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Abstract

High intensity focused ultrasound (HIFU) provides a wide range of noninvasive

therapies ranging from drug delivery to the destruction of kidney stones. In par-

ticular, thermal ablation by HIFU presents an effective noninvasive method for the

treatment of deep seated solid tumours. HIFU’s further uptake is limited by a need

for improved treatment planning and monitoring. Two nonlinear acoustic phenom-

ena that play key roles in HIFU treatment: finite amplitude effects that lead to the

generation of harmonics and steepening of wavefronts, and acoustic cavitation. The

former must be taken into careful consideration for treatment planning purposes,

while the latter has the potential to provide fast, real-time, cost effective treatment

monitoring. The first half of this thesis provides new measurements for the non-

linear acoustic properties of tissue, assesses the validity of two common modelling

techniques for simulating HIFU fields. The second half develops a new method for

combining passive acoustic mapping- an ultrasound monitoring technique- with

MR thermometry, to assess estimates of cavitation enhanced heating derived from

passive acoustic maps.

In the first results chapter B/A was measured in ex-vivo bovine liver, over a heat-

ing/cooling cycle replicating temperatures reached during HIFU ablation, adapt-

ing a finite amplitude insertion technique (FAIS), which also allowed for measure-

ment of sound-speed and attenuation. The method measures the nonlinear pro-

gression of a plane-wave through liver and B/A was chosen so that numerical sim-

ulations matched measured waveforms. Results showed that attenuation initially

decreased with heating then increased after denaturation, sound-speed initially in-

creased with temperature and then decreased, and B/A showed an increase with

temperature but no significant post-heating change. These data disagree with other

reports that show a significant change and suggest that any nonlinear enhancement
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in the received ultrasound signal post-treatment is likely due to acoustic cavitation

rather than changes in tissue nonlinearity.

In the second results chapter two common methods of modelling HIFU fields

were compared with hydrophone measurements of nonlinear HIFU fields at a range

of frequencies and pressures. The two methods used were the KZK equation and the

commercial package PZFlex. The KZK equation has become the standard method

for modelling focused fields, while the validity of PZFlex for modelling these types

of transducers is unclear. The results show that the KZK equation is able to match

hydrophone measurements, but that PZFlex underestimates the magnitude of the

harmonics. Higher order harmonics in PZFlex are not the correct shape, and do not

peak around the focus. PZFlex performs worse at higher pressures and frequencies,

and should be used with caution.

In the final two chapters a system for estimating cavitation-enhanced heating

from acoustic maps is developed and benchmarked against magnetic resonance

thermometry methods. The first chapter shows that the ultrasound and MR moni-

toring systems are compatible, and registers the two imaging systems. The HIFU fo-

cus is clearly visible in passive maps acquired in the absence of cavitation and these

coincide with the centre of heating in MR temperature images. When cavitation

occurs, it coincides spatially and temporally with the appearance of a clear spike

in temperature, especially when the passive maps are processed using the Robust

Capon Beamformer algorithm. The final chapter shows how passive maps can be

converted into thermal heating inputs, and used to estimate cavitation-enhanced

temperature increases. These estimates have the potential to closely match max-

imum temperature rise, and estimated thermal dose after the estimated tempera-

ture rise is spatially averaged. However, the method is not always successful. This is

partly due to uncertainties in MR thermometry estimates, partly due to uncertain-

ties in the acoustic properties of tissue.
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1
HIGH INTENSITY ULTRASOUND

THERAPY: TREATMENT AND

MONITORING

In addition to its use as a diagnostic modality, as a therapeutic tool ultrasound has

a long history and an exciting future.

Therapeutic ultrasound is commonly known as ‘High Intensity Focused Ultra-

sound’, or HIFU, as the acoustic intensity required to produce a therapeutic effect

is much higher than in diagnostic applications. In these treatments a focused ul-

trasound transducer creates a pressure wave that propagates through tissue, and

at the focus of the transducer the amplitude of the pressure wave is much higher

than elsewhere. Locally it is able to deliver enough energy to create a therapeutic

effect at the desired treatment location leaving surrounding areas unharmed (Haar

and Coussios, 2007b). Therapeutic effects can be thermal, due to energy from the

acoustic wave being converted into heat through absorption, or mechanical, where

energy from the pressure wave disrupts the tissue as it passes through it. The thera-

14
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1.1. The Beginnings of High Intensity Focused

Ultrasound

peutic effect and mechanism depends on the ultrasound parameters used, the type

of transducer, and the acoustic properties of the target (Haar and Coussios, 2007b;

Coussios and Roy, 2008; Bailey et al., 2003; Xu et al., 2007).

In this section the development of therapeutic ultrasound techniques is exam-

ined before looking in more detail at two important aspects of high intensity focused

ultrasound (HIFU) treatment- monitoring and planning. It is shown that while there

are many advantages to HIFU therapy there are still needs in these two areas.

1.1 THE BEGINNINGS OF HIGH INTENSITY FOCUSED

ULTRASOUND

The use of high intensity focused ultrasound (HIFU) as a noninvasive technique

to create areas of thermal damage, or ‘lesions’, was first developed by Lynn et al.

(1942). Their study used a voltage applied to a focused piezoelectric crystal at its

resonant frequency to produce ultrasound that created ‘melted defects’ in paraffin

blocks, areas of damage in samples of ex-vivo liver, and changes in the brains of

living animals. Subsequent work by Fry et al. (1954) and Fry (1958) used multiple

transducers to provide a focusing effect and was able to create localised volumes

of damaged tissue in the central nervous system. This work continued for the next

decade, alongside the development of ultrasound imaging techniques Erikson, Fry,

and Jones (1974).

Other work used the same technique to create lesions in the retina Lizzi et al.,

1978 or to destroy solid tumours (Fry and Johnson, 1978) (Burov and Andreevskaya,

1956). Frizzell et al. (1977) examined the mechanism behind the lesions created and

by simulating the thermal effects during the treatment was able to show that the pri-

mary cause of damage is the temperature rise at the focus due to the absorption of

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 15
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Ultrasound

the ultrasound. Histological examination of the lesions (Chen et al., 1993) showed

that the treated volume comprised a well defined volume of completely denatured

tissue without damage to the surrounding area. Although very promising this tech-

nique did not immediately gain wide clinical uptake due to a lack of a method for

accurately identifying the target volume (Haar and Coussios, 2007a).

With improvements in ultrasound imaging techniques further attempts were

made to monitor HIFU by looking for a hyperechoic region on a B-mode ultrasound

image (Haar, Sinnett, and Rivens, 1989) (Vallancien et al., 1990) (Vaezy et al., 2001a).

In addition to ultrasonic methods attempts began to monitor using magnetic reso-

nance imaging. Following on from these developments in monitoring newer clin-

ical trials began to show promising results. Some of the first clinical trials using

commercial HIFU devices were to treat prostate cancer, due to its easy ultrasonic

access(Gelet et al., 1995) (Chapelon et al., 1999). These studies had satisfactory

outcomes the results are comparable to what can be achieved using radiation ther-

apy(Gelet et al., 2001).

Initially MR imaging was also used to identify the region that thermal effects

occurred in and to visualise the treated volume (Cline et al., 1992). Later, the tech-

nique was extended to measure the relative temperature rise within the focal region

(Hynynen et al., 1993) (Ishihara et al., 1995). Using MRI guidance, trials to create

thermal lesions within uterine fibroids also showed volume reduction correlating to

treatment volume and encouraging symptomatic response.

These developments in imaging technology were enough to renew interest in

HIFU ablation as a clinical possibility. It has many advantages as a treatment for

solid tumours (Kennedy, 2005) in that it is cheap, as well as being noninvasive and

nonionising. The side effects of the treatment are much less severe than chemother-

apy and in comparison to surgery the recovery time is much shorter. In contrast to

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 16
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radiotherapy in particular there is no limit to the number of repeat treatments a pa-

tient can receive, nor does it preclude the use of any other treatment. In contrast

to other minimally invasive techniques such as radiofrequency ablation, laser abla-

tion or cryoablation, HIFU is the only treatment that is truly noninvasive, as all the

other methods require the insertion of a probe. Probe insertion brings with it a risk

of visceral or vascular puncture, tumour seeding along the needle track as well as

the risk of infection. In addition, once the probe is inserted it is impossible to move

the probe around the target area without reinsertion, while successive shots from

an extracorporeal HIFU transducer can be combined to ‘paint out’ a lesion.

1.2 ACOUSTIC CAVITATION

In addition to thermal ablation, there are a number of other applications of ther-

apeutic ultrasound. In the majority, if not all, of the applications discussed below

acoustic cavitation plays a role in the efficacy of the treatment, therefore this sec-

tion begins with a brief description of the phenomenon.

Acoustic cavitation has an important role to play in enhancing the rate of heat-

ing during HIFU ablation and is the driving mechanism behind many other appli-

cations of therapeutic ultrasound. Cavitation can be defined in its most general

sense as ‘the creation of new surfaces, and/or expansion/contraction/distortion of

new ones within the body of a liquid, the process being coupled to acoustic energy’

(Leighton, 1994). This therefore refers to the creation of a vapour cavity in response

in response to the rarefaction phase of an acoustic pressure field, the expansion of

bubbles ‘seeded’ by pre-existing gas pockets or cavitation nuclei in a medium. In

acoustic cavitation bubbles also undergo subsequent expansion, contraction and

collapse in response to compression and rarefaction phases of a sound field. While

cavitation enhanced heating will be discussed in greater detail in later chapters,
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here it is only necessary to mention two types of acoustically driven bubble oscil-

lation that are commonly referred to as ‘stable’ and ‘inertial’ cavitation (Coussios

and Roy, 2008). ‘Stable’ cavitation is the prolonged pulsation of a bubble subject

to acoustic stress about its equilibrium radius, the bubble oscillates in a periodic

manner, expanding and contracting depending on the instantaneous pressure of

the surrounding medium. At higher pressures the cavitation becomes ‘inertial’. This

is when the cavity grows explosively before collapsing violently, the collapse driven

by the inertia of the inrushing fluid.

The two regimes can very broadly be said to bring with them different biological

effects (Coussios and Roy, 2008). ‘Stable’ cavitation encourages microstreaming as

a circulating flow is set up around the oscillating bubble (Elder, 1959), and is one

of the important effects in enhancing drug penetration. ‘Inertial’ cavitation readily

leads to localised heating effects Holt and Roy, 2001, as the sound emitted from

the rapid collapses are readily absorbed by the surrounding tissue and converted

into heat, increasing the rate of energy deposition around the collapsing bubbles.

In both cases, in addition to their therapeutic effect, cavitating bubbles themselves

produce acoustic emissions. This is important from a monitoring point of view,

as the sound from cavitating bubbles can be detected, and localised (Gyongy and

Coussios, 2010), giving an indication of the spatial extent, and the magnitude of the

therapeutic effect.

1.2.1 Further Applications of High Intensity Focused Ultrasound

One of the most commonly used non-ablative applications of therapeutic ultra-

sound is extra-corporeal shock wave lithotripsy, as a treatment for the fractionation

of kidney stones. It uses high amplitude focused shock waves to fragment renal and

biliary stones so they can be passed through the ureters and cystic duct (Lingeman
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et al., 1986). It has been shown that acoustic cavitation is a key contributor to stone

breakup, in particular the violent collapse of bubble clouds or clusters (Pishchal-

nikov et al., 2003; Zhu et al., 2002).

Another technique that uses the mechanical effect of cavitating bubbles is his-

totripsy, in which nonthermal mechanical effects of ultrasound (cavitation) can be

used to progressively homogenize tissue (Roberts et al., 2006) as an alternative to

thermal ablation. The bubbles can be created either by applying short pulses at

high intensities to produce cavitation, or slightly longer millisecond pulses that boil

the tissue. In both cases, bubbles are produced that undergo large changes in radii

and create lesions that show no sign of thermal damage (Kreider et al., 2011). Fo-

cal pressures for histotripsy are much higher than for HIFU, using above 10 MPa

peak negative focal pressure, and over 40 MPa peak positive pressure (Maxwell et

al., 2012).

Therapeutic ultrasound is also able to enable targeted drug delivery and lo-

calised enhancement of drug activity (Coussios and Roy, 2008). This can be

achieved through a variety of means, exploiting mechanical and thermal effects.

Thermally, a localised temperature rise is generated through the same mechanisms

as for thermal ablation, although lower input powers reduce the final temperature

rise to 5-10 °C. This can then be used to release anti-cancer drugs encapsulated in-

side thermally sensitive lipid or polymer spheres to enable highly localised release

of chemotherapeutic drugs (Mylonopoulou et al., 2010; Dromi et al., 2007; Grüll and

Langereis, 2012).

Localised drug delivery can also be achieved through non thermal methods, by

using the mechanical aspect of ultrasound to disrupt ultrasound contrast agents

that carry a drug payload. In addition to carrying the drug payload the bubbles

can also be modified to target specific sites within the body, such as tumours (Fer-
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rara, Pollard, and Borden, 2007; Klibanov, 2006). This effect has been used to de-

liver not only drugs but also other therapies, such as oncolytic viruses (Carlisle et

al., 2013; Bazan-Peregrino et al., 2013), and has been shown to work by enhanc-

ing extravasation, increasing the transport of drugs through leaky vasculature in

tumours. Ultrasound also increases the permeability of skin, increasing the pen-

etration of drugs passing through the stratum corneum (Lavon and Kost, 2004; Mi-

tragotri, Blankschtein, and Langer, 1995). This is another application where increas-

ing the amount of inertial cavitation has been shown to enhance delivery (Bhatna-

gar, Schiffter, and Coussios, 2014).

Ultrasound has also been shown to enhance thrombolysis in the treatment of

strokes (Medel et al., 2009) when combined with thrombolytic drugs. The enhance-

ment has been shown to only occur in the presence of cavitation (Datta et al., 2006)

and suggests that stable bubble oscillations around the clot play a key role in its

destruction.

Finally, ultrasound has been shown to be able to reversibly open the blood-brain

barrier that allows for the otherwise problematic delivery of therapeutic agents to

treat diseases of the central nervous system (Hynynen et al., 2005). Again, analy-

sis of the mechanism behind the opening suggests that the interaction of bubbles

and ultrasound, possibly stable cavitation, is one of the key contributors to effective

treatment (McDannold, Vykhodtseva, and Hynynen, 2006).

While the current work is mostly concerned with HIFU ablation, the effects of

cavitation must still be taken into account, as cavitation-enhanced heating plays an

important role in providing effective heating that can be readily monitored. Addi-

tionally, the number, variety and effectiveness of the varied treatment regimes iden-

tified above show that cavitation-driven non-thermal treatments make up a signifi-

cant proportion of therapeutic ultrasound applications.
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1.3 TREATMENT MONITORING AND ASSESSMENT OF

HIFU ABLATION

As one of the main advantages of HIFU therapy is its noninvasiveness, by its very

nature this makes monitoring and assessment a challenge. There are a number of

competing methods for HIFU monitoring and assessment, which can be broadly

split into ultrasound-based methods, and magnetic resonance imaging methods.

While MRI methods have become the ‘gold standard’ for monitoring HIFU treat-

ment ultrasound methods are able to compete on grounds of superior frame rate,

portability, and cost (Rivens et al., 2007). In cases where the imaging is able to mon-

itor temperature rise during treatment a method is required to relate temperature

rise to treatment outcomes. This is the thermal dose and is discussed in the final

section of the chapter.

1.3.1 Ultrasound Methods

1.3.1.1 B-mode monitoring

Ultrasound imaging seems the natural accompaniment to ultrasound surgery. Ul-

trasound imaging transducers can be placed confocally inside therapy transducers,

or therapy and imaging can be performed with the same device (Rivens et al., 2007).

Early HIFU monitoring depended on standard B-mode ultrasound monitoring.

In this technique a linear array of transducers send out short ultrasonic pulses and

build up an image based on the relative magnitudes and return times of echoes gen-

erated by changes in density and compressibility of the medium. In B-mode mon-

itoring successful treatment is monitored by looking for a hyperechoic ‘bright spot’

that appears at the HIFU focus and corresponds with the subsequent appearance

of a lesion (Vaezy et al., 2001b; Haar, Sinnett, and Rivens, 1989; Wu et al., 2003). The
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bright spot is brought about either by a cloud of bubbles generated through cavita-

tion or more likely by much larger bubbles caused by boiling the tissue (Rabkin et al.,

2006; Rabkin, Zderic, and Vaezy, 2005) and does not coincide with the appearance of

the lesion. Indeed it is entirely possible to create lesions without the appearance of

cavitation activity (Nandlall, Jackson, and Coussios, 2011). This suggests that by the

time boiling temperatures have been reached in tissue this is past the point of ther-

mal denaturation (Coussios et al., 2007) and a lesion is likely to have formed before

hyperecho is observed. Hyperecho is unsuitable for post-treatment assessment as

bubbles decay with time.The presence of a large cloud of hyperechoic bubbles leads

to distortion of the lesion and unpredictable lesion growth towards the transducer

(Bailey et al., 2001). Therefore B-mode is unsuitable for lesion monitoring.

1.3.1.2 Ultrasound Elastography

Ultrasound elastography is able to provide qualitative images of strain and elastic

modulus distributions in soft tissues. By externally compressing the tissue and tak-

ing the cross correlation of a-line pairs in pre- and post- compression images the

strain profile along the transducer axis is calculated. An image of the elastic mod-

ulus can be created by measuring the stress applied by the compressing transducer

and correcting for a nonuniform stress field (Ophir et al., 1991). However, as this

correction requires knowledge of the 3D components of stress and strain in the tis-

sue, this problem is ill-posed (Bamber et al., 1999). Solving it either requires tech-

niques that converge on the most likely stress/strain distribution (Bamber et al.,

1999), or assumptions about the nature of the stress field (Skovoroda, Emelianov,

and o’Donnell, 1995).

As tissue is heated its proteins begin to lose their structure and become initially

less stiff, but as the protein changes become irreversible stiffness increases(Wu et
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al., 2001), and elastographic techniques have been used to determine the sizes of

lesions (Kallel et al., 1999; Righetti et al., 1999; Shi et al., 1999). Elastograms in

human trials are able to outperform B-mode imaging, as the B-mode bright spot

decayed after treatment, and elastograms correlated much better with the extent

of the lesion observed on MR images (Souchon et al., 2003). However, there are

problems associated with poor signal-to-noise ratio (SNR) and patient motion mak-

ing cross-correlation difficult, and performance decreases with depth, and in gen-

eral elastograms underestimate lesion volume compared to MRI images of lesions

(Curiel et al., 2005). As speed of sound also changes with temperature, and tissue

expands thermally, this creates the illusion of displacement, and means that elas-

tograms cannot be taken during treatment itself while the temperature is changing,

only during pauses once the tissue has cooled (Curiel et al., 2005; Souchon et al.,

2003). The presence of cavitation is also not necessarily compatible with elastog-

raphy. While it is able to enhance image contrast and SNR, cavitating bubbles also

shield the lesion, with pre-focal bubbles making the lesion location itself hypoe-

choic, reducing SNR (Curiel et al., 2005), while in another study it creates artefacts

on the elastograms(Thittai, Galaz, and Ophir, 2011).

It is possible that rather than externally compressing the region of interest tis-

sue can be compressed by the force ultrasound exerts, known as the acoustic ra-

diation force, and this method of imaging has had some success in observing le-

sions (Azuma et al., 2005; Fahey et al., 2004). An alternative similar technique is

now emerging known as harmonic motion imaging (HMI) (Maleke and Konofagou,

2010).This technique uses HIFU to deliver the radiation force, and amplitude-

modulates the HIFU signal with a low frequency carrier to create sinusoidal positive

displacement. This has been shown to be able to detect HIFU lesions, and is well

suited to real time monitoring, as the therapeutic acoustic signal can be easily mod-
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ulated to provide displacement (Hou et al., 2011; Curiel and Hynynen, 2011). How-

ever, while stiffness increases, many other properties of tissue change at the same

time that work to counteract the decrease in movement associated with a stiffer

lesion, most notably the increase in attenuation described in chapter 2, which in-

creases the acoustic radiation force. In addition, changes in the speed of sound and

thermal expansion create artificial displacements, while the increased attenuation

of the tissue will increase the displacement due to an increased acoustic radiation

force. The increase in attenuation will partly depend on the state of the lesion, and

partly on the presence of cavitation. Due to the many conflicting factors, it has been

shown that HMI is not always a robust detector of lesion formation (Draudt, 2012).

1.3.1.3 Monitoring Changes in Acoustic Properties

As described in chapter 2 many acoustic properties of tissue are known to change

during thermal denaturation. The most dramatic of these is the attenuation coeffi-

cient, which roughly doubles after tissue has been denatured. It is possible to de-

tect lesions by calculating the attenuation coefficient and its frequency dependence

from the frequency spectrum of a reflected imaging pulse by looking at the reduc-

tion in the signal after treatment and accounting for the distance travelled through

tissue (Rahimian and Tavakkoli, 2013; Ribault et al., 1998; Zhang et al., 2009). In

these papers some of the detected change in attenuation post-treatment is due to

the change in tissue properties, but a large proportion of this change is due to tran-

sient cavitation effects. This is true of a number of studies analysing backscattered

signals to detect lesions, (Anand, 2004; Kumon et al., 2012; Kemmerer and Oelze,

2012; Silverman et al., 2006) where changes in the backscattered ultrasound im-

ages are observed and quantified, but it is unclear to what extent the changes are

attributable to cavitation or a change in the acoustic properties of the medium.
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1.3.1.4 Ultrasound Thermometry

It is possible to use ultrasound to measure the temperature of heated tissue. The

most common technique is to exploit the temperature dependance of sound speed,

and thermal expansion to track changes in the distance between scatterers (Seip

et al., 1996; Simon, VanBaren, and Ebbini, 1998). The sound speed of most tissue

initially increases with temperature, as temperature passes 50-60 °C the speed of

sound decreases (Techavipoo et al., 2012). In addition to sound speed, the coef-

ficient of thermal expansion for the tissue must also be measured (Arthur et al.,

2005), both of these parameters vary from tissue to tissue. Other methods use re-

flection techniques to measure either the attenuation and nonlinearity coefficients

of tissue. These methods require knowledge of the relationship between temper-

ature and the properties under observation, which are not always available for all

tissue types, and are rarely available for tissues that have undergone thermal denat-

uration. SNR is also an issue, as the size of the lesion is often small compared to the

total acoustic path.

1.3.1.5 Reflex Transmission Imaging

Reflex transmission imaging has been used for monitoring lesion formation and

temperature rise. It works by insonating a region of interest with a focused source,

and uses scatterers beyond the region of interest to provide reflected acoustic en-

ergy. The reflected sound is then amplified and integrated to provide a pixel value,

and an image is built up of a raster scan of pixels (Green and Arditi, 1985; Green,

Ostrem, and Whitehurst, 1991). The value of this pixel depends mostly on attenua-

tion (Green, Ostrem, and Whitehurst, 1991) and has been used to provide intensity

based images of thermal lesions (King et al., 2003). The main difference between

this imaging technique and B-mode imaging is that in RTI, pre-focal signals are ig-
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nored, and signals behind the focus are amplified and integrated to provide a pixel

at a particular location at the focal distance (Green and Arditi, 1985). This tech-

nique has also been used to determine temperature rise by taking the relative phase

of ultrasound images and relating them to temperature (Farny and Clement, 2008).

The source of the backscattered ultrasound and the detector may be the same trans-

ducer or separate transducers.

1.3.1.6 Passive Acoustic Mapping

The majority of the above monitoring techniques are either unsuitable for real-time

monitoring or are compromised in the presence of cavitation. In therapies where

cavitation is the main contributing factor to treatment outcome it is advantageous

to monitor the cavitation emissions themselves, using the acoustic emissions of the

bubbles to help, rather than hinder monitoring. An emerging technique to map

the location and activity of bubbles during HIFU treatment is called passive acous-

tic mapping. In this modality an array of transducers passively receives acoustic

emissions from cavitating bubbles and through delay and sum beamforming cre-

ates real-time spatial maps of cavitation activity. These maps can be analysed in

the frequency domain to determine the type of bubble activity (Gyongy and Cous-

sios, 2010; Jensen et al., 2012; Arvanitis and McDannold, 2011). Maps of this kind

have been shown to correlate well with the extent of lesion formation even when

no cavitation is visible on a conventional B-mode image (Jensen et al., 2012), has

been used to estimate the amount of cavitation enhanced heating in ablation exper-

iments (Jensen, Cleveland, and Coussios, 2013), monitor cavitation intracranially

(Jones, O’Reilly, and Hynynen, 2013), and has also shown promise as a tool to mon-

itor drug release (Mylonopoulou et al., 2010).
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1.3.2 MRI Treatment Monitoring

The other noninvasive, non-ionising imaging modality that is particularly well

suited to monitoring temperature in HIFU treatments is magnetic resonance imag-

ing (MRI). There are two main ways MRI is used in thermal treatments in particular,

for treatment monitoring and assessment, through its ability to monitor tempera-

ture in real time, and visualise thermal lesions. Here a brief overview of the tech-

niques and capabilities is provided, and shows that cost concerns aside, MR guided

HIFU is considered the ‘gold standard’ for HIFU monitoring (Rivens et al., 2007). A

more detailed overview of the physics of the MRI techniques used in this study is

described in chapter 4

1.3.2.1 MR Thermometry

There are many MRI sensitive parameters that vary with temperature that have been

used for thermometry, namely the T1 and T2 decay times and the diffusion coeffi-

cient. However, they all suffer from one or more drawbacks that have limited their

widespread uptake. The dependence of T1 and T2 relaxation times on tempera-

ture differ between tissue types, are only linear within a small temperature range,

and change depending on whether the tissue has been treated or not. Scan times

to measure these parameters accurately are on the order of minutes, and therefore

slower than HIFU treatments where temperatures can rise by tens of degrees in sec-

onds.The diffusion coefficient is very sensitive to changes in temperature, but again

depends on whether the tissue has been treated or untreated, and requires tissue

to be completely isotropic. Again, scan times to measure diffusion are very long

(Quesson, Zwart, and Moonen, 2000; Rieke and Butts Pauly, 2008).

The method that has become much more widely used is the proton resonance

frequency shift (PRF) method (Quesson, Zwart, and Moonen, 2000; Rieke and Butts
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Pauly, 2008). The change in PRF occurs because as temperature increases the bonds

between hydrogen oxygen atoms in water molecules become more stretched. This

reduces the degree of association of the water molecules and increases the degree of

electron shielding of the protons. This change in shielding creates a inhomogeneity

in the magnetic field, and it was shown by Sekihara, Matsui, and Kohno (1985) that

inhomogeneities in a static magnetic field can be visualised in the phase component

of MR images.

Ishihara et al. (1995), De Poorter (1995a), and De Poorter (1995b) used these

phase maps to visualise temperature fields. In comparison to the other methods the

proton resonance frequency (PRF) changes linearly with temperature and remains

linear for a large enough temperature range to cover HIFU treatment. It remains

constant for treated and untreated tissue and is similar for different types of non-

fatty tissue (Quesson, Zwart, and Moonen, 2000). This technique gives a simple for-

mula for calculating the relative temperature rise in the medium after subtracting a

reference unheated phase image from the phase image of the treated tissue:

∆T = Φ(T )−Φ(Tr e f )

αγT EB0
(1.1)

Where T is temperature,Φ(T ) andΦ(Tr e f ) are the phase of the temperature im-

age and the reference image. B0 is the magnetic field strength, T Ei stheechoti me,

γ is the gyromagnetic ratio α is the temperature-dependent proton resonant fre-

quency change coefficient. This technique is commonly capable of measuring tem-

perature to within 1°C, with a 2mm voxel size, and 1Hz temporal resolution (Ques-

son, Zwart, and Moonen, 2000). Better temporal and spatial resolution is available

at higher field strengths, and spatial resolution can be improved at the expense of

temporal resolution, and vice versa. Even at these resolutions for HIFU treatments
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at high power this monitoring method will suffer from averaging effects, as high fre-

quency ultrasound fields and cavitation events vary on length scales smaller than

a millimetre, and high temperatures can be reached in fractions of seconds (Can-

ney et al., 2010). Thermometry is often performed in orthogonal 2-D planes centred

at the HIFU focus which increases the available frame rate, but must assume that

heating is radially symmetric.

1.3.2.2 MR Treatment Assessment

In addition to being used to measure temperature MR images can also be used to

visualise lesions directly. The fact that the T1 and T2 relaxation times are suscepti-

ble to changes in the state of necrosed tissue means that images weighted towards

either relaxation time can be used to visualise lesions. This assessment can only be

performed once tissue has cooled, and may take a few minutes to appear on an MR

image (Graham, Bronskill, and Henkelman, 1998).

The T2 time constant increases with temperature, and the T1 constant initially

increases for tissue heated at temperature up to 70 °C before decreasing (Graham,

Bronskill, and Henkelman, 1998). A typical T1 weighted image of a lesion shows a

hyperintense outer region with a hypointense core (Graham et al., 1999b) or a bright

core with a heterogeneous centre in T2 weighted imaging (Graham, Bronskill, and

Henkelman, 1998; Rouvière et al., 2001). As cells are exposed to heat their struc-

ture and extracellular matrix change (Wu et al., 2001). This causes tissue to stiffen,

whiten and changes the way water is stored in the tissue (Graham, Bronskill, and

Henkelman, 1998). The latter causes the change in MR images, as water compart-

ments are created and fluid is liberated from cells. MR images are also affected by

coagulated blood and water in denatured tissue having greater access to paramag-

netic centres in the blood (Graham, Bronskill, and Henkelman, 1998).
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The changes in MR images have been shown to have excellent agreement with

histological examination (Rowland et al., 1997; Hynynen et al., 1994; Chen et al.,

1999) to such an extent that MR images themselves have been used to correlate

treatment predictions from different thermal damage models with volumes of dam-

aged tissue (McDannold et al., 2000).

1.3.3 Thermometry and Thermal Dose

Temperature measurement, especially MR thermometry is one of the most widely

used ways of monitoring HIFU ablation. However, it is still necessary to relate tem-

perature to tissue damage. One model that has gained widespread acceptance is

the ‘Cumulative Equivalent Minutes at 43°C’ (CEM43) model developed by Sapareto

and Dewey (1984) and this is the model used in most dose calculations (Rivens et al.,

2007). The model assumption that tissue maintained at 43°C for 240 minutes fully

denatures. As temperature increases the required treatment time reduces by half for

every 1°C temperature increase.

The model uses the following formula to calculate equivalent minutes Dewhirst

et al. (2003).

C E M43 =
∫

R43−T (t )d t (1.2)

In this formula T is temperature in °C, t is time, and R is a temperature depen-

dent parameter, 0.25 below 43°C and 0.5 above. There are then a certain number of

equivalent minutes required to denature tissue,depending on the tissue type (Dami-

anou, Hynynen, and Fan, 1995), although across various tissue types 240 equivalent

minutes has been shown to be a conservative estimate for complete thermal coag-

ulation (McDannold et al., 2000).
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While this model has gained wide acceptance it is not tissue dependent and

is based on empirical measurements around 43°C Dewhirst et al. (2003). During

HIFU, temperatures can reach almost 100 °C, for which the present model has not

been formally validated. It has been shown to not always predict lesions, as for ex-

ample investigations linking changes in the optical properties of tissue to tempera-

ture have found it necessary to vary the constants used in the thermal dose (Adams

et al., 2014). Other thermal models have been developed such as those by Feng,

Oden, and Rylander (2008), O’Neill et al. (2011) and Breen et al. (2007). Each is based

on a slightly different set of assumptions and have been empirically validated using

different methods. As a result all predict very different treatment times for the same

temperature rises, and work is ongoing to determine which, if any, of these gives the

result that best matches histological observations.

1.4 TREATMENT PLANNING IN HIFU

Treatment planning is just as important as treatment monitoring in ensuring that

HIFU treatment is effective and fast. For thermal treatments in particular this in-

volves being able to choose an ultrasound input that will create a lesion of the cor-

rect size, in the correct location. Early attempts to find thresholds for lesion damage

used empirical data to create graphs of acoustic intensity versus time, and from this

were able to derive formulae for damage thresholds of the form

I
p

t =C (1.3)

where I is acoustic intensity, based on the power output of the device, t is time,

and C is an empirically derived constant (Frizzell et al., 1977; Frizzell, 1988; Fry et al.,

1970). These studies showed that there was similarity for the same tissues between
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different mammalian species, and gave thresholds that were either frequency inde-

pendent or only weakly dependent on frequency. This is because although acoustic

absorption increases with frequency, diffusion also increases due to the smaller size

of the focus (Carstensen et al., 1981). However, even though these studies find a sin-

gle formula for lesion formation, they do identify different lesioning mechanisms,

with cavitation effects causing lesions to be formed within very short times if the

intensity is high enough (>2500 W/cm2), and the heat sink effect of perfusion in-

creasing the intensity required to cause a lesion for heating times above 10s (Frizzell,

1988). However, as temperature correlates with lesioning better than intensity (Mc-

Dannold et al., 2000) it is better to use the in situ acoustic intensity to predict tem-

perature rise, and then to use a thermal model to predict lesioning (Coussios and

Roy, 2008; Haar and Coussios, 2007b).

The equation for predicting temperature rise is the Pennes (1948) bioheat equa-

tion,

ρtCt
∂T

∂t
= kt∇2T −wbCb(T −Tb)+Qm +Qac (1.4)

where ρt is the density of tissue, Ct and Cm are the specific heat capacities of

tissue and blood respectively, T and Tb are the temperatures of tissue and blood, kt

is the tissue thermal conductivity. wb is the perfusion flow rate, and Qm and Qac are

the metabolic heating rate and rate of heat deposition by ultrasound.

In simple treatment planning models a linear model is used to calculate the in-

tensity profile of a HIFU field (Robinson and Lele, 1972; Hill et al., 1994; Wu and

Du, 1990). The intensity field is then related to the rate of heat deposition by the

acoustic absorption coefficient by the following equation where I is the spatially

varying ultrasound intensity which is proportional to pressure squared, and αabs is
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and the coefficient of absorption. This is usually taken to be a fraction of the total

attenuation coefficient α.

Qac = 2αabs I (1.5)

(Nyborg, 1981). This relationship holds true at relatively low intensities in plane

wave conditions, but as intensity increases the apparent absorption coefficient be-

gins to increase with intensity (Carstensen et al., 1981; Dalecki et al., 1991). The

reason for this is what is known as a finite-amplitude or nonlinear effect.

The finite amplitude effects in ultrasound are discussed in more detail in chap-

ter 2 but are described briefly here. In linear acoustics the phase speed of a wave

is assumed to be equal to the speed of sound, which is a constant c0. In fact, the

phase speed varies at different points along the wave. the phase speed is highest

in high-density compressions and lowest in low-density rarefactions (Duck, 2002).

This is due to the fact that any point in the wave is travelling at the speed of sound

in the medium plus the particle velocity of that point in the wave, and that speed

of sound itself increases with pressure. The net effect of this is that points of high

pressure travel faster and low pressure travel slightly slower, distorting the wave and

eventually resulting in shocks. In the frequency domain this distortion manifests

itself in the generation of harmonics of the input signal.

This has two important effects on the rate of heating. Firstly, the higher harmon-

ics are more readily absorbed by the tissue as absorption increases with frequency

increasing the heating rate, and the interaction of nonlinear effects and diffraction

effects cause the location of the highest heating rate to move towards the transducer

(Bailey et al., 2003; Meaney, Cahill, and Haar, 2000). As HIFU treatment, by its very

nature, involves high intensities, these finite amplitude effects must be taken into
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account when considering lesion formation (Khokhlova et al., 2006)

One way to take this into consideration is to simulate the full nonlinear field, and

then sum the heating contribution of every harmonic in the wave (Meaney, Cahill,

and Haar, 2000; Khokhlova et al., 2006).

Qac = 2
∞∑

n=1
α(n f0)In(x, y, z) (1.6)

There are a number of equations that can be used to calculate the focused non-

linear acoustic fields, or there are hydrophones capable of measuring fields at non-

linear pressures (Haller et al., 2012). One commonly used equation is the KZK equa-

tion (Bailey et al., 2001; Canney et al., 2010; Khokhlova et al., 2006; Meaney, Cahill,

and Haar, 2000; Curra et al., 2000), which is itself a simplified version of the more

computationally intensive Westervelt equation (Jing, Shen, and Clement, 2011). An-

other commonly used commercial program is known as PZFlex (Wojcik et al., 1995;

Wojcik et al., 1993; Wojcik et al., 1998; Wojcik et al., 1999). Both of these methods are

investigated in chapter 3

If acoustic cavitation is enhancing the heating then extra heating terms can be

added to the equation to take account of this (Coussios and Roy, 2008). These terms

take account of viscous absorption at the bubble wall and absorption of acoustic

emissions from oscillating bubbles. However, to use these equations to predict tem-

perature rise it is necessary to know in advance the size, and number of bubbles in

the acoustic field. Both of these properties are unknown in advance as cavitation

is a stochastic phenomenon, and bubble size can change from one acoustic cycle

to the next (Coussios and Roy, 2008). This makes pre-treatment prediction of cavi-

tation enhanced heating difficult, although it does allow the magnitude of heating

to be estimated. In practice, acoustic emissions recorded during HIFU exposure
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can be calibrated and converted into heating terms, Farny, Holt, and Roy, 2010;

Jensen, Cleveland, and Coussios, 2013, but this then becomes more of a monitoring

than a planning technique. Another method of incorporating cavitation enhanced

heating is to determine a temperature-based cavitation threshold and wherever a

thermal model passes the threshold, redistribute all of the energy that would have

been deposited behind the point of cavitation inception in a small spherical volume

(Meaney, Cahill, and Haar, 2000).

1.5 CONTRIBUTIONS OF THE CURRENT WORK

This thesis addresses problems in planning and monitoring HIFU treatments con-

cerned with two important nonlinear phenomena: distortions of the HIFU field at

high intensities due to finite amplitude effects, and cavitation.

In chapter 2 the variation of the nonlinear parameter B/A is measured as tis-

sue is heated and cooled to assess how B/A varies with temperature and denatura-

tion. This is relevant to both treatment planning and monitoring. From a treatment

planning point of view, nonlinearity needs to be captured as high amplitudes are

employed so acoustic fields and thermal heating are sensitive to changes in B/A.

From a monitoring perspective, B/A could be used to detect lesions using nonlinear

US imaging techniques if it undergoes a large enough change during the ablation

process.

Chapter 3 compares two methods of simulating focused nonlinear US fields-

the KZK equation and PZFlex. These two methods are also compared against hy-

drophone measurements at mild nonlinear pressures. All three methods have their

uncertainties- the assumptions made in formulating the KZK equation, the discrep-

ancies and artefacts that occur when comparing different hydrophones, and the
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lack of documentation and benchmarking for PZFlex. This chapter compares the

two simulation methods, assesses how they differ, to what extent, and how this af-

fects treatment planning outcomes.

While MR thermometry is the gold standard for HIFU imaging, its 1Hz frame

rate and resolution in the order of mm makes it a poor method for monitoring cav-

itation events that give information about the non-thermal, mechanical effects in

drug delivery applications. Monitoring cavitation events in thermal applications,

where measuring the bubble activity tracks sources of heating rather than tempera-

ture rise, gives early information about temperature rises before they are measured

by MRI. The design of a combined system to monitor HIFU treatments is described

in chapter 4. In chapter 5 the suitability of using passively acquired maps of cavi-

tation activity to estimate temperature rise is assessed, by comparing temperature

estimates from PAM with temperature maps recorded using MR thermometry.

Overall, the aim of this thesis is to examine these two nonlinear phenomena in

order to improve HIFU treatment monitoring and modelling.
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2
NONLINEAR ACOUSTIC PROPERTIES OF

EX VIVO BOVINE LIVER AND THE

EFFECTS OF TEMPERATURE AND

DENATURATION

2.1 INTRODUCTION

In this chapter the nonlinear effects of high amplitude pressure waves are intro-

duced and discussed in the context of their effect on HIFU acoustic fields and heat-

ing rates. Due to the high pressure amplitudes involved nonlinear acoustic ef-

fects must be understood and the relevant medium property is the parameter of

nonlinearity B/A. Here B/A was measured in ex-vivo bovine liver, over a heating/-

cooling cycle replicating temperatures reached during HIFU ablation, adapting a

finite amplitude insertion technique (FAIS), which also allowed for measurement

of sound-speed and attenuation. The method measures the nonlinear progres-

sion of a plane wave through liver and B/A was chosen so that numerical simula-
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tions matched measured waveforms. To create plane-wave conditions, sinusoidal

tone bursts were transmitted by a 100mm-diameter 1.125MHz unfocused trans-

ducer and measured using a 15mm-diameter 2.25MHz broadband transducer in

the near field. Attenuation and sound-speed were calculated using a reflected pulse

from the smaller transducer using the larger transducer as reflecting interface. Re-

sults showed that attenuation initially decreased with heating then increased af-

ter denaturation, sound speed initially increased with temperature and then de-

creased, and B/A showed an increase with temperature but no significant post-

heating change. The B/A data disagree with other reports that show a significant

change post-treatment and the measurements here suggest that any nonlinear en-

hancement in the received ultrasound signal post-treatment is likely due to acoustic

cavitation rather than changes in tissue nonlinearity.

2.1.1 Nonlinear Plane Waves and B/A

Acoustic waves are modelled by describing the progression of small-amplitude per-

turbations in pressure, velocity or density to an ambient state. For example, in the

case of pressure, p = p0 + p ′, where p0 is the ambient value and p ′ is the acous-

tic contribution. It is derived by combining equations of conservation of mass and

momentum, and an equation of state that relates pressure to density. In this case

the equation of state is the Taylor series expansion of P = P (ρ, s) along the isentrope

s0 where the partial derivatives are all evaluated at their unperturbed state.(Beyer,

Hamilton, and Blackstock, 1998a).

p ′ =
(
∂p

∂ρ

)
s,0
ρ′+ 1

2

(
∂2p

∂ρ2

)
s,0
ρ′2 + ... (2.1)

This can be also be expressed in the form
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p ′ = A

(
ρ′

ρ0

)
+ B

2!

(
ρ′

ρ0

)2

+ . . . (2.2)

The linear approximation neglects any terms of order ρ′2 or higher (Pierce,

1989a). The fluid mechanics equations can then be reduced to a one-dimensional

wave equation:

∂2p ′

∂x2
− 1

c2
0

∂2p ′

∂t 2
= 0 (2.3)

For a forward travelling wave this equation has solutions of the form

p ′ = f (x − c0t ) (2.4)

where c0 is the small signal wave speed

c2
0 =

(
∂p

∂ρ

)
s,0

(2.5)

At higher acoustic pressures these second order terms become non-negligible,

and the equations can be reformulated omitting third-order or higher terms. The

effects of the second order terms are called nonlinear, or finite-amplitude effects,

and these waves have some different behaviour to linear waves. For example, the

solution to a lossless forward travelling plane wave takes the form of the implicit

equation

p ′ = f (x − (v + c)t ) (2.6)

where both the particle velocity, v , and the speed of sound, c are functions of pres-

sure. Keeping only second order terms leads to solutions of the form
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v + c ≈ c0 +βv (2.7)

v = ρ′

ρ0
c0 (2.8)

β= 1+ 1

2

B

A
(2.9)

where B/A is the ratio of the coefficients of the quadratic and linear terms in the

Taylor series expansion of the relationship between pressure and density in equa-

tion 2.2 (Pierce, 1989b).

The physical interpretation of this result is that any point on the wave travels at a

particular velocity that depends on the pressure at that point, and that this velocity

increases with pressure. The pressure dependent change in speed is described by

theβ, referred to as the coefficient of nonlinearity, which has two contributions. The

first is a convective contribution due to the speed of the particle in the wave itself,

the second is due to the nonlinear relationship between pressure and density in the

medium that depends on the acoustic medium. The parameter B/A is therefore the

medium-dependent acoustic property that contributes to the rate that nonlinear

effects develop.

As compressional parts of the wave travel faster, and rarefactional parts travel

slower, the wave steepens as it progresses. This causes an initially sinusoidal wave

to steepen, and in the frequency domain, causes harmonics to develop. In the loss-

less case described above the harmonics develop with distance according to Bessel

functions. However, beyond a certain distance known as the shock formation dis-

tance the solution become multivalued, and physically unrealistic as shown in fig-

ure2.1 (a). The dimensionless distance σ= x
x̄ is used to gauge the level of nonlinear

distortion where x̄ is given by
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x̄ = ρ0c3
0

βp0ω0
(2.10)

It shows that waves become nonlinear in shorter distances with increasing β,

frequency ω0, or initial pressure p0. For a pure sinusoid, shocks form at the value

σ= 1 (Blackstock, 1998) .

Figure 2.1: The two graphs both show an initially sinusoidal wave steepening due to
nonlinear propagation. The upper figure shows the wave steepening according to
the lossless Poisson solution, which beyond the shock formation distance become
multi-valued. The lower figure shows the same solution for the Burgers solution,
which incorporates attenuation. In this case the solution stays single valued.

A more realistic solution is the Burgers equation, which remains single valued

and incorporates attenuation (Hamilton, L., and Blackstock, 1998a). The Burgers

equation is
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∂p

∂x
− δ

2c3
0

∂2p

∂τ2
= β

2ρ0c3
0

∂p2

∂τ
(2.11)

where δ is sound diffusivity and is related to the viscosity and thermal conduction

in the fluid, and τ is retarded time (t − x/c0). Figure 2.1 (b) shows how an initially

sinusoidal waveform propagates when modelled by the Burgers equation, where the

nonphysical multivalued pressure does not occur due to attenuation.

2.1.2 Effects of Nonlinear Propagation in HIFU Therapy

There are three main ways in which nonlinear propagation effects that can impact

HIFU therapy; changing the shape of the focus, changing the rate of heating, and

changing the ratio of positive to negative pressure. The impact of each of these will

be discussed in turn.

In focused fields nonlinearity changes the shape of the focus. One way of in-

terpreting this is that due to nonlinear effects energy has taken out of the field at

the fundamental frequency and is converted into energy at a higher frequency. The

higher frequency fields have higher gains, and so for the same transducer geom-

etry they have smaller, tighter focii. The intensity in the focal region is therefore

increased with a corresponding decrease elsewhere.

In examples by Khokhlova et al. (2006), Bailey et al. (2003), and Filonenko and

Khokhlova (2001) nonlinear models predict increases in intensity of around 15-20%

higher than equivalent linear models for intensities between 1500 and 6000 W/cm2

at HIFU frequencies between 1.7 and 3.5MHz and predicted linear pressure ampli-

tudes of 10-12MPa. The extra intensity only occurs around the focus, making the

shape of the beam narrower.

The second effect is the increase in the rate of heat deposition due to nonlinear
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distortion. The rate of heat deposition Q by a nonlinear wave can be written

Q = 4
∞∑

n=0
αn |Cn |2/c0ρ0 (2.12)

where Cn is the peak to peak amplitude of the nth harmonic and αn is the ab-

sorption at that frequency. In most tissues absorption increases with frequency

roughly linearly, and therefore the transfer of energy from the fundamental to the

higher harmonics by nonlinearity will lead to greater absorption and therefore

greater heating rates.

For the same three studies mentioned above the predicted rate of heating in-

creases by a factor of 4-10 when nonlinearity is taken into account. At higher instan-

taneous intensities of around 16000W/cm2 the increase is of a factor of 100 (Canney

et al., 2010). Pinton et al. (2011) modelled transcranial HIFU heating, and predicts

that even at lower pressures of 4MPa at 1MHz the received thermal dose becomes an

order of magnitude larger when nonlinearity is taken into account. In temperature

rise calculations for heating liver taking nonlinear heating into account doubles the

dimensions of heated volumes that exceed a 75 °C temperature rise (Filonenko and

Khokhlova, 2001; Bailey et al., 2003).

One way to show the effects of nonlinear heating experimentally is to employ

tone bursts where the burst length and pressure amplitude are controlled so that

the time average intensity is the same in each case, and according to linear theory

the rate of heating should also be the identical. Hynynen (1987) shows that mea-

sured temperature rises increase at the focus as nonlinear effects were enhanced,

while post-focally they reduce. In Khokhlova et al. (2006) and Bailey et al. (2003) en-

hanced heating leads to larger lesions in a gel phantom at the higher pressure, while

in Canney et al. (2010) nonlinear heating causes visible millisecond boiling.
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Figure 2.2: (a) shows the simulated pressure waveform at the focus of a 3MHz HIFU
transducer with a focal length of 62.6mm, aperture radius of 31mm and a central
hole of 10mm diameter, driven with an input pressure of 0.053MPa. The wavefronts
are slightly shocked, and the positive pressure is larger than the negative pressure
by 0.5MPa. (b) shows the magnitude of the positive and negative pressure for linear
and nonlinear simulations, with pressures normalised to the magnitude of the posi-
tive linear pressure at 1MHz. As the input frequency increases, pressure at the focus
increases linearly with frequency in the linear case. When nonlinearity is taken into
account, the positive pressure increases at a faster rate, and negative at a slower rate
than expected. The same effect occurs when increasing the source pressure.

As nonlinear effects have such a pronounced effect on rates of HIFU heating,

accurate knowledge of B/A is important from a modelling approach. As temperature

rises are so rapid, and because HIFU exposures often create large thermal lesions

by making multiple exposures at overlapping locations, it is also very important to

know how B/A changes with temperature and how it changes once tissue denatures.

The third effect is the discrepancy between positive and negative pressure in

nonlinear focused fields. Figure 2.2 (a) shows a typical waveform at the focus of

a HIFU transducer. In this example, the positive pressure is 1MPa larger than the

negative pressure. Figure 2.2 (b) shows how this difference between positive and

negative pressure increases with frequency. The same effect happens as the input

pressure is increased. This means that the linear prediction of both positive and

negative pressure being (a) equal and (b) linearly increasing with frequency and in-
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put pressure is false. This effect is particularly important when determining cav-

itation thresholds which rely on the peak negative pressure, as doubling the input

voltage to a transducer does not necessarily double the peak negative focal pressure.

2.1.2.1 Monitoring Changes in B/A

A further reason to monitor B/A throughout the processes of heating and denatura-

tion is to determine whether there is a suitably large change in B/A in order to use

it for monitoring HIFU therapy. As mentioned in 1.3.1.4 methods exist to detect le-

sions based on changes in acoustic attenuation of treated tissue. A similar method

to the one suggested by (Liu et al., 2008) to measure temperature based on nonin-

vasively determining B/A could be used to also determine whether tissue has been

successfully treated or not. This would require a large change in the value of B/A in

treated tissues. Studies by Silverman et al. (2006), Anand (2004), and Ebbini, Bischof,

and Coad (2001) report large changes in received nonlinear signals from treated tis-

sue, possibly suggesting a large change in B/A. However, while these papers detect

changes in the nonlinear portion of the backscattered signal, it is unclear whether

these are due to changes in the nonlinear properties of the tissue, or the nonlinear

scattering of sound caused by acoustic cavitation. Characterising B/A as a function

of temperature and denaturation will allow for important insight into the source of

the nonlinear signals.

The nonlinearity parameter can be measured by a number of techniques and the

most common for tissue is the finite amplitude insertion (FAIS) technique (see, e.g.,

Gong et al. (1989)) in which the rate of growth of the 2nd harmonic generated from

a single frequency source is measured from which B/A can be determined (Law,

Frizzell, and Dunn, 1985), (Errabolu et al., 1988). There are a number of studies

measuring B/A of liver using the FAIS technique, summarised in Figure 2.11. Two
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studies have reported the temperature dependence of B/A in ex-vivo liver (Lu et al.,

2004), (Choi et al., 2011) and both found that it increased linearly with temperature.

However only one of the studies increased the temperature high enough to induce

thermal necrosis and they reported a 100 % increase in B/A post heating (Choi et al.,

2011). This is an important result as it suggests that such a large change in B/A could

be used for ultrasound based real time monitoring of HIFU treatment and will also

impact nonlinear heating rates.

2.1.2.2 Measuring Thermally Induced Changes in B/A

In this chapter B/A is measured in liver as a function of temperature. An adapted

version of the finite amplitude insertion (FAIS) technique is used to measure the at-

tenuation and B/A of ex vivo bovine liver during a heating and cooling cycle reach-

ing similar temperatures to those in HIFU ablation. In this work B/A was deter-

mined from measurements very near to the transmitting transducer face, to ensure

plane wave conditions, and then fitting measured nonlinear waveforms to those

simulated using the Burgers equation. This method has been used to determine B/A

in a number of liquids (Chavrier, 2006), (Harris et al., 2007), and is easily extendable

to the measurement of tissue samples. This method has a number of potential ad-

vantages as it removes the need for diffraction correction, is able to measure sound

speed and attenuation without moving the sample, and is able to model the be-

haviour of arbitrary waveforms. As the only source available that was large enough

for these experiments generated a nonlinear waveform with a significant third har-

monic, this later advantage was particularly useful.
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2.2 MATERIALS AND METHODS

The experimental set-up for the measurements is shown in Figure 2.3. The sam-

ple was placed between two transducers: a 100mm diameter 1.125MHz unfocused

transducer (Channel Industries, Santa Barbara, CA USA) and a 14mm diameter

2.25 MHz unfocused transducer (V306, Olympus Panametrics-NDT, Waltham, MA,

USA). The smaller transducer was calibrated using a technique described in Section

2.2.2. For the sound speed and attenuation measurements the smaller transducer

was attached to a pulser-receiver (DPR 300, JSR Ultrasonics, Pittsford, NY, USA) and

the larger transducer used as a reflecting surface. The reflected pulse was recorded

by an oscilloscope (Waverunner 104xi Teledyne LeCroy Chestnut Ridge NY, USA),

and stored for later analysis using Matlab (Natick, MA, USA). For B/A measurements

a signal generator sent 20 cycles at 1.125MHz through a 55dB broadband amplifier

(1140LA, E&I, Rochester, NY, USA) to the larger transducer and the output voltage

from the smaller transducer was recorded by the digital oscilloscope for a number

of input levels. From these measurements through the same sample region all the

acoustic properties could be determined.

Following the methods described by Chavrier (2006) and Harris et al. (2007)

measurements are taken in the very near field of the transducer where, with ap-

propriate time-gating of the signal it is possible to achieve plane wave conditions

by avoiding edge diffraction effects. The region for plane wave conditions was de-

termined by assuming the samples of tissue are a maximum 23mm thick and the

transducer has a diameter of 100mm. At a frequency of 1.125MHz 20 cycles have a

burst duration of 17.8µs. The time it takes for the central plane wave travel through

the sample with a maximum speed of sound of 1600m/s is 15.6µs. The total time

for the whole burst to reach the transducer is therefore 32.1µs. The distance from

the edge of the large transducer to the receiving transducer is 51.4mm, so the time
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Figure 2.3: The experimental set-up for attenuation and B/A measurements. When
measuring B/A the output of the 2.25 MHz transducer is connected to the oscillo-
scope, when measuring attenuation it is connected to the transmit/receive channel
of the pulser/receiver and the ‘receiver output’ channel is connected to the oscillo-
scope.

taken for the edge wave to add diffraction effects is also 32.1µs. Therefore the 20 cy-

cle pulse should act as a plane wave, however, to account for the ring up and down of

the transmitting transducer only the middle ten cycles were analysed. As the trans-

verse scan taken at this distance in Figure 2.4 shows, the pressure remains within

10% of the mean and phase within 15 degrees in the near field, which was deemed

good enough to achieve plane wave conditions.

Fresh bovine liver tissue was obtained from an abattoir on the day of slaugh-

ter. It was cut into a cylinder of 100mm diameter and ≈23mm thick, and degassed

by placing it in a vacuum chamber filled with Dulbecco’s phosphate buffered saline

(PBS) solution (Fisher Scientific Watham, MA, USA) at -0.7 bar for 1 hour. Experi-

ments were conducted in a tank also filled with PBS, with a heater attached. It was

noted that the temperature of the tissue changed more slowly than the temperature
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Figure 2.4: A transverse hydrophone scan across the face of the large transducer in
the near field taken with a needle hydrophone at a distance of 24 mm measuring
the normalised pressure amplitude and phase in the near field of the large trans-
ducer. Both the amplitude and phase remain constant over the middle 60mm of
the transducer, with edge waves causing constructive and destructive interference
at the edges. The phase changes by 15 degrees over the face of the transducer.

of the surrounding water. In order to ensure a uniform temperature distribution

throughout the sample, and as inserting a thermocouple into the measured sam-

ple was impractical, a second sample of the same size was also kept in the tank

with a needle thermocouple (Hyp-0 Omega Stamford, CT, USA) placed at its cen-

tre. Acoustic measurements in the first sample were taken when the centre of the

second tissue sample reached the target temperature

Experiments were carried out at five different locations in five different liver

samples. The temperature of the tank was initially at 23°C and measurements of

all acoustic properties were taken. It was then raised to 37°C and 50°C, and mea-
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surements were repeated at each temperature. The liver was then heated to 60°C,

and left for 30 minutes to fully denature, and using the heat diffusion equation the

temperature history difference between samples was calculated to be negligible.

Although the commonly used CEM43 model (Sapareto and Dewey, 1984) predicts

>96% cell death within 0.11s at 60°C, another published model O’Neill et al., 2011

predicts cell death after 17 minutes. Additionally, there are effects related to the lib-

eration of fluid from the tissue due to thermal coagulation Graham et al., 1999a that

take on the order of thirty minutes to appear in T2-weighted MRI images Chen et

al., 1999. Leaving the tissue for thirty minutes therefore allows time for all thermal

changes to the tissue to complete. The sample was then re-degassed and allowed to

cool with measurements taken at 50 and 37°C. Not all samples had readings taken at

every temperature point, although every sample followed the same heating/cooling

cycle.

Results from multiple experiments are displayed individually, and are also com-

bined to give a weighted average and a weighted variance, using the following for-

mulae:

x̄ =
∑n

i=1(xi /σ2
i )∑n

i=1(1/σ2
i )

(2.13)

σ2 =
∑n

i=1(1/σ2
i )(xi − x̄)2∑n

i=1(1/σ2
i )

(2.14)

xi and σ2
i are the average and variance for each measured value (attenuation coef-

ficient, B/A, speed of sound) from the individual measurements in each individual

liver sample, bar (x) and σ2 are the weighted average and variance across all sam-

ples.

The weighted value is the value that is the maximum likelihood estimate of the
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measurements, if the measurements are assumed to be independent and normally

distributed about the same mean. For determining statistical significance the data

for all livers at the same temperature and state of denaturation were compared using

a two-way ANOVA test to remove the effect of variation between livers, with a p value

of 0.05 used for determining the threshold of significance.

2.2.1 Sound speed and density

The speed of sound was calculated by comparing the time of flight of a pulse sent

and received by the 2.25MHz transducer and reflected from the 1.125 MHz trans-

ducer in PBS and in tissue for a constant distance between the two transducers. The

constant distance was achieved by first measuring the time-of-flight in liver and

then carefully removing the sample without disturbing the transducers and then

taking the measurement in PBS. The speed of sound in PBS was measured to be

equivalent to that in water and so the temperature dependent sound speed for water

was employed (Marczak, 1997). The density of liver was measured as 1040±10kg/m3

by weighing the tissue and measuring the volume of water it displaced.

2.2.2 Transducer Sensitivity

In order to measure attenuation and B/A it was necessary to determine the sensitiv-

ity of the receiving transducer. Calibrations were made at 1.125, 2.25 and 3.375MHz

by comparing the voltage received by the transducer in the far field of an identical

15mm broadband transducer emitting tone bursts at the three frequencies 15 cy-

cles long with a spatially averaged hydrophone scan over an area corresponding to

the size of the smaller transducer. The phase response of the hydrophone was un-

known. It was assumed that the phase response of the receive transducer was flat.

The difference in acoustic impedance between PBS and liver will lead to a
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change in both the receive and transmit sensitivities of the two transducers when

tissue is placed against them. This effect needs to be accounted for as small changes

in amplitude can impact both the calculation of attenuation and nonlinearity. A

method involving three measurements, as shown in Figure 2.5, was used to calcu-

late the effect of the tissue on the transducers. The method involves sending a pulse

from the pulser-receiver to the large transducer and measuring the response with

the smaller transducer. The tissue was placed between the transducers, in three dif-

ferent positions: (a) in between the two transducers (b) touching the smaller trans-

ducer, and (c) touching the larger transducer. The expressions for the received volt-

age y(ω) for the three configurations can be written as

ya(ω) = S(ω)Tw t A(ω)Tt w R(ω)u(ω) (2.15)

yb(ω) = S(ω)Tw t A(ω)CSR R(ω)u(ω) (2.16)

yc (ω) = S(ω)CLT A(ω)Tt w R(ω)u(ω) (2.17)

where y(ω) is the frequency spectrum of the received voltage, u(ω) is the input

voltage, S(ω) is the transmit sensitivity (in Pa/V) of the large transducer in water and

R(ω) the receive sensitivity (in V/Pa) of the small transducer in water. A(ω) is the

(unknown) frequency dependent attenuation of the tissue, and Tw t and Tt w are the

water-tissue and tissue-water transmission coefficients respectively, which can be

calculated assuming plane wave conditions. Finally, CLT (ω) is the correction to the

transmit sensitivity of the large transducer due to tissue and CSR (ω) the correction of

the receive sensitivity of the small transducer. Manipulation of the three equations

allows the corrections to be determined: CLT (ω) = yc (ω)×Tw t /ya(ω) and CSR (ω) =
yb(ω)×Tt w /ya(ω). Identical experiments were conducted using a pair of the smaller

transducers, in order to find CST (ω), the adjustment to be made to the transmit
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sensitivity of the smaller transducer. The water layer at around 3-4mm was greater

than twice the wavelength in tissue, so the issue of multiple reflections was avoided

by time-gating the signal to only look at the first two cycles received.

(a)	



(b)	

 (c)	


Figure 2.5: The configurations of transducers and tissue for determining the effect of
acoustic impedance on transducer sensitivity, with the large 1.125 MHz transducer
beneath the smaller 2.25 MHz transducer, and the position of the tissue indicated
by the box in between the transducers. In each configuration a pulse is sent from
the large transducer and measured with the smaller transducer.

2.2.3 Attenuation

When measuring the acoustic parameters the tissue was placed in between the two

transducers, touching the face of each one, then the tissue was removed and a mea-

surement taken in water. Attenuation in the sample was calculated by comparing

the spectra of reflected pulses sent from the 2.25MHz transducer through water and

tissue, using the large transducer as a reflecting interface. This configuration al-

lowed for the B/A measurements to then be taken without moving the sample.
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A maximum pressure amplitude of 10 kPa was used in the attenuation measure-

ments, which was low enough that nonlinear effects, on the order of 1×104 times

smaller than the fundamental, could be ignored. The attenuation was calculated

using the formula

A(ω) = yt (ω)

yw (ω)

1

CST (ω)CSR (ω)

Rt

Rw
(2.18)

where yt and yw are the voltages recorded in tissue and water respectively, and

CST (ω) and CSR (ω) are the adjustments to the receive and transmit sensitivities of

the smaller transducer due to the impedance of the tissue. Rt and Rw are the re-

flection coefficients at the large transducer face in tissue and water. This is then

converted into an exponential attenuation coefficient based on distance.

With a typical acoustic impedance for PZT of 30MRayls (Grewe et al., 1990) the

difference between Rt and Rw is less than 1.5%. At 2.25MHz (the central frequency

of the smaller transducer), counting the two coefficients as identical leads to an un-

derestimate of attenuation of less than 2%, if attenuation is assumed to be 4Np/m at

1MHz, increase with a power law of f 1.1 and the tissue is 25mm thick. Frequencies

in bands 100KHz around the resonant frequencies of the transducer were ignored,

due to the resonance of the transducer at these frequencies.

The attenuation coefficient in soft tissue was assumed to follow a power law of

the form,

α( f ) =α0 ×
(

f

1M H z

)η
(2.19)

whereα0 is the attenuation in Np/m at 1 MHz, f is frequency and η is the power law

exponent. The coefficients α0 and η are calculated by fitting the power law expres-

sion to the measured attenuation.
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2.2.4 Parameter of nonlinearity

In order to determine B/A it was assumed that the propagation could be modelled

using plane waves. This was achieved by placing the receive transducer in the very

near field of the large circular transducer. As described in section 2.2 for samples

less than 23mm thick up to 17.8µs of plane waves could be recorded from the cen-

tre of the transducer before edge waves contributed to diffraction effects. Here a

frequency domain version of the Burgers equation (Hamilton, L., and Blackstock,

1998a) was used as the nonlinear model. The pressure was taken to be harmon-

ics of the driving frequency f0 with corresponding fundamental angular frequency

ω0 = 2π f0

P (x, t ) =
∞∑

n=1
(Pn(x)e jω0t +P∗

n (x)e− jω0t )/2 (2.20)

where Pn(x) is the complex coefficient of the nth harmonic as a function of dis-

tance and ∗ indicates the complex conjugate. The Burgers equation can be ex-

pressed in spectral form as (Ginsberg, Hamilton, and Blackstock, 1998).

dPn

d x
=−αnPn + 1

x̄
j

n

4

(
n−1∑
m=1

PmPn−m +
M∑

m=n+1
PmP∗

m−n

)
(2.21)

where x is the distance from the transducer, αn = α(n f ) is the attenuation coeffi-

cient at the nth harmonic and x̄ is the plane wave shock formation distance of the

fundamental frequency. This nonlinear differential equation was solved using the

inbuilt ode23 solver provided with MATLAB with 10 harmonics in the solution.

The measurements consisted of exciting the large transducer with a sinusoidal

burst of 20 cycles at 1.125 MHz, sent through a the 55dB amplifier. After propagation

the signal was detected by the smaller, calibrated receive transducer and converted

into pressure. The amplitude of the burst sent by the signal generator was increased
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from 100 to 900 mV (peak to peak) in 50mV increments. First, the nonlinear wave

was measured in water and, using known properties of water, the source conditions

at the first and third harmonics, P1(0) and P3(0), were determined. Measurements

were then taken with the liver in place. The nonlinear propagation in liver was then

simulated with the Burgers equation using the density, temperature-varying sound

speed and attenuation measurements and adjusting for sensitivity changes, as de-

scribed above. The value of B/A was then varied in the simulation until the predicted

data matched the measured values.

2.3 RESULTS

2.3.1 The effect of acoustic impedance on transducer sensitivity

The effect of the tissue on the smaller transducer was to increase its transmit sen-

sitivity by 4% and its receive sensitivity by 7%. It was found that the effect of the

tissue on the loading of the larger transducer was to increase its transmit sensitivity

by 0.1% at 1.125MHz and decrease the transmit sensitivity by 9% at 3.375MHz.

2.3.2 Sound speed

Figure 2.6 shows the dependence of sound speed with temperature. It increased

significantly with temperature from 1567m/s at 23°C to 1599m/s at 50°C, and de-

creased again as it is cooled. The weighted average sound speed at 37°C after heating

was 1584m/s compared with 1592m/s at 37°C before heating, a small, but statisti-

cally significant (p<0.01), decrease.
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Figure 2.6: A plot of the sound-speed of ex vivo bovine liver in m/s during the heat-
ing/cooling cycle where the error bars represent one standard deviation. Speed of
sound initially increased with temperature, then fell again with cooling.

2.3.3 Attenuation

Figures 2.7 and 2.8 show the attenuation at 1MHz and the power law exponent of

frequency dependence of attenuation. Average attenuation at 1MHz initially de-

creased slightly with heating across samples, from 6.48±0.02Np/m at room tem-

perature to 5.2±0.37Np/m at 50°C although this was not statistically significant.

Post-heating there was a large, significant increase, with a weighted average value

of 5.53±0.52 Np/m for untreated tissue at 37°C, which rose to 10.8±1.32 Np/m at

the same temperature after denaturation. There was no consistent or statistically

significant change in the power law exponent.

2.3.4 Parameter of nonlinearity

Figure 2.9(a) shows the amplitude of the second harmonic in water and tissue as a

function of the source pressure amplitude at the fundamental for one liver at room

temperature. Data is shown for both the measurements and for simulations using

the Burgers equation. For the amplitude in water B/A was taken to be 5.0 at room
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Figure 2.7: A plot of the attenuation of five ex vivo bovine liver samples during a
heating/cooling cycle in Np/m converted to a 1 MHz reference where the error bars
represent the standard variation. The average attenuation of liver decreases initially
with heating, before rising as the liver begins to change irreversibly. Comparing pre-
and post-heated tissue at 37°C shows a dramatic increase in the attenuation.
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Figure 2.8: A plot of the attenuation power law coefficient during a heating/cooling
cycle, where the error bars represent the standard deviation. There was no signifi-
cant change of the power law exponent with temperature.
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temperature (Beyer, Hamilton, and Blackstock, 1998b) and agreement between the

model and measurements is excellent confirming that the plane wave approxima-

tion is valid for this experimental set-up. The simulated curve is also shown for the

case when the third harmonic in the source was neglected showing that it was nec-

essary to account for the presence of the third harmonic in the source condition.

B/A was found for tissue by minimising the error between the recorded and sim-

ulated values of the second harmonic. Figure 2.9(b) shows an example data set

which resulted in determining B/A= 7.3 for this particular sample. The method em-

ployed here resulted in B/A=7.14±0.07 - a value that was consistent with the litera-

ture, see the discussion. The variance of 0.07 is the weighted variance calculated in

equation 2.14 and is due to the variation between different samples.

Figure 2.10 shows the variation in B/A with the heating and cooling cycle for the

five livers. As the temperature increased from 23°C to 50°C the weighted mean of

B/A increased from 7.19±0.12 to 8.53±0.71, with the average B/A of each individual

liver increasing. Once the tissue had denatured there was no significant difference

in the values of B/A.

2.4 DISCUSSION

2.4.1 The measurement method

Here we considered the effect of thermal denaturation on the nonlinear acoustic

properties of tissue. A new configuration for measuring the acoustic properties of

tissue samples, including B/A, was presented. One advantage of the technique is

that it allows for sound speed, attenuation and nonlinearity coefficient to be mea-

sured without disturbing the sample. Also because the measurements are carried

out using a quasi-plane wave, we speculate that the signal-to-noise ratio of this
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Figure 2.9: (a) A graph of the second harmonic amplitude against the amplitude
of the input signal at the fundamental frequency in water. The dark blue dotted
line is simulated and the light blue measured, showing good agreement. The red
solid line shows the simulation neglecting the effect of the third harmonic in the
source.(b) shows the amplitude of the second harmonic measured at five locations
in one sample of liver (light green solid) and the simulated data for each location in
dark green dotted lines.
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Figure 2.10: A plot of the B/A of ex vivo bovine liver during a heating cooling cycle,
where the error bars represent one standard deviation. B/A increases significantly
between 37 and 50°C (p < 0.05), but there is no significant change between dena-
tured and fresh tissue at 37°C.

method may be improved compared to the methods most widely used method for

measuring B/A in biological samples, where either complex diffraction correction is

needed (Gong et al., 1989) or plane wave-like conditions are created by being out-

side the Rayleigh distance, and an acoustic absorber is employed to remove any sec-

ond harmonic component that has generated in the near field (Dong et al., 1999). In

the former case errors in the diffraction correction manifest themselves in the B/A

estimate. In the latter case being in the very far field and using an absorber means

that amplitudes are low and nonlinear distortion weak. In the method described

here the wave is quasi-planar because we are in the near-field and the amplitudes

are higher.

The method developed was shown to provide good agreement with the nonlin-

earity coefficient of water, and has previously been shown to accurately measure

B/A in other well-documented liquids (Chavrier, 2006), Harris et al., 2007. Measure-

ments of B/A in fresh liver also showed good agreement with literature values for
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fresh tissue, and are shown in Figure 2.11. This shows that the method can be ex-

tended to measuring samples of ex-vivo tissue, and that the measurements made in

fresh tissue can be reliably compared with those made in denatured tissue to detect

any thermally induced changes.

2.4.2 The effects of temperature and denaturation on acoustic

properties

The speed of sound was measured as 1574±1.3m/s, which agrees well with litera-

ture values of 1608 m/s Law, Frizzell, and Dunn (1985), 1580 m/s (Techavipoo et al.,

2012) and 1558 m/s (Bush et al., 1993). The attenuation value at 1 MHz was 0.481±0

0.045 dB/cm at 37°C and increased almost linearly with frequency. The frequency

relationship and attenuation values are within the wide range of reported values

for attenuation in liver tissue: 0.56 dB/cm at 1MHz (Choi et al., 2011), 4.01 dB/cm at

5MHz (which corresponds to 0.80 at 1MHz, assuming linear variation of attenuation

with frequency) (Techavipoo et al., 2012), 0.69 dB/cm at 1MHz (Goss, Frizzell, and

Dunn, 1979)), 2.99 dB/cm at 3MHz (1.00 at 1MHz), (Bush et al., 1993), 0.35 dB/cm at

1MHz (Zderic et al., 2004) and 0.80 at 2.4MHz dB/cm (0.33 at 1MHz) (Clarke, Bush,

and Ter Haar, 2003). The measurements of B/A were also consistent with literature

values, as shown in Figure 2.11.

For sound speed we observed an initial increase as temperature rose to 50°C

which is consistent with other reports Choi et al., 2011. After thermal denaturation

a small decrease in the speed of sound was found. The literature is not consistent

on this measurement. Some reports suggest a slight increase (Bush et al., 1993; Choi

et al., 2011), one report has shown both slight increases and decreases (Techavipoo

et al., 2012). In all cases the changes were slight and it appears that variability is

likely greater than any underlying trend.
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Figure 2.11: The weighted value of B/A measured in this study compared with val-
ues of B/A measured by Gong et al. (1989), and Law, Frizzell, and Dunn (1985) for
bovine liver at room temperature, and the value for porcine liver reported by Choi
et al. (2011). There is good agreement between our measurements and previously
reported values. Our data was not inconsistent with values in the literature in this
case. Note that for Choi et al. (2011), the data is taken at 30°C, the lowest tempera-
ture reported in this study.

For acoustic attenuation an increase of 140% was measured here which is con-

sistent with other reports on the literature (see Figure 2.12). We observed no statisti-

cally significant change in the frequency dependence of tissue over the five samples

tested here. We note that Choi et al. (2011) reported a drop in the power law expo-

nent, but this was only in one sample and we also observed a drop in one of our

samples. Zderic et al. (2004) reported a drop in the power law exponent for liver

and spleen but an increase in abdominal wall. However they also noted that their

power law exponents were lower than other reports in the literature. Our results are

therefore within the range of variability observed in the literature.

The key result for this work was determining the change in the nonlinearity pa-

rameter for a heating and cooling cycle. We observed that during heating B/A of
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Figure 2.12: A plot of the increase in attenuation of ex vivo liver after heating, com-
paring values measured in this study with those reported by Bush et al. (1993) and
Choi et al. (2011), Zderic et al. (2004) and Choi et al. (2011). As can be seen, the
increase in post-heating attenuation can vary widely, and the increases reported in
this study agree well with those reported elsewhere.

fresh tissue increased with temperature at an average rate of 0.048/°C and this is

within the range in literature data of 0.073/°C (Choi et al., 2011), 0.099/°C (Lu et al.,

2004), 0.067 (Liu et al., 2008) and 0.026/ °C (Sehgal et al., 1986) However after ther-

mal denaturation, we found no significant increase in B/A, which is in stark contrast

to the twofold increase reported by Choi.

It is possible the differences in the methods may have contributed to the dis-

crepancy. We considered three potential differences that may have affected the re-

sults. First, the two studies employed a different temperature history: in this study

the maximum temperature was 60°C, while in Choi et al. (2011)the maximum tem-

perature was 75°C. However given that the rise in attenuation in both studies was

in line with previously reported values for thermally denatured tissue we anticipate
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this was not a significant effect. Second in the study by Choi et al. (2011)) the atten-

uation data were taken in one sample of liver, and this values was used to determine

B/A in a separate experiment with a different sample. In this study, attenuation was

measured separately and in situ for each sample. The effect of employing attenu-

ation from different samples was modelled by recalculating the value of B/A over

the range of measured values of attenuation for denatured tissue and despite the

variation the value of B/A varied by less than 20%. Lastly, in this study all samples

were de-gassed after heating before cooling, to remove any bubbles that may have

formed during the heating process. It is possible that bubbles formed during heat-

ing may have contribute to the large rise in B/A reported by Choi et al. (2011) An

experiment was carried out to test this theory by not degassing the sample but no

difference in B/A was observed. However, this does not mean that bubbles were

necessarily present in our sample and we speculate the presence of bubbles is the

most likely explanation for the discrepancy between our study and that of Choi et

al.

We note that both this study and that of Choi et al. (2011) employed a water bath

to simulate the heating associated with HIFU exposure. Water bath heating is slower

than HIFU heating, and there is no mechanical effect contributing to denaturation,

either from the pressure field displacing the tissue or from the mechanical effect

of cavitating bubbles, and it remains to be seen whether this different process of

denaturation has an effect on the way the acoustic properties of tissue change.

2.5 CONCLUSIONS

A method based on the finite amplitude insertion method was adapted to measure

the attenuation coefficient and nonlinear parameter of ex-vivo bovine liver during

a heating/cooling cycle designed to replicate a treatment by high intensity thera-
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peutic ultrasound. The method improves the signal to noise ratio of previous tech-

niques and produces results that agree well with literature data for sound-speed,

attenuation and B/A of fresh tissue. After heating and cooling tissue it was found

that only attenuation demonstrated a significant change post-denaturation, a re-

sult consistent with the literature. Notably we found that B/A did not change sig-

nificantly after denaturation. As the nonlinearity of tissue can only be detected by

monitoring the nonlinear progression of waves through nonlinear media, and that

HIFU lesions will make up a small fraction of the acoustic path length in most mon-

itoring geometries, we speculate that a very large change in B/A is needed to detect

lesions. Our results suggest that firstly B/A is not a robust indicator of tissue state in

HIFU and secondly that heating rates will not be significantly affected by changes

in B/A during HIFU ablation.
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COMPARING TWO METHODS FOR

MODELLING NONLINEAR FOCUSED

ULTRASOUND FIELDS

3.1 INTRODUCTION

In chapter 2 it was shown that in order to accurately model or predict the effects of

HIFU treatment it is important to capture the effects of nonlinearity on the acoustic

field, and the importance of using the correct value for the parameter of nonlin-

earity, B/A. In this chapter we examine the accuracy of two different methods of

modelling nonlinear effects in focused acoustic fields often used in HIFU.

The first method uses a numerical solution to the Khokhlov-Zabolotskaya-

Kuznetzov (KZK) equation (Zabolotskaya and Khokhlov, 1969), (V.P., 1971). The KZK

equation has become so widely used it can be considered one of the basic equa-

tions of nonlinear acoustics (Rudenko, 2010) and has been shown to agree well with

hydrophone measurements of highly nonlinear fields (Canney et al., 2008).
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The second method is a commercial software package known as PZFlex (Wojcik

et al., 1993) which uses a finite element approach for solving nonlinear propagation.

PZFlex is becoming popular as a tool for transducer design. While PZFlex has been

shown to agree well with various analytical solutions and approximations to non-

linear fields (Wojcik et al., 1993) there are no existing validations of PZFlex against

other methods for calculating nonlinear fields or against measurements of nonlin-

ear HIFU fields.

In this chapter we compare PZFlex against KZK simulations and multiple hy-

drophone measurements of focused acoustic fields of HIFU transducers used at

therapeutic pressures. Our measurements and simulations show that PZFlex ap-

pears to underestimate the growth of harmonics due to nonlinear distortion, and

incorrectly models the shape of higher harmonics.

3.1.1 KZK Equation

Section 2.1.1 described the Burgers equation- a 1-D wave equation that accounted

for absorption and finite-amplitude nonlinearity. The KZK equation is an augmen-

tation of the Burgers equation that additionally accounts for the effect of diffraction

in directional sound beams. The KZK equation is derived by invoking the paraxial

approximation.This is the assumption that the envelope of the wave is propagat-

ing predominantly in the z direction and that the pressure envelope varies slowly

in z compared to variations in x and y . For this to be the case a commonly held

rule of thumb states that the solution is only valid for angles of less than 20 degrees

from any point on the source as shown in figure 3.1. In HIFU, transducers typically

have an aperture diameter that is close to the focal length, making the focus at 30°to

the edge of the transducer, which violates this rule. Nevertheless, many papers use

transducers with lower f-numbers (Canney et al., 2008; Khokhlova et al., 2006; Bailey
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et al., 2001) and achieve good agreement with hydrophone measurements.

In axially symmetric coordinates the KZK equation can be written as

∂2p

∂z∂τ
− c0

2
∇2
⊥p − δ

2c3
0

∂3p

∂τ3
= β

2ρ0c3
0

∂2p2

∂τ2
(3.1)

where p is pressure, τ is retarded time t−z/c0, β is the coefficient of nonlinearity, ρ0

and c0 are density and sound speed, δ is diffusivity, z is the direction of the sound

beam and ∇2
⊥ = 1

r
∂
∂r + ∂2

∂r 2 is a Laplacian that operates in the plane perpendicular to

the axis of the beam. In this paper the solution used is the ‘Texas’ code developed

by (Lee and Hamilton, 1995) which solves each part of the equation - attenuation,

diffraction and nonlinearity - in separate steps using finite difference methods.

Too close 
to source Source Valid Region 

Too far 
from axis 

z 

Figure 3.1: A plot of the rough areas of validity for KZK solutions, courtesy of R.
Cleveland. A rule of thumb states that the solution is valid at any point less than 20
degrees from any point on the source.

3.1.2 PZFlex

PZFlex uses a finite element method to solve incrementally linear versions of the

continuity, momentum and state equations directly, rather than combining them

into a wave equation. For the equation of state they use the B/A 2nd order expan-

sion of the Taylor series relationship between pressure and density (Wojcik et al.,

1995; Wojcik et al., 1993). Incrementally linear refers to the process of advancing

a solution in time by discrete increments and modifying material properties at the
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end of each according to the instantaneous and/or historical (integrated) state of

the material. Suitably small increments are chosen for the solution to be linear to

first order over each increment(Wojcik et al., 1995). In the case of nonlinear propa-

gation this involves solving linear versions of the continuity and momentum equa-

tions and updating the pressure dependent speed of sound between each time step.

In this way it captures all second order effects, in the same way as the full second

order wave equation.

Although this approximation will result in a solution accurate to second order

it is known that at too many wavelengths from the source the method can become

inaccurate as errors are propagated through the solution (Wojcik et al., 1997). Al-

though there is no exact measure for the number of wavelengths required to cause

errors, it is suggested that the order of hundreds of wavelengths may cause prob-

lems.

Very few experimental validations for PZFlex exist. Those that do exist are for

nonlinear pulses from imaging transducers using PZflex’s spectral method rather

than finite elements (Wojcik et al., 1998). For the finite element method, it has been

shown that the solution for a focused HIFU source matches approximations for the

growth of harmonics to within 10% (Wojcik et al., 1998). Apart from this there are no

validations for finite-element PZFlex against either the KZK solution or hydrophone

measurements.

The lack of validation of PZFlex against other simulation methods or hy-

drophones mean that testing the accuracy of PZFlex must be conducted if it can

be trusted as a method of treatment planning and modelling.
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3.2 METHODS

The accuracy of each modelling method was analysed by comparing the simula-

tions to hydrophone measurements of acoustic fields of HIFU transducers at differ-

ent frequencies and pressures. Three different HIFU transducers were used: a 1MHz

HIFU transducer, (Precision Acoustics, UK) a 0.5MHz transducer (H107, Sonic Con-

cepts, WA) and a 1.1MHz transducer driven at its third harmonic (H105, Sonic Con-

cepts, WA).

First the KZK and PZFlex simulations were used to produce linear simulations of

the field at low pressures, where the loss in pressure at the fundamental is negligi-

ble and the positive pressure is equal to negative pressure. This was done to ensure

the geometry of the simulated transducers accurately capture the shape of the fo-

cused field, and to determine the relationship between the applied voltage to the

transducer and the initial p0 surface pressure input to the KZK code and the surface

velocity term that is used as the input to PZFlex.

Once the fields had been successfully modelled at low pressures, the source con-

ditions were increased to those used in HIFU treatments, where nonlinearity begins

to have an effect. At this stage the two simulation methods were compared to the

fields measured by the three hydrophones.

3.2.1 Inputs to the KZK Equation

In addition to the acoustic properties of water the KZK equation takes as its input

source a function of the form p = p0F (r, t ) where p0 is a characteristic pressure and

F (r, t ) captures the curvature of the source by relating time dependence to radial

position in the source plane (Lee and Hamilton, 1995). The number of harmonics in

the solution is specified as well as the number of time points in the wave form, and
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the number of radial points. There is a limit to the maximum number of each due to

memory requirements, but temporal and radial resolution did not affect the results.

The simulation used a waveform with 20 cycles, zero-padded front and back, 270

time points per cycle, 2500 radial points between the origin and the radius of the

transducer and 7 harmonics in the solution and a spatial step of 5e-4 relative to

a normalised distance of 1 to the geometric focus. These settings were chosen by

modifying the values until increasing the number of cycles, harmonics, numbers of

points, or decreasing the spatial step no longer affected the solution.

The output to the solution was given in terms of pressure amplitudes at the dif-

ferent harmonics in a 2-d grid for distances 1.5 times the length of the focus of the

transducer and equal to the radius.

3.2.2 Inputs to PZFlex

In PZFlex models, focused transducers are modelled as a rigid structure and a ve-

locity condition is applied normally to the surface of the transducers as an acoustic

source. 8 element hexahedral nodes are used for meshing the model. The veloc-

ity condition was chosen to match measured output pressure at the fundamental at

low pressures, and then increased linearly with applied voltage at higher intensities.

The grid spacing uses 60 elements per wavelength of fundamental frequency at the

slowest velocity, as this provides 15 elements per wavelength at the third harmonic,

which is necessary for negligible numerical dispersion. The explicit algorithm used

by PZFlex is conditionally unstable, so in the code the time step is set to a fraction

of the Courant-Friedrichs-Lewy limit- a necessary condition for convergence while

solving certain partial differential equations. In this paper, the value of the time-step

is chosen to be 0.8 times the CFL limit.
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3.2.3 Hydrophones

Three hydrophones were used to measure the acoustic field; a Precision Acoustics

(PA) needle hydrophone (75 micron probe Needle Hydrophone, Precision Acoustics,

UK), an Onda needle hydrophone (HNA-0400, Onda, CA) and a Fabry-Perot Opti-

cal Hydrophone (FOH) (Fibre-Optic Hydrophone, Precision Acoustics, UK). The PA

needle and Onda hydrophones both use a small piezoelectric polyvinylidene (PVdF)

membrane in the tip of the hydrophone connected to a particular preamplifier to

create a voltage output. The FOH uses a different principle. The tip of the FOH is a

10µm polymer spacer sandwiched between a pair of gold mirrors. Light emitted by

a tuneable laser hits the tip and is reflected back down the fibre. The interference

between the two reflectors in the tip produces a phase shift in the reflected light

that depends on acoustically-driven changes to the thickness of the tip. This phase

change can be demodulated to obtain a measure of pressure (Morris et al., 2009).

The sensors of the hydrophones will spatially average over the active area of the

hydrophone. This was taken into account in the simulations by applying a spatial

averaging in the radial direction to the simulations. The hydrophone most sensitive

to spatial averaging was the Onda, as it had an effective radius of 400 µm, compared

to the the PA needle hydrophone (75µm) and the FOH (10µm).

The PA needle and the Onda hydrophones had been calibrated in increments

of 1MHz and 0.1MHz respectively in units of mV/MPa. For sensitivities in between

calibrated frequencies the sensitivity of the hydrophones was estimated by linear

interpolation.

The fibre optic hydrophone was placed with the fibre perpendicular to the

acoustic beam, as it was found that when aligned with the axis of the HIFU trans-

ducer it suffered from artefacts caused by reflections from the hydrophone holder.
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These artefacts disappear in the perpendicular orientation but it was necessary to

recalibrate the hydrophone as it has been shown that its sensitivity decreases with

angle and that each frequency is reduced by a different amount (Morris et al., 2009).

3.2.3.1 Hydrophone Calibration

The FOH was calibrated in the far field of a 25mm radius, unfocused, broadband

transducer with a central frequency of 2.25MHz (Immersion Transducer, Olympus

Corp, Japan) at a distance of 1m. The transducer was driven by a signal generator

(Agilent 33250A) connected to a 55dB broadband amplifier (1140LA, E&I, Rochester,

NY, USA). Waveforms measured with the FOH in this position were compared with

measurements taken with the Onda and PA needle hydrophones. At this distance

the hydrophone is outside the Rayleigh distance of the transducer and the wave

is spherical. In addition, the distance is such that the waveform has developed

significant nonlinearity and has formed steep shocked wavefronts. This creates a

waveform containing the original frequency and a series of harmonics up to around

15MHz that allows calibration at frequencies higher than the source transducer can

output.

At each harmonic n of the input frequency the sensitivity S f (n) of the FOH was

calculated using the formula

S f (n) = Sr e f (n)
V f (n)

Vr e f (n)
(3.2)

where Sr e f is the sensitivity of the reference hydrophone, V f and Vr e f are the

voltage amplitudes measured on the FOH and reference hydrophones respectively.

Phase response data was unavailable for the reference hydrophones, but this was

not required for analysing the relative magnitudes of the harmonics.
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Readings were taken for input frequencies of 1, 1.1, 1.5, 2, 2.2 and 2.5 MHz. For

the frequencies where there was overlap between the harmonics the average of the

two sensitivities was used. The sensitivity was calculated by taking the average of

the sensitivities calculated from the two reference hydrophones.

3.2.4 Measurement and Modelling Approach for Simulating

Acoustic Fields

The KZK and PZFlex simulations were run with nonlinearity turned off to ensure

they captured the linear field of the transducer. These were compared to hy-

drophone scans at very low pressures and to two linear analytical solutions to the

field of a focusing transducer; the O’Neil (1949) solution and the Fresnel solution

(Lucas and Muir, 1982). The difference between the two solutions is that the Fres-

nel solution applies the same paraxial approximation made by the KZK solution.

The pressure was then increased to levels where nonlinearity became appreciable,

that is, measurable harmonics begin to appear in the spectrum of the waveform.

A maximum of pressure of 5MPa was employed as, above these pressures, even

in degassed, filtered water, cavitation was observed which could damage the hy-

drophones.

To perform the hydrophone scans the HIFU transducers were driven by tone

bursts 20 cycles long sent from a signal generator through a 55dB broadband am-

plifier connected to the transducer via each transducer’s impedance matching net-

work. The experiments took place inside tanks of filtered, degassed, de-ionised

water at room temperature. The hydrophones were attached to a computer con-

trolled movement stage and received voltages recorded on an oscilloscope. The hy-

drophones were aligned to the focus by finding the maximum value of pressure in

the transverse plane, and then moving to the geometric focus based on time-of-
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flight calculated from the speed of sound in water, at the temperature measured in

the tank.

3.3 RESULTS

3.3.1 Linear Modelling

The geometry of the central hole in some of the transducers was suitably captured in

the linear solutions by subtracting the field of a transducer the same size as the hole

from the solution for the O’Neil and Fresnel solutions. In the KZK solution the hole

was successfully modelled by setting the pressure to zero within the hole radius.

For the 3.3MHz transducer, figure 3.2 shows hydrophone measurements at low

pressure compared with linear KZK and PZFlex simulations, and two linear solu-

tions for focused acoustic fields- the O’Neil solution O’Neil, 1949 and one based

on the Fresnel approximation. The geometry of the central hole in some of the

transducers was suitably captured in the linear solutions by subtracting the field

of a transducer the same size as the hole from the solution for the O’Neil and Fres-

nel solutions. In the KZK solution the hole was successfully modelled by setting

the pressure to zero within the hole radius. The physical dimensions of the trans-

ducer given in the data sheet are aperture radius 32mm, central hole radius 12mm,

focal length 62.6mm. These dimensions were used as the input to the O’Neil so-

lution. To match the positions of the nodes, the KZK, PZFlex and Fresnel solution

used slightly different dimensions of 31mm for aperture radius, and 10mm for the

hole. The same values were used for the geometry of the identically sized 0.5MHz

transducer. The 1MHz transducer was successfully modelled using its geometry of

75mm focal length and 28mm aperture radius for all the simultaions.

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 76



Edward Jackson 3.3. Results

−10 −5 0 5 10
0

0.2

0.4

0.6

0.8

1

1.2

1.4

z(mm)

P
re

s
s
u
re

(M
P

a
)

 

 

PA Needle

KZK

PZFlex

ONeil

Fresnel

(a)

−3 −2 −1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

x(mm)

P
re

s
s
u
re

(M
P

a
)

 

 

PA Needle

KZK

PZFlex

ONeil

Fresnel

(b)

Figure 3.2: A comparison of hydrophone data, KZK and PZFlex simulations, the
O’Neil solutions and the Fresnel solution for the axial and transverse pressure fields
at the focus of the 3MHz transducer. The physical dimensions of the transducer
given in the data sheet are aperture radius 32mm, central hole radius 12mm, focal
length 62.6mm. These dimensions were used as the input to the O’Neil solution. To
match the positions of the nodes, the KZK, PZFlex and Fresnel solution used dimen-
sions of 31 for aperture radius, and 10mm for the hole.

3.3.2 0.5 MHz Transducer

The first transducer modelled was a 0.5 MHz HIFU transducer (Sonic Concepts,

WA). It had a centre frequency of 0.5MHz, focal length of 62.6mm and aperture ra-

dius of 32mm. The hole in the centre of the transducer was 10mm radius. The only

hydrophone calibrated at 0.5MHz was the Onda. The field is broad enough at this

frequency that spatial averaging was negligible. Figure 3.3 shows good agreement

between the measurements and both simulations of the first and second harmon-

ics at the focus for the two pressures.

3.3.3 1MHz Transducer

The next transducer was a 1MHz HIFU transducer (Precision Acoustics, UK). It had

a centre frequency of 1MHz, focal length of 75mm and aperture radius of 28mm.

For the 1MHz transducer there was reasonable agreement between the two sim-
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Figure 3.3: A plot of the first and second harmonic pressures generated by a trans-
ducer at 0.5MHz in the radial (a,c) and axial (b,d) directions and at an input voltage
to the matching network of 62V (a,b) and 124V (c,d). The black lines show the hy-
drophone measurements taken by the Onda hydrophone, the blue lines show sim-
ulations in PZFlex and the red lines are KZK simulations. There is good agreement
at the focus between all three methods.

ulations and hydrophone measurements at the focus at low pressures, as shown in

figure 3.4. In the axial direction, the lack of pre-focal nulls measured by the hy-

drophone strongly suggested that the source was not an ideal piston. As the input

voltage increased the agreement worsened, with the measured second harmonic

larger than simulations predicted, and the third harmonic was completely different

in shape to the simulations. A possible reason for this was the presence of a third

harmonic component in the source. In order to test this hypothesis hydrophone

readings were taken at much higher voltages over the face of the transducer using
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Figure 3.4: A plot of the first, second and third harmonic pressures generated by the
1MHz transducer in the transverse and axial directions. Three driving voltages at the
signal generator are shown (100,150 and 400mv) corresponding to 56, 84 and 225V
at the matching network. The FOH measurements, KZK and PZFlex simulations are
shown. The lack of nulls in the axial direction suggests the source was not a perfect
piston. As the driving amplitude increases the second and third harmonic increase
in a way not accurately captured by either the KZK or PZFlex simulations, and the
harmonics generated by KZK become greater than by PZFlex.
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Figure 3.5: This figure shows the spatial distribution of pressure at the fundamental
frequency and third harmonic measured 5mm from the face of the 1MHz transducer
using the FOH. There is a small region of the focus that produces a measurable third
harmonic around 15% as large as the pressure at the fundamental. Averaged over
the surface of the whole transducer the third harmonic is 5.6% of the input pressure.

the FOH, which does not suffer from electrical interference. The hydrophone scan

of the face of the transducer shown in figure 3.5 showed that there was a third har-

monic component present, although it was not uniform. It also shows that the pres-

sure field at 1MHz is not uniform, confirming the theory that the transducer is not

behaving as a perfect piston source.

A third harmonic was also added to the KZK simulation, and the results are

shown in figure 3.6. Adding a third harmonic to the source pressure increases the

third harmonic at the focus, and depending on the phase can increase or decrease

the 2nd harmonic at the focus. A close match to the hydrophone measurements

was found by varying the magnitude and the relative phase of the added third har-

monic iteratively. Figure 3.6 shows the effect of changing the phase of the input third

harmonic on the fundamental, second and third harmonics. The magnitude of the

input third harmonic was chosen to be 8% of the input fundamental. This gave the

best match between the simulation and the hydrophone measurements, although

in the hydrophone scans of the face of the transducer in figure 3.5 the third har-
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monic over the surface of the whole transducer is 5.6% of the input pressure.

For each separate input the in order to match the simulations the third harmonic

component must be a different value- it is not constant nor does it increase linearly

with input pressure. This, plus the fact that the transducer is not behaving like a

perfect piston source, makes it difficult to find a set of inputs that can be used to

model any input voltage to the 1MHz transducer.

3.3.4 3.3MHz Transducer

The final transducer investigated is a Precision Acoustics H102 HIFU transducer

driven at its third harmonic (3.3MHz). It has the same dimensions as the 0.5MHz

transducer used in section : 62.6mm focal length, 32mm aperture radius and a

12mm radius central hole. Figure 3.7 applies spatial averaging to PZFlex simulations

to examine the importance of spatial averaging for each hydrophone used. This is

done by spatially averaging the simulated values over a circular disc with the same

radius as the active area of the each hydrophone. It shows that when measured with

the PA needle hydrophone and FOH the effect of spatial averaging is negligible, but

for the Onda hydrophone the measured pressures are significantly reduced.

Figure 3.8 shows plots of the first, second and third harmonic pressures gener-

ated by the H102 transducer at 3.3MHz in the transverse direction driven at 50mV

(a),(c) and 100mV(b),(d) at the signal generator which corresponds to 28 and 56V at

the matching network. The black lines show the hydrophone measurements, blue

shows PZFlex simulation and red shows KZK simulation. (a) and (b) show the pres-

sures measured by the PA needle and the FOH, (c) and (d) show the pressures mea-

sured by the Onda hydrophone. For these measurements the harmonics generated

by the KZK method are higher than those generated by PZFlex, and appear to agree

better with the FOH and PA needle hydrophone measurements, while PZFlex agrees
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Figure 3.6: Plots of the first, second and third harmonics in the transverse direc-
tion. These plots show how adding a third harmonic to the source and subsequently
changing the phase can increase or decrease the 2nd harmonic, and increase the
third harmonic by different amounts according to the phase. The magnitude of the
third harmonic was found by iteratively updating the phase and magnitude. The
best match between the simulation and the measurement comes when the third
harmonic input is 8% of the fundamental input, and the phase difference between
the two is 247.5°.
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Figure 3.7: This figure shows the effect of spatial averaging at 3.3MHz for the fun-
damental, second and third harmonics, by showing the results of the PZFlex sim-
ulation before and after spatial averaging is applied, at the length scale of (a) the
PA needle hydrophone and the FOH and (b) the Onda hydrophone. The simulation
before spatial averaging is shown in the dotted line and the averaged simulation is
shown in the solid line. The smaller PA needle hydrophone and FOH values are un-
affected by spatial averaging, while the Onda hydrophone is particularly affected.

better with the Onda hydrophone measurements.

3.4 DISCUSSION

As frequency and pressure increases the KZK and PZFlex solutions show discrep-

ancies, with the KZK predicting harmonics of higher amplitude than PZFlex. At

3.3MHz this difference is as large as 100% (figure 3.8). In this situation the KZK pre-

diction agreed better with the PA needle hydrophone and FOH, while PZFlex agreed

better with the Onda hydrophone. On balance, the measurements from the smaller

hydrophones ought to be more accurate than the measurements from the Onda hy-

drophone, as the size of the focus at 3.3MHz is almost the same size as its tip.

One reason for the discrepancy could be the lower number of points per cycle

used in the PZFlex solution. However, reducing the number of tau points in the KZK

solution had little effect on the harmonics generated apart from a slight reduction
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Figure 3.8: A plot of the first, second and third harmonic pressures generated by
an H102 transducer at 3.3MHz in the transverse direction driven at 50mV (a),(c) and
100mV(b),(d) at the signal generator which corresponds to 28 and 56V at the match-
ing network.. The black lines show the hydrophone measurements, blue shows
PZFlex simulation and red shows KZK simulation. (a) and (b) show the pressures
measured by the PA needle hydrophone and the FOH, (c) and (d) show the pres-
sures measured by the Onda hydrophone. For the PA needle hydrophone and the
FOH the spatial averaging effect is negligible. For the Onda hydrophone spatial
averaging is very significant, and has been applied to both simulations. For these
measurements the harmonics generated by the KZK method are higher than those
generated by PZFlex, and appear to be in better agreement with the FOH and PA
needle hydrophone measurements. PZFlex is in better agreement with better with
the Onda hydrophone measurements.

at 3.3MHz, but this was small compared to the discrepancy between the two meth-

ods. Increasing the number of harmonics in the solution or reducing the number

of radial points in the KZK simulation had little effect on the result suggesting the

discrepancy is not sensitive to the numerical grid.
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Figure 3.9: A comparison of KZK and PZFlex simulations at 2 and 2.5MHz show-
ing the first five harmonics in the transverse direction for each simulation. The
KZK simulated harmonics are the dotted lines, and the PZFlex simulations are the
plain solid lines. While the KZK harmonics grow around the focus in progressively
tighter ‘fingers’ and reduce in magnitude with increasing harmonic number, the
higher harmonics for PZFlex become the same magnitude and do not necessarily
grow around the centre, instead following the shape of the fundamental frequency.

Additional simulations were calculated at input frequencies of 2 and 2.5 MHz at

two different source pressures. The results for harmonics up to the fifth harmonic

are shown in figure 3.9. Looking at the higher harmonics it becomes clear that there

is an issue with the PZFlex simulations. At higher source frequencies the higher har-

monics in the KZK solution grow around the focus, and each successive harmonic

is roughly an order of magnitude lower. However, the 4th and 5th harmonics for the

PZFlex solution are the same magnitude as each other, and are clearly the wrong

shape. Rather than growing around the centre in increasingly tight ‘fingers’, PZFlex

harmonics mirror the shape of the field at the fundamental frequency.

3.5 CONCLUSIONS

At frequencies below 1MHz and focal pressure amplitudes below 2MPa there was

good agreement between KZK, PZFlex and hydrophone measurements. As the pres-

sure and frequency increases, discrepancies appear between the two simulation
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methods and measurements. For the hydrophone measurements this can be at-

tributed to non-ideal source behaviour, and spatial averaging effects at high fre-

quencies. KZK simulations agreed better with measurements from the smallest hy-

drophones. At higher frequencies and pressures the shapes of the harmonics gen-

erated by PZFlex appear to be incorrect. These results suggest that the KZK solution

is better at simulating HIFU fields than PZFlex where nonlinearity is present above

1MHz, despite the fact that the KZK equation uses a paraxial approximation to ac-

count for diffraction.
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4
COMBINING PASSIVE ACOUSTIC

MAPPING AND MR THERMOMETRY FOR

MONITORING THERMAL ABLATION BY

HIFU

4.1 INTRODUCTION

Chapter 2 showed that changes in B/A are unsuitable for monitoring thermal ab-

lation, and 3 showed that there are challenges in modelling nonlinear ultrasound

fields. Both of these results increase the need for more effective real-time treatment

monitoring. In this chapter we describe the development of a combined appara-

tus that is capable of performing simultaneous passive acoustic mapping (PAM)

and magnetic resonance (MR) thermometry. As discussed in section 1.3.2.1 MR

thermometry is the current gold standard for monitoring thermal HIFU treatments,

despite its high cost, and limited spatio-temporal resolution. In contrast, passive

acoustic mapping (PAM) is a new method of monitoring the strength of acoustic
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sources, especially cavitating bubbles, in real time during HIFU. It determines the

strength and location of acoustic sources by using delay and sum beamforming

techniques on acoustic emissions received passively on an ultrasound array. It is

able to monitor ablation with low cost and very high temporal and spatial resolu-

tion (Jensen et al., 2012).

There are two main reasons for combining passive acoustic maps and MR ther-

mometry. The first is that the combination of the two methods can give comple-

mentary information. MRI provides soft tissue localisation and high sensitivity tem-

perature mapping, while ultrasound provides localisation of the focus early in the

ultrasound exposure before any tissue damage occurs Jensen et al. (2012) as well as

rapid spatiotemporal mapping of stable or inertial cavitation throughout the ultra-

sound exposurecavitation (Arvanitis and McDannold, 2011). In many HIFU appli-

cations cavitation has a purely mechanical role, such as drug delivery or blood brain

barrier disruption (Arvanitis, Livingstone, and McDannold, 2013). This type of cav-

itation does not appear on MR images, but can be seen clearly on acoustic maps.

While the outcome of these therapies can be monitored with MRI, cavitation map-

ping is the only way of providing real-time feedback about the process driving the

treatment.

The second is that in thermal applications cavitation provides an extra source

of heating that can be monitored by PAM. PAM-derived estimates of lesion size or

cavitation-enhanced heating have the potential to replace or complement MR ther-

mometry, but must first be validated against it. In Jensen et al. (2012) maps pro-

vided focus localisation and quantitative prediction of lesion occurrence beyond a

certain threshold level and in Jensen, Cleveland, and Coussios (2013) a combined

measurement and modelling approach shows that cavitation maps can be used to

estimate temperature rise. In both of these scenarios PAM can compete with MR
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thermometry on grounds of cost, spatial resolution and speed, but for a true assess-

ment of PAM’s monitoring potential require benchmarking against full MR temper-

ature maps. Through combination of the two methods, feedback control of thermal

ablation could be improved. The higher temporal resolution of cavitation-based

feedback control (Hockham, Coussios, and Arora, 2010) combined with the accu-

racy of MR-thermometry based control (Bever et al., 2014) could lead to improved

controllers. To achieve this, validation of the cavitation-based monitoring methods

against MR methods is required.

Following the development of the combined PAM/MR thermometry system de-

scribed in this chapter, chapter 5 compares PAM-derived estimates of temperature

rise with MR thermometry measurements.

4.1.1 MR Imaging

4.1.1.1 The Magnetic Resonance Signal

In magnetic resonance imaging, the signal recorded is emitted by protons in a mag-

netic field precessing at their resonant frequency. The source of the protons in bi-

ological tissue is the nuclei of hydrogen atoms in water molecules. The precession

frequency of the proton ωp is known as the Larmor frequency and depends on the

strength of the magnetic field, B0, which is aligned along the bore of the MR coil,

and the gyromagnetic ratio of the proton, γ.

ωp = γB0 (4.1)

In order to produce a signal the protons are excited by the application of a mag-

netic field that rotates at the Larmor frequency perpendicular to the direction of

B0, this field is produced by what is known as the radio-frequency (RF) pulse. At
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this frequency, protons absorb this energy, and once the oscillating field is removed

the nuclei release or reradiate the energy as they return to their initial state. This

re-radiation of energy by the nuclei as they return to their initial state is what is ob-

served as the MRI signal. For a body with a spatial distribution of protons ρp (x, y, z)

the signal emitted from the body is

S(t ) =
∫ ∫ ∫

ρp (x, y, z)e iωp t d xd yd z (4.2)

In order to encode spatial information in the signal gradients fields are applied

that vary linearly in x,y and z. Firstly, to select a 2-D plane through the subject a

magnetic field is applied that varies linearly in the ‘z’ direction. This changes the

resonant frequency of the protons in the field, which becomes

ωp =ωp0 +∆ωz = γB0 +γGz z (4.3)

(Hinshaw and Lent, 1983). Applying an RF pulse at the resonant frequency mul-

tiplied with a sinc function excites only protons in a slice of thickness∆z =∆ω/γGz ,

where ∆ω is the width of the FT of the sinc function as shown in figure 4.1.

In order to encode the signal in the x direction, gradient fields in the x directions

are applied, after slice selection, while the signal is being emitted. The protons in

the subject now oscillate at frequencies that depend on their location- ωp = γB0 +
γGx x (Hinshaw and Lent, 1983). In order to encode the y direction a gradient Gy y

is applied after the slice select gradient is applied before the x direction gradient for

a short time dτ, which adds a phase offset γGy ydτ. The gradient in the x direction

is known as the frequency-encoding gradient and the gradient in the y direction

is known as the phase encoding gradient. Combining signals with multiple phase
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(a) (b)

Figure 4.1: In order to select a 2-D slice through the subject a linear gradient is ap-
plied in the z direction. This changes the resonant frequency of the protons in the
subjectωp = γB0+γGz z. Applying an RF pulse at the resonant frequency multiplied
with a sinc function excites only protons in a slice of thickness ∆z =∆ω/γGz , where
∆ω is the width of the FT of the sinc function.

offsets, the signal received from a slice in the z direction now becomes (Brown et al.,

2014).

S(kx ,ky ) =
∫ ∫

ρp (x, y)e i kx x+i ky y d xd y (4.4)

where the oscillation at ωp is ignored, kx = γGx t and ky = γGyτ.

To recover the image, ρ(x, y) from the signal S(kx = γGx t ,ky = γGyτ), the 2-D

inverse Fourier transform of the signal is taken. In this case

ρ(x, y) = F T −1[S(kx ,ky )] = 1

(2π)2

∫ ∫
S(kx ,ky )e(−i kx x−i ky y)dkxdky (4.5)

4.1.2 MR Thermometry

As discussed in section 1.3.2.1 the most commonly used method for MR thermom-

etry is the proton resonance frequency (PRF) method, creating phase maps where
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the change in phase is proportional to the change in temperature. It has become the

preferred method due to its excellent linearity and its independence to tissue type

(Rieke and Butts Pauly, 2008). Sekihara, Matsui, and Kohno (1985) shows that any

inhomogeneity in a magnetic field can be visualised by looking at the phase of the

MRI image, as inhomogeneities change the resonant frequency of the protons. In

the commonly used echo-planar sequence, the signal in an inhomogeneous field is

S(t ,τ) =
∫ ∫

ρp (x, y)e iω0t+iγGx t x+iγGyτy+iγ∆B0T E d xd y (4.6)

where TE is the effective echo time (a parameter related to the timing of phase-

encoding gradients), and ∆B0(x, y) is the variation in the magnetic field. After in-

verse Fourier transforms, the resulting image obtained is

s(x, y) = ρp (x, y)e iγ∆B0T E (4.7)

and so taking an image of the phase gives an image of the inhomogeneity.

Ishihara et al. (1995) notes that as well as being a function of x and y , the in-

homogeneity is also a function of temperature. Looking at the relative phase Φ

between two images, one at a reference temperature and one with a temperature

change gives the following result.

∆Φ(x, y,T ) =Φ(x, y,T )−Φ(x, y,Tr e f ) = γ∆BT (∆T )T E (4.8)

The relative phase image therefore depends only on the relationship between

a change in temperature and a change in the magnetic field, the function ∆BT (T ).

This change is due to the way that proton shielding changes with temperature. In
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water molecules hydrogen nuclei are shielded from the magnetic field by the elec-

trons in the molecule. Hydrogen bonds between molecules reduce this shielding.

As the temperature increases, the water molecules on average spend less time in a

hydrogen bonded state, and the degree of shielding increases. This has the same

effect as locally decreasing the magnetic field. This change in local magnetic field is

linear, and proportional to the constant magnetic field B0. It is written as

∆BT (T ) = B0α∆T (4.9)

where α is the temperature-dependent proton resonant frequency change co-

efficient (Rieke and Butts Pauly, 2008) which for water molecules is −1.03±0.02×
10−8/°C. Putting this back into the equation for phase change and rearranging, we

see that the relative temperature change between two 2-D images is given by

∆T (x, y) = Φ(T )−Φ(Tr e f )

αγTE B0
(4.10)

4.1.3 Passive Acoustic Mapping
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Figure 4.2: An outline of the Passive Acoustic Mapping Algorithm: An acoustic event
occurs and is passively recorded on a multi-element array. A beamforming algo-
rithm is then applied to determine the strength of the sources at a certain location.
The summed rf traces are then analysed in the frequency spectrum and combined
to create spatial maps of bubble activity.
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x 

z r
rk

|r � rk|
Figure 4.3: The co-ordinate system used for processing passive acoustic maps: An
acoustic event occurs at position r and is passively recorded on a multi-element
array with k elements each at position rk.

In passive acoustic mapping (PAM) voltage traces are recorded on a multi-

element diagnostic ultrasound array. Delay-and-sum beam-forming techniques are

applied to determine emissions from a certain location. It is based on the idea that

an acoustic point source such as a bubble centred at position r with strength q(r, t )

results in a pressure at point r′ of

p(r ′, t ) = q(t −|r′− r|/c)

4π|r′− r| (4.11)

where c is the speed of sound. With an array of calibrated acoustic sensors at

positions r1 . . .rN the estimated source strength q̃ and acoustic power P̃ are given by

q̃(r, t ) = 1

N

N∑
i=1

4π|ri − r|p̃(ri , t +|ri − r|/c) (4.12)

P̃ (r, t ) = 〈q̃2(r, t )〉
4πρc

(4.13)

where p̃(ri, t ) is the pressure recorded on sensor i and 〈.〉 is the average operator

(Gyöngy and Coussios, 2010).
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The following process converts the 64 voltage traces recorded on the diagnos-

tic ultrasound into passive acoustic maps (Gyöngy and Coussios, 2010). Traces are

taken 25 times a second and each trace lasts for 138µs. The co-ordinate system used

is shown in figure 4.3. vk (t ) is the voltage trace recorded on channel k of the imag-

ing transducer. This is converted to pressure by taking the Fourier transform of the

voltage trace and dividing by the sensitivity s(ω) of the transducer at each frequency.

In this chapter, a nominal sensitivity of 1mV/Pa is used, in chapter 5 the measured

frequency dependent calibration is applied.

Pk (ω) =Vk (ω)/s(ω) (4.14)

To find the source strength q ′ at position r, first the pressure on each channel is

delayed and spherical spreading is accounted for, giving q ′
k .

q ′
k (r, t ) = 4π|r− rk|pk (t +|r− rk|/c) (4.15)

At this stage two methods can be used for the delay-and-sum beamforming,

time exposure acoustics (TEA) (Gyongy and Coussios, 2010) and robust Capon

beamforming (RCB) (Coviello, Faragher, and Coussios, 2010). In time exposure

acoustics the delayed q ′
k are simply averaged, and assumed to sum coherently

q ′
tea(r, t ) =

N∑
k=1

q ′
k (r, t )/N (4.16)

The robust capon beamformer method the sum has weights wk attached that

reduce artefacts. The weights are calculated using an optimisation technique that

is designed to pass any signals arriving from a specified look direction undisturbed
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while minimising the array output power so as to limit interfering signals not from

the look direction (Coviello et al., 2013)

q ′
r cb(r, t ) =

N∑
k=1

wk (|r− rk|)q ′
k (r, t )/N (4.17)

In analysing cavitation it is useful to separate broadband noise from harmon-

ics emissions. This is especially true in these experiments as harmonic signals from

the incident HIFU mix with harmonic signals from bubbles. This separation is per-

formed using a comb filter in the frequency domain. The comb filter separates

broadband harmonic emissions by setting all of the signal within a band of 0.3MHz

centred around each harmonic to zero for broad band emissions, and everything

outside the band to zero for harmonic emissions. While in the frequency domain

the pressure is then turned into a source power W by summing Q ′
m , the DFT com-

ponents of q ′
r cb , to get

W (r) =

NDF T∑
m

Q ′
m

2(r)

4πρcNDF T
(4.18)

As the signal has zero mean, the power (the mean of squares) is the same as

the variance of the signal (mean of squares - square of means). Passive maps are

commonly described as having units of ‘variance’. The comb filtering creates two

PAM frames- one ‘harmonic’ map and one ‘broadband’ map.

4.2 METHODS
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Figure 4.4: The combined PAM/MR Thermometry experimental apparatus, shown
in cross section. The apparatus is essentially a sealed cylinder that is placed inside
an MRI bore. The cylinder is filled with degassed water, with a tissue holder con-
taining a sample of liver in the centre. One end of the holder has a mylar window
to allow acoustic access for the Zonare ultrasound array. The other end is sealed by
the HIFU transducer built into the assembly.

4.2.1 Combined Transducer and Sample Holder

In the basic ex vivo ablation experiment ex-vivo bovine liver at 37 °C was exposed

to HIFU. In this case the HIFU transducer was a spherically focussed transducer

(Channel Industries, Santa Barbara, CA USA) with a geometric focus of 98mm, and

an effective aperture radius of 32mm. It had a resonant frequency of 1.125MHz and

could provide pressures up to 12MPa peak to peak. It was driven by a signal genera-

tor (33220A, Agilent Technologies, Santa Clara, CA) connected to a 50dB broadband

amplifier (1140LA, E&I, Rochester, NY, USA).

For passive acoustic mapping a Zonare Z-one imaging system (Zonare, Moun-

tain View, CA) with a L10-5 probe attached was used. The settings on the Zonare and

signal generator were sent via a serial connection, and cavitation traces were saved

to disk for later analysis. The Zonare provides a trigger out signal which controlled

the timing of the HIFU bursts from the signal generator.
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For these experiments the MR scanner used was a Varian 4.7T small animal

scanner. This had a bore diameter of 62mm and a length of 1.5m. For this rea-

son the experimental apparatus had to be modified from the standard setup where

sample, and therapy and imaging transducers are placed inside a water tank. In-

stead, all three had to fit inside the MRI bore. The experimental setup is shown in

figure 4.4. The apparatus is essentially a sealed cylinder that is placed inside the

MRI bore. The cylinder is filled with degassed water, with a tissue holder containing

a sample of liver in the centre. One end of the holder has a mylar window to allow

acoustic access for the Zonare ultrasound array. The other end is sealed by the HIFU

transducer built into the assembly.

4.2.2 Passive Acoustic Mapping

In conventional passive mapping experiments the imaging transducer is either

place inside, to the side of, or perpendicular to the HIFU transducer. Due to the

space constraints of the experiment it was necessary to place the Zonare transducer

facing the HIFU transducer, meaning that the PAM array is directly insonified by the

HIFU beam. Preliminary experiments showed that harmonics of significant ampli-

tude are indeed present in the passive map in the absence of cavitation due to the

incident pressure from the HIFU transducer, although these harmonics are reduced

by the presence of cavitating bubbles, as seen in 4.5, meaning that the harmonic

part of the signal was not used to analyse cavitation. However, broadband noise on

the maps was consistent with the presence of broadband noise on a perpendicularly

aligned passive cavitation detector transducer. That is, even in this configuration

the array is able to detect broadband emissions associated with cavitation.

The Zonare recorded pulses 138µs seconds long at a sampling frequency of

50MHz. These pulses were repeated at a frame rate of up to 25Hz for exposures up
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Figure 4.5: This figure shows broadband and harmonic variance over time, nor-
malised to the maximum value of harmonic variance. In this exposure, there is a
burst of broadband variance in the first 1.5s. During this time the harmonic signal
drops, and then recovers. This is due to the bubbles reflecting the incident harmon-
ics. Once the initial cavitation dies away, the harmonics still decrease. This could be
due to the increase in cavitation as the tissue denatures, or to the presence of off-
resonance bubbles that shield the incident HIFU but do not emit broadband noise.

to 27s long on a linear probe 5cm wide with 128 elements. The probe was sensitive

between frequencies of 5 and 8MHz.

4.2.3 MR Thermometry

The sequence used for MR thermometry was a gradient-echo echo-planar-imaging

sequence with a repetition time TR = 320ms and an echo time TE = 15ms. In the x,y

and z directions the voxel size was 0.9×0.9×2mm respectively, and temperature was

recorded over a grid of 64×64×12 voxels. As two complete sequences were taken to

create a single image the effective temporal resolution of the sequence is 640ms.

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 99



Edward Jackson 4.2. Methods

4.2.3.1 Conversion from Phase to Temperature

Although the relationship between phase and temperature is given in equation 4.10

there are two further steps to extract accurate temperature information from phase

images. The first is to remove background phase drift, where the phase gradually

changes over time without any change in temperature. Fortunately, this change is

linear with time, and constant over the volume of the sample. This is removed by

fitting a straight line to the average phase change over time for a selection of voxels

outside the heated region.

The second is to unwrap the phase signal, that is, to remove the discontinuities

caused by the wrap-around in phase from π to −π as the temperature increases and

vice versa. The temporal unwrapping algorithm looks at the difference between

voxels over time, and any time a jump in phase greater than π is recorded 2π is

added to or subtracted from the rest of the signal depending on whether the change

was an increase or a decrease. This process is shown in figure 4.6.

4.2.4 Preparation of Liver Samples

Fresh ex-vivo bovine liver was obtained on the day of slaughter from an abattoir

(Mutchmeats, Witney, Oxfordshire) and prepared on the day of slaughter. After cut-

ting into 10x10x5cm sections the samples were refrigerated overnight. On the morn-

ing of the experiment the day after slaughter they were cut to fit the cylindrical sam-

ple holders (4cm diameter, 5cm depth) and degassed in 10% phosphate buffered

saline solution (Fisher Scientific Watham, MA, USA) at -0.9 bar in a vacuum cham-

ber attached to a vacuum pump for 1 hour. The samples were sealed while fully sub-

merged and kept at room temperature. Thirty minutes before use they were placed

in a water bath at 37 °C to bring them up to temperature, which was followed by 5

minutes to set up and record pre-treatment images before the HIFU was turned on.
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Figure 4.6: The effect of phase unwrapping. The blue line shows the raw phase for
a voxel in the MR image during heating and cooling. The red line shows the same
trace with the phase unwrapped.

By this point the temperature at the centre of the tissue was calculated to be less

than 0.35°C below the ambient temperature of the water. While fully submerged

in the water bath the sample was sealed inside the transducer assembly, and then

immediately placed inside the MRI bore for HIFU exposure.

4.2.5 Cavitation Nuclei

It is necessary to degas abattoir liver tissue in order to remove large bubbles intro-

duced by the retrieval process and to avoid large variability in cavitation threshold

from one tissue to the next. Recent work in the laboratory has demonstrated that

non-perfused liver tissue has a comparable cavitation threshold to perfused tissue

in terms of the negative pressure required to produce cavitation, but that the prob-

ability of cavitation at a given pressure is substantially lowered by the absence of
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Figure 4.7: This figure shows the probability of cavitation occurring in perfused and
non-perfused tissue at 1.067MHz. The crosses connected to the trendline show the
probabilities for non-perfused ex-vivo liver tissue and the individual points show
cavitation probabilities in different samples of perfused liver. In the range -4 to-
6MPa a probability of cavitation of 100% is reached in perfused tissue, while the
probability of cavitation in non-perfused tissuevaries from 25-60%. (Figure courtesy
Dr. Stephane Labouret)

perfusion. As shown in figure 4.7, at 1 MHz in perfused tissue, a probability of cavi-

tation of 100% is reached in the range -4 to -6 MPa. In order to enable reproducible

cavitation behaviour in non-perfused abattoir tissue, exogenous cavitation nuclei

were introduced.

The type of exogenous nuclei used in these experiments have also been devel-

oped recently in the laboratory, and consist of nano-sized particles that entrap and

stabilise gas on their surface to dramatically lower the inertial cavitation threshold

(Kwan et al., in press). They consist of a polystyrene template nanoparticle with a

predominantly poly-methyl methacrylate coating. The coating causes swelling of

the polystyrene template allowing for a void to form in the centre of the nanoparti-
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cle which subsequently deforms and creates the cup shaped depression on the sur-

face. This depression enables entrapment and stabilisation of gas after air drying

the nanocups and re-suspension in water.

They were chosen because they do not interfere with MR imaging and provide

sustained cavitation activity upon prolonged exposure. Most importantly, they yield

sustained cavitation activity at a pressure of -6 MPa at 1 MHz in non-perfused liver

tissue, which makes it consistent with observations in perfused liver tissue. As

shown in figure 4.8 at a pressure of −6MPa cavitation occurs but only when nu-

clei are added. Having cavitation occur in the same pressure range ex vivo and in

vivo is important, in order to ensure that the relative magnitude of effects due to

non-linear propagation and cavitation is adequately represented.
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Figure 4.8: The graph shows the maximum broadband variance over time for ex-vivo
liver with and without the addition of cavitation nuclei. Both exposures are 1MHz
bursts 5000 cycles long at a pulse repetition frequency of 50Hz. The peak negative
focal pressure is -6MPa. Without cups cavitation does not occur, whereas with cups
added it is possible to achieve sustained inertial cavitation.
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4.2.6 Lesion Imaging

Before and after each exposure the tissue was imaged using a high resolution

ge3d (3-Dimensional Gradient Echo) sequence to determine whether a lesion had

formed. Using this sequence lesions appeared as a hyperintense region on the im-

ages and corresponded well to visual assessment of lesions when samples were

sliced open post exposure. To improve the lesion identification the pre-exposure

image was subtracted from the post-exposure image before Wiener filtering to re-

move noise.

Post-exposure all the samples were sliced through the central plane and pho-

tographed with a ruler in shot for scale for analysing lesion size. As the appearance

of the injected polymeric nano-cups closely resembled a small, fragmented lesion,

in these cases the sliced tissue was also palpated to test the stiffness of the lesion.

The size of the lesions such as the one seen in figure 4.9 agree with visual observa-

tions of lesion size.

4.2.7 Image registration

The Zonare array can image a 2-D plane within the 3-D image of the phantom which

necessitates image registration between the two modalities. This requires an imag-

ing phantom with fiducial markers visible to ultrasound and MRI. For this purpose

a 5% weight/volume agar phantom was made with 3mm diameter acrylic ball bear-

ings set into a particular pattern in a plane through the middle of the phantom. Im-

ages were registered by comparing magnitude EPI (echo-planar imaging) and ge3d

images with B-mode ultrasound images.

4.3 RESULTS
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Figure 4.9: (a)(b)The two ge3d (3-D gradient echo) images show the same piece of
tissue before and after HIFU treatment after the tissue has cooled. The cavitation
nuclei are visible as a hyperintense region ins the upper image. After treatment the
lesion is seen as an additional hyperintense region in the centre of the lower image.
(c) A photograph of the lesion showing the cups and the surrounding lesion.
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4.3.1 MR-Ultrasound Compatibility

Figure 4.10: The effect of the imaging transducer on MRI images is shown in a pilot
image. Each image shows a cross section of the combined MR-HIFU apparatus with
a tissue holder in the centre containing a gel phantom. The gray lines indicate the
direction of the magnetic field lines. There is no transducer in the left hand image
and the darker lines through the phantom in the centre are straight. When an imag-
ing transducer is added in the right hand image the lines are bent as the transducer
disturbs the magnetic field, and there is a dark region close to the transducer. It is
still possible to create a uniform, undisturbed field inside the region of interest by
changing the shim settings of the scanner.

It has been shown that while ultrasound systems can be integrated into MR

scanners (Feinberg et al., 2010), (Tang et al., 2008) , there is interference between

the two systems that must be characterised. The presence of the therapeutic trans-

ducer had no effect on MR images, but the imaging transducer did create interfer-

ence. The transducer head contains ferrous materials that distorted the magnetic

field, and created a ‘shadow’ that is visible on the right of the right hand image in

figure 4.10. It also distorted the magnetic field lines, shown by the curvature of the

horizontal lines in the figure. Despite this, imaging was still possible as the sample

was far enough away from the ‘shadowed’ area and the field lines within the sam-

ple were made uniform by correctly changing the shim settings of the MR scanner.

The electrical pulses generated when the transducer is capturing B-mode images

interfered with the MR images as shown in figure 4.11. While these could be mit-

igated by shielding the transducer as in (Feinberg et al., 2010) in our case images
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(a) (b)

Figure 4.11: Two ge3d images showing the effect of active ultrasound on MR images.
Both images show a cross section of the liver sample (grey) with the plastic holder
(in black above and below) and water (bright areas to the left and right). In the
image on the left the ultrasound transducer is in B-mode, while on the right it has
been placed into passive mode. Electrical noise from the B-mode pulses add noise
to the image that disappears in passive mode. This does not pose a problem as the
transducer is in passive mode for all MR Thermometry measurements. The noise in
passive mode is the same as the noise with the imaging transducer turned off.

are only recorded passively while MRI scans are in progress, and created no extra

noise. There were no detectable disturbances in either B-mode images or passive

maps when the ultrasound scanner is placed inside the MR bore and MR scans are

in progress.
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Figure 4.12: MR and ultrasound images of the registration phantom. Both show
the plastic balls set inside the phantom in a common co-ordinate frame where z is
the axial distance from the imaging transducer and x is the radial distance from the
centre of the transducer in the plane parallel to the transducer. The red circles show
the locations of the fiducial markers in each image.

4.3.2 Image registration

Figure 4.12 shows MR and ultrasound images of the registration phantom taken with

GE3d MR and B-mode ultrasound. Both show the plastic balls set inside the phan-

tom in a common co-ordinate frame. In this chapter, z is the axial distance from the

imaging transducer, x and y are the radial directions from the centre of the imag-

ing transducer parallel and perpendicular to the linear array respectively. the HIFU

focus is around 3cm long and 5mm wide.

4.3.3 Combined PAM and MR Thermometry Monitoring

At low HIFU pressures no cavitation is observed. Instead, as shown in figure 4.13 the

harmonic section of the passive map shows the location of the harmonics generated

at the HIFU focus. Even though the map uses broadband energy, a small portion of

the harmonic energy passes through the comb filtering process and is present in the

broadband map. The location of the focus in the harmonic and broadband maps

occurs at the same location as the centre of heating in MRI images, validating the

image registration.
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Figure 4.13: This figure shows (a) a broadband passive map (b) a harmonic map and
(c) simultaneously acquired MR thermometry temperature image, at a peak neg-
ative focal pressure of 2.75MPa in the co-ordinate frames found by registering the
images in figure 4.12. At at low pressure magnitudes below the cavitation threshold
no cavitation is present and the only energy in the maps is a small portion of the
harmonics signal that leaks through into the broadband map at the location of the
focus. When seen side by side the position of the focus in the passive map is the
same as the location of maximum heating in the MR thermometry.

4.3.3.1 Cavitation in PAM and MR Images

As shown in figures 4.14 and 4.15 short, non-thermal pulses at pressures below

and above the cavitation threshold were investigated to determine whether cavi-

tation that was visible on passive maps is visible in MR images. Above the cavi-

tation threshold there is a large increase in the broadband signal in passive maps.

Although cavitation produced a clearly visible difference in passive maps at 6MPa

peak negative focal pressure, short exposures at the same pressure in gel phantoms

with cavitation nuclei added produced no change in MR images. This is to be ex-

pected, as the probable size and number of bubbles appearing in these conditions

will cause a tiny change in the proportion of liquid present in a single voxel. Much

larger amounts of cavitation have been visualised with MRI but this is with much

higher pressures and much larger clouds of bubbles, where it is possible to see the

movement of water due to the action of the bubbles (Allen et al., 2015).
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Figure 4.14: This figure shows passive maps of harmonic and broadband variance
for short, non-thermal HIFU pulses (a) below and (b) above the cavitation threshold
at peak negative focal pressures of 2.75 and 6MPa respectively and a frequency of
1MHz. As the pressure crosses the cavitation threshold there is a modest increase in
the harmonic component of the map, and a large increase in the broadband signal,
typical of cavitation.

4.3.3.2 Heating

4.3.3.3 Cavitation-Enhanced Heating

In the absence of significant broadband noise on passive maps the heating/cooling

curve measured by MR thermometry increases smoothly and it is shown in section

5.3.1 that these curves match thermal simulations of HIFU heating. When cavita-

tion is present there can be a simultaneous ‘spike’ in the MR temperature data that

coincides temporally with cavitation in passive acoustic maps. An example of this

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 110



Edward Jackson 4.4. Discussion

x (mm)

y
 (

m
m

)
 

 

−5 0 5

−5

0

5
2400

2600

2800

3000

3200

x (mm)

y
 (

m
m

)

 

 

−5 0 5

−5

0

5
2400

2600

2800

3000

3200

x (mm)

y
 (

m
m

)

 

 

−5 0 5

−5

0

5 −2

0

2

x (mm)

y
 (

m
m

)

 

 

−5 0 5

−5

0

5 −2

0

2

Figure 4.15: This figure shows (top) magnitude and (bottom) phase images taken
with an EPI sequence for short non-thermal HIFU pulses (left) below and (right)
above the cavitation threshold at peak negative focal pressures of 2.75 and 6MPa re-
spectively and a frequency of 1MHz. As the pressure crosses the cavitation threshold
there is no significant change in either the magnitude or phase of the MRI images.

is shown in figure 4.17.

The spatial extent of cavitation-enhanced heating in MR thermometry data is

obtained by subtracting the expected primary HIFU heating from the total heating

measured in MRI. This is explained fully in chapter 5. The location of enhanced

temperature rise and the location of broadband noise in passive maps is shown in

figure 4.18. In this figure the PAM data has been processed using both algorithms

mentioned in section 4.1.2, time-exposure acoustics and robust-capon beamform-

ing.

4.4 DISCUSSION

Many of the issues concerned with combining PAM and MR thermometry have

been addressed in this chapter. There is minimal interference between the two sys-
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Figure 4.16: This figure shows the maximum temperature over time measured by
MR thermometry, and the simultaneous passive mapping data, showing the max-
imum broadband variance in each PAM frame over time. This exposure was per-
formed at 1MHz with PNFP 2.75MPa, and there is no significant broadband noise
measured by PAM, suggesting that there is no inertial cavitation. This is further con-
firmed by the smoothness of the temperature curve.

tems, and the method of registering the two systems has been confirmed by the co-

location of the focus on PAM maps and the centre of heating in MR thermometry

images.

In the example shown in figures 4.17 and 4.18 the presence of broadband noise

in passive maps correlates well temporally with sharp spikes in heating. When pro-

cessed with time-exposure acoustics the broadband noise in the maps correlates

well in the x direction with the position of enhanced heating, but in the z direction

the registration is poor, as the mapped trace contains a large ‘tail’ spreading in the

direction away from the transducer.
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Figure 4.17: This figure shows the maximum temperature over time measured by
MR thermometry, and the simultaneous passive mapping data, showing the max-
imum broadband variance in each PAM frame over time. (a) shows the whole ex-
periments and (b) shows a close-up of the first 10 seconds. This exposure was per-
formed at 1MHz with PNFP 6MPa, and a 21% duty cycle, and there is significant
broadband noise measured by PAM suggesting cavitation. There is a noticeable in-
crease in temperature that coincides with the broadband noise.
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Figure 4.18: Passive maps of broadband variance processed with the Time Exposure
Acoustics algorithm (middle) and the Robust Capon Beamformer (right) are shown
along with the region of cavitation-enhanced heating (left) estimated by subtract-
ing the expected primary HIFU heating from MR thermometry. The RCB algorithm
is able to reduce the ‘tail’ artefact that appears in the passive maps in the axial di-
rection away from the imaging transducer, towards the HIFU transducer, and the
region of cavitation coincides with the centre of enhanced heating.
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The robust capon beamformer (RCB) algorithm (Coviello, Faragher, and Cous-

sios, 2010) is able to overcome this. An example is shown in figure 4.18 where the tail

has been reduced by around 80%. This makes it much easier to determine how good

the registration between MR and PAM images is, and to better determine the spatial

extent of the cavitating region. In figure 4.18 there is much better correlation in the

z direction between the map created with RCB than with time-exposure acoustics.

This work shows that cavitation on PAM images can appear as a simultaneous

enhanced temperature rise on co-registered MR thermometry images. In the next

chapter the full set of experiments where cavitation was observed is analysed to fur-

ther investigate the relationship between cavitation and temperature rise, and the

ability of PAM-derived heating sources to estimate cavitation-enhanced heating.

4.5 CONCLUSIONS

The experiments in this chapter confirm that simultaneous cavitation mapping and

MR thermometry is feasible and by doing so it is possible to monitor multiple as-

pects of HIFU therapy. It has been shown that in the absence of cavitation, the fo-

cus of the HIFU is visible on the passive map. At higher duty pressures the location

and duration of cavitation could be detected with the passive mapping but was not

detected in MR images. At higher pressures and duty cycles where cavitation was

observed it was also possible to observe enhanced heating at the same location in

MR thermometry images. In the next chapter every exposure where cavitation was

observed is examined in order to investigate the potential for passive maps to pre-

dict heating.
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MONITORING CAVITATION-ENHANCED

HEATING WITH MR THERMOMETRY AND

PASSIVE ACOUSTIC MAPPING

5.1 INTRODUCTION

In the previous chapter it was shown that passive mapping and MR thermometry

could be performed simultaneously, and that broadband noise in maps correlated

spatially and temporally with the location of enhanced heating. In this chapter, we

show how the degree of enhanced heating is calculated from MRI thermometry, and

estimate cavitation-enhanced temperature rises from acoustic maps by converting

a cavitation dose into a heating source.

The motivation is to assess the potential for passive maps to complement , or

even replace, MR thermometry to monitor thermal ablation. The basis for this is the

work by Jensen, Cleveland, and Coussios (2013) which used acoustic maps and ther-

mal modelling to estimate temperature rises and compared them to those measured
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using a thermocouple. By replacing thermocouple measurements with MR temper-

ature maps, the comparison becomes more clinically relevant, and overcomes some

of the limitations inherent in using a thermocouple. These include uncertainties

about thermocouple artefacts, not just viscous heating artefacts (Morris et al., 2008),

but also the thermocouple itself as a nucleus for cavitation. The measurements also

become very sensitive to the relative positions of the bubble, thermocouple, and

HIFU transducer. MR thermometry does not suffer from these drawbacks, but does

come with its own problems, mostly due to its low spatial and temporal resolution.

More broadly, while a single point thermocouple measurement of temperature may

be correct at that point, nothing is known about the temperature around it. MR

thermometry data means the method can be validated over the whole range of the

passive map.

In this chapter the method for calculating PAM derived temperature estimates

is outlined, before showing the results for nine experiments where cavitation-

enhanced heating was observed.

5.2 METHODS

To assess the suitability of passive mapping estimations of heating first the

cavitation-enhanced heating is estimated from MR thermometry. This is done by

subtracting the expected primary HIFU heating of the incident ultrasound from the

total temperature rise. The cavitation heating input is then also estimated from pas-

sive maps and used to calculate a temperature rise. The calculated temperature rise

is then spatially averaged in order to match the MR output, and the temperatures

and thermal doses are compared.
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5.2.1 Solving the Bio-Heat Equation

Calculating the temperature rises in tissue requires solving the Pennes bioheat

equation (Pennes, 1948). In chapter 1 this was given with two heating terms- a

metabolic heating term and an acoustic heating term. As the present work uses

non-perfused ex vivo tissue, there is no perfusion term, there is no metabolic heat-

ing term, and the acoustic heating term is split into two parts. The Pennes bioheat

equation becomes:

ρcp
∂T

∂t
= K∇2T +qH I FU +qcav (5.1)

where qH I FU is heating from incident HIFU, and qcav the cavitation heating,

which is due to the reabsorption of sound scattered by the bubble (Holt and Roy,

2001; Coussios and Roy, 2008), cp is the specific heat capacity of tissue and K is the

thermal conductivity. The thermal properties of tissue used were thermal conduc-

tivity, K = 0.7 W (mK)-1, density ρ =1050 kg/m3, specific heat capacity cp = 3300

J/kg/K. These were based on those used by Jensen, Cleveland, and Coussios (2013)

with a slight modification to conductivity to match the cooling curves observed in

cavitation-free heating exposures. This value for thermal conductivity is still within

10% of the value measured by Bhattacharya and Mahajan (2003).

This equation needs to be solved twice. Once with qH I FU to subtract the ex-

pected heating from MR thermometry measurements, and again after acoustic

maps have been converted into a term for qcav .

For calculating qH I FU and qcav the following values were used for the acoustic

properties. Speed of sound c0 = 1592m/s, which was the value measured in chapter

2 and also the value used by Jensen, Cleveland, and Coussios (2013) and B/A was 7.1.

the attenuation was taken to follow a power law ofα=α1
(

fM H z
)η where fM H z is the

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 117



Edward Jackson 5.2. Methods

frequency in MHz. α1 was 4.1Np/m at 1MHz (Clarke, Bush, and Ter Haar, 2003)

where the fraction due to absorption was αabs = 0.56α1 to give αabs = 2.3 (Clarke,

Bush, and Ter Haar, 2003) where the frequency dependence of total attenuation and

absorption was the same (Goss, Frizzell, and Dunn, 1979).

5.2.1.1 Alternating Direction Implicit Solver

The method used to solve the heating equation was the alternating-direction im-

plicit (ADI) method. This method is unconditionally stable (Ames, 1992), and is easy

to implement in multiple dimensions. The method is a reformulation of the finite

difference equations that make up the heat equation so that the algebraic equations

become a set of linear equations possessing a tridiagonal matrix. These equations

are solved one coordinate dimension at a time, so that the solver ‘sweeps’ through

one dimension at a time in a single iteration(Ames, 1992).

The HIFU fields are calculated using cylindrically symmetric versions of the heat

diffusion equation. The two finite difference equations that are solved in the two

steps of the ADI method are therefore

T n+1/2
i j −T n

i j

∆t/2
= K

ρcp

(
δ2

r T (n+1/2)
i j +δ2

zT n
i j

)
+ 1

ρcp
qn

i j (5.2)

T n+1
i j −T n+1/2

i j

∆t/2
= K

ρcp

(
δ2

r T (n+1/2)
i j +δ2

zT n+1
i j

)
+ 1

ρcp
qn

i j (5.3)

where δ2
z is the finite difference approximation of a second derivative e.g.

δ2
zun

i , j = (un
i+1, j −2un

i , j +un
i−1, j )/(∆x2) and δ2

r is the finite difference approximation

of a second derivative in radial co-ordinates δ2
r

ri+1

( un
i+1, j −un

i , j
∆r

)
−ri

( un
i+1, j −un

i , j
∆r

)
ri∆r .
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These methods were validated by comparing their solutions against analytic so-

lutions. Two analytical solutions are used- one for cooling and one for heating (Mor-

ris et al., 2008; Bacon and Shaw, 1993). Cooling was analysed first, as it allowed

conduction alone to be verified, then the heating rate, which depends on a the rela-

tionship between the rate of heat addition (q) and the rate of conduction.

In 2-D the cooling function for an initial Gaussian temperature distribution

T0(r ) = Tmaxe
−r
β

2

where Tmax is the initial maximum temperature and β the spread.

T = Tmax

4κt/β+1
e

−r 2

4κt+β (5.4)

where, κ is thermal diffusivity K
ρcp

. Figure 5.1 shows the radially symmetric ADI

simulation agreeing with analytical solutions for cooling, confirming that the ADI

method is working correctly. The simulated temperature is within 0.5% of the ana-

lytic solution.

The temperature rise for a Gaussian cylinder with intensity I0 and radius r0 is

T = αI0r 2
0

2K
ln

(
1+4κt/r 2

0

)
(5.5)

Figure 5.2 shows agreement for heating, confirming that the ADI method is

working correctly. Again, the simulated temperature is within 0.5% of the analytic

solution.

For simulating the cavitation-enhanced heating the BHTE is solved in a 2-D

Cartesian co-ordinate system, as the PAM system employed here only provides a

2D map of the cavitation field and hence qcav . The finite difference equations em-

ployed for cavitation heating are therefore
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Figure 5.1: A 2-D Gaussian temperature distribution is used as the initial tempera-
ture in the 2-D heating simulation and left to cool as in equation 5.4 Tmax is 100°C
and β = 1× 10−8 The grid extends to 2mm in the z direction and 3mm in the ra-
dial direction and the grid size is 0.04mm in z and 0.05mm in r , and the timestep
is 0.05s. The cooling curve over time (a) and the shape of the final temperature dis-
tribution (b) are compared with the analytical solution in equation 5.4 to verify that
the simulation is working correctly.
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Figure 5.2: A radially symmetric Gaussian heating source varying in the r direction
is used as the heating input to an initially uniform temperature field and modelled
using the cylindrical ADI solver. The heating curve at the centre of the Gaussian
is compared to the analytical solution in equation 5.5 to check that the simulation
calculates heating correctly.
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Figure 5.3: This figure shows heating/cooling curves for a single pixel giving off
heat of 20W/cm3 to simulate a single bubble cavitating for two seconds. The re-
sulting heating cooling curves are shown for 3-D, 2-D, and two different 2-D simu-
lations with increased conductivity in the x and z directions by factors of kx and kz

to account for extra conduction in the third dimension. In ‘3-D approximation 1’
kx = kz = 1.7, and in ‘3-D approximation 2’ kx = 2,kz = 1, as in Jensen, Cleveland,
and Coussios (2013). In the simulations in this chapter ‘3-D approximation 1’ was
used.

T n+1/2
i j −T n

i j

∆t/2
= K

ρcp

(
kxδ

2
xT (n+1/2)

i j +δ2
zT n

i j

)
+ 1

ρcp
qn

i j (5.6)

T n+1
i j −T n+1/2

i j

∆t/2
= K

ρcp

(
kxδ

2
xT (n+1/2)

i j +δ2
zT n+1

i j

)
+ 1

ρcp
qn

i j (5.7)

where T n
i j is the temperature at grid position x(i ),y( j ) at time t (n) . kx and ky are

added conductivity in the x and z directions to account for the lack of conduction

in the y axis as described by Jensen, Cleveland, and Coussios (2013). In Jensen,

Cleveland, and Coussios (2013) kx = 2 and kz = 1, in this study kx = kz = 1.7. This was

chosen as matches the heating/cooling curve for a single point in 3-D for a heating

source one pixel large, as shown in figure 5.3.
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5.2.1.2 Sensitivity to Voxel Size and Timestep

Figure 5.4 shows the effect of changing the voxel size on a thermal simulation of

a single point heating source with constant power per unit area. This represents

the heating for a single bubble where the heat dissipated is all dissipated within

one voxel. As the voxel size decreases the maximum temperature reached in the

simulation increases as expected, as shown in figure 5.4 (a). However, when aver-

aged over an area the same size as the resolution of the MRI- 2×1mm, as shown

in figure 5.4 (b), the result is independent of voxel size in the simulation for vox-

els below 0.5×0.5mm. This is an important result as it shows that the resolution of

heating sources generated from the PAM back-propagation shown in section 5.2.3

of 0.5×0.5mm is sufficiently small to model spatially averaged MR thermometry

temperatures, although this low resolution means that the sources provide a lower

bound for the actual temperature close to the bubble surface. Figure 5.5 shows the

same heating/cooling curves while this time changing the temporal resolution. This

becomes a problem at time-steps above 0.4s, which is comfortably above the tem-

poral resolution of PAM which is 25 frames per second.

5.2.2 HIFU Heating

In order to calculate the heating due to HIFU the pressure field from the transducer

used for the MRI experiments was measured with a calibrated needle hydrophone.

These low pressure measurements were used to determine the nonlinear field at

higher pressures using the method described in chapter 3 for the MR compatible

HIFU transducer. This transducer has f0 1.1MHz, the focal length is 98mm and the

aperture radius is 32mm. The nonlinear field was then used as the input to the

heating equation using the following formula
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Figure 5.4: A single point source of constant power lasting 5s is used as an input
to the heating simulation. The resulting heating/cooling curves are shown for a
range of voxel sizes. The maximum temperature measured over time is shown (a)
before and (b) after spatial averaging is applied over an area the same size as an MRI
voxel. The maximum temperature rise is measured in (a), and as expected, as the
size of the source gets smaller the maximum temperature rise increases. The ef-
fect of spatially averaging over an MRI voxel shows that once the voxel size reaches
0.5×0.5mm, the averaged temperature rise over a 2×1mm MR thermometry voxel
remains unchanged.
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Figure 5.5: A single point source of constant power lasting 5s is used as an input to
the heating simulation. The resulting heating/cooling curves are shown for a range
of time-steps. The maximum temperature measured over time is shown (a) before
and (b) after spatial averaging is applied over an area the same size as an MRI voxel.
For timesteps below 0.4s the heating and cooling curves for a point source at a voxel
size of 0.5 × 0.5mm is captured accurately.
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Q = 2
∞∑

n=0
αn |p(r, z)n |2/2c0ρ0 (5.8)

where p(r, z)n is the magnitude of the nth harmonic and αn is the absorption at

that frequency.
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Figure 5.6: Linear and nonlinear heating simulations for the MR-compatible HIFU
transducer at the pressures and duty cycles used in the lesioning experiments. f0

is 1.1MHz, the focal length is 98mm and the aperture radius is 32mm.Three input
voltages were used giving peak negative focal pressures of 2.75, 4.5 and 6MPa re-
spectively, and the duty cycles were varied so that p2 ×DC remains constant.The
duty cycle is varied so that the linear power delivered, and linear heating, is the
same for every exposure. Nonlinear effects cause increased heating at the focus.

In the combined PAM/MRI experiments the aim of the investigation was to as-

sess the contribution of cavitation to heating independently of other variables. This

was achieved by increasing the pressure to initiate cavitation but reducing the duty

cycle to keep the time averaged energy input constant. Three input voltages of 275,
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450 and 600mV peak-to-peak were used giving peak negative focal pressures of 2.75,

4.5 and 6MPa respectively, and the duty cycles were varied so that p2×DC remained

constant, which leads to constant time-averaged power delivered at the focus. This

assumes that the output pressure varies linearly with voltage, which hydrophone

measurements suggest is a fair assumption over the voltage range considered here.

In linear acoustics this would lead to the same heating profile across experiments,

but as explained in chapter 2 nonlinear effects mean that this is not quite true.

Figure 5.6 shows the heating profiles for the experiments, as well as the heat-

ing profile simulated with linear acoustics. The nonlinear effect leads to enhanced

heating at the focus, and higher heating at the focus with increased pressure. These

3-D heating profiles are removed from the MRI thermometry to give an MRI-derived

estimate of cavitation-enhanced heating, and added to the PAM derived estimate of

cavitation heating to give a PAM and simulation derived estimate of total heating.

An example of the initial subtraction process to estimate cavitation-enhanced heat-

ing is shown in figure 5.7.

5.2.3 Modelling Cavitation-Enhanced Heating

The method for turning acoustic signals into heating sources is based on the

method described by Jensen, Cleveland, and Coussios (2013). There are six steps

involved that are outlined here before being described in more detail.

1. cavitation threshold determined from broadband variance in frames analysed

with time-exposure acoustics, frames with cavitation present selected

2. frames containing cavitation re-processed using calibrated robust-capon

beamforming

3. sources localised
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Figure 5.7: This figure shows total heating measured by MRI, simulated HIFU heat-
ing and estimated cavitation-enhanced heating. The cavitation-enhanced heating
is estimated by subtracting the simulated HIFU heating from the total heating. The
spatial extent of heating in (a) taken at 2s and the heating curves in (b) are taken at
x =−2, z = 61.
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Figure 5.8: (a) This figure shows the maximum broadband signal over time for a
HIFU experiment where cavitation occurs, and the cavitation threshold based on
the variance of the final 50 frames. (b) shows the first 80 frames of (a)

4. for each source identified, the source strength is estimated accounting for at-

tenuation in tissue

5. energy loss due to absorption converted into heat input qcav

6. heat input turned into temperature rise using bio-heat transfer equation

x 

z r
rk

|r � rk|

rsurf

r0

Figure 5.9: Co-ordinate system for calculating cavitation-enhanced heating. A bub-
ble positioned at position r is recorded on an element of the diagnostic ultrasound
array at position rk. The distance between the sensing element and the bubble is
|r− rk| and the distance between the bubble and the tissue surface is rsur f . r ′ is the
radial distance from the bubble.
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5.2.3.1 Cavitation Thresholding

Although it was shown in section 4.4 that maps processed with time exposure acous-

tics have artefacts that do not capture the location of cavitation, the maximum value

of broadband variance in a map processed this way can still be used to identify

frames where cavitation is present. This is useful, as processing with TEA is much

faster than RCB. For these experiments, all of the data was processed into maps of

broadband variance using TEA, then these maps were used to identify frames where

cavitation was present.

In order to identify frames with cavitation present a threshold for broadband

noise each was derived for each separate experiment, by examining the maximum

broadband variance within each frame. This was done using the method described

by Hockham, Coussios, and Arora (2010) by taking the mean and the variance of

maximum values of a set of frames with no cavitation present, and identifying any

frame where the maximum broadband value was 5 standard deviations above the

mean as a frame with significant cavitation present. In the methods described by

Hockham, Coussios, and Arora (2010) the cavitation-free frames were frames where

only noise was recorded. In this experiment, as the incident ultrasound is visible on

passive maps, the ‘cavitation free’ frames were taken to be the final 50 frames of each

experiment, as in all of the observed experiments, by this point all the cavitation

has died away. The maximum broadband variance and the noise threshold for one

experiment is shown in figure 5.8.

5.2.3.2 Robust Capon Beamforming

For each exposure where cavitation is identified the frame is reprocessed using the

robust Capon beamformer method as described in section 4.1.3. The only differ-

ence in the method is that the calibration shown in figure 5.10 is applied to the volt-
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Figure 5.10: The sensitivity of the Zonare array used to convert the rf traces from
voltage into pressure in the frequency domain.

ages in the frequency domain as opposed to the nominal sensitivity of 1 used for the

time-exposure acoustics processing.

5.2.3.3 Source Localisation

After this stage sources within each PAM frame are identified using the closed con-

tour method described by (Jensen, Cleveland, and Coussios, 2013). An iso-intensity

contour map using 20 evenly spaced contour levels from 0 to the maximum value

of broadband variance in the frame is created from the PAM image. A source will

have several closed contour curves encircling it, a threshold of three or more closed

contours surrounding a peak is used to identify possible sources in the maps. An ex-

ample of the process taking an RCB image, creating a corresponding contour map,

and isolating sources is shown in figure 5.11.
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Figure 5.11: This figure shows the process of identifying individual cavitation
sources from a PAM image. (a) shows the passive map processed with RCB for a PAM
frame identified as containing cavitation. (b) shows the closed contour plot. Pixels
enclosed by 3 or more close contours are shown in (c). These pixels are counted as
individual sources, and the final image containing only sources is shown in (d)

5.2.3.4 Attenuation

The sources are now identified and localised. For each source identified in the

frame, its strength is recalculated, this time with attenuation taken into account.

To do this it is assumed that attenuation only happens in the tissue. The intensity

at the tissue surface is calculated, before being back-propagated into the tissue as

described in the following section.

Using the co-ordinate system in figure 5.9, a source at location r has acoustic

intensity
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I = W (r)

4πr ′2 (5.9)

where r ′ is the radial distance from the bubble at position r. The intensity at the

tissue surface is

Isur f =
W

4πr 2
sur f

(5.10)

where rsur f is the distance from the position of the source to the tissue surface,

in a straight line from the source position to the origin at the middle of the trans-

ducer.

The intensity inside the tissue at position r ′ from the bubble is given by the fol-

lowing equation for intensity at the tissue surface, and back-propagated to a bubble

of 1 micron radius by using an ODE solver for the equation’s derivative, using the

intensity at the tissue surface as the initial value.

I (r ′) =
(

rsur f

r ′

)2 1

4πr 2
sur f

1

4πρc

1

NDF T

NDF T∑
m

Q ′2
me−2αm (r ′−rsur f ) (5.11)

d I

dr ′ =−2I

 1

r ′ +

NDF T∑
m

αmQ ′2
me−2αm (r ′−rsur f )

N∑
m

Q ′2
me−2αm (r ′−rsur f )

 (5.12)

5.2.3.5 Cavitation-enhanced heating sources

There are two components in this derivative, one term that accounts for spherical

spreading, and one that accounts for attenuation losses. The attenuation is made up

of two terms- scattering and absorption. It is absorption (αabs) that contributes to

heating, so the final heating, therefore the intensity that provides the heating term

qcav in the heating equation is
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qcav (r ′) = I (r ′)


N∑
m

2αabs
m Q ′2

me−2αm (r ′−rsur f )

N∑
m

Q ′2
me−2αm (r ′−rsur f )

 (5.13)

This function decays very quickly with increasing r ′, on the order of a few bubble

radii (microns), due to the very fast decay of the high frequency components of the

broadband bubble signal, and the radial dependence of I (r ′). This is a fast enough

decay that the heating is all contained within a single element in a heating simu-

lation where an element size is tens if not hundreds of microns. Therefore to find

the heating input to use in a simulation where the length and width of each pixel is

∆, we find the total heat input per unit volume by integrating the heat input over a

sphere of the same volume, i.e 4
3πR3

∆ =∆3.

qsi m =
∫ R∆

0

qcav (r ′)4πr ′2
4
3πR3

∆

dr ′ (5.14)

An example PAM-derived heating frame is shown in figure 5.12

5.2.3.6 Simulating Temperature Rise

Individual PAM-derived heating frames are used as heating inputs. Although each

PAM frame uses samples that are 138µs long, cavitation is assumed to remain sta-

tionary in between frames. This is a reasonable assumption as cavitation events

often persist from one frame to another. The heating simulation progresses at a

time-step of 0.05s, similar to the PAM time-step of 0.04s. The simulation finds the

closest corresponding PAM frame at every point, and if it is a frame that contains

cavitation, uses the processed frame as the heating input.

This heating simulation is run at a length scale of 0.5mm, which is smaller than

the MR thermometry voxel size of 1mm × 2mm. The simulations are therefore spa-
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Figure 5.12: The heating input map in W/cm 3 derived from the sources identified
in figure 5.11, after each source has had attenuation taken into account.

tially averaged to match the MR thermometry. This is done by averaging the 2-D

temperature matrix over1×2mm sections.

5.3 RESULTS

5.3.1 Heating in the absence of Cavitation

In the absence of cavitation nuclei and at low pressures there is no broadband noise

and no cavitation-enhanced heating. This allows the accuracy of the thermal simu-

lation to be verified. Figure 5.13 shows measured and simulated temperature fields

in ex-vivo ox liver without cavitation nuclei added at 1MHz, with constant duty cycle

at 2.75MPa peak negative pressure. Figure 5.13 (a) shows the maximum temperature

over time. Figure 5.13 (b) shows the spatial extent of the heating in x,z co-ordinates.

The top left section of 5.13 (b) shows the spatial extent of the heating measured by
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MR thermometry at the end of the HIFU exposure (before cooling begins). The top

right and bottom left sections show the simulated HIFU heating, before and after

spatial averaging has been applied. The bottom right section shows the residual

heating error between the simulation and the measurement. There is good spa-

tial and temporal agreement between the simulated and the measured temperature

rise, shown here at -2.75MPa, with the correct heating and cooling curves

5.3.2 Cavitation-Enhanced Heating

With cavitation nuclei added, cavitation leads to enhanced heating. The exposure

shown in figure 5.14 was conducted at 6MPa peak negative focal pressure in ex vivo

liver with cavitation nuclei added. There is a spike of broadband noise that coin-

cides in time with a spike in the temperature that is visible once the expected HIFU

heating has been subtracted. It was shown in figure 4.18 that passive maps pro-

cessed with Robust Capon beamforming also give good spatial agreement. In this

section a single exposure is examined in detail before the other results are consid-

ered.

5.3.2.1 Heating Sources from Passive Mapping

Figure 5.15 shows the average broadband variance and the average heat input qcav

for frames containing cavitation in the exposure shown in figure 5.14.

The temperature at the focus is shown as a function of time in figure 5.16 (a). Af-

ter spatial averaging the temperature of the simulation matches the heating/cooling

curve of the MR thermometry at the location of the bubble to within 1°C during the

heating phase. Figure 5.16 (b) shows the spatial extent of cavitation-enhanced heat-

ing at the end of the cavitation activity alongside the cavitation-enhanced heating

estimated from MR thermometry.

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 134



Edward Jackson 5.3. Results

0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

16

Time(s)

∆
 T

 (
o
C

)

 

 

MR Thermometry

Simulated Heating

(a)

MR Thermometry

 

 

−10 0 10

−10

−5

0

5

10 0

5

10

15

Simulated

 

 

−10 0 10

−10

−5

0

5

10 0

5

10

15

Simulated Averaged

 

 

−10 0 10

−10

−5

0

5

10 0

5

10

15

Difference

 

 

−10 0 10

−10

−5

0

5

10

−2

0

2

(b)

Figure 5.13: The temperature rise and subsequent cooling from a HIFU exposure
without cavitation. It shows temperature measured with MR thermometry com-
pared with a simulation. (a) measured and simulated heating and cooling curves
and (b) the spatial extent of the temperature rise at the end of the HIFU exposure
(27s). The top left of (b), the MR thermometry heating frame at the end of the HIFU
exposure. The top right and bottom left sections of (b), the simulated HIFU heat-
ing, before and after spatial averaging. The bottom right section of (b), the residual
error between simulation and measurement. This is for a peak negative pressure of
2.75MPa at 1.1MHz at 100% duty cycle.
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Figure 5.14: (a) Heating and (b) cavitation-enhanced heating and broadband energy
over time for an exposure at -6MPa PNFP with cavitation nuclei added. There is a
large jump in temperature at the start of the exposure that correlates in time with
the presence of broadband emissions.
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Figure 5.15: The average broadband variance and heat input in PAM frames con-
taining cavitation, processed over the cavitating region. Left: the average values of
the passive maps processed with the Robust Capon beamformer. Right: the average
cavitation heating input qcav , derived from passive maps.
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Figure 5.16: (a) Measured cavitation-enhanced heating compared with heating
sources calculated from the back propagated passive mapping signal. Once the
cavitation-enhanced heating has been spatially averaged, there is good agreement.
(b) Measured cavitation-enhanced heating compared with heating sources calcu-
lated from the back propagated passive mapping signal. This image was taken just
after the cavitation activity had finished, before the cooling period started, which
occurs at 2s in (a).

5.3.2.2 Point Source

As a comparison with the full passive map to heating source conversion a simpler

method was investigated. This method uses a cavitation heating source that is one

voxel large, and that has a magnitude that is scaled proportionally to the maximum

value of broadband energy in one acoustic frame multiplied by a constant scaling

factor. The position of the source is determined by the centroid of the passive map.

This is analogous to the methods suggested by Farny, Holt, and Roy (2010), Arvanitis

and McDannold (2011), and Kyriakou et al. (2011) where they show a linear relation-

ship between enhanced temperature rise and broadband noise. The heating curves

are shown in figure 5.17 and the spatial extent of the cavitation-enhanced heating

is shown in figure 5.18. In figure 5.17 the temperature rise after spatial averaging is

able to match the maximum temperature rise against time to within 2°C. At the end

of the cavitation the cooling is much more abrupt in the simulation than in the mea-

surement. In figure 5.18 the left hand figure shows the cavitation-enhanced heating

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 137



Edward Jackson 5.3. Results

estimated from MR thermometry, the right hand figure shows the spatially averaged

simulated temperature rise. After spatial averaging the area of the simulated tem-

perature rise is around two voxels large, but in the MR thermometry the area at a

similar temperature is 7 voxels large. The simulated area of heating is smaller than

that shown by MR thermometry.
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Figure 5.17: MR-thermometry estimated cavitation-enhanced heating compared
with PAM-derived simulated heating over time. A point source with intensity scaled
relative to the magnitude of the PAM signal is used as the heating input. With the
correct scaling the spatially averaged temperature matches the measured heating.

Comparing the two methods, in the heating curves in figures 5.16 and 5.17 the

degree of cavitation-enhanced heating is captured to within 2°C in both methods,

with errors of up to 5°C during the cooling phase. Comparing the spatial extent of

heating in 5.16 and 5.18 there is a much better spatial match between the MR esti-

mates and PAM estimates of enhanced temperature rise using the full PAM-derived
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Figure 5.18: Cavitation-enhanced heating estimated by MR thermometry compared
with simulated heating derived from passive mapping. A point source with intensity
scaled relative to the magnitude of the PAM signal is used as the heating input. With
the correct scaling the spatially averaged temperature has a similar shape to the
measured temperature.

method than with the single voxel source by looking at the width and the depth of

the heated area.

5.3.2.3 Total Heating and Thermal Dose

The predicted cavitation-enhanced temperature rise is added to the HIFU heating

to obtain the total temperature rise. Thermal ablation associated with heating was

simulated by converting the total temperature rise to cumulative equivalent min-

utes at 43°C using the standard formula (Sapareto and Dewey, 1984)
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C E M43 =
∫ t

0
R43−T (t ′)d t ′ (5.15)

Where R = 0.5 for T > 43 °C and R=0.25 for T <= 43 °C. Here 240 equivalent minutes

is taken as the dose required to thermally ablate tissue.
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Figure 5.19: MR heating compared with heating derived from heating simulations.
The blue heating curves show cavitation-enhanced heating while the red curves
show the combination of cavitation-enhanced heating and HIFU heating. The solid
red line shows the MR thermometry measurement, the solid blue line shows the MR
thermometry derived estimate of cavitation-enhanced heating. For the simulations
the dotted and solid-dotted lines show the results of the heating simulation before
and after spatial averaging. There is good agreement between the two methods once
the simulated signal has been spatially averaged.

Figure 5.19 shows the heating and curves for cavitation-enhanced heating es-

timated from MR thermometry and predicted using PAM. It also shows the heat-

ing curves for the total heating measured by MRI, and the predicted total heating

from simulations where the PAM estimate of cavitation-enhanced heating is added
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to a simulation of HIFU heating. For the simulated temperature rises two heating

curves are shown- one for the result of the heating simulation run at a spatial scale of

0.5mm, one for the simulation after it has been spatially averaged to the same scale

as the MR thermometry. After spatial averaging there is good agreement between

the simulated heating and the MR thermometry measurements.

Figure 5.20 (a) spatial comparisons of measured and simulated temperature

rises for cavitation-enhanced heating alone, and total heating. Top row shows

cavitation-enhanced heating, bottom row total heating. First column shows simu-

lated temperature images, the middle column shows spatially averaged simulations

and the third column shows MR thermometry temperature images. These are taken

at a time corresponding to 2s on Figure 5.19. (b) The thermal dose calculated for

the thermal simulation, the spatially averaged simulation, and the MR thermome-

try measurements after the cavitation has subsided, with the dark red areas showing

voxels where 240 equivalent minutes have been exceeded.

In order to assess the degree of similarity between the two methods for estimat-

ing temperature, Figure 5.21 (a) shows the maximum error between any two corre-

sponding voxels in the spatially averaged and MR thermometry temperature images

over time. Although the difference between the maximum temperature in the two

methods is within 30% for more than 90% of the time, the maximum error between

corresponding pixels is within 70% 90% of the time. The maximum error between

the corresponding pixels is very large, almost as large as the temperature rise itself,

even though the match between maximum temperatures is good. This shows the

danger of comparing the simulation to single-point thermocouple readings. Figure

5.21 (b) shows the growth in predicted lesion size over time for the two methods.

At the end of the simulation the lesion sizes predicted by the two methods differ by

3.5mm2.
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Figure 5.20: (a) shows temporal and spatial comparisons of measured and simu-
lated temperature rises for cavitation-enhanced heating alone, and total heating.
The top row shows cavitation-enhanced heating, the bottom row shows total heat-
ing. The first column shows simulated temperature images, the middle column
shows spatially averaged simulations and the third column shows MR thermom-
etry temperature images. These imaged are taken at a time corresponding to 2s on
Figure 5.19. (b) shows the thermal dose calculated for the thermal simulation, the
spatially averaged simulation, and the MR thermometry measurements after the
cavitation has subsided, with the dark red areas showing voxels where 240 equiva-
lent minutes have been exceeded.
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Figure 5.21: (a) The maximum error between PAM and MR derived heating during
the cavitation activity and cooling (b) Estimated lesion size from PAM and MR de-
rived cumulative equivalent minutes at the end of cavitation activity.
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Figure 5.22: The figure shows the difference in mm between the location of the max-
imum measured and estimated temperatures during the exposure.
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Figure 5.22 shows the distance between the location of the hottest pixels in the

measured and simulated temperature maps. This is a way of assessing how accu-

rately the PAM-derived simulation of temperature captures the location of the heat-

ing. The maximum difference is 1mm in the x direction and 2mm in the z direction

which corresponds to an offset of 1 voxel in each direction for the first 0.4s, after that

there is no difference in the location of the hottest voxel.

The method gives a reasonable estimate of cavitation-enhanced temperature

that matches the degree and location of the cavitation-enhanced temperature rise

estimated by MR thermometry, as well as matching the spatial extent of the pre-

dicted lesion size. Having been shown to work once, the method is now applied to

a larger number of experiments.

5.3.2.4 Other Exposures

Thirteen experiments were conducted in ex-vivo liver with cavitation nuclei added

with simultaneous passive acoustic mapping and MR thermometry. Of these 7 ex-

periments were conducted at 4.5MPa PNFP and 6 at 6MPa PNFP. Significant cavita-

tion was observed in 5 of the 7 experiments at 4.5MPa and 4 of the 6 experiments

at 6MPa. In total there were 9 exposures where significant cavitation was recorded.

Of these, including the example shown in section 5.3.2.1, there were 3 experiments

at 6MPa and 1 experiment at 4.5MPa where passive maps were able to capture the

temperature rise to a reasonable degree. There was 1 experiment at 4.5MPa and 1 at

6 where the method succeeded to an extent and 3 experiments at 4.5MPa where the

method did not capture the behaviour of the measured temperature.

Figure 5.23 shows comparative heating curves and spatial images of temperature

for the three other successful experiments. In all of these experiments, the heating

sources from passive maps were able to match the temperature rise to a reasonable
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Figure 5.23: Successful PAM derived estimates of temperature rise. In these expo-
sures and the data shown in figure 5.16 the estimated temperature rises match the
simulated temperature rises to a reasonable degree.
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degree and also the spatial extent.

In figures 5.24, 5.25, 5.26 the total heating, the estimated thermal dose, the dis-

tance between the hottest voxels in the two methods, and the growth of the esti-

mated lesion area over the duration of the cavitation, is shown for each individual

case.

The exposure in figure 5.23 (a,b) is shown in more detail in figure 5.24. The

largest temperature error between the maximum temperatures in the two methods

is 2.7°C and 90% of the temperature measurements by the two methods are within

33% of each other. In this exposure the degree of cavitation-enhanced heating is

relatively small. The predicted thermal dose predicts no damage for either the MR

measurements or the spatially averaged PAM simulations at the end of the cavita-

tion, but there is a small predicted lesion in the PAM simulation before averaging is

applied.

The exposure in figure 5.23 (c,d) is shown in more detail in figure 5.25. The

largest temperature error between the maximum temperatures in the two methods

is 1.8°C and 87% of the temperature measurements by the two methods are within

25% of each other. Again, the predicted thermal dose predicts no damage for ei-

ther the MR measurements or the spatially averaged PAM simulations at the end of

the cavitation, but there is a small predicted lesion 0.6mm2 in the PAM simulation

before averaging is applied.

The exposure in figure 5.23 (e,f) is shown in more detail in figure 5.26. The largest

temperature error between the maximum temperatures in the two methods is 7.3°C

and 94% of the temperature measurements by the two methods are within 30% of

each other. the lesion predictions for both methods predict similarly sized lesions

at the end of the cavitation, 112.5mm2 for the PAM simulation, 111.4mm2 for the
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Figure 5.24: (a) Cavitation-enhanced heating and the total heating at 2s,
(b) Measured and predicted focal temperatures (c) Estimated thermal
dose for the two methods, (d) the distance between the location of the
maximum temperature in the two methods and (e) Estimated lesion
area for the duration of the cavitation.
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Figure 5.25: This figure shows (a) the cavitation-enhanced heating and
the total heating at 2s, (b) measured and predicted focal temperatures
(c) the estimated thermal dose for the two methods, (d) the distance
between the location of the maximum temperature in the two methods
and (e) the estimated lesion area for the duration of the cavitation.
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spatially averaged simulation, and 97.5mm2 for the MR derived lesion.

In order to assess the spatial accuracy of the simulations the position of

the hottest pixel was tracked for each method. These are shown in figures

5.22,5.24(d),5.25(d) and 5.26(d). The offset is mostly 0, with occasional errors up

to the a distance of 4mm, or 2 pixels in the z direction. In figure 5.26 (d) the error

is much larger- over 12mm. The cause of this discrepancy is shown in figure 5.27

where there are two areas of cavitation activity that create a similar temperature

rise. Although the PAM-derived heating estimate captures both of these to within

a few degrees, and at the correct positions, the temperatures are so similar that the

wrong cavitating area is temporarily the hottest pixel.

The experiment shown in Figure 5.26 is also a special case in that thermally rele-

vant cavitation continues for the complete 27s exposure. This means that cavitation

has a significant effect on estimates of final lesion size, and that these estimates can

be compared to a ge3d MR image of the lesion. Figure 5.28 shows the measured and

estimated temperatures converted into thermal doses and compares them with a

thresholded image of the tissue post treatment. While the lesion image appears

much smaller on the ge3d MR image than in either prediction it does at least show

two distinct sections. These appear at similar positions to the two areas of cavita-

tion activity in passive maps, that appear slightly more distinctly in the PAM-derived

thermal dose than in the MR-thermometry-derived dose.

Figure 5.29 shows two experiments where the PAM-derived prediction does not

match the MR estimate of cavitation-enhanced heating. The experiment in fig-

ure5.29 (a),(b) was conducted at 6 MPa PNFP. In this experiment, there appears to

be multiple areas of extra heating in the MR thermometry in the region between 57

and 64mm in the z direction. In figure 5.29 (c),(d), conducted at 4.5 MPa PNFP, the

temperature rise is modelled well up to 13s, then the MR thermometry temperature
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Figure 5.26: (a) the cavitation-enhanced heating and the total heating
at 14s, (b) measured and predicted focal temperatures (c) the estimated
thermal dose for the two methods, (d) the distance between the loca-
tion of the maximum temperature in the two methods and (e) the esti-
mated lesion area for the duration of the cavitation.
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Figure 5.27: (a) estimated temperature and (b) MR thermometry for two frames at
1.1s in the experiment shown in figure 5.26. The reason for the large discrepancy
in the position of the hottest pixel in figure 5.26 (d) is that there are two regions of
cavitation-enhanced heating at similar temperatures in the simulation, even though
each cavitating region is at the correct position.

overtakes the PAM temperature prediction.

In figure 5.29 the reasons for these discrepancies appear to be due to the MR

thermometry. For the experiment in figure 5.29 (a),(b) there is an inhomogeneity in

the magnitude image of the tissue, possibly a blood vessel or bile duct, that is giving

off a very small signal compared to the rest of the tissue. This is shown clearly in

figure 5.30, where the magnitude image of the tissue in figure 5.29 (a),(b) is com-

pared with the magnitude image from the tissue in the experiment shown in figure

5.25 at the same location. Small magnitudes make the phase measurements more

susceptible to noise, and can lead to spurious temperature rises. The position of the

inhomogeneities in figure 5.30 coincide with the position of the apparent tempera-

ture increases absent in PAM estimates in figure 5.29 (a), (b).

In the second experiment (figure 5.29 (c) and (d)) one pixel in the image becomes

apparently much hotter than the others surrounding it after 13s. The high temper-

ature gradient suggests that this single pixel is an anomaly, caused either by poor

signal to noise ratio (signal to noise ratio decreases as the temperature increases)

or by faulty phase unwrapping. Once this pixel is removed, the maximum heating
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Figure 5.28: Thermal dose derived estimates of lesion size for (a) PAM-derived ther-
mal simulation, (b) PAM-derived spatially averaged thermal simulation, (c) MR
thermometry and (d) MR ge3d images of a lesion. Although the CEM prediction is
larger than the lesion appears in the MR image in (d), the PAM simulation appears
to capture the morphology of the lesion being split into two large sections, probably
caused by cavitation, linked by a ‘background’ lesion caused by the incident HIFU.

curve is much improved as shown in figure 5.31.

In the final three experiments shown in figure 5.32, all performed at 4.5MPa

PNFP, the PAM estimation also failed to match the MR estimate of cavitation-

enhanced heating. In all three of these cases the PAM estimation initially signifi-

cantly overestimates the temperature rise. In figure 5.32 (a),(b) an initial spike in

the PAM estimate of temperature does not appear in the passive map, and the sub-

sequent area of enhanced heating is not as large in the z direction in the PAM esti-

mation as in the MR thermometry estimate. In figure 5.32 (c),(d) the PAM estimate
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Figure 5.29: Two experiments with partially successful PAM-derived estimates of
temperature rise. the experiment in (a),(b) was conducted at 6 and (c),(d) was con-
ducted at 4.5MPa PNFP. (a),(c) show temperature over time for MR estimates of
cavitation-enhanced heating for the duration of the cavitation, and (b) and (d) show
the spatial extent of the heating, taken at the time indicated by the cyan vertical lines
in the (a) and (c) respectively. In these exposures, the method is able to match the
degree of temperature rise to an extent, but the enhanced temperature rise does not
occur in the correct location.

overestimates the enhanced MR estimated temperature rise until another outlier

voxel appears to increase the temperature significantly after 16s. In figure 5.32 (e),(f)

while the PAM estimate of enhanced heating occurs at the correct location in the

tissue, and captures two separate bouts of cavitation-enhanced heating during the

exposure, it initially overestimates then underestimates the degree of heating com-

pared with the MRI measurement. Possible reasons for these three unsuccessful
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Figure 5.30: (a),(b)EPI magnitude images showing the presence of an inhomogene-
ity in the tissue in 5.29 (a),(b). These are compared with images of the tissue taken
in the same location from the experiment in 5.25 shown in (c,d). The presence of
the inhomogeneity is shown very clearly in the x, y plot in (a). Although the plot of
the same location in (c) shows some inhomogeneities, the lack of signal is not as
extreme, and they do not occur at the focus. (b) and (d) show x, z plots. The in-
homogeneity is still visible in (b), and occurs at the same location as the apparent
temperature rises in the MR thermometry.

experiments are discussed in section 5.4.

5.4 DISCUSSION

Overall, the PAM-based temperature estimation method provided reasonable esti-

mates of temperature and predicted lesion size four times out of nine. The four suc-

cessful exposures in section 5.3.2.1 show that the method is capable of matching the
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Figure 5.31: The same data as in figure 5.29 (c) and (d) except with the hottest pixel
in the MR thermometry image removed, giving much better agreement between the
two methods.

temperature rise and spatial extent of heating. The maximum temperature rise in

both methods agrees well, the shape of the heating and cooling curves is similar, and

the centre of heating in both images is in the same location. The shape of the en-

hanced heating is also similar, this can be seen especially in figure 5.23 (f). Here two

separate regions of cavitation-enhanced heating are seen in both the maps and the

MR thermometry images, with locations and relative temperature rises both cap-

tured well by the PAM-derived method. The shape of the predicted lesions is also

similar, and particularly in figure 5.26 the growth of the lesions is captured well.

One of the most obvious differences in all of the simulations, is that the max-

imum temperature is much higher before spatial averaging is taken into account.

As seen in figure 5.24 a lesion has begun to form in the simulation, but in the dose

calculated from the spatially averaged simulation no lesion has begun to form. In

ablation a false negative result will lead to overtreatment. In cases where thermal

damage is to be avoided, and MR thermometry is used for monitoring, if cavitation

is possible, localised high temperature rises due to cavitation may be missed with-

out simultaneous cavitation monitoring.
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Figure 5.32: Unsuccessful PAM-derived estimates of temperature rise, all conducted
at 4.5MPa PNFP. In (a),(b), there is a spike in the PAM heating estimates that is not
present in the MR thermometry images. In (c),(d) the enhanced heating is in the
wrong location and overestimates the initial cavitation-enhanced temperature rise.
In (e),(f) the method initially overestimates, then underestimates the degree of en-
hanced heating.
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However, even for the four successful cases there were errors on the order of 70%

of the cavitation-enhanced temperature rise between corresponding pixels. Before

discussing the three unsuccessful experiments, the reasons for the large errors are

considered. There are a number of causes behind these large errors, discussed be-

low.

Regarding the temporal resolution of the MR thermometry, the effective frame

rate is the repetition time, TR. For these experiments TR=0.54s, and during this time

all 12 z slices are updated one z slice at a time. This means that the temperature in

each slice is updated once every 0.54s, but is averaged over 0.045s. There is therefore

slight temporal averaging, but also the problem of which point in the simulation

corresponds to which exact point in the MR thermometry. In these experiments

there is no mechanism synchronisation between the PAM and the MR thermometry,

this was estimated by matching the start and end of the HIFU exposures. The result

of this is potential errors such as the one in figure 5.23 (c), also shown in figure 5.25.

Here, a very short burst of cavitation can increase the temperature, and then cool,

in between two MRI samples.

The spatial resolution of the passive mapping also deteriorates as distance from

the imaging transducer increases. This has the effect of turning a point source into

a larger region in maps. When dealing with a cloud of cavitating bubbles this can

make it difficult for the closed contour algorithm to find distinct peaks, instead find-

ing the peak of the ‘smudge’ of points. This puts the heating at the wrong location,

and can lead to large pixel-to-pixel errors between the two methods. In the present

experiment the distances are limited by the dimensions of the MR scanner. In a dif-

ferent scanner using a larger imaging transducer or being able to place the imaging

transducer closer to the Zonare would mitigate this problem.

Out of the five less successful cases, the two shown in figure 5.29 both have issues
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with MR thermometry that makes MR thermometry derived estimates of enhanced

temperature rise less reliable, either due to inhomogeneities in the tissue giving off

an unusually low magnitude signal (a,b) or a single pixel with an unrealistically high

apparent temperature (c,d).

However, in the three unsuccessful cases shown in figure 5.32 there were no ob-

vious inhomogeneities in the magnitude images and only in the final 2 seconds of

the exposure in 5.32(c,d) was there one pixel apparently much hotter than the oth-

ers. Apart from this the MRI estimates appear to be reasonable, so why might the

PAM estimates have failed to model the temperature rise?

In figure 5.32 (a,b) there was a sharp, short-lived temperature rise in the PAM

heating simulation that does not appear in the MR thermometry estimate. Although

short-lived, it is not so short lived that it could have been completely missed by the

MR thermometry undersampling. In 5.32 (c,d) until the final two seconds the MR

temperature estimates remain reasonable. Here again, the PA< simulations overes-

timate the MR estimate of temperature rise. In 5.32 (e,f) the PAM simulation ap-

peared to overestimate then underestimate the temperature rise in two separate

bouts of cavitation-enhanced heating.

However, in general in all three experiments the passive mapping is overestimat-

ing the heating considerably. This is very dangerous in terms of ablation monitoring

as it would lead to undertreatment. These overestimates occur when the cavitation

is occurring deeper into the tissue. The tissue-water boundary occurs at 50mm, and

in these experiments the cavitation is occurring at 65-70mm rather than 55-60mm.

This doubles or triples the distance over which attenuation must be accounted for.

This will amplify any errors in attenuation, either the attenuation coefficient or the

frequency dependence of attenuation.

Modelling and Monitoring Nonlinear Acoustic Phenomena in HIFU Therapy 158



Edward Jackson 5.4. Discussion

0 0.5 1 1.5 2 2.5 3 3.5 4
30

40

50

60

70

80

90

100

time (s)

T
e
m

p
e
ra

tu
re

 (o
 C

)

 

 

No change

2x attenuation

0.5x attenuation
2x r

0

0.5x r
0

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4
35

40

45

50

55

60

65

70

75

time (s)

T
e
m

p
e
ra

tu
re

 (o
 C

)

 

 

No change

2x attenuation

0.5x attenuation
2x r

0

0.5x r
0

(b)

Figure 5.33: The effect of changing attenuation and bubble size on the heating simu-
lation results (a) before and (b) after spatial averaging. The dark blue line shows the
heating curve for the unchanged values, the other curves show the effects of dou-
bling and halving the attenuation/absorption coefficient and the bubble radius.

This relates to one of the fundamental drawbacks of any scheme that tries

to back-propagate an acoustic field in an attenuating medium, and then use the

acoustic field to estimate heating, which is a high degree of sensitivity to acoustic

and thermal properties of tissue, particularly the exponential gain associated with

inverting attenuation. As seen in chapter 2 there is large variability in acoustic prop-

erties between different samples and within the same sample. The results are also

susceptible to the estimate of bubble size, the calibration of the imaging transducer,

and the thermal properties of tissue. However, for real patients these properties are

difficult to measure in advance, the values for acoustic properties were kept as ‘ref-

erence’ properties, without being adjusted for each individual experiment.

Figure 5.33 shows how the predicted temperature varies when either the atten-

uation or bubble radius changes by a factor of two. The predicted temperature rise

varies by more than 50 °C. Although this effect is slightly smaller after spatial aver-

aging is taken into account, the change in temperature rise is still 35°C.

Even a small variation in either attenuation or bubble size has a large effect on
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the results, and changes in these values could improve the match between MR and

PAM-derived estimates. In figure 5.33 (e,f) the PAM method initially underestimates

then overestimates the temperature rise. This could be due to the changing acoustic

properties, although these changes are more pronounced after tissue has cooled,

and there is no noticeable increase in the rate of heating in cavitation-free exposure

where lesions are caused. In this case, where there are two clear separate bouts

of cavitation, this might mean that different bubble sizes in each cavitation even

caused the overestimation then subsequent underestimation.

5.5 CONCLUSIONS

In this chapter a method for estimating cavitation-enhanced heating from passive

maps has been described, and applied to experiments monitored with simultane-

ous PAM and MRI. The method is able to produce estimates of the spatial extent of

total heating and cavitation-enhanced heating that can agree spatially and tempo-

rally with MR-thermometry measurements. When added to thermal simulations of

primary HIFU heating the estimates agree with MR-predicted lesion sizes. However,

the method fails to reliably match the degree of measured heating. While some of

these cases are due to inconsistencies in MR thermometry readings, the method as

a whole is very dependent on accurate knowledge of tissue properties, especially

attenuation.
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CONCLUSIONS AND FUTURE WORK

High intensity focused ultrasound is a promising noninvasive therapy that has many

applications, from enhancing drug delivery, to thermal ablation. For thermal abla-

tion, uptake of HIFU has been held back by the need for effective and affordable

real-time monitoring of treatment, and accurate treatment planning. In both of

these cases, nonlinear acoustic phenomena have a role to play, for example through

nonlinear propagation at high intensities or through cavitation-enhanced heating.

The aim of this thesis has been to investigate both of these phenomena in order to

improve HIFU treatment monitoring and modelling.

6.1 NONLINEAR ACOUSTIC PROPERTIES

In chapter 2 changes in the nonlinear parameter B/A, speed of sound and attenu-

ation of bovine liver during a heating/cooling cycle that mirrored a HIFU ablation

treatment were reported. Very few previous measurements existed for measuring

B/A of ex vivo tissue over this range of temperatures, and only one measured the
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temperatures on cooling as well as heating, enabling the separate effects of temper-

ature rise and denaturation to be taken into account. The existing studies suggested

that a large change in B/A occurred, that would have a large effect on treatment

monitoring and even the potential for treatment monitoring based on backscat-

tered nonlinear emissions from tissue.

To investigate these properties a new development on the finite amplitude

method was used to measure the nonlinear acoustic properties of ex vivo bovine

liver. Using the very near field of a large single element transducer as a plane wave

source and a smaller calibrated broadband transducer as a receiver, the method was

able to match existing measurements of B/A for water and ex-vivo bovine liver at

37°C. In addition, attenuation measurements were taken at the same location as

the B/A measurements without any movement of the apparatus, meaning that local

variation in attenuation did not affect B/A measurements.

Over the heating/cooling cycle the method captured the expected changes in

speed of sound and attenuation- a slight increase in sound speed with temperature

and no large change with denaturation, a slight initial decrease in attenuation with

temperature before a large increase (approx 100%) with denaturation. These mea-

surements are in good agreement with the existing literature.

For B/A the method measured an increase with temperature before denatura-

tion that is within existing literature estimates for temperature. For denatured tis-

sue no significant change in B/A was observed. This suggests that monitoring HIFU

using changes in the nonlinear coefficient of tissue is not feasible, and from a treat-

ment planning and modelling point of view suggests that (a) changes in attenuation

are the most important acoustic property to capture correctly after denaturation

and (b) that temperature is more important the state of denaturation of the tissue

for modelling B/A during a HIFU ablation treatment, in the same way as for mod-
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elling speed of sound.

6.2 COMPARING NONLINEAR MODELS

In most HIFU treatments high intensity focused fields generate significant nonlin-

earity that plays a large role in the treatment outcomes, especially heating. In this

chapter two modelling techniques were compared: the KZK equation and the com-

mercial PZFlex modelling software. Both of these methods were compared with hy-

drophone measurements of nonlinear focused fields at a range of frequencies and

pressures.

The results show that in general, PZFlex underestimated the harmonics gener-

ated by the HIFU transducers. There was much better agreement between the hy-

drophone measurements and the KZK simulations for the fundamental frequency

and the second and third harmonics. Additionally, the higher harmonics in the KZK

simulation centred around the geometric focus and became narrower as the har-

monics number increased. This was in contrast to the higher harmonics in the

PZFlex simulation which did not necessarily peak at the focus and at higher har-

monics followed the shape of the field at the fundamental frequency. The discrep-

ancy between the two methods increased with source pressure and frequency, with

frequency having the largest effect. For high intensity fields at frequencies above

1MHz, PZFlex was not found to be a good model for nonlinear propagation.

6.3 COMBINING PAM AND MR THERMOMETRY

In chapter 4 a system capable of simultaneously performing MR thermometry and

passive acoustic mapping for monitoring HIFU treatments of ex-vivo tissue was de-

veloped. The combination of MR thermometry and passive acoustic mapping is
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particularly useful as the two methods are able to provide complementary informa-

tion for non-thermal exposures where cavitation is present. It was shown that the

two methods are compatible, and that the interference between the two methods

can be compensated for.

In the absence of cavitation the focus of the HIFU transducer was visible on pas-

sive maps by looking at the harmonics of the HIFU. Harmonics generated due to

nonlinear propagation occurred strongest at the focus and map to this location. The

focus of the transducer in the maps coincided with the centre of heating in the MRI

thermometry images confirming the validity of the registration. In this orientation

the focus was visible due to the incident ultrasound, but the same technique could

be applied with confocally aligned transducers. This provides a completely non-

thermal way of visualising the location of the focus on MR images.

For short, non-thermal exposures above the cavitation threshold there was visi-

ble cavitation on passive maps but no change in MR images. This is because cavitat-

ing bubbles only change the water fraction of the insonated tissue by a tiny amount,

and so do not appear on MR images, yet give a very strong acoustic response. For

non-thermal HIFU applications such as cavitation-enhanced drug delivery this is

very important, as here only PAM can give information about the process driving the

drug delivery, while MR can give complementary information, for example about

the location of the drug itself if it is MR labelled.

For thermal exposures above the cavitation threshold there was broadband

noise in passive acoustic maps that correlated spatially with clear spikes in heating

in the MR thermometry. The broadband noise showed the location and strength

of inertially cavitating bubbles which lead to cavitation-enhanced heating visible in

MR thermometry. Although there was only reasonable spatial agreement between

MR thermometry images and passive maps processed with time exposure acous-
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Mapping

tics, there was very good agreement when the maps are reprocessed using the Ro-

bust Capon beamformer algorithm. Maps processed with time exposure acoustics

suffered from a pronounced artefact beyond the focus of the imaging transducer.

The Robust Capon beamformer uses optimal beamforming techniques to reduce

this by assigning optimised weights to the individual traces. In addition to improv-

ing the registration between passive maps and MR images, this provides a powerful

tool for analysing the relationship between inertial cavitation acoustic signals and

enhanced heating.

6.4 MONITORING CAVITATION-ENHANCED HEATING

WITH MR THERMOMETRY AND PASSIVE ACOUSTIC

MAPPING

From the recorded PAM data a back-propagation was devised to estimate the heat

input to a thermal simulation from a cavitation dose. It was shown that it was possi-

ble to produce temperature estimates that matched the temperature rise measured

using MR thermometry particularly once spatial averaging was taken into account.

From the thermal dose, estimates of lesion size were also shown to be in reasonable

agreement with the dose calculated from MR measurements, although the maxi-

mum error between any two corresponding pixels in the estimates was quite large,

and the estimation method was not successful in every case. It was found that the

predictions using this method were very sensitive to changes in acoustic properties

of tissue, especially attenuation. Recall from chapter 2 that these properties vary

from tissue to tissue, and within tissue samples. This makes the accuracy of the

temperature estimates dependent on the accuracy of the knowledge of all the tissue

properties. One way of improving the method might be from applying low intensity
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pulses to achieve mild heating beneath the threshold for damage that could be used

to calibrate the system, either using MR thermometry if available or using other

techniques such as thermal imaging.

6.5 FUTURE WORK

There is scope to expand on the work of this thesis. Regarding the measurements

of tissue properties one important question to be answered is whether the prop-

erties of lesions created with ultrasound are different from the properties of tissue

thermally denatured using a water bath. Initially, a lesion large enough so that the

entire tissue in between the source and measurement transducer should be created

by multiple HIFU exposures, and this tissue then measured at a range of tempera-

tures. To measure B/A throughout the creation of the lesion would require a system

capable of applying ablation levels of ultrasound to the section of tissue in between

the source and measurement transducers. This should include a method of moni-

toring the temperature of the ultrasound in real time to determine the thermal dose

and predict the size of the lesion.

Additionally, while measurements of healthy tissue is important, there is also a

need for measurements of cancerous tissue and tumours, although this depends on

the availability of tissue samples that are much harder to obtain than samples from

abattoirs. Another important distinction is the difference in properties of in vivo as

opposed to ex vivo tissues. In ex vivo tissue blood has been replaced by PBS, and

the tissue has been de-gassed. The difference in the dissolved gas concentration of

the two tissue types increases the probability of cavitation in in vivo tissue, and may

have an effect on other acoustic properties.

Including the temperature-dependent acoustic properties into the thermal sim-
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ulations for estimating temperature rise should enhance the accuracy of the PAM-

derived estimates, by decreasing the attenuation and increasing the B/A of heated

tissue and increasing the attenuation of treated tissue.

Regarding the modelling and simulation methods it would be useful to test a

larger range of potential methods for modelling nonlinear ultrasound fields. It

would also be possible to add a larger range of criteria to judge them against, in or-

der to determine which code would be more suitable for modelling different appli-

cations. For example, although PZFlex was unreliable at modelling nonlinear fields

at 3.3MHz, in comparison with the KZK simulations, it does not rely on the paraxial

approximation and is therefore suitable for modelling a larger range of source ge-

ometries. Other codes may be more accurate in the near field, or in the far field,

for example, the Westervelt equation is a second order wave equation that captures

attenuation, diffraction and nonlinear effects, without making the paraxial approx-

imation (Hamilton, L., and Blackstock, 1998b). In the measurements of tissue prop-

erties conducted in the previous chapter it was shown that tissue is inhomogeneous

and has properties that vary from location to location. An improvement to any code

that calculates nonlinear fields in tissue would be easy functionality to assess the

impact tissue inhomogeneities might have on the field.

The largest scope for further work is the development of the combined MR ther-

mometry/passive mapping system. There are many limitations on what is achiev-

able due to the specific constraints of the small-bore MR scanner in this work. A

larger bore scanner would enable the use of a more standard PAM setup, where the

imaging transducer is embedded within the therapeutic transducer. This would

suppress the interference from the incident HIFU, and allow for harmonic bub-

ble oscillations to be taken into consideration as well as those emitting broad-

band noise. Ignoring the harmonics in the signal could lead to missing a potential
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source of cavitation-enhanced heating. Different spectral content in bubble oscil-

lations leads to different therapeutic effects and treatment outcomes, with broad-

band emissions more commonly associated with heating, and harmonic emissions

associated with enhancing cell permeability. In therapeutic applications other than

heating, harmonic emissions can be more important to capture than broadband

emissions.

A larger scanner would also allow the development of experiments that mod-

elled a wider range of therapies, such as flow phantoms. These are capable of mod-

elling drug delivery treatments, an example of non-thermal treatments where cavi-

tation plays a key role in the treatment, but does not contribute significant heating.

Adding MR contrast agents to the drugs would allow simultaneous tracking of the

drugs from MR images, and information about the process driving drug delivery,

from passive maps. This would be a very important area for combined cavitation

and MR monitoring, as well as experiments involved in disrupting the blood-brain

barrier. In these experiments rather than providing the same information, as they

do in cavitation-enhanced thermal ablation, the complementary information pro-

vided by the two methods about the cavitation driving the treatment and the loca-

tion of the drug is unable to be obtained any other way.

Another improvement is to match the 3-D MR images with 3-D passive maps.

Producing 3-D passive maps requires a 2-D array, and an expanded beamforming

algorithm, and this has been achieved (Collin et al., 2013). Combining 3-D pas-

sive mapping would eliminate the uncertainties caused by out of plane cavitation

events, and would be able to provide an estimate of lesion volume rather than of

lesion area.
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