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Abstract

Cavitation is a phenomenon present during many ultrasound therapies, including
the thermal ablation of malignant tissue using high intensity focused ultrasound
(HIFU). Inertial cavitation, in particular, has been previously shown to result in
increased heat deposition and to be associated with broadband noise emissions that
can be readily monitored using a passive receiver without interference from the main
ultrasound signal. The present work demonstrates how an array of passive receivers
can be used to generate maps of cavitation distribution during HIFU exposure,
uncovering a new potential method of monitoring HIFU treatment.

Using a commercially available ultrasound system (z.one, Zonare, USA), pulse
transmission can be switched off and data from 64 elements of an array can be
simultaneously acquired to generate passive maps of acoustic source power. For
the present work, a 38 mm aperture 5-10 MHz linear array was used, with the 64
elements chosen to span the entire aperture. Theory and simulations were used to
show the spatial resolution of the system, the latter showing that the broadband
nature of inertial cavitation makes passive maps robust to interference between
cavitating bubbles.

Passive source mapping was first applied to wire scatterers, demonstrating the
ability of the system to resolve broadband sources. With the array transversely

placed to the HIFU axis, high-resolution passive maps are generated, and emissions



from several cavitating bubbles are resolved. The sensitivity of passive mapping dur-
ing HIFU exposure is compared with that of an active cavitation detector following
exposure.

The array was then placed within a rectangular opening in the centre of the HIFU
transducer, providing a geometric setup that could be used clinically to monitor
HIFU treatment. Cavitation was instigated in continuous and disjoint regions in
agar tissue mimicking gel, with the expected regions of cavitation validating the
passive maps obtained. Finally, passive maps were generated for samples of ox
liver exposed to HIFU. The onset of inertial cavitation as detected by the passive
mapping approach was found to provide a much more robust indicator of lesioning
than post-exposure B-mode hyperecho, which is in current clinical use. Passive
maps based on the broadband component of the received signal were able to localize
the lesions both transversely and axially, however cavitation is generally indicated
5 mm prefocal to the lesions. Further work is needed to establish the source of this
discrepancy.

It is believed that with use of an appropriately designed cavitation detection
array, passive mapping will represent a major advance in ultrasound-guided HIFU
therapy. Not only can it be utilized in real-time during HIFU exposure, without the
need to turn the therapeutic ultrasound field off, but it has also been shown in the
context of the present work to provide a strong indicator of successful lesioning and

high signal-to-noise compared to conventional B-mode ultrasound techniques.
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Chapter 1

Introduction

Ultrasound is a physical phenomenon that has found a variety of clinical uses. Be-
sides its widely recognised role in diagnostic imaging, long-standing interest in the
bioeffects of ultrasound [1; 2] has spawned a number of well-established uses such as
physiotherapeutic ultrasound and lithotripsy, as well as other emerging therapeutic
applications. Recently, the use of high intensity focused ultrasound (HIFU) has
revealed many potential applications, among them the thermal ablation of cancer-
ous tissue [3]. However, for every ultrasond-based therapy, the need for cheap and
robust monitoring strategies has also arisen, a need that still awaits fulfillment.

In this work, a new method of monitoring therapeutic ultrasound is proposed,
whereby the ultrasonic emissions of cavitating bubbles excited by a therapeutic
ultrasound transducer are detected passively by an array of ultrasonic receivers,
and used to construct spatiotemporal maps of cavitation activity (see Figure 1.1).
Such microbubble activity or cavitation is involved in a number of ultrasound ther-

apies [3; 4], so the proposed method of passive cavitation mapping is expected to



The received data are used to form
passive maps of microbubble activity.

... that are
then detected
by an array of
Therapeutic uItra;ou nd
receivers.
ultrasound

transducer ...

cause pressure
waves to
propagate from
the bubbles ...

... creates region of
radially oscillating
microbubbles.

Figure 1.1: Proposed method of monitoring therapeutic ultrasound by passive cavitation mapping.

be accordingly relevant. The current work focuses on the applicability of passive
cavitation mapping to monitoring thermal ablation by HIFU.

In order to appreciate the validity and usefulness of passive cavitation mapping,
the first section of this chapter investigates the thermal and mechanical bioeffects of
ultrasound, and shows that cavitation is often involved in both types of bioeffects.
In Section 1.2, the procedure of thermally ablating tissue using HIFU is presented.
Current monitoring strategies for ablative HIFU treatment are then discussed in
Section 1.3, demonstrating the gap in knowledge that the passive cavitation mapping
technique presented in this thesis aspires to fill. Finally, the last section presents

the layout of the rest of this thesis.



1.1 Interaction of ultrasound with tissue

1.1.1 Linear propagation of pressure waves

Ultrasound propagates through a medium by oscillations of its constituent molecules,
or particles. Depending on whether the oscillations are parallel or perpendicular
to the direction of wave propagation, the propagating disturbances take the form
of pressure and shear, respectively [5]. Tissue, by virtue of its viscoelasticity, can
support both types of waves. Compared with pressure waves, shear waves are heavily
absorbed in tissue at ultrasonic frequencies [6] and are therefore not widely employed
in medical ultrasound. This work is concerned with the generation and detection of
pressure waves.

Normally, pressure waves are modelled as propagating linearly, that is, the shape
of the waveform is unchanged as it travels. This remains the case even if the wave-
form amplitude is decreased by absorption, scattering, or (in the case of non-planar
waves) geometric spreading. For pressure disturbances that are small relative to the
ambient pressure, linear propagation is a valid assumption. However, diagnostic and
therapeutic ultrasound often employs pressure amplitudes well in excess of 1 MPa,

where nonlinear effects become significant [7; 8; 9].

1.1.2 Non-linear propagation

Contrary to the linear assumption, a particle travelling in the same direction as the
pressure disturbance will transmit the disturbance faster than if it was travelling in

the opposite direction. As a consequence, the compressional phase of a waveform



will travel faster than the rarefactional phase, resulting in distortion of the waveform
[7]. The degree to which a linear wave becomes distorted as it propagates through
a medium depends on the coefficient of non-linearity of the medium (a material
property), and increases with increasing amplitude, frequency and distance of prop-
agation [10]. In the frequency domain, the distortion is seen as a gradual transfer
of energy from the fundamental frequency of the wave to its harmonics. Since at-
tenuation in tissue typically varies with f!'! where f is frequency [11], non-linear
propagation enhances the attenuation of the distorted wave.

Although non-linear propagation is an important phenomenon in biomedical ul-
trasonics, it should be noted for later reference that attenuation of the transmitted
waveform (including its conversion to harmonics) will diminish the non-linearity
of propagation, and hence its effects, with distance. In addition, since dispersion
(the variation of propagation speed with frequency) is negligible in tissue [12], the

generated harmonics will remain in phase with the original waveform.

1.1.3 Thermal effects

As a planar ultrasound wave propagates through tissue, it attenuates due to the
combined effects of scattering arising from tissue inhomogeneities and absorption.
Absorption, caused by a variety of effects including viscous damping, thermal damp-
ing, and molecular relaxation [13; 14; 15], converts acoustic energy to thermal energy.

As with total attenuation, the frequency-dependence of absorption in tissue is
also approximately linear [11; 16]. Therefore, non-linear propagation will cause a

wave to dissipate its energy over a shorter propagation distance and increase the



local rate of heat deposition [17; 18]. As will be discussed later, inertial cavita-
tion, which is a special form of non-linearity, also greatly enhances the local rate of
heat deposition by converting part of the incident acoustic energy into broadband
emissions [19; 20; 21].

The elevation of tissue temperature above its normal physiological value (37°C)
causes a wide range of bioeffects. Temperatures of up to 45°C may promote tissue
repair [22; 23|, however, exposures above 40°C can also lead to cell death, depending
on exposure duration [24]. Raising whole body temperature (up to 42°C) or malig-
nant tissue temperature (up to 50°C) induces an immune response that complements
radiotherapy, chemotherapy and immunotherapy in the treatment of cancer [24; 25].
Above 50°C, cells in tissue are rapidly destroyed, or ablated. Given its relevance to

this work, a description of thermal ablation follows.

Thermal ablation

Living organisms rely on a plethora of long-chain molecules whose function is largely
determined by their structure. In the case of proteins, structure is maintained by rel-
atively weak hydrogen and hydrophobic bonds. Thus, external stresses on a molec-
ular scale often cause disruption of the protein structure, known as denaturation
[26]. Under normal circumstances, denaturation is a reversible process. However,
sustained disruption, such as that caused by heat, can lead to hydrophobic regions
of the protein being exposed to the surrounding aqueous solution. This can cause
protein aggregation and an irreversible loss of function [27].

Although other processes are responsible for thermal ablation [27; 28|, protein

aggregation is generally considered to be the main mechanism, which manifests



itself as white opaque tissue in gross pathology [29; 30] and coagulative necrosis in
histology [31; 32]. Protein aggregation is not well understood, however the work of
Wu et al. [33] has shed some light on its mechanism. By assessing changes in the
mechanical properties of bovine muscle during thermal ablation, they identified three
regions on a hysteretic shear modulus-temperature curve, believed to correspond to
three types of protein behaviour. Up to temperatures of 55°C, the tissue softened,
and was observed to return to its original stiffness on cooling. This first region was
thus thought to correspond to reversible protein denaturation. At 60°C, a marked
and irreversible increase in tissue stiffness occured, and this increase continued up to
the maximum temperature in the experiment, 75 °C. Protein aggregation, and hence
cell death, is thought occur in this second region. Finally, after tissue was allowed
to cool to room temperature, tissue softened again, but remained stiffer than in its
original state. Subsequent heating showed the third region to have reversibility.
The above results suggest a relatively simple relationship between temperature,
stiffness, and cell death, even if this relationship may become more complex above
75°C [34; 35]. In fact, the amount of time for which tissue is held at an elevated

temperature greatly determines the probability of thermal ablation [36].

Thermal dose

While it is helpful to quote which temperature ranges are generally associated with
different thermal effects, these values ignore the cumulative effect of exposure to
elevated temperatures. Therefore, it would be useful to reduce any temperature
history T(t) to a scalar quantity called a thermal dose that would allow prediction

of different physiological outcomes. A simple and intuitive definition of thermal dose



is the amount of time for which the tissue should have been held at 43°C to achieve
the same outcome. To formulate this definition, called the cumulative equivalent
minutes at 43°C (CEMy3), it is assumed that thermal effects can be described by a
single chemical reaction whose rate constant varies exponentially with temperature

[37]:

t=tlend
CEMy3 = / RB=T0qt, (1.1)
t

=t

where tissue temperature was elevated in the time period t € [t,, teng]. A common

estimate of R is [37]

0.25 for T(t) < 43°C
R= (1.2)

0.5 for T(t) > 43°C

The above expressions for the thermal dose are useful for temperatures below
50°C [38]. Furthermore, they provide a simple metric: above 43°C, every degree
Celsius halves the required treatment time. Above 50°C, however, the applicability
of CEM43 becomes uncertain. This is reflected by the great variation of estimates for
the thermal dose required to achieve thermal ablation — as a conservative measure,
an upper value of 240 minutes at 43°C is generally adopted [39; 40; 41]. One
source of variation could be the amplification of thermometry errors due to the
exponential term in Equation 1.1 [42]. Tt is also likely that a different estimate of R is
required for higher temperatures [43], with an exponential temperature dependence
that reflects the more general Arrhenius equation [44; 45]. Even the Arrhenius
equation, however, wrongly assumes a single dominant reaction over all ablative

temperatures. In contrast, the denaturation of a single protein has been shown to

7



consist of several steps. Furthermore, the denaturation of different proteins will

become significant at different temperatures [46; 47].

1.1.4 Acoustic cavitation

Although definitions of cavitation vary depending on context, in this work cavitation
will be taken to refer to the oscillations of bubbles caused by sound, also termed
acoustic cavitation [48]. Therefore, phenomena such as nucleation (bubble forma-
tion) or boiling will be treated as separate from cavitation, even if they are closely
related [49; 3]. With this definition in mind, the response of a bubble to an acoustic

field is described, followed by the resulting thermal and mechanical effects.

Linear bubble behaviour

Despite their beguilingly simple appearance, bubbles give rise to a variety of com-
plicated cavitation phenomena. Perhaps the simplest example of cavitation is a
spherical bubble made to weakly oscillate using a spatially uniform and temporally
sinusoid pressure field. This scenario can be physically approximated with a plane
wave whose wavelength is much larger than the bubble radius. Assuming small
excursions from its mean radius, the bubble can be modelled as a simple harmonic
oscillator [50; 51]. The components of the oscillator are the inertia of the sur-
rounding liquid, the stiffness arising from gas compressibility and surface tension at
the liquid-gas interface, and various damping effects, including thermal damping,
viscous damping and the re-radiation (or scattering) of the incident pressure wave

[20].



Because of the linear response of the bubble to the incident pressure wave, the
frequency of the scattered wave will be that of the incident wave. However, the
scattering amplitude will be highest at the resonant frequency of the bubble. For
an air bubble surrounded by water, with an equilibrium radius rq > 5 pm, surface
tension can be neglected and the resonance frequency is approximately 3.26 /1o MHz
(with 7 in micrometres) [20]. In the present work, the frequency of insonation is
typically 1.1 MHz, so for the bubble sizes implicated, surface tension must be taken
into account. Furthermore, the contrast in acoustic properties between a bubble
and the surrounding medium is so great that at megahertz insonations, even modest
pressure amplitudes of 0.01 MPa invalidate the linear approximation [20]. In this
work, pressure amplitudes of 1 MPa are frequently exceeded. Nevertheless, this
simple formula indicates that it is micron-sized bubbles (or microbubbles) that have
the highest response to megahertz insonations. Therefore, in future discussions, the

word bubble will imply microbubble, unless stated otherwise.

Stable and inertial cavitation

As the incident pressure amplitude is increased, the behaviour of a bubble devi-
ates from that of a simple harmonic oscillator and the scattered wave becomes
increasingly non-linear. The scattered wave, and the increased levels of harmonic
components it contains, can be detected using an acoustic receiver [48].

Above a certain rarefactional pressure threshold, the bubble expands to a radius
several times larger than its equilibrium radius. In the subsequent contraction that
follows, the acceleration of the bubble wall is dominated by the inertia of the sur-

rounding liquid, with the rising pressure inside the bubble, the surface tension of the
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Figure 1.2: Simulations of an inertially cavitating contrast agent microbubble. Left: radius-time
curvature of the bubble and radiated pressure 1 cm from the bubble. The sudden rebounds of the
bubble following each collapse causes sharp broadband pulses to be emitted. Right: the radius-
time profile of the bubble has been scaled and is indicated by the envelope. The pressure recorded
by a hydrophone is filtered by its 22.2-27.8 MHz response, showing ringing at the centre frequency

(25 MHz). Figures taken from Church and Carstensen [53].

bubble wall, or even the acoustic field having a negligible effect [52]. The ensuing
violent collapse, appropriately termed inertial cavitation, occurs much faster than
the compression part of the acoustic cycle [49].

Figure 1.2 shows a typical radius-time curvature of an inertially cavitating bub-
ble (although the figure illustrates the collapse of a contrast agent microbubble, the
behaviour agrees qualitatively with that of a systemic gas bubble). Since the radi-
ated pressure is proportional to the second temporal derivative of bubble volume [49]
(which, to a first approximation, is proportional to the acceleration of the bubble
wall), the abrupt changes from collapse to rebound cause the emission of shocked
pulses [54; 55; 49].

Since tissue absorption increases with frequency, the re-radiation of the incident

pressure wave at mostly higher frequencies than the insonating frequency leads to
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enhanced heating along the path of emission [19; 20; 21]. Due to the high attenuation
of higher frequency components, as well as spherical spreading of the wavefront,
most heating is expected to occur within 0.1 mm of the microbubble centre [56].
Outside this region, the emission is expected to propagate in a linear manner due to
the significantly reduced pressure amplitude [57]. Even without these attenuating
effects, the finite bandwidth of a receiver will cause “ringing” of the received signal
at the receiver centre frequency, as depicted in Figure 1.2 for the case of a 22.2—
27.8 MHz hydrophone. Later experimental results obtained with the 5-10 MHz array
used in this work (see Section 2.3.2) will also depict similar ringing (see, for example,
Figure 5.2).

If cavitation activity repeats itself over several hundred cycles, it is termed stable
cavitation. Although the phenomena of stable and inertial cavitation are not mu-
tually exclusive, increased driving pressures cause the cavitating bubble to be more
chaotic. A bubble that cavitates equally for every cycle of the insonating pressure
wave will, according to Fourier theory, have an emission power spectrum consisting
of peaks at the harmonics of the driving frequency. This remains the case even if
each individual cavitation event is inertial and emits a broadband pulse. However,
with increasing pressure amplitudes, the number of periods over which an emission
pattern repeats itself increases, generating submultiples of the driving frequency and
its harmonics [48]. These frequencies are referred to as the subharmonics and ul-
traharmonics of the driving frequency, respectively. Eventually, the emission trace
will be fully chaotic, with a broadband spectrum that is generally associated with

inertial cavitation. This chaoticity will be enhanced if the ultrasound field contains

11



several cavitating bubbles, as the scattering and collapse of one bubble can influence

that of another [58].

The lifecycle of a bubble

Even under the same ultrasound insonation, several phenomena act to change the
nature of a single bubble and therefore its response under the effect of an ultrasound
field. To help appreciate the evolution of cavitation dynamics with time, the typical
life cycle of a bubble in tissue is considered when a high intensity ultrasound field
is switched on.

First, the bubble needs to originate from somewhere. The tensile strengh of
homogeneous tissue, on the order of 10 MPa [20], is much larger than the pressures
generated by diagnostic ultrasound devices, or even most therapeutic devices. Even
so, cavitation has been observed at modest pressure amplitudes [59; 60]. Similarly,
it is well known that bubbles may appear following the rapid ascent of a scuba
diver, the decompression being significant but well below 10 MPa. These obser-
vations suggest the pre-existence of bubble nuclei in tissue, for which a variety of
explanations have been offered: the crevice model [61; 62; 63; 64], the skin surface
model [65], spontaneous nuclear fission [66], cosmic radiation [67], tribonucleation
[68], and spontaneous homogeneous nucleation [69; 70].

Once a bubble is formed, an ultrasonic pulse of sufficient intensity can make
it collapse inertially. However, for every insonation frequency, there is an optimal
range of bubble sizes that can cavitate inertially [71], and the bubble may first need
to grow to reach an optimal size for collapse. Any mechanism that causes growth
will need to counteract surface tension and gas dissolution. One such mechanism
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for bubble growth is rectified diffusion, where more gas and vapour enter the bubble
during the rarefaction phase of the ultrasonic cycle than during the compression
phase [72]. However, the pressure threshold for rectified diffusion is often very close
to the inertial cavitation threshold [73], so that other effects such as absorptive
heating of the surrounding medium may also be needed to help the bubble to grow
[74].

Eventually, an adequate size may be reached for the bubble to collapse inertially.
Following collapse, several things may happen [75]. The bubble may fragment into
smaller pieces. Depending on their size, each fragment may dissolve away, start
growing again, or even coalesce with other fragments. Alternatively, the bubble
may not fragment at all, and simply keep cavitating inertially. With time, however,
the heating of tissue caused by sonication will also play a significant part in the
growth of the bubble, as decreased gas solubility causes degassing of the tissue, and
a sufficient temperature rise will even cause boiling. It must be noted, however,
that while acoustic cavitation may help the formation of boiling bubbles, boiling is
a thermal effect that can be generated in the absence of an acoustic field [76].

Whether boiling is reached or not, the increasing size and vapour pressure inside
the bubble will cause it to stabilize against inertial collapse. At this stage, the large
geometric cross-section of the bubble will cause strong backscattering of the incident

pressure wave, with significant harmonic components [77; 78].

Cavitation bioeffects

Typically, human tissue is densely filled with scatterers, that is, local inhomo-
geneities that take some of the energy from an incident plane wave by re-radiating
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it in many directions. A bubble is, in effect, a very efficient non-linear scatterer of
sound that re-radiates much of the incident wave at different frequencies to the driv-
ing frequency, and does so with significant motions of the bubble wall. In addition,
bubbles do not scatter all the power they remove from the incident wave, with some
power being absorbed at the bubble shell. All these qualities of a bubble enable
cavitation to have significant thermal and mechanical effects, as described below.

Heating from a cavitating bubble can arise in many ways, but two of these are
deemed to be particularly efficient [3]. Firstly, viscous heating will occur at the
boundary layer between the bubble and the medium. This form of heating will be
significant for larger, stably cavitating bubbles in a highly viscous medium.

In the case of inertially cavitating bubbles, another form of heating dominates:
the absorption of higher frequency components generated by broadband scattering.
The effect of this heating mechanism has been aptly demonstrated in vivo: above
the inertial cavitation threshold, when an onset of broadband emissions is detected,
an order of magnitude increase occurs in the local temperature rise, which allows
faster thermal ablation of tissue [20; 21]. Furthermore, because inertial cavitation
can only exist beyond this threshold, confining bubble activity to regions of max-
imum pressure within the ultrasound field can also provide a means of improved
localization of ultrasound-induced bioeffects.

In addition to thermal effects, both stable and inertial cavitation will also im-
pact their surroundings mechanically. Stable oscillations create streaming patterns
around the bubble [3], a phenomenon termed microstreaming. Microstreaming can

alter cell membrane permeability, helping to stimulate tissue repair by initiating cer-
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tain biochemical cascades [22]. Microstreaming can also create stirring and microp-
umping, two possible mechanisms by which stable cavitation is believed to enhance
the effect of the thrombolytic drug rt-PA [79]. Ultrasound-mediated blood-brain bar-
ried disruption (BBBD), a technique to deliver drugs to the brain, is also thought
to occur due to stable cavitation, though the exact mechanism is as yet uncertain
[41]. In all of the above cases, the injection of microbubble contrast agents provided
a supply of bubbles ready to oscillate stably without the need to grow them from
systemic bubble nuclei.

In contrast to the relatively mild mechanical effects of non-inertial stable cavi-
tation, inertial cavitation is a violent phenomenon with extreme mechanical effects.
In fact, rigorous study of inertial cavitation began when it was found to be chiefly
responsible for the damage observed in ship propellers [80]. The damage, in the
form of “pitting” on the surface of the blades, was later found to be due to high-
speed liquid microjets [81]. These microjets arise from the asymmetric collapse of
a bubble due to the nearby presence of a rigid boundary [82], contributing to de-
struction of calculi (organ stones) during lithotripsy [83]. In a related technique
called histotripsy, soft tissue is destroyed, which creates many exciting therapeutic
opportunities, including the mechanical destruction of tumours, noninvasive heart
surgery, and even drug-free thrombolysis [84; 85; 86].

While close proximity to a microjet can destroy a cell, if the cell is further away,
temporary poration of the cell membrane can occur [3]. Such sonoporation can be
used for cellular drug delivery [87]. Inertial cavitation also allows transdermal drug

delivery using a similar effect called sonophoresis [88; 89].
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1.1.5 Other mechanical effects

Since ultrasound is propagated by particle oscillations, it may be conjectured that
this has some mechanical bioeffect on tissue. In fact, the amplitude of oscillations
is too low even at therapeutic intensities to have a direct effect [90]. However, ul-
trasound does not only exert an oscillatory force along the axis of propagation, but
also provides a net force, over each cycle, in the direction of propagation. This
phenomenon, termed acoustic radiation force, can take several forms [91]: a change
in acoustic impedance causes a force on the boundary [92], and even a medium with
uniform impedance will experience a force due to the energy density lost through
attenuation [93]. Both manifestations of the acoustic radiation force can give rise
to streaming in a liquid such as blood [94], with the “boundary force” relying on
small particles to create flow. Such streaming is said to induce fluid shear stress
along cell membranes, altering their permeability and causing upregulation of genes
[95]. Alteration of metabolism in such a way can be very useful: for instance, it has

been shown to be a contributor to bone repair during ultrasound physiotherapy [95].

A fitting way to conclude this discussion on ultrasound bioeffects is to highlight
the potential for synergy using the example of acoustic hemostasis. In this ultra-
sound therapy, heating, macrostreaming, microstreaming, and the mechanical effects
of inertial cavitation have all been implicated: while heating causes thermal coag-
ulation, mechanical effects shear and rip apart platelets in the bloodstream, whose

contents in blood serum activate other platelets [96; 97].
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Figure 1.3: Schematic of non-invasive tumour ablation by HIFU (from [98]).

1.2 Tissue ablation by High Intensity Focussed

Ultrasound (HIFU)

The previous sub-section has described the many bioeffects that can be induced
by ultrasound, illustrating its tremendous potential for therapy. A particularly
promising therapeutic application of ultrasound lies in the exploitation of thermal
effects induced by High Intensity Focussed Ultrasound (HIFU), generally generated
by an extracorporeal (outside the body) transducer to destroy malignant tissue deep

within the body.

Principle of operation

Figure 1.3 depicts a typical arrangement for an extracorporeal HIFU treatment
system. A spherically focussed single-element or multi-element transducer is placed

over the skin (with a coupling medium in between) and used to transmit acoustic
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energy into the body, creating high ultrasound intensities at the focal region.

A typical focal region at 1 MHz has a length of 15 mm along the HIFU axis and
a width of 2 mm, with a shape and size comparable to a grain of rice. Ultrasound
absorption raises the local temperature at the focal region by more than 30°C in a
matter of seconds [98], resulting in rapid cell death (see Section 1.1.3). By moving
the HIFU focus after each exposure, the whole tumour can be gradually “painted

out” and thus destroyed [32].

Treatment efficacy

Focusing ultrasound is crucial for achieving selective thermal ablation of tissue:
firstly, the local thermal deposition is made several orders of magnitude higher than
elsewhere; secondly, provided a high (if not unity) duty cycle is used, the high acous-
tic intensities obtained with focusing allow for rapid destruction of tissue before heat
conduction and blood perfusion [99; 100] can either limit thermal damage, or spread
it elsewhere. Therefore, any effect that enhances focusing is worth considering, while
any effects that limit it should be avoided. Two of each are given below.

Higher pressures increase the effect of non-linear propagation, which in turn
increases local absorption due to the increased harmonic content of the pressure
wave [17]. Therefore, non-linear propagation of sound enhances absorption at the
focal region [18]. Inertial cavitation further enhances focusing, since only the region
above the cavitation threshold will support inertial cavitation, with the heating effect
of inertial cavitation being very local (within 1 mm of the bubble) [19; 20; 56; 21].

Unfortunately for HIFU treatment, the overlying tissue between the HIFU trans-
ducer and the intended focus will limit focal thermal deposition in two ways: firstly,
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the pressure waves travelling towards the focus will be attenuated by scattering and
absorption. More dangerously, gross tissue inhomogeneities will cause distortion of
the HIFU beam, either by skin layers of differing speeds of sound [101], or bubbles
[102].

Because of the marked increase in acoustic impedance compared to the surround-
ing tissue, the presence of bubbles is important to consider in HIFU. Bubbles can
“shield” the HIFU wave from deeper regions of tissue that may need to be treated,
and they can also cause reflection of the incident HIFU wave to “hot spots” of
high acoustic intensity in front of the focus. The latter phenomenon gives rise to
“tadpole-shaped” lesions, where the lesion has a large pre-focal bulge [103]. Due to
their small radii, microbubbles such as those involved in cavitation are not thought
to create tadpole-shaped lesions themselves [76]. However, high heating rates may
create boiling bubbles whose presence is strongly correlated with tadpole-shaped
lesions [76]. Therefore, whether focusing is enhanced by non-linear propagation or
inertial cavitation (or both), real-time monitoring of HIFU treatment is essential to

prevent distorted lesion formation as well as treatment occlusion.

Treatment duration

As mentioned earlier, the HIFU focus must be moved after each exposure in order to
cover an entire tumour. In addition to every exposure having a typical duration of 2-
10 s, a cooling time is also necessary to limit thermal build-up in surrounding healthy
tissue. This means that currently, more than 5 hours are needed to ablate a 10-cm
tumour [98]. However, there is ongoing research in how to best optimise treatment
parameters (including scan path, exposure duration and cooling duration). Recent
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work suggests that when local thermal deposition is increased, “the reduction in
heating time is larger than the subsequent time lost due to the need for additional
normal tissue cooling time” [104]. This result validates the approach of harvesting

inertial cavitation for increasing the local rate of heating at the focus.

The need for real-time time treatment monitoring

Currently, HIFU is the only truly non-invasive method of destroying deep-seated tu-
mours, and is therefore a treatment with great promise. In contrast with other cancer
therapies such as chemotherapy, HIFU is also relatively cost-effective. However, the
above discussion has highlighted some challenges in HIFU treatment. While a high
rate of thermal deposition is useful in reducing treatment time, it is also crucial that
tissue does not reach boiling temperatures. These considerations make real-time
monitoring of HIFU is essential. It is important to note that the adopted monitor-
ing strategy should not only be accurate, but it should not impact negatively on
the cost-effectiveness or duration of HIFU treatment. With these considerations in
mind, existing and prospective methods of monitoring ablative HIFU are next dis-
cussed — including the merits of the passive cavitation mapping method presented

in the current work.
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1.3 HIFU treatment monitoring

There are several imaging modalities that can be used to monitor HIFU treatment.
MRI and ultrasound are the most well-developed modalities for this purpose, of-
fering high spatial resolution and large penetration depth without the danger of
ionizing radiation. This review is focussed on these two modalities, but other pos-
sible approaches are also noted for reference [105; 106; 107; 108; 109; 110).

Even within MRI and ultrasound, many methods or sub-modalities exist for
monitoring treatment. It is important to distinguish between methods that estimate
temperature (thermometry), from which a thermal dose is derived using Equations
(1.1,1.2); and those that show changes in tissue properties associated with lesioning
(lesion identification). Temperature is a familiar measure with which clinicians
are comfortable, and current FDA approval requires that temperature be measured
during thermal therapy [42]. However, as Section 1.1.3 has shown, the widely used
CEM,3 formulation of thermal dose suffers from errors in the ablation regime. On
this basis, lesion identification may be a more sensible approach, however such an
image may lack a quantitative measure that is independent of imaging equipment
or parameters. Moreover, lesion identification methods require HIFU to be switched
off, either to allow the tissue to cool down in the case of MRI, or to avoid interference
from the therapeutic ultrasound beam in the case of diagnostic ultrasound.

In the review that follows, the HIFU treatment monitoring methods have been
grouped into three categories: MRI, active ultrasound (including B-mode hyperecho)
and passive cavitation detection. Of all the methods, only MRI monitoring and B-

mode hyperecho (a cavitation-based method) are in current clinical use [42]. Most
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methods are based on differential imaging, the comparison of a current image with
one taken before HIFU exposure. These images are very sensitive to errors arising
from motion compensation. Uniquely, the last described method, passive cavitation
monitoring, does not require differential imaging, as it is based on the detection
of acoustic emissions from cavitating bubbles during HIFU exposure. The real-
time nature, high signal sensitivity and low cost of passive cavitation monitoring
are contrasted with other available methods. This provides the motivation for the

current work, to provide spatial maps of cavitation during HIFU exposure.

1.3.1 Monitoring by Magnetic Resonance Imaging (MRI)

Magnetic resonance (MR) is a widely used medical imaging modality that detects
the net magnetic field of atomic nuclei. It is also the current “gold standard”
for noninvasive HIFU treatment monitoring [42], and thus widely adopted clinically
[111; 112; 113; 114]. Though the physics of MRI is a highly complex topic, a few basic
concepts are first presented, to allow a subsequent discussion of the applicability of
MRI techniques to HIFU treatment monitoring. For further details, the reader is

directed to the works by Hornak [115] and Hashemi et al. [116].

MRI Physics

Any spinning charged particle has a magnetic field along the direction of its angular
momentum, and a nucleus with unpaired protons will give the nucleus a non-zero net
magnetic field. In MRI, the hydrogen nucleus 'H is most often studied because of its

high abundance in the human body and from hereon, discussion will be restricted
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to these protons. Moreover, “net magnetic field” will refer to the net magnetic field
of hydrogen nuclei averaged over an image voxel.

Without an external magnetic field, the magnetic fields of nuclei are randomly
and evenly distributed, causing a zero net magnetic field. Application of a high
magnetic field By along the (conventionally-named) z-axis will cause nuclei to precess
about the 4z or -z directions (low and high energy states respectively) at the so-
called proton resonant frequency (PRF) associated with By. As dictated by the
Boltzmann distribution, the ratio of low to high energy state nuclei will be slightly
above 1 at body temperature (tending to 1 with increasing temperature). In the
absence of another external electromagnetic source, the precession of nuclei will be
out of phase with each other, causing a net magnetic field in the +z direction.

It turns out that applying a secondary magnetic field at the PRF transverse to the
z-axis allows the nuclei in the low energy state to absorb energy and precess in phase
at a certain angle (“flip angle”), decreasing net magnetization in the +z direction
and introducing net transverse magnetization. Magnetic resonance imaging relies on
applying such a magnetic field and measuring the time-constants associated with the
realignment (or relaxation) of net magnetic fields, namely T1, for relaxation along
the z-axis, and T2, for relaxation to zero net magnetic field in the x-y plane. The
former is also called spin-lattice relaxation time because it depends on the efficiency
of energy transfer between the nucleus and the surrounding lattice, while the latter
is often termed spin-spin relaxation time because it relies on spin-spin interactions to
dephase the precessions. Different tissues have different T1 and T2 characteristics,

allowing noninvasive imaging of the body.
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MRI monitoring methods

MRI is able to monitor HIFU treatment in several ways. As will be mentioned
later, MR elastography suffers from long acquisition times (>20s) and MR cavitation
monitoring needs to be verified [117]. T2 images can accurately identify HIFU lesions
after tissue has cooled down [118; 119; 117]. Alternatively, temperature maps can
be generated during HIFU exposure [120; 121]. Several thermometry methods exist.
T1 has been shown to vary linearly with temperature [122] for temperatures below
50°C [42]. The molecular diffusion of water molecules can be imaged using MRI. This
provides highly accurate estimates of temperature [123], however, diffusion imaging
is very sensitive to motion artefacts. The most widely used method measures slight
shifts in the PRF [124; 121]. The proton resonant frequency method compares phase
information with prior images, so motion compensation is important to prevent
estimate errors [125].

Although MRI can identify lesions accurately after tissue has been left to cool
[126; 113; 114], temperature-based monitoring during HIFU treatment (one of the
requisites of fast treatment) presents several challenges [121; 127]. One such chal-
lenge is the trade-off between temporal and spatial resolution. A low spatial res-
olution will cause spatial averaging (and therefore underestimation) of peak tem-
peratures. However, with high spatial resolution, monitoring is not real-time and
motion artefacts appear. The ExAblateR 2000 (InSightec Inc., Haifa, Israel), a
widely used system that was originally deployed for the treatment of uterine fibroids,
demonstrates a typical compromise, with 1 mm and sub-Hz spatial and temporal

resolutions [40; 128].
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Because of limited temporal resolution, MRI-guided HIFU typically uses rel-
atively low acoustic intensities and tries to avoid the high heating rates and un-
predictability associated with inertial cavitation [126]. This inevitably lengthens
treatment duration. Other drawbacks of MRI are even more difficult to circumvent.
MRI is very expensive, not portable, and nothing brought into the operating theatre

can be ferromagnetic (including some medical implants such as pacemakers).

1.3.2 Monitoring by active ultrasound

A technically simple and cost-effective method of monitoring HIFU treatment is
to use conventional B-mode (or brightness-mode) ultrasound imaging to look for
hyperechoes (or “bright-ups”) in the images. The rationale and limitations of this
technique are first discussed.

Since the acoustic properties of tissue change with temperature and thermal ab-
lation, these changes form the basis of more complex ultrasound-based methods that
are next described. In particular, shifts in echo and a change in the level of backscat-
ter occur when temperature is raised (raising the prospect of thermometry), while
tissue attenuation and stiffness increase as a result of protein denaturation (which
could enable lesion demarcation) [129]. Monitoring the above changes is relatively
simple as long as the clinical ultrasound imager provides access to echo data at
radio-frequencies (RF), prior to conversion to B-mode. However, the presence of
any stabilised bubbles that remain after HIFU is turned off, either due to cavitation
or boiling, will greatly confound images [130; 131; 132].

All active ultrasound methods of monitoring HIFU treatment share an important
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drawback. Due to the fact that the therapeutic ultrasound intensity is several orders
of magnitude higher than typical diagnostic intensities, the therapeutic beam needs
to be off while diagnostic pulses are transmitted to avoid interference. Any synchro-
nisation scheme between the two pulses needs to ensure that the HIFU duty cycle
is sufficiently high to generate high heating rates while the diagnostic ultrasound

method has enough time to generate a whole image.

B-mode hyperecho monitoring

The acoustic impedance of air differs greatly from surrounding tissue, making bub-
bles very echogenic. This is the reason for which (stabilised) microbubbles are
used as ulrasound contrast agents [133]. Similarly, bubbles that have cavitated and
grown during HIFU exposure can sometimes be seen on B-mode images as hypere-
choic regions after HIFU exposure, providing a means of monitoring treatment [134].
However, unless they are stabilised by boiling, bubbles may have dissolved away by
the time pulses are sent to detect it. Moreover, real-time monitoring necessitates
that images be taken during HIFU exposure. These two considerations have led to
the synchronization of HIFU with diagnostic ultrasound, where HIFU insonation is
switched off while diagnostic ultrasound takes an image to avoid interference [135].

Typically a B-mode image is constructed of A-lines taken one after the other,
where each A-line is a one-dimensional sequence of pixels extending radially or
perpendicularly from the face of the transducer. On most ultrasound imagers, at
least one pulse needs to be transmitted for every A-line that is generated [133]. For
a 128-element 38 mm aperture array imaging 10 cm into tissue, 1 cm of image width
will take over 4 ms to acquire. Therefore, when synchronising HIFU with diagnostic
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ultrasound, a compromise is made between the width of interference-free images and
the size of bubbles that can be captured (since smaller bubbles will dissolve away
earlier).

Although hyperecho correlates with inertial cavitation, the latter is detected
using a passive cavitation detector (PCD) before hyperecho is detected [136; 20;
137; 138]. Moreover, hyperecho also correlates with tadpole-shaped lesioning [102],
thought to be due to reflection of the HIFU wave by larger, boiling bubbles. Thermo-
couple data suggests that “inertial cavitation precedes rapid heating up to 110°C at
the HIFU focus” [139], after which hyperecho is seen. This suggests that inertial cav-
itation is a precursor to boiling bubbles that are detected as hyperecho, highlighing
the importance of passive cavitation detection as a monitoring tool.

Somewhat surprisingly, hyperecho monitoring does not only suffer from low sen-
sitivity, it can also have a low specificity [140]. This is perhaps due to sub-ablative

increases in backscatter, which will be discussed shortly.

Echo-shift thermometry

When tissue is heated, features on the diagnostic ultrasound image such as tissue
interfaces and scattering regions change position. This is the joint effect of thermal
expansion, a relatively insignificant effect that is usually neglected [141], and changes
in speed of sound [142], which is a function of the compressibility and density of the
medium.

By calculating the echo strain in the axial direction using cross-correlation tech-
niques borrowed from elastography [143], local changes in speed of sound can be
evaluated. Many researchers have sought to demonstrate the feasibility of using
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changes in speed of sound to infer temperature [141; 144; 145].

Echo-shift thermometry has some inherent difficulties. The speed of sound in
non-fatty tissue has a peak at 50°C [146], making changes in speed of sound hard
to evaluate around this temperature, as well as creating a non-unique mapping
from speed of sound to temperature. Furthermore, the temperature-dependence
of speed of sound is highly variable between different tissues, with lipid content
being an especially significant cause of variation [147]. Lastly, irreversible changes
in tissue stiffness above 55°C, as described in Section 1.1.3, will make speed of
sound a function of thermal dose as well as temperature. Nevertheless, echo-shift
thermometry is fast emerging as a cheap alternative to MRI thermometry, and a

real-time implementation has been recently achieved [148].

Backscatter thermometry

Assuming density to be a constant with respect to temperature, changes in speed of
sound can be directly related to changes in the compressibility of the medium. Using
this assumption, it has been predicted that as with the speed of sound, the compress-
ibility contrast between scatterers and bulk medium also increases for temperatures
up to 50°C, causing an increase in the backscattered signal [149]. This effect has
been demonstrated experimentally [150] and is useful for moderate hyperthermic
treatment. However, the decrease in the speed of sound above 50 °C also affects the
accuracy of backscatter thermometry. Moreover, in ablative HIFU treatment, where
the goal is to denature tissue, it becomes difficult to distinguish between decreasing

backscatter and increasing attenuation, resulting in an ill-defined problem.
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Attenuation-based lesion identification

Both ultrasonic attenuation and its derivative with respect to frequency — “atten-
uation slope” — significantly increase for temperatures above 50°C [151; 132; 152;
153; 146]. This effect is due to protein coagulation [152], a process that causes irre-
versible changes in tissue and can therefore still be detected when tissue returns to
body temperature [146].

Attenuation can be estimated by observing the signal energy returning from
different depths, while the attenuation slope is derived from the downshift in the
centre frequency of the diagnostic ultrasound pulse. Imaging changes in attenuation
has shown some promise [154], though further work needs to establish that the

method is reliably sensitive [155; 156].

Elastographic lesion identification

Palpation has long been used by doctors as a way of assessing tissue stiffness. Ultra-
sound elastography is its mechanised extension, where the stiffness of tissue can be
imaged by tracking speckle displacements in the RF echo signal of an ultrasound im-
ager during the application of some force [157; 158]. Traditionally, elastography has
used quasi-static external compressions, however, the force can also be vibrational
or transient, and it can be focused inside the body.

Section 1.1.3 has already described how tissue stiffens as a result of irreversible
protein denaturation during thermal ablation. This stiffening can be exploited by
elastography to monitor hyperthermic treatment. Elastography has been used to

assess thermal damage after RF ablation [159; 160; 161]. It has also been imple-
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mented following HIFU treatment of prostate cancer [162], although image contrast
was often deemed unsatisfactory.

The results cited above were obtained using quasi-static external compressions.
One disadvantage of this is that the stress field created is unknown due to tissue
inhomogeneities, introducing artefacts in the stiffness calculations. A solution to
this problem is to generate and quantify localised displacements using an acoustic
radiation force (ARF) [163]. The ARF (see Section 1.1.5) can be generated by
relatively long (up to 10 ms) focused ultrasound pulses from a diagnostic [164] or
therapeutic (HIFU) transducer [165; 36], and can successfully detect tissue stiffness
changes due to thermal or chemical lesioning. An ARF also arises if two overlapping
ultrasound beams are made to oscillate at slightly different frequencies, whereby an
audible beat frequency emanating from the intersection of the two beams can be
detected using a remote hydrophone [166; 167].

As an alternative to scanning the region of interest with an ARF beam, a proce-
dure that seriously hinders the frame rate of elastographic images, the propagation
of the shear wave generated by one or more ARF beams can be imaged using ultra-
fast ultrasound imaging. By measuring the speed of shear wave propagation as it
passes through the region of interest, a map of tissue stiffness is obtained [168; 169].

On the whole, the application of ultrasound elastography during HIFU is a
promising approach to treatment monitoring, although, as with other active ul-
trasound methods, the therapeutic and diagnostic pulses need to be synchronised
in a way that the operation of neither is compromised. This limitation can be cir-

cumvented if the displacements induced by an acoustic transducer are imaged using
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another modality, such as MRI [170; 171]. However, more research is needed to

make MR elastography a real-time technique [172].

1.3.3 Cavitation monitoring

The mechanisms via which cavitation, and inertial cavitation in particular, can
enhance heat deposition by ultrasound were described in Section 1.1.4. By using
focal pressures above the cavitation threshold, cavitation can be used both as a
promoter and as a marker of heating, and could therefore also provide a direct
indicator of thermal damage. If the cavitation threshold is prohibitively high in the
tissue in question, microbubbles can be delivered via the bloodstream to lower the
threshold [173; 140].

Although non-acoustic methods of detecting cavitation exist, they are either
invasive and thus unsuitable for use in vivo or they lack validation [174; 175; 117;
176]. The present discussion is thus concerned with acoustic detection of cavitation,
which can either be active or passive, depending on whether a diagnostic pulse is
used. Active cavitation detection (ACD) can be a sensitive method under carefully
designed experimental conditions that are not designed to mimick cavitation in tissue
[177]. However, as already discussed in Section 1.3.2, ACD in the form of B-mode
images lacks the required sensitivity to reliably prevent overtreatment.

So far in this chapter, there has been repeated reference to the need to switch off
HIFU when generating ultrasound images, in order to avoid interference. Such
interference has three components:: backscattering of the HIFU driving signal,

backscattering of HIFU harmonics due to non-linear propagation, and cavitation
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emissions. Therefore, by using an acoustic receiver recording passively, signals pre-
viously avoided as interference can be used to extract useful information about the
HIFU exposure. By considering cavitation emissions in particular (discussed in Sec-
tion 1.1.4), and filtering out other signal components, the receiver becomes a passive

cavitation detector (PCD).

Passive cavitation detection

Passive cavitation detection is able to recognise a wide range of bubble behaviours.
In fact, much of the knowledge regarding cavitation bioeffects (as presented in Sec-
tion 1.1.4) was uncovered with the help of passive cavitation detectors.

In the case of inertial cavitation, much of the resulting broadband emission, es-
pecially its higher frequency components, is absorbed in the vicinity of the bubble,
leading to increased heating. However, the fraction of the emission that is not ab-
sorbed is still easily detectable outside the source region, and remains broadband in
nature. For instance, insonating a tissue mimicking agar-graphite gel at 1 MHz and
1 MPa peak rarefactional focal pressure (PRFP) causes inertial cavitation emissions
whose pressure waves 75 mm away from the bubble have frequency content going
beyond 10 MHz [20; 56].

Interestingly, the detected emissions and absorbed emissions are proportional to
each other [56]. This means that, if inertial cavitation is the dominant source of
heating, the local rate of heating in the focal region of a PCD is proportional to the
signal power received by the PCD [21]. Thus, using the bioheat transfer equation
[99] to predict temperature rise, a map of thermal dose could be estimated to predict
lesioning (see Section 1.1.3). Alternatively, inertial cavitation is observed to “shut
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down” as the vapour pressure inside the bubble increases and boiling is approached
[21], and increasing tissue stiffness is expected to have a similar effect. Hence, the

decrease in signal power with time could also be used to predict lesioning.

Towards spatiotemporal mapping of cavitation

A PCD typically consists of a spherically focussed single element transducer, set to
receive only. Therefore, generating a spatial map of cavitation distribution requires
mechanically scanning the focus of the receiver over a region of interest, which
introduces a severe time-space constraint [178]. Recently, a diagnostic ultrasound
array was used as an array of PCDs by turning off transmission [179]. By placing
the linear array transversely to the HIFU transducer and using the dynamic receive
beamforming algorithm of the imager, cavitation distribution along the HIFU axis
could be imaged [78].

Unfortunately, the above method provides limited resolution along the array axis,
even when the source is placed closer (at 40 mm distance) to the array [180]. Part of
the problem is that conventional imagers typically use a receive subaperture that is
half the size of the entire available aperture. Moreover, since the received RF data is
dynamically beamformed with depth, integration of the post-beamformed RF data
to yield source power creates a trade-off between axial resolution and signal-to-noise
ratio.

In contrast to the above approach, the novel cavitation mapping approach at the
heart of the present work was developed using a commercially available ultrasound
system capable of providing access to simultaneously recorded array data [181; 182;
183]. This allowed the use of a specifically passive beamforming algorithm [184]
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on a full aperture. The present work describes the implementation and results
arising from this passive cavitation mapping approach, with suggestions for future

developments.

1.4 Summary of contributions of the current work

This chapter has presented the bioeffects of ultrasound and shown how high inten-
sity focussed ultrasound (HIFU) can destroy tissue via thermal ablation. Current
and prospective methods of monitoring HIFU ablation have been reviewed, with
particular attention to their reliability and real-time capability. Since the HIFU
focus needs to be moved in small steps to ablate an entire volume of malignant
tissue, it is important that at each step, the effect of HIFU ablation is quickly as-
sessed. Therefore, the real-time capability of the monitoring method directly affects
treatment time, which is currently of the order of hours.

In reviewing the monitoring methods available to HIFU ablation, a gap in knowl-
edge was identified. Although inertial cavitation greatly increases the rate of heating
during HIFU ablation, there is currently no reliable method to monitor the spatial
distribution of cavitation during HIFU exposure. Of the two monitoring methods
used in clinical practice, MRI tries to avoid cavitation, while B-mode hyperecho
is not a sensitive marker of it. Moreover, no active ultrasound method can func-
tion while cavitation emissions and other sources of HIFU interference are present.
In contrast, broadband emissions recorded on single-element acoustic receivers or
passive cavitation detectors (PCDs) can be related to the temperature rise in the

focal region of the receiver. This work extends single-element PCDs to an array of
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effective PCDs in such a way that reliable maps of cavitation can be generated.

In the following chapters, the theory, implementation, and results of passive
cavitation mapping are described. The brief overview that follows also references
relevant work (some yet to be published) that this author has co-written.

In Chapter 2, different passive source reconstruction methods are reviewed, and
the resolution performance of the chosen passive beamforming method is derived
theoretically and simulated. A simple parametric method for estimating the loca-
tion of a single source based on data acquired with a linear array is also presented
[182]. In Chapter 3, the experimental method for passive source mapping is de-
scribed. Chapter 4 presents passive source maps obtained by exciting a scatterer of
known size and location [182]. This provides an absolute and spatial calibration of
the linear array, allowing quantitative passive cavitation maps to be generated in
subsequent chapters. Chapter 5 shows the results of placing the linear array trans-
versely to the HIFU transducer. High resolution passive maps and resolution of
individual cavitation emission traces from several bubbles cavitating simultaneously
is achieved [185]. In the last results chapter, Chapter 6, the linear array is placed
through a central opening in the HIFU transducer, creating a clinically applicable
arrangement. Passive cavitation maps are shown for continuous and disjoint cavita-
tion regions in agar tissue mimicking gel [182; 181; 183], as well as ex vivo ox liver
[186; 187]. Finally, in Chapter 7, the main achievements of the work are summarised

and suggestions are made for future improvements and applications [188; 189)].
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Chapter 2

Theory and Simulations of Passive

Cavitation Mapping

In the previous chapter, the potential usefulness of monitoring the spatial distri-
bution of inertial cavitation activity was outlined, in particular as a means of real-
time treatment monitoring during HIFU exposure. When bubbles cavitate inertially
inside tissue, they act as broadband sources, whose emissions can be detected by
receivers outside the patient. This chapter is concerned with the mathematical prob-
lem of using signals received by an array of receivers outside the body to infer the
spatial distribution of broadband sources inside the body. It should be noted that,
unlike pulse-echo diagnostic ultrasound techniques, which make use of time-of-flight
information to infer source location, cavitation sources are excited continuously or
quasi-continuously during therapeutic ultrasound exposure. Hence, time-of-flight
information can seldom be used to localize these broadband sources, and alternative

techniques must be sought to enable cavitation mapping during HIFU exposure.
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Section 2.1 presents the formulation of the forward model, namely the remote
recording of pressure signals arising from a source field such as a cavitating region. It
is argued that beyond the immediate region of the cavitating bubble, the amplitude
of the emitted wave is weak enough to be well described by linear propagation. The
effect of attenuation is also discussed. Drawing from other research fields, Section 2.2
then reviews existing approaches for solving the inverse problem of reconstructing
the source field from such pressure signals.

Finally, Section 2.3 presents the chosen approach based on a variant of passive
beamforming to map cavitation using a linear array of receivers focussed in a plane.
The resolution of the novel passive cavitation mapping system is then estimated
using simple theoretical expressions and its performance is simulated under different

conditions.

2.1 The forward model

To be able to reconstruct the distribution of cavitation activity, it is first necessary
to describe how acoustic emissions such as those arising from cavitation propagate
through tissue before being recorded by acoustic receivers. Since the amplitude of
the emitted wave quickly diminishes due to spherical spreading, only small deviations
from the ambient pressure and density are expected, so that the propagation process
can be described by the linear wave equation (Section 2.1.1).

The linear wave equation is then used in Section 2.1.4 to derive the pressure
recorded by a receiver due to the aforementioned acoustic emissions. It is shown that

a simple modification of the expression can be used to account for tissue attenuation.
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2.1.1 Propagation of radiated pressure waves

Consider a medium that has a velocity field v, as well as pressure and density scalar

fields p,, p, that deviate slightly from their mean values pg, po:

Pa = Do+ D, (p < po) (2.1)

Pa = potp.  (p<po) (2.2)

Using the above small-signal assumption, the three governing equations of acous-

tics are obtained in linearised form:

p = kp, (2.3)

dp

E = —pOV'V. (24)
ov

Vp = —poa- (2.5)

Equation (2.3) states that the differential pressure (with respect to the mean
pressure) is proportional to the differential density by some constant x. Equation
(2.4) uses the principle of mass continuity to state that the change of mass per
time in a control volume equals the net flow of mass into the volume. Equation
(2.5) uses Newton’s second law of motion to state that the net force on a control
volume is equal to the acceleration times mass of the particles in the control volume.

Combining the above three equations leads to:

10

2 —_——
vP_n@tQ
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which is the well-known linear-wave equation, though it requires two modifications
before it can be used in our context. Firstly, by substitution of the travelling wave
equation into Equation (2.6), it is realised that x = ¢?, where c is the speed of sound
propagation. Secondly, Equation (2.6) is in the homogeneous form of the linear wave
equation, that is, it lacks a source term. If energy is converted to acoustic energy
(such as in thermoacoustics [190]), a source field term s is added that varies with
position r and time ¢ [191]:
9 19%p

P= oz T —s(r, 1), (2.7)

In the current context, s(r,t) represents the acoustic emissions created by cavita-
tion, where acoustic energy from the primary HIFU signal (typically around 1 MHz)
is converted to broadband emissions by the inertially cavitating bubble. More specif-
ically, s(r,t) gives the rate of change of mass outflow per unit volume [192], and is
also called the source field. Integrating the source field over a volume )V will yield
the rate of change of mass flow out of that volume (in kg s~2), also called the source

strength, or qy(t) [192].

2.1.2 Modelling bubbles as acoustic sources

In the case of cavitating bubbles, the question arises as to what kind of sources
they should be modelled as. For purely radial motion, bubbles could be treated as
simple spherical sources whose radiation, as far as remote detectors are concerned,
is equivalent to that generated by point sources. That is, a bubble of strength

q(t) at ry would give rise to a source field s(r,t) = ¢(t)d(rs), where §(r) is the

39



multidimensional Dirac delta, or impulse function. Accordingly, several bubbles
can be modelled as creating a source field that consists of several spatial impulse
functions. However, any source mapping algorithm will create spatial blurring or
integration over these spatial impulse functions. Therefore, it is more practical if
the inverse problem generates estimates of a source strength field ¢(r,t) which is
zero everywhere except for peaks corresponding to actual values of source strength
qx(t) for bubbles k = 1,..., K. Even if the number of bubbles is so large as to be
intractable, the generality of this formulation is preferred over the estimation of the

source field, which becomes meaningless in the case of discrete point sources.

2.1.3 Power radiated by cavitating bubbles

Due to its role in heating, this thesis is primarily concerned with the acoustic power
radiated by bubbles. For the source strength field ¢(r,t) defined in Section 2.1.2

and considered over a time period [to, to + T, the radiated power is given by [192]

w = LD L [T e a 28)

dmpoc  AmpocT to
Thus, in addition to estimating the source strength field, a prime concern of
passive mapping is to estimate the source power field 1 (r), whose peaks correspond
to the power emitted by individual bubbles or bubble clusters. This approach has
similarities to the concept of the source intensity field in Time Exposure Acoustics
[184; 193]. However, in the current work, the concept of source power is presented
as a physical quantity rather than the arbitrary units most often encountered in

literature.
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2.1.4 Detection of radiated pressure waves

As the previous subsection has shown, the source field influences the pressure field
outside the source region. Since the wave equation is a linear differential equation,
any linear combination of solutions will also be a solution. This means that the
pressure field response to an impulse source disturbance at (r’,t’), the so-called
Green’s function, can be convolved with the actual source field s(r,t) to yield the
pressure field at (r,¢). Specifically, the Green’s function of Equation (2.7) is [191;

194]

o(r e ) = méﬂr _y|fe—(t—t)) (2.9)

so that the pressure field p(r,t) in response to a source field s(r,t) is

p(r,t):/v;s(r',t— v —r|/c) dr’ (2.10)

Am|r — 1|
with V a volume enclosing the source region. The implication of Equation (2.10)
is that the pressure at a particular location and time will be the spatial integral
of all sources in the source region, each source being time delayed by the relevant
propagation time and weakened by spherical spreading.

Piezoelectric elements, such as those found in the transducer heads of medical
ultrasonic imagers, convert the pressure signal that they experience to a voltage trace
[195], which can then be amplified and digitized for storage. Since the processes of
acoustoelectric conversion and amplification are frequency-dependent, it is useful at
this point to convert Equation (2.10) into the temporal frequency domain using the

Fourier transform:
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P(r, f) = /v m exp (—j2nfle —¥l/e) S f) d'  (2.11)

Then, for a point receiver at r, the voltage signal can be modelled as the pressure
P(r, f) experienced by the receiver multiplied by a frequency response. If the re-
ceiver centred at r has instead a finite size, its signal can be modelled as arising from
an integral of pressures over its surface, the so-called Rayleigh integral [196; 197].
This will give rise to a spatially dependent frequency response H(r, f). In general,

then, for a source region V the voltage V (r, ) generated can be expressed as:

Vie,f) = / B(r - ', f)exp (—j2nflr — '|/e) S (¢, fydr’ + N(f) (2.12)

B(r,f) = L H(r, f) (2.13)

4r|r|
where B(r, f) combines the processes of spherical spreading, acoustoelectric conver-

sion and signal amplification, while the complex exponential term causes a phase

shift arising from the propagation delay, and N(f) represents electrical noise.

2.1.5 The role of attenuation

So far, a simplified model of linear propagation has been given that has not taken
into account the effect of attenuation. However, a significant portion of the broad-
band emissions from inertially cavitating bubbles is attenuated before reaching the
receivers, much of it converted into heat. To incorporate attenuation in the above
forward model, a frequency-dependent attenuation coefficient «(f) can be included,

which causes an exponential weakening of the signal with distance [198]:
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Vie,f) = / B(r - ', f)exp (—j2nflr — ¥'|/e) S (¢, fydr’ + N(f) (2.14)
exp(—20(f)|r])

A7|r|

H(r, f) (2.15)

When considering the total acoustic power transmitted by a cavitating bubble,
let the receivers be estimated as being at an equal distance from the bubble, thereby
sampling the pressure on a spherical surface. The total power radiated by the bubble
is then split into the power that reaches the spherical surface (received source power)
and the power that is attenuated along the way, some of it by absorption.

Ultimately, the aim of passive mapping should be to estimate the local rate of
heating from the source power absorbed in the immediate vicinity of the cavitating
bubble. Therefore, even if attenuation was correctly compensated for, a scaling
factor would be needed to convert the total source power estimate into the absorbed
source power [56].

Unfortunately, the array used in the current work had a 5-10 MHz response that
did not allow detection of emissions at higher frequencies, and this made attenuation
correction difficult. Therefore, it was thought that relating the received source power
to absorbed source power should be left to future work.

For this work, the attenuation coefficient was set to zero so that estimates of
source power represent the received source power. Nevertheless, the attenuation
term has been kept in the formulation to show how calculations are modified if full

bandwidth data was available and attenuation compensation is attempted.
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2.2 The inverse problem

The problem of reconstructing the source field S(r, f) by using pressure recordings
outside the source region and a forward model such as Equation (2.14) is known as
the inverse source problem [199]. Unfortunately, even with an infinite number of uni-
form frequency response noiseless point receivers, the mapping from a 4-dimensional
source field to a 3-dimensional measurement space creates an ill-defined problem
[191; 200]. This means that the solution needs some additional information or con-
straints, which can include regularization, that is, the constraint of smoothness,
typically over space. A formulation for estimating the strength of a single source
is first presented, which forms a natural introduction to existing methods of source

field reconstruction.

2.2.1 Passive beamforming for single source reconstruction

Assume the source field S(r, f) consists of a single point source of known location
r,. As argued in Section 2.1.2; this is a valid model for a radially oscillating bubble.
Then, the source field reduces to the product of a shifted Dirac delta function and

a source strength Q(f), whose estimate is sought:

S(r, f) = o(r —r)Q(f). (2.16)

For receiver elements ¢ € {0...I — 1} at positions r;, where each element has

equal characteristics, the recorded voltage V;(f) according to Equation (2.14) is:
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Vilf) = Blrs—xi, f)exp (=j2nflrs —ril/c) Q(f) + Ni(f)  (2.17)

exp(—2a|r])H(r’ f) (2.18)

Arr|r|
where N;(f) is the noise term associated with receiver i. Assuming a known noise

power spectrum |N(f)| that is the same for each receiver signal, the minimum

variance estimate Q(f) of the source strength Q(f) is:

QUf) = w(HV(S) (2.19)
w = %C(rs—ri,f)exp(j27rf|rs—ri|/c) (2.20)
Coy — L VP )

B(r) [Vi(H)I? + N2
with C(r) being a compensation term incorporating a Wiener filter.

Equation (2.19) above presents the so-called passive beamformer: in order to

recover the source strength, the signal from each receiver is

(i) back-propagated to the source location using the complex exponential (which

corresponds to a delay in the time domain);

(ii) multiplied by a compensation term C(rs; — r;, f) to account for attenuation

and receiver response effects;

(iii) coherently added to reduce noise.

Although the passive beamformer was presented here in the frequency domain,

it is also readily implementable in the time domain. With c¢(rs — r;,¢) as the time
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domain equivalent of the compensation term and *; denoting temporal convolution,

the time domain beamformer is

c(rs —ry,t) * vt — |rs — 13| /) (2.22)

2.2.2 Beamforming for source field reconstruction

The previous sub-section presented a way to estimate the source strength of a single
point source of known location by an array of receivers. Such an approach is called
passive beamforming since, by analogy of focussing wave transmission, appropriate
delaying of receiver signals also produces a spatially focussed beam [201].

In the case of single source reconstruction, the beam focus can be placed at the
source location. By moving the focus around a source field consisting of several
point sources, a source strength field estimate @(r, f) is obtained, with peaks in
signal energy corresponding to estimates of source strengh for individual sources. If
the source field is continuous, a scaling factor corresponding to the spatial blurring
caused by passive beamforming is needed to convert Q(r, f) to an estimate of the
source strength density field S(r, f).

A generalization of passive beamforming allows the use of different weights A;
for each receiver element. The use of such weights, termed apodization, modifies the

source strength estimate at r as
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Qr, f) = w' (HV(f) (2.23)
w; = A;C(r—ry; fexp (j2nf|r —r;|/c) (2.24)

A o= 1 (2.25)

In many research fields, the source field is narrowband, with only slight deviations

from a centre or carrier frequency fy, and can be expressed as a complex signal

s(r,t) exp(j27 fot) (2.26)

In such a case, the frequency-domain beamformer can be used at the frequency
fo, since the propagation process can be approximated to depend only on the carrier
frequency. There are two possible implementations for a broadband source field, such
as that arising from cavitation. Firstly, the beamformer can be implemented for each
frequency bin in the Fourier domain, with the resulting signal transformed back to
the time domain [202; 203|. This is a computationally expensive procedure; however,
as will be shown, most acoustic reconstruction methods have been developed for
narrowband sources. Alternatively, the beamformer can be adapted to the time

domain (2.22):

g(r,t) = ' c(rs —ryt) % vi(t — |rs — 14| /C) (2.27)

With estimates of the source field, the source power field (2.8) can now be esti-
mated for a single frequency or over all frequencies, by integration over the time or
frequency domains (which give equivalent results due to Parseval’s theorem):
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W) = 10 NP (2.28)
5 1 to—l—T~ 1 oo
0 = o [ ara= o [ ben ar e

The above definitions make it possible to quantify the concept of a receive beam,
namely, the ratio of signal power that is received from source locations ry to the
signal power received when the source is at the beam focus r. In line with common
usage, this ratio is defined as the psf (point spread function) of the beamformer.

For a single frequency, the psf is given as

PSF(r,x,, f) = U(r, )/ ¥(r,, f) (2.30)

while the psf of a broadband signal is obtained from the ratio of source powers

integrated over time or frequency

psf(r,rs) = d(r)/3(r,) (2.31)

The quantification of beam shape using the point spread function allows us to
discuss the usefulness of the apodization weights A;. Although the conventional
passive beamformer (2.19-2.22) calls for uniform receiver weights to minimise signal
noise (so-called matched processing), changing A; allows adjustment of the receive
beam, with a trade-off between central beam size and magnitude of sidelobes. The
receive beam can also be adjusted to avoid interference from sources near the location
of interest r. A class of beamformers called adaptive beamformers use the received

signal to adapt the apodization weights in such a way. In particular, for narrowband
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signals, the Capon or MVDR (Minimum Variance Distortionless Response) beam-
former minimises the source power according to the constraint 31— A? = 1 (note
that after optimization, A; should be re-scaled according to (2.25)). Fortunately,
the minimisation has a simple analytical solution involving the array signal V(f)
covariance matrix [204].

Since the psf causes blurring of the source power map, the question arises
whether some de-blurring could be applied. When the psf is space-invariant (con-
stant for constant r—r,), this is indeed possible with deconvolution, a well-researched
topic with a wealth of techniques [205; 206]. This psf will be independent of the
frequency content of the source field if it is also frequency-invariant, giving a psf that
is known a priori. Since, as will be seen in Section 2.3, the psf depends on the array
aperture, beamformer focus, and source frequency, the effective array aperture over
which beamforming is carried out can be varied with focal distance and frequency
to achieve a space- and frequency-invariant beam [207; 208]. However, synthesis of
such a beam involves reducing the beamforming aperture for higher frequencies and
shorter focal distances, where the psf is narrower. Thus, the operation effectively
chooses the worst psf available over the focal distance and frequency space, and
assigns it over the entire variable space, rejecting array information for source loca-
tions where the inverse source problem is better defined. Nevertheless, it is possible

that the application of deconvolution to such degraded images will create images

superior to those obtained using conventional passive beamforming.
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2.2.3 Reconstruction of discrete point sources

As has been shown in Section 2.2.1, passive beamforming is based on the implicit
assumption that the only source in the field is the one currently being reconstructed.
Therefore, an extension of passive beamforming is to assume a finite set k € {1... K}

of point sources with locations

R=r - rgl (2.32)

For a vector of narrowband sources q(t), the single-source model of Equation
(2.17) can be extended to multiple sources whose propagation can be described by

a system of linear equations:

v(t) = M(R)q(t)+n(t) (2.33)

M([R);rx = B(ry—ry, fo)exp (=257 folry —ri|/c) (2.34)

where M(R) is a function of the source positions R. There are two ways in which
the above model can be used. Firstly, a grid of postulated source positions R can
be used. This grid corresponds to the pixels or voxels of a sampled source field that
is sought. The matrix M(R) can then be inverted using Tikhonov regularization
[209; 210] to yield the sampled source field. Unfortunately, the number of receivers
available is likely to be much lower than the number of grid points required for a
well-resolved image, making the problem extremely ill-posed.

Alternatively, for a discrete number K of actual point sources (assumed smaller

than the number of receivers I) the source locations R can be estimated. Once
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R is obtained, the signals q(t) can be easily estimated as before with Tikhonov
regularization, from which the discrete source power field is obtained. Therefore,
the review now focusses on the two widely used approaches to estimate the number
K of sources and their locations R. For further details, the reader is referred to the
excellent review of [204].

One set of methods for source localization are known as the subspace-based meth-
ods. Here, the basic idea is that for statistically independent source and noise, the
array signal covariance can be decomposed into two groups of eigenvector-eigenvalue
pairs, one containing signal eigenpairs (the signal subspace), and the other noise

2_variance white noise N;(f)

eigenpairs (the noise subspace). Assuming zero-mean o
that is uncorrelated with noise from other elements, the decomposition will produce
K eigenpairs arising from the K sources, as well as I — K noise eigenpairs, with
each noise component having an eigenvalue of o. This property allows counting of
the number of sources, with information theoretic criteria such as MDL (minimum
description length) [211] requiring no prior knowledge of o.

Upon estimation of the number of sources K and subsequent identification of
the source subspace (eigenpairs with the K largest eigenvalues), the source locations
need to be estimated. In the MUSIC (MUltiple SIgnal Classification) algorithm, the
observation is made that for the correct set of source locations R, the columns of
the matrix M (R, f) (2.33) are orthogonal to the noise eigenvectors [204], so that
their dot product is zero. This property is used to define a function in location space

whose roots should correspond to the locations of the sources. In practice, the array

signal covariance can only be estimated, and one finds the K smallest minima [212].
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Due to its simplicity and small search space, the MUSIC algorithm has found
wide acceptance. However, subspace-based methods such as MUSIC suffer from two
challenges: accurate estimation and subsequent decomposition of the array signal
covariance matrix can be computationally expensive; moreover, if the source signals
are correlated, the sources cannot be well separated using covariance [204]. The
latter problem can be solved by computing higher-order statistics of the signal [213;
214; 215; 216; 217], assuming these are non-zero, with the added advantage that any
Gaussian additive noise can be filtered out (since a Gaussian process lacks higher-
order statistics). However, accurate estimation of higher-order statistics requires
longer sample sizes and computation times.

The incorporation of higher-order statistics into source localization effectively
incorporates more information about the signal than the covariance conveys. This
raises the interesting question whether the source signal has a structure known a pri-
ori that can be used to aid localization. For instance, there exists a class of random
processes which display stationarity only at a certain cycle, termed cyclostationary
processes. More specifically, a process is N-order cyclostationary if all its statistics
to the Nth order repeat cyclically [218]. In other words, for a signal ¢(t) of cycle T'

and expectation operator E{.),

E(qt)") = E{q(t —iT)") for n < N,i € Z (2.35)

Cavitation due to a cyclic ultrasound field could exhibit this property, in which
case the cyclic statistics of the signal can be fed to MUSIC [219], or even adaptive

multi-stage beamformers that sequentially extract one source after the other [220].
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In addition to subspace methods, another important class of localization methods
exists, namely ML (maximum likelihood). Here, a likelihood function is constructed
that expresses the probability of receiving the array data given the source param-
eters [221; 212; 204]. If the number of sources has already been estimated using
the subspace method described earlier, the source parameter over which the likeli-
hood function is minimsed consists of the source locations R and noise variance o2.
Depending on the assumptions used, the ML estimator can be a noise-regularized
minimization of the linear system’s error norm integrated over the recording time
[to, to + T

to+T

arg %1}7121 {Ilog o+ L |v(t) — M(R)q(?)]| dt} (2.36)

a?T

While such optimization can provide accurate estimates of source locations, the
author is not aware of an efficient optimization strategy for 2D localization.

Although there is a wealth of literature on discrete sources localization, the linear
system formulation (2.33) on which discrete source localization methods are based
presents several significant challenges. Firstly, the model of propagation presented in
Equation (2.33) is only valid for narrowband sources, so that for a broadband source
such as a cavitating bubble, estimates need to be combined for many frequency bins
[222]. The system of linear equations could be written using the z-transform, with
the matrix inverse converted to a set of time-domain filters, however the difficulty of
converting arbitrary z-domain filters into the time domain may make this impractical
for a large number of sources.

Most important of all, the validity of assuming spatially discrete sources needs
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to be questioned. Since spherically collapsing bubbles can be treated as spheri-
cal monopole sources, the assumption would at first appear to hold, however, the
concentration of bubbles could be so large as to appear to act as a spatially con-
tinuous source field, in which case the problem may become intractable using the
discrete sources assumption. In such a case, a spatially parameterized source field
distribution model may present a solution. There exists work that assumes a single
Gaussian-distributed source field whose parameters are then estimated [223; 224],
however this assumption is deemed too restrictive in the case of HIFU-induced cav-

itation where inhomogeneities in tissue could create several regions of cavitation.

2.3 Passive source mapping with a linear array

2.3.1 Choosing the right algorithm

The previous section has considered several existing methods to reconstruct a source
field using an array of detectors. These methods are extensively used in passive sonar
and radar, noise mapping, and geophysics, to localise or map animals, vehicles,
earthquakes, and other sources of sound [225; 204; 226; 227; 228|.

Recently, advances in medical ultrasonic devices have raised the exciting pos-
sibility of applying these passive techniques to localise and characterise cavitating
bubbles. Using a medical ultrasonic linear array placed at right angles to a HIFU
transducer and with pulse transmission off, Farny was able to generate bubble dis-
tributions along the HIFU axis [179; 78]. Unfortunately, access was only available

to post-beamformed RF data using the so-called “dynamic receive beamforming”
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algorithm optimised for active imaging, with a beamforming aperture half the size
of the entire available aperture. This limited the system to resolving sources trans-
versely to the linear array. Moreover, since dynamic receive beamforming varies the
receive focus dynamically, this causes two significant problems: firstly, the source
signal is distorted, making cavitation characterization based on frequency content
ambigious; secondly, the effective integration time in (2.8) is limited, giving noisy
source power maps.

In order to provide 2-D maps of cavitation, access to simultaneous recordings of
receiver array data — so-called channel data — is necessary. Previously, this capability
was restricted to a few custom-built, expensive research platforms, such as the RAS-
MUS system at the Technical University of Denmark [229], or the DiPhAS system
at the Fraunhofer Institute in Germany [230]. Thankfully, the recent introduction
of a commercially available ultrasound system (z.one, Zonare, Mountain View, CA)
z.one ultrasound system from Zonare has broadened the availability of channel data.
Thus, for the first time, a diagnostic ultrasound array could be placed co-axially with
the HIFU transducer with the possibility of resolving cavitation distributions in 2D
using a setup that can be directly transferred to the clinic.

With the above capability in place, the question must be asked as to which of the
passive source reconstruction methods discussed in Section 2.2 should be adopted.
The adopted method should be simple and mathematically robust, acting as a proof
of concept, and yet return physically meaningful spatial maps of broadband source
distributions. Since the method is chosen with a view to an eventual real-time and

online implementation, a frequency-based method that requires decomposition of

95



the broadband source into narrowband components is not an option. Computation
time should also be fixed, precluding the use of iterative methods.

The above needs of the current work are best met by passive beamforming, and
in particular, Time Ezposure Acoustics [184], where passive beamforming is explic-
itly used as a means to reconstruct a so-called source intensity field from broadband
near-field data. This work therefore adopted the Time Exposure Acoustics for-
mulation, with two slight modifications. Firstly, the original formulation contains a
subtraction term involving the variances of the array signals, with the aim of remov-
ing a “DC bias” from the images. This term lowers the source intensity estimates at
the source locations, and was therefore omitted. Secondly, the current formulation
incorporates a scaling factor to generate estimates in units of power (see Equation
(2.8)) rather than the unspecified units of source intensity. In order to distinguish
the current method from other variations of passive beamforming, the term passive
source mapping is adopted, which becomes passive cavitation mapping in the case
of cavitation sources. It should be noted that the method does not only generate
maps of source power, but also temporal variation of source strength, as explained
in the following sub-section.

Although, due to the aforementioned clinical needs (as well as consistency), pas-
sive source mapping was used throughout this thesis, the access to simultaneously
recorded array data also makes it possible to research spatiotemporal cavitation dy-
namics in a laboratory environment, where some of the above needs can be relaxed.
For this reason, the application of the more advanced source reconstruction methods

detailed in Section 2.2 will be the focus of future research.
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2.3.2 Implementation on a linear array

What follows is a presentation of the passive source mapping algorithm as applied
to the linear array used in the work. However, the algorithm can be simply modified

to any array geometry.

Linear array geometry

oM
. e\
y-axis o Qi@
(elevation) sV
F 3 e(\\f’ \\Sa

|||||||| “—acoustic lens
(elevation focussing)

Figure 2.1: The linear array used to generate passive maps. The array has an aperture of 38 mm
consisting of 128 elements, each with a 5-10 MHz frequency response. At any time, 64 out of the
128 elements can be connected to recording channels. For the purpose of generating passive maps,
the recording channels were chosen to span the entire array. An acoustic lens provides cylindrical
focussing in the elevation direction, with a focal length of z = 17.5 mm. The sources are assumed

to be in the far-field of the receivers.

Figure 2.1 shows a schematic of the linear array used during the experiments

(L10-5, Zonare, Mountain View, CA), with the co-ordinates chosen to simplify the
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mathematical formulations. A uniformly spaced linear array of 128 receivers span-
ning an aperture of D = 38 mm lies along the x-axis, with the centre of the array at
the origin. The width of the elements is less than 0.3 mm in the transverse (x) direc-
tion and 5 mm in the elevational (y) direction. Elevational focusing is provided by
an acoustic lens, with a focal length of 17.5 mm [231]. Each element has a nominal
5-10 MHz response. The spatial and frequency sensitivities of the array elements
will be experimentally investigated in Section 4.1.1.

Given the above system parameters and the assumption of appropriately loud
sources further than 30 mm from the array, the receivers were modelled as noiseless
point receivers with uniform (unity) response in the 5-10 MHz range. The point
receiver model is later validated in Section 4.1.2, where it is shown that despite a 10
mm thick imaging plane, the received pressure scales with the inverse of distance.

With only 64 recording channels (see Appendix A), the elements connected to
the channels are chosen to span the entire 38 mm aperture in order to optimise
resolution. These elements are arranged near-uniformly from x = —18.75 mm to

z = 18.75 mm:

(—62.5 + 2i)Aw forie {0...31}

(=635 + 20)Aw fori € {32...63)
Aw = 0.3 mm (2.38)

For clarity in later expressions, a distance function is defined that expresses the

distance from receiver element i to a point (x, z) in the imaging plane:

di(z,2) =/ (x; — x)% + 22 (2.39)
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Passive source mapping algorithm
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Figure 2.2: The passive mapping algorithm. The channel data shows emissions from a single
bubble cavitating periodically. For each pixel location in the source power map, the appropriate
time delays are used to create a reconstructed source strength, whose mean square value is then

taken. See text for further details.

The passive source mapping algorithm, as depicted in Figure 2.2, can now be
presented. For a point (x,z) in the imaging plane, the signals v;(¢) from the 64
channels are first delayed according to the relevant propagation times and then
summed. Assuming a constant pressure sensitivity b over the 5-10 MHz response of

the array leads to the following estimate of the source strength at (x, z,t) (2.22):

G, 2, 1) = % 3 diw, 2) vt + di(a,2) /) (2.40)

where b is a calibration factor that converts the voltage RF signal to the pressure
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experienced by the element. The factor is analogous to the frequency and spatially
dependent term B in (2.18), with the difference that b is a constant that assumes no
absorptive or scattering attenuation. Furthermore, the mapping only considers the
portion of the source field that is in the 4.6-9.6 MHz recording band of the IQ data,
with a uniform frequency response of the array over this band (see Section). The
value of the calibration factor b, as well as the validity of the above assumptions,
will be ascertained in Chapter 4.

The corresponding value of source power is estimated by taking a scaled mean
square of the source strength over some integration time period [tg,to + T, as in

(2.8):

5 1 to+T )
= q t)°dt 2.41
0w = [ ) (2.41)

In the actual application, the channel data is available at a 50 MHz sampling rate
(see Appendix A). To avoid errors due to delay quantization, the signals are upsam-
pled using cubic interpolation to 200 MHz before delaying the signals to the nearest
available indices. The source strength itself can be generated at a lower sampling
frequency of 50 MHz. Thus, an integration duration of T'=20 s is approximated

using the summation of 1000 data points.

Parametric single source localization

Figure 2.2 has shown the channel data received when a single bubble was periodi-
cally cavitating from a fixed location. It can be seen that the pressure wave from

each cavitation event reaches the array elements with a delay curvature. Clearly, if
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the bubble was sufficiently far away, the pressure wavefront reaching the array ele-
ments would be planar (the far-field or Fraunhofer assumption), with the wavefronts
registering as lines in the channel data. Closer to the array, if the propagation time
from a source at (zs,25) to an array element at (z,0) is referenced to some array

position (zg, 0):

(Vv =) =V (o =) (2.42)
: )

then using the Fresnel approximation

)2
24 (x—x,)? R 2+ (@ —2) (2.43)
22z,
the difference in propagation delays is given by
1 9 9 I 5 @ 2r01, — T3
—x5)" — (g —xs)") = -+ — 2.44
2z4C ((I %) (%0 ) ) 2z,C ZsC ZsC ( )
in other words, a quadratic function with co-efficients
1 Ty 2ToTs — :E%
- s 0 2.45
2z, ZsC ZsC ( )

whose curvature is determined by the axial distance z, to the source and whose
minimum is given by the transverse position x4 of the source.

The above result suggests a way to quickly estimate the position of a single
source: take the cross-correlation of one of the data channels at (zo,0) with the
rest of the channels and find the maximum value of each cross-correlation to yield

relative times of arrival; retrieve the coefficients of the parabola by performing a
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Figure 2.3: Parametric single source localisation based on parabolic curvature of arrivals. The
cross-correlation of one data channel with the other channels (in this case channel 32) is used to
fit a parabola to the curvature of arrivals. From the parabola co-efficients, the source location can

be recovered. See text for further details.

least-squares fit; retrieve (x5, z5) from the coefficients of the parabola. An example
for a cavitating bubble with an estimated location of (-2,72) mm is shown in Figure
2.3.

This technique will be extensively used in Chapter 4 for the localisation of single
scatterers. In addition, since passive beamforming is equivalent to summing all the
possible cross-correlation pairs evaluated at the appropriate time delays [184], taking
the cross-correlation of one channel with the rest of the channels also provides a rapid
way of checking the quality of the recorded data (as illustrated later in Figures 6.2,

6.7).
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2.3.3 Spatial resolution

In this section, the task is to derive the point spread function PSF(r,ry, f), as de-
fined by Equation (2.30), of the passive mapping algorihtm for a single frequency,
from which the psf(r,rs) of an arbitrary signal can be derived, as defined in Equa-
tion (2.31). To begin with, an exact expression for PSF(r,rs, f) is given, assuming
adequate compensation for receiver response effects. Using some simplifying as-
sumptions, a simple expression for the transverse and axial resolutions is obtained
for a source near the imaging z-axis. Since the linear array will be placed co-axially
with the HIFU transducer, this is a relevant expression that will be verified experi-
mentally in Chapter 4. Many of the derivation steps are taken from closely related
work [232; 233].

First, the passive beamformer from Equation (2.23) and the received signal due

to a point source from Equation (2.17)

I-1

Qr, f) = D A Clr—r;, f) Vi(f)exp (j2nflr — i /c) (2.46)

=0

Vilf) = Blrs—ry, f)exp (=j2nflrs —rl/c) Q(f) + Ni(f)  (2.47)

are combined to express the beamformed signal from a point source, neglecting

I-1 .
Q1) = L 4B~ 1. N0 =) o { 22 (o n = e - f Qe
=0

(2.48)

To simplify the above expression, the definition of the wavenumber, k = 27 f/c,
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is used. Furthermore, it is assumed that the compensation term C can adequately
cancel the attenuation term B, which is a fair assumption for small |r; — r|. The
assumption is also made that the linear array is focussed in the (z,0,z > 0) plane,
in which the source also lies. Later experimental results (Section 4.1.2) will address
the effect of elevational focussing on out-of-plane sources. Lastly, since the array

lies on the x-plane, r; = (x;,0,0). These considerations lead to

Q) = QY. A e (olr, i) (2.49)

PSF(r,ry, f) = (2.50)

> A exp {olr, i)}
o(r,i) = k <\/(w a2+ 22— (s — )2+ 22) (2.51)

The above is a general expression for PSF(r,rg, f). A simplified expression
is now sought for small changes dz = = — x5, 0z = 2z — z, in the transverse and
axial directions, respectively. Firstly, in order to make the expression integrable, an
apodization function A(l) is introduced that is spatially continuous over the array

[233], yielding

2

PSF(r,rs, f) = ’/_OO A(l)exp{jo(r,i)} di (2.52)

For an array using uniformly weighted point receivers, the apodization function

A(l) is
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All) = %H(Z/D) III([;llJr[;l) (2.53)
(
1 ifi<1

() = (2.54)
0 otherwise.
)
5(1) ifleZ

1I(l) = (2.55)
0 otherwise.

\

In the limit of infinite point receivers (I — oo) forming a continuous receiver

surface, the apodization function (2.53) becomes

AQl) = %H(Z/D) (2.56)

Next, the second-order binomial expansion of the square root terms in (2.52) is

taken — the so-called Fresnel approximation [197; 232; 233]:

PSF(r,rs, f) = ‘/OO A(l) exp {jk; <<”3 —0° (@ ;1)2) } dl

o0

Transverse resolution

Considering changes dx = x — x, transversely to the array imaging axis, with the

correct axial focus z = zg, the point spread function (2.57) becomes

2

PSF(5z, f) = ‘/: A(l) exp {—jki—f[} i (2.58)

Noting that the Fourier transform is defined as

FAn() = /_ " h(l) exp(—jel)dl (2.59)
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allows Equation (2.58) to be written as

PSF(bz, f) = |[FAAD} (2.60)

e = kéx/zs (2.61)

The above result confirms the observation by other researchers that the trans-
verse field of a focused transducer in the focus plane is a scaled version of its far-
field directivity pattern, that is, the Fourier transform of its apodization function
[234; 233]. Using known properties of the rectangle function II(/) and Shah function
ITI(I) in the apodization function in Equation (2.53), an analytical expression for

the transverse point spread function is obtained:

PSF(6x,f) = ‘I(ij e (gfgx) w, 111 (%ij) (2.62)
sinc(x) = sin(wz)/(7wz) (2.63)

where the Shah function causes grating lobes due to the finite element spacing
D/(I —1). In the current setup, the spacing between two consecutive elements —
0.6 mm (Equation 2.38) — is significant compared to the wavelengths of interest (at
f =75 MHz and ¢ = 1480ms~!, A = 0.2 mm). Therefore, the effect of grating
lobes will need to be considered (see, for example, Figure 2.5). For the moment,
however, the approximation of zero element spacing is taken to enable an estimate
of the main lobe.

In the limit of zero element spacing (2.56), grating lobes disappear. Taking
this limit, and noting the definitions of the f-number fz = z;/D and wave-number
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k =27 /) leads to the elegant expression

2

)
PSF(éx, f) = [sinc (—HC) (2.64)
faA
giving a -3dB transverse resolution of
Plap ~ 0.89fu) (2.65)

Axial resolution

If the focus is placed correctly in the transverse direction (x = xy), the point spread

function parallel to the array imaging axis (2.57) becomes

1 1 2

PSF(z, 2, f) = ‘/: A(l) exp {]k% <; - —) (x5 — Z)Z} dl

Zs

(2.66)

In analogy to the Fourier transform that appears in the transverse resolution,
the above expression is related to the generalized Fresnel transform [235] and the
chirp transform [236]. Assuming small axial deviations dz = z — z, a source close to
the imaging axis (a reasonable assumption considering the coaxial placement of the
array with the HIFU axis), and a large number of receiver elements with uniform

apodization, allows the following approximations

1/z2—1/zy = —0z/z (2.67)
(s —1)? ~ 2 (2.68)
A(l) =~ 1/DT1I(l/D) (2.69)
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Substitution of the above approximations into Equation (2.66) gives

PSF(52,f) = (2.70)

2
2 [P/ L0z
5/0 exp {ijZszl }dl

Using the definition of the Fresnel integral [233], a function that can be accurately

computed using series expansions [237]

F(z) = /Oz exp(jmi®/2)dl (2.71)

the following expression is obtained

PSF(0z,f) = [F(£)/¢ (2.72)
¢ = 21;1%;2 (2.73)

which has similarities to the sinc expression obtained for the transverse resolution
in Equation (2.64). The definitions of the f-number fz = z,/D and wave-number
k = 2w /) are again used, as well as a new function that will be called fresnc (in
analogy with the definition of the sinc function), to give the axial point spread

function as

2

PSF(52,f) = (2.74)

fresnc 0
faA

fresnc(z) = F(M) /N 2)2 (2.75)

giving a -3dB axial resolution of

Piags ~ 6952\ (2.76)
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Predicted experimental resolutions

In the experimental setup, the array has an aperture of 38 mm, with a bandwidth of
5-10 MHz (see Figure 2.1). The array can be placed in two configurations relative to
the HIFU transducer. For investigations of cavitation dynamics in the laboratory,
the array can be placed transversely to the HIFU transducer, at a distance of 36 mm
from the HIFU focus. For clinically relevant passive cavitation mapping, the array
is placed coaxially with the HIFU transducer, with a distance of 73 mm from the
HIFU focus (doubling f4). These setups are explained in greater detail in Chapter
3. For the latter setup, taking a centre frequency of 7.5 MHz and the speed of sound

in water at 20° of 1480 m/s [238] gives resolutions of

P’y ~ 0.4 mm (2.77)

P?ap ~ 4.9 mm (2.78)

Although using an array with a larger aperture would achieve an even better
resolution, the above resolutions are already smaller than the the dimensions of
a typical HIFU beam (2 mm transverse width and 15 mm axial length). They
also compare favourably with the “gold standard” of ablative HIFU monitoring,
MRI thermometry, which has a typical real-time resolution of 3 mm by 3 mm in a
plane. The purpose of this section is to use simulations to verify these theoretical

resolutions, as well as evaluate the effect of interference between sources.
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Figure 2.4: Estimated point spread function of passive beamforming with a linear array, using

dimensionless distance.

2.3.4 Simulations
Simulation model

To investigate the accuracy of the above resolution estimates, as well as evaluate
the performance of the passive beamformer in the imaging plane, some simulations
were performed that reflected the experimental setup used in later chapters. The
array used has already been described in Section 2.3.2.

Based on Equations (2.14,2.33), the signal received by the array due to point

sources of strength gy (t) is

di(wg, z1) " tqr(t — di(xg, 21) /) (2.79)

&£
—
~
SN—
I
B
>1|@
I
||MN
I

and the corresponding passive source power map 1;(13, z) is calculated using Equa-

tions (2.40,2.41) with an integration period 7'=20 ps.

70



In the case of single frequency f sources, the above propagation and reconstruc-
tion formulae do not suffer from any sampling or integrating errors as the signals

are represented in phasor form:

K
Vi = %;di(xk,zk)1exp{—j27rfdi(xk,zk)/c} K (2.80)
ir 53
G(z,2) = GTZ);di(x’z) exp {j2n fd;(x,z)/c} V; (2.81)
~ 1
Bo.) = e ) (2.82)

Simulation results

The simulation model derived above is now used to test the performance of the
passive mapping system. Of particular interest is the clinically implementable ar-
rangement of the linear array placed coaxially with the HIFU transducer, which will
be discussed in greater depth in Section 3.6. For the moment, it is noted that in this
monostatic arrangement of the HIFU transducer and linear array, the HIFU focus
is at a distance of z = 73 mm from the centre of the array. Thus, all simulations to
follow will use as their reference point the HIFU focus at (zs, z5) = (0, 73) mm.

In the first simulation, a 7.5 MHz source with source power v = 1 is placed
at the HIFU focus. Cross-sections of the obtained image are also taken to be able
to compare these with the expressions for the transverse and axial point spread
functions (Equations (2.64,2.74)) derived in Section 2.3.3. The results are shown
in Figure 2.5. The imager performs as expected, with the estimated point spread

functions corresponding well to the actual blurring.
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Figure 2.5: Comparison of simulated and theoretical imaging resolution in the clinically-relevant
imaging setup. A 7.5 MHz source (corresponding to the centre of the array’s 5-10 MHz bandwidth)
is placed at the HIFU focus, which is z=73 mm from the centre of the array and on the array’s
central axis (x=0). The image on the left shows a simulated passive map, while the plots in
the centre and right compare the simulated (black) and theoretical (red) point spread functions.
Near the focus, the two point spread functions show good correspondence, with transverse and
axial resolutions of 0.5 mm and 5 mm respectively. Since the theoretical point spread function
was derived with the assumption of small distances from the focus, the function becomes less
accurate with increasing distances from the focus. Moreover, the assumption of point receivers in
the simulations also becomes invalid for short distances from the array. These two effects lead to
a discrepancy between the two point spread functions at distances of less than 30 mm from the

array. Finally, note the grating lobes at the edges of the image (outside the region of interest).
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A common measure of image resolution is the smallest separation between two
sources that enables them to be resolved from each other. Since the axial and
transverse resolutions for a 7.5 MHz signal at 73 mm are roughly 5 mm, 0.5 mm
respectively, two 1) = 1 sources were placed 5 mm, 10 mm and 20 mm apart along
the central axis of the array (z = 0,y = 0), followed by two sources 0.5 mm, 1 mm,
2 mm apart, at a distance of 73 mm from the array. In all cases, the mean location
of both sources was at the HIFU focus of (x5, 25) = (0,73) mm. For each of these
conditions, the simulated passive maps sought to determine the effect of changing
the phase of one of the sources with respect to the other one. In the case of two
axially placed sources, a phase lag of 0 was taken to mean that the wavefront of
the distal source arrived at the frontal source in phase. The phase lag was varied in
the range [0, ]. In the case of two transversely placed sources, a phase lag of 0 was
taken to mean that the two sources were emitting in phase.

The results of the two 7.5 MHz sources placed axially and transversely are shown
in Figures 2.6-2.7. The left images show axial and transverse cross-sections as they
vary with relative phase, while the right images show the variations of the estimated
source powers at the frontal (blue) and distal (green) source locations. As predicted,
interference of the two sources occurs due to the coherence between the sources [184].
However, complete destructive or constructive interference does not occur as there
is variation in the relative phase difference with which the waves reach the array.

In contrast with the 7.5 MHz sources considered so far, the cavitating sources
of interest will be far from sinusoid. In the case of fully chaotic inertial cavita-

tion, cavitation emissions can be modelled as uncorrelated Gaussian white noise.
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Figure 2.6: Simulation of imaging resolution with two 7.5 MHz sources on the array central axis.
The phase lag of the distal source with respect to the frontal source is varied, with a phase lag of 0
corresponding to the distal source wavefront arriving at the frontal source location in phase with
the frontal source.

The images on the left show axial cross-sections of passive maps with sources placed 5 mm, 10
mm, and 20 mm apart, with the 5 mm distance corresponding to the resolution limit of the image
in the axial direction. The plots on the right show the corresponding variation of source power
estimates at the frontal (blue) and distal (green) source locations. The mean location of the two

sources was kept constant at the location of the HIFU focus, 73 mm from the array.
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Figure 2.7: Simulation of imaging resolution with two 7.5 MHz sources on either side of the array
central axis. The phase lag of the right source with respect to the left source is varied, with a
phase lag of 0 corresponding to the two sources emitting in phase.

The images on the left images show axial cross-sections of passive maps with sources placed 0.5
mm, 1 mm, and 2 mm apart, with the 0.5 mm distance corresponding to the resolution limit of
the image in the transverse direction. The plots on the right show the corresponding variation of
source power estimates at the correct source locations. Blue corresponds to the source at x < 0,
while green corresponds to the source at z > 0. Because of the symmetry of the problem, the two
plots are virtually indistinguishable. The mean location of the two sources was kept constant at

the location of the HIFU focus, 73 mm from the array.

75



However, because of the 5-10 MHz bandwidth of the receivers, the array signal will
be band-limited. The simulations are therefore repeated for two such band-limited
noise sources. Because axial resolution is much worse than transverse resolution,
subsequent simulations and discussion will be about the former. Figure 2.8 shows
the results for two noise sources placed along the central array (z) axis, with a mean
location corresponding to the HIFU focus at z=73 mm. Because of the lack of co-
herence between the two sources, it can be seen that the source powers estimated
are consistently near the correct values of 1.

The above assumption of mutually incoherent sources may be a close approxima-
tion at high ultrasound intensities, where both the direct effect of the high intensity
and the indirect effect of a large concentration bubbles causes unstable and unpre-
dictable bubble collapse. However, for lower intensities, it has been observed that
bubbles can collapse stably. In the next simulation, the recorded emissions from a
single bubble has been taken, scaled it to give it unity variance (or source power),
and used as the source signal for both sources. The results are shown in Figure 2.9.
Because of the self-coherence of the cavitation signal due to periodic collapse, there
are perturbations in the power estimates from the true value of 1.

It is seen from the above examples that with increasing coherence between source
signals, the source power estimates degrade. Coherence, and thus degradation, is
highest for sinusoid signals, and lowest for mutually uncorrelated wideband noise.
In the case of correlated single bubble emissions, there are also perturbations in
the source power estimates. However, as will be seen in Chapter 4, emissions from

different bubbles are rarely well correlated.
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Figure 2.8: Simulation of imaging resolution with two 5-10 MHz noise sources on the array central
axis. The time lag of the distal source is varied in the [0, 10] us range, showing consistent images
that vary little.

The images on the left images show axial cross-sections of passive maps with sources placed 5
mm, 10 mm, and 20 mm apart, with the 5 mm distance corresponding to the resolution limit of
the image in the axial direction. The plots on the right show the corresponding variation of source
power estimates at the frontal (blue) and distal (green) source locations. The mean location of the

two sources was kept constant at the location of the HIFU focus, 73 mm from the array.
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Figure 2.9: Simulation of imaging resolution with stable cavitation emissions used to create two
source signals moved apart from the HIFU focus at z=73 mm on the array’s central z-axis. The
time lag of the distal source with respect to the frontal source is varied, with a time lag of 0
corresponding to the distal source wavefront carrying the same signal when it arrives at the frontal
source location as the signal that the frontal source is emitting. Due to periodic bubble osillations

The images on the left images show axial cross-sections of passive maps with sources placed 5
mm, 10 mm, and 20 mm apart, with the 5 mm distance corresponding to the resolution limit of
the image in the axial direction. The plots on the right show the corresponding variation of source

power estimates at the frontal (blue) and distal (green) source locations.
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Of perhaps more concern is the poor axial resolution seen on the images, as
predicted in theory. To attempt to improve the resolution, two 5-10 MHz broadband
sources were again moved at different distances from each other, with distances of 2.5
mm, 5 mm, 10 mm, and 12.5 mm. A constant f of 2.6 (corresponding to maximum
imaging depth of 92 mm divided by maximum available aperture of 38 mm) was
maintained during source reconstruction by varying the aperture used. Axial cross-
sections of the resulting images, along with their deconvolved pairs, are shown in
Figure 2.10. The deconvolved images, obtained using regularised deconvolution that
assumed a signal to noise ratio (SNR) of 15 dB, clearly show some improvement
in resolution, however the source powers are not well estimated. Moreover, the
accuracy of these estimates, as well as the quality of deconvolution, greatly depends
on the regularizing term of noise power. This is also the case with more complicated
and computationally intensive deconvolution algorithms such as Lucy-Richardson.
Therefore, while deconvolution is clearly a useful tool in improving the source power
field estimates, further work is necessary before it is included in the passive cavitation

mapping algorithm, and for now it is omitted.

2.4 Summary

The localization and reconstruction of broadband continuous sources based on pres-
sure recordings outside the source region is not a trivial problem. This chapter has
considered the forward problem of the signal received by acoustic receivers due to

a source field, and reviewed methods in literature of solving its inverse problem.
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Figure 2.10: Evaluation of deconvolution to improve axial resolution. Two broadband (5-10 MHz)

sources with a mean location corresponding to the HIFU focus at z=73 mm were placed at increas-

ing distances from each other along the central array axis. The received array signal was modelled

for separation distances of 5 mm, 7.5 mm, 10 mm, and 12.5 mm. In order to ensure a constant

point spread function so as to be able to implement deconvolution on the images, a constant fyx

of 2.6 was maintained for all depths by varying the imaging aperture with imaged depth (as de-

scribed in Section 2.2.2).  The plots on the first row show the axial cross-section of the original

images, while the corresponding plots on the bottom show the deconvolved plots with regularized

deconvolution. Other deconvolution methods such as Wiener and Lucy-Richardson yielded similar

results.
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In the context of mapping the distribution of cavitation emissions using an ultra-
sound linear array, a modified passive beamforming algorithm was developed that
estimated the power of the unattenuated acoustic emissions.

Using some simplified assumptions, the resolution of passive mapping was esti-
mated theoretically. Simulations of passive mapping were then carried out, based
on a clinically implementable monostatic arrangement of HIFU transducer and lin-
ear array. The performance of passive cavitation mapping was thus numerically
evaluated, with good agreement between theory and simulations.

In short, this chapter has provided the theoretical basis and justification for using

passive cavitation mapping to monitor cavitation during HIFU exposure.
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Chapter 3

Experimental Methods for Passive

Cavitation Mapping

3.1 Overview of experimental rationale

In evaluating the applicability of passive cavitation mapping as a method for moni-
toring HIFU treatment, it is helpful to start with a simplified setup and gradually
move towards more complex but clinically applicable configurations. In so doing,
difficulties encountered at each stage can be identified and rectified more easily than
with all the layers of complexity present. Hence, after considering the generation of
passive maps from linear array channel data (Section 3.2) and the rest of the general
experimental apparatus (Section 3.3), three sets of experiments, in increasing order
of clinical relevance, are described. This sets the scene for Chapters 4-6, where the
results of the experiments are presented.

In the first set of experiments, described in Section 3.4, the aim was to create
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scattering sources which, unlike cavitation, had precisely controllable locations and
temporal signatures. This was achieved by creating ultrasonic waves in water using
a broadband transducer and scattering them off a steel wire placed in the transducer
focus. Such a setup allowed calibration of the linear array on receive mode, enabling
passive maps to be displayed in terms of source power. Furthermore, it was possible
to assess imaging resolution for narrowband and broadband sources (the latter acting
as a model of cavitation source), and compare this with theoretical and simulated
results obtained in Chapter 2. Lastly, the effect of source distributions could be
evaluated by capturing array data from several scattering locations and adding the
recordings together. The results of these experiments will be left to Chapter 4.

In the second set of experiments, described in Section 3.5, cavitation sources were
generated using a HIFU transducer and passively mapped. A bistatic configuration
was used whereby the receiver array was placed normal to the HIFU transducer
axis, at a short distance from the focal region. The resulting high resolution passive
maps enabled an assessment of spatiotemporal cavitation dynamics. The cavitation
medium was a homogeneous agar gel, which acted as a simplified model of tissue that
caused little distortion of the cavitation emissions. The results of these experiments
will be presented in Chapter 5.

During HIFU treatment, the array would need to be placed co-axially with the
HIFU transducer, in a monostatic arrangement. The third set of experiments, de-
scribed in Section 3.6, sought to validate the usefulness and accuracy of passive
cavitation mapping in this clinically relevant configuration. Maps of cavitation ac-

tivity were first generated in the same type of homogeneous, tissue-mimicking agar
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gel that was used in the bistatic experiments. This gel was then modified using an
innovative two-channel technique to provide prior knowledge of the regions where
cavitation activity is likely to occur. Lastly, the correlation between passive cavita-
tion maps obtained during HIFU exposure and ablation of ex vivo bovine liver tissue
was investigated, providing evidence of the tremendous potential of this technique

in a clinical setting. The results of these final experiments are given in Chapter 6.

3.2 Passive mapping from array channel data

The z.one ultrasound system (Zonare, Mountain View, CA) is a highly configurable
system that could be used as a conventional B-mode imager or as a tool to passively
map a source field. Figure 3.1 shows a photograph of the ultrasound system. A
5-10 MHz linear array (depicted in Figure 2.1) was used to either actively probe the
medium in front of the array, or to passively listen to source emissions.

The received data was collected by the scan engine and converted to digital data,
either in the form of reconstructed images, or, uniquely among commercial ultra-
sound systems, pre-beamformed channel data. The data could then be transferred
from the engine to a USB stick for offline processing on a computer. A detailed
discussion on the functioning of the ultrasound system, and on choosing the optimal
acquisition parameters for the generation of passive maps, is found in Appendix A.
This includes a discussion of 1Q) signals, whereby a signal in some frequency band of
interest is demodulated to baseband so that it can be sampled at a lower frequency,

thus reducing storage costs [239]. For now, the imaging paramaters used for passive
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Figure 3.1: The z.one ultrasound engine from Zonare. The 5-10 MHz linear array is connected to
the scan engine via the transducer connection port. Conventional B-mode images can be watched
and reviewed using the external LCD display. Using two USB ports to the rear of the engine,
communication with the scan engine with a serial interface is possible, as well as transfer of data

to a USB storage device.

mapping are summarised in Table 3.1.

After reconstruction of 64 channels of RF data from IQ) data (Appendix A, [239]),
passive source mapping can be applied with an integration interval of T' = 20 ps(see
Equations 2.40,2.41). Given the software-based configurability of the scan engine,
the passive maps could, with the assistance of the company’s software engineers, be
incorporated into the ultrasound system, providing the user with real-time passive
maps. Such integration into the ultrasound system has already occured with other
research groups, and is envisaged to occur in the context of the present work. In

the current work, data is processed offline to generate passive maps.
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imaging parameter setting
pulse transmission off
receilving aperture 38 mm
TGC constant (40dB)
recording length 140 ps
frame rate 30-200 Hz
IQ signal band 4.6-9.6 MHz
IQ sampling rate 5 MHz

Table 3.1: Channel data acquisition parameters used for passive map generation. See Appendix A

for further details.
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3.3 Experimental apparatus

3.3.1 Test tank

All experiments were carried out in a transparent perspex open-top tank filled with
water, and fitted with three axis positioning stages for alignment of objects. Wa-
ter acts as a homogeneous (non-scattering) coupling medium between the acoustic
source, the acoustic scatterer (be that a wire or a nonlinear “scatterer” such as a
cavitating bubble), and the acoustic detector, and causes negligible attenuation over
the frequency range of interest to the present work (1-10 MHz). While cavitation
itself is instigated in media that more closely mimick in vivo tissue, water is used to
propagate the HIFU wave to that medium, and to propagate any acoustic emissions
from the medium to detectors.

To prevent scattering or cavitation in water, it needs to be free from small
particles, and have a low gas concentration. Purified water is obtained from tap
water passed through a deionising reverse osmosis system (Titan 200, R.O. UltraTec,
Fallbrook, CA) that also contains 5 pm and 1 pm filters to remove particulate matter,
as well as an activated charcoal filter to remove organic compounds. To maintain
purity and lower gas concentration, water is run through a flow loop consisting of the
following: centrifuge pump to establish water flow; deionising resin filter; 1pm and
0.2pm filters; and degassing membrane contactor.

The membrane contactor (Liquicel 2.5x8, Membrana, Wuppertal, Germany) has
a central channel through which the water flows. The channel is in contact with a

rolled membrane whose other side is connected to a vacuum pump set to -0.09 MPa
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relative to atmospheric pressure. Therefore, water can flow through the membrane
contactor unimpeded while gas forms out of solution at the membrane and escapes
through the gas outlet.

If required, water temperature can be maintained at an elevated temperature by
also connecting a water heater to the loop. Otherwise, the air-conditioned laboratory
keeps the water temperature stable at room temperature (20°C). The temperature of
the water is an important parameter to measure as the speed of sound of pure water
is well characterized by its temperature [238], increasing from 1482 m/s at 20°C to
1524 m/s at 37°C. (At MHz frequency insonations with ps periods, it is helpful to
convert these speeds to mm/ps, with corresponding speeds of 1.482 mm/ps, 1.524
mm/ps). Knowledge of the speed of sound is necessary for two reasons: alignment

of objects in the water tank, and the generation of passive source maps.

Alignment of objects in test tank

By measuring the temperature of the water in the water tank, the speed of sound
¢ in water can be obtained [238]. Hence, measurement of pulse-echo times can be
used to infer the distance between the interrogating transducer and the reflecting
or scattering object. The amplitude of the received echo is also used to ensure the
object is at the focus of the transducer. Pulses were generated and the resulting
echoes received and amplified using a pulser-receiver (DPR 300, JSR Ultrasonics,
Pittsford, NY). An oscilloscope (Wavesurfer 434, LeCroy, Chestnut Ridge, NY) was
used to display the amplified signal, and was triggered by the pulser-receiver on each
pulse transmission.

As will be seen later when references are made to alignment, the above technique
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is extensively used to align objects in the water tank. For instance, a 3.18 mm radius
sphere can be used as the reflector to the HIFU transducer. The edge of the sphere
facing the transducer will be in the HIFU focus when the return time corresponds
to the focal distance of the transducer and the return amplitude is maximised. The

ball can then be used to align other transceivers with respect to the HIFU focus.

3.3.2 Source transducers

As mentioned at the beginning of the chapter, the linear array was used to passively
map two types of sources. In the first set of experiments, sources were created
by scattering a narrowband or broadband pulse off a wire, while in the second
and third set of experiments, cavitation was instigated using a HIFU transducer.
For the scattering experiments, a signal generator was connected to a broadband
transducer. The signal generator could either be a function generator (33250A,
Agilent) generating a single-frequency or the pulser-receiver generating broadband
pulses. Two types of broadband transducers were used, with their specifications
shown in Table 3.2.

For the HIFU-induced cavitation experiments, the HIFU signal originated from
the function generator, set to generate a single frequency continuously for a given
time period. Typical values of the time period were 2 s, 5 s, and 10 s, set to mimick
typical insonation times during HIFU treatment. The signal was then amplified
using a power amplifier (A300, ENI, Rochester, NY) before being sent to the HIFU

transducer. The amplifier had an output impedance of 50 €2, and a matching net-
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centre | -6dB fractional focal | -6dB axial | -6dB transverse
# | frequency bandwidth aperture | length | focal width focal width
(M) (%) (mm) | (mm) | (mm) (mm)
1 8 120 22.0 46.0 9.4 0.6
2 15 60 12.7 75.0 75.0 1.6

Table 3.2: Characteristics of broadband transducers used for source generation. Focal widths are

calculated using [196] for a 7.5 MHz signal.

focal | -6dB axial | -6dB transverse | -6dB elevation
frequency | aperture | length | focal width focal width focal width
(MHZ) | (um) | (om) | (mm) (mm) (tnm)
1.06 64 63 16 1 2
0.5 64 63 35 4 4

Table 3.3: Characteristics of the HIFU transducers used in the experiments.

work supplied with each HIFU transducer ensured that the combined impedance of

the HIFU transducer and matching network assembly was 50 {2 at the operating

frequency.

HIFU transducers of two frequencies were used: 1.06 MHz (H-102B SN22, Sonic

Concepts, Bothell, WA) and 0.5 MHz (H-107B SN10, Sonic Concepts, Bothell, WA).

The former was used in all experiments, apart from the flow channel experiment in

Section 3.3.4, when a larger focal volume was required. Both transducers were cali-

brated using a 75 pm needle hydrophone (SN 1331, Precision Acoustics, Dorset, UK).
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Figure 3.2: Spatial characterization of the field generated by the 1.06 MHz and 0.5 MHz HIFU
transducers, obtained using a 75 pm needle hydrophone. The plots on the left show the variation
of normalised pressure amplitude on the transducer axis, with deviations Az away from the focus.
The central plots show the normalised pressure amplitudes in the focal plane, while the plots on the
right show the size and location of the -6dB beams with respect to the HIFU transducer surfaces.
As illustrated in the plots on the right, there are rectangular cut-outs in the HIFU transducers
that make it possible to accommodate the linear array. The x and y-axes are chosen so that the
elements of the array lie on the x-axis, with Az, Ay referred to as transverse and elevational

deviations from the HIFU focus.

The hydrophone was used for both absolute calibration (pressure amplitude at
focus against amplifier output voltage) and for spatial calibration (characterization

of the pressure field generated by the HIFU transducer). The maximum pressure
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amplitude recorded by the hydrophone was 1.1 MPa. Up to this pressure, the re-
lationship between the driving voltage and focal pressure was found to be linear
(R? > 0.99), and the peak positive and peak negative (or rarefactional) pressures
were essentially identical. However, at higher pressures, the peak rarefactional pres-
sure is expected to decrease (while the peak positive pressure is expected to increase)
relative to half the pressure amplitude, due to non-linear propagation of the pres-
sure wave [56]. Therefore, future work will incorporate this effect to provide more
accurate estimates of the peak rarefactional pressure, which is the value quoted
throughout this text due to its relevance to inertial cavitation (see Section 1.1.4).

Combining absolute calibrations with spatial characterizations of the HIFU field
makes it possible to predict the extent of the region over which the pressure ampli-
tude exceeds the cavitation threshold for a given input voltage to the transducer.
This enables comparison of predicted regions of cavitation activity with those iden-
tifed by passive mapping, as described in greater detail in Section 3.6.

Figure 3.2 shows the results of the spatial calibration. The characteristics of
the HIFU transducers provided by the manufacturer, together with the focal widths

calculated using the spatial calibration, are shown in Table 3.3.

3.3.3 Active and passive source detection

Two ultrasonic transducers were used for acoustic detection: the 15 MHz focussed
broadband transducer that was used for source generation in Section 3.3.2, and the
5-10 MHz 128-element linear array used to generate passive maps.

The broadband transducer could be used either as an active or passive detector.
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Connected to the pulser-receiver, it could detect acoustic backscatter from bubbles
immediately after HIFU was turned off, thus enabling observation of bubble disso-
lution. The data was stored in digital form by connecting the receiver output from
the pulser receiver to a PCI digitiser card (PCI 5122, National Instruments, Austin,
TX).

The transducer was also used as a passive cavitation detector (PCD) to detect
cavitation during HIFU exposure. To avoid saturation from the HIFU insonation
frequency, the received signal was first filtered using a 5 MHz high-pass filter (Allen
Avionics, Mineola, NY) before being amplified using an RF amplifier (SRS 445A,
Stanford Research Systems, Sunnyvale, CA). The resulting signal was also recorded
using the digitiser.

Whether used for active or passive detection of cavitation, the signal from the
broadband transducer was compared with the passive cavitation maps generated
by the linear array. The array, shown in Figure 3.3 in a co-axial (monostatic) ar-
rangement with the HIFU transducer, has 128 receivers spanning a 38 mm aperture
(see also Figure 2.1). It was designed to be focussed in a plane, with a 5-10 MHz

frequency response.

3.3.4 Agar tissue-mimicking gel

The ultimate aim of this work is to test passive cavitation mapping in tissue. How-
ever, in addition to the complicated preparation steps detailed in the next section,

the structure of tissue shows significant variation from one sample to the next. What
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Figure 3.3: The 5-10 MHz linear array within the HIFU transducer in a monostatic arrangement.
The spherical HIFU transducer was designed to have a rectangular cut-out in order to provide the
linear array with an acoustic window (19 pm thick Mylar). A holder was designed to enable joint
mounting and easy alignment of the two transducers. The array is 10 mm behind the surface of
the HIFU transducer, reducing crosstalk and thermal damage from the latter.
is first sought is a simple medium that is similar to tissue in its acoustic and cavitat-
ing properties, but is simple to prepare and its properties can be made controllable.
At first thought, water presents itself as a simple tissue mimicking material,
since a great proportion of tissue is made of up of water. However, unlike water,
tissue is a visco-elastic medium, which significantly changes cavitation dynamics
[240]. The viscoelasticity of tissue arises mainly from polymers such as elastin in
the extracellular matrix that impede fluid flow as well as provide a restoring force to
deformations. It would be useful if a similar polymer could be integrated into water
to impart viscoelasticity. Moreover, the micro-scale inhomogeneities could provide
cavitation nuclei sites that would lower the cavitation threshold from that of pure

water. An appropriate candidate for such a polymer has been found to be agar [19].
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Preparation of agar gel

Deionized water is heated to 85°C in a beaker with a magnetic stirrer, and 3% agar
(3% of the water’s mass) is slowly mixed into it. To ensure a repeatable cavitation
threshold, the mixture is degassed for 30 minutes at -0.5 bar, and then poured into
a perspex holder of inner dimensions 25 mmx25 mmx80 mm (Figure 3.4). The
mixture is then left to cool to room temperature, whereupon it becomes a visco-

elastic gel, and the sides of the perspex holder can be removed.

Figure 3.4: Perspex holder for preparing agar-based tissue mimicking gel. The holder ensures a
fixed shape for the agar gel while it cools. Upon setting, the sides can be removed, minimising

reflections of the HIFU beam during HIFU exposure (Figure 3.13).

By aligning the gel’s main axis (the axis intersecting the centre of the 25 mmx25
mm base) with the HIFU focus, repeated HIFU exposures can be done along this
axis, with a constant penetration depth of 10 mm along the HIFU axis. Since the
elevational beamwidth of the 1.06 MHz HIFU transducer is 2 mm (Table 3.3), a
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spacing of 5 mm between consecutive exposures ensures that they are independent

of each other.

Properties of agar gel

Agar gel is a simple material to work with: while visco-elasticity makes its cavi-
tation behaviour comparable to tissue, its acoustic properties are very similar to
water. This means that there is little distortion of the HIFU beam due to reflection
or refraction, and attenuation can also be neglected. Table 3.4 shows the acoustic
properties of the agar gel, along with other materials encountered during the HIFU
experiments. The speed of sound of agar and liver was measured by measuring
propagation time through known lengths, while attenuation was measured by mea-
suring insertion loss of two different sample thicknesses in turn, in order to cancel
out reflection losses [56]. The cavitation threshold was measured by measuring the
pressure at which broadband noise emissions rose two standard deviations from the
noise floor. Much of the tissue characterization was done with other members of the

laboratory (see Table 3.4 for acknowledgements).

Agar with two flow channels

One of the difficulties in predicting cavitation in tissue is the unknown cavitation
threshold. This situation is further exacerbated if the cavitation threshold changes
spatially due to tissue inhomogeneities such as blood vessels. The laboratory had
existing experience of modelling blood vessels, which included a holder (designed by

B Rifai) to create two interconnected channels 20 mm apart with fluid flow through
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Speed of sound | Attenuation | Cavitation threshold
Material (m/s) (Np/m) (peak rarefaction MPa)
pure water (20°C) 1482 0.03, 0.006 >8
pure water (37°C) 1524 0.02, 0.004 >8
3% agar (20°C) 1489419 0.10 1.2, 1.1
0.5% talc suspension (20°C) unknown unknown 0.2
ox liver (37°C) 1615 7.38 2.7

Table 3.4: Acoustic properties and cavitation thresholds of different materials used in the HIFU
experiments. Attenuation coefficients and cavitation thresholds in italics were evaluated at 0.5
MHz, while the rest were evaluated at 1.06 MHz (corresponding to the HIFU frequencies at which
the materials were insonified). The speed of sound and attenuation of water were taken from
[238; 241]. Agar attenuation was measured by JRT Collin [56] and ox liver properties were measured
with R Ritchie and E Mylonopoulou. Water was degassed at -0.9 bar for 5 hours, with < 3 ml/l
dissolved oxygen. 3% agar was degassed at -0.5 bar for 30 mins prior to cooling. Ox liver was
degassed at -0.9 bar for 30 mins. The speed of sound of talc suspension is assumed to be close to

water.

them. In addition, prior work (by JRT Collin and M Arora) had demonstrated that
0.5% talc suspended in water has a relatively low cavitation threshold (Table 3.4),
since the hydrophobic talc particles entrap air particles as they are added to water.

Combining the above ideas of flow channels and cavitation enhancement, it was
realised that by modifying the holder to create two independent channels, cavitation
could be instigated in the channels while leaving the surrounding medium unaffected.
Therefore, two disjoint regions of cavitation 20 mm apart could be created, and their

cavitation passively mapped.
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To prepare the modified agar gel, the molten 3% agar mixture was poured into
the holder that had two 1.6 mm stainless steel rods placed in it (Figure 3.5). The
rods were placed 20 mm apart, and were removed upon setting of the agar. Two 1.6
mm channels were thus formed, through which either pure water or talc suspension

could be made to flow.

Figure 3.5: Agar gel with two flow channels. The two 1.6 mm rods seen in the picture are removed
upon cooling to form two channels 20 mm apart through which cavitation-enhancing talc suspension
is made to flow. During HIFU exposure, two disjoint regions of cavitation are thus created, while

the surrounding agar gel is left unaffected.

3.3.5 Tissue preparation

In order to create an experiment that reflected, as much as was possible, an actual
HIFU treatment, fresh ox liver, used within 4 hours of animal slaugher, was procured
from a local abattoir. Its properties are shown in Table 3.4. Working with tissue
is a complex task requiring patience and accuracy, and the author was fortunate to
do these experiments with assistance from a skilled medical doctor and researcher,

R Ritchie.
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During the process of cutting and storage, air invariably enters the tissue, raising
its gas concentration. Unfortunately, there were no reliable means of monitoring
gas concentration during tissue preparation. Instead, to achieve some measure of
repeatibility and closeness to living tissue, the tissue was degassed in phosphate-
buffered saline solution at -0.9 bar for 30 mins (Figure 3.6). The saline solution was
used to keep the tissue in an isotonic environment to minimise cell damage.

The setting of -0.9 bar, 30 mins, though seemingly arbitrary, provided a way to
compare results with other work using ez vivo ox liver [179], where the conditions
of the tissue preparation and HIFU insonation were very similar (although in that
experiment, a temperature of 22°C was used, and a lower degassing pressure of -0.97
bar had been was achieved). Curiously, in that work, a cavitation threshold of 2.9
MPa was measured without degassing, and a threshold of 5.8 MPa was measured
with 30 mins degassing; in this work, 2.7 MPa was measured with degassing. For
comparison, a cavitation threshold of 2.7 MPa was measured for an in vivo study of
dog muscle [242].

Upon degassing, the liver was transferred into a 90 mmx90 mm x40 mm holder
(Figure 3.7). The 90 mmx90 mm sides were covered with 19-pm-thick Mylar to
provide an acoustic window through which the HIFU beam could pass, so that the
HIFU focus was placed 20 mm inside the tissue. Due to the hydrophobic nature of
Mylar, the holder was also degassed along with the tissue and the liver was placed
inside the holder while surrounded by the saline to ensure air would not enter the

inside of the holder.
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Figure 3.6: Degassing setup for ox liver. A desiccating chamber is used to set up an enclosed
environment in which a partial vacuum of -0.9 bar can be created using a vacuum pump. Once the
pressure is attained, the valve at the right can be switched off. Pressure can be monitored using
the meter next to the valve. To ensure no air enters the inside of the tissue holder, both tissue and
holder are degassed under phosphate buffered saline solution for 30 mins before being assembled

in the solution.

Figure 3.7: The liver holder. The holder has a 90 mmx90 mm acoustic window through which
the HIFU beam is focussed, as shown on the left with a section of liver inside. Leaving a distance
of 20 mm from the edges of the acoustic window and 10 mm between exposures, 6xX6 exposures
can be effected. As shown on the right with the liver removed, a 40 mm thickness of liver is used,
with a central slit at the midplane that is covered with insulating tape during HIFU exposures and
cut through with a microtome at the end of the exposures. The HIFU beam is focussed at this

midplane, with a penetration depth of 20 mm.
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3.3.6 Thermometry

As described in Chapter 1, cavitation has been found to greatly increase the rate
of heating during HIFU exposure. It is therefore of interest to see if the estimated
source power obtained using passive mapping can be related to temperature in-
creases. This reflects previous findings that when heating is dominated by inertial
cavitation, the broadband signal power received using a single-element passive cav-
itation detector is proportional to the heating rate in its focal region [56; 20; 21].

By using a thermocouple connected to a data acquisition unit (34970A, Hewlett
Packard, Palo Alto, CA), temperatures at a single point can be recorded at a rate
of 10 Hz. To minimise the effect of the thermocouple in the HIFU field as well as to
avoid thermocouple artefacts, a T-type thermocouple embedded in a 200pm stainless
steel needle (HYPO, Omega, Stamford, CT) was chosen. This thermocouple could
be easily inserted into the cavitation medium.

To have meaningful temperature recordings, it is important to have control over
the location of the thermocouple with respect to the HIFU focus. For this, the
thermocouple must first be placed at the HIFU focus. This can be done on a rough
spatial scale by connecting the HIFU transducer to the pulser-receiver and aligning
the tip of the needle (which is close to the thermocouple element) with the focus. A
more precise positioning is then achieved by finding the spot where the maximum
temperature rise is observed following a low amplitude insonation. Since a peak
rarefactional focal pressure of only 0.6 MPa is used, the temperature rise is very
small (< 1°C) and no cavitation is generated, thereby ensuring that the effect of

insonations is only temporary.
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3.4 Passive mapping of time-invariant scatterers

As explained in Section 3.1, it was thought instructive to create a simple scattering
source that could be used to calibrate the array on receive as well as generate passive
maps of a source of known location and temporal signature. Using an acoustically
small spherical scatterer would have required embedding this scatterer into a ho-
mogeneous gel, without contaminating the gel with further scattering particles [56].
Such a small scatterer would be difficult to locate and would have a weak scattering
amplitude.

To counteract the above difficulties, it was decided that a broadband transducer
should insonate a small section of a wire scatterer that cut the (x-z) plane of the
linear array in the y (elevation) direction, as depicted in Figure 3.8.

Two pairs of insonator /scatterer were used, reflecting the changing needs of the
experiments. First, a 15 MHz broadband transducer with a -6dB beam width of
1.6 mm (Table 3.2) was used with a 0.5 mm stainless steel wire to provide a strong
scattering signal for absolute calibration. Both the array and the 0.5 mm needle
hydrophone (SN1203, Precision Acoustics, Dorset, UK) were placed 40 mm from
the section of the wire in the array plane (Figure 3.9), and insonated in the 4-11
MHz frequency range. Although the diameter of the scatterer is large compared to
the wavelengths of insonation (0.13-0.36 mm), the effects of non-uniform scattering
directivity were minimised by the axisymmetric placement of the centre of the array
and the hydrophone. The 5 mm elevational aperture of the receivers is estimated

to cause a 10% diffraction error, which is also the calibration uncertainty of the
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Figure 3.8: Passive mapping of an insonated scattering wire.

hydrophone.

The above insonator/scatterer arrangement was also moved in the shape of a
10 mm by 10 mm cross centred at the HIFU focus. Two source signatures were
used: broadband pulses produced by the pulser-receiver, and a 7.5 MHz sinusoid
generated by the function generator. The array recordings from several locations
could then be added to look at the resolution of passive mapping, and compare it
with simulated passive maps (see Section 2.3.4).

Seeking to provide accurate spatial calibration of the array, and no longer con-
strained by the low SNR of the hydrophone, a new insonator /scatterer arrangement
was used: a 8 MHz broadband transducer, with a -6dB beamwidth of 0.6 mm (see
Table 3.2) was set to insonate a 0.02 mm tungsten wire. To provide the calibration,

the wire was moved continuously from z = 20mm to z = 120 mm from the array
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Figure 3.9: Absolute calibration of linear array on receive. The pressure wave generated by a
15 MHz broadband transducer (bottom left) is scattered by a 0.5 mm wire (the bronze sphere is
outside the transducer beam) and received by the linear array and a calibrated 0.5 mm needle
hydrophone. The centre of the array and the hydrophone are equidistant (40 mm) from the
scattering section of the wire and axisymmetric along the transducer axis, allowing calibration of
the pressure sensitivity of the array elements with frequency.
in less than 4 s. The array was recording for 5 s, capturing the scattering source
from different distances at a frame rate of 75 Hz. Since there was no synchroni-
sation between the pulser receiver and the scan engine, the frames only captured
two out of every three pulses. However, such an arrangement still yielded an av-
erage source spacing of 0.5 mm between subsequent acquisitions. Assuming equal
sensitivity of array elements, calibration data for a planar section was thus cap-
tured with high speed and spatial accuracy. Recordings were made for elevations of
y=—>5,—4.5,...,5 mm.

To extract the spatial response of the receivers from the calibration data, the

directivity of the scatterer needs to be decoupled from the directivty of the receivers.
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For the distances quoted above, the resulting finite length cylinder was well approx-
imated by an acoustically small (much smaller than the wavelength of insonation)
spherical scatterer insonified by a plane wave [243].

Despite their simplicity, even acoustically small spherical scatterers do not scatter
sound isotropically. Objects scatter sound due to the contrast in compressibility K
and density ps with those of the surrounding medium, denoted by Ky and py. For
a small spherical object insonified by a plane wave, the scattered pressure in the

far-field is proportional to [192]:

Ks - KO + 3(ps - PO)
Ky po + 2ps

cos 0 (3.1)

where 6 is the angle with respect to the direction of propagation of the plane
wave. Thus, changes in compressibility cause uniform, or monopolar scattering,
while changes in density cause so-called dipolar scattering. Substituting values of
(Ko, K,) = (488,6) TPa™!, (po, ps) = (998,7800) kg m~3 [241] into the above ex-
pression leads to the directivity pattern shown in Figure 3.10.

To negate the effects of the dipolar term, the mean of the spatial calibration map
and its mirror image around the z = 0 (or # = 7) plane could be taken. In any case,
calibration values at z = 0 are not affected by the dipolar scattering term, allowing
calibration of the array receive response with distance.

In addition to spatial calibration, movement of the wire in the direction of the
array axis also provided a good opportunity to simulate semi-continuous source
fields by adding together array recordings corresponding to different source positions.

These synthesised recordings could then be used to assess the accuracy of passive
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insonator

Figure 3.10: Scattering of sound by an acoustically small tungsten wire in water. The polar
plot shows the amplitude of the pressure scattered in different directions (directivity pattern) if
the scattered volume can be approximated as an acoustically small sphere. The combination of
compressibility and density contrast causes a seemingly complex directivity pattern. However,
normal to the propagation of the insonifying wave, only the uniform (monopolar) scattering term

features. This allows calibration of the array sensitivity with distance.

maps applied to source distributions.

Passive source localizaton during calibration

The locations of the sources were estimated by fitting the arrival profiles of the
scattered wave to a parabola and extracting its coefficients, as described in Section
2.3.2. For a single source, this algorithm is faster than generating a passive map

and finding its maximum, and is independent of the spatial sensitivity of the array.
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3.5 Bistatic passive cavitation mapping

The previous section stated the importance of abstracting the problem of cavitation
mapping during HIFU treatment. Having generated model sources in the previous
section, it would be useful to investigate the spatiotemporal dynamics of cavitation
in a simple tissue-mimicking material.

As has been noted in Chapter 1, several researchers have noticed that the
hyperecho-based method of identifying cavitation lacks sensitivity [136; 137]. It
is postulated that this is because once HIFU is turned off (a necessary part of
hyperecho imaging to avoid HIFU interference), cavitation stops occuring and the
bubbles will dissolve away. In this experimental setup, the aim was also to verify
this hypothesis.

To achieve the above aims of accurate spatiotemporal reconstruction of cavitation
activity and its comparison with hyperecho-based cavitation localisation, an agar-
based tissue mimicking gel was placed in the 1.06 MHz HIFU transducer focus, with
the 15 MHz broadband transducer co-axially aligned with the HIFU transducer and
actively (pulse-echo) interrogating the agar gel. At the same time, the linear array
was placed 36 mm from the HIFU focus in a transverse configuration, as shown in
Figure 3.11. This arrangement is called bistatic because the source and receiver are
at different locations [244].

Given the good transverse resolution of the linear array, the experimental setup
allows observation of cavitation distribution along the HIFU axis. In this sense,
this setup and its results have similarities to the work of Farny [78]. However, the

innovation of the present work is the use of passive beamforming on channel data,
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Figure 3.11: High-resolution passive cavitation source reconstruction and mapping. The ratio of
focal distance to aperture being less than unity for the linear array, high resolution passive source
maps are attainable, and the source signature of individual bubbles can also be reconstructed. The
latter provides an attractive alternative to high-speed photography of cavitation bubbles when
investigating cavitation dynamics.
as well as the use of a low ratio of focal distance to aperture (f# = 36/38 ~ 0.95).

The above two changes offer two significant improvements. Firstly, 2-D cavi-
tation maps can be generated. Secondly, the entire 2-D source field can be recon-
structed as it varies with time, yielding time-dependent source strength estimates of
individual bubbles. This new development offers a cheap alternative to high-speed
photography (HSP), which at any rate is unable to image bubbles in opaque media.
It must be noted, however, that the shape changes captured by HSP provide more
information than that provided by source strength, even if it is possible to infer
radius-time profiles from the latter [56].

In localising bubbles from their emissions with high spatial resolution, it is in-
structive to see whether the bubbles can be localised with pulse-echo methods, as

in the hyperecho-based identification of cavitation. Unfortunately, it is difficult to
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switch quickly from passive mapping to B-mode imaging with the current system.
Therefore, the 15 MHz broadband transducer was placed coaxially with the HIFU
transducer and connected to the pulser-receiver. The pulser-receiver was set to send
a pulse every 500 ps, and the receive output of the pulser-receiver was connected to
the digitiser card, which was set to receive continuously at 50 MHz sampling for 3s.
During this time, the HIFU signal was off-on-off for 0.5s-2s-0.5s. This timing en-
sured that the broadband transducer could detect cavitating bubbles, free of HIFU
interference, within 500 ps of the HIFU signal being switched off, for a further 0.5 s.
Thus, the significance of bubble dissolution in actively detecting cavitation bubbles
could be assessed.

To help consider the effect of bubble dissolution, it is noted that the typical
frame rate of an ultrasound imager is 10 Hz. This means that bubbles that dissolve
away (or dissolve to a size undetectable by the imager) within 100 ms, a time that
will be called the detection delay, may not be seen.

Schemes have been devised whereby imaging is synchronised with the HIFU
beam being switched off [135], which could shorten the detection delay, and therefore
increase sensitivity. However, even then, to be able to image a large enough region
of interest, the detection delay will be of the order of microseconds [138] (this is
supposing the bubble had been cavitating up to the last HIFU excitation cycle).
In short, the 500 ps detection delay provides a much-improved scheme for active
cavitation detection that is expected to surpass the sensitivity of B-mode imagers.
Section 5.3 will reveal whether even this scheme sometimes fails to detect previously

cavitating bubbles.
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3.6 Monostatic passive cavitation mapping

In the previous section an experimental setup was shown where it was possible to
generate high-resolution passive maps of cavitation. Unfortunately, in the clinic, no
more than a single axis can be readily found to propagate acoustic energy from an
ultrasound transducer to the intended target, especially in the presence of challeng-
ing intervening structures such as the ribcage. Placing a detector at an angle to
the HIFU axis is therefore not an option, nor is it possible to have the linear array
so close to the HIFU focus. Instead, to have minimal interference with the HIFU
treatment, and to be able to quickly register the area of HIFU treatment with pas-
sive maps and B-mode images, it is best to have the linear array co-axially aligned
with the HIFU transducer, in a so-called monostatic arrangement. For this, the
HIFU transducer needed to have a rectangular cut-out in the centre and a holder
was designed to keep the HIFU transducer and linear array together (Figure 3.3).

The resulting co-axial configuration of HIFU transducer and linear array is one
that is easily transferrable to the clinic. Therefore, the resolution and quality of
passive maps obtained with this configuration informs the quality of passive maps
that may be obtained during treatment.

As depicted in Figure 3.12, the configuration was tested with three different me-
dia: homogeneous agar, agar with two flow channels, and ox liver. The preparation
of these media have already been described in Sections 3.3.4 and 3.3.5. A brief

description of the three experiments follows.
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Figure 3.12: Schematic of passive cavitation mapping experiments with the linear array in the
HIFU holder. Three different cavitation media are used. The homogeneous agar is expected to
produce cavitating bubbles within a continuous region, corresponding to the portion of the HIFU
beam above the cavitation threshold (Figure 3.14). The modified agar gel with two flow channels
creates two disjoint regions of cavitation 20 mm apart due to the lowered cavitation thresholds
of the talc suspension flowing through the channels compared with the surrounding agar (Figure

3.15). Lastly, ox liver is used as a more realistic representation of tissue during HIFU treatment.

3.6.1 Cavitation mapping in agar gel

When homogeneous agar gel was used as the cavitation medium in the experiment,
two 15 MHz broadband transducers acting as passive cavitation detectors (PCDs)
were placed transversely to the HIFU axis, with their foci aligned on the HIFU axis,
one at the HIFU focus, and the other 5 mm pre-focally (Figure 3.13). With a -6dB
beamwidth of 1.6 mm, these PCDs could be used to validate the passive cavitation

maps. In addition, the calibration of the HIFU field, together with the measured

111



cavitation threshold, allowed a prediction of the initial cavitation distribution when
the HIFU is switched on, as depicted for three different focal pressures in Figure

3.14.

Figure 3.13: Passive cavitation mapping setup with homogeneous agar. The linear array and
HIFU transducer are held together using a custom-designed holder in the lower left. Two 15 MHz
broadband transducers, used as passive cavitation detectors (PCDs), are aligned confocally with the
HIFU axis (one focally, the other prefocally by 5 mm). The centre of the agar tissue-mimicking gel
is aligned with the HIFU focus. Following each HIFU exposure, the agar is moved 5 mm upwards,
thereby allowing use of unexposed sections of agar, while the HIFU focus is maintained at an equal

penetration depth of 10 mm.

In the case of agar embedded with two flow channels, whose preparation is de-
scribed in Section 3.3.4, the flow channels could be made to cavitate selectively by
flowing either pure water or 0.5% talc suspensions through the channel.

To create these two disjoint regions of cavitation, the pressure field would need
to be such that the cavitation threshold was only exceeded at the channels (Figure

3.15). A broad HIFU beam was therefore necessary to ensure that both channels
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Figure 3.14: Expected cavitation regions in homogeneous agar. The solid lines depict the axial
pressure distribution created by the 1.06 MHz HIFU transducer for three different peak rarefac-
tional focal pressures. Before cavitation dynamics has had a chance to change the cavitation
distribution, cavitation is expected to occur in the regions above the dashed line (the measured

cavitation threshold). Figure reproduced from [183].

received enough pressure. This is the only experiment where the 0.5 MHz HIFU
transducer, with its wider beam (see Figure 3.2), was chosen.

The solutions were poured into 100 ml syringes connected to the channels using
plastic tubing (Figure 3.16), with the channel outlets collected via beakers. (Based
on a time of around 10 s for 100 ml of solution to pour through a 1.6 mm channel,
the volumetric flow rate was roughly 10 ml/s.) This arrangement meant that if
talc suspension was made to flow through the channels, the channels kept being

replenished with new cavitation nuclei during the HIFU exposure.
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Figure 3.15: Expected cavitation region in agar gel with two flow channels. The solid line depicts
the axial pressure distribution created by the 0.5 MHz HIFU transducer during the experiment,
as predicted by calibrations. The dashed line shows the variation of cavitation threshold. As the
cavitation threshold is lower in the talc suspension than in the agar, a judicious choice of peak
rarefactional pressure ensures that the cavitation threshold exceeded at the channels only. Figure

reproduced from [183].

Figure 3.16: Passive cavitation mapping setup with cavitation-enhanced flow channels. Talc sus-
pension is made to flow through the two channels using 100 ml syringes, with the outflow collected
using beakers. During HIFU exposure, the flow of talc suspension provides a fresh source of

cavitation nuclei in the two channels along the HIFU axis.
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3.6.2 Cavitation mapping during tissue ablation

For cavitation mapping to be useful in ablative HIFU therapy, Cavitation maps do
not just need to be accurate, but they must identify where cell death has occured.
Therefore, fresh bovine liver was prepared following the manner described in Section
3.3.5, and was ablated using HIFU exposures. The passive cavitation maps were
then compared with a macroscopic marker of tissue death, namely blanching.

Up to now, all experiments were conducted with a water tank at room tempera-
ture (20°C). With liver, however, the water tank temperature was maintained at a
systemic temperature of 37°C (although the average body temperature of oxen is
in fact slightly higher, at 38.6°C [245]).

In conducting the experiments, it was deemed essential that the HIFU beam did
not reflect off the perspex holder, and that HIFU exposures were far enough apart
as to be not influenced by each other. For this reason, exposures were placed 10
mm apart and at a minimum distance of 20 mm from the edges of the 90 mmx90
mm acoustic window. This resulted in 6x6 possible exposures in each liver.

After HIFU exposures, the liver needed to be cut to reveal the extent of macro-
scopic thermal damage (blanching [246]) along the HIFU axis. Cutting accurately
through the HIFU axis is difficult, however. For this reason, a prior mid-plane cut
through the liver was necessary to reveal the lesions at the focus before cutting in
the axial directions. In order to minimise deformation of the liver, the mid-plane
cut was made while it was still in the holder. Hence, the holder was designed with
a slit in its mid-plane (Figure 3.7) that could receive a microtome blade. To seal

the isotonic solution from the deionized water in the tank, as well as keep the water
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tank clean, this slit was covered with insulating tape during the HIFU exposures,

which was then cut through with the microtome following the HIFU exposures.
Following the midplane cut, cuts along the direction of the HIFU axis were made.

The two halves could then be joined together to reveal the extent of the lesions along

the HIFU axis.

3.7 Summary

This chapter has described how passive maps were generated using channel data
from an array, as well as other apparatus used in the experiments. Three sets of
experiments were carried out, with increasing complexity and relevance to the mon-
itoring of HIFU treatment. First, wire scatterers were used to calibrate the array on
receive and generate sources with known locations and source signatures to simu-
late broadband sources. Then, while cavitation was generated in a tissue-mimicking
agar gel using HIFU, an array was used to record the cavitation emissions, which
were used to generate passive cavitation maps. This was first done using a high-
resolution bistatic setup, and then with a clinically relevant monostatic arrangement
of HIFU transmitter and array receiver. Finally, the monostatic arrangement was
used to generate passive maps of cavitation in ex vivo bovine liver, and compared
with tissue blanching. The results obtained using these experiments are given in the

following chapters.
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Chapter 4

Passive Mapping of

Time-Invariant Scatterers

Cavitation is a stochastic process and obtaining repeatable measurements of cavi-
tation activity even within a tissue-mimicking material is very challenging. It was
therefore felt that, as a first step, insonifying a time-invariant scatter, chosen to
be a metal wire, with broadband pulses produced by a single-element broadband
transducer positioned at 90 degrees to the cavitation mapping array would enable
initial validation of the methodology for mapping broadband sources without the
added complexity of cavitation dynamics. This method also makes it possible to
calibrate the linear array on receive, the results of which are presented in Section
4.1. In Section 4.2, the position of the wire within the field of view of the array is
varied, and summation of the various signals is carried out so as to simulate multiple
narrowband and broadband sources. The reader is referred to Section 3.4 for further

details of the experimental setup and rationale.
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4.1 Calibration of the linear array on receive

4.1.1 Frequency-dependent sensitivity of array elements

Figure 4.1 shows the results of the frequency calibration. The frequency sensitivity
is a combination of strong bandpass filtering (wall filtering) in the 4.6-9.6 MHz band
prior to IQ demodulation (see the Appendix) and of the nominal frequency response

of the elements in the 5-10 MHz range.

25

]

—

sensitivity (signal units/Pa)
o

0.5

frequency (MHz)

Figure 4.1: Frequency calibration of linear array elements. The average pressure sensitivity over 4
central elements were taken, with a maximum separation of 1.2 mm. Error bars show +1 standard
deviation. The combination of bandpass filtering in the 4.6-9.6 MHz band prior to IQ demodulation
and the nominal 5-10 MHz mechanical response of the elements causes a strong rejection of signals

outside the 4.6-9.6 MHz band.

As shown in Figure 4.1, the elements have a reasonably uniform response in the

4.6-9.6 MHz band. For simplicity, the mean sensitivity of the elements over the

118



4.6-9.6 MHz range, namely 1.15 signal units/Pa, is used hereafter. For sources with
uniform frequency content in the 4.6-9.6 MHz range, such as cavitation emissions
or the broadband pulses transmitted by the pulser-receiver, this sensitivity will be
unbiased. However, for the 7.5 MHz sources encountered in Section 4.2.1, the correct
sensitivity of 2.36 signal units/Pa is used.

The above results were obtained at a distance of 40 mm from the scattering
source. To ensure that the pressure sensitivity is independent of the location of the

source, the results of the spatial calibration are now considered.

4.1.2 Spatial calibration of the array

In order to characterize the spatial sensitivity of the array on receive, an acoustically
small (0.02 mm diameter) wire intended to simulate a point source in the plane of
the array was moved in 0.5 mm steps in the y-z directions. As discussed in Section
3.4 and illustrated in Figure 3.10, the scatterer will not have a uniform directivity
pattern due to the dipolar scattering component created by the density contrast
between the scatterer and the medium. However, for a fixed observation angle,
the scattered pressure amplitude is still expected to vary inversely with distance.
Moreover, normal to the propagation direction of the insonating wave, the dipolar
term vanishes.

Figure 4.2 shows the signal amplitude received at the array in the y=0 plane
and at various distances from the array (xy planes). A clear dipolar component
can be seen in the images, with a visible preferential backscatter that was correctly

predicted in Section 3.4. However, as previously discussed, the x=0 line is unaffected.
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Figure 4.2: Spatial calibration of linear array elements. The cylindrical section of wire insonated by
the broadband transducer is moved to different locations, while the acoustic power scattered by the
wire is kept constant. The image on the left shows the pressure amplitudes received for scattering
in the y=0 plane. The horizontal white dotted lines show the axial distances where cross-sections
were taken in the x-y plane, shown on the right. In all images, preferential backscatter is clearly
visible, arising from dipolar scattering. At the x=0 plane, the dipolar contribution is zero (see

Figure 3.10).

Elevational focussing

An important feature of Figure 4.2 is that it shows spatial focussing within a y €
[—5,5] mm region. For the monostatic cavitation mapping experiment illustrated
in Figure 3.12, the HIFU focus is at z = 73 mm, and the width of the HIFU beam

is less than 5 mm. Since the array is only sensitive to 5 mm above and below the
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x-z plane, the difference in arrival times for signals from broadband sources above
and below the plane will be small compared to those sources which are in plane.
This means that the (x,z) position of such out-of-plane sources will be accurately
represented in the two-dimensional passive maps, with a maximum (axial) distortion

of 0.2 mm at z = 73 mm.

Accounting for spatial spreading

Another important question that needs be confirmed in the context of a spatial
calibration is whether the signal received by array elements does indeed scale as
d™!, as assumed in Section 2.3 for the passive reconstruction algorithm. The reason
why this is not necessarily so is the fact that the array elements are cylindirically
focussed in the y direction, meaning that considering them as point receivers is an
approximation.

In order to determine the validity of this assumption, Fig 4.3 shows the change
in signal received at the centre of the array (x=0) as the distance to the source is
increased, both in-plane and increasingly out-of-plane. As shown in Fig. 4.3, the
d~! dependence provides a reasonably accurate description for distances of 40-100
mm, so that the pressure sensitivity obtained earlier in Section 4.1.1 is used for all

distances.
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Figure 4.3: Comparison of array element spatial sensitivity models. The signal amplitude recorded
at x=0 — where scattering is purely monopolar — is plotted with distance, normalised to the pressure
received at z=40 mm using the absolute calibration in Section 4.1.1. For the monostatic and bistatic
experimental setups described in Chapter 3, the HIFU focus is 38 mm and 73 mm from the array,
respectively. For these regions, there is an approximately reciprocal variation between received
pressure amplitude and distance, correponding to the decay of a monopolar source. Therefore, the

pressure sensitivity obtained earlier at z=40 mm (Figure 4.1) is used for all distances.
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4.2 Passive mapping of insonated scatterers

In the previous section, calibration of the linear array using wire scatterers allowed
the passive mapping algorithm to yield physically meaningful values. This section
describes results obtained from moving the wire to different locations and adding the
signal received by the array signal at each location to simulate distributed sources.
First, the 0.5 mm wire was placed so as to scatter at the HIFU focus in the mono-
static setup — (0,0,73) mm — and the resulting passive map is compared with the
scatterer moved in a 10 mmx10 mm cross formation in the plane of the array, with
the HIFU focus at its centre. Then, the acquisitions from the spatial calibration

(Section 4.1.2) are used to create linearly distributed semi-continuous sources.

4.2.1 Discrete sources in cross formation

Figure 4.4 shows passive maps of the 0.5 mm wire at the HIFU focus and in a
cross formation around the HIFU focus. The source power at each location was
kept constant. For both narrowband and broadband sources, going from a single
source to a distributed source raises the maximum power on the map by about 20
%, probably due to leakage from one source power onto another. Nevertheless, in
the broadband case, the cross formation can still be clearly resolved, unlike in the
narrowband case.

The passive map of narrowband sources in cross formation (Figure 4.4) is curious:
the frontal and distal sources are hardly discernible, and two artefacts appear near

the centre of the map. However, narrowband sources tend to interfere with each
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Figure 4.4: Passive maps of discrete sources in cross formation (in mW). In contrast to the interfer-
ence observed with the 7.5 MHz source mapped in the leftmost two subplots, the cross formation

can be clearly seen when the sources are broadband, as shown on the rightmost two subplots.

other due to their mutual coherence [184]. In Chapter 2, when two 7.5 MHz sources
were varied in relative phase, their estimated powers, as well as their apparent
position, changed (Figures 2.6, 2.7). Here too, when the phase of the distal source
is varied, the frontal and distal sources appear with different powers (Figure 4.5).
As for the two artefacts, these also appear in simulations (Figure 4.6). They arise
from the constructive interference of the “St Andrew’s cross” beams from the frontal
and distal sources. In short, the quality of passive maps relies on the incoherence

between sources; this topic will be revisited in the following two chapters.
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Figure 4.5: Passive maps of four 7.5 MHz sources in cross formation. The phase of the distal
source is varied with respect to the phase of the original recording. The estimated powers of two
interference artefacts near the centre of the maps, as well as of the frontal and distal sources, varies

strongly depending on the phase.
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Figure 4.6: Simulated passive maps of four 7.5 MHz sources in cross formation. The phase of the
distal source has been varied, which results in the variation of the estimated power of the frontal
and distal sources, as well as of two interference artefacts near the centre of the maps (see also

Figures 4.4, 4.5).
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4.2.2 Semi-continuous linear source

In the clinically applicable monostatic setup shown on Figure 3.12, the HIFU focus is
at z=73 mm, with a beam that extends primarily in the axial (z) direction, as shown
in Figure 3.2. With increasing pressure amplitudes, the extent of the cavitation
region was also accordingly expected to increase mostly in the axial direction (see
Figure 3.14). Therefore, as a simple simulation, sources of varying extents (0 mm,
bmm, 10 mm and 20 mm) were simulated using the spatial calibration data obtained
earlier in Section 4.1.2. Since the source strength of each point source was kept
constant during the experiment, the array signals were later scaled by 1/ V'K, where
K was the number of sources added together, in order to keep the total source power
constant.

Figure 4.7 shows the resulting passive maps. In the single source case, the
acoustic power emitted in the 4.6-9.6 MHz range is 259 mW. As the source power is

spread over increasingly large distances, the passive maps also spread accordingly.

4.3 Summary

This chapter has shown how, by scattering pressure waves off a wire, discrete point
sources can be created. This can be used both to calibrate the linear array, and to
create sources with a controllable spatial distribution, the latter making it possible
to quantify the resolution and performance of the passive mapping system.

In the next chapter, cavitation will be generated close to the linear array in an

effort to learn about the dynamics of cavitation in an agar tissue-mimimicking gel.
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Figure 4.7: Passive maps of semi-continuous linear sources (in mW). As the axial spread of the
sources increased from 0 mm (left) to 5 mm, 10 mm, and 20 mm (right), the total acoustic power is
kept constant and is therefore distributed among the sources. The total acoustic power is estimated

from the one-source case to be 259 mW.
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Chapter 5

Bistatic Passive Cavitation

Mapping

In the previous chapter, controllable sources were created by exciting a metal wire
with narrowband and broadband signals from a broadband transducer, enabling
testing of the passive mapping algorithm with different source distributions. Passive
mapping is now applied to HIFU-induced cavitating bubbles in a tissue-mimicking
agar gel. In order to acquire high resolution maps of cavitation activity, the array
is placed transversely to the HIFU transducer, at a distance of 36.3 mm from the
HIFU focus, as depicted in Figure 3.11.

This chapter has three aims, listed below, and dealt with in the respective sec-

tions to follow:
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Investigate the spatial extent of cavitation with increasing pressure am-

plitudes

By measuring the pressure amplitude at which cavitation begins to occur — the
cavitation threshold — and using the spatial calibration of the HIFU transducer, the
spatial extent of cavitation activity can be predicted for short exposure durations
in a homogeneous medium such as agar. Such predicted regions of cavitation can
be compared with actual regions of cavitation. The cavitation maps will establish
whether the cavitating bubbles are limited to discrete locations, or whether they

should be seen as forming a bubble cloud or continuum.

Observe interactions between the HIFU wave and cavitating bubbles

In a simplified model of cavitation, each candidate bubble (of adequate size and
composition) will cavitate inertially every time that it experiences the rarefactional
half-cycle of the incident HIFU pressure wave. With increasing pressure amplitudes
and temperatures, however, cavitation emissions will be periodic over an increas-
ing number of cycles, gradually tending towards chaotic behaviour. Such chaotic
behaviour may also be enhanced by cavitation emissions from nearby bubbles. In-
creased chaoticity will decrease the spatial coherence between cavitation emissions,
which is an important factor in improving the quality of images in the monostatic
setup, where the relatively significant axial blurring of the sources may cause in-
terference effects in the images. Hence, it would be of interest to see how bubble

emissions are related to each other.
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Compare passive cavitation mapping with active cavitation detection

One of the main methods of monitoring HIFU treatment is by B-mode hypere-
chogenicity monitoring, which relies on active (pulse-echo) detection of bubbles while
HIFU is turned off. However, research [136; 137] has shown that hyperecho-based
imaging is a less sensitive marker of cavitation than passive cavitation detection.
This chapter seeks to confirm the role of bubble dissolution in this by comparing
the passive maps with the pulse-echo traces of a broadband transducer after HIFU

is turned off, with a temporal resolution (pulse repetition period) of 500 ps.

5.1 Mapping of discrete bubble distributions

An agar tissue-mimicking gel with a cross-section of 25 mmx25 mm in the array
imaging plane was exposed to 1.067 MHz HIFU for 2 seconds, as illustrated in Figure
3.11. Passive cavitation maps were generated for peak rarefaction focal pressures
(PREFPs) of 1.6-4.8 MPa, with the cavitation threshold previously measured at 1.2
MPa (for 1.06 MHz). Since the pulses of the broadband transducer were transmitted
at regular intervals, it could be ensured that passive maps were generated during
“silent periods” when the transducer was not interrogating. This meant that the
passive maps were not affected by scattering from the broadband pulses, although
their effect was in any case minimal. (The source power of passive scattering maps,
obtained when HIFU was off, was about a hundredth of the source power of passive
cavitation maps when HIFU was on. Interestingly, passive scattering maps showed
similar information to hyperecho traces obtained using the A-line transducer.)

Since all sources were within 0.5 mm of a distance of z = 36.3 mm from the
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array, and the axial resolution at this distance is 1.2 mm (1.77), the cross-section
of the maps at z = 36.3 mm with time was plotted for easy visualization. The
cross-sections, together with predicted regions of cavitation, are shown in Figure
5.1.

The predicted regions of cavitation are somewhat wider than the actual region
of cavitation. For lower pressure amplitudes, the number of cavitating bubbles or
bubble clusters is relatively low (3-10), while increasing pressure amplitudes create
a relatively large number of bubbles that can be well approximated by a bubble
cloud. With time, the bubbles seem to be pushed away from the HIFU transducers,
probably due to the acoustic radiation force of the HIFU beam. Although significant
variation was found in the locations of the bubbles between exposures and samples
(in total, 24 exposures were carried out across 3 samples), the increasing number of
bubbles with increasing HIFU pressure, as well as the “tunnelling” of bubbles, was
a general phenomenon observed for all exposures.

It is interesting to note that while increasing the pressure amplitude seems to
increase the number of cavitating bubbles, the source power shown for each bubble
is of the same order of magnitude. As mentioned in the earlier chapter, although the
cavitation maps only give source powers corresponding to emissions in the 5-10 MHz
range that have not been attenuated while reaching the receiver, these are expected
to be directly proportional to the total power emitted by the bubbles, the majority

of which is absorbed within 1 mm of the cavitating bubbles [56].
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Figure 5.1: High-resolution passive cavitation maps in agar for different peak rarefaction focal
pressures (PRFP). To ease visualization of the cavitation maps, cross-sections of the maps were
taken at a distance of 36.3 mm from the linear array. Time passes vertically while the horizontal
axis depicts distance from the HIFU focus, with positive distance leading away from the HIFU
transducer. Thus, for each cross-section in time, the HIFU transducer is to the left of the passive
maps while the linear array, placed perpendicularly to the HIFU transducer, is above the maps
(Figure 2.8). The black dashed lines show the expected regions of cavitation based on a cavitation
threshold of 1.2 MPa and the calibrated pressure profile of the HIFU transducer.

The cavitation maps show several interesting features. Many bubbles are seen to move away from
the HIFU transducer, possibly due to acoustic radiation force. As the pressure increases, the
bubble distribution tends towards being spatially continuous. All the while, however, it seems that
the acoustic energy radiated by each bubble is relatively constant: for each bubble, around 400

mW leaves the agar gel in the 5-10 MHz range.
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5.2 Resolution of discrete source signatures

The previous section has shown the evolution of cavitation distributions with time.
The nature of the cavitation emissions decomposed by spatial origin is now sought,
which can be assessed by reconstructing the source strength field. The first example
in Figure 5.1, at 1.6 MPa peak rarefaction focal pressure (PRFP), serves as a useful
starting point, as three bubbles or bubble clusters can easily be distinguished at
first, with two of these bubbles appearing to merge around half-way through the
exposure.

Figure 5.2 shows the cavitation emissions for each bubble at four different in-
stances during the 1.6 MPa PRFP exposure. The time scale for each emission trace
has been adjusted so that the reference frame moves with the propagating HIFU
wave. Use of the moving reference frame allows the observation of some interest-
ing emission behaviour, with collapses seemingly synchronised by the HIFU wave

oscillations (see Figure 5.2 for an extended discussion).
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Figure 5.2: Bubble emissions from discrete locations at 1.6 MPa PFRP. Left plot: locations of the
bubbles along the HIFU axis with exposure time, with bubbles tending to move away from the
HIFU transducer, probably due to acoustic radiation force. Right plot: estimated bubble source
strengths ¢ (Section 2.3.2) at different exposure times, using the propagating HIFU wave as the

2 rate of change of mass outflow). Note

reference frame (each vertical tick corresponds to 20 pg ps™
the ringing of the cavitation signal due to the finite bandwidth of the transducer (see Figure 1.2).
(a) At the start of HIFU exposure, the blue and green bubbles both exhibit period tripling, col-
lapsing with the same HIFU wavefront, while the red bubble undergoes period doubling, sharing
its collapse with the other two bubbles every 6 HIFU cycles.

(b) As the green bubble moves away from the focus towards the red bubble, it also starts to adopt
period doubling, with the two bubbles emitting alternately.

(c) The green and red bubbles are so close that the emissions cannot be separated. In contrast
to the blue bubble, the proximity of the two bubbles seems to confer some temporal instability to
their collapse.

(d) The green and red bubbles now seem to collapse in an orderly fashion, although at a slightly
earlier point in the HIFU cycle than the blue bubble. It is not known whether the two bubbles are

collapsing alternately as in (b), or whether they collapse every HIFU cycle, either as a cluster or

as one coalesced bubble.
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Although Figure 5.2 shows some remarkable synchronicity in the bubble emis-
sions, the emissions are not always so stable or orderly, especially at higher pressures.
Figure 5.3 shows the source strength field along the HIFU axis (z = 36.3 mm) for all
six pressures discussed in the previous section, again using the propagating HIFU
wave as the reference frame. With increasing pressures, the collapses become less
stable and less spatially coherent. When the array is placed coaxially with the
HIFU transducer, as in the next chapter, the axial resolution of the array is limited
to 5 mm. Therefore, this spatial incoherence is important in reducing interference

between sources (see Section 2.3.4).
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Figure 5.3: The source strength field ¢(z, z = 36.3 mm, ¢) from cavitating bubbles along the HIFU
axis. The vertical axes represent distance from the HIFU focus, with positive distance leading away
from the HIFU transducer. As in Figure 5.2, the time axis is referenced to the propagating HIFU
wave, so that collapses caused by the same HIFU wave appear directly above each other. For each
peak rarefaction focal pressure (PRFP) shown, the first frame of the exposure is used to generate
the source strength field. It can be seen that with increasing pressures, cavitation becomes less

temporally stable and less spatially coherent.
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5.3 Comparison with pulse-echo

Cavitating bubbles, with their high air content, serve as strong scatterers of ultra-
sonic pulses, which could be used to localise the bubbles. However, the relatively
high power of cavitation emissions makes it difficult to filter out the echoes from the
emissions, and pulse compression techniques to increase signal-to-noise in pulse-echo
localization are complicated by the changing shape of the scatterer. Therefore, the
scattered signal can only be recovered after the HIFU is turned off. In effect, the
broadband transducer produces pulse-echo traces that are like the central A-lines
produced during hyperecho-based B-mode imaging, but at a higher frame rate.
With a pulse repetition period of 500 ps, the first usable echo is obtained within
500 ps of the HIFU being turned off. These echoes are shown in Figure 5.4, together
with the corresponding passive cavitation maps generated during HIFU exposure.
(Registration between passive maps and ACD A-lines was possible due to the prior
alignment of the ACD and linear array with respect to the HIFU focus, as described
in Section 3.3.1.) There is good correspondence between the cavitation maps right
before HIFU is switched off, and the echoes of the broadband transducer right
after HIFU is switched off. However, shielding from bubbles nearer to the HIFU
transducer is visible on the A-lines, most markedly demonstrated by the gradual
disappearance of the back wall of the agar gel as the pressure amplitude is increased.
The comparison of active and passive detection methods highlights two limita-
tions of hyperecho monitoring, namely the effect of bubble movement and dissolu-
tion. In the former, a bubble that moves during HIFU exposure may heat regions

of tissue that would not be indicated by the post-exposure A-line, although bubble
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Figure 5.4: Comparison of passive maps with pulse-echo traces (A-lines). The passive maps of
Figure 5.1 are shown next to the first A-line after HIFU has been switched off (for clarity, the
envelope of the echo has been taken). The front wall of the agar phantom is clearly seen on all
A-lines, at -12.5 mm relative to the HIFU focus. However, with increasing pressure amplitudes,
the back wall at 12.5 mm is increasingly shielded by bubbles, and thus increasingly less visible on
the A-lines. In spite of the shielding, there is good correspondence between the last passive map
during HIFU exposure and the first A-lines after HIFU exposure. Interestingly, at 4.8 MPa, the
prefocal hyperechoes detected on the first A-line are not detected on the last passive map. While

some can be correlated to past cavitation events, it is likely that there are also boiling bubbles.

movement in tissue is less expected than in agar. More importantly, a bubble that
stops cavitating will start dissolving due to surface tension, decreasing the scattered

echo until it reaches the noise floor. Therefore, bubble dissolution will start as soon

138



as the HIFU is switched off, if indeed the bubble has not already stopped cavitating

due to a change in tissue or bubble conditions.
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Figure 5.5: Dissolution of bubbles with time after different HIFU exposures. The backscattered
signal from inside the agar gel is integrated after HIF'U exposures of different peak rarefaction focal
pressure (PRFP). At the lowest PRFP of 1.6 MPa, bubbles dissolve within 5 ms, whilst at 3.06
MPa PRFP and above, bubbles remain stable for over 500 ms. In the intermediate range of 2.4,
2.9 MPa PRFP, some of the bubbles remain stable for over 500 ms, as indicated by the fact that
the integrated backscatter does not reach the “scattering noise floor” observed at 1.6 MPa and 1.9

MPa.

Figure 5.5 shows how the backscattered echo integrated over the inside of the
gel changes with time after HIFU has been switched off. Depending on the pres-
sure amplitude used, bubbles can dissolve within 5 ms, or remain stable over 500

ms. Since larger bubbles take more time to dissolve, it is unsurprising that higher
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pressures create backscatter traces that take longer to dissolve.

When applying the above findings to the efficacy of hyperecho-based treatment
monitoring, two important considerations are in order. Firstly, bubble dissolution
is established here from a practical viewpoint, namely the backscatter reaching the
noise floor, regardless of any bubble nucleus that may remain in the medium. Tissue
is less homogeneous than agar, and therefore the bubble will “dissolve away” earlier.
Secondly, the A-lines were generated at a rate of 2kHz, while typical B-mode frame
rates go up to 100 Hz. Therefore, by showing that bubbles can dissolve away within
5 ms in the current setup, it is considered highly likely that a B-mode imager will
also miss it in tissue, as indeed is the case [138]. The current results demonstrate

the role of dissolution for this absence of detection.

5.4 Summary

In this chapter, cavitation has been observed with high spatial resolution due to
the proximity (36.3 mm) of the linear array to the HIFU focus. Below 2 MPa peak
rarefaction focal pressure (PRFP), bubbles were observed at discrete locations, and
often cavitated synchronously to the HIFU insonation. The passive source recon-
struction technique also allowed the observation of cavitation dynamics between
bubbles. In short, a novel technique has been developed that complements existing
high-speed photography.

Above 2 MPa PRFP, cavitation emissions are more chaotic and the spatial dis-
tribution of cavitation can be approximated as continuous.

The lack of spatial coherence between sources helps with passive mapping in
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the monostatic arrangement of the next chapter, where a greater distance from the
HIFU focus (73 mm) degrades the axial resolution of passive maps, and interference
between coherent sources could therefore pose a problem.

Finally, the passive maps have been compared with pulse-echo data from a broad-
band transducer coaxially aligned with the HIFU transducer. It has been observed
that bubbles can dissolve away within 5 ms of switching off HIFU, which is quicker
than typical B-mode frame rates of up to 100 Hz. This explains the results of
previous research [136; 137], where B-mode hyperecho was shown to be a less sensi-
tive method of cavitation detection than passive cavitation detection during HIFU
treatment.

With these observations in mind, the next chapter will consider the results of
passive mapping with the linear array placed coaxially with the HIFU transducer,

as implementable during clinical HIFU treatment.
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Chapter 6

Monostatic Passive Cavitation

Mapping

This chapter presents results obtained using a linear array placed coaxially with
a HIFU transducer (Fig. 3.12), a monostatic arrangement that would be directly
implementable during clinical HIFU therapy. Cavitation maps are first presented for
a homogeneous agar gel, demonstrating successful mapping of contiguous cavitation
regions, then in an inhomogeneous agar gel, where disjoint regions are mapped, and

finally ox liver where cavitation is mapped during HIFU ablation.

6.1 Cavitation in agar tissue-mimicking phantoms

6.1.1 Cavitation in a contiguous region

It has been mentioned previously that by calibration of the pressure field caused

by the HIFU transducer and measurement of the cavitation threshold, the region
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of agar where cavitation is expected to occur can be predicted (see Figure 3.14).
However, the high-resolution passive maps in the previous chapter showed that these
predictions are not always accurate (Fig. 5.1). Therefore, to provide additional
validation of the passive maps using the coaxial setup, two single-element passive
cavitation detectors (PCDs) have also been employed, one placed confocally with
the HIFU transducer, while the other was placed 5 mm prefocally (the resolution
limit of passive mapping using this setup). In all, 47 exposures were carried out
on 5 agar gel samples. Although there was variation in the passive maps obtained
across different samples and exposures, there was better repeatability between the
initial spatial distribution of cavitation for a given HIFU pressure.

Figure 6.1 shows the cavitation maps in agar for threee HIFU exposures of in-
creasing pressure. The maps have been generated for the first recorded frame with
cavitation, that is, within 10 ms of the HIFU being switched on. Expected regions
of cavitation, and the signal variance from the PCDs, are also shown. In the first
example, the cavitation threshold is only exceeded at the focus, and single bubble
cavitation is expected there. Accordingly, there is negligible signal on the pre-focal
PCD. With increasing pressure amplitudes, the extent of the cavitation region is
predicted to increase, which is indeed observed on the cavitation maps. While the
confocal PCD signal remains unchanged, a signal now appears on the pre-focal PCD,

confirming that cavitation is starting to occur in the pre-focal region.
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Figure 6.1: Cavitation maps in agar gel for the first recorded frame of HIFU exposure. The dotted
ellipses show the predicted regions of cavitation based on prior calibration of the HIFU pressure
field and measurement of the cavitation threshold. The white dotted lines depicted the axes of
PCDs, whose signal variances are shown next to the lines. There is good correspondence between
the cavitation maps and the predicted regions of cavitation shown by the ellipses. Furthermore,
the pre-focal (top) PCD variance only detects cavitation at the higher two pressures, providing
further confirmation of the passive maps, which also suggest that prefocal cavitation only happens

at the higher pressures.

Assessment of signal quality

It is deemed useful at this point to show the raw channel data that was used to
generate the passive maps in agar. This is because the quality of passive maps is
highly dependent on the quality of the channel data, and channel data obtained
from cavitation in homogeneous agar will provide a good comparison with later
experiments with tissue (whose results will be shown in Section 6.2).
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Figure 6.2 shows the channel data used to generate the passive maps in Figure
6.1. In contrast with higher pressures, emissions at 1.1 MPa PRFP, which arise from
a single bubble, can be clearly distinguished. The bubble is seen to cavitate every

cycle of the 1.06 MHz insonation.
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Figure 6.2: Channel data of cavitation in agar gel. The top images show magnitude plots of the
channel data received by the array (with the colorbar showing the signal units). The bottom
images show the cross-correlation of a central element signal with the other elements, revealing the
delay in the emissions arriving to the elements with respect to the central element. At the lowest
pressure, the single bubble emissions can be clearly seen in the channel data, producing a clear
parabolic delay profile in the corresponding cross-correlation image. At higher pressures, bubble
emissions arrive from different depths, with different delay curvatures. This causes a blurring at

the edges of the cross-correlation images.

Figure 6.2 also shows cross-correlations of the channel data with a central element
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(connected to channel 32). This allows checking the delay in the arrival of emissions
at the elements, relative to the central element. For a single source, a circular arrival
profile is expected, which becomes a parabola under the Fresnel approximation (see
Section 2.3.2). The minimum of the parabola corresponds to the position of the
cavitating bubble in the x-direction (along the array), while the radius of curvature
of the parabola yields the distance of the bubble from the array. At 1.1 MPa PRFP,
Figure 6.2 clearly shows that emissions are arising from a single location, while at
higher pressures, bubble emissions from different depths cause a superimposition of
parabolas with varying radii, and hence blurring at the edges.

For all three pressure settings, the channel data, and the cross-correlation data
obtained from it, show good signal quality, with continuous delay profiles and a high
signal-to-noise (SNR) ratio. Since passive mapping is equivalent to taking the sum of
all cross-correlation pairs [184], the signal quality observed on the cross-correlation

of one channel with all the others is directly related to the final passive map.

6.1.2 Cavitation source power versus focal temperature

Previous research has shown using single-element PCDs that the occurence of inertial
cavitation greatly enhances heating during HIFU exposure [19; 20; 3]. Accordingly,
Figures 6.3 and 6.4 show the correlation between the source power at the HIFU
focus, estimated using passive mapping, and the temperature rise measured at or
near the HIFU focus using a thermocouple.

In Figure 6.3, the maximum temperature rise at the HIF'U focus is plotted against

peak rarefactional focal pressure (PRFP) for 2 s exposures. The maximum focal
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Figure 6.3: Temperature rises in agar gel for different HIFU pressures. The values of power
correspond to the temporal peak focal source power estimates obtained using passive mapping.
Below 2 MPa PRFP, little cavitation is observed and temperature increase is caused by linear
heating only. With the onset of cavitation, the temperature increase rises significantly.

source power recorded over the 2s exposure is also shown. In this agar gel, the
cavitation threshold was at 1.9 MPa PRFP, that is, higher than the usual 1.1 MPa,
due to an extended degassing duration. In any case, it can be seen that as the level
of cavitation increases, the maximum change in temperature increases above that
expected using linear heating.

In order to be certain that the increased heating observed is not due to another
phenomenon such as non-linear heating, whose effects are more pronounced at higher
pressures, repeated exposures at 4.2 MPa PRFP were carried out. The repeated ex-
posures deplete the cavitation nuclei, so that temperature increase with and without
cavitation can be recorded, while keeping all other heating contributions constant.
To prevent cavitation damage to the thermocouple, as well as prevent any thermo-

couple artefacts, the thermocouple was placed 2 mm transversely to the HIFU focus,
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at a pressure minimum (see the relevant spatial calibration in Figure 3.2).
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Figure 6.4: Temperature rise with and without cavitation at 4.2 MPa PRFP. Temperature rise was
measured 2 mm transverse to the HIFU focus to avoid damage to the thermocouple and cavitation-
induced measurement artefacts. Focal source powers were calculated using passive mapping. The
same spot of agar gel was insonated three times, with blue, green and red representing each in-
sonation in turn. After the first exposure, the level of temperature increase substantially decreases,
with the temperature profiles of the second and third exposures being very similar. The level of
cavitation also drops substantially, showing that cavitation is indeed responsible for the increased

rate of heating observed at high pressure amplitudes (as shown in Figure 6.3).

The results of the repeated exposures are shown in Figure 6.4. After the first
exposure, the temperature rise drops by a factor of 6.4, while cavitation power drops
by a factor of over 100 to thermally insignificant levels (variations in source power
between the second and third exposures cause insignificant changes in temperature

rise). Hence, in these experiments, cavitation is the dominant source of heating.
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6.1.3 Cavitation in disjoint regions

distance from array (mm)
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Figure 6.5: B-mode ultrasound image of flow channels in agar gel. The two channels are located 63
mm and 83 mm from the array, and the HIFU focus is positioned exactly half-way between them
at 73 mm from the array. A highly hydrophobic talc suspension is flowing through both channels,
hence their brightness. Since talc suspension has a much lower cavitation threshold, judicious
choice of the HIFU intensity can cause cavitation in both channels without causing cavitation in
the surrounding agar gel. The apparent difference in channel widths is due to the depth-dependent

lateral resolution of the image.

Using the flow channel material described in Section 3.3.4, cavitation can be
selectively instigated in none, either or both channels, by flowing either pure water
or a highly hydrophobic talc suspension through the channels (see Section 3.6.1 for
experimental details). Figure 6.5 shows a B-mode ultrasound image of the flow
channels in agar. In Figure 6.6, cavitation maps are shown when cavitation is
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created in the front channel, back channel, and finally both channels. There is good

correspondence between the cavitation maps and the position of the flow channels,

confirming the ability of the cavitation mapping technique to simultaneously map

disjoint regions of cavitation activity. It is, to the best knowledge of the author,

the first time that mapping of contiguous and disjoint regions of cavitation activity

during HIFU exposure, without the need to turn off the HIFU transducer, has been

demonstrated.
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Figure 6.6: Cavitation maps in flow channels.
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By choosing whether to flow purified water or

talc suspension through the channels, cavitation is selectively instigated in the front channel (left

image), back channel (central image), or both channels (right image).
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6.2 Cavitation in tissue

This section presents the results of cavitation mapping in bovine liver tissue. First,
it is important to highlight the differences found between working in agar tissue-
mimicking gel and tissue, and these are detailed in Section 6.2.1. Next, passive
mapping and B-mode hyperecho are compared in their ability to detect lesion for-
mation. Finally, cavitation maps are used to predict regions of lesioning and these

are compared with visible (blanched) regions of lesioned tissue.

6.2.1 Extending passive cavitation mapping to tissue

Up to now, passive maps have been generated for cavitation in agar gel. Agar has
many properties that make it easy to detect cavitation. Its speed of sound is close
to that of water and attenuation is very low over the frequency range of interest
(see Table 3.4). Agar gel is also relatively homogeneous, causing little scattering
of cavitation emissions. As has been noted in the previous section, the level of
harmonics from non-linear propagation was also relatively low in the investigated
pressure range, which went up to 4.2 MPa peak rarefactional focal pressure (PRFP).

As expected, generating passive maps for cavitation in tissue poses several diffi-
culties when compared with agar. These difficulties are discussed below. During the
discussion, the reader is continually directed to Figure 6.7, which compares channel

data received during single bubble cavitation in agar and liver.
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Figure 6.7: Comparison of single bubble recordings from agar gel (left column), ox liver (central
column), and ox liver with 0.6 MHz bandstop filters centred at the harmonics of the 1.06 MHz HIFU
wave (right column). The resulting channel data, arrival profiles (obtained using cross-correlation),
and average power spectra are shown. In agar gel, bubble emissions in the channel data can be
clearly observed, generating a clear parabolic delay profile in the cross-correlation image. Spectral
peaks arise from the stable oscillation of the cavitating bubble. With ox liver, the channel data
contains significant harmonics. These harmonics are significantly stronger on some channels, and
the identity of these channels changes from one exposure to the next, suggesting some interference
effect of the scattered harmonics of the non-linearly propagated HIFU wave. Filtering out the
harmonics with bandstop filters reveals a clearer picture of the cavitation emissions. However,

tissue inhomogeneities, and a loss of cavitation signal from filtering, cause signal degradation.
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Speed of sound

The speed of sound in liver at 37°C, 1615 m/s (see Table 3.4; by comparison, [142]
suggests 1597-1639 m/s), is significantly higher than that of water at the same
temperature, 1524 m/s. For a cavitation emission at the HIFU focus to reach the
centre of the array, the pressure wave must travel 20 mm through tissue and 53
mm through water, creating an effective speed of sound of 1548 m/s. For arrivals
away from the array centre, refraction will distort the wave. However, this effect is
minimal: using Snell’s law to simulate refraction across the tissue-water interface,
the curvature of arrivals produces an effective speed of sound of 1547 m/s.

Although emissions at different depths of tissue will cause changes in the effective
speed of sound (at zero tissue depth, the effective speed of sound will be that of
water, 1524 m/s), distance errors are less than 1 mm. Therefore, for simplicity, a
speed of 1548 m/s is adopted for all depths when performing cavitation mapping.
Incidentally, this speed of sound is also close to the speed assumed during B-mode
imaging, 1540 m/s, so that little scaling of B-mode images is needed.

The above discussion has considered liver in its unaltered state at 37°C. However,
it is possible that temperature and stiffness changes during HIFU ablation will cause
localised speed of sound changes that distort the passive maps, in a similar way to
thermoacoustic lensing during ultrasound echo strain thermometry [247; 141].

Furthermore, the assumption that a liver placed in a 37°C water bath will have
reached a uniform temperature of 37°C after an hour needs to be challenged, as inho-
mogeneities in tissue structure are likely to result in local variations in temperature

during diffusion of heat into the liver.
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Attenuation

Unlike in agar, where cavitation emissions travel largely unattenuated in the 5-10
MHz range, attenuation in ox liver is significant — estimated to be 3.0 dB/cm at
5 MHz and 6.6 dB/cm at 10 MHz using results obtained with R Ritchie and E
Mylonopoulou, which are consistent with other published research [142].

Because no attempt was made in the present work to quantifiably relate the
power of cavitation emissions to focal heating, it was not deemed necessary to correct
for attenuation experienced by the emissions as they travel to the array. However,
the effect of attenuation is clearly seen on the amplitude of the signal received by the
receivers (see Figure 6.7). Should future work make use of the quantitive information
that the passive mapping techique provides, such depth-dependent compensation

should be applied (see Section 7.2.2 of the Conclusions).

Inhomogeneities

Attenuation in tissue arises from absorption and scattering, the latter caused by
tissue inhomogeneities. Scattering poses an additional problem in forming passive
maps, since the pressure wave emanating from a cavitating bubble not only attenu-
ates but causes secondary sources. Part of the signal degradation observed in Figure

6.7 is deemed to arise from scattering.

Non-linear propagation

The linear array detects three sources of sound during HIFU exposure: scattering of

the HIF'U driving frequency, from the linearly propagated portion of the HIFU wave;
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scattering of harmonics of the HIFU driving frequency, from non-linear propagation
of the HIFU wave; and finally, broadband emissions from cavitation. For array
receivers with a uniform frequency response, scattering from the HIFU fundamental
would dominate the signal. Thankfully, in this case, the 5-10 MHz array response
and 4.6-9.6 MHz bandpass filtering removes most of the HIFU fundamental and has
not been observed to appear in the channel data. Unfortunately, harmonics of the
1.06 MHz HIFU driving frequency directly interfere with the recorded signal, since
they appear at {5.3,6.36,7.42,8.48 9.54} MHz in the 4.6-9.6 MHz band.

In agar, Section 6.1.2 has shown that even at 4.2 MPa PRFP, the level of har-
monics is minimal compared to broadband emissions. Therefore, filtering out the
harmonics is unnecessary, and may even degrade the signal, since stable cavitation
will also have a harmonic component. In ox liver, however, harmonics dominate
in the recorded signal. Figure 6.7 shows the effect of filtering out the harmonics
with a comb filter consisting of 0.6 MHz bandpass filters. Since passive maps are
created from 20ps segments, a 0.05 MHz bandpass would at first seem sufficient;
however, the high ratio of harmonic signal power to broadband power — especially
marked when harmonics backscatter from boiling bubbles — makes a wideband filter

necessary.

Pressure thresholds for cavitation and lesioning

It has been found with the samples of degassed ox liver that the cavitation threshold
is high compared to agar gel, namely 2.7-3.6 MPa PRFP. Furthermore, the threshold
for lesioning, as determined by visible blanching, is even higher for shorter exposures
of 5 seconds or less. At such high pressures, cavitation nuclei are quickly depleted
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and non-linear heating may be the dominant heating mechanism, potentially limiting
the role of cavitation mapping for lesioning monitoring. However, the distribution
of cavitation nuclei in vivo will be different than in degassed tissue, and could in any
case be modified with the injection of microbubbles into the bloodstream. Therefore,

further experiments will be needed to establish the role of cavitation in tissue.

6.2.2 Comparison of cavitation-based and hyperecho-based
monitoring

During the course of the experiments with ox liver, many tissue samples were exposed
to HIFU and monitored using hyperecho and cavitation maps (in all, 12 liver samples
were used, with a total of 290 exposures). In this section and the next, results
obtained from one sample of liver are presented. The data are representative of
results for other samples, and encompass a wide range of exposure settings and
lesion outcomes.

As described in Section 3.6.2, 6 X6 exposures were made in a liver sample. There-
fore, to compare B-mode based hyperecho detection with cavitation mapping, a row
of 6 exposures with increasing pressure settings (3.6 to 8.0 MPa PRFP) was moni-
tored with B-mode, followed by a row of identical settings monitored passively. In
all, three pairs of rows were exposed for durations of 2 s, 5 s, and 10 s respectively.

After all HIFU exposures had finished, the tissue was sectioned through the
midplane of the 40 mm thick liver slice, to reveal the past locations of the HIFU
focus during exposure, and determine whether lesioning (indicated by blanching)

occured. Figure 6.8 shows a photograph of the midplane section, compared with

156



a figure depicting hyperecho and cavitation detection. The clinician with whom
the experiments were conducted, Mr Ritchie, had experience of conducting B-mode
monitored HIFU treatments, and was asked to identify which B-mode images showed
hyperecho. Hyperecho was also quantified by taking a region of interest around the
HIFU focus and noting the decibel change in integrated backscatter before, and on
the first frame after HIFU exposure. Similarly, the level of cavitation was quantified
by using passive mapping to generate values of broadband source power at the HIFU
focus. The mean of these values during HIFU exposure, referenced in decibels to

the value before HIFU exposure, was then taken.
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Figure 6.8: Comparison of tissue lesioning with active hyperecho and passive cavitation data. A
midplane slice was made at the original location of the HIFU plane to reveal lesions caused at
the HIFU focus (left image). As expected, the probability of lesioning increases both with longer
exposure durations and higher pressures. In the right image, SNR measures of backscatter and
cavitation are shown, whose calculation is described in Section 6.2.2. The existence of hyperecho
(shown in red) was determined by a trained clinician, Mr Ritchie, and corresponds to a 3 dB
backscatter SNR threshold. Using 10 dB as the threshold for significant cavitation (shown in
blue), cavitation is a sensitive predictor of lesioning, and in this sample false positives arise only

in the vicinity of the blood vessel visible near the top left of the image.
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Figure 6.8 highlights several important observations. As expected, increasing
pressure amplitudes and exposure durations caused increased lesioning, and lesioning
was fairly repeatable for identical exposure parameters. The existence of hyperecho
often indicated overtreatment. In contrast, the cavitation signal to noise ratio was
high for all exposure settings shown (prior experiments showed that the cavitation
threshold for tissue was in the 2.7-3.6 MPa PRFP range).

By choosing 10 dB as the threshold value for determining lesioning, a much
higher prediction sensitivity was obtained than with hyperecho-based prediction.
Although this method of prediction also generated some false positives, these only
occurred in the vicinity of large blood vessels, which for the ez vivo tissue used in this
experimental series would have been filled with a static non-physiological mixture
of PBS and blood. It is therefore likely that the false positives were generated
by cavitation occuring in this mixture, a place where blanching could not have
occured. As shown on Figure 6.8, a false positive was also generated by hyperecho
detection, which also occured in the vicinity of a large blood vessel. Unfortunately
for these experiments, liver tissue is highly vascularised and these results highlight
the difficulty in finding a relatively homogeneous sample of liver to use.

Although the presence of cavitation in the vessel may have been due to particles
in the buffer solution acting as cavitation nuclei, the result nevertheless highlights
the importance of displaying passive maps on top of B-mode images taken while
the HIFU is off (much like the practice of overlaying color flow images onto B-mode
images) in order to enable informed interpretation of the cavitation signal during

treatment monitoring.
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Figure 6.9: Slices of HIFU-exposed tissue showing the axial extent of lesioning for different exposure
settings. Blanched tissue forms a volume that separates easily from surrounding tissue, so capturing
small lesions in the axial direction is difficult. Nevertheless, the growth of lesions with increased
exposure duration and pressure is visible. Cigar-shaped lesions and tadpole-shaped lesions can also
be distinguished from each other, with the latter occuring at longer durations and higher pressures.

After slicing the tissue in the midplane and finding the past locations of the HIFU
focus, the tissue was cut in strips along the HIFU axis, thereby revealing the axial
extent of lesioning. Comparing these strips (Figure 6.9) with the exposures that led

to hyperecho (Figure 6.8) shows that the appearance of hyperecho is often linked

with tadpole-shaped lesioning. Figure 6.10 shows post-exposure B-mode images and
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tissue photographs for three 10 s exposures at increasing HIFU pressures. The lack

of sensitivity of hyperecho-based monitoring is again clearly visible.
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Figure 6.10: Comparison of B-mode images with lesioning for 10 s exposures. Figure 6.9 shows that
the 10 s exposures encompass a wide range of lesioning types. In the above sequence of images, the
effect of increasing the pressure can be seen on the B-mode images and photographs. Hyperecho
does not appear until 6.3 MPa PRFP, when the cigar-shaped lesion starts to be distorted into a

tadpole shaped lesion.
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6.2.3 Prediction of lesion shape using passive dose maps

As discussed in Section 1.3.3, there are several possible approaches in using passive
cavitation maps to predict the shape of lesions. Maps of heating rate obtained from
passive cavitation maps could be input into the bioheat transfer equation [99] to
predict temperature rise, from which a map of thermal dose could be estimated (as
in Section 1.1.3). Alternatively, the decrease in cavitation source power with time,
an indicator of elevated temperature and tissue stiffness, could be used to predict
lesioning.

As a first attempt to predict cavitation lesions, a relatively simple method was
chosen whereby cavitation maps were integrated with time to provide so-called cavi-
tation dose maps. These maps, with units of energy, are expected to be proportional
to the total energy deposited by cavitation. Although heat diffusion will decrease
the probability of lesioning if the same thermal energy is deposited over a longer
time, these dose maps are deemed to be a good starting point for future monitoring
strategies based on passive mapping.

It would be impractical to show cavitation dose maps obtained for all exposure
settings and discuss them at length. Instead, data for three exposure settings are
presented — 2 s at 8.0 MPa PRFP, 5 s at 7.2 MPa PRFP, and 10 s at 8.0 MPa
PRFP — that are representative of three different regimes of ablation that have been
observed during experiments with liver. These regimes are broadly characterised
by the shape of lesions they cause — small cigar-shaped, broad cigar-shaped, and
distorted tadpole-shaped — but will be discussed in greater detail below.

As mentioned in the previous section, filtering of the channel data was needed

161



to separate the broadband and harmonic components from each other. Therefore,
dose maps are not only provided for the broadband component of the data, which
represent the energy deposited by inertial cavitation, but also for the harmonic
component, which contains scattering from bulk tissue and, during extreme heating,
boiling bubbles. The variation of maximum source power with time is also plotted

for each component.

Comparison of passive dose maps with gross pathology

In order to assess the ability of passive dose maps to predict the size of lesions,
the tissue was cut along the axis of HIFU exposure to reveal the extent of blanch-
ing, which is indicative of thermal lesioning (see Section 3.6.2). Unfortunately, it
was experimentally easier to make cuts perpedincular to the array imaging plane.
Nevertheless, the photographs still provide a means to check the axial extent of the
lesions.

Because the tissue expands on being taken out of the holder, the photographs
were scaled so that the distance between the edges was 40 mm (the depth of the tissue
holder). Due to tissue deformations and non-uniform tissue compressibility (due to
inhomogeneities such as vessels or lesioned tissue), this process of registration may

be prone to errors (see the Conclusions on suggestions for future improvements).

2 s exposure at 8.0 MPa PRFP

Figure 6.11 shows the results for the 2 s exposure at 8.0 MPa PRFP. The broadband
dose map is well focused and provides good localization in the transverse direction.

Surprisingly, however, cavitation is depicted to occur 5 mm more prefocally than
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lesioning, which was not observed in the agar experiments described in Section 6.1.
In contrast to the broadband dose map, the harmonic dose map is quite diffuse.
There are probably two reasons for this: firstly, the non-linearly propagated HIFU
wave will be scattered off a relatively large volume; secondly, Chapters 2 and 3 have
shown the tendency of narrowband sources to interfere with each other and create

image artefacts.
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Figure 6.11: Passive dose maps and photograph of tissue exposed to HIFU for 2 s at 8.0 MPa
PRFP. The broadband dose map gives good localization of the lesion in the transverse direction
but there is a 5 mm prefocal error in the axial estimation. The harmonic dose map is diffuse and

non-informative.
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5 s exposure at 7.2 MPa PRFP

The results for the 5 s, 7.2 MPa PRFP exposure (Fig. 6.12) are similar in nature to
the previously discussed exposure. The broadband dose map is again well focussed,
with its focus 5 mm ahead of the centre of the lesion, while the harmonic dose map
is again diffuse. It is worth noting, however, that the lesion is now thicker. This is
because, for longer exposures, heat has had time to diffuse away from the heat source,
and it should therefore not be expected that accurate mapping of the heat source will
necessarily overlap with the extent of thermal damage. Hence, cavitation mapping
will be most useful as a clinical tool for relatively short exposure durations on the
order of 2 s, which are similar to those in current clinical use. Also note the extinction
of broadband noise after 1 second of exposure, highlighting the aforementioned need

to sustain cavitation in order to ensure it is the dominant source of heating.

10 s exposure at 8.0 MPa PRFP

In the final, 10 s, 8.0 MPa PRFP exposure, several interesting effects are visible
(Figure 6.13). For instance, up to 3.2 seconds into HIFU exposure, the level of
harmonic and broadband scattering is comparable to the previous two exposures.
However, after 3.2 s, an order of magnitude increase in harmonic scattering occurs.
This increase is believed to be due to the appearance of boiling bubbles [78], which
in turn are associated with tadpole-shaped lesions and overtreatment [76]. This is
confirmed by the tadpole-shaped lesion shown in Figure 6.13. In fact, the gross

pathology of the liver tissue after sectioning showed an excellent correspondence
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Figure 6.12: Passive dose maps and photograph of tissue exposed to HIFU for 5 s at 7.2 MPa
PRFP. Like the results of the previous exposure (Fig. 6.11), the broadband dose map predicts the

lesion to be 5 mm ahead of where it is. The harmonic dose map is again uninformative.
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between high harmonic backscatter and tadpole-shaped lesioning for all the HIFU
exposures. Since this elevated scattering develops a few seconds into exposure,
monitoring the level of harmonics could also be a possible method of monitoring
treatment during HIFU exposure.

Another interesting feature of Figure 6.13 is that in contrast with the earlier
harmonic dose maps presented, the current one shows a well-focussed region. It has
been predicted in Section 2.3.4 and confirmed in Section 4.2.1 that while a single
narrowband source can be imaged well, several narrowband sources tend to interfere
with each other. Therefore, it is highly likely that a well-focussed harmonic map
arises from a single boiling bubble.

Even before the level of harmonic backscatter shows a marked increase at around
3.2 s, broadband emissions from inertial cavitation “shut down” at around 2.6 s. This
could provide an early warning that boiling is about to occur.

Because of strong harmonic backscatter, which will cause signal leakage to the
broadband dose map even before 3.2 s, it is useful to compare passive maps when
either the broadband emissions or harmonic emissions are comparatively strong.
Figure 6.14 shows passive broadband and harmonic maps at three time instances
during HIFU exposure. As illustrated by the figure, inertial cavitation tends to ap-
pear pre-focally. Also, for the maps at 3.4 s, there seems to be significant backscat-
ter from a boiling bubble in the HIFU focus, which is mapped well using harmonic
mapping (some of the signal leaks into the passive map, which shows much lower
powers). The central harmonic map also illustrated a general trend observed during

all exposures: when the level of harmonic backscatter was high, the harmonic map
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Figure 6.13: Passive dose maps and photograph of tissue exposed to HIFU for 10 s at 8.0 MPa
PRFP. (a) The level of broadband emissions “shuts down” at 2.6 s into exposure. (b) In contrast
to the previous exposures (Figs. 6.11,6.12), the level of harmonic backscatter increases consider-
ably at 3.2 s into the exposure, causing a harmonic dose map that is somewhat focussed. The
increased harmonic backscatter is assumed to arise from boiling bubbles, which cause the tadpole
shaped lesion shown in the photograph. Because of leakage from the strong harmonic signal, the
broadband dose map computed for the entire exposure had the same shape as the harmonic dose

map. Therefore, the broadband dose map shown was only computed for the first 3.2 s.

tended to be well focussed. As mentioned previously, this is thought to be because

scattering from one bubble dominates.
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Figure 6.14: Passive maps of tissue exposed to HIFU for 10 s at 8.0 MPa PRFP.
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Summary of lesion shape prediction

Before generating passive maps, the array signal was split into a broadband com-
ponent indicative of inertial cavitation and a harmonic component indicative of
backscatter (either of the non-linearly propagated HIFU wave, or non-linear backscat-
ter by bubbles). The resulting broadband and harmonic passive maps yielded some
very interesting results, summarised below.

Broadband maps integrated over the duration of exposure were well focussed in
the transverse direction and gave a good indication of the size of the lesions. There
was a trend, however, for inertial cavitation to be localised approximately 5 mm in
front of the focus, which did not occur in the context of experiments in agar. The
reason for this is still under investigation. It could be that tissue stiffening during
ablation does not permit inertial cavitation to occur, however further work is needed
to exclude the possibility of experimental errors, such as registration errors between
passive maps and gross pathology. The relative roles that inertial cavitation and
non-linear propagation play in tissue ablation also need to be investigated, as do
HIFU protocols that enhance the former (see Section 7.2.2 of the Conclusions).

For longer exposure durations, the level of harmonic backscatter can suddenly
increase by an order of magnitude. Since this increase is a good indicator of boiling,
and thus pre-focal, tadpole-shaped lesioning, HIFU exposure could be terminated
when a sudden increase is noted, in order to avoid overtreatment. Even before the
increase in harmonic backscatter, broadband emissions are observed to “shut down”,
providing an early warning that boiling is about to occur (see Figure 6.14). This

would be a much more sensitive monitoring method than the currently used B-mode
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hyperecho, which relies on detecting stabilised, and often boiling bubbles after HIFU
exposure.

The shape of harmonic maps is also worth mentioning. At lower levels of har-
monic backscatter, the maps are diffusive and uninformative. However, at higher
levels, the maps are often well focussed and at the HIFU focus. It is argued that
this is due to a large, boiling bubble, dominating harmonic backscatter, since previ-
ous results (Sections 2.3.4,4.2.1) have shown that passive mapping can give reliably

localization for single harmonic sources.

6.3 Summary

This chapter has shown passive maps obtained with the array placed through a
rectangular opening in the HIFU transducer. HIFU exposures in agar demonstrate,
for the first time, that passive mapping can be successfully used to map both con-
tinuous and disjoint cavitation regions during HIFU exposure, without the need to
switch the HIFU transducer off. Cavitation was also shown to be the dominant
heating mechanism in agar gel for pressures up to 4.2 MPa PRFP, resulting in a
strong correlation between values of source power obtained using passive maps and
temperature elevation at the HIFU focus.

Samples of ox liver were also insonated with HIFU for various durations and
acoustic intensities. Hyperecho-based monitoring and passive mapping were com-
pared in their ability to predict the existence and shape of lesioning. Cavitation
detection was shown to be a more sensitive predictor of lesioning than the apper-

ance of hyperecho, which is the current ultrasound-based monitoring method during
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HIFU treatments. Furthermore, apart from a 5 mm prefocal axial shift the ori-
gin of which is still being investigated, passive maps of the broadband signal gave
good prediction of the lesions, while harmonic maps could be used to indicate tissue
boiling and overtreatment.

Throughout the HIFU exposures in ex vivo liver, it was observed that the level
of harmonic backscatter was much higher than the level of broadband emissions,
and careful filtering needed to be applied to recover the latter. This could be a
reason why inertial cavitation, and the broadband emissions it produces, are often
overlooked or not detected when detection systems that do not have a dynamic
range appropriate for these low signal levels are utilized. Such systems have often
been used in previously published research to draw conclusions as to the presence
or absence of inertial cavitation during therapeutic ultrasound processes.

Since inertial cavitation is observed to “shut down” prior to the increase in har-
monic backscatter associated with boiling, detecting broadband emissions could be
an important method of monitoring HIFU treatment. Therefore, further research
should be carried out in vivo (where gas concentrations are expected to differ from
ex vivo experiments) to investigate the role of inertial cavitation during HIFU treat-
ment, as well as the applicability of passive mapping to ablative HIFU treatment
monitoring. As with conventional B-mode imaging, tissue layers of different speeds
of sound (most markedly fat) are expected to cause localisation errors in vivo. How-
ever it is hoped that the presence of speed of sound estimators on B-mode imagers
(as already implemented on the machine used in this work [248]) can help correct

for such errors.
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Chapter 7

Conclusions

7.1 Summary of achievements

The primary aim of the present work was to demonstrate the feasibility of passive
cavitation mapping as a monitoring tool during HIFU treatment. However, the use
of a linear array of 64 piezoelectric elements recording acoustic emissions in parallel
has also shown other applications, which are re-iterated below.

In Chapter 2, various passive source reconstruction algorithms were reviewed,
and a variant of passive beamforming called Time Exposure Acoustics (TEA) [184]
was selected for the present application. TEA is simple enough to act as a proof of
concept without excessive demands on computational time and yet general enough
to map arbitrary source distributions. However, future work may incorporate some
of the more advanced reconstruction techniques such as deconvolution.

In the last part of Chapter 2, theory and simulations were used to evaluate the

resolution performance of TEA as applied to a linear array of aperture 38 mm.
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It was found that the axial and transverse resolutions were 5 mm and 0.5 mm,
respectively, for a source 73 mm from the array. (73 mm is the distance of the HIFU
focus — were cavitation is expected to happen — from the array when the linear
array is placed next to a rectangular opening ot the HIFU transducer, in a clinically
applicable setup.) It was further found that broadband sources such as inertially
cavitating bubbles were less likely to interfere with each other in the passive maps
than narrowband sources, as predicted by Norton et al. [184]. Lastly, deconvolution
was found to have a limited effect on improving the axial resolution of passive maps,
so such improvements were left for future work.

Chapter 3 began with describing the experimental methods common to all exper-
iments, including the channel data acquisition and methods for subsequent passive
map generation. It then described the setup and methods particular to each of the
three sets of experiments carried out in this work, whose results were given in the
subsequent three chapters.

In Chapter 4, narrowband and broadband sources were generated by scattering
ultrasound waves off a wire, serving the dual purpose of calibrating the linear array
to generate quantitative passive maps, and validating the passive mapping method
using controllable source distributions. The absolute and spatial calibrations of the
linear array allowed passive mapping to give quantiative maps of source power (in
Watts). It was highlighted that the powers obtained did not indicate the power ra-
diated by the sources themselves, but the power transmitted in the 5-10 MHz range
that was not absorbed by the propagating medium, whether agar gel or ox liver. In

the final part of Chapter 4, the passive maps were used to experimentally confirm
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the earlier finding that broadband sources are more robust to source interference
than narrowband sources.

Chapter 5 showed passive maps of cavitation in agar, generated with the array
placed transversely to the HIFU axis, at a distance of 36 mm. The resulting passive
maps were of such high quality that individual cavitating bubbles could be resolved.
Indeed, the signals received by each array element, which showed a mixture of emis-
sions from different bubbles, could be separated into the emissions arising from indi-
vidual bubbles. Correcting for the propagation of the HIFU wave, it was shown that
near the cavitation threshold, bubbles often collapse due to the same HIFU pulse
wavefront. The passive maps also showed good correlation of bubbles using a single
element active cavitation detector (ACD). Nevertheless, the ACD traces, taken at a
rate of 2 kHz after HIFU was switched off, showed dissolution of bubbles at pressure
amplitudes below 3 MPa peak rarefactional focal pressure (PRFP), supporting the
assertion that a B-mode imager will not be able to detect some previously cavitating
bubbles, even when the imager is synchronised with HIFU.

Finally, in Chapter 6, the clinically applicable setup of the array placed coax-
ially with the HIFU transducer was used. Passive mapping correctly identified
increasingly large areas of cavitiation in agar as the HIFU excitation amplitude was
increased, as well as disjoint regions of cavitation when the cavitation threshold was
intentionally lowered in discrete regions. Inertial cavitation was also shown to be
the dominant source of heating in agar. The result was shown by the repeated HIFU
exposure, with simultaneous thermometry, of a single location at pressures above

the cavitation threshold, until the local cavitation nuclei became depleted.
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Due to the inhomogeneity and nonlinearity of liver, results were more difficult
to interpret in samples of ox liver than in agar gel. The channel data needed to be
decomposed into harmonic and broadband components before mapping to separate
the effects of non-linear propagation and inertial cavitation. Inertial cavitation was
a more sensitive detector of lesioning than hyperecho, the latter correlating with
tadpole-shaped lesioning that is associated with boiling and therefore overtreatment.

Perhaps the most important conclusion of the present work is that, with ap-
propriately sensitive cavitation detection in place, significant levels of inertial cav-
itation were detected whenever lesioning was observed, whilst hyperecho was not.
This strongly suggests that passive cavitation mapping could provide a significant
advance in ultrasound-based monitoring of HIFU therapies, compared to currently
available pulse-echo techniques, not only because it can be applied during HIFU
exposure, but also because of increased sensitivity and signal-to-noise ratio.

To predict lesions, the broadband and harmonic passive maps were integrated to
give dose maps. The broadband dose maps produced by passive cavitation mapping
gave very good transverse localisation of lesions, and harmonic dose maps returned
some spatial information if boiling was reached, suggesting that backscatter was
dominated by a few echogenic bubbles (since less interference arises when there are
fewer narrowband sources). However, cavitation maps in tissue showed a repeatable
5 mm axial bias, which was not observed during previous experiments in agar.
Identifying whether inertial cavitation does indeed occur slightly prefocally during
HIFU exposure of tissue, or whether this discrepancy is the result of registration

errors between passive maps and tissue photographs, will be investigated.
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Despite the need for further research and evaluation, it is believed that with
use of an appropriately designed cavitation detection array, passive mapping will
represent a major advance in ultrasound-guided HIFU therapy. Not only can it be
utilized in real time during HIF'U exposure, without the need to turn the therapeutic
ultrasound field off, but it has also been shown in the context of the present work to
provide a strong indicator of successful lesioning and high signal-to-noise compared

to conventional B-mode ultrasound techniques.

7.2 Suggestions for future work

7.2.1 High-resolution passive cavitation mapping and source
reconstruction

The ability to reconstruct emissions from several, simultaneously cavitating bubbles
opens up a new way of investigating multi-bubble cavitation dynamics, an important
but somewhat neglected subject [58]. Passive source reconstruction has some impor-
tant advantages over high-speed photography: at relatively low cost, the behaviour
of several bubbles can be studied at megahertz frame rates over the course of hun-
dreds of ultrasound cycles, even in an optically opaque medium such as tissue. In
future work, the source strengths would be converted to the radial movement of the
bubbles using the proportional relationship between the second temporal derivative
of bubble volume and radiated pressure [49].

The results could also be compared with other indicators of cavitation activity

in a transparent medium: in addition to high-speed photography, chemical indica-
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tors such as BSA (thermal dose), luminol (sonochemiluminescence), methylene blue
(dissolved oxygen), cobalt (IT) chloride (temperature), potassium iodide (free radical

generation), could also be used [249; 250; 251; 252; 253].

7.2.2 Cavitation monitoring during ultrasound therapy

This work has shown the feasibility of passive cavitation monitoring during ablative
HIFU treatment. Passive cavitation maps gave accurate indications of the distri-
bution of cavitation in agar tissue mimicking gel. However, more work is needed
to establish how cavitation can be related to lesioning, and the source of the 5 mm
axial difference noticed between lesions and cavitation maps. Furthermore, the cur-
rent axial resolution of the system (5 mm) should be improved, and the method of
generating passive maps could be made faster. To this end, several suggestions for
future work are given below.

In order to predict regions of tissue damage, a simple measure of “cavitation
dose” was used, whereby cavitation maps were integrated with time. Although the
results gave reasonable predictions, cavitation merely provides a heat source and the
effect of heat diffusion should also be incorporated into the formulation to be able
to predict the broadening of lesions with longer HIFU exposures.

To provide a direct estimate of the heat being deposited, the scaling factor be-
tween the received source power and the absorbed source power should be measured
(See Section 2.1.5 and [56]). One possible solution would be to compensate for at-
tenuation by a pulse-echo measurement on a reference scatterer such as a contrast

agent microbubble. This is similar to the quantification of power Doppler signals
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by normalisation of the signal to a vessel with full blood blow [254; 255]. A second
possible solution is to ramp the HIFU intensity until a contrast agent microbubble
of a known cavitation threshold and emission power inertially cavitates. In both
cases, however, the absorption coefficient of the treated tissue would also need to be
known in order to estimate the local heating rate.

From the local heating rate, temperature maps could also be produced, but
this would only be possible for short exposures and away from major blood vessels
where conduction and convection can be neglected. Alternatively, the correspon-
dence between cavitation shutting down and lesion formation could also be part of
a monitoring strategy, and should also be investigated further.

Similarly to the flow channels in agar, samples of ox liver should be injected
with microbubbles at known locations, and the cavitation maps compared with the
sites of injection. This could help establish whether the axial difference between
cavitation maps and lesioning is real (lesioned tissue may not support cavitation
and so cavitation may happen at the prefocal tip of the lesion), or whether it arises
from image distortion, such as speed of sound errors.

The role of cavitation during in vivo HIFU exposures is the source of some con-
tention among researchers, with some maintaining that without the introduction of
microbubbles into tissue, heating due to non-linear propagation is a greater con-
tributor to lesioning than inertial cavitation. In the ex vivo experiments of Chapter
6, cavitation often diminished within a few seconds, increasing the role of other
heating mechanisms in the lesioning that was observed. This supports previous ex

vivo observations that, using elevated hydrostatic pressures to suppress cavitation,
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lesioning can occur without inertial cavitation [102]. Lowering the duty cycle [20],
or using a closed-loop control system [256], can help maintain cavitation, ensuring
that cavitation-enhanced heating is maintained throughout the exposure and thus
making cavitation mapping a more reliable treatment marker for longer exposures.
Tests should be carried out in vivo to determine the extent of cavitation with or
without microbubbles and how the enhancement or suppression of cavitation using
different HIFU insonation parameters [257] affects treatment speed and efficacy.

As regards the passive maps themselves, it is clear that spatial resolution should
be improved from the present 5 mm axial resolution. Although Chapter 2 has
shown some alternatives to Time Exposure Acoustics, the availability of better data
is always a better solution to improving image reconstruction than applying complex
inversion algorithms that are invariably sensitive to noise.

With passive beamforming, image resolution is proportional to the square of f4,
that is, the ratio of source distance to array aperture. In the present work, a 38 mm
aperture array was 10 mm behind the surface of a HIFU transducer with a 63 mm
focus (see Figure 3.3), giving an fx of 73/38 ~ 1.9. Recently, a 55 mm aperture
linear array was made available for the ultrasound system used in this work. By
constructing a 63 mm focus HIFU transducer that can accommodate such an array,
the axial resolution of passive mapping could be reduced to 1.8 mm, though grating
lobes may start to appear due to the large interelemental spacing.

The ultrasound system used in the present work was ideal for recording channel
data and analysing it afterwards in Matlab. However, if many tests need to be carried

out on an existing passive mapping algorithm, it would be simpler to incorporate the
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algorithm into the operating system of the ultrasound engine. Given the software-
based architecture of the z.one system, this incorporation is a relatively easy task
and in fact has been done for other ultrasound research groups.

Finally, the passive cavitation mapping method detailed in this thesis is not
limited to HIFU ablation: any ultrasound therapy where cavitation may have an
important role could benefit. For instance, research in the laboratory has shown
promise that cavitation mapping could identify when vasculature has been pen-
etrated by microbubbles. Hence, cavitation mapping could be used to monitor

cavitation-mediated drug delivery.
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Appendix A

Channel Data Acquisition on a

Commercial Ultrasound System

A.1 Setting imaging parameters via communica-

tion with the ultrasound scan engine

As the z.one ultrasound system was designed for both medical professionals and
researchers, the system has to ensure ease of use and robustness on the one hand
and flexibility on the other. Accordingly, there are two communication interfaces
with the scan engine, a graphical user interface (GUI) and a serial interface based on
the RS-232 standard. While the GUI provides an intuitive way to capture, save, and
review B-mode images (as well as M-mode and Doppler modes), the serial interface
allows precise control over imaging parameters, as well as the ability to switch to the
so-called research mode where 64 channels of pre-beamformed data can be saved.

With the supplied proprietary USB to DE-9 (9-pin serial) dongle, any computer
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with terminal software and a standard DE-9 serial port (or USB port with appro-
priate adapter) can communicate with the scan engine. In addition to free terminal
emulators such as PuTTY, Tera Term, and RealTerm, serial communication can
also be automated using Matlab (Mathworks, Natick, MA) and LabView (National
Instruments, Austin, TX).

In contrast to conventional B-mode imaging, where minimal setting up is required
before the desired images can be captured, the acquisition of channel data for passive
beamforming needs a sequence of commands using the serial interface. Many of the
settings are best explained in the next subsection, where the path the received data
takes from the linear array to being stored is considered. For now, some important

functionalities are highlighted below.

Change imaging status between live/frozen

Ultrasound imaging can either be live or frozen. During live mode, the system is
generating images or frames at the specified frame rate and displaying them on
the screen in real-time, while in frozen mode the images stored in a buffer can be
reviewed. The buffer is erased every time an image parameter changes or the imager
goes liwe. Upon erasure, new frames are added to the buffer until it fills, at which
point frames are deleted on a first-in first-out basis.

Before making any imaging parameter changes, it is necessary to set imaging to
live. Furthermore, due to finite buffer size it is important to ensure that images
are available for the entire duration of interest, which can be done by choosing the

correct imaging modality, depth, and frame rate, as specified below.
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Change imaging mode

Both for conventional B-mode images and for the generation of passive maps, the
imaging mode needs to be set nominally to B-mode. In the case of the former,
images are created from the combination of several transmit zones [258] (in contrast
to other ultrasound systems, where a B-mode image is created from stacking A-lines
together [259; 260]). For optimum image quality, different zones will use different
sets of 64 elements on which to transmit and receive. In contrast, to have access to
channel data — data from the 64 elements prior to beamforming — the imager needs
to be set to single zone mode [258].

Regardless of zone mode, within B-mode imaging there are several transmission
modes that influence the data that will be received, even if transmission is turned
off, as in the case of passive mapping. Specifically, if imaging is in tissue harmonic
mode, data will be received at the first harmonic of the transmitted frequency,
while compound mode will combine data from two sets of transmissions at different
frequencies. In compound harmonic mode, one transmission occurs and data is
received from the fundamental and first harmonic of the transmitted frequency.

For passive mapping, all the above specialised modes need to be turned off, so
as to avoid complications from specialised frequency filtering and also to reduce the
data load of each frame and thereby maximise the number of frames that can be

stored in the buffer.
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Change imaging depth (channel recording duration)

When images are generated for greater depths, the time required for the pulse to
reach the scatterer and for the echo to return increases. In other words, changing the
imaging depth changes the time for which data from the 64 elements is recorded.
This determines the integration time 7" available for passive mapping (2.8), with
greater 1" leading to better estimates. However, reducing the recording time also
raises the maximum frame rate available, as well as the number of frames that can
be stored in the buffer.

For the problem being addressed in the present work, long recording lengths of
typically 140 ps (10 cm imaging depth) were chosen. This was in order to observe
cavitation dynamics and to ensure an adequate time window for frequency filtering.
The long recording length also ensured a sufficient integration time 7', although it
was later observed that integration times of 20 ps were sufficient.

In passive mapping, when the recording length is chosen through the selection
of imaging depth, the recording length provided by the scan engine will be longer
than the time taken for sound to travel the imaging depth twice. This accounts for:
the finite pulse duration (the scan engine assumes pulses are transmitted); the time
taken to pass through the matching layer; and the longer propagation path from the
edges of the aperture. In all, the recording length is generally longer by ~ 10 ps.
Similarly, the maximum available integration time 7" will be less than the recording
time, limited by the difference in propagation distances to different array elements
at the shallowest image depth. This, coupled with interference from leaked transmit

pulses at the matching layer, decreases 1" by ~ 30 ps.
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Set frame rate

Conventional B-mode images are typically limited to 15-20 Hz frame rates, depend-
ing on the imaging parameters. While this is sufficient for diagnostic use, cavitation
dynamics can change over tens of milliseconds, which makes higher frame rates de-
sirable. Thankfully, with the single-zone mode that is employed in passive mapping,
even kHz frame rates are possible, although this comes at the cost of decreased
recording time for each frame and recording duration overall. For this reason, frame

rates of 30-200 Hz were used in the passive mapping experiments.

Turn transmission on/off

In order to have interference-free passive source maps from externally generated
sources, it is necessary to turn off pulse transmission from the ulrasound system.
In laboratory experiments, it was in fact possible to leave pulse transmission on as
there was an initial period of time when the pulse was travelling through water and
had not yet reached the sample, when no echoes were expected. This time period
could be used to form the passive map. However, in a HIFU treatment, the path
from the array to the surface of the skin could be very short, so pulse transmission
would need to be turned off. To have the benefit of both the active and passive
imaging modalities, a future implementation could have rapid switching between

the two.
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Figure A.1: Receive data path from linear array to data storage. Text in italics refers to imaging
parameters that can be changed, or commands that can be executed, that are relevant to the

adjacent stage of data processing.

A.2 Data acquisition path

The path taken by the received data before being stored is now reviewed, with a
discussion of any relevant settings that need to be made along the way for passive
mapping. Figure A.1, based on Figure 1 in [258], shows the path that the received
signal takes from the linear array. While reading this subsection, the reader is
continually referred to this figure.

The linear array has 128 elements, 64 of which can be accessed at any one time,
using a multiplexer. Since imaging resolution, especially in the axial direction, is
heavily dependent on the aperture (2.65,2.76), it is highly desirable for elements
to span the entire aperture. Every channel ch € {0...63} could be connected to
one of two elements ¢ € {0...127}, namely i = ch or i = ch + 64. In the end, a

semi-regular aperture was chosen
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i€{2,4,...,64,65,...,127} (A.1)

although a randomly generated aperture (that also spanned the 38 mm aperture)
also gave similar simulated passive maps.

Upon passing through the multiplexer, each of the 64 signals is pre-amplified
to ensure a high signal to noise ratio (SNR) before propagating through the micro-
coaxial cable. The signal then undergoes time-gain compensation (TGC). This is
typically a time-varying amplification that is used to compensate for pulses return-
ing weaker from greater depths due to two-way attenuation. In the passive mapping
case, however, a signal received at a certain time could have emanated from any
depth, so it is preferred to have a constant TGC and to perform attenuation correc-
tion in the passive mapping algorithm itself. A constant TGC of 40dB was found
to give good SNR while preventing signal saturation.

After application of TGC, most ultrasound scan engines to date would perform
beamforming on the analogue signal prior to digitization. This would circumvent
expensive parallel digitization. Thankfully, in the case of the z.one system, the
signals are digitized prior to beamforming, providing access to pre-beamformed data.
The digitization is initially done at 50 MHz and 16-bit depth [258], however the
storage requirements of this are substantial.

To save storage space, a 5 MHz band

[fo — 2.5, fo + 2.5] MHz

is chosen for storage. The out of band signal is filtered out and the remaining
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signal taken down to base-band (demodulated by fy). Given the Nyquist criterion,
the resulting signal can then be sampled at 5 MHz, with a substantial storage saving.
Such a scheme is called IQ-demodulation [239], with the resulting data called 1Q)
(in-phase/quadrature data). The naming derives from treating the signal as a mod-
ulated version of a carrier or mixer frequency fy, with the signal decomposed into the
amplitude variations of an “in-phase” sinusoid of frequency fy and its “quadrature”
(90° phase-shifted) counterpart.

IQ data compression has the effect that only a 5 MHz band of the data is made
available, however the scan engine allows some control over what this band is. Specif-
ically, the mixer frequency fy can be any frequency 50/n, n € {5...9}. Since the
linear array has a 5-10 MHz response, the closest frequency band to this was at-
tained when choosing n = 7, with the frequency band being approximately 4.6-9.6
MHz. Since higher frequencies improve imaging resolution (2.65,2.76), it would be
tempting to choose a higher frequency band. However, both the limited response of
the array at higher frequencies, as well as higher attenuation at higher frequencies,
would cause significant losses in SNR that are expected to outweigh any modest
improvements in resolution.

The IQ data is now stored in channel memory. For multiple-zone imaging, several
channel memory blocks can be used to reconstruct an image, which is then stored in
the cine buffer, and can be reviewed on a display and transferred to a USB storage
device using a serial interface command. Alternatively, with single-zone imaging
and the research mode on, the channel data is transferred to the cine buffer at the

specified frame rate, and by freezing imaging, the buffer can likewise be transferred
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to a USB storage device.
Before discussing the generation of passive source maps, it is worth clarifying
the three types of data that can be stored from the scan engine to a USB storage

device.

1. VGA (640 x 480 pixels) “screen grabs” of the external display for each stored
frame. In other words, grayscale images in bitmap form are saved, in the
format that one would see them on the screen. The data shown in these
frames are true B-mode — brightness-mode — images that have had all the
image reconstruction steps done on them, including envelope detection and

downsampling to fit the 640 x 480 screen.

2. Post-beamformed IQ data, which contains more information than the first
format, since the IQQ data can be remodulated offline to 50 MHz sampling and
the data can give information about signal frequency content. In the case
of passive mapping, however, the dynamic receive beamforming of the scan

engine distorts the frequency content of sources.

3. Pre-beamformed channel data, obtained using single-zone imaging and the

research mode of the scan engine enabled.

All three data formats can be copied to a USB storage device using the command

cine dump start_frame end_frame format

where format has a value 1-3 corresponding to one of the above formats.
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A.3 Pre-processing of channel data in Matlab

Any block of frames stored in channel data format using the cine dump command
above is saved to a file that can be converted, using a proprietary program relying
on the Matlab Component Runtime, to a Matlab data file. The data file, besides
containing information about the linear array used to capture the data and some
imaging parameters, contains the channel IQ data sampled at 5 MHz in a 4-D

matrix, with the following dimensions:
[ frame#, transmit#, channel#, sample# |

The experiments in this work typically captured 400 frames, with one proxy
transmit per frame (as transmission had in fact been turned off ), and 139.4 uis record-
ings for each frame, with a resulting matrix size of 400 x 1 x 64 x 697.

In order to apply the passive beamforming algorithm, each frame of 1Q data
needs to be remodulated to RF. This is done using a (corrected) script supplied by
Zonare, whereby the IQ data is resampled to 50 MHz using cubic interpolation and

then remodulated from baseband to the central frequency of 50/7 ~ 7.1 MHz.
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