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Abstract

High-intensity focused ultrasound (HIFU) therapy is an emerging and versatile
technique for clinical non/mini-invasive treatment. Ultrasound methods for HIFU
therapy guidance, due to its readily available and cheaper advantages over MR,
that has been intensively explored as a promising technology. This thesis mainly
focused on the investigation of a designed hybrid pulse sequence to perform HIFU
therapy, and implement its whole journal monitoring via passive acoustic mapping
(PAM) and interlaced high frame rate B-mode. For the dual ultrasound modalities,

e orts have been devoted to advanced algorithms with computation e cacy to
improve the contrast to noise ratio for hyperechogenicity displaying (B-mode) and
the source localisation capability (PAM).

In the rst contributing chapter, several parameters and factors were rstly
investigated on the gel phantoms, and being monitored by interlaced B-mode and
passive cavitation detection, such as the optimal duty cycle (95%) of the hybrid
pulse sequence and the e cient B-mode modality via phased array. Meanwhile,
the power spectrum equalized technique was proposed to decolor the re-aligned
data into whiten domain for interlaced B-mode beamforming, and demonstrated
an improvement in CNR and CR approximately 69% and 125% increase over the
Delay Multiply and Sum (DMAS) algorithm, respectively.

In the second contributing chapter, the DC components generated from the sys-
tem and passive beamforming process which can be recursively accumulated into
great background noise. Therefore, the DC components subtraction was consid-
ered in the time-domain Robust Capon beamformer, aim at improving cavitation
localization capability. Meanwhile, kinds of techniques were developed into PAM
beamformers and illustrated with proposed methods such as eigen-subspace and
scaled Wiener. Final experimental results from both BSA anex vivolivers phan-
toms demonstrated an 86%-94% noise area suppression is achieved by the proposed
method, compared to the time exposure acoustic (TEA) algorithm.

In the third contributing chapter, to complement experimental studies, a sim-
ulator was built based on the coated-model to provide standardised data for the
guantitative analyse of PAM. Then, a pixel-wise F-number and shading weight



(DFSW) strategy was developed from the soft-ba e element directivity model
that was introduced into PAM beamforming. Final simulated and experimental
results illustrate that the DFSW strategy could improve the PAM image quality,
particularly in the near- eld with approximately 6 dB enhancement.

In the nal contributing chapter, a more clinically relevant HIFU system, with
therapeutic and imaging transducers co-aligned was used to evaluate the polar
coordinate PAM for a competent monitored eld of view, whilst, a mutual convo-
luted strategy between interlaced B-mode and PAM was developed to improve the
PAM image quality. All of these aforementioned techniques were to improve the
localisation/imaging of cavitation activity from high duty cycle HIFU exposures,
the promising future direction about presented jobs is to monitor the applications
such as microbubble drug delivery or microbubble mediated blood-brain barrier
opening .etc as the next step.
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Chapter 1
Introduction

1.1  Minimally invasive therapeutic ultrasound

Ultrasound is the sound or other propagating perturbations to compress and rarefy
the medium with the longitudinal pressure (above frequencies of 20 kHz) which has
been widely used for diagnostic imaging and therapy (Dictionary, 1989; Leighton,
2007). Over the years, the clinical use of ultrasound for medical diagnosis has
witnessed continuous growth (Mason et al., 2005). In the early stages of diag-
nostic ultrasound, Amplitude mode (A-mode) ultrasonography was applied by a
scanning line through the tissue with the echoes displayed on the monitor as a func-
tion of depth, and also used for therapeutic ultrasound aimed at speci ¢ tumour
or calculus to allow for pinpoint accurate focus of the soni cation wave energy
Goldberg and Lehman (1969). Then, this technique was developed into two di-
mensions with Brightness mode (B-mode) techniques which composed of bright
anatomical information representing the envelope detected ultrasound echoes with
real-time high performance Ramalli et al. (2018); Sullivan et al. (1984). The range
of current applications for modern ultrasound diagnostic techniques is very wide,
including elastography measurements of the sti ness of tissues Tan et al. (2008),
two-dimensional (2D)/three-dimensional (3D) monitoring of cavitation activities

in the moving tissue structure Escudero et al. (2018) and Doppler imaging of blood
ow measurements Hernandez-Andrade et al. (2004).

Improvements in ultrasound techniques, including diagnostic systems and sig-
nal processing theories, have accelerated the widespread acceptance of ultrasound
as one of the most popular clinical imaging modalities Whittingham (2007). The
cost-e ectiveness and portability of diagnostic ultrasound systems, along with their
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real-time features and non-ionising character, also contribute to the comparative
advantages of ultrasound techniques over computerised tomography (CT), mag-
netic resonance imaging (MRI) and X-ray in clinical adoption.

The applications of using medical ultrasound for diagnostic imaging, which was
quickly developed into a di erent area about high-intensity ultrasound for therapy.
The history of high-intensity ultrasound therapy can be traced to the early 1940s.
Lynn et al. rst reported that focused ultrasound can e ectively destroy the tar-
get region without a ecting the surrounding tissue Lynn et al. (1942). Then, the
years since the 1950s have seen the development of focused ultrasound surgery
as a non-invasive/minimally invasive treatment technology that uses non-ionising
ultrasound waves to heat and damage cancerous tissue ter Haar and Coussios
(2007); Ter Haar (2001); Zhou (2011). This method has been applied in clinical
surgery and has the potential to replace traditional technology in the treatment of
a variety of diseases, especially for cancer Maloney and Hwang (2015); Ter Haar
(2007); Ter Haar et al. (2009). The main application in acoustic therapy is the
High-Intensity Focused Ultrasound (HIFU), which utilises the physical character-
istics of ultrasound, such as the constructive interference between the pressure
waves, to concentrate the ultrasonic energy in the focal region. HIFU generally
satis es the speci cations of high intensity (1000{10000 W/cr), high acoustic
power (100{1000 W) and strong focus (100{1000 gain) in the target area Vaezy
et al. (2001). During the ultrasound based therapy process, the transient tempera-
ture inside the focal region can be above %6, resulting in irreversible coagulative
necrosis Sibille et al. (1993). In the 1960s, Fry et al. applied acoustic therapy in the
eld of neurosurgery for the surgical treatment of exposed cancerous brain tissue
Fry and Hyatt (1960). Consequently, unlike the ultrasound imaging techniques,
the advances in HIFU has been developed relatively slow due to the concerns about
treatment monitoring and successful execution, more speci cally, such as for the
accurate targeting and therapeutic planning, quantitative analysing of ultrasound
energy conversion and treatment monitoring.

From the 1970s, the capability of high-intensity ultrasound therapy was im-
proved with the help of more advanced techniques in transducer materials and
designs, allowing more versatile research such as in the elds of neuromodulation
Khokhlova et al. (2014) and cancer therapy Kremkau (1979). Since then, with
further development related to ultrasound techniques in the eld of monitoring,
hardware system and signal processing, the application of therapeutic ultrasound
extended into wider areas, including targeted drug-loading and delivery for solid
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tumours in cancer therapy Dromi et al. (2007); Frenkel (2008); Gnall and Langereis
(2012); Ranjan et al. (2012), thermal ablation for tumours Diederich (2005); Kehler
et al. (2009); Maloney and Hwang (2015), blood-brain barrier disruption Baseri
et al. (2010); Hynynen et al. (2001); McDannold et al. (2008) and opening Bing
et al. (2009); Hynynen et al. (2003); O'Reilly et al. (2011); Zhao et al. (2018),
and histotripsy and lithotripsy with cavitation bio-e ects Khokhlova et al. (2015);
Maxwell et al. (2011); Wang et al. (2011); Xu et al. (2007). However, in order
to translate the ultrasound therapies into clinical more e ciently. More e orts
should be paid on the therapeutic monitoring and quantitative analysing the rela-
tionship between acoustic feedback information and lesion performance, therefore
to control for the treatment e cacy and minimising the unwanted e ects.

1.2 ultrasound bio-e ects

The interactions between tissue and propagated ultrasound can result in various
mechanisms that cause the bene cial or detrimental features McLaughlan et al.
(2010a). In this section, a review of the physical principles about di erent ultra-
sound mechanisms along with their associated bio-e ects are illustrated.

1.2.1 The ultrasound basics

Nonlinearity

In high-intensity ultrasound applications, nonlinear wave propagation is preva-
lent. The instantaneous velocity in a compressible medium can be a ected by the
ratio of particle velocity (u) to the speed of the pressure wave (c), then the pos-
itive particle velocity (in the direction of wave propagation) tends to be (c + u),
i.e., faster than the part of the waveform travelling in the opposite direction with
negative particle velocity (attained with the rarefactional phase) (the schematic
process was shown in Figure 1.1 McLaughlan (2008)). Through this process, the
original sinusoidal waveform can be deformed and displayed in a “saw-tooth' ge-
ometry which termed as the shockwave Gallego-Jwuarez (2017). The distance for
the distortion of the sinusoidal waveform into shockwave (hamed as shockwave
formation distance x) which can be expressed as:

(1.1)
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Figure 1.1: A schematic diagram of the development of a "saw-tooth' from an
initially sinusoidal waveform. The waveforms (a), (b) and (c) show the distortion
of the wave as it propagates in a medium at increasing distances from the acoustic

source.
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where M is acoustic Mach number that is equal tgy=( o¢%), the pp is the

source pressure amplitude,q is density of the medium and c is the speed of sound
in the medium. is the nonlinearity coe cient of the propagation path, k is the
angular wavenumber of the sinusoidal waveform and being de ned as-2, where

is the wavelength of the waveform. In addition to the impact of propagation
distance, the distortion degree of the propagating waveform also increases with
signal amplitude, centre frequency and the nonlinearity coe cient of the medium
B where the values ofA and B are the coe cients of the rst- and second-order
terms of the Taylor series expansion equation Beyer (1975). Moreover, the nonlin-
earity feature can spread the fundamental ultrasound energy into higher harmonics
Kashcheeva et al. (2000). Consequently, the higher harmonics can be more readily
attenuated and increases the possibility of pre-focal energy deposition over linear
estimations Vaezy et al. (2001). The nonlinearity-related attenuation can have
great implications both for the detection and mapping of cavitation activities oc-
curring in ultrasound therapies, as the interested components of acoustic signal
being detected for monitoring purposes can be greatly attenuated, such as for the
broadband information used for inertial cavitation mapping.

Attenuation

Attenuation in ultrasound is the reduction in energy of the propagating beam
as a function of distance through viscoelastic media Duck et al. (2020). A variety
of factors can contribute to the attenuation phenomenon including absorption,
scattering, re ection, refraction and beam divergence.

(1) The absorption of wave propagation is the conversion of mechanical energy
into heat, resulting from macromolecular relaxation, thermal conductivity and
viscous loss processes Pauly and Schwan (1971).

(2) Scattering, or re ection, occurs when ultrasound beams strike a structure
with a di erent acoustic impedance of the adjoining tissues Laugier and Haeat
(2011); Sehgal and Greenleaf (1984). The di erence between scattering and re ec-
tion, which is the re ection (specular), indicates whether the surface is smooth by
comparing with the ultrasound wavelength, and scattering emerges with irregular-
ities in the surface, and the irregularities are similar to the ultrasound wavelength.

(3) Refraction occurs when the ultrasound wave travels between layers of dif-
ferent density or elasticity, generating di erent propagation speeds, and the diver-
gence is the spreading out of the ultrasound beam Craster and Guenneau (2012);
Jensen (1996).
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Of these processes, absorption is usually considered as the dominant one when
accounting for the loss of acoustic energy; thus, absorption is commonly used in
energy loss estimation.

The level of attenuation (absorption) is a frequency-dependent parameter due
to the scale of tissue structure dynamically changing relative to the ultrasound
wavelength. Consequently, attenuation can have greater heat deposition when in-
crease the centre frequency, and will be di cult in propagating deeply. For the
B-mode (pulse-echo), attenuation occurs in both directions, while for the passive
listening’ mode, attenuation occurs only on the receiving journey. To compensate
for the energy loss, the imaging platform usually has a time gain compensation
or depth gain compensation control, allowing ampli cation modi cation of the
weaker emissions received from deeper within the body. The magnitude of atten-
uation also depends on the propagation distance and tissue characteristics that
the sound propagates through. For example, as the molecules of the bone are
densely packed, energy loss due to attenuation will be greater in bone than in fat,
which is less densely packed. To approximate the attenuated incident ultrasonic
energy in the case of plan wave propagating in the x direction (illustrate as,),
the modi ed solution of wave equation considering an exponential decrease in the
signal amplitude with distance that can be expressed as:

p(xp;t) = Pe *cos(wt kxp): (1.2)

(Np/m) is the frequency-dependent amplitude attenuation coe cient, where
Np is the neper (1 Np is approximately 8.686 dB). In soft tissue, is proportional
to f™, where 1< m < 2. For most applications of diagnostic ultrasound, m is
approximately 1 Hoskins et al. (2019).

1.2.2 Ultrasound-induced thermal mechanisms

Thermal e ects indicate the conversion of acoustic energy to heat due to the mech-
anisms of heat conduction, convection and perfusion Suslick and Nyborg (1990).
The dominant mechanism causing the thermal e ect is attenuation, which mainly
results from absorption and scattering. Besides the impact from tissue character-
istics, the thermal performance also depends on the HIFU exposure parameters
(e.g. intensity, duration and duty cycle) Ebbini and Ter Haar (2015). The thermal
heating energy deposition per unit volume and time is represented 6y Clarke
and Ter Haar (1997); Pierce and Beyer (1990), which can be estimated by the
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absorbed sound power density for (and only for) the case of plane wave eld:

Q=21y"(f): (1.3)

wherel is the acoustic intensity and"(f ) is the frequency-dependent attenu-
ation coe cient. Equation 1.3 is feasible only when the exposure is a plane wave
with constant angular frequency. Due to the absorption plays a main role in atten-
uation, the frequency-dependent attenuation coe cient'(f ) can be approximated
by absorption coe cients Hill et al. (2004).

Nonlinear propagation, as aforementioned, is an important e ect for thermal
deposition, due to the high-intensity ultrasound energy can be transferred to higher
harmonics; therefore, each of higher harmonic component can more readily con-
tribute to heating and be absorbed at di erent rates. This process can cause
inhomogeneous tissue ablation and increase the possibility of the overlying tissue
being over-heated, particular when the focal zone targets on a medium with dif-
ferent properties Bacon and Carstensen (1990); McLaughlan et al. (2010a). When
the thermal-induced temperature in the tissue exceeds 43 a variety of bio-e ects
would be encountered. The subsequent tissue damage can be reversible or irre-
versible, depending on the parameters, including the rate of temperature increase
and the ablative duration. Under speci c conditions, e.g. when the temperature
of the focal zone is greater than 4% and with 1 s of HIFU duration, coagula-
tive necrosis can occur almost instantly Vaezy et al. (2001). The temperature
evolution within the focal zone can be adequately described by Pennes' transient
bioheat transfer equation Kolios et al. (1998). The thermal dose parameter Cu-
mulative Equivalent Minutes (CEM) describes the cumulative thermal e ects for
hyperthermia therapy at equivalent exposure times with reference temperatures
43 C, which is widely used to assess the clinically relevant thermal damage Beik
et al. (2016); Sapareto and Dewey (1984),

1.2.3 Cauvitation e ects and mechanical mechanisms

A variety of mechanical e ects are involved in ultrasound therapy, including acous-
tic streaming, radiation pressure and cavitation Nyborg (2001). Acoustic cavita-
tion as the dominant therapeutic mechanical mechanism that was illustrated in
this section.

The term “acoustic cavitation' refers to activities associated with air or gas
bubbles, pockets and cavities under excitations of acoustic waves Thornycroft
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and Barnaby (1895). More speci cally, acoustic cavitation can be the gas pocket
formed through exsolution and recti ed di usion .etc Wu and Nyborg (2008) or the
growth and collapse of pre-existing bubbles (such as the contrast agent) Ashokku-
mar (2011). Acoustic cavitation has been demonstrated to have a strong rela-
tionship with many bio-e ects, including opening or disrupting the blood{brain
barrier Tung et al. (2010), histotripsy or lithotripsy for mechanical tissue frac-
tionation Lingeman et al. (2009); Roberts (2014), thermal necrosis coagulation
Yoshizawa et al. (2017) and enhancing therapeutic e cacy Coussios et al. (2007);
Coussios and Roy (2008). Each of these applications is developed based on the
thermal or mechanical e ects of cavitation and stimulated with di erent exposure
parameters with or without cavitation nuclei.

Acoustic cavitation can be categorised as either of two phenomena: non-inertial
cavitation and inertial cavitation. Non-inertial (stable) cavitation generally refers
to the bubble oscillating around an equilibrium radius. At relatively low ultra-
sound pressure, the bubble behaves in a symmetrical and linear manner, which
illustrates as its expansion and compression is proportional to the exposure pres-
sure Quaia (2005). Stable oscillations can create liquid ows, or “micro-streaming’,
surrounding the bubbles VanBavel (2007). When oscillating bubbles are near the
cells, they can cause shear stress the cell membrane. The intensity of shear stress
(related to the bubble motion) is the ultrasound parameter depend and has been
demonstrated in simulations can be ranged from 100 to 1000 Pa Wu (2002). This
shear stress generated by stable cavitation can cause temporary pores in the cell
membrane, with the potential bene t that molecules (such as drugs and calcium)
are able to enter the cell via passive di usion Guzman et al. (2001); Tran et al.
(2007).

When with su cient large peak negative pressure of the ultrasound eld, cav-
itation can grow to several times of its original size during the negative pressure
phase, which can result in non-linear oscillations Ball (1982); Sboros (2008). In
this stage, the bubbles are generally unstable and can be rapidly collapsed due to
the inertia of in-rushing uid. This results in the fragmentation of cavitation into
numerous smaller bubbles, known as the process of the inertial cavitation. When
the bubble with non-linear asymmetric oscillation and collapses phenomenon, a
broadband pressure wave can be generated in the uid and present as a jet. In
particular, a collapse occurring close to the surface of the cell membrane can result
in the formation of a liquid jet towards the nearby surface. The consequent shock
waves and micro-jet can generate high forces that perforate the cell membranes
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and permeabilise blood vessels Postema et al. (2004, 2005). Moreover, inertial
cavitation collapse has been demonstrated to be associated with transient ultra-
sonic energy and broadband noise. Broadband noise can generally be achieved by
nulling the harmonic emissions at multiples of the central frequency {g, n = 1,

2, 3,4, ..) and is a tool for monitoring cavitation activity during HIFU ther-
apy Gyongy and Coussios (2009); McLaughlan et al. (2010b). Inertial cavitation
can also contribute to certain physical e ects, such as sonoluminescence (extreme
thermodynamic conditions in cavitation results in light production) Walton and
Reynolds (1984) and sonochemistry (chemical reactions) Suslick (1990). For ultra-
sound therapy, inertial cavitation can play a role in the thermal ablation of tissue
Yoshizawa et al. (2017), histotripsy Lingeman et al. (2009); Roberts (2014), etc.,
as mentioned above.

1.2.4 Clinical uses of high-intensity focused ultrasound

HIFU therapy implemented via clinical-relevant systems has been used in cancer-
ous tissues in the prostate, uterus, breast, liver and pancreas Blana et al. (2004);
Chan et al. (2002); Huber et al. (2001); Kennedy et al. (2004a); Kennedy (2005);
Szabo (2004a); Ter Haar and Coussios (2007); WU et al. (2003). Clinical HIFU de-
vices have been under development since the 1990s and are now in routine clinical
use. The clinical systems can generally be categorised into ultrasound or magnetic
resonance image guidance, and either transrectal or extracorporeal types Kim et al.
(2008).

Two transrectal devices are popularly used for clinical uses: Ablatherm HIFU
system (EDAP, Vaulx-en-Velin, France) and Sonablate 500 system (Focus Surgery,
Inc., Indianapolis, IN, USA). Both are monitored and guided by ultrasound meth-
ods; the typical application of these two systems is for the prostate pathology
therapy. Extracorporeal devices, which are more versatile than transrectal devices,
have been applied in benign and malignant pathology of the liver, kidney, etc.
Standard extracorporeal HIFU systems include the HAIFU System (Chongqing
HIFU Technology Co., Ltd., Chongging, China), the HIFU Tumor Therapy Sys-
tem (also developed in China) and Exablate 2000 (InSightec, Haifa, Israel). The
HIFU system from China assisted by ultrasound modalities which is composed
of the diagnostic array coaxial in the middle of a spherically curved HIFU trans-
ducer. On the other hand, the therapeutic system developed in Israel is a magnetic
resonance-assisted device that uses a 200-element phased-array transducer with
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beam-steering capability.

1.3 High-intensity focused ultrasound treatment monitoring

Guidance and monitoring of HIFU treatments can increase the clinical translation
of acoustic therapy and improve aspects of treatment, including e cacy and safety.
Precision targeting can increase the propagation accuracy of HIFU dose to can-
cerous tissue without a ecting adjacent healthy tissue. An ultrasound guidance
procedure always contains three aspects: 1) pre-treatment mapping to con rm
the treatment region and the anatomical information relating to the tissue struc-
ture, 2) in-treatment monitoring of the therapeutic process on the targeted tissue
and 3) post-treatment evaluation and analysis of the therapy performance Vaezy
et al. (2001). Clinical and research HIFU guidance methods mainly comprise MRI
and ultrasound modalities: passive cavitation detection (PCD), active cavitation
detection (ACD), interlaced B-mode, Passive Acoustic Mapping (PAM) and tem-
perature mapping (either the MRI-assisted or ultrasound-assisted).

1.3.1 Magnetic resonance imaging

Magnetic resonance imaging is the gold-standard monitoring technique for HIFU
clinical use Bacon and Carstensen (1990); Duc and Keserci (2018). It can be
understood as a way to measure the response of atomic particles to high-frequency
radio waves in the magnetic eld. High intensity focused ultrasound therapy guided
by MRI is commonly termed MRI-guided focused ultrasound surgery (MRgFUS).
The rst combination of ultrasound and MRI was proposed in the early 1990s,
with an ultrasound transducer set inside an MRI scanner Jolesz and Jakab (1991).
The idea of using MRI to monitor HIFU therapy for tissue necrosis was originally
suggested by Hynynen et al. in 1992 Hynynen et al. (1993); Schenck et al. (1993),
and the published results illustrated that lesions formed by HIFU exposure in
muscle tissue can be visualised by MRI. Thus, the idea of MRI-guided non-invasive
HIFU surgery was proved to be feasible.

Since then, MRgFUS has been reported to have viable applications in tumour
treatment and guidance, e.g. for uterine leiomyomas Fennessy et al. (2007); Hind-
ley et al. (2004); Stewart et al. (2003, 2006). Several preliminary clinical studies
on MRgFUS in the treatment of breast tumours have also been published Mer-
ckel et al. (2013, 2016); Peek and Wu (2018). Some pre-clinical use of MRgFUS
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for gene therapy Huber et al. (2003); Kim and Han (2018), thermal ablation of
liver tumours Kennedy et al. (2004b); Wijlemans et al. (2012) and brain tumours
Dervishi et al. (2013); MacDonell et al. (2018) have also been reported.

The main added value of MRgFUS is its capability to provide temperature
measurements within the targeted region, with relatively high spatial and tempo-
ral resolution (typically with sub-Hz and roughly 1 mm). The commonly used MR
thermometry methods are based on the parameter proton resonance frequency,
which is largely tissue-independent and linearly dependent on temperature and,
thus, gives su cient signal-to-noise and temperature accuracy. Generally, MRg-
FUS can be used for treatment planning, e.g. for tumour detection, due to its high
sensitivity, its ability to provide ne anatomic details and its quasi-real-time ther-
mal monitoring of HIFU therapy with approximately 1 C accuracy Kehler et al.
(2009); Poorter et al. (1995). However, the limitation of MRgFUS systems is that
they are large and expensive, additionally MR thermometry cannot be used for
non-thermal HIFU treatment, such as the drug delivery for Blood{Brain Barrier
(BBB) opening, and it therefore lacks monitoring ability for cavitation, which re-
stricts the clinical application of MR thermometry with a wider area, and raises
the concern about the adoption of ultrasound monitoring.

1.3.2 Active acoustic monitoring

When compared with the MRgFUS system, the ultrasound-guided focused ul-
trasound system (and its ultrasound monitoring methods) has advantages that
include being portable and low cost .etc; hence, it has great potential for clinical
adoption. Active acoustic monitoring methods mainly include ACD and B-mode
ultrasound imaging techniques. The common limitation of all active acoustic mon-
itoring methods is that they cannot be performed in parallel with ultrasound ther-
apy due to the interference of the HIFU beam, and incapable of distinguishing the
normal and lesion tissues.

Conventional ACD is performed with a single-element detector Crum et al.
(1992). Its working principle is to transmit a pulse at a high-frequency and de-
tect the backscattering from bubble emissions via the pulse-echo mode. In addi-
tion to the aforementioned common limitation, ACD cannot provide much spatial
information, and the emissions generated from hyperechogenicity show only the
backscattering information of the cross-section related to the bubble that occurs
post-exposure, not the phenomenon that induced this cross-section. Consequently,

11
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ACD techniques have been developed into the image domain, with the B-mode di-
agnostic array.

Several techniques have been introduced into interlaced B-mode with HIFU to
improve the image quality and detect sensitivity. In terms of beamforming tech-
niques, as well as the conventional beamforming algorithm delay-and-sum (DAS),
data-adaptive methods, such as minimum variance distortionless response and
its related techniques (e.g. eigensubspace and coherent factors) have been com-
bined with B-mode Asl and Mahloojifar (2009, 2010); Holfort et al. (2009). How-
ever, these related adaptive methods always involve high computation costs, which
makes them unpopular for clinical use. Coherent beamforming methods, delay-
multiply-and-sum (DMAS) and other methods, have been investigated with ner
image quality and demonstrate can have the same computation complexity as DAS
Matrone et al. (2016, 2014); Moza arzadeh et al. (2018).

In addition to the development of beamforming techniques, harmonic imaging
is also applied to map the non-linear scattering/emissions of an incident wave from
bubbles/contrast agents or to map the non-linear propagation of the incident wave
in the medium, with the aim of improving the signal-to-noise ratio for detecting
sensitivity Averkiou (2000); Hwang and Simpson (1998). For the monitoring of
cavitation activities occurred in HIFU therapy, due to the strong non-linear char-
acteristic of cavitation activities with harmonic components, interlaced B-mode
can be beamformed with the received higher harmonic emissions for increased
image quality to localise the cavitated bubbles. Also, the multi-pulse imaging
technique, such as the pulse inversion, was developed to enhance the sensitivity
of nonlinear imaging, speci cally, two pulses with inverted amplitude information
are transmitted to perform pulse inversion, then their echoes are summed to reject
the linearly responding components and to improve the signal-to-noise ratio (the
schematic picture shown in Figure 1.2) Burns et al. (2000); Ma et al. (2005); Song
et al. (2013). A similar strategy has also been applied to absolute-time-of- ight
beamformed PAM for the detection of weak bubble acoustic signals during HIFU
therapy Pouliopoulos et al. (2018).

Conventionally, the interlaced B-mode can be achieved by line-by-line transmis-
sions with the dynamic focus regime Szabo (2004b). This mode can provide ner
contrast to noise ratio but with low frame rate (typically 30 Hz for interleaving)
that incapable of capturing transient bubble behaviours and allow the bubble to
be dissolved in the HIFU-o interval without available feedback Khokhlova et al.
(2006). Therefore, the plane wave was developed as an ultrafast active ultrasound
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Figure 1.2: The schematic of pulse inversion regime. The summation of echoes is
to null the linear components, whereas the residual parts is the non-linear signal.

imaging technique that can be interlaced with HIFU exposure facilitating a signi -
cantly increased frame rate for cavitation monitoring Grondin et al. (2015); Tanter
and Fink (2014). Since all element transmission with no focusing, that feature can
degrade the signal to noise ratio, coherent compounded plane wave imaging was
then introduced to mitigate this issue. Multiple steered plane waves are transmit-
ted, and the received back-scattered emissions from all angles are averaged into
the nal B-mode for ner image contrast and signal-to-noise ratio Austeng et al.
(2011); Montaldo et al. (2009). This method can e ect the frame rate, but the re-
sults demonstrate that the compromised frame rate can reach 463 fps for imaging
rapidly moving targets (faster than the typical dissolution time of contrast agents
between 1 and 30 ms Uhlendorf et al. (2000)), and therefore could be adopted for
the hyperechogenicity monitoring Denarie et al. (2013).

Another suggested B-mode technique related to HIFU monitoring is about
the identi cation of tissue ablation. This functional B-mode method is developed
based on the dynamic change in tissue attenuation and sti ness due to the oc-
currence of lesions Chang et al. (2013); Damianou et al. (1997). An associated
research topic is the Acoustic Radiation Force Impulse (ARFI) imaging which has
been investigated based on the acoustic radiation force generated within focal zone,
and then subsequently use the B-mode image to measure tissue displacements for
dynamic sti ness estimation Doherty et al. (2013); Nightingale (2011); Nightingale
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et al. (2002). One concern about ARFI techniques which is the tissue displace-
ments caused by motion artefacts can a ect the accuracy of nal measurements.

Consequently, more advanced and robust radiation-force methods have been ex-
plored, such as harmonic motion imaging E Konofagou et al. (2012); Hynynen

and Konofagou (2006); Konofagou and Hynynen (2003), amplitude-modulated

harmonic motion imaging Maleke and Konofagou (2008); Maleke et al. (2006);

Vappou et al. (2009) and supersonic shear wave imaging Berco et al. (2004);

Gennisson et al. (2012). All of these aim to monitor the change in the speed of
sound through the focal zone and identify the changes in tissue sti ness by active

ultrasound imaging or ultrafast active ultrasound imaging.

1.3.3 Passive acoustic monitoring

Passive acoustic monitoring mainly includes PCD and PAM, which provide the
feedback on cavitation activity in one dimension or two dimensions. PCD em-
ploys a single detector to passively receive acoustic emissions or scatter during
HIFU therapy. The frequency components of the passively received acoustic emis-
sions (beyond the magnitude of oor noise), can be used as an indicator of dif-
ferent bubble behaviours. Harmonic emissions are received at multiples of the
centre frequency (nd;n = 2;3;4;::;; T, is the centre frequency), which can orig-
inate from non-linear bubble oscillations and non-linear ultrasound propagation
Leighton (2012). The subharmonic components (gfgm;m =2;3;4;::;, n = 1) are
generally understood as the indicator of stable cavitation (but can also occur for
inertially cavitating bubbles if the bubble keeps oscillating at a period multiple to
the centre frequency). Ultraharmonic emissions (gfm;m = 2;3;4;::;, n = 2, 3,
4, ...) are usually caused by the propagation of subharmonic components through
non-linear tissue (but the exact mechanism that causes ultraharmonic emissions
has not been fully understood) llyichev et al. (1989). Broadband emissions are
indicator for the occurrence of the inertial cavitation (When the bubble collapses,
it can generate the shock wave and micro-jet in a very short time. The rapid time-
domain signal is very broad in the frequency domain which makes the broadband
emissions are e cient for the inertial cavitation monitoring) McLaughlan et al.
(2017).

Passive acoustic mapping can be brie y described as using a multi-element ar-
ray to passively record acoustic emissions and then reconstruct the distribution of
cavitation sources with spatial information via passive beamforming techniques.
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These methods originated from passive sonar, used to map and localise under-
ground seismic features and ocean structures under ambient noise Buckingham
et al. (1992); Norton and Won (2000). Then, this concept was introduced into the
therapeutic ultrasound eld for mapping and quantitative analysis of the result-
ing cavitation activities (i,e., cavitation localisation and cavited dose calculation)
Gyongy et al. (2008); Gyengy and Coussios (2010).

Based on the duration of the therapeutic ultrasound pulses, PAM beamform-
ing algorithms can be divided into the absolute-time-of- ight beamformers, and
relative-time-of- ight beamformers. For very short high-intensity therapeutic pulses,
e.g. with pulse duration in micro-second magnitude, that work for BBB disrup-
tion, the absolute-time-of- ight beamformer is preferred for therapeutic monitor-
ing and generally, this method has better resolution than the relative-time-of- ight
beamformer Davies et al. (2020); Gateau et al. (2011). Conversely, for long high-
intensity therapeutic exposures with a high duty cycle, the relative-time-of- ight
beamformer is applied to average the intensity bins within the cavitation activ-
ity period for the nal energy output Gyongy et al. (2008); Gysngy and Coussios
(2010). The relative-time-of- ight beamformer is a sub-optimal beamforming tech-
nique due to the unknown of a priori time-of- ight information, and usually su ers
from “X-type' artefacts in the axial direction.

Passive acoustic mapping beamforming techniques have been implemented
both the time and frequency domains. Time-domain PAM is more readily im-
planted in the hardware platform for commercial use. Frequency-domain PAM
can directly select the intensity bin within the interested frequency band without
the need for ltering, thus increasing the computation speed (as fewer intensity
bins can be averaged into one frame) Haworth et al. (2016); Kim et al. (2020).
Another advantage of frequency-domain PAM is that its beamforming process
contains the phased components, potentially making phase-aberration correction
more straightforward, particularly for transcranial applications Arvanitis et al.
(2016). However, frequency-domain PAM cannot provide time-evolution cavita-
tion information. Therefore, the transient angular spectrum approach has been
introduced into PAM to maintain time evolution information and optimise compu-
tation speed, with the added bene t of accurate cavitation localisation capability
Li et al. (2021). Regarding image quality, a variety of beamforming techniques
have been developed. The most popular ones are time exposure acoustics (TEA)
and the robust Capon beamformer (RCB) Coviello et al. (2015); Norton and Won
(2000). Subsequently, more techniques have been integrated into the PAM beam-

n
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former, such as the coherent factor and cross-spectral matrix estimation Boulos
et al. (2018); Polichetti et al. (2020). Additionally, to optimise the computation
cost of PAM, the paralleled running beamforming technique with sparse matrix,
implemented via a Graphics Processing Unit (GPU) and sparse array, has been
investigated Kamimura et al. (2020); Sivadon et al. (2020).

Passive acoustic mapping and related methods have been applied in a variety
of ways, including for tracking and analysing cavitation activities in phantoms
Choi and Coussios (2012); Crake et al. (2015); Gyongy and Coussios (2009); Ha-
worth et al. (2012) and monitoring drug delivery related to the inertial cavitation
phenomenon and correlated with drug extravasation Kwan et al. (2015). Passive
acoustic mapping has also been used for acoustic monitoring, lesion prediction
Haworth et al. (2015); Salgaonkar et al. (2009), and the simulation and correction
of the phase-aberration e ects for trans-cranial cavitation imaging Arvanitis et al.
(2014, 2013); O'Reilly et al. (2014).

1.3.4 Ultrasound temperature monitoring

In addition to the applications of MR thermometry mentioned in Section 1.3.1
with the capability to provide accurate temperature measurements for thermal
ultrasound therapy. Ultrasound methods have also been widely investigated for
temperature-related phenomena for HIFU therapy.

Passive acoustic mapping (for the measurement of energy absorption from in-
ertial acoustic bubble emissions) combined with a nonlinear bioheat equation (for
the measurement of the acoustic absorption of the primary HIFU beam) have been
proposed to give an evolving estimation of temperature rise and tissue-ablated cell
death for HIFU thermal therapy guidance Jensen et al. (2013). The interlaced
B-mode for hyperechogenic imaging has also been investigated in temperature
monitoring studies, however, due to the possible absence of boiling bubbles, it
may have insu cient hyperechoic features for ultrasound-based thermal therapy
monitoring. Moreover, the temperature rises of the HIFU eld have not been
found to have a strong relationship with tissue echogenicity, except when a sig-
ni cant population of boiling bubble occurs, also the boiling bubbles are always
correlated with over-treatment, which all indicate this active monitoring method
is not reliable Bailey et al. (2001); Hill and Ter Haar (1995); Jensen et al. (2012);
Khokhlova et al. (2006).

Several alternative active ultrasound techniques have also been developed for
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dynamic temperature information and lesion identi cation. One representative al-
gorithm is based on the change in the speed of sound Miller et al. (2004). The speed
of sound is assumed to be constant for B-mode imaging and hence, the evolved
tissue characteristic in the HIFU targeted zone can cause a dynamic change in
the speed of sound, and displayed in the interlaced B-mode with tissue structure
displacement. This feature can be estimated by the coherent correlation method
for the quantitative analysis of displacement and changes in the temperature eld.
However, many factors may a ect the e ciency of such method, including the
varied speed of sound in di erent tissue layers, the impact of tissue motion and
the loss of elastic properties when tissue is denatured with coagulation necrosis.
Other techniques for exploring ablated regions based on tissue attenuation and
sti ness have also been used for HIFU monitoring, as described in Section 1.3.2.
Additionally, active acoustic mapping related to ARFI techniques has been com-
bined with nite element methods to simulate temperature distribution during
ultrasound-based therapy and assist in accurate HIFU treatment guidance Fahey
et al. (2005); Martnez et al. (2015); Palmeri et al. (2005).

1.4  Thesis objective and outline

The objective of this thesis was to explore the new algorithms into hybrid ultra-
sound modalities and applied for HIFU therapy monitoring. The outline of this
thesis is as follows: In Chapter 2, some key parameters and factors of hybrid pulse
sequence and interlaced B-mode are analysed which is to build foundation for the
implementation of HIFU experiments and its ultrasound monitoring, including
the optimal interlaced B-mode modality via phased array and optimal duty cycle
for the implementation of hybrid pulse regimen. Then, the introduction of power
spectrum equalised techniques into the interlaced B-mode is proposed. In Chap-
ter 3, based on the foundation (the hybrid pulse implementation) from Chapter
2, various time-domain PAM beamformers are illustrated and compared with the
proposed beamforming approach based on DC-component reduction which works
as an alternative method of PCD (passive monitoring method presented in Chap-
ter 2), and the experimental results from the gel phantom andx vivoliver studies
are analysed. In Chapter 4, the element directivity factor based on a soft-ba e
model which was developed as a pixel-wise F-number and shading weight strategy
into PAM (and interlaced B-mode) for image quality improvement, the nal out-
put is examined by simulation and experiments. In Chapter 5, for a competent
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eld of view, a polar coordinate PAM is proposed, alongside a dual-mode between
the interlaced B-mode and PAM was mutually convoluted for the enhancement
of PAM image quality. In Chapter 6, an overall summary of the PhD work and
thoughts on future studies are presented.
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Chapter 2

Optimisations about hybrid pulse
regimen and interlaced B-mode
for HIFU monitoring

Many parameters and factors related to HIFU treatment can a ect the nal ab-
lation performance and its ultrasound monitoring e cacy. This chapter mainly
investigates the optimal trade-o between HIFU duty cycle and ablation e ciency,

to allow for the interlaced B-mode with proposed active beamforming techniques.
Final results mainly include three aspects: The coherent divergent wave imag-
ing was tested as the optimal imaging modality, when considering the Field Of
View (FOV) and compounding image quality; A duty cycle of 95% was found to
be the optimal trade-o between the minimum impact on lesion formation via
the tissue-mimicking phantoms, while providing the su cient time to perform the
interlaced B-mode imaging; Finally, the proposed B-mode beamformer with spec-
trum equalised techniques shows a robust anti-noise capability while maintaining
an e cient computation complexity as delay and sum which gives the potential
for real-time monitoring.

2.1 Introduction

In this chapter, the diagnostic transducers (linear and phased) were mounted
acutely to the HIFU axis, while with a passive detector was co-aligned with HIFU
beam for cavitation monitoring.

As the review stated in 1.3.2, the cavitation particularly when a large boil-
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ing population occurs, can generate the hyper-echogenic areas and monitored by
B-mode images Coussios et al. (2007); Rabkin et al. (2005). However, the neces-
sity of B-mode is to be interlaced with therapeutic exposure to avoid the HIFU
interference, and the conventional B-mode such as line-by-line (typically with ap-
proximately 30 Hz frame rate Khokhlova et al. (2006)) which can not e ciently
image the transient bubble activities, and allow the bubble dissolve in the interval
between HIFU-dead period and B-mode imaging. Normally, the contrast agent/-
cavitation can be dissolved between 1 and 30 ms, which is shorter than the time
to the formation a conventional B-mode image Uhlendorf et al. (2000). Addition-
ally, when the image is acquired by a phased array, the limited physical dimension
may not provide a su cient eld of view for imaging. All of these bring up the
concern about the chosen of the optimal interlaced B-mode modalities via phased
array considering its potential impact (high frame rate with ner image quality
and eld of view) on treatment monitoring. So that Linear Imaging (LI), coherent
Compound Plane Wave Imaging (CPWI), Divergent Wave Imaging (DWI), and
Coherent Divergent Wave Imaging (CDWI) performance were compared with iden-
tical conditions to select one e cient modality in conjunction with HIFU therapy.
Moreover, HIFU duty cycle Helscher et al. (2013) would compromise the e ect
of ablation e cacy while providing the HIFU-o opportunity for the data acqui-
sition time of B-mode and time gap setting (to minimise the HIFU interference
on B-mode). Therefore, the e ect of the varied HIFU duty cycles (80 100%)

on the lesion size was investigated. Finally, a non-linear beamformer with spec-
trum equalised techniques in the whitened domain was further considered for the
interlaced B-mode to improve the image quality and reduce the interlaced time
(i.e., with fewer compound angles as each steered image is improved), and hence,
maximise the hybrid pulse e ciency.

The chapter is organised as: section 2.2 test four image qualities via phased
array on CIRS standard phantom CRIS2 (2022) in terms of FOV, image qual-
ity (contrast-to-noise ratio, lateral and axial resolutions), section 2.3 explore an
optimal duty cycle by repeating HIFU exposures with groups of peak negative
pressures via polyacrylamide and BSA phantoms and section 2.4 illustrates the
proposed whiten-domain beamformer in time and frequency domain and its com-
parison with other beamforming algorithms in simulation and experimental way.
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2.2 Optimising imaging parameters for interlaced B-mode

A 64-element phased-array (IP-105 SN:114, centre frequency 5MHz, bandwidth
from 2.28 MHz to 9.10 MHz, pitch width 0.15 mm, Sonic Concepts, USA) trans-
ducer was evaluated with four image modalities, (1) linear imaging (LI) with line-
by-line focused beam, (2) coherent plane wave imaging (CPWI), (3) divergent
wave imaging (DWI) and (4)coherent divergent wave imaging (CDWI). For each
of these modalities their FOV, spatial resolution and SNR, were evaluated for a
xed acquisition time. The linear imaging (LI) was transmitted by the focused
beam with a speci ¢ aperture size (32 in this research) and then beamformed line-
by-line Jensen et al. (2006); Rabkin et al. (2005). The coherent plane wave image
(CPWI) Gateau et al. (2011) was full-element planar transmission for each time,
then compound di erent angles into one frame for the image quality improvement.
Divergent wave imaging (DWI) Papadacci et al. (2014); Zhang et al. (2016) was
designed to transmit the focused beam each time with full-element in di erent
steering angles. Finally, every focused beam in di erent steered angles was beam-
formed into lines and composed into one image. Coherent divergent wave imaging
(CDWI) Escudero et al. (2018) was the full-element planar beam in divergent mode
with di erent steered angles, and each steered divergent mode was beamformed
into one frame and average them into one frame.

2.2.1 Method and metrics

The phased array was connected to the house-developed Ultrasound Array Re-
search Platform (UARP) Cowell et al. (2013); Smith et al. (2013, 2012). A multi-
purpose, multi-tissue ultrasound phantom (040GSE, CIRS) with attenuation 0.5
dB/[Mhz cm] was used to provide a validated reference target for all imaging
modalities. The centre frequency of transmission was 5 MHz with 4 cycle Hanning
apodized sine wave. The imaging depth was 75 mm with sampling frequency 40
Mhz. A pulse repetition frequency (PRF) of 2 Khz was chosen to take account of
the round trip time of the ultrasound wave (sound speed = 1520 &3 in phantom)
to ensure there was no aliasing between each transmission. The focal depth for
the focused beam of LI and DWI was 30 mm, respectively. For CPWI, the com-
pounding angles were set from 2 to 2, with 0:2 as one step. The CDWI was
beamformed with span angle 30and lateral step is 05, and compounded from
1 to 10° with step angle 05°.
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The total data acquisition time was set as 2708 (to simulate a data ac-
quisition time of interlaced B-mode within HIFU-dead period), which was kept
identical for all imaging modalities, so that the total beamformed lines (i.e. each
beamformed line is one transmission) in LI and DWI were the same as the total
number of steering angles for CPWI and CDWI (the total line number in LI and
DWI was 27 which stays same for compounding angles in CPWI and CDWI.). All
radio frequency (RF) data for di erent modalities was beamformed using delay and
sum (DAS) Klemm et al. (2008), with a speed of sound (1480=s). The lateral
and axial resolutions (LR, AR) for the di erent imaging modalities were measured
by the full width at half maximum (FWHM) (-6 dB). The contrast-to-noise ratio
(CNR) Moubark et al. (2016) was de ned as:

0 1
CNR =20 logig @43‘27”;”)A : 2.1)
.+ .
sig noi

Where 4, and ,, are the mean of the total pixel values of the noise and
signal region of interest (ROI) at the same depth, thesy and ,,; are the standard
deviation of pixel amplitude within the noise and signal ROI, respectively, after
Hilbert transform but before logarithmic compression.

2.2.2 Results

Figure 2.1 shows four imaging modalities with the same total DAT, and Table 2.1
gives their quantitative evaluation.

LI CPWI DwWiI CDWI
FOV 742.5 mm? 742.5mm? 2943.8mm? 8831.3mm?
DAT 2700 s 2700 s 2700 s 2700 s
CNR 162 0:1dB 111 0:1dB
LR 1:96 0:02mm 231 0:01 mm
AR 0:4 01 mm 04 01 mm

Table 2.1: Comparisons within four imaging modalities
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Figure 2.1: Linear wave (top left), coherent plane wave with 27 angles (top right),
divergent linear wave with 27 lines (bottom left), coherent divergent plane wave
with 27 angles (bottom right) (the rectangular regions indicate for the CNR cal-

culation).
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The phased array with 64 elements determines the FOV of LI and CPWI was
limited (742:5mm?) (and its maximum physical lateral size was about 18m). The
hyperechoic region in the interlaced B-mode could commonly reach beyonarih
Rabkin et al. (2005); Silverman et al. (2006) on lateral size, which reveals that
neither LI nor CPWI on a phased array was the optimal choice for ultrasound
monitoring. Due to the limited FOV of LI and CPWI, the CNR, LR and AR
were not displayed in the table. CDWI shows a slight improvement on CNR and
approximately three-folds of FOV compared with DWI, for a xed total DAT.
Finally, It was demonstrated that CDWI had the best FOV at approximately
8089Inm?, and CNR reached 11dB, while keeping resolution at a comparable level
as DWI. The next step is to interlace the CDWI into HIFU exposure for the
exploration of an optimal duty cycle for the ablation performance.

2.3  Optimisation of HIFU exposure for diagnostic ultrasound guid-
ance

HIFU with continuous wave (CW) excitation could provide the maximised abla-
tion performance. However, the necessity of B-mode to be interlaced with HIFU
which required the excitation should be pulsed with a certain duty cycle. Decreas-
ing the duty cycle could maximise the ablation performance while may facilitate
insu cient time for B-mode formation. Therefore, identifying the optimal relation-
ship between duty cycle and lesion size (ablation performance) becomes essential.
In this section, the relationship between duty cycle and lesion size with di erent
negative peak pressures is discussed. Following the previous section, the CDWI B-
mode was interlaced with HIFU exposure, and passive acoustic detection (PCD)
was paralleled with soni cations to monitor the inertial cavitation activity. Fi-
nally, a hybrid HIFU pulse regimen with a con rmed duty cycle for treatment and
monitoring was proved and laid a foundation for the next few chapters' study.

2.3.1 Methods and materials

Experimental setup

For imaging sequence (transmitted by the phased array (IP-105 SN:114, cen-
tre frequency 5 MHz, 64-element and pitch width 15mm) and connected to the
house-made system Ultrasound Array Research Platform (UARP)), the centre fre-
guency was 5 MHz with a pulse length of 4 cycles and the pulse repetition frequency
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(PRF) was 1023, the sampling rate was 40 MHz. The span angle of CDWI was
30 and steering from 10 to 10 by a step angle of & . The diagnostic array
was set up perpendicularly to the axial HIFU beam to co-align them as shown in
Figure 2.2, and this allowed a co-axial PCD to be located in the middle of the
HIFU transducer.

To synchronise between imaging and therapy parts, an external trigger from
the UARP was used to activate a Quantum Composer (QC) system (9250 Digital
Delay Pulse Generator, 4 Independent Channel Outputs, MT, USA), and then
to generate the Transistor{transistor logic (TTL) triggers for HIFU activation
and PCD data acquisition, while each B-mode transmission from the UARP was
internally triggered. The QC-controlled function generator was used to excite
a 15 duration pulsed signal with duty cycles of 80, 85, 90, 95, 100% separately,
which was then ampli ed by the power ampli er (A300, New York, USA). A single
element HIFU transducer (focal depth is 63nm and radius of curvature region,
H-102, Sonic Concepts, WA, USA) was driven at its third harmonic (3.3 MHz),
which was used to perform HIFU exposure on the polyacrylamide and bovine
serum albumin (BSA) tissue-mimicking phantoms.

A broadband-focused detector (Y-102, Sonic Concepts, WA, USA) was co-
aligned in the centre of the HIFU transducer to detect the acoustic emissions dur-
ing HIFU exposure. This detector was connected to a 5MHz high-pass lIter (Allen
Avionics, NY, USA), and then a 40 dB pre-ampli er (SPA.1411, Spectrum GmbH,
Grosshansdorf, Germany). Finally, the PCD data was recorded by a 14-bit data
acquisition card (DAQ) (M4i, Spectrum GmbH, Grosshansdorf, Germany), and
all PCD data was processed by MATLAB (MATLAB 2017b, The Math Works,
Natick, MA, USA) after the exposure. All exposures were performed in a Per-
spex water tank, and the water for the HIFU experiment was degassed at room
temperature (20 2 C). A 1 mm spherical alignment target was used to ensure
the HIFU transducer, PCD and diagnostic imaging probe were all aligned, more
details about the process can be seen in McLaughlan (2018).

Alignment of ultrasound probe, PCD and HIFU systems

The HIFU transducer was positioned at one side of the transparent water tank
hanging in the degassed water via CNC, while the PCD detector was coaxial in the
middle of the HIFU transducer. The BSA tissue-mimicking phantom was mounted
to the HIFU transducer with the distance of 63nm (focal depth). A 1mm ball
bearing was put in the middle of the phantom right as the indicator to adjust
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Figure 2.2: Hybrid experimental system schematic (the HIFU transducer with
diagnostic array was in an acute mode).
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the alignment. After that, the HIFU transducer was connected to the impedance
match circuit and power ampli er. The PCD detector was connected with the high-
pass lter, pre-ampli er, and DAQ system. After the above connections, the signal
generator transmitted a sine wave with 25 Mv, 10 cycles in the driven frequency
3.3 MHz, and the PRF was 100 Hz. Note that the amplitude of excitation signal
should not be set beyond the peak-to-peak (PP) limitation of the ampli er (A300,
New York, USA) 450 Mv, in case of saturation. The echo from the ball bearing was
then passively received by the DAQ software. The HIFU transducer or phantom
was adjusted to make the time of ight around 42m , and the micrometer stage
was shifted in +X, -X, Z directions separately to maximise the echo amplitude. The
imaging probe and HIFU transducer were fastened on the same CNC system. B-
mode in CDWI was used to monitor the ball bearing to adjust the angle between
the HIFU transducer and imaging probe and then co-align them. Moreover, a
noise-canceling material was laid under the phantom while setting up a specic
angle at the bottom of the water tank to reduce the ultrasound re ection, as shown
in Figure 2.2. A microscope (AM4113TL, Dino-lite, New Taipei city, Taiwan) was
used to monitor the lesion formation at the beginning of each HIFU-dead period.
It was positioned perpendicularly to the phantom at +X or -X side. The ball
bearing in the middle of the phantom could also be imaged by the microscope as
an indicator to adjust the alignment. Finally, once all these procedures above were
con rmed, the signal generator was connected to the QC and kept the phantom
position while replacing it with the BSA phantom without the ball bearing for
the HIFU experiment. All phantoms were manufactured according to the previous
method McLaughlan et al. (2017).

Pulse regimens for interlaced diagnostic and therapeutic ultrasound

The schematic of the hybrid sequence as shown in Figure 2.3 shows the timing
between PCD acquisition, CDWI, and pulsed HIFU exposure with a varying duty
cycle. CDWI was compounded with 27 steered angles (followed the previous sec-
tion) during the HIFU-o time to monitor for any increase in hyperechogenicity
Anand and Kaczkowski (2004).

The HIFU exposure had ve duty cycles (100%, 95%, 90%, 85%, 80%, the duty
cycle was varied by applying di erent HIFU-0 time with the xed HIFU-on time
for each repetition) and all at ve di erent peak negative pressures (PNP) (1.43,
1.69, 1.92, 2.13, 2.34MPa) (equivalent approximate free- eld averaged spatial peak
intensity of 900 W cm 2to 1950Wcm 2 6 %), respectively. Each duty cycle with
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di erent PNP were repeated for three times. The HIFU exposure duration was
15s and divided with 250 times, so that a single therapy/imaging sequence lasting
600ms, as depicted in Figure 2.3.

Two delays/time-gaps were set up by QC for each HIFU period/repetition. The
rst one was set 0.1ms after B-mode acquisition before the onset of HIFU to spare
enough temporal time for the last steering of B-mode. The second delay wasi®
between the end of HIFU and before the B-mode transmissions. The aim of both
delays was to prevent interference from the HIFU exposure on the nal CDWI
image (the delays could be adjusted exibly based on the varied parameters of
HIFU exposure and medium characters to better reject the soni cation interference
for B-mode).

The PCD sequence was recorded S0 before and after HIFU. A comb lter
was used to lter the super- and ultraharmonics and preserve the broadband noise
Chen et al. (2003); McLaughlan et al. (2010) for the inertial cavitation monitoring.
The frequency analysis of the broadband noise was performed by subdividing the
available bandwidth into 100 s as one segment. The lter spectral bandwidth
ranged from 5 MHz to 20 MHz in the frequency domain. Finally, the components
were integrated over the whole HIFU exposure duration and named as the Inertial
Cavitation Dose (ICD) McLaughlan et al. (2010).

Figure 2.3: Hybrid HIFU pulse regimens (duty cycles: 100%, 95%, 90%, 85%, 80%
with PNPs: 1.43, 1.69, 1.92, 2.13, 2.34 MPa).
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2.3.2 Results and Discussion

Figure 2.4 shows the picture of the ablation sites on the polyacrylamide phantom
and the evolution plots of the hyperechoic region by CDWI (one group among
the test results with a duty cycle of 85% and PNP of 2.13 MPa). The original
ultrasound image is shown in Figure 2.4 €), with the HIFU focus at the onset of
exposure and before the hyperechoic region could be visualised within the white
circle area. The hyperechoic regions indicated by the white arrows represent the
exposure with duty cycles of 95% and 90%. The hyperechoic region occurred at
about 1s and then grew towards the face of the HIFU transducer throughout the
remainder (55; 10s; 15s) of the exposure. Furthermore, an artefact appeared in the
middle of B-mode and gradually became stronger with the exposure working on
the phantom. Reasons for this might be explained by the re ection of the phantom
holder (1.75mm 3d Printer Filament Blue, 600g Abs, Cel-Robox, Rbx-Abs-bl824)
and the interference from HIFU. Figure 2.5 shows the example of broadband in-
formation from a 15 exposure at a PNP of 2.13 MPa with a duty cycle of 85%.
Inertial cavitation information appeared approximately at &, which is later than
the occurrence of the hyperechoic region in the B-mode. One likely cause for this
delay might be the di erence of the propagation path between the emissions gen-
erated from HIFU focus to the PCD detector and diagnostic probe. Then, the
inertial cavitation information increased sharply after 3 while the size of the hy-
perechoic region grew signi cantly. This matches the results from Hynynen (1991)
and Coleman et al. (1996), in which the rapid growth of a hyperechoic region was
correlated to the amount of scattering from the gas, vapour and/or boiling bubbles
generated at the HIFU foci during cavitation in HIFU or lithotripsy treatments.
The upper insets in Figure 2.5 are the interlaced B-mode images at di erent times
within the focal area to show the evolution of the hyperechogenicity.

Figure 2.6 shows the lesion area as a function of duty cycle for equivalent
acoustic pressures. For all duty cycles, lesion size had an increasing trend with
the increase in PNP (equivalent free- eld averaged spatial peak intensity shown
aforementioned). Duty cycles of 100% and 95% had a more outstanding ablated
performance on the whole period. After the PNP had reached ta9®2MPa, the
superiority of ablated performance of 100% and 95% duty cycles was more signif-
icant. This data suggest that when the duty cycle is below 95%, heating e cacy
could be dropped by folds. Meanwhile, the data also indicate that a 95% duty cy-
cle is an optimal choice for the interlaced B-mode, as this duty cycle gives enough
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Figure 2.4: The evolution of hyperechoic region displayed by the interlaced B-
modes and its nal lesion picture.
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Figure 2.5: Inertial cavitation dose for a 15s exposure, the upper insets showing
the interlaced B-mode at 0s, 5s and 15s.

time for the B-mode data acquisition while not sacri cing the therapy performance
signi cantly. The upper-right inset in Figure 2.6 which is recorded by microscope
immediately after HIFU exposure, shows the thermal lesion at the focal point. The
microscope was positioned at -X side about# from the water tank perpendicular
to the HIFU axial (Y-axis), as shown in Figure 2.2.

The detection of the inertial cavitation during HIFU is necessary, as once it oc-
curs, the temperature of the focal zone and lesion could be unpredictable, with the
majority ablation moving towards the HIFU source Malcolm and Ter Haar (1996);
Meaney et al. (2000); Watkin et al. (1996). In this section, the investigation was
done to determine the relationship between the HIFU duty cycle and lesion size
that involving with the performance from cavitation (i.e., for inertial cavitation).
The complementary work could be emphasised on a clinically relevant threshold for
the detection of cavitation. This is important to provide the quantitative parame-
ters for avoiding high-intensity cavitation activities during HIFU thermal therapy,
or for the exhibition of cavitation without tissue over-ablation when locating the
true HIFU foci before treatment. Moreover, a PCD only provides the informa-
tion along the HIFU beam axis but weakly locates the cavitation on the HIFU
beam lateral, con ning it more sensitive in situations such as for subcutaneous
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