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ABSTRACT

High intensity focused ultrasound (HIFU) is an emerging treatment for soft tissue
tumours, but long treatment times (3-4 hours for tumour volumes <4 cm3) remain a
significant problem. Cavitation can increase the local energy deposition in tissue, which
may result in faster, more efficient treatments. There is, however, a lack of
understanding of HIFU generated cavitation activity in tissue. This thesis investigates
the role that cavitation could play in the optimisation of HIFU treatments, with a view
to incorporation of the findings into a clinical HIFU system.

An extensive study of cavitation activity in ex-vivo bovine liver tissue has been
undertaken. Passive and active cavitation detection techniques have been combined to
give a system for use in HIFU fields. This has been used to investigate cavitation
activity over a range of intensities, and to determine appropriate methods for cavitation
detection during clinical use. Cavitation activity in tissues exposed to HIFU falls into
two categories: micron sized bubbles generated by the peak negative acoustic pressures
(acoustic cavitation) and millimetre sized bubbles generated by thermal ex-solution of
gas vapour (‘boiling”). Acoustic cavitation itself can be split into two types of
behaviour, non-inertial (stable) cavitation and inertial (transient) cavitation. Thresholds
for these different categories were investigated for clinically relevant exposure times (2-
5 s) for degassed water, ex-vivo and perfused liver and ex-vivo kidney. A sonochemical
study was also undertaken in water, to further elucidate cavitation behaviour.

Two methods of using cavitation to increase HIFU energy deposition by “pre-
conditioning” tissue prior to an ablative exposure, were investigated. Firstly, the ability
to ‘seed’ acoustic cavitation in a controlled and repeatable way was studied. Secondly,
the use of ‘boiling” bubbles as reflectors post-focally was tested. Both techniques are
implementable in the new clinical system under construction at the Institute of Cancer

Research (ICR).
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Chapter 1- Introduction

1 — Introduction

1.1 Thesis aim

The broad aim of this thesis was to investigate whether cavitation can be used to
improve clinical High Intensity Focused Ultrasound treatments. This task was
undertaken using three different approaches: detection, understanding, and enhancement
of lesion size. Cavitation detection techniques that might be implemented in a clinical
environment were investigated. Cavitation activity was studied in both perfused and
unperfused ex-vivo tissue in an effort to understand better the biological effects this
could have during clinical HIFU exposures. The final aspect of study was enhancement.
The use of cavitation during HIFU exposures was investigated to ascertain whether it
could result in larger areas of tissue damage than those obtained with heating alone from

the same exposure duration.

1.2 High intensity focused ultrasound (HIFU)

121 History

High intensity focused ultrasound (HIFU) has been used for scientific research since the
early 1940s (Lynn et al, 1942; Lynn and Putnam, 1944). Lynn et al (1942) described the
first HIFU system, which was used to generate thermal damage at depth in ex-vivo
bovine liver tissue while sparing the intervening tissue. The early investigations into
HIFU were for its use as a tool for neurosurgical research. Fry et al (1950; 1951)
performed research into the effect high intensity ultrasound had on living systems.
These studies showed that it was possible to make irreversible changes to nerve and
brain tissue in vivo with high intensity ultrasound. At this early stage, temperature was
recognised as the primary cause of damage, however cavitation (§2.4) was also believed
to play a role. Fry and Fry (1953) were the first to measure temperature changes in vivo,
due to high intensity ultrasound exposures using implanted thermocouples. This
technique used ultrasound with a frequency of 0.98 MHz over the intensity range 60-80
W/em? to determine the acoustic absorption coefficient of spinal cord tissue.
Neurological research in vivo by Fry et al (1955) demonstrated that white brain matter
was more susceptible to damage from high intensity ultrasound than grey matter. The

groundbreaking studies by the Fry brothers were the early catalyst for developments in
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focusing high intensity ultrasound beams to provide an extra-corporeal device for
generating localised trackless damage in vivo, i.e. no damage to the surrounding area.
This early work has been summarised in a book chapter written by Fry (1958). This
system was first reported to have been used to expose human patients by Fry and Fry
(1960), where the aim was to treat patients suffering from Parkinson’s disease and other
hyperkinetic disorders. Even though they reported that the symptoms of Parkinsonism
disease were eliminated in 48 patients, the technique was not pursued further. A
possible cause of this could have been that, in order to provide an acoustic window for
HIFU to propagate successfully through to the brain, a section of the skull needed to be
removed, and also that this technique was competing with the newly developed drug L-
DOPA (Hill et al, 2004).

Despite this and some success with ophthalmological treatments (Lizzi et al, 1981),
HIFU was not reconsidered for clinical applications until the 1990°s (ter Haar, 1995; ter
Haar and Coussios, 2007). The main reasons for this were that the early equipment was
not practical for widespread clinical use, and diagnostic imaging was insufficient for
treatment planning purposes (ter Haar and Coussios, 2007). The feasibility of HIFU
treatment of soft tissue tumours has been demonstrated in organs such as the bladder
(Vallancien et al 1993; Vallancien et al, 1996), kidney (Watkin et al, 1997), prostate
(Foster et al, 1993; Bihrle et al, 1994) and the liver (ter Haar et al 1998).

1.2.2 Clinical uses of HIFU

A number of centres, mainly located in China, have treated over a thousand tumours
(Wu et al 2004). The main targets have included tumours of the liver, bone, breast,
kidney, bladder and pancreas. Phase I clinical trials of liver and kidney HIFU treatments
have been carried out at the Royal Marsden Hospital, in Sutton, to test safety aspects of
treatment (Visioli et al 1999), while at the Churchill Hospital, in Oxford, clinical trials
have been carried out using the JC HIFU system (HAIFU Technology Company,
Chongqing, PR China) (Illing et al 2005). Other targets for extra-corporeal HIFU
include uterine fibroids (Hindley ez a/ 2004). Clinical HIFU treatments have also been
delivered using trans-rectal probes for the treatment of prostate cancer (Chaussy et al,
2005). Long term studies for the treatment of benign prostate hyperplasia (BHP) using
transrectal HIFU were not as successful as the standard trans-urethral resection of the

prostate (TURP) (Madesbacher et al, 2000). However, HIFU has been shown to be a
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promising treatment option for cancer patients with recurrence after external beam
radiotherapy (Gelet et al, 2004). A review article by Illing and Chapman (2007)
discusses the potential uses of trans-rectal HIFU for prostate cancer, highlighting the
fact that it is the only currently available treatment which is non-invasive and does not
utilise the effects of ionising radiation on tissue.

The basic principle behind the use of HIFU for the minimally invasive treatment of
soft tissue tumours is the generation of a continuous wave (CW) ultrasound field, which
is focused to a relatively small volume at which the intensity is sufficient to cause
irreversible tissue damage. The focal volumes of HIFU beams are typically ellipsoidal,
1-2 mm in diameter and 15-20 mm in length (axial direction) at 1.5 MHz (Watkin et al,
1996). In order to treat a tumour larger than the focus, the HIFU beam’s focal volume
must be scanned, or stepped across the required volume. Figure 1.1 shows a schematic
diagram of the concept of extra-corporeal HIFU treatment of a soft tissue tumour

located in the liver.

Coupling medium Liver

HIFU

Tumour

transducer

Lesions

Muscle

Fat

B

Figure 1.1. A schematic diagram showing the basic principle of extra-corporeal HIFU for treatment of a

soft tissue tumour in the liver. The focal region can be placed at depth within a tumour, where a series of

adjacent ‘lesions’ known as a lesion array can be formed as shown.
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HIFU-induced thermal damage may be achieved by raising tissue to a temperature in
excess of 56°C for 1s (Hill, 2004). This heating causes coagulative necrosis of the
tissue, where this damaged volume is referred to as a lesion. Lesions from a single fixed
position HIFU exposure, like the focal region used, are usually ellipsoidal, and thus, in
order to ensure that all target tissue is ablated, lesions must overlap in order to generate
what is referred to as an array. The combination of a small focal zone (compared to the
treatment volume), with the associated need to overlap lesions and to wait between
exposures to allow cooling of surrounding tissues (Malcolm and ter Haar, 1996), means
that treatment times are long (Wu, 2006).

The greater the path length through an absorbing/scattering medium (such as tissue)
the greater the ultrasound exposure needed to form a lesion. This increases the
likelihood of skin burns and other clinical side effects (Kennedy et al, 2004), due to an
increase in the pre-focal HIFU intensity to levels at which tissue damage could occur.
The current evidence suggests that HIFU is a safe and feasible technique for treatment
of liver and kidney tumours. However the rate of tumour volume ablation currently
restricts the widespread use of this treatment modality. An alternative to lesion arrays
(Figure 1.1) is to produce a ‘track’ lesion, for which the active HIFU source is scanned
over a region in order to ablate a larger volume of tissue more time efficiently. Further
complications with the clinical application of HIFU can arise from tissue movement
caused by cardiac and respiratory motion, and the presence of air or bone in the HIFU
path. These pose particular problems for liver treatments where the organ moves
significantly and tumours may be shielded by the rib cage. Bringing the interest in
HIFU a full cycle, back to the early studies in the 1950s, research has also been carried
out to overcome the barrier presented by the skull to HIFU treatments of brain tumours
(Clement et al, 2000; Tanter et al, 2007). Meanwhile, an alternative to complete
thermal ablation of tumours is to use HIFU as a means of occluding the major blood
vessels which feed tumours (Rivens et al, 1999; Ishikawa et al 2003).

Diagnostic ultrasound (US) and magnetic resonance imaging (MRI) are usually
used for HIFU treatment guidance. Both imaging techniques have associated benefits
and drawbacks as a treatment guidance modality. While MRI offers 3-D topographical
information, excellent ability to distinguish between different tissues, can be used for
non-invasive thermometry during treatment and is not affected by the HIFU acoustic
field, it is expensive to set-up and maintain, and also requires the HIFU equipment to be

MRI compatible. US currently does not offer the same ability to distinguish between

43



Chapter 1- Introduction

different tissues, or temperature imaging, but is cheaper and more portable. While
ordinary B-mode ultrasound imaging offers a rather limited ability to target and monitor
HIFU treatment, since it is not possible to image while the HIFU beam is on, research
into different imaging techniques, for example elastography (Ophir et al, 1991) or
interleaving of imaging and the HIFU exposures (Rabkin et a/, 2005) may show further

promise.

1.3 The basics of ultrasound

This section introduces some of the basics of ultrasound that are applicable to diagnostic
and therapeutic ultrasound. The concepts described in this section are discussed in more

detail in these references, Gooberman (1968), Leighton (1994) and Hill (2004).

1.3.1 The ultrasonic wave

Ultrasound can be described as a periodic pressure wave that has a frequency which is
greater than the upper limit of human hearing (~20 kHz). Acoustic waves are
longitudinal waves, so the particles in the medium, which may be a liquid, solid or gas,
oscillate in the direction of propagation. It is worth stressing that the particles only
oscillate about their equilibrium points and it is only the acoustic wave that propagates
through the medium. While the majority of the energy of an acoustic wave propagates
longitudinally, if the medium has a shear modulus some of the energy can be dispersed
through shear or transverse waves. The propagation of ultrasound in air is limited to
much lower frequencies than those used in medical ultrasound imaging. As biological
tissue is predominantly water, for medical imaging it is often convenient to make the

assumption that the ultrasound is propagating through a liquid medium.
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Figure 1.2. Schematic diagram showing the generation of an ultrasound wave with an oscillating piston

((a) and (c)) and the resulting acoustic pressure field ((b) and (d)). The blue circles represent the particles

in a medium, which are perturbed by the piston.

Figure 1.2 shows a schematic diagram of the generation of an ultrasonic wave by an
oscillating piston. The oscillatory motion of the piston exerts a force on the adjacent
particles which causes a longitudinal ultrasound wave to propagate away from it. Figure
1.2(b) and (d) show the acoustic pressure fluctuation caused by the propagation of the
ultrasound wave. The regions of high pressure (compression) correspond to the points at
which the particles have a high population density (Figure 1.2(b)). Conversely, low
pressure regions (rarefaction) occur at points with a low population density (Figure
1.2(d)). For an infinitely long sinusoidal longitudinal wave propagating in one direction,
it is possible to determine the frequency (f) of the wave from the speed of sound in the

medium (c¢) and the wavelength (A). This is given by the relationship:

c
=— 1.1
f P (1.1)
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An equation for wave motion can be rewritten for a longitudinal acoustic wave
propagating in the x direction with infinitesimally small amplitude. This gives the
second order rate of change of pressure (p) with respect to space (x) and time (7), with
the speed of sound in the material:

10°p 0°p
ot o

A general solution for equation 1.2, for a sinusoidal pressure wave, can be written as,

=0 (1.2)

p =P, sin(wt — px+6)+ P, sin(wt + fx) (1.3)
where f = @_ 277[, and o denotes the angular frequency (271 ). P4; and P4 are the
c

pressure amplitude of the wave travelling in the positive and negative x directions,

respectively and @is the phase between the two waves.

1.3.2 Non-linearity

The general solution to the wave equation (equation 1.3) is only valid for longitudinal
waves that have infinitesimally small pressure amplitude. If the pressure amplitude is
finite then the wave is no longer sinusoidal and tends towards a ‘saw-tooth’ shape. This
non-linear effect can be caused by two mechanisms. Firstly the ‘convection’ effect, if
the ratio of the particle velocity (u) to the speed of the pressure wave (c) is not
negligible then, the positive parts of the wave tend to propagate as ¢ + u. The particle
velocity, due to exposure to an acoustic wave, will depend on the particle’s location
with respect to the acoustic cycle (Figure 1.2), e.g. if the acoustic pressure is 0 MPa the
particle velocity will be 0 ms” and its displacement (&) will be 0 m. The particle
velocity varies as the wave propagates through the medium. It is at a maximum for the
peak positive pressure (assuming the particle velocity is in the same direction as the
wave velocity), i.e. compression (Figure 1.2) and a minimum at the rarefaction (Figure
1.2). Thus the pressure peaks will travel at the highest speed and the pressure minima

will travel at the lowest.
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Figure 1.3. A schematic diagram of the development of a ‘saw-tooth’ from an initially sinusoidal
waveform. The waveforms (a), (b) and (c) show the distortion of the wave as it propagates in a medium at

increasing distances from the acoustic source.

The second effect, a ‘medium’ effect, is due to the compression of the propagation
medium from the acoustic pressure. When, for example, a liquid is compressed, its bulk
modulus and stiffness increase, leading to an increase in the sound speed (c). This too
causes the pressure peaks to travel faster than the pressure minima. Since a pressure
peak is unable to overtake the pressure minimum, a discontinuous (or ‘shocked’)
waveform develops, as shown in Figure 1.3. This figure shows a waveform that is
initially sinusoidal (Figure 1.3(a)). As it progresses through the medium each
compressive region catches up with the preceding rarefaction region half cycle and the
waveform becomes increasingly steep (Figure 1.3(b)). Once the wave has propagated a
sufficient distance (the ‘discontinuity length’) the waveform becomes ‘saw-tooth’
(Figure 1.3(c)). A saw-tooth has high frequency components which are attenuated more
rapidly than the fundamental and therefore further propagation leads to dissipation of
these higher frequency components causing a reduction in amplitude that eventually
leads to the wave being unable to maintain the shocked waveform, and returning to a

lower amplitude sinusoidal wave.
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The wave equation shown in equation 1.3 is a first order approximation which
neglects non-linear effects. A first order approximation refers to the first order terms in
a Taylor power series of the acoustic variables. For example, the total pressure (p) at a
given point in space and time can be written as the Taylor expansion,

P=&p +E Dy Fenn. (1.4)
where ¢ a dimensionless parameter that is << 1. This means that the magnitude of each
term is approximately a factor of &€ smaller than the preceding term. An equivalent series
can be written for the density (p) and the particle velocity (#) of the medium. Equation

1.4 includes the first and second order approximations for the acoustic pressure. The

second order approximation for the wave equation is,

La2p2 _62172 21&62:01 0 82”1
2ot o 2¢ ot T ax?

(1.5)

2
where f, = C—% , and py the undisturbed density of the medium. The constants 4 and
0

2
B are proportional to p,c* and poz(g—pj . These coefficients depend only on the
P ) o

2

properties of the medium. The second order wave equation has non-linear components
which are shown on the right hand side of the equation, the two terms show the separate
‘medium’ and ‘convective’ non-linear components that were discussed earlier. With the
addition of the second order terms, the solution to the wave equation for a positive x
propagating wave reduces to the linear case with a wave propagating at twice the
fundamental frequency (2fp). Assuming the boundary condition at x = 0 is such that the
wave is purely sinusoidal, the second order component of the acoustic pressure shown

in equation 1.5 can be described by:

2
D, _1 A 5 (1+l£)kxsin Z(a)t—kx—zl (1.6)
2 pyc’ L 24 4

. : B . :
where Py the original pressure amplitude at the source and = is a parameter which

describes the non-linear propagation of sound in the medium. Equation 1.6 shows that
the amplitude of this wave increases linearly with propagation distance (x) and with
frequency (f), and quadratically with respect to the initial pressure amplitude. Both the
medium and convective non-linear effects contribute, but the medium effects dominate

in a typical liquid medium such as water.
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Non-linear propagation is an important effect when using HIFU, where large
pressure amplitudes (> 2 MPa) are often generated. As a HIFU wave propagates, energy
is transferred to higher harmonics, each of which will contribute to heating (from
absorption) and will also be attenuated in the tissue at different rates. This may generate
‘hotspots’, causing inhomogeneous tissue ablation and increasing the risk of damage to
overlying tissues. The effects of non-linear propagation in HIFU are therefore complex,
especially in those situations where large path lengths (up to 15 cm), focusing and

multiple tissue layers with different properties are also encountered.

1.3.3 Acoustic impedance and intensity

The term impedance generally refers to the ratio of a general driving force to the
velocity response. For an ultrasound wave, the driving force is the acoustic pressure
amplitude (P,), and the velocity response is the particle velocity () in the medium. This
gives the acoustic impedance (2)

7L (1.7)
u

Since the acoustic pressure (P,) equals the change in local pressure from equilibrium
pressure and assuming harmonic motion for the particle displacement it is possible to
rewrite equation 1.7 in terms of the speed of sound (c) and density (p) of the medium
7= pe (1.8)
An ultrasound wave carries energy in the form of kinetic energy (particle
movement) as it propagates. This energy can be quantified in terms of total energy
density (£), defined as the amount of energy in a unit volume. By considering a
sinusoidal longitudinal plane wave over a single acoustic cycle it is possible to write the

total energy density as:

(1.9)

2
max

E=%p|u

Acoustic intensity (/) is the rate at which energy in a wave crosses a unit area
perpendicular to the direction of propagation. The relationship between energy density
(E) and acoustic intensity is thus given by:

I=Ec (1.10)
From equations, 1.7 to 1.10 it is possible to write the time averaged acoustic intensity

(1) over one cycle as
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2

P,

=4
27

(1.11)

The acoustic intensity (/) in an acoustic field is often characterised by measuring the
radiation force that is incident on an absorbing or reflecting target. The radiation force
effect is due to a net transfer of momentum that arises when the target is placed in the
field. The total force exerted on a target of finite size which is placed into the field is
given by the relationship

FohA (1.12)
C

where £ is the total force on the target, 4 is the surface area of the target and 4 is a
constant dependent on the collision geometry. /4 = 1 for total absorption of the beam, 4
= 2 for total normal reflection, and 0 < 4 < 2 for partial absorption and/or non-normal
reflection.

Momentum absorbed by a liquid from an acoustic wave propagating through it can
cause a flow in the direction of propagation, this is called acoustic streaming. Acoustic
streaming generated by B-mode imaging has been measured in water flowing at speeds
of 1 cm/s (Starritt ef al, 1989). This definition of acoustic streaming refers to the bulk
movement of liquid. However, it is possible to observe similar effects near small
obstacles located in the acoustic field. It arises from the frictional interaction between
these small boundaries and the pressure fluctuations from an acoustic field in the liquid,

and is referred to as microstreaming.

1.3.4 Ultrasound attenuation

In biological tissues, refraction, reflection, scattering and absorption contribute to the
total attenuation of an acoustic wave propagating through the tissue. Refraction of an
acoustic wave is caused by the wave propagating through a region in which there is a
sound speed gradient. An acoustic wave can be reflected between two interfaces that
have different values of acoustic impedance (7). At any such interface, a proportion of
the energy in the incident acoustic wave will be reflected. If a wave propagating through
a medium with characteristic impedance Z; propagates normally towards, and through, a
second material with characteristic impedance Z», it can be shown that

27
T=—""2_ 13
(2,+2.) (-
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— (Zz _Z1)

R =
: (Zl+ZZ)

(1.14)

where T is the pressure amplitude transmission coefficient, and equals the ratio of the
amplitude of the transmitted to the incident pressure wave. R; is the corresponding
reflection coefficient and is the ratio of the pressure amplitude of the reflected and
incident pressure waves. It is possible to see that from equations 1.13 and 1.14 that if Z;
= 7, then R, = 0 and T = 1 and no reflection occurs. When the wave is incident on a
boundary not at normal incidence, partial transmission of a wave can occur, provided
that it is not at, or greater than, the critical angle (i.e. the angle above which total
internal reflection occurs). For this case, it is possible to rewrite equations 1.13 and 1.14
as,

27, cos0,
T = (1.15)
(Z,cos0, + 7, cosﬁ,)

s ATy @19
1 T 2 1
where T, is the displacement amplitude transmission coefficient, and R, is the
corresponding reflection coefficient. The transmitted wave will also be refracted.
Equation 1.16 shows that at normal incidence R = -R, such that at the plane rigid
boundary the particle velocity (u#), wave velocity (c) and particle displacement (¢) is
reversed. However at a free interface (i.e. tissue boundary) the reflection causes the
reversal of the wave velocity and pressure, where the particle velocity and displacement
are unchanged. Reflections from interfaces between tissue boundaries that have
different densities and/or sound speeds can therefore arise. This is the basis of pulse-
echo diagnostic ultrasound imaging. Scattering is a general term that describes an effect
of an acoustic wave propagating through an inhomogeneous medium. In biological
tissue, scattering specifically refers to part of the acoustic wave that is reflected and/or
refracted from interfaces between different tissues, which is due to inhomogeneities in
the tissue density or compressibility. The interaction of an acoustic wave with an
inhomogeneous medium can be described by the following wave equation (Morse and

Ingard, 1968)

2 ooy 1 8pet) 18 p(rt) » I3
V2 plrt) - L = S PR B+ v- 9l L1
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where f and 9 describe the small fluctuations in the compressibility and density

inside an inhomogeneous volume, respectively and r is a position vector.

An acoustic wave propagating in the x direction through a lossy medium can be
described (in complex notation) as:
p=pe e (1.18)
The term a is the amplitude attenuation constant which is typically quoted in nepers per
centimetre (Np/cm). Equation 1.18 shows that an acoustic wave propagating in x
dirceetion decays at an exponential rate that is determined by the value of a.. There are a
number of mechanisms by which energy can be lost from the acoustic wave. The most
significant of these is the transformation of mechanical energy into heat, as the acoustic
wave does work against the viscous forces that oppose the internal motion within the
medium. Energy dissipation can occur due to a heat flow between the compressions and
rarefactions causing an increase in the entropy of the system and a loss of energy.
Dissipation can also occur as heat is radiated from compression to rarefactions through
intermolecular energy exchange. If the medium is inhomogeneous (as for tissue) it is
possible to lose energy through scattering and from frictional heating from the relative
motions between, for example, different tissue layers. As the intensity is proportional to
the square of pressure it is possible to write an attenuation coefficient () which is equal

to 2a. This coefficient has units of decibels per centimetre (dB/cm) which is equivalent

to IOIOgIO(&j. Since both absorption and scattering contribute to the total loss of
cm

energy from an acoustic wave it is possible to write & as a sum of the absorption (1)

and scattering (u) coefficients,

M=, + U (1.19)
As the frequency of the acoustic wave increases, the timescale and physical distance

between the compression and rarefaction distances decrease, which means that the

attenuation of the acoustic wave increases. The frequency dependence of the attenuation

coefficients can be described using a power law:

u(f)=u" (1.20)

where y is the attenuation coefficient in units of Np/cm/MHz and f'is the frequency in

MHz. The factor ny describes the frequency dependence of the attenuation coefficient,

for example n, = 1.2 for ex-vivo bovine liver at room temperature (Duck, 1990).
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Absorption of an acoustic wave in tissue causes heat generation through visco-
elastic interaction with the molecules of the medium. If it is assumed that all energy lost

from the acoustic wave causes heating then it is possible to describe the rate of heat

deposition per unit volume (0) as,

O=ul (1.21)
It is possible to estimate the temperature rise in a biological system when a heat source
(i.e. HIFU) and sink (i.e. convective blood flow) are present. This is given by the

transient heat transfer equation (Pennes, 1948).

PG =kVT WG -T) =[G -1, f]+ 022
where p;, C; and k; are the density, specific heat and thermal conductivity of the tissue.
Wy, Cp, and T, are the perfusion, specific heat and temperature of the blood,
respectively, and G is a constant. Equation 1.22 can be solved numerically using either
finite difference or finite element methods (Meaney et al, 1998). A solution to this
equation, using appropriate parameters, can give an estimation of the thermal effects
and possible damage that can be caused from exposure of tissue to HIFU. However, in
its current form, it neglects any mechanical effects on the tissue that may be generated
during a HIFU exposure. These mechanical effects, or cavitation, are introduced and

discussed in the next chapter.
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2 — Introduction to cavitation

This chapter serves as an introduction to the basics of cavitation discussed in this thesis,
and predominantly focuses on reviewing the state of knowledge about cavitation

activity that can occur during ultrasound exposures.

2.1 Cavitation

The term ‘cavitation’ was first used in literature to describe a phenomenon that was
observed when the negative pressure, generated from the motion of propellers in water,
exceeded a pressure threshold (Barnaby and Thornycroft, 1895) of 6.75 pounds per
square inch (~ 0.05 MPa) giving rise to cavities behind the blades. Cavitation may be
defined as the formation and activity of bubbles (or cavities) in a liquid (Neppiras,
1980). The term formation can refer to the creation of a new cavity or to the growth of a
pre-existing cavity to a size at which macroscopic effects can be observed (Young,
1989). These cavities can be suspended in a liquid, or trapped in tiny cracks either at a
liquid/solid boundary or on an impurity within the liquid. The growth of a cavity can be
affected by increasing/reducing the ambient pressure of the liquid, by static or dynamic
methods.

Young (1989) suggests that there are four physical processes in which it is possible
to cause the growth of a bubble. Firstly, for a gas-filled bubble, its growth is caused by
the application of a negative pressure or a temperature increase. Secondly, a gas-filled
bubble can be caused to grow through a reduction in the ambient pressure. Thirdly, a
gas filled bubble can grow by diffusion (called degassing), as gas comes out of the
liquid. Finally, a vapour-filled bubble can grow when there is a sufficient temperature
rise, commonly referred to as boiling. These four growth mechanisms assume that the
bubble contains only gas or vapour. Young (1989) suggested that it would be better to
distinguish between four different types of cavitation relating them to how the cavities
were produced. Firstly, hydrodynamic cavitation can be generated through pressure
variations in a flowing liquid (e.g. close to a propeller). Secondly, acoustic cavitation
can be caused by the pressure variations in an oscillating acoustic wave. Thirdly, optic
cavitation can be produced by the deposition of high energy photons in a liquid and,
finally, particle cavitation can result from energy deposition by an elementary particle in

a liquid.
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Figure 2.1. A classification scheme for different types of cavitation (Lauterborn, 1980).

Figure 2.1 depicts an alternative scheme for classification of cavitation (Lauterborn,
1980), based on the inception process by which cavities form. This distinguishes
cavitation generated by tension from that caused by local deposition of energy in the
liquid. It is important to note that HIFU can generate cavitation through both of these

mechanisms in an attenuating medium.

2.1.1 Acoustic cavitation

The large negative pressures (up to 5 MPa) generated in the rarefaction portion of the
pressure cycle of a HIFU field can cause tension in the medium through which it is
propagating, which can lead to the formation and/or activity of gas and/or vapour filled
bubbles (Leighton, 1994). As described above, this is acoustic cavitation, and is a
threshold effect (Neppiras, 1984). Since the compressibility of bubbles is much higher
than that of the surrounding medium, they react to the HIFU field.

The temperature rise in tissue exposed to HIFU can be dependent on for example, the
acoustic absorption coefficient z,, acoustic intensity and exposure time. As the tissue
temperature rises, the threshold for acoustic cavitation falls, since the partial pressures
of the vapour and/or gas dissolved in the tissue increase. Therefore, less tension (or
force acting to separate the particles in the medium) in the tissue is needed for the
inception of cavitation at elevated temperatures. The forms of acoustic cavitation which
are relevant to this thesis fall into two categories. A bubble can oscillate stably about its

equilibrium radius; this is referred to as non-inertial (stable) cavitation. Alternatively, a
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bubble can grow to many times its equilibrium radius, and then collapse violently. This
is referred to as inertial (or transient or collapse) cavitation, so called as the inertial
forces of the bubble motion dominate in the collapse (Leighton, 1994). Section 2.4
discusses some of the effects of acoustic cavitation from HIFU exposures. Section 4.1
discusses further the relationship between these types of acoustic cavitation and an

ultrasound field, specifically the generation of acoustic emissions.

212 Thermal exsolution of vapour

A second mechanism for cavitation formation within a HIFU field comes from the focal
deposition of energy which heats the tissue. As discussed above, this type of cavitation
will only occur when the temperature rise is sufficient to cause exsolution, thus this
phenomenon cannot arise in non-absorbing media such as degassed water. When the
tissue temperature is sufficiently high, the interstitial liquid can change into a vapour,
which may result in bubble formation. This is sometimes referred to as superheating
(Crum and Law, 1995). Superheating occurs when a liquid, at constant pressure, is

heated at to a point at which it would normally be a vapour.

Solid

Pressure

Vapour

Temperature

Figure 2.2. A simple phase diagram for a substance (Young, 1989). 4, relates to a liquid at a particular

temperature and pressure, where A is a state of a liquid that is said to be superheated.

Figure 2.2 shows a simple phase diagram for a substance. At point 4 it would normally
be considered to be a vapour. However, by starting at 4; and heating slowly, while

keeping the pressure constant, the substance can remain liquid. Such a liquid in the state
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represented by 4 is “superheated” and is therefore in a metastable state. A metastable
state can be considered to be a temporary high-energy state that is not changing with
time, but can fall into a lower energy state following a small interaction. For example, it
is possible to heat water that is free of impurities at atmospheric pressure (0.1 MPa) to
180°C above the boiling point, i.e. 280°C (Young, 1989), however the addition of
impurities would result in the vaporisation of this liquid. However, at the limit of super-
heating, the tensile stress of the liquid is reduced to zero and the liquid spontaneously
vaporises. This effect was particularly of interest when it was found that liquid sodium,
the coolant used in fast-breeder nuclear reactors, can superheat to hundred of degrees
above its boiling point (Winterton, 1977) which could pose a significant safety hazard.
This effect, is thought to occur in tissue, and is generally referred to as “boiling”. It has
been suggested that in ex-vivo tissue, this effect can generate audible (1-20 kHz)
emissions during HIFU exposures (Khokhlova ef al, 2006; Rabkin et al, 2006). Boiling
bubbles in tissue/gel typically have a radius a few orders of magnitude larger (~ mm)
than those of resonant cavitation bubbles (~ 2.5 um at 1.69 MHz) and are consequently
not resonant in the HIFU field. The interaction of these types of bubbles and a HIFU

field is discussed in Section 7.2.3.

2.2 Cavitation activity and nucleation

This section gives a basic introduction to the dynamics of a single pre-existing bubble
where the pressure changes but there is no heat flow (i.e. semi-static condition), and to
the main mechanisms for cavitation inception in water and biological tissue. Both topics
are important in the investigation of the cavitation activity generated by HIFU
exposures.

Firstly, consider the dynamics of a single, static bubble, of radius R, located inside a
liquid medium that has an internal pressure (p;), which is the sum of the gas (p;) and
vapour (p,) pressures inside the bubble. This internal pressure is greater than the liquid
pressure immediately outside the bubble (p;) because of the surface tension of the wall
(Leighton, 1994). The excess pressure inside the bubble, p,, which results from surface
tension, (o), is given by:

2

2.1
R 2.1

Ps
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For a spherical bubble at equilibrium, where R = Ry, and the pressure of the liquid
immediately outside the bubble wall (p;) is equal to the pressure of the liquid away
from the bubble (py), it is possible to write the internal pressure as (Prosperetti, 1984):

20
Pi=Pyt R_o 22)
By rearranging equation 2.2 it is possible to define the critical radius (R.) of R that is
needed for the bubble to be stable
20

Pi— Do

R =

(4

2.3)

Equation 2.3 demonstrates that if the radius of the bubble is smaller than the critical
radius (R < R,.) then the surface tension will dominate, causing the bubble to contract.
For the reverse situation, if the internal pressure of the bubble dominates it will cause
the bubble to grow (R > R.). In general there are four processes by which a bubble is
prevented from being stable (Young, 1989). A bubble can rise in the liquid due to
buoyancy. It may also dissolve due to diffusion of gas out of the bubble. As discussed
above, it can contract due to surface tension or grow due to the internal gas pressure. If
the pressure of the liquid is reduced during the rarefaction cycle of an ultrasonic wave, it
may be assumed that the effects of buoyancy and diffusion would be negligible, since
they occur over a much longer time scale than the oscillations of an ultrasonic wave. It
is therefore possible to find the minimum value of acoustic pressure amplitude (P,) that
could cause the growth of a bubble of radius Rz. For a decrease in the local pressure,

due to application of an acoustic field, the equilibrium condition for the bubble

becomes:
20 | R, ’ 20
+ 2202 —p —p 422 2.4
(po R, )( Rj Do AT (2.4)

The left hand side of equation 2.4 gives the gas pressure in the bubble from an
isothermal expansion, while the right hand P, is the peak negative acoustic pressure
(Apfel, 1984) needed for equilibrium. Evaluating P, in terms of initial bubble size gives
the Blake threshold pressure (Pp) (Blake, 1949; Prosperetti, 1984; Apfel, 1984):

2

2.5)
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where Rp is the minimum bubble radius that will allow growth. This model neglects
inertial and viscous effects on the bubble and is therefore applicable only where the
thermodynamic process occurs infinitely slowly (i.e. quasi-static). For a 1 pum radius
bubble in water at 20°C, equation 2.5 shows that it would take a minimum of 0.14 MPa
to cause the bubble to grow.

The following section will briefly discuss the mechanisms for formation of
cavitation. The concepts introduced here provide a useful context in which it is possible
to discuss cavitation nucleation in later chapters. Leighton (1994) describes the process
of initiation of acoustic cavitation in a pure homogeneous liquid, in the simplest case, as
tearing the liquid apart. The cavity formed would then fill with liquid vapour and/or gas
dissolved in the liquid. The tensile strength of a liquid is the maximum tension that a
liquid can support before cavitating. Cavitation inception occurs where the pressure
amplitude was sufficient to generate a tension in the liquid that is equal to, or greater
than, the tensile strength of the liquid. In order to cause tension in a liquid with an
acoustic wave, the peak negative pressure must exceed the static pressure of the fluid.
For a HIFU field, the peak negative pressures can be an order of magnitude greater than
the static ambient pressure of 0.1 MPa. The theoretical values of the tensile strength of
water at 10°C are of the order of 1000 MPa (Kwak and Panton, 1985). This was
calculated on the basis of overcoming of the interaction of the forces between the
molecules in a face centred cubic lattice structure. It would thus not be expected that a
HIFU field would be able to generate cavitation in water. It has, however, been shown
that it is possible to cavitate water at 10 kHz with negative pressures of 0.1 MPa
(Leighton, 1994). This several order of magnitude discrepancy suggests that additional
weaknesses or cavitation nuclei must exist in the water. Young (1989) suggests that
there are three possible causes for the occurrence of cavitation when a suitable nucleus
is subjected to negative pressure (or elevated temperature). Firstly, in water, there is
evidence of spherical gas bubbles, which have been stabilised against gaseous diffusion
by the formation of a skin of organic impurity (Fox and Herzfeld, 1954). Leighton
(1994) discusses this in detail, suggesting that the formation of a variably permeable
skin can stop a bubble from dissolving while leaving it free to grow from an influx of a
gas previously dissolved in the liquid. The second and third reasons derive from the
same mechanism, namely the trapping of gas on solid particles (‘motes’) either within

the liquid, or in the crevices on the surfaces of the vessel containing the liquid. For
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example, unfiltered tap water may have a concentration of solid particle (‘motes’) of the
order 5-10%¥10* cm™ (Apfel, 1984). Each one could act as a possible nucleation site for

cavitation activity. These two mechanisms suggest that cavitation will form at specific

locations containing trapped gas.

Figure 2.3. A photograph of two syringes containing tap (a) and degassed (b) water that has been kept at
room temperature (20°C) for 24 h from a starting temperature of 16°C.

Figure 2.3(a) shows the formation of bubbles that have been stabilised against the
effects of buoyancy by attachment to crevices (imperfections) in a plastic syringe. These
bubbles can be seen attached to the internal surface of the syringe. There is a clear
difference between these two samples, as no bubbles have formed in the syringe
containing degassed water (the degassing procedure is described in §5.2). This suggests
that the partial gas pressure in the degassed water sample is sufficiently low that, even
in the presence of crevices, no bubbles will form. Leighton (1994) discusses the
common observation of the formation of bubbles on the side of a container due to the
decrease in solubility of air in water with increasing temperature. As demonstrated by
Figure 2.3(a), gas will come out of tap water as its temperature increases to room
temperature. This is one of the main reasons why the coupling medium used for the
HIFU and cavitation studies discussed in this study is degassed, since even in the
absence of an acoustic field, bubbles form in water kept at room temperature.

Gas may also be trapped in a crevice, which may be approximated to a conical pit,
in the surface of a solid that is either an impurity in the liquid, or a defect in the side of

the liquid container. If a liquid is exposed to a sufficiently large negative (acoustic)
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pressure, the liquid gas interface will be drawn out of the conical pit and become bowed

which leads to the formation of a bubble as shown in Figure 2.4 (Apfel, 1984).

Liquid under a negative pressure

Nucleation

increasing time

Figure 2.4. A schematic diagram showing the formation of a bubble from gas trapped in a crevice (shown

as a conical pit).

Using this simple model it is possible to see how bubbles are nucleated at specific
locations. The term nucleation here refers to the formation of a bubble from gas trapped
in a conical pit. However, it is a simplification of the physical process since it does not
incorporate the change in gas pressure as the gas pocket expands, or the effect of
unstable growth (i.e. a bubble that has a radius greater or less than the critical radius in
equation 2.3) which may lead to nucleation (Atchley and Prosperetti, 1989). Apfel
(1970) derived a low frequency threshold (<100 kHz) for the acoustic pressure
amplitude required to nucleate a vapour cavity from a submerged crevice approximated
to a conical pit:

cos(t; )
cos(a, - 4.)

where aa and or are the advancing and receding contact angles of the liquid-gas

(2.6)

P, = (po -D, —7cpg)+(po -P, —pJ

interface in the crevice, respectively. 3¢ is the half angle of the crevice. y. is a constant
with a value between 0 and 1, related to the rate at which nucleation process is

occurring compared with the diffusion of gas into the crevice. For example, . is equal
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to one for the static case. Equation 2.6 is only valid for crevices that have an angle
between the receding contact angles that is greater than the half angle of the crevice.
This model is limited due to the difficulty in determining the advancing and receding
contact angles for a crevice in either an impurity or imperfection. Crum (1979)
compared this relationship with experimental values for the cavitation inception
threshold in distilled water. Unfortunately this relationship is only valid for low
frequencies (<100 kHz) since at higher frequencies the dynamics of the vapour cavity
after nucleation are more significant in determining the threshold (Apfel, 1970). Thus, it
is not possible to apply this relationship at the HIFU frequencies used in this study (1.7
MHz). This model has been discussed here, since no equivalent formulation exists for
the frequencies of interest in HIFU applications. Nevertheless, the concept of conical
pits nucleating cavitation is still applicable for HIFU studies.

The previous section discussed the sources of cavitation nuclei that can exist in
water that are exposed to an acoustic field. However, the majority of this study was
undertaken in either perfused or unperfused ex-vivo biological tissue. Therefore, the
following section discusses the basic mechanics behind bubble formation in biological
tissue.

One of the commonly known instances of bubble formation in biological tissue is
decompression sickness (DCS), which occurs in underwater divers who surface from
depth too rapidly. The cause of this is thought to be the formation of gas bubbles in the
body (Chappell and Payne, 2006a). These bubbles can form when the dissolved gases,
held in solution within human tissue, are released during too rapid decompression. This
occurs when a diver returns to the surface (i.e. atmospheric pressure) from a deep-sea
dive in which they have been exposed to increased pressure (0.1 MPa increase for every
10 m in depth). This decrease in the pressure may be thought of as analogous to the
exposure from the negative pressure portion of an acoustic cycle, but over a larger
volume.

The availability of cavitation nucleation sites within the body is of particular interest
for the study of cavitation activity from HIFU exposures in tissue. A simplistic
description of a mammalian cell is that most contain a (~5 um diameter) nucleus (i.e. it
is eukaryotic), cytoskeleton, and cytoplasmic organelles which are surrounded by a
plasma membrane (Cooper, 2000). There are many different types (and therefore sizes

and shapes) of cells, and whilst a description of them is outside the scope of this thesis,

62



Chapter 2- Introduction to cavitation

it is informative to note that these cells usually also contain organelles such as
mitochondria, chloroplasts and Golgi bodies and have typical diameters between 10-100
pm. Water is the predominant constituent of a cell, typically making up >70% of its
molecular mass. Since a cell is largely water it might be expected that the generation of
acoustic cavitation in biological tissue would occur throughout the targeted region.
However, as discussed above, the generation of bubbles in water typically requires the
pre-existence of nuclei, either in the form of bubbles or gas trapped in crevices or on
motes. The finding that the bubbles formed from DCS are unlikely to be
homogeneously generated in the body, but tend to grow from pre-formed micro-bubbles
or nuclei supports this hypothesis (Chappell and Payne, 2006a). It has been suggested
(Harvey et al, 1944a; Harvey et al, 1944b) that a number of potential nucleation sites
(such as, for example, mitochondrial membranes), that have a suitably ‘rough’ surface
to trap gas held in solution in the body tissues (Chappell and Payne, 2006a). In blood, it
has been suggested that there may be “crevices” in the walls lining blood vessels
(Chappell and Payne, 2006b). The existence of cavitation nuclei in the blood and tissue
would suggest that the application of an acoustic field might be able to generate acoustic
cavitation.

It is also possible to introduce cavitation nuclei through the insertion of a foreign

object, for example a fine wire thermocouple. Such a thermocouple has been used for

the measurement of temperature rise in ultrasound applications (§7.4.1).

Figure 2.5. Two photographs of the junction of a fine wire thermocouple that showing crevices on the
surface (a) and the side (b).

Figure 2.5 shows a microscopic view of a fine wire thermocouple (see §7.4 for details).

It shows that its surface might be able to trap cavitation nuclei.
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2.3 Models for single pre-existing bubbles

A mass on a spring can be analogous to a linearly oscillating bubble (Leighton, 1994).
For a driven oscillator (i.e. a bubble in an acoustic field) the displacement of the mass is
analogous to the motion of the bubble wall and the spring constant is the restoring force
analogous to the changes in the internal gas pressure of the bubble. The driving force
provided by an acoustic field is analogous to the periodic displacement of the point of
attachment of the spring to the other end of the spring (Leighton, 1994). By
incorporating damping into this model, it is possible to write the displacement

amplitude (44) and phase (tan§),) as (Leighton, 1994):

@,
e e
i R— +72
0 o, 0
1
tan @ :L (2.8)

where m is the mass of the bob, F, is the amplitude of the driving force, ® is the driving
frequency and o, is the resonant frequency. Q is the ‘quality factor’, which in this case
is the response of the oscillator to being driven at frequencies away from resonance and
6, is the phase lag between the driving force and the displacement amplitude. Figure 2.6
shows a plot of the displacement amplitude and phase lag for this simple linear
oscillator system for a number of different O values. As would be expected, Figure
2.6(a) shows that as Q increases, the peak normalised displacement amplitude increases.
Figure 2.6(b) shows that as the drive frequency increases, from well below the resonant
frequency, the displacement starts to lag behind the driving force and as it increases
well past resonance the displacement becomes 180° out of phase with the driving force
(antiphase). These two regions are referred to as stiffness-controlled (well below
resonance) and inertia controlled (well above resonance). This suggests that for a bubble
driven at a frequency well above its resonant frequency, the inertia in the surrounding
medium would be more significant than the driving force (in this case an acoustic field)
and vice versa for the stiffness controlled regime. This suggests that inertial cavitation
would be more likely when the frequency of a HIFU exposure is above the resonant

frequency for the bubble population exposed. If the frequency dependence of damping

64



Chapter 2- Introduction to cavitation

in this model can be ignored then the response curves shown in Figure 2.6 are
representative of a bubble undergoing small-amplitude oscillations in response to an

acoustic field.
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Figure 2.6. The amplitude (a) and the phase response (b) of a damped linear oscillator as a function of the
drive frequency (Leighton, 1994).

The following section discusses the damping experienced by a bubble exposed to an
ultrasound field and the effect this has on the surrounding medium An acoustic field
propagating through a region containing a bubble can experience a loss of energy,
causing the bubble to undergo oscillations. These bubble oscillations can transfer
energy from the acoustic field into the medium through thermal and viscous dissipation.
Thermal dissipation arises from thermal conduction between the gas within the bubble
and the surrounding medium. Viscous dissipation comes from the work required for the
bubble to overcome the viscous forces due to the medium surrounding the bubble wall.
An oscillating bubble leads to further attenuation of the acoustic field from scattering or
radiated pressure waves (§4.1) from the bubble. The loss of energy from the acoustic

field due to the presence of a bubble can be expressed as the ratio of the time-averaged

power loss per bubble (<W>) to the acoustic field intensity, which gives a dimensionless

quantity called the extinction cross-section (Q;") of the bubble (Leighton, 1994):

szt _ <IK> 2.9)

The extinction cross-section can be described in terms of the absorption cross-section

(Q”) due the effects of thermal and viscous dissipation, and the scattering cross-
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section (Q;“). For bubble oscillations that are approximately linear, the scattering

cross-section can be written as (Leighton, 1994):

2

Q.}s)cat — . 47[?0 5 (210)
() /0)" =1)" + (2, / @)
1 [3xp, . : L
where o, :R— and the total resistive constant leading to damping is,
oV P

B =;)—é, the angular frequency, @ =27f,, and R, is the equilibrium radius of the

bubble. Equation 2.10 can be used to calculated the acoustic scattering cross-section for
a range of bubble sizes in water at 20°C, giving a density () of 1000 kg/m’, hydrostatic
pressure of 0.1 MPa and the polytropic index (k) of 4/3 (adiabatic conditions).
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Figure 2.7. The scattering cross-section for a bubble, where the damping has been assumed to be

independent of frequency, in an acoustic field with frequency (a) 30 and (b) 248 kHz (Leighton, 1994).

Figure 2.7 shows that there is a peak in the scattering cross-section when a bubble is at
resonance. Below resonance, the cross-section tends towards zero. Figure 2.7(b) shows
that as the bubble size increases the scattering-cross section can be much larger than that
for a bubble driven at resonance. This suggests that as well as resonant bubbles, bubbles
that are significantly larger than the resonant size would scatter acoustic waves
effectively. Resonant bubbles couple strongly with the acoustic field, causing large
radial oscillations. However, bubbles, which are larger than the acoustic wavelength,
will be unresponsive to the acoustic field and have negligible oscillations, and any
scattering from these bubbles would be related to the geometric size of the bubble
(Leighton, 1994). For example, this suggests that the resonant acoustic cavitation

bubbles generated in a HIFU field could have a smaller scattering-cross sections than
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bubbles generated from thermal mechanisms which are a few orders of magnitude
larger, this is discussed in section 7.2.3.

The absorption cross-section can be written as the sum of the thermal dissipation

(Q") and the viscous dissipation cross-sections (}” ), which can be expressed in terms

of the scattering cross-section and dimensionless damping constants (Leighton, 1994):

QP =Q) +QF = [d—’h + %jﬂg"‘” (2.11)
drad drad
where d, d,;; and d,,q are the off-resonance damping coefficients for thermal, viscous
and radiation loss mechanisms. These coefficients can be calculated from the work of
Eller (1970). Figure 2.8 shows the damping coefficients for a range of bubble sizes
exposed to 10 kHz and 1.69 MHz acoustic fields. Figure 2.8(a) shows that for the low
acoustic frequency, thermal damping is dominant below resonance, but above it
radiation damping is the dominant effect. Near resonance, there is a transition between
dominant mechanisms from thermal to radiation damping (Eller, 1970). At the higher
acoustic frequency (1.69 MHz) Figure 2.8(b) show, that viscous damping is the
dominant source below resonant size, but above this radiation damping dominates. This
would suggest, assuming only small amplitude oscillations occur, that in a HIFU field at
this frequency heating from viscous effects would be the dominant effect for bubbles
smaller than 2.5 pum, while scattering would dominate for larger bubbles. Leighton
(1994) provides an in depth discussion of the Eller (1970) and Prosperetti (1997)

formulation of these damping coefficients.

67



Chapter 2- Introduction to cavitation

a) resonant size b)

& 510°
o o
£ £
D O .
S 9 resonant size
£ 240 \L
£ £

-3
S 10 F S \
a HE
o o 10 =
§107} { &
§ % —%,
g 5| — %, |] g 10" i

10 d
rac! Vi
6 dfof . dfof
10 ; 10 : :
10° 10° 10" 10" 10’ 10°

Equilibrium radius (R mm)

Equilibrium radius (R /um)

Figure 2.8. The damping coefficients for a range of bubble sizes for an acoustic frequency of (a) 10 kHz
(Eller, 1970) and (b) 1.69 MHz. The d,; is not shown in (a) as it is much smaller than values on the axis

shown. The arrows indicate the resonant sizes for a bubble at these acoustic frequencies.

The extinction cross-section is the sum of the scattering and absorption cross-
sections and can be written (Leighton, 1994):

d

tot Qsc‘at
b

rad

Q[e;xr — chat +szs — (212)

Equation 2.12 gives the proportion of incident energy from an acoustic field that is
dissipated by all mechanisms through the small amplitude oscillations of a bubble.
Inspection of equation 2.10 shows that these cross-sections have a maximum at

resonance (@), which can be reduced to:

y 47R,’
Q;Lat — 2O (fOI' kR() << 1) (213)
é‘t()l
where the total damping constant for oscillations at the bubbles resonant

o . =~

tot

% (Leighton, 1994). Equation 2.13 shows that, at resonance, the
2

frequency

scattering cross-section is &, times greater than the geometrical cross-section (47R; )
(sinced,, =1/Q, where Q is the quality factor of the bubble, hence J,,< 1). This

relationship is only valid when the product of the wave number and equilibrium radius
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is much less than one, limiting the maximum range of bubble sizes and/or frequencies
for which this model is applicable. The extinction cross-section can be simplified to:

4nR,c
-

tot

Q) = (for kRy << 1) (2.14)

a)O

Equations 2.13 and 2.14 demonstrate that gas bubbles readily interact with an acoustic
field via scattering and absorption of the acoustic energy. This shows why they are of
such importance to the investigation and development of HIFU research.

So far, this section has discussed the basic mechanisms behind a linearly oscillating
bubble. However, a bubble is a non-linear oscillator, and hence the amplitude of the
bubble oscillation is not directly proportional to the driving force. The remainder of this
section will introduce, and briefly discuss, some of the more commonly used non-linear
equations for the modelling of bubble dynamics.

The simplest of these models is called the RPNNP-bubble model (Lauterborn,
1976), named after the authors who contributed to its formulation (Rayleigh, 1917;
Plesset, 1949; Noltingk and Neppiras, 1950; Neppiras and Noltingk, 1951; Poritsky,
1952). However, it is more commonly referred to as the Rayleigh-Plesset equation
(RPE). Lord Rayleigh (1917) considered the kinetic energy in an incompressible liquid
during the collapse of a spherical empty cavity (i.e. containing no vapour or gas
pressure). This model was expanded by Plesset in 1949 who derived the following
relationship for a vapour filled bubble in a changing pressure field (Young, 1989):
PL=Pe _pp.3p (2.15)

Yol 2
where R and R are the radial velocity and acceleration of a spherically symmetric

bubble wall. p_ is the pressure in the liquid at infinity. The next addition to the model,

provided by the two papers from Noltingk and Neppiras (1950; 1951), considered gas
filling the bubble. Gas acts as a cushion for the collapse, and as a driving force for the

subsequent expansion of the bubble. The liquid pressure ( p,) is determined for the

bubble in equilibrium. Since the internal pressure of a bubble is the sum of the gas ( p, )

and vapour ( p, ) pressures it is possible to rewrite equation 2.2 as:

20 i
P; =Dyt R_ — p, (at equilibrium) (2.16)
0

If the pressure of the liquid changes from equilibrium causing the pressure just outside

the bubble to be equal to p,. This change from equilibrium pressure will cause the
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bubble radius to change from its equilibrium value to R. Assuming the gas can be

approximated to an ideal gas and considering the effects of surface tension (equation

2.1), it is possible to write the pressure immediately outside the bubble wall as

(Leighton, 1994):

P = (Po +2—G—Pv](&j3k +D, 20 (2.17)
R, R R

where x; the polytropic index, equals 1 for isothermal conditions, or varies with the

ratio of the specific heat capacity of the ideal gas, C,/C,, which corresponds to

adiabatic behaviour. Combining equation 2.17 with equation 2.15, and substituting the
relationship for p, = p, + P(t), gives

3k
. 3., 1 20 R 20
RR+—R" =— +—- 0 +p ———p, — P(t 2.18
> p[[po R, pvJ( Rj Pm " P ()] (2.18)

where P(¢)is a time varying pressure (e.g. an acoustic field). The incorporation of the

effect of viscosity by Poritsky (1952) into equation 2.18 gives the common form
(Leighton, 1994) of the ‘Rayleigh-Plesset equation’:

3k .
. . R
RE+2R =L)| p+ 20— p [Bo] 4 p 220 2R Py (2.19)
2" T, R, R

where 77 is the shear viscosity of the liquid. Authors commonly point out the limitations
of this equation (Young, 1989; Leighton, 1994), which are as follows. (1) It only
considers a single bubble in an infinite medium, (2) at all times the bubble remains
spherical, (3) spatially uniform conditions exist within the bubble, (4) the bubble radius
is small compared to the acoustic wavelength, (5) no body forces (such as gravity) are
present, (6) the density of the liquid is large and of infinitely small compressibility
compared with that of the gas within the bubble, (7) the gas content of the bubble is
constant and (8) the vapour pressure is negligible. The assumption that the bubble
remains spherically symmetric is probably the least valid assumption when trying to
model the physical process, since it is known that bubbles undergo shape distortions
during oscillations (Leighton, 1994).

It is possible to model equation 2.19 by rewriting it as two coupled, first order
differential equations, which was modelled in this study using a fourth order Runge-
Kutta (Birchenhall, 1994) routine with a adaptive time step, written in the C

programming language. Figure 2.9 shows the oscillations of a single bubble in water
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exposed to an (10 kHz) acoustic field. = The acoustic field is defined by,

P(t) =P, sin(wt) .
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Figure 2.9. Radial bubble oscillations in water at 20°C, calculated from equation 2.19, for (a) a bubble
with an equilibrium radius of 2 mm exposed to a 10 kHz and P, = 0.27 MPa acoustic field (b) a bubble
with a 1 pm equilibrium radius exposed to a P,= 0.24 MPa, 10 kHz acoustic field. These plots reproduce
data shown in Leighton (1994).

The numerical solutions to the RPE shown in Figure 2.9 show general examples
of the bubble behaviour categorised as non-inertial (Figure 2.9(a)) and inertial (Figure
2.9(b)) activity.

The most common improvement to the approximations of the RPE equation is to
improve on the incompressible liquid assumption. This assumption breaks down when
the bubble wall velocities approach the sound speed of the liquid. The Herring-Trilling

equation allows the modelling of cavitation in a compressible medium.

. - . )
RRR - omy+ 3B _apry - BR L P =Dy (2.20)
OR 2 poc dR P

where M is the acoustic Mach number (M = R/c). This model assumes that there is a
finite, constant speed of sound in the liquid. It is limited to describing bubble collapse
from a small expansion i.e. the maximum radius achieved during expansions is only a
few times greater than the equilibrium radius (Leighton, 1994). The Gilmore equation
improves further on this by applying a further approximation, addressing the formation
of shockwaves when the bubble wall velocity approaches the velocity of sound in the
medium. The shockwave velocity is the sum of the sound and fluid velocity (Young,

1989). This gives:
R ri s 3o Bore o1 B g o B[R i 2.21)
C 2 3C C C C)dt
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where H is the difference in the liquid enthalpy between the bubble wall and infinity,
and C is velocity of sound at the bubble wall. These terms are both functions of the
motion of the bubble, making this a much more involved, but accurate, solution for
radius oscillations (Young, 1989). Work by Keller and Miksis (1980) provided a radial
equation which was suitable for describing large-amplitude forced oscillations,
incorporating the effects of acoustic radiation on the bubble and using the
approximation of a linear polytropic index (Leighton, 1994). The Keller-Miksis

equation can be written as (Parlitz ef al, 1990):

(1 —EjRﬁ + %(1 —ﬁjfez = (1 + 5] PRRD | R OPRRD (2.22)

c 3c c P Jols ot
where
3k .
. 20 | R 20 4oR
PRRO)=|p, —p,+— | 2| - =————p_+p, —P(t 2.23
( )[p D, ROJ(R) R R P, +p,—P@) (2.23)

Prosperetti et al (1988) further modified the work of Keller and Miksis (1980) allowing
for a non-uniform temperature distribution inside the bubble and including the effects of
the convection and conduction of heat. This model allows the study of the effects of a
temperature change in the surrounding medium. This is an important factor when
considering the generation of bubbles during HIFU exposures in tissues (or phantoms).
These models, if they were to be used for HIFU exposures, would need to incorporate a
non-linear acoustic field model into the P(?) term, which is non trivial. This section has
discussed some of the available models for describing cavitation activity. The RPE is
used later in this study (§7.2.3) to investigate scattering effects seen during HIFU
exposures in tissue. It was believed that this model was sufficient for this task. Since

this study had an experimental focus the other models have not been pursued.

2.4 Cavitation effects in HIFU studies

The previous section discussed some of the linear and non-linear models used in the
description of the complex field of cavitation. This discussion was predominantly
concerned with a single bubble that was exposed to a general acoustic field in a liquid
medium. The following section will discuss some key publications which report
cavitation in HIFU studies in tissue and phantoms. These discussions predominantly

focus on the effects of cavitation on the temperature rise or tissue damage associated
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with HIFU exposures. A detailed discussion of detection systems will be presented in
the next chapter.

Hynynen (1991) reported one of the first studies which looked specifically at the
effect of cavitation on the enhancement of HIFU lesions in vivo. In this study, the thigh
muscles of 13 dogs were exposed to a range of frequencies from 0.246 to 1.68 MHz. A
focused hydrophone was used to monitor acoustic signals (§4.1) in the frequency range
0.2-1.0 MHz. Temperature was measured using a fine-wire thermocouple (FWT) that
was inserted using a catheter filled with degassed saline. The data presented were the
simultaneous (focused) hydrophone and temperature measurements at different
locations in the muscle. They showed that as the HIFU intensity was increased,
temperature rises were recorded that exceeded the expected linear relationship, based on
temperatures seen at lower intensities. This data was compared with the acoustic
emission data and there was a correlation between the sudden increases in the rate of
rise of the temperature and the detection of wide band noise was found. This led the
authors to suggest that cavitation activity caused the increased heating. This was a
reasonable assumption based on their experimental technique. Since it is possible that
the FWT seeded the cavitation, it would have been useful to compare the signals
detected with and without a thermocouple, at some of the intensity levels. However, the
temperature increase reported could have just been a localised measurement that
directly resulted from the introduction of a thermocouple, rather than an observation of
a general increase in the temperature of the tissue from the cavitation activity. It was
also noted, that the temperature rise, for some exposures above the cavitation threshold,
reached the boiling point of water. This suggests that both thermally and acoustically
generated bubbles could have been created during the in-vivo exposures. The paper
states that it is inertial cavitation that caused the “enhanced” temperature rise, but a half
harmonic was clearly present in the acoustic emissions when increased temperature rise
was seen. This suggests that non-inertial cavitation could also have occurred, since half
harmonic emissions can be generated by both types of bubble behaviour (§2.1).
Considering this, and the fact that it is quite possible that thermally generated bubbles
could have formed, the paper’s conclusion that the temperature rise was caused by
inertial cavitation may be incomplete. The author did not attempt to describe the
physical causes for cavitation enhancement of the heating in vivo.

Watkin et al (1996) investigated the relationship between the spatial peak intensity

(Isp) and the position of a lesion generated from a 1.69 MHz HIFU transducer in in-vitro
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tissue models. Ex-vivo bladder and liver tissue was exposed to a range of Iy, values
between 1220-4660 W/cm?® for durations of either 2 or 4 s. The aim of this was to find
suitable HIFU exposure conditions that produced predictable lesion sizes and shapes,
which could be used clinically. They found that for 2 s exposures at a free field 7, range
of 2500-4200 W/cm® the position of the lesion shifted towards the HIFU transducer.
They also found that these types of lesions had a characteristic ‘tadpole’ shape. A
possible cause for this was suggested to be due to the formation of bubbles, either from
boiling or acoustic cavitation, which caused an increase in absorption within this region.
However, no secondary evidence for this hypothesis was investigated and these
assumptions were based on previous authors’ observations, for example Hynynen
(1991). Another hypothesis investigated was that non-linear propagation of the HIFU
field generated superharmonics that were absorbed more readily in the tissue. However,
the authors state that this would be unlikely to cause the shape distortion, as this effect
would be maximal at the HIFU focus. For these reasons, the authors suggest that a
clinical HIFU exposure should be for a longer duration at a lower intensity in order to
generate predictable lesion geometry and positions. This publication recommended that
cavitation should be avoided for clinical applications.

Clarke and ter Haar (1997) studied the temperature rise created in ex-vivo liver
caused by various levels of 1.7 MHz HIFU exposures. Temperature change was
measured using an implanted needle thermocouple. The aim of this work was
predominantly to demonstrate the ability of HIFU to denature proteins ex-vivo
establishing whether the temperature rise would cause this effect. However, the authors
noticed that at the higher range of their exposure parameters, the measured temperatures
were lower than those expected from comparison with the lower exposure levels. They
hypothesise that the formation of bubbles in the pre-focal region caused these effects.
The bubble type is not specified, other than the suggestion that it was “cavitation and/or
boiling”. This lack of differentiation between acoustic cavitation and boiling, when
describing the mechanism by which the bubble is formed (§3.1), is a common problem
in the HIFU literature. The formation of boiling bubbles in the pre-focal region is the
more likely explanation for the shielding effects seen based on the rate of heating before
shielding occurs. However, in one example, a “temperature runaway” was shown which
was followed by a reduction in the measured temperature rise, presumably caused by
shielding. ‘Temperature runaway’ was defined as the measurement of a faster rate of

heating than would have been expected from the absorption of acoustic energy. A

74



Chapter 2- Introduction to cavitation

possible alternative explanation, not considered by the authors, is that this reduced
heating could be due to non-linear propagation causing superharmonics which were
attenuated more rapidly in the tissue. This study, from the perspective of cavitation
studies, showed that the possible formation of bubbles during HIFU exposures could
have a detrimental effect on the temperature change in the tissue at the focus.

Meaney et al (2000) used a non-linear acoustic field model to investigate the
intensity dependence of the lesion position during HIFU exposures. Incorporated into
this model was an approximation for the occurrence of acoustic cavitation and/or
boiling. It was assumed that due to the rapid heating at the modelled HIFU intensities
that these two types of cavitation could be assumed, for the purposes of the model, to
have occurred almost instantaneously and be indistinguishable. The cavitation effects
were incorporated into the model by assuming that when the tissue temperature
exceeded 100°C that all of the incident energy would be summed and deposited
uniformly in over a 0.5 cm diameter spherical volume around the point which first
reached this temperature. This technique was able to provide qualitative information
about how a boiling region in the focal field would effect lesion growth. The results
obtained simulated the shape distortion of those seen in earlier experimental
investigations (Watkin et al, 1996; ter Haar and Daniels 1997). Unfortunately, this
technique for the estimation of the effects of cavitation does not rely on any bubble
dynamics, rather it relies on empirical observations. Thus you would expect the model
to agree with the empirical observations on which the approximations were based.
However, a full realisation of the bubble activity in an large volume would require a
significant research effort and the assumptions made for example for bubble populations
or nucleation probability may prove no more valid than those made in this model.

Holt and Roy (2001) presented an experimental and theoretical investigation into the
effect of “bubble enhanced heating”. The authors referred to the possibility that
enhanced heating from acoustic cavitation could be caused during HIFU exposures in an
effort to explain the phenomena observed in the two publications discussed previously.
The experimental aspect of the paper discussed bubble activity and heating in agar gel
phantoms measured independently. An array of wire thermocouples (type E, Omega
Engineering) was embedded into the gel phantoms and a needle hydrophone (embedded
in the gel at the HIFU focus) was used to measure the HIFU field, and to detect acoustic
emissions. The results are similar to those of the Hynynen (1991) study. However, the

hydrophone was not in place (since it was located at the HIFU focal peak) for the
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temperature measurements. This could suggest a potential problem because the needle
hydrophone may have seeded cavitation, thus throwing doubt on the threshold pressures
for the detection of acoustic emissions quoted in the paper. “Enhanced” temperatures
are shown as temperature increases that deviate from the linear heating model outlined
in the paper. For example, for a 10.2 s HIFU exposure the measured temperature was
15°C higher than that predicted from the linear model at an in-situ peak negative
pressure of 1.5 MPa +10%. The theoretical section of this publication discusses two
possible bubble mechanisms that may lead to the “enhanced” temperatures seen. Their
analysis was based on the solution of the Keller-Miksis equation (Keller and Miksis,
1980), as discussed in the previous section. A number of steps from this analysis has
been reproduced here in order to identify the key ideas involved in the hypothesis that
‘enhanced’ heating could originate from acoustic cavitation activity in a HIFU field.

The power dissipated by a bubble, W, can then be given by (Prosperetti, 1977):

2
W, =16xuR R (2.24)
where R is the instantaneous radius of the bubble and R is the velocity of the bubble
wall. If it is assumed that the energy is dissipated solely as heat then equation 2.24
gives the viscous component of the heat contribution for a single bubble. For example,
they calculated for a HIFU field of 2 MPa with a frequency of 1 MHz that the maximum
energy dissipated from this process is approximately 32 mW which was suggested as
being increased by about 5% due to a HIFU exposure alone. This theoretical prediction
suggests that even a single bubble can have a significant effect on the absorbed energy.
The second mechanism is acoustic absorption. This can be either from bubble radiated
acoustic radiation or from scattering of the acoustic field from the bubble. The radiated
sound energy that is converted into heat energy may be calculated by assuming that the

far field pressure, Py(7,?) radiated by an oscillating bubble is:
Pn)=PR QR+ RR) (2.25)
r

where p was the density of the medium. R gives the acceleration of the bubble wall and
r is the distance away from the bubble at which the pressure was calculated. It is
assumed that the pressure is that of the far field, and thus that the acoustic pressure and
velocity are in phase and that the pressure propagates as a plane wave. This allows the

acoustic intensity to be written as I, = P,*/2pc, where c is the speed of sound in the
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medium. The power dissipated to heat from bubble radiation or absorption is thus

estimated to be:
4
W = (g 7Ry)2al, (2.26)

where Ry is the equilibrium radius of the bubble and « is the attenuation of the medium.
Equation 2.26 can be modified to give the power dissipated from scattered radiation if 7,
is evaluated for » = Ry. I, becomes Iy, related to the circumference of the bubble,
incident HIFU intensity and the bubble scattering cross-section (section 2.3; Leighton,
1994). The authors point out that since the bubbles are treated as linear oscillators, their
calculations are only estimates of the contribution of the heating enhancement from this
non-linear bubble behaviour. To extend these calculations for non-linear oscillations is a
non-trivial task since the assumptions for the absorption coefficient (Devin, 1959; Eller,
1970) are for linear oscillations. The estimates for heat deposition from acoustic
cavitation activity provided by the modelling in this publication suggests that a
population of 100 bubbles active in the focal region could account for the ‘enhanced’
heating observed from the HIFU exposures in a tissue mimicking material. They
suggest that the dominant mechanisms for this enhancement are the viscous component
and absorption of the acoustic emission. This publication thus provides a useful
reference for the possible mechanisms for ‘enhanced’ heating from acoustic cavitation
during a HIFU exposure.

A study by Sokka et a/ (2003) of gas-bubble enhancement of ultrasound heating in
vivo, showed the use of a single high intensity exposure (1.1 or 1.7 MHz, 300 W
acoustic power, 0.5 s exposure) followed by a lower intensity, longer exposure to create
‘larger regions’ of tissue damage. Larger regions were assessed through comparison
with equivalent duration and acoustic power exposures without the high intensity
exposure. This work was carried out using a HIFU transducer driven at two frequencies,
and was guided by MRI. The use of MRI allowed monitoring of the temperature rise
during the HIFU exposure. Unfortunately, accuracy was limited as a measurement
could only be acquired every 4 s. At both drive frequencies, the tissue damage from a
range of 20 s HIFU exposures over a range of acoustic powers was compared with that
generated by exposures of 0.5 s at 60 W acoustic power followed by single 19.5 s HIFU
exposures at increasing acoustic power levels. Subharmonic emissions were monitored

with focused PZT elements, which were co-focally aligned with the HIFU focus to
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provide evidence of acoustic cavitation activity. However, the MR temperature imaging
acquisition sequence generated noise that interfered with the cavitation measurements,
thus subharmonic emissions could only be measured between temperature imaging
acquisitions. The use of the high power (300 W) 0.5 s exposure caused a higher
temperature rise in these measurements, particularly in the first measurement at 4 s. For
example in muscle tissue the average temperature at 4 s for the 28 W, 20 s exposure was
5.1 £0.7°C (measured from Figure 3(e) and (f) in the publication), compared with 15
+3.7°C for a 0.5 s 300 W and 30 W 19.5 s exposures. However, the peak temperature at
the end (20 s) for these exposures was 30.6 +£7°C and 32.5 £6°C, respectively. The
authors suggest that the range of peak temperature rises for both exposure types is due
to targeting at different depths, which could be why this averaging was not done. The
difference in lesion sizes was quantified by taking the ratio of the mean lesion
width/height, for a 14 W acoustic power exposure. This gave ratios of 0.55+0.21 and
0.96+0.23 for exposures with and without the 300 W 0.5 s exposure. This does not
strictly demonstrate that the lesion volumes were larger as they could be more ‘tadpole’
in shape. Thus, it is difficult to establish that this was definitely caused by acoustic
cavitation activity, as the authors claim since there is no data showing the temperature
rise caused by the high power exposure alone, which could have been the cause of the
initially large temperature rise seen. For example, the total energy deposited from the 20
s exposure at 14 W is 280 J where the 0.5 s at 300 W and 19.5 at 14 W is 423 J, which
represents a more than 60% increase in the energy deposited that would mainly be
converted into heating. This is further complicated by the fact that is it not possible to
resolve the heating from this 0.5s exposure using the 4 s MRI temperature imaging. The
suggestion that the presence of subharmonic emissions is evidence for the increased
temperature rise and damage being caused by inertial cavitation is also misleading,
since, as mentioned previously, subharmonic emissions can be generated from both
inertial and non-inertial cavitation activity. Thus, without additional acoustic detection
information it is not possible to substantiate this claim.

In a study that was conceptually similar to that of Sokka ez a/ (2003), Melodelima et
al (2003) studied the use of thermal and cavitation effects to generate lesions “deep”
(2.5-15 mm) in ex-vivo liver. An unfocused 5.16 MHz HIFU transducer was used. They
established the “cavitation threshold” from 0.5 s exposures as being above 60 W/cm?.
This threshold was defined by the detection of hyperechogenicity in a B-mode image

after the exposure. No distinction was made between acoustic cavitation and boiling.
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This work indicates that the use of a 0.5 s, 60 W/cm? “cavitation’ exposure prior to a 20
s 14 W/em® ‘heating’ exposure caused a lesion to form 8 mm ‘deeper’ in the ex-vivo
tissue. One significant shortcoming of this study is the lack of data demonstrating that
cavitation activity alone caused the increased damage. For example, it is possible that
the short high power exposure (the ‘cavitation’ exposure) led to heating in the tissue
which caused the larger lesions. Such thermal enhancement could have generated
boiling, causing the observed increase in echogenicity, thus it is difficult to identify
whether the ‘cavitation’ enhancement of the lesions was directly due to acoustic
cavitation activity. However, it is also possible that the ‘cavitation’ exposure caused a
greater peak temperature rise resulting in a larger lesion, and the echogenicity (used as
an indication of cavitation activity) resulted from this higher temperature (i.e. boiling
occurred) but did not directly contribute to the lesion ‘enhancement’.

Roberts et al (2006) pioneered a non-thermal technique for tissue destruction using
high intensity short duration ultrasound pulses. The technique is called histotripsy as it
is similar in application to lithotripsy (§3.3) other than it is targeted for soft tissue
destruction. As the pulses are typically short (~ 20 us) with a pulse repetition rate of 100
Hz the tissue destruction is from mechanical processes rather than the thermal effects
typically seen from HIFU exposures. In this investigation, homogenised regions of
tissue were generated in vivo with 1000 or 10000 pulses that, under gross examination,
displayed regions with a liquefied core with smooth walls and sharply demarcated
boundaries. The therapeutic ultrasound system was able to deliver intensities of 20000
W/em? at a frequency of 0.75 MHz. It was guided by a 2.5 MHz diagnostic imaging
probe (General Electric Medical Systems, Wisconsin, USA), which was used to
visualise the focal region. A hyperechogenic region was observed in the focus during
the exposures, but this dissipated rapidly after the exposure had finished. This technique
demonstrates the ability for acoustic cavitation activity to damage tissue.

Liu et al (2006) used dual frequency systems in order to cavitation-enhance lesion
formation. This system used 1.16 and 0.57 MHz HIFU transducers combined with 28
and 40 kHz planar transducers. The rationale was that a lower (kHz) frequency used in
combination with a HIFU (MHz) frequency would increase the probability of cavitation
induction in porcine muscle tissue and that the presence of such bubbles would increase
the local heat deposition. Both high and low frequency transducers were driven

simultaneously for exposure durations of 20-100 s. The paper demonstrates that the dual
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frequency system produced larger and more predictably shaped lesions than that using
the single high frequency alone. One possible drawback to the implementation of the
technique presented was that the lower frequency transducers were aligned
perpendicularly to the HIFU transducers, requiring two acoustic windows for access,
and a method for aligning the foci within the body. This would be hard to achieve in
vivo and, even if the HIFU and low frequency beams had the same acoustic axis,
bubbles may have been generated pre-focally by the lower frequency component, thus
effectively reducing the energy delivered to the designed treatment location as reported
by ter Haar and Clarke (1997).

The literature discussed here gives an overview of the effects that cavitation can
have on HIFU exposures in tissue and/or phantoms. It is clear from this work that
cavitation may play an important role in HIFU treatments. Currently, however, there is
generally agreement that cavitation activity gives an enhanced heating effect in addition
to the absorption of the acoustic field by an attenuation medium. However, there seems
to be some uncertainty as to the exact nature of the cavitation behaviour involved,
specifically the differentiation between acoustic cavitation and boiling is often lacking.
In order to demonstrate the positive benefits of cavitation activity during HIFU
exposures it is important to establish clearly which type of cavitation activity is
occurring. Only when this is possible can the lesion enhancement properties of
cavitation activity could be fully investigated. Nevertheless, based on the consensus
from the literature discussed here, cavitation (either acoustic cavitation or boiling) is
likely to play a significant role in future clinical HIFU treatments, and it is this that is

the main thrust of the present thesis.

80



Chapter 3- Cavitation detection methods in an ultrasound field

3 — Cavitation detection methods in an ultrasound field

This chapter introduces the concepts behind the different methods employed for
cavitation detection in the literature. It provides a broad overview of the different
cavitation detection methods, but focuses in more detail on the techniques that are
suitable for studies using HIFU fields. There are a number of different cavitation
detection techniques that use different mechanisms for the detection of bubbles, which
can be ultrasonic, chemical, electrical or optical. Interpretation of the detected signals is

discussed in greater depth in Chapter 4.

3.1 Introduction

3.2 Active cavitation detection

There is no standard definition for active cavitation detection so for the purposes of this
study it has been classified as any technique that interacts directly with the bubbles. An
example is the scattering of a diagnostic ultrasound imaging pulse by a bubble and the
detection of the backscatter.

Medwin (1977) gives a review of the ultrasonic methods for the estimation of
bubble populations in seawater. Described in this review were in-situ experiments for
the determination of these distributions using pulse-echo and continuous wave
techniques. The backscattering and extinction cross-section (§2.3) per unit volume were
estimated by emitting a pulse (0.5 ms) from the source/receiver which was reflected
from a steel plate a known distance away (2-7 m), which was then detected by the
source/receiver (properties of which were not specified in this publication). The echo
signal recorded on an oscilloscope was compared with those obtained in ‘clean water’
(i.e. bubble free) which allowed the determination of the absorption and scattering due
to the presence of bubbles in the seawater. Relative reverberation between echoes,
compared with the preceding echo levels gave an estimation of the scatter in the
acoustic path. The continuous wave technique also measured the sound speed, by
measuring the number of wavelengths that were detected between two hydrophones a
fixed distance apart along the acoustic axis. This study demonstrated that acoustic
techniques provided the methods best-suited for measuring the resonance characteristics
of a gas bubble to estimate the bubble populations in a bubbly liquid. The techniques

described here were suitable for a laboratory application, but it would be difficult to
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implement them to investigate bubble generation in a clinical environment. In addition,
this system relied on the presence of pre-existing bubbles, but it was assumed that no
other large scatterers were present, which could prove problematic when working in
tissue in the presence of vasculature and other tissue structures.

Miller (1981) described the use of second harmonic emissions from pre-existing
bubbles, injected using a syringe, as a method for the detection of bubbles (4.2 um) in a
flowing liquid (water). The aim of this work was to demonstrate a resonant bubble
detector that could have in vivo applications The author suggested that the second
harmonic signal originated from non-inertial cavitation being driven with a 1.64 MHz
ultrasonic field at the cavities’ resonant frequency, and re-emitting the higher harmonic
of the drive frequency ultrasound. The theoretical section of this paper described
calculation of the transmit acoustic parameters required so that second harmonic
generation from non-linear propagation or radiation force on the bubble would not be
significant factors. The detector was constructed so that it detected resonant bubbles
preferentially in a liquid medium. Since these devices were not focused, a detector of
diameter smaller than the send transducer was used to interrogate a small volume, in
order to further minimise the detection of second harmonic generated from non-linear
propagation of the acoustic field. Liquid was allowed to flow through the detector to
allow a large volume to be sampled. The radiation force was calculated so that the
pressure amplitude of the transmit transducer would not cause the bubbles to exceed 50
cm/s (arterial blood velocity) to avoid it pushing the bubbles out of the detection
volume. Two transducers were fixed inside a perivascular cuff that was constructed of
acoustic absorber with cut-out sections to allow for acoustic propagation. Coupling gel
was used to couple the transducers to the ‘artery’ (a 2.4 mm plastic tube). The transmit
transducer was 4.8 mm diameter with a resonant frequency of 1.64 MHz. The paper
describes how each component of the detector was tested and quotes the free-field
spatial peak intensity for the ‘sending’ transducer as 120 mW/cm® (0.06 MPa). The
receiver, which had a 3.2 mm diameter, was designed to be sensitive to bubbles with a
resonant size of 4.2 um at a drive frequency of 1.64 MHz in order to produce a second
harmonic at 3.28 MHz. In conclusion, the paper states that this resonant bubble detector
will satisfy two purposes in biophysical research, the detection of pre-existing bubbles,
which may interact with an ultrasonic field, and the measurement of cavitation

thresholds without involving high amplitude bubble behaviour. A limitation of only
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interrogating the second harmonic is that the device would have been only sensitive to
bubbles of a resonant size. The detection of superharmonics generated from bubble
oscillations could prove problematic as HIFU fields can generate superharmonics from
non-linear propagation (§1.3.2 above).

A study by ter Haar and Daniels (1981) investigated the occurrence of ultrasonically
induced cavitation in vivo in a guinea-pig hind limb. Pulse echo diagnostic ultrasonic
imaging (8 MHz) was used to identify hyperechogenicity resulting from 5 minute
exposures using a 0.75 MHz ultrasound therapy system (Rank Sonacel Multiphon, Mk
11) with spatially averaged intensities of 80, 150, 300 and 680 mW/cm® (pressures not
given) in the hind legs of guinea-pigs. The B-mode images were recorded onto film at a
rate of 11 Hz, allowing the study of the temporal and spatial evolution of bubble
activity. The authors discussed the spatial resolution of the scanner being a limiting
factor in the identification of bubbles. Since the scattering cross-section of a bubble is
greatest when it is at resonance (§2.3) then it would be these bubbles that give the
greatest backscatter for a B-mode scan. However, the authors suggested that the bubbles
detected by this system must be larger than those resonant in water (4 um at 0.75 MHz)
since the scanner resolution limit was 5 mm. In fact, they estimated, from the
appearance in the B-mode images, that the bubbles seen were in the range 10-100 um.
The authors hypothesised that echoes could be due to scattering from a cluster of
bubbles where the individual bubbles are smaller than the scanner’s resolution. The
authors further suggested that the bubbles were formed due to the negative pressures of
the acoustic field, giving rise to acoustic cavitation. A cloud of bubbles from acoustic
cavitation must be generated in order for it to be imaged, and it is difficult to estimate
whether the frame rate of the scanner was sufficiently fast to image such a bubble cloud
before the bubbles would dissolve, leaving a population that does not produce
echogenicity. However in a subsequent publication Watmough et a/ (1991) measured a
temperature rise of 15°CW'cm® (60 s duration) in ex-vivo guinea pig leg for an
equivalent system, and it is suggested (Leighton, 1994) that this heating of the tissue
could have caused the bubble formation. Irrespective of the mechanism for bubble
formation this publication demonstrated that a B-mode image was able to detect
cavitation in vivo. In the absence of any other detection method, it is not possible to
identify whether the cavitation discussed in this paper was from acoustic cavitation or

boiling.
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Roy et al (1990) investigated the acoustic backscatter technique specifically for the
detection of inertial (or transient) cavitation generated from microsecond pulses of
ultrasound. The system used 10 us long tone bursts (30 MHz centre frequency) to detect
inertial cavitation that was generated from 10 ps pulses at 757 kHz in a suspension of
0.8 or 0.245 um polystyrene spheres in degassed water. This system was constructed in
a Perspex enclosure with the 30 MHz pulse-echo transducer perpendicular to, and con-
focally aligned with, the 757 kHz transmitter. The inertial cavitation threshold was
measured for a range of particle and dissolved gas concentrations using the active
cavitation detector. It was shown that as the dissolved gas concentration increases, the
inertial cavitation threshold pressure decreased for a suspension of 0.8 um diameter
polystyrene spheres. In addition to the active detection method, a 1 MHz passive
unfocused transducer was used to detect scattering of the 757 kHz signal from
cavitation bubbles. The authors found that the measured cavitation threshold from the
active technique was either lower or equal to that measured using the passive technique
at all levels. The authors demonstrated that the high frequency active detection pulse
itself did not produce cavitation in the liquids, but they suggested that acoustic
streaming and radiation pressure could affect the cavitation threshold, since sweeping
more particles through the focal region might increase the probability of exposing
cavitation nuclei. The active cavitation detection technique shown here can be used to
obtain both temporal and spatial information about cavitation activity. This technique is
limited to use in a region in which the scattering can be attributed to cavitation activity
and for example might not be suitable for use in perfused tissue as other objects may
create scattering and be confused for the presence of cavitation. Nevertheless, the
unique broadband emissions are critical to identifying the presence of inertial cavitation.
The acoustic interface from HIFU exposures could render this technique problematic for
a cavitation detection system like this when trying to use it in conjunction with a HIFU
field.

Holland et al (1996) used active cavitation detection to investigate damage to rat
lungs from acoustic cavitation, following Doppler imaging. They aimed to investigate
whether it was possible to observe direct evidence of cavitation in vivo caused by
diagnostic ultrasound and whether the bubble activity could be related to biological
damage. They used a clinical ultrasound scanner (Advanced Technical Laboratories

(ATL), Ultramark 9 system, with high definition imaging, UM9 HDI, Seattle, USA) to

84



Chapter 3- Cavitation detection methods in an ultrasound field

generate cavitation and a detection transducer (resonance at 30 MHz) to pulse the
targeted region and investigate the echo. The peak negative pressure of the Advanced
Technical Laboratories device was measured to be 3.6 MPa for a focal length of 0.8 cm
in water. The active cavitation detector used a pulse-echo technique (Roy et al, 1990) to
observe the backscattered sound. The pulse from the detection system was designed be
coincident with the Doppler pulses, in order for the detected signal to be on the same
time scale as the therapeutic ultrasound pulse. The authors reasoned that signals on the
time scale of a single acoustic cycle (0.25 ps) or the entire ATL scanner’s tone burst
would be from cavitation, whereas other scatterers would exist for the entire pulse
duration (15 ps) of the active cavitation detector. The active cavitation detection
technique used for this study was able to identify whether cavitation had occurred in
vivo. The backscatter technique gives information as to whether or not acoustic
cavitation is present, but does not give any specific insight into how the bubble is
behaving in response to the ultrasound field that is, the type of cavitation activity
occurring. This technique would only be suitable for use with pulsed ultrasound and
could not to be used in conjunction with continuous wave HIFU exposures. In addition,
as this study was done in vivo on rats detection of scattered signals was shallow depths
(< 2.8 cm, the focal depth of the active cavitation detector was not specified). However,
this may not be applicable in the clinical environment where pulse-echo signals would
have further to travel, and will be attenuated by the increased tissue path.

Deng et al (1996) measured the thresholds for inertial cavitation inception in human
blood in vitro. Their active cavitation detection system (a focused transducer with a
centre frequency of 30 MHz) used the backscattered signal from the cavitation sites to
identify whether cavitation occurred. In addition to this, the Doppler shift in reflected
signal was used to identify the rapid growth and collapse of cavities. ‘Typical cavitation
events’ shown in this appear to show fluctuations in velocity, measured by the Doppler
signal, which occurred over a time period of approximately 1 us. Assuming that this
arises from a single oscillation of a bubble, this would mean that these typical examples
of cavitation bubbles were oscillating at a frequency of approximately 1 MHz. The
blood was exposed with a focused transducer at 2.5 MHz. Thus, it is difficult to
understand why a bubble generated at this frequency would be oscillating at a frequency
that is unrelated to drive frequency. The frequency shift of the Doppler signal might be

indicating the motion of the cavity’s surface monitoring the growth/collapse of a cavity.
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However, high acquisition rates would be needed in order to identify this from
cavitation oscillating at high MHz frequencies. Inertial cavitation in blood was
identified from the combination of the detected voltage signals variation with time and
the Doppler signal.

Melodelima et al (2004) investigated the effects of cavitation during lesion induction
in ex-vivo bovine liver, as discussed in section 2.4. Their active cavitation detection
system was a diagnostic ultrasound scanner (Hawk 2102 XDI Scanner, B-K Medical,
Germany) which was used to acquire B-mode images after exposures using a high
intensity planar ultrasound transducer. Hyperechogenicity in the B-mode images was
used to identify the presence of cavitation, but unlike in the ter Haar and Daniels (1989)
study, images were only obtained after the exposure had occurred, due to acoustic
interference from the high intensity ultrasound exposure. No discussion as to the type of
cavitation was presented and it is likely that this technique detected the presence of
thermally generated cavitation (§2.1.2) rather than acoustic cavitation, since the

hyperechogenicity persisted after the exposure.

3.3 Passive cavitation detection

Passive cavitation detection, refers to the detection of acoustic emissions generated from
bubble activity (a discussion of cavitation mediated acoustic emissions can be found in
§4.1). The detector does not interact with the bubble, and is thus a passive device.
However, the acoustic source driving the cavitation may interact with the bubbles once
produced, and so it may be that some of the detected signals might be due to scattering.
Edmonds & Ross (1986) used a passive cavitation detector to record the drive
frequency half harmonic and ‘noise’ produced (presumably broadband emissions)
produced from cavitation in a cell suspension (C1300 mouse neuroblastoma). The
acoustic emissions were detected using a lens focused 0.5 MHz Panametrics transducer
(focal length not specified, diameter of 3.8cm) placed at 45° to the acoustic axis of the
ultrasound transducer. The ultrasound transducer (I MHz) gave continuous wave
exposures for 5 min using spatial peak intensities of 0.9, 1.7, or 2.6 W/cm® (pressures
not given). As the half harmonic (0.5 MHz) was of interest a low pass filter (which
rejected the fundamental signal) was used to attenuate the drive frequency by 50 dB, the
remainder of the signal was then passed through a 20 dB amplifier. This signal was then
split between a spectrum analyser (HP 8557A) and a root mean square (rms) voltmeter

(HP 3400A). One key aspect of this detection system is that it recorded the time
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dependence of the acoustic emissions, which gave insight into the development of the
cavitation activity during the 5 min exposures. The paper suggests that the half
harmonic was an indication of non-inertial cavitation (referring to work by Miller
(1981)) and that the noise build up was due to inertial cavitation, as a result of work by
Neppiras (1980). This detector provides a useful basis for a passive cavitation detection
system for investigation of the behaviour of subharmonics.

Crum and Law (1995) investigated the relative roles of thermal and non-thermal
effects of HIFU exposures for the treatment of benign prostatic hyperplasia. A 4 MHz
HIFU transducer (Sonablate, Focus Surgery, IN, USA) was used to expose ex-vivo
turkey breast (at 37°C) for 4 s at an in-situ intensity of 2000 W/em? (calibration
technique not given). The diagnostic scanner was used to image the HIFU exposures
and to monitor any change in echogenicity in the tissue. The electrical drive power
supplied to the transducer was recorded using a chart recorder. Acoustic emissions were
detected using a focused broadband transducer (specifications not given) con-focally
aligned with the HIFU focus and positioned directly opposite, which was connected to a
spectrum analyser via a filter and amplifier (specifications not given). The authors
found that in some of the exposures, hyperechogenic regions could be observed which
corresponded to the time at which an audible emission (dubbed ‘popcorn’ by the
authors) was heard. They found that when this was seen, there was a drop in the
transmitted acoustic intensity and that fluctuations occurred in the electrical drive
power. Spectral analysis of the emissions detected by the sensor showed the presence of
subharmonic and superharmonic (specifically at 2 and 6 MHz) emissions, and also of
broadband emissions. They hypothesised that the source of these audible emissions (and
the subsequent onset of acoustic emissions and power fluctuations) was from the
superheated boiling of a localised region of the tissue that had been rapidly heated by
the HIFU field. It was considered that this event was the catalyst for the detection of
subharmonic and superharmonics. However, it is not clear whether these were from the
superheated bubbles, or that this event seeded other forms of cavitation. Also with
strong scatterers present, the superharmonics could have been due to scattering of non-
linear components of the HIFU field, but this was not considered.

Everbach et al (1997) used a narrow band 20 MHz passive cavitation detector to
quantify the amount of inertial cavitation occurring in a sample of human blood exposed
to pulsed ultrasound. The sample was exposed to a spatial peak pulse average intensity

of 500 W/cm?® (peak negative pressure of 2.8 MPa) at a centre frequency of 1 MHz, with
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varying tone burst durations (20, 100, 200, 500 and 1000 ps) and a pulse repetition
frequency of 20 Hz for 60 s. It was suggested that, since the passive detector (unfocused
narrow-band 20 MHz transducer) does not interact with the cavitation site, the
temporally overlapping signals for each tone burst were independent of each other. The
rms voltage from the detector was taken as a measure of the number of cavitation events
(bubble collapse). This was calculated using the internal software in the oscilloscope
for a single 1 minute exposure. The results show that the cavitation activity, if it had
occurred, was indistinguishable above the baseline noise level for exposures in pure
blood. However, when a microbubble echo contrast agent (CA) was added (Albunex™)
the time averaged cavitation activity increased with increasing pulse duration. Without
any secondary confirmation of cavitation activity the increase in detected signal could
be a result of the CA scattering ultrasound towards the passive detector. This is,
however, unlikely as the centre frequency of the detector was much higher than the
exposure frequency. It would however, have been useful to perform Fourier analysis on
the time-averaged cavitation activity signal to determine the frequency spectrum of the
detected signal in order to investigate other forms acoustic emissions from inertial
cavitation. Basing a detection system on the Vrms from a sensor, without analysis of the
frequency components of the recived signals may provide inaccurate results since this
type of analysis assumes that you only detect signals from bubble activity, which could
be misleading. The appendix of this paper shows a frequency spectrum of ‘typical
cavitational activity’ that was detected with a needle hydrophone (Precision Acoustics,
Dorset, UK) and not the cavitation detection system used in their study. The spectrum
shows a dB scale (50 to -250 dB) with 4 harmonics of the drive signal (1, 2, 3 and 4
MHz) that have amplitudes between 20 and 120 dB greater than the broadband noise
identified by the authors as ‘typical cavitational activity’. Even though the detection
system was centred at 20 MHz it is possible that these harmonics (since they are
significantly larger than the broadband noise) contributed to the detected signal giving
an inaccurate measure of the cavitation activity.

Poliachik et al (1999) used a passive cavitation detector to investigate the effect of
HIFU on whole blood, with and without a microbubble CA (the experimental details
were similar to those used by Everbach et al (1997)). A 1.1 MHz HIFU transducer and a
5 MHz focused hydrophone (2 MHz bandwidth) were used for cavitation generation

and passive cavitation detection, respectively. The HIFU transducer was used to expose
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the blood samples, usually for 1 s, over the intensity range 560-2360 W/cm®. The
hydrophone was positioned perpendicular to and aligned con-focally with the HIFU
transducer. A peak detector was used to detect the spikes in the detected signal, which
were presumed to originate from cavitation activity rather than from scattering of the
non-linear components of the HIFU field. The data analysis, aimed at determining
whether cavitation had occurred, used two different methods. The first technique
analysed the acoustic emissions by taking the derivative of the detected peak voltages
with respect to time. The resulting value gave an indication of the frequency of
cavitation events (i.e. how often they occur). However, only spikes that were greater
than five standard deviations from the baseline were counted by this method. This
technique would be able to give an indication of the time at which cavitation occurs,
whether it was predominantly at the start, middle or end of the exposure. The baseline
was described as exhibiting no cavitation acitivity. The second technique calculated the
integral of the detected peak voltage data that was above a specified noise level (not
quantified) to provide a quantitative measure of cavitation (in mV), which they called
“cavitation dose”. The publication does not discuss the type of cavitation event being
counted, nor do they define what is meant by a cavitation event, so the term dose could
be misleading. Although the concept of a cavitation dose is a potentially useful one, the
problem with this is the ability to define it in a meaningful quantitative way. Poliachik
et al (2004) subsequently used the same experimental set-up to investigate the
relationship between cavitation and platelet aggregation, and they found that cavitation
generated by HIFU exposures was responsible for platelet rupture resulting in
aggregation.

Zeqiri et al (2003) presented a series of experiments to evaluate the performance of
a novel sensor for monitoring broadband acoustic cavitation emissions, particularly in
(acoustic) cavitation baths. The sensor was a hollow open-ended cylinder, whose inner
surface is a thin film piezoelectric polymer, which acted as a passive detector. The
sensor had a bandwidth greater than 10 MHz, (no centre frequency is quoted for the
device), but the majority of the detected emissions were below 5 MHz. The outer layer
of the sensor consisted of a 4 mm thick coating of acoustic absorber to ensure that only
signals generated inside the volume of the sensor were detected. They used a
commercial ultrasonic cleaning vessel, operating at 40 kHz with an output power of 1
kW, to create cavitation in a tank of degassed water. The sensor monitored the

broadband acoustic signal associated with the oscillation and collapse of inertial
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cavitation bubbles. The study relied on the assumption that the broadband noise only
originated from inertial cavitation (§4.1). The authors argued that the high frequency (>
1 MHz) broadband emissions were produced either by the shockwave of the collapse of
the cavity or by random chaotic oscillations in the cavity. The collapse of a cavity is the
more likely explanation, since the oscillation of a population of bubbles at different
frequencies would appear as a broadband continuum at the detector. In order to quantify
the cavitation activity within the sensor, the broadband integrated energy (B/E), shown
in equation 3.1, to indicate the white noise generation due to inertial cavitation was

used.
5

BIE = [Vo(f)df G.1)
7

where V(f) is the frequency-dependent spectral magnitude of voltage derived from the
cavitation sensor output spectrum. The integration was only performed between f; = 1
MHz and f, = 5 MHz. Measurements were made for ultrasound vessel power settings in
the range 5-95% (of the maximum power deliverable). Once the power level was set to
above 20%, the BIFE increased linearly with power setting, showing a direct correlation
between cavitation activity and drive power. Below this level no emissions were
detected. A linear relationship for inertial cavitation activity with power would not be
expected, once the cavitation threshold is exceeded a ‘jump’ in the detected broadband
emissions is expected. This would increase with drive power level but would be
expected to plateau. This plateau may not have been reached, or the increase in drive
power caused a flow in the liquid providing more cavitation nuclei, which would be
integrated into the time-averaged signal. For this reason it would have been useful to see
typical time history information from the detector. As the sensor is designed to only
detect cavitation within its volume, unlike the focused transducers discussed above, the
uses for this sensor are limited to situations where cavitation activity can be generated
inside the sensor. However this sensor could provide a useful test apparatus for
investigation of cavitation activity from HIFU exposures (§4.3).

Bailey et al (2005) used both passive and active cavitation detection to investigate
the collateral damage in porcine kidney tissue from shock-wave lithotripsy (Dornier
HM3 lithotripter) in vivo. For passive cavitation detection they used two single element
focused transducers (10 cm diameter, 10 cm radius of curvature, centre frequency 1.1

MHz) that were con-focally aligned with the focus of the lithotripter but positioned
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perpendicular to it. Time of flight data acquired by the dual passive cavitation detection
system was used to identify the location of cavitation events. The signals from both
transducers were high pass filtered (300 kHz, 3202, Krohn-hite, Avon, MA, USA) and 1
ms of data was recorded for each shock-wave with a sample frequency of 5 MHz on a
digitiser (Tektronix TDS 520). This system was designed to detect the pressure pulse
emitted from bubble collapse. This publication showed that the collapse pressure of a
single bubble that was detected by the passive cavitation detection system was of the
order of 1 MPa, which is close to the lower end of the peak negative pressures generated
from our HIFU transducers (§5.1.2). The use of a dual detection system in this case
allowed identification of the position of the cavitation activity. This was only possible
as the Lithotripter is pulsed. This is not usually with the case for clinical HIFU
exposures as it affects the heating achieved. In addition, HIFU transducers have a higher
frequency (~1-5 MHz) which means that the sample rates for the detection system need
to be higher. The detection system here did not use any amplification due to the large
peak negative pressures used, this may not be possible for HIFU exposures.

Rabkin et al (2005) used a combination of active and passive cavitation detection
techniques to study the source of hyperechogenicity in diagnostic ultrasound images of
HIFU exposed pig muscle in vivo. A 3.3 MHz HIFU transducer (focal length 6.3 c¢m, f-
number 0.9) was used to expose the tissue for 10 s using in-situ intensities (spatial peak,
temporal average) in the range 220-1710 W/cm®. The passive cavitation detector was an
unfocused broadband single-element transducer with a bandwidth of 0.5-5.5 MHz
(V382, Panametrics), that was inserted into a central hole in the HIFU transducer.
Hyperechogenicity was assessed using a diagnostic ultrasound scanner (probe C9-5,
Advanced Technology Laboratories, ATL Bothell, WA, USA). This was also used as
the active cavitation detector during exposures. Passive detection was performed for 1
ms at the start of every 127 ms HIFU pulse. The HIFU was then off for 33 ms during
which time the diagnostic imaging (160 ms) and active cavitation detection (200 us)
was performed. In this study, the level of inertial cavitation was calculated from the rms
amplitude of the broadband noise over the frequency range 0.5-1.5 MHz. Non-inertial
cavitation was calculated from the half harmonic (1.65 MHz) amplitude. Relying solely
on this for the identification of non-inertial cavitation especially if broadband emissions
are being detected, could lead to misleading conclusions since inertial cavitation can
generate half harmonic emissions (§4.1.1). This passive cavitation detection system

monitored acoustic spectra that occurred at a frequency below that of the drive in order
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to investigate the temporal variation during HIFU exposures. Using the low frequency
range meant that acoustic emissions were less attenuated than if they had used the high
frequency range, and that the data acquisition rates could be lower. This limited the
detection system to a narrow frequency band, rendering the results more susceptible to
noise artefact since the spectrum of interest is smaller. The temporal information was
correlated with the appearance of hyperechogenicity in the focal region. They showed
that cavitation played a role in the appearance of hyperechogenicity, specifically that
inertial cavitation occurred within the 0.5 s immediately prior to the appearance of a
hyperechogenic region. The gating used provided a number of different techniques that
could be used during the exposure. However, one disadvantage of this system is that, for
example, the passive detector was only recording for 0.8% of the total exposure time,
which might have meant that a significant proportion of the cavitation activity was
missed. A better approach is to acquire continuously during the exposure, but this may
have a detrimental effect on the active cavitation detection.

Coussios et al (2007) investigated the non-invasive monitoring and control of
inertial cavitation dynamics from HIFU exposures in a tissue-mimicking (specifications
not given) agar-graphite phantom. A 1.089 MHz HIFU transducer (Sonic Concepts H-
102, S/N-8) was used to expose phantoms over the in-situ peak negative pressure range
of 1.84-4.98 MPa for up to 60 s with a variety of duty cycles. Broadband emission were
monitored using a focused 15 MHz passive transducer (7.6 cm focal length,
Panametrics Ltd. V319-SU) connected to a data acquisition card via a 40 dB
preamplifier (HP 461A) and a 5 MHz high pass filter. The high pass filter was used to
remove the fundamental, second, third and fourth harmonics generated by the HIFU
transducer, in an effort to ensure that the signal detected by the passive cavitation
detector was only from broadband emissions. However, no verification was provided
that superharmonics generated from non-linear propagation of the HIFU field were not
generated above the fourth harmonic (4.36 MHz). The authors demonstrated that
increasing the path length of the passive sensor within the phantom (5, 10, 15 and 20
mm) reduced the amplitude detected. This was only demonstrated at one exposure level
(2.16 MPa). It would have been useful to see if this change in path length would have
had an effect on the cavitation activity detected, for example, would the cavitation
threshold measured in this type of phantom have changed with a different path length,
giving a lower/higher threshold. This suggests that cavitation thresholds quoted are

dependent on the amount of attenuation in the propagation path between the source and
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detector. The authors investigated different duty cycles and the effect on both the
amplitude, and the total amount of inertial cavitation activity. As they had found with
continuous wave exposures the amplitude of the detected broadband emissions decayed
with exposure time. Thus, they used 10, 20 and 40% duty cycles in an effort to maintain
the amplitude of broadband emissions throughout the exposure duration. A 20% duty
cycle was shown to prevent this decay in the detected broadband emissions, thus
suggesting that this was the optimal setting for maintaining cavitation activity
throughout the HIFU exposure. However, if the aim of the study was to use cavitation
for the enhancement of HIFU treatments a 20% duty cycle may be counter productive
since the heating you might gain from more cavitation activity could be lost in reduced
heating time, since the thermal effects in HIFU exposures are the dominant factor in
lesion formation.

Mast et al (2008) used a 32-element unfocused transducer (3.10 MHz) to ablate and
B-mode image (not simultaneously) ex-vivo bovine liver tissue in an effort to
investigate the acoustic emissions generated during tissue ablation and establish
whether any correlation could be established. An unfocused 1 MHz broadband receiver
(C302, Panametrics, MA, USA) was positioned perpendicularly to the imaging and
ablation transducer and used as a passive cavitation detector. The peak intensity
(pressure) amplitudes used (15 mm way from the imaging-ablation transducer) were
given as 23, 41, and 64 W/cm® (0.83, 1.10 and 1.38 MPa). Total exposure time was 20,
10, or 5 mins. Every 3.3, 1.7 and 0.9 s the ablation was stopped for 30 ms to allow a
single B-mode scan, which gave a duty cycle of approximately 97-99%. The aim of this
was to ensure that comparable tissue heating occurred for each exposure condition. A
sample rate of 10 MHz was used to acquire data from the passive cavitation detector at
100 ms intervals throughout the exposures. It was synchronised such that it did not
acquire information during the B-mode image acquisition pulse. The frequency analysis
was performed over three distinct frequency regions, the half harmonic (1.55 MHz),
broadband emissions (0.3-1.1 MHz) and low-frequency emissions (0.01-0.03 MHz),
which were said to represent non-inertial, inertial cavitation and boiling, respectively.
However, half harmonic emissions can also be generated by inertial cavitation activity
(§2.1.1). Baseline noise levels were established from sham exposures. The temperature
was measured using a 0.4 mm needle thermocouple (Type-B, Ella CS, Czech Republic)
that was inserted under ultrasound image guidance to a depth of 7.7 £2.3 mm below the

tissue surface. The authors suggested that broadband, low-frequency emissions and
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tissue echogenicity may be useful for the non-invasive monitoring and control of
exposure parameters during ultrasound ablation. Interestingly, the authors observed that
non-inertial cavitation, as identified by the presence of half-harmonic emissions, was
rarely seen, and only under ‘special conditions’ (i.e. for tissue temperatures between 47-
49°C for the 0.8 MHz exposure). This was thought to be due to pre-existing bubbles of
resonant size (~ a radius of 1 um at this frequency) being destroyed by the continuous
wave sound field. The authors do not discuss the process by which these resonant
bubbles could be destroyed, which would presumably be from oscillations or violent
collapse. However, they do discuss the possibility of cavitation being generated in the
degassed water surrounding the tissue, but this was discounted following tests. As a
latex condom was used to hold the tissue in place for the experiments, it appears that
this was removed during this test. This may have trapped cavitation nuclei that could
have been the source of sporadic half harmonic emissions, which would have been
detected by the unfocused passive cavitation detector. The use of an unfocused sensor
was practical for this study due to the unfocused ablation device. However, for strongly
focused HIFU fields, a focused sensor would be more practical since more reliable

spatial information may be obtained.

3.4 Sonochemistry and Sonoluminescence

Chemical reactions that do not occur in the absence of an acoustic field are generally
termed sonochemical (Leighton, 1994). It is believed that Sonochemistry is not caused
by the direct interaction between sound and the molecular species, since the acoustic
wavelength (for frequencies between 0.015-10 MHz) is much greater than the
molecular dimensions. Rather, it is thought that acoustic cavitation is the primary cause
of these reactions, because of the high temperatures generated during bubble collapse.
Sonoluminescence is believed to occur from the recombination of chemical species
which cause light emissions, generated from bubble collapse (Suslick et al, 1990).
Weissler (1959) studied the role of free radicals in chemical reactions caused by
ultrasonic waves. A sample of oxygen (or argon) saturated water contained within a
Pyrex test-tube was exposed to 10 minute duration exposures of ultrasound (400 kHz
with an acoustic intensity of 2.5 W/cm?, calibration technique not specified). The test-
tube had a rubber bung in one end that contained inlet and outlet pipes to allow
bubbling of gas through the solution. During the exposure, the pipes were closed off in

order to eliminate the possibility of air mixing with the solution. The sonochemical
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yield of hydrogen peroxide, which was believed to be produced by the formation of free
radicals from bubble activity in the solution, was measured spectrophotometrically. This
finding provides the basis for sonochemical studies.

Leighton et a/ (1988) investigated the correlation of sonoluminescence in aerated
water with the acoustic standing wave pattern produced by a physiotherapeutic
ultrasound device comprised of a continuous wave ultrasound source with frequencies
of 1 or 3 MHz. The experiment was set-up in order to simulate standing waves created
inside humans caused when the ultrasound undergoes a partial reflection due to
discontinuities. Spatial average intensities of 3.3 W/cm® were found to create
sonoluminescence in a sample cell. The inside of the cell was painted black to prevent
scatter from the sonoluminescence events being detected by the optical system. The
optical system consisted of a camera lens, mirror-image intensifier tube and a camera.
In order to eliminate outside light sources the experimental apparatus (up to the image
intensifier tube) was housed within a light tight enclosure. This publication
demonstrated that the light emissions were predominantly located at the antinodes (peak
negative pressure of 0.3-0.4 MPa) of the standing waves. Therefore the
sonoluminescence was shown be generated in the regions of peak pressure. However, in
arrangements where little or no standing wave component was present no
sonoluminescence was generated. This could prove problematic if this technique were
to be used with HIFU fields as standing waves are avoided so that damage to the HIFU
transducer does not occur.

Leighton et al, (1990) performed an in vivo study into the generation of
sonoluminescence in the human cheek, again using standing waves. This work extended
the previous study by performing sonoluminescence detection in vivo. The human cheek
was selected for study as it was thin, with low attenuation compared with other regions
of the body, allowing for optical and acoustic measurements, and the tissue air interface
would also cause partial standing waves. The sonoluminescent photons were collected
by a light guide and channelled to a red-sensitive photomultiplier (EMI 9658R), whose
output was measured by a 5C1 photon counting system and 5C14 pulse height analyser
(EG&G Brookdeal Electronics Ltd.). Sonoluminescence was generated by a 1 MHz
Therasonic 1030 (Electro Medical Supplies) ultrasound system, operating at intensities
up to 2 W/em? (the author reported that the volunteers experienced discomfort above
this level). A sealed bag containing aerated water (the dissolved oxygen levels were not

given) was sometimes placed between the light guide or transducer and cheek, the
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reasons for this were not given. The number of sonoluminescence events in the human
cheek were not statistically significant (student’s #-test) when compared with
background measurements from sonoluminescence generated in the aerated bag alone.
This was attributed to two factors, firstly no sonoluminescence occurred, or secondly
that its level was sufficiently low that attenuation in the cheek meant the photon
intensity was below the detectable level of the experimental technique. Using this
second reason as a hypothesis the authors calculated the minimum amount of light
intensity from sonoluminescence that the system would be able to detect. This study
highlights the difference between detecting cavitation activity in a readily cavitating
medium (e.g. aerated water) and in living tissue. The detection threshold was critical in
identifying cavitation activity in this experiment. This is an important consideration
when discussing cavitation thresholds in tissue.

Coleman et al (1992) used sonoluminescence combined with focused passive
cavitation detection to investigate the cavitation activity in tap water exposed to shock-
wave lithotripsy. This study used two, nominally identical, 1 MHz electrohydraulic
shock-wave lithotripters (Dornier HM3 and EEV Ltd., Lincoln). The reason for this was
the passive cavitation and sonoluminescence detection were performed at two separate
centres. Light emissions were recorded from the water, around the focal region, using a
fast photomultiplier (PM) tube (EMI 9789B), which was positioned perpendicular to the
shock-wave propagation direction. The tube was encased in an opaque cylinder in order
to shield the PM from the light flash generated from the electrical discharge of the
lithotripter. Aluminium foil (50 pum thick) was used for windows on the opaque cylinder
to provide negligible acoustic attenuation but remain opaque to the light discharge. The
need to maintain opacity around the PM tube was the reason why the passive cavitation
detection and sonoluminescence detection were performed separately. This study
demonstrated that acoustic and light emissions were detected simultaneously (when
corrected for the different propagation speeds) from cavitation generated from the
primary and secondary shock-waves from a lithotripter pulse. This study demonstrated
the practical limitations which occur when trying to undertake different cavitation
detection methods simultaneously. The ability to generate sonoluminescence in tap
water and to be able to correlate this with signals obtained during passive cavitation
detection would be a powerful tool in the investigation of cavitation activity from HIFU

exposures. However, it is unclear whether sufficient acoustic cavitation could be
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generated to cause detectible sonoluminescence with the HIFU transducers used for this
thesis.

Birkin et al (2002) reported an electrochemical technique for the detection of two
sonochemical reactions, the Weissler and Fricke reactions. The Weissler reaction is the
production of iodine from a potassium iodine solution through the generation of free
radicals typically from an ultrasound exposure. The Fricke reaction results from
exposure of an acidified solution of Fe*" to ultrasound (or ionising radiation) which
generates free radicals, which then oxidise Fe*" to Fe’". These were generated inside an
ultrasonic reactor using a 27 kHz piezoelectric transducer. Electrochemical reactions
were required to allow detection of the chemical change caused by the sonochemical
reaction. These were performed in a ‘flow cell’, comprised of three electrodes within a
Perspex body: a working electrode (the material of this changed according to the
sonochemical reaction of interest), a stainless steel counter electrode and a reference
electrode. A peristaltic pump was used to flow the solution around the circuit containing
the sonochemical reactor and ‘flow cell’. This detection technique allowed the
sonochemical reaction to be measured as a function of time. There was an initial delay
of 20-30 s before the exposed solution reached the flow cell, but after this, the
sonochemical reaction could be monitored in real time. The flow cell was encased
within a Faraday shield suggesting that this measurement technique was sensitive to RF
noise. The need for this type of electrical shielding, although not discussed in the
publication, suggests that the sensitivity of this detection technique would be effected
by RF sources, for example the power amplifier typically used to drive HIFU
transducers. The ultrasonic reactor had a volume of 320 cm’ in which the sonochemical
reaction took place. The volume of a typical HIFU focus is ~0.3 cm® (§6.1.1). It would
be difficult to generate enough free radicals from this focal volume for the
electrochemical reaction inside the ‘flow cell’ to be above noise levels.

Kanthale er al (2008) investigated experimental and theoretical aspects of
sonoluminescence using dual frequency ultrasound exposures. A pulsed (20% duty
cycle) 20 kHz horn transducer (Branson B-30, diameter = 45 mm) was operated at a
fixed drive power (6.3 W) in conjunction with a 355 kHz ‘high frequency’ transducer
(Allied Signal transducer, diameter = 55 mm) operated at variable drive powers, to
exposure air saturated water for 30 s. The sonoluminescence was measured using a
Hamatsu end-on photomultiplier tube, where the detected signal was read on an

oscilloscope (Tektronix, TDS 320) and stored on a desktop computer. This study
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showed that the use of the dual frequencies (under specific drive conditions) resulted in
enhancement (>30-fold increase) of the sonoluminescence signal. A technique for
increasing cavitation activity would be useful in HIFU studies, as it may provide a
controllable way of increasing the heating caused by cavitation activity. The authors
point out that there were some drive settings which caused a decrease in the cavitation
activity, possible due to radiation pressure moving the bubbles out of the antinodes.
However, they also hypothesised that the increase in bubble population in the antinodes
may result in coalescence, causing the formation of larger bubbles that would not
collapse. This highlights that an increase in the bubble populations using a lower

frequency transducer might cause a detrimental effect.

3.5 Impedance change measurement

This technique for detecting cavitation arises from the measurements of the ‘motional
impedance’ of an ultrasound transducer (Neppiras and Fill, 1969). The name generally
refers to the impedance bridge technique to monitor the loading of a transducer. This
technique can detect bubbles since their backscatter can alter the loading, and thus alter
the signal recorded by the impedance bridge. Depending on the electrical circuitry used,
it should be possible to detected very small changes in the loading of the transducer,
making this technique very sensitive to bubble activity.

Neppiras and Coakley (1976) performed a detailed study of bubble activity in water
(the gas content was varied between that of ‘gassy tap water’ and of degassed water,
with mixtures of the two) using a focused (diameter and radius of curvature of 4.8 cm) 1
MHz acoustic field. In addition to optical and acoustic monitoring (2.5 MHz focused
transducer), this study used a motional impedance bridge (see Figure 3.1) to measure
acoustic impedance changes from cavitation activity. It is worth noting that the
impedance change technique refers to the electrical drive system and not acoustic
impedance, although it is the latter that generates the backscatter that causes an

electrical impedance change in the ultrasound drive system.
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Power
Generator

Figure 3.1. A schematic diagram of the motional impedance bridge that was used in the study by
Neppiras and Coakley (1976), for further explanation see text.

Initially, the bridge was balanced with the transducer unloaded and driven off
resonance. In this state the motional impedance (Z,,,) is zero and the bridge balances
the clamped electrical impedance (7)), ensuring the off balance voltage (Vpp) is zero.
This gives the balance condition,

Z2Z,=2,7, (3.2)
When the transducer is driven, Z,,; # 0, and the bridge is not balanced, which creates an
off balance voltage. This leads to the relationship for Vg

h¢ R,
V et
o “ R +R,)

(3.3)
where 4, is the electromechanical constant and & is the oscillatory amplitude of the
transducer face. For simplicity, the electrical impedance has been written as its real
component, resistance (R,), neglecting the imaginary part. Equation 3.3 shows that the
off balance voltage is directly proportional to the transducer face amplitude. The pulse
duration and frequency of the detected Vg as functions of the acoustic intensity and
time were recorded. This study showed that Vyp increased linearly with the drive
voltage. However when bubbles were generated (as demonstrated by the detection of

acoustic emissions) the signals increase more rapidly (not quantified) than the drive

voltage. It was hypothesised that the presence of bubbles decreased the acoustic
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impedance of the water causing a near proportional increase in the bridge signal. This
technique has been demonstrated to be a useful for quantifying the levels of backscatter
likely to be caused by bubbles within the acoustic field. However, its application to a
medium such a tissue, which contains inhomogeneities (e.g. blood vessels), could cause
detected changes in the bridge signal in the absence of bubbles, giving a false positive
reading. It would thus be necessary to combine it with a secondary form of cavitation
monitoring.

Leeman and Vaughan (1980) used the apparatus described above, but with an
unfocused transducer to create cavitation. They found that the plane wave transducer
was unable to cause sufficient backscatter to affect Vpp but detected subharmonic
emissions. This showed that the impedance bridge technique was not able to detected
cavitation when the bubble population was insufficient in a confined area.

Thomas et al (2006) monitored cavitation using the electrical drive voltage, during
lesion formation from (2 MHz) HIFU exposures in polyacrylamide phantoms
containing bovine serum albumin (BSA). The phantoms were exposed for 5 s at an in-
situ peak pressure of 12.3 MPa. An rms to dc converter chip (Analog Devices, AD637)
was used to measure the rms voltage across the HIFU transducer during the exposures,
at a sampling rate of 40 Hz. It was suggested that the peak fluctuations seen in the rms
drive voltage corresponded to constructive interference between the outgoing and
reflected HIFU wavefronts, where the minima in the fluctuations were due to
destructive interference. The transparency of the phantoms used allowed direct
comparison between the progression of the front surface of the lesion with the
fluctuations in the rms drive voltage, where as this type of comparison would not be

possible in tissue.

3.6 Direct observation

Direct observation refers to the technique whereby scattered light is used to observe
bubble activity in an acoustic field.

Willard (1953) directly observed cavitation activity generated in water from
exposures made using a 2.5 MHz focused transducer at a intensity of 1800 W/cm? (peak
pressure of 7 MPa). The bubbles were illuminated by a high intensity water cooled,
1000 W, mercury arc lamp, which was either pulsed at 60 Hz or was on continuously.
A number of different cameras (SLR) were used to record the images from directly

above the tank. Firstly, a hand held camera that provided one to one scale images
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acquired at speeds of 10 or 100 frames per second (fps) was used. It was found that the
higher exposure rate had a lower chance of recording the sporadic events, where as the
slower rate improved chances of recording multiple events in one frame, which
appeared as a single brighter event, observable by eye. The second camera was operated
at 24 to 64 fps, with the arc lamp in pulsed mode. This configuration meant that there
was a 120 cycle (2.4 s) of illumination with alternating light and dark periods. It was
found that due to the sporadic nature of the cavitation events this camera often missed
events and meant that observation of the time evolution of bubble activity was not
possible. This system did not allow observation on time scales that would relate to
single bubble activity, but rather the coalescence of a number of bubbles into observable
clouds. A third camera was used in an attempt to achieve better time resolution. It was
operated at speeds of a few hundred up to 1000 fps, which meant that it was possible to
record successive frames of a single cavitation cloud, which could also be observed by
the users. The final (fourth) camera used was a variation on the third camera. It was
used with the arc lamp continuously on and it recorded directly onto 100 feet of film at
an effective frame rate of approximately 185 fps. This allowed the authors to record all
cavitation events during the exposures with the temporal information provided by the
location of the film (depending on film speed). Using this detection technique Willard
was able to identify a sequence of events for the cavitation activity observed. Firstly,
stable nuclei were dragged into the focal region by radiation pressure and streaming.
This is unexpected since the peak pressures occur in the focal region, which is where it
would be expected that the majority of the cavitation bubbles would form. It could be
that radiation pressure forces cavitation out of the focal region, while the pre-focal
pressure is sufficient to generate cavitation. The author called this the ‘pre-initiation’
stage. The next stage, ‘initiation’ occurred when, above resonant sized bubbles stream
into the focal region (these were visible by the eye). The final, ‘catastrophic’ stage
occurred when these above resonance bubbles broke-up into a cloud of smaller bubbles
(which was accompanied by a ‘loud snapping noise’). It was found that this sequence of
events occurred in degassed and aerated water. However, the authors do not quantify the
gas content of the water. This study was able to identify cavitation activity with
sufficient sensitivity that it was possible to identify three specific stages of cavitation
activity in water, which occurred over time frame of a few milliseconds. In this study
the authors claim to be able to view cavitation bubbles generated by a 2.5 MHz

ultrasound field. However, a resonant bubble at this frequency would be approximate
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2.6 um in diameter, which would not be seen by the naked eye. Visual observation was
used in this paper to confirm the presence of cavitation cavity. This would suggest that
the results discussed here refer to clouds of cavitation bubbles rather than to single
events. In addition, the acquisition rates would be to slow to capture events occurring at
MHz frequencies.

Crum and Nordling (1979) used direct observation in order to determine the velocity
of transient acoustic cavitation exposed to a standing wave. The acoustic cavitation
wave was generated within an acoustic resonator that consisted of two matched
cylindrical transducers (55 kHz) separated by a thin glass cylinder mounted between
them. The resonator generated acoustic cavitation at its geometric centre, directly
underneath the glass cylinder. A high speed stroboscope and camera were positioned at
one of the flat parts of the cylinder in order to image the cavitation. The photographs
were mostly taken using a 35 mm camera with a shutter speed of 1/15 s. This shutter
speed was used so that it would increase the probability of observing a cavitation event
during image acquisition. This experimental method allowed them to identify ‘feathery’
tracks that were caused by transient acoustic cavitation within the standing wave field
created by the ultrasound transducers. These tracks were comprised of multiple bubbles
that were travelling as a group (due to streaming) and retained their clustered
configuration. This technique highlights the limitations of a direct observation technique
for observing events with the time scales of MHz frequency ultrasound, since even at
this lower frequency only activity on the macroscopic scale could be observed.

Luther et al (2001) used a high-speed (2250 fps) observation technique to monitor
acoustic cavitation generated from a standing wave field created using plane wave 20
kHz transducer, with peak anti-node pressures of 0.2 MPa. A CCD camera (KSV,
HiSIS, 2002) was used to take 2250 fps in order to observe the bubble activity in this
standing wave field within a tap water filled Perspex cuvette (5 x 5 x 10 cm). Two
methods were used to illuminate the bubbles. Firstly, short LED flashes (3 ps)
synchronised to the acoustic driving pulse and camera acquisition time, to backlight the
bubbles. This caused them to appear as dark regions in the images. Secondly, CW side
lighting was used so that the camera recorded scattered light from the bubbles. This
technique resulted in short streaks since the bubbles were moving during the image
acquisition. Digital image processing was used to extract the bubbles positions, sizes,

and shapes. The authors claim that this system was able to track individual bubbles,
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since the CCD was Ix] cm® with 256x256 pixels, giving a spatial resolution of
approximately 40 um. The radius of a resonant bubble at this frequency would have
been 320 um, so this would have been possible. However, the frame rate would not
have been sufficiently high in order to monitor the oscillations of bubbles at this
frequency. This technique would however not be suitable for MHz frequency

ultrasound.

3.7 Summary

This chapter has discussed the different detection methods that have been used to
identify cavitation activity. An aim of this present study is to design and construct a
cavitation detection system for ex-vivo and eventually in-vivo and clinical use (§1.2.2).
However, from a review of the literature it seems that no two cavitation detection
techniques are the same. This makes the identification and quantification of the relative
sensitivity and efficacy of each technique difficult. It would seem that direct observation
was the most sensitive technique to acoustic cavitation activity since it was possible to
identify cavitation on the single bubble scale. However, this technique would be the
least useful clinically. Similarly, sonochemistry and sonoluminescence would be
impractical to implement for clinical applications, and the sensitivity of these
measurements relies on the volume of solution exposed and the detection technique
used to identify chemical changes. Pulse-echo ultrasound (a form of active cavitation
detection) would be the next most sensitive detection technique as it is used to directly
interact with the bubble, and in some of the publications discussed above was shown in
interact with a single bubble. This has the disadvantage of not being able to be used
simultaneously with HIFU exposures. Passive cavitation detection is a commonly used
technique, but is the most difficult to quantify. This technique relies on the secondary
process of acoustic emission, for which, depending on the apparatus used for detection,
sensitivity can vary significantly. It is not clear from the literature if it is possible to
identify single bubble activity, or whether this type of detection technique is only
looking at multiple bubbles. Passive cavitation detection can be used in vivo but the
interpretation of the detected acoustic emissions remains critical. This will be
investigated further in this thesis.

An ideal in-vivo cavitation detection system would be able to distinguish between
the different types of acoustic cavitation and boiling (Chapter 2) produced during a

HIFU exposure. As the detection technique is a secondary goal compared with
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successful HIFU treatment, in order to perform pulse-echo active cavitation detection
the HIFU exposure would need to be pulsed (Rabkin ef a/, 2005). This technique relies
on scattering from bubbles, and so, in in-vivo application, it could give false positives
from scattering from other sources (bone, tissue interfaces etc) within the body. It can
however, give a high degree of spatial information, but only during the HIFU ‘off time’.
The use of pulse-echo techniques to interrogate cavitation in the focal field only when
with the HIFU field is off, would mean that the heating from the HIFU exposure would
be reduced unless the exposure time is increased. Therefore a compromise between the
allowable ‘off time’ (~ms) and the frequency at which the cavitation activity would be
interrogated is required.

Unlike active detection methods, passive cavitation detection does not interfere with
HIFU treatment delivery regime and the detected acoustic emissions (subharmonics,
superharmonics and broadband emissions) can be a reliable indicator of bubble activity
(discussed in Chapter 4) since they are generated from bubble motion. However, these
signals are likely to be very weak in comparison to those from HIFU field, and thus
would need significant RF filtering and amplification. Accurate interpretation of the
acoustic emissions would also be critical in discerning bubble behaviours, which should
allow identification of non-inertial and inertial cavitation.

Impedance change seems to be a useful technique for monitoring backscatter from
bubbles that would be easy to implement in any HIFU drive system. The main problem
with this technique arises from the interpretation of the signals, since it only indicates a
source of scatter at the HIFU focus, and it is unclear from the literature how sensitive
this technique would be to, for example, a single bubble. Nevertheless, it would be
possible to monitor this throughout the HIFU exposure.

No single cavitation detection technique is thought to be sufficient to provide a
comprehensive picture of the cavitation activity generated by HIFU exposures for an in-
vivo detection system. This review therefore suggests that it would be prudent to mix
different complementary detection methods, such as, for example, the use of passive
and active cavitation detection with impedance change measures. Direct observation or
sonochemical/sonoluminescence does not have any direct in-vivo application. However
they could be used to provide quality assurance for the in-vivo cavitation detection
system. For example, if a high speed camera could be used to identify single bubble
behaviour in conjunction with the in-vivo cavitation detection system it would provide a

calibration technique for the detection system. It could also be used to compare the
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detection thresholds of indirect measures as a function of the number of events (i.e. to
determine the sensitivity). Unfortunately a high speed camera was not available for this

study, but a sonochemical study was done.
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4 — Development of a cavitation detection system

This chapter details the development and construction of the detection system used for

the cavitation studies described in subsequent chapters.

4.1 Acoustic Emissions

A pre-existing bubble driven by an acoustic wave will oscillate and, in turn, emit
pressure waves (Neppiras, 1980). These emitted pressure waves are referred to as
acoustic emissions. In an introductory paragraph, Leighton (1994) described the
characteristics of these emissions as a function of the drive power, which would
determine the in-situ acoustic peak pressures. When the drive power is “low”, the
bubble oscillates linearly and only emits pressure waves at the ultrasound drive
frequency (fy). However, at higher drive power it can undergo non-linear oscillation,
including collapse, and the acoustic emissions generated may comprise broadband
emissions and superharmonics (7;fy), ultraharmonics ((2n,+1)fp/2) and subharmonics
(fo/n;) of the drive frequency (where n; is a positive integer). These acoustic emissions

are described in more detail below.

41.1 Subharmonic

The origins of subharmonic emissions remain unclear despite having been the focus of
numerous research efforts (Vaughan, 1968; Neppiras, 1969a; Neppiras, 1969b;
Lauterborn, 1976; Prosperetti, 1977; Neppiras, 1980). Leighton (1994) discussed the
possible sources of subharmonic from bubbles driven by a linear acoustic field. His
discussion is summarised here.

Subharmonic emissions from inertial (transient) cavitation may be generated by a
prolonged bubble expansion phase, and delayed collapse. Thus, if the bubble were to
survive the initial collapse and undergo motion such as the example shown in Figure
4.1(b), surviving several acoustic cycles before collapse, subharmonic emissions may be
emitted. The probability of generating subharmonic emissions decreases as the order of
subharmonic increases. Neppiras (1980) proposed a second mechanism for the
generation of subharmonic emissions from inertial cavitation activity. Consider a bubble
that is near the pressure threshold between non-inertial and inertial cavitation activity,

and with an equilibrium radius near the size that would be resonant at f/2.
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Figure 4.1. Radius-time curves (b) for a 1 pm bubble in a 500 kHz showing the effect of increasing P,
(shown as multiples of p, in the figure legend) on an air bubble in water. The time is measured in
multiples of the acoustic period, which is shown in (a). These plots are calculated from results shown in

Leighton (1994).

The periodic unstable oscillations from a bubble, driven at twice its resonant frequency,
close to the pressure threshold, could generate subharmonic emissions. This type of
behaviour is shown in Figure 4.2 (Neppiras, 1980). This numerical solution, predicts
that a bubble with an equilibrium radius of 260 wm (which would have a linear
resonance at 13.1 kHz) driven at 24.5 kHz, and therefore executing approximately 13
cycles for around 25 acoustic cycles, would undergo oscillations that could generate

subharmonic.
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Figure 4.2. Unstable motion of a bubble driven at twice its linear resonant frequency, where R, = 260

pm, P, =0.075 MPa and f; = 24.5 kHz (Neppiras, 1980).

Neppiras (1980) summarised the possible mechanisms for subharmonic emissions
from non-inertial (stable) cavitation. The first of these is the generation of surface
instabilities. Faraday (1831) was the first to report the appearance of waves at half of the
driving frequency, on the surface of water. These Faraday waves, on the surface of a
bubble, could be a source of subharmonic emissions (Neppiras, 1969a; Neppiras,
1969b). However, a study by Strasberg (1956) showed that sound emissions caused by
so-called “shape” oscillations resulted in a negligible sound pressure. Strasberg (1956)
found a rapid fall-off in the velocity potential with distance from the bubble. This rapid
decay suggests that subharmonics would only be detected close to the bubble. A more
detailed discussion has been provided by Leighton (1994). A second mechanism for
subharmonic emission from non-inertial cavitation may be from driving bubbles that are
twice the resonant size for the ultrasound driving frequency. Eller and Flynn (1969)
published a calculation of the threshold acoustic pressure required for a bubble to emit a
signal at half the ultrasound drive frequency. Neppiras (1969a) suggested that
generation of fy/3 (o