, 51, 890-897.
EISENBREY, J. R., DAVE, J. K., HALLDORSDOTTIR, V. G., MERTON, D. A., MILLER, C.,
GONZALEZ, J. M., MACHADO, P., PARK, S., DIANIS, S., CHALEK, C. L., KIM, C.
E., BALIFF, J. P., THOMENIUS, K. E., BROWN, D. B., NAVARRO, V. & FORSBERG,
F. 2013. Chronic liver disease: noninvasive subharmonic aided pressure estimation of
hepatic venous pressure gradient. Radiology, 268, 581-8.
EISENBREY, J. R., DAVE, J. K., HALLDORSDOTTIR, V. G., SRIDHARAN, A., PARK, S.,
DIANIS, S., MERTON, D. A., MACHADO, P., LIU, J. B., GONZALEZ, J. M., MILLER,
C., THOMENIUS, K. E., BROWN, D. B., NAVARRO, V. & FORSBERG, F.
Simultaneous B-mode/subharmonic imaging and 3D subharmonic imaging on a modified
commercial ultrasound scanner. Ultrasonics Symposium (IUS), 2011 IEEE International,
18-21 Oct. 2011 2011b. 624-627.
EISENBREY, J. R. & FORSBERG, F. 2010. Contrast-enhanced ultrasound for molecular imaging
of angiogenesis. Eur J Nucl Med Mol Imaging, 37 Suppl 1, S138-46.
EISENBREY, J. R., MACHADO, P., SRIDHARAN, A., OJEDA-FOURNIER, H., WILKES, A.,
SEVRUKOV, A., MATTREY, R. F. & FORSBERG, F. 4D harmonic and subharmonic
contrast-enhanced ultrasound for the characterization of breast masses: Update on a multicenter prospective study. Ultrasonics Symposium (IUS), 2014 IEEE International, 3-6
Sept. 2014 2014a. 189-192.
EISENBREY, J. R., SHAW, C. M., LYSHCHIK, A., MACHADO, P., LALLAS, C. D.,
TRABULSI, E. J., MERTON, D. A., FOX, T. B., JI-BIN, L., BROWN, D. B. &
FORSBERG, F. Characterization of renal masses with harmonic and subharmonic contrastenhanced ultrasound. Ultrasonics Symposium (IUS), 2014 IEEE International, 3-6 Sept.
2014 2014b. 193-196.
EISENBREY, J. R., SRIDHARAN, A., MACHADO, P., ZHAO, H., HALLDORSDOTTIR, V. G.,
DAVE, J. K., LIU, J. B., PARK, S., DIANIS, S., WALLACE, K., THOMENIUS, K. E. &
FORSBERG, F. 2012. Three-dimensional subharmonic ultrasound imaging in vitro and in
vivo. Acad Radiol, 19, 732-9.
ELLER, A. & FLYNN, H. G. 1969. Generation of Subharmonics of Order One‐Half by Bubbles in
a Sound Field. The Journal of the Acoustical Society of America, 46, 722-727.
EMMER, M., VOS, H. J., GOERTZ, D. E., VAN WAMEL, A., VERSLUIS, M. & DE JONG, N.
2009. Pressure-dependent attenuation and scattering of phospholipid-coated microbubbles
at low acoustic pressures. Ultrasound Med Biol, 35, 102-11.
ERIKSSON, R., PERSSON, H. W., DYMLING, S. O. & LINDSTRÖM, K. 1995. A
microcirculation phantom for performance testing of blood perfusion measurement
equipment. European Journal of Ultrasound, 2, 65-75.
FAEZ, T., EMMER, M., DOCTER, M., SIJL, J., VERSLUIS, M. & DE JONG, N. 2011a.
Characterizing the Subharmonic Response of Phospholipid-Coated Microbubbles for
Carotid Imaging. Ultrasound in Medicine & Biology, 37, 958-970.
FAEZ, T., GOERTZ, D. & DE JONG, N. 2011b. Characterization of Definity™ Ultrasound
Contrast Agent at Frequency Range of 5–15 MHz. Ultrasound in Medicine & Biology, 37,
338-342.

186

FAEZ, T., SKACHKOV, I., VERSLUIS, M., KOOIMAN, K. & DE JONG, N. 2012. In vivo
characterization of ultrasound contrast agents: microbubble spectroscopy in a chicken
embryo. Ultrasound Med Biol, 38, 1608-17.
FERLAY, J., SOERJOMATARAM, I., DIKSHIT, R., ESER, S., MATHERS, C., REBELO, M.,
PARKIN, D. M., FORMAN, D. & BRAY, F. 2015. Cancer incidence and mortality
worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer, 136,
E359-86.
FOLKMAN, J. 1971. Tumor angiogenesis: therapeutic implications. N Engl J Med, 285, 1182-6.
FOLKMAN, J. 2006. Angiogenesis. Annual Review of Medicine, 57, 1-18.
FORSBERG, F., LIU, J. B., SHI, W. T., RO, R., LIPCAN, K. J., DENG, X. & HALL, A. L. 2006.
In vivo perfusion estimation using subharmonic contrast microbubble signals. J Ultrasound
Med, 25, 15-21.
FORSBERG, F., MERTON, D. A., LIU, J. B., NEEDLEMAN, L. & GOLDBERG, B. B. 1998.
Clinical applications of ultrasound contrast agents. Ultrasonics, 36, 695-701.
FORSBERG, F., PICCOLI, C. W., MERTON, D. A., PALAZZO, J. J. & HALL, A. L. 2007.
Breast Lesions: Imaging with Contrast-enhanced Subharmonic US—Initial Experience.
Radiology, 244, 718-726.
FORSBERG, F., SHI, W. T. & GOLDBERG, B. B. 2000. Subharmonic imaging of contrast agents.
Ultrasonics, 38, 93-98.
FRINKING, P. 2018. RE: Communication with Bracco Suisse SA.
GAUTHIER, M., LEGUERNEY, I., THALMENSI, J., CHEBIL, M., PARISOT, S.,
PERONNEAU, P., ROCHE, A. & LASSAU, N. 2011a. Estimation of intra-operator
variability in perfusion parameter measurements using DCE-US. World Journal of
Radiology, 3, 70-81.
GAUTHIER, M., TABAROUT, F., LEGUERNEY, I., POLROT, M., PITRE, S., PERONNEAU,
P. & LASSAU, N. 2012. Assessment of quantitative perfusion parameters by dynamic
contrast-enhanced sonography using a deconvolution method: an in vitro and in vivo study.
J Ultrasound Med, 31, 595-608.
GAUTHIER, T. P., WASAN, H. S., MUHAMMAD, A., OWEN, D. R. & LEEN, E. L. 2011b.
Assessment of global liver blood flow with quantitative dynamic contrast-enhanced
ultrasound. J Ultrasound Med, 30, 379-85.
GOERTZ, D. E., DE JONG, N. & VAN DER STEEN, A. F. 2007. Attenuation and size
distribution measurements of Definity and manipulated Definity populations. Ultrasound
Med Biol, 33, 1376-88.
GONG, Y., CABODI, M. & PORTER, T. M. 2009. Measurement of the attenuation coefficient for
monodisperse populations of ultrasound contrast agents. Conf Proc IEEE Eng Med Biol
Soc, 2009, 1964-6.
GORCE, J. M., ARDITI, M. & SCHNEIDER, M. 2000. Influence of bubble size distribution on the
echogenicity of ultrasound contrast agents: a study of SonoVue. Invest Radiol, 35, 661-71.
GOYAL, N., JAIN, N., RACHAPALLI, V., COCHLIN, D. L. & ROBINSON, M. 2009. Noninvasive evaluation of liver cirrhosis using ultrasound. Clinical Radiology, 64, 1056-1066.
GREIS, C. 2011. Quantitative evaluation of microvascular blood flow by contrast-enhanced
ultrasound (CEUS). Clin Hemorheol Microcirc, 49, 137-49.
GUPTA, A., FORSBERG, M. A., DULIN, K., JAFFE, S., DAVE, J. K., DAHIBAWKAR, M.,
HALLDORSDOTTIR, V. G., MARSHALL, A., FORSBERG, A. I., MACHADO, P.,
FOX, T. B., JI-BIN, L. & FORSBERG, F. Comparing subharmonic imaging and
immunohistochemical markers of angiogenesis. Ultrasonics Symposium (IUS), 2014 IEEE
International, 3-6 Sept. 2014 2014. 1156-1159.
HALLIWELL, M. 2010. A tutorial on ultrasonic physics and imaging techniques. Proc Inst Mech
Eng H, 224, 127-42.
HARPUT, S., ARIF, M., MCLAUGHLAN, J., COWELL, D. M. & FREEAR, S. 2013. The effect
of amplitude modulation on subharmonic imaging with chirp excitation. IEEE Trans
Ultrason Ferroelectr Freq Control, 60, 2532-44.
HEDRICK WR, H. D., STARCHMAN DE 1995. Ultrasound Physics and Insturmentation. In:
ROWLAND, J. (ed.) Ultrasound Physics and Instrumentation. 3rd edition ed. St Louis,
Missouri, USA: Mosby.

187

HOFF, L. 1999. Ultrasound Contrast Bubble Simulation [Online]. Available:
https://home.usn.no/lah/Bubblesim/Bubblesim.html [Accessed].
HOFF, L. 2001. Modeling and Characterization of Ultrasound Contrast Agents. The Leading Edge
in Diagnostic Ultrasound. Atlantic City, NJ.
HOFF, L., SONTUM, P. C. & HOVEM, J. M. 2000. Oscillations of polymeric microbubbles:
Effect of the encapsulating shell. The Journal of the Acoustical Society of America, 107,
2272-2280.
HOYT, K., UMPHREY, H., LOCKHART, M., ROBBIN, M. & FORERO-TORRES, A. 2015.
Ultrasound imaging of breast tumor perfusion and neovascular morphology. Ultrasound
Med Biol, 41, 2292-302.
HURRELL, A. 2004. Voltage to pressure conversion: are you getting `phased' by the problem?
Journal of Physics: Conference Series, 1, 57.
HWANG, N. H. C. & WOO, S. L. Y. 2012. Frontiers in Biomedical Engineering: Proceedings of
the World Congress for Chinese Biomedical Engineers, Springer US.
KATIYAR, A. & SARKAR, K. 2011. Excitation threshold for subharmonic generation from
contrast microbubbles. J Acoust Soc Am, 130, 3137-47.
KATIYAR, A. & SARKAR, K. 2012. Effects of encapsulation damping on the excitation threshold
for subharmonic generation from contrast microbubbles. J Acoust Soc Am, 132, 3576-85.
KIM, T., JANG, H. & WILSON, S. 2008. Microbubble contrast agents for ultrasound imaging:
safety and efficacy in abdominal and vascular imaging. US Radiol, 54-57.
KIMMEL, E., KRASOVITSKI, B., HOOGI, A., RAZANSKY, D. & ADAM, D. 2007.
Subharmonic response of encapsulated microbubbles: conditions for existence and
amplification. Ultrasound Med Biol, 33, 1767-76.
KING, D. 2009. Development of Renal Phantoms for the Evaluation of Current and Emerging
Ultrasound Technology. Ph.D., Dublin Institute of Technology.
KING, D. M., FAGAN, A. J., MORAN, C. M. & BROWNE, J. E. 2011a. Comparative imaging
study in ultrasound, MRI, CT, and DSA using a multimodality renal artery phantom. Med
Phys, 38, 565-73.
KING, D. M., MORAN, C. M., HUSSEY, M. & BROWNE, J. E. Ultrasound better with bubbles.
IOP Spring Weekend Meeting, 2008 Monaghan.
KING, D. M., MORAN, C. M., MCNAMARA, J. D., FAGAN, A. J. & BROWNE, J. E. 2011b.
Development of a vessel-mimicking material for use in anatomically realistic Doppler flow
phantoms. Ultrasound Med Biol, 37, 813-26.
KING, D. M., RING, M., MORAN, C. M. & BROWNE, J. E. 2010. Development of a range of
anatomically realistic renal artery flow phantoms. Ultrasound Med Biol, 36, 1135-44.
KOGAN, P., JOHNSON, K. A., FEINGOLD, S., GARRETT, N., GURACAR, I.,
ARENDSHORST, W. J. & DAYTON, P. A. 2011. Validation of dynamic contrastenhanced ultrasound in rodent kidneys as an absolute quantitative method for measuring
blood perfusion. Ultrasound Med Biol, 37, 900-8.
KRISHNA, P. D., SHANKAR, P. M. & NEWHOUSE, V. L. 1999. Subharmonic generation from
ultrasonic contrast agents. Phys Med Biol, 44, 681-94.
KRIX, M., KIESSLING, F., FARHAN, N., SCHMIDT, K., HOFFEND, J. & DELORME, S. 2003.
A multivessel model describing replenishment kinetics of ultrasound contrast agent for
quantification of tissue perfusion. Ultrasound Med Biol, 29, 1421-30.
LAMPASKIS, M. & AVERKIOU, M. 2010. Investigation of the relationship of nonlinear
backscattered ultrasound intensity with microbubble concentration at low MI. Ultrasound
Med Biol, 36, 306-12.
LASSAU, N., KOSCIELNY, S., CHAMI, L., CHEBIL, M., BENATSOU, B., ROCHE, A.,
DUCREUX, M., MALKA, D. & BOIGE, V. 2011. Advanced hepatocellular carcinoma:
early evaluation of response to bevacizumab therapy at dynamic contrast-enhanced US
with quantification--preliminary results. Radiology, 258, 291-300.
LEIGHTON, T. G. 2007. Derivation of the Rayleigh-Plesset Equation in Terms of Volume.
Technical Report. ISVR University of Southampton.
LI, P. C., YEH, C. K. & WANG, S. W. 2002. Time-intensity-based volumetric flow measurements:
an in vitro study. Ultrasound Med Biol, 28, 349-58.
LIU, J. B., NIO, A. Q. X., ESPOSITO, C., JIE, C., JIE, Z., XING, Z., LIU, R., JINRUI, W.,
ZHIFEI, D., FORSBERG, F. & DAVE, J. K. Characterizing the subharmonic response of

188

four new microbubble formulations compared with three commercially-available
ultrasound contrast agents. 2016 IEEE International Ultrasonics Symposium (IUS), 18-21
Sept. 2016 2016. 1-4.
LUECK, G. J., KIM, T. K., BURNS, P. N. & MARTEL, A. L. 2008. Hepatic perfusion imaging
using factor analysis of contrast enhanced ultrasound. IEEE Trans Med Imaging, 27, 144957.
MACIAK, A., KRONFELD, A., STOETER, P., VOMWEG, T., MAYER =, D., SEIDEL, G. & K.,
M.-W. 2009. Robust Data Driven Modeling of Time Intensity Curves. In: J., V. S., P., V.,
M., N. & J., H. (eds.) 4th European Conference of the International Federation for
Medical and Biological Engineering IFMBE Proceedings. Springer, Berlin, Heidelberg.
MADSEN, E. L., FRANK, G. R. & DONG, F. 1998. Liquid or solid ultrasonically tissuemimicking materials with very low scatter. Ultrasound Med Biol, 24, 535-42.
MADSEN, M. T. 1992. A simplified formulation of the gamma variate function. Physics in
Medicine & Biology, 37, 1597.
MANBACHI, A. & S. C. COBBOLD, R. 2011. Development and Application of Piezoelectric
Materials for Ultrasound Generation and Detection. Ultrasound, 19, 187-196.
MARMOTTANT, P., VAN DER MEER, S., EMMER, M., VERSLUIS, M., DE JONG, N.,
HILGENFELDT, S. & LOHSE, D. 2005. A model for large amplitude oscillations of
coated bubbles accounting for buckling and rupture. The Journal of the Acoustical Society
of America, 118, 3499-3505.
MEER, S. M. V. D., VERSLUIS, M., LOHSE, D., CHIN, C. T., BOUAKAZ, A. & JONG, N. D.
The resonance frequency of SonoVue&trade; as observed by high-speed optical imaging.
IEEE Ultrasonics Symposium, 2004, 23-27 Aug. 2004 2004. 343-345 Vol.1.
MEZL, M., JIRIK, R., HARABIS, V. & KOLAR, R. 2010. Quantitative Ultrasound Perfusion
Analysis In Vitro. Analysis of Biomedical Signals and Images.
MISCHI, M., DEMI, L., SMEENGE, M., KUENEN, M. P., POSTEMA, A. W., DE LA
ROSETTE, J. J. & WIJKSTRA, H. 2015. Transabdominal contrast-enhanced ultrasound
imaging of the prostate. Ultrasound Med Biol, 41, 1112-8.
MISCHI, M., KALKER, T. & KORSTEN, E. 2003. Videodensitometric Methods for Cardiac
Output Measurements. EURASIP Journal on Advances in Signal Processing, 2003,
862083.
MITTERBERGER, M., HORNINGER, W., PELZER, A., STRASSER, H., BARTSCH, G.,
MOSER, P., HALPERN, E. J., GRADL, J., AIGNER, F., PALLWEIN, L. &
FRAUSCHER, F. 2007. A prospective randomized trial comparing contrast-enhanced
targeted versus systematic ultrasound guided biopsies: impact on prostate cancer detection.
Prostate, 67, 1537-42.
NOLSØE, C. P. & LORENTZEN, T. 2016. International guidelines for contrast-enhanced
ultrasonography: ultrasound imaging in the new millennium. Ultrasonography, 35, 89-103.
PAEFGEN, V., DOLESCHEL, D. & KIESSLING, F. 2015. Evolution of contrast agents for
ultrasound imaging and ultrasound-mediated drug delivery. Frontiers in Pharmacology, 6,
197.
PANG. 2011. Design and Characterization of a Multi-modality Phantom for Contrast Enhanced
Ultrasound and Magnetic Resonance Imaging. M.Sc., University of Toronto.
PARRALES, M. A., FERNANDEZ, J. M., PEREZ-SABORID, M., KOPECHEK, J. A. &
PORTER, T. M. 2014. Acoustic characterization of monodisperse lipid-coated
microbubbles: relationship between size and shell viscoelastic properties. J Acoust Soc Am,
136, 1077.
PAUL, S., KATIYAR, A., SARKAR, K., CHATTERJEE, D., SHI, W. T. & FORSBERG, F. 2010.
Material characterization of the encapsulation of an ultrasound contrast microbubble and
its subharmonic response: strain-softening interfacial elasticity model. J Acoust Soc Am,
127, 3846-57.
POEPPING, T. L., NIKOLOV, H. N., THORNE, M. L. & HOLDSWORTH, D. W. 2004. A thinwalled carotid vessel phantom for Doppler ultrasound flow studies. Ultrasound Med Biol,
30, 1067-78.
PROVOST, J., PAPADACCI, C., ARANGO, J. E., IMBAULT, M., FINK, M., GENNISSON, J.
L., TANTER, M. & PERNOT, M. 2014. 3D ultrafast ultrasound imaging in vivo. Phys
Med Biol, 59, L1-L13.

189

RAINE-FENNING, N. J., RAMNARINE, K. V., NORDIN, N. M. & CAMPBELL, B. K. 2004.
Quantification of blood perfusion using 3D power Doppler: an in-vitro flow phantom
study. Journal of Physics: Conference Series, 1, 181.
RAMNARINE, K. V., ANDERSON, T. & HOSKINS, P. R. 2001. Construction and geometric
stability of physiological flow rate wall-less stenosis phantoms. Ultrasound Med Biol, 27,
245-50.
RAMNARINE, K. V., LEEN, E., OPPO, K., ANGERSON, W. J. & MCARDLE, C. S. 2002.
Contrast-enhanced Doppler perfusion index: clinical and experimental evaluation. J
Ultrasound Med, 21, 1121-9.
RAYMOND, J. L., HAWORTH, K. J., BADER, K. B., RADHAKRISHNAN, K., GRIFFIN, J. K.,
HUANG, S.-L., MCPHERSON, D. D. & HOLLAND, C. K. 2014. Broadband Attenuation
Measurements of Phospholipid-Shelled Ultrasound Contrast Agents. Ultrasound in
Medicine & Biology, 40, 410-421.
SAMAVAT, H. & EVANS, J. A. 2006. An ideal blood mimicking fluid for doppler ultrasound
phantoms. Journal of Medical Physics / Association of Medical Physicists of India, 31,
275-278.
SARKAR, K., SHI, W. T., CHATTERJEE, D. & FORSBERG, F. 2005. Characterization of
ultrasound contrast microbubbles using in vitro experiments and viscous and viscoelastic
interface models for encapsulation. J Acoust Soc Am, 118, 539-50.
SCHNEIDER, M. 1999. Characteristics of SonoVuetrade mark. Echocardiography, 16, 743-746.
SHANKAR, P. M., DALA KRISHNA, P. & NEWHOUSE, V. L. 1998. Advantages of
subharmonic over second harmonic backscatter for contrast-to-tissue echo enhancement.
Ultrasound Med Biol, 24, 395-9.
SHANKAR, P. M., KRISHNA, P. D. & NEWHOUSE, V. L. 1999. Subharmonic backscattering
from ultrasound contrast agents. J Acoust Soc Am, 106, 2104-10.
SHEKHAR, H., RYCHAK, J. J. & DOYLEY, M. M. 2013. Modifying the size distribution of
microbubble contrast agents for high-frequency subharmonic imaging. Med Phys, 40,
082903.
SHI, W., FORSBERG, F., RAICHLEN, J., NEEDLEMAN, L. & GOLDBERG, B. 1999. Pressure
dependence of subharmonic signals from contrast microbubbles. Ultrasound in Medicine &
Biology, 25, 275-283.
SIJL, J., DOLLET, B., OVERVELDE, M., GARBIN, V., ROZENDAL, T., DE JONG, N.,
LOHSE, D. & VERSLUIS, M. 2010. Subharmonic behavior of phospholipid-coated
ultrasound contrast agent microbubbles. J Acoust Soc Am, 128, 3239-52.
SMITH, R. F., RUTT, B. K., FOX, A. J. & RANKIN, R. N. 1996. Geometric characterization of
stenosed human carotid arteries. Academic Radiology, 3, 898-911.
SOLDATI, G., GIUNTA, V., SHER, S., MELOSI, F. & DINI, C. 2011. "Synthetic" comets: a new
look at lung sonography. Ultrasound Med Biol, 37, 1762-70.
SRIDHARAN, A., EISENBREY, J. R., LIU, J.-B., MACHADO, P., HALLDORSDOTTIR, V. G.,
DAVE, J. K., ZHAO, H., HE, Y., PARK, S., DIANIS, S., WALLACE, K., THOMENIUS,
K. E. & FORSBERG, F. 2013. Perfusion estimation using contrast enhanced threedimensional subharmonic ultrasound imaging: an in vivo study. Investigative radiology,
48, 654-660.
SRIDHARAN, A., EISENBREY, J. R., MACHADO, P., DULIN, K., JAFFE, S., MERTON, D.
A., OJEDA-FOURNIER, H., MATTREY, R. F., WALLACE, K., CHALEK, C. L.,
THOMENIUS, K. E. & FORSBERG, F. Three-dimensional (3D) parametric maps for
visualization of breast lesion vasculature using subharmonic imaging. Ultrasonics
Symposium (IUS), 2014 IEEE International, 3-6 Sept. 2014 2014. 1152-1155.
SRIDHARAN, A., EISENBREY, J. R., MACHADO, P., OJEDA-FOURNIER, H., WILKES, A.,
SEVRUKOV, A., MATTREY, R. F., WALLACE, K., CHALEK, C. L., THOMENIUS, K.
E. & FORSBERG, F. 2015. Quantitative analysis of vascular heterogeneity in breast
lesions using contrast-enhanced 3-D harmonic and subharmonic ultrasound imaging. IEEE
Trans Ultrason Ferroelectr Freq Control, 62, 502-10.
STEWART BW., W. C. 2014. World Cancer Report 2014. International Agency for Research on
Cancer.

190

STRIDE, E. 2005. Characterization and Design of Microbubble-Based Contrast Agents Suitable for
Diagnostic Imaging. In: QUAIA, E. (ed.) Contrast Media in Ultrasonography. Springer
Berlin Heidelberg.
SUGIMOTO, K., MORIYASU, F., KAMIYAMA, N., METOKI, R., YAMADA, M., IMAI, Y. &
IIJIMA, H. 2008. Analysis of morphological vascular changes of hepatocellular carcinoma
by microflow imaging using contrast-enhanced sonography. Hepatol Res, 38, 790-9.
SUN, C. 2013. Acoustic characterisation of ultrasound contrast agents at high frequency. Ph.D.,
Univeristy of Edinburgh.
SUN, C., PANAGAKOU, I., SBOROS, V., BUTLER, M. B., KENWRIGHT, D., THOMSON, A.
J. & MORAN, C. M. 2016. Influence of temperature, needle gauge and injection rate on
the size distribution, concentration and acoustic responses of ultrasound contrast agents at
high frequency. Ultrasonics, 70, 84-91.
SUN, C., SBOROS, V., BUTLER, M. B. & MORAN, C. M. 2014. In vitro acoustic
characterization of three phospholipid ultrasound contrast agents from 12 to 43 MHz.
Ultrasound Med Biol, 40, 541-50.
SZABO, T. L. 2004. 12 - NONLINEAR ACOUSTICS AND IMAGING. In: SZABO, T. L. (ed.)
Diagnostic Ultrasound Imaging. Burlington: Academic Press.
TANG, M. X. & ECKERSLEY, R. J. 2006. Nonlinear propagation of ultrasound through
microbubble contrast agents and implications for imaging. IEEE Trans Ultrason
Ferroelectr Freq Control, 53, 2406-15.
TANG, M. X., MULVANA, H., GAUTHIER, T., LIM, A. K. P., COSGROVE, D. O.,
ECKERSLEY, R. J. & STRIDE, E. 2011. Quantitative contrast-enhanced ultrasound
imaging: a review of sources of variability. Interface Focus.
TREMBLAY-DARVEAU, C., WILLIAMS, R., MILOT, L., BRUCE, M. & BURNS, P. N. 2014.
Combined perfusion and doppler imaging using plane-wave nonlinear detection and
microbubble contrast agents. IEEE Trans Ultrason Ferroelectr Freq Control, 61, 19882000.
TU, J., GUAN, J., QIU, Y. & MATULA, T. J. 2009. Estimating the shell parameters of SonoVue®
microbubbles using light scattering. The Journal of the Acoustical Society of America, 126,
2954-2962.
VELTMANN, C., LOHMAIER, S., SCHLOSSER, T., SHAI, S., EHLGEN, A., POHL, C.,
BECHER, H. & TIEMANN, K. 2002. On the design of a capillary flow phantom for the
evaluation of ultrasound contrast agents at very low flow velocities. Ultrasound Med Biol,
28, 625-34.
WANG XW, G. J., THORGEIRSSON SS 2011. Molecular Genetics of Liver Neoplasia, New
York, Springer- Verlag New York.
WEI, K., JAYAWEERA, A. R., FIROOZAN, S., LINKA, A., SKYBA, D. M. & KAUL, S. 1998.
Quantification of myocardial blood flow with ultrasound-induced destruction of
microbubbles administered as a constant venous infusion. Circulation, 97, 473-83.
WHITTINGHAM, T. 2005. Contrast-Specific Imaging Techniques: Technical Perspective. In:
QUAIA, E. (ed.) Contrast Media in Ultrasonography. Springer Berlin Heidelberg.
XIAO, D., FAN, Q., XU, C. & ZHANG, X. 2016. Measurement methods of ultrasonic transducer
sensitivity. Ultrasonics, 68, 150-4.
YANG, H., LIU, G. J., LU, M. D., XU, H. X. & XIE, X. Y. 2007. Evaluation of the vascular
architecture of hepatocellular carcinoma by micro flow imaging: pathologic correlation. J
Ultrasound Med, 26, 461-7.

191

