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Preface:

This thesis describes the behaviour and distribution of microbubbles using ultrasound and the
relevant histological changes that occur upon the application of microwave energy in an ex-
vivo perfused porcine liver model.

The research was conducted in the laboratories of the Department of Molecular Medicine and
Transplant Biology at Leicester General Hospital. The department has a long-standing
interest in bio-artificial liver and basic investigation of tissue ablation techniques. To do this,
the department runs an ex-vivo porcine liver model and has considerable experience in this
field. This model is perfused with autologous blood. It accurately simulates the in-vivo
situation, but removes some of the extraneous and confounding components associated with
normal physiological and metabolic responses. This allows for extremely careful and
reproducible adjustments of inflow and outflow parameters and is ideal for basic
investigation of blood flow, and anything affected by this including substances infused into
the liver.
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Abstract

Background:

Contrast-enhanced ultrasound (CEUS) using microbubbles (MBs) as contrast agents has
improved ultrasound (US) imaging techniques over the past two decades. It has also been
used to guide microwave ablation (MWA) in cancer treatment and in ischaemia-reperfusion
injury (IRI) to better understand the associated pathological changes such as apoptosis. MWA
itself is known to induce apoptosis but the extent has not been precisely quantified.

Aims:
In this four-part project, | used an ex vivo porcine liver perfusion model to evaluate:
1. The use of CEUS in the assessment of MWA injury and in the detection of IRI.

2. The extent of apoptosis from the expression of Caspase-3 and M30 in a time-
dependent manner in IRI.

3. The relationship between ablation power employed and extent of apoptosis.
Method:

For parts 1 & 2, ten porcine livers were scanned with US pre and post MBs administration.
Biopsies from perfused and non-perfused areas were taken at different time points starting
immediately before dissection of the livers and ending at 4 hours of perfusion, and were
assessed for ischemia using Haematoxylin—Eosin (HE) staining and for apoptosis using
Caspase-3 and M30 monoclonal antibodies.

For parts 3 & 4, multiple ablations at different power settings were created in five more
livers. The lesions were then compared in size, morphology, grey-scale US and CEUS.
Biopsies from the lesions were scored for apoptosis in each of three zones: a central necrotic
zone (CNZ) in the path of the microwave, a transitional penumbra zone (TZ) around this
and a surrounding zone of normal tissue (NZ). Statistical analysis was done using AVOVA
and t-test with statistical significance set at the conventional p=<0.05.

Results:

There was enhancement of the entire parenchyma on both grey US and CEUS at 1h, but after
4h multiple perfusion defects that were not evident on grey US were detected on CEUS.
Histology confirmed that the non-perfused areas at 4hr were ischaemic.

Caspase-3 expression gradually increased over time in all samples. There was a highly
significant difference between Caspase-3 and M30 at 1h in non-perfused areas “NP”
(p=0.001) which peaked at 4hr in both perfused “P” (p=0.001) and NP areas (p=0.03). A
similar pattern was noted with M30 which peaked at 1hr P (p =0.001) and maintained a non-
significant difference in expression at 4hr P (p=0.07) & 4hr NP (p =0.1).



CEUS showed better demarcation of the ablations when compared with Grey-scale US with a
highly significant difference in lesion size between different powers (p=0.0064). No Caspase-
3 expression was seen in CNZ but it was significantly increased in TZ between 50W and
90W (p=0.009), highly significantly in NZ (p=0.003) for the same powers and significantly
between 50W and 70W (p=0.01). No M30 expression was noted in CNZ while in TZ,
significant difference was noted between 50W and 90W (p=0.02). In NZ, the difference was
not significant.

Conclusion:

In this model CEUS showed greater definition of perfusion defects and better demarcation of
lesions created by microwave ablation. This provides a basis for further studies to determine
if CEUS might facilitate better detection and characterization of perfusion defects in the in-
vivo setting and in transplanted livers. In the clinical setting CEUS could provide a more
precise tool for assessing the ablation zone for a given size of lesion during treatment.

The expression of Caspase-3 and M30 confirms that apoptosis plays an important role in
MWA -induced tissue loss. The enhanced apoptotic response in the transition zone with
increasing MWA power may help eradicate cancer cells that escape the heat in the ablated
zone in the clinical setting. Inhibiting Caspase-3 and M30 might be a useful adjunct in
alleviating hepatic reperfusion injury. Further research is required confirm these results.
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Introduction

The central theme and tool of this project is enhancement of ultrasound (US), a safe and
versatile area of increasing medical utility and interest. In this project, Microbubbles (MBs)
were used as contrast agents to enhance US images in the investigation of the effects of
microwave ablation (MWA) and in the assessment of ischaemia-reperfusion injury (IRI)
using a perfused liver preparation. It is therefore pertinent to introduce the tools, namely US
and MBs as they apply to the project, without delving into their fiendish physics with its
intimidating equations.

A contrast is an exogenous substance that can be administered either into the blood stream or
into a cavity to enhance an image signal (1). MBs meet this criterion. They are thin-shelled,
encapsulated, composite microspheres 1-10um in diameter (2, 3) made of a gas core and a
complex chemical coating. Their small size enables them to permeate through
microcirculation when injected into the blood stream but it is their physical interaction with
US waves that makes them uniquely suitable as contrast agents thus offering a new
investigative and diagnostic tool. Their complex chemical composition allows them to be
used to be exploited to bind and carry different substances for remote, targeted drug and gene
delivery, thus providing an exciting new therapeutic tool (4-6). This work relates to their use
as an investigative tool in a well-established isolated liver perfusion model using warm
autologous blood at a Leicester University Department’s laboratory renowned for its interest
in the field of artificial liver. Chapter two and four works were carried out between 2009 and
2011, and the supplementary chapter three and five were carried out in 2017

A suggested diagnostic application of MBs is the enhancement of tissues in IRI injury to
differentiate between healthy and necrotic tissue. Necrosis is premature death of cells in
living tissue by autolysis. This results in the loss of the plasma membrane permeability
barrier and the formation of blebs that lead to the release of cellular enzymes and other
contents (7). Recent reports have suggested that apoptosis is another mechanism of cell death
in warm and cold hepatic IRI. Apoptosis is a more controlled process of programmed cell
death and it plays a critical role in controlling cell number and proliferation during tissue
growth (8, 9). A variety of stimuli may activate the process but the final objective is the
cleavage and destruction of the DNA by the activation of a series of proteases called
Caspases. On histology, apoptosis is manifested by nuclear chromatin condensation,
fragmentation, membrane blebbing, and cell shrinkage (10, 11). Several studies have shown
that apoptosis can be enhanced by using contrast-enhanced US (CEUS) (12-15).

An application of MBs is in the detection and management of liver lesions in many clinical
specialties (16). In this setting, CEUS increases the sensitivity for lesion detection and the
specificity in differentiating between benign and malignant diseases on the basis of enhanced
visualization of the tumour microcirculation (17). Association with intraoperative ultrasound
(I0US) affected intra-operative management in 25% of cases (18), and helped achieve
complete ablations in most patients (19). This potential use can be explored further by using
MBs during ablative treatment of liver cancers.
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Microwave thermal energy has been used to palliatively ablate liver tumours. Its advantages
in terms of short duration of treatment and the completeness of ablation in the treated volume
of liver make it increasingly attractive in the clinical setting (20). It works by raising tissue
temperature to supra-physiological levels that cause coagulative necrosis with discernible
changes at molecular, cellular and macro-histological levels in the immediate vicinity of the
ablative energy. Further afield centrifugally, (away from the centre of ablation and adjacent
to cell necrosis) occurs a zone of transition (between necrosis and intact cells) where a
delayed and indirect apoptotic response of a variable degree takes place. This apoptotic
response can potentially be of further therapeutic interest in the prevention of tumour
recurrence. A complete ablation should include the entire tumour plus a safety margin of 5-
10mm in a sphere of necrosis to cover this transition zone. A smaller area of coagulation than
the size of the lesion may lead to local recurrences whilst a larger area of necrosis may cause
unwarranted collateral damage (21). An accurate assessment of the ablation is of crucial
importance, considering that complete tumour ablation significantly increases patient
survival. MWA is therefore an apt method to create model lesions to assess.

The aim of this work was therefore to develop a method of assessing and quantifying the
extent of microwave-created thermal lesions in an ex-vivo perfusion model. The ablations
represent model lesions simplified by the absence of complex host physiological and
metabolic responses. Although grey-scale and Doppler US modes were also run along with
the MB-enhanced modes, it was not for the purposes of a head to head comparison. To my
knowledge this work has not been done previously.

Previous work on MWA has focused on characterising its tumour ablation potential and its
ability to cause cell necrosis in relation to different MWA variables such as wavelength of
microwave used, energy application time and power in watts used. Apoptosis has also been
explored in the ablated areas (22, 23). Whether its effect is protective against cancer or is
procarcinogenic itself is debatable (24-26).

The hypothesis was that MB-enhanced US images could be used to assess areas of tissue
necrosis and apoptosis in perfused liver ablated by microwave and to assess areas of IRI. The
model used met the conditions for these assessments. For the IRI study, the 2-hour period
between explantation of the liver and the start of perfusion of oxygenated autologous blood
represented a period of cold ischaemia, akin to what obtains in organ transplantation. It is
envisaged that this work could provide the basis for live in vivo animal work with the full
gamut of host responses, the lack of which has limited the applicability of the current model.
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Basics of Ultrasound:

Sound is a form of energy caused by vibration and propagated through a transmission
medium as a pressure wave of alternating cycles of compression and rarefaction [Fig. 1]. The
frequency of sound is the number of cycles per second and is expressed in Hertz, a Hertz
being one cycle per second. Humans can only hear sound of a frequency range of between
20Hz and 20kHz. Sound of less than 20Hz frequency is termed infrasound while sound of
more than 20 kHz frequency is classified as ultrasound and both are inaudible, even though
they have the same characteristics as audible sound. US frequencies have a number of

applications in medicine and research. Such applications rely on the generation of an image
which can be manipulated.

Maximum
pressure

l Minimum
pressure

——

|
|
Amplitude- :
|
|

____...I————-4-—
1
|
-_--1-—-—-""'

= ——-

Wavelength

Figure 1. Components of a sound wave

To create an image, a transducer emits an ultrasound wave which is reflected as it passes
through an object, such as tissues. It is these reflected echoes that form the image. A typical
transducer [Fig. 2] houses ceramic or quartz crystals that possess the dual property of
vibrating to produce sound waves upon application of an external voltage and converting the
reflected waves into voltage, a process called piezo-electric effect (27, 28) This
interconversion of electrical and ultrasound energy underpins the ability of the material to be
used both to generate US waves of a chosen frequency to interrogate target tissue and to

produce an image from the reflected waves. The natural resonant frequency of the transducer
co

rresponds to a wavelength that is double the transducer thickness. For medical imaging, the
frequencies used typically range from 1MHz to 40MHz (27).
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Figure 2. Ultrasound transducer

Tissue elements interact with the incident US beam in a number of ways that impact on the
final wave returning to the transducer and therefore the resulting image. Not all the
transmitted wave is reflected back to the transducer. Tissue constituents of different acoustic
impedance can cause a reflection of the incident wave at the interphase and its refraction or
bending as it is propagated. Tissue also absorbs and scatters some the transmitted wave
(29).Scattering is the chaotic redirecting of the wave in multiple directions due to the
irregularity between the wave and the medium it passes through [Fig. 3].
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Figure 3: Scattering

US Imaging:

An US image can be generated in a variety of ways and its quality is influenced by several
parameters. The depth is the distance from the transducer to the focal point of interest. A high
frequency US wave has low penetration and therefore gives better resolution for superficial
tissues, while a low frequency US penetrates deeper but with lower resolution (27, 30).
Resolution refers to the ability to identify two objects or points as distinct and is divided into
two types, temporal and spatial (30, 31). Temporal resolution is making that distinction at a
particular instant in time and depends on frame rate. It can be reduced by reducing line
density, depth or by narrowing the sector angle to the area of interest. Spatial resolution is the
ability to distinguish two objects which are close to each other in distance and is divided into
axial and lateral. Axial resolution is distinguishing objects at slightly different depths along
the axis of the beam. This effect can be reduced by using high frequencies but at the expense
of depth. Lateral resolution is when the two objects at a right angles to the beam line. It
depends on the beam width and can be reduced by minimising gain, or using high
frequencies.

Grey-scale ultrasound refers to the conventional black-and-white image display on the
scanner when the Brightness “B” mode setting is selected (29). When a transmitted wave hits
a boundary, the reflection back to the transducer is linear (31). The brightness of a point on
the screen represents the strength of the reflected signal (27).

Real-time imaging ultrasound denotes the production of motion pictures when the frames are
fast enough to allow movements to be followed. Frame is the rate at which an image is
updated to produce unique consecutive images (31). Ten movements per seconds are usually
required to appreciate movements (27) so real-time US is expressed in number of frames per
second (FPS). In this type of imaging, when the transmitted wave hits a moving interface, the
reflected frequency’s pitch width changes before it is reflected back to the transducer. This
altered pitch is amplified through a microphone, and the changes are processed in the scanner
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to produce images or graphs representing information about the velocity and the direction of
flow. The scanner computer can covert velocity into colour to produce a colour Doppler
image (27). In clinical practice this allows dynamic assessment of blood flow in larger
vessels but has a low sensitivity in evaluating tissue microcirculation due to significant colour
and motion artefacts (32). In grey-US imaging the signal is transmitted and received at the
same frequency but in conventional Harmonic imaging, the transducer emits low-frequency
‘fundamental” waves with a narrow range of frequencies (narrow bandwidth) and receives
high frequency echoes (33) without fundamental and harmonic wave overlap. The image is
formed from the harmonic component after filtering out the fundamental frequency, but at the
expense of resolution (34) Enhancement is then needed to optimise quality and extend the
utility of US.

Image Enhancement Principles and Techniques:

Enhancement is the improvement in image quality when the reflected waves are not
reinforced (30) while gain is the amount of amplification of the returning echoes which
determines the brightness of an image (35).

Harmonic US mages can now be enhanced with contrast (H-CEUS) to address the limitation
in image quality on the grey and Doppler scales. H-CEUS produces a clearer image by
obliterating unwanted low-frequency signals from tissues surrounding the area of interest
such as a hepatic lesion to increase its visualization (36, 37). Another_Harmonic technique is
Pulse inversion [Fig. 4]. In this, the fundamental wave followed by an inverted pulse of the
same amplitude without the need to narrow the bandwidth as the scanner is able to separate
fundamental echoes from harmonic ones as the two waves nullify each other due to linear
scattering. This results in an image with improved resolution (34) without the use of a
contrast agent. Pulse inversion can also be combined with power Doppler harmonic imaging
to produce Power pulse inversion image. Several waves with alternating phases are emitted
and the reflected signals are then combined to eliminate tissue motion artefacts (34).
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Figure 4. Pulse inversion technique

It is clear from this elementary account of US imaging that there is ample scope for further
image enhancement and a permutation of options for its manipulation. It is here that contrast
agents like MBs come in, opening up new and exciting diagnostic and therapeutic

possibilities such as with MWA.
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Microwave ablation in clinical practice:

MWA is one of the new developing trends for treating cancer. Its mechanism of action is
based on heat generation by inserting an applicator “connected to a microwave generator”
into tumours (38, 39). The emitted electromagnetic waves cause friction movements of water
molecules which generate heat ranging from 900MHZ to 2500 MHz (40, 41). The heat is
evenly conducted throughout the surrounding tissues around the applicator resulting in a
spherical thermocoagulation zone (40, 42). Like with other trends of thermal ablation,
although to a lesser extent, the generated heat with MWA can cause charring of the central
tissue around the probe, especially with high power and long duration (43). This carbonated
layer acts as a barrier to heat conduction to the surrounding transitional zone (TZ) (41). This
zone lies between the central necrotic zone (CNZ) and the peripheral unablated tissue. The
TZ is where the highest rate of tumour recurrence occurs and is therefore of interest in further
study. Although not directly afflicted by coagulative necrosis, the cells of the TZ may acquire
membrane damage with a sufficient “cell stress” signal to induce apoptosis, thus serving to
reduce the risk of recurrence whilst avoiding unnecessary application and duration of ablative
energy.

After ablation, the reactive tissue inflammation is shown as a hyperaemic rim surrounding the
ablated zone (44-47). This rim makes it difficult to differentiate between complete ablation
and residual tumour (44, 46-48). The rim is not visible on grey-scale US, but with contrast
(CT, MRI, CEUS), it is shown as uniform in thickness in benign lesions and irregular if
residual tumour is still present in the ablated lesion (46, 48). Hence, immediate evaluation of
the ablated zone is required to achieve complete lesion destruction in situ (39, 48).

Understanding microwave physics
Definition of microwave radiation:

It is the region of the electromagnetic spectrum with frequencies between 900 MHz and 2450
MHz (38).

Mechanism of action as a heating wave:

Electromagnetic microwaves produce heat by interaction with water molecules. When a
radiation wave passes through water, it causes spinning of water molecules in different
directions 2-5 billion (38). This happens because of the interaction between the radiation
charge and the water molecules charges [Fig. 5]. The generated heat depends on the applied
frequency and the speed of the water molecules rotation and their friction with the
surrounding tissues (38).
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Components of a Microwave ablation System:

The basic microwave ablation system consists of three components:

Generator:

Two types of power sources are used to generate ablation power, a magnetron (accelerated
electrons within a magnetic field inside a resonant cavity) [Fig. 6], and a solid-state amplifier
(the power is in stages with each stage consisting of a transistor-based amplifier that increases
the power of the previous stage [Fig. 7] (49). The generated frequencies range from 915 MHz
to 2.45GHz. Each power source has its advantages and disadvantages [Table-1].
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Figure 6. Magnetron generator

Microwave power output

Figure 7. Solid-state amplifier
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Characteristic

Magnetron generator

Solid-state generator

Efficiency High (>70%) Low (<30%)
Output power High (>10kW) Moderate (<150W)
Signal control Difficult Easy

Cost Low High

Size of the monitoring Large Small

output system

Generated heat Moderate Large

Suitability for number of yes No

antennas

Table 1. Comparison between magnetron and solid-state generators

Distribution system:

Coaxial transmission line:

This is a cable which distributes power from the generator to the antenna. It has excellent
propagation characteristics and consists of an inner conductor, dielectric material, outer
conductor and coating [Fig. 8] (40). The material chosen for making the distribution line and
its thickness should have the efficiency to conduct power without being over-heated.
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Figure 8. Coaxial transmission line

Power splitters:

The splitters use a geometry line to equally divide input power into output channels
(maximum four channels for MWA).

Phase shifters:

These are used with the systems which provide phased-array operation of multiple antennas.
The aim is to control heat conduction via overlapping electromagnetic waves (49).

Amplitude modulation:

Amplitude modulation changes the strength of the transmitted signal according to the
information being sent. This function provides selective activation of antennas.

Antenna:

This is the final part of the system which conducts the distributed energy from the coaxial
line to tissue targets [Fig. 9]. Most antennas are straight in shape and loop or deployable
types are also available. Common designs include monopole, dipole, triaxial, choked, or
slotted antennas. Specific criteria should be met for an antenna to be efficient, such as
minimal invasiveness, the ability to evenly conduct heat into ablated tissue to achieve
maximum results with a spherical pattern, and a low reflection coefficient to improve power
transfer to tissue (40). Antennas are made in a way to achieve maximum effect by
conducting efficient power via reasonable thickness and size without being over-heated
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during treatment which can cause unwanted ablations along the shaft of the antenna and skin
burns. This over-heating problem can be avoided by using circulated cooled saline or water,
or a rapidly decompressed gas (Carbon dioxide) with a special type of antenna (sleeved
antennas) (40, 50).

Outer conductor

Inner conductor Jacket

Slot
l Dielectric

1mm

=——— _
— 1

Cable connector

Figure 9. Antenna

Ablative techniques for treating hepatic tumours:

A number of different ablative techniques have been employed for the palliation of
unresectable primary and secondary liver tumours. New techniques such as microwave
MWA, radiofrequency ablation (RFA) and DC current electrolysis have even been used as
alternatives to surgical resection with curative intent (51, 52). Some of the techniques have
been largely abandoned due to dangerous adverse effects (cryotherapy), are plagued by high
recurrence rates (RFA) or are still under proper investigation (electrolysis). MWA is now a
well-established and popular palliative treatment for liver tumours and due to its technical
advantages, particularly the short duration of required treatment and the completeness of the
ablation process in the treated volume of liver, is being used increasingly in the clinical
setting (51). A complete ablation should include the entire tumour plus a safety margin of
5mm-10mm in a sphere of necrosis. An area of coagulation smaller than expected may lead
to a local recurrence, and a too large area of necrosis may cause unwarranted collateral
damage (53). Following microwave ablation, the ablated region presents radiologically as a
low-attenuation, non-enhancing zone (54) that histologically corresponds to two concentric
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zones: a central area of coagulative necrosis and, a peripheral transitional area of
inflammation, stasis, haemorrhage and thrombosis (55). While the coagulative zone is
occupied entirely by dead cells and amorphous material, the transitional zone may still
contain viable cells, causing recurrence (55). An accurate assessment of the ablation
therapeutic response is of crucial importance, considering that complete tumour ablation
significantly increases patient survival, and avoids additional treatment of the residual tumour
in the incompletely ablated area.

In the medium term following microwave ablation (one to three months) a hyperaemic rim
frequently appears on CT and MRI (54, 56). The result of this appearance is an important
clinical dilemma because it may not be possible to differentiate healthy healing tissue (the
normal physiological response to injury) from tumour recurrence (meaning a treatment
failure that requires urgent intervention) (57, 58). Residual unablated tumour is defined as a
portion of a treated lesion showing persistent hypervascularity in the arterial phase, usually
appearing as an irregular peripheral-enhancing focus in the ablation zone, often at the deeper
aspect of the nodule, in proximity to major perinodular vessels (21).

Characterisation of liver tumours using CEUS:

MBs have improved characterisation and detection of focal liver lesions as the enhancement
criteria can be visualised in real time over a 5 minute period (59). With the second generation
of MBs, real time imaging is performed through all vascular phases: the arterial (early) phase
(15-35 seconds after injection), the portal (venous) phase (35-90 seconds), and the sinusoidal
(parenchymal or late vascular) phase (90-240 seconds) (59). The ability of the MBs to detect
still viable tumour during the RFA session after completion of the procedure may prompt
immediate retreatment during the same session, thus dramatically reducing the rate of
unsuccessful treatment, improving cost-effectiveness ratio and optimising patient
management (21).

CEUS increases the sensitivity for lesion detection and the specificity to differentiate between
benign and malignant diseases due to the enhanced visualization of the tumour
microcirculation. Results achieved seem at least equivalent to those of spiral CT or MRI. The
association of CA with intraoperative ultrasound has changed the surgical approach in 25%
of patients and guaranteed complete ablations by a single session in most of them. CEUS
provides detailed information about tumour vasculature, improves the preoperative
characterization and therefore the therapeutic strategy, and can evaluate the intraoperative
completeness of the ablation.
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Contrast-enhanced ultrasound in the preoperative, intraoperative and postoperative
assessment of liver lesions:

Although hepatic tumours require resections for definitive treatment (60), about 20%—-30% of
patients with liver-only metastases are potentially resectable (61) due to patient’s poor
clinical status, extensive involvement of the parenchyma or peculiar positioning of the
lesions too close to major blood vessels (62). An accurate characterization of the hepatic
involvement and of the relationship with major vascular structures is of paramount
importance in the preoperative planning and intraoperatively to evaluate the completeness of
treatment. Historically, grey-scale US has been the first tool for the detection and
characterization of liver lesions (63) due to its availability, safety and low cost. However, the
low sensitivity (40%-77%) and specificity progressively limited its applications, favouring
over time cross-sectional imaging modalities such as CT and MRI (63). This is particularly
true for small lesions where the US sensitivity is even lower than that for larger lesions or for
those lesions with insufficient echogenic contrast compared to surrounding tissues (18, 64-
66) However, the radiological evaluation of ablated tissues poses serious limitations to cross-
sectional imaging, especially with regard to the postoperative differentiation of tumour
recurrence from the normal scarring process. Recurrences are usually present as a rim of
contrast uptake peripheral to the ablated area (54, 67) in the transitional ischemic zone
that surrounds the core ablated zone (57, 58, 68, 69) and also where the scarring process
normally takes place. In this view, CEUS could provide additional data in a non-invasive
and readily available setting to not only detect and characterize the lesion preoperatively, but
also during the procedure (intraoperative ultrasound: 10US) to guarantee complete ablations,
and postoperatively to evaluate eventual  recurrences from benign periablational
enhancement and fibrosis (69).

Contrast agents for the study of liver lesions:

According to the European Federation of Societies for Ultrasound in Medicine and Biology,
CA for hepatic US imaging are useful to measure the hepatic transit time, study the hepatic
vessels, characterize focal liver lesions, and guide and monitor local ablative treatments (70).
Lesion echogenicity is defined with respect to the surrounding echogenic levels, therefore,
lesions are classified as hyperechoic, isoechoic (undetectable) or hypoechoic compared to the
adjacent hepatic parenchyma (70). The uptake of contrast depends on the amount of normal
hepatic tissue and the vascularization of the lesion. Therefore, it is generally high in
haemangiomas and hepatocellular carcinomas (HCC) (71, 72) which are highly vascularized
lesions, and hypoechogenic in liver metastases [Table-2] (17).
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Lesion

HCC

Metastases

Haemangioma

CCC

Lymphoma

FNH

Conventional US/Doppler

Hyperechogenic foci in
50%, basket pattern in

75%

Hypoechogenic

Hyperechogenic foci

Hyperechoic >3 cm, hypo-

or isoechogenic <3 cm

Multiple well-defined

hypoechogenic masses

Isoechogenic, central

CEUS

CEUS

CEUS

Arterial phase

Hyperechogenic

Peripheral echogenic (rim-

like, mosaic-like or diffuse)

Early peripheral nodular

echogenic (clumpy filling)

Peripheral rim-like echogenic

or heterogeneous echogenic

Homogeneous,
rim-like echogenic

Pronounced arterial

peripheral

Portal phase

Homogeneous or
heterogeneous  echogenic,
hypoechogenic

Peripheral echogenic or

hypoechogenic

Peripheral/homogeneous

echogenic + centripetal fill-
in.

Hypoechogenic or
isoechogenic

Heterogeneous,
hypoechogenic

Pronounced early portal

Parenchymal phase

Hypoechogenic,
perfusion defect (73),
according to
histological  grading
(74)

Hypoechogenic
perfusion

defect (73)

Hypo- or
isoechogenic +

centripetal fill-in

Hypoechogenic
perfusion

Defect (73)
Heterogeneous,
hypoechogenic
perfusion defect

Isoechogenic with
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Adenoma Well-defined Homogeneous or Iso- or hypoechogenic Iso- or hypoechogenic
hyperechogenic mass heterogeneous echogenic

Cyst Isoechogenic, thin-walled Non-echogenic Non-echogenic Non-echogenic

Hematoma Hyperechogenic Non-echogenic Non-echogenic Non-echogenic




Skip area in fatty Hypoechogenic round Isoechogenic Isoechogenic Isoechogenic
liver pseudolesion

Table 2. Enhancement patterns of focal liver lesions (grey-scale vs CEUS). [CCC = cholangiocarcinoma], [CEUS = contrast-enhanced
ultrasound], [E = echogenic], [HCC = hepatocellular carcinoma], [US = ultrasound] (48, 52, 59, 65, 78-83)
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Liver tumours known to be hyperperfused in the arterial phase (e.g. HCC) (71) can be
detected and characterized easily (56). Hypoperfused tumours in the portal venous phase (e.g.
liver metastases of the gastrointestinal tract) can be recognized as less perfused “black spots”

[Table-3] (56).
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Ref.  Year Study type Comparison Patients Lesion Contrast
agent
number
(84) 1999 Prospective CEUS vs US 50 HCC, HEM, METS, CCC, FNH, others Levovist
(71) 2000 Prospective CEUS vs US 100 HCC, HEM, METS, FNH, CCC, other Levovist
(85) 2003 Retrospective - 90 HCC, METS, HEM Levovist
(66) 2003 Prospective CEUS vsCT 123 METS Levovist
multicentre
(86) 2005 Retrospective - 59 HEM Levovist
(87) 2006 Prospective CEUS vs US 138 HEM, FNH, HCC, adenomas, METS, abscesses, cysts, SonoVue
others
(78) 2006 Prospective - 586 HCC, HEM, METS Levovist
(88) 2006 Prospective CEUS vs USor 253 METS SonoVue,
CT non-ionic
iodinated
CA
(89) 2006 Prospective CEUS vs CT 41 HCC SonoVue
(90) 2007 Prospective — 125 non- HCC, HEM, METS, CCC, FNH, Focal fatty change, Gadovist,
cirrhotic, adenomas, dysplastic nodules Ultravist
67 cirrhotic & Sonovue
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(92) 2007 Prospective CEUS vs US 456 HCC, HEM, METS, regenerative nodules, focal fatty SonoVue
change, inflammatory lesions, necrotic lesion, adenoma,
others

(94) 2008 Prospective CEUS vs US 52  (fatty HCC, HEM, METS, FNH, inflammatory pseudotumour, SonoVue
liver) solitary necrotic nodule, focal fatty sparing area, CCC),
lymphomas

(96) 2008 Prospective CEUS vs US 104 HCC, HEM, METS, regenerative nodule, focal fatty SonoVue
change, focal fatty sparing, FNH, abscess

(98) 2008 Prospective — 20 Liver lesions SonoVue

(100) 2009 Prospective CEUSvs MRI  — HCC Sonazoid

(102) 2010 Prospective - 29 HCC Sonazoid
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(19) 2010 Prospective - 66 HCC, METS Sonazoid

(103) 2010 Retrospective CEUSvsCT or 127 Malignant lesions -
MRI
(104) 2010 Prospective CEUS vs CT or 159 Malignant lesions, benign -
MRI
(105) 2010 Prospective CEUSvsCTor 73 Malignant lesions, benign SonoVue
MRI
(106) 2010 Prospective CEUS vs CT 132 Cysts, HEM, METS, focal steatosis, eosinophilic necrosis,
granuloma, abscess, fistula
(72) 2011 Prospective CEUS vs CT 22 Regenerative nodules, HCC Sonazoid
(63) 2011 Prospective CEUS vs US 99 Malignant lesions, benign SonoVue
2011 46 CCC SonoVue

Table 3. Characteristics of contrast-enhanced ultrasound studies on the detection and characterization of hepatic lesions. [CCC =
cholangiocarcinoma], [CEUS = contrast-enhanced ultrasound], [CT = computed tomography], [FNH = focal nodular hyperplasia], [HCC =
hepatocellular carcinoma] , [HEM = haemangioma; [METS = metastases] , [MRI = magnetic resonance imaging], [RFA = radiofrequency
ablation], [TACE = transarterial chemoembolization], [US = ultrasound].
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The reason of this phenomenon derives from the nature of the vessels contained in the lesion,
mostly arterial in liver metastases. In lesions such as adenomas and haemangiomas, the
vascular structures appear isoechoic or hyperechoic due to a similar or superior retention of
MBs to the adjacent parenchyma (86, 107), while those containing neoangiogenesis (HCC,
cholangiocarcinoma, metastases) may release MBs in the adjacent parenchyma and therefore
appear hypoechoic (107). Non-perfused lesions such as a sclerosed haemangioma or necrotic
intrahepatic areas also appear as clear hypoechoic defects (93, 107).

The contribution of CEUS is also important for the study of lesions in livers with difficult
backgrounds such as cirrhosis. Various enhancement patterns have been described in the
cirrhotic liver due to the heterogeneous composition of the liver parenchyma (59). A high
sensitivity of the arterial phase was present when CEUS was used for the diagnosis of hepatic
malignancies in cirrhotic livers (90). Specific applications for the study of HCC lesions were
also derived from the introduction of Sonazoid CA (108). Sonazoid CEUS allows clear
observation of tumour vessels and tumour enhancement, permits scanning with 3-D US71
and can combine CEUS images with those from CT or MRI to detect typical or atypical HCC
lesions (108). Sonazoid CEUS has been proved able to characterize the gross type of HCC
(single nodular, single nodular with extranodular growth and confluent multinodular) (102)
and the histological differentiation (109) correctly in most patients, guide radiofrequency
ablation (RFA) and evaluate the efficacy of RFA or transcatheter arterial chemoembolization
(TACE) (108).

Most studies on CEUS involved different types of hepatic lesions but they all focused on two
important outcomes: lesion detection and characterization. The overall CEUS sensitivity for
hepatic lesions was 86%-100%, specificity 80%-100%, accuracy 88%-98%, positive
predictive value 90%- 97% and negative predictive value 89%-96% (21, 32, 78, 85, 91, 102,
103, 105). When compared to non-contrast-enhanced US, CEUS increased the detection (71,
84, 87, 88, 98, 99) and characterization rates (32, 63, 71, 78, 85-87, 94, 96, 110) of hepatic
lesions, leading to a more correct diagnosis about their nature (32, 91, 92, 94, 96, 99). The
superiority over non-contrast enhanced US was also proved in difficult clinical situations, for
example, after chemotherapy or for small metastases (111). CEUS also outlined specific
characteristics for peculiar tumours such as cholangiocarcinoma (110). Compared to CT, the
CEUS preoperative detection of hepatic lesions was similar (87, 109) or better (66, 88, 99,
112), the correct diagnosis rate was similar (21, 87) or better (99), and the postoperative
detection of residual disease after RFA or TACE was generally improved (19, 89, 97) . CEUS
was also able to correctly diagnose a part of small lesions (<1 cm) that were detected but
undetermined at CT (106, 113). In 35%, the addition of CA to US changed the surgical
strategy (113). Compared to MRI, CEUS detected more lesions (112, 114) and achieved
similar results for the prediction of the histological grading (superparamagnetic iron oxide
MRI) (100).
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Types of microbubbles used in the assessment of liver lesion:

Levovist:

This is an example of the first-generation of MBs which consisted of air, and was the first
type of contrast agents used with US to enhance liver lesions. Air bubbles are generated by
adsorption of galactose particles in an aqueous solution and stabilized by a palmitate layer
(115). It has an arterial, portal and a parenchymal phase that accumulates up to 20 min within
the liver. Only 47% of Levovist is phagocytized by the Kupffer cells (116). Therefore, the
parenchyma-specific contrast is only transient, requires a high M1 (destructive technique) and
the visualization of the whole liver is limited to a single injection and scan (108).

SonoVue:

The second-generation CEUS, “SonoVue” consists of MBs stabilized by phospholipids [Fig.
10] and filled with Sulphur Hexafluoride, an innocuous gas [Fig. 11] (115, 117). It is mainly
an intravascular agent (arterial and portal phase) with scarce extravascular distribution and
minimal phagocytosis by the Kupffer cells (7.3% of the injected SonoVue) (116). The
parenchyma-specific phase lasts for 3-5 min and therefore, a whole liver examination
requires multiple injections and scans. SonoVue is used at low MI and is therefore a non-
destructive contrast (108).

Hydrophilic
Fe—
SF6
Hydrophobic
(! )
|}
Phospholipid monolayer

Figure 10. Sonovue microbubble
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Figure 11. Sulphur Hexafluoride

Sonazoid:

The second-generation CEUS, “Sonazoid” consists of MBs containing perfluorobutane gas
[Fig. 12]. It has an arterial, portal phase and is also retained within the hepatic
reticuloendothelial cells for 10-30 min after injection due to phagocytosis by the Kupffer
cells (99% of the injected Sonazoid) (116). The high stability of Sonazoid has overcome the
deficiency of Levovist with the advantages of the long-lasting imaging and the strong
contrast effects for more detailed observations. In the parenchymal-specific phase the whole
liver can be scanned at a low MI without destroying Sonazoid MBs (102, 118). This method
allowed the detection of small malignant lesions as perfusion defects (102, 108, 118). The
limitations of using a low MI during the parenchyma-specific phase are in the imaging of
hyperechoic lesions (for the background B-mode), or those located deep in the liver (due to
the attenuation of the ultrasound beam). In these two settings, Sonazoid parenchymal-specific
phase obtained with a high MI show the hyperechoic nodules located in deep portions of the
liver as perfusion defect images
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Figure 12. Perfluorobutane gas molecule

Harmonic contrast-enhanced ultrasound:

The harmonic effect can be implemented by the addition of CA to increase the visibility of
the local microcirculation and provide additional details on the tissue perfusion compared to
the grey-scale US (3). Harmonic CEUS can be conducted in two ways, destructive and non-
destructive (119). In the former, the enhancement of liver tissue results from the destruction
of Levovist after applying a high MI, thereby increasing the contrast of lesions (120). The
latter depends on a low M1 that allows continuous real-time imaging of the lesions during the
arterial and portal phases over 3-5 min after SonoVue infusion (121, 122). Sonazoid can be
used as both non-destructive and destructive CA. Compared to the non-destructive imaging,
the destructive imaging of Levovist requires intermittent scanning and the contrast display is
only transient (123). Therefore, multiple injections or continuous infusions are necessary with
this modality. The high stability of Sonazoid has overcome the deficiency of Levovist with
the advantages of long-lasting imaging and strong contrast effects that allow more detailed
observations.
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Contrast-enhanced intraoperative ultrasound during percutaneous radiofrequency
ablation:

One of the main challenges that hepatobiliary surgeons face while performing liver resections
and RFA regards the completeness of the oncological treatment in order to prevent any viable
cancer cells from causing tumour recurrences. Ideally, the target is to produce a safety margin
of 5mm-10mm in the normal parenchyma (55, 68). IOUS can change the preoperative
treatment strategy in 20-44% patients due to the higher detection rate of hepatic lesions than
preoperative CT or MRI (21, 98). However, it still lacks the ability to diagnose isoechogenic
metastases or nodules less than 1cm, does not provide adequate information about lesion
vascularization (98), and cannot differentiate between the necrotic tissue and the transitional
zone due to the high echogenicity of the gas bubbles produced during the ablation (21).
Postoperative CT and MRI could theoretically overcome these problems by detecting a rim of
increased contrast in the ablated lesion suggestive of local recurrence. However, these
techniques can be performed only after surgery, limiting the influence on the intraoperative
decision-making process.

Researchers have been constantly trying new ways to perform a full assessment of the hepatic
lesions intraoperatively and, in this setting, CE-IOUS showed promising results [Table-4].
CE-10US sensitivity, specificity and accuracy for differentiating HCC have been 65%, 94%
and 87%, respectively (124). Its use improved the detection and characterization of hepatic
lesions (18, 112, 125), changed the intraoperative management in 25% of cases (18), and
decreased the rate of positive margins compared to controls treated without CE-IOUS (73).
While pre- and postoperative CEUS helped with the characterization of liver lesions and their
follow up, the lack of enhancement of a previously hypervascularised lesion during the
arterial phase of CE-IOUS is generally regarded as complete treatment, similar to
postoperative cross-sectional imaging (21). CE-IOUS is able to evaluate the various zones
created during the ablation by increasing the contrast between the peripheral transitional zone
from the central necrotic one thus furnishing important data about the completeness of the
ablation (48). Furthermore, CE-IOUS can facilitate RFA electrode placement in
hypervascular HCC, which is normally poorly depicted by B-mode US (36, 126), and achieve
complete ablations by a single session in 94-95% of patients (19, 36, 127). Another
advantage of CEIOUS over IOUS alone is the possibility of diagnosing intraoperative hepatic
infarctions that occur during liver ablations (128).
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Reference Year Study type Modality Patient Lesions Contrast agent

number
(127) 2004  Retrospective CEUS during percutaneous 162 HCC (n = 192), metastases (n = 97) Sonovue
RFA
(125) 2006  Prospective CE-I0OUS 87 HCC Sonovue
(36) 2007  Prospective CEUS during percutaneous 40 HCC Levovist
randomised trial RFA
(CEUS vs US)
(18) 2010 Prospective CE-IOUS 20 HCC (n = 3), metastases (n = 15), CCC (n Definity
= 2)
(73) 2010  Prospective CE-10US 50 HCC (n = 25), metastases (n = 14), CCC Sonazoid
(n = 3), gastrointestinal stromal tumour (n
= 1), benign haematoma (n = 1)
(29) 2010 Prospective CEUS during percutaneous 66 HCC (n = 68), metastases (n = 44) Sonazoid
RFA
(112) 2010  Prospective CE-10US 20 64 Sonovue
(124) 2011  Prospective CE-IOUS 192 HCC vs other lesions Sonazoid

Table 4. Clinical studies of contrast-enhanced ultrasound during resections and percutaneous radiofrequency ablation of liver lesions. [CCC =
cholangiocarcinoma], [CE = contrast-enhanced], [CEUS = contrast-enhanced ultrasound], [HCC = hepatocellular carcinoma], [IOUS =
intraoperative ultrasound]
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In this thesis, chapter one explains MBs in details and how they enhance US imaging as
contrast agents. Chapter two details the role of CEUS in detecting ischaemic changes in the
porcine liver model. Chapter three describes the apoptotic response following ischaemic-
reperfusion injury. Chapter four compares the use of CEUS with the grey US in the
assessment of MWA. This is followed by chapter five which describes the apoptotic response
in the ablated liver tissue in relation to the applied power.
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Chapter One

MBs and US Image Enhancement:

Structurally, MBs generically comprise a gas core and a chemical coating [Fig. 13]. The
coating may be surfactant, silver, lipids, protein, biopolymer, or galactose (54, 129) and the
gas one of a variety of gases including air, Nitrogen, Perfluorocarbon, Perfluorobutane,
Decafloropentane, etc. (129-131). This gives manufacturers a permutation of options to
produce a number of different MBs combining different sizes with different chemistries and
therefore desired properties [Table-5]. They are grouped into classes called ‘generations’.

Shell

Gas core

Figure 13. Generic structure of MBs
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Microbubble  Company Shell Gas Size Net Storage Preparation Approval
(um)  Charge For Use
Albunex Mallinckrodt Albumin Air - - - - -
Inc.
Cardiospher  Point Polylactide/ Nitrogen 4.0 Slight - Reconstitute No
e/ Bisphere Biomedical Albumin negative with 2ml H20
Corp. per vial and
dilute with 150
ml DSW
Al-700 Acusphere, Inc. Poly-L-lactide Perfluorocarbon 2 Negative - Reconstitute No
co glycolide with water
Optison Molecular Albumin/N- Octafluoropropane 2-4.5  Slightly Refrigerate  Hand agitate USA /
Biosystems Inc.  acetyltryptophan negative 2-8°C Europe
, Caprylic acid
Definity Bristol-Myers Lipids:DPPA, Octafluoropropane 1.1-3.3 Negative  Refrigerate  Activate through USA
Squibb Medical DPPC, 2-8°C Vialmix
Imaging, Inc. MPEG5000 agitation
DPPE/surfactant
Imagent/ Imcor Lipid: DMPC/ Perfluorohexane/ 6.0 Neutral Room Reconstitute USA
Imavist Pharmaceuticals surfactant Nitrogen Temp 15~ with 10 ml water
, In 30°C
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http://www.us-tip.com/serv1.php?type=db1&dbs=Mallinckrodt%20Inc.
http://www.us-tip.com/serv1.php?type=db1&dbs=Mallinckrodt%20Inc.
http://www.us-tip.com/serv1.php?type=db1&gid=340
http://www.us-tip.com/serv1.php?type=db1&gid=340
http://www.us-tip.com/serv1.php?type=db1&gid=340
http://www.us-tip.com/serv1.php?type=db1&dbs=Acusphere,%20Inc.
http://www.us-tip.com/serv1.php?type=db1&gid=485
http://www.us-tip.com/serv1.php?type=db1&gid=485
http://www.us-tip.com/serv1.php?type=db1&gid=181
http://www.us-tip.com/serv1.php?type=db1&gid=181
http://www.us-tip.com/serv1.php?type=db1&gid=181

Levovist Shering AG Galactose/Palmi  Air 2-4 Negative ~ Room Reconstitute Europe/
tic acid Temp 15— with 5 to 17 ml Japan
30°C water

Sonovist Shering AG Cyanoacrylate  Air 1-2 - - - No
(polymer shell)

Bracco Lipid Perfluorobutane
diagnostic

2.5-3.0 Negative -

Table-5. Types of Microbubbles (132-134)



Methods of producing microbubbles:
A variety of techniques have been used to produce MBs depending on their purpose.

Sonication:

Sonication is an example of amalgamation, the process of combining or uniting multiple
entities into one form. US waves (>20 kHz) are applied to a medium to produce MBs [Fig.
14]. It enhances the structure of the surfactant monolayer and makes MBs extremely stable,
but there is no control over MBs size distribution (135).

Ultrasound probe

I Microbubbles l

Surface agitation (brief) Deep agitation (long)

Figure 14. Sonication method for microbubble production

Mechanical agitation:

This is another example of amalgamation by which a gaseous core is entrained into the
aqueous phase by mechanical agitation at the gas-liquid interface (136). Again, there is no
control over size in this method.

Pressurized liguid-gas mixing:

In this method, MBs are produced by aerating a liquid at a high pressure and temperature
[Fig. 15]. This technique is commonly used as it creates the smallest size of MBs when
compared with the previous methods, but it has the disadvantage of destroying organic
material during preparation (137).
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Microbubbles

l

Figure 15. Pressurized liquid-gas mixing method for microbubble production

Generations of microbubbles:
According to the characteristics of the coating and the gas used, different generations of MBs
have been created over the years that have led to significant technical improvements.

First generation:

The first generation of MBs (Levovist; Shering AG, Berlin, Germany; or Albunex;
Mallinckrodt, Inc, Hazelwood, MOQO) were filled with air and coated with surfactant,
galactose, or denatured albumin (138). Their main disadvantages were their short half-life
(few seconds) as a result of the quick diffusion of the air into the blood and the high
mechanical index (high acoustic pressure) required to destroy them (139). Their large
diameter limited their stay to the venous system, therefore, they cannot cross the pulmonary
vascular bed to reach the arterial side.

Second generation:

The second generation (Optison; Molecular Biosystems, Inc, San Diego, CA; or Sonovue;
Bracco Diagnostics, Milan, Italy) has a stronger coating and a gas centre of perfluorocarbon,
perfluoropropane, or sulphur. These characteristics confer them a longer half-life (about 5
min) and the ability to cross the pulmonary vascular bed, extending the imaging to the main
arterial vessels.
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Third generation:

The third generation of MBs (EchoGen; Sonus Pharmaceuticals, Bothell, WA; or BR14;
Bracco Di- agnostics) lasts in the bloodstream for more than 5 minutes. They are also more
echogenic owing to the highly compressible gas core (allowing MBs to increase or decrease
in size according to the changes in US pressure) and the lower solubility of the gas used
compared with air (132, 140).

Microbubble behaviour in US:
MBs exhibit a variety of behaviours when exposed to US waves. They oscillate, scatter the
waves, absorb and attenuate them.

Oscillation:

US generates high and low pressure waves at frequencies of 1.5-10 MHz. When US waves
hit MBs, they respond with oscillatory movements due to their compression and expansion in
tandem with the high and low pressures generated by the US waves hitting them [Fig. 16],
The oscillation can be linear or non-linear [Fig. 17], depending on the intensity of the waves,
MBs shell and the gas core (74, 75).

Maximum pressure
¥ Minimum
pressure

l

us
waves

T

Compression Rarefaction

Figure 16. Microbubble compression and expansion on exposure to US waves
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Figure 17. Microbubble behaviour with ultrasound. At low mechanical index; linear
oscillation. At intermediate mechanical index; non-linear oscillation. At high mechanical
index; microbubbles burst

Absorption:

This phenomenon occurs when the transmitted ultrasound waves are absorbed by the tissues
they pass through and converted into heat which might cause thermal damage. This heat is
dependent on MBs characteristics and the intensity of the US waves. The heat is also
generated from the friction movements of the MBs and the conduction from the compression
of the gas core (141).

Scattering:

MBs scattering occurs when a high acoustic pressure is directed upon a boundary. Acoustic
pressure is the amount of acoustic energy generated per unit time. This results in compression
and expansion of the gas core, causing reflection of signals in all directions (142, 143).

Attenuation:

Is the reduction in the amplitude of the US beam as a function of distance through the
imaging medium, and is due to the absorption of the US energy in the form of heat,
reflection, refraction and scattering [Fig. 18] (31, 35). Exposure to very low MI makes
absorption dominate attenuation because MBs oscillation is still linear, while with low or
high M1, scattering dominates this shadowing effect (136).
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Figure 18. Attenutation

Dissolution:

This phenomenon happens when acoustic pressure is high enough to cause escape of some of
the gaseous content from MBs. This behaviour is not strong enough to be used for measuring
tissue reperfusion.

Mirror-image:

This effect is caused by reflection and it happens if a reflector at an angle to the US
transducer makes any structures that lie in front or to the side of the transducer appear as if
they are behind it (the paths to and from a reflector are different) [Fig. 19] (144). It is usually
seen when a MB is attached to another MB surface due to the generated radiation force,
reflecting energy from the MB (141). This effect can be reduced by changing the angle to the
ultrasound probe or patient’s position.
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Figure 19. Mirror image

Mechanical index:

The features described above render MBs suitable for use in US imaging (130, 132, 145). For
that, consideration is given to the mechanical index (MI) of the US, which is defined as the
peak negative pressure (PNP) of the US wave (point of maximal rarefaction) measured in
milliPascals divided by the square root of its centre frequency (Fc) [Fig. 20]. Ml is a safety
metric that must by law be displayed on US machines as it is an estimate of the maximum
amplitude of the pressure pulse in tissue and is an indicator of the likelihood of adverse
mechanical (i.e. non-thermal) bio-effects such as streaming and cavitation (146).

Figure-20. Mechanical index
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Microbubbles’ response relative to mechanical index:

On exposure to US waves, MBs respond in three different ways depending on the level of the
MI.

Low MI (<0.1):

At this level, the MB response is linear oscillation. This is because the frequency of the
reflection wave is equal to the frequency of the transmitted wave. This results in no
generated signal as both frequencies nullify each other [Fig. 21A] (142).

Intermediate Ml (0.2-0.5):

At this level, the response is non-linear oscillation. This is because the expansion of the MBs
is greater than their compression [Fig. 21B]. The result is a harmonic signal at multiples of
the transmitted frequency. This characteristic is the keystone for real time imaging (142).

High MI (>0.5):

At this level, the MBs burst [Fig. 21C].

Microbubble response to mechanical index

(A) <0.5-0.1 7 e NS .

S@®

(8) :o,n.o.s/\/\/\\_. . /\/\/\ D .

() >0.3-0.6 /\/\/\\—I . /\/\/\. D Y,

[Figure-21 A, B & C]. Microbubble response relative to mechanical index
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Image Enhancement:
To enhance an area of interest, a contrast agent must generate distinctive signals. A variety of
techniques are commonly used to achieve that.

Power Modulation:

If a wave is followed by another of the same shape but half the amplitude, and the US
machine doubles the reflection from the second wave and subtracts it from the reflection of
the first, the result is zero due to the linear reflection (34)28) if no contrast agent is given.
Thus, no signal results. However, intravascular (IVV) administration of MBs results in a signal
from their characteristically non-linear oscillations [Fig-22] generating backscatter signals
that are detectable as transient contrast enhancement (80).The nonlinear oscillations also
nullify linear echoes from surrounding tissues, thereby increasing vascular prominence. The
change in the size of MBs and therefore the degree of enhancement depends on the applied
frequency (46) which is typically in the 1.5-10MHz range. This technique is called Power
modulation and allows MBs to highlight areas of tissue perfusion.

Pulse 1

Figure 22. Power modulation technique

Coherent contrast imaging (CCI):

This method is based on the transmission of a single pulse, and the use of multiple beam
frames to construct an image. It sums up the inverted echoes from non-linear oscillation of
MBs and cancels the linear signals. The advantage of this method is minimal bubble
destruction from multiple transmitted pulses.
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Real time imaging:

Continuous imaging can be obtained by using a low MI wave to generate signals mainly from
MBs with little signal from tissues. The MI can also be suddenly increased to destroy MBs
creating a flash effect allowing qualitative and quantitative analysis of MBs and tissue
perfusion (34).

Ultraharmonics:

This is the reflected signal by MBs when they are exposed to high MI due to maximum
oscillation before they burst. This signal is a characteristic of MBs and not tissues.

Power Doppler Harmonic Imaging (PDHI):

This technique uses a harmonic frequency and displays it in the power mode. It works by
sending US waves along a scan line to detect scattering of MBs before they burst, and then
another pulse along the same line to detect the shift of scatter effect. The change between the
waves is detected as colour and its saturation reflects the amplitude of the echo (147). These
techniques offer versatility in the use of MBs in contrast enhanced US (CEUS)

Quantitative versus targeted imaging:

In this technique, MBs are injected into tissues and then quickly destroyed by applying high
mechanical indexes. The most common technique used for quantitative imaging is the flash
replenishment. The replenishment of MBs in the tissues is then monitored using low
mechanical indicies and the resulting imaging provides information about tissue perfusion,
flow velocity, and vascular volume (148). Targeted imaging can be achieved by either
attaching specific ligands to the surface of MBs (i.e., for inflammation, thrombosis, and
angiogenesis, see later), or loading MBs with magnetic nanoparticles. In this way, MBs can
be guided into the targeted region by applying an external magnetic field (149).

Utility of MBs in CEUS:
MBs as IV contrast agents was first introduced to boost the US signal received from poorly
visualized vessels that had low blood flow and thus decreased Doppler signal. They remained
in circulation for several minutes after the injection and enhanced the blood signal at a
microvascular level (150).

MBs differ from CT or MRI contrast agents in their chemical composition, mechanism of
action, and in being completely intravascular contrast agents. In parenchymal organs they
provide real dynamic imaging that helps characterize masses according to the 3 phases of
perfusion (arterial, parenchymal and venous). They can also be injected several times during
an examination and can be cleared quickly from the scanned tissue plane by using high-
frequency US waves (138, 151, 152).
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Current and potential clinical applications:

Contrast agents have expanded the use of US in a wide spectrum of organs and clinical
conditions. CEUS has already been established as a diagnostic modality and it holds promise
for further clinical applications. They are neither nephro-, hepato- or cardio-toxic and do not
require testing renal function prior to administration (153).

The European Federation of Societies for Ultrasound in Medicine and Biology (EFSUMB)
recommend that any CEUS examination should be preceded by careful clinical assessment of
the target with conventional B-mode US and, when appropriate, with Doppler and the
expected benefits of the CEUS should be explained to patients as part of obtaining consent
(154).

Pulmonary:

CEUS is can differentiate between inflammatory and embolic lung consolidation. Due to its
dual arterial supply, CEUS can assess the timing and extent of enhancement (155). Lung
abscesses within pneumonia may also be identified (154)

Joints:

The degree of vascularization of joints of patients with rheumatoid arthritis can be easily
assessed with CEUS. Furthermore, contrast-enhanced Doppler can provide guidance for joint
treatment (154)

Hepatic:

In the liver, CEUS imaging has increased the sensitivity of detecting colorectal metastases
with reported accuracy as high as 90%, especially for metastases smaller than 10mm (156).
This sensitivity is comparable to CT. When Piscala, et al (154) compared the US, CEUS and
CT in detecting hepatic colorectal metastases, they found that CEUS had a sensitivity of
95.4% compared with 76.9% for US and 90.8% for CT. In a prospective study of 1349
patients with unclear liver lesions, CEUS was shown to be of equal rank to CT with regard to
the assessment of tumour differentiation and specification (157). That study suggested that
CEUS should be employed before CT to avoid radiation exposure and invasive procedures
for biopsies.

Cardiovascular:

CEUS enhances the feasibility, accuracy, and reproducibility of echocardiography for the
qualitative and gquantitative assessment of the left ventricle structure and function at rest and
during stress exercise (158, 159). Cardiac masses can be easily identified, visualization of the
right ventricle and great vessels is improved, the evaluation of the valvular function using
signals is enhanced and myocardial perfusion can also be assessed (158). Intracardiac
thrombi can be assessed in patients with previous myocardial infarctions (159). In their study
on 409 patients, Thanigaraj, et al (160) demonstrated that ECG failed to detect thrombi in
46% of patients who subsequently underwent CEUS which detected thrombi in 90% of them.
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In the intensive care unit, CEUS can overcome some of the obstacles that are regularly faced
with transthoracic ECG such as dynamic and complex patient profile, hyperinflated lungs due
to mechanical ventilation, subcutaneous emphysema, surgical incisions and chest tubes (158).
CEUS increases the visualization of myocardial segments which helps assess the global and
regional ventricular functions (158).

Carotid:

In carotid atherosclerosis, CEUS can characterize atherosclerosis plaque, its surface,
ulceration and intra-plaque vascularization (159, 161). The carotid lumen and the adventitia
layer appear enhanced shortly after injecting contrast agents while the intima-media layers
remain hypoechoeic. This imaging technique helps depict smaller vessel wall irregularities
and hypodense plaques (162). CEUS can also be used to detect hypoechogenic plaque in
patients who are at high risk of subclinical atherosclerosis (163) and for analyzing restenosis
after carotid stenting (164).

Aortic:

It is known that the diagnostic accuracy of US in ruptured abdominal aortic aneurysm is poor.
Using CEUS significantly increases the modality’s diagnostic accuracy post rupture and/or
leak (161). It shows active extravasation depending pooling of microbubbles within the
abdominal cavity or focal area of the aneurysmal wall showing no enhancement due to
necrosis. Impending rupture can also be identified during surveillance as CEUS shows
decreasing enhancement within the aneurysmal wall.

CEUS is useful in the detection of aorto-caval fistula as it accurately delineates aorto-caval
communications with high spatial and temporal resolution in a real-time dynamic
investigation (165, 166). An important complication of endovascular aneurysm repair
(EVAR), is endoleak. CT angiogram is the gold standard for detecting endoleaks. However,
its limitations include radiation, cost and potential contraindications for patients with chronic
renal failure (161). CEUS has been shown to be superior to color Doppler US and equivalent
or even superior to CT in detecting such complication, especially in type 1 and 2 endoleaks
[Table-6] due to its dynamic and real-time pattern of scanning (167-170).
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Type Description

1 1A: blood flow originating from an
incomplete proximal attachment of the stent
graft to the aortic wall.
1B: blood flow originating from an
incomplete distal attachment of the stent graft
to the aortic wall.

2 Retrograde blood flow from an anastomotic
aortic branch into the aneurysmal sac.
2A if one branch and 2B if multiple arteries
are affected. Branches typically affected
include the inferior mesenteric and lumbar

arteries.

3 Blood flow through a structural discontinuity
of the stent graft.

4 Blood flow through porosity of the stent
graft.

5 Enlargement of the aneurysmal sac with no

evidence of detectable endoleak (also known
as endotension).

Table 6. Classification of endoleaks (161).

For the diagnosis of aortic dissection, CEUS is more sensitive than B-mode or Doppler US.
After injecting microbubbles, the true and the false lumen are opacified and suspected intimal
flaps are visualised, the presence of re-entry-or re-entry points of the false lumen are
demonstrated and the true from the false lumen are differentiated based on timing. This is
because the false lumen is enhanced later than the true lumen (171, 172). Neovascularization
in the inflammatory aneurysm can be visualised by CEUS as it shows moving MB within the
wall. This technique is useful in inflammatory conditions such as Takayasu arteritis or giant
cell arteritis where initial CEUS shows circumferentially thickened common carotid artery
wall containing multiple opacified vasa vasora and subsequent CEUS after treatment showing
decreased enhancement of the wall and less vasa vasora (173).

Pancreatic:

CEUS can be used to characterise sonographically detected lesions and can improve the
diagnostic accuracy of US in the study of pancreatic pathologies (154). In pancreatic ductal
carcinoma, CEUS shows lesion size and margins as well as the relationship with
peripancreatic vessels better than conventional US. It can also demonstrate changes in
pancreatic tumour vascularization. The differential diagnosis between pseudocysts and cystic
tumours is also improved with CEUS as it reveals vascularization of intralesional septa or
nodules which characterize mucinous cystic tumour. On the other hand, CEUS does not
detect pseudocysts as they are non-vascularized. For pancreatitis, CEUS may help identify
and delineate necrotic areas and can also be used for follow up after staging with CT.
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Intestinal:

By enhancing bowel wall vascularity, CEUS can be used in the estimation of disease activity
in inflammatory bowel disease, differentiate between fibrous and inflammatory strictures in
Crohn’s disease, characterize abscesses and diagnose and follow the route of fistulae (154)

Splenic:

CEUS can characterise splenic parenchymal inhomogeneity or suspected tumours with 90%
sensitivity and 100% specificity when compared with CT. Tumour response to successful
chemotherapy can also be monitored due to the lack of enhancement with CEUS. In a
retrospective study, Tafuto S, et al reported a 38% increase in the detection rate of splenic
metastases using CEUS (174).

Renal:

CEUS can be utilized in suspected vascular disorders such as renal artery stenosis, renal
infarction and cortical necrosis (154). It can also differentiate between renal tumours and
pseudo-tumours, characterize complex cystic masses as benign, follow-up non-surgical
complex masses and can also be used to guide renal tumour ablation. There is also a potential
use of CEUS in kidney transplant to detect perfusion abnormalities (154).

Infiltration of the muscular layer of the bladder is easily identified with CEUS because it has
delayed and less enhancement than mucosa and submucosa which stay enhanced for 1-2
minutes (175). Contrast agents can also be administered via a urinary catheter to evaluate
vesico-ureteric reflux and in voiding urosonography. In the scrotum, CEUS can assess the
vascularity and of scrotal lesions and cord vessels and may determine the development of an
abscess such or increase the sensitivity of detecting epididymo-orchitis (176).

Abdominal trauma:

Solid organ injuries can be ruled out with CEUS in stable patients, especially in children, for
the evaluation of uncertain CT findings and for the follow-up of trauma managed
conservatively.

In children, CEUS has not been approved by the FDA because contrast agents safety and
efficacy have not been established yet. However, the limited literature suggests that CEUS
can be useful in children for several reasons. In patients with Kawasaki disease and tetralogy
of Fallot, for instance, CEUS can assess endocardial definition (158). In abdominal trauma,
CEUS can identify parenchymal injuries better when compared with traditional US. Its
performance was also comparable to CT and MRI in detecting benign liver lesions (153).
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Biophysical effects of microbubbles:

The addition of MBs into a sonicated medium results in different biophysical effects ranging
from sonoporation to permanent cell permeabilization and necrosis, but it is still unknown
which effect is dominant (177).

Radiation force:

The translation of MBs in liquids by US waves can create what is called a “bubble bullet”
with speed ranging from 5-10cm/s. This is due to the pressure gradient produced by the
waves (141).

Streaming:

When MBs oscillate, they create a streamline in the direction of the US waves. Near a vessel
wall, these streamlines are asymmetrical and can cause shear stress on the adjacent cell
membranes [Fig. 23]. This effect is useful in the local drug transport without creating too
much damage to the surrounding tissues (142).
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Figure 23. Biophysical effects of microbubbles
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Inertial cavitation:

During compression of MBs after a prolonged expansion, a water inrush into the MB centre
which results in an inward collapse (implosion) of the MB [Fig. 23]. This behaviour
generates shock waves which can be detected as broadband signal on the US machine. The
effect could be utilised for local drug or gene delivery to tissues.

Jetting:

At high acoustic pressure, collapsing MBs move in the direction of the US waves producing
local mixing through connective processes and water jetting (hammer effect) which is
powerful enough to cause damage to a cell membrane [Fig. 23]. This feature has the potential
of local drug delivery to targeted tissues (136).

Sonoporation:

Sonoporation is defined as the interaction of ultrasound with MBs causing transient
permeabilization of the cell membrane (178). When MBs reach the maximum level of
oscillation, they burst causing shock waves. If it happens near a vessel wall, the generated
force is strong enough to disrupt cell membrane [Fig. 23]. The addition of MBs reduces US
powers to achieve cavitation compared with non-MB-induced cavitation (179).
Consequently, MB-induced cavitation is unlikely to produce further damage to the normal
tissues surrounding the target area compared with non—MB-induced cavitation unless the
surrounding tissues already contain some gas (180). This effect paves the way for drug
delivery to targeted tissues.

Fragmentation:

On exposure to high acoustic pressure just above dissolution, MB surface becomes unstable
resulting in fragmentation of the bubble into smaller MBs (nuclei) [Fig. 23]. This
characteristic has already been implemented in clinical practice to measure tissue reperfusion
(142).

Heating:

Heat is generated from the absorbed US waves and the MBs when they collapse or due to the
friction with each other or with the surrounding fluid. So far, this effect is thought to be
negligible and has not been proven yet.

Free radicals:

The generated heat is thought to lead to the formation of free radicals such as Hydrogen
peroxide (H202) which causes cell damage.
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Microbubble safety:
Very few complications have been reported using MBs. These include minor microvascular

injuries that might cause local bleeding, allergic reaction (1:10,000), rash or hypotension,
mainly in cardiac patients.
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Diagnostic applications of MBs:

Enhancement of tissues is determined by the characteristics of both MBs and US and the type
of imaging required, whether quantitative or targeted. The best enhancement is achieved with
stable outer layers and small diffusion of the gas into the surrounding tissues. This is best
seen with lipid-coated MBs (Sonovue; or Definity; Bristol-Myers Squibb Medical Imaging,
Inc, New York, NY). Alternatively, albumin-coated MBs (Optison; GE Healthcare, Inc,
Prince- ton, NJ) with a heavy perfluoropropane gas core provide longer enhancements than
those with an air centre (Albunex; Mallinckrodt, Inc) (181).

Therapeutic applications of MBs:

The use of MBs as potential therapeutic agents is based on different mechanisms of causing
damage to cell wall. With heat enhancement MBs oscillate in a sonicated medium and
generate heat as a result of their friction with the surrounding structures and their
decompression. The release of heat to the surrounding tissues causes local damage (181).
This heat is also useful when gene or drug delivery requires thermal activation. Another
mechanism is microjetting. This happens when MBs collapse near blood vessel walls and
create microjets travelling toward the cell wall, causing damage to it and enhancing the drug
or gene uptake (181). The third mechanism is microstreaming in which MBs vibrate to create
acoustic streams around them, again causing damage to cell membranes (182). Chemicals
also play an important part. The collapse of MBs & the locally generated heat result in the
formation of Oxygen free radicals. These chemicals cause further damage to the cell wall
which enhances drug uptake by the cells (183). Finally, MBs can be used as direct vehicles
for drug or gene delivery to specific areas through the combination of selective ligands on
their surface (targeted MBs).

Targeted microbubbles:

Targeted MBs aim to extend the current indications of nonspecific MBs as US contrast agents
(184) by increasing the sensitivity and the specificity for a particular target or deliver specific
agents to tissues (i.e., genes or drugs) (185). The targeting process [Fig. 24] can be achieved
by coupling antibodies, polysaccharides, and peptides on the MB surface to specific receptors
(4, 186) that are expressed during various conditions (i.e., apoptosis active targeting) (96).
The antibodies coupled during the active targeting can be directed against molecules specific
to inflammation, angiogenesis, thrombi, and cancer (130). Important criteria for the selection
of ligands coupled to MBs include reproducibility, minimum ligand waste, firm binding,
ability of the ligand to find its target, and minimizing nonspecific binding (145, 187). Other
methods of targeting involve the passive diffusion of MBs through abnormally permeable
vessels and therefore increased accumulation in tissues according to the size and shell
characteristics (i.e., during inflammation passive targeting) (188) or the recognition and
phagocytosis of MBs by the reticuloendothelial system (185).
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Figure 24. Mechanism of active targeting (lower part of the figure), or targeting by intrinsic
properties of the shell (upper part of the figure)

After the injection targeted MBs accumulate at tissue sites and remain in situ for about an
hour before they are cleared up from the vascular system (4). They also generate an acoustic
response signal that is displayed as a video enhancement on the screen and provide higher
sensitivity and specificity than the standard non-targeted MBs (4, 185).

Inflammation:

In inflamed areas leukocytes adhere to the venular endothelial cells in different steps, and
specific mediators such as P-selectin trigger this mechanism (99, 100). P-selectin (CD62P) is
a 140-kDa protein that is expressed on platelets, endothelial cells, and megakaryocytes. It
mediates the adhesion of neutrophils and monocytes to activated platelets and endothelial
cells, enhances leukocyte rolling, and is involved in the migration of leukocytes into inflamed
tissues. Retained targeted MBs behave similar to leukocytes in inflammation and adhere
directly to the endothelium or to the leukocytes to form microbubble—leukocyte complexes
(189, 190). Their targeting capability is increased at the venular side owing to the slow flow
state present during inflammation (189). This behaviour holds the potential to provide more
information about inflammation with targeted CEUS without the need for biopsies or MRI.

Various studies have used targeted MBs to evaluate inflamed tissues [Table-7]. Some have
demonstrated an improved US signal as a result of the adhesion of targeted MBs to
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leukocytes (5). Others have used different methods to increase MB retention at the
inflammatory sites by using wrinkled MBs (52), high acoustic radiation (55), or by targeting
P-selectin (186, 191) with RB40.34 antibody. This antibody can block mouse P-selectin
binding to its ligands (CD24 and CD162) in vitro and in vivo (192).
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Author Year  Target Antigen targeted Targeting agent Experimental Microbubbles  Results
setting
Linder (5) 2000 Inflammation  Leukocytes Phosphatidylserine 15 mice Targeted vs. Greater attachment of
(PS) (cremasteric non-targeted PS- MBs to
muscle) leukocytes, higher US
signal after ischemia-
reperfusion injury in
the kidney
Linder (191) 2001 Inflammation  P-selectin RB40.34 15mice Targeted vs. Increased MBs
(cremasteric non-targeted retention at venular
muscle) endothelium
Takalkar 2004  Inflammation  P-selectin RB40.34 Murine cell line  Targeted vs. Increased MBs
(186) non-targeted retention at higher P-
selectin site density
Rychak (4) 2006 Inflammation  P-selectin RB40.34 4 mice Targeted vs. Positive pressure
(cremasteric non-targeted resulted in the
muscle) formation of wrinkled
MBs that had a greater
adhesion at venular
endothelium VS.
spherical MBs
Rychak 2007  Inflammation  P-selectin RB40.34 14 mice Targeted vs. Increased MBs
(193) (cremasteric non-targeted retention in femoral
muscle) vessels after acoustic
radiation
Ellegada 2003  Angiogenesis  avp3 Integrin Echistatin 14 rats Targeted vs. Preferential retention
(194) (malignant non-targeted within  the  tumour
glioma) microcirculation,
higher US signal at the
periphery  of  the
tumour
Leong-P 2003  Angiogenesis  av Integrins Echistatin 10 mice Targeted vs. Direct attachment to
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(150)

Dayton (130)

Korpanty
(195)

Willmann
(196)

Schumann
(129)

Culp (197)

Alonso (198)

Martin (199)

Xie (200)

2004

2007

2008

2002

2004

2007

2007

2009

Angiogenesis

Angiogenesis

Angiogenesis

Thrombosis

Thrombosis

Thrombosis

Thrombosis

Thrombosis

avp3 Integrin

VEGFR2, CD105,

VEGF-VEGFR

complex

VEGFR2 or avfp3
integrin

GPlIb-1lla
receptors
(platelets)
GPlIb-1lla
receptors
(platelets)

GPllb-Illa
receptors
(platelets)
GPllb-1lla
receptors
(platelets)

G Pllb-11la
receptors (platelets

murine anti oV
antibody (mAB)

Biotinylated
MAB1979
Anti
antibody

VEGF

Anti VEGFR2
antibody and anti
avp3 antibody
Bioconjugate

Eptifibatide

Abciximab

Abcimixab

(cremasteric

muscle)
Endothelial
human cell line
15 mice

(pancreatic
adenocarcinoma)

49 mice (ovarian
carcinoma)

6 mice
(cremasteric
muscle)

15 pigs

Cell line & 19
rats

Thrombi
generated by a
Chandler loop

45 pigs/
thrombotic
occlusion of the
left descending
coronary artery

non-targeted

Targeted  vs.
non-targeted
Targeted  vs.
non-targeted

Targeted  vs.
non-targeted

Targeted  vs.
non-targeted

Targeted  vs
eptifibatide
alone

Targeted  vs.
non-targeted

Targeted  vs.

non-targeted

Targeted  vs.
non-targeted

the vascular

endothelium

Targeted MBs adhere
to substrate
Preferential retention
within  the tumour
microcirculation

Direct attachment to
the vascular
endothelium

Higher affinity for
platelets in  both
arteries and veins
Rapid opening of
intracranial thrombosis
with targeted MB:s.
Good safety profile
Higher detection of the
clots with targeted
MBs

Retention  of  the
targeted MBs on the
thrombi

Rapid replenishment
of the central risk area
with targeted MBs

Higher recanalization
rate with targeted MBs
Higher rate of ST
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Birnbaum
(201)

Tachibana
(202)

Feril (14)

Yu T (15)

Luo (13)

Furusawa
(12)

Shohet (203)

1998

1995

2003

2006

2007

2009

2000

Thrombosis

Thrombosis

Apoptosis

Necrosis

Apoptosis

Apoptosis

Gene delivery

GPllb-1lla
receptors
(platelets)

GPllb-1lla
receptors
(platelets)

Phosphatidylserine

Proliferating

nuclear
(PCNA)

cell
antigen

Annexin V

Clone PC10 (anti

PCNA antibody)

Recombinant
adenovirus
containing

B_

13  rabbits /
thrombosed
iliofemoral
artery
Thrombi
generated by a
Chandler loop

Human
myelomonocytic
leukemia  cell
line

47 rabbits (liver)

50 rabbits (liver)

Human
myelomonocytic
leukaemia  cell
line

36 rats
(myocardial
cells)

MBs + US vs
MBs alone or
UsS alone

Urokinase
(UK) vs UK +
US vs UK +
US + MBs

US + MBs vs.
US alone

MBs + HIFU
Vs. HIFU
alone

MBs + HIFU
VS. HIFU
alone

U937
Sonazoid MBs
vs. US alone

Targeted  vs.
non-targeted

segment resolution
with targeted MBs
Recanalization of all
arteries with MB + US
vs MB alone or US
alone

More fibrinolysis with
UK + US + MBs

Increased
and cell
MBs + US

apoptosis
lysis with

Increased tissue
necrosis with MBs

Increased  apoptosis
and proliferation in the
MBs group

MBs enhanced
Growth Factor
withdrawal, DNA
damage, unfolding
stresses in the
Endoplasmic
reticulum and Death
Receptor  stimulation

increasing apoptosis
Expression  of  B-
galactosidase
transgene higher with
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Ogawa (204)

Wang (205)

Manome
(206)
Tsunoda
(207)

Kodama
(208)

Yamashita
(209)

Wang (210)

Christiansen
(211)

2002

2005

2005

2005

2006

2007

2008

2003

Gene delivery

Gene delivery
Gene delivery

Gene delivery

Gene delivery

Gene delivery

Gene delivery

Gene delivery

galactosidase gene
Plasmid containing
luciferase gene

Plasmid containing
GFP gene
pCAG-Luc
plasmid

Plasmid containing
luciferase, B-
galactosidase  or
GFP gene

Plasmid containing
luciferase or -
galactosidase gene

Plasmid containing
GFP gene

Plasmid containing
GFP gene

Plasmid containing
luciferase gene

HelLa cell line

10 mice (skeletal
muscle)

Cell line mice
brain

6 mice (left
ventricular
cavity)

Chinese hamster
ovary cells
expressing
human E-
selectin

Rabbit corneal
epithelial  cells
and
subconjunctiva

Pancreatic
carcinoma cell
line

10 mice & 33
rats (skeletal
muscle)

MBs VS.
reporter
plasmid pGL3

Targeted  vs.
non-targeted
MBs + US vs.
US alone

MBs + US

MBs + US vs.
crushed heat-
treated MBs +
uUs

Targeted  vs.
non-targeted

Targeted  vs.
non-targeted

Targeted MBs
+ US vs US
alone

targeted MBs
Increased gene transfer
with MBs

Improved gene
transfection efficiency
High gene transfection
with MBs + US

High expression of
luciferase,

b-galactosidase or
GFP

High gene transfection
with MBs + US

In rat eyes, strong GFP
staining was seen in
conjunctiva with
targeted MBs

Significant
enhancement of the
receptor gene
expression with
targeted MBs

Greater gene

transfection with MBs
+ US compared to US
alone (via intra-arterial
injection>intravenous
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Bekeredjian
(212)

Watanabe
(213)

Iwanaga

(214)

Chapuis
(215)

Maeda (216)

Xing (217)

2007

2008

2007

2009

2009

2008

Gene Delivery

Gene delivery

Drug delivery

Drug delivery

Drug delivery

Drug delivery

EGFR (epidermal
growth factor
receptor)

Plasmid containing
luciferase gene

Plasmid containing
luciferase gene

Plasmid containing
cdtB

Biotinylated
bleomycin A (5) &
non-biotinylated

bleomycin
Anti EGFR
antibody &
bleomycin

VEGF and P53

30 rates
(hepatoma)

Prostate cancer
cells

14  mice and
tumour cell line
(gingival
squamous  cell
carcinoma)
MCF-7 cell line

(breast cancer)

Ca9-22 cell line
(gingival
squamous  cell
carcinoma)

20 mice (ovarian
carcinoma)

Targeted MBs
+ US vs US
alone

Lipid-coated
VS. non-coated
MBs

Bleomycin-
loaded MBs
vSs. non-loaded

Biotinylated
bleomycin A
(5)-targeted
MBs vs. non-
biotinylated
bleomycin
targeted MBs
VS non-
targeted MBs
Bleomycin +
anti EGFR
antibody
targeted MBs
VS non-
targeted

Paclitaxel-
loaded MBs

injection)

Greater gene
transfection with MBs
+ US compared to US
alone

Higher gene transfer
with lipid-coated MBs

Tumour
inhibition

growth

More conjugation of
biotinylated bleomycin
to cell line with
targeted MBs vs non-
targeted. No
conjugation of the
non-biotinylated

bleomycin to cell line

Tumour growth
inhibition with
targeted vs  non-
targeted

Surface deformation of
Ca9-22 cell line in the
presence of antibody
Tumour growth
inhibition
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vs. non-loaded

Table-7. Experiments with microbubbles. [cdtB = cytolethal distending toxin B]; [EGFR = endothelial growth factor receptor]; [ GFP = green
fluorescent protein]; [HIFU =high-intensity US-focused ablation]; [PCNA = proliferating cell nuclear antigen]; [UK, urokinase]
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Angiogenesis:

Angiogenesis is the formation of new capillaries from pre-existing blood vessels. It may be
physiological as part of the normal development of the vascular system e.g.in foetal
development, and the menstrual cycle or pathological, e.g. in tumours (219). Angiogenesis
plays a major role in tumour growth and metastasis where newly formed vessels express
primary stimulant receptors such as avf3-integrin and vascular endothelial growth factor
(VEGF). These receptors interact with the extracellular matrix to help sprout additional
vessels from the endothelial cells (220). Targeting these receptors with MBs might help map
angiogenesis with CEUS to provide more information about malignancies and their response
to treatment.

Different researchers have already shown that the injection of targeted MBs to avf3 and
VEGEF receptor 2 (VEGFR2) into malignant tissues increased the attachment of the MBs to
the vascular endothelium and improved US signals of the tumour’s periphery (130, 150, 194,
195) [Table-7]. VEGF is a glycoprotein that serves as a key factor in the homeostasis of
vascular endothelial cells (106). Ellegala, et al (194) and Leong-Poi et al (150) attached an
echistatin antibody to MBs to target avp3 and VEGF2. Echistatin is the smallest member of
the disintegrin family of snake venom proteins that inhibit cell- cell adhesion (221).
Company, et al (195) and Willmann, et al (196) used anti-VEGF2 antibody (R84). R84 is a
selective, fully human monoclonal antibody that blocks the cancer-promoting agent (VEGF)
from binding only to VEGF receptor 2 (VEGFR2).

Thrombosis:

Because MBs are mainly intravascular, they require the blood flow to be visualized. This
characteristic might contraindicate their use in the absence of blood motion (i.e., a
thrombosed vessel) (59). However, enhancement and even lysis of the thrombi can be
achieved by using targeted MBs specifically to the clotting site (129, 197, 199-202, 222)
[Table-7]. Normally, during vascular damage the platelets aggregate locally followed by the
activation of glycoprotein (GP) receptors, such as GPIIb and GPllla. These receptors attract
more platelet and fibrinogen, resulting in the formation of blood clots (129) Targeting GPIlb
and GPllla by coupling specific ligands to MBs might increase their avidity for the clotting
site, rendering the thrombus visible on US imaging and increasing its fragmentation when
applying high frequency US waves as the local MBs would act as wave accumulators (200).
Eptifibatide is a cyclic heptapeptide with six amino acids and one mercaptopropiony! (des-
amino cysteinyl) residue that has been used for this purpose. It binds to the platelet receptor
GPIIb/Illa of human platelets and inhibits platelet aggregation (223).

Gene delivery:

The currently used methods for gene delivery include viral vectors, non-viral vectors, and
electroporation. Their disadvantages are their ability to stimulate the immune system and
sometimes the creation of DNA mutations (205). A newly emerging and promising method
of gene delivery is the use of MBs with US. This method is based on the sonoporation and
cavitational effects of the MBs in a sonicated medium (see earlier) (209, 210). The holes
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created in the cell membrane increase its permeability and allow a more efficient delivery of
genes into the cell (205, 211). Once the genes are delivered the holes reseal so that cells
recover and the transfected genetic material is trapped inside them (224). For gene delivery
MBs are not targeted to a specific cell or tissue antigen but carry a peculiar experimental gene
that, once transfected, allows the easy detection of the transcribed protein proving that MBs
effectively work for this purpose. Other positive benefits derived from the use of US and
targeted MBs include an increased membrane fluidity as a result of the changes in the local
temperature from the application of US, the generation of intracellular oxygen species, the
endocytosis and phagocytosis of targeted MBs, and the fusion of lipid-coated MBs with the
phospholipids layer of the cell membrane (225). All these factors positively increase the
number of transfected cells. The transfection also might be facilitated by repeated US
applications without compromising cell viability (226).

Different experimental studies on animals (203, 205, 207, 211) and on cell lines (204, 206,
208-210, 213) have already shown the promising potential of using MBs and US as a means
of gene transfer [Table-7]. In all those studies, the expression of the transfected gene was
higher using targeted than non-targeted MBs.

Drug delivery:

There are different ways by which MBs can be used as drug carriers [Table-7]. These
possibilities involve attaching the drug to the membrane surrounding the MB with a covalent
or non-covalent bonding, embedding the drug within the membrane, loading the bubble with
the drug, or attaching pharmaceutical carrier particles (liposomes) to the bubble surface [Fig.
25].
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Figure 25. Most common mechanisms of drug delivery using microbubbles

This last method is particularly useful when using large amounts of water-soluble
pharmaceutical material (215, 227). Even for drug delivery MBs are not targeted to a
particular cell or tissue antigen but carry a peculiar drug. On applying US waves, drug-loaded
MBs oscillate, creating shock waves and microjets around them and allowing the drug
transport through the cell membrane (228). The efficiency of the drug delivery mechanism
with US contrast agents depends on the density of the contrast agent, the acoustic window of
the transducer to the target site, and the composition of the interstitial space in the organ
(229). Drug delivery via MBs has several advantages. First; it protects the inactivation of the
therapeutic agent or its removal from the circulation. Second; it reduces systemic side effects
of the agent. Third; it facilitates the transvascular or intracellular deposition of the agent.
Fourth; it provides a method to further improve the site-specific delivery of the agent to the
diseased area only (216, 230). Furthermore, MB-loaded drug delivery is superior to
radioimmunoconjugates (antibodies attached to radionuclides). With the former the drug is
released at the selected disease site after applying US waves, whereas with the latter the long
serum half-life of the antibodies prolongs radiation exposure to normal organs, which limits
the radiation dose that can be administered safely (231). Examples of conditions in which
sustained release of local therapeutic concentrations of a drug would be useful include
restenosis of blood vessels, angiogenesis (i.e., tumour microcirculation), solid tumours (i.e.,
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specific release of chemotherapeutic agents), and inflammation. Tumour growth inhibition
has already been shown in a few experiments (214-217) [Table-7].

Heat shock proteins:

Heat shock proteins (HSPs) are present in all cells but their production is increased,
especially when tissues are exposed to stressful conditions such as heat, cold, ischemia and
reperfusion, heavy metals, infection, high calcium level, cancer, inflammation, and tissue
damage (218, 232-234). The main functions of HSPs include chaperoning protein transport
by folding damaged or newly synthesized protein into shape, prevention of protein
aggregation under physical stress, and triggering the immune response (234). Because HSPs
are mainly intracellular proteins, they bind with other intracellular proteins to form peptide
complexes that are released on the cell surface. The high expression of HSPs in the
transitional zone after radiofrequency ablation of liver cancers makes the partially damaged
cells in that zone more susceptible to cytotoxic cellular killing (232). Preventing HSP
expression in the ablated tumours would aid killing viable cancer cells in the transitional
zone. In their study, Liu et al, (218) showed an increased expression of HSP70 in the livers of
25 rabbits after ablation using targeted MBs and US compared with US alone [Table-7].

Apoptosis:

Apoptosis is the process of programmed cell death that plays a critical role in controlling cell
numbers and proliferation during tissue growth (8, 9). It may be activated by different stimuli
but the final target is the cleavage and destruction of the DNA by the activation of a series of
proteases called Caspases. On histology, apoptosis is manifested by nuclear chromatin
condensation, fragmentation, membrane blebbing, and cell shrinkage (10, 11).

Recent experimental studies have shown that apoptosis can be enhanced by applying US
waves and MBs [Table-7] (12-15). This is based on the suggested mechanism of the inertial
collapse of MBs after applying US waves, in which the resultant MB fragments act as
cavitation nuclei, thereby creating holes in the adjacent cell membranes and causing cell
death (235). Also in this way, MBs can target intracellular antigens and deliver selective
antibodies against nuclear antigens (i.e., proliferating cell nuclear antigen) (13). MBs have
been shown to improve physiological regeneration in the areas surrounding damaged tissues.
In an experimental animal study on rabbits, Luo et al (13) showed an increase of liver
apoptosis and cell proliferation in zones surrounding necrotic areas when high frequency US
was combined with MBs. This dual action could be used as a means of enhancing the damage
in a targeted area (i.e., liver ablation therapy) and to encourage regeneration of healthy tissue
around it.
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Chapter Two

Contrast-enhanced ultrasound detects perfusion defects in an ex vivo porcine liver
model: a useful tool for the study of hepatic reperfusion

Abstract:
Background:

Following transplantation, areas of hypoperfusion can be associated with metabolic changes
and poor organ recovery. In recent years, the HPB department has gained considerable
experience with the use of hepatic ex vivo organ perfusions. This study evaluated the use of
contrast-enhanced ultrasound (CEUS) in the detection of such areas.

Method:

Livers were collected from ten pigs, connected to extracorporeal circuits and perfused using
autologous blood. After 1h and 4h, livers were scanned with an ultrasound machine following
the administration of contrast agents. Biopsies from perfused and non-perfused areas were
collected.

Results:

The entire parenchyma enhanced strongly on non-contrast ultrasound at 1h with no perfusion
defects. Four hours later, multiple perfusion defects manifested not evident with non-contrast
ultrasound. Histology confirmed that the non-perfused areas corresponded to ischemic zones.

Conclusion:

In this model, the addition of CEUS revealed perfusion defects after 4h. This might facilitate
detection and characterization of perfusion defects in transplanted livers.

Introduction:
Ischaemia-reperfusion injury:

Ischemia-reperfusion injury (IRI) is an important pathological process in acute vascular
syndromes including myocardial infarction, stroke, cardiac surgery, and organ
transplantation, such as kidney and liver (236). It results from interruption of blood flow to an
organ and then subsequently restored (237). This process can trigger an acute inflammatory
response leading to significant tissue damage and organ dysfunction locally and remotely
(237, 238)).
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Cellular changes in hypoxia:

The initial developments during hypoxia include formation of cell membrane protrusions,
known as blebs, swelling of mitochondria and cisternae dilatation of the endoplasmic
reticulum (ER). These changes are reversible and once oxygenation to the cell is restored, full
recovery is possible. However, if the membrane protrusions burst, the hypoxia has reached an
irreversible stage. The subsequent stages are characteristic of necrotic cell death. There is
dysfunction of plasma membrane permeability, loss of ionic gradients and release of
intracellular structures (239).

Hepatic ischaemia-reperfusion injury:

IRl of the liver can be categorised into either warm or cold. Warm IRl involves
transplantation, liver surgery, trauma and shock. Cold IRI takes place during organ
preservation prior to transplantation (240). It represents a big challenge in surgery after liver
resection, trauma and transplant as it is the major cause of morbidity and mortality. Hepatic
IRI occurs in two phases: the acute (early) injury phase occurring within 1-6 hours after
reperfusion, and the subacute (late) phase that peaks at 9-24 hours after reperfusion (237,
238). The hepatic damage is usually measured by serum parameters of hepatocellular
integrity, such as: liver enzymes, e.g., Alanine transaminase (ALT), liver synthesis capacity
(e.g., by determination of the international normalized ratio of prothrombin time), and liver
secretory functions (glucuronated bilirubin) (241). The problem with this method is that liver
enzymes decrease over time while necrotic volume increases. Furthermore, these parameters
lack the 3-D information provided by the CT on the spatial distribution of liver injury which,
together with results of laboratory tests, may provide an important basis for decision making
on subsequent surgical interventions (241).

During the reperfusion of ischaemic tissue, formation of reactive oxygen species (ROS)
contributes to tissue injury. These include hydrogen peroxide, superoxide and hydroxyl
radicals. During hepatic ischaemia reperfusion injury, Kupffer cell activation generates ROS,
pro-inflammatory cytokines, chemokines and other mediators, all contributing to ischaemic
tissue injury. Mediators, including endothelin-1, enable small vessel constriction, prolonging
some parts of hepatic tissue to further ischaemia even once re-perfused (192, 193). In the
post-ischaemic liver, these mediators enable infiltration of neutrophils, which in turn produce
more ROS, thus creating a vicious cycle of hepatic injury (20, 54, 59, 60). The inflammatory
response and microcirculatory dysfunction (132, 242, 243) are the initial steps of the process
leading to systemic inflammatory response syndrome and multi-organ failure (61).

Radiological quantification:

Different imaging techniques have been used to detect ischaemic areas post-transplant or
resection, such as: CT, contrast-enhanced dynamic magnetic resonance imaging (dMRI),
laser Doppler flowmetry (LDF; hepatic artery/portal vein) and thermal diffusion (TD), and
Doppler US (97). Radiological quantification of tissue perfusion in transplanted livers is
usually done preoperatively by CT, LDF and postoperatively by color-coded duplex US or
TD. The disadvantages of some of these techniques include exposure to radiation, side

73



effects to the injected contrasts, costs, time, and complications of invasive techniques
[Table-8] (81). Compared to classic methods of evaluating liver perfusion, CEUS has the
advantages of being non- invasive, portable and economical technique that involves no
radiation. The possibility of measuring flows of the hepatic artery, portal vein and branches
also add to the data already provided.

74



Method

Morphology of perfusion defect

Advantages

Disadvantages

Plain CT

Contrast-enhanced
CT

Plain MRI

Contrast-enhanced

MRI

Angiography

US Doppler

CEUS

wedge-shaped segmental

Triangular or wedge-shaped areas of low
attenuation (240)

Triangular, wedge-shaped or irregular
appearance, homogeneous attenuation
(240)

Iso-intensity on T1- and T2-weighted
images (240)

Homogeneous
(240)

attenuation of signal

Non-opacification of portal vein or
staining in
arterial and parenchymal phases on

hepatic angiograms (240)

Absence of Doppler signal

Hypoechogenic areas

Differentiate among arterial, portal
and parenchymal phases
(parenchymal  enhancement s
resolved into arterial and portal
venous components) (241), high-
spatial-resolution and high
temporal-resolution whole-liver
perfusion imaging (241)

No radiation

No radiation

Clear visualization of vessels

Non-invasive, portable, economic,
no

radiation, flow measurements in the
hepatic artery and portal vein may
be

readily obtained (241)
Non-invasive, portable, no
radiation.

Enhanced visualization of perfusion

Radiation

Radiation

Need for faster and higher-resolution
of

whole-liver imaging (241)

Need for faster and higher-resolution
of

whole-liver imaging and improvement
in quantification of tissue contrast
concentrations (241)

Invasive, radiation

Intra- and interobserver variability,
inability to gain regional parenchymal
flow measurements (241)

Intra and interobserver variability
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defects

Table 8. Comparison of contrast-enhanced ultrasound (CEUS) with other methods to evaluate liver perfusion defects. [CT = computed
tomography, MRI = magnetic resonance imaging, US = ultrasound]
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Materials and methods:

The liver model:

Different ex-vivo perfused models have been used for research to study changes in the
physiology in porcine livers due to their resemblance to human livers. In some of them, the
perfusate is a cellular, while in others autologous blood is used (36, 115, 126, 127). For this
project, | used the ex-vivo perfused liver model which has been used in the research lab for
many years to study similar parameters. Using autologous blood, the liver perfusion is
maintained via the extracorporeal circuit which is similar to those used for cardiopulmonary
extracorporeal bypass surgery (Medtronic Inc., Minneapolis, Minnesota, USA). It consists of
an automatic centrifugal pump which provided the hepatic arterial flow and pressure, an
oxygenator, a heat exchanger unit and a blood reservoir to simulate the venous flow and
pressure [Fig. 26].

Pig’s liver

Flow transducer

£ A
— =+ Venous

reservoir

l-'iz

Oxygenator

Centrifugal pump

Figure 26. Schematic drawing of the circuit for the ex-vivo perfusion of the liver
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Porcine livers:

Ten white Landrace Cross pigs (45-60 kg) were used for this part. They were humanely
sacrificed in accordance with Home Office regulations and the autologous blood was
collected into a container with 5,000 units of heparin. The livers were retrieved according to
the technique previously described (244), and 2L of cold Soltran solution (Baxter Healthcare,
Thetford, UK) were perfused, 1L into the portal vein (PV) and 1L into the hepatic artery
(HA). After the cold perfusion, the livers were transported on ice to the laboratory.

Circuit preparation:

The autologous heparinised blood was used to prime the circuit during the backbench
preparation. Cannulation of the portal vein (PV), hepatic artery (HA), bile duct, supra- and
infra-hepatic inferior vena cava (IVC) was carried out during the priming. Before connecting
the liver to the circuit, 1liter of 0.9 % normal saline solution (Baxter Healthcare, Thetford,
UK) was perfused through the PV and HA to flush out the Soltran solution and remove air
from the organ and cannulae.

Perfusion:

The extracorporeal circuit [Fig. 27] consists of an automatic centrifugal pump which
provided the hepatic arterial flow and pressure, an oxygenator, a heat exchanger unit and a
blood reservoir to simulate the venous flow and pressure. The venous blood was collected
from the supra and infra-hepatic IVC and returned to the centrifugal pump. Parenteral
nutrition, vasodilating prostacyclins, sodium bicarbonate, sodium taurocholate and insulin
were added to the circulation to optimise the physiological condition of the system with
dosages and rates of infusions similar to the previous protocols (68). Perfusion was carried
out for 6h and haemodynamic parameters (HA and PV pressures and flows) were recorded
hourly.
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Figure 27. Perfusion during an experiment
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Blood samples:

Arterial and venous blood samples for gas analysis were collected immediately after the
reperfusion and hourly until the sixth hour [Table-9]. Liver viability was measured using the
hourly bile production rate, the arteriovenous (AV) oxygen and carbon dioxide differences,
and the hepatic metabolic rate for oxygen values (HMRO). The AV oxygen and carbon
dioxide differences were calculated from the arterial blood gases. HMRO was calculated by
adapting the formula for the cerebral metabolic rate for oxygen: HMRO = (AV difference for
oxygen x hepatic blood flow) / liver weight (245).
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Hour of HA HA flow PV PV flow Bile AV 02 AV CO2 HMRO

perfusion pressure (I/min) pressure (I/min) production difference difference (mmHg 9 ml/g/
(mmHg) (mmHg) (ml/h) (mmHg) (mmHg) min)

0 89+5 0.21£0.11 28 £ 13 0.73+£0.42 0 263 (222-412) 8 (5-14) 41 (24-106)

1 874 0.34+0.18 27+6 0.73+0.49 8 (2-16) 285 (203-334) 7 (3-16) 44 (35-141)

2 86+ 4 0.34 £0.17 31+13 0.86 +£0.28 15 (7-34) 281 (144-386) 8 (2-10) 43 (34-109)

3 82+13 0.30+0.16 29+ 14 0.95+0.27 11 (9-17) 260 (222-409) 7 (1-10) 44 (23-88)

4 874 0.26 £0.11 27 £ 12 0.94 £0.23 13 (7-17) 276 (193-318) 7 (4-12) 46 (28-83)

5 85+ 3 0.29 £ 0.09 22 +10 1.10+0.13 14 (9-22) 241 (208-288) 8 (6-9) 39 (26-62)

6 83+4 0.30£0.10 22 +11 1.10 £ 0.09 12 (7-22) 274 (154-280) 8 (5-12) 39 (29-48)

Table 9. Physiological parameters of perfusion and liver viability overtime. [HA = Hepatic artery], [PV = portal vein], [AV = arteriovenous],
[O2 = oxygen] , [CO2 = carbon dioxide], [HMRO = hepatic metabolic rate of oxygen]
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Ultrasound scanning:

Ultrasound baseline images were saved immediately after reperfusion [Fig. 28].

LOGIQ
E9

Figure 28. Baseline ultrasound image immediately after reperfusion, without microbubbles
(RT panel) and with microbubbles (LT panel). CEUS shows relatively uniform echogenicity
through the whole specimen

After 1h from reperfusion, 2.2ml of contrast solution were injected into the valve connected
to the portal vein. This was selected due to its higher flow compared to the hepatic artery.
The CA (Sonovue, Bracco, Milano, Italy) consisted of phospholipid-stabilized MBs
containing Sulphur hexafluoride gas with a diameter of less than 8 um (mean 2.5 pm)
reconstituted with 5ml of a 0.9 % normal saline solution. The whole liver was then scanned
again [Fig.29] with a LOGIQ 7 US machine (GE Healthcare, Chalfont St Giles, UK).

LOGIQ
E9

Figure 29. An example of the liver tissue one hour after reperfusion without microbubbles
(LT) and with microbubbles (RT). CEUS shows relatively uniform echogenicity through the
whole specimen
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A specific contrast software was incorporated to create ‘‘wash-in’’/‘‘wash-out’’ curves, a
measure of the contrast acquisition and removal in a particular scanned area, evidenced
during the imaging acquisition and processing. The software provided real-time images with
and without the presence of contrast, and the intensity of the acoustic signal was assessed on
the video recording extracted every 5s following injection. Standardized 12mm-18-mm
regions of interest were chosen for analysis from hyperechoic, hypoechoic, and anechoic
areas [Fig. 30].
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Figure 30. An example of data gathering during one experiment including different time—
intensity curves. ‘“Wash out’’ curves (yellow) correspond to areas of normal perfusion and
contrast acquisition (yellow circle), delayed ‘‘wash-in’’ curves with small gradients (red,
blue) correspond to ischemic areas and flat curves (purple, orange) to non-perfused areas.
The coloured circles in the left upper panel represent the regions of interest (12—18 mm)
where data were sampled during the contrast administration (colour figure online)

The following settings were used: integrated mode and gain controls, coded phase inversion
(ICC 3, 4), low mechanical index (MI: 0.1) using true agent detection in dual view (contrast-
specific sonographic mode) and dynamic range of 72dB. A convex transducer with a 2-5
MHz frequency was used. With every contrast injection, cine loops were recorded for 220 s.
No artificial destruction of the MBs was performed but they were let to burst automatically
(half-life = 7 min). The whole sequence of contrast and non-contrast-enhanced images was
also repeated at 4h post-reperfusion.

Parameters evaluated from the time—intensity curves were common to perfusion imaging
techniques (i.e. CT and MRI) and are all indirect measures of the perfusion in a selected
region. These were the ‘‘time to peak’ (time elapsed from the start of the scan to the
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maximum intensity of the medium contrast in a defined region, evaluating how quickly the
medium contrast peaks in that region), ‘‘maximum gradient’” (maximum difference between
the lowest and highest values recorded of the medium contrast intensity from the start to the
end of the scan, evaluating the net increase of contrast reaching that region), and the ‘‘area
under the curve’’ (the area under the actual time— intensity curve of the medium contrast, a
measure of the total amount of contrast reaching the area over the scan.

Histological examination:

Control random liver samples were taken immediately after slaughtering the pigs, after
dissection of the liver, and after connecting the liver into the circuit. At both time points (first
and fourth post-reperfusion hours), Tru-Cut biopsies of perfused and non-perfused areas were
collected under US guidance with contrast enhancement (perfused and non-perfused areas
were not visible without CEUS) and analysed with standard Haematoxylin—Eosin (HE) stain.
Histological assessment of the extent of liver injury was performed with Suzuki classification
in which grade 0-4 is for sinusoidal congestion, hepatocyte necrosis and ballooning
degeneration [Table-10].

Numerical Sinusoidal Vacuolation/ Necrosis
assessment congestion ballooning

0 None None None

1 Minimal Minimal Single cell
2 Mild Mild <30%

3 Moderate Moderate 30%-60%
4 Severe Severe >60%

Table 10. Suzuki classification for the histological assessment of the extent of liver injury

Statistical analysis:

All data were initially entered into an Excel database (Microsoft, Redmond, Washington,
USA) and the analysis was performed using the Statistical Package for the Social Sciences,
Windows version 13.0 (SPSS, Chicago, IL, USA). Descriptive statistics consisted of the
mean and standard deviation for parametric distributions and median and range for non-
parametric distributions after confirmation with the Kolmogorov—Smirnov test and
histograms. Comparisons over time of the hemodynamic parameters (HA and PV pressures
and flows) and the production of bile were performed with the ANOVA test for repeated
measures. Comparison among enhanced and non-enhanced images was performed with the
Mann-Whitney. A p value of <0.05 was considered statistically significant.

Results:

Physiological parameters:

The mean liver weight was 1,659 + 372 g, warm ischemia time 19 + 2 min, cold ischemia
time was 162 + 24 min. The measurement of the hepatic artery and portal venous pressures
and flows during the experiments did not show significant differences over the hours. Similar
results were obtained for the AV difference of O2 and CO2 and the HMRO (ANOVA test for
repeated measures, p = non-significant. On the other hand, the production of bile started atl h
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of perfusion and increased significantly until 2h, when it reached a steady production
throughout the rest of the experiment (ANOVA test for repeated measures, p < 0.001).

Macroscopic appearance:
Ischemic patchy areas were present in the ex vivo liver model at the time of reperfusion but

progressively disappeared after few minutes, and a normal appearance was present
throughout the rest of the experiment [Fig. 31].
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Figure 31. The macroscopic appearance of the liver immediately after connection to the
circuit consists of patchy areas of perfusion (upper panel). These progressively disappear
from half-an-hour onwards. At the fourth hour the liver is apparently homogeneously
perfused (lower panel)
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Tissue enhancement:
One hour after commencing the reperfusion of the liver, the entire parenchyma enhanced

strongly on non-contrast ultrasound and no perfusion defects were evident on CEUS [Fig.
32].
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Figure 32. Contrast-enhanced (right) and corresponding non-contrast enhanced (left) images
of the same hepatic lobe at the first hour of reperfusion. The entire parenchyma enhanced
strongly and uniformly with and without the contrast-enhanced ultrasound.
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Four hours later, multiple perfusion defects appeared on CEUS not evident with non-contrast
ultra- sound [Fig.33].

4 hours
without and withh microbubbles

SOW S M MB

Another example

Figure 33. An example of the liver segment after MB injection at 4hr shows good
enhancement of the part close to the surface but poor at the mid and deeper zones extending
from 4cm deep. Upper and middle panels show ‘‘dual view”’ of vascularized parenchyma and
hypovascular areas, with the optimization of the demarcation points by means of ‘‘contrast
tissue hybrid’” application. Contrast-enhanced (right panels) and corresponding non-contrast
enhanced (left panels) images of two different lobes from the same liver at the fourth hour of
reperfusion. Hypoechoic areas (white arrows in the right panels) correspond to non-perfused
zones as evidenced by contrast-enhanced ultrasound. Such areas were not evidenced by non-
contrast enhanced images (left panels). Asterisks (white in the left panels, black in the right
panels) are close to well-defined, oval areas that correspond to branches of the hepatic veins.

Compared to normal ‘‘wash-in’’ and ‘‘wash- out’” contrast curves that corresponded to areas
of normal perfusion (hyperechoic), delayed ‘‘wash-in’’ contrast curves with small gradients
were recorded from areas with decreased perfusion (delayed and reduced acquisition of
contrast—hypoechoic) and flat contrast curves were recorded from non-perfused areas (no
acquisition of contrast, absence of ‘‘wash-in’’ and ‘wash-out’’—anechoic). The time to peak
was significantly longer in the non-enhanced group of images vs. the enhanced (42 s, range
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1-146 vs. 21 s, range 1-183; p < 0.05). The curve gradient and the area under the curve had
lower values in non-enhanced images compared to enhanced (13, range 2-52 vs. 27, range 3—
79; p < 0.005 and 194, range 7-1,644 vs. 568, range 17-2,432; p < 0.05).

Histology:
Analysis of the biopsies before liver dissection [Fig. 34], after dissection [Fig. 35], after

connection of the liver to the circuit [Fig. 36] and 1h after commencement of the perfusion
[Fig. 37] revealed normal liver parenchymal tissue perfusion with no signs of ischaemia.
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Figure 34. Histological examination of the liver biopsy before dissection showing normal
liver parenchymal tissue; left panel (X40), left panel (X100).
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Figure 35.Histological examination of the liver biopsy immediately after dissection showing
normal liver parenchymal tissue; left panel (X40), left panel (X100).

Figure 36. Histological examination of the liver biopsy 1h after connection showing normal
liver parenchymal tissue; left panel (X40), left panel (X100).
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Figure 37. Histological examination of the liver biopsy 1h after connection showing normal
liver parenchymal tissue; left panel (X40), left panel (X100).
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Biopsies from the perfused and non-perfused areas at 4h confirmed that biopsies collected
from non-enhancing areas corresponded to ischemic zones of the hepatic parenchyma
compared to those from enhancing areas that revealed normal lobules [Fig. 38 & 39].
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Figure 38. Histological samples of the same experiment from perfused (left panel) and non-
perfused (right panel) zones. The normal hepatic lobule in the left panel is substituted by a
pale centrilobular area and peripheral sinusoidal haemorrhages in the right one (20 X).
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Figure 39. Histological samples of liver biopsies from perfused (left panel) and non-perfused
(right panel) zones 4h after perfusion. The normal hepatic lobule (left panel) is substituted by
sinusoidal congestion and karyolytic nuclei (right panel; 100 X)

Discussion:

CEUS has already been used to study postoperative complications following liver
transplantation, such as biliary stenosis and vascular complications (246, 247). | used CEUS
to detect areas of the liver heterogeneously perfused following liver reperfusion. CEUS
agents were evenly enhanced in the whole liver parenchyma when they were injected in the
first hour, but not after 4h. The decreased time to get a peak in the CEUS curve and the lower
peaks achieved (outlined by the maximum gradient and the area under the curve) suggest that
lower amounts of CEUS agents were received by tissues and over longer time periods
compared to enhanced zones. As the function of MBs is mainly to act as intravascular
contrast agents, the cause of the hypoechoic areas is likely due to hypoperfusion. To confirm
the reasons for these differences at 4h, | performed Tru-Cut biopsies under US guidance and
confirmed that the non-enhanced areas corresponded to tissue ischemia.

In contrast to a PET-CT scan, which is an imaging modality that metabolically evaluates the
organ, CEUS at present only enhances the ability of US to detect areas of deficient perfusion,
but does not furnish any information about their metabolism. Bearing this in mind, the
clinical implications of this project’s findings could be important in the future because

93



ischemic areas detected by CEUS could possibly be correlated with other parameters of liver
function. This could give more data to the clinicians in the early postoperative period
following liver transplantation in cases of non-functional grafts, such as livers with initial
poor functions (IPF) or primary non-functions (PNF) (42-45). The use of CEUS could furnish
a simple and non-invasive visual representation of ischemic areas in the early post-
transplant period, opening the way to future studies of correlation with clinical outcomes (i.e.
IPF vs. PNF) and experimental trials of therapies aimed to improve the local circulation (i.e.
splanchnic vasodilators) or the oxygenation (i.e. increasing the inspired amount of oxygen).
CEUS could also be used to follow the response to ad hoc techniques aiming at improving the
perfusion.

Limitations of the study:

Although colour-coded duplex is normally used in this capacity, it was not the case in our
experiments because the CEUS effects can only be exploited with Duplex imaging in large
and medium-sized vessels. However, it would have been useful in this setting to compare its
results with those of the CEUS. The second limitation of the current study is that it was
conducted in an ex vivo translated to the clinical setting. The ischemic areas of the ex vivo
model may simply result from the peculiar circuit perfusion. In fact, normothermic
autologous perfused ex vivo models may deteriorate over time due to worsening acidosis
from the lack of organs with clearance functions (16, 248). In this study, the focus was not to
prove that ischemic areas increased in one experimental setting compared to the other (ex
Vivo vs. in vivo), but that CEUS was able to show them when present. CEUS is not required
to detect visible ischemic zones, such as those noted at the time of reperfusion but its utility
becomes evident when uncovering areas at 4h which seem perfused homogeneously.
Although live animals have more physiologic mechanisms of compensation to the local
microvascular hemodynamic changes than an ex vivo perfused organ, some of these are lost
following transplantation (i.e. autonomous denervation). The use of live animals would
necessarily require a liver transplant and the maintenance of anaesthesia for the first
postoperative hours to scan the animal with the ultrasound probe. Before starting this
experimental set-up, | thought it was appropriate and ethical to test CEUS on an ex vivo
perfused organ first. The third limitation is the contribution of CEUS over non-contrast US in
identifying ischemic areas. While such areas were not clearly identified until contrast agents
were added to the circuit, this improvement shall now be defined more clearly in terms of
objective data. For instance, Haematoxylin—Eosin-stained biopsies obtained from livers using
each modality separately could be compared to evaluate if CEUS is more sensitive than non-
contrast US for identifying areas of ischemia.

Conclusion:

Contrast-enhanced ultrasound is a useful tool for identifying areas of the liver that are
hypoperfused in our ex vivo porcine liver model. The clinical implications are important
because ischaemic areas detected by CEUS could be correlated for the first time with IPF or
PNF, helping in the differential diagnosis of non-functional grafts. However, they could
represent features peculiar to the ex vivo perfusion protocol and not necessarily be present in
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an in vivo setting. Therefore, it is important to compare them with other experimental
methods before testing them in clinical practice.
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Chapter Three
Enhanced Role for Apoptosis in a hepatic ischaemia-reperfusion injury model

Abstract:
Background:

Prior to reperfusion, a variable period of ischaemia occurs in transplanted donor organs
There is growing evidence that apoptosis contributes to the ischaemia-reperfusion injury
conundrum that follows, but its extent has not been precisely quantified. Understanding its
extent and effects can help find ways to mitigate or counteract such an injury in the liver. We
therefore evaluated the extent of apoptosis semi-quantitatively from the expression of
Caspase-3 and M30 in a porcine ex-vivo hepatic ischaemia-reperfusion injury model and
correlated the timing of expression of M30 antibody with that of Caspase-3.

Method:

From the paraffin-embedded samples of the ischaemia-reperfusion injury experiments (see
chapter two, page 48), three biopsies were taken for each of 7 time points (total 21); before
dissection of the liver (BD) of the livers, after dissection (AD), after connection (AC) to the
circuit, at one hour perfused (1hrP) & non-perfused (1hrNP), at 4 hours perfused (4hrP) and
non-perfused (4hrNP). Samples were stained with standard Haematoxylin—Eosin (HE) and
immunohistochemically with Caspase-3 and M30 monoclonal antibodies. Positive cells were
quantified using an ocular grid and expressed as number per square area. Cells positive for
Caspase-3 & M30 antibodies were counted on the whole section. Data were expressed as
median number per square millimetre. Statistical analysis was done using AVOVA and t-test.
A p value of <0.05 was considered significant.

Results:

After four hours of perfusion, multiple areas of perfusion defects appeared macroscopically
in all 3 livers. HE staining confirmed that these non-perfused areas were ischaemic. There
was a gradual increase in Caspase-3 expression over time in all samples. There was no
statistically significant difference in the Capase-3 and M30 between the 9 specimens at 1hrP
(p=0.06) but there was a highly significant difference between Caspase-3 and M30 at 1hrNP
(p=0.001). Caspase-3 expression peaked at 4hrP (p=0.001) and 4hrNP (p=0.03). A similar
pattern was noted with M30 which peaked at 1hrP (p=0.001) and maintained a non-
significant expression at 4hrP (p=0.07) and 4hNP (p=0.1).

Conclusion:

The significant expression of Caspase-3 and M30 confirms that apoptosis plays an important
part in tissue loss in this model of liver ischemia-reperfusion injury. Inhibiting both Caspase-
3 and M30 might be useful in alleviating hepatic reperfusion injury.
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Introduction:

IRI is a relatively common pathological process that follows a range of conditions of the liver
including trauma, resection, transplantation, infections and shock states (249). IRI occurs
when organ ischaemia results in tissue adenosine triphosphate (ATP) depletion which results
in the activation of anaerobic metabolic pathways (250). These do not maintain cellular
function for prolonged periods, and that ultimately leads to cell death. Restoration of blood
flow is necessary to recover cellular function. Paradoxically however, reperfusion can initiate
cascades that cause further cellular damage (251). Necrosis is the major mode of cell death in
IRI, but its occurrence in many other situations such as liver transplantation, haemorrhagic
trauma, tumour resection, and many others suggests that other mechanisms of cell death are
involved. Recent studies have concluded that apoptosis is another mechanism of cell death in
warm and cold hepatic IRI (7). Dramatic progress has been made over the last two decades in
elucidating the intracellular signalling mechanisms of apoptosis (252). In most cells, the pro-
apoptotic mediator binds to its receptor which causes receptor oligomerization and the
association of various adapters (7). However, in hepatocytes, the receptor signal needs to be
amplified through the mitochondria (253) which activates Caspases and initiates apoptotic
nuclear changes (254). The apoptosis pathway is activated by the Caspases which are
synthesised as inactive precursors and activated by specific cleavage at defined aspartate
residues (255).

During IRI, TNF-alpha and various other mediators activate many of the proteins that initiate
the apoptotic cascade. Apoptosis is the highly regulated process of cell death which unlike
necrosis, does not elicit an immune response. It is characterised by distinct morphological
changes. Cell shrinkage is seen where the cytoplasm becomes dense with cellular organelles
tightly packed; followed by the irreversible condensation of chromatin, known as pyknosis,
and nuclear fragmentation. This eventually leads to the immaculate removal of ‘apoptotic
bodies’ through phagocytic engulfment; a process by which tissue homeostasis is maintained.
It also acts as a defence mechanism to damaged cells due to disease or toxins. However,
inappropriate apoptosis can occur in ischaemia, cancer, autoimmune and neurodegenerative
diseases. In the healthy liver, the number of cells destroyed by apoptosis and produced by
mitosis should be equal. However, this balance is altered during liver injury; either by disease
or IRI.

The mechanism of apoptosis is highly complex with various proteins and signalling
molecules involved. Research indicates that there are two main apoptotic pathways: intrinsic
and extrinsic. The extrinsic pathway is initiated by ligand binding to cell surface death
receptors which leads to the formation of the death-inducing signalling complex (DISC). The
intrinsic pathway of Caspase activation is initiated by mitochondrial events such as DNA
damage, growth factor withdrawal, or loss of contact with the extracellular matrix (256).
However, both pathways can influence each other (257).
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Caspases (cysteinyl aspartate-specific protease):

Caspases are a family of aspartate specific cysteine proteases that are synthesized as inactive
zymogens containing a variable length pro-domain followed by a large (20kDa) and a small
(10kDa) subunit. They are the primary mediators in the role of apoptosis and inflammatory
response of a mammalian cell. There are three functional subdivisional groups of the caspase
family, apoptotic initiator caspases (8, 14-16), apoptotic effector caspases (3,6,7) and
caspases involved in inflammatory cytokine activation (1,4,5,11 and 12L/12S) (257).

Apoptotic Caspases are activated by either an extrinsic or an intrinsic stimulus. The extrinsic
pathway is initiated by ligand binding to cell surface death receptors (TNF RI, Fas/CD95,
DR3, TRAIL R1/DR4, TRAIL R2/DR5) causing receptor oligomerization and cleavage of
Pro-capases-8 and -10 which leads to activation of Capase-8 and Capase-10 resulting in
cleavage of BID and downstream effector Caspases. Activation of the intrinsic Caspase
pathway is initiated by changes in a cells homeostatic state by events such as DNA damage,
growth factor withdrawal or loss of contact with the extracellular matrix. These events lead to
changes in the integrity of the mitochondrial membrane that result in the release of pro-
apoptotic proteins including Cytochrome ¢, Smac/Diablo, HtRA2/Omi, Apoptosis-Inducing
Factor (AIF) and Endonuclease G (258).

Initiator Caspases are activated in three distinct protein complexes, the death inducing signal
complex (DISC; Caspase-8 and -10), the apoptosome (Caspase-9) and the PIDDosome
(Caspase-2). The DISC is formed following ligand binding and death receptor
oligomerization. In contrast, Pro-caspase-9 is activated following an intrinsic change to the
cells mitochondrial membrane leading to the release of Cytochrome C. When released into
the cytoplasm, Cytochrome C interacts with APAF-1, recruiting Pro-Caspase-9 by way of its
Caspase recruitment domain (CARD) to form the apoptosome. This formation of the
apoptosome leads to the cleavage and activation of Capase-9 (259).

Bcl-2 Family:

Bcl-2 is a family of proteins that is notable for the regulation of apoptosis at the level of the
mitochondrion. They exhibit their effects on promoting or inhibiting apoptosis by governing
the outer membrane permabilisation. They act upstream of the Caspases. Inhibiting apoptosis
members of Bcl-2 include bcl-2, bel-xL, bfl-1, mcl-1 and Al. Apoptosis promoting members
include bax, bak, bcl-xS, bad, bid, bik and Hrk (260). The family regulates apoptosis in an
on/off (rheostatic) effect. An increase in the pro or inhibitory members over the converse
members will cause the desired effects.

Bcl-2 proteins key function at the mitochondrion is to change the transmembrane potential
and release Caspase activating agents, such as cytochrome C. The main theory is that
activation of the mitochondrial permeability transition pore, by changes in Ca2+ and voltage
leads to changes of voltage-gated channels. This causes changes to the mitochondrial
membrane permeability, and proteins such as cytochrome C are released and become
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involved in downstream mechanisms that activate Caspases (261). Conversely the agents
prohibiting apoptosis prevent the release of such substances to the cytosol (261).

Bcl-2 is a strong regulator in anti-apoptosis mechanisms. For example in breast epithelial
cells, Estrogen stimulation leads to up-regulation of bcl-2 and the resistance to apoptosis
(262). Bax has been shown to act as a tumour suppressor gene. One study has shown that
more than 50% of colon cancers exhibiting the microsatellite mutator phenotype contain
disabling somatic mutations in the Bax gene (263).

Cytokeratin 18 (CK18):

This is a filament protein (a substrate of Caspase) during hepatocellular apoptosis, and is
subsequently released into the circulation. Identifying levels of CK18 can be used as a non-
invasive method to quantify liver damage. Essentially, it can be used as a biomarker of
apoptosis in liver disease or damage. During the apoptotic cascade, CK18, once cleaved by
Caspase 3, exposes a specific epitope, not usually identified on normal CK18 cells. This
epitope is not seen in cells dying by necrosis (264).

Caspase-3:

Caspase 3 is a protein and signalling molecule encoded by the CASP3 gene on the q arm of
chromosome 4. It is activated by both the intrinsic and extrinsic pathways of apoptosis.
Known as the ‘executioner’, it co-ordinates the destruction of cellular structures, in particular
DNA fragmentation. Poly ADP ribose polymerase (PARP) is a nuclear protein that functions
in DNA duplication, recombination, repair, regulation and control of cell cycle, cell
differentiation, and cellular apoptosis (255). Activation of Caspase-3 requires cleavage of its
zymogen into two segments. Following activation it participates in activating PARP, thus
inducing cellular morphological changes and DNA degradation. The activity of Caspase-3 is
also regulated by other apoptosis regulating and controlling factors, such as p53, bcl-2, and
bax (251).

M30:

This is a monoclonal antibody that is a major intermediate filament protein in the liver. It
detects an epitope on CK18. More recently the detection of M30 has been used as an
indicator of the apoptotic process as it is easily detected in the plasma (265).

It has been noted that high levels of M30 is associated with severe inflammation and tissue
damage, especially for liver diseases, particularly steatohepatitis. Raised levels of M30 have
also been detected in patients diagnosed with cholestasis or cholangitis; indicating the
occurrence of apoptosis (266).
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One study showed that levels of M30 and other apoptotic proteins were significantly raised in
patients with acute liver failure (ALF) in comparison to patients with chronic liver disease or
healthy controls. It also showed that levels of M30 correlated with severity of liver damage,
with the highest noted in patients in coma stage of ALF (113).

Various studies have been conducted to assess apoptosis in IRl by measuring levels of CK18
and M30 using antibody assays. The majority of hepatocellular damage is shown to occur in
the acute phase of IR. A study by Sasaki et al (236) showed that high levels of M30 were
seen 3-4 hours after IR indicating commencement of apoptosis. After 24 hours M30 levels
were undetectable. However a study conducted by Topaloglu, et al (265) showed that levels
of M30 had significantly decreased but was not entirely undetectable.

A study assessed levels of CK18 during IR of mice liver showed that CK18 levels did not
change during both ischaemia and reperfusion, except for 3 hours post reperfusion, where
levels had increased 3-fold. In comparison levels of FK18, a biomarker for necrosis, had
increased more than 200-fold. This study suggested that the vast majority of damage during
IRI is due to necrosis rather than apoptosis (237).

Herein, | explored the expression of Caspase-3 antibody in IRI to assess the role of apoptosis
in in IRI. | also used the monoclonal M30 antibody that recognizes a Caspase-generated
Cytokeratin-18 neoantigen, and studied its correlation with Caspase-3 in a time-dependent
manner.

Method:

Tissue samples:

The experiments were performed on the tissue samples taken from the paraffin-embedded
sections of the ischaemia-reperfusion injury experiments (see chapter two, page 48). Three
biopsies were taken for each of 7 time points (total 21); before dissection of the liver (BD) of
the livers, after dissection (AD), after connection (AC) to the circuit, at one hour perfused
(1hrP) & non-perfused (1hrNP), at 4 hours perfused (4hrP) and non-perfused (4hrNP) [Fig.
40].
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Figure 40. Paraffin-embeded section. (BD=Before Dissection, AD=After Dissection, AC=After Connection,1hrP=1 hour Perfused, 1hrNP=1
hour Non-Perfused, 4hrP=4 hour Perfused, 4hrNP=4hour Non-Perfused)
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Antigen retrieval:

In order to retrieve the antigens, the specimens were cut onto Vectabond slides, left to dry at 37°C
overnight and heated for 10 minutes at 65°C. They were then deparaffinised using xylene,
rehydrated using graded alcohols (99% then 95% Industrial Methylated Spirits “IMS”) and then
rinsed with tap water for five minutes. The slides were placed on a slide rack in a plastic dish, which
was then topped up with 10mM Sodium Citrate (pH 6.0). The dish was microwaved at 80% power for
20 minutes and left to cool in the buffer at room temperature.

Immunohistochemistry assays:

Immunohistochemistry for apoptosis was performed using Cleaved Caspase-3 “Asp 1757,
(New England Biolabs) as the primary antibodies: and M30 (CytoDeath. Bioaxxess) utilising
NovoLink Polymer Detection System (Leica Microsystems. RE7140-CE). The slides were
washed with a buffering Blocking Solution - (TBS/3%BSA/0.1% Triton-X-100) which acted
as the primary antibody diluent. The endogenous peroxidase was neutralised by using
Peroxidase Block for 5 minutes. The slides were washed in alternate cycles using TBS for 2 x
5 minutes. After each washing cycle, the following was done in this order: the slides were
incubated with Protein Block for 5 minutes, incubated with optimally diluted primary
antibody, second incubation with Post Primary Block for 30 minutes, third incubation with
NovoLink Polymer for 30 minutes and finally developed peroxidase activity with DAB
working solution for 5 minutes. The slides were then washed in tap water for another 5
minutes and counterstained using Mayer’s Haematoxylin for 30 seconds. A final wash with
tap water for 5 minutes before dehydration with air and mounted in DPX. The identification
of apoptotic cells was confirmed when there was evidence of Caspase-3 and M30 positivity

Quantitative apoptotic index:

The apoptotic index was expressed as the ratio of the number of hepatic cells with Caspase-3
and M30 positivity out of the total number of nucleated cells in each field (magnification,
x40) calculated after counting 5 random microscopic fields for each time point with a 19mm
Whipple grid graticule lens (Pyser-SGI LTD) [Fig. 41]. In each field, 100 squares were
evaluated for the presence of apoptotic cells. Activated Caspase-3 hepatocytes positive for
DNA fragmentation [Fig. 42] and for cytoplasmic activity for M30 [Fig. 43] were counted on
the whole sections. The mean counts were expressed as a percentage of the total number of
non-apoptotic cells counted in each field.
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Figure 41. The 19mm Whipple grid graticule lens (Pyser-SGI LTD)

Figure 42. An example of Caspase-3 expression
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Figure 43. An example of M30 expression in hepatocytes ranging from weak (A),
intermediate (B) to strong (C) reactions (original magnification x50).

Microscopic examination:

Caspase-3 expression:

Caspase-3 maintained the same expression BD & AD, dipped AC then gradually increased
after perfusion in the Perfused and non-perfused areas [Fig. 44].

M30 expression:

There was not much evidence of M30 BD. It slightly increased AD, dipped AC, but peaked at
1hrP. Its expression was less in the 1hrNP and at 4hrP and 4hrNP [Fig. 44].
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Figure 44. A comparison between the expression of Caspase-3 (upper panel) & M30 (lower panel) “white arrows” at each point in time
(BD=Before Dissection, AD=After Dissection, AC=After Connection,lhrP=1 hour Perfused, 1hrNP=1 hour Non-Perfused, 4hrP=4 hour
Perfused, 4hrNP=4hour Non-Perfused). (Original magnification x 50)
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Statistical Analysis:
Median values of the different groups were compared by ANOVA and linear correlation
tests.

Caspase-3 expression:

There was a gradual increase in Caspase-3 expression in all samples. The difference was non-
significant at 1hrP (p=0.06) and a highly significant at 1hrNP (p=0.001), then it peaked at
4hrP (p=0.001) and 4hrNP (p=0.03) [Fig. 45].

M30 expression:

A similar pattern to Caspase-3 expression was noticed with M30 which peaked at 1hrP
(p=0.001) and maintained a non-significant expression at 4hrP (p=0.07) and 4hNP (p=0.1).
The overall difference among the groups along the time scale was significant (p=0.01) [Fig.
45].
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Figure 45. Expression of Caspase-3 & M30 in the liver biopsies at each time point (BD = Before Dissection, AD = After Dissection, AC = After
Connection, 1hrP =1 hour Perfused, 1hrNP = 1 hour Non-Perfused, 4hrP = 4 hour Perfused, 4hrNP = 4 hour Non-Perfused).




Discussion:

Its dual blood supply makes the liver uniquely suitable for IRl modelling. The complex
conundrum of IRI in the liver appears to involve cellular mediators, reactive oxygen species,
the compliment system, cytokines and other secreted factors. It has been postulated that much
of the damage in IRI was due to necrosis (7). However there is growing evidence that
apoptosis also contributes to the damage since blocking necrosis does not completely stop the
damage from IRI (7).

None of the proxy methods currently used to infer apoptosis or its extent is considered to be
valid. For example, serum parameters such as ALT, AST and LDH do not reflect the scale of
IRI tissue injury as they have to be monitored before and after perfusion (267). Although HE
staining demonstrates Councilman bodies which are the end result of apoptosis, it does not
reflect the number of events in this mode of cell death. The terminal deoxynucleotidyl
transferase—mediated deoxyuridine triphosphate nick-end labelling (TUNEL) assay is no
different from the first two methods. It is not reliable as it has been shown to be non-specific.
It requires highly standardized procedures and it does not differentiate between apoptotic and
necrotic cells (264, 268).

The exploration of different modes of cell death can help open new venues for therapeutic
targeting of IRI. Jaeschke, et al (7) propose the theory of necroapoptosis in which common
pathways lead to both necrosis and apoptosis. This is due to the mitochondrial permeability
transition, whereby ATP depletion leads to cell membrane failure and necrosis while partial
ATP preservation allows the mitochondria to release Caspases which lead to apoptosis.
Therefore in this theory, necrosis and apoptosis could be thought of as leading to the ends of
a spectrum depending on the ATP depletion. Accordingly if the start of this common pathway
could be found then both necrosis and apoptosis could be reduced during liver IRI.

In this study, | have demonstrated the correlation between Caspase-3 and M30 antibodies in
IRI-associated apoptosis, showing a statistically significant gradual increase in Caspase-3
expression, However M30 showed a statistical significant increase after the first hour. Those
results show that apoptosis as well as necrosis had a significant role to play in liver IRI.
Therefore to stop the injury from IRI then one would need to stop both the pathways of
necrosis and apoptosis.

Limitations of the study:

Ex-vivo models like this one are limited by a 6-hour run time in contrast to in-vivo models
such as that of Sun, et al (269) and Tsung, et al (270) who could extend their experiment to
measure late effects for up to 24hrs after reperfusion. Secondly, the accuracy of the apoptotic
index depends on the identification of apoptotic cells which can be magnification dependent,
as Shining, et al (271) point out. To reduce such counting errors we used the recommended
high-power (x40) lens. Finally, because the duration of morphologically detectable stage of
apoptosis may vary, apoptotic index does not always correlate well with an actual "death
index™ (272).

108



Conclusion:

In this model, apoptosis plays a significant role in liver IRI. However, further research is
needed to validate this both ex-vivo and in-vivo to confirm our findings and thus pave the
way for work to find a suitable apoptosis-based therapeutic target. This could have wide
ranging implications and application in liver trauma, sepsis, resection and transplantation.
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Chapter Four

Contrast-enhanced ultrasound provides better evaluation of microwave ablations in an
ex vivo perfused porcine liver model

Abstract:

Background:
Microwave ablation (MWA) under different imaging guidance is a new technique for treating

liver malignancies.

Aims:
To investigate the use of contrast-enhanced ultrasound (CEUS) in the assessment of the
ablation zone in an ex vivo perfused porcine liver model.

Material and methods:

MWA ablations with different powers (50W, 70W, 90W) were created in five perfused
porcine livers. Dimensions of the ablations were measured on morphology, grey-scale US
and CEUS. Biopsies from the ablated areas were taken for histology. ANOVA test was used
for analysing data.

Results:

There was better demarcation of the lesion border on CEUS when compared with Grey-scale
US. There was a significant difference (p < 0.0001) in the long axis of the ablation among
morphology, grey-scale US and CEUS, and a significant difference in the lesion size between
powers (p = 0.0064). There was no difference in the short-axis, but a significant difference in
the lesion size between powers (p = 0.0306). A significant difference in the width of the
transitional zone (TZ) was noticed between powers 50W and 90W (p = 0.015).

Conclusion:

CEUS shows better demarcation of the ablated zone when compared with grey-scale-US, a
finding that could provide guidance in the assessment of the ablation zone during treatment.
CEUS does not show superiority over morphology or grey-scale US in reflecting the actual
size of the lesion. Histology remains the only method to provide the exact measurements of
the transitional zone width when compared with morphology. Further research is required
confirm these results.

Introduction:

Different in vivo and ex vivo experimental and clinical studies have been performed to
evaluate the relation between power, type of probe and ablation size on morphology,
histology, and radiology. In their review article, Gravante et al (55) concluded that the correct
use of MWA with technical improvement in the equipment could achieve a large ablation
size with a high rate of complete tumour destruction. That conclusion was also confirmed by
four more studies (43, 273-275). Other experiments assessed ablation lesions on morphology,
histology and imaging. Matsukawa, et al (276) compared the created MWA lesions in 12
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cadaveric porcine livers and 9 live rabbit livers on histology and grey-scale US. They found
that the hyperechoic areas measured with grey-scale US were significantly larger than the
actual necrotic areas (p < 0.01) on histology, probably due to air bubbles which developed
within the tissue. Correlation between histology and MRI intensity signal (low in the central
necrotic zone, a high in the intermediate zone and an isointensity in the outer zone) was
demonstrated in other studies (277, 278). CT showed a hypodense necrotic ablated lesion
with no enhancement with contrast (275, 277, 279). Lesion evaluation with these methods has
few practical and logistical issues such as efficiency of the imaging technique, exposure to
radiation, cost, time, experimenting on live animals and the need for a well-trained
radiographer or surgeon with enough knowledge to assess targeted lesion during or after
treatment (244, 280).

Material and Methods:

Liver Procurement:
Five white were used for this study and liver procurement was done as described on page-54.

Circuit preparation: as described on page 79.

Perfusion: as described on page 79.

Microwave ablation:

In each liver, MWA lesions were created one hour after liver perfusion to make sure all
physiological parameters have settled. The microwaves were generated by a Microsulis
Tissue Ablation Sulis TMV Generator (Microsulis Ltd., Denmead, Hampshire, UK) at a
frequency 2.45 GHz [Fig. 46] and delivered via the Accu5i applicator (Microsulis Ltd.,
Denmead, Hampshire, UK) which has a shaft diameter of (9mm) and a biocompatible non-
stick coating [Fig. 47]. The applicator was inserted to 2cm beneath the surface of the liver in
all applications to achieve a consistent shape throughout the study. Nine lesions were created
at three different powers (50W, 70W and 90W), (3 lesions for every power) for a two-
minutes time duration for each lesion [Fig. 48].
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Figure 46. Microsulis Tissue Ablation Sulis TMV Generator (Microsulis Ltd., Denmead,
Hampshire, UK)




Figure 47. Accu5i antenna (Microsulis Ltd., Denmead, Hampshire, UK)
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Figure 48. An example of the created microwave ablation in the porcine liver (white arrow)

Liver scanning:

Baseline liver images were taken without CA [Fig. 49] and with CA [Fig. 50]. After MWA,
the liver was again scanned without CA [Fig. 51] and with CA [Fig. 52]. All images and cine
loops were saved on a LOGIQ 9 US machine (GE Healthcare, Chalfont St Giles, UK) [Fig.
53]. The CA (Sonovue, Bracco, Milano, Italy) consisted of phospholipid-stabilized MBs
containing Sulphur Hexafluoride gas with a diameter of less than 8 um (mean 2.5 um)
reconstituted with 5ml of 0.9 % normal saline solution [Fig. 54]. The MBs were injected in
the hepatic artery (HA) valve followed by 5ml normal saline wash.
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LIVER TISSUE BASELINE

Figure 49. Baseline grey-scale ultrasound image of the liver without contrast agents
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Figure 50. Baseline grey-scale ultrasound image of the liver with contrast agents
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Figure 51. Baseline grey-scale ultrasound image of the microwave ablation without contrast
agents. Notice the changes in the lesion appearance with time (white arrows).
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Figure 52. The appearance of the same microwave ablation lesion with contrast agents.
Coronal plane (upper panel) and transverse plane (lower panel). Notice the probe insertion
site (white arrows) and the necrotic tissue around it (white triangles).
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Figure 53. Logiq E9 ultrasound machine ((GE Healthcare, Chalfont St Giles, UK)
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Figure 54. Sonovue microbubbles (Sonovue, Bracco, Milano, Italy)

Quantification of MBs in the ablated zone:

The US machine was equipped with a specific contrast software to create ‘‘wash-in’’/*‘wash-
out’ curves, a measure of the contrast acquisition and removal in a particular scanned area,
evidenced during the imaging acquisition and processing. The software provided real-time
images with and without the presence of contrast, and the intensity of the acoustic signal was
assessed on the video recording extracted every 5s following injection. Standardized 12- to
18-mm regions of interest were chosen for analysis from hyperechoic, hypoechoic, and
anechoic areas. The parameters which were evaluated from the time—intensity curves
included ‘‘time to peak’’ (time elapsed from the start of the scan to the maximum intensity of
the medium contrast in a defined region, evaluating how quickly the medium contrast peaks
in that region), ‘‘maximum gradient’” (maximum difference between the lowest and highest
values recorded of the medium contrast intensity from the start to the end of the scan,
evaluating the net increase of contrast reaching that region), and the ‘‘area under the curve”’
(the area under the actual time—intensity curve of the medium contrast, a measure of the total
amount of contrast reaching the area over the scan).
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Lesion analysis:

The lesions were sliced and the dimensions (long-axis and short-axis) of the whole lesions
were measured on morphology [Fig. 55], grey-scale US [Fig. 56A] and CEUS [Fig. 56B] and
then compared. Wedge biopsies were taken from the lesion for histology. All biopsies were
saved in Formalin and then assessed with Haematoxylin-Eosin (HE) stain. All data were
entered into an Excel database. Numerical data reported as mean (M) +/_ standard deviation
(SD). Analysis of data was performed with ANOVA test. A (P value of <0.05) was
considered significant.

Figure 55. Measurements of a lesion dimensions on morphology
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Figure 56 A & B. An example of the measurement of a lesion dimensions on grey-scale
ultrasound (A) and CEUS (B)
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Results:

Grey-scale US:

All baseline images showed homogenous enhancement of liver tissue. The ablations were
reported as one hypoechoic area compared to the normal isoechoic surrounding liver
parenchyma [Fig. 57 A, B & C “left panel”].

Figure 57. An example of the hypoechoic lesions with different powers on grey-scale
ultrasound (left panel) and with CEUS (right). Notice the enhancement of the probe insertion
site with MBs (white arrow)

For powers 50W, 70W and 90W, the mean values for the long-axis dimensions were (25.8
+/_1mm), (28.9 +/_2.8mm), (34.6 +/_ 2mm) respectively, and for the short-axis were (25.2
+/_ 0.8mm), (28.1 +/_ 2.2mm), (26.3 +/_ 2.7mm) respectively. There was a significant
difference in the long-axis between power 50W and 90W (p=0.05) [Fig. 58]. There was no
difference in the short axis among the powers [Fig. 59].
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Figure 58. Comparison of the lesion long-axis on grey-scale ultrasound among the three
different powers showing the significant difference between power 50W and 90W, p = 0.05
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Figure 59. Comparison of the lesion short axis on grey-scale ultrasound showing no
differences.
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CEUS:

All baseline images showed homogenous enhancement of the liver tissue with MBs. The
ablations were reported as anechoic with well-demarcated borders separating them from the
contrast-enhanced liver parenchyma in the arterial and venous phase [Fig. 57 A, B & C “right
panel”]. The ablated areas did not show any contrast in them apart from the probe insertion
site. The long-axis mean values for powers 50W, 70W and 90W were (26.2 +/_ 1.1mm),
(30.7 +/_ 2.2mm), (44 +/_ 4mm), and for the short-axis were (27.9 +/_ 06mm), (30.8 +/_
1.6mm), (31.5 +/_ 1.8mm), respectively. There was a significant difference in the long-axis
between powers 70W and 90W (p=0.015) and a highly significant difference in the long-axis
between powers 50W and 90W (p=0.001) [Fig. 60]. There was no difference in the short-axis
dimensions among the three powers [Fig. 61].
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Figure 60. Comparison of the lesion long axis among the three different powers on CEUS
showing significant difference between power 70W and 90W (p = 0.015), and between power
50W and 90W (p = 0.0015).
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Figure 61. Comparison of the lesion short axis among the three different powers on CEUS
showing no differences

Histology:

Gross morphology:

Each lesion consisted of three zones; central charring “black”™ around the probe insertion site,
surrounded by a white pale zone, and then a red-purple perinecrotic zone separating it from
the normal looking liver tissue. The zones were all spherical in shape [Fig. 62].
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Figure 62. A microwave ablation lesion sample showing the different zones; probe insertion
site (a), necrotic zone (b), perinecrotic zone (c) and normal liver tissue (d).

The whole diameter of the lesion was taken including all zones. The long-axis mean values
for power 50W, 70W and 90W were (31.7 +/- 3.1mm), (35.18 +/_ 1.1mm), (43.3 +/_ 3.3mm)
respectively, and for the short axis were (28.9 +/_ 1.6mm), (30.3 +/_ 2.3mm), (32.18
+/_2.1mm), respectively. There was a significant difference in the long-axis diameter
between power 50W and 90W (p=0.034) [Fig. 63], but no difference in the short axis
diameter [Fig. 64]. The mean values for the perinecrotic zones were (2.3 +/_ 0.09m), (2.9
+/_0.2mm), (2.9 +/_0.3mm) respectively, with no difference [Fig. 65].
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Figure 63. Comparison of the lesion long-axis on morphology among the three powers
showing a significant difference between power 50W and 90W (p=0.034)
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Figure 64. Comparison of the lesion short-axis on morphology among the three different
powers showing no difference
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Figure 65. Comparison of the transitional (perinecrotic zone) on morphology among the
three different powers showing no difference

Microscopy:

Thermal damage was shown around the probe insertion site with signs of central coagulative
necrosis with unrecognizable cell boundaries and collapsed collagen fibres consistent with
the white zone [Fig. 66].
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Figure 66. Histological examination of the ablated zone showing central coagulative necrosis
(A1) with unrecognizable cell boundaries and collapsed collagen fibres (X 40). Transitional
zone (A2)

This zone was surrounded by a transitional zone with signs of vacuolation of hepatocytes,
sinusoidal dilatation and haemorrhagic extravasation of red blood cells from the sinusoids
into the liver parenchyma, consistent with the red-purple perinecrotic zone on macroscopy
[Fig. 67].
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Figure 67. Histological examination of the transitional zone showing vacuolation of
hepatocytes, sinusoidal dilatation and haemorrhagic extravasation of red blood cells from the
sinusoids into the liver parenchyma (X 100)

The mean values for the transitional zone width for powers 50W, 70W and 90W were (0.4
+/_ 0.02mm), (0.5 +/_ 0.06mm), (0.6 +/_ 0.02mm), respectively. There was a significant
difference in the dimensions between powers 50W and 90W (p = 0.015) [Fig.68].
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Figure 68. Comparison of the transitional zone width on histology among the three different
powers a significant difference in the dimensions between powers 50W and 90W (P = 0.015).

Data comparison:

There was a significant difference between the long axis of the ablations on morphology,
grey-scale US and CEUS (p < 0.0001). There was also a significant difference in the lesion
size between powers (p < 0.0064) [Fig. 69]. There was no difference in the short-axis for the
ablations on morphology, grey-scale US and CEUS, but there was a significant difference in
the lesion size between powers (p < 0.0306) [Fig. 70].
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Figure 69. Data analysis (ANOVA test) showing the correlation in the long-axis of the lesion
between morphology, grey-scale US and CEUS showing a significant difference (p < 0.0001)
and a significant difference in the lesion size among powers (p < 0.0064).
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Figure 70. Data analysis (ANOVA test) showing the correlation in the short-axis of the
lesion between morphology, grey-scale US and CEUS showing no difference. There is a
significant difference in the lesion size among the powers (p < 0.0306).

Quantification of the MBs in the ablated area:

The whole ablated areas (centre and periphery) did not show signs of enhancement with MBs
during the “Wash in” and “Wash out” phases and all curves were flat, corresponding to the
central necrotic and perinecrotic zones (due to stasis), while the healthy perfused liver tissue
around the ablations showed homogeneous enhancement [Fig. 71].
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Figure 71. An example of the quantification of the MBs in the ablated area showing different
time—intensity curves. The flat (orange, green and purple) curves correspond to the necrotic
area with no perfusion. The (yellow, blue and red) curves correspond to the perfused normal
liver tissue during “Wash in” and “Wash out” The coloured circles in the left upper panel
represent the regions of interest (12-18 mm) where data were sampled during the contrast
administration (colour figure online).

Discussion:

Due to its flexible approach (laparoscopic, percutaneous, with open surgery), MWA has
become of the new trends for treating liver cancer (38, 281, 282). Its advantages over other
thermal ablative techniques include higher intratumoural temperatures, faster ablation times,
improved heating of cystic lesions, less procedural pain as it does not require the placement
of grounding pads, and is less susceptible to heat sink which means consistency in the size
and the shape of the ablated zone (40, 43, 275).

These advantages have made MWA a useful technique for treating primary liver cancer and
secondary metastases. Primary liver cancer is the sixth cancer worldwide with hepatocellular
carcinoma (HCC) accounting for 70%-90% of the total incidence (283, 284). MWA can be
performed under CT, MRI or US guidance. US-guided MWA is more convenient as it allows
scanning body in different positions, does not involve radiation and is less costly (30, 35, 59).
On the other hand, US does not always show tumour target because of its texture or even
differentiate residual tumour from the treated area after ablation (48, 285, 286). The
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recommended guideline of ablation is to destroy cancerous lesions with a normal tissue
circumferential safety margin of 5mm to 10mm to make sure that the whole lesion is treated
(45, 287). After thermal ablation of a tumour, a hyperaemic rim appears which surrounds the
ablated area (46, 47). The rim is not visible on grey-scale US, but contrast CT, MRI and
CEUS show this rim as uniform, homogeneous, larger than the initial lesion in benign
tumours, and irregular, with a size similar to the initial cancerous lesion if the ablation is not
complete (45, 48). Irregular borders mean that residual cancer might still exists as some
cancer cells escape heat causing local recurrence. By definition, residual tumour is the
hyperenhanced area in the ablated area in the arterial phase, with portal and late wash-out
(48). This means multiple reinsertions of the probe may be required to achieve complete
destruction of the lesion, prolonging operation time, risking exposure to radiation or even
causing unnecessary damage to normal tissues around the lesion (288). Grey-scale US lacks
the capability of showing targets clearly during treatment because of the generated steam
from the ablation which obscures the view (126, 287). The steam creates a problem with
differentiating healthy from necrotic tissue “especially in patients with borderline liver
volume and function”, identifying lesions in difficult anatomic positions which can only be
treated with a probe, or even inserting the probe for overlapping burns (43, 45, 287).

CEUS allows imaging of liver tissues in real-time (arterial phase, venous phase and
parenchymal phase) (45, 286). It also guides viable tissue, avoids necrotic areas, evaluates the
therapeutic effect immediately post-procedure, and possible reintervention in case of partial
response (48). In their study on 25 patients who underwent ablation of hepatic tumours,
Andreano and colleagues (46) suggested including the enhanced peripheral rim to achieve
complete ablation of tumours. They assessed the lesions with CEUS and found a highly
significant difference (p<0.0001) in the lesion size before and during the arterial phase of
contrast enhancement. Meloni, et al (45) assessed the diagnostic accuracy of CEUS
immediately after ablation, after 24-h, and compared it with the diagnostic accuracy of CT
after 24-h and then with both imaging methods after 3 months. They evaluated 55 tumours in
the liver (37 treated with RFA and 18 with MWA) in 53 patients and concluded that the
immediate postprocedural CEUS was comparable to 24-h CEUS and CT in terms of detecting
residual disease. In a pilot study on twenty one patients with known hepatic lesions, contrast-
enhanced intraoperative ultrasound (CE-IOUS) detected additional 4 lesions and helped
change management in three patients (280).

In this study, although CEUS did show better demarcation of the lesions in the images when
compared with grey-scale ultrasound, when ANOVA test was performed, there was a
significant difference in the long-axis among morphology, grey-ultrasound, and CEUS. The
same test did not show a significant difference in the short-axis when all evaluation
modalities were compared. These results suggest that CEUS in this study is not superior to
grey-scale US or morphology in the assessment of the lesion size. A possible explanation for
that could be the small sample size. Lesion dimensions did increase with increasing powers,
but this not a new discovery, and the results match what has been published by other
investigators.
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Microscopic examination of the lesion did show an increase in in the width of the transitional
zone with increasing power. The results did not correlate with the width of the perinecrotic
red zone on morphology. This means that histology is the only way to properly evaluate the
transitional zone, while morphology failed to do so because of the inflammation which masks
the picture. This was also obvious with the CEUS which showed a central hypoechoic zone
surrounded by the enhanced liver with normal blood flow. The perinecrotic zone was not
visible due to stasis which is caused by the inflammatory process.

Limitations of the study:

There were some limitations to the study. First: the small number of experiments. Second: the
short life span for the ex vivo model which could be kept live for a maximum of six hours
only in order to achieve convincing results. Third: evaluation of benign tissue ablation only
as there was no cancer involved. Fourth: the absence of other interacting organs which have
an important effect on liver physiology which influences data.

Conclusion:

My results match the previous studies which showed similar correlation between power and
lesion size, and histological characteristics of the ablated zones. There is better demarcation
of the ablated zone border with CEUS when compared with grey-scale US, an advantage that
could be very useful if it was to be implemented in clinical practice to immediately aid lesion
evaluation post MWA therapy. On the other hand, CEUS does not reflect the actual size of
the lesion when compared with grey-scale US or morphology. Furthermore, histology
remains the only way to reflect the exact width of the transitional zone. Further similar
studies are still required to confirm and support our findings.
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Chapter Five

Increasing Microwave ablative power enhances Apoptosis Expression in an ex-vivo liver
perfusion model

Abstract:
Background:

Apoptosis or programmed cell death has been shown to occur as a delayed or indirect cellular
response to microwave ablation of tumour and may help eradicate cancer cells that survive
the applied heat. However, the extent of its expression in relation to the power applied is yet
to be defined. I therefore investigated whether the ablation power used made any difference
to the expression of apoptosis in the ablated and normal tissue in a porcine liver perfusion
model.

Method:

Biopsies were taken from the MWA lesions created with 50W, 70W and 90W in chapter five
experiments (see page 107) and assessed with Haematoxilin-Eosin (HE) and
immunohistochemically with Caspase 3 and M30 for apoptosis in each of three zones: a
central necrotic zone (“CNZ”) in the path of the microwave, a penumbra transitional zone
(“TZ”) around this and a surrounding zone of normal tissue (“NZ”). Statistical analysis was
performed using AVOVA and t-test to detect differences in the expression of apoptosis in
these zones.

Results:

None of the CNZ showed expression of Caspase-3. In the TZ, there was significant difference
between 50W and 90W (p=0.009), but not between 50W and 70W (p=0.8) or between 70W
and 90W (p=0.4). In the NZ, a highly significant difference was also noted between 50W and
90W (p=0.003), a significant difference between 50W and 70W (p=0.01), but not between
70W and 90W (p=0.06). For M30, no expression of M30 was noted in CNZ while in TZ,
significant difference was noted between 50W and 90W (p=0.02). In the NZ, there were no
significant differences in the expression of M30 between 50W and 70W (p=0.4) or between
70W and 90W (p=0.07).

Conclusion:

Increasing the power delivered enhances apoptosis in the transition zones of microwave-
ablated areas in this model. This biological response may help in eradicating cancer cells that
escape the heat in the ablated zones in the clinical setting.

Introduction:

Minimally invasive ablative modalities for in-situ treatment of early-stage tumours have been
of increasing clinical interest recently. These modalities include ethanol ablation,
cryoablation, laser ablation, focussed ultrasound (FUS), Radiofrequency and more recently,
microwave ablation (MWA) (55). MWA occurs at characteristic frequencies of between
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300MHz and 300GHz, which lies between radio and infrared bands on the electromagnetic
spectrum. Clinically, a given thermoablative energy dose is delivered to a target, usually a
tumour, under US or CT guidance (278). The energy in MWA alternates the polar electric
charge in water molecules (H20) in the tissues, causing agitation of, and thereby friction
between the molecules to generate heat. The frequency with which the charge in the H20
molecules alternates depends on the frequency of microwave energy used, but is of the order
of 2-5 x 109 times per second (23). The supraphysiological temperature rise in the
surrounding tissues leads to changes at a molecular, cellular and macro-histological level,
resulting initially in a coagulative necrosis of tissues in the immediate path of the ablative
energy. This necrotic zone is separated from the normal tissue by a transition zone where a
delayed and indirect apoptotic response of a variable degree occurs. This response is of
potential therapeutic and prognostic interest in the elimination of neoplastic cells and
prevention of tumour recurrence (289).

At the time of this study, published in-vivo and ex-vivo work on MWA has focused on
characterising its tumour ablation potential and ability to cause cell necrosis in relation to
changes in the wavelength of the microwave energy used. Wei, et al (290) compared the
necrotic effects of wavelengths of 915MHz and 2.45GHz, energy application time and power
used in watts, of between 45W to 60W, and 60W to 180W. The aim of my study was to find
out if the degree of apoptosis correlated with the applied MWA power in a porcine liver
perfusion model to provide a basis for further studies in animal tumour model. To my
knowledge, no similar experiments have been published in the literature

Method:

Specimens:
Control biopsies were collected from the paraffin-embedded sections from chapter five

experiments (seven biopsies for each power; 50W, 70W & 90W, total=21) [Fig. 72].
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Figure-72. Paraffin-embedded sections from ablated areas with different powers (seven sections for each power; 50W, 70W & 90W, total=21)

141



Antigen retrieval:

The specimens were cut onto Vectabond slides, Dried at 37°C overnight and were then
heated at 65C for 10 minutes, deparaffinised through xylene, rehydrated through graded
alcohols (99% Industrial Methylated Spirits “IMS” and 95% IMS) and then rinsed in tap
water for five minutes. The slides were then placed in a plastic slide rack, in a plastic dish
which was then topped with 10mM Sodium Citrate (pH 6.0). The dish was then microwaved
at 80% power for 20 minutes and was then left to cool slowly in the buffer at room
temperature.

Immunohistochemistry assays:

Immunohistochemistry for apoptosis was conducted with the primary antibodies (Cleaved
Caspase-3 “Asp 1757, New England Biolabs) and (M30 CytoDeath. Bioaxxess) using the
(NovoLink Polymer Detection System), Leica Microsystems. RE7140-CE. The slides were
washed with buffer (Blocking Solution - TBS/3%BSA/0.1% Triton-X-100) as a primary
antibody diluent. Neutralisation of the endogenous peroxidase was done by using Peroxidase
Block for 5 minutes. The slides were then washed in TBS for 2 x 5 minutes, incubated with
Protein Block for 5 minutes, washed in TBS for 2 x 5 minutes and were then incubated with
optimally diluted primary antibody, then washed in TBS for 2 x 5 minutes, incubated with
Post Primary Block for 30 minutes, washed again in TBS for 2 x 5 minutes and incubated
with NovoLink Polymer for 30 minutes, washed in TBS for 2 x 5 minutes and developed
peroxidase activity with DAB working solution for 5 minutes. The slides were then washed
in tap water for 5 minutes and counterstaining with Mayer’s Haematoxylin was done for 30
seconds. Finally, the slides were washed in tap water for 5 minutes and were then dehydrated
and mounted in DPX. Apoptotic cells were identified when there was evidence of Caspase-3
and M30 positivity.

Quantitative apoptotic index:

The apoptotic index was expressed as the ratio of the number of hepatic cells with Caspase-3
and M30 positivity out of the total number of nucleated cells in each field (magnification,
x40) calculated after counting 5 random microscopic fields for each time point with a 19mm
Whipple grid graticule lens (Pyser-SGI LTD) [Fig. 33]. In each field, 100 squares were
evaluated for the presence of apoptotic cells. Activated Caspase-3 hepatocytes positive for
DNA fragmentation [Fig. 34] and for cytoplasmic activity for M30 [Fig. 35] were counted on
the whole sections. The mean counts were expressed as a percentage of the total number of
non-apoptotic cells counted in each field.

Results:

Microscopic examination:

Haematoxylin-Eosin staining:

Signs of central coagulative necrosis with unrecognizable cell boundaries and collapsed
collagen fibres were seen in the CNZ, surrounded by a transitional zone (TZ) with signs of
vacuolation of hepatocytes, sinusoidal dilatation and haemorrhagic extravasation of red blood
cells from the sinusoids into the liver parenchyma [Fig. 73].
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Figure 73. Haematoxylin-Eosin examination of the ablated zone with different powers
showing coagulative necrosis with unrecognizable cell boundaries and collapsed collagen
fibres in the CNZ (central necrotic zone), vacuolation of hepatocytes, sinusoidal dilatation

and haemorrhagic extravasation of red blood cells from the sinusoids into the liver
parenchyma in the TZ ( transitional zone) & normal hepatocytes in the NZ (normal zone)
(X50).

Caspase-3 expression:

None of the samples showed any expression of Caspase-3 in the CNZ with all powers. There
was a strong evidence of its expression in all TZ, especially with power 70W, with less
expression in the NZ [Fig. 74].
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Figure 74. Caspase-3 expression with the three powers (50W, 70W & 90W) in the three zones (CNZ= Central Necrotic Zone, TZ = Transitional
Zone, NZ = Normal Zone). (Original magnification x50)
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M30 expression:
Different staining of M30 expression was noted in the transitional and normal zones ranging

from weak (A), intermediate (B) to strong (C) reactions. There was more expression in the
TZ [Fig. 75].
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Figure 75. An example of the patterns of staining of M30 expression in the transitional and normal zones ranging from weak (A), intermediate
(B) to strong (C) reactions. (Original magnification x50). (change the photo)
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Statistical analysis:

Caspase-3 expression:

No expression of Caspase-3 was noted in all necrotic zones. In the TZ, the mean values for
50W, 70W and 90W were (0.28, 0.51, 0.54), respectively. There was significant difference
between Powers 50W and 90W (p=0.009), but no significant differences between 50W and
70W (p=0.8) or between 70W and 90W (p=0.4) [Fig. 76]. In the NZ, the mean values were
(0.11, 0.17, 0.22), respectively. A highly significant difference was noted between 50W and
90W (p=0.003), a significant difference between 50W and 70W (p=0.01), but not between
70W and 90W (p=0.06).
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Figure 76. Statistical correlation of Caspase-3 expression among the three zones (CNZ= Central Necrotic Zone, TZ= Transitional Zone, NZ=
Normal Zone) with the three applied microwave ablation powers (50W, 70W & 90W)
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M30 expression:
No evidence of M30 was noted in all necrotic zones. In the TZ, the mean values for 50W,

70W and 90W were (0.27, 0.29, 0.38) respectively. The only significant difference was noted
between powers 50W and 90W (p=0.02). There were no significant differences between
powers 50W and 70W (p=0.4) or between 70W and 90W (p=0.07). In the NZ, the mean
values were (0.08, 0.08, 0.02), respectively [Fig. 77].
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Figure 77. Statistical correlation of M30 expression among the three zones (CNZ= Central Necrotic Zone, TZ= Transitional Zone, NZ= Normal
Zone) with the three applied microwave ablation powers (50W, 70W & 90W)

150



Discussion:

The liver is a particularly suitable organ for isolated perfusion studies of lesions because it
has dual blood supply and is a common site for metastasis. Multiple focal ablative methods
have been developed and investigated as complementary therapies for primary and metastatic
hepatic lesions. These modalities include microwave ablation, high-intensity focused US,
laser-induced interstitial thermotherapy, radiofrequency ablation and cryoablation (291).
With all forms of thermal ablation therapies there are three distinct zones in heat-ablated
lesions: the central necrotic zone (CNZ), which is in the immediate vicinity of the application
rod and which undergoes ablation-induced coagulative necrosis; a transitional zone (TZ) of
sub lethal hyperthermic injury, which mostly occurs from conduction of heat from the central
area and the surrounding normal tissue zone (NZ) that is unaffected by the ablation (292). TZ
is of interest as it is either undergoing apoptosis or recovering from reversible injury. It is
also the zone where cancer cells may escape the lethal effect of the heat. Four factors
determine the extent of cellular damage caused by the heat: the amount of energy applied, the
rate of energy delivery, the duration of application and the target tissue’s intrinsic thermal
sensitivity (293). Previous studies suggest that due to increased cellular density, fewer
interstitial vascular and lymphatic channels to dissipate heat and the hypoxic/acidic tumour
microenvironment, tumour tissue is more sensitive than normal tissue (294-298).

Ohno, et al (22) studied post-MWA apoptosis rates in liver cells as measured by Caspase-3
activity and flow cytometry in TZ at various time points from 0 to 168h. They reported peak
activity at 2-6 hours with no evidence of apoptosis in CNZ. Bhardwaj, et al (23) reported
similar findings and hypothesized that the lack of apoptotic activity in the transition zone at
time 0 was likely to be because very little energy had dissipated outside the immediate
applicator and central zone and that in addition to other factors such as oedema and local
haemorrhage, transition zone cells undergoing apoptosis post-ablation may also account for
the increase in macroscopic ablation size observed at 4 and 24 hours.

In my study, when | compared apoptosis at the TZ and NZ using caspase-3 as a marker we
observed that there was a marked increase in apoptosis | also noticed an increased apoptosis
induction in the NZ at 90W compared to 50W and 70W. When | compared the biopsy
samples at the different MWA ablative powers using the M30 marker, | observed a marked
increase in apoptosis induction at 90W compared to 50W in the TZ. There were less
significant increases of apoptosis at 50W to 70W and 70W to 90W with the peak induction of
apoptosis observed at 90W in the TZ. It would seem that a significant power increase is
required to induce a parallel increase in apoptosis that reaches statistical significance in this
model.

Limitations of the study:

A limitation common to all heat-based ablative models is the so-called heat sink effect (299).
This is the centrifugal dissipation of thermal energy by blood flowing away from the ablation
zone, preventing the peripheral zones reaching cytotoxic temperatures. This effect potentially
reduces treatment efficacy within the TZ where there is increased tumour vasculature. This
effect has been observed in the clinical setting, with higher rates of recurrence in tumours
adjacent to large blood vessels (300). In this study | have been able to demonstrate that it is
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potentially possible to overcome the heat sink effect by increasing the MWA power, which
results in increased apoptosis in the TZ and NZ. However it must be noted that the size of the
ablation zone with MWA can be harder to predict than other ablative modalities such as RFA
(55). Increasing MWA power to escape the heat sink effect could potentially lead to
overtreatment and damage to adjacent off-target tissue (300).

Another limitation is inherent in the use of apoptotic index to calculate the extent of MWA
induced apoptosis. There is no consensus on the definition and calculation criteria and
technical and methodological factors that can influence its determination (301). Some authors
use it to denote the number of apoptotic cells per 1000 tumour cells and others have defined it
as a percentage of apoptotic cells and bodies per in all tumour cells (302, 303). | calculated
the apoptosis index as ratio of all immunohistochemically caspase-3 and M30 stained
apoptotic cells out of the total number of nucleated cells in 500 high power microscopic
fields.

As samples were taken 6 hours after MWA and no follow up biopsies were taken later, the
evolution of apoptosis in the TZ and NZ was not observed. Another limitation was that the
duration of ablation was kept the same for all power settings. To obtain the same ablation
diameter, the low power settings could have been kept for longer in order to reflect real life
scenario. The potential implication of our model for cancer therapy is limited by the fact that
| have used a non-cancer model, but it paves the way for future studies using induced or
implanted tumour.

Conclusion:

For the first time, | was able to demonstrate the effect of different MWA power settings on
the rate of apoptosis in tissues around the zone of ablation. Increasing MWA power enhances
apoptosis in the tissue around the periphery of the ablated area in this autologous perfusion
model. Further studies are needed to determine if this effect occurs in a cancer model and if
this response has potential therapeutic and prognostic benefit for hepatic malignancies.
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Conclusions:

In this ex-vivo liver perfusion model, | have investigated the use of CEUS in two types of
injury, microwave-induced thermal injury and IRI. In both settings the results show an
inverse relationship between the degree of image enhancement and severity of injury. A
completely non-enhancing ‘black hole’ is seen in the area of maximum injury (the ‘umbra’)
and increasing enhancement in the transitional zone centrifugal to it (the ‘penumbra’). This
transitional zone is of particular interest as tissue is either recovering from the injury or
undergoing metabolic changes such as apoptosis. It is therefore potentially targetable for
reclaimation or destruction if it could be delineated better and early enough. In ex-vivo
preparations such as this one, perfusion time is restricted to a maximum of 6 hours, which
meant that | could only make meaningful comparisons between the first and fourth hours In
the latter part of this work, | was able to confirm and publish my findings that, using the
expression of Caspase-3 and M30 antibodies apoptosis played a significant role in IRI (304),
and | was able to quantify it for the first time and relate it to the power of MWA used. As |
only took samples at up to 4hrs of reperfusion, | could not assess the extent of apoptosis
beyond that point.

To explore the potential clinical application of this part of my work, | used CEUS to assess
the size of the MWA lesions that | created as this modality picks up hypoperfused areas (the
penumbra or transitional zone) that standard grey-scale colour Doppler US does not.
Although histology remains the only definitive way to confirm the extent of the transitional
zone, | was able to show a wider area than conventional US.

In this work, | have also used CEUS as an investigative tool, which relies on the ability of
MBs to safely enhance US imaging. This type of usage has substantial potential clinical
application. Since MBs have an excellent safety profile, the clinician can repeat the imaging
as often as necessary. Evidently, MBs can identify hypo-perfused areas of the liver which are
at increased risk of reperfusion injury but which Duplex US or other conventional non-
invasive imaging modalities do not readily identify. This capability could potentially allow
earlier intervention to improve outcome, especially in the field of liver transplantation.

The long gestation period of this work of some nine years does take away from its novelty
somewhat, but it also allows further corroborative work to emerge that support the
predictions and future directions of this work. In a retrospective study between 2006 and
2015 on 45 liver transplants Rubenthaler et al (305) analysed the performance of CEUS in
the assessment of vascular complications post liver transplantation and correlated this with
histopathology results. They found that CEUS detected vascular complications in the rejected
transplants with a sensitivity of 61.5%, specificity of 100% and a positive predictive value of
86.5% (305).

The CEUS images have also been found to tally with elevation of other parameters such as
alanine aminotransferase, aspartate aminotransferase, tumour necrosis factor o and
interleukin 1B (306). This correlation can provide more information for the early assessment
of postoperative complications in transplanted livers as to whether the graft is functioning or
non-functioning. However, these parameters need to be monitored pre and post perfusion.
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In an in-vivo study to explore the use of CEUS in quantitatively assessing hepatic IRI, Li, et
al (306) divided 45 rabbits into 3 groups (A, B and C with 15 rabbits each). Group A
underwent laparotomy alone, while B and C, hepatic blood was blocked for 30 minutes, and
group C underwent left lateral lobe resection. The three groups were assessed by CEUS in a
time-dependant manner (after 30 min of ischemia, 0 h, 1 h, 6 h and 24 h. Serum AST and
ALT were also monitored pre and post ischaemia. They found that the pathological changes
such as inflammatory cell aggregation, erythrocyte destruction and leukocyte infiltration were
in accordance with the increased AST and ALT levels as the ischaemic time increased.

Apoptosis has been shown to play a part in the mechanism of injury in IRI (7), but it has also
been suggested that there is no method that can accurately assess the extent of apoptosis or
differentiate between apoptotic and necrotic cells (118, 122).

A predictable application of this work is in the field of minimally invasive MWA tumour
ablation interventions. CEUS can be used to better delineate the field of ablation than
conventional grey scale US. Corroborative work by Francica, et al (307) characterized the
use of CEUS to guide ablation of hepatic tumours which were undetectable or incompletely
ablated when grey-US was used. They reported that CEUS improved the ablation rate when
compared with the grey-US alone. A similar study by Yan, et al on one hundred patients
with primary liver cancer compared MWA when used with grey-US versus CEUS. Their
results showed that the lesions measured by CEUS were significantly larger than those
measured with grey-scale US. The success rate was also reflected in the lower incidence of
postoperative pain, fever, intra-abdominal haemorrhage and infection and lower tumour
recurrence when compared with similar complications when grey-US was used.

The 3D-CEUS has a promising potential in the assessment of rare liver tumours too. So far,
the low incidence rate and the lack of symptoms or biochemical indices of rare liver tumours
makes their preoperative imaging assessment limited, and therefore, histology remains the
gold standard method to differentiate between malignant and borderline types (308).
However, Li, et al (110) concluded that using of fusion imaging technique could be as
effective as surgical resection. They ablated 12 histologically confirmed rare liver tumours
using intra-operative CT/MRI-CEUS or 3D US-CEUS fusion imaging assessments achieving
a 100% success on the postoperative CECT/MRI with no complications. Furthermore, no
local tumour progression was seen in the 13-month follow up period. Although their results
seem promising, the sample size was too small to justify its success on the bigger scale.

Another potential clinical implication of this work is to allow earlier and more accurate
mapping of areas of early ischaemia in the liver (“apoptosis map”). In this way the clinician
may be better informed in not only assessing extent of liver injury, but also in inducing it in a
targeted area as a strategy. The map can also allow assessments of efficacy of on-going
treatment of hepatic malignancies to be made. Identifying apoptosis can also help monitor the
treatment, where the aim is to induce apoptosis in cancer cells. A corroborative sentient work
in this domain was a study by Xu et al (309) who assessed the residual tumour cells in the
periphery of 90 rabbit hepatic tumours after MWA with MBs, MWA plus US, MWA plus
saline and MWA only. They reported higher apoptotic index, smaller tumour growth and
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longer survival in the group that received MWA plus MBs when compared with the other
groups (p<0.05).

The small sample size in my project limits the generalizability of the results beyond the
lesion size and ablation power that | have used. Increasing ablation power leads to increased
lesion size and the width of the TZ on histology and parallel increase in apoptosis. My
findings also confirm that TZ is better assessed by histology but this is an invasive diagnostic
modality.
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Future directions of this project:

An interesting and unifying theory by Jaeschke, et al (7) propounds a continuum of necrosis
and apoptosis (‘necroptosis’) based on the concept of ATP depletion. This offers the
tantalising prospect of identifying potential therapeutic targets in the putative pathway,
provided it can be fully elucidated. My work provides a tool for that research and for other
perfusion studies on the liver in health and disease.

One possible use of this tool is to be found in the work by Bahadir, et al (310) who evaluated
the protective effect of quercetin in hepatic ischaemia-reperfusion injury. Quercetin is a
liposome found in fruits and vegetables and has been shown to have antioxidant,
anticarcinogenic, antiaggregatory and anti-inflammatory effects (310). They performed
laparotomies on 24 rats after dividing them into three groups (group A: laparotomies only,
group B laparotomies with hepatic ischaemia by clamping the hepatic pedicle, group C were
given intraperitoneal quercetin injection prior to clamping the hepatic pedicle). The total
oxidant status, total antioxidant status levels and apoptotic index were measured. On
comparing the three groups, there were significantly less vacuolization and sinusoidal
dilatation and more apoptosis in group C. Although the conclusion was that quercetin might
have a protective effect against ischaemia-reperfusion injury, the authors did not mention the
ischaemia time in their experiments which can bias their results. In my project, | did
demonstrate that the apoptotic index increased in a time-dependant manner. Therefore, their
study paves the way for further research to fully evaluate the role of quercetin in similar cases
with the emphasis on ischaemia time.

Another future direction that can be explored is modulating ablation power to achieve
complete tumour ablation and reduce the procarcinogenic effect caused by various
inflammatory markers such as interleukin-1b, IL-6, and HSP 70. These markers are expressed
in the periablational rim. Their expression differs with the applied thermal dose and its
duration. Liu, et al (218) have already showed that the expression of HSP70, for example, is
increased when MBs are combined with US. HSP-70 has also been shown to have a
protective effect against apoptosis (311) . The question here is how to reduce HSP-70
expression and increase the apoptotic response in the TZ at the same time to achieve
complete ablation?

A promising answer has come from a study by Duan, et al (311). They investigated the role
of quercetin in enhancing the effect of MWA on hepatic parenchyma destruction. In their
study, Duan, et al (311) divided 48 rabbits into three groups (group A received quercetin
only, group B underwent MWA of the livers and group C were given Quercetin prior to
hepatic MWA. The three groups were compared with regard to the expression of HSP-70 and
apoptosis among other parameters in the ablated tissues. They reported that HSP-70 was less
expressed in group C compared with group B. They also found that the expression of
apoptosis was higher in group C when compared with group B. This means that controlling
the expression of HSP-70 by quercetin can enhance apoptosis which is required to kill all
cancer cells in the TZ. In that study, the researchers used 30W to ablate the livers for 40
seconds. The obvious question here is what power and duration are required to achieve
maximum enhancement of apoptosis in the TZ.
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Velez, et al (312) compared two MWA powers and durations (5W x 2 minutes, and 20W X
15 seconds) in 12 rats (6 rats for each power and time). At day 7 posthepatic MWA, HSP-70
expression in the TZ was lower with 20W power and the short duration compared with the
low power and long duration concluding that high power and faster heating protocols may
potentially mitigate the undesired procarcinogenic effects caused by HSP-70.

In my project, | used three different powers (50W, 70W and 90W) and | ablated the livers for
two minutes. My results showed that the expression of apoptosis was higher with 90W when
compared with 50W for the same dwell time. However, | used CEUS to enhance the ablated
areas, and MBs do cause apoptosis too. Therefore, further studies should investigate the
expression of apoptosis using similar powers with CEUS and US only to control for the
contribution of the MBs to the apoptosis.
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