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Abstract

High Intensity Focused Ultrasound (HIFU) is rapidly emerging as a viable alterna-
tive to more invasive methods for routine treatment of malignant tissue. Key to the
success of HIFU therapy is the development of standardised Quality Assessment
(QA) procedures, designed to regularly assess the safety and efficacy of clinical HIFU
transducers. Current HIFU QA procedures offer either accurate spatial calibration
at the expense of impractically long acquisition times, or more rapid characterisa-
tion that provides only a spatially averaged measure of performance. Exploitation of
acoustically induced inertial cavitation, however, offers the potential for rapid, pre-
treatment spatial calibration without the need for time consuming scanning rou-
tines.

In this thesis, the concept of cavitation-based HIFU QA is validated for the first
time, with various techniques developed to enable its implementation. To begin
with, two-dimensional mapping using an array of needle hydrophones establishes
that a growing cavitation region may be reconstructed at increasing insonation am-
plitudes. Extending the study to include a diagnostic linear array provides improved
spatial resolution, enabling accurate, two-dimensional field characterisation within
a novel, microparticle-seeded test medium that is shown to maximise the magni-
tude and spatial uniformity of cavitation occurrences. Performing this procedure in
multiple focal planes provides a practical means of characterising a clinical HIFU
transducer using readily available hardware.

An alternative array geometry is proposed for rapid, three-dimensional field
characterisation. To allow accurate placement of a large number of elements within
such an array, a novel, multiple-layer Printed Circuit Board (PCB) construction
method is adopted. A model is developed to predict the effect of the multiple acous-
tic layers of the array on its receive sensitivity spectrum and the results contrasted
with both a finite element solution and experimental data to inform the eventual
array design.

An ideal passive array is thence specified through a combined experimental and
computational approach, taking care to optimise the element size, number and dis-
tribution. This array configuration has the potential to enable reconstruction of a
wide array of sources. The second generation prototype fulfils most of the require-
ments but has highlighted issues with crosstalk. Nevertheless, the results presented
thus far provide a strong foundation for future work into cavitation-based HIFU QA.
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INTRODUCTION

The term ‘cancer’ encompasses a number of disorders that share a discerning growth dys-
regulation, many of which are inherently difficult to cure. Vast levels of funding and re-
search effort are directed to improving understanding of the cause and progression of this
disease and thence developing effective treatment options. This chapter summarises these
efforts, focusing on the available treatment options and, in particular, on the emergence of
High-Intensity Focused Ultrasound (HIFU) as a promising method for non-invasive abla-
tion of malignant tissue. The challenges in developing this technology for frequent clinical
application are presented, with particular attention paid to the need for accurate, stan-
dardised Quality Assessment (QA) procedures to ensure the safety and efficacy of HIFU
therapy.

In 2008, there were 12.7 million newly diagnosed cases of cancer worldwide
(Ferlay et al.,|2010). Since President Nixon signed the National Cancer Act in 1971,
promising $100 million to fund “the same kind of concentrated effort that split the
atom and took man to the moon" to conquer “this dreaded disease", global cancer
research funding has risen dramatically, standing at over £11.5 billion in 2004 (Eck-
house et al., [2008). Despite this vast level of funding, currently one in four people
in the UK are expected to die from this disease (ONS, 2009). It is the inherent de-

velopment of cancer that contributes to its lack of cure, characterised by a form of
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Figure 1.1: Evolution of malignancy showing tumour progression and generation of
heterogeneity. Multiple mutations lead to the development of subclones that are
adept at evading host defences, forming an aggressive tumour mass. Adapted from
Robins and Cotran Pathologic Basis of Disease (Kumar et al.,|2010).

Darwinian evolution whereby a succession of genetic changes, each contributing a
growth advantage, leads to the progressive conversion of normal cells into cancer

cells, as depicted in Figure

Once established, cancer cells undergo uncontrolled abnormal mitosis, form-
ing a mass which, when clinically detectable, is termed the primary tumour. The
primary tumour may then spawn pioneer cells which migrate to adjacent tissues,
forming a local metastasis, or to distant sites via lymphatic or hematogenous spread
to form a metastatic tumour. Though the exact mechanism for metastatic dissem-
ination is under debate (Klein, |2008), it is clear that metastases are responsible for

the majority of cancer deaths, often rendering a patient untreatable and resulting in
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multiple organ failure (Sporn, |1996). As such, once malignancy is established, early

(preferably pre-metastatic) diagnosis is key to effective treatment of the disease.

1.1 CANCER: DIAGNOSIS AND TREATMENT

Up until the end of the 20th century, cancer diagnosis required exploratory surgery
to remove tissue samples for laboratory-based analysis. Such invasive procedures
were generally only performed once symptoms manifested themselves. The advent
of a variety of screening techniques, designed to detect the pre-symptomatic pres-
ence of cancer cells, has had a marked effect on cancer survival rates. Beginning
with the introduction of the Pap test for cervical cancer which, since its promo-
tion by the American Cancer Society in the early 1960s, has seen the cervical cancer
death rate in the US decline by almost 70%, a number of serological tumour marker
and radiological screening methods have gained clinical acceptance and are now
widely used (ACS, 2010). Mammography screening has been shown to be a valu-
able indicator for the presence of breast cancer, with a sensitivity reported in the
region of 76% (Houssami et al.,[2011), and is currently recommended as a regular
screening process for all women in the UK aged 50-70. A host of additional diagnos-
tic tools are currently under investigation, notably faecal occult blood screening for
colorectal cancer, which has been the subject of a number of national pilot studies
(Bernie et al., (1998). With promising developments in screening techniques, suc-

cessful treatment of the disease has become much more achievable.

Once diagnosed, modern cancer treatment usually involves a combination of
surgical resection, radiation and/or drug-based therapies such as chemotherapy or
immunotherapy. This multi-modal approach aims to remove or destroy the malig-

nant mass and, crucially, ensure any remaining cancer cells are eliminated to pre-
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vent recurrence of the disease. Although successful in many cases, 5 year survival
rates for those diagnosed with the disease currently stand at a disappointingly low
66% (Altekruse et al., |2009), with those surviving often suffering debilitating side

effects.

Advances in surgical techniques have informed the progression from mutilat-
ing procedures, such as amputation, to more local removal of tumours whereby the
primary mass is removed along with a small margin of surrounding healthy tissue.
Such invasive intervention, however, is not without risk and complications such as
seeding of metastasis or haemorrhaging via visceral or vascular puncture are com-
mon (Kennedy, |2005). Radiation therapy limits these risks by using an external, im-
planted or systemically administered source to direct ionising radiation towards the
tumour, forming free radicals which break the double helix of the cell DNA, leading
to irreversible loss of a cell’s reproductive capacity (Joiner and van der Kogel, [2009).
Since cancer cells have a reduced ability to repair this damage they are preferen-
tially destroyed; however, the damage incurred by healthy cells results in a variety of
unpleasant side effects for the patient. Similarly, chemotherapy, which aims to limit
the proliferation of cancer cells by using cytotoxic drugs to effect DNA synthesis,
suffers from a lack of selectivity resulting in toxic effects on other, rapidly dividing,
normal cells such as those of the bone marrow, hair follicles and mucus membranes

(Skeel, 2007).

There is, therefore, significant demand for less invasive, targeted cancer thera-
pies designed to effectively destroy malignant tissue with minimal adverse side ef-
fects. Many technologies designed to satisfy this need are currently under develop-
ment. One such therapy that shows particular promise is the use of High-Intensity
Focused Ultrasound (HIFU) to induce localised hyperthermia within a malignant

mass. In contrast with other minimally invasive techniques such as radiofrequency
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ablation, laser ablation and cryoablation, HIFU is one of the few truly non-invasive
cancer therapies, offering a mechanism for avoiding the aforementioned complica-
tions associated with open surgery. Unlike radiotherapy, HIFU uses non-ionising
radiation and can be tightly focused to ensure energy deposition is highly localised,
causing minimal damage to surrounding tissue. There are, therefore, very few side
effects associated with HIFU treatment and, with no upper limit to the number of
repeated exposures for a given patient, this treatment offers a promising alternative
to current clinical practices. Though HIFU-induced thermal ablation is the primary
application of the work of this thesis, it is instructive to consider the range of thera-

peutic applications of ultrasound that are currently available.

1.2 THERAPEUTIC ULTRASOUND

Ultrasound is no longer merely a diagnostic modality - since the pioneering ex-
perimental studies of the late 1930s and early 1940s exploring the use of ultra-
sound as a medical tool, its possible therapeutic applications have been suggested
(Schliephake, 1935} |Dussik, 1942). It is not until recently, however, that the poten-
tially beneficial bioeffects of both focused and unfocused ultrasound fields have
been explored in depth. The applications of such effects stretch over a wide range
of operating regimes, from low-intensity standing wave fields used to structure cells
in engineered tissues (Garvin et al., 2009), to high-intensity focused fields designed
to induce localised tissue heating, resulting in thermal necrosis of cancerous cells

(Leslie and Kennedy, |2007;|Haar and Coussios, 2007).

In many of these applications, acoustic cavitation - defined as the oscillation and
subsequent collapse of acoustically-formed or pre-existing gas- and vapour-filled

nuclei under the action of an acoustic stimulus - is believed to be a mechanism re-
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sponsible for the desired therapeutic effect (Leighton,|1994). Perhaps the most com-
mon therapeutic application of ultrasound in clinical use today is the treatment of
nephrolithiasis via extracorporeal shock wave lithotripsy. First developed in the late
1970s, this non-invasive procedure induces mechanical damage of kidney calculi
by focussing shockwaves onto their surface (Chaussy and Schmiedt, |1984). Here it
has been observed that the initial fissures created by the shockwave act as nucle-
ation sites for cavitating bubbles, which subsequently fragment the stone following

violent collapse (Coleman et al., 1987).

High-intensity, short-duration ultrasound pulses may also be used for localised
tissue destruction in a process known as histotripsy, whereby small clouds of cavi-
tating bubbles are acoustically driven to induce mechanical damage within tissue.
Precise control of the intensity and pulse repetition frequency of the insonating field
ensures that tissue heating is minimised, and it is the mechanical damage alone

that, in effect, liquifies the tissue within the focal volume (Xu et al.,2005).

Ultrasound also has promising applications for haematology, both in the non-
invasive control of internal bleeding by ultrasound-induced vascular occlusion
(Vaezy and Zderic, 2007), and in the dissolution of blood clots via enhancement
of the thrombolytic effect of recombinant tissue plasminogen activator (rt-PA)
(Triibestein et al., 1976; Datta et al.,|2006). The former capitalises on both the ther-
mal and mechanical effects of HIFU-induced cavitation to allow cauterisation at the
depth of parenchymal tissues, whilst the latter benefits from the effect of cavitation-
induced streaming and microjetting to enhance the penetration of thrombolytic
drugs into a clot. The addition of microbubbles has been shown to enhance this

effect (see Figure|1.2), resulting in a corresponding increase in clot mass loss.

In a similar manner, therapeutic ultrasound may be used to promote the deliv-

ery of drugs across the Blood-Brain Barrier (BBB), a specialised structure that limits
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(@) (b)

Figure 1.2: Penetration of fluorescent stained rt-PA into an in-vitro thrombus model.
Thrombus sections are shown for (a) rt-PA and ultrasound alone; and (b) rt-PA, ul-
trasound and Definity® microbubbles (Datta et al.,[2008).

transport and diffusion from the vasculature to the central nervous system. Here,
the presence of ultrasound contrast agents in conjunction with ultrasound-induced
cavitation activity has been shown to promote disruption of the BBB, resulting in a
corresponding increase in the delivery of injected MRI contrast agents to the cere-

bral tissue (McDannold et al.,[2006).

Moreover, the therapeutic activity of a pharmaceutical agent may be locally en-
hanced by exposure to a HIFU field, thereby limiting the characteristic systemic tox-
icity of traditional chemotherapy treatments. By encapsulating drugs within lipid
or polymer spheres, or micelles, they may be activated locally at the intended treat-
ment site by HIFU-induced cavitation (Allen and Cullis, 2004; |Coussios and Roy,
2008). Furthermore, the limited extravasation of the typically highly disorganised
tumour vasculature can be enhanced by inertial cavitation, a form of violent bubble
collapse detailed further in Chapter 2} promoting deeper penetration of cytotoxic

drugs (Husseini et al.,2005; Bohmer et al., 2010).

Finally, HIFU has promising applications for non-invasive surgery, facilitating

the thermal ablation of cancerous tissue whilst avoiding the risk of metastasis posed
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Figure 1.3: [llustration of the Chongqing clinical HIFU device in use at the Churchill
Hospital, Oxford. The HIFU transducer is positioned below the central table, on
which the patient lies, and is aligned using a computer-controlled, motorised posi-
tioning system. Acoustic coupling with the patient is achieved via a pool of degassed
and deionised water, whilst treatment monitoring is limited to B-mode hyperecho.
Image courtesy of the Oxford HIFU Unit.

by more invasive surgical procedures. The focused nature of the ultrasound beam
allows highly localised energy deposition via absorption of the acoustic field, result-
ing in large temperature rises (on the order of 60°C), the subsequent disruption of
secondary and tertiary protein structure, and thermal necrosis of cells within the

focal volume.

Currently the subject of a number of clinical trials, it is the use of HIFU for non-
invasive ablation of malignant tissue that forms the primary motivation for the work
of this thesis. Extracorporeal HIFU devices, such as that depicted in Figure[L.3} have
been shown to offer complete tumour ablation, with over 1000 patients in China

having received HIFU treatment for a variety of tumour types (liver, breast, kidney,

osteosarcoma, pancreas) (Wu et al., 2001, 2004). Within the UK, the Oxford HIFU

Unit has been conducting clinical trials for over eight years, with studies indicating
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that discrete zones of ablation can be achieved in 100% of hepatic and 67% of renal

tumour treatments (Illing et al., 2005; Ritchie et al., 2010).

1.3 HIFU: THERMAL EFFECTS

The mechanical energy carried by therapeutic ultrasound waves can be converted
into heat through viscous absorption, and the mechanisms for ultrasound-induced
heating are reviewed in greater detail in Section Achieving clinically relevant
temperature rises during HIFU therapy depends not only on the acoustic energy
that is deposited within the tissue, but also on the rate at which heat is removed due
to tissue conduction and blood perfusion. It is possible to estimate the acoustically-

induced temperature rise using Pennes’ bioheat transfer equation (Wissler, 1998):

ptctﬁ =k/V°T; — wpCp(Ty = Tp) + Quc + Qmy (1.1)

where p;, C;, T; and k; are the density, heat capacity, temperature and thermal con-
ductivity of the tissue, respectively, wy, Cp, and T}, are the perfusion rate, heat capac-
ity and ambient temperature of the blood, respectively, Q. is the heat deposition by
ultrasound, Q,, is the metabolic heat and ¢ is time. Defining a threshold tempera-
ture for thermal necrosis is somewhat arbitrary since it ignores the cumulative effect
of elevated temperatures. As Figure[1.4shows, a whole host of temperature profiles
may be used to generate equivalent biological effects, and so a temperature-time
based metric of the thermal dose administered, known as the “Cumulative Equiva-
lent Minutes" (CEM), is generally adopted. Defined as the amount of time for which
tissue would have been held at 43°C to achieve the same effect, the CEM metric

reduces the temperature profile to a single dosimetric value, formulated as follows:

CEMy3 = f RB-TW gy, (1.2)
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Figure 1.4: Theoretically generated temperature profiles as a function of time. The
ideal temperature profile is shown by the dashed line and represents 120 minutes at
43°C. The three additional profiles (A-C) are all equivalent to 120 minutes at 43°C by
CEM calculation. Clearly, the areas under each curve are not equal (Sapareto and
Dewey, (1984).

where R is a temperature-dependent parameter approximated as 0.25 below 43°C
and 0.5 above (Sapareto and Dewey,(1984). It is generally accepted that above a CEM
value of 240 minutes, sufficient thermal dose has been delivered to achieve thermal

ablation, though above 50°C the applicability of this measure becomes uncertain.

Successful thermal ablation of tissue therefore requires high heating rates to be
achieved and elevated temperatures to be maintained for sufficient time to deliver
an appropriate thermal dose. Acoustic cavitation has been shown to enhance focal
heating rates, reducing the time required to achieve a specific CEM metric (Coussios
etal.,|2007a; Hockham et al.,2010). Furthermore, HIFU-induced cavitation provides
amechanism for real-time treatment monitoring, a key requirement for widespread

adoption of the technique (Gyongy and Coussios, |2010).
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1.4 HIFU ABLATION: TREATMENT MONITORING

Despite its many advantages, HIFU ablation is yet to be widely adopted as a rou-
tine clinical procedure due to several impediments, which researchers are currently
attempting to address. One of the major challenges is the required treatment time,
which increases with the volume to be ablated, and can stretch to more than 6 hours
for a 10cm diameter liver tumour (Kennedy, |2005). Increasing the intensity of in-
sonation increases heating rates and hence reduces lesion formation time; however,
this comes at the expense of increased likelihood of pre-focal tissue damage away

from the intended treatment site (Watkin et al.,|1996).

One of the most restrictive inadequacies of HIFU therapy, however, is the lack
of suitable real-time imaging and treatment monitoring techniques. Moreover, re-
gardless of the monitoring modality, successful treatment is reliant upon the ability
to generate a highly reproducible pressure field, thus requiring a range of accurate,
standardised Quality Assessment (QA) procedures. Though it is the need for HIFU
QA procedures that forms the primary motivation for the work of this thesis, it is in-
structive to first consider the range of HIFU treatment monitoring techniques that
are currently available, since the two fields are interrelated. Furthermore, knowl-
edge of the hardware that is currently in use for HIFU treatment monitoring offers a

useful starting point for potential QA techniques.

The safe, effective and reliable treatment of a patient using HIFU therapy is re-
liant upon meticulous monitoring of treatment progress during the procedure. The
primary aim of any HIFU monitoring method is, therefore, to accurately determine
the region of thermally necrosed tissue without compromising the non-invasive na-
ture of the treatment, preferably in real-time. At present, the most common non-

invasive HIFU monitoring modalities in clinical use are Magnetic Resonance Imag-
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ing (MRI) and active ultrasound imaging. Each attempts to monitor either the ther-
mal history of the treated region or a change in the mechanical properties of the
treated tissue, which may then be used to predict necrosis via calculation of the
thermal dose administered. A variety of methods may be used to determine these

properties, each approach with its own advantages and disadvantages.

1.4.1 Magnetic Resonance Imaging

Widely used as a medical imaging method for visualisation of soft tissue, MRI offers
the ability to distinguish between different tissue types, and is currently the gold
standard technique for guidance and follow-up of HIFU-induced thermal ablation
(Hynynen and McDannold, |2004). Whilst a comprehensive review of MRI physics is
beyond the scope of this work, it is instructive to consider the basic principles of the

technique.

The human body consists of primarily fat and water, both of which contain a
large proportion of hydrogen atoms. Any spinning hydrogen nucleus has a mag-
netic field along the direction of its angular momentum. When a patient lies in an
MRI scanner, a strong magnetic field is applied in a particular direction and, conse-
quently, the hydrogen nuclei align with the field in either a high or low energy state.
By applying an external RF field at the appropriate frequency (the proton resonant
frequency or PRF), hydrogen nuclei may be flipped from low to high energy states.
When the RF field is removed, the hydrogen nuclei return to their equilibrium ori-
entation and the net magnetic field relaxes to its original state. The time taken to
achieve relaxation along the axis of the applied field (T1 or spin-lattice relaxation
time) and in the perpendicular plane (T2 or spin-spin relaxation) differs between

tissue types, which facilitates the non-invasive imaging of soft tissues.
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Post-operatively, HIFU-induced lesions may be accurately identified using T2
weighted images once the tissue has been allowed to cool down (Damianou et al.,
2004). During treatment, MR based thermometry techniques may be used to esti-
mate the thermal dose delivered. At lower temperatures (<50°C), T1 weighted im-
ages have been shown to be highly sensitive to temperature changes (Rivens et al.,
2007). However, at the temperatures relevant to HIFU-induced thermal ablation,
monitoring the temperature-dependent shift in the PRF has been shown to give
more accurate temperature estimations. Using this method, temperature resolu-
tions of +0.5°C may be achieved; however, temporal resolutions are far from real-
time (Ishihara et al., 1995). Importantly, this highlights one of the key limitations of
MRI-based HIFU treatment monitoring - even the most advanced MRI monitoring
systems involve a significant compromise between spatial and temporal resolution:
sub-millimetric spatial resolution can be achieved in time steps on the order of sec-
onds, which are comparable to the times required for ablation, whilst faster frame
rates result in a spatial resolution that is larger than the typical lmm diameter of the
HIFU focus. Furthermore, MRI equipment is prohibitively expensive and, as a re-
sult, not readily available. Concerns have thus been raised regarding the reliability
and suitability of this technique for accurately identifying treated tissue (ter Haar,

2009).

1.4.2 Ultrasound Imaging

In contrast to MRI, ultrasound imaging equipment is relatively inexpensive and
readily available. Conventional B-mode imaging may be used to observe hypere-
chogenicity (or ‘bright-ups’) during HIFU therapy, though care is needed to syn-
chronise diagnostic and therapeutic pulses to avoid saturation of the image by the

therapeutic pulse (Vaezy et al., 2001). Possibly the simplest and hence most com-
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Figure 1.5: Comparison of a HIFU-induced lesion produced at 1750W/cm?, 0.1MPa
overpressure and corresponding B-mode ultrasound image. The hyperechogenicity
indicates the presence of boiling bubbles which are the result of over treatment of
the target site (Bailey et al., 2001).

monly used method of ultrasound HIFU monitoring, this relies upon the presence
of stabilised bubbles, likely due to boiling, which remain in the focal region once the
therapeutic pulse has ceased. With a much lower acoustic impedance than the sur-
rounding medium, these bubbles are highly echogenic and so highly visible using
conventional B-mode imaging. However, reaching the near-boiling temperatures
required to create such bubbles is believed to be unnecessary and may be qualified
as overtreatment, since protein denaturation and the associated thermal necrosis
of cells can be readily achieved with tissue temperatures on the order of 60°C sus-
tained for a few seconds. Furthermore, several studies have confirmed that hyper-

echogenicity only becomes significant once a lesion begins to grow in an unpre-

dictable manner (Rabkin et al., [2005, [2006; Bailey et al., 2001), producing undesir-

able ‘tadpole’ shaped lesions such as those shown in Figure

Despite its low cost and ease of access, B-mode hyperecho is, therefore, far from
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ideal as a HIFU treatment monitoring tool. The variation of temperature and ac-
companying denaturation of tissue during HIFU therapy results in changes in a va-
riety of acoustic parameters. This has motivated the experimental investigation of a
number of additional ultrasound-based monitoring methods capable of operating

at sub-boiling temperatures.

1.4.2.1 Ultrasound Thermometry

Variation of the speed of sound with temperature manifests itself on an ultrasound
image as an apparent strain, which can be related to the temperature change pro-
vided an accurate relationship between sound speed and temperature is known
(Seip et al., 1996). Such relationships exist in non-fatty tissues, where a peak in
sound speed is observed around 50°C (Bamber and Hill, 1979). This therefore im-
plies a non-uniqueness in temperature for a given sound speed and so knowledge of
the thermal history is required to accurately determine temperature. Furthermore,
variations in the lipid content of tissue results in significant differences in temper-
ature dependence, which may be difficult to account for. Finally, once denatured,
ablated tissue exhibits an altogether different sound speed due to a dramatic change
in stiffness and so attention must be paid to the thermal dose delivered in addition
to the temperature attained. The marked increase in stiffness of thermally ablated
tissue, believed to result from irreversible protein denaturation and aggregation (Wu
et al., 2001), presents further opportunities for HIFU monitoring techniques based

on elastography.
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1.4.3 Elastography

Both MRI and ultrasound may be used to non-invasively image changes in stiffness
that result from HIFU-induced thermal ablation. By mapping the displacement of
features pre- and post-application of an external force, estimates of the strain may
be calculated to indicate local changes in stiffness. In general, the applied force is
either in the form of a simple mechanical load or an ultrasonically-induced radia-
tion force. Ultrasound-based elastographic identification of lesions has been shown
to correlate with T1-weighted MRI imaging in in-vivo studies of HIFU prostate can-
cer treatment although, as with B-mode monitoring techniques, interference with
the therapeutic signal prevents real-time visualisation (Curiel et al., |2005). Fur-
thermore, care must be taken to account for the temperature-dependent change
in sound speed in order to accurately determine tissue displacement. MR elas-
tography is based upon similar principles, using phase contrast MRI techniques to
spatially map displacements corresponding to mechanically-induced shear waves
(Fatemi et al., [2003; [Sinkus et al.;|2008). However, long acquisition times (on the or-
der of 20-120s) and high sensitivity to temperature variation mean that this method

is more suited to post-treatment follow-up, rather than real-time monitoring.

There is therefore a great need to improve current targeting and monitoring
methods for HIFU therapy in order to ensure its overall success as a viable alter-

native to open surgery and minimally invasive treatments.

1.4.4 Passive Cavitation Monitoring

A particularly promising and novel method of delivering HIFU therapy, which could
potentially both reduce treatment times and enable real-time treatment monitor-

ing, lies in the exploitation of HIFU-induced cavitation. By utilising the distinctive
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Figure 1.6: Passive cavitation mapping for real-time treatment monitoring. Passive
mapping of the spatial extent of the cavitation region correlates well with HIFU le-
sion size and location, whilst conventional B-mode hyperecho fails to accurately
identify the lesion (Jensen et al., 2011).

responses of cavitating microbubbles, which in general shift energy content to fre-
quencies above the fundamental insonation frequency, the type of bubble activity
can be ascertained and used to predict the local temperature variation. In one di-
mension, a focused transducer is used to passively detect these secondary acoustic
emissions, whilst two-dimensional mapping is achieved using an array of receiving

elements (Holt and Roy, |2001;|Coussios et al., 2007a;|Gyongy and Coussios, 2010).

As can be seen in Figure two-dimensional passive mapping of the spatial
extent of the cavitating field has been shown to correlate well with HIFU lesion
size and location in excised hepatic bovine tissue, providing a unique opportunity
for non-invasive, real-time treatment monitoring and control (Jensen et al., 2011;

Hockham et al., 2010). Promising though this phenomenon is, the widespread clin-
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ical adoption of cavitation-enhanced HIFU for the regular treatment of deep-seated
solid tumours cannot be achieved without detailed knowledge of the conditions for

instigation and of the subsequent evolution of bubble clouds under HIFU exposure.

1.5 HIFU ABLATION: QUALITY ASSESSMENT

In general, whether treatment monitoring is to be achieved by B-mode ultrasound,
MRI or cavitation monitoring, successful therapy relies on the generation of a highly
reproducible pressure field by the HIFU transducer across multiple treatments and
multiple patients. Adequate standardised QA procedures are thus required in order
to ensure the safety and efficacy of the treatment as a wide range of clinical trans-
ducers are used to treat vastly different tissue regions. At present, clinical HIFU
systems are assessed on an ad hoc basis using a number of different procedures,
which are both time-consuming and costly. In general, the peak negative pressure
and acoustic intensity are the metrics of most interest for thermal ablation, and it is
important to understand the spatial variations of these parameters throughout the
HIFU field. Below is a summary of some of the measurement techniques that are

currently in use or under investigation.

1.5.1 Hydrophones

Most current QA procedures rely upon the use of a piezo-electric or fibre-optic hy-
drophone to probe the acoustic field produced by a HIFU transducer. By scanning
a hydrophone throughout the HIFU field, accurate maps showing the spatial varia-

tion of pressure, such as that shown in Figure[1.7], may be constructed.

For the frequency ranges of interest for medical applications, hydrophones are
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Figure 1.7: Three-dimensional pressure profile of a 1.067MHz HIFU transducer,
generated by scanning a 75um needle hydrophone (Precision Acoustics HPM075)
throughout the region of interest with 0.25mm spacing in the transverse and ele-
vational directions, and 0.5mm spacing in the axial direction. Scans of this extent
typically take around 14 hours to acquire data throughout the entire volume. Values
given are peak negative pressures (MPa).

usually in the form of either a membrane, needle or fibre-optic. Membrane hy-
drophones are considered to be the "gold-standard" of hydrophones due to their
smooth, broad frequency response. Consisting of a thin piezo-polymer film that is
constructed to be acoustically active in a small area at its centre, a membrane hy-
drophone can accurately characterise short, broadband pulses, but is less suitable
for continuous wave signals which may develop standing waves on the membrane

(Dolezal and Kollmann, [2010).

Needle hydrophones, comprising a small (typically in the range 40-400um)
piezo-polymer or piezo-ceramic disc supported on the end of a needle-like struc-
ture, offer a more robust and less costly solution for HIFU filed characterisation.

Such devices are, however, particularly susceptible to cavitation and thermal dam-
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age around the active element, limiting the intensity and peak negative pressure of

the waveform that may be measured.

Several devices have been developed to withstand the high amplitude fields
present during HIFU exposure, in particular, reflector style devices and fibre-optic
hydrophones (Kaczkowski et al.,2003; Staudenraus and Eisenmenger, 1993). By re-
flecting the incident HIFU wave off a fused silica optical fibre, and receiving the scat-
tered wave using a number of Polyvinylidene Fluoride (PVDF) receiving elements,
Schafer et al. were able to monitor focal pressure without exposing the sensitive ele-
ment to potentially damaging pressure levels (Schafer et al., 2005). Remote sensing
of the field does, however, prolong the propagation distance and increase attenu-
ation of the higher frequency components of the field, which must be taken into
consideration. Fibre-optic hydrophones are usually based upon either the change
in refractive index of water due to ultrasonic pressure, or the acoustically-induced
changes in thickness of a film at the tip of the fibre and, since they rely solely
upon optical transduction, are effectively immune to electro-magnetic interference
(Beard et al., |2000). These devices are usually able to withstand higher amplitude
acoustic fields than traditional needle hydrophones and offer the potential for si-

multaneous temperature and pressure measurement.

Unfortunately, all hydrophones suffer from a common shortcoming: to fully
characterise spatial variations within a HIFU field, the hydrophone must be
scanned throughout the field, a time-consuming process that can take several hours
and is impractical for routine clinical QA of HIFU devices. Additional methods have
been developed to assess HIFU field characteristics; however, their accuracy and

suitability for clinical application is yet to be demonstrated.
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1.5.2 Optical Devices

Using similar principles to fibre-optic hydrophones, a variety of methods have been
developed for HIFU field visualisation and measurement that are based upon the
acousto-optic effect. Optical interferometry, a process whereby ultrasound-induced
oscillations of a membrane are monitored using an optical beam, has been shown
to accurately determine acoustic amplitudes in the plane of interest in the 5-15MHz
range with a resolution below 0.1mm (Royer et al.,|1992). Local changes in the den-
sity of the water brought about by the presence of an acoustic field result in per-
turbations in the localised refractive index which in turn causes changes in the op-
tical path length that may be measured using laser Doppler vibrometry (Harland
et al.,2004). Though facilitating the visualisation of the spatial characteristics of the
acoustic field, this method is unable to produce quantitative measurements of the
acoustic pressure or intensity and is more suited to qualitative evaluation of HIFU
field characteristics. Similarly, Schlieren imaging can produce quite beautiful vi-
sualisations of HIFU fields, such as that shown in Figure but is yet to provide
quantitative results (Sasaki et al., 2003} Howard et al., 2003). Furthermore, such op-
tical methods require expensive, cumbersome equipment that is not well-suited to

regular clinical use.

1.5.3 Radiation Force Balances

Radiation force balances may also be used to quantify spatially averaged or local
acoustic intensities, depending on the size of the target used (Shaw and Hodnett,
2008). When an absorbing target is placed in the path of an acoustic beam, it ex-

periences a force due to the momentum of the beam which can be measured to
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Figure 1.8: Schlieren image of a 4AMHz HIFU beam used to visualise the spatial char-
acteristics of a field for evaluation of a tissue mimicking phantom. Superimposed is
an image of a lesion obtained in the phantom following 72 seconds of exposure at
10W (Howard et al., 2003).

determine the corresponding acoustic power via Equation[1.3]

P=F,.c (1.3)

1+cosy’
where P is the acoustic power, F,, is the measured force exerted on the target, cis the
speed of sound in the medium and vy is the half angle subtended by the transducer
(IEC, 2006). Measurements of the power may then be used to calculate the intensity
spatially averaged over the area enclosed by the half-pressure maximum contour in
the focal plane, I54;, a metric originally proposed by Hill et al. and now commonly
used as a reference quantity (Hill et al., 1994; Shaw and ter Haar, |2006). Assuming
a Gaussian beam, with a -6dB beam diameter, D, determined using a hydrophone,

the spatially averaged intensity may be calculated as:

P
Isar=0.867 -, (1.4)
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where P is the acoustic power determined using a radiation force balance. Though
this method has general applicability, the Gaussian approximation ignores contri-

butions to the power from side lobes and so has questionable accuracy.

Commonly used for the calibration of lower intensity therapeutic ultrasound de-
vices, radiation force balances are not well suited to high-intensity focused fields
where the near complete absorption that is required within the target to accurately
quantify a change in load often leads to significant heating and hence damage of the
target. To address this issue, caster oil targets have been developed, whose buoy-
ancy increases as a result of heating during insonation (Shaw, 2006). This method
does, however, only provide information about the total power output of a given
HIFU transducer, and cannot determine spatial variations in the HIFU field. Fur-
thermore, the radiation force balances used to carry out those measurements are
cumbersome and would generally require removal of the transducer from the clini-

cal HIFU device, rendering them poorly suited to frequent clinical use.

1.6 CONTRIBUTIONS OF THE CURRENT WORK

A variety of HIFU QA methods are currently available, each with its own strengths
and weaknesses. Hydrophones are the current "gold standard" for HIFU QA; how-
ever, in order to fully characterise the region of interest, time-consuming and im-
practical scanning routines are required. Radiation force and buoyancy methods
offer more rapid characterisation, but fail to capture spatial variations in the field.
Acousto-optic methods may capture such spatial variations, but cannot provide
quantitative measures of the field properties and rely on cumbersome, expensive

equipment.

In order to ensure the effective QA of HIFU transducers, it is important that a
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device is developed to facilitate rapid, accurate and inexpensive characterisation
of HIFU fields in a clinical setting. It has been shown that acoustic cavitation is a
prominent phenomenon in a host of therapeutic ultrasound applications. For HIFU
ablation, exploitation of the effects of cavitation may offer the ability to overcome
some of the shortcomings of the procedure, whilst providing a unique opportunity

for rapid spatial characterisation of the field.

With cavitation being primarily a pressure-driven phenomenon, mapping of the
extent of the cavitating region under different HIFU pressure amplitudes could ef-
fectively enable three-dimensional characterisation of the pressure field produced
by a clinical transducer. The primary aim of this work is thus to develop a three-
dimensional passive array-based cavitation sensor, capable of quantifying and lo-
calising cavitation activity induced by clinical HIFU systems over a range of excita-
tion conditions. In addition to its primary role as a QA tool, this device could also
be used to achieve a better understanding of cavitation instigation and cavitation

dynamics in Tissue-Mimicking Materials (TMMs) and ex-vivo tissue.

Recent work at the National Physical Laboratory (NPL) using a newly developed
single cylindrical PVDF element cavitation sensor (the NPLCS) has shown promis-
ing results for the characterisation of cavitating fields in ultrasonic cleaning vessels
(Hodnett and Zeqiri, 2008). The novel device facilitates quantification of spatially
averaged cavitation activity within the cylindrical volume which it encloses and can
be scanned throughout a field to map spatial variations. This thesis aims to build
upon the design of the NPLCS by developing a multi-element, cylindrical PVDF cav-
itation sensor that can map cavitation activity in three dimensions without the need

for a time-consuming and clinically impractical scanning procedure.

This chapter has described the pathologic basis of cancer, presenting the main

treatment options available to patients and introducing the plethora of promising
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therapeutic applications of ultrasound. HIFU has been shown to facilitate the non-
invasive ablation of malignant tissue, avoiding the complications associated with
the traditional treatment options of open surgery, radiation therapy and chemother-
apy. The progression of HIFU from laboratory to clinical application does, however,
require significant innovation. In particular, accurate, standardised QA procedures

must be established, a need which motivates the present work.

The following chapter details the underlying principles of HIFU therapy, explor-
ing the physical mechanisms responsible for HIFU-induced tumour ablation and
the role that acoustic cavitation has to play in enhancing focal heating rates and
providing a means for remote mapping through observation of acoustic emissions.
The principle of the proposed cavitation-based pressure mapping tool is explained
in more detail, along with a review of conventional ultrasound imaging and passive
mapping techniques. The key aspects of array design are also considered, forming

the basis of the work presented in the subsequent chapters.

Chapter 3| first explores the viability of cavitation-based pressure mapping in
two dimensions. Initial results demonstrate the proposed technique using an ar-
ray of needle hydrophones to map a growing cavitation region. Methods are then
developed for the use of a medical diagnostic linear array to image cavitation activ-
ity in the HIFU focal planes. The measured distribution of activity is correlated with
predicted results and a clinically applicable procedure is proposed for rapid, two-
dimensional HIFU QA. The results from this chapter eventually inform the design
of a cylindrical array intended for three-dimensional reconstruction of a cavitating

region, thus enabling more complete characterisation of the insonating field.

Chapter[4proposes a novel, multiple-layer method of construction of the three-
dimensional array to allow accurate placement of the sensor elements in a man-

ner that eliminates sensitivity to acoustic signals along the electrode path. Tech-
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niques for characterising the behaviour of piezo-electric devices are considered and
an analytic model developed to predict the frequency-dependent sensitivity of the
array. This is subsequently compared to finite-element solutions and experimental

results.

The design and validation of a prototype cylindrical array is outlined in Chap-
ter[5| Initially, a first-generation sensor supplied by NPL is modelled computation-
ally and evaluated experimentally. This informs the numerical optimisation of a
second-generation array which, together with the findings of Chapter |4, yields a
functioning multiple-element three-dimensional cavitation sensor. Experimental
validation of the second-generation design ensues, offering useful insight into the
design of arrays with similar construction and providing a strong foundation for fu-

ture work into cavitation-based HIFU QA.

On the basis of these results, Chapter[6|suggests a number of applications of the
developed cavitation mapping system, along with potential design improvements,

and summarises the key findings of the thesis.
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THEORY OF ULTRASOUND

The therapeutic applications of ultrasound are widespread; however, in general, each
treatment is governed by the basic physics of sound propagation. This chapter considers
the fundamental relations describing both linear and non-linear sound propagation, fol-
lowed by an explanation of the mechanisms by which HIFU insonation results in localised
heat deposition. In particular, the role of acoustic cavitation is explored, with attention
paid to the distinctive frequency spectra of radiated acoustic emissions. By remotely de-
tecting such emissions, not only is it possible to identify the type of activity that is occur-
ring, but also to localise its source, offering the potential for cavitation-based HIFU QA - a
concept which is explained in detail here. Finally, this chapter considers the basic princi-
ples of imaging and array design, used to inform subsequent modelling and experimental
work.

During HIFU therapy, an extracorporeal or intracorporeal transducer is used
to generate a focused ultrasound field centred on the intended treatment site. An
alternating voltage applied to the transducer face causes thickness oscillations in
the piezoelectric material from which it is made, resulting in pressure perturba-
tions (sound) in the surrounding medium. These pressure perturbations propagate
throughout the medium in the form of a longitudinal wave with frequency equal
to that of the driving voltage of the transducer. In a way analogous to the focusing

of light, the ultrasound waves emanating from each point on the transducer face
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Figure 2.1: Schematic showing the principles of HIFU therapy with typical axial
HIFU pressure profile. An extracorporeal HIFU transducer focuses ultrasound ra-
diation deep within the targeted tissue, leading to highly localised heating and re-
sultant cell death via thermal necrosis within the focal region.

are focused to a small volume where constructive interference results in a region of
much higher pressure magnitude than elsewhere in the field, as shown in Figure[2.1}
These large amplitude pressure fluctuations at the focus of the HIFU field give rise
to energy deposition via viscous absorption, resulting in heating of the targeted tis-

sue and cell death via coagulative necrosis (Wu et al., 2001).

This chapter explains in detail the physical principles behind these processes,
from simple, linear sound propagation to the more complex effects of HIFU-
induced cavitation. The principles of ultrasonic imaging for the purpose of passive
acoustic mapping are thence presented, providing the framework for the proposed

cavitation-based QA technique.
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2.1 LINEAR SOUND PROPAGATION

In essence, sound is a waveform consisting of density variations in an elastic
medium, propagating away from a source (Leighton, 1994). Sound therefore rep-
resents the transmission of mechanical energy and relies on both the elastic and
inertial properties of the medium through which it propagates. Ultrasound refers
to sound at frequencies above the upper limit of human hearing (20kHz) and, for
HIFU, frequencies in the range 0.8-3.5MHz are typically employed. In the case of
small perturbations in pressure and density, the equation of continuity, the mo-
mentum equation and the equation of state can be combined to give the linear wave

equation

Fpt) _ 5o

———=c"Vp, 1), 2.1)
ot? P
where p is the pressure perturbation from ambient conditions, r is the vector posi-
tion, ¢ is the time and c is the speed of sound in the medium. The speed of sound

can be related to the compressibility k and density p of the medium by
1
¢=—. 2.2)
The solution to the linear wave equation in one-dimension is a harmonic plane
wave, periodic in both space and time, which propagates with both forwards and
backwards travelling components. The pressure variations induced by a harmonic

plane wave can be described as

p(z,t) = poe ' @ixka), 2.3)

where pg is the ambient pressure, w is the angular frequency of the source, k =
27 f/c is the wave number and z is the distance travelled along the axis of propa-
gation. This equation is, however, only valid for small perturbations in pressure and

density.
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2.2 NON-LINEAR SOUND PROPAGATION

As the excitation amplitude increases, local fluctuations in pressure and density be-
come more significant. For a plane wave, the pressure and particle velocity are in
phase, and so the wave travels faster in regions of positive local velocity (compres-
sive regions) and slower in regions of negative local velocity (rarefactive regions).
This leads to the gradual steepening of initially sinusoidal waveforms, the effect
increasing with amplitude, frequency and propagation distance. In the Fourier
domain, this has the effect of increasing the higher harmonic components of the
original waveform, as can be seen in Figure (Filonenko and Khokhloval [2001;

Khokhlova et al.,[2006).

Representing non-linear wave propagation mathematically is not a trivial ex-
ercise and, in practice, requires computational solution. For the special case of a
directional axisymmetric wave, non-linearities may be described by the Khokhlov-

Zabolotskaya-Kuznetsov (KZK) equation

’p c(azp lap) 5 p B 0*p?
===+t |+t—=—=+ ,
0zt 2\0r2 ror) 23013 2pcd 072

(2.4)

where r is the radial distance from the centre of the beam, 7 = t — z/c is the retarded
time, z is the axial coordinate, p is the density of the medium, ¢ is the sound diffu-
sivity and f the non-linearity coefficient of the medium (Humphrey, 2000). An im-
portant material property in relation to HIFU therapy,  describes the non-linearity
of the medium, and is calculated as the ratio of the coefficients of the first and sec-

ond order terms of the Taylor series expansion of the equation of state P = P(p, ),

where
/ 2 \3
p:A(%)+§(%) +§(%) .o (2.5)
and
,6:1+%. (2.6)
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Figure 2.2: Graphical representation of a sinusoidal pressure wave and a resulting
shock wave following non-linear propagation with corresponding frequency spec-
trum. Non-linear effects increase the higher harmonic components of the wave-
form, which are then more readily attenuated by the medium.

Though water and the majority of tissue-mimicking media have comparatively

low coefficients of non-linearity ( = 5.0), biological media, in particular those with

high lipid content, generally have much higher values of § (Beyer,|1998). For HIFU

therapy, where pressure amplitudes in excess of 1MPa are regularly employed, non-

linearity has a significant effect and can lead to undesirable pre-focal heating due

to the frequency dependence of attenuation, discussed in greater detail below.
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2.3 ATTENUATION, ABSORPTION AND VISCOUS HEATING

As waves propagate through a medium, they experience losses due to attenuation.
Attenuation encompasses both absorption and scattering components represented
by the coefficients a, and a; respectively. Absorption describes the conversion of
mechanical energy to heat and comprises a variety of mechanisms including molec-
ular relaxation, thermal conductivity and viscous effects, whilst scattering refers to

losses experienced as a result of reflections from inhomogeneities in a medium.

The losses experienced by a plane wave propagating through a viscous material

can be accounted for as follows:
p(z’ t) — poe—aze—i(wtikz), (2.7)

where «a is the attenuation coefficient (a = a, + a;). Typically, in a pure viscother-
mal medium (with no scattering), attenuation, which consists solely of absorption
effects, is proportional to the square of the frequency (Hill et al., 2004). In tissue,
however, where scattering effects are significant, the frequency dependence of the
attenuation coefficient is found to be quasilinear and can be represented by a power

law model

a(f)=ap+ay f", (2.8)

where f is the wave frequency, n is a tissue dependent index (often n = 1.1) and
ap and a; are constants. Such frequency dependence suggests more pronounced

attenuation in non-linear fields, where higher frequency components are present.

In a homogeneous medium, the absorbed sound power density g;, representing
the resultant heat deposition from a plane traveling wave of intensity I, is given by
(Nyborg, 1981)

qs=2al. (2.9)
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Attenuation occurs throughout the ultrasound field; however, its heating effect
is greatest at the focus where the intensity is at its highest. Immediate thermal tox-
icity ensues providing temperatures are raised above a threshold of 56°C for more
than 1 second, leading to irreversible cell death via coagulative necrosis (Kennedy,
2005). Away from the focus, absorption may lead to tissue damage outside of the
intended treatment site. Pre-focal attenuation is a common problem for HIFU sur-
geons and can result in unpleasant skin burns for the patient (ter Haar, |2009). The
likelihood of this occurring can, however, be reduced by harnessing the effects of
cavitation-enhanced heating, which facilitates the use of lower insonating frequen-

cies and hence reduces the extent of pre-focal attenuation.

2.4 AcousTiIiC CAVITATION

Ultrasound-induced cavitation initially attracted the attention of researchers con-
cerned by the safety of diagnostic imaging (Miller, 1987; Miller et al., 1996; Holland
et al., [1996): observed to induce tissue damage, typically near gaseous interfaces,
cavitation was perceived as an undesirable phenomenon that should be minimised
to reduce patient risk (Barnett et al.,|2000). With the surge of interest in therapeutic
ultrasound applications in recent years, the desirability of acoustic cavitation has
been re-evaluated, resulting in cavitation being heralded as a possible solution to

many of the current shortcomings of HIFU therapy.

2.4.1 Cavitation Nuclei

At sufficiently large rarefaction pressure amplitudes, a propagating ultrasonic wave

may generate adequate tension within a medium to form gas and/or vapour filled
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cavities, in a process known as acoustically-induced nucleation (Coussios et al.,
2007a). In the absence of preferential nucleation sites, this process must overcome
the sizeable intermolecular forces that tend to hold the molecules of the medium
together, preventing the formation of cavities. In a pure liquid, surface tension is
the macroscopic manifestation of these forces, and the net energy W, required to
overcome the surface tension o within a liquid and form a bubble of radius R, is
given by

W=-naR*’c=— (2.10)

where Ap is the threshold negative pressure required to form a bubble of size R
(Brennen, 1995). To generate the angstrom-sized cavities typically seen in a phys-
iological environment, pressures in the region of 10MPa would thus be required.
Cavitation activity has, however, been observed at much lower pressures in vivo,
inferring the presence of pre-existing, stable nuclei (Coussios et al.,|2007a). These
nuclei are believed to be stabilised either by micron-sized crevices known as ‘motes’
or organic impurities accumulated on the wall of the bubble, inhibiting their disso-

lution (Leighton, 1994).

2.4.2 Bubble Behaviour

Once nucleated, the response of bubbles to a time-varying pressure field is termed
acoustic cavitation, and can be broadly classified into one of two categories: sta-
ble or inertial cavitation (Leighton, |1994). In the case of a spherical bubble subject
to a time-varying acoustic pressure, p, in an incompressible viscous liquid, radial

oscillations of the bubble wall may be described by the Rayleigh-Plesset equation

R}'{':_§R2+pg+pv_poo_pac_ 20 _4VLR

2 PL pLR R

, (2.11)
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where R is the bubble radius, pg and p, are the gas and vapour pressures of the
bubble, p, is the ambient pressure, o is the surface tension, v; is the kinematic
viscosity of the liquid and py is the liquid density (Plesset and Prosperetti, [1977).
The assumption of an incompressible medium becomes invalid for large amplitude

oscillations and is accounted for in the Keller-Miksis equation (Keller and Miksis,

1980)
Ry . 3 Ry. R\P R dP
(1——)RR+—(1——)R2:(1+—)—+——, 2.12)
c 2 3c c/p pcdt
where c is the sound speed and
20 4vR
P:pg+py—pm—?—?. (213)

During stable cavitation, bubble response is dominated by the last three terms
on the right hand side of Equation and is characterised by repetitive radial os-
cillation about an equilibrium radius. The extent of such oscillations is governed by
the gas compressibility and insonating intensity and frequency, and the equilibrium
radius about which they occur may change over time due to gradual dissolution, or
growth by a process known as rectified diffusion (Crum and Hansen, |1982). At suffi-
ciently large acoustic amplitudes, the inertial terms (R) in Equation dominate,
and bubbles undergo rapid isothermal expansion followed by violent adiabatic col-
lapse driven by the inertia of the in-rushing fluid. Such behaviour is termed inertial
cavitation and may result in high temperatures and pressures in addition to mi-
crostreaming and, in certain cases, sonoluminescence (Harvey, |1939; Liu and Wu,

2009). The two extremes of these oscillation regimes are illustrated in Figure

Despite the distinct differences between each cavitation regime, there actually
exists a gradual transition between the two, as illustrated in Figure The ini-
tial linear pulsations induced by a low amplitude insonating field progress to non-

linear, but periodic, oscillations as the driving amplitude is increased. A further in-
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Figure 2.3: A comparison of radial responses for stable (thick line, 0 MPa shear mod-
ulus) and inertial (thin line, 1 MPa shear modulus) cavitation behaviour (Yang and
Church), 2005).

crease in insonation amplitude leads to a so-called bifurcation zone, where a tran-
sition from periodic to non-periodic oscillation takes place by means of a series
of period-doubling bifurcations. Increasing the amplitude further still leads to a
stochastic zone in which oscillations are chaotic and devoid of periodicity (Ilyichev

et al.,(1989).

2.4.3 Cavitation Thresholds

It is useful to be able to distinguish between stable and inertial cavitation, since
each mechanism yields very different bio-effects. Despite the gradual transition that
exists between the two types of behaviour, a number of different criteria have been
used to try to pinpoint the pressure at which cavities previously undergoing stable

oscillations begin to collapse inertially. This pressure is called the inertial cavitation
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Figure 2.4: Maximal and minimal oscillation radii for a bubble excited with increas-
ing insonation amplitude. Bubbles are excited at fy/4 (Ry = 2 x 10~°m, f = 36kHz)
and the amplitude given is normalised against the static pressure (Illyichev et al.,
1989).

threshold and the three most common definitions used are:

* When the maximum bubble radius R, is approximately equal to twice the

initial radius (Flynn, 1975).

e When the maximum collapse temperature T}, . of the bubble reaches 5000K

(Apfel and Holland, [1991).

e When the bubble wall collapse speed surpasses the speed of sound in air

(Church, |[2002).

Inevitably, such specific criteria are not broadly applicable and rely upon accu-
rate knowledge of the material properties of the surrounding medium and the num-

ber density and size range of pre-existing gas nuclei. Based on the T, threshold
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Figure 2.5: Inertial cavitation thresholds for given frequencies in relation to initial
bubble radius (Apfel and Holland,|1991). Inertial cavitation occurs above the thresh-
old line at much higher acoustic amplitudes, where the inertia of inrushing fluid
leads to violent adiabatic collapse, whilst stable cavitation occurs below.

definition, Apfel and Holland were able to obtain expressions for the variation in
inertial cavitation threshold with initial bubble size for single-pulse ultrasound in
water, assuming all bubble sizes exist a priori. As Figure illustrates, cavitation
thresholds both increase with decreasing initial radius due to surface tension, and
increase with increasing radius due to inertial and viscous effects, indicating that

there is an optimal bubble radius at which the cavitation threshold is a minimum.

Unfortunately, equivalent relationships do not exist for biological tissue, in
which it is believed that a specific subset of bubble sizes are initially present, and the
pressures required to instigate inertial cavitation at different frequencies are poorly
characterised. Though the criteria outlined above are useful for determining upper
and lower bounds on the pressures required to initiate inertial cavitation, experi-

mentally it is the acoustic emissions from cavitating bubbles that provide valuable
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information about the particular cavitation regime.

2.4.4 Acoustic Emissions

The acoustic emissions from cavitating bubbles provide not only a means of quali-
fying cavitation activity, but also the potential to localise its source. It is possible to
remotely detect the emissions from a cavitating region by using a Passive Cavitation
Detector (PCD), a form of focused transducer usually aligned confocally with the
insonating HIFU transducer (Coussios et al., 2007b). By analysing the spectral con-
tent of the signal radiated from the cavitating region, it is possible to characterise

the nature of the activity that is taking place.

As was mentioned in Section non-linear propagation of the incident HIFU
wave results in redistribution of energy from the fundamental frequency, f, to
higher harmonics, that is to say, integer multiples of the fundamental frequency,
nfim(n=23,4,...;m=1). Any inhomogeneities in the insonated medium will
scatter these signals, resulting in equally spaced peaks in the corresponding fre-
quency spectrum of a PCD. If excessive heating occurs, large vapour-filled boiling
bubbles, whose presence is indicative of over treatment, may form. As excellent
scatterers of the incident sound wave, these bubbles will act to shield the focal re-
gion, resulting in pre-focal heating and significant harmonic content in the radiated
signal. As well as scattering the incident wave, the large boiling bubbles may them-
selves undergo non-linear radial oscillations, re-radiating integer multiples of the
driving frequency and further contributing to the harmonic content of the detected

signal (Leighton,|1994).

At higher insonation amplitudes, stably cavitating microbubbles can undergo

both non-linear radial oscillations and asymmetric shape oscillations. This results
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Figure 2.6: Frequency spectra representing acoustic emissions from the focal region
of an agar phantom insonated with a 1.067 MHz focussed transducer. Emissions
are recorded using a confocally aligned, 15 MHz PCD and are high-pass filtered at 5
MHz. The graph on the left shows the typical spectrum for stable cavitation, show-
ing discrete peaks at the harmonics and ultraharmonics of the driving frequency;
the graph on the right is indicative of inertial cavitation, displaying broadband noise
throughout the spectrum.

in the generation of harmonic (n = 2,3,4,...;m = 1), subharmonic (n = I;m =
2,3,4,...) and ultraharmonic (n = 2,3,4,...;m = 2,3,4...) emissions. Figure [2.6(a)
shows a typical stable cavitation frequency spectrum recorded using a confocally
aligned 15 MHz PCD and 1.067 MHz HIFU transducer arrangement. The radiated
signal is high-pass filtered at 5 MHz to remove the scattered components at the fun-
damental frequency and its low order harmonics that tend to saturate the received
signal. Clear, discrete peaks are visible at the harmonics and ultraharmonics of the
fundamental driving frequency, however, since non-linear scattering from inhomo-
geneities in the medium and boiling bubbles produces similar results, it is difficult

to isolate those emissions solely due to stable cavitation.

The acoustic emissions resulting from inertial cavitation exhibit an altogether
different form. The violent collapse driven by the inertia of the in-rushing fluid that

is indicative of inertial cavitation is of very short duration, and is therefore associ-
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ated with a correspondingly broad spectrum in the frequency domain. When de-
tected remotely using a PCD, this is seen as broadband energy well above the noise

floor, as can be seen in Figure2.6{(b).

Cavitation, therefore, has the effect of redistributing the energy content of the
insonating fundamental frequency to higher frequencies which, owing to the fre-
quency dependence of the attenuation coefficient & (Equation[2.8), are more readily
absorbed by the surrounding medium and converted to heat (Coussios et al., 2007a).
When combined with the increase in temperature due to compression of the bub-
ble’s contents and viscous heating at the bubble wall, this leads to significant tem-
perature rises and corresponding thermal necrosis of surrounding cells. Further-
more, this potentially enables the use of lower insonating frequencies to achieve

sufficient heating at the focus whilst reducing pre-focal tissue damage.

Most relevant to this study, the acoustic emissions from cavitating bubbles pro-
vide a means for classification and localisation of cavitation activity. Recent stud-
ies have shown that passive imaging techniques can be applied to localise cavita-
tion during HIFU exposure in two-dimensions, providing a viable means for in vivo
treatment monitoring (Gyongy and Coussios, 2009). Importantly, passive monitor-
ing of the acoustic emissions during HIFU exposure facilitates the precise identifica-
tion of an inertial cavitation threshold, defined experimentally as the pressure am-
plitude for which the standard deviation of the broadband content of the recorded
signal exceeds six times that of the noise floor. In TMMs of known composition,
it has been shown that such methods yield a repeatable peak negative pressure
threshold, beyond which broadband emissions of sufficient magnitude are reliably
observed. Figure shows a typical cavitation threshold plot for a 3% agar TMM
using a 1.067 MHz HIFU transducer and the experimental procedure detailed in

Section In this case, a clear cavitation threshold is seen at 1.52MPaprrp, be-
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Figure 2.7: Typical cavitation threshold measurement for a 3% agar TMM. Error bars
show standard deviations of recorded signal variance at seven spatially discreet lo-
cations within a single TMM. In this case, a clear threshold is seen at 1.52 MPapgrp,
beyond which broadband emissions are consistently observed.

yond which the variance of recorded acoustic emissions is of consistently higher

magnitude than the noise floor.

2.4.5 Cavitation-Based HIFU QA

Given the potentially beneficial bio-effects of cavitation for HIFU treatment, the
need for cavitation-based HIFU QA procedures is evident. The ability to quantify
and map cavitating fields in three-dimensions may also provide a clinically applica-
ble means of assessing the acoustic amplitude in a given HIFU field prior to HIFU
surgery. Figure[2.8outlines the principle upon which the proposed HIFU QA proce-
dure is based. For an insonation amplitude below the inertial cavitation threshold of
a suitable test medium, no cavitation region will be detected. As the insonation am-

plitude is increased, the area (or volume in three-dimensions) over which sources
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Figure 2.8: Monitoring pressure via mapping of the cavitation field. The size of the
cavitation region indicates the area where the acoustic amplitude exceeds the in-
ertial cavitation threshold. For a lower insonating amplitude (shown in green), the
region where the pressure exceeds the cavitation threshold is smaller.

of broadband emissions are detected will also increase. At a given insonation am-
plitude above the inertial cavitation threshold, the size of the corresponding cavita-
tion region is indicative of the region in which this threshold is surpassed. In effect,
the resulting cavitation map is an instantaneous ‘pressure snapshot’, highlighting
regions where the local peak negative pressure amplitude exceeds the cavitation

threshold.

Clearly, rapid deployment of cavitation-based methods for pressure mapping
would benefit greatly from the ability to map cavitation activity in two or three di-
mensions, which requires an array of passive receivers. To understand the concept

of a passive array-based cavitation sensor, it is instructive to first consider the prin-
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ciples of ultrasonic imaging.

2.5 PRINCIPLES OF ULTRASONIC IMAGING

Conventional two-dimensional ultrasound imaging is generally performed using
a B-mode imaging array and a process known as Dynamic Receive Beamforming
(DRB) to reconstruct an image from data received on each element of the array.
A diagnostic transmit pulse is emitted from a sub-aperture of the array and is re-
flected by features within the field of interest. The diagnostic pulse can be focused
to improve local sensitivity by applying appropriate time delays 7 ,,; to each element,

given by Equation[2.14] (for a linear array)

[r— (xr_xn)2+Z%]
Tnt = + 1o, (2.14)
C

where r is the distance from the origin to the focal point, r = /x2 + z2, x,, is the

“_.”

distance from the origin to the center of an element indexed as “n” (x,, = np, where
p is the element separation), and f, is a constant added to avoid negative delays

(Szabol 2004).

The reflected pulses are received across the sub-aperture of the array and an im-
age is formed using DRB. This process relies upon the depth of focus being relatively
close to the region of interest so that the transmitted pulses reach the reflecting sur-
face sufficiently in phase (Macovski, 1979). Received signals are amplitude weighted
using an apodization function (a form of windowing which may also be applied on
the transmitted pulse), and appropriately delayed and summed for each location in
the imaging plane. If a pulse is emitted from a central element (element 0 in Fig-
ure at time f, then the appropriate delay for the n’”* element is given by the

propagation time of the transmitted pulse to the imaged location and back to the
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Figure 2.9: Geometry for a linear array with n equally spaced elements. Received
signals at each element are amplitude weighted then summed with the appropriate
delay to determine the appropriate value for a given image location.

n'" element (as shown in Figure h . To image at a distance z from the central ele-
ment of a linear array with inter-elemental spacing p, the corresponding time delay

T,y is given by Equation(2.15

_ 1 5 5\ 1 (np)?
an—t0+z(zf+,/zf+(np) )~t0+z(22f+ 2Zf . (2.15)

The resulting image line I (z¢) is then given by

1 (nd)?
fo+— (2zf+ )) (2.16)
c 2Zf

Ir(zf) = ZanJ’n

where a, is the apodization for the n'" element. In this manner, for each trans-
mitted pulse, a number of foci are dynamically generated in reception, resulting in
an enhanced uniform resolution throughout the image without sacrificing the sys-
tem frame rate (Manes et al., 1988). The resulting amplitude along the image line is
then calculated by taking the absolute value of the analytic signal (determined us-
ing the Hilbert transform) and a two-dimensional image formed by arranging each
line in its correct geometrical orientation. This procedure works well for diagnos-

tic imaging, where precise timings of transmitted pulses are known. However, for
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the purpose of imaging acoustic emissions produced by collapsing bubbles during
Continuous Wave (CW) HIFU excitation, such timings are not available and passive
maps obtained using DRB (by setting the transmit pulse amplitude to zero) suffer
from high noise levels. Two-dimensional passive cavitation maps with suitable res-
olution and Signal-to-Noise Ratio (SNR) have, however, been achieved using a linear
array and a method originally proposed for seismological studies, known as Time

Exposure Acoustics (TEA) (Gyongy et al.,|2008;|Norton and Won, |[2000).

2.6 PASSIVE ACOUSTIC MAPPING

Passive imaging techniques have been in use for a number of years for geophysical
and oceanographic applications, using ambient noise as a constant source of illu-
mination to image subterranean or submarine features (Buckingham et al., 1992;
Potter, 1994). The use of such methods for biomedical applications, in particular
cavitation localisation, is, however, relatively new. TEA is one possible algorithm
for implementing passive imaging: new data is incorporated into the image in a re-
cursive fashion, which causes the image background noise to diminish over time
(Norton and Won, 2000). During passive cavitation imaging, broadband acoustic
emissions resulting from inertial cavitation manifest themselves as spatially corre-
lated signals over a receiving array. The coherent summation of these correlated sig-
nals over a number of time steps using an appropriate backpropagation algorithm
results in the relatively weak broadband sources growing in strength over time rela-
tive to the uncorrelated background noise. As a result, TEA improves upon the low
SNR experienced using passive DRB and facilitates accurate mapping of cavitating

fields.

Mathematically, the TEA procedure can be explained as follows. If u(ry, f) de-
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Figure 2.10: Geometry for the implementation of the Time Exposure Acoustics algo-
rithm, where r is the vector position of the imaging location (or pixel) and ry, is the
location of the n’" receiving element.

notes the field recorded at the n'”* element of a receiving array at position rp, then
an estimate of the signal, S(r) emitted at time, #; is given by
N
S(r) = Z U(ry, [r—ryl/c+ t)lr —ryl, (2.17)
n=1
where r is the vector position of the imaging location (or pixel) as shown in Fig-
ure and the |r—ry| term is included to compensate for signal loss due to spher-
ical spreading. Defining u, (r) = u(ry,|r —ral/c + tp)|r — ry|, Equation may be

written as

N
S@® =) un(r, ). (2.18)
n=1

Originally intended for imaging subterranean scatterers using ambient noise,
the method assumes that the received noise field is a random variable with zero
mean. This assumption is equally applicable to passive cavitation imaging and im-

plies that the statistical expectation of the source strength E{S(r)} is equal to zero,
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-10 0 10 -10 0 10
transverse distance(mm)

Figure 2.11: Passive acoustic mapping of disjoint (left) and continuous (right)
cavitation regions. Continuous regions were created within an agar TMM at
1.67MPaprrp, whilst disjoint regions were produced by insonating and agar TMM
with two talc suspension channels at 0.80MPaprrp (Gyongy and Coussios, 2010).

precluding the averaging of images on an amplitude basis. As a result, successive
realisations of images in the time domain are averaged on an intensity basis (i.e. by
averaging I(r) = |S(r) |2). This does, however, lead to the accumulation of a DC bias

over time which may be removed prior to computation of the mean image as follows

2 N
Y 1u™ ), (2.19)

n=1

") =

N
2 uy"(m)
n=1

where I (r) is the m'" realisation of the intensity image. The average of M images,

1(r) can then be calculated as follows

- | LA
mm:MZIuy (2.20)
m=1

Application of this algorithm to data acquired in an agar TMM using a linear

array has been shown to correctly identify both disjoint and continuous cavitation
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regions, as depicted in Figure (Gyongy and Coussios, 2010). The spatial reso-
lution of the reconstructed source maps is dictated by the Point Spread Function
(PSF) of the imaging system, defined as the response of the system to a point source

and explained further in the following section.

2.7 ARRAY DESIGN

2.7.1 Point Spread Function

The PSF of an imaging system gives an indication of the spatial resolution that may
be achieved with a given combination of reconstruction algorithm and array ge-
ometry. For a receive beamformer the PSF is defined for a source radiating with
frequency f, located at a focal position rg, as the ratio of the signal power received

from imaging locations r to the signal power received from the source location rs.

P(r, f)
P(rs, f)’

PSF(r,rxg, f) = (2.21)

In this section, a definition for the PSF of the TEA algorithm is given, following
similar derivation steps to several closely related studies(Gyongy, |2010; Mast,|2007).
For simple array geometries, such as the linear array used in Chapter |3, analytical
expressions may be developed to determine the PSF at a given imaging depth. How-
ever, for more complex array geometries, such as those introduced in Chapter[5, nu-
merical simulations may be used to estimate the response of the system to a point

source.

In line with the above definition of the TEA algorithm, an estimate of the source

strength, ¢(r, f), at an imaging location, r, may be reconstructed from N observa-
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tions of the received signal voltage, v, at receiver locations ry, as
4 N
qr,t)=— Z |r—rplv,(t+|r—rhl/0), (2.22)
N n=1
where s is a scaling factor that converts received signal voltage to pressure, which
here will be set to unity. In the frequency domain, the imaged source strength at a
point, r, for a source located at rg with strength Q,(f) may be expressed as
N
Qr, f) = ), ApCx—rn, )Va(f) exp(jklr—ral), (2.23)
n=1

Vi(f) = B(rs —rn, ) exp(— jklrs —rn) Qs(f), (2.24)

where A, is an apodization function that may be used to apply different weights to
receiver elements, B(r, f) is a term which describes spherical spreading, attenuation
and scaling of the focal source signal and C(r, f) is a compensation term, which in

the absence of noise may be considered as 1/B(r, f).

Combining Equations and yields
N
Qr, /) =Qs() ). Aiexp(jk(r—ryl—|rs—rnl). (2.25)
n=1

The source power, P(r, f), is then given by (Lighthill,[2005)

P, f)=

1 2
4M)()CI(Q(r, NI~ (2.26)

A general expression for the PSF of the TEA algorithm may then be found by

substituting Equations|2.25|and 2.26|into 2.21]

2
N

PSF(r,xs, f)=|)_ Aiexp(jk(r—rnl—Irs—ral))| . (2.27)
n=1

For the linear array used in Chapter |3} a number of simplifying assumptions may

then be used to provide an analytical expression for the PSF in both the transverse

and axial directions. Firstly, it is assumed that the linear array is focussed in the
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(x,0,z > 0) plane, which also contains the source. Secondly, the array is set to lie
in the x-plane, implying r, = (x,,0,0). Next, a spatially continuous apodization
function, A(l), is introduced to make the PSF expression integrable. In the limit
of infinite, uniformly weighted, point receivers with aperture, D, and zero element

spacing this function becomes
1
Al = BH(HD) (2.28)

1 forl/D<1
[1(l/D) = (2.29)

0 otherwise.

Finally, the second order binomial expansions of the modulus terms in Equa-

tion may be used to give
2

12 12
(x—D* (x—1D ))dl
2z 2Zg

PSF(r,ry, f) = ‘foo A(l) exp (jk( (2.30)

When considering the transverse resolution with the array correctly focussed in

the axial direction (z = z;), the PSF is then given as
o L 0x 2
PSF(0x,f) = f A(l)exp|—-jk—1|dl| , (2.31)
—00 Zs

where § x = x — x; and dimensions are considered sufficiently small for their squares

to be neglected (X2 ~ x? ~0).

By noting similarities with the Fourier transform, it may be shown that the trans-

verse PSF of a linear array using the TEA algorithm is then given by
) ( Dkéx )
sinc
2T Zg

Similarly, the axial resolution may be determined from Equation 2.30 by con-

2

PSF(bx, f) = (2.32)

sidering the focus to be correctly aligned with the source (x = x; = 0), yielding

2
. (2.33)

PSF(z,z, f) = ’foo A(l) exp (]k% (% — i) 12) dl

Zs
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Figure 2.12: Transverse (a) and axial (b) PSF of a 38 mm aperture linear array imag-
ing a source at a dept of 40 mm using the TEA algorithm. At this depth, -3 dB trans-
verse and axial resolutions are estimated as 0.2 mm and 1.1 mm respectively.

If small axial deviations 6 z = z — z; are considered, then

1 1 zy—z 0z

= ~—-—, (2.34)
z  ZzZs ZZg z2

which may be substituted into Equation to give
2

2 D/2 ) oz )
PSF(bz, f) = —f exp|jk—17|dl (2.35)
.D 0 ZZS

By using the definition of the Fresnel integral (Mast, |[2007)

3 il?
F(©) = f exp (L) di, 2.36)
0 2
solutions may then be found in the form

2
D kdz

F (5 7)

Zs

Equations and therefore provide a means for simulating the transverse

PSF(0z, f) = (2.37)

and axial PSF of a linear array, which give a useful theoretical prediction of the -3

dB resolution that may be achieved at a given imaging depth. Figure shows the
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output of these expressions evaluated at a source depth of 40 mm, which is consis-
tent with the configuration used in Chapter|3| At this depth, when imaging a 7.5
MHz source, -3 dB transverse and axial resolutions are estimated as 0.2 mm and 1.1

mm respectively.

For more complex array configurations, such as those considered in Chapter 5}
analytical expressions for the PSF cannot be easily formed and numerical simu-
lations of the array response to a point source may be used estimate the imaging
resolution. Regardless of geometric complexity, there are, however, several general

considerations that should be noted regarding the design of a given array geometry.

2.7.2 Array Geometry

Passive acoustic mapping of cavitating sources is a relatively new concept. As such,
the principles of array design for this purpose are presently poorly defined. A wide
variety of ultrasonic arrays have, however, been proposed for conventional diag-
nostic medical imaging and therapeutic ultrasound applications. At present, the
majority of diagnostic imaging arrays in clinical use are one-dimensional linear ar-

rays which use a DRB method to image a two-dimensional plane.

Two-dimensional arrays have been developed more recently to facilitate three-
dimensional ultrasonic imaging (Light et al., 1998; von Ramm, 2000). For thera-
peutic applications, concentric ring designs have been proposed to allow variation
in depth of focus for hyperthermia therapy, whilst spherical arrays have been de-
signed to steer focal regions significantly far off-axis (Cain and Umemura, (1986;
Sokka et al., 2003). Despite the variety of applications, two criteria tend to dominate
array design. Firstly, the inter-element spacing should be less than half the wave-

length in the propagating medium to avoid constructive interference away from the
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intended focus, resulting in unwanted “grating lobes” (Szabo, 2004). Secondly, ele-
ments should be small enough so that the emitted ultrasound field covers the entire
volume in which focusing, or indeed imaging, is required. Furthermore, each indi-

vidual application will impose its own constraints upon the array design.

Chapters[4]and[5|explore array design in detail, specifically in the context of cav-

itation detection in three dimensions during HIFU exposure.

2.8 GAPIN KNOWLEDGE

HIFU therapy offers a promising alternative to the numerous invasive procedures
currently used to treat malignant tissue. However, it is clear that standardised QA
methods are required before the technique is widely accepted as a viable treatment
option. Chapter [3|presents, for the first time, an implementation of passive acous-
tic mapping for the purpose of HIFU field characterisation. This is achieved with
sufficient accuracy in two dimensions using a readily available medical diagnostic
linear array, providing a technique suitable for immediate implementation in a clin-

ical setting.

Complete HIFU field characterisation using a linear array requires significant
user intervention, as demonstrated in the following chapter. Three-dimensional
passive cavitation mapping is a novel concept and, as such, requires an overhaul of
preceding array designs. In particular, digression from a linear array requires an in-
ventive approach to sensor construction, informed by novel modelling techniques
to determine the resulting frequency response of the array and optimise the array
configuration. Chapters/4|and [5/seek to address these issues, providing experimen-

tal validation where necessary.
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It is intended that the resultant device will form part of a world-leading HIFU
characterisation facility located at the Institute of Cancer Research (ICR), and will
provide new insight into the dynamics of HIFU-induced cavitation and its role in

improving the efficacy of HIFU therapy.
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TwWO-DIMENSIONAL
CAVITATION-BASED PRESSURE
MAPPING

This chapter demonstrates how an array of receiving elements may be used to map a distri-
bution of cavitating sources in two dimensions. Preliminary experimentation with a circu-
lar array of four needle hydrophones provides a simple proof-of-concept that the observa-
tion of broadband emissions facilitates mapping of a growing cavitation region. The subse-
quent use of a medical diagnostic linear array increases the number of channels available
on receive and, therefore, yields images of higher spatial resolution. Furthermore, corre-
lation of the extent of the cavitation region with the HIFU insonation amplitude confirms
that cavitation-based pressure mapping is a clinically viable QA procedure.

Inertial cavitation has an important role to play in the progression of HIFU from
laboratory to regular clinical use. Key to its success is the development of reliable
and practical QA methods. At the very heart of the present work is the fact that, for a
TMM of known composition, there exists a well-defined, repeatable threshold Peak
Rarefactional Focal Pressure (PRFP) beyond which inertial cavitation is instigated
and broadband acoustic emissions are consistently observed. By detecting the ra-

diated broadband emissions across an array of receiving elements, passive imaging
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techniques, such as those described in Section may be applied to reconstruct

the spatial distribution of the cavitation region.

In this chapter, a proof-of-concept experiment is initially presented wherein an
array of four needle hydrophones is used to detect the emissions from a cavitat-
ing region within an agar TMM. The emissions recorded from exposures of increas-
ing insonation amplitude are then used to map the evolution of the cavitating re-
gion and hence show that the concept of cavitation-based pressure mapping is with
merit. Following this, the experimental setup is adapted to instead allow passive
data acquisition of cavitation emissions across 64 channels of a 128-element medi-
cal diagnostic linear array. In doing this, it is possible to reconstruct the extent of the
cavitation region with high spatial resolution in the elevation, axial and transverse
focal planes. The results are used to monitor both the distribution and evolution
of cavitation activity during HIFU exposure, which may then be contrasted with
the expected behaviour as derived from hydrophone-based transducer character-

isation.

3.1 CIRCULAR HYDROPHONE ARRAY

3.1.1 Experimental Setup

Figure 3.1| shows a schematic of the setup for the initial experiment using a circu-
lar hydrophone array. All exposures were carried out in an acrylic tank filled with
filtered, deionised and degassed water that is well-matched to the acoustic proper-
ties of both tissue and TMMs, making it an ideal transmission medium. Below, each
of the components of the experimental setup are described in more detail. Impor-

tantly, many of these components are used in the subsequent sections and chapters,
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Figure 3.1: Schematic of the setup for the proof of concept experiment. All experi-
ments are carried out in an acrylic tank filled with filtered, deionised and degassed
water.

and the reader is invited to refer back where necessary.

3.1.1.1 HIFU Generation

HIFU transducers come in many shapes and forms, each with a specific fundamen-
tal frequency of oscillation and a unique beam profile dictated by the transducer
geometry and its driving conditions. In the present work, HIFU pulses were gen-
erated using a rigidly-supported, single-element, piezo-ceramic HIFU transducer
(Sonic Concepts H102), spherically focused (64 mm active diameter, 62.64 mm fo-
cal length) to form a narrow focal region that is remote from the source. The trans-
ducer (shown in Figure was driven at its fundamental frequency by a function
generator (Agilent 33220A), the output of which was amplified by a 55 dB fixed-gain
broadband amplifier (ENI A-300), and passed through an impedance matching net-

work prior to reaching the transducer.
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Figure 3.2: Spherically focused HIFU transducer (Sonic Concepts H102) with central
cylindrical void for coaxial alignment of a PCD.

In the following experiments, the HIFU transducer was driven at its fundamental
frequency of 1.067 MHz to produce 5-cycle, sinusoidal pulses with increasing focal
insonation amplitudes, varied from 2.54 MPapgpp to 5.52 MPaprrp at 0.36 MPaprrp
intervals. The pulse length (5-cycles) was chosen since it allowed sufficient time for
the transducer to ramp to its steady state amplitude whilst remaining short, so as
to increase the likelihood of observing a single cavitation event. A calibration pro-
cedure was carried out using a needle hydrophone (Onda HNA-0400) aligned at the
HIFU focus, in order to deduce the correlation between the electrical signal input
and the PRFP. Figure|3.3|depicts this relationship, which is extrapolated beyond the
limit of safe operation of the hydrophone to estimate focal pressures at higher input

amplitudes.

Additional hydrophone-based characterisation revealed the focal length of the
transducer to be 62.64 mm and the -6 dB beam diameter and axial length to be 2.02

mm and 14.55 mm respectively, as illustrated in Figure[3.4]
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Figure 3.3: Calibration curve for the 1.067 MHz HIFU transducer. Focal pressures
were recorded at 5 Vi intervals using a 400 um needle hydrophone immersed
in deionised and degassed water at 21°C. The regression line has been extrapolated
to span the full range of safe transducer operation.
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Figure 3.4: Normalised longitudinal and transverse pressure profiles of the HIFU
transducer, with both planes intersecting at the focal maximum.
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3.1.1.2 Passive Cavitation Detection

The notion of passive cavitation detection was introduced in Section A PCD
is a spherically-focused ultrasound transducer (Olympus Panametrics V309) used
to passively detect the broadband emissions emanating from the focal region of a
HIFU transducer. In the present work, a 15 MHz PCD with a focal length of 75 mm
and active diameter of 13 mm was placed coaxially to, and confocally aligned with,
the HIFU transducer. This PCD was chosen due to its centre frequency lying well
above that of the HIFU transducer, thus enabling the system to be tuned to detect
the broadband acoustic emissions indicative of inertial cavitation. However, some
sensitivity remains at lower frequencies, necessitating the use of a 5 MHz high-pass
filter prior to amplification of the PCD signal to avoid saturation by the scattered

fundamental frequency component and its harmonics.

3.1.1.3 Tissue-Mimicking Material

TMMs are regularly used for laboratory-based HIFU experiments, since they facili-
tate repeatable, accurate characterisation of the response to HIFU insonation with-
out the expense and time-consuming handling procedures associated with biolog-
ical tissue. Since the majority of tissue is comprised of water, this might initially
be considered an appropriate, simple test medium. However, in contrast to water,
tissue exhibits significant elasticity, introduced by the presence of proteins such as
elastin in the extracellular matrix. The resulting viscoelastic behaviour of tissue has
a notable effect on cavitation dynamics (Yang and Church), 2005) and it is therefore
important that this property is also exhibited by a TMM. Furthermore, the viscoelas-
tic nature of the medium prevents movement of cavitating bubbles within the ultra-

sound field due to acoustic radiation force, facilitating reproducible detection and
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Table 3.1: Summary of the acoustic properties of water, agar and tissue. The speed of
sound and attenuation of water were taken from (Del Grosso and Mader, |1972; Kaye
and Laby, 1995), whilst agar and ox liver properties were measured by JRT Collin
and M Gyongy respectively (Collin, 2009; Gyongy, 2010). All attenuation coefficients
correspond to 1.067MHz insonation.

Material Density Speed of sound Attenuation
(g/ml) (m/s) (Np/m)
Pure water 1.00 1482 0.03
(20°C)
3% Agar 1.10 1489 0.11
(20°C)
Soft tissue 1.05 1615 7.38

(ox liver, 37°C)

mapping.

In this instance, the TMM was also required to 1) have a repeatable cavitation
threshold and 2) have sufficient rigidity to be supported by the array mounting de-
scribed in Section[3.1.1.5] By referring to previous literature (Burlew et al.,[1980), a
3% agar TMM was selected, having adequate viscosity, a high melting point (78°C)
and tuneable sound speed. This TMM is also stable under the thermal loads applied
during HIFU insonation, and can be easily cast into the desired form. Table[3.1]lists
the acoustic properties of the chosen TMM, along with those of water and soft tissue

for the purpose of comparison.

The procedure for preparing the agar TMM is outlined below:

* Add 9 g of Invitrogen Ultrapure™Agarose-1000 to 300 mL of deionized water.
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* Mix continuously using a magnetic stirrer and heat to 85°C until all of the

agarose powder has dissolved.

e Maintain the temperature of the mixture above 37°C and degas at -0.8 bar for

30 minutes.

* Pour into a suitable mould (a cylindrical PVC mould was used for the experi-

ment detailed here) and refrigerate overnight to allow the agar to set.

It is worth noting that the TMM composition specified above is adapted later
in this chapter to improve cavitation levels for the purpose of augmenting the ob-

served SNR for cavitation-based pressure mapping experiments.

3.1.1.4 TMM Cavitation Threshold Characterisation

Accurate knowledge of the threshold PRFP required to initiate inertial cavitation is
key to the success of the proposed HIFU QA system. Cavitation thresholds were
measured using the experimental configuration shown in Figure Labview soft-
ware was used to remotely control a function generator driving the 1.067 MHz HIFU
transducer with 5-cycle, sinusoidal bursts of different PRFP amplitudes at its fun-
damental frequency, with the HIFU/PCD focus acoustically positioned at a depth
of 10 mm within the TMM. The software was also used to control the simultaneous
acquisition of data from the 15MHz PCD. Analogue signals from the PCD were high-
pass filtered (5 MHz cut-off), amplified using a dedicated 28 dB amplifier (Stanford
Research Systems SR445A), and digitised using a 100 MHz, 14-bit Data Acquisition

(DAQ) card (National Instruments PCI-5122).

The inertial cavitation threshold was defined as the PRFP beyond which the

standard deviation of the detected broadband emissions exceeded six times that of
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Figure 3.5: Schematic of the experimental setup used for determining TMM cavita-
tion thresholds. A coaxially positioned, confocally aligned PCD is used to passively
detect radiated broadband emissions resulting from HIFU-induced inertial cavita-
tion.

the ambient noise (measured from the recorded PCD trace during periods of HIFU
off-time). Figure shows the resulting plot of the mean and standard deviation
of the PCD signal variance versus focal pressure amplitude for a range of threshold
measurements acquired at seven spatially distinct locations throughout a 3% agar
TMM. As per the above definition, the cavitation threshold is clearly identifiable at

1.52 MPapRFp.

3.1.1.5 Hydrophone Array

The viability of the proposed HIFU QA system was tested using an array of four nee-
dle hydrophones, arranged circumferentially around a cylindrical TMM with 45° an-
gular spacing between each needle. A perspex mount was machined to hold all four
hydrophones in place, as well as the TMM, such that each needle extended radially
in the transverse mid-plane of the cylindrical TMM (see Figure[3.7). In its mid-plane,
the TMM was unsupported and in direct contact with water, providing a 20 mm
window to allow any radiated emissions to propagate to the receiving hydrophones

without reflection.
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Figure 3.6: Cavitation threshold plot for a 3% agar TMM (above). Error bars show
standard deviations of recorded signal variance at seven spatially discreet locations
within a single TMM. A clear threshold pressure can be observed at 1.52 MPappgrp,
where the PCD signal variance rises above the noise floor as can be seen in the cor-
responding PCD time trace (below).

Each of the four hydrophones listed in Table comprises a piezo-polymer
disc supported on the end of a needle of unique length. After inserting each hy-
drophone into the mount, the distance between the tip of the needle and the inner
edge of the mount was measured using vernier callipers, allowing accurate locali-
sation of the active element. Prior to testing, the array was acoustically aligned to

ensure that the transverse HIFU focal plane was coincident with the imaging plane.

During experimentation, the HIFU transducer was held in a fixed position,
whilst the hydrophone/TMM mount was supported by a three-axis motorised po-
sitioning system. Alignment of the two was achieved using the PCD, mounted in-

side the HIFU transducer and driven by a pulser receiver (JSR Ultrasonics DPR300).
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Figure 3.7: Hydrophone array configuration used for proof-of-concept experiments.
The four needle hydrophones were arranged circumferentially around a cylindrical
TMM with 45° angular spacing between each needle. Once placed inside the test
tank, the HIFU transducer was aligned coaxially with the TMM and the radiated
emissions were detected in its mid-plane by the needle hydrophone array.

Table 3.2: Summary of the details of the hydrophones used in the four element array

Manufacturer Part Number | Element Diameter
Precision Acoustics HPMO05 500 ym
Precision Acoustics HPMO075 75 um

Onda HNA-0400 400 ym
Onda HNA-0400 400 ym

Cavitational Methods for Characterising and Testing Clinical High-Intensity Focused Ultrasound Systems 66



Stuart R. Faragher 3.1. Circular Hydrophone Array

Monitoring of reflections from the surface of the TMM thus enabled accurate po-
sitioning of the hydrophone/TMM mount in the axial direction, ensuring that the
transverse HIFU focal plane was coincident with the transverse mid-plane of the hy-
drophone/TMM arrangement. The mount was subsequently scanned in the trans-
verse (x and y) directions to locate its perimeter (characterised by an increase in
amplitude of the reflected signal received by the PCD). Once the positions of op-
posite edges in the x direction had been determined, the device was translated to
the midpoint of these x co-ordinates. This procedure was then repeated in the y

direction to locate the centre of the hydrophone/TMM arrangement.

All hydrophones were connected via inbuilt pre-amplifiers and DC coupling cir-
cuits to an oscilloscope (LeCroy Waverrunner 44Xi) for data acquisition. The os-
cilloscope was configured to simultaneously acquire 200 us of data from each hy-

drophone at a sample rate of 100MS/s at the start of each HIFU pulse.

3.1.1.6 Signal Processing

Prior to the generation of cavitation maps from the recorded hydrophone emissions,
two key signal processing procedures were undertaken. Firstly, variability in the
frequency-dependent sensitivity of the hydrophone array elements was accounted
for. To do this, data was transformed to the frequency domain using the Fast Fourier
Transform (FFT), and the appropriate scaling factor applied as per the frequency-

dependent sensitivity calibration supplied by the manufacturer.

Secondly, the data was digitally filtered using a 5 MHz cut-off high-pass filter, as
justified in Section |3.1.1.2} prior to conversion back to the time domain using the
Inverse FFT (IFFT). The TEA algorithm was then applied to the scaled and filtered

data to generate source maps at each insonation amplitude. The following section
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presents the results from this analysis.

3.1.2 Cavitation Maps

The results of the proof-of-concept hydrophone array experiment are summarised
below. Figure shows the reconstructed source maps for exposures of increas-
ing insonation amplitude computed via application of the TEA algorithm to the re-

ceived broadband emissions on each element of the hydrophone array.

The reconstructed source maps show a clear region of activity near the centre of
each image, indicative of a cavitating region. Importantly, as the insonation ampli-
tude increases, so too does the size and amplitude of the mapped cavitation region.
In the orientation of Figure[3.8] the four needle hydrophones are located in the bot-
tom half of the image. Towards the top half of each image, and more noticeably
at higher insonation amplitudes, there is a region of shadowing, where the limited
span of the array reduces our ability to accurately map sources further away from
the receiving elements. Clearly, the final array design will need to span the circum-
ference of the focal volume in order to avoid such issues; however, the results pre-
sented here demonstrate that, even with a limited number of receiving elements,
it is possible to map the evolution of a cavitating region with increasing insonation
amplitude. This confirms the potential of the proposed HIFU QA system, which

naturally leads to the use of more receiver elements for improved accuracy.

3.2 MEDICAL DIAGNOSTIC LINEAR ARRAY

Ultrasound imaging arrays form part of the basic diagnostic equipment held by al-

most all hospitals in the developed world. This section builds upon the findings
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Figure 3.8: Cavitation maps reconstructed from the broadband emissions ob-
served by the hydrophone array during HIFU exposure at 2.54 MPapgrpp (a), 3.34
MPaprrp (b), 4.43 MPapgrrp (c) and 5.52 MPapgpp (d). In the orientation shown,
the needle hydrophone array spans the bottom half of each image. All cavita-
tion maps are shown on the same colour scale. As the insonation amplitude

increases, so too does the size and amplitude of the reconstructed cavitation
region.
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using the hydrophone array to demonstrate how a relatively inexpensive diagnostic
linear array may be used to map cavitation activity within a modified TMM. As well
as motivating the work of the following chapters, in which an array is developed
to facilitate three-dimensional cavitation mapping, this section presents a viable
method for rapid, two-dimensional HIFU QA using readily available hardware with

minor software modifications.

For the work described here, 64 elements of a 128-element diagnostic linear ar-
ray (Zonare L10-5) were used to passively observe the acoustic emissions from a
cavitating region within a modified 3% agar TMM. By significantly increasing the
channel count from that which was used in the previous section, higher spatial res-
olution is achieved. Furthermore, adjusting the orientation of the array allows cav-
itation maps to be reconstructed in the elevation, axial and transverse focal planes,
resulting in more complete characterisation of cavitation activity at each insonation

amplitude.

3.2.1 Experimental Setup

Figure shows a schematic of the setup used for the linear array experiments.
Though similar in appearance to the hydrophone array experiment, there are sev-
eral key differences, each of which are explained in detail below. Most notably, here
acoustic emissions were detected by the linear array, arranged in either an axial,

transverse or elevation orientation as indicated in Figure[3.10]

3.2.1.1 HIFU Generation

In the experiment described below, the transducer driving electronics were identi-

cal to those used in the previous experiment; however, in order to accommodate
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Figure 3.9: Schematic of the experimental setup used for the linear array experi-
ments. Many of the components are similar to those used for the hydrophone array
experiment; however, here a linear array is introduced to provide improved spatial
resolution and allow imaging in the elevation, axial and transverse focal planes.

the linear array for mapping in the elevational plane an alternative, 1.06 MHz HIFU
transducer with a rectangular central opening was used. The transducer, shown in
Figure was characterised using a needle hydrophone to determine both the
absolute relationship between electrical signal input and PRFP, and the spatial dis-

tribution of the pressure field.

An absolute calibration was obtained using a 400 ym needle hydrophone (Onda
HNA-0400) acoustically aligned at the HIFU focus. The robust design of the hy-
drophone ensured damage was not incurred at the high focal pressures generated
by the transducer; however, data could only be acquired up to 3.02 MPapgrp, be-
yond which cavitation was observed and the calibration was blighted by secondary
acoustic emissions. The transducer supply voltage, comprising a 1.06 MHz, 5-cycle,
sinusoidal burst, was varied from 5 Vi px t0 130 Vi pi at 5 Vi p intervals, yield-
ing the relationship shown in Figure[3.12] Several acquired waveforms are also dis-
played, indicating a clear departure from linearity at 93 Vi, beyond which the

PRFP is significantly smaller than the observed peak positive pressure. Since it is the
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Figure 3.10: Linear array configuration for each of the imaging planes. The ge-
ometry of the imaging planes are shown in (a), whilst the orientation of the array
for elevation, axial and transverse mapping is shown in (b), (c) and (d) respec-
tively.

PRFP that is believed to dictate the nature of the cavitation activity, accurate knowl-
edge of its dependency on the supply voltage is key to the success of the proposed
cavitation-based HIFU QA system. For the range of HIFU input voltages and focal
pressures employed in this study, the second order polynomial shown in Figure[3.12]
provides a sufficiently accurate fit (coefficient of determination, R?=0.9997), en-

abling prediction of the PRFP at the highest applied supply voltages.

Spatial calibrations were achieved using a 75 pym needle hydrophone (Precision

Acoustics HPMO075), scanned throughout the focal volume with 0.25 mm spacing in
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Figure 3.11: Spherically focused, single-element, 1.06 MHz HIFU transducer with
rectangular void to accommodate the linear array for imaging in the elevation plane.
The rectangular void results in discontinuous side-lobes as that can be seen in the
spatial calibration shown in figure Figure[3.13]
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Figure 3.12: Calibration curve for the 1.06 MHz HIFU transducer. Focal pressures
were recorded at 5 V., intervals using a 400 um needle hydrophone immersed in
deionised and degassed water at 21°C. A departure from linearity becomes obvious
around 93 V¢ pk, beyond which the PRFP is significantly smaller than the observed
peak positive pressure.
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Figure 3.13: Normalised three-dimensional spatial calibration of the 1.06 MHz HIFU

transducer. The rectangular void results in discontinuous side-lobes that are clearly
visible in the transverse focal plane (see Figure|3.14).

the transverse and elevational directions, and 0.5 mm spacing in the axial direction.
The resulting volumetric pressure profile, shown in Figures and [3.14} was then
used in conjunction with the absolute calibration to determine the size of the region
where the PRFP surpassed the cavitation threshold of the TMM, hence facilitating

prediction of the spatial distribution of the cavitating field.

When insonating the TMM during cavitation mapping experiments, the HIFU
transducer was driven at its fundamental frequency with 5-cycle, sinusoidal pulses
varied in amplitude from 1.88 MPaprgp to 3.33 MPaprgp. A trigger output from the
Zonare array was used to synchronise the acquisition of data and the HIFU driving
pulse so that the transducer was turned on at a time, T ,;, prior to the acquisition

of each frame. This ensured acoustic emissions were received near the centre of
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Figure 3.14: Normalised spatial calibration of the 1.06 MHz HIFU transducer in the
elevation (above left), axial (below left) and transverse (right) focal planes. The dis-
continuous side-lobes created by the rectangular central void are clearly visible in
the axial and transverse planes.

each acquisition. When the array was positioned within the HIFU transducer for
imaging in the elevation plane, the imaging depth was geometrically constrained to
~74 mm (see Figure , necessitating a delay T4,;=30 ps. For reconstruction in
the transverse and axial planes, however, it was possible to image at a depth of ~40

mm and so T4,; was set to 10 us.

After each exposure, the TMM was displaced by 5 mm in the transverse plane so
that a new region could be insonated thereby avoiding the effect of nuclei depletion

within the test medium.

3.2.1.2 Tissue Mimicking Material

Section [3.1.1.3| introduced an agar TMM that may be used to mimic the relevant
acoustic properties of tissue for HIFU studies. It was shown that the distribution of
cavitation activity within said TMM increased, as expected, with increasing HIFU
insonation amplitude. For the following study, the TMM composition was modified

by addition of rough, hydrophobic talc microparticles (Johnson & Johnson, 18 ym
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Figure 3.15: Comparison of cavitation thresholds of 3% agar TMMs with and without
hydrophobic talc microparticles. Mean and standard deviations are calculated from
seven spatially distinct measurements acquired throughout each TMM 24 hours
post-preparation. Both TMMs exhibit a clear threshold at 1.52 MPapgrp, beyond
which broadband emissions are repeatedly observed; however, the received signal
variance increases more consistently with insonation amplitude and is considerably
higher in magnitude (note the log scale) in the TMM that contains microparticles.

mean diameter) in order to increase the number of available cavitation nuclei, and
hence encourage cavitation activity throughout the focal volume. As suggested by
Arora et al. 4.34 g of particles were added per 275 ml of 3% agar TMM, which was
prepared using the method described in Section[3.1.1.3|(Arora et al.,2011). Particles

were added and thoroughly mixed for 10 minutes prior to degassing of the TMM.

The cavitation threshold of the modified TMM was determined using an identi-
cal procedure to that introduced in Section [3.1.1.4} yielding the relationship shown
in Figure Whilst not noticeably altering the inertial cavitation threshold,
the addition of particles significantly increased the level of broadband noise de-
tected, providing consistent increases in detected signal variance with increasing

insonation amplitude. This enhanced radiated signal level is likely due to the in-
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creased availability of cavitation nuclei, encouraging more cavitation events within
the focal region. In addition to improving the SNR of the system, this increases
the likelihood of instigating inertial cavitation throughout the region in which the
cavitation threshold is surpassed, thence improving the efficacy of the proposed

cavitation-based QA procedure.

One further study was conducted to investigate the variability in cavitation
threshold of the microparticle TMM. Threshold measurements were carried out at
seven different locations throughout a TMM, prepared using the method outlined
above. Throughout the work of this thesis, all TMMs were used within 48 hours
of initial preparation. Tests were, therefore, conducted both 24 and 48 hours after
preparation, providing a measure of the stability of the TMM throughout this time
frame. Between tests the phantom was refrigerated in its perspex mould at 4°C. Fig-
ure displays the resulting probability of cavitation with increasing insonation

amplitude.

It can be seen that the cavitation threshold of the TMM is unchanged between
24 and 48 hours post preparation. Whilst in some locations the cavitation threshold
is marginally lower than 1.52 MPaprpp, broadband emissions were observed in all
cases, both 24 and 48 hours post preparation, beyond this threshold. The micropar-
ticle TMM can, therefore, be considered stable over a 48 hour time period, with a
reproducible cavitation threshold of 1.52 MPapgrp, beyond which broadband emis-

sions are reliably observed.

By combining the three-dimensional pressure profile of the transducer with the
measured cavitation threshold, it is possible to predict the extent of the cavitation
region within the microparticle TMM at a given insonation amplitude. Figure[3.17]
shows the predicted size of the cavitation region in the axial, transverse and eleva-

tion planes across the range of insonation amplitudes used in this study. Notably,
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Figure 3.16: Variation in microparticle TMM cavitation threshold both at different
sites within a TMM and across different days. The cavitation threshold of the TMM
is unchanged between 24 and 48 hours post preparation and in all cases, broadband
emissions are consistently observed above 1.52 MPapgrp
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Figure 3.17: Predicted size of cavitation regions in a microparticle TMM in the el-
evation (above left), axial (below left) and transverse (right) focal planes. Contours
indicate the boundary of the region where the cavitation threshold is surpassed and
quoted pressures are PRFPs.

the abnormal side-lobe distribution, resulting from the rectangular central void,
leads to predicted activity at y = +2 —3mm that should be observed in the axial

and transverse planes, but not the elevation plane.
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3.2.1.3 Linear Array

The diagnostic medical imaging array used for the experiment detailed here consists
of 128 elements, 64 of which may be triggered to simultaneously acquire data by the
controlling scan engine - the z.one Ultrasound System (Zonare, Mountain View, CA).
The resolution of the acquired image was maximised by choosing a distribution of
64 elements that spans the 38mm aperture of the 128-element array. Importantly,
pulse transmission from the scan engine was disabled during acquisition, so that

the array could passively observe acoustic emissions from the HIFU focal region.

At each insonation amplitude, the scan engine was configured to acquire data
for 3 s at a frame rate of 50 Hz and with a frame duration of 135 us. As outlined
in Section the trigger output from the array was used to synchronise data
acquisition with the HIFU driving pulse to ensure that acoustic emissions were re-
ceived near the centre of each 135 us frame. HIFU pulses, triggered at the 50 Hz
frame rate, were enabled for a total duration of 2 s providing 100 frames of data in
which the HIFU transducer was turned on. The acquisition of data across the array
was, therefore, arranged to extend 0.5 s pre- and post-HIFU on-time, providing a
measure of the baseline noise level. The recording itself was in the form of 5 MHz
bandwidth In-phase/Quadrature (IQ) data with configurable centre frequency. Of
the frequency bands available, 4.96-9.64 MHz was chosen, thus tailoring the system

for observation of cavitation emissions resulting from 1.06 MHz HIFU insonation.

When acquiring data in the transverse and axial orientations, the linear array
was positioned so that the HIFU focus was at a depth of 40 mm within the imaging
plane. As was shown in Section [2.7] this results in imaging resolutions in the region
of 0.2 mm transverse to the array and 1.1 mm along the imaging axis. For accurate

characterisation of the extent of the cavitation region, therefore, it is intended that
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imaging in the axial orientation will be used to determine axial the length of the
region, whilst the imaging in the transverse orientation will indicate its width. In
this way, it is possible to exploit the favourable transverse resolution of the linear

array.

In the elevation plane, the depth of the HIFU focus was geometrically con-
strained to be 74 mm from the central element of the linear array. Although resulting
in poorer resolution - 0.4 mm transverse and 4.9 mm axial - this configuration mim-
ics current clinical practice, in which a linear array may be placed coaxially with
the HIFU transducer for B-mode treatment monitoring. This, therefore, provides a

configuration which involves minimal alterations to current procedures.

For each orientation, alignment was achieved using the linear array to acquire
B-mode images of a needle hydrophone acoustically positioned at the HIFU focus.
The linear array, supported by a three-dimensional manual positioning system, was
displaced so that the tip of the needle hydrophone was visible at the desired imag-
ing depth and at the transverse midpoint of the acquired image. Figure shows
the B-mode alignment images acquired in each orientation. Once the array was
correctly aligned, the needle was removed and replaced by a TMM, which was then
positioned acoustically so that the HIFU focus lay at a depth of 20 mm within the

TMM.

3.2.1.4 Signal Processing

The inherent 4.6-9.6 MHz bandpass filtering of the IQ data acquired using the z.one
imaging system means that there is little need for filtering to remove the 1.06 MHz
HIFU fundamental frequency from the recorded data. Furthermore, the received RF

signals exhibited minimal harmonic content (see Figure[3.19) and so comb filtering

Cavitational Methods for Characterising and Testing Clinical High-Intensity Focused Ultrasound Systems 80



Stuart R. Faragher 3.2. Medical Diagnostic Linear Array

Elevation Axial Transverse

z (mm)
y (mm)

-10 0 10 -10 0 10
X (mm) z (mm) z (mm)

Figure 3.18: B-mode images used to align the linear array in the elevation (left),
axial (centre) and transverse (right) orientations. A needle hydrophone, acoustically
aligned at the HIFU focus, provides a strong scattering target for B-mode alignment.
In each case, the array was manually positioned to ensure the needle tip was at the
transverse mid-point of the image and at the correct imaging depth.

to remove these components was deemed unnecessary. The IQ data was, therefore,
converted to 64 channels of RF data, which was then reconstructed using the TEA

algorithm.

Each 135 us frame, sampled at 50 MHz, was upsampled using cubic spline in-
terpolation to 200 MHz, thereby limiting quantisation errors when calculating the
appropriate delays for the signals received on each element. Integration over time
was then computed at the original sample rate to 50 MHz over the first 3000 data
points of each frame (corresponding to 60 us of the 135 us frame), which was found
to produce sufficiently accurate source maps without excessively long processing
time. Results were then used to determine the distribution of cavitation activity at

each insonation amplitude, as presented in the following section.
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Figure 3.19: Typical RF signal (above) received by the linear array following 3.33
MPaprrp HIFU insonation with corresponding FFT (below). The received signal
consists mostly of broadband noise, with minimal harmonic content. The inher-
ent 4.6-9.6 MHz bandpass filtering of IQ data acquired by the z.one imaging system
is also clearly visible. Conveniently this removes any scattered components of the
fundamental frequency (1.06 MHz).

3.2.2 Cavitation Maps

This section summarises the results of the cavitation mapping experiments using
the linear array. In order to produce maps which are indicative of the extent of
the region over which cavitation occurs during HIFU exposure, each of the dis-
played images represents the maximum pixel value obtained following reconstruc-
tion across all 150 frames of the 3 second acquisition (henceforth referred to at the
maximum pixel image). Figure[3.20|(a) clarifies the arrangement of images that are
subsequently presented. In each case, images are reconstructed with 0.1mm reso-

lution, then upsampled and linearly interpolated to 0.02mm resolution.
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It is important to note that, since imaging in each plane required re-positioning
of the array, the three maps do not correspond to simultaneously acquired data.
This highlights a key limitation of the linear array for compete characterisation of
the cavitation field, providing motivation for the work of the proceeding chapters.
Here, however, similarities in observed cavitation distributions when imaging in
each orientation, support the conclusion that the microparticle TMM is a relatively

repeatable test medium.

At each insonation amplitude there is a clear cavitation region that is approxi-
mately ellipsoidal in shape. As the insonation amplitude increases, so too does the
size of the observed region in each of the imaging planes. In the transverse and
elevation planes the region appears continuous, although the favourable spatial
resolution in the axial orientation allows individual cavitation events to be distin-
guished. These individual events increase in both number and spatial extent with
increasing insonation amplitude. Indicated on each image is the relevant predicted

dimension of the cavitation region, which is compared to measured results below.

To provide a quantitative measure of the extent of the imaged cavitation region
it is necessary to threshold each acquired image. In the elevation and transverse
planes, where a near continuous region is observed, accurate measures of the di-
mensions of the reconstructed region can be obtained by thresholding the obtained
maximum pixel image. Figure[3.22|shows the predicted and measured dimensions
of the cavitation region when a threshold of -6 dB of the maximum pixel value is
applied to the images acquired in the elevation plane. Predicted dimensions are
calculated using a combination of the three-dimensional spatial calibration and the

measured cavitation threshold as introduced in Section|3.2.1.2| (see Figure|3.17).

When imaging in the elevation plane, both the length and width of the recon-

structed cavitation region are seen to increase with increasing insonation ampli-
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Figure 3.20: Configuration of presented images (a) and corresponding cavitation
maps following 1.88 MPapgrrp (b) and 2.48 MPapgrp (c) insonation. Elevation maps
are presented above left, axial below left and transverse right. White dashed lines
indicate the relevant predicted dimension of the cavitation region.
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Figure 3.21: Cavitation maps in the elevation, axial and transverse planes following
2.93 MPapgrpp (a), 3.20 MPapgpp (b) and 3.33 MPapgrrp (c) insonation. White dashed
lines indicate the relevant predicted dimension of the cavitation region.
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Figure 3.22: Predicted and measured width(a) and length (b) of the cavitation region
in the elevation plane. Predicted dimensions indicate the region over which the
cavitation threshold of 1.52 MPapgFrp is surpassed. Measured values are determined
following thresholding of the images formed by selecting the maximum pixel values
observed throughout the 3s acquisition.
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Figure 3.23: Predicted and measured width of the cavitation region in the transverse
plane.

tude. It should be noted that the predicted dimensions represent an upper limit
of the region over which cavitation would be expected to occur if there existed an
endless source of cavitation nuclei. Even with addition of microparticles to seed the
focal region with nuclei, the cavitation region was generally observed to be smaller
than expected. At higher insonation amplitudes, however, cavitation was observed
at, and even beyond its predicted boundary. This fact is exaggerated along the
length of the region, where the longer PSF of the array in this configuration leads

to the observation of larger cavitation regions than predicted.

Imaging in the transverse plane, at a shallower imaging depth of 40 mm, benefits
from a narrower PSF and so favourable imaging resolution. Figure depicts the
relationship between PRFP and measured width of the cavitation region following
thresholding of the maximum pixel images in the transverse plane. Again, there is

a clear increase in measured width of the reconstructed cavitation region with in-
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creasing insonation amplitude. In this case, measured values are more consistently
within the predicted region size, with a maximum deviation above the predicted

width of 0.15 mm.

In the axial plane, where the linear array spans the length of the focal region, it
becomes possible to resolve individual cavitation events. These individual events
are visible in the maximum pixel images displayed above (Figures and ;
however, simply taking the maximum pixel value observed throughout the acquisi-
tion is somewhat misrepresentative of the observed distribution of cavitation activ-
ity, since there is considerable bias towards the strongest events observed through-
out the 2 second exposure. An alternative processing method is, therefore, adopted
whereby for each frame in which cavitation is observed, the image is thresholded
at the -6 dB level of the maximum pixel value. Frames are then summed and
thresholded again to provide an image which is indicative of the region over which
cavitation occurs, regardless of the strength of the individual event. Figures [3.24
and illustrate the additional information that appears following application of
the thresholding procedure to two typical exposures. Clearly, the frame-by-frame
thresholding procedure reveals a distribution which better represents the true spa-
tial extent of the cavitating region, providing a closer match to that which is ex-

pected from the hydrophone-based field characterisation.

Once images have been appropriately thresholded, it is then possible to mea-
sure the length of the region over which cavitation occurs at each insonation ampli-
tude. Figure [3.26|presents the resulting relationship between PRFP and measured
length of the imaged region using both the maximum pixel image (Figure [3.26|(a))
and frame-by-frame (Figure (b)) thresholding techniques. As was observed in
the elevation and transverse planes, the measured size of the cavitation region is

seen to increase with increasing insonation amplitude. Evidently, thresholding of
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Figure 3.24: Maximum pixel image (above) and frame-by-frame thresholded im-
age (below) for 2.01 MPaprrp exposure. In this orientation, maximum pixel images
are biased towards the strongest cavitation events. By thresholding the image on a
frame-by-frame basis, a more accurate representation of the true distribution of the
cavitation events becomes apparent.

the maximum pixel images leads to significant underestimation of the length of
the cavitation region, since images tend to be dominated by a smaller number of
stronger cavitation events. The frame-by-frame thresholding technique, however,
captures a distribution of activity that correlates much more convincingly with the
predicted length of the cavitation region, deviating less from predictions than the

corresponding values in the elevation plane.

Importantly, Figure also highlights the ability of the cavitation-based QA
method to identify abnormalities in the HIFU field. The thresholded image indi-
cates that, at the higher amplitude of 2.93 MPapgrp, the discontinuous side-lobes
produced by the transducer are of sufficient amplitude to generate cavitation activ-

ity at y = +2-3 mm, as predicted by the contour plots of Figure This observa-
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Figure 3.25: Maximum pixel image (above) and frame-by-frame thresholded image
(below) for 2.93 MPapgrp exposure. Thresholding the image on a frame-by-frame
basis reveals a much broader distribution of cavitation activity.

tion becomes more evident if the centroid of each of the observed cavitation events
is overlaid on a plot of the measured pressure profile of the HIFU transducer. Fig-
ures [3.27]and illustrate this at a range of insonation amplitudes where, as the
PRFP is increased, three distinct bands of activity become visible in the central lobe

(¥ = 0 mm) and two side-lobes (y = £2.2 mm).

Crucially, an equivalent distribution of activity is not observed in the elevation
plane, since the discontinuous side-lobes do not extend along the x-axis. This iden-
tifies a key feature of the proposed QA method, enabling rapid identification of ab-
normalities in the HIFU field. In the transverse plane it is also possible to observe
activity in the side lobes (Figure (a) indicates activity at y = +2 mm); however,
the narrow cross section of the focal region limits ones ability to resolve individual

cavitation events and frames are dominated by stronger events in the central lobe.
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Figure 3.26: Predicted and measured width of the cavitation region in the axial plane
following thresholding of the maximum pixel image (a) and frame-by-frame thresh-
olding (b). Thresholding of the maximum pixel images leads to significant under-
estimation of the length of the cavitation region whilst the frame-by-frame thresh-
olding technique captures a distribution of activity that correlates much more con-
vincingly with predictions.
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Figure 3.27: Distribution of cavitation activity in the axial plane observed at a range
of HIFU insonation amplitudes. Markers indicate the centroid of each cavitation
event that is observed and are overlaid on a plot of the transducer pressure profile.
At lower amplitudes, cavitation activity is confined to the central lobe. As the in-
sonation amplitude increases, however, three bands of activity become clearly vis-
ible, with cavitation events observed in the central lobe (y = 0 mm) and two side-
lobes (y = £2.2 mm).
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Figure 3.28: Distribution of cavitation activity in the axial plane observed at a range
of higher HIFU insonation amplitudes. Markers indicate the centroid of each cavita-
tion event that is observed and are overlaid on a plot of the transducer pressure pro-
file. At these higher amplitudes, three bands of activity are consistently observed,
with the side-lobes providing sufficient rarefactional pressure to instigate inertial
bubble collapse.
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3.3 SUMMARY

Whilst inertial cavitation is an inherently stochastic process, this chapter has shown
that the instigation and evolution of cavitation activity behaves as predicted dur-
ing HIFU exposure. By using a limited array of needle hydrophones to observe the
broadband emissions from inertially cavitating bubbles during HIFU exposure, it
was possible to apply passive imaging techniques to reconstruct a cavitation region
that increased in size with increasing insonation amplitude. These initial results

provided qualitative support for the concept of cavitation-based pressure mapping.

Extending the study to a more sophisticated, yet readily available medical diag-
nostic linear array provided enhanced imaging capabilities, allowing the distribu-
tion of cavitation activity to be sampled across three planes within the HIFU focal
volume. To improve the efficacy of the proposed technique, an agar TMM was mod-
ified to include hydrophobic microparticles, the rough surface of which provides a
plentiful supply of cavitation nuclei. Though the addition of particles had little ef-
fect on the 1.52 MPapgpp inertial cavitation threshold of the test medium, it did
result in significantly higher amplitude broadband emissions, likely due to the fact
that more cavitation events then occur within the focal volume. As well as augment-
ing the SNR of the system, it is believed that this increases the likelihood of observ-
ing cavitation emissions throughout the region in which the cavitation threshold
is surpassed, thereby improving the performance of the proposed HIFU QA proce-

dure.

The linear array provided the ability to passively acquire data across 64 chan-
nels of the 128-element device. By arranging the array in three orthogonal orien-
tations, cavitation maps have been acquired in the axial, transverse and elevation

focal planes, the latter of which provides a readily implementable test configuration
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that would require minimal alteration to current clinical practice. Reconstructed
source maps from data acquired during insonation at increasing PRFP amplitudes
provide valuable information as to the nature of the therapeutic field. In each of
the imaging planes, the distribution of cavitation activity is seen to increase with in-
sonation amplitude as predicted. Measured values correlate well with those that are
predicted, with results in the axial and transverse planes benefitting from favourable

spatial resolution.

Application of multiple insonation pulses increases the likelihood of observing
cavitation activity throughout the region in which the cavitation threshold is sur-
passed. In the elevation and transverse panes, where the cross section of the focal
region is much narrower, this results in the observation of an extended cavitation re-
gion, the size of which correlates well with predictions following thresholding of the
maximum pixel image. Imaging in the axial plane orients the array so as to utilise its
favourable resolution along the axis of the cavitating region, allowing identification
of individual cavitation events. Importantly, thresholding the reconstructed data on
a frame-by-frame basis in this case results in a more accurate representation of the

true distribution of cavitation activity throughout HIFU exposure.

By imaging cavitation activity in multiple planes it has been shown that asym-
metries in the HIFU field can be accurately identified. Whilst highlighting a key fea-
ture of the proposed HIFU QA procedure, that is, rapid identification of any abnor-
malities in the produced field, this also emphasises an important area for improve-
ment, which will form the basis of the remainder of this thesis. Though diagnostic
linear arrays are readily available, and provide a practical method for pre-treatment
cavitation-based HIFU QA that would be relatively simple to implement, complete
characterisation requires significant operator intervention (re-alignment of the ar-

ray) and relies on data that is not simultaneously acquired in all orientations. Ide-
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ally, transducer characterisation would be achieved with a single device, arranged
around the HIFU focal volume, that facilitates three-dimensional cavitation map-
ping from a single acquisition of data. Reliance on an operator would therefore
be minimised, providing a practical solution which requires a simple ramping of
the HIFU insonation amplitude and simultaneous data acquisition to achieve com-

plete, three-dimensional characterisation.

It is this goal that forms the motivation for the work presented in the subse-
quent chapters of this thesis. To begin with, a novel method of array construction
is proposed that will allow large numbers of receiving elements to be accurately po-
sitioned in the chosen array configuration. Of particular importance for the work
of this thesis is the effect of the chosen construction method on the frequency re-
sponse of the array, which is investigated in detail in Chapter 4 The study then
progresses to consider the design and simulation of a prototype array capable of
three-dimensional reconstruction of cavitation activity. Experimental validation of-
fers useful insight into the design of arrays with similar construction and provides a

strong foundation for future work into cavitation-based HIFU QA.
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MODELLING AND CHARACTERISATION
OF ARRAY RESPONSE

Understanding the piezoelectric effect is fundamental to the design of ultrasonic arrays.
This chapter considers a novel multiple-layer construction method suggested by Preci-
sion Acoustics Ltd. for the proposed two-dimensional array designed to enable three-
dimensional cavitation mapping. An analytic model is developed to explore the effect of
multiple acoustic layers on the receive sensitivity of the proposed design. Key to the suc-
cess of the model is accurate knowledge of the properties of the piezoelectric material. A
method is thence presented for the experimental characterisation of lossy piezo-polymers
such as PVDE The resulting analytic model is compared to finite element simulations and
experimental results, with useful implications for the design of similar multiple-layer ar-
rays.

Cavitation-based HIFU QA has been shown to offer promising techniques for
rapid, pre-treatment transducer characterisation. Whilst a diagnostic linear array
may provide an inexpensive, convenient method for two-dimensional evaluation of
the therapeutic field, it is not suitable for complete, three-dimensional field charac-
terisation. The work of this thesis therefore proceeds to consider the design of an

array that is capable of mapping cavitation in three dimensions.

Itis evident from the work of the previous chapter that imaging performance will
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be improved by the use of a relatively large number of receiving elements that are
arranged so as to enclose the HIFU focal volume, thereby capturing as much of the
radiated broadband energy as possible. Chapter [5|elaborates on the design of the
proposed three-dimensional array, specifically in terms of the number and config-
uration of array elements that will facilitate accurate reconstruction of a cavitation
field. Here, however, a novel method of array construction, is considered, which will
allow precise placement of the sensor elements in a manner that eliminates sensi-

tivity to stray signals along the electrode path.

Given that the acoustic signature of inertial cavitation is broadband noise, the
frequency-dependent sensitivity of the array is of particular importance, which is
effected by the addition of multiple acoustic layers to the front and back faces of the
central piezoelectric material. In order to investigate this effect, an analytic model
is developed to predict the influence of multiple acoustic layers on receive sensitiv-
ity. The model is then compared to both finite-element solutions and experimental
results. Models are, however, only as reliable as the data upon which they are built.
Emphasis is, therefore, initially placed on understanding the piezoelectric effect in
order to develop a method for accurately determining the piezoelectric properties
of lossy piezo-polymers such as PVDE Before delving into a mathematical expla-
nation of this phenomena, however, the suggested sensor construction method is
considered in more detail. The construction technique itself was proposed and sub-

sequently manufactured by colleagues from Precision Acoustics Ltd.

4.1 SENSOR CONSTRUCTION

In order to satisfy the key requirements of the proposed three-dimensional cavita-

tion sensor - namely precise positioning of a relatively large number of elements in
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Figure 4.1: Image (a) and schematic (b) of the proposed multiple-layered PCB-PVDF
sensor construction. By sandwiching the PVDF layer between two flexible printed
circuit boards, sensitivity is precisely constrained to the regions where the copper
tracks on the front and back layers overlap.

a configuration that encloses the HIFU focal volume - a novel construction method
was suggested whereby a Printed Circuit Board (PCB) forms the electrodes of the
piezoelectric device. By etching copper tracks onto a Kapton substrate layer, a flex-
ible PCB can be manufactured and bonded to a layer of piezoeletric material, form-
ing an array of sensitive elements that can be rolled into a shape that encloses the
HIFU focal volume. If the backing layer of the sensor is then formed by an addi-
tional PCB, the sensitivity of the device can be precisely constrained to the regions
in which the copper tracks of the front a back layers overlap, thereby avoiding addi-
tional sensitivity along the electrode path that would be encountered with a tra-
ditional grounded backing layer. Furthermore, the PCD substrate layer provides
electrical isolation from the surrounding water, reducing sensitivity to noise and

coupling between elements.
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Figure[4.1]illustrates the multiple-layer construction method. For the purpose of
the analytic model, the sensor consists of a central, PVDF piezoelectric layer, sand-
wiched between two 35 pum copper conducting layers forming the electrical ports.
Each copper layer is then coated in a 25 ym Kapton polyimde substrate layer, pro-

viding structure to the flexible PCB.

4.2 PIEZOELECTRICITY

Piezoelectricity is a property of certain materials that is characterised by the onset of
electrical polarisation when the material is subject to mechanical stress (the direct
piezoelectric effect) and, conversely, the onset of deformation when the material
is subject to an electric field (the inverse piezoelectric effect). First discovered in
quartz by the Curie brothers in 1880 (Curie and Curie} |1880), the piezoelectric effect
is the result of the reorientation of molecular dipole moments under the action of
the applied stress, and it plays a crucial role in the field of medical ultrasonics. In
the context of HIFU surgery, this phenomenon governs the basic principles upon

which driving transducers and receiving hydrophones are based.

A whole host of natural and synthetically produced materials have been found
to exhibit piezoelectricity. Perhaps most commonly used for ultrasonic devices are
the piezo-ceramic PZT, composed of lead, zirconium and titanium oxides, and the
piezo-polymer PVDE formed from the C,H,F, monomer. The properties of a given
piezoelectric material may be described by a number of material constants which
relate the electric field, E and displacement, D to the mechanical strain, S and stress,
T via the piezoelectric constitutive relations (Ristic, 1983). In such a system, any two

variables may be expressed as a function of the remaining two. Thus, if it is assumed
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that T = T(S, E) and D = D(S, E), for small fields the Taylor expansion yields:

T—("”_T) 5+("’_T) E @1

~\0S)g 0F )¢ ’

p=(2) 5+(22) : 42
\aS)g AE g '

In this instance, the material constants are defined as

oT 0D
E E
— = 4.
¢ (GS)E’e (GS)E ( 3)
and
oT 0D
S S
—_ | = . 4.4
¢ (OE)S’e (6E)3 (4.4)

measured at either constant electric field or mechanical strain respectively. The
constants ef and e° represent the direct and inverse piezoelectric effects and may

E = —e5 = e. Thus, Equa-

be equated via thermodynamic considerations to give e
tions[4.1]and[4.2lbecome:

T=cFfS—eE (4.5a)

D=eS+¢e%E. (4.5b)

The constitutive equations may be used to develop analytical expressions for
experimentally measurable quantities, such as electrical input impedance, which
can be interpreted to determine the relevant piezoelectric material properties for
subsequent simulations. Below, an expression is derived for the input impedance of
a thin-disk resonator, which is measured experimentally in the subsequent section.
Results are used to determine the necessary material properties for a model which

predicts the frequency response of the proposed multiple-layer PCB-PVDF array.
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4.2.1 Piezoelectric Thin-Disk Resonator

If one considers a longitudinal wave propagating in the positive z direction, Equa-

tion[4.5]is given as
ou
Ty =cf—2 —¢E, (4.6a)
0z
ou
D,=e—= +¢5E,, (4.6b)
0z

where u; is the displacement in the z direction. By using dynamic equilibrium to

equate the applied load and particle acceleration as

0Ty _ 0%us
oz P o

4.7)

and noting that, given that there is no free charge in a piezoelectric dielectric,

Gauss’s law implies
0z

=0, (4.8)

Equations[4.6aland[4.6b} may be combined to give the wave equation in the form

2 2
0“u;  po-u,

- , 4.9
P2 = Taz2 @9
where cP is the piezoelectrically stiffened elastic constant given by
D_ E e E 2
c’=c (1+@):c (1+K7). (4.10)

The factor K2, termed the piezoelectric coupling factor, gives an indication of the
mechanical oscillation induced when a sinusoidal electric field is applied to the ma-
terial. In effect, the presence of piezoelectricity stiffens the material, increasing the
stiffness constant c¥ by K? percent. This stiffening results in a corresponding in-
crease in wave speed, thus the stiffened longitudinal wave speed, vf , in a piezo-
electric material is given by

)1/2’

vP = v (1+K? (4.11)
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Figure 4.2: Schematic of a thin-disk piezoelectric transducer with acoustic ports (1
and 2) and electric port (3). Reproduced from Ristic, Principles of Acoustic Devices
(Ristic, 1983).

where v} is the wave speed in an acoustically equivalent, non-piezoelectric mate-

rial.

The oscillation of a thin-disc piezoelectric, of cross-sectional area A, where the
two lateral dimensions are much larger than the thickness, /, may be represented by
a similar, one-dimensional, model. Solutions to Equation (4.9 can be developed to
relate the acoustic and electric loads via a transfer matrix, Z, depicted in Figure
In this case, F; represents the traction force at port (i), given by F; = AT(;) where

T(l) = —Tg(O) and T(z) = —Tg(l).

Within the piezoelectric layer, the particle velocity, v, can be calculated as the
solution to Equation [4.9)and, once the time dependence is suppressed, takes the
form

v,(2) = (M'sin B,z + N'cos ,2) jw, (4.12)

where f, is the wave number, given by f, = w/vP. The unknowns M’ and N’ can
be determined by analysis of the boundary conditions, where v,;(0) = v; and v,(l) =
-1y, thus

v) = joN' (4.13)
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and

— Vs = jwM'sin B4l + vy cos B4l (4.14a)

hence,

joM' = —vycscBql— vy cotBgl. (4.14b)

The electric field and stress may then be obtained from the constitutive relations

given in Equation4.6|as

1 e 0v,

E,=— - — 4.15
TS |TY jo oz (.15
and
e 1 O0v,[ p e
Ty(2) = = 5Dzt~ [c e_S] (4.16)

Given that the current, I3, is found as the product of the displacement current den-

sity, jwD,, and the cross-sectional area, A, it follows that

—hl; cPov,

T = 4.17
3(2) JwA +jw 0z ( )

where & = e/eS. This expression may then be used to calculate the stresses at the

boundaries of the piezoelectric material as

_n (meD)l/Z
T5(0) = ijIg - . [v2cscBal + vicotfal], (4.18a)
and s
—h cP
Ts() = ijlg - (om . ) [v1cscBal+ vacotfal]. (4.18b)

Furthermore, the voltage, V3, across the electric ports is given by integrating the

electric field across the thickness of the disk

l l 1
V3 :f EZdZ:f =
0 0 €

where E; is given by substitution of Equations[4.12}[4.13|and [4.14b]into Eqation[4.15)

I3 e(p_m

cD

1/2
A ) jo(M'cosPaz—N'sinfuz)|dz (4.19)

yielding

I
S

Va =
7wy | jwes

(1 +v2) (4.20)
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where Cy = €3 A/l is the bulk capacitance of the piezoelectric film.

The transfer matrix, Z, of the system shown in Figure [4.2]is then formulated as

follows o ) .
F, ZocotBul ZgescPBal  hlow | |v;
Fo | =—Jj | ZycscBal ZycotBal hiw | |vo (4.21)
Vs hilw hiw l/a)C() I3

where Zy = AZy = A\/m. This generalised expression allows one to model the
response of a variety of configurations of thin disk piezoelectric transducers by im-
posing the appropriate boundary conditions. For a thin-disk resonator, where the
acoustic ports are unloaded, F; = F» = 0 and the electrical input impedance is given
as

1 tan(Bq1/2)

1-ke——— ], 4.22
ki Ball2 (4.22)

where kr is the thickness mode piezoelectric coupling constant, defined as

Z3

B 13 B ja)C()

K2

kF=——.
T71+K2

(4.23)

Importantly, the electrical input impedance can be easily measured using an
impedance network analyser. This, therefore, provides a means to estimate the rel-
evant properties of a given piezoelectric material by fitting the parameters in Equa-
tion[4.22|to experimental results. These properties may then be used to simulate the

acoustic response of the piezoelectric sensor configuration.

4.3 DETERMINING MATERIAL PROPERTIES

Various methods have been developed to fit analytical expressions for the electrical

input impedance of a thin-disk piezoelectric resonator to experimentally measured
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results. If Equation is re-written as

] tan(nfl i—,’_-)”)
B = A |1 e——— VY| 4.24)
J nfly\/ 5%

three dominant piezoelectric properties emerge. These properties, defined in the
preceding section, are: the clamped dielectric permittivity, €%, the thickness mode
piezoelectric coupling constant, k7, and the piezoelectrically stiffened elastic con-
stant, cP. Crucially, these parameters also form the basis of the equivalent cir-
cuit models, discussed in Section that may be used to simulate the acoustic
response of the proposed multiple-layer PCB-PVDF array. To account for losses,
which are particularly evident in PVDE the material parameters are treated as com-

plex quantities, denoted as €5*, k7 and cP*. These quantities may be written as

e5* =e5(1 - jtané,) (4.25)
k7 =kr(1+ jtandy) (4.26)
cP*=cPa+ jtand ) 4.27)

where tand,, tand and tané,, are the dielectric, electromechanical coupling factor

and elastic loss tangent, respectively.

In the context of the present work, a method based on that described by Kwok
et al. was used to give an initial estimate of the above parameters by fitting Equa-
tion to experimentally measured results (Kwok et al.,|1997). The fitting proce-
dure is outlined below, though the interested reader is invited to refer to Kwok et al.
and Brown et al. for a more complete description of the method used(Kwok et al.,

1997; Brown and Carlson,|1989).

At frequencies far from resonance, Equation is dominated by a baseline

term, Zy, given by
l
j2rnfeSA(l+ jtand,)

Zo(f) = (4.28)
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By solving for the baseline impedance magnitude, | Zy|, and phase, 0 7,, expressions

for the dielectric permittivity and its loss tangent may then be formed:

1
tanf z,’

tand, = — (4.29)

S : (4.30)

- | Zo127 feS Ay/tan? 6, + 1

Though strictly only applicable at those frequencies far from resonance, these

expressions provide a useful first approximation to ¢’ and tan§,. Using the approx-
imation of tané, as a starting point, a non-linear regression procedure (Levenberg-
Marquardt method) was applied to fit the measured impedance magnitude to the
magnitude of Equation to obtain estimates of the remaining material param-
eters. Estimated values of €5, k7, ¢, tan§ r and tand ., were used to fit the phase
of Equation to the measured phase, providing a new estimate of tand,. The
procedure was then iterated until convergence was obtained. Estimated parame-
ters, which were assumed to be independent of frequency in the vicinity of the res-
onance, were then manually adjusted to achieve the best fit to experimental data.
Below, the impedance measurement procedure is summarised and experimental
results are presented. Estimated parameters are presented in Table 4.1|and the re-

sulting fits to experimental results are displayed in Figure[4.3]

4.3.1 Impedance Measurement

Four samples of 60 yum PVDF film were characterised experimentally using a Vector
Network Analyser (VNA) (Hewlett Packard 8712C) to determine both the amplitude
and phase of their electrical impedance across the 1-50 MHz range. Square samples
were prepared, each with ~30 mm side length, and were connected to the VNA via

thin wires bonded to copper electrodes held in contact with the sample. Impedance
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Table 4.1: Mean and Standard Deviation (SD) of material properties fitted to exper-
imental data

Material cP
property  (GPa) tand,, € tand, kr tandy
Fitted value 8.6 0.123 5.45 0.250 0.164 0.100
SD +0  +0.0173 +0.245 +0.0108 +0.0131 +0.0373

S

measurements were acquired at 60 kHz intervals across the 50 MHz range and trans-

ferred to a PC for post processing.

Figure shows the average measured impedance spectra of the four 60 um
samples. There is a clear resonance at 18.4 MHz, indicated by a peak in phase and
inflection in magnitude of the measured impedance. The procedure outlined above
was used to estimate the optimum piezoelectric parameters for fitting Equation|4.24
to the data from each sample. The mean and standard deviation of the parameters
themselves are displayed in Table demonstrating that there is little variation in

fitted parameters between samples.

Overlaid on each plot in Figure is the mean predicted measurement calcu-
lated by substitution of the estimated parameters into Equation Good agree-
ment is achieved between the calculated and measured spectra, particularly at fre-
quencies close to resonance. With confidence in the material properties of the
piezo-polymer, models may then be developed to estimate the frequency response

of the PCB-PVDF composite array.

4.4 MODELLING FREQUENCY RESPONSE
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Figure 4.3: Average measured resistance, reactance, impedance magnitude and
phase for the four 60 um PVDF film samples. Data was acquired across the 1-50
MHz range at 60 kHz steps. Overlaid on each plot is the predicted measured value
(displayed in red) calculated by substitution of the estimated parameters into Equa-

tion[4.24]

4.4.1 Equivalent Circuits

In addition to the matrix representation given in Equation the response of a
thin-disk piezoelectric may also be characterised by an electrically equivalent cir-
cuit, describing its performance in terms of a number of lumped parameters. Sev-
eral authors have proposed such circuit designs; however, it is the configuration
suggested by Krimholtz et al., shown in Figure that is most widely used and

forms the basis of the work presented here (Krimholtz et al.,{1970).
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Figure 4.4: Electrical equivalent of a thin-disk piezoelectric transducer as proposed
by Krimholtz et al. (Krimholtz et al., 1970; van Kervel and Thijssen, |1983).

By representing the piezoelectric disk as an acoustic transmission line of length
equal to the thickness of the disk, [, the equivalent circuit, termed the KLM circuit,

estimates the response of the piezoelectric using the following, lumped parameters:

=k7v/ n sinc(w/2wy)
v=rr woCoZc 0

/ Co

T kx2sinc (w/wo)

v
W=7

Zc = A\/ pmcP*

where v is the frequency-dependent turns ratio of a transformer through which
connection is made to the electrical port, C’ is a frequency-dependent reactance,

Zc is the characteristic impedance of the piezoelectric and all other terms are as
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Figure 4.5: Schematic of the multiple-layer PCB-PVDF sensor. The PVDF is sand-
wiched between two copper conducting layers which form the electrical ports. A
kapton PCB substrate covers the copper ports and the transducer radiates into a
medium with acoustic impedance Zr, backed by a medium with impedance Z.
The piezoelectric is characterised by its impedance Z, thickness [/, sound velocity v
and the piezoelectric parameters determined in Section 4.3.1

previously defined. It should be noted that the model is only accurate if precise ma-
terial properties are known, and so it is important to follow the procedure outlined

in Section|4.3|in order to provide suitable values for the above expressions.

The KLM circuit may be adapted to include multiple acoustic layers, thereby fa-
cilitating the modelling of the response of the proposed multiple-layer cavitation
sensor. Figure(4.5/shows a schematic of the complete sensor. The piezoelectric ma-
terial, PVDE is sandwiched between two 35 um copper conducting layers which
form the electrical input and output ports. Covering these layers is a 25 um kapton
PCB substrate layer, upon which the copper tracks are printed. The left acoustic

port is terminated by a back load, whilst the right a front load.

The transfer function, on both transmit and receive, of the equivalent circuit
may be found using a novel extension of the calculation scheme proposed by Kervel
and Thijssen to include the effect of multiple backing layers (van Kervel and Thi-
jssen, 1983). In this manner, the response of the overall system may be calculated
by considering the transducer as a number of two-port transmission line subunits,

shown in Figure in which one dimensional waves travel in both the forwards
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Figure 4.6: A two port scheme as proposed by Kervel and Thijssen with a central
transmission line of length . The generalised voltage F, and generalised current V
are both in Laplace form. F;; indicates an incident wave, F;, a reflected wave, and
F; a transmitted wave (van Kervel and Thijssen, 1983).

and backwards directions.

For each subunit, the input and output potential, F, and current, V, are related

by the transfer function, N, where:

F() F(0)
_ =N _ (4.31)
V() V(0)
and
niy np2
N = . (4.32)
np1 nNoo

The boundary conditions at the input are given by:
F(0)=Fun+Fp
— 1 — —
V(0)=—(Fin—Fiz) (4.33)
Zi

whilst at the output, the terminating transmission line contains only a positive go-
ing wave, hence:

F()=F,

_ 1 —
V)= ZFt. (4.34)
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Figure 4.7: Adaptation of the transmission line scheme implementation of the KLM
model as proposed by Kervel and Thijssen. Each layer of the PCB, PVDF sensor is
represented by a separate subunit. The sensor is divided into three sections: and
electrical part, a part representing the backing and left half of the transducer, and a
part representing the right half of the transducer and front loading.

By substituting Equations and into the boundary conditions given in
Equations and and noting that | N| = 1, the transfer function from input to

output potential can be shown to be:

F, 27,
H(p) = =L = (4.35)
Fj1 —ZiZe+ Zing + Zingy — nyp

where p = jw, is the Laplace frequency. Successive subunits may then be combined

by multiplying their individual transfer matrices.

The overall scheme splits the transducer into three sections: an electrical part, a
part representing the backing and left half of the transducer, and a part representing
the right half of the transducer and front loading. The components of the scheme

for the transducer in question are shown in Figure[4.7]

The electrical part and back half of the transducer may be combined to give the
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electro-mechanical transfer matrix, N,;;:

1 _ _Gp+C’
CoC’
Nem = v protw (4.36)
1 'l//— C0+C,
W Zequiv pPCoC'Y Zequiv

where Cy and C' represent the capacitive elements of the KLM circuit. Zequiv is the
equivalent transformed back loading presented at the centre port, which is calcu-

lated by multiplication of the left acoustic layer transfer matrices to give Negy;p:

Neqiuv = N5Ncy Nk (4.37)
where
cosh pt; —Z;sinh pt;
N; = ’ ’ : (4.38)
—Zil_sinh pti;  cosh pt;

and 7; is the transition time for a wave to travel from one surface to the other within
the ith layer. The backing impedance may then be transformed through the equiv-
alent left acoustic transfer matrix to give:

_ZbNequiv n+ Nequiv 12

Zequiv = (4.39)

—ZpNequiv 21 + Nequiv 22

In a similar manner, the overall front acoustic transfer function for the right half

of the transducer, Ny, is given by
Ny = Ni.NeyNe. (4.40)

The overall transducer transfer matrix, N;, may then be found by multiplication
of the front face transfer matrix with the electro-mechanical transfer matrix giving
N; = Ny Nep,. For a front acoustic load of Z; and electrical input impedance Z,, the
transfer function on transmission, as in Equation[4.35} is given by

27
H(p) = d (4.41)
ZeNpn1 — Npo— ZeZtNio1 + Zt Nioo

and the receive transfer function is given by

27,

Hr(p) = .
ZiNpi1+ Npp+ Ze Z Ny + ZeNioo

(4.42)
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Figure 4.8: Modelled frequency spectrum on receive for a 60 pym laver of PVDF with
1.5 MRayl and 15 MRayl backing impedances and water front loading. The exper-
imentally determined properties of the PVDF are used (see Table and a 1 MQ
electrical input impedance is assumed.

The frequency response of the overall configuration is then determined by it-
erating the calculation scheme over the frequency range of interest. For a 60 um
layer of PVDF loaded with water on its front and back surfaces without the addi-
tion of the PCB front and back layers, Equation[4.42]yields a relatively sharp peak in
the resulting frequency spectrum, centred at f = 18.4 MHz, as shown in Figure[4.8
This is consistent with a half wave resonance, where the resonant frequency may be
estimated from the longitudinal wave velocity, v;, and film thickness, [, as

13 2206

~ = =18.4MHz. (4.43)
2x1] 2x60x10°6

fo

Alternatively, if a heavily backed layer of 60 um PVDF is modelled, again loaded
with water on its front surface - a configuration which is closer to that of a typical
ultrasound transducer - then Equation predicts a more broad frequency spec-
trum, centred at f = 8.9 MHz. As would be expected, this is indicative of a quarter
wave resonance, where the impedance mismatch results in a pressure antinode at

the more rigid boundary.

If the additional copper and Kapton PCB layers are then introduced to the front
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Figure 4.9: Modelled frequency spectrum on receive for a water backed 60 um
PVDE-PCB array. The experimentally determined properties of the PVDF are used
(see Table[4.1) and a 1 MQ electrical input impedance is assumed.

and back face of the PVDF and the backing medium replaced with water, the model
predicts a receive frequency spectrum with a narrower bandwidth and a centre fre-
quency that is significantly shifted from that predicted for a single PVDF layer to
f =4.45 MHz. Figure[4.9|illustrates the resulting modelled response for a 1 mm ra-
dius element, using the measured piezoelectric properties and published values for
the mechanical properties of the water, PVDE copper and Kapton layers all of which

are summarised in Table

By adjusting the piezoelectric properties used in the model, it is also possible
to observe the effect of piezoelectric loss. Figure shows the resulting modelled
response of the PCB-PVDF composite, both with and without the use of lossy piezo-
electric parameters. If the loss tangent components of the measured piezoelectric
parameters given in Table4.1|are omitted, the resulting modelled response shows a
much sharper resonance, centred at a frequency of 4.45 MHz. Including the appro-
priate loss tangents results in a much broader response, with a significantly damped
resonant peak that has an amplitude of around 7% of its non-lossy counterpart.

Away from the resonance, the modelled effect of piezoelectric loss is less significant
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Table 4.2: Summary of material properties used for analytical and FEA sensor sim-

ulations
Density | Longitudinal | Shear Acoustic | Thickness
Material Iy velocity velocity | impedance l
(kg/m?) VL Vs Z (um)
(m/s) (m/s) (MRayl)
Copper? | 8930 5010 2270 44.74 35
Kapton? 1420 2420 1191 3.44 25
PVDFP 1780 2206 - 3.92° 60
Water® 1000 1485 - 1.485 -
@ (Kino}[1987)
b (Hayward et al., 2000)
¢ (Kaye and Laby, |1995)
" Calculated from measured piezoelectric parameters
—witn|
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Figure 4.10: Effect of piezoelectric loss on the modelled frequency response of the
PCB-PVDF composite. Including the appropriate loss tangents results in a much
broader response, with a significantly damped resonant peak that has an amplitude
of around 7% of its non-lossy counterpart.

with both lossy and non-lossy spectra exhibiting similar magnitudes.

4.4.2 Finite Element Analysis

The electro-mechanical behaviour of a piezoelectric transducer may also be mod-

elled by finite element analysis (FEA). By breaking down the multiple layers of the
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sensor configuration into a mesh of two-dimensional elements, approximations of
the mechanical stress and strain, and resulting electrical potential and charge may
be formed throughout the simulation space. To achieve this, the constitutive equa-
tions of Section 4.2 are evaluated at each element node, accounting for the applied

boundary and loading conditions throughout the temporal domain.

There are a number of commercially available finite element software packages
that may be used to model the frequency response of piezoelectric materials. For
the purposes of this study, a time domain, explicit code was written in PZFlex©, a
package for modelling multiple-layer piezoelectric materials (Goldberg et al., 1997).
The sensor was modelled as a 1 mm radius, axisymmetric composite of 25 ym Kap-
ton polyimide substrate, 35 um copper, and 60 um PVDE with the composite placed
in a volume of water. Material properties were identical to those used for the ana-
lytic model, though additional parameters (included in Table were introduced
to account for the two-dimensional response of the composite. Importantly, the
FEA software package does not support the use of complex piezoelectric parame-
ters to account for losses and so the real part of the measured parameters was used

instead.

A 5 cycle, 1 MPa sinusoidal pressure load was applied propagating normal to
the sensor at a distance 3 mm from the front face of the outer Kapton layer as indi-
cated in Figure Along the direction of wave propagation the number of mesh
elements was dynamically adjusted to ensure that there was always more than 32
elements per wavelength, which was found to produce sufficiently stable results.
This did, however, lead to relatively long processing times, particularly at higher fre-
quencies, such that simulation across the entire frequency range took two hours to
complete. The receive sensitivity across the 0.1-15 MHz range was simulated at 0.1

MHz intervals, resulting in the frequency response illustrated in Figure[4.12]
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Figure 4.11: Schematic of the finite element simulation of the receive frequency re-
sponse of the array. A 1 MPa plane pressure load is applied a distance 3mm from the
front face of the composite sensor consisting of 25 pym Kapton, 35 um copper, and
60 pum PVDF layers. The resulting electrical potential is then determined across the
0.1-15 MHz rage at 0.1 MHz intervals.
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Figure 4.12: Modelled frequency response of the 60 ym PVDF-PCB array resulting
from a two-dimensional FEA. In a similar manner to the analytic model, a peak in
sensitivity is observed at f=4.5 MHz, though the FEA predicts a more broad response
and higher absolute sensitivity.
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Notably, the FEA model predicts a peak in sensitivity at 4.5 MHz, within 1.2% of
the value predicted by the equivalent circuit model. Given that the FEA model does
not account for piezoelectric losses, it is not surprising that the magnitude of the
predicted response is consistently above that estimated by the analytic model. In-
terestingly, however, the FEA model predicts a broader resonant peak, with a higher
magnitude low-frequency response, which could be introduced by the fact that the
two-dimensional FEA model is not confined to the thickness-mode oscillations as-
sumed by the equivalent circuit model. Both the FEA and equivalent circuit models
show a drop in sensitivity beyond 7 MHz, limiting the range of detectable frequency
components. Comparing predictions to experimental results gives a useful indica-

tion of the accuracy of the models presented thus far.

4.5 MEASURED RESPONSE

Simulation of the frequency-dependent sensitivity of a given multiple-layer piezo-
electric sensor configuration provides a useful aid for array design. It is important,
however, that computational results are experimentally validated. To this end, a
prototype array, constructed using the proposed method, was insonated across the
frequency range of interest and results were compared with those from a 0.5 mm
reference needle hydrophone (Precision Acoustics HPM05) to determine absolute

sensitivities.

The experimental setup, shown schematically in Figure utilised a number
of unfocussed ultrasound sources that were swept across their available frequency
range and directed at an axially aligned, 1mm radius receiving element, rigidly
clamped around the circumference of the rectangular composite sheet. Table

summarises the driving conditions for each of the unfocussed sources.
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Figure 4.13: Schematic of the experimental setup for validation of frequency re-
sponse simulations. Each source transducer was driven across the frequency range
indicated in Table 4.3|and the resulting waveform detected by a receiving element

aligned at the transverse focus.

Table 4.3: Summary of unfocussed transducer driving conditions

Make/ Resonant | Frequency | Step
Model Frequency Range Size
(MHz) (MHz) (MHz)
Precision Acoustics 1.0 1.0-1.9 0.1
Panametrics V306 2.25 0.95-4.55 0.1
Panametrics V320 7.5 3.5-11.5 0.25
Panametrics A313S 15 5.0-20.0 0.5

A remotely controlled function generator was used to create a 10 Vyx_pyr, 20 s

sinusoidal burst input voltage to drive each of the aforementioned transducers. For

each insonation, the receiving element was acoustically aligned at the transverse

focus of the source transducer and positioned at a time delay of 160 us using a com-

puter controlled three-dimensional positioning system. The driving frequency of

each transducer was swept across the range indicated in Table At each fre-

quency step, the received signal was acquired on an oscilloscope and transferred

to a controlling computer via ethernet link. Each saved waveform was sampled at
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Figure 4.14: Manufacturer’s calibration of reference, 0.5 mm active area, needle hy-
drophone. Values obtained here were used to calculate the absolute sensitivity of
the sample element across the 0-20 MHz range.

100MS/s and averaged over 32 acquisitions.

Figure shows the manufacturer’s sensitivity calibration of the 0.5 mm ref-
erence needle hydrophone. Having acquired data across the 1-20 MHz frequency
range using the reference hydrophone, values were scaled to provide absolute peak-

to-peak pressure magnitudes at each frequency step, yielding the profile shown in

Figure[d.15]

To determine the absolute sensitivity of the sample multiple-layer element, the
reference pressure values were used to scale the received signal across the 1-20 MHz
range. Figure shows the resulting peak-to-peak received signal, recorded with
the sample element connected to the oscilloscope via a custom made high input
impedance, 31 dB broadband pre-amplifier (see Section[5.5/for more details). Values
were scaled to account for the pre-amplification and the corresponding sensitivity
of the sample element was then determined using the reference pressure values.
There is a clear peak in sensitivity of the measured response at 4 MHz, with a rel-
atively sharp decrease beyond this point. Comparison of the measured behaviour

with modelled results allows the validity of the modelling techniques to be exam-
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Figure 4.15: Reference peak-to-peak pressure values used to determine the abso-
lute frequency-dependent sensitivity of the sample element. Values are determined
using the manufacturer’s frequency-dependent sensitivity calibration shown in Fig-
ure The legend indicates the resonant frequency of the insonating transducer.

ined, providing a useful tool for the design of the proposed array.

4.6 COMPARISON OF RESULTS

Figure compares the measured and predicted frequency response of the PCB-
PVDF array. Both the equivalent circuit model and the finite element simulation
predict a peak in response at a frequency within 12% of that which is experimen-
tally observed. Discrepancies in the predicted and observed location of this peak are
likely due to additional damping experienced in each layer as well as marginal dif-
ferences in the mechanical properties of the copper, Kapton and PVDF layers from
the published values that were used. Furthermore, when measuring the frequency
response experimentally, the rectangular PCB-PVDF composite was clamped re-
mote form the edges of the element itself, a configuration which may introduce al-

ternative modes of oscillation. Both models do, however, provide a useful estimate
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Figure 4.16: Received signal amplitude (a) and corresponding sensitivity (b) of the
sample multiple-layer PCB-PVDF element across the 1-15 MHz range. There is a
peak in sensitivity at 4 MHz, with a relatively sharp decrease beyond this point, in-
dicating that the element is most sensitive to signals in the 1-7 MHz range.

of the location of the peak in sensitivity of the PCB-PVDF array, which differs signifi-
cantly from the predicted response of a single PVDF layer. It is important, therefore,
that due care is taken to account for the effect of additional acoustic layers when

considering the design of PCB-based PVDF sensors.

Both the FEA and equivalent circuit models predict a significantly higher mag-
nitude of response than is experimentally observed. The FEA model has the advan-

tage of extending the simulation to a second dimension, and so is not confined to
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Figure 4.17: Comparison of measured and predicted frequency response of the
PVDEF-PCB array. Both the equivalent circuit and FEA models predict the location of
the peak in frequency response within 12%; however, the magnitude of the response
is overestimated in both cases.

the thickness mode oscillations modelled by the equivalent circuit. This could ex-
plain the slightly broader response predicted by the FEA model, which more closely
resembles the measured spectrum. The FEA software package that was used does
not, however, offer the ability to easily include lossy piezoelectric parameters, which
are included in the equivalent circuit model. Inclusion of the loss terms has been
shown to significantly reduce the magnitude of the resonant peak (see Figure[4.10),
and so it is not surprising that the equivalent circuit model offers a better estimate
of the absolute sensitivity of the array. Furthermore, the one-dimensional equiv-
alent circuit model is considerably less computationally expensive than its two-
dimensional, finite element counterpart, with run-times in the order of 2 seconds
rather than 2 hours. As a result, the equivalent circuit model was chosen to inform

the design of the proposed array.

Whilst the equivalent circuit model has been shown to provide a useful predic-
tion of the peak in sensitivity of the PCB-PVDF composite, it clearly overestimates

the absolute sensitivity of the array and predicts a more narrow response than is ex-
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Figure 4.18: Comparison of equivalent circuit model with measured response using
a range of input parameters. Both absolute (a) and normalised (b) sensitivities are
shown. A more accurate fit to the measured response can be obtained if the level of
piezoelectric loss is significantly increased, or a higher, physically unrealistic back-
ing impedance is introduced.

perimentally observed. A closer match to the measured response can be obtained if
the magnitude of either the piezoelectric loss tangent or the backing impedance is

increased, as shown in Figure[4.18]

Though the modification of these parameters results in a broader response with
higher low frequency sensitivity, closer to that which is experimentally measured,
the model still over predicts the absolute sensitivity. Possible explanations for this

include mechanical losses in the copper and polyimide layers, which are not in-
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cluded in the equivalent circuit model, or variations in the thickness of the individ-
ual layers introduced during the manufacturing process. Furthermore, the models
do not account for the bonding layers used during construction, which were as-
sumed to be sufficiently small to neglect though their exact configuration was not
known. Future work will look to develop an understanding of the reason for the
improved fit following the introduction of what appear to be physically unrealis-
tic input values for the backing impedance and piezoelectric loss. Here, however,
a higher backing impedance is considered (5 MRayl), along with the original water
backed model, to provide an estimate of the shape of the array response for a range

of PVDF film thicknesses.

In designing the three-dimensional cavitation sensor using the proposed PCB-
PVDF construction method, three PVDF film thicknesses were available, namely 25
pm, 60 um and 110 pum. The equivalent circuit model offers the ability to investigate
the effect of each of these film thicknesses. Though the model may not provide an
accurate measure of the absolute sensitivity of the array, it does provide a useful in-
dication of the shape of its frequency response. Figure displays the receive fre-
quency spectrum for each film thickness used within the PCB-PVDF composite. As
would be expected, increasing the thickness of the PVDF layer results in a decrease
in the frequency at which peak sensitivity is observed. Furthermore, the sensitivity

is generally observed to increase with film thickness.

Given that the majority of clinical HIFU transducers operate in the 0.8-1 MHz
range, broadband emissions resulting from HIFU induced inertial cavitation can be
expected to be detectable between 2 MHz and 8 MHz, beyond which attenuation is
likely to have a significant effect on the signal content. With this in mind, a 60 ym
PVDF film thickness was chosen for the multiple-layer PCB-PVDF array, providing

sufficiently high absolute sensitivity and a peak in response close to the centre of
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Figure 4.19: Variation in modelled frequency response with PVDF thickness using
both the original model (a) and the 5 MRayl backing impedance model (b). Three
available thicknesses of PVDF are considered, 25 ym, 60 um and 110 pym, of which
60 um provides the best compromise between sensitivity and bandwidth.

the expected cavitation signal spectrum.

4.7 SUMMARY

In this chapter, a novel ultrasonic array construction method was proposed to facil-
itate precise placement of array elements whilst avoiding sensitivity to stray signals

along the electrode path. By sandwiching a central PVDF sheet between two PCB
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layers the technique ensures active area is formed only where the copper tracks on
the front and back layers overlap. Importantly, however, care must be taken to ac-
count for the effect of these additional acoustic layers on the frequency response of

the composite array.

To achieve this, it is important to first consider the basic principles of the piezo-
electric effect. Characterised by the onset of electrical polarisation when a material
is subject to a mechanical stress, this phenomenon can be described by a number
of constitutive equations. By considering the appropriate boundary conditions for
a thin-disk resonator, these expressions may be developed into an equation for the
electrical input impedance of a sample of piezoelectric material, which may, in turn,
be measured experimentally. Fitting the various parameters of the impedance ex-
pression to experimental results then gives an estimate of the relevant piezoelectric
material properties of the sample. Four samples of 60 um PVDE a piezo-polymer
known to be particularly lossy, were characterised in this manner using a combina-
tion of non-linear least squares fitting and manual fine-tuning. The resulting piezo-
electric properties gave a predicted impedance that was well matched to the mea-
sured response, particularly around resonance, providing accurate parameters for

the models developed in subsequent sections.

The equivalent circuit models originally proposed by Krimholtz et al., allow the
one dimensional response of a thin-disk piezoelectric to be characterised by an
electrically equivalent circuit, described in terms of a number of lumped param-
eters. To model the effect of the additional layers of the PCB-PVDF array on receive
sensitivity a calculation scheme proposed by van Kervel and Thijssen was extended
to include multiple acoustic layers on the front and back faces of the central piezo-
polymer. The resulting modelled response differed significantly from that which is

predicted for a single PVDF layer, shifting the resonant peak to a much lower fre-
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quency of 4.45 MHz, and broadening the response. Comparison of the equivalent
circuit model with a finite element solution, developed using a time domain, ex-
plicit code written in PZFlex©, confirmed this shift in peak sensitivity, providing an

estimate of its location which differed by just 1.2%.

Both the equivalent circuit and FEA models have been shown to predict the lo-
cation of the peak in sensitivity of the composite array to within 12% of the experi-
mentally measured response. Given that this differs significantly from the response
of a single PVDF layer, it is important that care is taken to account for the addi-
tional PCB layers during the design phase. The methods developed here provide a
useful means for estimating the effect of these layers, with the less computationally
expensive, one-dimensional equivalent circuit model offering the ability to easily
account for piezoelectric loss. This provides a valuable tool for the design of similar
multiple-layer arrays, several of which are currently under development for a vari-
ety of applications including real-time treatment monitoring of HIFU ablation, and

ultrasound-induced, localised release of cytotoxic drugs.

Whilst the peak in response of the PCD-PVDF array is accurately predicted by
both models, absolute sensitivities are, however, overestimated, likely due to the
fact that they do not account for mechanical damping in each of the composite lay-
ers, nor do they account any differences in thicknesses of layers introduced during
manufacture. A closer match to experimental results may be obtained by introduc-
ing either a larger backing impedance or higher magnitude piezoelectric loss tan-
gent to the equivalent circuit model, though developing a physical explanation for

this remains the subject of future work.

To inform the design of the proposed three-dimensional cavitation sensor, the
equivalent circuit model was modified to predict the frequency response of the PCB-

PVDF composite for a range of PVDF film thicknesses. The results indicate that a 60
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pm film will provide a peak in sensitivity closest to the centre of the expected cavita-
tion signal spectrum, with sufficient sensitivity to capture emissions across the 1-7
MHz range. With an appropriate manufacturing technique and PVDF film thick-
ness identified, the following chapter considers the design of the three-dimensional
cavitation sensor in more detail. Particular attention is paid to optimisation of the
size, number and configuration of elements required to reconstruct an ellipsoidal
cavitation region. The optimised design is then evaluated experimentally provid-
ing a strong foundation for future studies into three-dimensional cavitation-based

HIFU QA.
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HAPTER

PROTOTYPE SENSOR DESIGN AND
TESTING

This chapter outlines the design and simulation of a three-dimensional cavitation sen-
sor intended for the QA of a range of clinical HIFU devices. An Initial prototype design
is discussed along with computational simulations of its performance, which are further
complemented by experimental results. The optimisation of a second-generation design
is then considered, once again supported by experimental results. Experimental valida-
tion of the second-generation design ensues, offering useful insight into the design of
arrays with similar construction and providing a strong foundation for future work into
cavitation-based HIFU QA.

The present work has shown that cavitation mapping correlates well with HIFU
insonation amplitude in the elevation, axial and transverse focal planes of the ther-
apeutic device. However, in order to completely characterise the HIFU field and,
in particular, identify any inconsistencies in the acoustic pressure profile, three-

dimensional reconstruction is required.

To achieve this, a cylindrical array enclosing the HIFU focal volume is proposed,
manufactured using the novel multiple-layer PCB-PVDF construction method in-

troduced in Chapter[4 This chapter delves further into the design of said array. Ini-
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Figure 5.1: The National Physical Laboratory Cavitation Sensor (NPLCS). The pro-
totype, three-dimensional cavitation sensor was based upon an extension of this
design, incorporating multiple elements to achieve three-dimensional mapping of
the cavitating field.

tially, the performance of a pre-existing, multi-element cavitation sensor supplied
by NPL is investigated both computationally and experimentally as a simplified,
inexpensive precursor to the eventual array design. Subsequent optimisation of
the element size, number and geometric configuration for localisation of a discon-
tiguous distribution of broadband sources yields a second-generation array, with
supporting electronics and data acquisition hardware, designed and implemented

specifically to enable array operation.

5.1 PROTOTYPE DESIGN

A prototype, multi-element cavitation sensor was initially developed as an exten-
sion of the technology employed for the cylindrical, single-element NPLCS shown

in Figure[5.1] The prototype array consists of ten individual, piezoelectric elements
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PVDF elements

acoustic absorber

Figure 5.2: Diagram of the prototype, multi-element cavitation sensor. The central
ring is divided into eight 45° elements facilitating radial mapping, whilst the outer
complete rings facilitate axial mapping.

constructed from 110 pm-thick, silver-inked, PVDF film with nylon bolted elec-
trodes. Elements are arranged in a cylindrical configuration to enclose the ellip-
soidal cavitation region generated during HIFU exposure and to capture as much
energy of the emitted broadband signal as possible. The physical dimensions of the
device are dictated by the range of HIFU transducers intended to be tested and the
resulting lesion size from the largest of these devices. To be compatible with exist-
ing clinical HIFU transducers, that is to allow focusing at the centre of the sensor,
the cylinder diameter and length were fixed at 75 mm and 45 mm respectively. In
order to provide sensitivity in the pre-focal, focal and post-focal regions, the sen-
sor is divided into three equal width (15 mm) rings. The central ring is divided into
eight equally-sized (45°) elements to facilitate radial mapping in the central trans-
verse plane, whilst the outer rings each consist of a single PVDF strip spanning the

circumference of the cylinder (see Figure[5.2), designed to facilitate axial mapping.

For the prototype design, large, individual-element apertures were chosen to
conform to the criteria mentioned above. This does, however, lead to a reduction

in imaging capability as explained further in Sections[5.1.1]and [5.1.2] The receiving

elements are coated in a relatively thick (30mm) layer of acoustic absorbing material
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(rho-c polymer) for their protection and support, and to allow adequate space for

cable routing such that all cables may exit the device at a single point.

To assess the performance of the prototype device and identify any potential

improvements, simulations were conducted and supported by experimental results.

5.1.1 Acoustic Reciprocity

The principle of acoustic reciprocity states that an acoustic response remains the
same when the source and receiver are interchanged. In other words, the pressure
p(1), received at a position rj, resulting from an ideal point source s(t), located at
I, is the same as the pressure received at r when the source is located at r;. Math-
ematically, this is illustrated by the symmetry in the Green’s Function for the inho-

mogeneous wave equation:

g(ry, filre, 1) = O(ry —r2l/c—(t1 — 12)), (5.1)

r—r
where:

s(r) = fg(r, Hp(vdt. (5.2)

As a result, the field produced by a transducer of a given geometry is indicative
of the spatial sensitivity of an identically-shaped receiver, where spatial sensitivity
refers to the ability of the device to detect a signal emitted from a given location. To
examine the spatial sensitivity of the prototype device, therefore, one can model the
field produced by an identically-shaped transducer. To achieve this, the transducer
is considered as an array of point sources whose summed response is equivalent
to that of the complete device. Using a velocity potential approach, as described by
O’Neil, the pressure distribution can be calculated as follows (Rayleigh,|1873;|0’Neil,

1949). The value of the velocity potential, y, at a point [r,0, z] due to a cylindrical
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Figure 5.3: Simulated sensitivities of individual (left) and combined (right) 45° ele-
ments in a plane transverse to the cylindrical axis. Large, 45° elements are highly
sensitive on-axis, resulting in accurate localisation, but cannot accurately localise
sources off-axis.

transducer of aperture 6;, length z; and radius R;, can be approximated by:
0r pz: u .
w(r,0,2) = f f — s e TR R,dbdz, (5.3)
o Jo 27

where k = w/c = 2n/A, A is the wavelength, u is the source velocity, and s is the
distance from the source point on the transducer element to the field point at which

1 is to be evaluated. The resulting pressure can then be calculated as:

0
p(r,0,z) = pa—ut/ = jopy =ikcpy. (5.4)

Using the above method, the spatial sensitivity of the central elements of the
prototype design for radial mapping can be assessed. Figure shows the simu-
lated spatial sensitivity of both an individual 45° element (spanning a 45° arc of the
cylindrical sensor), and the summed response of the eight central 45° elements in a

plane transverse to the cylindrical axis.

Clearly, the summed response of the eight central elements is extremely high
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Figure 5.4: Simulated sensitivities of individual (left) and combined (right) 4° ele-
ments in a plane transverse to the cylindrical axis of a hypothetical array. Smaller,
4° elements are less tightly focused and so can localise sources much further off axis.

along the cylindrical axis; however, such large aperture elements are highly focused
and so exhibit relatively low sensitivity away from this axis. This results in accurate
localisation of on-axis sources but poor localisation of any sources that lie off-axis.
Given that a typical HIFU lesion cross-sectional diameter is greater than 2 mm and
that alignment errors must be accommodated, it is important that the sensor is able
to localise sources up to ~5 mm off-axis. Smaller element sizes are less tightly fo-
cused and so peak sensitivity is spread over a larger region, as shown in Figure
It appears, therefore, that smaller elements are required for accurate localisation
off-axis. This conclusion is supported by further computational and experimental

results, presented in subsequent sections.
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Figure 5.5: Typical mesh used to model the received signal across each element of
the prototype design. The source signal is spherically propagated and attenuation
is applied, prior to integration over each element area.

5.1.2 Initial Simulations

In order to evaluate the performance of a given sensor geometry for a source at a
given location, a model was developed to predict the signals received on each ele-
ment of the sensor for a source in a particular location. The model takes an ideal
point source signal s(t), applies attenuation (based on a centre frequency of 7.5
MHz) and spherical propagation, and integrates the resulting signal over a number

of sub-elements across the receiving surface as described by Equation|5.5

N

1 1
i)=—) — —r15l/c)e” ™I RAAd z, 5.5
pi(t) A,-,;Ozlmrn—rsﬁ('r“ rsl/c)e z (5.5)

where p;(t) is the pressure received over the i’" sensor element, A; is the total area
of the i" sensor element, r, is the location of the n'" sub-element (area Rd0dz),
and «a is the attenuation coefficient of the medium through which the wave propa-

gates. Figure[5.5|shows a typical mesh used to compute the modelled received signal
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Figure 5.6: Source signal used for modelling received signals across each element of
the sensor. A periodic train of acoustic emissions resulting from an oscillating bub-
ble was recorded using a confocally aligned HIFU transducer and PCD arrangement
(Gyongy et al., 2008).

across each element of the prototype design.

The source signal used for simulations (shown in Figure [5.6) is an
experimentally-gathered, single-bubble emission recorded using a confocally
aligned PCD and HIFU transducer arrangement. The modelled recorded signals
at each of the sensor elements may then be used to reconstruct the location of the
source using the TEA algorithm, as described in Section For the initial studies,
data from the central ring alone is used to consider two-dimensional mapping in

the central transverse plane.

Figure5.7|shows typical images generated following reconstruction of the mod-
elled received signals over the eight 45° elements of the central ring, for both an

on-axis (Figure[5.7|(a)) and off-axis source (Figure[5.7[(b) co-ordinates [1 1 0] mm or
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Figure 5.7: Reconstructed source locations using modelled received signals and a
single point at the centre of each receiving element for the reconstruction. For an
on-axis source (left), accurate localisation is achieved and a small maximum (red) is
observed at the centre of the image; however, for an off-axis source (right), signifi-
cant grating lobe patterns result and localisation is poor.

1.4 mm off-axis). In both cases, the reconstruction algorithm takes the modelled
signal received over the entire element and reconstructs from a single point at the
centre of each element. For an on-axis source (Figure [5.7|(a)), this method works
well and the source location is reconstructed to the nearest pixel (0.0625 mm in this
case). However, for an off-axis source (Figure (b)), the method results in an image
with significant grating lobe patterns and inadequate source localisation accuracy.
To improve upon the quality of image obtained, the reconstruction algorithm may
be modified so that, for each receiving element, the signal received across its sur-
face is used to reconstruct the source location from a number of points distributed
across the aperture of the element (see Figure[5.8{(a)), and the average image is then
computed. Figure[5.8|(b) shows the resulting reconstructed image using nine points

evenly distributed across the receiving element.

It is clear that, despite improving the accuracy of localisation, the reconstructed
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Figure 5.8: Reconstructed source location using modelled received signals and a
nine point reconstruction for each element. Sub-figure(a) shows the distribution of
points used across each element, whilst Sub-figure(b) shows the resulting improved
reconstructed image for a source located at [1 1 0] mm.

image is not ideal, with grating lobes and poor off-axis sensitivity hampering image
quality. The experimental results detailed in the following section reinforce these
findings and highlight the need for optimisation of the array design prior to con-

struction of a second-generation array.

5.2 EXPERIMENTAL VALIDATION

The initial simulations presented in Section5.1indicate that, despite providing high
on-axis sensitivity as one would expect from a cylindrical array geometry, the large
aperture elements of the prototype sensor are, not surprisingly, inadequate for ac-
curate localisation of off-axis sources, limiting the ability of the device to fully char-
acterise a cavitating field. In this section, this observation is validated experimen-
tally using two sets of experiments. Firstly, a needle hydrophone is used to scat-

ter an incident HIFU pulse to approximate a point source, and the scattered signal
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Figure 5.9: Schematic of the experimental setup for the experimental validation of
the pre-existing prototype device.

detected using both the prototype array and an array of needle hydrophones for
subsequent reconstruction. Secondly, the prototype array is used to map on-axis
cavitation activity in a TMM. The experimental apparatus is initially considered,
followed by an outline of the procedures adopted. Thereafter, the implications of

the experimental results for the design of the next generation sensor are discussed.

5.2.1 Experimental Setup

Figure [5.9| shows a schematic of the setup used for the aforementioned validation
experiments. As with all previous experiments, exposures were carried out in a tank
of degassed, deionized water. Having already outlined the major components of
this setup (see Chapter[3), additional features and procedures are explained in detail

below.
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5.2.2 Scattering Experiments

In order to validate the point source models detailed in Section [5.1.2| and support
the conclusion that smaller elements are required for accurate localisation, two ex-
periments were conducted using a needle hydrophone to scatter a 25-cycle, 1.067
MHz HIFU pulse. By scattering an incident HIFU field from a small object with high
acoustic contrast, it is possible to emulate a point source at a known location within
an array. The use of a hydrophone as a scattering object also facilitates characterisa-
tion of the HIFU field at the scattering point, providing useful information about the
scattered waveform for validation. In the following experiments, a 400 um effective
diameter needle hydrophone (Onda Corporation HNA-0400) was used for this very

purpose.

5.2.2.1 Prototype Array

In the first scattering experiment, the prototype cavitation sensor was used to record
a pulse deflected from the scattering hydrophone. Unfortunately, two of the ten el-
ements of the prototype device were found to have de-laminated during the man-
ufacturing process and so data was recorded from the remaining eight elements.
Data was acquired for two exposures using an oscilloscope, triggered by the driv-
ing function generator and sampled at 100 MS/s over a 200 us window. Figure[5.10|

shows the arrangement of apparatus for each exposure.

The HIFU transducer was held in a fixed position, whilst the cavitation sen-
sor and scattering hydrophone were supported by a three-dimensional adjustable
stage, facilitating precise alignment of each device. The scattering hydrophone was
acoustically positioned at the focus of the HIFU transducer then fixed in place for

the remainder of the experiment. The prototype cavitation sensor was then posi-
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(a) (b)

Figure 5.10: Schematic and photograph of the experimental setup for the scattering
experiment using the prototype sensor. Data was acquired at a number of locations
to investigate the accuracy of localisation both on- and off-axis.

tioned around the scattering hydrophone so that the scatterer lay at the centre of
the receiving device. This was achieved by monitoring the delay in received signal
on each element of the prototype device. Elements which received the scattered
signal with longer delays were moved closer to the scatterer until all delays were

approximately equal.

Having acquired data from the seven working elements of the central ring at an
on-axis location, the sensor was displaced relative to the scattering hydrophone,
thereby shifting the source location. Data was then acquired at the new location
to investigate the accuracy of localisation when mapping an off-axis source. Fig-
ure shows a map of the source location generated by applying the TEA algo-
rithm to data obtained from scattering experiments both on-axis, and 2 mm off-
axis. Given that one element of the central ring of the prototype device had de-
laminated, the data from the remaining seven elements was used for the reconstruc-

tion. Itis clear that the prototype design is capable of locating on-axis sources; how-

Cavitational Methods for Characterising and Testing Clinical High-Intensity Focused Ultrasound Systems 144



Stuart R. Faragher 5.2. Experimental Validation

(@) (b)

Figure 5.11: Source maps following reconstruction of data gathered on-axis (a) and
2 mm off-axis (b). On-axis localisation is relatively accurate however off-axis, large
elements result in low sensitivity and poor source localisation.

ever, when the source is moved a mere 2 mm off-axis, poor off-axis sensitivity of the
highly-focused, large-aperture prototype device makes it difficult to determine the
true source location. These results reinforce the modelled behaviour of the device

detailed in Section[5.1.2]

5.2.2.2 Hydrophone Array

A second scattering experiment was conducted to investigate the effect of reducing
the receiving element size. In this experiment, an identical needle hydrophone was
used as a receiving element at eight locations distributed circumferentially about
the scattering needle, effectively forming an eight element receiving array from a
single hydrophone. The output from each needle hydrophone was fed to the high

impedance input of an oscilloscope for data acquisition.

Figure shows the experimental setup used to record the deflected pulse

from the scattering hydrophone. Given the reproducibility of the scattered wave-
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(@)

Figure 5.12: Images of the experimental setup for the scattering experiment using
the hydrophone array. A needle hydrophone is used to receive the signal scattered
from an identical hydrophone at eight fixed locations around the circumference of
the scatterer.

form, a single receiving hydrophone was used at eight distinct locations. At each
location, the receiving hydrophone was held in place by a perspex mount during in-
sonation and simultaneous data acquisition. After each exposure, the mount, and
therefore the receiving hydrophone, was rotated to its new position for further in-
sonation. The HIFU pulse and data acquisition parameters were identical to those
used in the previous scattering experiment, as was the alignment procedure for both

on- and off-axis exposures.

The reconstructed source location maps for both an on-axis scatterer and a scat-
terer positioned several millimetres off-axis (co-ordinates [5 -2 0] mm) are shown in
Figure It appears that the initial alignment procedure was not entirely accu-
rate, resulting in a slightly off-axis ‘central’ source location. However, it is clear that
the smaller elements of the hydrophone array facilitate accurate mapping both on-

axis and relatively far off-axis. More specifically, the physical displacement between
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Figure 5.13: Source maps from reconstructed data gathered on-axis (a) and 5.385
mm off-axis (b). The 400 um receiving elements of the receiving hydrophone facili-
tate accurate mapping both on- and off-axis.

on- and off-axis exposures was 5.385 mm, whilst the imaged displacement was 5.003
mm, giving a sufficiently small error of 0.382 mm for a source located approximately
5mm off-axis. Evidently, small active element areas are required to accurately locate

off-axis sources, as is explored in more detail in Section[5.3|

5.2.3 Cavitation Experiments

Having experimentally validated the point source models of Section using a
relatively narrowband source, it is important to consider the performance of the
prototype cavitation sensing array when detecting broadband signals resulting from
HIFU-induced cavitation. A further experiment was therefore conducted using the
prototype device to detect broadband emissions from within a 3% agar TMM, cast

inside the sensor.

For this experiment an identical setup to that described in Section was
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Figure 5.14: Prototype sensor cavitation map for a 3.71 MPapgrpp exposure. The pro-
totype sensor is able to accurately locate on-axis cavitation. However, given its poor
sensitivity off-axis, smaller elements are required to fully characterise the cavitating
region.

adopted, with a TMM replacing the scattering hydrophone previously used. The in-
sonation amplitude of a 1.067 MHz, 25-cycle pulsed signal was marginally increased
for each new exposure, starting at 1.4 MPaprpp. Data was acquired simultaneously
across the central seven working elements of the prototype sensor using two oscil-
loscopes triggered in parallel and sampling at 100 MS/s over a 200 us window. Data
was then digitally high-pass filtered to remove the frequency content of the received
signal below 5 MHz, whilst retaining any broadband information. Figure[5.14|shows
the resulting cavitation map obtained at a pressure amplitude of 3.71 MPapgrp for

an on-axis exposure.

The prototype sensor is therefore able to localise on-axis cavitation activity;
however, given its poor off-axis sensitivity, smaller elements are required to fully
characterise a HIFU-induced cavitating field. The experimental results presented
in this section concur with the findings of the computational modelling section de-

tailed previously. Evidently, a re-design is required to produce an array that is capa-
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ble of mapping a distribution of cavitating sources both on- and off-axis in three-
dimensions. The following section uses modelled results to optimise the design of a

second-generation array.

5.3 SENSOR OPTIMISATION

Based on the preliminary testing of the prototype sensor, both computationally and
experimentally, it was decided that the second-generation array would be cylindri-
cally configured, with dimensions equal to that of the prototype device (45 mm
length and 75 mm diameter) in order to accommodate a range of lab-based and
clinical HIFU transducers. The optimisation procedure detailed here aims to de-
termine the size, number and distribution of elements required to accurately re-
construct the location of a distribution of cavitating sources positioned within the

array.

5.3.1 Element Size

It is instructive to first consider the effect of reducing the element size on the ac-
curacy of source localisation. To do this, a single ring of eight sensor elements was
modelled with varying element size, receiving emissions from a source located 5
mm off-axis (co-ordinates [3 4 0] mm). Images of the source location in a trans-
verse plane intersecting the centroid of each element were reconstructed using the
nine-point TEA algorithm introduced previously. Figure shows the variation in
localisation error with element aperture. The axial dimension of each element is set
equal to its circumferential dimension (R xaperture) and errors are measured from

the true pixel location of the source to the maximum value pixel in the reconstructed
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Figure 5.15: Variation of localisation error with element aperture for a source lo-
cated 5 mm off-axis (co-ordinates [3 4 0] mm). Increasing the size of receiving ele-
ments increases the extent of focusing and reduces off-axis sensitivity, limiting the
ability to localise off-axis sources.

image.

Evidently, receiving element apertures exceeding 40° result in significantly
higher localisation errors for sources relatively far off-axis. Notably, a spurious result
is observed at 23.3°, where this particular configuration results in a higher peak ob-
served in a grating lobe and so larger than expected errors. Investigating the effect
of element size at the lower end of this scale yields Figure where the element
aperture has been increased from 0.5° to 4.5° (0.33-2.95 mm) at 0.2° intervals. Below
3.5°, errors in source localisation are limited by the resolution of the reconstructed
image and are considered suitably low for accurate localisation. Reducing the ele-
ment size below 0.5° may well improve the accuracy of modelled localisation; how-
ever, in practical terms, this will lead to elements that are difficult to manufacture,
require significant pre-amplification and are likely to exhibit poor SNR. An element

aperture of 2.7° was therefore chosen for the second-generation array, offering a
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Figure 5.16: Variation of localisation error with element aperture for a source lo-
cated 5 mm off-axis (co-ordinates [3 4 0] mm) at small subtended angles. Localisa-
tion errors increase significantly above an aperture size of 3.5°.

compromise between SNR, ease of manufacture and localisation accuracy. Having
investigated element size, the optimal arrangement of elements for localisation of

multiple sources, in both the transverse and axial planes, is now considered.

5.3.2 Element Configuration

In the present work, two receiving element configurations are investigated. The first
is a regular array, similar to that of the prototype device, consisting of three rings of
regularly-spaced elements (shown in Figure[5.17|(a)); the second is an array in which
elements are randomly distributed around a cylinder with dimensions equal to that

of the prototype device (shown in Figure[5.17|(b)).

Each configuration was tested using four unique, point sources arranged in the

pattern of a cross, so as to represent the typical shape and size of a HIFU-induced
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Figure 5.17: Element configurations used for investigating the performance of reg-
ular (a) and random (b) arrays.

lesion (20 mm axial length, 2 mm transverse width), as shown in Figure The
source signals were generated via computational solution of the Keller-Miksis equa-
tion, as modified by Yang and Church to include the effect of viscoelasticity, for a
variety of modes of oscillation representative of bubble behaviour in HIFU fields

(Yang and Church) 2005).

Figure shows the source maps generated for increasing numbers of receiv-
ing elements in a regular array when detecting signals from the four source loca-
tions. The receiving array consists of three rings of equally-spaced elements, with
an axial ring separation of 15 mm. It is evident that this configuration suffers from
significant grating lobe levels, characterised by regularly-spaced maxima in the cor-
responding source map, inhibiting its ability to accurately localise multiple sources.
As the number of elements in each ring is increased, the distribution of grating lobes
is altered, and localisation in the transverse plane improves marginally; however,

sufficiently accurate localisation remains unachievable.

To reduce the effect of grating lobes, randomly-distributed element arrays may

be implemented, limiting the likelihood of constructive interference at a regular dis-
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Figure 5.18: Source locations (a) and waveforms (b) used to investigate the perfor-
mance of random and regular array configurations. The source signals are gen-
erated via solution of the Keller-Miksis equation as modified by Yang and Church
(Yang and Church, 2005), and sources are arranged so at to represent the typical
size and shape of a HIFU lesion (20 mm axial length, 2 mm transverse width).

tribution of points throughout the field of interest. Figure shows the source
maps generated for increasing numbers of elements distributed randomly about a
cylinder of diameter 75 mm and length 45 mm, using computer generated random
polar coordinates. Clearly, the effect of grating lobes in random configurations is
less significant than in regular arrays, and, for the same number of elements, more
accurate localisation of the four point sources is achieved with a random array. Fur-
thermore, as the number of receiving elements is increased, the degree of blurring

around each source location is reduced and accuracy of localisation is increased.

In practice, the maximum number of receiving elements is limited by the cost
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Figure 5.19: Reconstructed source locations for regular arrays of 30 (top) and 39
(bottom) elements in both axial (left) and transverse (right) planes for four point
sources arranged in the pattern illustrated in Figure[5.18|

30 elements

y (mm)

source locations: [0 1 0], [0 -1 0], [0 0 10] and [0 0 -10] mm

39 elements

y (mm)

Figure 5.20: Reconstructed source locations for random arrays of 30 (top) and 39
(bottom) elements in both axial (left) and transverse (right) planes for four point

sources arranged in the pattern illustrated in Figure Elements are randomly
distributed about a cylinder of 75 mm diameter and 45 mm length.
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of producing the sensor and accompanying electronics. Several configurations of
random arrays, with varying numbers of elements, have been investigated to deter-
mine the minimum number required for sufficiently accurate localisation of four
sources arranged in the cross pattern. It was found that at least 39 elements are
required to accurately localise all four sources; however, more elements would be
preferable. Having specified the size and configuration of array elements for the
second-generation device, the array design was finalised by considering the avail-

able manufacturing techniques and, ultimately, the associated cost.

5.4 SECOND GENERATION SENSOR

Thus far, the design and simulation of a prototype, three-dimensional cavitation
sensor has been outlined, identifying several limitations which are supported by
experimental results. Computational simulations have been implemented to opti-
mise the design of a second-generation sensor for accurate localisation of multiple
sources both on- and off-axis in the axial and transverse planes. Consequently, it
was proposed that the sensor consist of at least 39, 2.7° aperture elements, randomly

distributed about a cylinder of 45 mm axial length and 75 mm diameter.

In order to limit the cost of manufacturing both the new device and its accompa-
nying electronics, the final design was chosen to consist of 50 randomly-distributed
elements. The final configuration was chosen based upon qualitative evaluation of
best quality reconstruction achieved from simulations of ten different random ar-
rangements. To prevent unwanted edge effects, circular elements were selected,
each with 1mm radius and occupying an area equivalent to that of the square-
shaped, 2.7° aperture elements originally proposed. Figure[5.21|shows the final ele-

ment configuration and its corresponding source map, generated by reconstructing
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Figure 5.21: (a) Second-generation array configuration and (b) accompanying
source map generated by reconstructing the modelled received signals across the
array using the four point source distribution previously described.

the modelled received signals across the array using the four point source distribu-

tion previously described.

It is clear from Figure that the final array design is able to accurately re-
solve the four simulated sources. To investigate the resolution that may be achieved
with the proposed element configuration, however, one further simulation was con-
ducted in which a single broadband source (source 1 from Figure[5.18|(b)) was prop-
agated radially from a point at the centre of the array. Following application of the
TEA algorithm, the reconstructed source map gives a numerical representation of

the PSF of the cylindrical array which, as with the results presented in Chapter
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Figure 5.22: Simulated PSF of the final cylindrical array configuration. The vol-
umetric reconstruction (a) indicates that -3 dB resolutions of 0.58 mm, 0.57 mm
and 1.58 mm could be achieved in the x—, y— and z-axis respectively.

allows the -3 dB resolutions to be estimated. Figure[5.22|shows the resulting three-
dimensional reconstruction of the single broadband source and normalised PSFs
along each axis. It is estimated that with the proposed configuration -3 dB resolu-
tions of 0.58 mm, 0.57 mm and 1.58 mm could be achieved in the x—, y— and z-axis
respectively, which compare favourably with the corresponding predicted resolu-

tion of the diagnostic linear array used in Chapter[3]

Given that relatively small elements were required for accurate source localisa-
tion with the array, care was needed to avoid any stray sensitivity introduced by
the element tracks themselves. For this reason, the novel manufacturing technique

introduced in Chapterwas used, whereby a layer of piezo-electric material, PVDE
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Figure 5.23: Second-generation array plan, showing both rectangular and cylindri-
cal configurations. Red lines indicate tracks on the upper PCB, whilst blue lines
indicate those on the lower one.

was sandwiched between two flexible PCBs, providing active area only in the regions
where two PCB tracks overlap. Figure shows the array design in the rectangu-
lar configuration in which it was manufactured, with red and blue lines indicating

tracks on the front and back PCBs respectively.

By choosing an appropriate thickness for the central PVDF sheet, the frequency
response of the array can be tuned so that peak sensitivity is observed in the range
over which broadband emissions are expected. Chapter[4has shown that, in doing
this, care must be taken to account for the contribution of the additional layers of
the sensor to the overall frequency response. For the second-generation array, it was
decided that a 60 um PVDF sheet would be used, yielding a peak sensitivity in the
1-7 MHz range. Given that the majority of clinical and lab-based HIFU transducers
operate at a fundamental frequency in the 0.8-1 MHz range, this should provide
sufficient bandwidth to detect the broadband emissions observed from a cavitating

region produced by any one of these devices.

Once manufactured as a rectangular sheet, the array was rolled inside a moulded
acoustic absorber to form the required cylindrical configuration. Acquiring data
from such a large number of array elements then involved the configuration of sev-

eral bespoke hardware components.
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5.5 DATA ACQUISITION

Prior to the digitisation of analogue signals received by the array it was necessary to
pre-amplify the acquired data. This was achieved using custom made, high input
impedance, low noise amplification circuitry that was designed to include an ana-
logue high-pass filter stage before amplification. For this purpose, an elliptic filter
design was chosen providing a rapid transition between the stopband and pass-
band, thereby eliminating any potentially saturating components of the fundamen-
tal frequency. Since the clinical transducers in use at the Churchill Hospital, Oxford,
have a fundamental frequency of 0.8 MHz, this was chosen as the high-pass cut off
frequency, though it was found that the filter design successfully removed any fre-
quency components below 1.3 MHz. Figure[5.24]presents the frequency-dependent
gain of the pre-amplification circuitry, which is seen to provide a consistent gain
of 27 dB across the 1.6-25 MHz range. All electronic components were housed in
aluminium enclosures to limit susceptibility to electromagnetic interference, which
was found to be particularly prevalent in the laboratory environment. Further noise
reduction measures involved the introduction of a Faraday cage to the circumfer-
ence of the array mount, which was found to reduce the level of detected interfer-

ence.

Pre-amplified and filtered data was digitised using a 64-channel, 12-bit, 50 MHz
data acquisition system (National Instruments NI5752). Once configured, the per-
formance of the array and accompanying data acquisition system was evaluated for

detection of cavitation emissions.
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Figure 5.24: Frequency response of the pre-amplification and filtering circuitry. The
elliptic filter design ensures that there is a rapid transition between the stopband
and passband, removing signals below 1.3 MHz and providing a relatively flat 27 dB
gain across the 1.6-25 MHz range.

5.6 SECOND GENERATION SENSOR TESTING

The three-dimensional cylindrical sensor comprises of 50 elements, each of 1 mm
radius. Acquisition of data from all sensor elements presents a significant challenge,
not only in terms of data handling, but also with regards to the physical configura-
tion of such a large number of connections. For preliminary studies, therefore, a
subset of the element distribution was evaluated to assess the performance of the

array.

5.6.1 Cavitation Detection
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Figure 5.25: Schematic of the experimental setup for cavitation detection with the
second generation cylindrical array. Data is acquired simultaneously across the ar-
ray elements using 64-channel, 12-bit, 50 MHz data acquisition system. Cavitation
emissions are also recorded using a confocally aligned PCD via an oscilloscope trig-
gered simultaneously with the data acquisition system.

5.6.1.1 Experimental Setup

Initially, 32 elements of the array were arranged to detect cavitation activity induced
within a microparticle-seeded 3% agar TMM, positioned inside the cylindrical sen-
sor. Figure presents the experimental setup used to acquire cavitation emis-
sions across the array. With a broadly similar configuration to several of the experi-
ments described throughout the work of this thesis, many of the components of the
set-up will now be familiar to the reader. Importantly, this experiment makes use of
the cylindrical array and its accompanying data acquisition system (introduced in
Section, along with an alternative, 508 kHz HIFU transducer, both of which are

detailed below.
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5.6.1.2 HIFU generation

Chapter [4]characterised the frequency response of a typical element of the second-
generation cylindrical array, indicating that a peak in sensitivity is observed at a fre-
quency of 4 MHz, beyond which there is a relatively sharp decrease in sensitivity
limiting detectable signal to the 1-7 MHz range. To maximise the broadband con-
tent of acoustic emissions observed in this range, a 508 kHz HIFU transducer (Sonic
Concepts H107) was used rather than the 1.06 MHz transducer used in previous ex-
periments. This had the effect of reducing the frequency of any potentially saturat-
ing scattered components of the fundamental and its low-order harmonics, which
were then filtered prior to pre-amplification, leaving primarily broadband content

in the resulting recorded signal.

The transducer was characterised in an identical manner to those introduced
in Chapter[3|(Section [3.1.1), yielding the absolute and spatial calibrations shown in
Figures and With a lower fundamental frequency the transducer has a
broader focal region than those previously used, with a -6 dB beam diameter and

axial length of 3.9 mm and 25 mm respectively.

Once the transducer was calibrated, cavitation threshold measurements were
conducted to determine the PRFP beyond which broadband emissions were reli-
ably observed when insonating a microparticle-seeded 3% agar TMM. Again, an
identical procedure and experimental setup was used to that introduced in Chap-
ter[3|(Section[3.1.1); however, in this case broadband emissions were detected using
a 3.5 MHz PCD confocally aligned with the HIFU transducer. Any potentially satu-
rating components of the fundamental frequency and its low order harmonics were
removed using a 2.5 MHz high-pass filter prior to digitisation. Figure presents

the probability of cavitation for a given PRFP, calculated following threshold mea-
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Figure 5.26: Calibration curve for the 508 kHz HIFU transducer. Focal pressures
were recorded at 5 Vi intervals using a 400 um needle hydrophone immersed

in degassed water at 21°C. Over the range of input voltages used in this section, a
linear relationship is observed between input voltage and PRFP.

Figure 5.27: Normalised three-dimensional spatial calibration of the 508 kHz HIFU
transducer. Pressures were recorded using a 75 ym needle hydrophone scanned
throughout the focal volume with 0.25 mm spacing in the transverse and elevation
directions and 0.5 mm in the axial direction.
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Figure 5.28: Cavitation threshold of the microparticle TMM for 508kHz HIFU in-
sonation. Broadband emissions were detected using a coaxially and confocally
aligned 3.5 MHz PCD, digitised using a 100MHz, 14-bit DAQ card following 2.5 MHz
high-pass filtering and 28 dB pre-amplification. Cavitation emissions are first de-
tected at 0.91 MPapgrp, and are reliably observed beyond 1.42 MPapgrp.

surements at 7 spatially distributed locations throughout the TMM.

It can be seen that the 508 kHz HIFU transducer first instigates cavitation at
a similar pressure to the higher frequency device previously used. However, the
pressure threshold beyond which cavitation emissions are consistently observed is
lower than was seen at 1.067 MHz (1.42 MPapgpp rather than 1.52 MPapgrrp). This
is consistent with the observations of previous authors who have shown that the
longer rarefaction phase of lower frequency insonation allows more time for bubble

expansion and hence acoustic nucleation (Hynynen, 1991).

When insonating the TMM during cavitation detection experiments, the HIFU
transducer was driven at its fundamental frequency with 5-cycle, sinusoidal pulses
varied in amplitude from 1.55 MPapgrpp to 4.11 MPapgrp at 0.13 MPapgpp intervals.

A trigger output from the function generator was used to synchronise the acquisi-
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tion of data across the array elements and 3.5 MHz PCD. To ensure acoustic emis-
sions were received within the available acquisition length, a time delay of 20 us was

introduced between the HIFU driving pulse and acquisition trigger.

5.6.1.3 Data Acquisition and Signal Processing

Section introduced the bespoke circuitry and data acquisition system config-
ured to acquire data across the cylindrical array. Simultaneous acquisition of data
from 32 elements of the array was achieved using the 12-bit, 50 MHz data acquisi-
tion system, that was able to acquire 80 us of data from each element per acquisi-
tion. Prior to digitisation, signals were high-pass filtered (1.3MHz cutoff) and pre-
amplified using the aforementioned circuitry. Figure [5.29]displays a typical RF sig-
nal and corresponding frequency spectrum of a cavitation emission received by the
array. Received signals were seen to consist mostly of broadband noise in the 1.4-7
MHz range with minimal harmonic content. A small amount of signal content was
observed within the stopband of the analogue filter, possibly due to electrical inter-
ference, and so a digital high-pass filter was applied to remove any signal content

below 1 MHz.

For the purpose of comparison, data was also acquired by a simultaneously trig-
gered 3.5 MHz PCD using an oscilloscope. The PCD signal was high-pass filtered
(2.5 MHz cutoff) and amplified using a 28 dB amplifier, prior to digitisation of 200

us of data at 100 MS/s. The results of this analysis are presented in the section below.

5.6.1.4 Cavitation Detection Results

Figure illustrates the typical cavitation emissions detected by two elements of

the cylindrical array and the coaxial PCD following 5-cycle HIFU insonation at 2.31
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Figure 5.29: Typical time trace (above) and corresponding frequency spectrum
(below) of cavitation emissions received using the cylindrical array following 4.11
MPaprrp insonation. The received signal consists mostly of broadband noise with
minimal harmonic content. A small amount of electrical interference results in de-
tection of signal content below the 1.3MHz cutoff of the high-pass filter, necessitat-
ing the use of a digital filter to remove signal content below 1 MHz.

MPapRFp, 3.21 MPapRFp and 4.11 MPapRFp.

Clearly the array elements are able to detect acoustic emissions from cavitation
events, the presence of which is confirmed by the coaxial PCD. As the insonation
amplitude increases, so too does the amplitude of the detected emissions, indicat-
ing increased cavitation activity within the focal volume. Promisingly, it is not only
the amplitude of emissions that increases with PRFP, but also their duration, imply-
ing that cavitation activity occurs over a larger region as the insonation amplitude is
increased. Application of the TEA algorithm to the acquired data does not, however,

successfully reconstruct a continuous cavitation region.

Cavitational Methods for Characterising and Testing Clinical High-Intensity Focused Ultrasound Systems 166



Stuart R. Faragher

5.6. Second Generation Sensor Testing

2.31MPaPRFP
0.2 0.2 1
—~ 0.1 A K
s 0 05
S
s 0 0 0
S
-0.1 -0.1 -0.5
Element 11 Element 16 PCD
-0.2 -0.2 —
20 40 60 80 20 40 60 80 1 60 80 100 120
Time (us) Time (us) Time (us)
(a)
3.21MPaPRFP
0.2 0.2 1
—~ 0.1 0.1 0.
s 5
S
g ° 0 0
o
= o 0.1 -05
Element 11 Element 16 PCD
-0. -0.2 -1
0 20 20 40 60 80 0 20 . 40 60 80 60 SQ 100 120
Time (us) Time (us) Time (us)
4.11MPaPRFP
0.2 0.2 1
— 0.1 0.1 0.5
2
S
8 0 0
S
-0.1 -0.1 -0.5
Element 11 Element 16 PCD
-0.2 -0.2 -1
0 20 40 60 80 0 20 40 60 80 60 80 100 120
Time (us) Time (us) Time (us)
(c)

Figure 5.30: Cavitation emissions detected using the 50 element cylindrical array
and coaxial PCD fOllOWiIlg 2.31 MPapRFp (a), 3.21 MPapRFp (b) and 4.11 MPapRFp

(c) insonation.
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5.6.1.5 Cavitation Mapping Results

It has been shown that the individual elements of the 50 element, cylindrical array
are capable of detecting cavitation emissions which show promising trends with in-
creasing insonation amplitude. Unfortunately, however, the recorded emissions fail
to produce useful cavitation maps following application of the TEA reconstruction
algorithm, the reasons for which are explored in the subsequent section. The post-
processed data was reconstructed in an identical manner to that which has been
previously presented, with each 80 us acquisition upsampled from 50 MHz to 200
MHz to limit quantisation errors when calculating the appropriate delays for each
element. Integration over time was then computed at the original sample rate of
50 MHz over the entire 80 us frame (4000 data points). Reconstructions were cal-
culated throughout the focal volume, extending +5mm in the transverse directions
and +10 mm in the axial direction with 0.1x0.1x0.1 mm voxels. Figure[5.31]displays
the resulting reconstructed volumes following application of the TEA algorithm to

data acquired during 2.31 MPaprrp and 4.11 MPaprrp exposures.

Similar results were obtained following modification of the driving signal and
acquisition parameters to allow acquisition of multiple frames of data throughout a
2 second CW exposure. Investigating the cause of these results led to the character-
isation of crosstalk throughout the array, which appears to significantly degrade the

signal content observed on each element of the sensor.

5.7 CROSSTALK CHARACTERISATION

Crosstalk is a phenomenon whereby a signal observed on one channel of an electri-

cal system, is transmitted to a neighbouring channel, creating an undesirable effect.
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Figure 5.31: Cavitation maps reconstructed from data acquired across 32 elements
of the cylindrical array following 5-cycle insonation at 2.31 MPaprpp (a) and 4.11
MPappgrp (b).
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It is usually caused by capacitive, inductive or conductive coupling from one part of
a circuit or cable to another. In the context of the work of this thesis, crosstalk has
the potential to cause leakage of signal from one element of the PCB-PVDF array
to another, thereby eliminating the spatially discrete nature of individual elements

and rendering reconstruction from acquired data extremely difficult.

This section aims to characterise the extent of the crosstalk experienced by ele-
ments of the PCB-PVDF array experimentally. By acoustically targeting a single ele-
ment of the array and observing the signals detected across the remaining elements,
it is possible to construct a matrix representation, X, of the experienced crosstalk in
the form

V=XU, (5.6)

where V is a matrix containing the recorded signal on each element of the array
(number of elements - by - length of data), and U is a matrix of the same size con-
taining the pre-crosstalk signal recorded by each element. Each of the complex
elements, X;;, of X then represents the magnitude and phase of the signal leaked
through to element j from element i. For a system in which minimal crosstalk is
present, the matrix X would be close to the identity matrix and it may be possible
to mitigate crosstalk by inverting X. For higher levels of crosstalk, X will be less di-
agonally dominant and solution of the problem is more likely to require hardware

modifications.

5.7.1 Experimental Setup

Figure shows a schematic of the experimental setup used to characterise
crosstalk throughout the array. Since this involves the alignment of a large num-

ber of elements and acquisition of multiple data sets, a subset of the array consist-
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Figure 5.32: Schematic of the experimental setup used to determine the extent of
crosstalk throughout the PVDF-PCB array. A machined layer of acoustic absorber
(shown in blue) shields non-targeted elements from acoustic signal to allow char-
acterisation of the effect.

ing of 16 neighbouring elements was chosen to characterise the extent of the effect.
Crosstalk was evaluated at a single frequency close to the peak in sensitivity of the
array using a 3.5 MHz spherically-focused ultrasound transducer (Olympus Pana-

metrics V382-SU) driven with a 10 V. ,x, 20-cycle sinusoidal burst.

A 3 mm thick layer of acoustic absorber (Precision Acoustics Aptflex F28) was
machined to provide acoustic windows for each element that could be plugged
when the element was not targeted. With a transmission loss of 30 dB/cm/MHz,
the 42 dB of attenuation offered by the machined layer (illustrated in Figure
was deemed sufficient to ensure the 3.5 MHz acoustic signal was only experienced
by the targeted element, providing confidence that any signal detected on a neigh-

bouring element was likely the result of crosstalk.

Each targeted element was acoustically aligned at the focus of the insonating

transducer, after which data was acquired across all 16 channels at 50MHz and av-
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Figure 5.33: Acoustic absorber used to shield non-targeted elements during
crosstalk characterisation. The 3 mm thick layer offers 42 dB of attenuation which
was deemed sufficient to ensure acoustic signal was only experienced by the tar-
geted element.

eraged over 20 acquisitions. The magnitude and phase of the 3.5 MHz component
of the signals acquired on each element was then computed to form the crosstalk

matrix, X.

5.7.2 Crosstalk Characterisation Results

The magnitude and phase of the resulting crosstalk matrix is displayed in Fig-

ures [5.34] [5.35| and [5.36, Each row index represents the element that was acous-

tically targeted, whilst column indices indicate the corresponding signals received

on each of the neighbouring elements.

Immediately obvious is the fact that the sensitivities of the array elements are
not uniform, with elements 8,9,10 and 15 showing significantly higher sensitivity
than their neighbours. Whilst this problem could be resolved by appropriate cali-
bration of array elements (provided the SNR is acceptable for lower sensitivity ele-
ments), of more concern is the lack of diagonal dominance in the crosstalk matrix.
This becomes more apparent when each of the rows of X is normalised. Clearly, el-

ements 9, 15 and 16 are particularly sensitive and susceptible to crosstalk, picking
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Figure 5.34: Absolute (left) and normalised row (right) magnitude of the experimen-
tally determined crosstalk matrix X.

Insonated Element

Number of contributing elements
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Figure 5.35: Normalised columns of the crosstalk matrix (left) and corresponding
number of contributing elements where the magnitude of the observed signal is
greater than a third of the targeted element magnitude (right).
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Figure 5.36: Phase of the experimentally determined crosstalk matrix X.

up a large amount of signal that is in phase with that which is acquired on the tar-
geted element. As a result, in 8 of the 16 cases where an element was targeted, a
higher magnitude signal was observed on a neighbouring element, resulting from a

combination of crosstalk and higher sensitivity of other elements to noise.

Figure illustrates the number of elements that contribute to the signal ob-
served by any one element. By normalising the columns of X, it becomes apparent
that for any one receiving element, significant signal content is observed when a
neighbouring element is targeted. If a conservative noise floor is taken as a third
of the magnitude of the signal received when the element is targeted, then it ap-
pears that only 4 of the 16 elements act independently, with elements, on average,

receiving significant signal content from 8 of their neighbours.

The extent of the observed crosstalk leaves little opportunity for software miti-
gation, since the signal recorded on any one element is not only a function of the
pressure which it experiences, but also a combination of those both geometrically
close and those spread further away. This is likely due to the proximity of neighbour-
ing tracks on the PCB-PVDF array, with results suggesting that there is significant

electrical coupling between elements. Hardware modifications in which individual
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array elements remain electrically isolated are, therefore, suggested to provide the
capability for accurate three-dimensional cavitation mapping. Suggestions for such

modifications form part of the future work described in Chapter|6]

5.8 SUMMARY

Various methods have been introduced for modelling the performance of a proto-
type cavitation sensor design, specifically for localisation of cavitation sources both
on- and off-axis. Experimental work using two different receiving arrays to localise
both narrowband and broadband sources both supported the modelled results and
highlighted a number of physical limitations of the proposed system. In particular,
it was established that the large elements of the prototype device were unsuitable
for characterisation of an extended cavitation source, thereby necessitating the de-

velopment of a second-generation, cavitation-sensing device.

Optimisation of the various components of the sensor yielded a second-
generation design capable of mapping a distribution of cavitation sources. Simu-
lations have shown that the random placement of elements reduces the effect of
grating lobes by limiting the likelihood of constructive interference at a regular dis-
tribution of points in the field of interest. Furthermore, small elements (below 3.5°
aperture or 2.3mm side length) facilitate the mapping of off-axis sources, though

may suffer from an inferior SNR in practice.

The optimal array design comprising 50, 1 mm radius, circular elements ran-
domly distributed around a cylindrical shell was manufactured using the novel
PCB-PVDF technique introduced in Chapter[4} Numerical simulations have shown
this configuration to accurately locate a discontiguous distribution of broadband

sources, yielding spatial resolutions of 0.58 mm, 0.57 mm and 1.58 mm in the x-,

Cavitational Methods for Characterising and Testing Clinical High-Intensity Focused Ultrasound Systems 175



Stuart R. Faragher 5.8. Summary

y- and z-axis respectively, which compare favourably with the linear array used in
Chapter[3] A customised data acquisition system was configured to provide 50 MHz,
12-bit digitisation of data across all channels. Analogue signals were pre-amplified
via a high-input impedance, broadband, 27 dB amplifier with an in-built analogue
high-pass filter to prevent saturation by the fundamental frequency and its low or-

der harmonics.

Experimental validation of the complete system confirmed that the array was
capable of detecting broadband emissions, which increased in both amplitude and
temporal extent with increasing insonation amplitude. Unfortunately, reconstruc-
tion of emissions acquired across 32 elements of the array during 508 kHz HIFU

insonation failed to successfully map cavitation events.

Investigation into the cause of the restricted array performance led to the char-
acterisation of crosstalk between individual elements, which was not predicted dur-
ing the optimisation procedure of Section[5.3] Experimental evaluation of this phe-
nomenon revealed significant electrical coupling between channels leading to sig-
nal leakage between neighbouring elements. Removal of this effect requires an al-
ternative construction technique, which would aim to ensure individual elements
remain electrically isolated between the active area and pre-amplification circuitry.
The following chapter offers a number of potential design solutions, which form
part of the suggested future work. Though three-dimensional cavitation mapping
from a single HIFU exposure remains to be achieved, significant progress has been
made. Valuable design and validation techniques have been developed and an op-
timised sensor design proposed, providing a strong foundation for future work into

cavitation-based HIFU QA.

Cavitational Methods for Characterising and Testing Clinical High-Intensity Focused Ultrasound Systems 176



CONCLUSIONS AND FUTURE WORK

The work of this thesis addresses the need for rapid, pre-treatment HIFU QA to enable
the progression of this promising technique from laboratory to regular clinical use. In this
chapter, the techniques developed to enable implementation of a cavitation-based pres-
sure mapping tool are reviewed. Suggestions are made to further the viability of this ap-
proach, with the intention of providing a clinically accepted method for cavitation-based
HIFU QA.

6.1 CONCLUSIONS

Despite its great promise, clinical approval of HIFU therapy can only be achieved
with adequate, standardised QA procedures in place. Current HIFU QA procedures
offer either accurate spatial calibration at the expense of impractically long acqui-
sition times, or more rapid characterisation that provides only a spatially averaged
measure of performance. Exploitation of acoustically induced inertial cavitation,
however, offers the potential for rapid pre-treatment spatial calibration without the

need for time consuming scanning routines. The main aim of this thesis has, there-
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fore, been to develop a cavitation-based pressure mapping tool for this very pur-

pose.

The concept of cavitation-based characterisation of clinical HIFU fields was val-
idated for the first time in Chapter (3| This was achieved by implementing passive
acoustic mapping algorithms, firstly on an array of hydrophones and secondly using
a clinical ultrasound imager, to identify the change in size of the cavitating region as
the HIFU transducer excitation amplitude is increased. A novel tissue-mimicking
material of sufficient consistency for cavitation-based QA was also identified and
tested for the first time, consisting of 3% agar seeded with talc particles to maximise
the magnitude and spatial uniformity of cavitation occurrences. The phantom pro-
vides a highly repeatable cavitation threshold of 1.52 MPapgrp at 1.06 MHz and 1.42

MPaprrp at 508 kHz, remaining stable both 24 and 48 hours after preparation.

Passive imaging of cavitation emissions in the three focal planes of the HIFU
transducer using a single linear array yields a source distribution which correlates
well with the values obtained from hydrophone-based field characterisation. As
well as indicating focal pressures, the method clearly identifies abnormalities in the
HIFU field. For the 1.06 MHz transducer used in Chapter [3] this is verified by con-
sistent observation of cavitation activity in its discontinuous side-lobes beyond 2.93
MPaprpp at y = +2.2mm. Whilst two-dimensional imaging in all three focal planes
requires a certain amount of user intervention that would be clinically impracti-
cal, the technique adopted offers a viable method for pre-treatment HIFU QA using

readily available hardware that requires minor software modifications.

This leads to the notion of a novel, standalone, three-dimensional calibration
tool for rapid HIFU QA in a clinical setting, as introduced in Chapter[4] Mapping in
three dimensions clearly requires a large number of precisely positioned receiving

elements, ideally arranged in a cylindrical configuration so as to enclose the HIFU
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focal volume. The search for a cost-effective solution led to the use of a novel manu-
facturing technique wherein the active piezoelectric material (PVDF) is sandwiched
between two PCBs: this has the effect of forming active area only where the con-
ductive tracks on the front and back PCBs overlap, thereby eliminating sensitivity to

stray acoustic signals along the electrode path.

An important consideration is the combined effect of the multiple layers of the
composite array on its frequency-dependent sensitivity. The properties of the piezo-
polymer were characterised by fitting an analytic expression for input impedance
to experimental data, and used to inform subsequent equivalent circuit and finite-
element simulations of the composite response. Extension of the equivalent cir-
cuit calculation scheme proposed by Kervel and Thijssen, to include the effect of
multiple backing layers, yields a predicted frequency spectrum with a peak location
within 1.2% of that predicted by finite element analysis and 12% of the experimen-

tally measured value.

As regards the absolute sensitivity of the composite array, both models overpre-
dict the measured response, although the inclusion of piezoelectric losses in the
equivalent circuit model provides a better overall match. Crucially, this frequency
response differs significantly from the typical receive sensitivity spectrum of a single
PVDF sheet, highlighting the usefulness of the extended equivalent circuit model to
account for additional PCB layers in the design of multiple-layer PCB-PVDF arrays.
Modification of either the backing impedance or magnitude of loss tangents pro-
duces a closer match to the observed response, though developing a physical expla-
nation for this remains the subject of future work. The extended equivalent circuit
model was thence used to select a PVDF film thickness for the proposed array. A 60
pm film provides a peak in sensitivity closest to the centre of the expected cavitation

signal spectrum, with sufficient sensitivity to capture emissions across the 1-7 MHz
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range.

In Chapter [5 the cylindrical array design was finalised by considering the op-
timal size, number and geometric configuration of receiving elements for accurate
localisation of broadband sources. Small elements (less than 3.5° aperture or 2.3
mm side length) were found, by computational and experimental analysis, to offer
more accurate localisation of off-axis sources by limiting phase averaging across the
active area. Moreover, a random configuration of elements reduces grating lobe lev-
els by limiting the likelihood of constructive interference at a regular distribution of
points throughout the field of interest. Higher spatial resolution is achieved using a
large number of elements; however, this adds both complexity and expense to the
overall system. Consequently, the second-generation array design consists of 50 el-
ements, each 1mm in radius, randomly distributed around a cylindrical shell, and
manufactured using the multiple-layer PCB-PVDF technique introduced in Chap-

ter[dl

Experimental evaluation of the final array design using bespoke pre-
amplification and data acquisition hardware produced some useful results. The
array is capable of detecting broadband emissions, which increase in both ampli-
tude and temporal extent with increasing insonation amplitude. Although recon-
struction of the acoustic emissions acquired across 32 elements of the array does
not presently generate accurate cavitation maps, the restricted array performance

can be attributed to unforeseen complications with electrical isolation.

Investigation into the limited imaging performance led to the characterisation
of crosstalk, which has the effect of compromising the spatially discrete nature of
individual elements. A 3.5 MHz focused transducer was used to target each array el-
ement in turn, confirming the significance of crosstalk: on average, elements were

observed to detect signal leakages from 8 of their neighbours. To eliminate this ef-
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fect, it is proposed that an alternative construction method is adopted, which aims
to maintain electrical isolation between the active area and pre-amplification cir-
cuitry. Suggestions for appropriate manufacturing techniques are considered as

part of the future work detailed in the following section.

6.2 FUTURE WORK

A number of advancements to the work of this thesis are possible, which would aim
to improve its applicability and aid the progression towards regular use in a clini-
cal setting. In the immediate future, the two-dimensional technique using a linear
array would benefit from evaluation of its performance with a range of clinical de-
vices, thereby demonstrating its wider applicability. Modelling methods could be
improved by including mechanical losses and considering the accuracy of the ma-
terial properties used, whilst three-dimensional characterisation could be achieved

by investigating alternative array construction techniques.

6.2.1 Two-Dimensional Cavitation-Based Pressure Mapping

It has been shown that a medical diagnostic linear array may be used for two-
dimensional cavitation-based HIFU QA, which correlates well with hydrophone-
based field characterisation and correctly identifies any abnormalities in the HIFU
field. Clinical acceptance of this technique would, however, require further investi-
gation into its performance using a range of clinical HIFU transducers. Each trans-
ducer is likely to vary in fundamental frequency and achievable focal pressure am-
plitude. Though typical frequencies and focal pressures have been considered in

this work, it may be necessary to tailor the cavitation threshold of the TMM to the
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transducer. This could be achieved by offering a range of TMMs, each intended for
a subset of PRFPs and frequencies, with varying thresholds adjusted by appropriate

preparation (de-gassing) and addition of cavitation nuclei.

Furthermore, in cases where clinics are equipped with a removable diagnostic
array that could be positioned in the axial and transverse orientations for more ac-
curate field characterisation, user intervention could be minimised by the manufac-
ture of an array / TMM mount. This would allow alignment of the array in relation
to the TMM without the added complexity of positioning stages. Moreover, if mul-
tiple probes were available, such a mount could be used to position each array so
as to acquire data simultaneously in several imaging planes, in effect offering three-

dimensional field characterisation.

Currently, the processing of data acquired using the linear array requires transfer
to a PC for reconstruction. With parallel computing techniques, processing times
have been limited to several seconds per frame; however, real-time (on the order of
20Hz) reconstruction could be achievable using graphical processing techniques.
If this could be implemented on the scan engine itself, truly real-time cavitation-

based HIFU QA would become a reality.

6.2.2 Improvements to Models

Whilst the models presented in Chapter [4] provide a useful tool for estimating the
shape of the frequency-dependent sensitivity of a given multiple layer PCB-PVDF
array, improvements could be made to allow more accurate estimation of abso-
lute values. The piezoelectric properties that were measured experimentally are
believed to accurately describe the behaviour of the piezo-polymer; however, the

mechanical properties of each material were taken from published results, and so
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may not accurately represent the materials used. Measurement of these parameters
as well as the inclusion of mechanical losses in the PCB layers would likely improve

the accuracy of the model, providing a better fit to measured results.

6.2.3 Three-Dimensional Cavitation-Based Pressure Mapping

The element size, number and configuration required for three-dimensional recon-
struction of a distribution of broadband sources was optimised in Chapter[5 Sim-
ulation of the -3 dB PSF beam widths of the resultant 50-element design yielded
resolutions in the x-, y- and z-axes of 0.58 mm, 0.57 mm and 1.58 mm respectively,
which compare favourably with those of the linear array used in Chapter |4, Un-
fortunately, the performance of the physical array was hampered by high levels of
inter-element crosstalk. Efforts to remove this effect would focus on maintaining

electrical isolation of individual array elements.

The cylindrical array evaluated in Chapter[5|made use of 0.5 mm pitch Zero In-
sertion Force (ZIF) connectors to attach the exposed pads of the PCB tracks to a
break-out board for connection to pre-amplifiers via coaxial cables. Crosstalk lev-
els may well be reduced by increasing the pitch of these connections, requiring a
redesign of the board to allow more spacing between individual tracks. ZIF connec-
tors are, however, limited in pitch to around 2 mm, which may not provide adequate
isolation. Further issues may be introduced by the presence of long track lengths on
the rear PCB, designed to ensure tracks for each element exit the cylindrical array at
one end, for ease of connection and waterproofing. As well as acting as a possible
antenna for RF interference, this may increase the potential for signal to leak from

one element to another, and so minimising track length could prove useful.

Alternatively, a construction method could be adopted which more closely re-
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sembles that of the NPL prototype array validated in Chapter |5 Though the large
elements of this device were shown to exhibit poor spatial sensitivity, it is conceiv-
able that a similar construction method, in which coaxial connections to individual
elements are formed via nylon bolted electrodes, could be used to arrange multiple,
smaller array elements in a cylindrical configuration. Whilst electrical isolation may
be maintained with such a method, this comes at the expense of physical size and
accuracy of element positioning. The minimum element size would be limited by
dependence on mechanical bolted connections, whilst manual positioning of in-
dividual elements would not offer the precision afforded by the etching technique
used for the PCB-PVDF composite. Inaccuracies in positioning could, however, be
overcome by acoustic localisation of element positions post-manufacture, using a

scattered signal and multilateration techniques.
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