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Abstract

The rising incidence of small, asymptomatic renahaours discovered using abdominal
imaging during the investigation of unrelated syomps has fuelled the desire for new
therapies which avoid surgical excision. Extracogpb High Intensity Focused Ultrasound
(HIFU) was proposed as one of these modalities dauffar clinical research has been
inconclusive. The present work was designed to avgpithese clinical outcomes through the
conduct of further clinical trials, laboratory bdseesearch and the translation of new

technology into existing HIFU devices.

A Phase Il clinical trial of patients (n=13) witlewly diagnosed <4cm renal tumours (clinical
stage Tla) was designed, peer reviewed and recedthtal approval (Ox REC
09/H0606/04). Ten of 13 patients underwent ren&lUHusing a clinical HIFU device (Model
JC/JC200, HAIFU, China). One patient could notreated due to poor tumour visualisation
after anaesthesia and two patients could not kmetleas they became unwell before or
during anaesthesia. Histological evidence of HIFlA&on in either tumour or normal renal
parenchyma was seen in all ten patients. Evidehsailmtotal tumour ablation was seen in
8/10 of patients. Grade 1 (<50%), 2 (50-90%) & G-@8%) ablation was achieved in 4/10,
3/10 & 3/10 patients respectively but complete @PQumour ablation was not possible.
HIFU treatment caused minimal morbidity — no Gréidld/ (Clavien-Dindo) complications
related to HIFU treatment occurred. Grade | skiinpand induration was seen in 9/10

patients; Grade Il skin pain occurred in a singlégnt.

Patient demographics, imaging and tumour charatiesiwere used to design parameters to
improve patient selection for renal HIFU. The tumtacation, thickness of peri-nephric fat

and renal nephrometry score were useful prediatbrsuccessful screening for treatment.
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Diligent use of these factors could limit unnecegsaeatments and improve ablation

outcomes.

It is well known that ultrasound imaging of smaknael masses can be challenging.
Ultrasound imaging often deteriorates further dgrldlFU as the abdominal wall and fat
tissues swell and cause increased attenuation. [®kss of imaging quality was clearly
demonstrated in this clinical trial and resultedthe early termination of treatment, before

endpoints were reached, in a number of cases.

The current clinical method for monitoring the sesx of HIFU ablation using hyperecho
analysis of B-mode ultrasound images is also questile. Laboratory based studies using
ex-vivo bovine liver subjected to HIFU confirmedathhyperecho monitoring had low

sensitivity, predictive values and overall accuracy

A novel method of HIFU monitoring — passive mappmigthe emissions received from
acoustic cavitation activity and other sources of-finearity during HIFU treatment — is
believed to represent a significant opportunityniprove feedback. This technique uses the
passively received signature of cavity activity @hi when time-reversed, gives high-
resolution images of the precise location of thavayg. Laboratory-based ex-vivo work,
using a commercially available ultrasound systerong@, Zonare, USA), demonstrates its
superiority over hyperecho monitoring. Indeed, shadds could be applied to successfully

predict HIFU ablation with high sensitivity and sgeity.

This technique was successfully translated intodimécal setting through the design of a
Passive Acoustic Mapping (PAM) device. Custom-budteiving elements were applied

without limiting the function of the existing HIFdevices. Both pre-clinical and ethically-
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approved clinical studies demonstrated its safeghaition without significant impact on the

device energy output or treatment accuracy.

Using similar passive beamforming algorithms, atiousavitation activity was successfully
mapped and corresponded with the location of thembdation in both ex-vivo tissue

phantoms and during clinical HIFU therapy.

It is believed that the development of new patgalection parameters will eliminate target
those patients who are most suitable for renal HiF&mall tumours, minimal peri-nephric

fat & low nephrometry score.. The use of PAM wdht to a significant improvement in the
efficacy of treatment. It can be successfully aggplio existing devices and predicts the

location and extent of HIFU ablation with greatecwaracy that existing techniques.
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1 Introduction

HIFU is the only truly non-invasive ablative theyajor cancer.
Clinical outcomes have been variable to date. Thispter
summarises work undertaken to improve these outsamine course
of this thesis.

1.1 High Intensity Focused Ultrasound

The desire for minimally-invasive surgical techrequhas been a key driver of medical
device development over the last three decadesb@iefits of shorter hospital stays, quicker
recovery times, earlier return to work, less paid &wer complications are obvious for the
patient, hospital trusts and society as a whole fliist kidney was removed using keyhole
(laparoscopic) techniques in 1990 by Dr Ralph ClagnSince then, a number of minimally-
invasive energy ablative therapies have been dpegdl@nd tested in renal cancer. High
Intensity Focused Ultrasound (HIFU) represented|¢ast invasive option — truly scarless
surgery. When used appropriately, HIFU can treaioua malignant and benign solid
tumours, often with minimal or no side-effects beganild pain. Proof of concept in renal
cancer was established initially in animal studiad then in clinical studies, including trials
conducted in Oxford. These trials produced varyilegrees of success — difficulties were
found with patient selection, tumour imaging, treant monitoring and outcome assessment.
This thesis was designed to address these chadlenigle the ultimate goal of improving

clinical outcomes in renal HIFU.
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1.2 Thesis Outline

This thesis begins in Chapter 2 with a review @& tiackground literature and evidence for
HIFU ablation of tumours, with particular emphasi renal cancer. The design,
implementation, conduct and results of a new, atly@pproved clinical trial of renal HIFU
is then reported in Chapter 3. Throughout thisl,trine results were used to develop
parameters which predict successful HIFU outcomes @aso to create hypotheses with
regard to the role of peri-nephric fat and rengdhmemetry in clinical outcomes. Laboratory
based experiments were conducted to test thesaheges and are discussed in Chapters 4 &
5. A novel technique for monitoring HIFU ablatiosilng passive acoustic mapping (PAM) is
described in Chapter 6. This new technology wasld@ed by fellow researchers at the
University of Oxford and was tested in ex-vivo aalmissue. Custom-built equipment was
designed to implement this technique on clinicaFHldevices and the proof of concept,
reported in Chapter 7, was demonstrated in ex-animal tissue. This monitoring device
was fully translated into the clinical setting tagh its use in patients with newly diagnosed
renal cancer. Chapter 8 amalgamates these chdptéiscuss the implications for patient
care and demonstrates the essential translatioo@pa@nent of contemporary medical
research. Finally, in Chapter 9, the main achievemere summarised together with

suggestions for future research in renal HIFU.
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2 Literature Review

This chapter reviews the basic principles of utitagl mechanism of
action of HIFU and the monitoring of clinical HIFtherapy. The
clinical uses of HIFU, with particular reference renal cancer are
reviewed in detail.

2.1 Ultrasound

Ultrasound refers to mechanical vibrations at feegues above the threshold for human
hearing, typically 20KHz. Ultrasound is produced gigzoelectric materials via the reverse
piezoelectric effect — application of an alterngtelectric potential of a certain frequency to
produce material vibrations at that same frequeridye amplitude of the vibrations is

maximised by supplying the incoming electric poit@nat the resonant frequency of the
piezoelectric material. Modern ultrasonic transdsiagse lead zirconate titanate (PZT). At
low intensities ultrasound can propagate througbug without causing damage. Indeed,
ultrasound in the 1-20MHz range is widely used iegdostic imaging, including pre-natal

surveillance.

2.2 Ultrasound interaction with tissue

2.2.1 Ultrasound propagation

As the mechanical ultrasound wave passes througguej the alternating cycles of

compression and rarefaction cause molecular oseila which may propagate either
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perpendicular (shear wave) or parallel (pressurgeyvéo the transducer axis. Ultrasonic
shear waves are highly absorbed and play little molthe medical application of ultrasound.
At relatively low pressures, ultrasound propagatesa linear fashion, unchanged in
morphology although decreased in amplitude duebtmiption and reflection. However, at
biomedically relevant intensities, nonlinear progamn occurs and must be considered [1-4].
Non-linear propagation occurs as the positive pmesphase of the acoustic wave travels
faster through the medium than the negative pregsiuase, converting an initially sinusoidal
wave into a saw tooth-shaped wave. Consequentyjritial propagating monochromatic

wave generates multiple harmonic frequencies ofthdamental, as shown in Figure 1.

Sine wave of single frequency femitted

VelocCityompression > Viarefaction T€sults in waveform
distortion, generating higher frequency harmonics

AMPLITUDE
J,’
b

£ 2% 3 Saw-tooth waveform; widespread harmonics
FREQUENCY Ultimately, acoustic saturation occurs

w \/ SLOPE & -}- //

2 e /

%‘ /\ AR N J With acoustic saturation, high

— Ty Io\ . .
F o2 o af s harmqmc§ are heavily atter}uated
FREQUENCY resulting in an attenuated sine wave

HARMONIC SPECTRA

Figure 1 — Schematic of non-linear propagation of macoustic wave leading to shock-wave formation angeneration
of multiple harmonics (adapted from [5])
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Because attenuation in tissue is a strong monabyimcreasing function of frequency [6]
these higher harmonics are more readily absorbesillting in enhanced local heat

deposition.

2.2.2 Speed of sound & non-linearity

The speed of sound propagation through any medmindeiermined by the medium’s

compressibility and its density. In general terths, speed of sourglis given by the formula

where k is the coefficient of stiffness (bulk maak)l andp is the density. The speed of sound
therefore increases with stiffness and decreasts density. The speed of sound in pure

water at 20°C & 37°C is 1482.3m/s & 1523.6m/s respely [7].

As discussed, ultrasound propagation cannot benassuo be linear. The degree of non-
linear behaviour within a medium is described by tlon-linear parameterB/A. The values

B & A are derived from an equation relating pressureatianis to density variation in the
medium. Typical values foB/A in various media are shown in Table 1. It is thespure
changes within the medium that result in the trangf energy from the fundamental
frequency signal into higher order harmonics. Tagrde of non-linear propagation increases

with increasing incident amplitude, frequency amtahce of propagation.
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Table 1 — Typical values for the coefficient of nonihearity B/A for various media [8]

Medium | B/A
Blood 6.1
Brain 6.6
Fat 10

Liver 6.8
Muscle | 7.4
Water 52

It is noteworthy in the context of this thesis,tthiae B/A parameter for fatty tissue is high —
significantly higher than other human tissues. @gunently, propagation of ultrasound
through fat tissue is likely to result in non-limdzehaviour with the generation and resultant
attenuation of multiple harmonic frequencies. Italso significant that this non-linear
behaviour is more likely to occur in fat tissue dtexd further away from the driving

transducer — in clinical HIFU this is analogougissue lying deep with the abdominal cavity.

2.2.3 Attenuation in tissue

Attenuation is the gradual loss of intensity of dhux through a medium. Specifically in
biomedical acoustics, attenuation represents twatindt processes — absorption and
scattering. The variation in acoustic pressurehaspropagating wave passes through tissue
leads to shear motion of particles within it; thissorption of energy results in heating. In
addition, areas of inhomogeneity in tissue resultdattering of the incident waveform — in a
truly homogenous medium this does not occur. Tlaelgal loss of amplitude is quantifiable
— the amplitude attenuation coefficient of a medi{a is the sum of the absorption
coefficient () and the scattering coefficienés. The attenuation coefficient exhibits a
power-law dependence on frequency, whilst overtiknaation clearly depends on the

propagation path length through a particular makefihe attenuation coefficient is therefore
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normally expressed in either Np/m/MKiDr dB/m/Msz, where y is a material-specific

constant.
An acoustic wave can be characterized not onlytbyressure amplitude, but also by its
acoustic intensity, which represents the energiveled per unit area of tissue per unit time

and is typically expressed in W/énFor a travelling harmonic plane wave, the acausti

intensity is related to pressure amplitude by

PZ
[ =—
2pc

where P represents the pressure amplitugehe density ana the speed of sound in the

medium.

As an ultrasound beam passes through a finite ribgk of tissue, the intensitycan be

calculated as follows:
I = Ioe_ﬂx

wherely is the inital intensityX=0), X is the tissue thickness apds the intensity attenuation

coefficient which can be calculated as
u=2a

It is noteworthy that whilst non-linear propagatiserves to transfer energy to higher
harmonics, the frequency dependence of absorpemisito energy dissipation. Consequently
with increasing propagation distance, the non-lingaveform reverts to a near sinusoidal,

albeit significantly damped, pattern, as showniguFe 1.
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2.2.4 Thermal ablation

An ultrasonic wave will pass unchanged through depdy homogenous, non-absorbing
medium. However, inhomogeneous tissue acts as &abatterer and an absorber, thus
incident acoustic energy results in heating asvihee propagates. The level of heating is
increased if nonlinear propagation dominates, asnbmic frequencies are more readily

absorbed [9].

The biological response to hyperthermia is variand dependent upon both the degree and
duration of temperature elevation [10]. Elevatiafisup to 4°C occur during physiological
stress such as strenuous exercise. Indeed locljgedthermia increases oxygen tension in
wounds [11] and may promote both soft tissue ardtdire healing [12, 13]. In vivo
temperatures of up to 43°C seem tolerable withetnpnent damage unless endured for long
periods of time [14]. Above 43°C, cellular reprotioc ceases if the temperature is
maintained for at least one hour and survival ikkaly above 45°C. The importance of 60
minutes’ exposure at 43°C led to the concept of @ative Equivalent Minutes (CEM) — a
measurement of thermal dose which provides an atgiraf the physiological outcome of
exposure to different temperatures for varying tians [15]. Above 50°C cells death occurs

rapidly and a one second exposure at 56°C is @iifiéor irreversible cell death [16].

The mechanism of thermal ablation is not fully wstieod but the predominant mechanism is
protein aggregation [17]. Proteins are the funetiocomponents of cells and consist of
strings of amino acids which form an alpha helixoeta strand around one another, held by
hydrogen bonds. This secondary structure formsesettiimensional globule through further
tertiary interactions in the form of hydrogen osulphide bonds. These bonds, which are

responsible for the macromolecular structure, ahatively weak and susceptible to
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disruption in response to insults such as heato&xe of these hydrophobic bonds leads to
irreversible protein aggregation and loss of fuseti Macroscopic analysis of thermal
ablation in tissue demonstrates a characteristiagog@ lesion quite distinct from the

surrounding normal tissue; histology reveals coatiye necrosis [18, 19].

2.3 HIFU induced thermal ablation

At medical diagnostic intensities, ultrasound inmagis considered safe. Importantly, this has
been confirmed in ultrasound imaging of the foettisch is felt to be most vulnerable due to
the preponderance of heat-susceptible rapidly ghgidells [20, 21]. HIFU intensities are
several orders of magnitude greater than that usedliagnostic ultrasound and are
administered in a continuous rather than pulsedetfeamn. By tightly focusing the ultrasound
beam highin situ pressures can be achieved in a small, clearlye@fregion. The incident
mechanical energy is converted into heat and sulesgly dissipates into the surrounding
tissue, exacerbatad vivo by regional blood flow. However, if this rate oédting is rapid
and exceeds the rate of heat dissipation, a lerapérature rise will occur (see Figure 2).
Temperatures can reach 80°C or more and resutanply demarcated regions of coagulative
necrosis with sparing of surrounding tissue outsisefocus [22]. Such a level of heat rise,
even for short periods of time, will lead to cedlath [10]. The exact dimensions of the focal
region is transducer dependent; for clinical HIFahsducers used in the context of this thesis

this is typically 12mm in length, 3mm in width aoigar-shaped.
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Figure 2 — Schematic of HIFU lesion formation in aenal tumour

Given the spatial and temporal profile of a HIFUsay the intensity across a specific area
will vary depending on its position and the timwghin a pulse. It is therefore possible to
describe the intensity in terms of the averageeakpspatial and temporal intensity sath,
Ispta, lsatp OF Isptr The beam profile can be mapped using a hydroplamadethe power
determined with a radiation force balance (RFB)scdbed in Chapter 10.5. These
measurements are conventionally performed in dedasgater and are thus free-field
estimates; low transducer power outputs are alsd tesminimise any non-linear propagation
effects — the measurements can then be extrapdtatedher power outputs. The focal size
is described by measuring either the distance legtwiee half maximum intensity, as shown
in Figure 3, or the distance between the half marmnpressure. This represents respectively
the -3dB (intensity) or -6dB (pressure) full-widtladf-maximum. This method provides a

repeated and communicable measurement of a tragrspafile.
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Figure 3 — Example axial beam profile of a HIFU traasducer showing the normalised axial intensity anthe -3dB
focal beam size corresponding to a 50% drop in intesity.

The rate of heat deposition in tissue due to atsorman be approximated using a simple

equation:

aqQ
E = 2al

wherea is absorption coefficient adjusted for the insamatirequency andl is the acoustic
intensity. In general, because absorption domina¥es scattering in tissue propagation and
therefore, a reasonable approximation is achief/¢lei absorption coefficient is replaced

with the attenuation coefficient

The use of HIFU to induce tissue damage was fiestdbed in 1927 [23]. The first clinical
application was not described until the 1950s wihgnet al. used high energy ultrasound to
create lesions in the central nervous system [24, Phe concept of using HIFU to treat
malignant tumours was first suggested by Burov ]j[26d led to studies of the acoustic

properties and damage threshold of mammalian ssgi&31]. In principle at least, HIFU
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tumour ablation fulfils many of the criteria for ageal treatment — non-invasive, safe and
acceptable to both patients and medical staff. Wewenew techniques are judged
fundamentally by their oncological efficacy in coamigon with current gold standard

therapies. Given this, the use of ultrasound &&@peutic modality developed little until the

1990s due to the lack of good quality imaging fedfvely target and monitor treatment.

Over the last 20 years, diagnostic imaging techyielohave developed rapidly — ultrasound
and cross-sectional imaging including CT & MRI caow produce high resolution tissue
imaging. These techniques allowed both excellemiotur visualisation and HIFU treatment
monitoring, thus providing the impetus to bring Mlinto clinical practice. Complete tumour

treatment requires the placement of multiple lesioh HIFU adjacent to one another in a
systematic fashion to ensure the entire tumoupnv®i@d. Given the typical size of a HIFU
lesion outlined above, complete tumour ablation daa time-consuming. However,

successful ablation has been achieved in the cowofekver, breast, pancreatic, prostate,

renal and bone cancer, as well as soft tissue masand uterine fibroids [32-39].

2.4 Acoustic cavitation

2.4.1 Principles

In the presence of a high amplitude sound waveggating through a medium, the peak
rarefactional pressure (PRFP) may be sufficientijh o cause cavities to form within the
medium which rapidly fill with gas or vapour. Theopess is known as acoustically driven
nucleation [40-42]. The likelihood of nucleationaigunction of the insonication pressure and
the properties of the medium itself. With continuexposure to sound, these gas/vapour

cavities (bubbles) will oscillate about their eduilum radius — known as acoustic cavitation
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[43]. The frequency of oscillation will be that tdfe propagating wave; the amplitude of

oscillation will be greatest at the resonant fremyeof the bubble.

2.4.1.1 Stable cavitation

At relatively low amplitudes with small changes limbble size, linear behaviour will

dominate resulting in a scattered wave of identii@uency to the driving signal. At higher
amplitudes, non-linear effects are seen, with thlesequent generation of multiple sub-
harmonics and ultra-harmonics of the driving sigg@nerated. When this process is

sustained over hundreds of cycles, it is termeolesi@on-inertial) cavitation — see Figure 4.

Approx. 1x10¢ seconds (1MHz)
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Figure 4 — Schematic diagram of acoustic cavitatioactivity, demonstrating bubble expansion during tle rarefaction
phase and bubble collapse during the compressionphase. When sustained over many cycles, it is knovas stable
cavitation; R=radius; P=pressure (adapted from [16]

2.4.1.2 Inertial cavitation

With further increases in the sonication amplitudebbles formed as a result of acoustic
nucleation may expand to many times their initedius over a number of acoustic cycles.

Above a certain threshold pressure, a bubble mbgespuently collapse violently during the
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compressional half-cycle [44]. The collapse corgmueyond that expected during stable
cavitation to a radius many times smaller thanitiél radius, driven by the inertia of the
medium surrounding the collapsing bubble [45]. Ctatg bubble dissolution may result.
This process, known as inertial cavitation resulaisignificant transfer of energy and is thus

of considerable interest in the context of biomabidtrasound.

2.4.2 Cavitation-enhanced heating

Acoustic cavitation is proposed as the mechanisspamsible for a number of bio-effects
including acoustic haemostasis, acoustically-driegening of the blood-brain barrier and
sonoporation [46]. Inertial cavitation is undoublyed key mechanism of urinary tract stone
fragmentation using extracorporeal shockwave lithey [47]. However, with relation to
HIFU ablation, its ability to significantly enhantmcal heating, well above that expected due
to linear & non-linear effects, warrants most aitam This is shown clearly in Figure 5
where a modest rise in insonication amplitude letwlsa significant increase in heat

deposition, beyond what would be expected withdirteeating [48].

<«—1.4MPa

<«<— 1.3 MPa
1.2MPa

1.1 MPa

Temperature rise (°C)
N
o

Time (s)

Figure 5 — Measured temperatures rises in a tissyghantom exposed to HIFU of increasing amplitude; aignificant
increase in heating is seen at 1.2MPa, beyond thexpected with linear heating, due to cavitation adtity (adapted
from [46])
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The mechanism of cavitation-enhanced heating isughb to be multi-factorial [46]
Cavitating bubbles act as secondary sources ofds@mitting a scattered spherical wave. At
low pressures, the emission spectrum consists ypuwfethe driving frequency. At higher
pressures, bubble behaviour is increasingly nogalirand the emission pattern will contain
varying multiples or submultiples of the fundaméntallectively known as harmonics. At
even higher pressures bubble behaviour becomestichg@woducing the characteristic
broadband noise seen in the emission spectrum eatially cavitating bubbles. The
frequency of this broadband signal is generalljhbrghan the driving frequency, resulting in
an increased rate of heating due to the frequeepgrilence of absorption. This is shown
graphically in Figure 6 — at 1.65MPa a modest taatpee rise is noted with no broadband
signal detected using a passive cavitation dete@@D); at 1.8MPa an initial modest
temperature rise is seen followed by a rapid teatpes rise temporally associated with a
strong PCD signal. At 1.9MPa, a strong PCD sigmalseen from the outset with a
simultaneous large temperature rise [46]. This iB@g@nt increase in heat deposition is

attributable to cavitation activity, the only soeraf broadband noise emissions [43]
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Figure 6 — Measured temperature rises and receivedlCD emissions in a tissue phantom during HIFU expose of
three differing amplitudes. Despite only a modestise in amplitude, a significant increase in heatings seen which is
temporally and quantitatively associated to the PCignal voltage (adapted from [46])

Cavitation activity may also harness local heatihgpugh a process of energy trapping.
Bubbles acts as strong scatterers, significantdgemsingly the propagation path length whilst
maintaining the energy within the region of caw@atactivity. In addition, the presence of
bubbles leads to energy transfer through viscouspd®y in the boundary layer of the

bubbles [46].

Cavitation enhanced heating could be harnessedastlyvimprove HIFU treatment. Its

occurrence allows lower HIFU output powers to beduas the transfer to high frequencies
emissions occurs only at the focus. This reducesrigk of pre-focal damage to tissues.
Additionally, the energy trap serves to spatiatigdlise the heat deposition to the region of

cavitation activity thus improving the accuracyadation.

Finally, the acoustic signature from cavitation\att opens up a new opportunity to monitor

the progress of HIFU ablation remotely without theed for focally-positioned temperature
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or pressure probes. This extracorporeal approaghalkto maintain the minimally-invasive
nature of HIFU therapy — a key feature which ditishes HIFU from other energy ablative

modalities.

2.4.3 Safety issues with cavitation during HIFU ablation

Initial studies into acoustic cavitation stemmeanirconcerns that bubble formation during
diagnostic ultrasound imaging may impact on itesaf49-52]. Indeed, even in the context
of HIFU therapy, cavitation was often consideredeasirable [22, 53, 54]. The mechanical
effects of cavitation on tumours in-vivo also lex doncerns about the risk of metastasis.
Studies have demonstrated increased gaps and tthsrupf connective tissue between
muscle fibres and between parenchymal cells anc@dtular matrix in tumours, with the
potential for tumour cell dissemination [55, 56prky, animal studies also raised concerns
about an increased metastatic burden from cautatiducing sonications [57, 58]. However,
multiple other pre-clinical and clinical studiesvkafailed to corroborate these findings [59,

60].

Further studies into cavitation bio-effects havéedained that acoustically induced bubble
formation may be considered beneficial in a cotdgtbketting. The potential for enhanced,
localised heat deposition is now widely accepted easults in accurate lesion formation
without pre-focal migration or the need to caussue boiling [46, 48, 61, 62]. Moreover,
HIFU may also lead to be a beneficial immune respowhich may prevent tumour
recurrence or metastasis. Animal studies have dstrated that HIFU treatment results in
reduced primary tumour growth, reduced metastases provided protection against tumour
re-challenge and improved survival [63-65]. Furthverk assessed the immune response in a

mouse model using either a thermal or mechanicabit@tion) HIFU treatment regime.
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Histology of the lesions produced during the meatanrevealed extensive cellular
fragments and debris as a result of cell lysis.rdased dendritic cell stimulation,
immunostimulatory cytokine levels and cell damagerkars were with both treatment types
but the effect was significantly greater in the heetcal HIFU group [66]. It is postulated
that the release of cellular debris results inecsgg immune response to tumour components
which would otherwise remain undetectable by thenab immune system. Clinical studies
in hepatocellular carcinoma, metastatic liver canaholangiocarcinoma, osteosarcoma,
breast carcinoma, pancreatic carcinoma and reflatareinoma have also demonstrated the
development of anti-tumour immunity following HIFlhcluding activation of antigen

presenting cells and decreases in tumour-secnetedinosuppressive cytokines [34, 67-69].

2.5 Monitoring of HIFU treatment

Any ablative therapy intended for clinical use reesi an effective monitoring technique in
order to observe treatment progress, ensure tlire ¢atget is treated and to prevent damage
to adjacent vital structures such as the intestiye.necessity these techniques must be
remote image-based modalities — to attempt anysassnt by direct visualisation of the
target would immediately remove the non-invasivéurea of these treatments. Indeed, if
direct tumour visualisation is required, a stronguanent can be made for surgical excision at
the same time. Some form of pre-treatment crosesat imaging of the intended target is
mandatory for ablation to facilitate a careful @sseent of the surrounding structures.
Traditionally, this has been in the form of a castrenhanced CT, but may also be MRI, or
positron-emission tomography (PET). In the contxHIFU, MRI imaging has often been
used due to its superior imaging of soft tissuestiqularly those that lies in the acoustic path

of the HIFU beam. During HIFU treatment, it is nes&ry to register these pre-treatment
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images, either manually or electronically, with iheage-guidance modality on the clinical
device. Currently, US-guided and MR-guided HIFUhidal devices are available — these are
discussed in Chapter 2.9.2. MR-guided HIFU devicsg thermometry (temperature
estimates) whereas US-guided detect thermal lekamation by detecting changes in

ultrasound echogenicity associated with ablation.

2.5.1 MRI Monitoring

MRI is a non-ionising imaging modality in widespdedinical use in diagnostic radiology. It
provides excellent anatomical resolution and hdmgh sensitivity for tumour localisation.
MR-guided HIFU is in general clinical use and iguably the gold standard technique for

monitoring ultrasound therapy [70-78].

The human body is largely water and thus contajuisdyen nuclei (protonsH) throughout.
These unpaired protons mean the nucleus has aatomet magnetic field. Summed across
an area, the random alignments of these protoretaach other out, resulting in a zero net
magnetic field in the region of interest. Applicatiof a strong magnetic field results in the
alignment of these nuclei along the axis of thédfidlipping between alignment with or

against the direction of the field at its protoaaeant frequency (PRF).

A second intermittent electromagnetic field is thapplied, perpendicular to the static
magnetic field at the PRF. This secondary fieldlide to flip the spin of the nuclei thus
reducing the net magnetisation along the statis ard producing a net magnetisation along
the secondary axis. When the secondary field iscked off, the nuclei revert to alignment
with the static field. The re-alignment (known ataxation) process results in the emission of
a radiofrequency signal. The time taken for relaxabdbf the magnetic fields along the static

and secondary axis is called T1 & T2 respectivelsotons in different tissue types have

Page|l9



Dr R.W. Ritchie 2.5 Monitoring of HIFU treatment

different relaxation times, as well as differeninspensities and flow and spectral shift

patterns, resulting in the excellent contrast rgsmh seen in MRI images.

Non-invasive estimates of in-situ temperature assiple using the T1 relaxation time, the
diffusion coefficient or the PRF of tissue watehege techniques are well reviewed by
Quessionet al. [79]. At present the PRF shift method is favourdds method provides
accurate thermometry for a temporal resolution s€dond and mm spatial resolution. Use of
MRI thermometry circumvents the need to cross-tegignages from different modalities —
pre-operative, intra-operative and post-operatmaging can all be MRI-based. However,
MRI thermometry is very sensitive to motion artéfdae to the necessary image subtraction
— this requires careful correction to prevent eemus measurements [80]. In addition, the
CEMy3; thermal dose estimates (discussed in Chapter )2dh4which the temperature

estimates are based, has inaccuracies at the tatm@sr associated with ablation.

MRI elastography attempts to counter the diffi@gdtiassociated with MR thermometry by
guantifying the mechanical properties of tissue].[84 the context of HIFU monitoring,
elastography aims to detect the change in stiffoéissue as it is heated beyond a threshold
for irreversible coagulative necrosis [81, 82]. §technique is attractive but currently suffers
from long acquisition time (>5s) which prevent trmeal-time monitoring of HIFU pulses

which typically last 2-3 seconds [83, 84].

2.5.2 Ultrasound monitoring

The use of an ultrasound-based technique to moRitétJ therapy is logical. Both the
diagnostic and HIFU ultrasound must propagate alivegsame path to allow successful

imaging or treatment respectively. Any difficulti#s obtaining good quality diagnostic
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images imply that similar difficulties will be enaotered when undertaking HIFU.

Ultrasound is also non-invasive, non-ionising, g@)enobile and readily available.

2.5.2.1 B-mode hyperecho

Diagnostic ultrasound fires sequential A-lines §adl ultrasound) and then receives the echo
back to that transmitting element. Multiple A-lindkm successive elements are then
displayed next to each other to create the B-mdttasound image which is familiar to

many.

The assessment of greyscale changes following Hidsure is the only form of treatment
monitoring currently in use in ultrasound-guidedFHl The formation of an intense
hyperechoic region within the ablation zone wast fidtescribed by ter Haat al. using pig
liver [85]. Further observations by Vaeey al. demonstrated hyperecho to be a threshold
phenomenon the appearance of which was inverselyopiional to the duration of HIFU
exposure [86]. At the threshold intensity, no immésl cellular damage was seen. The

hyperecho results from scattering of the incidémasound due to the formation of bubbles.

Despite the widespread clinical adoption of hypkeoemonitoring, the exact mechanisms of
its formation are not well understood. Bubbles piatl as a result of cavitation activity are
small (order of microns) in comparison with boilifgubbles (order of millimetres).
Hyperecho is thus much more likely to result frooateering from boiling bubbles than
cavitation bubbles. Rabkiat al. demonstrated this in pig muscle — hyperecho appear
significant time period (0.48 seconds) after faemhperatures reached 100C [87]. It should
be noted from Chapter 2.2.4 that cell death octallswing a one second exposure at 56C
and is immediate following a temperature rise t&€ 8Boiling temperatures should thus be

considered overtreatment in the context of HIFLabh — as a general principal in clinical
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practice the minimum input dosage necessary shmelldsed to achieve the desired effect in
order to minimise side-effects. This study also destrated that cavitation was initiated
before hyperecho formation — an important findinghe context of cavitation monitoring.
Khokhlovaet al. also demonstrated that hyperecho formation wag hke$y due to boiling
bubbles and further noted lesion distortion withgration towards the transducer and
shielding of the focal zone when temperatures ede@elO0C [48]. This is a particular
concern in the clinical setting — lesion migratiooreases the risk of injury to vital structures
and focal shielding prevents damage at the intetalget. It has also been demonstrated that

hyperecho may occur in the absence of any histdbgjissue damage [87].

B-mode analysis is also an active process — seffidime is required for the device to send
and receive the signal on each element to createngplete image. HIFU intensities are
several orders of magnitude greater than diagnodtiiasound and therefore interfere with
image construction when both are active simultaslgouThis prevents true real-time

monitoring of treatment. In the pre-clinical seftint is possible to interlace the diagnostic
and therapeutic pulses to prevent interferencdpbying images during a quiescent period
in HIFU excitation. However, in the clinical setjincurrently available devices simply wait
until after the HIFU exposure (typically 2-5 secehts completed before taking a further B-

mode image.

2.5.2.2 Other US-based monitoring techniques

A variety of other ultrasound-based monitoring teghes are available, although all
currently remain experimental. As tissue is heatesdcompressibility and density change
leading to shifts in ultrasonic propagation spde@d$.Echo-shift thermometry uses these

local changes in the speed of sound as a surroigatdemperature changes.[88-90]
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Measurement of changes in backscattered signal awsalt of changes in tissue

compressibility may also provide non-invasive terapge information.[91]

Ultrasound elastrography images tissue stiffnessrdigking speckle shifts in the RF echo
signal following application of a force to the tis[92, 93] This technique has been used in
the clinical setting for the assessment of lesjgmugluced in the prostate following HIFU. A
mean 50% decrease in strain was seen followingntiesat although tumours were only

occasionally seen on pre-operative elastograms.[94]

2.6 Cavitation monitoring

Acoustic cavitation may greatly enhance local hagtosition. However, in the context of
monitoring HIFU ablation, its acoustic emissiongnsiture is of more interest. The broadband
signals produced as bubbles undergo inertial cedldap a chaotic fashion are thought to be
the only source of broadband emissions in therapeautrasound. Moreover, cavitation
emissions quantifiably correlate with tissue hept@md ablation during HIFU [62, 95]. The
onset of cavitation occurs in advance of the agea of hyperecho and therefore also has
the potential to be a more sensitive marker ofntiarablation [46]. Cavitation emissions
propagate in all directions and therefore can bieeated remotely without the need for

implantable detectors thus satisfying the non-ineagequirement.

Cavitation can be detected using either active asspe techniques. Active detection
methods have been studied widely and have giveéablelresults [96-99]. Whilst accurate,
active cavitation detection functions through tlse of an active diagnostic pulse similar to
B-mode ultrasonography. This signal must be cdgefiyinchronised with the high-amplitude
HIFU signal to avoid saturation during HIFU expasand data acquisition. This eliminates

active detection as a real-time monitoring techaiguit may provide feedbackfter an
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exposure but is unable to monitor or moduldteing the exposure. However, using an
acoustic receiver in passive mode (without anyvaculse) it is possible to receive
cavitation emissions in real-time without interfece and determine the temporal, spatial and

amplitude parameters of the source.

Previous work conducted at the University of Oxfbes demonstrated that the local heating
rates are proportional to the signal power receiv&dg a PCD [100]. Further work carried
out at Boston University demonstrated that cawtatvas initiated some 25 seconds before a
hyperecho bright-up was visible using active B-modaging during a 1.1MHz insonication
of an agar-graphite phantom [46]. A single elenf@D provides valuable information about
the onset, duration and amplitude of cavitationvagt Whilst informative, little spatial
information is obtained about the location of catidn activity. The absence of an active
signal prevents the use of time-of-flight data atcalate the cavitation source location unless
the PCD is scanned across the zone of ablationeMenyif an array of PCDs is used, source

localisation becomes feasible [101].

2.7 Passive beamforming

The technique of using passive beamformed dateettes spatial maps of acoustic cavitation
was first described by Gydngy and Coussios [103].10hey used a commercially available
ultrasound system (z.one, Zonare, Mountain View) @& a linear array of PCDs to produce
a novel cavitation mapping system [103]. This deyiwhen operated in a specific research
mode, can be made to function purely as a passiteeisic receiver, eliminating any
interference from the driving signal. This allowsid real-time cavitation detection. The
device also gives access directly to the unprodeRsedata which allows the use of a passive

beamforming algorithm. The principles underlyingstibeamforming method are derived
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from the development of a technique for imaging argdound acoustic sources using a
process called Time Exposure Acoustics first derivey Nortonet al [104, 105]. As
discussed in Chapter 2.4, the collapse of a butaslelts in the creation of a spherical wave
propagating out from the point of collapse. As sutiese emissions can be considered as
discrete point sources. Using a single receiveg, ttme at which a cavitation signal is
received is meaningless as there can be no distinbetween events occurring further from
the transducer at an earlier timeframe and thoserong closer to the transducer but at a
later time point. Using an array of receivers hogrewill give a unique time of arrival at
each element for a fixed source point. By applyimg appropriate time delay to the signal
received by each element of the array and then sognthe signal across the entire array, a

source intensity map can be constructed for thieearggion of interest.

For an in-depth review of the beamforming algorishassociated with passive cavitation
mapping, the reader is directed to the doctoraishentitled “Passive cavitation mapping for

monitoring ultrasound therapy” by Miklés Gyongy &ilable at ora.ox.ac.uk) [102].

2.8 Linear array

Most conventional ultrasound scanners functiondtiva mode. Some devices will function

in a receive only mode but do not allow full accesshe unbeamformed RF data but rather
employ a dynamic beamforming technique which lintits amount of post-processing that
can be undertaken. Custom built research machiaes previously been designed which
allow access to channel data but are hugely expersnd beyond the means of most
institutions. However, a commercially availableagiound system, (z.one, Zonare, Mountain

View, CA) allows access to this RF data for an ptadgle cost. By placing this transducer co-
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axial to the therapy transducer, it is possiblepassively receive emission data to create

accurate source maps in real-time with high tem@ord spatial resolution.

2.9 Current Clinical HIFU

Clinical HIFU has expanded significantly since thist attempts to create thermal lesions in
the central nervous system. Attempts have been nmatteat many different tumour types
including intra-cranial, intra-abdominal, pelvigre and soft tissue tumours. Extracorporeal,
trans-rectal and laparoscopic devices have beeigraes with such tumours in mind and
whilst numerous prototypes exist, only a small namhre commercially available and

approved for clinical use.
2.9.1 Uses

2.9.1.1 Kidney cancer

Renal cancer is a common tumour in adults; oved(¥jiew cases are seen each year in the
UK. The majority are organ confined and potentiallyrable with local therapy. Surgical
resection for renal cancer is highly efficacioud morbid. HIFU is one of a number of
minimally-invasive therapies to be used for renaksses. The evidence for the role of HIFU

in renal cancer is discussed in detail in Chaptet.3.

2.9.1.2 Prostate cancer

HIFU was first used in the prostate in the earl9d® It was proposed that HIFU would be a
suitable non-invasive alternative to trans-uretlmedection of the prostate (TURP) — a
surgical procedure for benign prostatic hyperpléBRH). Results were unsatisfactory [106,
107]. However, HIFU has proved a more effectiva@mpin the treatment of prostate cancer

(PC) and is licensed for clinical use for this mge. Early results demonstrated proof of
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concept and outcomes were encouraging [108]. Honvekiere were significant concerns

about the rate of recto-urethral fistulae and tbedifor supra-pubic bladder drainage [109].

Since then, numerous groups have published cages sEFmonstrating lower complication
rates with more modern HIFU devices together witktreatment negative biopsy rates of
82-94% [110]. However, the quality of evidence floe use of HIFU in PC is poor, with no
randomised controlled trials (RCT) published [11Q]1]. Consequently, the current role of

HIFU is unclear.

What may be of significantly more interest in thamagement of PC is the use of focal
therapy. It has long been recognised that radicadtate therapy (radical surgical excision,
radical radiotherapy, whole gland ablation) mayrespnt overtreatment — excessive
treatment with its incumbent morbidity — for disedkat is often localised to a zone or side
of the prostate gland. Focal prostate HIFU treatnpentocols, targeted only at clinically
significant PC within the gland have been develofiel®]. Early results are promising —
after treatment 89% of men had cancer control tegewith pad-free continence and sexual
potency at 12 months, the two major side-effectgamfical therapy [113]. Longer term

outcomes from RCTs are awaited with interest.

2.9.1.3 Liver tumours

Worldwide, primary liver cancer (hepatocellulara@aoma (HCC)) is one of the commonest
cancers due to the high incidence of HepatitiththWestern world, hepatic metastases are a
common cause of death in patients suffering fronoua cancer including colorectal, breast,
pancreatic and stomach primary malignancies. Salrgesection of liver tumours is often

challenging due to the anatomy of the liver andectates are relatively low. Minimally-
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invasive treatments, including RFA, cryotherapy {gRind HIFU can have an important

role.

Histological evidence of liver tumour ablation wadsmonstrated in the Chinese population
using the Model JC HIFU device in Chongging, ChiRatients underwent HIFU followed

by surgical resection [18]. lllingt al, using the same device, subsequently demonstrated
safety and feasibility in a Western population [3@pst recently, two studies have reported
oncological outcomes of patients with unresect&h® who underwent HIFU [114, 115].
Acceptable morbidity was noted together with readds technical success. The exact role of
this therapy is difficult to establish — many patgedied from disease progression suggesting

that sub-total ablation occurred.

One randomised control trial (RT) of liver HIFU hiasen published and, to date, is the only
RCT of any HIFU device. Although seminal, note dddue taken of the potential bias in the
method of randomisation which merely alternatelypcated patients to either treatment
group [116]. Trans-arterial chemoembolization (TA@&s compared with TACE and HIFU
in 50 patients; the median survival time wasvkl4 months in favour of the combined
treatment (p=0.004). No major complications ocalirfEhis study suggests a promising role

for liver HIFU although supporting data from otlstudies is lacking.

2.9.14 Pancreas

Pancreatic cancer is a common tumour in the Westemd and has a dismally poor
prognosis in most patients. Symptoms begin latheéndisease and surgical resection is often
impossible. HIFU can have a significant analgeffiece in those suffering from the chronic,
unrelenting back pain often experienced in localiizanced pancreatic cancer [117]. &tu

al. also treated patients with pancreatic cancer andd a reduction in pain together with
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involution of both the tumour and its blood supfly8]. Currently, there is no high quality

evidence for the use of HIFU in pancreatic cancer.

2.9.1.5 Uterinefibroids

Uterine fibroids are common benign pelvic tumourkich are found in the uterus.
Histologically they are muscle tumours — leiomyomaisey can be associated with pelvic
pain, menorrhagia, inter-menstrual bleeding andqunee symptoms including lower urinary
tract symptoms. Much of the commercial activityeiktracorporeal HIFU is now aimed at the
management of uterine fibroids. This may well be tlu the benign nature of the disease —

sub-total tumour ablation is entirely acceptablénis condition.

A number of studies have reported tumour ablatghmnkage of treated leiomyomas and
symptomatic relief following HIFU [70, 71]. Minimahorbidity occurs with uterine HIFU

and treatment is possible even when overlying b@ppkars in the acoustic window [119].

Fibroid HIFU is a promising treatment and may repré a niche market for HIFU
manufacturers. However there is a lack of both R@nd long-term outcome data which

currently hinder its wider adoption.

29.1.6 Bone

HIFU has been used in both the curative treatmieptimary bone tumours and the palliation
of symptomatic bone metastases. HIFU is proposednascomponent of a limb-sparing
strategy for the treatment of osteosarcomas, clesadromas and other primary tumours
[120, 121]. It has been used effectively with lowrhidity, reduction in pain scores and good
long term survival figures. However, no comparastadies or RCTs exist. Bone pain is an

extremely common symptom in patients with metastdisease and the management of its

Pagel|29



Dr R.W. Ritchie 2.9 Current Clinical HIFU

complications place a huge burden on health ressU22-124]. Symptomatic relief from
bone pain has been achieved with HIFU in small sases [125, 126]. HIFU represents an
additional option for the treatment of metastatand disease however in the absence of
comparative studies there is no convincing evidefeits use over existing standard

therapies.

2.9.1.7 Breast cancer

The non-invasive nature of extracorporeal HIFU nsakestrong case for use in breast cancer,
where cosmetic outcome is of considerable impogdancmany patients. Breast cancer was
one of the first solid tumours to be treated withFHl in published reports [18].
Subsequently, an RCT of radical mastectarsyHIFU followed by radical mastectomy was
performed. This study demonstrated that breast Hif&ls safe and that HIFU-treated breast
tumour cells had lost their ability to proliferatégnvade and metastasis, based on
immunohistochemical analyses [33]. No long terntof@tup or survival data was published.

Since then a number of case series have been Ipedblisit no comparative studies.

2.9.1.8 Brain tumours

There is a potential role for HIFU in the managemehintra-cranial tumours. Surgical
excision of tumours may be feasible but is assediatith complications and the risk of
significant neurological deterioration. Trans-cedrfocusing of HIFU is challenging due to
the significant phase and amplitude aberration®dhiced by the skull which grossly distort
the beam shape. However, using 3D-CT tomograpmg-teversal algorithms can direct an
ultrasound array to produce HIFU which is focusethw the skull [127]. Since then, animal
studies have demonstrated the feasibility of ietamial tumour ablation [128, 129]. To date,

there are no published clinical studies.
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2.9.2 Devices

Existing clinical HIFU devices are extracorporealtans-rectal or laparoscopic.
Extracorporeal are most commonly used for HIFUtineat of intra-abdominal and intra-
pelvic tumours; their transducers are large anck hmalatively long focal lengths (10-16cms).
Both US-guided and MR-guide devices are in clinicele. Trans-rectal devices are
specifically designed for the treatment of PC, iaerted into the rectum and have small
transducers with short focal length (3-4cms). Sanyl laparoscopic HIFU devices are
inserted into the abdominal cavity and applied diyeto the tumour surface — their

transducers are also small with a 3-4cm focal kengt

2.9.2.1 Extracorporeal HIFU

2.9.2.1.1 Model JC/JC200, Chongqging HAIFU

The Model JC HIFU device (HAIFU™ Technology Compan@hina) was the first
commercially available extracorporeal device. Tingt fUK installation, shown in Figure 7,
was at the Churchill Hospital (Oxford, UK). It usBZT transducers of varying sizes (10-
20cm) which are focused using an aluminium allogsleThe focal length and HIFU
frequency is transducer-specific but varies frorl&0m and 0.8-1.2 MHz respectively. The
moveable treatment head comprises the therapeatisducer and a co-axially mounted
3.5MHz diagnostic ultrasound transducer used fagimg and treatment monitoring. This
device holds a CE mark (Conformité Européene; 2@08rded following proof of safe use

in humans.
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Figure 7 — The Model JC HIFU device installed at theChurchill Hospital (Oxford, UK). This was the first UK —
installed clinical HIFU device (2002)

The Model JC200, from the same company, is an giegraersion of the original JC device.
It was awarded a CE mark in 2007. The first UK afiation was again at the Churchill
Hospital, as shown in Figure 8. Both the softwand hardware are similar, but the device
has considerably smaller physical dimensions. Aetyarof HIFU transducers are available

which are mounted around a modern 3.5MHz diagnaodttiasound probe.

Figure 8 - The Model JC200 HIFU device installed athe Churchill Hospital (Oxford, UK). This was the first UK
installation of this device (2011)

2.9.2.1.2 ExAblate 2000/2100, GE Insightec

The ExAblate 2000 (Insightec, Haifu, Israel) was tinst commercially available MR-guided

HIFU device. It uses a 10cm, 1.5MHz focused transdwvhich is compatible with either
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1.5T or 3.0T MRI machines. The device received antdtk in 2002 for the treatment of
uterine fibroids and further CE marks in 2007 & QGdr the palliation of bone metastases
and adenomyosis respectively. The updated ExAl#aiD device, shown in Figure 9, is
marketed as the ExAblateOR & ExAblateOne. Theyliaensed for use in uterine fibroids

and are currently being assessed in clinical tf@lsise in various other tumours.

Figure 9 — The GE Insightec ExAblate MR-guided HIFU deice (image taken from
http://www.insightec.com/ExAblate-OR.html)

2.9.2.1.3 Sonalleve, Philips

The Sonalleve MR-HIFU device (Philips, USA) is catiple with 1.5T or 3.0T MRI
machines and is shown in Figure 10. It compris&béelement phased array which can
operate at either 1.2 or 1.5MHz. Its focal zone s@n be adjusted from 4-16mm (transverse)
and 10-40mm (axial). It is licensed for use in theatment of uterine fibroids and the

palliation of bone metastases.
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Figure 10 — The Philips Sonalleve MR-HIFU device (imge taken from
http://www.healthcare.philips.com/gb en/products/mi/systems/sonalleve

29.22 Transrectal HIFU

Two commercially available trans-rectal devicessexor the treatment of PC. Both are

ultrasound-guided and require positioning in tretue under general anaesthesia.

2.9.2.2.1 Ablatherm, Ablatherm

The Ablatherm (Ablatherm,, Technomed InternatioRahnce) system consists of a treatment
bed, probe positioning system, cooling system ardlagnostic scanner. The therapeutic
focused transducer functions at 2.25-3.0MHz andahfxcal length of 4cm. The diagnostic
probe has a 7.5MHz centre frequency. The devicevaoé creates an automated treatment
once the treatment boundaries are defined. ThetiAdiia received its CE mark in 2000 for

the treatment of PC.

2.9.2.2.2 Sonablate-500, Focus Surgery

The Sonablate-500 (Focus Surgery, USA) has a 4Muttwed PZT transducer with a
selectable focal length of 3/4cm. It has a centliagnostic imaging transducer and the
software requires the manual input of treatmentaupaters. It was originally used in the

treatment of BPH but was subsequently awarded en@ in 2001 for the treatment of PC.

Page|34



Dr R.W. Ritchie 2.9 Current Clinical HIFU

2.9.2.3 Laparoscopic HIFU

The Sonablate device (Focus Surgery, USA) was aladable as a laparoscopic device as
well as a trans-rectal device. The system consistedmountable arm together with a probe
which could be inserted through a standard lapamesgort. A 4MHz PZT transducer or
3/4cm focal length produced the therapeutic sigm#h a centrally-positioned diagnostic
transducer for imaging. The device was used in €Haslinical trials at the Churchill
Hospital (Oxford, UK) with modest success [130]rtRar device development is currently in

progress.

2.9.3 Safety & Limitations

In the research setting, HIFU has been extensivelgstigated and can be used to create
repeatable, accurate and controlled ablation withiaimage to surrounding regions outside
the focal zone. However, it is of paramount impactathat similar principles can be carried

through to a clinical setting.

Concerns about the risk of metastasis have beemsgit] in Chapter 2.4.3. Clinical studies
of HIFU treatment of a variety of solid tumours Rademonstrated an acceptable side-effect
profile.[32, 35, 131-133]. Pain following treatmeist common, and is usually mild and
transient, requiring only oral non-opiate analgeasiaghe vast majority of cases. A post-
ablation syndrome has been described, consistifgvef, malaise and constitutional upset
following various thermal therapies.[134] This orzuollowing release of intra-cellular
debris and the probability of its occurrence ispamional to the volume of ablated tissue. It
iIs uncommon and temporary, although symptoms magigtefor up to seven days after

treatment.
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Skin toxicity is the most frequently occurring sieiéect other than pain. In the vast majority
of cases, this is limited to small, superficial fianalogous to mild sunburn — these occur in
one third of patients [32]. Whilst common, the fuegcy of skin toxicity should be taken in
context of the non-invasiveness of the therapyhbogpen surgery and other thermally
ablative treatments require skin incision or puretBignificant full thickness burns have
rarely been reported and are avoidable if attenidseen paid to intra-operative examination
and imaging [135]. Injury to adjacent vital struetsi following HIFU has also been reported,

although is rare and avoidable.

In the context of trans-rectal HIFU, procedure-g#ji@complications may occur. Trans-rectal
devices ablate prostate tissue through the recdll amd as a result rectal injury has been
reported. The consequential recto-urethral fisada be very serious for the patient and is
difficult to treat, usually requiring major surgetgarly studies reported fistula rates of 6% -
unacceptable to the majority [136]. However witke thse of rectal wall cooling and
technique development, reported fistula rates aw hess than 1% [137]. Both urinary
incontinence and impotence are both side-effe@s seall surgical treatments for PC. At the

very least, they seem to occur less commonly thémnadical prostatectomy.

To date, HIFU remains an experimental treatmentriany solid tumours except PC where
acceptable oncological outcomes have been achi@d8j. The attenuation of the rib cage,
abdominal wall and intra-abdominal fat has not beetirely overcome and difficulties with
image and target registration due to respiratorytionorequire further investigation.
Treatment times remain lengthy and it is remaiffiscdit to treat tumours through bone and

those within hollow organs.
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2.10 The Kidney

2.10.1 Anatomy

The paired kidneys lie in the retroperitoneum amdupy a cranial position within the
abdomen, as shown in Figure 11. They are partc@isered by the ribs posteriorly and are
closely related to the small and large intestinemscch, pancreas, diaphragm, spleen (left)
and liver (right). The kidneys receive a sizeablgpprtion of the cardiac output (20-25%; 1-
1.25l/min) via the paired renal arteries which dnect branches of the abdominal aorta
arising at the L3 vertebral level. Both renal ae®rseparate into anterior and posterior
branches which branch to supply individual segmeaitshe kidney. Paired renal veins
formed from the amalgamation of venous tributaviesch then drain into the inferior vena

cava.

Diaphragm

Adrenal gland

IVC
Adrenal vein

Left Renal Vein

Gerota’s fascia

Ureter

Psoas

Figure 11 — Gross anatomy of the kidney demonstratg their cranial and posterior position within the abdomen
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2.10.2 Function & physiology

The kidney has numerous vital functions in the nesiance of homeostasis. It functions to
excrete the waste products of protein catabolisincipally urea as well as maintaining the
acid-base balance by the reabsorption of bicarkecerad the excretion of'Hons. The kidney
also regulates osmolality via the re-absorptionsoflium ions, chloride ions and water.
Through this mechanism it also regulates the l@mgytcontrol of blood pressure. Finally, the
kidney produces erythropoietin which stimulates freduction of red blood cells, renin
which is a key component of the renin-angiotengstesn which help to maintain salt and
water homeostasis and activates Vitamin D whichdde#o the renal reabsorption of

phosphate.
2.11 Renal Cancer

2.11.1 Epidemiology & biology

Renal cancer is the eighth most commonly occurcengcer in the UK, with over 8,000 new
diagnoses annually — see Table 2 [139]. It reptesdmee percent of all UK cancers and

results in over 3,000 deaths per year.

Table 2 — Number of new cases and rates of kidneyrozer (UK 2007)

England | Wales | Scotland | N.lreland | UK
New Cases (2007)
Males 4,236 315 463 151 5,165
Females | 2,465 182 334 82 3,063
Persons | 6,701 497 797 233 8,228
Crude rate per 100,000 population
Males 16.9 21.7 18.6 17.5 17.3
Females | 9.5 11.9 12.6 9.1 9.9
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Persons | 13.2 16.9 14.9 12.5 13.5

2.11.2 The changing face of renal cancer

There has also been a notable increase in theemogdof kidney cancer over the last 30 years
[139]. This rise can be partly attributed to therenwidespread use of abdominal imaging
(ultrasound, CT, MRI) but there has also been & ireaease in the occurrence in renal
tumours. Changes in UK kidney cancer incidence otes time period are clearly
demonstrated in Figure 12 [140-142].
Age-specific incidence of kidney cancer (UK, males)

120 ~
—20-44 45-54 55-64 65-74 ~ =—75-84 =85+
100 -
80

60 -

40 -

Rate per 100,000 males

1975
1977
1979

Year of diagnosis

Figure 12 — Age-specific kidney cancer rates (UK nhas)

A similar increase in incidence is seen in femakesnal cancer remains a highly lethal

disease, and survival statistics demonstrate thisjust 50% of patients alive five years after

diagnosis — see Figure 13 [139].
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_ One, five and ten-year relative survival for kidney cancer patients (UK)

® Men 1-year
Women 1-year

B Men 5-year

® Women 5-year

® Men 10-year
Women 10-year

*period estimate

Figure 13 — UK kidney cancer survival statistics

Further analysis of Figure 12 reveals that thegase in incidence has occurred mostly in the
older population. Observational studies have detnatesl a doubling in incidence over a 15
year period in those aged 65 and over [142]. Ahkrrtconsequence of the increase in
abdominal imaging is earlier diagnosis during tegnaptomatic phase. Many renal tumours
are now discovered incidentally during the investiign of other symptoms — these tumours
are often small (<4cm) at the time of diagnosisabmenal masses often grow slowly and
usually do not pose a threat to life [143, 144]s@ations on the small renal mass (SRM)
show metastatic disease is rare in tumours <3cnmaximum diameter [145]. Active
surveillance of the SRM is a potential treatmenrtiarp however radiographic imaging alone
cannot determine high-risk tumours and thus iy cecommended when surgery is not safe

or feasible [146].

2.11.3 Current treatment strategies

Surgical excision is the gold standard treatmentdcally confined renal cancer if the patient
is fit for the procedure. Open radical nephrectd®M) has been the traditional procedure for

decades and associated with high cure rates. TWentdf laparoscopic surgery led to shift
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towards laparoscopic RN over open procedures. NGsR&e available that adequately
compare oncological outcomes for these two proesduiowever, oncological equivalence
was demonstrated in two non-randomised studies, [148]. Laparoscopic surgery was also
associated with a shorter hospital stay [149]. WHadparoscopic RN was increasingly used,
there was an enlarging body of evidence of nepbparing surgery (NSS) primarily in the
management of the small (<4cm) renal tumour. Pvasen of normal renal parenchyma
using partial nephrectomy (PN) preserves renaltian@nd is associated with a lower risk of
subsequent development of renal failure [150-18%jen PN achieves similar oncological
outcomes as RN [153-156]. PN is a more challengmegedure and therefore associated with
a greater risk of complications [157]. Laparoscopibl is an even more challenging
procedure, with significant complication rates. pies this, oncological outcomes appear

broadly equivalent to both open PN and RN [157].

The current standard is that PN should be undertédkesmall (<4cm, T1s) localised renal
tumours, given the similar oncological outcomessiébased in no small part on data which
suggest that RN is associated with higher overairtatity rates due to chronic renal
insufficiency resulting in higher risk of cardiovagar disease [158-162]. However, it should
be noted that an RCT comparing oncological outconfid$SS with RN demonstrated NSS
to belesseffective than RN in terms of overall survival whiis not explained by death from

renal cancer [163].

2.11.4 Minimally invasive therapy for renal cancer

In terms of oncological outcome, there is no regment for an alternative treatment option.
Surgery is highly effective. However, it is also noid. Complication rates are significant

with all forms of PN [157]. In particular, surgeiy especially risky in the elderly age group
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who have the highest incidence of renal cancen $eries of 35 nephrectomies in patients
aged over 80, the transfusion rate, early compiinatate, re-hospitalisation rate and peri-

operative mortality rate was 46%, 31%, 11% and 88pectively [164].

It is evident that there may be a role for a les@sive treatment for kidney cancer which
commands good oncological efficacy together witbva morbidity. A number of thermally

ablative therapies have the potential to fulfisthole.

Both radiofrequency ablation and CRY have develdpéal clinically acceptable treatments
for small tumours — medium term data demonstrat@sanable oncological control from
over 1,300 cases.[165] Complication rates with baotbcedures are low although tumour
puncture is required in all cases, resulting insk of haemorrhage, urine leak and tumour
seeding in the abdominal cavity. Oncological cdntnith CRY is superior but is the

procedure is usually performed via the laparoscapproach requiring surgical incision and

significant dissection around the kidney.[165]

2.11.5 History of HIFU in renal cancer

The first published studies on the use of HIFUhe kidney date back for the early 1990s.
Chapeloret al. used two transducers (1MHz, 2.25MHz) to createlHsions in healthy rat
and canine kidneys [166]. The first clinical regoappeared soon after this — using both light
and microscopy, histology demonstrated clear ewidaf coagulative necrosis with sharply
defined margins produced in healthy kidney tissu&/]. Renal tumour ablation was first
reported in rabbits — a VX-2 renal tumour suspemnsias injected into the renal arteries or
directly into the renal parenchyma. Open directacinHIFU and transcutaneous HIFU were
undertaken; histological evidence of ablation wasnsin most animals [168]. Interestingly,

transcutaneous HIFU was limited by poor qualitygdiastic imaging of the small tumours, a
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problem which continues to hinder renal HIFU in fresent day. The clinical case report of
HIFU treatment of renal tumours was published 026 three general anaesthesia HIFU
sessions were undertaken in three separate tunmouwse patient. Necrosis and tumour
involution was seen at a six month MRI in two casethird upper pole tumour showed no
evidence of ablation due to absorption of HIFU bg bverlying ribs [169]. To counter the

difficulties of HIFU due to the abdominal wall antd cage, a laparoscopic HIFU probe was
designed and tested in animals, demonstrating ssitdeblation in 12/13 porcine renal units

[170].

Using the Model JC HIFU device, Wet al. treated 13 Chinese patients with advanced
symptomatic renal malignancy. Haematuria resolved@8 patients and metastatic flank pain
resolved in 9/10 patient. In addition, a reductiortumour perfusion together with tumour
involution was noted in all patients [131]. Thisswihne first study to report any clinically
relevant outcomes in renal HIFU. Using the samacaevenal HIFU was undertaken in non-
metastatic renal tumours at the Churchill Hospi@xford, UK). The purpose of this study
was to assess the feasibility of treating typicignts in the Western world who have larger
abdomens and thicker fat layers. Renal tumour iablavas found in two-thirds of patients
although imaging was challenging [32]. Clinicaledgfstudies demonstrated that renal HIFU

was associated with low morbidity [32, 171].

The first clinical reports of renal HIFU using géaoscopic probe came from a multi-centre
study conducted in Oxford (UK), Turin (Italy) andevina (Austria). Successful ablation was
achieved without morbidity in patients after a n@mlof modifications to the device.

However, viable tumour was noted within regionsblated tumour and at the probe-tumour
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interface [36, 130]. Significant peri-nephric fablation was also noted if this was not

removed from the tumour surface prior to treatnj280].

2.11.6 Current clinical role of renal HIFU

To date, the only published report of renal HIFWhwollow-up was published in 2010, from

patients recruited into the Phase I/ll feasibilgudy conducted in Oxford discussed in
Chapter 2.11.5 [172]. In total 15/17 recruited @ats were treated, with two abandoned
treatments. No major complications occurred in pagents although minor skin burns and
pain were common. MRI evidence of ablation was $e&il5 patients. By six months, mean
tumour cross-sectional area (CSA) had decreased2%y. However, five patients had

irregular persistent enhancement within their tumand underwent alternative treatments
(RFA, surgery). At a mean of 36 months after treattnten patients remained under follow-

up with a mean 30% reduction in tumour CSA andre¢hdss of enhancement in all.

This study generated a number of unanswered questwhich are fundamental to

understanding the future role of clinical HIFU:

i) What was the tumour pathology — did all patientgeh@nal cancer?
i) Why was MRI ablation seen in less than half ofgras?
i) Do the ten patients under follow-up have a benigmalignant tumour?

iv) Does viable tumour remain in the ten patients ufolew-up?

The need for a further Phase I/l clinical trial BIFU in kidney cancer is evident. Of
paramount importance is the pathological diagnesal patients should undergo biopsy or
resection to establish whether the tumour is benigmalignant. Additionally, the extent of

tumour ablation should be established using higioddand radiological assessments.
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2.12 Contributions of the current work

Ultrasound is a versatile modality and can be uUs&ti diagnostically and therapeutically.
This chapter has demonstrated that ablation isifdes® both ex-vivo, animal and clinical
settings. In the context of kidney cancer, the nieedh safe, effective, minimally-invasive
treatment has been proven and previous studiesstwhieresting, have lacked conclusive
data to determine the role of HIFU in this diseddee need for a further clinical renal HIFU

study with pathological analysis has been demotestra

It is also clear that little is known about demgaurnias and tumour characteristics of those
most suitable for renal HIFU. Patient selectiontecta should be defined to improve

outcomes. Similarly, features of different renaintwurs may make their treatment easier —
these criteria should be explored and definedltaatlhe appropriate treatment of those who

might benefit and the protection of those who wit.

The lack of a truly effective real-time monitorisgstem for HIFU treatment is evident given
the sub-optimal efficacy of existing methods. Therandoubtedly a role for a new technique
which can be integrated with existing devices. lrabwry-based work has already established

that PAM could achieve this aim and ex-vivo andichl studies are required to confirm this.
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3 Clinical results of
extracorporeal renal HIFU

This chapter outlines the design, implementati@mdcict and results
of an ethically approved clinical trial of HIFU &tement of stage Tla
renal cancer.

3.1 Introduction

3.1.1 Rationale

Ultimately, the effectiveness of a new cancer treait can only be determined from
carefully conducted clinical trials. Laboratory aadimal studies establish proof of concept
and determine treatment parameters but oncologicedlomes can only be determined in
human trials. Pre-clinical research in renal HIFEmdnstrated promising results and
suggested an important role in the context of migathe small renal mass. However,
disappointing early clinical results limited enttassn for further trials, thereby depriving the
medical community of the opportunity to assessitigroved results that often accompany

the evolution of new technologies.

A number of centres investigated the efficacy ofateHIFU as the technology was brought
into the Western world, discussed in Chapter 2.1%ubsequently, the first clinical study
with significant follow-up came from the Oxford @ical HIFU Unit — see Chapter 10.6. At a

mean three year follow-up, stable or involuting aletesions were seen in two-thirds of
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patients. Serial radiology over this time periodypdes vital information on the evolution of
tumour size and morphology. However, the absencéisiblogical outcomes limits the
impact of the study. A significant proportion of BR may be benign (10-20%) and tumour
stability or involution is not definitive proof dhe absence of viable tumour cells. Moreover,
successful surgical outcomes for renal tumours daermined by the completeness of
excision, with emphasis placed on the presenceébserae of viable cancer at the tumour
margin. Such an assessment, in the absence otrpastient biopsy, is not possible with

ablative therapies.

The aforementioned trial also included a small isatgarm, comprising six patients who
underwent surgical resection following HIFU treatrhé/Nhilst informative, the results are
limited by the small heterogeneous group of pasi¢réated. As such, and given the above
limitations of previous work, a trial protocol waesigned by the author, to provide both

radiological and histological outcome of renal HIFU

3.1.2 Aims & objectives

i) To conduct an ethically approved clinical trial l8fFU treatment of small renal
tumours, with combined radiological and histologfciow-up.

i) Improve patient selection of future treatments digio the analysis of HIFU
treatments and their outcomes.

iii) Define specific limitations of current renal HIFtéatment in order to define areas

requiring further research.

3.1.3 Hypotheses

)] Extracorporeal HIFU can consistently and accuradbelyised to ablate small renal
tumours successfully, assessed using post-resdusitmtogy
i) Contrast-enhanced MRI can accurately predict the and location of the zone of

ablation following renal HIFU
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i) Results from this clinical study of renal HIFU che used to define patient

selection parameters and future research to impsiivieal outcomes

3.2 Patients & methods

All patients with newly diagnosed stage Tla (<4crmahal tumours on cross-sectional
imaging were identified and screened for inclusiothe trial. Currently, diagnosis of a renal
tumour suspicious for malignancy requires evideontecontrast-enhancement following
administration of an intravenous contrast agent t§ipaqué" for CT; gadolinium for MRI).

Diagnosis was made by a one of a number of radsikaglt is not currently considered
standard practice to obtain histological evidenfcealignancy in renal cancer, although pre-
treatment biopsy, particularly in the context ofnmally-invasive ablative therapies, is
becoming increasingly common. To this end, soméptst in this clinical study had pre-

treatment biopsies.

3.2.1 Protocol design

The protocol design is summarised in a flowchartFigure 14. Patients were identified
through a combination of a) urology outpatient iclirvisits, b) uro-oncology multi-
disciplinary meetings & c) uro-oncological radiojomeetings. A formal referral was made
by the clinician-in-charge to the HIFU researchriedll referred patients were reviewed by
the lead research fellow (author) to discuss inctug trial. Trial information leaflets were
distributed and further contact was made with tagept between 24 hours and seven days
following initial contact. Following agreement tasticipate in the trial, informed consent to

take part in the trial was gained recorded in #eaeport form (CRF).

Fundamental to the protocol design is the inclussbrboth radiological and histological

follow-up. Traditionally, the Oxford Clinical HIFWnit has used CE-MRI to assess the zone
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of ablation following HIFU treatment, primarily due its greater soft tissue contrast in
comparison with contrast-enhanced CT. Howeverattwiracy of CE-MRI in renal HIFU is
not known. Equally, as discussed, oncological au&e® in renal HIFU are not certain.
Formal surgical resection after renal HIFU therefoffers a number of benefits: a) provides
definite evidence of the extent of ablation, b)yides a reference standard for assessing CE-
MRI and crucially, c) ensures the patient recetbescurrent best possible treatment with the

aim of a complete cure.
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3.2 Patients & methods

» Patient identidied by Clinician in outpatient

» Suitability for HIFU trial assessed; suitable patients seen by researcher

« Patient info / GP letter given out

€€ K

* Patient given >24 hours to consider
» Maximum time approximately 1 week
”
N
« Patient contacted by HIFU team (telephone)
+ Formal agreement to enter trial
/
* Pre-operative assessment & pre-operative blood tests A
* Physical examination, ECG
* Informed Consent
« HIFU Ultrasound , Contrast enhanced MRI & Percutaneous renal biopsy (local anaesthesia) )
* Anaesthetic assessment & repeat physical examination A
* Repeat HIFU Ultrasound
« HIFU treatment (Churchill Hospital) under General Anaesthesia; blood tests @ 6hours
* Routine overnight stay on Ward 15 then home Y.
* Physical examination h
« Post-operative laboratory investigation (taken @ 24 hours)
* Assessment of adverse effects J
+ Laboratory investigations
+ Assessment of adverse effects
* Contrast enhanced MRI )
+ Admit for surgery under general anaesthesia h
» Within 2 weeks of C5
- Hospital stay for 3-7 days (standard treatment) )
+ Only if surgery has not occurred N
* Physical examination
* Assessment of adverse effects J
+ Outpatient follow-up (Urology department)
* Medical history, physical examination, laboratory investigations
o
N\
+ Outpatient follow-up (Urology department)
* Medical history, physical examination, laboratory investigations

* Contrast enhanced MRI

+ Outpatient follow-up (Urology department)
* Medical history, physical examination, laboratory investigations

+ Contrast enhanced MRI

Figure 14 — Protocol flowchart demonstrating step# renal HIFU clinical trial
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3.2.2 Ethical & trust management approval

An application for ethical approval to conduct thisical trial was made (by the author) to
the Oxfordshire Research Ethics Committee (OXREC)He application was to screen, enrol
and treat 20 patients with newly diagnosed non-statia T1a renal tumours over a 24 month
period. This period was subsequently extended tm@86ths due to slow patient recruitment.
The application covered treatment at a single eef@hurchill Hospital, Oxford) in a non-

commercial clinical trial. Ethical approval was ged by OXREC C on 18May 2009 under

approval number 09/H/0606/42. Approval confirmatioom the committee can be viewed in

Chapter 10.1.1.

Simultaneously, an application for trust managenegproval was made to the Oxford
Radcliffe Hospitals NHS Trust. This covered useNMS property and resources for all
aspects of the trial conduct. Approval confirmatman be viewed in Chapter 10.1.2. Prior
funding for the trial had been previously sought agranted by the Oxford Biomedical
Research Centre, which itself is funded by the o Institute for Health Research. Trial
funding covered all aspects of the trial considdrette outside of routine care for patients
with newly diagnosed non-metastatic Tla renal canCenfirmation of funding from the

Oxford Biomedical Research Centre can be viewedhapter 10.1.3.

3.2.2.1 Substantial amendment

An application for a substantial amendment to tla protocol was made to OXREC C ethics
committee in June 2010 to request use of both tigenal extracorporeal HIFU device
(Model JC) and the new device (Model JC 200). Apptdor the protocol amendment was
given on 38 July 2010. Approval confirmation from the committean be viewed in

Chapter 10.1.4.
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3.2.3 Inclusion & exclusion criteria

The trial enrolment inclusion and exclusion créecan be viewed in full in Chapter 10.1.5.
The key requirements were the presence of at teeshewly diagnosed non-metastatic Tla
(<4cm) renal tumour suspicious for malignancy onssfrsectional imaging. The tumour
identified for HIFU was suitable for surgical regen in the opinion of one of two urological
surgeons (Mr David Cranston & Mr Mark Sullivan).r§igal resection was performed via the
open, laparoscopic or robotic approach and eithemdécal or PN was undertaken. Each
participant’s general health and blood parameteas wiinically acceptable for general
anaesthesia and renal surgery. The index tumouncEnated adequate visualisation on
diagnostic B-mode ultrasonography, including cleantification of tumour boundaries and

surrounding vital structures. No children, pregnaaimen or prisoners were recruited.
3.2.4 Enrolment procedure

3.24.1 Initial Screening

All patients identified with T1a renal tumours undent initial screening which included a
formal review of their most recent cross-sectiamaging (usually CT; occasionally MRI) to
assess their suitability for HIFU and a review oédical history, recent blood results and
referral letter. A review of recent radiologicalaging was conducted by the research team in
conjunction with the operating surgeon. Those amredd appropriate for trial enrolment
were then formally referred to the research teamdeiew at the same outpatient visit. This
review consisted of an invitation to participatetire trial, together with clear verbal and
written explanations of the trial conduct and ienefits & side-effects. Potential participants
were then given a period of time (24 hours to 7silay consider the invitation. A mutually

agreed time for further telephone contact was gedmat which time potential participants
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were asked to accept or reject the invitation. Ehtbsit declined participation were returned

to standard NHS care. Those that agreed partioipatere invited to final screening.

3.24.2 Final Screening

Final screening began with the taking of informashsent to enrol in the trial. This was
recorded through the signing of the trial consemninf which can be seen in Chapter 10.1.6.
The purpose of this process was to ensure thatetied tumour was adequately visualised
using B-mode ultrasound using both a handheldsdtrad probe (Toshiba™ for Model JC;
Esaote™ for Model JC-200) and the extracorporewgicdeprobe (same manufacturers). The
initial handheld scan involved a formal ultrasourfdthe affected kidney and then careful
localisation of the tumour with the aid pre-exigti@T/MRI images. Successful handheld
ultrasound required visualisation of the tumous Houndaries and surrounding vital

structures.

The subsequent ultrasound scan using the co-aighastic ultrasound mounted within the
treatment head was a vital component of final sgéreg This process involved placing the
patient in the position required for formal treatrndn the context of renal HIFU, this was
either left lateral or right lateral depending d¢w tside of the tumour. Often patients were
rolled up to 45° towards the supine position toriowe the acoustic window, particularly for
posterior tumours. During screening patients wesked to hold this position; during
treatment cushioned supports and straps were usetinmobilise the patient during
anaesthesia. The water reservoir was filled withadeed water (warmed during screening;
chilled during treatment to reduce skin burns). Bdditional stand-off between probe and
patient meant that imaging deteriorated comparatl héndheld imaging. It was therefore

vital to undertake the device ultrasound scan mktisly to again ensure that the tumour
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could be visualised adequately for treatment. A Ineimof patients failed final screening
despite satisfactory handheld ultrasound imaging uthe deterioration in image quality

using the HIFU device — this is discussed in déta@hapter 3.4.1.2.

Following successful final screening, a HIFU treatihdate was arranged. This required
recruitment of an anaesthetist and anaesthetierargeneral anaesthesia and reservation of
the appropriate anaesthetic equipment and drugsatfients were arranged within four
weeks of final screening (often sooner) unlesspétgent or surgeon requested otherwise. If

final screening was unsuccessful, patients weremnet to standard NHS care.
3.2.5 HIFU treatment

3.25.1 HIFU Device

HIFU treatment was performed under general anagisthesing either the Model-JC or
Model JC-200 Focused Ultrasound Tumor Therapeutisteégn (HAIFU™, Chongqing,

China). The treatment head is mounted on a posigosystem in a flexible rubber bath filled
with degassed water. Three orthogonal movements thare® rotational movements are
possible. The treatment head comprises both apbetia and diagnostic transducer aligned

co-axially — see Figure 15.

Figure 15 — Picture of treatment head from Model-JCHIFU device showing therapeutic transducer (arrowhead)
mounted co-axially with the diagnostic transducer &rrow)
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3.2.5.2 Anaesthesia & Positioning

The skin overlying the tumour was cleaned, shavetl degassed with a suction device to
maximise image quality and minimise bubble entrapmé&he screening ultrasound was
repeated to ensure treatment remained feasibleer@eanaesthesia was induced and the
patient carefully positioned using a combination(ioflatable) cushions, pillows and straps.
It was essential to ensure complete immobilisatiiofacilitate safe treatment. Pressure points
were carefully protected using cushions & paddiagdotracheal intubation was performed
with a dual lumen tube to allow single lung verida if required — this prevented any lung
excursion on the side of treatment thereby minmmgisiespiration movement of the kidney —
see Figure 16. Where necessary, the isolated llagyalso inflated or deflated to provide
either caudal or cranial shift of the kidney regpety, if the imaging was obscured by an
intervening rib. Intravenous hydrocortisone was imistered to reduce the risk of tissue

swelling during treatment as this can significatitlyit imaging quality.
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Figure 16 — Use of a dual lumen endotracheal tubadilitates single lung ventilation, thereby minimigng respiratory
excursion of the kidney during HIFU treatment (adaged from http://thorax.bmj.com/content/58/9/814.extact)

3.2.5.3 Treatment planning

The operator console houses the computer systeish wbntrol movement and activation of

the treatment head, shown in Figure 17.
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Figure 17 — Photograph of operator console from JGI HIFU device. The left screen displays the diagntiisimage
from the integrated diagnostic ultrasound probe wihin the treatment head. The right screen display theperator
console to control the degassing, water reservoind HIFU output functions.

The treatment head controls are integrated with diagnostic imaging device and the
degassed water controls. After positioning, thedunwas located using B-mode ultrasound
by moving the treatment head. The kidney was imagedbth the transverse and sagittal
plane and the co-ordinates of the boundaries ofttineour were programmed into the
planning software. Serial images were then creb&tdeen these co-ordinates by selecting a
slice separation — usually 2-3mm — thus ensuriag ttie entire tumour volume was mapped.
Using on-screen images, the boundaries of the tuwewe demarcated on each treatment
slice to facilitate treatment of the entire tumolhese features are shown in a screenshot

photograph in Figure 18.
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Figure 18 — Screenshot of HIFU treatment operatoransole. On the left hand side the serial treatmerdices are
shown. The left hand image of the main screen showree pre-treatment image of the selected slice; thegght hand
image is the active image which displays any imagdange including the appearance of hyperecho. The miwols for

transducer movement and HIFU output are shown belovthese images.

3.254 HIFU therapy

Two therapeutic transducers were used during teasn— 0.8MHz for Model JC and

1.0MHz for Model JC-200. The ultrasound beam wasdpced by a plane disc situated
behind an aluminium lens moulded together to predhhe moveable treatment head. Each
therapeutic transducer contained a circular haleutfh which a diagnostic ultrasound head

passed — see Figure 19.
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Figure 19 — Schematic diagram of HIFU treatment hed demonstrating plane disc ultrasound transducer molded to
aluminium lens; f=focal length, d=transducer diameer

Device movements were controlled by the operatoscle and allowed 13cm of movement

in the z, y or z plane and +11°, £30° & +90° in tipe y- & 0-axis respectively. The

characteristics of the transducers used are sursatkin Table 3.

Table 3 — Summary of transducer characteristics useduring HIFU treatment

Transducer | Frequency Focal Outer f-number | Dimensions of focus (mm)
(MHz) length (f) | diameter (D) fID
(transverse) (axial)
20010A3 0.84 128 150 0.85 1.9 15.0
JC
20099-44 0.95 135 202 0.67 1.2 9.5
JC-200
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HIFU treatment was undertaken in each of the in@gihces in which tumour (and its
margin) was clearly visible. Tumour further frometlransducer was treated first so as to
limit the impact of image degradation caused bytihga& swelling of tissues proximal to the
focus. HIFU treatment was commenced with a singlseof 2-3 seconds duration at low
power. Further pulses of gradually increasing powere applied to the same region until a
visible change was seen on B-mode ultrasound. Mesgtwas then undertaken at this power
level using 5-20mm lines of multiple pulses with-&& overlap. This was continued until
the entire visible tumour was covered. This is dest@ted in the schematic diagram in
Figure 20. In the absence of visible ultrasoundhglea during treatment at different regions
of the tumour, the power level was increased agired. Both the Model-JC & Model-JC200

allow scanned track insonication; however this waisused during renal HIFU treatment.

5-20mm tracks

—
d W m
0
.
"
0

——

Transducer movement during
linear track of HIFU

Figure 20 — Schematic of HIFU treatment. The entir&olume is divided into multiple slices of 2-3mm thikness.
Treatment is then undertaken in each slice by placi side-by-side HIFU exposures (2-3s) to cover thatee tumour.
By treating multiple 2-D slices, an entire 3-D tumar volume is exposed to HIFU to ensure complete adtion.
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During treatment, the water reservoir was autoraliyicecycled every 15 minutes to ensure
that the bath remains cold and degassed, thusnigetpireduce the risk of skin burns. The
skin overlying the treatment site was regularlypeted for injury throughout the treatment.
Occasionally during treatment it was necessarytéo the patient position to improve tumour

targeting.

After treatment of the entire tumour, or as muchhaf tumour as could safely be seen, the
patient was transferred off the HIFU device. An iathiate skin assessment was made and

anaesthesia was reversed. Intravenous analgesiadwasistered as required.

3.25.5 HIFU therapy monitoring

As discussed in Chapter 2.5.2, hyperecho monitasitige only method of ultrasound-guided

HIFU monitoring in current clinical use. Hyperechas been shown to correlate with the
extent of coagulative necrosis [86, 87]. Both HIB&Vices provide side-by-side ultrasound
images, with the pre-treatment scan shown adjatetite immediate post-exposure scan.
This allowed a visual comparison of any grayscalenge due to HIFU, as shown in Figure
21. The software also allows a quantitative assesswof grayscale change by subtracting the
two images and providing a value of change in eabytHIFU units; in practice this method

was rarely used as any image changes were immigdégiparent on the treatment console
after completion of a HIFU insonication. Grayscal@ange was used to determine both the

necessary power level and the extent of treatment.
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Figure 21 — Screenshot of grayscale analysis softgaThe pre- (left) and post-treatment (right) image are compared
by dividing the volume into nine ROIs. A quantitative comparison is made between each ROI and shownthre table.
A significant grayscale change has occurred at tHecus in this tissue phantom cause a 65U increasegrayscale.

3.25.6 Post-HIFU care

Following treatment, patients were extubated amadsfierred to theatre recovery. Further
analgesia was occasionally required. Patients wene transferred to a hospital ward for a
single overnight stay. All patients were reviewadapproximately 6 & 24 hours following
HIFU; this assessment including a careful skin dratron. Blood was taken to analyse i)
full blood count, ii) renal function, iii) serum edtrolytes, iv) liver function & V)
inflammatory markers. If clinical assessment ana@odl parameters were considered

satisfactory, patients were discharged home wighamalgesia if required.
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3.25.7 Clinical & trial follow-up

All patients were reviewed at 12+3 days followingfFH for a clinical assessment and CE-
MRI to assess the tumour response — see Chaptér Bixther blood was analysed for the

same parameters outlined in Chapter 3.2.5.6.

All patients subsequently underwent PN approxinga®B weeks after HIFU treatment.

Surgery was performed using the most appropriapeoagh as decided by their surgeon —
this was open, laparoscopic or robotic. The pephnie fat was inspected for macroscopic
signs of ablation and sampled if required. The seatitumour was immediately transported
(unfixed) to the pathology department. Patientsewbscharged when considered fit, usually

3-7 days following surgery.

Two further follow-up visits were arranged withihet trial protocol. All participants had
further cross-sectional imaging (CT or MRI) andndal review at six & 12 months

following surgery.

3.25.8 Trial Completion

Trial involvement was complete at 12 months; pasievere returned to standard NHS care —
this usually involved six or 12 monthly CT/MRI anlinical review for at least a further four

years. The frequency of follow-up was determinedhgysurgeon.

3.2.6 Treatment morbidity

Any morbidity occurring during the trial conduct svgraded according to the Common
Toxicity Criteria for Adverse Events (CTCAE v4.034"™ June 2010; available at

www.ctep.cancer.gqvlast accessed ?6August 2011). This is a descriptive terminology

which is utilised for AE reporting. An AE is defideas “any unfavourable and unintended
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sign, symptom or disease temporally associated tiéhuse of a medical treatment or
procedure that may or may not be considered retatéde medical treatment or procedure”.
AEs are broadly classified in System Organ Clas®Qp which identifies event by

anatomical or physiological system. Within each S@Es are listed and accompanied by
descriptions of severity. The severity of the AE<lassified through Grade 1-5. There are
individual descriptions of the grade for each AHf b general pattern is followed which is

described in Table 4.

Table 4 — Common Toxicity Criteria for Adverse Events(CTCAE) grading guidelines

Grade Description
Grade 1 Mild; asymptomatic or mild symptoms
Clinical or diagnostic observations only
Intervention not indicated
Grade 2 Moderate
Minimal, local or non-invasive intervention only
Limiting age-appropriate instrumental ADL
Grade 3 Severe or medically significant; not life-threatemi
Hospitalisation or prolonged hospitalisation
Disabling; limiting self-care ADL
Grade 4 Life-threatening consequences
Urgent intervention indicated
Grade 5 Death related to AE

All AEs were reported using this classification. Asefined above, all events temporally
related to the trial were reported. However, ares@sent was also made of whether these

AEs were related to HIFU treatment itself to allakormal evaluation of the technology.
3.2.7 Assessment of tumour response

3.2.7.1 Radiological

Assessment of B-mode hyperecho response to HiFAthtent was performed using a semi-
guantitative analysis by the clinicians performithg procedure (author & Tom Leslie; both
HIFU surgeons). The HIFU software installed on bitte Model JC & Model JC-200 was

not designed to provide access to raw ultrasoutd mar provide a measurement of the size
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of the hyperecho region, preventing a formal guatiwe measure. Pre-, intra- and post-
treatment B-mode images of each tumour slice wereiged and enabled an assessment of

grayscale response using a standardised scoritgnsyssee Table 5.

Table 5 — Scoring system for assessment of hypereatesponse to HIFU treatment

Hyperecho Description
Response
Nil No visible grayscale change seen throughout
No evidence of successful treatment

Minimal Occasional grayscale change seen in limited regipns
Evidence of very limited treatment effect
Moderate | Grayscale change seen frequently but not throughout
Evidence of sub-total treatment

Significant | Widespread grayscale change seen throughout
Consistent with successful tumour ablation

Magnetic resonance imaging (MRI) imaging of theahdn (with IV gadolinium) also took
place prior to HIFU treatment and at day 12+3. Pieathe study, an intravenous cannula was
placed in an arm vein and attached to an MRI coinlgatpower injector (Medrad,
Cambridgeshire). Patients underwent imaging orba dr 3T MRI system (Twinspeed GE,

Amersham) with high performance gradients and sotphased array coil.

All patients underwent MR imaging using breath-ht#ghniques and comprising coronal
T2W, T1W in phase and out of phase gradient-ecAbsuppressed T2W and fast short
inversion time inversion recovery sequences acogrdio our routine protocol. All
subsequently also underwent a breath-hold fat-a@drvolumetric interpolated breath hold
examination using a 3D-spoiled gradient-echo adipis(LAVA — Liver acquisition volume
acceleration) before, during and after injection gédolinium (Prohance, Bracco,
Amsterdam). The LAVA sequence allows thin sectioraging with sequential enhanced
image acquisition and also allows isotropic spagablution to demonstrate arterial, venous

and delayed contrast enhancement. Due to the préiosng of data acquisition during
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selected periods of enhancement, detection ancceaisation of all lesions was possible.

Subsequent subtraction imaging was performed tamdstrate the enhancement in isolation.

Three dimensional measurements of the tumour vea@ded at baseline and at 12 + 3 days.
The sizes of the zone of coagulative necrosis aedtumour were measured. These were
given both as short-axis diameters (the minimunuiregqnents according to the International
Working Group on Image Guided Tumour Ablation [1Z34]) and also as volume estimates
derived from antero-posterior (AP), transversen@jaand cranio-caudal (CC) dimensional

measurements assuming a uniform ellipsoid shajpeg tise formula:

L) ()

All images were reviewed by the same, single cdastlradiologist (Dr Rachel Phillips,

Churchill Hospital, Oxford), who has a specialigerest in tumour ablation imaging.

3.2.7.2 Histological

The tumour specimen was sent unfixed for immedudwetography and cut-up. The tumour
was formally measured and then cut into 2-3mm sligerpendicular to the plane of the
HIFU axis based on images recorded at the HIFUi@®sé macroscopic assessment was
made of tumour ablation and photography obtainedhs&quently the tissue was fixed in
formalin and stained with haematoxylin & eosin &sess for tumour size, grade, margin
status and ablation volume. Immunohistochemistrg aiao undertaken to confirm tumour
type using stains including, but not limited to,takeratins 7/8/9/19, vimentin and E-

cadherin.

All specimens were examined by a consultant patisiavith a specialist interest in renal

cancer (Drs Gareth Turner, lan Roberts, Lisa Brognk Ran Perera). The pathologist
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undertook a semi-quantitative assessment of thecteféeness of HIFU using a grading
system adapted from a study of histological respdnschemotherapy in Ewing sarcoma —

see Table 6 [175]:

Table 6 — Grading of effectiveness of HIFU as deterimed by histological evidence of necrosis in treadiestumour

Technique Effectiveness | Histological Findings

Grade 1 Necrosis 0&£50% of treated region

Grade 2 Necrosis of 50-90% of treated region
Grade 3 Necrosis of 90-99% of treated area

Grade 4 Necrosis of 100% of treated area (endpoint)

A formal histology report was issued by the path@bwhich was used for both NHS care

and research purposes.
3.2.8 Clinical trial outcomes measures and endpoints

3.2.8.1 Primary Outcome Measure
* Volume of tumour ablation on final histology expmed as a percentage of pre-
treatment tumour volume

3.2.8.2 Primary Endpoints

* Complete (100%) tumour ablation on final histology
3.2.8.3 Secondary Outcome Measures
* Volume of tumour ablation on day 12 imaging expeesas a percentage of pre-
treatment tumour volume

* Number and severity of AEs / toxicity following BEH-U based on CTC criteria;
assessed at the following points:

o C3 (day 1 post-HIFU)
0 C4 (day 2 post-HIFU)
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o C5 (day 12 post-HIFU)
o0 C6 (Day 30 post-HIFU is surgery has not occurred)
* Evidence of cavitation during EC-HIFU expressea asap’ of cavitation activity
» Levels of general & specific immunological markeassessed at the following points:
0 C2 (pre-HIFU)
0 C3 (day 1 post-HIFU; 6 hours following commencement
0 C4 (day 2 post-HIFU; 24 hours following commencethen
o C5 (day 12 post-HIFU)
o0 C9 (6 months post-HIFU)
* Tumour volume (if any) at radiological follow-upssessed at the following times:
o C10 (6 months post-HIFU)
o C12 (12 months post-HIFU)
 Tumour uptake (if any) of intravenous contrast agital-subtraction MRI imaging;

assessed at the following times:

o C10 (6 months post-HIFU)
o0 C12 (12 months post-HIFU)
3.2.8.4 Secondary Endpoints

Complete (100%) tumour ablation on day 12 MRI imagi

AEs / toxicity following EC-HIFU treatment

Cavitation map correlation with histological damagsessed post-operatively.

Anti-tumour immunity following EC-HIFU treatment

Oncological outcome (assessed radiologically) faihg HIFU & surgery up to 1 year post treatment

3.3 Statistical Analysis

3.4 Results

3.4.1 Trial recruitment

Trial recruitment began in August 2009 with an @ptited annual recruitment rate of 10.

Funding was available to treat 20 patients in tvaarg. Due to slower than expected
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recruitment, enrolment was continued beyond twas/emd was on-going as of February

2012 with a total of 13 patients formally enrolled.

3.4.1.1 Initial screening

Through a combination of outpatient attendances, TMieetings and uro-oncology
radiology meetings, patients with Tla renal tumoapgropriate for surgical intervention
were identified. As a result 39 patients were privard for initial screening. Following
initial screening, described in Chapter 3.2.4.1 pafients were eliminated. The reasons for

elimination at this stage are outlined in Table 7.

Table 7 — Reasons for failure to recruit at initialscreening

Criteria Number of patients
Unfit for major surgery 3

For non-operative managemept 1 (after final scregn
Cystic tumour 1

Declined enrolment 5

Benign tumour (biopsy) 1

The decision regarding fitness for surgery was madéhe operating surgeon — the risk of
surgical excision being far greater than the risksountered during renal HIFU treatment.
Patients considered fit for PN were invariably adesed fit for HIFU treatment. A number

of patients chose to pursue a non-operative managestrategy, also known as active
surveillance. The strategy is appropriate for anificant proportion of Tla tumours given

their natural history — discussed in detail in GkaR.11.1. Small renal tumours often grow
slowly; symptoms and/or metastatic disease areinatemours less than 3cm in maximum
dimension and remain uncommon in tumours less 4tam In older patients or those with
co-existing medical problems, the risks of surgegy therefore significantly outweigh any

intended oncological benefit.
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The majority of renal tumours are solid lesionsptaming no significant fluid component.

Fluid-filled cysts of the kidney are very commonotghologically they are predominately

lined by a thin-walled lining and contain serousdlonly — these are known as simple cysts.
More rarely, the cyst lining contains malignanti€e@nd is thus thicker, often with septations
within the cyst itself; the fluid may contain bload well as malignant cells. A previous study
conducted in Oxford using a laparoscopic HIFU deyvidemonstrated that these cystic
tumours responded poorly to HIFU [130]. Difficukievere encountered for two reasons;
firstly boiling within the fluid of the cyst leadtsignificant hyperecho change on ultrasound
imaging resulting in misleading feedback; secorstitgng scattering from bubbles in the cyst
fluid shielded the malignant cyst wall from ablatithus preventing successful treatment.

Patients with cystic tumours were therefore exdiuidem the trial.

3.4.1.2 Final Screening

After initial screening, 28 patients were invitea dttend final screening for formal renal
ultrasound and treatment planning — see sectiod.3.2Consent for trial participation was
obtained from all patients; no patients declinedoimement after agreeing at initial
screening. Using handheld ultrasonography the t@fiekidney and tumour was locatable in

all patients.

The diagnostic transducer centred in the moveablgrhent head has similar characteristics
to the handheld probe. During device ultrasonogyapie patient was placed in the lateral
position resulting in some lateral movement of bdte bowel and kidney towards the
surrounding ribcage. The diagnostic transducer mvaged vertically towards the target so
that the probe was close to or touching the skiallmw the best possible imaging quality.

With this strategy, it was possible to locate tiunky in all patients. However, in 16 patients,
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the tumour itself could not be adequately visudlise allow safe treatment to proceed. It is
noteworthy that for safe treatment, the tumour nhestclearly visible not only with the

treatment head positioned ideally for imaging, aiso with it positioned appropriately for

treatment. The focal length of the transducers wgslapproximately 12-13cm and with the
treatment head placed at this depth a significasg bf image quality was noted. Moreover,
with the depth of stand-off between the transdacel body wall, it was considerably more
difficult to image between the ribs, often leadioga marked acoustic shadow which further
limited tumour visualisation. Inadequate imagingswa significant cause of recruitment
failure during this trial and remains a major liatibn of current extracorporeal ultrasound-

guided HIFU, particularly for organs lying in clopeoximity to the rib cage.

In the remaining 12 patients tumour visualisatiathwhe device ultrasound was satisfactory
and completed final screening. It was ensureddhdimits of the tumour could be seen and
that no portion of the tumour lay outside the Isruff the focal length of the transducer to be

used. Measurements were made of the tumour andrdotmppler was performed.

3.4.2 Patient demographics & tumour characteristics

All patients underwent CE-MRI of the upper abdomesing the protocol described in
Chapter 3.2.7.1. This imaging provided the trarsveAP and coronal dimensions of the
tumour as well as its location within the kidneyneTmaximum tumour dimension together

with patient demographic and tumour location a@aghin Table 8.
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Table 8 — Demographics and tumour characteristics frm all patients attending final screening; those Ighlighted in
yellow passed final screening and were treated. Migg trial numbers represent those who failed ini&l screening or
declined trial inclusion.

Trial No. Age | Site | Location| Maximum Tumour
Dimension (mm)

5.01 73 | Left Upper 18
5.02 66 Right | Upper 25
5.03 71 | Left Interpolar | 30
5.05 50 Left Interpolar| 19
5.06 60 | Left Interpolar | 25
5.07 41 Right [ Interpolar| 33
5.08A 49 | Left Upper 27
5.08B 49 Left Lower 27
5.08C 49 | Right | Upper 26
5.09 53 Left Interpolar| 30
5.10 82 | Right | Interpolar | 28
5.11 75 Right | Lower 28
5.12 71 | Right | Upper 35
5.13 64 Left Interpolar| 38
5.14 79 | Right | Interpolar | 35
5.15 59 Right | Upper 22
5.16 52 | Right | Lower 27
5.17 70 Right [ Interpolar| 30
5.19 56 | Right | Interpolar | 21
5.20 44 Left Upper 25
5.21 71 | Right | Lower 24
5.22 70 Right | Upper 30
5.23 36 | Right | Lower 22
5.27 74 Left Interpolar| 31
5.29 35 | Left Upper 30
5.31 71 Right 20
5.34 69 | Right | Upper 56
5.35 68 Left Upper 37
5.38 60 | Left Lower 21
5.39 67 Right | Lower 18

The mean age of patient attending final screeniag W1 (£2.3, SEM) years. 17/31 of
tumours were right-sided and 11/31 (35%), 13/324%& 7/31 (23%) were located in upper
pole, interpolar & lower pole regions respectivéljne mean maximum tumour dimension

was 27.9mm (£1.4mm, SEM).
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3.4.3 Treatment according to protocol

Ten out of 13 patients were treated with HIFU adoag to the trial protocol. Three patients
who had been enrolled in the trial did not recearey HIFU treatment. Patient 5.05
underwent general anaesthesia; despite repeatedseif was not possible to accurately
visualise the tumours and its margins to enable saitment. The screening visit, including
handheld and device ultrasound had been undertskiesfactorily. It was felt that muscle
relaxation encountered during anaesthesia ledmoin occupying a position directly behind
a rib, making imaging challenging. Patient 5.02mdied for treatment but was unwell with
abdominal pain and vomiting; general anaesthesist medt undertaken. Subsequently, the
patient was found to have co-existing intra-abd@ipathology (caecal carcinoma with
metastases) — treatment for the renal tumour wagpyropriate given this finding. Patient
5.19 underwent general anaesthesia but became Iumefete HIFU could be commenced —

this complication is discussed in detail in Chatdr4.

3.4.4 Complications & adverse events

Twelve of the 13 patients underwent general anassthand were evaluated for adverse
events (AE). Patient 5.07 did not undergo anaesstlaasl was not therefore not included in
the analysis. Renal HIFU was generally safe. AllsAfuring trial conduct were reported —
see Table 9. No life-threatening consequences @4adr deaths (Grade 5) occurred during

the trial conduct so they columns are eliminatedfthe table.
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Table 9 — All AEs during trial conduct according CTCAE Grading; *=both related to post-operative haemorrhae
after partial nephrectomy; **=severe hypertension elated to anaesthesia, no HIFU used

System Order Class AE Grade 1| Grade 2 Grade B HIFU
related

Skin & subcutaneous Pain of skin 9/12 1/12 0/12 Yes
tissue disorders Skin induration 9/12 0/12 0/12 Yes
Injury, poisoning & Post-operative 0/12 0/12 2/12* No*
procedural complications | haemorrhage
Renal & urinary disorders | Urinary retention 0/12 1/12 0/12 No
Vascular disorders Hypertension 0/12 0/12 1/12** | No**

Mild skin pain and skin induration occurred in akhall patients; one patient had moderate
pain. One patient (trial number 5.19) developedesevhypertension during general
anaesthesia before any insonication was undertaki@s. patient had Von Hippel-Lindau
(VHL) syndrome and had an associated cerebellamaagioblastoma which was under
surveillance. In the context of this tumour, therere concerns that the hypertension was
related to intra-cranial oedema or haemorrhageaathekcision was made to promptly end the
procedure. The patient was not found to have amyohggical deficit following anaesthesia
and made a full recovery without intervention. Qragient developed urinary retention after
the procedure and required temporary urethral tetilkation; a successful trial without
catheter was undertaken soon after treatment. I¥zirtato patients (trial numbers 5.01 &
5.03) had significant post-operative haemorrhagéovieng PN. Both patients required
hospitalisation and required blood transfusion.hBohderwent renal angiography and an
arterio-venous fistula was found in both cases.ohe patient (5.01) the bleeding was
managed non-operatively and spontaneously ceaiediftgy a period of observation. In the
remaining patient (5.03) the bleeding continuedpdesselective renal artery embolisation.
The patient underwent a completion nephrectomy fwnich a full recovery was made.
None of the Grade 3 AEs were felt related to théUHItreatment — in the case of

hypertension no HIFU treatment had been undertdketihe two cases of haemorrhage, the
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AEs occurred over two weeks after HIFU treatmend arere temporally related to PN.
Haemorrhage is a known complication of PN. Morephaemorrhage has never previously
been reported in the context of HIFU treatmentrof mtra-abdominal organ; indeed ablated

tissue is avascular and necrotic.

3.4.5 Laboratory follow-up

Serum haematological and biochemical indices wezasured in all patients at three separate
time-points — pre-HIFU treatment; 24 hours and 18ysd after treatment. These are
summarised in Figure 22 & Figure 23. There was tatissically or clinically significant
change in serum sodium, potassium or creatinineesdration after treatment. There was a
statistically significant rise in urea at day 12ievhis considered to be clinically insignificant.
There was a statistically significant rise in ser@reactive protein (CRP) at 24 hours
following HIFU (10.8vs. 3.6; p<0.05), which had returned to pre-treatmem¢ls at day 12.
CRP is an acute-phase protein found in blood aradnen-specific marker of inflammation.
During an acute-phase response, CRP begins tawsdours after onset of the insult and
peaks at 48 hours; its half-life is 18 hours. Tiamgient rise in CRP noted following HIFU
treatment was consistent with an inflammatory raspao tissue necrosis following thermal

ablation.
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Biochemistry
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Figure 22 — Biochemical profiles of trial patientsassessed before HIFU and at day 1 & day 12. Left hdrgraphs show
change in each patient; right hand graphs show mea& 95% Cls at each time point.

A statistically significant rise in serum white lcebunt was observed at 24 hours (11s0

7.4; p<0.01) after treatment, which fully resoiMggdday 12. This was again consistent with
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an inflammatory process due to thermal ablatiorer&hvas no change in serum haemoglobin

or platelet count at either 24 hours or 12 dayle¥ahg HIFU.

These results demonstrate that HIFU treatment wasigsociated with major electrolyte or
haematological disturbances. Significantly, indicatof renal function were not altered
despite renal ablation. Evidence of acute inflamomatollowing treatment was an expected

finding and was consistent with cell death duéhtrmal necrosis.
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Haematology
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Figure 23 — Haematological profiles of trial paties assessed before HIFU and at day 1 & day 12. Léfand graphs
show change in each patient; right hand graphs showean & 95% Cls at each time point

3.4.6 Radiological follow-up

All treated patients underwent follow-up CE-MRI R2#ays after HIFU as described in
Chapter 3.4.6. This was compared directly with pine-treatment CE-MRI. Patients who

were not treated with HIFU, as discussed in Chapt!3, did not undergo further cross-
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sectional imaging as part of the trial. Table 1@lioes the pre-treatment tumour volume,
together with estimates of the volume of ablatedslation to tumour ratio and the location of

any residual enhancement suggesting viable tumour.

Definite radiological evidence of tumour ablatioasavseen in three patients in the trial. This
was despite intra-operative ultrasound evidencemaiderate or significant hyperecho
appearing after treatment in five cases. Persisisitile tumour enhancement was seen both
centrally and peripherally in all but three cadasss of central enhancement is considered to
be the hallmark of successful tumour ablation, datihg that the tumour has been
successfully devascularised [174]. Conversely, igienst peripheral enhancement after
ablative therapy may not necessarily representezimlmour, rather a benign peri-ablational

halo indicative of a fibrotic response to thermmgliry [174].
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Table 10 — Radiological characteristics of zone aiblation in each trial patient according to post-HFU MRI

Trial No. Pre-HIFU tumouf Intra-op grayscal¢ MRI evidence| Volume of zone off  Ablation : Location of residual
volume (mm) changes of ablation ablation (mn) tumour ratio enhancement
5.01 2214 Moderate No 0 0 Throughout
5.03 10824 Minimal No 0 0 Throughout
5.05 3969 No Ry N/A N/A N/A Throughout
5.07 17649 No R N/A N/A N/A Throughout
5.10 9500 Significant No 0 0 Throughout
5.13 24134 Minimal No 0 0 Throughout
5.16 8814 Significant Yes 10688 1.21 Peripheral
5.19 5309 No R N/A N/A N/A Throughout
5.21 6618 Significant No 0 0 Throughout
5.23 4596 Significant Yes 5189 1.12 Nil
5.29 10999 Minimal No 0 0 Throughout
5.38 4376 Minimal Yes 6142 1.40 Nil
5.39 2876 Significant Yes 3046 1.06 Nil
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3.4.7 Histological follow-up

All treated patients underwent surgery 2-4 weekigraHIFU treatment. Nine patients

underwent open PN; two patients underwent robatgisted PN. Renal arterial clamping
when required was used to minimise bleeding dutimgour excision. The specimen was
photographed fresh and then sliced and fixed fon& microscopy as described in Chapter
3.2.7.2. PN was also undertaken in patient 5.05 whe not treated due to a failure to
adequately visualise the tumour. Patients 5.07 19 %lid not undergo surgery due to other

co-existing health problems.

Following fresh specimen cut-up, both the margihthe tumour and the margins of ablation
were evident on gross examination — an exampléasvis in Figure 24. Ablated tumour
appears haemorrhagic under direct vision, whilsideal viable tumour often appears

similar, although less homogenous, to normal reaeénchyma.

Figure 24 — Serial sections of partial nephrectomgpecimen from patient 5.16. Normal renal parenchymas seen
superiorly. The tumour margin is clearly visible (black arrows) and contains predominately haemorrhagiablated
tissue. A small area of viable non-ablated tumoursi seen (white arrow heads).

Page|81



Dr R.W. Ritchie 3.4 Results

In order to fully treat a renal cancer, a rim ofmal renal parenchyma must also be excised
or ablated to ensure a safe tumour margin. Thadeigrly demonstrated in Figure 25 which
shows a photograph of the treated tumour from Rafel0. The tumour has been sectioned
in half (bi-valved) — it demonstrated widespreaderharrhagic tissue consisted with
coagulative necrosis. Thermal ablation also extensimall distance into the adjacent normal

renal parenchyma.
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Figure 25 — Macroscopic pathology of bi-valved abtad tumour from Patient 5.40. Widespread haemorrhag
consistent with necrosis is seen (white dashed Ijpé margin of normal renal parenchyma has been remved with the
tumour (yellow dashed line) with also demonstratesome thermal damage (arrowheads).

The pathological analysis of the treated tumoursthe zones of ablation is shown in Table
11. In 8/10 patients who had HIFU treatment thedumwas shown to be a renal cancer (4
clear cell, 4 papillary cell). In the remaining tyatients benign tumours were found — one
oncocytoma and one angiomyolipoma. Evidence of Hiblation was seen in all ten patients
who were treated with HIFU. In two patients (pati®®3 & 5.29) evidence of HIFU ablation

was seen in both the surrounding peri-nephric fad @ the adjacent normal renal

parenchyma; no ablation was seen in the tumouf #selassified as Grade 1 (see Chapter
3.2.7.2). In two other patients very limited tumaibiation (Grade 1) was seen, with less than

5% of total tumour volume destroyed. In three patieGrade 2 tumour ablation was seen
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with approximately 60-70% of the total tumour vokinshowing evidence of thermal
damage. In the remaining three patients Gradediablwas seen — in each patient however,
a thin rim of viable tumour was seen demonstrativay complete tumour destruction has not

occurred.

The significance of small volumes of residual v@alblimour remains uncertain. Positive
surgical margin following PN is well documented lules not seem to be associated with
poorer survival outcomes [176-178]. Additionallypllbw-up in patients undergoing
alternative image-guided ablation (CRY, RFA) isdmminately radiology which has limited
ability to detect very small areas of viable tumadistological follow-up in the form of a
post-treatment biopsy cannot conclude that compdélation has occurred and therefore
even biopsy follow-up cannot be considered defiaitievidence of complete tumour

destruction.

3.4.7.1 Examplesof histological evidence ablation

An example of histological ablation within a reamour is shown in Figure 26. Thermal

ablation is characterised histologically by somalbof the following features [130]:

a) Erythrocyte homogenisation

b) Variation of shape, size and lysis of red cellswitblood vessels
c) Endothelial damage

d) Granular protein deposits on vessel walls

e) Homogenisation of vascular smooth muscle

f) Shrinkage and loss of cell membrane detail of tuncells

g) Pyknosis of nuclei

In tissue which has been immediately excised falgwablation the margin between normal

and damaged tissue is sharp, measuring merely &d#svin thickness. In cases where the
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ablation target is left in-situ for a period of #nfollowing ablation, the healing process starts
at the periphery of the lesion where the vascuattgmains intact. The influx of
inflammatory cells leads to the gradual formatiém dibroblastic scar. Given sufficient time
(weeks to months) this process occurs throughauzdime of ablation leading ultimately to a

permanent area of scar tissue at the site of texdgtm

Figure 26 — Evidence of thermal ablation in Patienb.21 demonstrated with H&E (A) and CK7 (B) stains. Alated
tumour is seen on the right in both images; a bandf fibroblastic scar consistent with the healing pocess in seen
centrally and non-ablated tissue is seen on the taff each image

It is noteworthy that in Patient 5.03, there wasnmence of tumour ablation but evidence of
thermal damage to normal kidney. Figure 27A denratets normal renal parenchyma found
within the surgical margin of the tumour specimé&ontrastingly, Figure 27B shows
evidence of thermal ablation of normal renal pangnta lying outside the tumour. Clear
evidence of interstitial and intra-glomerular haerhage is demonstrated. This finding
suggests inaccurate targeting of the tumour méstylidue to poor quality imaging at the
time of treatment. It is important to note thathaligh the thermal damage lies outside the
tumour, it also lies entirely within the surgicglesimen with no evidence of thermal ablation

at the margin of the resection.
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Figure 27 — H&E stain of surgical specimen from Paént 5.21 demonstrating normal kidney within the reection
specimen (A) and evidence of thermal ablation in mnal kidney (B). Two normal glomeruli are visible entrally (A);
in contrast interstitial and intra-glomerular haemorrhage and cellular necrosis is seen in the ablatiospecimen (B)

Previous studies have shown that cavities or ‘halesoften seen in ex-vivo tissue following
HIFU ablation [48]. It is likely that these caviiéorm as a result of tissue boiling rather than
acoustic cavitation as the name might suggestndileir size (0.1-2mm). Cavities such as
these were found within the resection specimensleasonstrated in Figure 28. It is boiling
‘bubbles’ such as these, acting as strong scadtetiesit are responsible for the hyperecho

formation seen using standard monitoring of ultuasbguided HIFU treatments.
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Figure 28 — H&E stain of ablated tumour from Patient5.21 demonstrating the formation of cavities (cired) within

tissue due to the formation of boiling bubblesln vivo these cavities fill with fluid from the surrounding interstitium

In all treated patients, radiological and/or higtptal evidence of peri-nephric fat ablation
was seen. In some cases (Patients 5.03 & 5.10phsxée fat ablation was seen without

evidence of tumour ablation, suggesting the majaftHIFU energy was deposited in the
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tissues immediately proximal to the expected foeglon. This finding was previously noted
in both an extracorporeal and laparoscopic ren&WHtrial and was the motivation for

further work on the acoustic properties of peritmgpfat described in Chapter 4 [130, 172].
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Figure 29 — Post-HIFU MRI (left) and histological &amination (right) of the peri-nephric fat specimenof Patient
5.10; limited ablation was seen within the tumour bt significant ablation (circled) of pre-focal fattissue was evident
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Table 11 — Microscopic characteristics of tumour ad zone of ablation according to post-resection higtogy; O=open surgery, R = robotic surgery

Trial | Tumour Type | Maximum tumodyr Evidence of Evidence of Ablation : | Grade of| Location of [ Comments | Surger)
No. dimension (mm) | HIFU ablatiort | tumour ablatiof | tumour ratio| ablation | viable tumour O/R
5.01 | Papillary RCC | 15 Yes Yes 0.95 Grade 3 | Peripheral O
5.03 | Chromophobe | 34 Yes No 0 Grade 1| Throughout Fat & kidnep
RCC ablation
5.05 | Papillary RCC | 25 No Ry N/A N/A N/A N/A No Ry O
5.07 | Not known N/A No R N/A N/A N/A N/A No Ry N/A
5.10 | Clear cell RCC| 21 Yes Yes <0.05 Grade 1 | Throughout | Biopsy O
related?
5.13 | Oncocytoma 37 Yes Yes <0.05 Grade|l  Throughout O
5.16 | Clear cell RCC| 30 Yes Yes 0.95 Grade 3 | Peripheral O
5.19 [ Not known 21 No R N/A N/A N/A N/A No Ry N/A
5.21 | Papillary RCC | 25 Yes Yes 0.95 Grade 3 | Peripheral R
5.23 | Clear cell RCC| 35 Yes Yes 0.6 Grade2  Periphera O
5.29 | Clear cell RCC| 30 Yes No 0 Grade 1 | Throughout | Fat only O
Part cystic
5.38 | Papillary RCC | 21 Yes Yes 0.6 GradepR  Central R
5.39 | AML"® 18 Yes Yes 0.7 Grade 2 | Peripheral 0

! _ Indicates whether thermal ablation was seen hagaiin the resection specimen (including fat &malrrenal parenchyma)
2 _ Indicates whether thermal ablation was sei¢hin the tumour itself
3 _ AML = angiomyolipoma
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3.4.8 Correlation between intra-operative, radiological and histological monitoring

The use of immediate post-exposure B-mode ultrasoomages as a surrogate marker for
tissue ablation was first proposed by ter Haaral. [85]. The authors demonstrated a
correlation between the lesion size measured oasaltind images using electronic callipers
and that measured directly following tissue seatignSince then, a number of studies have
been published examining the biological mechanisfrisyperecho formation [86, 87, 179].
Furthermore, clinical studies have demonstrated¢essful use of hyperecho monitoring in
liver, breast, renal, pancreas and bone tumours1d6120, 130, 172, 180, 181]. Despite its
widespread acceptance, quantitative proof of ifscéfeness is lacking. Yet al. found
hyperecho to have poor sensitivity, specificitysitige predictive value (PPV) and negative
predictive value (NPV) as an indicator of tissuerosis in HIFU exposure of in vivo rabbit
liver and kidney [182]. To date no other work hasessed the correlation between intra-

operative hyperecho imaging and the volume of éisgcrosis.

The correlation between the three methods of asge®atment outcome is presented in
Table 12. In the majority of cases (6/9), minimals@nificant hyperecho change correlates
with Grade 1 or Grade 3 ablation respectively (Bakle 12). However, two give cause for
concern — firstly in Patient 5.10 there was wideagrhyperecho throughout the treatment but
very little of ablation at surgical resection; sedly patient 5.23 demonstrated approximately
60% ablation when a much higher level would havenbexpected given the widespread
intra-operative hyperecho change. It is possiblspeculate that the hyperecho change seen
occurred in the kidney outside of the tumour assalt of inaccurate targeting. However, no
evidence of ablation of normal renal parenchyma s&en on follow-up MRI (Patient 5.10)
or within the completion nephrectomy specimen @tb.23). It is more likely that the poor

quality ultrasound imaging combined with the poengtivity and specificity of hyperecho
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monitoring led to misleading intra-operative feeclhaThe difficulties seen with B-mode
ultrasound based imaging and monitoring techniguethis trial are the motivation for

further research on imaging and monitoring presemeChapters 5 & 6 respectively.

Table 12 — Correlation between intra-operative monibring, post-HIFU radiology and histology evidence bablation

Trial | Intra-operative Ablation : tumour ratio

No. hyperecho Radiology Histology
5.01 | Moderate 0 0.95 Grade 3
5.03 | Minimal 0 0 Grade 1
5.05 [ No R, N/A N/A N/A

5.07 | No R, N/A N/A N/A

5.10 | Significant 0 <0.05 | Grade1l
5.13 | Minimal 0 <0.05 |[Grade1l
5.16 | Significant 0.96 0.95 Grade 3
5.19 | No R, N/A N/A N/A

5.21 | Significant 0 0.95 Grade 3
5.23 | Significant 1.12 0.6 Grade 2
5.29 | Minimal 0 0 Grade 1
5.38 | Minimal 1.4 0.6 Grade 2
5.39 | Significant 1.06 0.7 Grade 2

The correlation between post-HIFU MRI and histologgs poor. Previous clinical work
from HIFU treatment of liver tumours suggests tihaRI evidence of ablation infers
successful tumour ablation [183]. In three caseR] Memonstrated no evidence of ablation
and no histological ablation was seéntwo cases, significant ablation was demonstrated
MRI and correlated with widespread histologicalagioin. However, in two cases the post-
treatment MRI demonstrated no changes consisteit alation despite almost complete

tumour ablation on subsequent histological analysis

3.5 Summary

An ethically-approved trial of renal HIFU with comled radiological and histological
follow-up has been successfully performed using tWmical HIFU devices. Enrolment into

the trial was slow and approximately two-thirdgatients initially approached were found to
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be unsuitable for treatment after a formal ultra&bimaging assessment, primarily as the
tumour and its margins were not clearly visible.those suitable for treatment, there was
very little morbidity and no serious adverse eveattsbutable to HIFU. Haematological and

biochemical serum markers returned to normal sden eatment.

Treatment was challenging in many cases primatily t poor ultrasonic visualisation of the
tumour, particularly when using the co-axially akgl imaging probe in the treatment head.
This lengthened many treatments and significantigidshed operator confidence in the
accuracy of any treatment. Additionally, thermatgyy was deposited in the pre-focal tissues
in many cases, particularly in the peri-nephric. faibis resulted in two significant
consequences — a further deterioration of imagétguand a reduction in energy delivery to

the actual focus and intended target.

Successful ablation was achieved in over half eated patients based on post-excision
histology. MRI did not predict the degree of albatwell — this is a significant concern. It
was not possible to completely ablate any treateabtirs — areas of viable tumours were

visible in all cases.

This trial has highlighted a number of significassues in renal HIFU which are further

investigated in this thesis:

i) The role of peri-nephric fat in energy delivery

i) Patient and tumour selection to optimise outcomes
i) Diagnostic ultrasound imaging quality during HIFU
iv) Quality of treatment feedback & monitoring duringFd

Each of these issues is examined and discusseteirfotiowing chapters. The overall

implications for patient care as a result of thawkvin explored in detail in Chapter 8.
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4 Effect of peri-nephric fat
on HIFU ablation

In this chapter the acoustic properties of perihmigpare presented
together with its aberration effect on renal HIFThe use of pre-
HIFU fat imaging to predict clinical outcomes is@lexamined to
help select those most appropriate for treatment.

4.1 Peri-nephric fat

The kidney differs from many other abdominal orgamghat it is surrounded by a dense
layer of fat — known as peri-nephric fat. Anatontlicahis adipose tissue is fixed to the renal
capsule, which is the outer most component of ttiedy itself. It is enclosed almost entirely
by Gerota’s fascia, which has both an anterior@osterior leaf — see Figure 30. The anterior
leaf of Gerota’s fascia passes medially acrossridkine to enclose the contralateral kidney,
where it fuses with the posterior leaf. Clinicallyeri-nephric fat together with Gerota’s
fascia, plays an important role in protecting thdnky from physical trauma as well as

limiting the spread of renal haemorrhage, infecaod neoplasia.
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Figure 30 — Diagram of the right kidney and retrope&itoneum in transverse section demonstrating Gerota fascia (a)
enclosing the peri-nephric fat (b); (adapted fromwww.urology-textbook.com accessed 2/11/2011)

Peri-nephric fat is physically similar to other faithin the body and can vary in thickness —
being almost absent in anorexic patients and skgerdimetres thick in the obese. It is often
particularly thick in obese men — demonstratedrblea Figure 31. Interestingly, the lack of

peri-nephric (and other retroperitoneal fat) in @meeight patients results in very poor

guality cross-sectional imaging of the kidneys (&RA) as there is minimal contrast between

them and nearby structures.

Figure 31 — Coronal MRI of patient 5.03 (BMI 34kgn¥; clinically obese) demonstrating significant amoutof peri-
nephric fat (white arrow heads)

4.1.1 The role of peri-nephric fat in renal HIFU

There is scanty research examining the impactep#ri-nephric fat on renal HIFU. Various
authors have looked at the acoustic propertiestadirfid its effect on ultrasound propagation.

Table 13 outlines the reported attenuation coeffits from a variety of studies of human and
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porcine fat compiled by Goss al. and Chivers & Parry [184, 185]. It is noteworthat

although seemingly comprehensive, there are fewrtepf fresh human fat tested at 37°C

and none used peri-nephric, intra-abdominal oopetritoneal fat. The values for attenuation

vary significantly between studies but are univigysaubstantial when considered in the

context of the typical thickness of human peri-mépfat.

Table 13 — The attenuation of human and porcine fatsareported by a=Gosst al.[184] and b=Chivers & Parry [185].
NR = not reported.

Species Location Preparation| Temperature| Frequency | Attenuation (dB/cm)
(°C) (MHz) dB/cm Np/cm
Human? NR Fresh NR 0.8 0.44 0.051
Human?® | Subcutaneou Fresh or 37 1 0.6 £0.2( 0.07 £0.02
refrigerated 3 1.6 +0.2| 0.18 +£0.02
5 2.3+0.7[ 0.27 £ 0.08
Human? NR Melted 15-18 0.87 0.39 0.045
1.7 0.8 0.09
3.4 14 0.16
Human? NR Formalin 182 +2 1 0.8 0.09
2 1.7 0.2
4 4.2 0.48
5.6 6.1 0.70
Human® Orbit Fresh 37 5.9 20 2.3
7.5 28.7 3.3
9.8 37.3 4.3
Human” Orbit In-vivo NR 6 15.6 1.8
Pig® NR Fresh 32+0.1 1 1.8 £0J10.21 +0.01
Pig® NR Fresh 37 1.6 0.6 0.07
2.5 1.5 0.17
4 3 0.3
6 4.9 0.56
Pig® NR NR NR 2 10 1.2
4 16 1.8
7 32 3.7
NR? NR NR 37 1 0.3 0.04
2 0.9 0.10
4 2.6 0.30
6 4.8 0.55

Damianou looked at both in-vitro and in-vivo albatiof porcine renal tissues with the aim of
understanding some of the issues in renal HIFU J[1BBe peri-nephric fat was noted to be

highly attenuating and HIFU lesions created in kirwere significantly smaller in the
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presence of a fat layer in the intervening acoystit. Bubbles were sometimes noted at the
kidney-fat interface and in the presence of théseas not possible to create HIFU lesions

within the renal parenchyma.

From a more clinical perspective, findings in tvemal HIFU trials from Oxford provided
further insight into the role of peri-nephric fat.a Phase | trial of a novel laparoscopic HIFU
device, it was not possible to create HIFU ablatathin the vascularised kidney if the peri-
nephric was not removed from the kidney before tineat [130]. Histology revealed
significant fat necrosis but no evidence of thermedrosis within the kidney. Similarly, in a
Phase 1/l extracorporeal HIFU trial, both radiaksg and histological follow-up of
unsuccessful renal HIFU treatments revealed evelehéat ablation suggesting that much of

the acoustic energy was deposited in the pre-fataissues [172].

4.1.2 Motivation for work & hypotheses

Despite the above, it is evident that there ik t& research into both the acoustic properties
of peri-nephric fat and the impact that its thickmend location has on clinical treatments.
This evidence gap motivates the work presentedchi® ¢hapter which seeks to test the

following hypotheses:

i) The attenuation of human peri-nephric fat is chflicsignificant
i) Typical thicknesses of peri-nephric cause signifidacal intensity loss
iii) The inhomogeneity of fat tissue (and its relatiesipon) cause focal aberrations

iv) Pre-operative fat imaging analysis can help pradical HIFU outcomes

Work presented in this chapter was undertakenljoimith Jamie Collin who assisted with

the experimental measurements of fat (both humani&al) and with data processing.
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4.2 The impact of peri-nephric fat attenuation on renalHIFU

Studies on in-vivo peri-nephric fat attenuation ahallenging — relative estimates can be
obtained by measuring back scatter reflections, &bgolute measurements are most
accurately performed using an ultrasound sourcedatector placed in front and behind a
known distance of tissue. However, the perfusiofabtissue (including peri-nephric fat) is
relatively poor and changes very little after ekmisif maintained at 37°C in physiological
conditions. Recently excised, unfixed, human pephric fat held at 37°C in isotonic saline

therefore provides an acceptable surrogate fonia-issue.

A large number of methods exist for the measureroénidtrasonic attenuation [45]. These

can be broadly categorised as follows:

i) Narrow band
a. Phase insensitive
b. Resonance
c. Pulse transmission
i) Broad band
a. Spectrum analysis

b. Swept frequency

The pulse transmission method represents a comtetieiehnique which eliminates standing

waves and limits sample heating due to the shdsiegengths used. Both variable and fixed
path methods have been described [187, 188]. Usingriable path method, the change in
amplitude of the received signal with varying posis of the receiver provides the

attenuation coefficient but is difficult to use Wwisolid tissues. Fixed path methods are more
suited to the measurement of solid tissues anthfetion technique is the most widely used
[188]. The received signal is measured from a sowignal propagated through a tissue

sample or through an identical distance of a ref@enedium (usually water). A comparison
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between the (log) amplitudes of the two signaledhwe insertion loss which, when divided
by the propagating distance gives the sample atemu The original narrow band method
requires the use of different transducers to meah& attenuation across a frequency range.
However, spectral analysis allows the use of theeived time-domain signal to be
transformed using the fast Fourier transform (FFt) the frequency domain to obtain the

attenuation coefficient as a function of frequenathout the use of multiple transducers.

4.2.1 Clinical trial protocol

A trial protocol was designed to test the first tiwgpotheses using human tissue. Patients
who were scheduled to undergo renal cancer sur(mastial or RN) were eligible for
inclusion provided they were willing to give infoeth consent to participate in the trial.
Participants were asked to donate a sample of theirnephric fat tissue for use in
experiments and then discarded thereafter. Pehfieefat is routinely removed in the course
of a standard RN or PN and all patients had prelyolbbeen scheduled for surgery. As such,
there was no additional burden to the participbiat.other tissue or fluid was required from

any patient and no further follow-up or hospitahtaxt was necessary.

4.2.2 Ethical & trust management approval

Simultaneous applications were made for ethical tamst management approval to OXREC
A and the Oxford Radcliffe Hospitals NHS Trust irsianilar fashion to that described in
Chapter 3.2.2. Ethical approval was granted by OXREon 17" June 2010 under approval
number 10/H0604/34 (Chapter 10.2.1). Trust manageamgroval was granted on"3une

2010 (Chapter 10.2.2).
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4.2.3 Trial conduct

Ten patients were recruited into the study havingrginformed consent to donate tissue. All
had a pre-operative diagnosis of renal cancer omsesectional imaging and/or histology.
The surgical procedure was performed in a stanémsdion and was not altered for the
purpose of this trial. For patients undergoing Ri€ri-nephric fat was excised from the
tumour immediately after the specimen was removeh the patient. Fat was removed from
the entirety of the kidney with the exception oé tfat located near to the tumour. This
allowed a full histological assessment of the tunsiage. For patients undergoing PN, peri-
nephric fat was removed with the kidney in-situ afudly vascularised. The fat was

immediately placed into a saline-filled containeB@°C and transported to the laboratory on

the hospital site for experimentation.
4.2.4 Experimental methods

4.2.4.1 Tissue handling

All measurements were made within one hour of éxgisThe excised tissue was transferred
from the container to water bath (47cmx26cmx26c¢ihji2e capacity) containing isotonic

phosphate-buffered saline (PBS) at 37°C. The P@6tisn was made using 192g PBS
powder dissolved in 20 litres of degassed, deiahvgater obtained fresh from the Model JC
clinical therapy device. An immersion heater (GDD,1Grant Instruments, Shepreth, UK)
was used to maintain a constant temperature ofvetter bath. After the tissue was placed in
the water bath it was continuously held under timéase of the water to limit gas bubbles

accumulating on the surface.

The excised peri-nephric fat was relatively malleand therefore could be manipulated into

different positions to allow variable path lengthsbe measured. This property allowed the
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measurement of multiple different propagation pailithin the same tissue sample, thus

serving as a control for intra-sample variations thuintrinsic inhomogeneities.

4.2.4.2 Experimental apparatus

Two identical unfocused 2.25MHz immersion transdsi¢®lympus NDT, Rotherham, UK)
each with a 12.5mm aperture were inserted intoséoowbuilt holder comprising two vertical
blocks mounted on horizontally-positioned rods. Tin@nsducers were positioned into
circular cut-outs within the vertical blocks whialHowed both transducers to be moved in the

horizontal plane — see Figure 32.

Z

-

Figure 32 — Experimental apparatus for measurementf peri-nephric fat attenuation; source and receive
transducers (Txs, TXg) mounted on moveable blocks to fix fat sample atarying path lengths

A personal computer (PC) running LabView (Natiohastruments, UK) software was
connected to a signal generator (Agilent Technewgbanta Clara, USA) which controlled
the output of the source transducer and to a tligsailloscope (LeCroy, USA) which

received the signal from the receiving transducsee-Figure 33.
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Figure 33 — Schematic diagram of experimental setufor attenuation measurement

4.2.4.3 Attenuation measurement

The fat sample was positioned between the transslumed the vertical blocks moved
towards each other so as to fix the sample in plEes process served two functions, firstly
to prevent movement of the sample during data adeun and secondly to ensure that a
planar surface was presented to each transducemitamise reflections. For each
measurement a 10-cycle pulse of ultrasound wasrtrdied (central frequency 2.25MHz)
and the time-domain signal {Precorded on the PC. Signal was captured withnapbag
frequency of 100Ms/s. After successful acquisititte sample was removed from between
the vertical blocks using surgical forceps, ensutimat their position was not altered in the
process. The received signal from propagation tiitdhe reference medium alone)(Mas

then recorded.

The fat sample was manipulated into an alternainagpe whilst underwater and re-positioned
between the transducer such that the path lengshdifferent. This was easily performed due
to the size and consistency of the fat sample. alduxe process was repeated to acquire ten
samples of varying path length through each sania. measurements were taken in each

of ten different patients {5,=100).
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After completion of data acquisition for each samphe tissue was immediately placed into
clinical waste for incineration to comply with theal protocol and ethical approval. No

human tissue was retained after completion of ttemaation measurements.

4.2.4.4 Data Processing

The received data was transferred to PC runninglaldasoftware (Version R2009b,
Mathworks, USA) and converted to the frequency danaging the FFT. Using an in-house
Matlab script, the frequency-domain data was usedatculate the attenuation coefficient
across a range of frequencies, based on the foltpeguation:

1/ Ps
ap = E(lnP_F) + ag

Equation 1 —er = attenuation coefficient of fat;as = attenuation of saline; d = path length; R = amplitude of received
signal through fat; Ps = amplitude of received signal through saline

The propagation path length was calculated fromtithe-of-flight data measured from the
time difference between the first zero crossingshef received waveform and the source

waveform.

425 Results

The speed of sound in fat was measured to be 1dégl.(t7.2ms, SEM). The attenuation
coefficient of human peri-nephric across the raoige.5-4.5MHz and is shown in Figure 34.
A power law fitted attenuation was also plottedhwytelded an attenuation function of 15.6
Nepers/metre/MHZ. At a clinically relevant 0.8 & 1.0MHz frequencgmge for HIFU, this
represents an attenuation coefficient of 11.9NpA0.9Np/m, SEM) and 15.6Np/m

(+1.0Np/m, SEM).
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Figure 34 — Graph of attenuation coefficient of huran peri-nephric fat across a range of frequencieslgtted with
upper and lower limits of the standard error of themean (SEM).

4.2.6 Discussion

The attenuation calculated from human peri-neplffisic is significant. The values are
generally higher than those reported for fat frotineo locations from humans or pig (see
Table 13) although within the same order of maglatuThis degree of attenuation of
ultrasound may cause significant loss of focalnsiy during a clinical treatment depending
on its thickness. A graph of focal intensity asuaction of thickness of tissue is shown in

Figure 35 using the measured attenuation coeffiien

Page|l01



Dr R.W. Ritchie 4.2 The impact of peri-nephric fat attenuation enal HIFU
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Figure 35 — Graph of focal intensity as a functiorof tissue thickness (% versus water) calculated fawo HIFU
frequencies using measured attenuation coefficienf fresh human peri-nephric fat

Typical peri-nephric fat is approximately 2-5cmcthi It varies between individuals and
maybe significant in the obese. Using these typredlies, the derated focal intensity of an
ultrasound propagating through fat, given as ageage of intensity through pure water, is
shown in Table 14.

Table 14 — Derated focal intensity for typical thickiesses of peri-nephric fat using measured attenuati

Fat Thickness Intensity
(cm) (% vs. water)
2 62%
3 49%
4 39%
5 30%

The high attenuation of peri-nephric fat in compan with other tissue in the HIFU
propagation path also mean that a relatively swhadkness of fat can have a significantly
greater effect on focal energy delivery than a miasiger thickness of abdominal wall

structures, for example skin and muscle. It isljikbat the thickness of peri-nephric fat will
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better predict the outcome of renal HIFU than aseasment of the abdominal wall thickness

or the total propagation distance through tissue.

4.3 Measurement of aberrations due to fat

The significant impact of the attenuation of predb peri-nephric fat has been clearly
demonstrated in Chapter 4.2. The estimates foteteratensity based on typical human peri-
nephric fat thickness assumed the layer was unifothick and homogeneous in structure.
The measurement technique used was optimised toeeparallelism of the surfaces and a
uniform propagation distance for the entire ultcagbbeam. The technique also minimised
error by using variation in path lengths; this ud#d very short distances to minimise the

errors due to beam diffraction.

Tissue, no matter what its origin, is never trubmogenous. Structural variation including
blood vessels, scarring, calcifications and lymighgtands or vessels can result in local
variations in the speed of sound, resulting in phalerrations in the propagating signal.
Likewise, local variations in tissue thickness, reviethe speed of sound is unchanged, will
result in similar affects. A schematic diagramsthating this is shown in Figure 36. In the
context of a focused incident ultrasound beam, thierration produces an apparent

attenuation due solely to phase cancellation.
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Figure 36 — Schematic demonstrating aberration duto variation in tissue homogeneity or thickness (C; & X1.3 —
different speed of sound or thickness of tissue) wth produces an apparent attenuation due solely tphase
cancellation (adapted from [45])

It is known that relatively minor differences inetlspeed of sound can result in significant
apparent attenuation due to phase cancellatiorselplease aberrations cause significant loss
of both spatial and contrast resolution, partidylar those with a thick abdominal wall due
to a muscular physique or, more commonly, obebitglinical practice, image blurring is the

noticeable consequence.

The loss of image quality due to the abdominal w&alpparent in diagnostic imaging of the
kidney. It hinders localisation of kidney tumouggrticularly small tumours and makes
visualisation of tumours margins and surroundingicstires difficult. Image degradation

progresses during renal HIFU as pre-focal tissunadge leads to further alterations in the
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speed of sound and even greater loss of spatialcanttast resolution. This problem is

discussed in a clinical context in Chapter 5.3.

However, phase aberrations may also impair thesioguof the HIFU beam due to phase
cancellation. The impact of this is potentially maerious than a loss of diagnostic image
resolution — inadvertent beam ‘steering’ may leachéat deposition outside the targeted

region resulting in misplaced zone of ablation podsible damage to vital structures.

A HIFU beam encounters two distinct layers of fatitapropagates towards a targeted renal
tumour. The superficial layer is in the subcutarsetissue deep to the dermis & epidermis —
see Figure 37. In thin individuals it may be judea millimetres thick; in the obese it may
measure several centimetres.

///
T ) L . .
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’ X e .XI‘}) =z
o/ P E Dermoepidermal
shaft of hair —< 4 — > o i junction

Papillary dermis

plexus of arteries
and veins

sebaceous gland — Reticular dermis

hair follicle —

arrector pili muscle
Subcutaneous

plexus of arteries _} fat

and veins

Figure 37 — Diagram of skin anatomy demonstratingdcation of subcutaneous fat later (adapted from [19)

The deep layer is peri-nephric fat as describe@hapter 4.1. This layer may vary in size

considerably.
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4.3.1 Experimental method

An experiment was designed to test the third hyggthoutlined above (Chapter 4.1.2) that
fat tissue causes focal aberrations due to itsramteegions of inhomogeneity. A key aim
was to assess whether the position of the two dgerk relative to the transducer was

significant.

For the purpose of this work it was not possiblelitain sufficient quantities of fresh human
fat to conduct the necessary measurements. Thergforcine fat was obtained which has a
similar macro- and microscopic structure to humat o maintain maximum clinical
applicability, porcine fat was obtained from frgsfvithin 1 hour) slaughtered pigs used for
research purposes (Northwick Park Institute for MaldResearch, Northwick Park Hospital,
Harrow). Sections of skin and subcutaneous fat dmwmuscle, approximately 30-40cm X
30-40cm, were excised from the back and belly. i$®ie was then immediately covered
with 0.9% saline, wrapped in saline soaked swahbssterred to self-sealing tissue bags and
transported to the BUBBL lab in Oxford. Despiteitlsze (60-80kg) pigs are generally lean
animals; the sections of excised fat were approtaima88-5mm thick. lIdentical experiments

were conducted on tissue from two separate pigs.

An initial set of experiments were conducted to suea the acoustic properties (speed of
sound; attenuation) of subcutaneous porcine fat.ditm was to ensure that porcine fat was a
suitable surrogate for human fat when compared weiplorted literature values. The method
used was identical to that used for measuremetiieodame properties in human peri-nephric
fat, described in Chapter 4.2.4. Varying thicknesporcine fat were placed between the two

2.25MHz transducer to allow measurements over gerah propagation path lengths.
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For the aberration measurements, two sections ssudi were cut from the fat, each
approximately 15cm x 15cm to ensure that the erdoee of the HIFU beam from the
transducer passed through the sample. Each sangslghsn positioned in a custom built
holder which allowed the tissue to be held horiatyptwithout impeding the ultrasound — see
Figure 38. Each holder was then attached to aiposify system in a large water tank which
allowed each holder to be moved relative to theroim the axial plane of the transducer. The
water within the tank was freshly filtered, degasaad heated using an immersion heater to

37°C; the tissue was given sufficient time in thekt to reach thermal equilibrium.

I

Figure 38 — Diagram of customer-built fat holder; &t held in place with sharp spikes place through ssue. Vertical
supports (left and right) can be moved to accommoda different sizes of tissue

To maintain clinical applicability, the transducéom the Model JC-200 (20099-44;
0.95MHz, focal length 135mm) was used. The transdu@s positioned on the floor of the

tank, with the propagating surface facing verticalbwards towards the surface of the water.
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Peri-nephric | . i
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Subcutaneous ‘ \
I Z \ |
Fat g .
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/ \

Positioning System

Transducer

Figure 39 — Diagram of experimental setup with HIFUtransducer facing upwards within water tank; neede
hydrophone is attached to a positioning system tamable exact location at the transducer focus

A 0.5mm hydrophone (HPMO05/3, Precision AcousticK) Was positioned at both the planar
& axial focus of the transducer by scanning to fthd beam maximum using a positioning
system controlled by computer software (UMS, Prenig\coustics, UK) written in LabView

(National Instruments, USA) on a desktop PC (HemRdckard, USA; Windows Vista).

Twenty-five cycle bursts of ultrasound at 1fM-w-peatvere transmitted by the transducer via
a signal generator (33250A, Agilent Technologiemt& Clara, CA, USA ). The hydrophone
signal was received on a digital oscilloscope (lgCwWaverunner) with a synchronised

trigger from the signal generator and acquirednendesktop PC — see Figure 40.

Needle
Hydrophone
o —)
—! Fat Samples — Positioning
Transmitting System
transducer Q i
Signal < l?igital -
Generator LAB VIEW Oscilloscope

control and
acquisition

Figure 40 — Schematic diagram of experimental setufor fat aberration experiments
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During an axial scan, data was acquired at 51 pa@aparated by 0.5mm centred over the
focus i.e. 12.5mm pre- and post-focal. During anatascan, data was acquired at 31 x 31
points separated by 0.2mm centred over the foeu8imm either side of the focus in each of

the two planes. Axial & planar scans were underiasefollows:

i) Reference scan — no fat; propagation through pateny37°C) alone
i) Fat sample A placed 12.5mm in front of focus (efimephric fat)

iii) Fat sample B placed 100mm in front of focus (chcauaneous fat)
iv) Fat sample A & B placed together (cf. renal HIFeatment)

The raw data was transferred to a PC computer ngniATLAB software (Version 2011b;
Mathworks, USA). Using in-house MATLAB scripts, tisverse planar and axial plots were
plotted for all fat positions. In addition, all stsawere normalised to each other and scans ii),

i) & iv) were digitally subtracted from the refemce scan i).

4.3.2 Results

The measured speed of sound in porcine fat wasm#49g15m/s, SEM) average across all
measurements (n=20). The measured attenuationiaeetfwas 9.6 Np/m at 1MHz. The
attenuation plot over a range of frequencies (0542) is shown in Figure 41. This

compares well with reported values for porcineafad human fat [184].
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Figure 41 — Graph of attenuation coefficient of pocine subcutaneous fat across a range of frequencigetted with
upper and lower limits of the standard error of themean (SEM).

The presence of fat layers in all positions hadgaificant defocusing effect, as well as an
expected amplitude attenuation effect. An exampkeo$ aberrations images is shown in
Figure 42 plotted as both absolute and differemarstrerse beam profiles. A progressive
shift of the focus can be seen due to each layéatofThe defocusing effect of both layers
appears to be synergistic. The same layer of fatwsad to create the transverse profiles in
both images ii) and iii). It is evident that theepence of fat further from the focus — closer to
the transducer cf. subcutaneous fat — had a greafecusing effect than the same layer
placed nearer to the focus. This is due to the dgioas of the HIFU beam cone as it passes
through the fat layers. Close to the transducee, ltkam cone is wide and therefore
encounters a greater surface area of the inhomiigsneithin the fat layer resulting in
greater aberrations. Closer to the focus, the beane is narrow, the fat surface area

encountered smaller and the aberrations less pnzeou
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Figure 42 — Example aberration introduced by porcim fat layers using clinical HIFU transducer (2009944,
0.95MHz, focal length 135mm, Model JC200) for varios fat positions. Top row — transverse beam profilepottom
row — normalised difference images. Images i) watamly, ii) fat sample 12.5mm pre-focal iii) fat sample 100mm pre-
focal iv) both fat sample together

The defocusing effect of fat layers was performeatha fat from two separate pigs. A
compiled table of these results can be seen ineTabl The axial shift in focus is small in
comparison with the axial focal dimensions of ttamsducer. Equally, an axial shift in focus
is less clinically significant. However a 0.5-1mmnartsverse focal shift was seen in both

experiments. This effect was most pronounced vig¢hfat layer close to the transducer.

Table 15 — Beam distortions introduced by the inseitn of fat layers into the acoustic path of a clirdgal HIFU

transducer
Sample name Axial Offset | Transverse Ratio of
(mm) Offset (mm) maximum

Setl
No fat 0 0 1
Fat near hydrophon 0 0.6 0.66
Fat near transducer 0 0.89 0.57
Two fat layers 0.5 1.08 0.37
Set 2
No fat 0 0 1
Fat near hydrophong -0.5 0 0.71
Fat near transducer 15 0.45 0.68
Two fat layers 15 0.45 0.46
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4.3.3 Discussion

It has been demonstrated that even very thin sectb fat tissue can cause significant focal
aberrations as a result of local variations in fipeed of sound, variations in the local
thickness or a combination of the two. A 1mm offisethe focus, although small in absolute
terms, is significant in relative terms. It repmasean entire focal beam-width of a standard
clinical HIFU transducer. Additionally, these alaions were found with very thin tissue

sections. In clinical practice, both subcutaneous @eri-nephric fat can reach many
centimetres in thickness, particularly in the obdsading to substantially greater focal

distortions.
4.4 Predicting clinical outcomes using pre-treatment fameasurements

441 Methods

The thickness of peri-nephric fat was carefullylgs®ed in those screened for trial inclusion
to test the fourth hypothesis (Chapter 4.1.2). \Waetts dimensions affected the quality of
renal ultrasonography and successful final scrgenias a matter of some interest as it has
not previously been investigated. Using pre-opeeatRI/CT images, the transverse and AP
depths of peri-nephric fat were measured usingtreleic callipers. The depths were
measured from the periphery of tumour to the inmstntayer of the abdominal wall. In those
circumstances where the liver or spleen lay laterahe tumour, the depth was measured
from the periphery of the tumour to the liver —stl@nsured that only the impact of peri-
nephric fat was taken into consideration. The Bbthss Index (BMI) of all patients who
attended for HIFU treatment was calculated usiegfdinmula:

) Weight
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4.4 Predicting clinical outcomes using pre-treatinieth measurements

4.4.2 Results

The peri-nephric fat and BMI measurements are ptedein Table 16. The list includes all
patients completing initial screening and therefooasidered on the basis of pre-operative

cross-sectional imaging. Those patients highlightad yellow are those successfully

completing final screening who went on to be tréatéth HIFU. The trial protocol dictated

that only those formally treated in the trial hbdit BMI measured.

Table 16 — Peri-nephric fat and BMI measurements forll patients attending for final screening. Those fghlighted in
yellow successfully completed final screening; misgy trial numbers correspond to those failing initel screening

Trial Tumour | Peri-nephric | Peri-nephric | Body Mass
No. | Dimension| Fat (trans; Fat Index (kg.m?)
(mm) mm) (AP;mm)
501 |18 20 11 22
5.02 |25 21 20 -
5.03 |30 29 5 34
5.05 |19 10 2 28
5.06 |25 26 9 -
5.07 |33 8 1 Not known
5.08A | 27 21 1 -
5.08B| 27 22 11 -
5.08C| 26 22 2 -
5.09 |30 42 22 -
5.10 |28 1 3 21
511 |28 53 57 -
512 |35 15 19 -
5.13 |38 10 20 28
5.14 |35 25 22 -
515 |22 5 48 -
5.16 |27 34 3 28
5.17 |30 48 34 -
519 |21 20 8 23
520 |25 28 14 -
521 |24 4 19 28
5.22 |30 48 38 -
5.23 |22 8 3 25
5.27 |31 40 50 -
529 |35 14 4 27
531 |21 45 45 -
5.34 |56 38 39 :
535 |37 12 10 -
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5.36 |24 8 7 -
538 |21 32 17 31.5
5.39 |18 1 1 18

The overall mean peri-nephric fat thickness was92Zn (+15.0mm, SD) & 17.6mm

(x16.5mm, SD) in the transverse and AP plane rés@d¢ The mean peri-nephric fat
thickness was greater in patients who failed sengethan in those who passed — 28.1m8n
14.8mm (transverse) and 23.8nwsi7.8mm (AP). These results are summarised graphicall

in Figure 43.
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Figure 43 — Measured peri-nephric fat thickness impatients screen for trial inclusion. The mean fat epresents the
average of the trans & AP measurements. Error barsepresent 95% CI of each data set.

These differences were statistically significankq®5) when analysed using a Mann-
Whitney U test(non-parametic) with a null hypotlsesf there being no difference between

the two groups. The mean peri-nephric fat thickiveas also calculated from the average of
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the transverse and AP measurements (12.2en25.9mm). Comparison using a similar
statistical analysis demonstrated a highly sigairiic(p=0.007) difference between the fat

thickness. These results are summarised in Table 17

Table 17 — Comparison of peri-nephric fat thicknesdetween patients who passed & failed final screergn(standard
deviation in brackets; unpaired two-tailed T-test)

Passed Failed P-value
Screening Screening

Transverse fat
thickness (mm) 14.8 28.1 0.014
AP fat
thickness (mm) 7.8 23.8 0.008
Mean fat
thickness (mm) 11.2 25.9 0.005

4.4.3 Discussion

Despite the small sample size, it is evident tlzditepts with large depths of peri-nephric fat
are more likely to fail screening for trial inclosi. Effectively, this means that patients with
significant peri-nephric fat are unlikely to betalle for HIFU. This is plausible — it limits

both diagnostic ultrasound imaging and the delivartherapeutic ultrasound to its intended
target. This is not surprising as surgery is galhemore challenging in the obese — patients
undergoing abdominal surgery for cancer have aednigiost-operative complication rate

[190]. In the context of HIFU, the peri-nephric fabses a very specific problem unique to

this minimally-invasive treatment.

The implications for patient care, specifically ipat selection are discussed in detail in
Chapter 8.1.1. However the management of the HHiedtrment of obese patients require
considerable care. There is a risk of introducingsaous cycle of events — pre-focal oedema
due to fat attenuation resulting in poor imaging aeduced focal heating which necessitates
an increase in HIFU output and an exacerbatioh@ftroblem. Rather than increasing HIFU
output, it is more sensible to allow time-outs fissue cooling, to use steroids to limit tissue

oedema and to regularly move to treat differenasucd the tumour.
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However, peri-nephric fat is a necessary obstdckxtracorporeal HIFU is pursued. It is
possible to eliminate its impact through the usdapfroscopic HIFU — a HIFU probe is
introduced into the abdominal cavity and appliegedtiy to the surface of the kidney [36,
130, 191]. This is feasible but significantly redadhe non-invasive of HIFU which remains

the key feature which drives its use.

4.5 Summary

Work in this chapter has demonstrated, using ffeshan tissue, that peri-nephric fat has a
significant acoustic attenuation which is consigragreater than other human abdominal
tissues. It has been demonstrated that it signiigdimits focal energy delivery and that the
inhomogeneities in fat tissue can cause consideddfiocusing. From a clinical perspective,
this can have a significant effect on the accurang likelihood of thermal ablation. It has
been demonstrated using data from the aforemermticheical trial that peri-nephric fat
thickness correlates with the likelihood of beingitable for HIFU treatment. This
measurement could therefore be used to predictiezd outcomes and this is discussed
further in a later chapter on implications for pati care (Chapter 8). Finally, the heat
deposition in pre-focal peri-nephric fat leads issue swelling and a further increase in
attenuation. This results in a deterioration ingdiastic imaging quality of the renal tumour

being treated — this is investigated quantitativelthe following chapter.
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5 Improving imaging during
renal HIFU

The use of renal nephrometry to predict clinicatcomes before
HIFU treatment is presented together with an assess of the
deterioration in diagnostic imaging quality durid¢FU

5.1 Introduction

5.2 Nephrometry scoring in renal HIFU

It is generally accepted that PN for certain remahours is more challenging than others.
Surgery for larger tumours is associated with longarm ischaemia time (WIT), increased
rate of collecting system repair and greater bllesd, blood transfusions, operative time and
urinary fistulae [192, 193]. Similarly, centrallpdated tumours are associated with longer
WIT during PN [194] and complications rates weravdo for exophytic masses compared
with endophytic or hilar masses [195]. However,ilugicently no validated scoring system
existed to categorise renal mass complexity. Withsuch a system, comparison of
complications rate and oncological outcomes fofed#nt tumour types and for different

surgical centres was not possible.

The RENAL nephrometry scoring system (availablét://www.nephrometry.conil 96])

was first described by Kutikov & Uzzo and was dasig to provide a structured,

reproducible and quantitative assessment of keyoameal features of solid renal tumours
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[197]. The scoring system describes the mass aogptd its size, exophytic component,
nearness to the collecting system and locationinvitie kidney - Table 18. It is evident from
the scoring system that small, exophytic tumoucated well away from both the collecting
system and the renal hilum achieve the lowest cexilyl score. Total nephrometry scores
(NS) of 4-6, 7-9 & 10-12 are classified as low, ra@de and high complexity tumours
respectively. Since its introduction, a positiveretation between NS and complication rates
following surgery has been demonstrated [198-20hje use of NS has therefore been
proposed as a method of improving decision makmgnanagement of the SRM [202].
However, to date NS has not been shown to correldte oncological outcome following
renal cancer surgery. Additionally NS has not basad in the assessment of any ablative
therapy for renal cancer. Despite this, the catarsed in the NS are fundamental in the
decision whether to pursue an ablation modality aisd assessment is therefore of

considerable interest.

Table 18 — Renal nephrometry scoring system used ttassify complexity of surgery for renal tumours [D6]

Criteria 1 points 2 points | 3 points
R | Radius (maximum; cm) | <4 >4, <7 >7
E | Endo/exophytic >50% <50% Entirely endophytic
N | Nearness of tumour to >7 >4, <7 <4
collecting system or sinus
(mm)
A | Anterior/posterior No points; assigned a, p or x
L | Location relative to polar | Entirely above | Crosses | >50% across polar line’
lines upper or below| polar line | across axial midline or
lower entirely between polar lineg

The location and size of the renal tumour may $igantly impact on the ability to visualise
it using ultrasound. Larger tumours are inevitapasier to see; exophytic tumours may be
easier to locate as their margins are clearly ssea distortion to the normal contour of the
kidney. Right-sided tumours may be easier to lodateto lower position of the right kidney

which is pushed caudally by the liver. Likewise,pap pole tumours may be harder to
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visualise as they may be partially obscured byaherlying rib-cage. Lower pole tumours

can be examined from below the lowest ribs and beagasier to see.

5.2.1 Methods

All tumours in patients who successfully compleitgtial screening were analysed and their
NS calculated. The most recent cross-sectionalimga@vailable was used in the assessment
— either CT or MRI. All patients were recruited dhgh outpatients clinics where
management decision were being made therefore tréoétin 3 months) imaging was

available in all cases.

The maximum tumour dimension was determined by oreasg the size in an AP, trans &
CC direction using electronic calipers within thaugchill hospital PACS (Patient Archive
and Communication System) software. The exophybmponent was determined by
drawing an imaginary line of the normal renal mdlithrough the tumour and measuring
what percentage of the tumour lay within this amliThe closeness to the collecting system
was measured using electronic calipers; finallyldoation was determined by viewing the

tumour in the coronal plane and assessing itsoal&b the polar lines.

5.2.2 Results

The calculated NS for each tumour is presentedera8ltogether with the tumour site, size

and maximum dimension based on the pre-operative MR
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Table 19 — Tumour site, location, maximum dimension &ephrometry score for all patients attending for fnal
screening. Those highlighted in yellow successfulgpmpleted final screening; missing trial numbers coespond to
those failing initial screening

Trial Site Location Tumour Nephrometry
No. Dimension (mm) Score
5.01 | Left Upper 18 7
5.02 | Right | Upper 25 7
5.03 | Left Interpolar | 30 8
5.05 | Left Interpolar | 19 5
5.06 | Left Interpolar | 25 9
5.07 | Right | Interpolar| 33 8
5.08A | Left Upper 27 8
5.08B | Left Lower 27 7
5.08C| Right | Upper 26 8
5.09 | Left Interpolar | 30 10
5.10 | Right [ Interpolar | 28 7
5.11 | Right | Lower 28 7
5.12 | Right [ Upper 35 8
5.13 | Left Interpolar | 38 5
5.14 | Right | Interpolar | 35 8
5.15 | Right | Upper 22 6
5.16 | Right | Lower 27 4
5.17 | Right | Interpolar| 30 10
5.19 | Right [ Interpolar | 21 6
5.20 | Left Upper 25 4
5.21 | Right | Lower 24 4
5.22 | Right | Upper 30 7
5.23 | Right | Lower 22 6
5.27 | Left Interpolar | 31 6
5.29 | Left Upper 30 10
5.31 | Right | Interpolar | 20 9
5.34 | Right | Upper 56 9
5.35 | Right | Upper 37 9
5.36 | Right | Interpolar | 24 4
5.38 | Left Lower 21 4
5.39 [ Right | Lower 18 4

The overall mean renal NS was seven; 18, 10 & dtumwere classified as low, moderate
& high complexity respectively. The distributiond tumour site, location, maximum

dimension and NS are shown in Figure 44.
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Figure 44 — Outcome of final screening categorisday tumour nephrometry score, size, side and locatio

A comparison of tumour size, location and renalli8veen patients who passed and failed
final screening was undertaken — this is shownahl&@ 20. Statistical analysis was performed

using an unpaired t-test for continuous data astdfis exact test for categorical data.

A significantly lower NS (5.7vs. 7.7; p=0.003) was seen in those patients succéssful
completing final screening — tumours consideredaramymplex in the context of PN were
also more difficult to visualise sonographicalljhéTmean tumour size was also smaller in the
group who passed screening (25.2wsn29.6mm; p=0.103) however this difference did not
reach statistical significance. It is also noteWwgrthat a single outlier in the ‘failed’ group
has significant skewed the mean tumour size. hesupper pole tumour was judged suitable
for HIFU treatment after screening, whereas 10 weresidered untreatable (1/¢8.10/19;

p=0.020), a statistically significant differencehéfFe was no difference between right and
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left-sided tumour with respect to their suitabilitgr HIFU treatment (6/12vs. 10/19;

p=1.000).

Table 20 — Comparison of tumour size, location andaphrometry score between patients who passed & fail final

screen (95% CI in brackets; *=unpaired two-tailed T-test, "=Fisher’s exact test)

Passed Failed P-value
Screening Screening
Maximum tumour size 25.2 29.6 0.103*
(mm) (21.2-29.1) | (25.9-33.4)
Nephrometry score 5.7 7.7 0.003*
(4.7-6.7) (6.8-8.6)
Upper pole tumour 1/12 10/19 0.020"
Right-sided tumour 6/12 10/19 1.000"

5.2.3 Discussion

Tumour size alone was always likely to be insuéiiti as a predictor of HIFU outcome —
there is little room for manoeuvre as tumours <20mm@® usually not treated at all and
tumours >40mm are generally not suitable for adgtal® modality primarily because it has
rarely been performed. However, it is also likdlgtta more detailed assessment of tumour
complexity could be more successful. In this stud$ is significantly less in those who
passed final screening compared with those whedailThe NS was devised to assess renal
tumours in the context of partial nephrectomy. Heeve tumours with a strong exophytic
component and those far from the collecting sysaeenlikely to be easier to visualise with
diagnostic ultrasound and therefore be easierdat.tin the future, it may be possible to
predict suitability for HIFU and treatment outcomesng NS and this is discussed in detail

in the Chapter 8 on implications for patient care.

It is also evident from this study that upper poimours are extremely difficult to visualise
and treat with HIFU. Just 1/12 upper pole tumowsseased for trial inclusion could be
successfully treated; this compared with 10/19rpakar or lower pole tumours. This is

highly likely to be due to the synergistic impaéttioe lower lobe of the lungs, the liver or

Page|l22



Dr R.W. Ritchie 5.3 B-mode scoring

spleen and the rib cage on the quality of diagnastaging. If the tumour and its boundaries
are difficult to visualise then the operator haseliconfidence that HIFU can be undertaken
safely and accurately and this will often lead tdo-$otal treatment or early cessation of

treatment on safety grounds.

5.3 B-mode scoring

Evidence from previous extracorporeal HIFU trialshshown that quality of the intra-
operative B-mode ultrasound may deteriorate witheti[32, 172]. To allow successful
treatment of an entire tumour volume, clear visadion of all tumour margins and
surrounding structures is required. In the absefi@ther or both these criteria, the operator

is unable to confidently apply HIFU leading ineWiyato residual viable tumour.

Some pre-focal heat deposition is expected duriffgJHreatment. The attenuation is the
skin, abdominal wall and fat tissue is not negligiand therefore some absorption will occur.
Non-linear propagation of the incident ultrasoundynalso lead to increased absorption of
the ultra-harmonics created during distortion & thtrasound wave. This pre-focal damage
causes tissue swelling, resulting in increased ggafion distances and increased ultrasound

reflections and absorption (see Figure 45).

Figure 45 — Pre-HIFU (left) and post-HIFU (right) MRI of Patient 5.01 demonstrating extensive abdominavall
swelling (circled) still present 12 days after treament
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These factors combine to degrade imaging quality aray lead to a vicious cycle as
increased HIFU power are used to achieve suffidecal intensity for ablation resulting in
further pre-focal damage. During clinical treatngerfour techniques are used to prevent or

minimise pre-focal tissue oedema:

i) Distal tumour targeted first leaving proximal stiwres easier to see
i) Short rest periods taken during treatments to atdoaling
i) Minimum HIFU power necessary used to achieve aiiati

iv) Intravenous steroid (dexamethasone) administeréohtioinflammation

5.3.1 Methods

To analyse the degree of image degradation duresirent, a scoring system was devised
to quantify the imaging quality. Image quality wassessed at three time points — before
commencement of treatment, at the mid-point ofttneat and at the end of treatment. The

scoring system is outlined in Table 21.

Table 21 — B-mode scoring system for intra-operativaltrasound imaging quality

B-mode Score Description

1/5 Tumour margins/vital structures not visible
Unsafe for HIFU treatment

2/5 Tumour margins/vital structures difficult to see
HIFU treatment difficult; caution required

3/5 Blurring of margins/structures but remain visible
Careful HIFU treatment safe

4/5 Some contrast loss but margins/structures obvipus
Safe for HIFU treatment

5/5 Tumour margin/vital structures perfectly clear
Ideal for HIFU treatment

The purpose of devising a scoring system was twigeoa quantifiable assessment of
ultrasound images which are often criticised fomfea subjective diagnostic tool. This
assessment was created by the author and waslbaegiplied to images from trial patients;

it is not an externally validated measure of ulttasl-image quality in the context of HIFU.
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Examples of ultrasound images pre-HIFU, during Hitdl post-HIFU are shown in Figure
46 along with their B-mode score. Each patient a&sessed at these three time points. The
assessment was made after HIFU treatment but bafgreadiological or histological follow-

up was available. A summary of the B-mode scoregdch treated patient is shown in Table
22. The B-modes scores were compared with the ibasgbre-operative) score using a
repeated measure ANOVA test to assess for diffesebetween the means at different time
points. Dunnett's multiple comparison post-test veaplied, using pre-operative imaging

score as the control group to determine statissiicgtificance.

Kidney
--. Tumour

Pre-HIFU anot;tcd):

A
e —— T

During treatment After treatment

Figure 46 — Ultrasound images from Patient 5.21 deomstrating change in image quality during treatment(Model
JC-200 HIFU device). Pre-HIFU image quality is goodut deteriorates during treatment (3/5 during; 2/5after). After
treatment, the kidney and tumour are completely oliterated due to tissue oedema.

5.3.2 Results

The results of the B-mode scoring for all patieattshe three time points are shown in Table
22. These results are also summarised in graphifofiigure 47. The mean pre-operative B-
mode score was significant higher than both theioperative (3.2s.1.9; p<0.001) and the

post-operative (3.4s.1.6; p<0.001). Notably, even the mean pre-opezdBvynode score is
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such that blurring of the tumour margins & surromgdstructures. The post-operative
imaging was poor in all but two cases. Indeedhatend of treatment, eight of the cases were

deemed to score 1/5 indicating that the tumoumasgins or its surrounding structures were

no longer visible.

Table 22 — B-mode score for each patient before, dag and after HIFU treatment. The T-test (paired, two-tailed) is
used to compare intra-operative and post-operativevith the baseline (pre-operative) score

Trial No. B-mode Score
Pre-operativg Intra-operative Post-operative
5.01 2 1 1
5.03 4 2 1
5.10 3 2 1
5.13 3 1 1
5.16 5 4 4
5.19 2 1 1
5.21 5 3 2
5.23 3 1 1
5.29 2 1 1
5.38 2 1 1
5.39 5 4 4
Mean (95% CI) 3.3(2.4-4.1)| 1.9(1.1-2.7) | 1.6 (0.8-2.5)
ANOVA (vs. pre-op) - p<0.001 P<0.001
5
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Figure 47 — Graphical representation of the mean (mded) and SEM (whiskers) B-mode score at the thrdeeatment
time points. Data compared with repeated measuresMOVA (***=p<0.001 vs. pre-op)
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5.3.3 Discussion

A number of striking features are evident from #i®ve results. Firstly, even before the
HIFU treatment commenced, the imaging was far frd@al. The initial tumour imaging was
considered ideal in only two patients (Patient 5816.39). In the majority of patients the
imaging was sub-optimal and caution was requirednduHIFU treatment. Secondly, the
quality of tumour imaging declined @l patients during treatment. In only two treatments
was the deterioration in imaging determined to lbeom Finally, the imaging was so poor in
seven patients that this factor played a signiticate in the decision to end the treatment.
Only three treatments (Patients 5.16, 5.21 & 5.88)ye ended by the HIFU clinicians
because they were satisfied that the entire tunmawar been ablated based on the intra-

operative hyperecho B-mode imaging.

The reasons for the poor imaging quality are midtagnd cannot be attributed to the quality
of the ultrasound machines themselves — both devewe modern scanners that are in
current clinical use. The focal lengths of the ichh transducers mean that there is a
significant stand-off between the transducer aredabhdominal wall during treatment. It is
possible to move the diagnostic probe in a vertit@ction, whilst maintaining the position
of the therapeutic transducer, such that the dstgnprobe lies in contact with the skin — this
leads to a significant improvement in image qualipwever, it is not possible to maintain
the probe in that position for treatment — the protust be retracted so as not to interfere

with the HIFU field.

It is noteworthy that in four patients the initiade-operative imaging was deemed difficult.
This can only be attributed to the imaging modaligelf as HIFU treatment had not
commenced. The diagnostic accuracy of ultrasondgrap renal cancer is variable. Whilst

tumours greater than 30mm in diameter can be detedth near 100% accuracy, tumours of
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0-25mm are correctly detected in 0-79%, with tursdaess than 10mm detected in less than
one quarter of cases [203]. By comparison, CT diagnhas a higher detection rate. In this
clinical trial, the inclusion criteria required twors to be less than 40mm; however many
tumours were considerably smaller than this makifydetection more challenging. Renal
cancers less than 30mm may also be iso-echoic ito H®% of cases — diagnosis in these
circumstances relies on detection of bulging of riaeal contour alone [204]. This finding
can be subtle even with handheld diagnostic prothes;renal outline is often difficult to

visualise clearly with the clinical HIFU devices.

The subsequent deterioration in imaging noted lippaients as HIFU treatment progressed
predominately due to pre-focal heating and tisswell;ig. The attenuation of the skin,
abdominal wall musculature, subcutaneous fat amdngphric fat is significant, leading to
substantial heat deposition. The consequent tisaugling lengthens the propagation path
and further increases the attenuation which lirartergy delivery to the focus and impedes
imaging. The standard clinical response is to allceoling time and administer anti-
inflammatory medication. However, in addition, heghoutput energies are often used to
maintain focal heating which ultimately leads toyale of further image degradation and pre-

focal damage.

Difficulties with ultrasound imaging have also beencountered using other ablative
therapies for small renal masses. Patlal. assessed various factors which contributed to
difficulties in performing ultrasound-guided RFAQRZ]. Of 31 renal masses, just 13 were
considered sufficiently visible on ultrasound ttmal US-guided RFA. Five masses were also
deemed ultrasound-visible but subsequently requ€@dguided RFA due to incomplete

ablation or recurrence. A key difficulty cited dugi US-guided RFA was the formation of
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steam bubbles which obscured diagnostic imagingnas to the obscuration of imaging by

pre-focal heating in renal HIFU.

Finally, imaging difficulty is also encountered lvitenal masses due to the rib cage and
respiratory motion. Anatomically the kidney liegghiin the retroperitoneum, surrounded
posteriorly and laterally by the ribs. The lowelgof the kidney projects below the line of
the rib cage but imaging of the interpolar and uggpear regions is often limited by bone.
From a diagnostic perspective, inter-rib imagingngsmodern handheld transducers is
relatively straightforward, allowing kidney visusdition in most circumstances. However,
using the clinical HIFU device with its 10-12cm redlaff means than ribs often impact on
imaging. The kidney also moves with respiratiorienfby several centimetres. In this trial,
single lung ventilation limited respiratory movermesignificantly but it is impossible to
eliminate entirely. This also serves to limit imagiquality and makes treatment targeting

more challenging.

5.4 Summary

In this chapter it has been demonstrated that tiseaesignificant difference in NS between
patient suitable for trial inclusion and those wdre not. This is most likely due to the ease
with which small, exophytic renal tumours locatedas from the upper pole can be seen.
The importance of clear tumour visualisation is Bagised by the impact of the deterioration
in imaging quality demonstrated in the second bélthis chapter. Imaging became more
challenging in all HIFU-treated patients and comiyided to premature cessation of the
procedure. A number of clinically-relevant stragsgto limit the extent and impact of image

degradation were discussed.
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In the following chapter, efforts to improve treamb guidance, feedback and monitoring
during HIFU by spatially localising acoustic emass from cavitation are examined using an

ex-vivo animal tissue model.
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6 Improving treatment
guidance in HIFU

In this chapter the efficacy of an entirely novedthod of monitoring
HIFU using passive acoustic mapping in ex-vivoiged is presented,
demonstrating its superiority over the existingragbund-based
method in current clinical use

6.1 Motivation for work

Safe and effective ablation requires a reliablehm@tof monitoring treatment progress and
outcome in real-time. Current ultrasound-guidedicél devices use B-mode ultrasound
images to display pre- and post-exposure imagesaable the detection of hyperecho which
corresponds with thermal necrosis [85]. Despitepitsition as the reference standard for
monitoring ultrasound-guided HIFU, it is imperfeTtue real-time monitoring is not possible

as the magnitude of the therapeutic pulse is skwgtars of greater than the diagnostic pulse
and thus interferes with image formation during HIén-time. The appearance of hyperecho
does indeed correlate with thermal necrosis buy Hre temporally disparate. Histological

ablation appears in tissue almost instantaneousignwtemperatures reach 60°C, yet
hyperecho appears only when tissue boiling occndsis associated with distorted lesion
shape and pre-focal migration [16, 48, 206]. Siati analysis also shows hyperecho to
perform poorly as a diagnostic test for thermakabh — sensitivity, specificity, PPV and

NPV are 49-76%, 27-45%, 60-84% & 13-43% respectiji82].
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Contrastingly, spatio-temporal passive acoustic pimap(PAM) is a truly real-time method
of assessing thermal ablation. Its use is posbidtause cavitation-enhanced heating is a key
method of energy deposition at the focus of a Hifddsducer [46] and emissions associated
with its occurrence, received on a remote transgwes be reconstructed to map cavitation
activity [207]. It has previously been demonstratéulough both computational simulation
and experiments in agar gel phantoms, that PAMbeansed to map cavitation activity with

high temporal and spatial resolution [103, 208].

This chapter presents work undertaken to assess &#tMg HIFU ablation of ex-vivo ox
liver, its performance in comparison to currenhicial monitoring methods and its potential
for translation into the clinical environment. Warkthis chapter was undertaken jointly with

Mikl6s Gybngy & Carl Jensen who assisted with ekpental conduct and data processing.

6.2 Hypotheses

The aim of this chapter is to present evidencesbthe following hypotheses:

i) Applying thresholds to the integrated received pofsem PAM data can predict ex-
vivo tissue ablation

i) PAM outperforms conventional hyperecho detectiomafivo tissue ablation

i) PAM is an accurate method for real-time spatiabd@bn of ex-vivo tissue ablation

iv) Early PAM allows prediction of ablation locatiteforeheating occurs

6.3 Experimental Methods

6.3.1 Choice of tissue

Ox liver, rather than kidney, was chosen as thetmppropriate tissue for experimentation
for a numbers of reasons. The ox liver is largeasnang approximately 50cm x 40cm X

15cm, thus providing a suitable volume of tissuedoduct multiple, suitably spaced, HIFU
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exposures. In contrast the kidney is a consideraimgller organ and is less easy to section
and position as required. In addition the kidnegnsinhomogeneous organ, containing both
solid and fluid areas, which may lead to unprethietaablation. The liver is relatively
homogenous in architecture such that ablation scconsistently, predictably and accurately
in the target zone. The ox kidney is also surrodriole peri-nephric fat which further limits
its suitable for HIFU experimentation. The acougiroperties of ox liver and kidney are

similar [185].

6.3.2 Tissue Handling

This experimental protocol was designed to maximlsecal applicability. Fresh, whole ox
livers were acquired from a local abattoir (MutclatneNitney, UK) and used within four
hours of slaughter. Ox liver has similar acoustioperties to many human tissues and has
thus often been used for ex-vivo work [85, 89, 203]. The acoustic properties and
cavitation thresholds for pure water and ox liver shown in Table 23. The measurements in
pure water were taken from work by del Grosso & Btadx liver measurements were

conducted together with Miklés Gyongy.

Table 23 — Acoustic properties and cavitation thresblds of degassed pure water & ox liver (at 1IMHZ); tienuation of
peri-nephric fat from Chapter 4 is included for interest.

Material / tissue | Speed of sound Attenuation | Cavitation threshold
@ 37°C (m/s) (Np/m) (PRFP; MPa)
Pure watef7] 1482 0.03 >8
Ox liver 1615 6.7 2.7
Peri-nephric fat - 17.5 -

Using a tissue sectioning knife, samples of tisgaee cut from the whole ox liver so as to fit
in a Perspex holder of internal dimensions 90 x @® mn?. The holder was designed with
hollow square sides that were then covered withuntéhick biaxially-orientated

polyethylene terephthalate (boPET) sheets whichesleas acoustic windows — see Figure
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48. Two similar holders were made; the second moldel a narrow central slit at the
midplane (20mm from the front and back surfacebg @x liver tissue was transferred to this
second holder after experimentation to facilitaéetioning of tissue directly through this

plane.

90mm

Figure 48 — Tissue holder for ox liver (90 x 90 x 46m?®, sealed front and back by 1@m-boPET. The arrow heads
indicate the mid-plane slit which facilitated tissie sectioning (picture courtesy of Miklds Gydngy)

After any living tissue is excised, air begins totez the tissues and raises its gas
concentration. In the context of HIFU, this poteltyi lowers the cavitation threshold of
tissue and may limit the clinical relevance of thsults. Therefore, prior to insertion into the
holder, each tissue sample was placed into a dgsigcchamber (NALGENE® Labware,
Rochester, NY, USA) with five litres of isotonic géphate buffer saline solution (GIBCO®,
Invitrogen, Paisley, UK) and degassed at -0.1 lbar30 minutes using a vacuum pump
(Model MZ2, Vacuubrand GMBH + CO KG, Wertheim, Geamy). The isotonic saline
solution served to prevent osmotic cell damageerA30 minutes, the tissue was placed into

the holder, maintaining the tissue under the sawolation level at all times to minimise air
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entering the tissue. The holder was then transfeiwea large tank of degassed, deionised
water held at 37°C. The water within the tank wamped through a flow loop containing
filters (lum & 0.2um), a degassing membrane (connected to a vacuurp)pamd an in-line

heater to maintain water temperature.

6.3.3 Transducers

A custom-manufactured 1.06MHz transducer (H-102BR&Nsonic Concepts, Bothell WA,
USA) was used to ablate the ox liver tissue. Aaegtlar cut-out (18 x 45nfnin the
transducer allowed co-axial placement of a 5-10Midear array (Model L10-5, Zonare
Medical Systems, Mountain View CA, USA) which fuiocted as the multi-element passive
cavitation sensor — see Figure 49. The HIFU traosdand the linear array placed co-axially

using a custom-manufactured holder.

Transducer Zonare
holder linear array

Zonare
linear array

\.

1.06MHz HIFU
transducer

Figure 49 — 1.06MHz HIFU transducer mounted co-axiy through the central rectangular cut-out with the Zonare
5-10MHz linear array (picture courtesy of Miklds Gyongy)

The HIFU transducer was spherically focused witdenm active diameter. The transducer
was calibrated in water using a 0.5mm needle hydop (SN 1203, Precision Acoustics,

Dorchester, Dorset, UK). The absolute calibrati@s werformed up to 1.1MPa only to avoid
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damage to the hydrophone. The -6dB longitudinahdverse and elevational beam widths

were measured as 16mm, 2mm & 1mm respectively Tabke 24.

Table 24 — Characteristics of HIFU transducer usedn PAM experiments

Frequency| Characteristics (mm) -6dB Focal Width (mm)
(MHz) | Focal Lengthl Aperture|  Axial Transversq Elevation
1.06 64 63 16 1 2

The linear array consisted of 128 elements spararngperture of 38mm. Each element has
a 0.3 width, 5mm elevational height and a nomimafjéiency response of 5-10MHz. The
diagnostic ultrasound system connected to the dmaye, Zonare Medical Systems) could
operate in active or passive mode. In active mad&ventional B-mode images were
acquired at a 10Hz frame rate. In passive modegctige pulse was transmitted; instead 64
channels of down-modulated in-phase and quadrd€@ data; 4.6-9.6MHz) data were
recorded at a frame rate of 30-100Hz depending BrUHexposure length. The channels
were connected to every other element across tlay ar order to maximise longitudinal

resolution through use of the entire aperture.

The dual transducer assembly was placed into tige later tank such that the curved axis
of the HIFU transducer was directed through onthefacoustic windows of the holder. The
assembly was attached to a motorised positioniatgsywhich allowed control of movement
in three axes to 0.1mm accuracy. The assembly knexs dligned using B-mode ultrasound
(active mode) such that its geometric focus coiedidith mid-plane of the Perspex holder,

at a depth of 20mm into the tissue — see Figure 50.
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Figure 50 — Schematic of transducer assembly andssue holder set-up; Zonare linear array can functio in active
(pulse-echo) or passive (receive only) modes

To generate HIFU a signal generator (Model 332584ilent Technologies, Santa Clare,
CA) was connected to a power amplifier (Model A380JI, Rochester, NY) which was in
turn connected to a $Dmatching network which was custom made for thelHIifansducer.

Both the positioning system and HIFU signal outwate controlled by LabVIEW software.

A schematic of the electronics setup is shown gufé 51.
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Figure 51 — Schematic of the electronics setup

6.3.4 HIFU Exposures

The 1.06MHz HIFU transducer was driven continuousltyits operating frequency. Six
different PRFP amplitudes, calculated from the ddacer calibration over a tissue path
length of 20mm =6.7Np/m), were used for the HIFU exposures, irgrgauniformly from

3.6MPa to 8.0MPa. The amplitudes were specificalhosen to provide monitoring

information on these specific clinical relevantrszeos:

1) Sub-therapeutic range (at threshold for thermadtad)
i) Therapeutic range for safe thermal ablation (céomsisablation; no focal distortion)

iii) Supra-therapeutic range (focal migration and lesligtortion)

For the purposes of labelling, the sub-therapeatige was referred to as low amplitude (3.6-
4.5MPa), the therapeutic range as intermediateGR3MIPa) and the supra-therapeutic range
as high (7.2-8.0MPa). The intensity values corredptg to these pressures are shown in

Table 25.
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Table 25 — PRFPs and corresponding intensity valuesed during HIFU exposures (SPTP — spatial-peal tengpal
peak; SPTA — spatial-peak temporal-average; SATA — gtial-average temporal-average)

PRFP Intensity Values (kW/cnt)
(MPa) IspTp IspTA Isata (Gaussian)
3.6 0.8 0.4 0.2
4.5 1.4 0.7 0.3
54 1.9 1.0 0.5
6.3 2.6 1.3 0.7
7.2 3.5 1.7 0.9
8.0 4.2 2.1 1.2

Exposure durations of 2, 5 & 10 seconds were useccdch PRFP, giving 18 exposure
configurations in total. The transducer charadiesgutlined in Table 24 were used to give a

-6dB focal volume:
] ] 4 4
Ellipsoid volume = §7T(x.y.z) = §7r(1.6 x 0.1 *0.2) = 0.134cm3

Using the §a7a intensity values in Table 25, a measure of endappsited for each exposure

configuration was calculated and can be seen iheT2th

Table 26 — Thermal dose values for each of the 18 equre configurations based on absolute & spatial darations

PRFP Energy Deposited (kJ)
(MPa) 2 secs 5 secs 10 secs
3.6 0.05 0.13 0.27
4.5 0.08 0.20 0.40
54 0.13 0.34 0.67
6.3 0.19 0.47 0.94
7.2 0.24 0.60 1.21
8.0 0.32 0.80 1.61

To allow a comparison between the active and passiedes of monitoring HIFU, each
exposure configuration was undertaken twice, threstng a grid of 36 exposures in each
liver sample. The exposures was placed 10mm apardws of six, with 10mm spacing
between rows. Odd-numbered rows were monitoredchyea(B-mode ultrasound) imaging

and even-numbered rows by passive (acoustic mappiraging, as shown in Figure 52.
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Figure 52 — Schematic demonstrating HIFU exposureonfigurations and use of monitoring techniques

In total, five samples of liver from five differeanimals were assessed, using both active and
passive mode for each exposure configuration. tal,td80 exposures were conducted;
however there was data loss for five exposures.s€mmently, using the matched pair

statistical analysis described later, there wefedairs available for comparison.

6.3.5 Data Processing

After all 36 HIFU exposures were completed the raymg data were transferred to a
personal computer and converted to Matlab (R20D&hworks, Natick, MA) data files for
further processing.

6.3.5.1 Active mode (B-mode ultrasound)

The active mode data were analysed on a framedmdr basis to locate the image
immediately before and after HIFU treatment. Thprapriate images were easy to identify

as the HIFU signal causes significant interferedagng B-mode imaging. The pre-HIFU
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image was then digitally subtracted from the poliUHimage using the Matlab image
processing toolbox. This processed created a diffed B-mode image to analyse for

evidence of hyperecho formation.

6.3.5.2 Passive mode (PAM)

The passively acquired 1/Q was up-modulated to RIEomb filter of 300KHz bandwidth
was applied to each channel of RF data to sep#rateceived signal into its broadband and
harmonic components. Both signal components weea tled through a beamforming
algorithm as previously described by Gyongy & Cossnd discussed in Chapter 2.7 [103].
A region of interest (ROI) of 40mm (axial) by 10n{tnansverse) centred around the focus
was defined and the acoustic source power at eaclion within the ROI was reconstructed
using the probe sensitivity [102, 208]. The proalasdividual frames mapping the source
distribution every 10, 20 or 33ms (depending onmiarate) HIFU exposure, giving
information on the onset, duration and locationaofivity. In addition, integration of the
acoustic source power across of the frames duanh exposure (2 secs — 200; 5 secs — 250;

10 secs — 333) yielded a measure of the radiamastic energy from each location.

6.3.6 Gross Pathology

After completion of all 36 exposures in each livsample, the tissue was immediately
sectioned for visual analysis and photography. Tissue was cut into two halves
perpendicular to the direction of the HIFU propawat.e. parallel to the acoustic windows
of the holder. As discussed and demonstrated ip€h&.3.2 and Figure 48 respectively, to
facilitate this process the tissue was transfeteén alternative holder with narrow slit
located exactly at the mid-plane. A sharp tissu#i@ang knife was used to accurately cut
across this plane. The sectioned halves of tissre placed side-by-side and photographed.

The zone of ablation in tissue were easily idesdifas a sharply demarcated blanched region
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due to protein denaturation and are termed ‘lesitmrsthe remainder of this thesis [214].

The presence or absence of a lesion at each explomation was determined by consensus

opinion of two researchers (author & Carl Jensesge-Figure 53.
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Figure 53 — Gross pathology photograph or exposurgrid placed alongside schematic of HIFU exposure
configurations. The presence of tissue blanching care clearly seen indicating thermal ablation.

After photography, the tissue was then sectionedgathe imaging plane and the two halves

of tissue then placed next to each other to produzss-sectional images of the lesion in the

axial plane of the transducer — see Figure 54.tiBsee cross-sectional images were used to

perform a visual comparison of the location andoshaf the thermal lesions relative to both

the B-mode and PAM images.
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Axial distance (mm)

Transverse distance (mm)

Figure 54 — Axial cross-section images of thermabéation with two different HIFU exposure configurations. The
plane of the tissue cut is centred at zero (axiallhe left image demonstrates a non-distorted focalpositioned lesion;
the right image demonstrates a tadpole-shaped pr@d¢al lesion.

6.3.7 Comparison of B-mode & PAM images with gross pathalgy

To facilitate a comparison of lesion location, Bianode images and PAM were displayed
side-by-side next to the gross pathology. The mwsivf the focus within the imaging was
aligned with the tissue which had been sectionsaltih the geometric focus as described in

Chapter 6.3.6.

The difference B-mode images were assessed foprésence or absence of hyperecho by
two research clinicians (author & Tom Leslie). Babsessors had experience in clinical
ultrasound-guided HIFU treatment. The assessmeaits performed independently and were
blinded to the exposure configurations and the mut of the PAM imaging for the same
configuration. Each assessor classified each inegeither positive or negative for the

presence of HIFU-related hyperecho; no differemcegpinion were encountered.
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The PAM data were assessed by first creating a 1@mi®mm ROI centred on the focus.

Within this window, the filtered broadband and hamc data were integrated across all
frames acquired during HIFU on-time producing altoeceived broadband and harmonic
energy for each configuration. The total broadbanergy is a measure of the energy of the
noise produced by inertial cavitation during HIFUhis has been shown to correlate well
with the temperature rise due to inertial cavitatj62]. Harmonic emissions during thermal

ablation are primarily associated with non-lineeattering of the HIFU by large, boiling

bubbles produced as temperatures approach orb®ed00°C [101, 215]. Exposures that
lead to significant harmonic emissions can theeefi generally viewed as overtreatment i.e.
as having an input energy significantly greatemtlthe energy required to produce the

desired effect.

To allow a quantitative analysis of the PAM datae broadband and harmonic emission
energies were compared with the presence or absdrecdesion at gross pathology. From
this comparison, energy thresholds of simultangoosturring emissions were defined. The
broadband & harmonic energy levels that most atelyrgredicted lesion occurrence were
0.0137mJ & 1.17mJ respectively. These thresholds weed to categorise the PAM data as

positive or negative for the presence of signiftdaubble-related emissions.

6.3.8 Statistical analysis

Eighty-five pairs of data were available for compan with gross pathology data. For each
monitoring method, the gross pathology result wasared with the presence or absence of
hyperecho (active monitoring) or whether the emisghresholds were exceeded. A positive
detector result with a positive gross pathologywitewas a true positive (TP). A negative

detector result with a negative gross pathologyltegas a true negative (TN). Conversely, a

positive detector result with a negative gross @athy result and a negative detector result
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with a positive gross pathology result were a fgissitive (FP) and false negative (FN)
respectively. The performance of each detector inifially assessed by calculating the test

sensitivity, specificity, PPV & NPV, using the folling formulae:

Sensitivity (%) = ( ) %100 PPV (%) = ( ) %100

TP+ FN TP + FP

Specificity (%) = ( ) * 100 NPV (%) = ( ) * 100

TN + FP TN + FN
The overall accuracy of each detector was alstzdkd:

TP+TN
TP+TN+ FP+FN

Accuracy (%) = ( ) * 100

A formal statistical comparison between the twoedtlrs requires the use of a matched pair
analysis. The accuracy, sensitivity & specificitgre compared using McNemar’s test with
Yate’s correction [216]. The PPV & NPV were anatysesing a test statistic proposed by
Leisenringet al. which compares matched pairs similar to McNemae& but specifically
conditioned on the test outcome [217]. The nulldiiaesis for these statistical tests was that

the probability that the two tests disagree weeesdime, that is:
P(Hyperecho[+ve], PAM[—ve]) = P(Hyperecho[—ve], PAM[+ve])

Statistical significance was defined as p<0.05. ArQ.05 thus gave reason to reject the null

hypothesis and accept the alternative hypothesis:
P(Hyperecho[+ve], PAM[—ve]) #+ P(Hyperecho[—ve], PAM[+ve])

Acceptance of the alternative hypothesis means #mgt difference between the two
probabilities was likely due to a true differencethe detectors’ performance rather than due

to chance.
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6.4 Lesion size, shape & position

Gross pathology analysis & photography confirmedat tbsion size, shape & position were

consistent for both monitoring methods for all esyp@ configurations. Overall lesions were
seen in 106/170 exposures; lesions were seen 54 109%), 40/58 (69%) & 56/58 (97%)

exposures in the low, intermediate & high presstagegories respectively. Lesion size
correlated with both increasing PRFP and increasiypsure duration — see Figure 55. At
the higher exposure regimes pitting, located witthi@ boundaries of the zone of ablation,
was also evident — these cavities form during Htftlé to gas pockets arising as a result of

tissue boiling [215].
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Figure 55 — Photograph showing transverse (top) &xdal (bottom) cross-sections of lesions for one kv. Pits are
visible (arrowheads) in the higher pressure and loger duration exposures due to boiling. Notice theversized,
distorted (tadpole-shaped) and pre-focally migratedesions seen in the high pressure exposures.

Figure 55 also reveals that the majority of lesionshe high exposure configuration (7.2-
8.0MPa) are oversized, distorted in shape (tadglodged) and positioned pre-focal to the
mid-plane cut. These lesion characteristics ardnagasociated with tissue boiling and
overtreatment [48]. It is evident that the moshicklly relevant pressure range is the
intermediate category where ablation is often sewhthe lesions produced are positioned at
the focus, uniformly-shaped and of a size consisteith the focal dimensions of the
transducer. At the low pressure range, ablatioraisly seen (19%). At the high pressure
range lesions are invariably seen; however theypfiea distorted in shape, size and position

— not ideal for safe therapeutic use.
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6.5 Predicting lesion occurrence — PAM versus hyperecho

The gross pathology, B-mode hyperecho images andl BAages were categorised into
positive or negative for the presence of a les®udiacussed above. The thresholds for PAM
were calculated using ROI curves to give the marinaccuracy possible. Table 27 outlines
the rate of lesion occurrence seen (gross pathplogypredicted (B-mode hyperecho &

PAM).

Table 27 — Rate of lesion occurrence (seen or pretid) from 170 HIFU exposures; exposures were monited with
B-mode hyperecho or PAM hence half (85) exposureseaseen for each

Number of lesions (seenor predicted?)

Low Intermediate High

Gross pathology 19% (10/54) 69% (40/58)| 86% (50/58)
B-mode hypereché | 0% (0/27) | 21% (6/29) | 66% (19/29)
PAM? 7% (2/27) | 55% (16/29P 93% (27/29)

The above offers some information on the monitoteahniques being assessed. However, a
direct comparison using these figures is misleadisgthe data are paired and must be
analysed using paired statistics as described apteh 6.3.8. A detailed breakdown of the
performance of the two detectors is shown in T@BleAt the low pressure range true lesion
occurrence based on gross pathology was uncomreorsub-therapeutic from a clinical
perspective. Both detectors performed similarly ethbwere usually negative and no
statistically significant difference was seen batwé¢hem. This is logical at sub-therapeutic
exposures — neither the cavitation nor boilingghmd was reached. However, both detectors
had poor specificity (0% vs. 20%) meaning theyefdito detect the true lesions seen at this
pressure which occurred only at the longer duraggposures. The single FP noted with
PAM in this pressure range occurred as the fogusvar a large blood vessel which resulted
in strong cavitation activity within the saline ifilu
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At the intermediate pressure range, lesions wegalady produced without the features of
overtreatment — this is the ideal therapeutic ranB&M significantly outperformed
hyperecho. Hyperecho provided correct detectioress than half (13/29, 45%) of all
exposures; PAM, in contrast, was accurate in 28isures (79%; p=0.011). Both returned
similar specificity (8/9, 89%) and similar PPV (5/84% vs. 15/16, 93%). The sensitivity
(ability to detect TPs) of PAM is significantly ger than hyperecho (15/20, 758 5/20,

25%; p=0.0061) as is the NPV (8/13, 62868/23, 35%; p=0.011).

At the high pressure range, lesions were invarigsyduced but were often distorted in
shape, size and position. Hyperecho was more @itearate at this exposure level (18/29)
due to high focal temperatures causing tissue rgpilHowever, PAM was again more

accurate (26/29; p=0.018) with a higher sensiti{li§/28, 64%vs.26/28, 93%; p=0.018).

The data is summarised graphically in Figure 56er@N, across the entire pressure range,
PAM accurately predicted lesion occurrence in 84%/85). The PPV & NPV, essentially

measures of the confidence in a detector resufe 8% & 73% respectively.
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Table 28 — Analysis of performance of B-mode hypecho and PAM monitoring as detectors of lesion formigon (reference standard = gross pathology)

Low Intermediate High Overall
(3.6-4.5 MPa) (5.4-6.3 MPa) (7.2-8.0 MPa)
Lesiont 19% (10/54) 69% (40/58) 97% (56/58) 106/170 (62%)
Hyperecho | Passive | p Hyperecho| Passive | p Hyperecho| Passive | p Hyperecho| Passive
Accuracy | 81% 81% 0.72| 45% 79% 0.011| 62% 90% 0.018| 62% 84%
(22/127) (22/27) (13/29) (23/29) (18/29) (26/29) (53/85) (71/85)
Sensitivity | 0% 20% 0.62| 25% 75% 0.006| 64% 93% 0.018| 43% 79%
(0/5) (1/5) (5/20) (15/20) (18/28) (26/28) (23/53) (42/53)
Specificity | 100% 95% 0.62| 89% 89% 0.72 | 0% 0% N/A | 94% 91%
(22/22) (21/22) (8/9) (8/9) (0/1) (0/1) (30/32) (29/32)
PPV N/A 50% N/A | 83% 94% 0.53 | 95% 96% 0.33 | 92% 93%
(0/0) (1/2) (5/6) (15/16) (18/19) (26/27) (23/25) (42/45)
NPV? 81% 84% 0.43| 35% 62% 0.011( 0% 0% N/A | 50% 73%
(22/127) (21/25) (8/23) (8/13) (0/10) (0/2) (30/60) (29/40)

! Lesion = Gross pathology analysis
2 Positive predictive value
% Negative predictive value
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Figure 56 — Graphical summary of the performance oboth detectors (hyperecho & PAM) according to lowintermediate & high insonation pressures. The blusections (solid
& patterned) represent all exposures where the det¢or prediction was accurate
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6.6 Predicting lesion location

Current B-mode monitoring of HIFU therapy suffereajly because of the biological origin

of HIFU-induced hyperecho. Boiling temperatures raguired to create the strong scattering
required to produce significant grayscale chandeassuch they only appear when a HIFU
exposure has gone beyond its desired outcome. Egipershould truly be regarded as an

indicator of overtreatment not as an indicatoruafcessful treatment.

Prediction of lesion occurrence is possible withMPA'he same experimental data were used
to assess whether PAM can also spatially detemngsn real-time. Three snapshots of a
PAM movie are shown below from an 8MPa, 10seconge®®ure which led to an oversized,
tadpole-shaped & pre-focal lesion. Figure 57, taeb=2secs, demonstrates an early rise in
broadband activity which is clearly localised tcetfocus. At this stage no significant
harmonic activity is noted. Gross pathology demmetl that the lesion formed after two
seconds at the same pressure was small, unifotmalyesl and located at the focus. Figure 58,
taken at t=4secs, demonstrates that harmonic ctids commenced and initially this is
initially located at the focus. Gross pathology destrated that after t=5secs at the same
pressure the formed lesion was again uniform arzhlfoFigure 59, at t=9secs, now
demonstrates high-level harmonic activity occurrprg-focal as demonstrated on both the
instantaneous and cumulative map. This changecetitmn and level of harmonic activity is
consistent with the onset of tissue boiling resgltin the distorted lesion seen at gross

pathology at t=10secs.
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Figure 57 — Time trace (top), instantaneous (middlednd cumulative (bottom) PAM images at t=2secs ohe8MPa, 10
second duration HIFU exposure. Broadband activity ocurred at the focus after early cavitation; no sigificant
harmonic activity was seen at this stage
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Figure 58 - Time trace (top), instantaneous (middleand cumulative (bottom) PAM images at t=4secs oha&8MPa, 10
second duration HIFU exposure. Broadband activity veis again localised to the focus and early harmonactivity was
also seen located at the focus
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Figure 59 - Time trace (top), instantaneous (middlednd cumulative (bottom) PAM images at t=9.5secs aih 8MPa,
10 second duration HIFU exposure. Significant, suatned harmonic activity was seen located in the prfocal regions,
consistent with tissue boiling and overtreatment.

Comparison of PAM images from an exposure in thermediate (therapeutic) range with
one from the high (overtreatment) range demon&tiitggdesuperiority over B-mode hyperecho.
Figure 60 demonstrates broadband & harmonic cumal®AM maps, gross pathology and
difference B-mode hyperecho images. Following tmermediate exposure (A;top),
broadband activity accurately predicted lesion tioca Low level, focal harmonic activity
was also seen but no hyperecho change is seeheAtigh exposure, pre-focal lesioning is
predicted by both broadband and harmonic actiVibe high level harmonic activity implies
tissue boiling, which is confirmed by the strongpgecho signal which is located in the pre-

focal tissues.
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Figure 60 — Broadband & harmonic PAM images, grospathology and hyperecho images for an intermediate
pressure (A; top) and high pressure (B; bottom) expsure demonstrating accurate lesion location usingAM.
Hyperecho is only visible in the overtreatment expgure (B).
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6.7 Early focus registration using PAM

Current clinical devices use the free-field focfishe transducer to display the expected zone
of ablation as an overlay on the B-mode diagnostiage of the treatment area. These
parameters are measured by calibration in non+stery media and take no account of
possible focal aberrations due to the attenuatimh gpeed of sound in overlying tissues.
Accurate targeting is absolutely vital during atiali HIFU to prevent damage to nearby vital

structures such as bowel or ureter.
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A more satisfactory approach would allow a non-desive HIFU exposure to be undertaken
prior to a therapeutic to confirm that the zone of atatvill occur at its intended position.
B-mode hyperecho monitoring is unable to achievét appears upon tissue boiling when
thermal ablation has already occurred. This wasamhstnated by Rabkiat al. — hyperechoic
regions were produced in rabbit tissue using S¥460ms) pulses of HIFU. However tissue
damage including cavities and blood congestion vaéserved, possibly due to millisecond

boiling, rendering this method unsuitable for peatment targeting [87, 213].

In contrast, a single cycle of HIFU may be suffitieo initiate cavitation activity at the focus
provided that its amplitude is above the cavitatibreshold for the tissue being insonated.
Real-time imaging using PAM could then demonsttaglocation of cavitation activity thus

acting as a surrogate for the true thermal focus.

Cavitation maps were created for the first 100msHtFU exposure. Exposures of such
duration are sufficiently short to avoid thermaistie damage. Two representative examples
of early cavitation activity can be seen in Fig@ie In both time traces, early onset cavitation
activity was seen, which is localised to the -6diBhsducer focus when reconstructed. Gross
pathology confirmed that thermal lesion formedduling the full exposure was located at the

geometric focus.
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Figure 61 — Two exposure configurations demonstratg early (<100ms) cavitation activity used non-desictively to

demonstrate predicted lesion position. PAM imagesdgft) and presented alongside corresponding time #&ce of
received signal power on array. Red ellipse represés -6dB focal zone.

The use of PAM for focus registration has two distirequirements — firstly that the
cavitation threshold is exceeded and secondlyttietavitation activity occursarly in the
exposure. The first condition is nearly always méhis is demonstrated in the low FN rate of
PAM discussed in Chapter 6.5. The second condisomore problematic as cavitation
activity is not always predictable. A further exdempan be seen in Figure 62 where a high
amplitude HIFU exposure was undertaken. No sigaificactivity occurred in the first 100s;
indeed it was absent until two seconds in the exgodeginning at two seconds, significant
cavitation was detected which ultimately enablefdomation of a precise PAM image.
However, the PAM image formed from the first 100ofghe exposure gives no information

to aid focus registration in this example.
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Figure 62 — PAM demonstrating absence of early caation activity despite the high insonating pressue. Significant
cavitation activity is seen later in the exposure it no early focus registration can be performed irthis example.

The examples shown in Figure 61 demonstrate that slon-destructive bursts of HIFU can
be used as a feasible method for focus registratiba implementation of this technique into

clinical practice with current HIFU devices is piids and relatively straight forward. It has
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the potential to improve the safety of HIFU by reihg the risk of inadvertent damage to

vital structures.

6.8 Discussion

The most striking feature of the results preseirietiis chapter is that the current method for
method for monitoring HIFU exposure is poor. Thangducer output required to produce
thermal necrosis in any tissue is not fixed — tiesfrom patient to patient, organ to organ
and tumour to tumour. HIFU clinicians rely on hygemo treatment monitoring — it represents
the only method of intra-operative assessment @il ablation — yet at clinically relevant

exposures it gives correct results less than haltitne. It is evident that its lack of accuracy

stems from its poor sensitivity — thermal ablati@s occurred but it has not been detected.

The results presented above demonstrate that PAdldlenthe localisation of tissue heating
and ablation during HIFU, including any activityathoccurs pre-focally. PAM also functions
as an accurate and sensitive predictor of tissuatiai following a HIFU exposure and
significantly outperforms current clinical hyperecimethods. Moreover, PAM can be used in
a non-destructive fashion to spatially locate tbheezof ablatiorbeforetherapeutic HIFU is
undertaken. In addition it has been shown thangtmassive harmonic maps correlated with
boiling and overtreatment, features which are @hcdetected by hyperecho, providing

further feedback on the HIFU exposure.

Fundamental to the use of PAM to monitor HIFU istthit can be used in real-time.
Hyperecho monitoring cannot be undertaken during-WHlon-time as the HIFU signal
saturates the diagnostic image. The result of legter monitoring is only available after the
exposure has stopped when undertreatment or oxemeat may have occurred. It is

theoretically possible to interleave the diagnostitasound within a HIFU exposure by
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lowering the HIFU duty cycle, which would enableagiireal-time imaging. However this is
not feasible with current clinical devices. In aast, the passive nature of PAM means that
monitoring is truly real-time — individual HIFU egpures could be modified in their
amplitude or duration until the desired outcomadkieved using relatively simple feedback

loops [218].

PAM did not perform perfectly in the above expenmse There were a number of false
negatives, spread across all the exposure configasa In these circumstances, too little
(sub-threshold) cavitation activity was detectedpae visible lesions at gross pathology. The
tissue is heated by HIFU absorption and any gee@raarmonics but there are insufficient
broadband emissions to reach the designated ablimieshold. This may occur for a number

of reasons:

i) Focal pressure is too low to instigate cavitatiotivaty
i) Cavitation emissions are attenuated by overlyisgsuges

iii) Detector threshold is set too high

The likelihood of cavitation occurring in perfuséidsue is a relative unknown with little
research into cavitation thresholds in-vivo human tissue. However the problem is
potentially surmountable with the use of micro-nano-bubbles which would provide the
necessary nuclei necessary to initiate cavita#moustic emissions from inertially cavitating
bubbles are broadband but are usually of a higleguéncy than the insonating HIFU. Given
the frequency-dependence of absorption, attenuatibncavitation emissions may be
problematic, particularly when treating depth. Hoese the use of ultra-high sensitivity
receivers, appropriate pre-amplification and cdhgfliitering of the fundamental frequency
will help to minimise this issue. Finally, the detier threshold can be manipulated — for

example lowering the threshold improves the seritsitat the expense of specificity.
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Three FPs were seen using PAM — one at each exposgime. In these circumstances,
significant cavitation activity was seen in theetxse of a lesion at gross pathology. Carefully
inspection of the tissue in each case revealed@dblessel at the focus leading to cavitation

within the saline fluid.

6.9 Summary

In this chapter a novel method of spatially logatisacoustic emissions from cavitation has
been tested in an ex-vivo animal model. It has Istenwn that PAM enables non-destructive
localisation of the HIFU focus, accurate spatiatalesation of thermal ablation and
guantitative prediction of thermal ablation whidnde performed real-time in order to avoid
boiling, overtreatment and pre-focal tissue damadge. translation of this technique into the
clinical setting is possible without major modificas to existing clinical devices. The
design, testing and clinical use of a PAM devicetfe Model JC & Model JC-200 HAIFU

devices is discussed in the Chapter 7.
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/ Design, testing &clinical
use of a PAMdevice

Using the PAM techniques presented in the prevahapter, a novel
device was designed and fully integrating into amsteng clinical

HIFU device. Safety and efficacy data of its useanal HIFU are
presented in this chapter.

7.1 Clinical Integration of Passive Acoustic Mapping

In Chapter 6 the use of a novel technique to pabsiwonitor acoustic cavitation emissions
was tested irex-vivotissue. It was demonstrated to be superior toréerence standard
techniques used during ultrasound-guided HIFU, tioning as a better detector and locator
of ablation as well as providing a method of peatment targeting. The useeX-vivotissue
enabled the conduct of a repeatable experimentatogwl which in turn facilitated the
development of accurate algorithms to process #msipely received signals from HIFU
exposures into meaningful geographic maps of damitaactivity. Proof of concept has been
established. However, significant differences ekistween laboratory-basesk-vivo tissue

experimentation and hospital-based/ivo perfused tissue clinical studies.

It is not known whether cavitation occurs duringiclal HIFU treatments. If indeed it does,
do cavitation emissions propagate sufficiently éaréceived using an extracorporeal detector?
The paucity of evidence regarding cavitation duhgical HIFU is primarily due to the lack

of a suitable detector — clearly intracorporealedt&irs are unsuitable for non-invasive
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treatments. Any cavitation detector must be renfaten the patient and also must not
interfere with the transmission of the therapeddt=U or with the movement of the

therapeutic head.

7.2 Hypothesis

A custom-built PAM device can be applied to exigtidinical HIFU machines (without
impeding treatment) to allow PAM af-vivo cavitation and other sources of acoustic non-

linearity.
7.3 Design of passive cavitation detector

7.3.1 Principles

A fundamental principle of designing the PCD wasetsure that it could be used on the
existing clinical HIFU device(s) without the needaiter the functionality of the device itself.

In essence, the PCD was required to be entirelgpeddent of the device and cause no
significant interference to the production or tramssion of the therapeutic beam, in order to

not violate the CE mark of the device.

The design of the PCD was based on its applicatiadhe Model JC HIFU device which uses
a 0.8MHz therapeutic transducer for renal HIFU. gaithat treatments are conducted using
mechanical translation of the HIFU transducer tgdgtia tumour volume, it was desirable to

have the PCD array mounted on the therapeutic toeadintain alignment throughout.

During the course of the clinical trial, a subsi@namendment to the protocol was made to
allow the use of the Model JC-200 HIFU device whides a 0.95MHz therapeutic head.

Design changes were required to the signal filteram the receive electronics which are
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discussed in more detail below. In addition, tHfeing design issues were considered to be

of fundamental importance

i) The receive array must be acoustically transpaaérihe HIFU drive frequency to
minimise attenuation of the therapeutic HIFU.

i) The receive array must be easily removable fronttiempeutic head.

iii) The positioned receive array (including any cablimgust not interfere with the
movement of the therapeutic head or with the pmsiig of the patient.

iv) Pre-amplifiers should be positioned as close asiblesto the receive array to
maximise the signal-to-noise (SNR) ratio but owgsafl the water reservoir.

v) High performance data acquisition is required fovalsimultaneous multi-channel

data at a suitably high frame rate.

The design, testing and clinical implementationtted PCD array described in this chapter
was conducted with Dr Jamie Collin in the InstitafeBiomedical Engineering (University of
Oxford). Assistance with equipment design and mactufe was also supplied by Precision

Acoustics (Dorset, UK) & DNV (Portland, UK).

7.3.2 PCD array

To maximise spatial resolution a large number @emrngng elements were required. The
Zonare array described in Chapter 6 uses 64 segagtgments to record data. A trade-off
was required between element size and number hatlclinical array to ensure a sufficiently

large receiving area without significant impacttba transducer output.

A compromise of 32 receiving elements arrangedour ftoncentric rings was agreed. To
conform optimally to the bowl-shaped therapeut@nsducer, a dart-shaped design was
adopted, orientated with the wide end towards theside of the bowl. Eight darts each

containing four receiving elements were to be ayeansymmetrically around the transducer
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with each pointed tip just abutting the diagnosgticbe in the centre. A schematic diagram of

this arranged is shown in Figure 63.

Sub-array dart

Receiving element

Metal ring housing
diagnostic probe

Detachable mount —>

Connector

Figure 63 — Schematic of the PCD array in the fornof eight symmetrically arranged darts arranged in bur
concentric rings (picture courtesy of Jamie Collin)

Each sub-array dart was manufactured from polyideylefluoride (PVDF) which is the
active element in many hydrophones. This PVDF nedtgroduces a voltage from the
received acoustic signal via the piezo-electricedff It is a suitable material as it has
relatively low acoustic impedance and can be mantufad into thin, flexible sheets ideal for
positioning over the transducer. The PVDF layesasdwiched between a layer of gold and a
layer of kapton applied to the back and front afleantire sub-array respectively. The layer
of gold functions as the common ground electrode dlib the elements. Each individual
electrode is copper which is printed on to the @apayer. Each channel therefore connects to
the earth plane and its respective electrode. Aggnaph of a sub-array is shown in Figure

64.
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Elements

v

L Gold

Figure 64 — Photograph of acoustically transparensub-array demonstrating four elements printed on &VDF sheet
with a gold common ground electrode backing.

7.3.3 Detachable array mount

Appropriate equipment was required to ensure thatsub-arrays could be placed onto the
surface of the clinical transducer in a repeatahl symmetric fashion. Without this, it would
not be possible to be certain of the location afheadividual receiving element relative to
the others. However the sub-arrays were also rediuio be entirely removable to allow
alternative transducers to be used and to allowhmacservicing and calibration. A circular
ring was custom-designed to fit around the lip lod transducer which does not transmit
acoustic energy. The mount was designed with esghtmetrically-positioned holes in the
outer surface to allow the sub-array connectorgpdes through and connect on to the
appropriate cabling. An aerial and side-on viewtted mount is shown in Figure 65. The
mount was designed such that there was minimallagyemto the acoustic window of the
HIFU transducer. The mount was safely secured tredransducer by four circumferential
screws. In order to ensure that the sub-arraysocaordd accurately to the surface of the
transducer, the tip of each sub-array was secuwethdg metal ring at the centre of the

transducer which houses the diagnostic probe.
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Figure 65 — Detachable mount for clinical PCD sensdor Model JC HIFU device photographed from i) underside, ii)
above & iii) side. Red box demonstrates holes in raat to allow sub-array connectors to pass though

Due to differences in the size of the 0.95MHz tduter used on the JC-200 device, an
additional mount was constructed of similar designallow the array to be accurately
positioned. The wider lip on this transducer metdat whilst the mount was required to
position the sub-arrays, they could be satisfdgtsecured such that the mount could
subsequently be removed. This eliminated any imibectnount would otherwise have on the

HIFU output.

7.3.4 Receive electronics

To achieve satisfactory PAM with the array, it wesessary to have suitably high impedance
pre-amplifiers to maximise sensitivity whilst minsmg electrical noise. Given that the array
was mounted over the HIFU acoustic window, it w&s anecessary to filter the driving
frequency to prevent saturation of any passivetgired signal. Custom-made pre-amplifiers
were designed (DNV, Portland, UK) with in-builtiptical filters which gave a rejection of

60dB at the fundamental (0.8MHz) frequency — segiffél 66.
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Figure 66 — Gain of pre-amplifiers without elliptical filter centred the HIFU driving frequency (graph courtesy of
Jamie Collin)

Each pre-amplifier circuit board was designed tenee signal from one sub-array i.e. four
elements. Eight pre-amplifier board were thus meaal assembled into two banks of four to
allow them to appropriately positioned as closdéh® array as possible. Cabling from the
array to the pre-amplifiers was minimised to redwectrical noise however the pre-

amplifiers had to be positioned outside of the wegeervoir and away from the patient bed.
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Metal housing
with cooling fan

Power supply
connectors

Adjustable filters

Individual pre-amp board —
receives 4 elements

Figure 67 — Custom-built pre-amplifiers (1 of 2); ach unit is cooled and houses 4 pre-amplifier boardrhich each
receive data from 4 elements (1 sub-array unit). Oa is filtered to exclude the HIFU drive signal andamplified.

Using two different frequency transducers (2.25M&1Z.5MHz) the sensitivity of one of the
sub-array elements was assessed using a substitaiibration with a previously calibrated
0.5mm hydrophone (HPMO05/3, Precision Acoustics)chE&ransducer was moved on a
positioning system to the point of maximum signaltbe element. The element signal was
then recorded across the frequency bandwidth fon &ansducer, resulting in an assessment
of the array sensitivity for a frequency range df-00MHz. This can be seen graphically in
Figure 68 — consistently high sensitivity is seerpas the frequency spectrum with effective

filtering below 1.5MHz.
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Figure 68 — Filtered and unfiltered sensitivity ofone array element measured using a substitution datation with a
2.25 & 7.5 transducer (graph courtesy of Jamie Cahh)

The 32 channels of data were then acquired on HFAedrammable Gate Array (FPGA)
based digitisers (N15752, National Instruments)chhallow simultaneous acquisition of data

with high temporal resolution.

7.4 Clinical trial ethics

The design and testing of the clinical PCD array &aproject to run concurrently with the
clinical trial of HIFU in renal cancer discussedGhapter 3. It was anticipated that the PCD
array would be available for clinical use towards later stages of the trial; the trial protocol

and ethics submission was therefore designeddw alke of the array for clinical testing.

Ethical approval was granted to use the PCD armagugh the same ethics application
described in Chapter 3.2.2. The approval was gtantethe assumption that the device had
been tested in the laboratory setting and proveratise no significant impact on the acoustic

field of the HIFU transducer. A maximum drop of 1@%¥the focal pressure was considered
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acceptable. It was also required that the PCD araanged no interference with the normal
functioning of the transducer positioning systeratignt positioning system and the HIFU

device software.

Finally, the purpose of clinical trial with regatd the PCD array was to establish the

following:

i) A PCD array could be safely used during clinicalFdI without causing any
interference with normal patient care.

i) An appropriately filtered signal can be receivedmy clinical HIFU.

iii) The received filter signal can be reconstructed-freatment to provide a quantitative

and spatial measurement of cavitation activity

The trial was designed to establish proof of cohdeyt not to allow PCD data to be used to
modify the clinical treatment itself. Data were aitgd in real-time during clinical HIFU but
were not relayed to the operating team or usedftoeince treatment decisions. All data were

analysed post-operatively when the entire clinktdU treatment was complete.

7.5 Clinical safety studies

A calibration experiment was undertaken with thaichl transducer to assess the total drop
in focal pressure due to the PCD array. The 0.8NtHasducer was placed in a large water
tank of degassed water. A 0.5mm hydrophone (HMR@®¥8cision Acoustics) was attached
to a positioning system and aligned at the focut@fransducer. A signal generator was used
to produce a 10p burst of 25 cycles of HIFU at the transducer agvirequency. The signal
was received on an oscilloscope (LeCroy Waveruner acquired using LabVIEW
(National Instruments) software on a desktop PCa®ial scan over a range of 40mm centred

and a planar scan over a 4mm range centred, baotinedeon the focus, were performed.
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Identical scans were performed with the array malobein situ and with both the array

mount and the array elemeintssitu.

The graph shown in Figure 69 demonstrates the @xdadile of the transducer. The drop in
pressure as a result of the detachable mount atomegligible which is consistent with
minimal overlapping of the acoustic field. With timount and sub-arrays in position, the drop

in pressure is approximately 5% which equatesrtorémal and acceptable drop in intensity.

wm=No PCD
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Figure 69 — Axial profile of 0.8MHz clinical transducer measured with a 0.5mm needle hydrophone over 40mm
range centred at the focus, taken with no PCD, thmounting ring only and the full PCD array in-situ.

The presence of inhomogeneities within the acousld has the potential to cause focal
aberrations as demonstrated in Chapter 4.3. Itthexgfore equally important to ensure that
the presence of sub-arrays within the acoustid fiil not have any defocusing effect. Even
small shifts in the focal position have the potaintd cause significant harm if vital structures
lie close to the intended zone of ablation. Theeg¢hplanar scans shown in Figure 70

demonstrate that no focal distortion occurred eessalt of the array mount or sub-arrays.
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Figure 70 — Transverse profile of 0.8MHz clinical tansducer measured with a 0.5mm needle hydrophone @va 4mm
(X & Y) range centred at the focus, taken with no ED, the mounting ring only and the full PCD array in-situ.

The final stage of ensuring clinical safety wasémduct a mock treatment. The PCD array
was installed onto the clinical device and conmdtethe pre-amplifiers. The cabling from
the sub-array connectors was attached to the hdake therapeutic head using a steel jubilee
clip. This ensured that no tension was placed erstlb-arrays. The cabling was then brought
together into two separate bundles deep in therwatervoir and secured together using
cable ties. The two bundles were then brought btlie@water reservoir at its corner so as not
to interfere with either the patient position cartsducer movement. The two banks of pre-
amplifiers were placed adjacent to the patient Bdte cabling to the digitisers was run
underneath the patient bed. A photograph of the R@By fully installed on the JC-200

HIFU device can be seen in Figure 71.
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Figure 71 — Oblique (left) and overhead (right) phtograph of PCD setup integrated with the JC-200 dfiical HIFU
device. The cabling from the elements is neatly celited at the base of the water reservoir and brouglto the surface
at the corner (see top left of oblique image).

The therapeutic head was moved throughout itseerdinge with the transducer at its highest,
lowest and zero height. No interference with itsvemoent was detected. The centrally-
located diagnostic probe was also moved througlentge range without impediment. An

absolute calibration was also conducted using a RR& compared with measurements

obtained from the manufacturers. This is describeatktail in Chapter 7.6.1 & Chapter 10.5.

7.6 Clinical use of PCD array

The final stage of clinical integration of PAM wiistest the array in the clinical setting. This
testing was subject to the ethics agreement disdugs Chapter 7.4. The original pre-
amplifiers were designed for use with the 0.8MHmsducer on the original JC HIFU device.
As such the elliptical filter was centred on thevithg frequency to eliminate the therapeutic
signal from the PAM signal. The switch to the higirequency JC-200 device meant that the
filtering of the drive signal was inadequate wilte texisting filters. A change in filter was

required which only became available at the vey @&fthe clinical trial.

The preliminary stage of clinical testing (Phassdinical trials) is always primarily aimed at

safety and AE assessment. Therefore despite temed®f the appropriate filtering, the PCD
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array was used in two clinical treatments to deteenthese outcomes. PAM data was also

collected to determine whether the real-time acgomswas effective.

The elliptical filters on the pre-amplifiers were-designed for the final patient in the trial.
PAM data were acquired during this treatment andpared with intra-operative hyperecho,

post-HIFU MRI and post-resection histology.

7.6.1 Safety

An absolute calibration was conducted using a texhaforce balance (RFB) which are
custom-built and provided by the device manufacturéhe design and use of the RFB is
described in Chapter 10.5. The RFB was placed thveHIFU transducer and the radiation
force was measured three times at input power§@e450W in steps of 50W, as shown in

Figure 72.

Figure 72 — Photograph of RFB positioned over transgcer with mount and sub-array in place. Radiation érce
measurements were taken at 50-450W output in 50Wegts (3 measurements at each output)

The process was repeated with the PCD array in-Elte results are summarised in Table 29,

where the mean RFB value is shown for various powagput with no PCD, only the
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mounting ring and the full PCD array in place. \&dware shown together with the SEM from
the three measurements at each output. The pegeedtap in radiation force due to the
presence of the two components of the PCD is disws. These results are also presented

graphically in Figure 73.

Table 29 — Summary of RFB measurements with no PCDeft), mount only (middle) & full array (right) in place.
Mean RFB value is shown over 3 measurements togetheith SEM and % drop vs. no PCD.

Power No PCD | SEM | Mountonly [ SEM| % Fullarray | SEM| %
(W) (9) 9) diff. (9) diff.
50 3.20 0.00 |3.30 0.06 | +3.12 |3.23 0.03 | +1.04
100 6.47 0.03 |6.30 0.00 |-2.58 |6.33 0.03 |-2.06
150 8.93 0.09 |8.83 0.13 |-1.12 | 8.50 0.10 |-4.85
200 12.50 0.00 |12.13 0.03 |-2.93 | 11.93 0.12 |-453
250 16.17 0.03 | 15.57 0.27 |-3.71 | 15.03 0.07 | -7.01
300 19.70 0.00 | 19.30 0.00 |-2.03 | 18.23 0.07 |-7.45
350 22.90 0.12 |22.23 0.09 |-2.91 | 20.97 0.18 | -8.44
400 26.00 0.10 | 25.47 0.03 |-2.05 | 23.93 0.09 |-7.95
450 28.83 0.03 | 28.07 0.03 | -2.66 | 26.43 0.03 | -8.32
30
—
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Figure 73 — Graphical representation of the radiatbn force recorded at various power outputs with nd°CD,
mounting ring only and the full PCD array in place.Each result is the average of three measurementsyer bars
(where visible) are SEM values.

The RFB measurements show that there is minimabandptable drop in the radiation force

as a result of integration of the PCD with the iclh therapy head. Even at the highest
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acoustic output the drop in radiation force wag R, approximately equivalent to a 4%

drop in pressure.

Both clinical treatments were conducted in fulllwihe PCD array in place. The array and
cabling were all fully installed before commencemehthe treatment. Both patients were
placed on the HIFU device before induction of atteesa to reconfirm the tumour target and
to ensure that there was no interference from theeyaBoth treatments progressed without
complication. No problems as a result of the PCRyawere encountered. Both patients
required repositioning during treatment and no |[@wmis with this were noted. Transducer

movements were required throughout and this ocdwathout limitation.

7.6.2 PAM results

The full PCD array was installed in full workingdar for the final treatment in the clinical
trial (Patient 5.39). The signal received on oné¢hefarray elements was used as the trigger to
commence data acquisition for each exposure. Thsured that data was acquired
immediately after the HIFU transducer was switcliedand for the entire duration of the
exposure. In addition the trigger allowed temparairelation between the received PCD
signal and the time-point within the HIFU exposubata from each element was sampled at

50MS/s.

Following the standard technique a dose-escalationp was performed at the beginning of
the procedure to determine the optimum treatmewepoA central location with the tumour
was selected for this process — this ensured ligaemergy was highly likely to be deposited
entirely within the tumour rather than at a bougdbetween tumour and normal renal
parenchyma or peri-nephric fat. Two-second HIFUasxpes were undertaken at the same
spot within the tumour using increasing output eieal powers of 40-270W in steps of 10W.

Sufficient time between each exposure was leftltweboth tissue cooling and an assessment
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of the pre- and post-exposure ultrasound imagesgus screenshot dump program installed
on the device computer, these images were storfdebeach exposure together with the
treatment data. Data from the PCD array was redofde each of these ramp exposures.
Some real-time data was shown on the desktop P€tasecord the PCD array data but this

was not viewed by the HIFU operators or used tluanfce treatment parameters.

During the dose escalation no evidence of hyperebhage within the tumour was seen from
40-240W. Following the 250-270W exposures some teary grayscale was demonstrated
within the tumour; 250W was therefore selected hes dptimum treatment power for the

remainder of the procedure.

A number of difficulties were encountered with ttechnique after the data were post-
processed with the PAM algorithms. Data were swsfabtg recorded for the majority of the
exposures. However electrical noise from the dihtberapy device resulted in saturation of
the signal. This noise signal was broadband inreatimilar to that which PAM attempted to
spatially localise, resulting in distorted or inctusive maps. Analysis revealed that most of
the filtered broadband passive acoustic maps weirdarmative for this reason. Successful
mapping of broadband emission during clinical HIEkposures was therefore not possible
during this treatment. However the filtered harngosignal, given its significantly greater
amplitude, was successfully mapped during certdiflUHexposures despite the widespread
electrical noise. Broadband emissions during Hikposure are thought to be solely due to
cavitation activity, however the generation of hames during HIFU may arise from non-
linear propagation of the HIFU signal, scatterirfighee HIFU signal due to bubble formation
due to tissue boiling or indeed low-amplitude catitn where the emission spectrum has yet
to become entirely broadband. In spite of the vayymechanisms responsible for the

generation of the harmonic signal, successful nmappf its location can still provide useful
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information on the acoustically-driven activity chvg HIFU. The filtered harmonic signal was
mapped for each HIFU exposure during the dose a&smalramp. A coherent spatial map

indicating the origin of activity was obtained imamber of cases.

In the absence of hyperecho change at the loweeplawels it was not possible to determine
the true position of the focus. The device softwan@ects an overlay of the estimated focus
position based on the free-field calibration of th@nsducer. However this does not take
account of changes in the speed and aberratiomsluded by the intervening tissues — these
can be both numerically and clinically significaas, shown in Chapter 4. Knowledge of focal
location before ablation occurs is highly desiraioléimit the risk of damage to surrounding

structures.

Examination of the PCD data demonstrated that apatialisation of the focus was possible
at lower acoustic power than that required to pecedayperecho. In Figure 74, a screenshot
image after a 70W exposure is shown. In the middege the pre-treatment B-mode image
can be seen which a clear outline of the renal tumbhe estimated focal position calculated
by the device is also presented as an overlayhegetith the estimated size of the focus. In
the right hand image the immediate post-exposuraode exposure is demonstrated. No
hyperecho change was seen following this expodure left hand image demonstrated the B-
mode image together with an overlaid spatial mafhefPCD data, analysed using the PAM

technique discussed in Chapter 6.3.5.2.
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Figure 74 — Diagnostic imaging and pathology of HIB-treated renal tumour from Patient 5.39. Top row: Bmode
image of 70W 2 second HIFU exposure showing overthharmonic map (left), pre-treatment image (middle)and post-
treatment (right). Bottom row: LAVA MRI showing pre- HIFU (left) and post-HIFU (right) images with photograph
of surgical resection pathology (right).

The absence of hyperecho shown in the post-treatBvemode is consistent with sub-boiling
temperatures; indeed at this relatively low intgngxposure tissue ablation is unlikely.
However the overlay PAM image demonstrates thambaic activity occurred during the

exposure. This was located within the estimatedudoprovided by the clinical device
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software and therefore also located within the blemies of the tumour being treated.
Therefore even at the lowest acoustic output oHH&J device PAM was able to confirm the

true location of the HIFU focus before any sigrafit heating or tissue damage has occurred.

This is a significant development in HIFU monitayirAt present, the operator has to assume
that the predicted focus displayed over the B-mmdendeed the true acoustic focus. In
addition, the operator is obliged to continuallgrease the power output until hyperecho is
achieved before the true focal location can beigoed. At this stage, when hyperecho is
evident, tissue damage has already occurred. PAdviHeaefore been demonstrated to allow

pre-destructive localisation of the focus in aiclah HIFU treatment of a renal tumour.

In addition to the spatial localisation of the hamt data, the energy of the received
harmonic signal was also averaged across the epgsoslihis was performed by creating a
20mm x 4mm (-10 to 10mm axial; -2 to 2 transveiR&)I centred on the focus. The total
received filtered harmonic energy across the eRi@d was calculated for each frame and
then averaged across all the frames recorded dthimddIFU exposure (frame rate 20Hz).
The value produced, due to various scaling fact@sin arbitrary units although it is

proportional to the power of the received signal.

A line plot of the dose escalation ramp showinguatic output power against mean received
PCD power is shown in Figure 75. This demonstratesear-linear relationship between
HIFU drive power and the received harmonic poweinss all 32 elements. Temporary
hyperecho was observed only at acoustic outpub0¥W or greater. This linear relationship
suggests that, with further investigation iofvivo tissue ablation thresholds, it may be
possible to apply appropriate thresholds to theived PCD signal to detect tissue ablation.
These threshold acoustic outputs are likely to igaificantly below the output required to

produce hyperecho change which is currently usegulddict tissue ablation.
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Figure 75 — Graph of HIFU acoustic output powervs. the mean harmonic power received across all 32 etents of the
PCD during the dose escalation ramp of a clinical HfU treatment of a small renal tumour (Patient 5.39. Error bars
represent SD.

7.7 Discussion

Previous chapters have clearly outlined the needdw and improved monitoring techniques
for ultrasound-guided HIFU. The novel techniqueP#M was tested successfully in ar-
vivo model but its clinical translation is a far moremplex task, particularly given the
constraints of the existing clinical HIFU devicedasthical clinical trial conduct. These
factors were fundamental to the design of the PQGEaya Replacement of existing
components within the current clinical HIFU deviseuld have been more straight-forward
however this would have contravened the existingn@ik for the device. Such a change
would have necessitated considerable pre-clingstirtg, extensive safety investigations and
a new medical device application for the Medicirmegl Healthcare Products Regulatory
Authority (MHRA). This is both expensive and timeasuming. In contrast the addition of an

entirely independent device can be undertaken mgititive ease provided that the function of
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the existing device is not affected and appropicitecal trial ethics is obtained. The acoustic
transparency of the array elements and the dedigiheo array mount was therefore of
considerable importance. The small drop in acoustensity as a result of installation of the

PCD array is within the limits defined at the strthe trial — a less than 10% drop.

The receiving electronics, in particular the prepéfiers, posed a significant challenge.
Ideally the pre-amplifiers should be positionecclse as possible to the receiving elements.
However the size of the pre-amplifiers and thatttierapeutic head is entirely submerged in
water meant this was not feasible. A significangkh of cabling (1.5m) was required to route
the PCD signal to the pre-amplifiers which resaltonsiderable electrical interference. This
could be minimised by the design of miniaturisedfexproof pre-amplifiers which could be
placed directly around the therapeutic head. Desthiese difficulties it was possible to

receive filtered harmonic PCD data with an accdpt&NR ratio.

The primary concern in the translation of any dmeical healthcare product or device into
clinical practice is safety. It was therefore esiséno confirm that the additional PCD array
did not impact significantly on a standard clinieHFU procedure. To confirm this extensive
testing was undertaken prior to clinical use. Labany-based calibrations using highly
sensitive hydrophone confirmed a minimal drop imuwstic intensity and no focal beam
aberrations. Ann-situ absolute calibration with an RFB also demonstrateddiation force
drop within acceptable limits. Mock runs of clini¢eeatments also successfully demonstrated
the absence of impediment to the standard devicetin. These experiments successfully

demonstrated clinical safety of the PCD array.

It is evident that the PAM of clinical renal HIFUaw difficult. The primary underlying
problem was electrical noise from both seepagehef drive signal and the electronic

positioning system. This prevented the mappingro&fiband activity associated with inertial
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cavitation which is of low amplitude due to attetioia by the abdominal wall structures and
peri-nephric fat. However, as discussed in thegtreeal setting in Chapter 6.7, the PCD
array was used to successfully register the foocation before tissue damage occurred. This
function alone is extremely important — it couldyide real-time feedback to the operator
thus providing confidence that the targeted aragadeed the true location of acoustic focus.
As previously discussed one of the key limitingtéas in renal HIFU is poor imaging quality
— the operator lacks confidence in the accuracythef zone of ablation. These results
demonstrate the PAM, acquired at sub-therapeufs®xe parameters, could be used to

confirm the intended target prior to permanenugsjury.

The poor SNR of the filtered broadband signal pnéz@ the use of PAM to spatially localise
inertial cavitation activity and to create threststo predict tissue ablation. The use of PAM
in this fashion is particularly useful as broadbamgissions are uniquely associated with the
occurrence of inertial cavitation. The energy adsh broadband emissions correlates linearly
with the degree of heating [62]. However, the datien between received harmonic power
and acoustic drive power suggests that similarstiolels may enable prediction of tissue
ablation. However, in the absence of gold stan@attological analysis of the exposed tissue

after each individual exposure, it is not posstblestablish this from these results.

7.8 Summary

In this chapter a PCD array has been integrated it existing HIFU device in current
clinical use with the use acoustically transpaf@DF elements. Laboratory-based studies
demonstrated that it caused minimal attenuationnandberration of the drive signal. Clinical
studies demonstrated the array to be safe forrupatients without hindrance to the normal
device function. The device was used in three ptievith the array in-situ without

complication. Despite difficulties with pre-ampdgétion, low SNRs and low amplitude
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emissions, it was demonstrated that harmonic PAMpradict the focal location even at low
amplitude, non-destructive exposure levels. In @aldia near linear correlation between
received harmonic power and acoustic output wasvshehich may allow its future use to
predict tissue ablation remotely with greater dengi that the currently used hyperecho

methods.
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8 Implications for patient
care: Renal HIFU

The key aim of translational research is to improuecomes that are
important to patients. In this chapter, the impEfovork in this thesis
is applied to clinical practice with the aim of imping clinical
outcomes in renal HIFU

8.1 Patient selection

One of long-standing challenges of HIFU to any bgdyt has been to determine which
factors determine whether the treatment is effectiv not. This applies to both ultrasound-
and MRI-guided HIFU. Many of these factors exigtdd treatment modalities — tumour size,
tumour location, surrounding structures, tumourcussture. However, HIFU is unique
amongst all surgical treatment options — includswggical resection, minimally invasive
surgery, energy ablation — in that the treatmendatity is passed through the body wall to its
target without any skin puncture whatsoever. Thismany respects, approaches the ideal
treatment — truly non-invasive. However, the metbb@nergy delivery introduces an entire

new group of parameters to consider which are uniquHIFU. These parameters include:

1) Acoustic properties of overlying structures inchglskin, muscle, parenchyma, fat
i) Thickness of overlying structures

iii) Distance from transducer to tumour margins

iv) Tumour perfusion

v) Cauvitation thresholds of different tissue types
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vi) Tissue response/resistance to hyperthermia inagudina-operative

vii) Respiratory excursion of organs and image registraturing movement

To date, whilst there have been many case senestiey treatment outcomes of HIFU for
many pathologies, very little effort has been madeletermine which patients are most
suitable for HIFU treatment. Should we avoid obpséients? Are certain types, size, or
location more amenable to treatment? Is acoustitat®n a help or a hindrance during
HIFU? Is ultrasound- or MRI-guided HIFU more efigef? In many situations, large patient
numbers are required to answer these questionsevwgiven the wide range of treatment
outcomes in this small study, it is inherently pbkesto draw some conclusions on which

patients may be more suitable for renal HIFU.

8.1.1 Peri-nephric fat

It has been demonstrated that peri-nephric fatifstggntly attenuates ultrasound. Indeed, it is
more attenuating that many other human tissuess &tienuation significantly limits the
delivery of ultrasound to its intended target aedults in pre-focal heating and resulting

image deterioration.

Using the peri-nephric fat measurements from dilepés considered suitable for the trial at
initial screening, it has been demonstrated thaemps with a greater thickness of peri-
nephric fat are more likely to be excluded. Usihp tsame data, it is possible to construct
Receiver Operator Curves (ROC) to assess theHikedl of trial exclusion based on peri-
nephric fat thickness. Three ROC curves are showngure 76 — transverse, AP & mean fat
thickness. Both transverse & AP thickness are dabép measures to determine trial
exclusion (AUC=0.746, p=0.027 & 0.773, p=0.014 exgpvely). However, the mean

thickness gives an even better measure (AUC=087.010).
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Figure 76 — ROC curves of transverse, AP and meareg-nephric fat thickness for a successful outcomef final
screening (trial inclusion); AUC=area under curve

A table of sensitivity and specificity at differentit-off values can also be constructed to
determine the most appropriate threshold. Thisetédn mean fat thickness is shown in Table
30. A threshold fat thickness of 19.5mm gives aliitood ratio (LR) of 7.0 — this means that
probability of the screening outcome for patientgva fat thickness of greater than 19.5mm
is 7.0 times higher than the same outcome for pigtivith a fat thickness of less than
19.5mm. Values above this threshold lead to a higpecificity at the expense of sensitivity

and vice versa. This is a statistically significant clinically plausible finding.

Page|l87



Dr R.W. Ritchie

8.1 Patient selection

Unfortunately due to the small number of patierdially treated within the trial, it is not

possible to use fat thickness to determine the omuéc of HIFU treatment itself. No

statistically significant differences were notediviieen the patients who had effective or

ineffective HIFU treatment. It is likely that a ¢m@r sample size would yield a more

meaningful result.

Table 30 — Table of sensitivity & specificity demonsating likelihood ratio (LR) of positive outcome (swccessful final
screening) for varying values of mean peri-nephricat thickness

Cutoff | Sensitivity 95% ClI Specificity 95% CI LR
>1.500| 1.000 0.8235-1.000 | 0.08333 | 0.002108-0.3844 1.09

> 3.250| 1.000 0.8235-1.000 0.1667 0.02086-0.4841 1.20
>5.000| 1.000 0.8235-1.000 0.2500 | 0.05486-0.5719| 1.33
>5.750| 1.000 0.8235-1.000 0.3333 0.09925-0.6511 1.50
> 6.750| 1.000 0.8235-1.000 0.4167 0.1517-0.7233 | 1.71

> 8.250| 0.9474 0.7397-0.9987| 0.4167 0.1517-0.7283 1.62
>10.00| 0.8947 0.6686-0.9870 0.4167 0.1517-0.7233 | 1.53
>11.25| 0.7895 0.5443-0.9395 0.4167 0.1517-0.7283 1.35
>11.75| 0.7895 0.5443-0.9395| 0.5000 0.2109-0.7891 | 1.58
>13.00| 0.7368 0.4880-0.9085 0.5000 0.2109-0.78p1  1.47
>14.50| 0.7368 0.4880-0.9085| 0.5833 0.2767-0.8483 | 1.77
>15.25| 0.7368 0.4880-0.9085 0.6667 0.3489-0.90p8 2.21
>16.00| 0.7368 0.4880-0.9085| 0.7500 0.4281-0.9451 | 2.95
>16.75| 0.6842 0.4345-0.8742 0.7500 0.4281-0.9451 2.74
>17.25| 0.6316 0.3836-0.8371| 0.8333 0.5159-0.9791 | 3.79
>18.00| 0.5789 0.3350-0.7975 0.8333 0.5159-0.97p1  B.47
>19.50| 0.5789 0.3350-0.7975| 0.9167 0.6152-0.9979 | 6.95

> 20.75| 0.5263 0.2886-0.7555 0.9167 0.6152-0.99(9 6.32
>22.25| 0.4737 0.2445-0.7114| 0.9167 0.6152-0.9979 | 5.68
>24.00] 0.4211 0.2025-0.6650 0.9167 0.6152-0.99y9 5.05
> 25.50| 0.4211 0.2025-0.6650 1.000 0.7354-1.000 | -
>29.25| 0.3684 0.1629-0.6164 1.000 0.7354-1.000 -

> 35.25| 0.3158 0.1258-0.5655 1.000 0.7354-1.000 | -

> 39.75| 0.2632 0.09147-0.512( 1.000 0.7354-1.040 -
>42.00| 0.2105 | 0.06052-0.4557 1.000 0.7354-1.000 | -
>44.00| 0.1579 0.03383-0.395 1.000 0.7354-1.040 -

> 50.00] 0.05263 [ 0.001332-0.260] 1.000 0.7354-1.000 | -
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8.1.2 Tumour Size

The mean tumour size in those who passed finaksorg was less than in those who failed
(25.2mmvs. 29.6m; p=0.103). However this difference was ndattistically significant.

Unsurprisingly, tumour size alone is not an idealdgctor of the final screening outcome. An
ROC curve, shown in Figure 77, for tumour size desti@ates its limited effectiveness as a

discriminator (AUC=0.695) which was not statistigadignificant (p=0.071).

Tumour Size

=
(o]

o
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©
o)

AUC = 0.6952
p=0.0712

True Positive Rate
o
N

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

Figure 77 — ROC curve of tumour size for a succesgfoutcome of final screening; AUC=area under curve

It is recommended that tumour size alone shouldraised to determine suitability for renal

HIFU.

8.1.3 Renal Nephrometry

As discussed in Chapter 5.2, recently it has beeagnised that renal NS can predict the risk
of complications. Some surgeons recommend itsaus@ttreatment decision. Most recently,
Simoneet al. have demonstrated the PN can be performed withigehaemia — no isolation

or clamping of the hilar vessels — safely in pasemith a low NS [219].

It has been shown that tumour size alone is notdaal measure of suitability for HIFU
treatment. However, it has also been demonstrdiaida higher NS is strongly associated

with a failure to successfully complete final seneg, rendering HIFU treatment unsuitable.
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An ROC curve constructed for NS demonstrates ibéoa highly useful discriminator in

predicting screening outcome (AUC=0.798; p=0.00®js is shown in Figure 78.

Nephrometry Score

o

AUC = 0.7982
p=0.0058

True Positive Rate
o

0.0 0.2 0.4 0.6 0.8
False Positive Rate

Figure 78 — ROC curve nephrometry score for a sucesful outcome of final screening; AUC=area under awe

The table of threshold values, shown in Table 3haltestrate that the LR for a NS of >6.5
(LR=2.37) & >7.5 (LR=3.47). NSs can only be integatues; the threshold for nephrometry

scoring would be appropriately set at 7.

Table 31 — Table of sensitivity & specificity demonsating likelihood ratio (LR) of positive outcome (swccessful final
screening) for varying nephrometry scores.

Cutoff | Sensitivity | 95% CI Specificity | 95% CI LR

> 4.500| 0.8947 0.6686-0.9870 | 0.3333 0.09925-0.6511 1.34
> 5.500| 0.8947 0.6686-0.9870, 0.5000 0.2109-0.78p1 1.79
> 6.500| 0.7895 0.5443-0.9395 | 0.6667 0.3489-0.9008 | 2.37
> 7.500| 0.5789 0.3350-0.7975| 0.8333 0.5159-0.9791 | 3.47
> 8.500| 0.3684 0.1629-0.6164 | 1.000 0.7354-1.000 | -

> 9.500] 0.1579 0.03383-0.39581.000 0.7354-1.000 -

The nephrometry scoring was designed to provideuantifiable method of defining the
complexity of surgery. It was based on the longrditag belief that larger tumours are more
challenging to excise because they require greldésection and more incision into the renal
parenchyma leading to a greater risk of haemorrlaageblood transfusion. It also assesses
the exophytic nature of tumours — those that aeglgminately exophytic are easier to find

and again require less incision in the kidney. Turadhat lie close to the collecting system
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are also higher risk as the likelihood of enterihg collecting system is greater, potentially
resulting in urine leaks & urinary sepsis which tiwrn may require ureteric stenting,
percutaneous drainage or surgical interventionalBintumours lying close to the interpolar
regions are also associated with complicationstduéeir proximity to the renal hilum, the

segmental arteries & the collecting system.

It is entirely plausible that these same factorsuth result in difficulties in visualising and
treating similar tumours with HIFU. It is acceptttht small renal tumours are difficult to
locate with ultrasound. Endophytic tumours may destiate no mass effect and those
located near to the collecting system and renahihiinay also be difficult to distinguish from
normal renal parenchyma. In contrast, the largarely exophytic tumour located at the

extreme upper or lower pole are easily identifiakith ultrasound.

It is recommended that a renal NS is calculatedafbpatients being considered for renal
HIFU. Almost all patients with a NS o8 will be unsuitable for HIFU treatment and
therefore could reasonably be excluded before Boedening is undertaken. All those with a
NS of <8 should be undergo final screening althoogly those with a score af6 are

ultimately likely to be suitable for HIFU.

8.2 Treatment morbidity

The search for novel minimally-invasive treatmemts small renal cancers is fuelled
predominately by a desire to avoid treatment matpi@ther than poor oncological outcomes
of existing treatments. Formal tumour excision fganed as a PN, confers an excellent long
term survival rate which has not been replicatecaby alternative treatment modality [157,
220-222]. However, renal surgery can be assochattdsignificant complications; many of

these are directly related to incision of the reparenchyma, however high rates of
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complications associated with surgery in general ssgen [157, 164, 223, 224]. In a meta-
analysis of the largest series of patient undegyd#, Porpigliaet al. found an overall
complication rate of 21.3% & 21.4% for open andal@scopic surgery respectively [157].
Significantly approximately half the complicatiorseen following PN are medical, for
example myocardial infarction, deep vein thrombogiglmonary embolism and pneumonia —
this is a reflection of the patient population whee often elderly and suffer from co-
morbidity [157, 164]. Renal cancer surgery is attrly risky in those aged 80 and over —
Liguori et al. found a peri-operative mortality rate of over 11W/35 patients) in
octogenarians undergoing open RN. In the samessergarly half of patients required blood
transfusion and the early complication rate was @@8 [164]. The presence of more than
two co-morbidities at the time of surgery was adejpendent risk factor for post-operative

morbidity.

Surely a conservative approach towards small rexaadcers is therefore appropriate,
particularly in the elderly and co-morbid? This eggch certainly minimises the risk of
surgical complications and follow-up studies halieven benign histology in 46%, 22% &
20% of renal masses of less than 1cm, 1 to 2.9 &3.9cm respectively [225]. Moreover,
small renal masses grow slowly, typically at 2-4iywat [226]. In this same growth study of
over 200 renal masses, no growth was noted in 3@a2-3 year period and progression to
metastases occurred in just one patient. Howeweremtly cross-sectional imaging and/or
clinical characteristics cannot predict growth sate the risk of metastatic disease. Despite
high rates of benignity, over 25% of 3.1-4cm remalsses are high grade (Fuhrman grade
G3/4), 36% are stage T3a or greater and distardstastes occur in 8% [227]. More recently,
a study of over 2,000 renal cancers less than 7emodstrated distant metastases were
occurred in 4%, 5% & 10% of tumours of 1.1-2.0cni,-2.0cm & 3.1-4.0cm respectively

[228]. Renal cancer remains the most lethal urgllgtancer, with overall 1-year, 5-year &
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10-year UK survival rates of 65-68%, 49-50% & 424ldespectively [139]. Notably, the 5-

year survival rate for those with distant metasgtas&lismal (10%).

Minimally-invasive therapies for renal cancer weleveloped to provide active treatment
whilst avoiding surgical risks. Whilst a number different energy ablative therapies have
been proposed and tested in Phase I/l clinicalstrionly CRY & RFA have provided
medium-term follow-up in sufficient numbers to wamt comparison with HIFU. The
morbidity statistics for RFA and CRY from selectadyer series are summarised in Table 32

& Table 33.

Table 32 — Morbidity statistics of renal CRY from sdected studies; EBL = estimated blood loss

Study n Complications* (n,%) EBL | Tranfusion | Hospital

Total | Grade| Grade| Grade| Grade| (mls) | (n,%) stay
1 2 3 4 (hours)

Gill 32 | 2 0 2 0 0 67 0 43

[229] (6.2) (6.2)

Cestari 37 |6 4 1 1 0 165 |1 91

[230] (16.2)]| (10.8) | (2.7) | (2.7) (2.7)

Gill 56 | 4 4 0 0 0 87 1 41

[231] (7.1) | (7.0) (1.8)

Hegarty | 164]|11 2 4 5 0 N/A |4 N/A

[232] (6.7) 1(1.2) |(2.4) | (3.0 (2.4)

Davol 48 | 7 5 2 0 0 N/A | 2 72

[233] (14.6)( (10.4) | (4.1) (4.1)

Schwartz |85 |5 1 3 1 0 58 2 72

[234] (5.9 |(1.2) |35 |(1.2 (2.4)

Permpo. |23 |5 5 0 0 0 N/A | O N/A

[235] (21.7)| (21.7)

Aron 80 |8 2 5 1 0 111 |1 48

[236] (10.0)| (2.5) |(6.3) |(1.3) (1.3)

Guazzoni| 131 | 32 25 6 1 0 210 | 6 113

[237] (24.4)( (19.1) | (4.6) | (0.8) (4.6)

Sidana 162| 38 19 8 5 6 N/A |1 N/A

[238] (23.4)| (11.7)| (4.9 |((3.1) |(3.7) (0.6)

Total 818|118 |67 31 14 6 129 |18 44
(14.4)[ (8.2) |(3.8) [(1.7) |(0.7) [Av. |(2.2) Av.
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* - Complications graded according to the Clavieindd classification of surgical
complications (available atww.surgicalcomplication.infoaccessed 21/20/2011)

Table 33 — Morbidity statistics of renal radiofrequency ablation from selected studies; EBL = estimatedlbod loss, T,
= transfusion

Study n Complications (n,%) EBL| Tx | Hospital
Total | Grade | Grade | Grade| Grade| (MlIs) | (n,%) | stay
1 2 3 4 (hours)
Gervais | 100 12 6 2 4 0 N/A 2 N/A
[239] (12.0) | (6.0) | (2.0) | (4.0 (2.0)
Park 94 13 9 1 3 0 12 0 N/A
[240] (23.8)| (9.6) | (1.21) | (3.2
Hegarty | 82 8 5 1 2 0 N/A 1 N/A
[232] 9.8) | (6.1) | (2.2) | (2.4 1.2)
Zagoria | 125 8 5 2 0 1 N/A 1 <24
[241] (6.4) | (4.0 | (1.6) (0.8) (0.8)
Breen | 105 5 1 0 4 0 N/A 0 N/A
[242] (4.8) | (1.0) (3.8)
Veltri 87 10 6 0 4 0 N/A 0 N/A
[243] (11.5) | (6.9) (4.6)
Total 593 56 32 6 17 1 12 4 N/A
94) [ 54 | (2.0) | (29 | (0.2 (2.8)

* - Complications graded according to the Clavieindd classification of surgical
complications (available aww.surgicalcomplication.infoaccessed 21/10/2011)

It is evident from the above morbidity statistibat even minimally-invasive procedures carry
a significant risk of complications. Most RFA prdcees are performed percutaneously with
imaging guidance whereas most CRY procedures artorped via the laparoscopic
approach, thus requiring either retroperitonealtransperitoneal access, dissection of the
kidney and resection of overlying fat. It is themef inevitable that CRY carries a higher
complication rate. Both modalities also requirenskicision (CRY greater than RFA) and

whilst not considered a complication, should noigm®red in a comparison with renal HIFU.

A direct numerical comparison between RFA, CRY &#&U is misleading. Minor skin
erythema and swelling occurs invariably with rehHFU as the propagating ultrasound
passes from the non-attenuating degassed, deionesed reservoir into the attenuating skin.

By definition this is an undesired effect and isgtconsidered a complication of treatment;
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however it is rare for this to be of clinical sificance and should not be considered any more
detrimental to a patient’'s health than the skinsioo required for other minimally-invasive
therapies. If the occurrence of mild skin injuryelgninated from the morbidity statistics, just
one patient suffered a complication directly redate HIFU therapy — this was moderate pain
following treatment which required short term treant with strong opioid analgesia in peri-
operative period. It did not delay discharge amusthbe considered in the context of the pain

expected with RFA or CRY.

The length of hospital stay is a key measure irss8g treatment options — it has health,
social and financial implications for both patieatsd hospitals. Little information has been
reported in the literature about hospital staydieihg renal RFA; it is likely that these are
performed as day-case or 23 hour hospital stayephges in the majority of cases. Renal
CRY by comparison, results in a mean hospital sfagimost two days, reflecting the more
extensive nature of the surgery. All patients waisgharged within 24 following renal HIFU;

most requiring minimal or no analgesia during tlineispital stay.

8.3 Treatment imaging

It is evident that diagnostic ultrasound imagingerial tumours using existing clinical HIFU
devices is problematic. The loss of spatial andreshresolution due to the stand-off between
the transducer and the target region using thetmpé&ansducer with long focal length
(>10cm) is the main contributing factor. This isfgmunded by the deterioration in imaging
due to pre-focal heating & swelling, a factor whishnot unique to HIFU ablation, as

discussed in Chapter 5.3.
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The administration of pre-treatment intravenousatiegthasone seems, albeit anecdotally, to
limit the impact of intra-operative oedema. Thi®wll be considered routine practice for all

trans-abdominal HIFU.

The use of shorter focal length transducers shbela@¢onsidered. This may be suitable for
superficially placed renal tumour that are posiriateral or posteriorly within the kidney.
However, for the majority of patients, the combintkitkness of skin, subcutaneous fat,
abdominal musculature and peri-nephric fat make uhifeasible. This is compounded by the
effect of gravity when patients lie in the latepalsition — the abdominal tends to sag towards

to the transducer thereby increasing the propagaidh length through the tissues.

Similarly, it is unlikely that any change to theagnostic imaging machines themselves will
lead to a significant improvement. The majoritytiod renal tumours in the clinical study were
easily visible using a handheld ultrasound probemtlosely applied to the skin. Likewise,
when the diagnostic probe on the clinical device wi@vated to the skin surface, most renal
tumours were easily located. However, when the @islretracted for treatment, the issues
with poor resolution arise invariably. The devel@mnof image registration software which
are able to display pre-operative CT/MRI imagingraid with intra-operative ultrasound
images, if performed in real-time with motion compation, will provide a significant step

towards improving imaging in ultrasound-guide HIR244].

A more fundamental question is whether an alteveaitinaging modality should be used.
MR-guided HIFU devices are in current clinical uge.number of feasibility studies in
animals have been performed which establish préabacept [83, 245, 246]. However, to
date no clinical studies of MR-guided renal HIFU/&deen published. MRI does not suffer
from the loss of resolution and pre-focal atterarageen with renal ultrasound imaging and it

Is possible to non-invasively monitor temperatubange although not truly in real-time.
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Motion tracking algorithms to compensate for resjoiry movement during abdominal HIFU
have also been developed [80, 247, 248]. Howev&;gdided HIFU remains an ultrasound-
driven therapy — no change in the diagnostic imagedality can alter the delivery of

ultrasound to the focus. MR-guided HIFU will almastrtainly improve the targeting of renal
tumours and will identify tumour margins and sumdings structures more readily. MRI

thermometry may even provide a more objective meastitissue heating. However, there
remains a very strong argument for US-guided HIRUthe diagnostic ultrasound imaging is

poor then the delivery of therapeutic ultrasounthifocus is also likely to be ineffective.

The use of water balloons to aid HIFU treatmentastroversial. Their use allows the
abdominal wall to be mechanically deflected awagnirthe HIFU transducer thereby
reducing the propagation distance and also dispgiaonobile intra-peritoneal viscera. In
doing so, it is possible to improve imaging, redtlee amount of pre-focal heating and move
vital structures away from the target. This hasnbgene with success in the HIFU treatment
of uterine fibroids where there is overlying bovirelthe acoustic path [119]. However, the
Oxford experience with the use of a water balloothe treatment of kidney tumour in a renal
transplant was unsatisfactory — a significant $lum resulted which required formal surgical
excision [249]. Similarly, anecdotally a numbertiFU operators at European HIFU centres
have also reported skin burns with the use of waddoons. At present water balloons should
be used with caution in trans-abdominal HIFU anausth not be considered standard remedy

for poor quality imaging.

8.4 Treatment monitoring

It has been demonstrated that the current metlowdadnitoring ultrasound-guided HIFU are
unsatisfactory. Indeed, it would not be unreasanédlconclude that hyperecho monitoring is

unsafe. Its ability to detect thermal ablationnisansitive and poorly predictive. This is not
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surprising given the mechanism by which it funcsioh is not however, entirely redundant —
the formation of hyperecho following HIFU ablatigmovides strong evidence of boiling,

supra-therapeutic temperatures and also provide=ptable spatial information.

A PCD array provides significant additional infortioa. Cavitation activity can be mapped
with high spatial and temporal resolution, in reéale. Thresholds applied to PAM data can
provide a quantifiable measure of energy delivehyclv can be successfully used to predict
cavitation. Significantly, a PCD array can be fulyegrated into existing devices without the

need for extensive hardware or software changes.

The use of PAM has the potential to significanthprove the monitoring of HIFU treatment.
It should be used in combination with current mdthand PAM results could be displayed
on the same screen as the B-mode images usecefapthplanning. More importantly, PAM

can be used to modulate HIFU exposure in real-tineeasing its power or duration until a
desired threshold achieved. The temporal resolundbnPAM can be such that such
information is available in milliseconds and whemtegrated into feedback loops, may

significantly lower the input energy and as a resaWwer the risk of pre-focal tissue damage.

The most elegant solution to full PAM integratios to replace the existing diagnostic
imaging probe on the HIFU devices with an ultragbimaging device capable of accessing
& processing pre-beamformed RF data. The PAM datatben be used to modulate the
HIFU exposure directly. Ultrasound devices are camuially available but their integration
into existing devices would be extremely challeggiih not impossible without re-assessment
of the device use regulations. Despite this, thstieg PCD array tested herein could be used
to obtain useful feedback on treatment progresqrégéent the PAM process for a two second
HIFU exposure takes several minutes to produce hegblution mapping and further time

again to integrate the power across all the fraimggoduce a ‘dose’ estimate. However, it is
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entirely possible, with existing technology, to dm®p software to perform this function
quickly enough so as to influence the power, damatand location of the next HIFU
exposure. This could be performed using PAM dabanfthe existing clinical PCD array

designed for the JC-200 HIFU device.

There are still a large number of unknowns witharegto cavitation monitoring of clinical
HIFU. It is expected but not proven that cavitatmocurs in vivo. In the presence of supra-
threshold negative pressure it is logical that beslvill form yet there is little evidence for
this. It is also not clear whether any cavitatiom&nced heating effect is the dominant
heating process in clinical HIFU. This may not becessary in the context of PAM but
whether accurate thresholds can be applied to PAkA d linear & non-linear heating

processes predominate is unclear.

8.5 Imaging follow-up

The correlation between post-operative MRI andolagty was poor in this clinical trial. The
reason for this is not obvious. The decision to Q&eMRI as both pre-HIFU and follow-up
imaging in this trial was based on a number ofdexctMRI gives superb soft-tissue contrast
resolution as well as excellent spatial resolutiparticularly with newer three tesla MRI
machines. This allowed examination not only of tiaeget region but also a careful
assessment of the pre-focal tissues including abddmusculature and peri-nephric fat. In
addition, the Churchill Hospital has the benefitaof MRI radiologist (Dr Rachel Phillips)
who has extensive experience in the assessmentRifiMablative therapies. Dr Phillips
research training at New York University Hospitalas based on MRI follow-up of small
renal parenchymal masses. Finally, CE-MRI involmesonising radiation. The clinical trial

protocol (Chapter 3.2.1) required an additionaltjoperative scan to assess the outcome of
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ablation thus MRI follow-up eliminated the risk additional exposure to radiation as a result

of voluntary participation in the trial.

In the context of HIFU-based ablation, much of thidow-up imaging has been performed
with CE-MRI. PC, renal cancer, breast cancer, néefibroids & liver cancer HIFU have all
been undertaken using MRI follow-up [172, 183, 253]. In the majority of these studies,
MR-guided HIFU devices have been used; consequevitRl follow-up is clearly the most
appropriate for baseline and future imaging. Howeewen after US-guided HIFU, MRI
follow-up has been recommended as the sequenaasthplative changes are consistent and

correlate well with the completeness of ablatiosd2

Contrastingly, there is no consensus on the follpymodality using ablative therapies other
than HIFU, with both CT & MRI recommended [165, 2231, 232, 255-257]. The excellent
soft tissue resolution is a strong factor in favotiablation follow-up which may hinge on
subtle changes in soft tissue densities partiatléine periphery of the zone of ablation [258].
However, much of the diagnostic work in imaging simeall renal neoplasm is based on high-
resolution CT. The current European AssociationUoblogy guidelines on renal cancer
recommend CT for the diagnosis of renal canceh) MRI reserved for cases where CT is
indeterminate, where there is an allergy to iodased contrast agents and in pregnancy

[259].

There appears to be no fundamental reason to exéllRl as the imaging modality in renal
HIFU, although the paucity of clinical researchhrs specific condition gives little support to
this argument. The strength of MRI follow-up in ethablative modalities suggests that MRI
this stance is acceptable. However the poor cdiwelavith histological findings seen in this

trial is clearly concerning.
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8.6 Treatment outcomes

The treatment options for renal cancer are numesoub the gold-standard treatment of
surgery is associated with very high cure ratessmthenours are diagnosed <4cm in size. As
previously discussed, there are a number of aleldhierapies available whose evidence base
is beginning to mature towards five- and ten-yeanvisal figures. In this context, the
benchmark for alternative treatment modalitieseishsgh. The purpose of this clinical study
was to obtain definitive histological evidence diladion — a finding distinctly lacking

amongst other studies of ablative therapies.

Renal HIFU is effective in approximately half oftigats based on histology. Histological
ablation is generally either Grade 1 (ineffective)Grade 3 (significant but not complete
ablation). However, no Grade 4 (100%) ablation gaen — some viable tumour was
demonstrated in all cases. Given the lack of togiokl data from RFA & CRY studies, it is

not possible to compare this finding to other abtatreatment. However, it is known that the
positive margin rate with PN for T1la tumours is |&5%; 77/1390) and does not impact of
prognosis [176, 178]. At present HIFU does not caragavourably with surgery in terms of
oncological outcome; however this must be viewetha context of the invasiveness of the
procedure. Whilst HIFU treatment is truly non-invas & safe, surgery is invasive and

potentially morbid. Moreover, HIFU is a repeatattierapy in those who have residual viable
tumour. No effort was made in this trial to repelEU — the primary aim was to determine
the outcomes of a single treatment after surgegweéver no clinical issues would have

prevented any of the trial patients from undertgkarsecond session of HIFU treatment.

Page|201



Dr R.W. Ritchie 8.7 Future role of renal HIFU

8.7 Future role of renal HIFU

It is evident from this trial that it is possible safely ablate significant proportions of a small
renal tumour without major side effects. Howevée significance of any residual viable
tumour after HIFU is not known but must be assunedoe a risk factor for tumour
recurrence. Currently, the widespread use of HIRlhe primary treatment of renal cancer
cannot be justified. Furthermore, renal HIFU shotdatinue to be deemed an experimental
treatment which should only be conduct within aickl trial. This is so that the appropriate

data is assimilated, analysed and published ipaidic domain.

It is evident that the results of tumour ablatiomproved as the trial progressed. Significant
ablation was seen in 4/5 patients treated followirggswitch to the new JC-200 HIFU device.
It is possible that the device upgrade can accfmurihe improvements in results. Technology
evolution is often a problem in medical device Itriand can make data evaluation and
comparison challenging. The overall upgrade in 18e200 is relatively limited — there is

undoubtedly an improved diagnostic imager, butttbatment software, positioning system

and therapeutic transducer are essentially uncldlange

It is more likely that the improved results wereedio the learning curve for the HIFU
surgeons. A gradual improvement in outcomes andptioations rate with repetition is
widely expected and there is little reason to ddbbt such improvements should occur in

renal HIFU.

It is absolutely clear that an improvement in patgelection has the potential to dramatically
improve clinical outcomes. A combination of the usierenal nephrometry and careful
measurement of peri-nephric fat dimensions wilphel exclude those who treatment is likely

to be challenging and/or sub-optimal. Simultanepwst improved method of monitoring
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HIFU treatment will ensure that those suitable foratment achieve complete tumour

ablation.
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O Conclusions & Future
Work

9.1 Conclusions

The aim of the present work was to study the paselection, treatment technique, treatment
monitoring and follow-up for renal HIFU with the enall purpose of improving future

clinical outcomes. A number of hypotheses were psefd and tested.

In Chapter 3, the design, implementation and resafta clinical renal HIFU trial with
combined radiological and histological follow-up neediscussed. Despite no significant
changes in the trial protocol, there was a clegrravement in ablation outcomes which is
attributable to better patient selection and trestintechnique. It was evidently possible to
ablate significant proportions of small renal tumsowith exceptionally low morbidity, even
compared with the morbidity associated with CRYR#A. However it was not possible to
completely ablate an entire tumour in a singletineamt. The low complication rate associated

with renal HIFU lends itself to repeated treatmamd this may achieve improved outcomes.

As a result of the trial a number of patient setectactors were examined. It was established
that renal tumours with low complexity scores (adowgy to NS), located away from the
upper pole with thin surrounding peri-nephric faérev the most appropriate for treatment.

Investigations into the acoustic properties of qpephric fat, discussed in Chapter 4
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demonstrated that the attenuation of this tissug significant, particularly when compared
with other tissue types in the propagation pathngurenal HIFU. Notably, up to two-thirds

of the energy of a HIFU exposure may be depositdtie pre-focal fat tissue. In addition, fat
tissue was also shown to have a significant desiogueffect on the HIFU beam, resulting in
transverse shifts of the focus of 1-2mm. These aoetbresults strongly suggest that peri-

nephric fat has a significant influence of renaFHdloutcomes.

It was further demonstrated in Chapter 5 that thality of diagnostic ultrasound imaging
invariably deteriorated throughout the course dfllRU treatment such that it was often a
determining factor in the early cessation of treattm This in no small part is due to the
energy deposition in the fat layers discussed ptesly — pre-focal fat heating causes tissue
swelling, propagation path lengthening, additionathase aberrations and increased
attenuation. A number of techniques to limit itgent were discussed and were implemented

in the course of the clinical trial.

Chapter 6 introduced the use of an alternative atethf monitoring the progress of and
feedback obtained during HIFU therapy. It was destated that PAM outperformed
conventional hyperecho monitoring in the detectibtesions at clinically-relevant insonation
amplitudes inex-vivo ox liver. It was further demonstrated that hypboeds a poor
determinant of lesion formation and correspond$ wibiling and overtreatment rather than
the appearance of tissue ablation itself. Thresholdre applied to the PAM data and were
shown to successfully predict lesion formation withth high sensitivity and specificity. In
ex-vivoliver PAM data was also able to accurate predtietlocation of thermal lesions and it
was also demonstrated that early broadband andom&zramissions could be used to localise

the zone of ablation prior to significant heating.
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The concepts introduced in PAM are of significariérest because they can be integrated into
existing clinical ultrasound-guided HIFU devices tlwiease, without affecting the
performance of the therapy. In Chapter 7 the deaightesting of a clinical PCD sensor was
presented — highly sensitive acoustically trangpareceive elements were placed around the
therapy head of commercially available HIFU machkin#/ith suitable filtering and pre-
amplification, acoustic emissions could be receiaed localised accurately and without
impeding the delivery of therapeutic ultrasoundhe focus. The device was safely tested in
in patients within the confines of the clinicabdriLocalisation of sources of non-linearity was

feasible without compromising patient safety.

Finally, in Chapter 8 all the presented work wasdus® provide a detailed discussion of the
implications for future patient care in renal HIFRppropriate patient selection parameters
for NS, fat thickness and tumour size were analysetisuggested that NS and fat thickness
could be used to determined suitability for HIFLheTlow morbidity of renal HIFU was
demonstrated, which supports its in-going use,abi#ntion must be paid to maintaining the
quality of intra-operative imaging. In additiongthise of PAM may vastly improve feedback

and should be promptly investigated.

Renal HIFU to date has shown promising but ultidyadeb-optimal results. Interest in its use
will and should continue — it represents the moistinmally-invasive cancer therapy currently
available and is highly acceptable to patients @imicians alike. However, the minimally-
invasive market for renal cancer has many optionskased on current results HIFU remains
experimental. This will remain so until improvemeit intra-operative imaging and feedback

are adequately addressed.

Page|206



Dr R.W. Ritchie 9.2 Future work

9.2 Future work

Inevitably detailed clinical research often genesais many questions as it does answers. The
following section provides some insight into they kesues in renal HIFU and suggestions as

to how they should best be answered.

9.2.1 Clinical role of HIFU

Short term clinical studies are effective in eg&dtihg proof of concept, safety and efficacy
using surrogate outcome data such as ablation @tages based on radiology or histology.
However the true efficacy of any treatment shoudd dssessed using the most clinically
relevant outcome measures. In the context of reifal these are progression-free survival,
cancer-specific survival and overall survival. @fual importance is the relative efficacy of
renal HIFU in comparison to existing techniquese Thmparison should include surgery (PN
— open, laparoscopic or robot-assisted), activeesilaince and alternative ablative therapies
(CRY & RFA). Without comparative studies of alleghnt treatment options there will never

be any conclusive evidence for their use.

The most appropriate study is an RCT which musafy@opriately powered. A prospective

study of this format helps to minimise selectioashiconfounding factors and data errors
associated with retrospective studies. It will hetpossible to blind either the subjects or the
clinicians to treatment; however both the histatagjiand radiological assessments could
easily be blinded and should also be centralisezh g$hat they are examined and cross-
examined by a select group of assessors. An examhplew such an RCT might be designed

is suggested in Figure 79.
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Multi-centre trial required based on

expertise for different treatments; pre-R,

biopsy to exclude benign disease
Imaging protocol should be consistent

across centres

Central randomisation

As per defined protocol

Ablative therapies should be considered
repeatable treatments

|

Biopsy-proven T1a NO MO
renal cancer

[ (CT/MRI — defined protocol)

Cross-sectional imaging

Availability of different arms may vary according to location

Randomise

-] ] ) )

‘ Imaging \

l I I
Imaging ] { Imaging ] [ Imaging
l I

|

Repeat R,
if indicated

Repeat R, Repeat R
if indicated if indicated

Histological follow-up is essential Biopsy Biopsy Biopsy Histology ] [ Biopsy
Long term follow-up (>5 years) essential Regular Regular Regular Regular Regular
to demonstrate effficacy imaging imaging imaging imaging imaging
Clear criteria for failure must be defined; Surgical R, if Surgical R, if Surgical R, if Surgical R if
salvage R, should be PN/RN indicated indicated indicated indicated

Figure 79 — Suggested design of an RCT to determinele of renal HIFU in the management of TLaNOMO renh
cancer; AS = active surveillance.

Any trial protocol should also ensure that appraigritissue, blood and/or urine is obtained to
allow assessment of the immunological responsisgad ablation. These samples should also
be used to search for any biomarkers which may selgct patients and tumours which are

most likely to have successful outcomes in eadtrirent group.

An RCT such as this would require large patient bers and would therefore require the co-
operation of a number of centres with varying eiiperin surgery and ablation. It would also
be expensive to conduct. However it would answsuds that are currently fundamental to

how we manage renal cancer and any cost wouldimgrtze justifiable.

9.2.2 Patient selection

The work presented in Chapter 4 & 5 representditbieeffort to improve patient selection

for renal HIFU. It has demonstrated the tumour ,siaeation, NS and fat dimensions are
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important factors in determining whether a patisrduitable for HIFU. However, due to low
patient number, it was not possible to determinetir these (or other) factors were able to
predict a successful outcome of HIFU treatmentlfitsaurther clinical studies should be

directed towards assessing these factors.

9.2.3 Image registration & motion-compensation

It is evident from this work that ultrasound imagjiof renal tumours is challenging. The rib
cage, abdominal wall, fat tissues, respiratory omtiwvater stand-off with the clinical device
and pre-focal tissue damage all contribute to itinédd image quality. Many of these factors
cannot be modified with the extracorporeal deliveyyte. However the ability to accurately
register ultrasound images with pre-operativelyaoted cross-sectional imaging would
significant increase the confidence of the HIFU rapm that treatment will be accurate. A
number of groups are looking at image registraéityorithms in the context of HIFU and if

combined with motion tracking/compensation coutghgicantly improve renal HIFU [244].

9.2.4 HIFU monitoring

In this work a novel monitoring method has beetetb$n theex-vivosetting and integrated
with a HIFU device in the clinical setting. Saféigs been proved and preliminary monitoring
results are promising. Further research should nigdook at the efficacy of PAM in
comparison with existing hyperecho monitoring. Bsttould be compared with a histological
assessment of ablation. This should initially beedasingex-vivotissue and then could be
further testing in perfused tissue models. Cargfiddisignedn-vivo animal studies of ablation
in a number of organs (both normal parenchyma antbtir) should then be undertaken to
accurately determine the necessary thresholds @digirlesion formation. Finally, clinical
studies of HIFU which use both monitoring format®@d then be performed. There is no

reason to eliminate hyperecho monitoring in itdgretyt - indeed it will always be visible in
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US-guided HIFU. Its presence is a strong indicafaovertreatment and is thus a warning to

lower the energy delivery.

9.2.5 Improving image quality

It is evident from the clinical trial data that toor imaging was often of good quality when
the diagnostic probe was placed directly in contdth the skin. The existing JC & JC-200
devices do not allow HIFU therapy to be deliverehilst the probe in elevated against the
skin as it blocks the acoustic window. The problean be overcome in two ways. The use of
transducers with shorter focal lengths would en#ietherapeutic head to be placed closer to
the abdominal wall. This may allow the diagnostiole to lie very close to the abdominal
wall without interfering with HIFU delivery. Whilsteasible, the short focal length may
prevent treatment of many renal tumours which canup to 10-12cms deep the skin.
Alternatively altering the therapeutic transducesign may allow the diagnostic probe to
remain elevated without impacting of the HIFU beahine use of a wider therapeutic
transducer which has a larger inactive central aorept would allow focused ultrasound
delivery whilst eliminating the HIFU beam from thmner area of the transducer which would
be blocked by the diagnostic probe. In additioméy be possible to focus the HIFU beam
using a lens placed further away from the therapalément closer to the abdominal wall.
The unfocused HIFU beam could be produced by aaplalement and focused only at the
level of the diagnostic probe. This would allow dsed ultrasound treatment as well as

allowing high quality diagnostic ultrasound fronetprobe placed in contact with the skin.
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10 Appendices

10.1 Clinical trial methodology — Renal HIFU

10.1.1 Ethics approval confirmation

Oxfordshire REC C
2nd Floor, Astral House
Chaucer Business Park

Granville Way
Bicester

OX26 4JT

Telephone: 01860 604062
Facsimile: 01860 604055
Email: scsha OxfordRECC@nhs.net
18 May 2009

Mr David Cranston

Consultant Urological Surgeon & Senior Lecturer in Urology
Oxford Radcliffe NHS Trust

Urology Department

Churchill Hospital

Oxford

OX37LJ

Dear Mr Cranston

Full title of study: Extracorporeal High Intensity Focused Ultrasound for
Small Kidney Tumours: Phase | Pilot Histological Follow-
Up Trial

REC reference number: 09/H0606/42

Thank you for your letter of 07 May 2009, responding to the Committee’s request for further

information on the above research and submitting revised documentation, subject to the

conditions specified below.

The further information has been considered on behalf of the Committee by the Chair.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the

above research on the basis described in the application form, protocol and supporting

documentation as revised.

Ethical review of research sites

The favourable opinion applies to all NHS sites taking part in the study, subject to

management permission being obtained from the NHS/HSC R&D office prior to the start of

the study (see “Conditions of the favourable opinion™ below).

The favourable opinion applies to the following research sites:

| Research site | Principal Investigator / Local Collaborator |
| Oxford Radcliffe Hospitals NHS Trust | Mr David Cranston |
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10.1.2 Trust management approval confirmation

Oxford Radcliffe Hospitals

NHS Trust

JM/EC/5983 From the Medical Director

Dr James Morris, FRCPath
Mr David Cranston Clo R&D Office, Manor House
Consultant Urological Surgeon The John Radcliffe Hospital
& Senior Lecturer in Urology Headley Way, Headington
Urology Department Oxford OX3 902
Churchill Hospital Tel: (01865) 222147
Headington Fax: (01865) 222648
Oxford OX37L) Email: Elaine.cherry@orh.nhs.uk

Dear Mr Cranston

Re: Extracorporeal High Intensity Focused Ultrasound for Small Kidney Tumours: Phase I Pilot
Histological Follow-Up Trial.

Research and Development Reference: 5983
Research Ethics Committee Reference: 09/H0606/42

Confirmation of Trust Management Approval

On behalf of the Oxford Radcliffe Hospitals NHS Trust, I am pleased to confirm Trus
Management Approval and Indemnity for the above research on the basis described in the
application, protocol and other supporting documents.

Conditions of Approval

The Approval is given provided that you have a contract of employment with the Trust and
that you have obtained Ethical Approval. You should also comply with the conditions set
out within the attached document. Please ensure that you read these conditions carefully.
Research Sponsorship

The Oxford Radcliffe Hospitals NHS accepts the role of Research Sponsor for this study in
accordance with the Medicines for Human Use (Clinical Trials) Regulations 2004 and/ or,

the requirements of Department of Health Research Governance Guidelines.

Approved Documents

Protocol Flowchart, Version 1.0, 19 February 2009
Protocol, Version 1.0, 19 February 2009
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10.1.3 Funding confirmation

DIRECTOR: Professor Keith Channon

O, Partnership

Oxford Biomedical Research Centre
Room 4503, Level 4

John Radcliffe Hospital

Oxford

0OX3 9DU

Tel: 01865 743341

Email: cora.reilly@orh.nhs.uk

16 Jan 09

To whom it may concem,

| hereby confirm funding for the amounts outlined below to support the research study ‘Extra —
corporeal High Intensity Focused Ultrasound for Small Kidney Tumours: Phase | Pilot Histological
Follow up Study’

BRC Ref: A90104

Salaries % time £ Employer
Clinical Research Fellow (10 months) 100 42 683 NHS
Clinical Research Fellow (10 months) 100 42,683 NHS
Post Doc RA 100 25610 UNI
Support Costs
Hydraphones and stages 7,200 Uni
Data acquisition computer and cards 3,000 Uni
Passive cavitation detection 1,800 Uni
transducers

Total Funding 2008/2009 122,976

Further funding will be subject to annual review until 2012.

Yours sincerely

J Shanahan

Manager of Clinical Research Operations
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10.1.4 Substantial amendment approval

Oxfordshire REC C

Room 002

TEDCO Business Centre
Rolling Mill Road

Jarow

NE32 30T

Tek 0101 428 3564
Fax: 0101 428 3432

03 August 2010

Mr David Cranston

Urology Department

Churchill Hospital

Oxford

OX37L

Dear Mr Cranston

Study title: Extracorporeal High Intensity Focused Ultrasound for
Small Kidney Tumours: Phase | Pilot Histological Follow-
Up Trial

REC reference: 09/H0606/42

Protocol number: N/A

Amendment number: 2.0 (24th June 2010)

Amendment date: 19 July 2010

The above amendment was reviewed at the meeting of the Sub-Committee held on 30 July
2010.

Ethical opinion

Favourable Opinion

The members of the Committee taking part in the review gave a favourable ethical opinion
of the amendment on the basis described in the notice of amendment form and supporting
documentation.

Approved documents

The documents reviewed and approved at the meeting were:

Document Version Date ]

Covering Letter Rob Richie 19 July 2010

Notice of Substantial Amendment (non-CTIMPs) _|2.0 (24th June 2010) 19 July 2010

Updated REC Application Form IRAS Version 3.0 24 June 2010
1264111361911

Protocol Version 2.0 24 June 2010

10.1.5 Trial inclusion & exclusion criteria

10.1.5.1 Inclusion criteria

Participant is willing and able to give informedhsent for participation in the study.
Male or Female, aged 18 years or above.
Lesions suspicious for renal cell carcinoma ondlagdiy that are < 4cm in maximum diameter and

suitable for surgical resection
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Participant must be in sufficiently good healttbtosuitable for general anaesthesia for both EGJHIF
treatment and subsequent surgical resection ofuumo

Subjects must have 1 evaluable tumours which can be visualised ograiatic ultrasound. If more
than one tumour exists, an index tumour will be mared and treated (uncommon)

Previous chemotherapy and / or biological therapychncer are permitted, but the subject should
have recovered fully from the effects of these amgl prior surgery.

Patients should not have received radiotheraplyedarget area within the preceding 12 months.

Subject has clinically acceptable haematologidakteolyte and hepatic function as demonstrated by
serum laboratory values within 14 days prior of BIEU treatment:

Absolute neutrophil count (ANG) 1500mn?

Platelet count 100,000mnmi

Haemoglobir> 10gdI*

Prothrombin time (PT¥ 1.5 * Upper Limit of Normal (ULN)

Activated partial thomboplastin time (APPI)L.5 * ULN

Total bilirubin < 2.5 * ULN

Aspartate aminotransferase (AST) <3 * ULN

Alkaline phosphatase (ALP) < 2 * ULN; unless argsfrom bone

Participant has a clinically acceptable ECG

Negative pregnancy test within 24 hours of EC-HlFéatment (if appropriate)

Able (in the Investigators opinion) and willing¢omply with all study requirements.

Willing to allow his or her General Practitionerdaoonsultant to be notified of participation in the
study.

An American Society of Anaesthesiologists (ASA)recof< 2

A World Health Organisation (WHO) performance stabfi< 1

10.1.5.2 Exclusion Criteria

The participant may not enter the study if ANY loé tfollowing apply:

Female participants who is pregnant, lactatinglanming pregnancy during the course of the study
(see pregnancy test note above)

Significant hepatic impairment.

Significant renal impairment as to mean surgicakotion is unsuitable

Clinical or radiological evidence of metastaticegdise

Subjects with tumours lying adjacent to vital stawes such that EC-HIFU treatment would risk
damage to these structures

Subjects currently taking anti-coagulant or immwppsessive medication

Scheduled elective surgery or other proceduresnegueneral anaesthesia during the study.
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Any other significant disease or disorder whichtha opinion of the Investigator, may either pu th
participants at risk because of participation ia study, or may influence the result of the study,

or the participant’s ability to participate in thtidy.

Participants currently involved in any medicinablr(participants involved in the treatment
phase of a clinical trial (observational or follay-studies will be allowed)

10.1.6 Clinical trial consent form

Centre Number: 1 (of 1)
REC Reference No: 09/H0606/42 (Oxford REC C)

Patient Identification Number for this trial:

Consent Form

Extra-corporeal High Intensity Focused Ultrasoumdsimall
kidney tumours: Phase | pilot histological folloye-trial

Name of Researchers:

Mr. Robert Ritchie BM MRCS Academic Clinical Fellow in Urology
Tel: 01865 763100

Mr. Tom Leslie MB ChB MRCS Clinical Lecturer in Urology
Tel: 01865 763100

Mr. David Cranston DPhil FRCS Urol. Consultant Urological Surgeon
Tel: 01865 226145

Please initial box

| confirm that | have read and understand the m#dion sheet version
number.........2.0....date......... 7/5/20009...... for the above stadg have had the

opportunity to ask questions.

| understand that my participation is voluntary &amak | am free to withdraw at any time,
without giving any reason, without my medical cardegal rights being affected.

I understand that sections of any of my medicaésobay be looked at by responsible
individuals from Central Clinical Research Servi€estnership, from the regulatory
authorities where it is relevant to my taking pantesearch. | give permission for these

individuals to have access to my records.

I understand that my GP will be informed about maytigipation in this study.
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| agree to take part in the above study.

Samples of your blood will be taken and stored teeémd after your treatment to assess
whether high intensity ultrasound treatment camsiite the immune system. These samples
will be retained after the end of the study fostpurpose. We would also like to use these
samples in future research on high intensity foduggasound.

Samples willNOT be used for any of the following

for research outside the UK,

for research involving animals, human embryos emstells
for research into the termination of pregnancyartaception
for commercial research

Do you consent to blood samples being retainedisnfashion?

Yes No

Samples of kidney tissue will be taken and stoefdre and after your treatment to assess
whether high intensity ultrasound treatment camsiate the immune system. This tissue will
be retained after the end of the study periodHi purpose. Tissue for research purpose will
also be stored in a tissue bank at the John RealEeldspital for use in future research
projects. Do you consent to kidney tissue beingimed in this fashion?

Do you consent to tissue being retained in thikitas?

Yes No
Your personal details will remain entirely confidi@hthroughout the trial.

You are free to withdraw your consent for the rétamof this tissue at any point and this will
not affect your on-going participation in this trex any subsequent care you may receive.

Name of Patient Date Signature

Name of Person taking consent Date Signature
(if different from researcher)

Researcher Date Signature

4 copies:
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1 for patient

1 for researcher

1 to be kept with hospital notes
1 to be inserted into site file

10.2 Clinical trial methodology — Peri-nephric fat

10.2.1 Ethics approval confirmation

NHS

National Research Ethics Service
Oxfordshire REC A

2nd Floor, Astral House

Chaucer Business Park

Granville Way

Bicester

0OX26 4JT

Telephone: 0191 428 3561
Facsimile: 0191 428 3432
17 June 2010

Mr Thomas Leslie

Clinical Lecturer in Urology
Oxford Radcliffe NHS Trust
HIFU Unit

Churchill Hospital

Oxford

OX3 7LJ

Dear Mr Leslie

Full title of study: How do the properties of perinephric fat influence the
outcome of high intensity focused ultrasound (HIFU) in
the ablation of renal tissue and renal tumours?

REC reference number: 10/H0604/34

Thank you for your letter of 9 June 2010. | can confirm the REC has received the
documents listed below as evidence of compliance with the approval conditions detailed in
our letter dated 07 May 2010. Please note these documents are for information only and
have not been reviewed by the committee.

Documents received

The documents received were as follows:

Document Version Date

Protocol Version 2.0 09 June 2010
Protocol Flow Chart Version 2.0 09 June 2010
Covering Letter Rob Ritchie 09 June 2010
Summary/Synopsis Patient Information Flow Chart Version 2.0(09 June 2010
Letter of invitation to participant Version 2.0 09 June 2010
Participant Information Sheet: Patient Version 2.0 09 June 2010
Participant Consent Form: Patient Version 2.0 09 June 2010
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10.2.2 Trust management approval confirmation

Oxford Radcliffe Hospitals

NHS Trust
HH/JF/6170 From the R & D Lead
Research & Development
Mr Thomas Leslie Room 13, Manor House
Clinical Lecturer in Urology | The John Radcliffe Hospital
HIFU Unit Headley Way, Headington
Churchill Hospiml Oxford OX3 9DZ
Oxford Tel: (01865) 221930
OX37L) Fax: (01865) 222648
Email: jo.franklin@orh.nhs.uk
295 Jdune A0\0
Dear Mr Leslie

Re: How do the properties of perinephric fat influence the outcome of high intensity focused
ultrasound (HIFU) in the ablation of renal tissue and renal tumours?

Research and Development Reference: 6170
Research Ethics Committee Reference: 10/H0604/34

Confirmation of Trust Management Approval

On behalf of the Oxford Radcliffe Hospitals NHS Trust, I am pleased to confirm Trust
Management Approval and Indemnity for the above research on the basis described in the
application, protocol and other supporting documents.

Conditions of Approval
The Approval is given provided that you have a substantive or honorary contract with the
Trust and that you have obtained Ethical Approval. You should also comply with the

conditions set out within the attached document. Please ensure that you read these
conditions carefully.

Research Sponsorship

The Oxford Radcliffe Hospitals NHS accepts the role of Research Sponsor for this study in
accordance with the Medicines for Human Use (Clinical Trials) Regulations 2004 and/or,
the requirements of Department of Health Research Governance Guidelines.

Site Specific Assessment

Site Specific Assessment

This Trust management Approval letter also incorporates site specific assessment for the Oxford
Radcliffe Hospitals NHS Trust site

Oxford Radcliffe Hospitals NHS Trust HH/JF/6170
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10.3 Summary of all clinical results

Presented below is a summary of the key demograpincour, treatment and follow-up
characteristics for each individual patient. Théobe and after CE-MRI images taken during

the LAVA phase of the imaging protocol are alsovgho

10.3.1 Patient 5.01

Patient Age (years) 73 BMI (kg/f) 22
Tumour Size (mm) 18 NS score 7
Fat (trans, mm) 20 Fat (AP, mm) 11
Side Left Location Upper pole
HIFU Anaesthetic time 305 mins Treatment time | 214 mins
HIFU on-timé 35 mins B-mode score 21l
Complications Post-operative acute urinary retention
Haemorrhage post-surgery (required) embolisation
Follow-up® | Hb (g/dL) 12.3-14.2-11.7 | WCC (*10°/L) 3.3-7.3-4.9
CRP (mmol/L) 3.0-19.0-2.0 Creatinine (mmol/L.$2-93-80
% ablation | MRI 0 Histology 95
! _ Anaesthetic time represents total procedure fiore induction to reversal of anaesthesia
2 _ Treatment time represents time from first HIBp@sure to last HIFU exposure
% _ HIFU on-time represents total duration of HIFpesures
4 _ B-mode scoring assessed at pre-, mid- & postHIF
2— Mild skin pain or burn (CTCAE Grade 1) not redbed

— Laboratory follow-up assessed at pre-HIFU angda& 12 post-HIFU
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10.3.2 Patient 5.03

Patient Age (years) 66 BMI (kg/f) 34
Tumour Size (mm) 30 NS score 8
Fat (trans, mm) 29 Fat (AP, mm) 5
Side Left Location Interpolar
HIFU Anaesthetic time 270 mins Treatment time 180 hourp
HIFU on-time 31 mins B-mode score 4-2-1
Complications Haemorrhage post-surgery (requirgrhrectomy)
Follow-up® | Hb (g/dL) 14.5-13.8-14.4 | WCC (*10°/L) 5.6-17.1-5.5
CRP (mmol/L) 2.0-12.0-2.0 Creatinine (mmol/L.%7-63-48
% ablation | MRI 0 Histology 0

10.3.3 Patient 5.05

Patient Age (years) 50 BMI (kg/m) 28
Tumour Size (mm) 19 NS score 5
Fat (trans, mm) 10 Fat (AP, mm) 2
Side Left Location Interpolar
HIFU Anaesthetic time 180 mins Treatment time N/A
HIFU on-time N/A B-mode score N/A
Complications No treatment
Follow-up® | Hb (g/dL) 15.9-16.6-15.1 | WCC (*10°/L) 6.7-5.6-4.7
CRP (mmol/L) 4.0-11.0-2.0 Creatinine (mmol/Ly3-78-61
% ablation | MRI N/A Histology N/A

No imaging follow-up as no HIFU treatment took @ac
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10.3.4 Patient 5.07

Patient Age (years) 41 BMI (kg/f) Not known
Tumour Size (mm) 33 NS score 8
Fat (trans, mm) 8 Fat (AP, mm) 1
Side Right Location Interpolar
HIFU Anaesthetic time N/A Treatment time N/A
HIFU on-time N/A B-mode score No treatment
Complications No treatment
Follow-up® | Hb (g/dL) 14.2-13.6-13.5 | WCC (*107/L) 13.3-13.9-15
CRP (mmol/L) N/A Creatinine (mmol/L) 124-131-99
% ablation | MRI N/A Histology N/A
No imaging follow-up as no HIFU treatment took @ac
10.3.5 Patient 5.10
Patient Age (years) 82 BMI (kg/m) 21
Tumour Size (mm) 28 NS score 7
Fat (trans, mm) 1 Fat (AP, mm) 3
Side Right Location Interpolar
HIFU Anaesthetic time 235 mins Treatment time 150 mins
HIFU on-time 28 mins B-mode score 3-2-1
Complications Nil
Follow-up® | Hb (g/dL) 13.1-11.7-12.2 | WCC (*10°/L) 9.5-16.3-7.8
CRP (mmol/L) 2.0-27.0-2.0 Creatinine (mmol/L$3-64-61
% ablation | MRI 0 Histology <5
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10.3.6 Patient 5.13

Patient Age (years) 64 BMI (kg/f) 28
Tumour Size (mm) 38 NS score 5
Fat (trans, mm) 10 Fat (AP, mm) 20
Side Left Location Interpolar
HIFU Anaesthetic time 245 mins Treatment time 164 mins
HIFU on-time 25 mins B-mode score 3-1-1
Complications Nil
Follow-up® | Hb (g/dL) 15.5-14.8-14.8 | WCC (*10°/L) 6.6-13.2-6.5
CRP (mmol/L) 2.0-12.0-3.0 Creatinine (mmol/.108-103-99
% ablation | MRI 0 Histology <5

10.3.7 Patient 5.16

Patient Age (years) 52 BMI (kg/m) 28

Tumour Size (mm) 27 NS score 4
Fat (trans, mm) 34 Fat (AP, mm) 3
Side Right Location Interpolar

HIFU Anaesthetic time 235 mins Treatment time 159 mins
HIFU on-time 16 mins B-mode score 5-4-4
Complications Moderate skin pain

Follow-up® | Hb (g/dL) 14.6-13.8-12.8 | WCC (*10°/L) 6.6-12.4-8.6
CRP (mmol/L) 2.0-3.0-13.0 Creatinine (mmol/L$2-83-97

% ablation | MRI 1.21 Histology 95
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10.3.8 Patient 5.19

Patient Age (years) 56 BMI (kg/m 23
Tumour Size (mm) 27 NS score 6
Fat (trans, mm) 20 Fat (AP, mm) 8
Side Right Location Interpolar
HIFU Anaesthetic time 183 mins Treatment time N/A
HIFU on-time N/A B-mode score 21l
Complications Severe hypertension (treatment abzaajo
Follow-up® | Hb (g/dL) 15.8-16.3-N/A | WCC (*10°/L) 5.7-5.5-N/A
CRP (mmol/L) 2.0-10.0-2.0 Creatinine (mmol/L»3-90-N/A
% ablation | MRI N/A Histology N/A
No imaging follow-up as no HIFU treatment took @ac
10.3.9 Patient 5.21
Patient Age (years) 71 BMI (kg/f) 28
Tumour Size (mm) 24 NS score 4
Fat (trans, mm) 4 Fat (AP, mm) 19
Side Right Location Lower pole
HIFU Anaesthetic time 150 mins Treatment time 77 mins
HIFU on-time 9 mins B-mode score 5-3-3
Complications Nil
Follow-up® | Hb (g/dL) 13.7-13.2-13.7 | WCC (*10°/L) 7.0-9.7-9.1
CRP (mmol/L) 2.0-0.8-2.0 Creatinine (mmol/|.$6-90-93
% ablation | MRI 0 Histology 95
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10.3.10 Patient 5.23

Patient Age (years) 36 BMI (kg/m) 25

Tumour Size (mm) 22 NS score 6
Fat (trans, mm) 8 Fat (AP, mm) 3
Side Right Location Lower pole

HIFU Anaesthetic time 228 mins Treatment time 148 mins
HIFU on-time 10 mins B-mode score 3-1-1
Complications Nil

Follow-up® | Hb (g/dL) 14.5-14.9-14.2 | WCC (*10°/L) 6.0-10.0-8.6
CRP (mmol/L) 2.0-1.2-0.5 Creatinine (mmol/|.84-78-76

% ablation | MRI 1.12 Histology 60

10.3.11 Patient 5.29

Patient Age (years) 35 BMI (kg/rm)
Tumour Size (mm) 30 NS score 10

Fat (trans, mm) 14 Fat (AP, mm) 4

Side Left Location Upper
HIFU Anaesthetic time 169 mins Treatment time 51 mins
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HIFU on-time 3 mins B-mode score 2-1-1
Complications Nil

Follow-up? | Hb (g/dL) WCC (*107/L)
CRP (mmol/L) Creatinine (mmol/L

% ablation | MRI 0 Histology 0

10.3.12 Patient 5.38

Patient Age (years) 60 BMI (kg/m) 31.5
Tumour Size (mm) 21 NS score 4
Fat (trans, mm) 32 Fat (AP, mm) 17
Side Left Location Lower pole
HIFU Anaesthetic time 130 mins Treatment time 85 mins
HIFU on-time 3 mins B-mode score 2-1-1
Complications Nil
Follow-up® | Hb (g/dL) 16.4-15.4-16.3 | WCC (*10°/L) 9.2-13.6-8.2
CRP (mmol/L) 11.6-14.7-20.4 Creatinine (mmol/|L93-82-90
% ablation | MRI 1.40 Histology 60
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10.3.13 Patient 5.39

Patient Age (years) 67 BMI (kg/f) 18
Tumour Size (mm) 18 NS score 4
Fat (trans, mm) 1 Fat (AP, mm) 1
Side Right Location Lower pole
HIFU Anaesthetic time 115mins Treatment time 80 mins
HIFU on-time 9 mins B-mode score 5-4-4
Complications Nil
Follow-up® | Hb (g/dL) 11.5-11.8-12.7 | WCC (*10°/L) 9.2-7.7-9.1
CRP (mmol/L) 7.4-7.8-6.8 Creatinine (mmol/|.58-55-60
% ablation | MRI 1.06 Histology

10.4 Transducer calibrations

10.5 Radiation force balance

The device manufacturers (HAIFU Technology Comphlidy Chongging, China) supplied a
purpose-built RFB to measure the transducer ouipilt the therapeutic head in-situ. The
device allowed regular calibration of the transduoe quality assurance purpose as well as

an assessment of the impact of the PCD array.

The RFB consists of a horizontally-aligned circuddasorbing target which is attached to an
electronic force balance directly above it. These pieces of equipment are held in place by

a cylindrical metal mount which is custom-fit toetlclinical transducer being tested. Its
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bottom edge fits precisely around the lip of tlensducer so it is fixed firmly in place without
affecting the HIFU drive signal, as shown in Fig@@. The force balance measures the

ultrasound radiation force in grams and is accurate).1g.

-
Electronic Force Balance
.
50mm Water
$ Level
20mm
Focal
length
HIFU Transducer

Figure 80 — Photograph of RFB (left) and schematicfeetup (right) on Model JC & Model JC-200 HIFU device.

The mount also ensures that the absorbing targaigsed perpendicular to the beam axis.
The mount is applied with the transducer at itshégj position for convenience; the
transducer is then moved to its lowest position tlwedreservoir filled with degassed water so
that the entire absorbing target lies 20mm undemthter level. Using the height adjustment

the absorbing target is positioned so that thesttacer focus lies 5cm beyond the target.

The power calibration was conducted by adjusting BiFU input voltage from 100V to
240V in steps of 10V. Continuous wave HIFU was\atgd for 5 seconds and the radiation
force recorded for each input voltage. Each voltags recorded three times. The acoustic

power (P) is then calculated as follows:

P =& Frgq
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where F is the acoustic radiation force (g) @& a fixed coefficient for each transducer

which is provide by the manufacturer.

10.6 Publications

10.6.1 Radiology 2012 Jan;262(1):252-61

Spatiotemporal Monitoring

of High-Intensity Focused
Ultrasound Therapy with Passive
Acoustic Mapping'

Carl R. Jensen, PhD

Rabert W. Ritchie, BM
Mikids Gyongy, PhD

James R. T. Collin, PhD

Tom Leslie, MD, PhD
Constantin-C. Coussios, PhD

"From the Institute of Biomedical Englneering, Department
of Enginearing, University of Oxford, Old Road Campus.
Fesearch Bidg, Headington, Oxford, 0X3 700, England
{CRJRWR, MG, JATC. C.C.CY; Clinical HIFU Unit,
Churchill Hospital, Oxford, England (R.W.R,, TL); and
Faculty of Information Engingering, Pazmény Péter Cathalic
University, Budapest, Hungary {M.G.), Recelved March 31,
2011; revision requested April 28; final revision received
June 14; accepted June 29; final version accepted July

To demonstrate feasibility of monitoring high-intensity fo-
cused ultrasound (HIFU) treatment with passive acoustic
mapping of broadband and harmonic emissions recon-
structed from filtered-channel radiofrequency data in ex vivo
bovine tissue.

Both passive acoustic emissions and B-mode images were
recorded with a diagnostic ultrasound machine during 180
HIFU exposures of five freshly excised, degassed bovine
livers. Tissue was exposed to peak rarefactional pressures
between 3.6 and 8.0 MPa for 2, 5, or 10 seconds. The
B-mode images were analyzed for hyperechoic activity,
and threshold levels were determined for the harmonic
(1.17 mJ) and broadband (0.0137 mJ) components of
the passively reconstructed source energy to predict tis-
sue ablation. Both imaging methods were compared with
tissue lesions after exposure to determine their spatial
accuracy and their capability to help predict presence of
ablated tissue. Performance of both methods as deteetors
was compared (matched-pair test design).

Passive mapping successfully aided prediction of the pres-
ence of tissue ablation more often than did conventional
hyperechoic images (49 of 58 [84%] vs 31 of 58 [53%],
P < .001). At 5.4-6.3-MPa exposures, sensitivity, specific-
ity, negative predictive value, and positive predictive value
of the two methods, respectively, were 15 of 20 versus five
of 21 (P = .006), eight of nine versus eight of nine (P =
272), 15 of 16 versus five of six (P = .53), and eight of 13
versus eight of 24 (P = .011). Across HIFU exposure ani-
plitude ranges, passive acoustic mapping also aided cor-
rect prediction of the visually detected loeation of ablation
following tissue sectioning in 42 of 45 exposures for which
the harmonic and broadband threshold levels for tissue
ablation were exceeded. Early cavitation activity indicated
the focal position within the tissue before irreversible tis-
sue damage oceurred.

Passive acoustic mapping significantly outperformed the
conventional hyperecho technique as an ultrasound-based
HIFU monitoring method, as both a detector of lesion oe-

28 Supported by the Oxford Biomedical Research Centre currence and a had of ping the position of ablated
funded by the National Institute for Health Research and tissue.

from the and Physical

Council (grants EP/FO11547/1 and EP/FO2617X/1). CRSNA, 2011

Address correspondence to C.R.J. (e-mail: carljensen
‘@engax.ac.uk) or 0.C.C. {e-mail: constantin.coussios
ang,ox.ac.H),

“RSNA, 2011

252

Supplemental material: htp://radiology.rsna.org/lookup
Jsuppl/doi: 10, 1148/ radiol 111H0670/-/DCI

ratiology.rsna.arg = Radiology: Volume 252: Number 1—January 2012
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10.6.2 BJU Int. 2011 Apr;107(8):1290-6

Laparoscopic high-intensity focused ultrasound
for renal tumours: a proof of concept study

Robert W. Ritchie*’, Tom A. Leslie*!, Gareth D.H. Turner?, lan S.D. Roberts®,
Leonardo D'Urso®, Devis Collura®, Andrea Demarchi®, Giovanni Muto® and

Mark E. Sullivan*

*Department of Urology, Churchill Haspital, "Nurfield Department of Surgery, John Radcliffe Hospital, " Department
of Cellulor Pathology ond Nurfield Department of Clinical Laboratory Sciences, John Radcliffe Hospital, Oxford, UK,

and *Department of Urology, St Giovanni Bosco Hospital, Turin, Italy

Accepted for publication 25 May 2010

Study Type - Therapy [case series)
Level of Evidence

® To test and establish clinical proof of
concept for a laparoscopic high-intensity
focused ultrasound (HIFU) device that
facilitates delivery of ultrasound by

direct application of a probe to the tumour
surface.

® Twelve patients with renal tumours were
treated with laparoscopic HIFU using a
newly designed probe inserted viaan 18-mm
laparoscopic part.

* HIFU treatment was targeted at a pre-
defined proportion of the tumour and

The incidence of renal cancer is increasing;
recent USA and UK statistics suggest an
annual increase of 2-4% depending an sex
and ethnic origin [1,2]. This increase is partly,
but not entirely, attributable to the increased
use of abdominal imaging [1,3]. There is
evidence that both the stage and tumour
dimensions at the time of diagnosis are
decreasing [4,5] and more than 600 of these
are discovered in the absence of symptoms
attributable to the pathology [6]. These
changes have resulted in a new entity - the
small renal mass (SRM). The best management
of these SRMs is uncertain and is made more
challenging by the marked increase in
incidence of SRMs in the elderly and co-

immediate laparoscopic partial or radical
nephrectomy was then performed.

® No tumour ablation was seen in the first
five patients which made modifications in
the treatment pratocol necessary. After this,
definite histological evidence of ablation was
seen in the remaining seven patients.

® The ablated zones were within the
targeted area in all patients and no intra-
lesional skipping was seen.

* Subcapsular skipping was seen at the
probe-tumour interface in two patients with
viable tumour cells seen at microscopy.

® One patient did not undergo surgical
extirpation; subsequent biopsy revealed no
viable tumour cells.

* There were no intraoperative or
postoperative complications directly related

morbid. Conventionally, the SRM has been
considered to be slow growing. Indeed, a
study of 287 tumour-bearing (up to 4 cm)
kidneys found nearly 20% were benign and
more than 85% of the malignant lesions were
Fuhrman grade | or Il [7]. In contrast, the same
study also demonstrated that of the 3-4 cm
tumours, 25% were of Fuhrman grade Il or IV
and more than 35% were stage 3a or greater;
80 of these tumours had metastasized at the
time of diagnosis,

Currently the ‘gold standard’ management for
radiologically suspicious SRMs (clinical stage
Tia) is partial nephrectomy. Studies have
shown similar oncological outcomes with less
impact on renal function in comparison with
radical nephrectomy [8-10]. However,

to HIFU therapy and patients have reached a
mean (range) follow-up of 15 (8-24) months
with no evidence of metastatic disease or
late complications,

* Tumour ablation with laparoscopic HIFU is
feasible

* Homogenous ablation can be achieved
with no vital tissue within the targeted zone.
® The technique is associated with low
morbidity and may have a role in the
definitive management of small tumours.

kidney neoplasms, high-intensity focused
ultrasound, HIFU, nephrectomy, renal cancer,
minimally invasive therapy

complication rates associated with partial
nephrectomy may approach 200, whether
performed openly or laparoscopically [11]. Of
these complications, nearly half are medical
(renal failure, myocardial infarction,
pulmaonary embalism), reflecting the co-
morbidity within the population group.

As a result of high rates of benignity and high
surgical complication rates, minimally
invasive ablative technologies have developed
over the last 20 years. Thermal damage can
result in tumour destruction without the need
for surgical incision into the highly vascular
renal parenchyma [12]. This can be done using
radiofrequency ablation (RFA), cryoablation
(CA) or high-intensity focused ultrasound
ablation (HIFU) [13-15]. Of these methods,
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Extracorporeal high intensity focused ultrasound
for renal tumours: a 3-year follow-up

[ W e

Robert W. Ritchie*, Tom Leslie*, Rachel Phillips’, Feng Wu, Rowland llling",
Gail ter Haar®, Andrew Protheroe® and David Cranston

Nuffield Department of Surgery, University of Oxford, Departments of *Radiology, "Urology and *Medical Oncology,
Churchill Hospital, Oxford, and *Joint Department of Physics, Institute of Cancer Research, Sutton, Surrey, UK
Accepted for publication 21 December 2009

*Robert W. Ritchie and Tom Leslie are joint first authors.

Study Type - Therapy [case series)
Level of Evidence 4

OBJECTIVE

To determine whether primary
extracorporeal high-intensity focused
ultrasound (HIFU) is safe, feasible and

PATIENTS AND METHODS

Although surgery currently remains the
standard treatment for localized renal cell
carcinoma (RCC), the increasing incidence of
small renal cancers has led to a shift towards
nephron-sparing surgery, with associated
morbidity in 20-25% of cases, and minimally
invasive ablative therapies present an
alternative management. HIFU results in
‘trackless’ homogenous tissue ablation and
when administered via an extracorporeal
device, is entirely noninvasive. The study
comprised 17 patients (mean tumour size

effective for managing small renal tumours.

2.5 cm) with radiologically suspicious renal
tumours who underwent extracorporeal
HIFU using the Mode|-JC System (Chongaing
HAIFU™, China), under general anaesthesia
with one overnight hospital stay. Real-time
diagnostic ultrasanography was used for
targeting and monitoring, Patients were
fallowed with a clinical review and
gadolinium-enhanced magnetic resonance
imaging at 12 days and every 6 months for a
mean of 36 months. The outcomes measures
were patient morbidity and oncalogical
efficacy of HIFU treatment

RESULTS

Of the 17 patients, 15 were treated
according to protocol; two procedures were
abandoned due to intervening bowel. There
were no major complications related to HIFU.
Radiological evidence of ablation was
apparent at 12 days in seven of the 15
patients. Before the 6-manth follow-up one
patient had surgery due to persisting central

enhancement. Fourteen patients were
evaluated at the 6-month follow-up; eight
tumours had involuted (mean 12% decrease
in tumour area). Four patients had irreqular
enhancement on imaging and had
alternative therapies, Ten patients remain on
follow-up at a mean (range) of 36 (14-55)
months after HIFU (mean 30% decrease in
tumour area). There was central loss of
enhancement in all.

CONCLUSIONS

Renal HIFU achieves stable lesions in two-
thirds of patients, with minimal morbidity,
and might be appropriate in selected cases.
Further trials with accurate histological
follow-up are essential to fully evaluate this
novel technique.

KEYWORDS
high-intensity focused ultrasound, renal cell

carcinoma, minimally invasive surgery,
therapeutic hyperthermia

INTRODUCTION

The last 30 years have seen a dramatic shift in
the epidemiology and clinical presentation of
renal cancer. Improved abdominal imaging
and a genuine increase in the occurrence of
renal tumours has led to a significant overall
increase in incidence and early detection
[1-3]. Notably, the greatest increase in
incidence has occurred in the older
population, with the percentage of patients
aged =65 years nearly doubling [3].

This change has led urologists to question
how best to manage renal tumours,
particularly incidental small renal masses

(SRMs). Observations of renal cancer show
that low-grade, low-stage masses grow
slowly and are not an immediate threat to a
patient’s life [4,5]. Further studies also showed
that synchronous metastatic disease was
detected in just 5% of tumours of <3 cm
and does not occur with tumours of <2.0 em
[6].

Active surveillance of the SRM is a reasonable
strategy. However, the odds of synchronous
metastatic disease increase by 228 with every
1 em tumour growth and double with 3.5 cm
of growth [6]. Radiographic imaging alone
is unable to determine high-risk tumours
and consequently current opinion is that

active surveillance should be considered for
selected groups only, when surgery is not an
option [7].

Surgery remains the default position for
renal tumours. It is accepted that partial
nephrectomy should be undertaken for T1a
tumours, given its favourable effect on renal
function compared with radical surgery [8,9].
However, complications occur in 21% of
laparoscopic and open partial nephrectomies,
and half of these are medical [10]. Surgery in
the elderly population is particularly risky,
with a 15% perioperative mortality rate in
octogenarians undergoing nephrectomy in
two European institutions [11].
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correlates well with intra-operative estimates of treatment volume.
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Abstract: Objectives
To assess the safety and feasibility of high intensity focused ultrasound (HIFU) ablation
of liver tumours and to determine whether post-operative MRI correlates with intra-
operative imaging.

Methods

Thirty-one patients were recruited into two ethically-approved clinical trials (median age
64; mean BMI 26 kgm-2). Patients with liver tumours (primary or metastatic) underwent
a single HIFU treatment monitored using intra-operative B-mode ultrasound. Follow-up
consisted of radiology and histology (surgical trial) or radiology alone (radiology trial).
Radiological follow-up was digital subtraction contrast-enhanced MRI.

Results

Treatment according to protocol was possible in 30 of 31 patient. One treatment was
abandoned due to equipment failure. Transient pain and superficial skin burns were
seen in 81% (25/31) & 39% (12/39). One moderate skin burn occurred.

One patient died prior to radiological follow-up. Radiological evidence of ablation was
seen in 93% (27/29). Ablation accuracy was good in 89% (24/27). In three patients the
zone of ablation lay 2mm or less outside the tumour. The median cross-sectional area
(CSA) of the zone of ablation was 5.0cm2 & 5.1cm2 using intra-operative and post-
operative imaging respectively. The mean MRI:Bmode CSA ratio was 1.57 (95% CI

10.7 Conference presentations

Size of tumour determines duration of surgery in lparoscopic radical nephrectomy
EAU Annual Scientific Meeting, Milan
Poster presentation & published abstract

March
2008

Laparoscopic HIFU in the treatment of small kidneytumours
International Symposium for Therapeutic Ultrasouddne.
Oral presentation & published abstract

Sep.
2008

Extracorporeal HIFU for small kidney tumours
EAU Annual Scientific Meeting, Stockholm
Oral presentation & published abstract

March
2009

HIFU Ablation of small renal tumours with an extracorporeal device
AUA Annual Scientific Meeting, Chicago

April
2009
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Poster presentation & published abstract

Laparoscopic HIFU for small kidney tumours — Phasd trial results June
BAUS Annual Scientific Meeting, Glasgow 2009
Poster presentation & published abstract
Monitoring of lesioning during HIFU with passive cavitation detection Sep.
International Symposium for Therapeutic Ultrasourgince 2009
Oral presentation (Miklos Gyongy) & published abstr
Does HIFU for renal cancer upregulate anti-tumour mmunity in vivo March
EAU Annual Scientific Meeting, Barcelona 2010
Poster presentation & published abstract
Does HIFU for cancer upregulate anti-tumour immunity? June
AUA Annual Scientific Meeting, San Francisco 2010

Podium presentation & published abstract

Development of anti-tumour immunity following extracorporeal HIFU for renal cancer | June
International Symposium for Therapeutic Ultrasouhokyo 2010
Poster presentation & published abstract

Passive cavitation mapping for real-time monitoringof HIFU ablation and ultrasound- | June
enhanced drug delivery 2010

International Symposium for Therapeutic Ultrasouhokyo
Podium presentation (Constantin Coussios) & pubtisibstract

Immune upregulation in-vivo following for HIFU for renal cancer June
BAUS Annual Scientific Meeting, Manchester 2010

Poster presentation & published abstract
The impact of peri-nephric fat attenuation on HIFU ablation for renal cancer June
International Symposium for Therapeutic Ultrasoudey York 2011

Poster presentation & published abstract
Significant skins burns may occur with the use of avater balloon in HIFU treatment June
International Symposium for Therapeutic Ultrasoudew York 2011

Poster presentation & published abstract
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