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Abstract

High Intensity Focused Ultrasound (HIFU) is a non-invasive therapeutic technique that
can cause localized hyperthermia at predictable depths without injuring intervening tissues.
Atherosclerosis is a condition that develops when a substance called plaque builds up in the
walls of the arteries and is related with numerous problems on heart and blood vessels. HIFU can
be used to ablate atherosclerotic plague from these arteries and avoid fatal problems such as
heart failure and stroke.

In this study the main objective is the design of an in vitro model to assess the thermal
ablation of atherosclerotic plaque using different parameters of intravascular transducers. The
experiments were initially conducted in different phantoms and in freshly excised turkey tissue
phantom. A flat rectangular transducer was assessed in an arterial atherosclerotic plaque
phantom which was created in the laboratory with a very low cost. The proposed phantom
mimics the human atherosclerotic plaque. Atherosclerotic plaque is mainly consists of fibrous
tissue, lipid core, calcium and necrotic core. Different percentages of those components would
categorize different types of plaques. Agar was used for mimicking fibrous tissue, gypsum for
calcium and butter for lipid core. The only limitation is that macrophages were not used for
mimicking the necrotic core. The artery phantom follows the elastic properties of an artery. The
amount of plaque removal was evaluated visually and using an X-Ray system. The main
complications of thermal ablation were the increased artery temperature above a safe level (1 °C)
and the rupture of atherosclerotic plaque during the ablation. Furthermore, different parameters
of intravascular transducers were assessed with different composition percentages of
atherosclerotic plaque. The frequency was 4.0 MHz and acoustical power and sonication time
were between 6-15 W and 15-30 s respectively for achieving the optimum combination.
Moreover, the specific flat, rectangular transducer is MR compatible and thermometry images
were obtained during this evaluation. The intended application is to use it for atherosclerotic
plague ablation using a single element transducer. Finally, an evaluation of acoustic and thermal
properties of plaque phantoms to test their suitability mainly for ultrasound imaging and therapy
was performed. This is very important for the effective implementation of ultrasound not only in
diagnosis, but especially for therapy. The evaluation included measurements of the acoustic
propagation speed using the pulse-echo technique, the ultrasonic attenuation coefficient using

through transmission immersion technique, and the absorption coefficient. Moreover, thermal



properties (thermal conductivity, volumetric specific heat capacity and thermal diffusivity) were
measured with the transient method using a needle probe. The mean value of acoustic and
thermal properties and their standard deviation of plaque phantoms were 1523+23 m/s for
acoustic speed, 0.50+0.02 W/mK for thermal conductivity, 0.30+0.21 dB/cm-MHz for ultrasonic
absorption coefficient and 1.63+0.46 dB/cm-MHz for ultrasonic attenuation coefficient.

Future studies should be focused on the optimum recipe of the atherosclerotic plaque
phantoms that mimics the human atherosclerotic plaque (agar 4% wi/v, gypsum 10% wi/v and
butter 10% w/v) and can be used for HIFU therapy. In future clinical trials the transducer (1-
3mm wide) will be incorporated in a catheter which will be inserted intravascular, and then
transferred to the heart arteries where ultrasonic ablation will take place for a minimum amount
of time. This technology can be used in the future for clinical trials to treat plaques in the

coronary arteries.

Keywords: HIFU, Ultrasound, Atherosclerosis, Cardiac treatment, Therapeutic Ultrasound,

Atherosclerotic plaque, MRI, Attenuation; Absorption; Conductivity; Phantoms.
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1. Introduction

Ultrasound is a pressure wave at a frequency above the threshold of human hearing
(20.000 Hz). It is produced by passing an electrical current through quartz or ceramic materials
(such as barium titanate, lead zirconatetitanate) causing thermo resonate; this resonance is
referred to as the piezoelectric effect [1].Ultrasound waves can be targeted to produce an
elliptical focus. The potential for medical use exists because this focusing allows precise delivery
of energy and its harmless passage through intervening structures. Most of the medically-
relevant effects of ultrasound are associated with its thermal effects. Ultrasonic heat generation
depends on the intensity (W/cm?), duration of exposure, extent of focusing, and attenuation
(dB/cm/MHz) of the treated tissue [1].

Diagnostic ultrasound examination is a widely practiced technique in the evaluation of
patients with cardiovascular diseases. Conventional diagnostic ultrasound systems operate at
high ultrasound frequency (5-12 MHz) delivering low-intensity ultrasound power. The
bioeffects of ultrasound, however, can be exploited for therapeutic applications by appropriate
changes in instrumentation and delivery approaches. Therapeutic ultrasound is being used today
in a number of medical scenarios such as cataract, glaucoma [2], dental plaque removal [3],
lithotripsy of renal stones [4], vasectomy [5], essential tremor [6], treatment of prostatic
hyperplasia [7], prostate cancer [8-9] and testicular tumors [10]. A considerable body of
experimental and clinical investigations point to the therapeutic potential of ultrasound in a
variety of cardiovascular applications as well, such as thrombolysis [11], atherosclerotic plaque
dissolution [12], local drug and targeted gene delivery [13] and angiogenesis [14].

High-intensity focused ultrasound (HIFU) is a therapeutic technique which uses a
focused piezoelectric transducer to converge ultrasonic energy into a tissue target and produced
localized destruction. The focal zone is the only position where the ultrasound energy is high
enough to produce change in the tissue, and create a lesion. A typical ultrasound concave
transducer beam, has surface intensity of 10 W/cm?and 2000 W/cm? at the focal point [15].
HIFU beams can be precisely focused within a small focal volume, resulting in a rapid rise of the
local tissue temperature. This temperature elevation causes localized tissue damage through
coagulative necrosis [16-17]. With proper choice of operating frequency and transducer design,
this can be achieved without significant biological damage to the intervening tissue [18-19]. The



advent of image guidance modalities such as magnetic resonance imaging (MRI) and ultrasound
has allowed for completely non-invasive thermal therapy procedures [20-23].

Moreover, HIFU energy can pass through different types of tissue en route to the target.
The main energy loss is due to attenuation, absorption and scattering within the tissue layers.
Some other techniques such as radiofrequency ablation (RFA) and microwave energy have poor
tissue penetration so these are invasive methods [24]. Ultrasound can be converted to thermal
energy and when temperatures in excess of 50-60 °C are produced for minimum 1-10 s [25], this
causes coagulative necrosis due to protein denaturation [26], cellular destruction and tissue
stiffening [27]. HIFU is a non invasive extracorporeal technique capable of thermally ablating
subsurface structures without injuring intervening tissues [28].A sharp boundary between the
damaged tissue and the surrounding unaffected tissue has been demonstrated using light and
electron microscopy [29]. Ultrasonic energy can be applied in a target volume to induce
molecular agitation, absorptive heating and ultimately thermal coagulative tissue necrosis.

Ultrasound technology started in 1880 by Curie et al. [30], who found the piezoelectric
effect. In 1917, P. Langevin discovered the effect of high intensity on biological tissues [31] and
in 1932, H. Freundlich et al. [32], suggested the therapeutic use for ultrasound, the application of
unfocused ultrasound to therapeutically heat tissue. After ten years, HIFU was designed as
approach for destruction of human tissue by Lynn et al. [33] and in 1954 Fry et al. [34]
introduced HIFU to disrupt tissue in the central nervous system. Since then, lesions have been
created in murine and canine kidney and liver [35], rabbit brain and kidney [36-37], canine
prostate, human prostate and testicles [9-10]. Moreover, this technology has been used to treat
benign and malignant tumours of the bone, breast, and uterus and prostate for more than 10 years
[38-42].Further studies have demonstrated the feasibility of HIFU application for ablating
cardiac tissue in animal models [43-45].

HIFU can be used to cause localized hyperthermia at predictable depths without injuring
intervening tissues [46].Damianou et al. [47] investigated in vitro and in vivo brain ablation
created by HIFU and monitored by MRI. A single-element spherically focused transducer of 5
cm diameter, focusing at 10 cm and operating at 1 MHz was used. The transducer was tested in
freshly excised lamb brain and in rabbit brain in vivo. The length of the lesions in vivo brain was

much higher than the length in vitro, indicating that the penetration in the in vitro brain is



limited; possibly by reflection due to trapped bubbles in the blood vessels.The results have
shown that HIFU has the potential to treat brain tumours in humans.

Couppis et al. [48] explored the feasibility of creating lesions in heart at a depth of at
least 15 mm using HIFU with MRI guidance. The average lesion depth for the 14 in vivo
experiments was almost 12 mm. The system was tested in an excised lamb heart. HIFU can
create rapid tissue modification in small volumes (as small as 20 mm?®) without coming in touch
with myocardium. The transducer was capable to create thermal lesions despite the motion of the
heart. Lee et al. [49] investigated the ability of HIFU to create lesions in mammalian cardiac
tissues ex vivo. Porcine valve leaflet, canine pericardium, human newborn atrial septum and
right atrial appendage were studied. Specimens were mounted and immersed in a water bath at
room temperature. Using a 1-MHz phased array transducer, ultrasound energy was applied with
an acoustic intensity of 1630 W/cm? and 2547 W/cm? until a visible defect was created with a
duration of 3 to 25 sec. Macroscopic and microscopic examination demonstrated precise defects
ranging from 3 to 4 mm in diameter and no damage was identified to the surrounding tissues. It
was concluded that HIFU can create precise defects in different cardiac tissue without damage to
the surrounding tissue [49]. Moreover, other studies have documented the use of HIFU to
enhance thrombolysis [50-57].

On the other hand, HIFU has some limitations, such as atrial-esophageal fistula,
pulmonary embolism and phrenic nerve damage [58]. Okumura et al. [59] studied direct HIFU
effects as the mechanism of phrenic nerve injury occurring within4-7 mm from balloon surface.
Borchert et al. [60] investigated the thermal injury of oesophagus with development of
atrioesophageal fistula after pulmonary vein isolation using HIFU. Furthermore, one limitation
during HIFU cardiac ablation challenge is the beating heart. This affects the ablation size and
accuracy to various extents. A pB-blocker can be used to reduce the heartbeat and blood flow. This
reduction provided efficient ultrasonic energy deposition within the target [61].

The combination of HIFU with MRI guidance known as MR-guided focused ultrasound
(MRgFUS) appears to be promising to ablate tissues located deep in the brain. HIFU heats and
non-invasively destroys the targeted tissue and MRI is used for visualization of anatomical
structures and treatment control. The main advantage of the method is that does not require
anaesthesia and offers an incision less treatment through the intact skull. Moreover, it provides

immediately therapeutic effect and a quick return to normal activities [62].Many clinical trials



have shown the effectiveness of MRgFUS on neurological disorders such as essential tremor,

Parkinson’s disease and neuropathic pain [63-65].

2. Heart diseases and HIFU
2.1 Cardiovascular diseases

Cardiovascular diseases are diseases that are related with numerous problems on heart
and blood vessels, many of which are related to a process called atherosclerosis. Atherosclerosis
is a condition that develops when a substance called plaque builds up in the walls of the arteries.
This buildup narrows the arteries, making it harder for blood to flow through. If a blood clot
forms, it can stop the blood flow and this can cause a heart attack or stroke.HIFU has been
demonstrated to produce a spectrum of vascular changes: vascular occlusion of non-bleeding
arteries and veins [66-75], haemostasis of lacerated arteries and veins [76-79], thrombus
generation [80], vascular spasm and reduction in blood flow and arterial rupture [81].

2.2 Coronary Heart Disease

Coronary heart disease is a disease in which a waxy substance called plaque builds up
inside the coronary arteries. These arteries supply oxygen-rich blood to the heart muscle and this
plaque can harden or rupture over time. Also, hardened plaque narrows the coronary arteries and
reduces the flow of oxygen-rich blood to the heart. If the flow of oxygen-rich blood to the heart
muscle is reduced or blocked, angina (chest pain or discomfort) or a heart attack can occur and
without a quick treatment, this can lead to serious heart problems or death. Coronary heart
disease continues to be a leading cause of morbidity and mortality among adults in Europe and
North America [82]. Since today, a variety of interventions have been proposed to treat coronary
artery disease. The most effective treatment is usually coronary artery bypass grafting where
problematic lesions in the coronary arteries are bypassed using external grafts. Moreover,
focused disease can often be treated intravascularly using a variety of catheter based approaches,
such as balloon angioplasty, atherectomy [83], radiation treatment, stenting, and often
combinations of these approaches [84].

2.3 Arrhythmias

Arrhythmia is an abnormal rhythm of the heart. There are various types of arrhythmias,

such as bradycardia, tachycardia and atrial fibrillation. Bradycardia is when the heart rate is less



than 60 beats per minute, tachycardia is when the heart rate is more than 100 beats per minute
and fibrillation is when the heart beats irregularly. An arrhythmia can affect how well the heart
works and the heart may not be able to pump enough blood to meet the needs of the body. Most
arrhythmias are not serious, but some of them can lead to stroke or cardiac arrest.

An important strategy for cardiac arrhythmia treatment [85] is the catheter ablation which
is used to cut some electrical abnormalities in the myocardium. On the other hand, this procedure
is related with certain complications and limitations [86-87]. HIFU has been considered an ideal

tool to explore non-invasive, efficient, strategy for myocardial ablation.

Animal studies for arrhythmias

Wu et al. [88] achieved a complete atrioventricular block without thoracotomy, X-ray
guidance and catheter intervention in a large animal model using HIFU in 21 canines. The right
side of the central fibrous body was targeted by HIFU guided echocardiography and ablation was
received by 10 canines, 8 canines received ablation and cardiac pacing for 2 h, and 3 canines
received ablation and cardiac pacing for 3 months. No complications were observed during this
study. Lu et al. [89] evaluated the feasibility of targeted ablation of cardiac tissues using HIFU
for noninvasive ablation of ventricular tachycardia (VT) in anesthetized closed-chest dogs. The
results have shown that HIFU is potentially useful for noninvasive ablation of targeted localized
myocardial tissues, and it may be potentially applicable for VT ablation, particularly for those
with intramyocardial and epicardial origins. On the other hand, during radiofrequency ablation
(RFA) for treatment in patients with ventricular and atrial tachyarrhythmias, some important
complications had raised, such as coronary artery injury which can be clinically devastating [90].
In general, important complications should be limited and lesion formation and safe arrhythmia
treatments should be optimized when tissue is ablated in the vicinity of coronary arteries.

2.4 Atrial Fibrillation

As mentioned before there are different types of arrhythmias. The most common is atrial
fibrillation (AF) which is connected with cardiovascular morbidity and mortality [91]. This is
irregular beating of the atrial chambers - nearly always too fast (350 — 600 beats per minute)
and instead of producing a single, strong contraction, the chamber fibrillates. AF mainly affects

older patients rather than younger.



More than 7 million people all over the world are died every year from cardiac
arrhythmia [92] and all types of AF have a high risk of stroke or heart failure [93]. AF surgical
treatment started in 1987 using the Maze procedure but due to technical complexity and because
of the required additional cardiopulmonary bypass time was not widely accepted[94].The
catheter ablation is one of the most widely method that used for cardiac arrhythmia treatment but
has some limitations and complications [95-96].The aim of the procedure is to delete some
abnormalities of electrical conduction in the myocardium and different energy sources like
microwave, radiofrequency, laser and cryotherapy were devised to simplify the procedure of
creating pulmonary vein isolation (PVI)[97]. The main limitation that should be solved isthe
creation of large thermal gradients due to energy propagation through the epicardial fat and the
damage of adjacent structures such as oesophagus [98].

New non-pharmacological techniques and energy sources are being developed for AF
treatment. PVI has become the cornerstone of catheter ablation for atrial fibrillation and is
currently the first choice of therapy if patients fail ant arrhythmic drugs [99-103]. Moreover,
radiofrequency catheter RFC-based PVI may be associated with serious complications such as
PV stenosis, stroke, atrialesophagealfistula [104-105] and in order to improve outcome and
reduce complications, techniques for creating more extensive linear lesions were used [106-
107].In comparison with radiofrequency catheter (RFC) based pulmonary isolation procedures,

HIFU balloon catheters show long term success [108].

Animal studies for atrial fibrillation

Zimmer et al. [109] performed HIFU guided ablations in beating canine hearts using
catheter mounted HIFU transducers. Seven in vivo experiments in open-chest dogs were
performed and the US transducers were mounted on the tip of angiographic catheters. Lesions on
the epicardium and left ventricle were produced and it was concluded that may be useful for
ablation of cardiac arrhythmias. Strickberger et al. [110] investigated if HIFU can be used to
ablate the atrioventricular (AV) junction within the beating heart. Ten dogs were anesthetized
and underwent a throracotomy. The maximum US intensity for ablation (2.8 kW/cm?) was
delivered to the AV junction only during electrical diastole and complete AV block was achieved
in each of the 10 dogs within 30 s. It was concluded that HIFU can be used for ablation of

cardiac arrhythmias. Nestor et al. [111] tried to achieve transmural tissue ablation using HIFU



energy system which may be necessary for successful treatment for atrial fibrillation. Nine
heparinized bovines underwent a beating heart left atrial (LA) ablation with a single application
of the HIFU device. The thickness of calf LA lesion (2.5-20.1 mm) was greater than human LA
thickness (1.2—6 mm), and in this range HIFU ablation achieved 100%.

Clinical studies for atrial fibrillation

Nakagawa et al. [112] investigated the safety and efficacy of the HIFU balloon catheter
(HIFU-BC) for PV isolation in patients with AF. Twenty- seven patients with paroxysmal (19
patients) or persistent (8 patients) AF were studied. It was showed that after a single HIFU
ablation, 67% (after 6 months) and 56% (after 12 months) of patients were free of AF episodes
or atrial tachycardia. The complications included transient bleeding from a distal branch of the
left superior PV resulting from guide wire manipulation in one patient and right phrenic nerve
injury in another patient but no PV stenosis (>50% narrowing) and no LA-esophageal fistula
occurred.

Schmidt et al. [113] assessed the short-term and long-term success rates of PV isolation
in patients with paroxysmal AF using HIFU balloon catheter. A total of 15 patients with a long
history of drug-refractory, symptomatic paroxysmal AF were enrolled. The results have shown
that patients with paroxysmal AF, acute PV isolation can be achieved in 89% using a steerable
HIFU balloon; 58% of all patients were free of AF and 75% reached the primary end
point defined as a reduction of AF episodes to less than 50%. However, further studies are
needed to improve identification of patients at risk for phrenic nerve injury and any other
complications. Pizon et al. [114] showed that HIFU ablation caused a significant improvement of
atrial mechanical function for patients that suffered from AF. The study included 78 patients who
underwent elective cardiac surgery. Forty - two patients underwent HIFU ablation (11.9%
paroxysmal, 23.8% persistent, 64.3% longstanding persistent), 16 underwent cardiac surgery
without ablation and 20 had preoperatively normal sinus rhythm control. Moreover, six months
follow up have shown that HIFU ablation caused improvement of atrial filling fraction and A-
wave velocity.

Another clinical study for treatment of atrial fibrillation with HIFU was performed by
Garcia et al [115]. The aim was to assess endocardial atrial lesions 6 months after epicardial
HIFU ablation and to evaluate the benefit of a combined ablation approach. Thirty patients

undergone HIFU atrial fibrillation ablation during cardiac surgery and electrophysiological study



(EPS) was performed after 6 months. The results have shown that 60% of the patients were free
of atrial arrhythmia symptoms improving to 81% at 12 months after a percutaneous endocardial

approach was performed.

2.5 Diseases of Arteries

Atherosclerosis, is also called as hardening of the arteries, is a common condition in
which fatty material collects along the walls of arteries [116]. The disease arises when plaque
(cholesterol, fat, and calcium) accumulates inside the arteries, restricting blood flow. Eventually
the arteries can become blocked and cause serious problems like a heart attack or stroke. The
composition of the plaque includes a fibrous cap comprised of smooth muscle cells and fibrotic
tissue, and lipid core containing fat-laden macrophages and extracellular lipids. The size of the
plaque is increased in the advanced stage by large amounts of calcium salt or hydroxyapatite
(HA) [117]. Calcium is a critical component of atherosclerotic plaque. The sequence of events in
plaque development following injury is inflammation, followed by calcification of the damaged
tissue, ending ultimately in the formation of a necrotic core [118-119].

Atherosclerosis treatment requires special surgical procedures such as balloon
angioplasty [120-122], balloon angioplasty and stenting [123-124], cutting balloon [125-127],
atherectomy [128-129] and surgical bypass [130-131], to open an artery and improve blood flow.
The degree of luminal stenosis and patient’s symptomatology, among other factors, determine
the best treatment option for each patient [132]. The treatment of atherosclerotic plaques by
HIFU was investigated by feasibility studies.

Animal studies for treating atherosclerotic plaques

Shehata et al. [133] investigated the feasibility and acute safety of targeting
atherosclerotic plaques by HIFU in vivo through a noninvasive extracorporeal approach. Four
swine were included in this prospective study, three of which were familial hypercholesterolemic
swine. After US identification of atherosclerotic plaques within the femoral arteries, plaques
were targeted by HIFU with an integrated dual-mode US array system. All swine tolerated the
procedure well, with no arterial dissection, perforation, or rupture. The results demonstrated the

feasibility and acute safety of targeting atherosclerotic plaques by HIFU in vivo. One important



limitation of targeting atherosclerotic plaques by HIFU is that the artery temperature should not
exceed a safe level during the ultrasound ablation for destroying atherosclerotic plaque.
Moreover, the safety of HIFU applications delivered directly over the left anterior descending
(LAD) artery in an open-chest swine model was evaluated by Koruth et al. [134]. Ten swine
underwent median sternotomy and 43 therapies along the LAD were analyzed. It was found that
HIFU has the potential to create deep ventricular lesion with relative sparing of the LAD. The
incremental arterial damage noted over time warrants further evaluation.

Carotid artery disease affects the two large arteries in the neck that supply blood to the
brain. This condition increases the risk for stroke, and it causes more than half of stroke cases.
Carotid artery disease is often linked to atherosclerosis. The main treatment for carotid artery is
endarterectomy [135-137]. On the other hand, ablation treatments can be used for removing
atherosclerotic plaque. Damianou et al. [12] used pulsed ultrasound to remove atherosclerotic
plague in an in vivo model. The plaque in 17 New Zealand rabbits was created using high
cholesterol diet for 4 months and the amount of plaque removed was studied in terms of
intensity, with a fixed pulse repetition frequency (PRF), and duty factor (DF). The results have
shown that the amount of plaque removed is directly related to the acoustic intensity. It was
found also that the presence of bubbles accelerates the removal of plaque. No temperature
elevation above 1 °C was produced and the atherosclerotic plaque removes up to a depth of 2
mm in 25 min in the carotid of rabbits. The results were very promising with the limitation that
the dissolved material in humans should be collected, preventing blockage of other arteries thus
creating stroke.

Peripheral arterial disease (PAD) is often associated with atherosclerosis and becomes
much more likely as the person get older. In peripheral arterial disease, the arteries further from
the heart, usually in the pelvis and legs, become narrowed because of plaque buildup. Decreased
blood flow to the muscles may cause pain and fatigue in the legs. Shock wave therapy (SWT)
and therapeutic ultrasound (TUS) were compared in a rat hind limb ischemia model by Nazer et
al. [138] for their ability to promote angiogenesis and reperfusion. Direct comparison between
them demonstrates that TUS is more effective than SWT at promoting reperfusion, whereas both
therapies promote angiogenesis in ischemic gastrocnemius muscle. The results suggested that
TUS should be more effective than SWT for the treatment of ischemic heart disease and

peripheral arterial disease.



The efficacy of intravascular sonotherapy treatment on in-stent restenosis in a swine
model was assessed by Fitzgerald et al. [139]. After balloon injury, billiary stents were implanted
in the femoral arteries of 14 swine. An 8-French catheter intravascular sonotherapy system
(URX, PharmaSonics Inc.) was used for sonotherapy or sham treatment. At 28 days, percent
stenosis was significantly less in the sonotherapy group than in the sham group (36% versus
44%) and was concluded that intravascular sonotherapy may be an effective form of nonionizing
energy to reduce in-stent restenosis.

In vitro studies

A simulation study of the thermal and mechanical effects of flat rectangular (3x10 mm?),
MRI compatible transducer operating at 5.0 MHz, for destroying atherosclerotic plaque was done
by Damianou et al. [140]. This study focused on measuring the plaque destruction as a function
of power, time, frequency, DF and pulse duration. The main goal was to keep the temperature in
the artery at a safe level. The results have shown that with the thermal mode the temperature in
the artery cannot be kept at a safe level while in mechanical mode ultrasound created no severe
temperature elevation in the arteries. Finally, it was concluded that the size of plague removal
depended on power, time, frequency, and duty factor and pulse duration.

Damianou et al. [141] investigated the effectiveness of a therapeutic protocol in removing
calcified material using pulsed ultrasound with a planar unfocused transducer operating at 5.3
MHz. The effect of various parameters such as intensity, PRF, DF, and the presence of bubbles
were explored. Moreover, cylindrical chalks and hydroxyapatite-polyactide (HA-PLA)
composites were used during in vitro experiments. The results have shown that the removed
calcified material as expected increases with the intensity, PRF, DF and the presence of bubbles.
With this transducer and protocol HA-PLA material up to a depth of 3 mm in just 30 min was
removed. This technology looks promising provided that the dissolves material from the plaque
is collected, so that it does not flow from the blood stream to other arteries, thus causing the
blockage of arteries. Suction mechanism can be used to collect the removed particles [142-143].

Siegel et al. [144] assessed catheter-delivered ultrasound for arterial recanalization as
well as for assessment of the size of particulate debris from 11 postmortem atherosclerotically
occluded coronary arteries. All 11 postmortem coronary occlusions were recanalized, and 99%

of the particulates generated were smaller than 10 microns in diameter. It was found that after
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ultrasound, mean coronary arterial stenosis fell from 80% to 60% and no ultrasound-related

complications were identified.

In vivo studies

Almekkaway et al. [145] simulated the effect of HIFU in non-homogenous medium for
targeting atherosclerotic plaques in vivo. A finite-difference time-domain heterogeneous model
for acoustic and thermal tissue response in the treatment region was derived from ultrasound
images of the treatment region. A 3.5 MHz dual mode ultrasound array suitable for targeting
peripheral vessels was used and two cases were simulated where seven adjacent HIFU shots
(~5000 W/cm?, 2s exposure time) were targeted on the plaque tissue within the femoral artery.
The transient bioheat equation with a convective term to account for blood flow was used to
predict the thermal dose. The results have suggested that a realistic, image-based acoustic and
thermal model of the treatment region is capable of predicting the extent of thermal damage to
target plaque tissue. The model considered the effect of the wall thickness of large arteries and

the heat-sink effect of flowing blood. The model is used for predicting the size and pattern of
HIFU damage in vivo.

Clinical studies

Ultrasound ablation was used to treat peripheral arterial obstructive disease by
Monteverde-Grether et al [146]. Angiosonoplasty, with a prototype ultrasonic system was
undergone in 32 patients (mean age 67). The procedure was successful in 26 patients and
angiography before and after angiosonoplasty confirmed that the lesions were successfully
opened. Reocclusion occurred in 4 patients immediately after the procedure and vascular spasm
in 2 patients. The ultrasound ablation of atherosclerotic plaque appeared safe and has shown no
restenosis and a low incidence of complication over a six month period.

The treatment of carotid atherosclerotic plaques with external ultrasound was evaluated
from Zhang et al [147]. In this study, 357 patients with 363 carotid atherosclerotic plaques were
divided into an ultrasound treatment group and a control group. After treatment, the maximum
thickness and area of 79.94 % of the plaques in the ultrasound group were reduced, while in the
control group, the thickness and area of 18.52 % were reduced. Siegel et al [148] described the

use of percutaneous therapeutic ultrasound for coronary angioplasty. The treatment of
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obstructive coronary atherosclerosis with a prototype 4.6F coronary catheter ultrasound ablation
device with a 1.7 mm diameter ball tip was performed in 19 patients. The ultrasound coronary
catheter delivered energy at 19.5 kHz, with a power output of 16 to 20 W, in a pulsed mode with
a 50% duty cycle of 30 ms. Patients were treated for a mean of 493 s with intracoronary
ultrasound ablation and all lesions were treated with adjunctive balloon angioplasty.

In another clinical study, the safety and feasibility of intracoronary sonotherapy (IST) and
its effect on the coronary vessel at 6 months was studied by Regar et al [149]. After successful
angioplasty on 37 patients, IST was performed using a 5F catheter with three serial ultrasound
transducers operating at 1 MHz. The results have shown that IST performed successfully in 90%

of the lesions.
2.6 Stroke and thrombosis

Stroke is one of the most frequent causes of mortality, morbidity and disability of
population in developed countries [150-151]. A stroke occur when the blood supply to part of the
brain is interrupted or reduced, preventing brain cells and tissue of oxygen and nutrients. After
minutes, brain cells died. A stroke may be caused by a blocked artery (ischemic stroke) or the
leaking or bursting of a blood vessel (hemorrhagic stroke). About 87% of strokes are ischemic
strokes and the remaining roughly 13% hemorrhagic [152]. Ischemic stroke occurs when the
arteries to the brain become narrowed or blocked, causing severely reduced blood flow. A blood
clot (thrombus) forms in one of the arteries that supply blood to your brain. A clot may be caused
by plague that builds up in arteries and cause reduced blood flow or other artery conditions.

Either thrombolytic therapy [153] or sonothrombolysis [154] can be used for the treatment of
stroke.

In 1968, micro bubbles were introduced as an ultrasound contrast agent [155] and
nowadays are widely accepted as a clinical agent in diagnostic ultrasound. However, during in
vitro and in vivo studies, has revealed that the presence of ultrasound with microbubbles except

of diagnostic has also therapeutic possibilities and increased clot lysis [156].

Animal studies for stroke
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Siegel et al. [157] evaluated the efficacy of peripheral and coronary thrombolysis in vivo
in animals by using noninvasive transcutaneous ultrasound combined with thrombolytic drugs
and/or micro bubbles agents such as dodecafluoropentane (DDFP) and perfluorocarbon-exposed
sonicated dextrose albumin (PESDA). Thrombotic occlusions were induced in 74 rabbit
iliofemoral arteries and 24 canine left anterior descending (LAD) coronary arteries in this in vivo
study. The results have shown that noninvasive transcutaneous ultrasound can greatly enhance
the effect of clot dissolution with thrombolytic drugs and/or micro bubbles.

Damianou et al. [158] evaluated the potential of MRgFUS combined with recombinant
tissue plasminogen activator (rt-PA) to dissolve clots in the carotid of a New Zealand rabbit in
vivo. It was found that the time needed for opening the carotid artery using MRgFUS and rt-PA
was decreased compared with just using rt-PA. The time needed to completely open the artery

was 70 minutes.
In vitro and in vivo studies

Tachibana et al. [159] proved that the addition of micro bubbles during ultrasound (US)
application could enhance clot lysis even further. Artificial thrombus was produced by
Chandler’s loop method with blood extracted from a healthy object and fibrinolysis was
determined by the percentage of weight loss of thrombus. The results have shown that
fibrinolysis with urokinase (UK) alone was 26.6%, with UK and US treatment was 33.3% and
fibrinolysis with the presence of UK, US and albumin micro bubbles used for echo-contrast
material (Albunex) was 51.3%. Porter et al. [160] hypothesized that PESDA micro bubble,
which are more stable than air filled microbubbles, may also enhance US-induced thrombolysis.
The percentage clot lysis of equally sized thrombi, made from freshly drawn blood incubated for
2 hours and then exposed to 20 kHz, was measured. The thrombi were bathed in 4ml of saline
solution, urokinase (UK) alone, PESDA alone and a combination of them. The results have
shown that PESDA microbubbles alone may be capable of inducing thrombolysis when
insonified with a low frequency transducer. Nishioka et al. [161] examined the effectiveness of
dodecafluoropentane (DDFP) emulsion, to enhance low frequency ultrasound clot disruption in
vitro and in vivo. For in vitro studies, the disruption rate of fresh human clots by ultrasound (24

kHz, 2.9 W/cm?) was examined in saline and DDFP emulsion, and for in vivo studies, a rabbit
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iliofemoral thrombotic occlusion model was used. The results have shown that DDFP emulsion
significantly enhances the clot-disrupting effect of low frequency ultrasound.

Thrombolytic therapy can also be achieved by using rt-PA. Many studies have shown that
HIFU can be used to enhance rt-PA thrombolysis. Kondo et al. [162] evaluated the effect of a
galactose based ultrasound contrast agents (UCA) on the efficacy of ultrasonic enhancement of
rt-PA thrombolysis and observed the serial changes in the acoustic property and histopathology.
The rt-PA thrombolysis was studied in 30 artificial white thrombi and the results have shown
that UCA enhanced the effect of ultrasound on rt-PA thrombolysis. Holland et al. [163] explored
various US settings to determine the thrombolytic efficacy of US therapy with and without rt-PA
administration. They assessed in vitro, a porcine clot model and demonstrated that treatment with
US and rt-PA can significantly increase clot dissolution by as much as 104% compared to rt-PA
alone and the clot mass loss enhancement increased with square root of the treatment duration.

Spengos et al. [164] examined the effects of US on rt-PA mediated thrombolysis in a
flow model in vitro. Fibrin clots were placed in a continuous pressure flow model and treated
with rt-PA during 1 MHz US exposure. The results have shown that recanalization rate during 30
min was 90-100% in the US-exposed clots in comparison with 30% in the clots treated only with
rt-PA. The shortening of recanalization rate could help to optimizing the effects of acute
thrombolytic stroke therapy.

On the other hand, some studies focused on the macrovascular system and applied
different ultrasound frequencies and acoustic pressures [162-168]. Papadopoulos et al. [169]
evaluated the performance of a flat rectangular (2x10 mm?) transducer operating at 4.0 MHz for
intravascular treatment of thrombosis and atherosclerosis. This in vitro study was tested in two
different gel phantoms and MR thermometry was used to demonstrate the thermal capabilities of
this type of transducer. The results have shown that the destruction of thrombi using pulsed
ultrasound requires long exposure time and high microbubble dosage. Damianou et al. [170]
evaluated the potential of an MRgFUS system combined with thrombolytic drugs to dissolve
clots using in vitro and in vivo models. It was found that the volume of dissolved clot increases
with acoustic intensity and beam size and decreases with frequency. Moreover, the thrombus in
the in vivo model (ear artery) was destroyed with the therapeutic protocols investigated in the in
vitro models. Schaefer et al. [171] investigated physical factors that influenced ultrasound

thrombolysis. The results have shown that ultrasound in the 2.0-4.5 MHz frequency range ablates
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fresh thrombus at a distance without the use of adjuvant thrombolytic or contrast agents. The
thrombolytic efficacy depended directly on mode of operation, duration and inversely on the

frequency of insolation.

Clinical studies

A clinical study was performed by Doomernik et al. [109] where a systematic literature
search was performed using MEDLINE, EMBASE and Cochrane databases. A total of 77 reports
related with focusing on catheter — delivered ultrasound — accelerated thrombolysis were
identified. Experimental studies have shown that HIFU may induce thrombolysis, with and
without the addition of plasminogen activators. In 340 clinical cases of thromboembolic
condition, sonothrombolysis was compared to standard thrombolysis. The results have shown
that sonothrombolysis in comparison with standard thrombolysis was related to rapid
revascularization and a reduction in treatment time, drug dosage, hospitalization time and
bleeding complications.

Another clinical study was evaluated by Molina et al. [172]. It was founded that
administration of microbubbles (MBs) induces further acceleration of ultrasound-enhanced
thrombolysis in acute stroke, leading to a more complete recanalization outcome. An evaluation
of 111 patients with acute stroke attributable to middle cerebral artery occlusion treated with rt-
PA was done. Thirty — eight patients were treated with rt-PA and MBs and were compared with
73 patients who were allocated to receive only rt-PA. Finally, Alexandrov et al. [173] assigned
126 stroke patients to receive continuous ultrasound or placebo following treatment with rt-PA
within three hours after the onset of symptoms. Their results have shown a significant increase of

complete recanalisation in the ultrasound group compared with placebo.

2.7 Valvular Heart Disease

Valvular heart disease is characterized by damage to or a defect in one of the four heart
valves: the mitral, aortic, tricuspid or pulmonary. The mitral and tricuspid valves control the flow
of blood between the atria and the ventricles (the upper and lower chambers of the heart).
The pulmonary valve controls the flow of blood from the heart to the lungs, and the aortic
valve governs blood flow between the heart and the aorta, and thereby the blood vessels to the
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rest of the body. The mitral and aortic valves are the ones most frequently affected by valvular
heart disease. Normally functioning valves ensure that blood flows with proper force in the
proper direction at the proper time. In valvular heart disease, the valves become too narrow and
hardened (atherosclerosis) to open fully, or are unable to close completely. The severity of
valvular heart disease varies. In mild cases there may be no symptoms, while in advanced cases,
valvular heart disease may lead to congestive heart failure and other complications. HIFU has the
potential to reduce the severity of the cardiac valve stenosis by disrupting adhesions.

HIFU can create superficial thermal lesions and perforation in mitral valve and aortic
valve tissues. Otsuka et al. [174] examined 15 calf mitral and 15 aortic valves and found that
HIFU ablation could be performed on all valves. The creation of perforated lesions in the cardiac
valves was very consistent and reproducible. Focused US energy was applied with an operating
frequency of 4.67 MHz at a nominal acoustic power of 58 W for 0.2s, 0.3s and 0.4 s at 4-s
intervals and the mean diameter of the perforated area was 1.09 + 0.11 mm. In contrast with RF
ablation [175], HIFU energy is focused and precise lesions can be created. Picardo et al. [176]
investigated the feasibility of using HIFU for inducing partial shrinkage of the saphenous vein
wall. The position and size of valvular deformations are well suited to being heated and
consequently reduced with HIFU and the resulting shrinkage of deformations should restore
normal function of the valve. An experimental protocol was used in which in vitro segments of
human saphenous vein were exposed with a monochromatic signal produced by a real-time
HIFU probe. Results showed that HIFU is suitable for partial shrinkage of the saphenous vein

and suggest that correction of dysfunctional of valvular tissue is feasible.

The ex vivo effectiveness of a portable HIFU for transcutaneous venous ablation was
determined by Henderson et al [177]. An ex vivo testing platform consisting of two different
models comprised of sequentially layered skin-muscle-vein or skin-fat-vein was developed, and
specimen were treated with HIFU. It was found that this portable device has the potential to
allow clinicians to easily perform venous ablation in a manner that is entirely noninvasive and
without the expense or inconvenience of large, complicated devices. HIFU was hypothesized by
Abe et al. [178] that might be useful as a noninvasive extracorporeal technique for cutting mitral
chordate. They examined the in vitro feasibility of using HIFU to cut calf mitral chordate with
diameters from 0.2-1.6 mm. The results showed that mitral chordate cutting by HIFU depended

on the diameter of chordate but was controllable by HIFU settings.
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3. Different types of atherosclerotic plague
3.1 Introduction

Coronary heart disease is a leading cause of death in the Western world [179]. The
majority of this disease is related with atherosclerosis where the development of thrombosis can
cause acute myocardial infarction and sudden death [180]. The process of atherosclerotic plaque
progression is considered to be dynamic and complicated. An understanding of the
histromorphological characteristics of coronary plaques is of particular importance for both basic
and clinical researchers who investigate the pathogenesis of atherosclerotic coronary disease
[181].

Atherosclerotic plaque lesions can be classified into 7 categories [182]. These categories
include intimal xanthoma, intimal thickening, pathological intimal thickening, fibrous cap
atheroma, thin fibrous cap atheroma, calcified nodule and fibrocalcific plaque. The definition of
these categories is based on the accretion of lipid in relationship to formation of the fibrous cap,
changes over time in the lipid to form a necrotic core, thickening or thinning of the fibrous cap

and thrombosis.

3.2 Different types of atherosclerotic plaque

3.2.1 Intimal Xanthoma

“Xanthoma’’ is a general pathological term that describes focal accumulations of fat-

laden macrophages. The presence of an intimal xanthoma is not a fact for categorizing lesions in

current animal models as atherosclerotic. This is based on the fact that the composition of lesions
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in animal models is very different from that in the adult human population and the potential for
these lesions to regress. They usually do not develop into progressive atherosclerotic lesions and

contain macrophage, T lymphocytes and varying degrees of smooth muscle cells [182].

3.2.2 Intimal Thickening

Most adult human lesions originate as preexisting intimal masses according to American
heart association (AHA) classification scheme [183-185]. Intimal thickening consists mainly of
smooth muscle cells in a proteoglycan — rich matrix.

3.2.3 Fibrous Cap Atheromata

A fibrous cap is a distinct layer of connective tissue completely covering the lipid core.
The fibrous cap consists of smooth muscle cells in a collagenous-proteoglycan matrix, with
varying degrees of infiltration by macrophages and lymphocytes. Moreover, fibrous cap
atheroma can have thin or thick cap overlying a lipid-rich core [182]. Lesions with thin, fibrous
caps are those that are most likely to rupture. A thin fibrous cap is smaller than 65 um thick
[186]. The thin fibrous cap is separated from the earlier fibrous cap lesions by the loss of smooth
muscle cells, extracellular matrix and inflammatory infiltrate. Moreover, the necrotic core

underlying the thin, fibrous cap is large and calcification is usually present [187-188].

3.2.4 Thrombosis and Atherosclerotic Plaque Lesions
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Three processes are responsible for lesions with thrombi: rupture, erosion and calcified
nodule [184]. The two types related with those thrombi are fibrous cap atheroma and
pathological intimal thickening. Sometimes, a lesion can contain both rupture and erosion
evidence. Ruptured lesions typically have a large necrotic core, a disrupted fibrous cap infiltrated
by macrophages and lymphocytes. Plaque ruptures are found in 60% of individuals dying
suddenly with luminal thrombi and are the most frequent cause of death in young men (<50
years) and older women (>50 years) [185]. In women > 50 years old, ruptured plaques consist of
the main part of atherosclerotic lesions related with acute thrombi, and similar to men, there is an
association with increased total cholesterol levels [188].

For plaque erosion, the endothelium is absent at the erosion part of the plaque. The
erosion region consists mainly of smooth muscle and proteoglycans and the corroded site
contains minimal inflammation [189-190]. Erosion is about 40% of cases of thrombotic sudden
coronary death. A lesion with an infrequent cause of thrombotic occlusion without rupture is
referred to a calcified nodule. This type of lesion is mainly related with fibrous cap disruption
and thrombi associated with dense calcified nodules. Thin fibrous cap with calcified nodules are
not related with fibrocalcific lesions that are not associated with thrombi. Plaques with thick
fibrous caps, small lipid-laden necrotic core and overlying extensive accumulations of calcium in
the intima close to the media are referred as fibrocalcific lesions [191].

Major types of progressive atherosclerotic lesions can be separated into 5 different types.
Pathologic intimal thickening (PIT) composites of smooth muscle cell in a proteoglycan-rich
matrix with areas of extracellular lipid accumulation without necrosis. Thrombus is most often
mural and infrequently occlusive. Fibrous cap atheroma is composed of well-formed necrotic

core with overlying fibrous cap. Thrombus is most often mural and infrequently occlusive. Thin

19



cap fibroatheroma (TCFA) is a thin fibrous cap infiltrated with macrophages and lymphocytes,
rare smooth muscle cells and an underlying necrotic core. TCFA with rupture creates thrombus
that usually is occlusive [192]. Fibrocalcific plaque contains collagen-rich plaque usually with
significant stenosis; contains large areas of calcification with few inflammatory cells and
necrotic core may be present.

At the beginning, both high-risk and low-risk groups develop fatty streaks, but after the
start of development, fibrous plagues become dominant and progressively expand to cover about
20% to 46% of the coronary arterial surface. For males, a comparison between the high and low
risk groups, fatty streaks were noted at about the same ages (11 to 12 years) and similar growth
rates about 0.3% of surface per year were reported. On the other hand, in the high-risk group
compared with the low-risk group, fibrous plagques tended to start at a younger age (17 to 23
years) and to grow more rapidly (0.8% and 0.5% of surface per year) respectively [193].

Four major classes of plaques are associated with the acute coronary syndromes and
sudden cardiac death. Three classes of plaque are known to cause terminal events due to
thrombosis. The first is due to rupture of TCFA, 50% - 60%; thrombosis due to erosion of the
endothelium (PIT), 20 %; and thrombosis due to protrusion of a calcified nodule into the arterial
lumen, 2 %. The last class, fibrocalcific plaques, there is an advanced stenosis in the absence of
thrombosis, with a prevalence of 20% to 30%. This stenosis can lead to myocardial ischemia and
fatal arrhythmia [194]. Multiple cycles of subclinical plaque rupture or erosion, followed by
thrombosis and healing, occur in 60% of sudden cardiac deaths before the fatal event.

When an atherosclerotic plaque is treated the usual goal of treatment is to make it
disappear or regress [195]. The risks of clinical manifestations of atherosclerosis can be reduced
by 20% to 40% with statin treatment. Clinical trials of statins have shown reduction in
atherosclerotic cardiovascular morbility and mortality, including angina pectoris, nonfatal and
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fatal myocardial infarction, uses of coronary bypass surgery and coronary artery angioplasty and

stenting, transient ischemic attacks, stroke and total mortality [196 — 199].

3.3 Virtual histology intravascular ultrasound (VH — IVUS)

Although fibroatheromata can be identified at postmortem, identifying high-risk plaque
subtypes before a fatal event such as myocardial infarction remains a major challenge [200].
VH-IVUS is based upon spectral analysis of ultrasound backscatter, with different plaque
components exhibiting a defined spectrum [201]. The radiofrequency signal is mathematically
transformed into a color-coded representation, separating different components of atherosclerotic
plaque such as lipid, fibrous tissue, calcification, and necrotic core [202]. VH-IVUS spectral
analysis correlates well with histopathology in a predictive accuracy 87.1%, 87.1%, 88.3% and
96.5% for fibrous, fibro fatty, necrotic core and dense calcium respectively [203-204]. VH-IVUS
can also identify TCFA and other plaque subtypes [205], follow plaque composition after
treatment [206].

The following plaque classifications are used, consistent with subsequently published VH-IVUS

classifications [182]:

1) Plaque: Plaque burden of > 40% vessel cross-sectional area for 3 consecutive frames.

2) Fibroatheroma (FA): Plague burden > 40 %, confluent necrotic core > 10% plaque cross-
sectional area.

3) Thin-capped fibroatheroma (TCFA): fibroatheroma in contact with vessel lumen for 3
consecutive frames. TCFA were subdivided into calcified TCFA (dense calcium > 10%
plaque cross-sectional area in 3 consecutive frames) and noncalcified TCFA.

4) Thick-capped fibroatheroma (ThCFA): fibroatheroma not fulfilling ThCFA conditions.
ThCFA were subdivided into calcified ThCFA (dense calcium > 10% plague cross-
sectional area in 3 consecutive frames) and noncalcified ThCFA.

5) Fibrocalcific plaque (FC): plaque with dense calcium > 10% plaque cross-sectional area
in 3 consecutive frames, not meeting fibroatheroma definition.

6) Pathological intimal thickening (PIT): plague not meeting plaque definitions and

predominantly fibrous tissue.
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4. US thermal ablation of atherosclerotic plague phantoms
4.1 Introduction

In this chapter, the effect of therapeutic ultrasound for destruction of atherosclerotic
plague phantoms was investigated. Using an in vitro model, different atherosclerotic plaque
phantoms were treated using different acoustic parameters such as acoustic power and treatment
time. The goal of this study was to create the optimum treatment process that maximizes the
destruction of atherosclerotic plague in minimum time duration. In order to succeed this, the
influence of acoustic parameters such as acoustic power and treatment time was investigated.

Many studies for atherosclerotic plague phantoms have been made during the last seven
years. These studies are summarized in table 4.1. A suitable lesion composition phantom was
developed for evaluating the application of computed tomography for differentiation of in vitro
lipid-rich vs fibrotic plague samples by Kasraie et al [215]. An atherosclerotic plague phantom
also was prepared using a biological tissue model, bovine fat, and saline or heparinised porcine
blood for observation by Near — Infrared Hyper spectral Imaging by Ishii et al [216].

Different plaque phantoms composed of a stenotic vessel wall and plague components,
including fibrous cap and a lipid core, were successfully constructed for a multi-center High
Resolution magnetic resonance imaging (MRI) standardization in two different studies by Chueh
et al [217, 219]. Another plaque phantom by Chueh et al. composed of a stenotic vessel wall, a
fibrous cap and a lipid core was successfully constructed for diagnosis of intracranial
atherosclerotic disease (ICAD) [218].

A 3D-printed coronary plaque model was successfully designed for quantifying coronary
computed tomography angiography image quality and stenosis measurement accuracy by
Richards et al [213].A lipid plague phantom was created by Wu et al. [208] for a rapid
identification of thin-cap lipid-rich atherosclerotic plaque in coronary arteries with two-
wavelength intravascular photo acoustics. A model with lipid-rich plaque phantoms was used to
accurately predict the presence of chemicals and molecules, including lipid, collagen and
calcium using spectroscopy optical coherence tomography [24].

Shang et al. [220] proposed a method for detecting vascular plaques in the vessel. They
created different plaque phantoms (lipid-rich cap, thick fibrous cap, thin fibrous cap and rabbit
vascular plaques) for detecting arterial atherosclerosis using a dual-mode photo acoustic
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tomography (PAT) and optical coherence tomography (OCT). Nam et al. [214] used lipid
phantom models and in vivo atherosclerotic rabbit models for characterization of lipid-rich
plaque in intravascular OCT images based on spectroscopic absorption properties of lipids.

A calcified plague phantom was created by Gholampour et al. [207] for investigating the
thermal damage to vascular nerves while drilling calcified plaque. The results have shown that
drilling time is one of the most important factors in increasing temperature. Four plaque
phantoms were prepared by Cormode et al. [226] for analyzing atherosclerotic plaque
composition using multicolor computed tomography (CT) and targeted gold nanoparticles.

Six vascular phantoms with six types of calcified plaque were made by Jin et al. [214] for
evaluating the accuracy of lumen area measurement in calcified plaque by subtraction of dual
energy CT. Phantom models were made by Callum et al. [210] for three-dimensional (3-D)
imaging of biological tissue across millimetre-scale regions for system characterization and
clinical training. Cao et al. [221] created a lipid-mimicked phantom and a collinear catheter for
high-sensitivity intravascular photo acoustic imaging of lipid laden plaque.

A carotid artery plaque phantom fabricated from sheep and pig intestines was created by
Kumagai et al. [211] for identifying the lipid areas on the artery by ultrasound velocity change
imaging method. Jansen et al. [212] investigated atherosclerotic lipids in a vessel phantom for
assessing the lipid detection and distinction capabilities of spectroscopic intravascular photo
acoustic imaging in two absorption bands.

A tissue mimicking phantom made of porcine fat and gelatine was created by Choi et al.
[222] for establishing the feasibility of the intravascular photo thermal strain imaging system and
overcoming the limitations of conventional intravascular imaging methods that struggle to image
the plaque lipid. Guo et al. [223] assessed the impact of artificial plaque composition on drug
transport by using gelatine hydrogels with varying gelatine and lipid concentrations. Kingstone
et al. [224] created phantoms that simulated various types of atherosclerotic plaque pathology
using 2D and 3D ultrasound for measuring the differences for specific plague imaging analyses.
Atherosclerotic plaque phantoms [37] were used for evaluating the lipid volume fraction in
plaques using near-infrared multispectral imaging at wavelengths 1200nm.

As seen in table 4.1, many studies have been performed for assessing atherosclerotic
plague phantoms for medical imaging but only one [207] was for assessing plaque phantoms for

medical treatment. Some of the studies specified only mimicking lipid plaques[208-212],
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calcified plaques[207, 213-214], lipid and fibrous cap/tissue plaques[215-225]; lipid and
calcified plaque[226] and only one study[227]mimicked the main three components (fibrous
tissue, lipid core and calcium). This study also mimicked all three main components. To our
knowledge, no previous study was performed for evaluating atherosclerotic plaque phantoms in

vitro for ultrasound therapy.

Table 4.1: Studies for atherosclerotic plague phantoms and the ingredients for mimicking
the main components of atherosclerotic plaque

Author

Fibrous cap—
Fibrous/soft tissue

Lipidcore

Calcium

Gholampouretal 2019
[207]

Cubebone of bovine

W etal 2013 [208]

a) Human pen-adwventitial fat

b) Pure cholesterol, cholesteral

oleate and cholesterol inoleate
samples

Nametal 2016 [209]

Mayonnaise (Sovbeanold 80 %4)

Littleetal 2019 [210]

Coconutoil

Kimmagaietal. 2018
[211]

Fat

Jansenetal 2013 [212]

Cholesterol, cholesterol oleate,
cholesterol inoleate

Richardsetal 2018
[213]

Dentalresirmixture

Jinetal 2017 [214] Agar - Calciumhby droxypatitepowder
- 25 % Free cholestercl, 19 %%
. - Elastin, Type I ;
Kasraieetal 2014 [215] aéou'a iEE Cholesteryl oleate, 20 % -
B Trighycerid
Hemoglobin, Gelatin,
Ishiietal 2014 [216] intralipid, saline or Bowvinefat -

blood

Chuehetal. 2016 [217]

Agarose, carragesnan,
sodium azde, water

Wegstable fat, sodhum azide and
carrageenan nixture

Chuehetal 2013 [218]

Gadohrium chlonde,

agarose, carrageenan,

zodium azde, water,
sodium chloride

Milk, sodium azide, camrageenan
ruixture

Chuehetal. 2018 [219]

Gadolinium chloride,

agarose, carrageenan,

sodium azide, water,
sodium chloride

Milk, sodinm azide, carmrageenan
mixture

Shangetal. 2017 [220]

Collagen, agar and

Fat, cholesterol, phospholipid

gelatin and tnglycende
Agar gel (Agar powder Butter I{ZJd: a portion of porcine
2 27 -
Caocetal 2016 [221] and D, 0} intramuscular fat
Choietal. 2018 [222] Gelatin a) Comstarch, b) Porcine fat -
Guoetal 2014 [223] Gelatin, glutaraldshyde Lipidmixtures -
- = ; -
Kingstoneetal 2014 Modelingcompound, Wholecomkemels, olives MMustardseeds
[224] compoundputty
Nagacetal 2015 [225]  [ierneglobin. gelatin, Bovinefat -
intralipid
=
Comme [d_f_f;l' 2010 - Lipids, Meat (raw ground beef) Caleimmphosphate
. Cholesterol, glvcerol tnoleate,
Flemingetal 2013 = ’ .
® Seta Collagen mayonnaise, melted butter and Calchum

[227

vegetable oil
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4.2 Arterial Mimic Tube

The arterial atherosclerotic plaque phantom created in the laboratory was of low cost.
Different types of atherosclerotic plaques were mimicked with different percentages. The arterial
mimic tube base was made by thermoplastic polyurethane (TPU) and the other components from
co-polyester extended (CPE+) material for mimicking the elastic properties of the artery. Agar
was used for mimicking fibrous tissue, gypsum for calcium and butter for lipid core.

The arterial mimic tube base was made by TPU and the other components from CPE+
material for mimicking the elastic properties of the artery. Both parts printed using a 3D printer
(ULTIMAKERS3 extended, Ultimaker B.V, Zaltbommel, Netherlands). Fig. 4.1A shows the cross
— sectional area of the arterial mimic tube with atherosclerotic plaque. The diameter of the tube is
13.50 mm. The mean available lumen range of the artery is between 5.52 mm and 6.49 mm and
the mean atherosclerotic plaque thickness is between 3.01 mm and 3.98 mm. Fig. 4.1B shows the
arterial mimic tube (black) with the cap (white) and a smaller tube (yellow) for creating the
lumen of the artery. The length of the arterial mimic tube is 106.50 mm. The thickness of the cap

is 3.00 mm and the length of the smaller tube 27 mm.

A
mean available lumen range of the artery
5.52 - 6.49 mm
mean atherosclerotic plaque thickness
3.01 - 3.98 mm

106.50 mm

Figure 4.1: A) The cross — sectional area of the arterial mimic tube with atherosclerotic plaque,
B) The arterial mimic tube (black) with the cap (white) and smaller tube (yellow) for creating the
lumen of the artery.
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The atherosclerotic plaque phantom consisted of Agar (Agar-agar granulated, purified
and free from inhibitors for microbiology, Merck KGaa, Darmstadt, Germany), gypsum (Peletico
Building Gypsum, Peletico Ltd, Strovolos, Cyprus), butter (FLORA original, UNILEVER TC
LTD, Nicosia, Cyprus) and water. The ingredients were similar to that of Chueh et al. [217-219],
Shang et al [220], Jin et al. [214] and Cao et al. [221] for agar. Regarding butter, Fleming et al.
[227] and Cao et al. [221] used similar materials. Gypsum mimicked calcium and it was inspired
by Fleming et al. [227] and Cormodeet al. [226]. The percentage of each component for
classifying different plaques was based on previous studies [228-229]. Atherosclerotic plaques
with less than 10 % of calcium were assessed. These types of atherosclerotic plaques are mainly
PIT and fibrotic plaques [228-229]. Agar was used for mimicking fibrous tissue, gypsum for
calcium and butter for lipid core. The produced sample was isotropic and homogeneous. The
overall volume of the phantom was 230 ml. For the arterial atherosclerotic plague phantom 10 ml
was used and 220 ml for creating another plaque phantom for further investigation. The recipe of
the atherosclerotic plaque phantom was agar 4% w/v, gypsum 1% wi/v, butter 2% w/v and 93%
water. The volume of the phantom was 10 ml. The phantom was poured in the 3D arterial mimic
tube and was left to solidify overnight. The steps for the preparation were similar to the
preparation of the agar/silica evaporated milk phantom as described in Menicou et al. [230]. The
water was boiled to 50 °C with a magnetic stirrer and agar was added. Agar and water were
boiled together until 90 °C and gypsum was added. The magnetic stirrer was turn off and when
temperature reached again at 50 °C butter was added for creating the phantoms. Figure 4.2 shows

the preparation of the atherosclerotic plaque phantoms using the magnetic stirrer.

Figure 4.2: The preparation of the atherosclerotic plaque phantoms using the magnetic stirrer.
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Fig 4.3 shows the similarity between our model and the plaque in humans [228]. Fig.
4.3A shows the morphology of a human plaque with VH-IVUS. Fig. 4.3B shows the morphology
of a human plaque with intravascular ultrasound (IVUS). Fig.4.3C shows the atherosclerotic
plague model created for this study. The tube that mimics the artery is shown in black and the

atherosclerotic plaque is shown in gray.

Lumen of the artery Lumen of the artery
A

Atherosclerotic plaque

Atherosclerotic phantom

plaque

Arterial mimic tube

Lumen of the artery

Calcified plaque

IVUS catheter

Atherosclerotic
plaque

Figure 4.3: A) The morphology of a human plague with VH-IVUS, B) The morphology of a
human plaque with intravascular ultrasound (IVUS), C) The atherosclerotic plaque model
created for this study.

4.3 HIFU System

The HIFU system was composed of a signal generator (33220A, Agilent Technologies,
Englewood, CO, USA), an RF amplifier (AG 1012 LF Generator &Amplifier, T & C Power
Conversion, Rochester, USA), and a planar rectangular transducer (Fig.4.4). The active size of
the transducer was 2x10 mm?. The transducer material was made out of P762-type piezoceramic
(Ferroperm, Kvistgaard, Denmark), operating at 4 MHz (+5%). The thickness of the transducer
was 0.5 mm.The transducer holder was made using Acrylonitrile Butadiene Styrene (ABS). The

ABS parts of the transducer holder were produced by a 3D Printer (Ultimaker3 extended,
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Ultimaker B.V, Zaltbommel, Netherlands). The internal structure includes a cavity to
accommodate the 1 mm thick coaxial cable. In order to heat the atherosclerotic plaque for the
purpose of treating atherosclerosis, the transducer should be placed in a catheter. The arteries are
only 3-4 mm wide, so the transducer element should be as compact as possible.

‘_V,_Plastic holder 2x10 mm’ Transducer element

Figure 4.4: Main components of a planar transducer.

4.4 Experimental Setup

Figure 4.5 shows the schematic diagram of the experimental setup. The transducer was
placed inside the arterial atherosclerotic plaque tube which was balanced with a holder. The
transducer and the arterial atherosclerotic plaque tube were placed in the water container which
was filled with de-ionised, degassed water, providing a good acoustical coupling between the
transducer and atherosclerotic plague phantom. The signal generator and amplifier were
controlled (frequency, power, sonication time etc), by a user-friendly program written in C #
(Visual Studio 2010 Express, Microsoft Corporation, USA).

Holder

Atherosclerotic plaque

PC Signal Generator Amplifier

Transducer holder Transducer element l

Degassed water Atterial mimic tube

Figure 4.5: The schematic diagram of the experimental setup.
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4.5 X-Ray Imaging

An X-Ray (Portable X-Ray System IMS001, Shenzhen Browiner Tech Co. Ltd,
Shenzhen, P.R. China) system was used for evaluating the atherosclerotic plaque phantoms for
ultrasound therapy. A computed radiography (CR) reader was used (Carestream Vita Flex CR
Systems, Carestream Health Inc., New York, United States) to store the X-ray images. The X-
Ray parameters used for acquiring the images was 50 kV voltages, 45 mA current, 45 ms time of
exposure and 2 mAs.

4.6 MR imaging

The device was tested in a 1.5 T MR system (Signa, General Electric, Fairfield, CT,
USA) using a GPFLEX coil (USA instruments, Cleveland, OH, USA). MR thermometry data
was produced a coronal T2-weighted Fast Spin Echo (FSE) image was initially obtained for
localization and setup checking. Main parameters used to obtain the T2-FSE image were the
following: echo time (TE) = 55 ms, repetition time (TR) = 3000 ms, number of averages= 0.55,
echo train length (ETL) = 1, field of view (FOV) = 20 cm, slice thickness= 2 mm, matrix=
512x512, and flip angle= 90°.
4.7 MR thermometry

The temperature during the sonication was evaluated using the proton resonance frequency shift
equation. The equation relates the measured phase with the temperature elevation (AT). This
relationship is given by:

_ (M) — ¢(To)

AT
yaB,TE

(1

Where ¢(T) and ¢(To) are the phases at a starting and final temperature T and T, respectively,
yis the gyromagnetic ratio, ais the proton resonant frequency shift coefficient, Bo is the magnetic
field strength and TE is the echo time. The SPGR pulse sequence was used to extract the MRI
thermometry maps with a 2 s temporal resolution. The amplifier used was AR-313601, Model
75A250M4, Amplifier Research, Souderton, USA.
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4.8 Fibrotic and Pathological Intimal Thickening (PIT) plaque phantoms for ultrasound
therapy

4.8.1 Evaluation of Fibrotic and PIT plaque phantom

Materials and methods

The first step was to assess fibrotic and PIT plaque phantom for ultrasound therapy.
Different parameters of ultrasound such as acoustical power and time duration were used for
achieving the optimum result (maximum destruction of atherosclerotic plaque phantom for a
minimum treatment time). The recipe of the fibrotic atherosclerotic plaque phantom was agar 4%
wiv, gypsum 1% w/v, butter 2% w/v and 93% water and for the PIT atherosclerotic plaque
phantom was agar 4% w/v, gypsum 1% w/v, butter 20% w/v and 75% water respectively. Figure
4.6 shows the eight arterial atherosclerotic plague phantoms from the top. Fibrotic plaque

phantoms (left) and PIT plaque phantoms (right).

Fibrotic arterial
atherosclerotic
plaque
phantoms

atherosclerotic
plaque
phantoms

Figure 4.6: Fibrotic (left) and PIT (right) arterial atherosclerotic plaque phantoms.

Figure 4.7 shows the arterial plaque phantom and the ultrasound transducer with the plastic
holder.
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Figure 4.7: Arterial atherosclerotic plaque phantom and the ultrasound transducer with the plastic
holder.

Figure 4.8 shows the experimental setup for investigating the ability of therapeutic
ultrasound to ablate atherosclerotic plaque. The acoustical power was 6 W and 8 W respectively
for 30 s time of duration. The amount of plaque removal was evaluated visually and using an X-

Ray system

Arterial mimic tube Transducer Holder

WaterTan
k

Atherosclerotic plaque phantom

Figure 4.8: The experimental setup for investigating the ability of therapeutic ultrasound to
ablate atherosclerotic plaque phantoms.

Figure 4.9 shows the X-Ray images for a fibrotic atherosclerotic plaque phantom. Fig.
4.9A shows the cross-sectional image. The thickness of the tube was 2.1 mm and 2.12 mm at two
different points respectively. The thickness of the plaque was 2.6 mm and 2.61 mm at two
different points respectively. Fig. 4.9B shows the horizontal image of the fibrotic atherosclerotic
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plague phantom. The thickness of the lumen of the artery, plaque and tube was 3.95 mm, 2.71

mm and 2.10 mm respectively.

Figure 4.9: A) The cross-sectional image with tube and plaque thickness at two points
respectively, B) The horizontal image of the fibrotic atherosclerotic plaque phantom with the
thickness of the lumen of the artery, plaque and tube respectively.

Results

Figure 4.10 shows the X-ray images of the fibrotic atherosclerotic plaque phantom after
thermal ablation. Fig. 4.10A shows the X-Ray image of the cross-sectional of the phantom after
ablation. The size of the lesion was almost 2.34 mm. Fig. 4.10B shows the X-Ray image of the
horizontal position of the phantom after ablation. The depth of the lesion was 2.22 mm and 1.77
mm at two different points respectively. Figure4.10C shows the image of the cross-sectional area
of the phantom and fig.4.10D the corresponding X-Ray image after the ultrasonic ablation. The

acoustical power was 8 W for 30 s.

Figure 4.10: A) The X-Ray image of the cross-sectional of the phantom after ablation and B) The
corresponding X-Ray image C) The image of the cross-sectional area of the phantom after the
ultrasonic ablation and D) The corresponding X-ray image.
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Figure 4.11 shows the X-ray images of the second atherosclerotic plaque phantom before
and after thermal ablation. Fig. 4.11A shows the horizontal X-Ray image of the phantom before
ablation. Fig. 4.11B shows the horizontal X-Ray image of the phantom after ablation. The depth
of the lesion was almost 1.62 mm. The acoustical power was 6 W for 30 s.

Figure 4.11: A) The horizontal X-Ray image of the fibrotic phantom before ablation, B) The
horizontal X-Ray image of the phantom after ablation.

Figure 4.12 shows the X-ray images of the PIT atherosclerotic plaque phantom before
and after thermal ablation. Fig. 4.12A shows the horizontal X-Ray image of the phantom before
the ultrasonic ablation. Fig. 4.12B shows the horizontal X-Ray image of the phantom after
ultrasonic ablation. The depth of the lesion was almost 0.86 mm. The acoustical power was 8 W
for 30s.

Figure 4.12: A) The horizontal X-Ray image of the PIT phantom before the ultrasonic ablation,
B) The horizontal X-Ray image of the phantom after ultrasonic ablation.
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4.8.2 Fibrotic and PIT plaque phantoms with 8 W acoustical power and different treatment
time

Materials and methods

The next step of our investigation was to evaluate the relationship between acoustical
power and different treatment times for fibrotic and PIT plaque phantoms. The acoustical power
was 8 W and the plaque phantoms were assessed for a time interval between 15-30 s. The
amount of plague removal was evaluated visually and using an X-Ray system. The recipe of the
fibrotic atherosclerotic plaque phantom was agar 4% w/v, gypsum 1% w/v, butter 2% wi/v and
93% water and for the PIT atherosclerotic plaque phantom was agar 4% wi/v, gypsum 1% wi/v,
butter 20% w/v and 75% waterrespectively.Table4.2 shows the list of atherosclerotic plaque
phantoms with their ingredients.

Table 4.2: List of atherosclerotic plaque phantoms with their ingredients

Gypsum Butter Water

0,

Phantom | Plaquetype | Volume (ml) | Agar (%w/v) (%w/v) (%w/v) (%)
1-3 Fibrotic 10 4 1 2 93
4-6 PIT 10 4 1 20 93

Results

Table 4.3 shows the different types of atherosclerotic plaque, ultrasonic parameters and
average lesion depths.

Table 4.3: Atherosclerotic plaques, ultrasonic parameters and average lesion depth.

Ath | icpl A h of
Phantom theroscleroticplaq Acoustical power (W) | Sonication time (s) veragc? depth o
uetype the lesion (mm)

1 Fibrotic 8 25 1.45

2 Fibrotic 8 20 0.76
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3 Fibrotic 8 15 0.60

5 PIT 8 30 1.69
6 PIT 8 25 0.87
7 PIT 8 20 0.75

Figure 4.13 shows the lesion depth against time for the fibrotic plaque phantom for 8 W
acoustical powers.
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Figure 4.13: Lesion depth against time for the fibrotic phantom for 8 W acoustical powers.

Figure 4.14 shows the lesion depth against time for the PIT plague phantom for 8 W

acoustical powers.
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Figure 4.14: Lesion depth against time for the PIT phantom for 8 W acoustical powers.



Figure 4.15 shows the lesion depth against time for both PIT and fibrotic plaque
phantoms. The acoustical power was 8 W. The blue and the red line correspond to the fibrotic

and PIT plaque phantoms respectively.
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Figure 4.15: The lesion depth against time for both PIT and fibrotic plaque phantoms for 8 W
acoustical powers. The blue and the red line correspond to the fibrotic and PIT plaque phantoms
respectively

4.8.3 Effect of different percentage of lipid core for fibrotic and PIT plaque phantoms
Materials and Methods

The next step of our investigation was to evaluate the relationship between acoustical
power and different treatment times for fibrotic and PIT plague phantoms with different
percentages of the lipid core. The acoustical power was 8 W and the plaque phantoms were
assessed for a time interval between 15 — 30 s. The amount of plaque removal was evaluated
visually and using an X-Ray system. The recipe of the fibrotic atherosclerotic plaque phantom
was agar 4% wi/v, gypsum 1% wi/v, butter 10% w/v and 85% water. The recipe of the PIT
atherosclerotic plaque phantom was agar 4% w/v, gypsum 1% wi/v, butter 25% w/v and 70%
water. Table 4.4 shows the list of atherosclerotic plaque phantoms with their ingredients.
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Table 4.4: List of fibrotic and PIT atherosclerotic plague phantoms with their ingredients

Phantom | T'aque | Volume Agar Gypsum Butter Water
type (mi) (%w/v) (%w/v) (%w/v) (%)
5-8 PIT 10 4 1 25 20
Results

Table 4.5 shows the different types of atherosclerotic plaque, ultrasonic parameters and

average lesion depths.

Table 4.5: Fibrotic and PIT plaque phantoms, ultrasonic parameters and average lesion

depth
Phantom At:;:‘;o::::;ﬁc Power (W) Time (s) Averlaeg;iaot:‘e(pr:‘r:nc;f the
1 Fibrotic 8 30 1.73
2 Fibrotic 8 25 1.15
3 Fibrotic 8 20 0.56
4 Fibrotic 8 15 0.43
5 PIT 8 30 0.73
6 PIT 8 25 0.58
7 PIT 8 20 0.43
8 PIT 8 15 0.00

Figure 4.16 shows the lesion depth against time for the fibrotic plague phantom. The lipid

core was mimicked by butter with 10%. The acoustical power was 8 W.
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Figure 4.16: The lesion depth against time for the fibrotic plaque phantom with 10 % butter for 8
W acoustical powers.

Figure 4.17 shows the lesion depth against time for the PIT plaque phantom with 25 %
butter for 8 W acoustical powers.
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Figure 4.17: The lesion depth against time for the PIT plaque phantom with 25 % butter for 8 W
acoustical powers.

Figure 4.18 shows the lesion depth against time for both PIT and fibrotic plague
phantoms. The acoustical power was 8 W. The blue and the red line correspond to the fibrotic

and PIT plaque phantoms respectively.
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Figure 4.18: The lesion depth against time for both PIT and fibrotic plaque phantoms for 8 W
acoustical powers. The blue and the red line correspond to the fibrotic and PIT plaque phantoms
respectively.

4.8.4 Fibrotic and PIT plaque phantoms with 10 W acoustical power and different time

Materials and methods

The next step of our investigation was to evaluate the relationship between acoustical
power and different treatment times for fibrotic and PIT plaque phantoms with different
percentages of lipid core. The acoustical power was 10 W and the plaque phantoms were
assessed for 15-30 s sonication time interval. The amount of plaque removal was evaluated
visually and using an X-Ray system. The recipe of the fibrotic atherosclerotic plagque phantom
was agar 4% wi/v, gypsum 1% wi/v, butter 10% w/v and 85% water. The recipe of the PIT
atherosclerotic plaque phantom was agar 4% w/v, gypsum 1% w/v, butter 25% w/v and 70%
water.

Results

Table 4.6 shows the different types of atherosclerotic plaque, ultrasonic parameters,
average lesion depth and the percentage of plaque destruction. The percentage of plaque
destruction was calculated by dividing the average depth of the lesion with the average length of

atherosclerotic plaque at the point of destruction.
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Table 4.6: Fibrotic and PIT plaque phantoms with 10 W acoustical power, 15-30s
treatment time and average lesion depth

Phantom Atherosclerotic Power Time | Average depth of | Percentage plaque
plaque type (W) (s) the lesion (mm) destruction (%)
1 Fibrotic 10 30 2.59 100
2 Fibrotic 10 25 1.94 78
3 Fibrotic 10 20 1.09 a4
4 Fibrotic 10 15 0.62 25
5 PIT 10 30 213 85
6 PIT 10 25 1.81 72
7 PIT 10 20 1.15 46
8 PIT 10 15 0.91 36

Figure 4.19 shows the lesion depth against time for the fibrotic plaque phantom with 10%

butter. The acoustical power was 10 W.
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Figure 4.19: The lesion depth against time for the fibrotic plaque phantom with 10% butter for
10 W acoustical powers.
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Figure 4.20 shows the lesion depth against time for the PIT plaque phantom with 25%

butter for acoustical power was 10 W.
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Figure 4.20: The lesion depth against time for the PIT plaque phantom for 10 W acoustical
powers.

Figure 4.21 shows the lesion depth against time for both PIT and fibrotic plaque
phantoms. The acoustical power was 10 W. The blue and the red line correspond to the fibrotic

and PIT plaque phantoms respectively.
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Figure 4.21: The lesion depth against time for both PIT and fibrotic plaque phantoms for 10 W
acoustical powers. The blue and the red line correspond to the fibrotic and PIT plaque phantoms
respectively.
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Figure 4.22 shows the percentage plaque destruction against sonication time for both PIT
and fibrotic plaque phantoms. The acoustical power was 10 W. The blue and the red line

correspond to the fibrotic and PIT plaque phantoms respectively.

100 Fibrotic

80 PIT

60

40

20

Percentage of destruction (%)

15 17 19 21 23 25 27 29 31

Time (s)

Figure 4.22: The plaque destruction in percentage against time for both PIT and fibrotic plaque
phantoms. The acoustical power was 10 W. The blue and the red line correspond to the fibrotic
and PIT plaque phantoms respectively.

Figure 4.23 shows the lesion depth against time for both PIT and fibrotic plaque
phantoms. The acoustical power was 10 W and 8 W respectively. The green and the purple line
correspond to the fibrotic and PIT plaque phantoms for 10 W acoustical powers respectively.
The blue and the red line correspond to the fibrotic and PIT plaque phantoms for 8 W acoustical

powers respectively.
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Figure 4.23: The lesion depth against sonication time for both PIT and fibrotic plague phantoms.
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4.9 PIT, TCFA, ThCFA and fibrocalcific plaque phantoms with 10 W acoustical power and
different treatment time

Materials and methods

An evaluation of the relationship between acoustical power and different treatment times
for PIT, TCFA, ThCFA and fibrocalcific plague phantoms has been evaluated. The acoustical
power used was 10 W and the plaque phantoms were assessed for 20 — 25 s time interval. The
amount of plague removal was evaluated visually and using an X-Ray system. The recipe of the
PIT atherosclerotic plague phantom was agar 4% wi/v, gypsum 1% w/v, butter 20% w/v and 75%
water. For TCFA were agar 4 % w/v, gypsum 10 % w/v, butter 18 % w/v and 68% water. For
ThCFA were agar 4% wl/v, gypsum 7% wl/v, butter 2.5% w/v and 86.5% water and for
fibrocalcific were agar 4% wi/v, gypsum 50% w/v, butter 1 % w/v and 36% water.Table4.7
shows the atherosclerotic plague phantoms with their ingredients.

Table 4.7: PIT, TCFA, ThCFA and FC plague phantoms with their ingredients

Phantom Atherosclerotic | Volume Agar Gypsum Butter Water
plaquetype (ml) (%w/v) (%w/v) (%w/v) (%)
1-2 PIT 10 4 1 10 85
34 TCFA 10 4 10 18 68
5-6 ThCFA 10 4 7 25 86.5
7-8 FC 10 4 50 10 36
Results

Table 4.8 shows the different types of atherosclerotic plaque, ultrasonic parameters,

average lesion depth and the percentage of plaque destruction.
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Table 4.8: PIT, TCFA, ThCFA and FC plague phantoms, ultrasonic parameters, average
lesion depth and percentage plaque destruction

Atherosclerotic Time | Average depth of Percentage
AETTET laque type O (s) the lesion (mm) ERTTE
plaque typ destruction (%)
1 PIT 10 20 1.37 58
2 PIT 10 25 2.09 85
3 TCFA 10 20 1.66 65
4 TCFA 10 25 2.09 91
5 ThCFA 10 20 0.80 31
6 ThCFA 10 25 1.29 49
7 FC 10 20 0.00 0
8 FC 10 25 0.00 0

Figure 4.24A shows the lesion depth against time for the PIT, TCFA and ThCFA plaque
phantoms and figure 4.24B the corresponding percentage of plaque destruction. The acoustical
power was 10 W. The red, blue and green line corresponds to ThCFA, TCFA and PIT

respectively.
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Figure 4.24: A) The lesion depth against time for the PIT, TCFA and ThCFA plaque phantoms.
The acoustical power was 10 W, B) The percentage plaque destruction against time for the PIT,
TCFA and ThCFA plague phantoms.

4.10 PIT and TCFA plague phantoms with 15 W acoustical power and different treatment
time

Materials and methods

The next step of our evaluation was focused on PIT and TCFA atherosclerotic plaque
phantoms. The acoustical power was 15 W and the plague phantoms were assessed for 15 — 30 s
time interval. The amount of plaque removal was evaluated visually and using an X-Ray system.
The recipe of the PIT atherosclerotic plaque phantom was agar 4% w/v, gypsum 1% w/v, butter
20% wi/v and 75% water. For TCFA were agar 4% w/v, gypsum 10% w/v, butter 18% w/v and
68% water. Figure 4.25 shows the slightly new experimental setup for investigating the ability of
therapeutic ultrasound to ablate atherosclerotic plaque. The only difference with previous
experiments was the plastic arterial mimic tube holder. This holder was designed for MR-
thermometry experiments.Table4.9 shows the PIT and TCFA atherosclerotic plagque phantoms
with their ingredients.

Table 4.9: List of PIT and TCFA atherosclerotic plaque phantoms with their ingredients

Phantom Atheroscleroticpl | Volume Agar Gypsum Butter Water
aquetype (ml) (%w/v) (%w/v) (%w/v) (%)
1-4 PIT 10 4 1 10 85
5-8 TCFA 10 4 10 18 68
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Figure 4.25: Experimental setup for investigating the ability of therapeutic ultrasound to ablate
atherosclerotic plaque using a new arterial mimic tube holder.

Results

Table 4.10 shows the different types of PIT and TCFA atherosclerotic plaques, ultrasonic
parameters, average lesion depth and the percentage of plaque destruction.

Table 4.10: PIT and TCFA atherosclerotic plaque phantoms with 15 W acoustical powers,
15-30 s treatment time, average lesion depth and percentage plague destruction

Atheroscleroticpla Power Time Average depth of Percentager')laq
Phantom . uedestruction
quetype (W) (s) the lesion (mm)

(%)
1 PIT 15 15 0.72 29
2 PIT 15 20 2.15 87
3 PIT 15 25 2.24 96
4 PIT 15 30 2.61 98
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5 TCFA 15 15 2.33 94

6 TCFA 15 20 2.33 100
7 TCFA 15 25 2.13 95
8 TCFA 15 30 2.38 100

Figure 4.26A shows the lesion depth against time for the PIT and TCFA plaque
phantoms. The acoustical power was 15 W. The red and blue line corresponds to PIT and TCFA
respectively.Figure4.26B shows the percentage plaque destruction against time for the PIT and
TCFA plaque phantoms. The acoustical power was 15 W. The green and purple line corresponds
to TCFA and PIT respectively.
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Figure 4 26: A) The lesion depth against time for the PIT and TCFA plaque phantoms. The
acoustical power was 15 W, B) The percentage plaque destruction against time for the PIT and
TCFA plaque phantoms.



4.11 TCFA plaque phantoms with 12 W and 15 W acoustical powers and different
treatment times

Materials and methods

Plaque rupture can lead to cardiac ischemia and stroke. TCFA plaques are often ruptured
in comparison with other types of plagues and so an evaluation of TCFA atherosclerotic plaque
phantom has been made. The acoustical powers were 12 W and 15 W for 6 — 12 s treatment
times. The amount of plaque removal was evaluated visually and using an X-Ray system. The
recipe of the TCFA atherosclerotic plaque phantom were agar 4 % w/v, gypsum 10 % w/v, butter
18 % wi/v and 68 % water.

Results

Table 4.11 shows TCFA atherosclerotic plaques, ultrasonic parameters, average lesion

depth and the percentage of plaque destruction.

Table 4.11: TCFA atherosclerotic plaque phantoms, ultrasonic parameters, average lesion
depth and percentage plague destruction

. . Percentageplaq
Phantom Atheroscleroticplaque Power (W) Time Averagt:: depth of uedestruction
type (s) the lesion (mm) o

(%)
1 TCFA 12 6 0.90 45
2 TCFA 12 8 1.47 60
3 TCFA 12 10 1.58 70
4 TCFA 12 12 2.38 92
5 TCFA 15 6 1.69 62
6 TCFA 15 8 1.92 90
7 TCFA 15 10 1.92 70
8 TCFA 15 12 2.26 95

Figure 4.27 Ashows the lesion depth against time for the TCFA plague phantoms. The red

and blue line corresponds to 15 W and 12 W acoustical powers respectively.Figure4.27B shows
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the percentage plaque destruction against time for TCFA plaque phantoms. The green and purple

line corresponds to 12 W and 15 W acoustical powers respectively.

A 25 - 15W
T 2 = 12 W
E p—

Q.
S
c lg
.9
3 05
—
o 1 1 1 1 1 1 J
6 7 8 9 10 11 12 13
Time (s)

B __100 ¢ 12 W
8
c 80 15W
.0
©
3 60
a
s 40 ¥
()]

oo
£ 2
3
a 0 1 1 1 1 1 1 |
[-%
6 7 8 9 10 11 12 13
Time (s)

Figure 4.26: A): The lesion depth against time for the TCFA plague phantoms, B) The
percentage plaque destruction against time for TCFA plaque phantoms.

4.12 Conclusion

In this chapter, the effect of therapeutic ultrasound for destruction of atherosclerotic
plague phantoms was described. A low cost arterial plague model was evaluated with different
atherosclerotic plaque phantoms using different acoustic parameters such as acoustic power and
treatment time. Atherosclerotic plagues were mimicked with their three main components:
fibrous tissue with agar, lipid core with butter and calcium with gypsum. The optimum treatment
process that maximized the destruction of atherosclerotic plaque in minimum time duration was
achieved. In order to succeed this, the influence of acoustic parameters such as acoustic power
and treatment time was investigated. A summary for the evaluation is given below. Same plague

phantoms are evaluated separately and then an overall conclusion have been analyzed for all the
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phantoms. The max and minimum percentage plaque destruction is evaluated for same plaque
phantoms and the relationship between the percentage plaque destruction and their ingredients is
analyzed.

The first step of this evaluation was to assess fibrotic and PIT plaque phantoms for
ultrasound therapy. The results were shown that the fibrotic (2% butter) atherosclerotic plaque
phantoms were properly ablated by thermal ultrasound. The 1% fibrotic atherosclerotic plaque
phantom was destructed completely for acoustical power 8 W for 30 s. The 4™ plague phantom
was destructed by more than 70% with acoustical power 6 W for 30 s. PIT atherosclerotic plaque
phantom with 20% butter remained unaffected by the ultrasonic ablation with acoustical power
of 6 W for 30 s. The last PIT atherosclerotic plaque phantom was ablated by almost 30% with
acoustical power of 8 W for 30 s. The size of the lesion for the atherosclerotic plaque phantom is
similar to the size of the transducer and depends on acoustical power and sonication time. The X-
Ray images of the arterial plague phantoms have shown that the arterial plague phantoms were
properly mimicked. The experiment has shown that the ultrasonic ablation affected by the lipid
concentration as the lipid concentration of PIT phantom was higher than the fibrotic phantom.

The next step of this investigation was to evaluate the relationship between acoustical
power and different treatment times for fibrotic and PIT plaque phantoms. It was shown that for
acoustical power of 8 W until 15 s the destruction of the fibrotic plague was almost 25%. After
20 s sonication time and for every 5 s the amount of plaque destruction was doubled. Moreover,
the results showed that the PIT atherosclerotic plaque phantom with 20% butter was properly
ablated by thermal ultrasound. For 8 W acoustical power and 15 s sonication time an anomalous
result was produced and should be assessed again. It seems that the amount of lipid concentration
plays a significant role to the amount of plaque destruction. The size of the lesion for the
atherosclerotic plaque phantom is similar to the size of the transducer and depends on acoustical
power and sonication time.

As the amount of lipid core played a significant role to the amount plaque destruction, the
next evaluation was focused to the relationship between acoustical power and different treatment
times for fibrotic and PIT plaque phantoms with different percentages of the lipid core. It was
shown that for acoustical power of 8 W until 15 s the destruction of the fibrotic plaque was
almost 25 %. There is a linear relationship after 20 s sonication time between the lesion depth

and sonication time. Moreover, the results were shown that the PIT atherosclerotic plaque
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phantoms with 25 % butter were properly ablated by thermal ultrasound. For the last PIT
phantom with 15 s sonication time, no effect was produced probably because of the imaging
angle between the phantom and the X-ray plane. The PIT plaque phantom lesion depth is less
than the fibrotic phantom depth mainly due to the higher concentration of the lipid core. There is
a difference of 15 % between the two lipid concentrations and these affect the amount of plaque
removal. As the amount of lipid increases, the amount of plaque depth decreases.

The last part of the evaluation of fibrotic and PIT plaque phantoms have been done with
10 W acoustical power and different treatment times. The results showed that the fibrotic
atherosclerotic plague phantoms with 10% butter were properly ablated by thermal ultrasound. It
was shown that for acoustical power of 10 W until 15 s the destruction of the fibrotic plaque was
almost 25% and 36% for the PIT plaque respectively. For 10 W acoustical powers, the lesion
depth for PIT phantoms was higher than 8 W while for fibrotic plaque phantoms was similar.
The fibrotic plague was completed destructed with 10 W acoustical power and 30 s sonication
time. However, for each 5 s after 20 s it seems to follow a linear relationship. For 10 W
acoustical powers up to 20 s sonication times, the higher the lipid percentage the higher the
lesion depth.

Moreover, the relationship between 10 W acoustical power and different treatment times
for PIT, TCFA, ThCFA and FC plaque phantoms has been evaluated. The results showed that
PIT, TCFA and ThCFA atherosclerotic plague phantoms were properly ablated by thermal
ultrasound. FC atherosclerotic plaque phantom was not ablated, mainly due to the very high 50%
percentage of gypsum. It was shown that for 10 W acoustical powers for 25 s sonication times
the percentage destruction of TCFA and PIT plaque phantom had a 6% difference. Furthermore,
the percentage destruction of the plaque phantom at the point of sonication was 65% to 91% for
TCFA, 31% to 49% for ThCFA and 50% to 85% for the PIT plaque phantoms respectively. The
91 % higher percentage plague destruction at the point of sonication was created in TCFA
phantom with 10 W acoustical power and 25 s sonication time. The size of the lesion for the
atherosclerotic plague phantom was similar to the size of the transducer. The size of the lesion
depends on acoustical power and sonication time. The X-Ray images of the arterial plaque
phantoms have shown that the arterial plaque phantoms were properly mimicked. The
components of arterial atherosclerotic plague model can be clearly defined by X-Ray images of
the TCFA and ThCFA rather than fibrotic and PIT because of the higher amount of gypsum.
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Furthermore, the next step of this evaluation was focused on PIT and TCFA
atherosclerotic plague phantoms with 15 W acoustical power and 15 — 30 s treatment time
interval. TCFA atherosclerotic plague phantoms had a minimum 95 % plaque lesion at the point
of sonication with 15 W acoustical power and different sonication times. PIT atherosclerotic
plague phantoms had a minimum 96 % plaque lesion at the point of sonication with 15 W
acoustical powers for sonication times higher than 25 s. The minimum percentage plaque lesion
at the point of sonication was 30% for 15 s sonication time. A specific note should be placed for
TCFA atherosclerotic plaque, which is the most vulnerable plaque leading to stroke and cardiac
ischemia. The X-Ray images of the arterial plaque phantoms have shown that the arterial plaque
phantoms were properly mimicked. The components of arterial atherosclerotic plaque model can
be clearly defined by X-Ray images of the TCFA rather than PIT plaque phantom because of the
higher amount of gypsum.

Plaque rupture can lead to cardiac ischemia and stroke. TCFA plaques are often ruptured
in comparison with other types of plaques and so finally an evaluation of TCFA atherosclerotic
plaque phantom has been made. The results were shown that TCFA atherosclerotic plaque
phantoms were properly ablated by thermal ultrasound. It was shown that for 12 W acoustical
powers the minimum plaque percentage destruction was almost 45% and for 15 W acoustical
powers was 62%. The maximum percentage plaque destructions were similar and close to 95%
for both acoustical powers. For a very small 6 s duration of sonication time, it was shown that the
TCFA plague phantom was destructed at the point of sonication by 45% and 62% for 12 W and
15 W acoustical powers respectively. An anomalous result produced for 15 W acoustical power
and 10 s sonication time and should be assessed again. The size of the lesion for the
atherosclerotic plaque phantom is similar to the 2 x10 mm?size of the transducer. The size of the
lesion depends on acoustical power and sonication time. The X-Ray images of the arterial plaque
phantoms have shown that the arterial plague phantoms were properly mimicked.

Table 4.12 shows the fibrotic plague phantoms with their ingredients, ultrasonic
parameters, and average lesion depth with the percentage destruction. Figure 4.28 shows the
percentage plaque destruction against time for fibrotic plague phantoms. Only the last three
phantoms are shown in the graph because for the first two only one sonication was taken place.
For the third fibrotic plaque phantom the value of the first was included to compare and the

maximum treatment time with the last two fibrotic phantoms.
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Table 4.12: Fibrotic atherosclerotic plaque phantoms with their ingredients, ultrasonic
parameters, average lesion depth and percentage plaque destruction

Plaquephantom Fib1 Fib 2 Fib3 Fib4 Fib 5
Agar (%w/v) 4 4 4 4 4
Gypsum (%w/v) 1 1 1 1 1
Butter (%w/v) 2 2 2 10 10
Water (%) 93 93 93 85 85
AcousticalPower (W) 8 6 8 8 10
Sonicationtime (s) 30 30 15-25 15-30 15-30
Averagelesiondepth (mm) 2.2 1.62 0.60-1.45 0.43-1.73 1.19-1.51
Percentagedestruction (%) 100 70 21-56 17-67 36-57
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Figure 4.27: The percentage plaque destruction against time for fibrotic plaque phantoms.

Important conclusions can be derived from table 4.12 and fig. 4.28 related to fibrotic
plague phantoms and ultrasonic parameters. Regarding 8 W acoustical powers with 2% w/v
butter, it can be deduced that the fibrotic plaque phantom was destructed 100% for a sonication
time of 30 s, and minimum 21% plaque destruction occurred for 15 s sonication times. An
increase of the butter percentage which mimics the lipid core of atherosclerotic plaques showed
that the percentage destruction is smaller. Specifically, an increase of 8% w/v of butter (fib4) led
to a decrease of about 23% of the maximum destruction of the plaque phantom and 4% of the

minimum respectively. Finally, a raise of 2 W acoustical powers (fib5) led to an increase of
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about 20 % to the minimum destruction of the plaque phantom and 8% to the maximum. The last
point of the last fibrotic phantom is anomalous.

Table 4.13 shows the PIT plaque phantoms with their ingredients, ultrasonic parameters,
and average lesion depth with the percentage destruction. Figure 4.29 shows the percentage
plaque destruction against time for PIT plaque phantoms. Only the last five phantoms are shown

in the graph because for the first two only one sonication was taken place.

Table 4.13: PIT atherosclerotic plague phantoms with their ingredients, ultrasonic
parameters, average lesion depth and percentage plaque destruction

Plagquephantom PIT1 PIT2 PIT3 PIT4 PIT5 PIT6 PIT 7
Agar (%w/v) 4 4 4 4 4 4 4
Gypsum (%w/v) 1 1 1 1 1 1 1
Butter (%w/v) 20 20 20 25 25 20 20
Water (%) 75 75 75 70 70 75 75
Acoustical
Power(W) 8 6 8 8 10 10 15
Sonication time (s) 30 30 20-30 15-30 15-30 20-25 15-30
Average lesion 0.75- 1.37- 0.72-
depth (mm) 0.86 0 1.69 0-0.73  0.53-1.01 5 09 5 61
Percentage
destruction (%) 30 0 25-74  0-30 20-38 58-85 29-98
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Figure 4.28: The percentage plaque destruction against time for PIT plaque phantoms.

Looking carefully to table 4.13 and fig. 4.29, an interesting conclusion for PIT plague
phantoms and ultrasonic parameters can be derived. No plaque destruction created with 6 W

acoustical power and 30 s sonication time. The minimum plaque destruction was 20% for 10 W
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acoustical powers, 15 s sonication times and 25% butter and the maximum was 98% for 15 W
acoustical powers, 30 s sonication times and 20% butter. Moreover, the percentage plaque
destruction was affected by the percentage of butter which mimics the lipid core of
atherosclerotic plaque. An increase of 5% w/v butter with 8 W acoustical powers showed that the
amount of plaque destruction decreased by 8% for 20 s sonication times, 10% for 25 s sonication
times and 44% for 30 s sonication times. An increase of 5% wi/v butter with 10 W acoustical
powers decreases the amount of destruction by 26% for 20 s sonication times and 47% for 25 s

sonication times. The results are given on figure 4.30 below.
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Figure 4.29: Percentage plaque destruction against time, for different percentage lipid cores and
acoustical powers.

Table 4.14 shows the TCFA plague phantoms with their ingredients, ultrasonic
parameters, and average lesion depths with the percentage destructions. Figure 4.31 shows the
percentage plaque destruction against time for TCFA plaque phantoms and 6-12 s sonication
times. Figure 4.32 shows the percentage plaque destruction against time for TCFA plaque
phantoms and 15-30 s sonication times.

Table 4.14: TCFA atherosclerotic plaque phantoms with their ingredients, ultrasonic
parameters, average lesion depths and percentage plaque destructions

Plaquephantom TCFA 1 TCFA 2 TCFA3 TCFA 4
Agar (%w/v) 4 4 4 4
Gypsum (%w/v) 10 10 10 10
Butter (%w/v) 18 18 18 18
Water (%) 68 68 68 68
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AcousticalPower (W) 10 15 12 15

Sonicationtime (s) 20-25 15-30 6-12 6-12
Average lesion depth (mm)  1.66-2.09 2.33-2.38 0.72-2.61 2.33-2.38
Percentage destruction (%) 65-91 94-100 45-92 62-95
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Figure 4.30: The percentage plaque destruction against time for TCFA plaque phantoms and 6-
12 s sonication times.
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Figure 4.31: The percentage plaque destruction against time for TCFA plague phantoms and 15-
30 s sonication times.

TCFA plaques are often ruptured in comparison with other types of plaques and so the

investigation for atherosclerotic plague phantoms should be focused on this type of plaque,
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especially for future work. For our study two different combinations of sonication time and
acoustical power have been evaluated. The first investigation assessed the 12 W and 15 W
acoustical powers with the same 6 s to 12 s sonication time interval. The minimum percentage
destructions were 45 % and 62 % for 12 W and 15 W acoustical powers and 6 s sonication time
respectively. The maximum percentage destructions were 92% and 95% for 12 W and 15 W
acoustical powers and 12 s sonication time respectively. These results are very promising as the
evaluation showed that the optimum treatment maximized the percentage of plaque destruction
to 95 % and minimized the sonication time to 12 s. In future clinical trials the transducer will be
incorporated in a catheter which will be inserted intravascular (1-3 mm) wide and can be used to
treat atherosclerotic plaques in the coronary arteries, creating close to 50 % plaque destruction
for 6 s and close to 100 % for 12 s respectively.

All atherosclerotic plague phantoms with their ingredients, acoustical powers, sonication
times, average lesion depths and percentage plaque destructions are summarized on table 4.15.

The percentage plaque destruction against time for all the phantoms is given in figure 4.33.

Table 4.15: Fibrotic, PIT, TCFA, ThCFA and FC phantoms with their ingredients,
acoustical powers, sonication times, average lesion depths and percentage plaque
destructions.

Plague phantom Fib 1 PIT 1 Fib 2 PIT 2 Fib 3 PIT 3
Agar (FEwv) 4 i 4 % | a4 a
Gypsum | 26w v) 1 1 1 1 1 1
Butter (26w/v) 2 20 2 20 2 20
Water (26) 93 = 93 75 93 75

Acoustical Power
8 8 = = 8 8
(w)

Sonicationtime (s) 30 30 30 30 15-25 20-30
Average lesion 0.60- 0.75-
2.2 0.86 1.62 O

depth {mm) 1.45 1.69
Percentage
destruction (%) 100 30 JO O 21-56 33-56
Plague phantom Fib 4 PIT4 Fib5 PIT 5 PIT &6 TCFA 1
Agar (2w v) 4 A 4 4 A 4
Gypsum [ 26w v) 1 1 1 1 1 10
Butter (26w v) 10 25 10 25 20 18
Water (96) 85 70 85 70 F= =3=3
Acoustical Power 8 8 10 10 10 10
(W)
Sonication time (s) 15-30 15- 15- 15-30 20-25 20-25
30 30
Average lesion 0.43- 0- 1.19- 0.53- 1.37- 1.66-
depth {mm) 1.73 0.73 1.51 1.01 2.09 2.09
Percentage 36-
17-67 0-20 20-38 58-85 55-91
destruction (26) 57
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Plague phantom ThCFA 1 FC PIT7? TCFA2 TCFA3 TCFA4
Agar (%w/v) 4 | 4 4 4 |
Gypsum (%w/v) 7 50 1 10 10 10
Butter (%6w/v) 2.5 10 20 18 18 18
Water (%) 86.5 36 75 68 68 63
Acoustical Power 10 10 15 15 12 15
fw)
Sonication time (s)  20-25 20- 1> 4530 612s 6-12 s
25 30
Average lesion 0.80- 0 0.72- 2.33- 0.72- 2.33-
depth (mm) 1.29 2.61 2.38 2.61 2.38
FPercentage 29-
destruction (%) 31-49 0 98 94-100 45-92 62-95
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Figure 4.32: The percentage plaque destruction against time for all the phantoms.

All atherosclerotic plague phantoms with their ingredients, ultrasonic parameters, average
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lesion depths and percentage plaque destructions are summarized on table 4.15 and figure 4.33.
ThCFA and FC plaque phantoms were not included on previous discussions. The percentage
plague destruction for FC plague phantoms was zero, mainly because of the very high percentage
of gypsum (50%) that mimics calcium. In future trials a much lower percentage of gypsum
should be used, for identifying the relationship between percentage plagque destruction and
gypsum and how different percentages of gypsum would affect the average lesion depth. ThCFA




plaque phantoms are different from TCFA plaque phantoms mainly due to the size of the fibrous
cap (<65um for TCFA) and different percentage of plague components. For our investigation,
ThCFA 1 had a decrease of 3% w/v gypsum and 15.5% w/v butter in comparison with TCFA 1.
The results showed that the percentage plaque destruction for ThCFA 1 related to TCFA 1
phantom was 34 % smaller for 10 W acoustical power and 20 s sonication time and 42% smaller
for 10 W acoustical power and 25 s sonication time. Only two phantoms were totally destructed.
Fib 1 phantom was destructed 100% with 8 W acoustical power and 30 s sonication time while
TCFA 2 phantoms was destructed 100 % with 15 W acoustical power and 20 s sonication time.
Two plaque phantoms (11.1%) were not affected by the ultrasound waves, 16 plaque
phantoms (89 %) were destructed by at least 30 %, 12 plaque phantoms (66.7 %) were destructed
by at least 50 %, 8 plaque phantoms (44.4%) were destructed by at least 70 %, 6 plaque
phantoms (30%) at least 90% and 2 (11.1%) destructed 100 %.The percentage plaque destruction
against number of phantoms is given in fig. 4.34. The red colour represents the minimum
percentage plaque destruction. Fig. 4.35 shows the percentage of phantoms and the
corresponding range of average lesion depths. The maximum average lesion depth from all the
phantoms was 2.61mm for PIT 7 and TCFA 3 respectively. The minimum average lesion depth
was 0.43 mm for fib 4 plaque phantom. Figure 4.35 shows the average lesion depth range with

the percentage of phantoms.
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Figure 4.33: The percentage plaque destruction against number of phantoms.
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d<1.01lmm

1.02mm < d <1.51mm

1.52mm <d < 2.01lmm

2.02mm <d <2.51mm

2.52mm <d <2.61mm

Figure 4.34: The percentage of phantoms and the corresponding range of average lesion depths.
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5. Porcine atherosclerotic plaque phantoms for US therapy
5.1 Introduction

The following chapter describes the creation and evaluation of porcine atherosclerotic
plague phantoms for ultrasound therapy. Abdominal porcine arteries were selected rather than
coronary arteries because the lumen of the artery was much larger and the transducer holder
could fit inside them. The lumen of porcine coronary arteries was close to 3 mm while the lumen
of porcine abdominal arteries was between 12 mm to 14 mm. The elastic properties of porcine
arteries mimic the elasticity of human arteries. The experimental setup and methods are
presented in the following sections.

5.2 Porcine PIT and TCFA plaque phantoms with 10 W acoustical powers and different
treatment times

Materials and methods

The next step of our evaluation was focused on porcine PIT and TCFA atherosclerotic
plague phantoms. The acoustical power was 10 W and the plaque phantoms were assessed for 15
— 30 s time interval. The amount of plaque removal was evaluated visually and using an X-Ray
system. The recipe of the PIT atherosclerotic plaque phantom was 4% wi/v agar, 1% w/v gypsum,
20% wi/v butter and 75% water. For TCFA were 4% w/v agar, 10% w/v gypsum, 18% w/v butter
and 68% water. Four freshly abdominal excited porcine arteries were used for this experiment.
The arteries were cut in 60 mm length for investigating atherosclerotic plaque phantoms for
ultrasound therapy. Fig. 5.1A shows the horizontal length of the arteries, fig. 5.1Bshows the

vertical length of the arteries and fig. 5.1C shows the lumen of the arteries.

Figure 5. 1: A) The horizontal length, B) The vertical length and C) The lumen of the porcine
arteries.
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The atherosclerotic plaque phantoms poured into the arteries and the two ends were
tightening up with plastic strips. A white plastic tube was used for creating the lumen of the

artery. Fig.5.2 shows the porcine arterialatheroscleroticplaguephantoms.

Figure 5. 2: Porcine atherosclerotic plaque phantoms.

Figure 5.3 shows the experimental setup for investigating the ability of therapeutic ultrasound

to ablate atherosclerotic plaque.

Transducer
Holder

Water
Tank

Porcine artery

Figure 5. 3: The experimental setup for ablating porcine atherosclerotic plaque phantoms
with ultrasound.

The next step of the experiment was to access the ablation of the porcine arterial
plaque phantom using X-Ray imaging. Figure 5.4 shows the vertical position of the arterial

atherosclerotic plaque phantoms at the CR reader for acquiring the X-Ray image.
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Figure 5. 4: Acquiring X-Ray images for porcine arterial atherosclerotic plaque phantoms.

Thermal mode was used for ablating atherosclerotic plaque using different ultrasonic
parameters. Table 5.1 shows the ultrasonic parameters used for each PIT and TCFA phantom.
Table 5. 1: Ultrasonic parameters used for each PIT and TCFA phantom.

1 PIT 10 30
2 PIT 10 25
3 PIT 10 20
4 PIT 10 15
5 TCFA 10 30
6 TCFA 10 25
7 TCFA 10 20
8 TCFA 10 15

Results

Figure 5.5 shows the X-Ray images for the porcine PIT atherosclerotic plaque
phantoms before (5.5A-D) and after (5.5E-H) thermal ablation with ultrasound. The
acoustical power was 10 W. Fig. 5.5E shows the depth of the lesion that was close to 2.49
mm for 30 s. Fig. 5.5F shows that the depth of the lesion was almost 1.90 mm for 25 s. Fig.
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5.5G shows the depth of the lesion was close to 1.12 mm for 20 s. Fig. 5.5H shows the depth

of the lesion was almost 0.90 mm for 15 s.

e |0 0

Figure 5.5: The X-Ray images for the porcine PIT atherosclerotic plague phantoms before
(A-D) and after (E-H) thermal ablation with ultrasound. The acoustical power was 10 W.
Figure 5.6 shows the X-Ray images for the porcine TCFA atherosclerotic plaque
phantoms before (5.6A-D) and after (5.6E-F) thermal ablation with ultrasound. The
acoustical power was 10 W. Fig. 5.6E shows the horizontal X-Ray image of the first TCFA
phantom after the ultrasonic ablation. The depth of the lesion was close to 1.05 mm for 30 s.

Fig. 5.6F shows the horizontal X-Ray image of the second TCFA phantom after ultrasonic
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ablation. The depth of the lesion was almost 1.25 mm for 25 s. No destruction was created for
the last two TCFA phantoms.

Figure 5.6: The X-Ray images for the porcine TCFA atherosclerotic plague phantoms before
(A-D) and after (E-F) thermal ablation with ultrasound. The acoustical power was 10 W.

Figure 5.7 shows the lesion depth against time for the PIT and TCFA plaque
phantoms. The acoustical power was 10 W. The red and blue line corresponds to PIT and

TCFA respectively.
3.5 PIT
2.5 TCFA

Lesion depth (mm)
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Figure 5.7: The lesion depth against time for the PIT and TCFA plaque phantoms. The
acoustical power was 10 W.
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Conclusions

An investigation of porcine arterial atherosclerotic plaque phantoms for medical
imaging and therapy was made during this experiment. The results showed that PIT and
TCFA porcine arterial atherosclerotic plaque phantoms were properly ablated by thermal
ultrasound. No destruction was shown in TCFA phantoms for 15 s and 20 s sonication times
and 10 W acoustical powers. The higher destruction was shown in PIT phantom with
acoustical power of 10 and 30 s sonication times. The size of the lesion for the atherosclerotic
plague phantom is similar to 2x10 mm?size of the transducer. The size of the lesion depends
on sonication time. As the sonication time increases, the depth of the lesion increases. TCFA
phantom seems to follow a different way as up to 20 s no destruction was detected and after
30 s the depth of lesion decreased. The X-Ray images of the porcine arterial plague phantoms
have shown that the porcine arterial plaque phantoms were properly mimicked.

5.3 Porcine PIT and TCFA plaque phantoms with 15 W acoustical power and different
treatment times

Materials and methods

The next step of our evaluation was focused on porcine PIT and TCFA atherosclerotic
plaque phantoms with 15 W acoustical powers and 15 — 30 s sonication times. The amount of
plaque removal was evaluated visually and using an X-Ray system. The recipe of the PIT
atherosclerotic plaque phantom was agar 4% wi/v, gypsum 1% w/v, butter 10% w/v and 85%
water. For TCFA were agar 4% w/v, gypsum 10% w/v, butter 18% w/v and 68% water.

Results

Thermal mode was used for ablating atherosclerotic plaque using different ultrasonic
parameters. Table 5.2 shows the ultrasonic parameters used for each PIT and TCFA phantom
with 15 W acoustical powers.

Table 5.2: The ultrasonic parameters used for each PIT and TCFA phantom with 15 W
acoustical powers and the average lesion depth.

Phantom Atheroscleroticpl Power (W) Time (s) Averag? depth of
aquetype the lesion (mm)
1 PIT 15 15 2.00
2 PIT 15 20 1.52
3 PIT 15 25 2.94
4 PIT 15 30 0.93
> TCFA 15 15 0.97
6 TCFA 15 20 1.33
7 TCFA 15 25 1.75
8 TCFA 15 30 2.90
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Figure 5.8 shows the lesion depth against time for the PIT and TCFA plaque
phantoms. The acoustical power was 15 W. Figure 5.9 shows the lesion depth against time
for the PIT and TCFA plaque phantoms. The acoustical power was 10 W and 15 W

respectively.
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Figure 5.8: The lesion depth against time for the PIT and TCFA plaque phantoms. The
acoustical power was 15 W.
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Figure 5.9: The lesion depth against time for the PIT and TCFA plaque phantoms. The
acoustical power was 10 W and 15 W respectively.

Conclusions
An investigation of porcine arterial atherosclerotic plaque phantoms for medical

imaging and therapy was made during this experiment. The results showed that PIT and

TCFA porcine arterial atherosclerotic plaque phantoms were properly ablated by thermal
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ultrasound. Similar results have been detected on PIT phantoms for 20 s and 30 s sonication
times and 15 W acoustical powers. The size of the lesion for the atherosclerotic plaque
phantom is similar to 2x10 mm? size of the transducer. The size of the lesion depends on
sonication time. As the sonication time increases, the depth of the lesion increases mainly for
the TCFA phantom. For the PIT phantom and 30 s sonication time a decrease of close to 2
mm average lesion depth detected. The higher lesion 2.95 mm depth was shown in PIT
atherosclerotic plaque phantom with acoustical power of 15 W for 25 s sonication time. The
second higher lesion 2.90 mm depth was shown in TCFA atherosclerotic plaque phantom
with 15 W acoustical power and 30 s sonication time. The X-Ray images of the porcine
arterial plague phantoms have shown that the porcine arterial plaque phantoms were properly
mimicked.
5.4 Discussion

In this chapter the creation and evaluation of porcine atherosclerotic plaque phantoms
for ultrasound therapy was described. Abdominal porcine arteries were selected rather than
coronary arteries because the lumen of the artery was much larger and the transducer holder
could fit inside them. The first evaluation was focused on porcine PIT and TCFA
atherosclerotic plaque phantoms which cover the main types of human atherosclerotic
plaques. The results showed that PIT and TCFA porcine arterial atherosclerotic plaque
phantoms were properly ablated by thermal ultrasound. No destruction was shown in TCFA
phantoms for 15 s and 20 s sonication times and 10 W acoustical powers. The higher
destruction was shown in PIT phantom with acoustical power of 10 W and 30 s sonication
times. TCFA phantom seems to follow a different way as up to 20 s no destruction was
detected and after 30 s the depth of lesion decreased. The X-Ray images of the porcine
arterial plaque phantoms have shown that the porcine arterial plaque phantoms were properly
mimicked.

The next step was focused on the same phantoms with 15 W acoustical power and 15-
30 s sonication time. The maximum depth lesion for the PIT porcine plaque phantom was 2.94
mm for 15 W acoustical power and 25 s sonication time and for the TCFA porcine plaque
phantom was 2.90 mm for 15 W acoustical power and 30 s sonication time. Moreover, the
minimum depth lesion for the PIT porcine plaque phantom was 0.9 mm for 10 W acoustical
power and 15 s sonication time and for the TCFA porcine plaque phantom was 0.97 mm for
15 W acoustical powers and 15 s sonication times.
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5.5 Conclusion

The creation and evaluation of porcine atherosclerotic plague phantoms for ultrasound
therapy was described in this chapter. Abdominal porcine arteries were selected rather than
coronary arteries because the lumen of the abdominal artery was much larger than the
coronary and the transducer holder could fit inside them. The porcine arterial plaque
phantoms have been properly mimicked and destructed from ultrasound as it was confirmed

by X-Ray images.
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6. MR Thermometry for TCFA plaque and TMM phantoms
6.1 Introduction

The following chapter describes the evaluation of atherosclerotic plaque and a tissue
mimicking material (TMM) phantom for ultrasound therapy using MR thermometry which is
a noninvasive temperature real time MR monitoring during minimally invasive thermal
therapy as local treatment of benign and malignant diseases. The main benefits of this method
is due to the attractive properties of MRI, such as its non-invasiveness, lack of ionizing
radiation, and the ability to image in any scan orientation with good spatial and temporal
resolution. However, it is the ability of MRI to construct maps of in vivo body temperature
that make it particularly well suited for guiding and monitoring minimally invasive thermal
therapy. Thermal therapy can be divided into two sections. The first is low-temperature
hyperthermia, where temperatures in the range of 43-45 °C are applied for a time of several
tens of minutes to kill cancer cells directly or to sensitize them to cytotoxic agents and/or
radiation [231]. The second is high-temperature thermal ablation, where temperatures in the
range of 50-80°C or higher are applied for a shorter amount of time to rapidly coagulate the
tissue and induce necrosis through processes such as protein denaturation [232]. The goal of
MR image-guided thermal therapy is to use real-time temperature mapping to provide more
control over the treatment outcome. Therefore, it is not only necessary to accurately measure
the temperature during treatment, but also to be able to relate treatment temperature to actual
thermal tissue damage. Focused ultrasound (FUS), also referred to as high intensity focused
ultrasound (HIFU), is a completely non-invasive method that uses an external transducer to
focus the ultrasound beam from outside the patient without an incision [233]. Moving the
focus of the beam through the tissue allows ablation of irregular shaped regions. Interstitial,
transurethral [234] and transrectal ultrasound use MRI compatible, multi-element ultrasound
transducers and provide spatial control over the heating area.

6.2 Evaluating ultrasound therapy for plaque phantoms using MR thermometry

Materials and methods

The purpose of this experiment was to destroy an area of a plaque-mimicking
phantom using a planar transducer, obtain MR thermometry images during the sonication and
observe the destroyed area of the phantom using high-resolution imaging. X-ray image was
obtained and the destroyed area was confirmed. The tube and the phantom were placed in an
ABS 3D-printed holder to remain at a fixed position inside the acrylic tank. The acrylic tank

was filled with degassed water. The transducer was carefully placed in the tube with the

70



piezoelectric element facing the MRI bore. The recipe of TCFA phantom was agar 4% wl/v,
gypsum 10% wi/v, butter 18% w/v and 68% water. Figure 6.1 shows the experimental setup
as placed in the MRI scanner and figure 6.2the coronal T2-weighted Fast Spin Echo (FSE)
image which was initially obtained for localization and setup checking. Main parameters used
to obtain the T2-FSE image were the following: echo time (TE) =55 ms, repetition time (TR)
= 3000 ms, number of averages= 0.55, echo train length (ETL) = 1, field of view (FOV) = 20
cm, slice thickness= 2 mm, matrix=512x512, and flip angle= 90°.

tube
MR coil

holder

cable
holder

tube

planartransducer
phantom (plaque)

Figure 6.2: T2-FSE image of experimental setup.
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Results

MR thermometry images were obtained in sagittal plane in order to monitor the
temperature change in the phantom. Acoustic powers of 5 W (voltage 80 mV) and 10 W
(voltage 160 mV) were applied to the phantom for 30 s sonication time. Figure 6.3 shows the
temperature maps produced after data processing which was obtained on sagittal plane for 5 W
acoustic power using single-shot echo-planar imaging (EPI) gradient echo (GRE) multiphase
sequence and figure 6.4 shows the corresponding temperature change versus time as calculated
from the MR thermometry images. Main parameters used to obtain these images were:
TE = 63.1 ms, TR= 272 ms, number of averages = 8, ETL= 1, FOV= 20 cm, slice thickness = 2
mm, matrix= 128x128, and flip angle = 30°.

holder

10s

90

80

70

- 60

tube 50

50s

= 30

Figure 6.3: Temperature maps (sagittal plane) recorded using single-shot EPI sequence and
the transducer (f=4.01 MHz, Pa=5 W, voltage= 80 mV) for sonication of 10 s, 20 s, 30 s and
cooling-off time of 10 s, and 20 s.
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Figure 6.4: Temperature change versus sonication time as calculated from the above sagittal
plane MR images with acoustical power of 5 W (voltage= 80 mV).

Figure 6.5 shows the temperature maps produced after data processing and which
were obtained on sagittal plane for acoustic power of 10 W (voltage1l60 mV) using the EPI
single-shot sequence and figure 6.6shows the corresponding temperature change versus time

as calculated from the MR thermometry images. holder

10s

- 40

tube 130

60s

Figure 6.5:Temperature maps (sagittal plane) recorded using single-shot EPI sequence and
the transducer (f=4.01 MHz, Pa= 10 W, voltage= 160mV) for sonication of 10's, 20 s, 30 s
and cooling-off time of 10 s, 20 s, and 30 s.
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Figure 6.6: Temperature change versus sonication time as calculated from the above sagittal
plane MR images with acoustical power of 10 W (voltage= 160mV).

After the sonication, a T2-FSE image was acquired on coronal plane in order to detect
and measure possible destruction of the mimicking plaque phantom. The destroyed area of

the phantom was observed as shown in figure 6.7.

Plaque lesion

Figure 6.7: T2-FSE image (sagittal plane) that was obtained after the completion of the
sonication.

Figure 6.8 shows the length of the destroyed area of the plaque-mimicking phantom
after the sonication as measured using a DICOM software tool (RadiAntDicom Viewer). The
size of the lesion for the atherosclerotic plague phantom was 9.08 mm and it was similar to

2x10 mm?size of the transducer.
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Figure 6.8: Measurement of the destroyed area after the sonication.

Another phantom was sonicated for 30 s and acoustic power of 10 W (voltage 160
mV). Figure 6.9 shows the phantom before the sonication and figure 6.10 shows the phantom
after the sonication. The plaque lesion appeared bright since the whole setup was immersed
in degassed water and the destroyed area was possibly covered with water. This can be an
advantage to observe the destroyed area after a sonication.

Figure 6.9: T2-FSE image (sagittal plane) before the sonication.

Destroyedarea

Figure 6.10:T2-FSE image (sagittal plane) after the completion of the sonication.
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Figure 6.11 shows the length of the destroyed plaque-mimicking phantom after the
sonication as measured using a DICOM software tool (RadiAntDicom Viewer). The size of
the lesion for the atherosclerotic plaque phantom was 1.01cm and it was similar to 2x10 mm?
size of the transducer.

Figure 6.11: Plague lesion length for 10 W acoustical power and 30 s sonication time.

An X-ray image of the phantom after the sonication was also acquired as shown in
figure 6.12.The X-Ray parameters used for acquiring the image was 50 kV voltages, 45 mA
current, 45 ms time of exposure and 2 mAs. The X-Ray image confirmed the destruction of
the atherosclerotic plaque phantom. The difference that was created between the lumen of the
artery and the thickness of the tube was the lesion of the atherosclerotic plaque phantom. The
average lesion depth was 1.77 mm.

Figure 6.12: X-ray image of the phantom after the sonication.

Conclusions

Sonications using a planar transducer were performed on a plaque-mimicking
phantom. The size of the tube that mimics the artery and the phantom that mimics the plaque
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was a challenge for MR thermometry results. The minimum slice which the MRI could
obtain was2 mm thickness, thus the temperature change using MR thermometry was difficult
to be achieved. However, from the T2-FSE images was possible to observe and measure the
length of plaque lesion in the tube. The destruction area was also confirmed through an X-ray
image. The average lesion depth was 1.77 mm for 30 s sonication time and acoustic power of
10 W (voltage 160 mV).The size of the lesion for the atherosclerotic plaque phantom was
similar to 2x10 mm? size of the transducer. The size of the lesion was evaluated with the
same accuracy with X-Ray image and T2W-FSE image (sagittal plane). The depth of the
lesion was evaluated more precisely with the X-Ray image.

6.3Heating of a tissue mimicking material TMM phantom using a planar transducer
and monitoring it with MR thermometry

Materials and methods

An evaluation of heating a tissue mimicking material (TMM) phantom using a planar
transducer as a model for cardiac applications has been done. The heating effect was
monitored using MR thermometry. The recipe of the TMM phantom was 2% w/v agar and
25% v/v evaporated milk. The transducer was operating at 4.0 MHz (+5%). The

experimental setup is shown in fig. 6.13.

2 Water
. tank
' hn Transducer
i [ i holder
™M e / G ‘
phantom /
- n

Figure 6.13: Experimental setup for investigating heating of a TMM phantom
using a planar transducer.

TMM phantom was sonicated with 5 W and 15 W acoustical power levels
respectively. MR thermometry was repeated for different orientations and slice thickness.
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The sonication time was 60 s. Fig. 6.14 shows the T2 FGRE image of our transducer

embedded inside TMM phantom.

Figure 6.14: T2 FGRE image of our transducer embedded
inside TMM phantom.

Results
Fig.6.15 shows the sagittal MR thermometry images for 5 mm slice thickness and

different acoustical power levels. The acoustical power levels were 5 W and 15 W for

fig.6.15A and fig.6.15B respectively.
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Figure 6.15: A) The sagittal MR thermometry images for 5 mm slice thickness for 5
W acoustical powers, B) 15 W acoustical power.

Fig.6.16 shows the coronal MR thermometry images for 5 mm slice thickness and
different acoustical power levels. The acoustical power levels were 5 W and 15 W for
fig.6.16A and fig.6.16B respectively.
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Figure 6.16: A) The coronal MR thermometry images for 5 mm slice thickness for 5 W
acoustical power level, B) 15 W acoustical power.

Fig.6.17 shows the coronal MR thermometry images for 10 mm slice thickness and
different acoustical power levels. The acoustical power levels were 5 W and 15 W for
fig.6.17A and fig.6.17B respectively.
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Figure 6.17: A) The coronal MR thermometry images for 10 mm slice thickness for 5 W
acoustical power level, B) 15 W acoustical power.
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Conclusions

Temperature readings near planar transducer are completely masked by electricity
artifacts. At low power (5W) no significant temperature elevation can be detected since it was
not adequate to compensate the artifact. At higher powers (15 W) some temperature elevation
is detected since temperatures developed were adequate to compensate artifact. Maximum
detected temperatures in sagittal plane were of the order of 10 °C whilst for the same power

settings in the coronal plane the temperature was about 5 °C.

6.4 Heating of a different tissue mimicking material TMM phantom using a planar
transducer and monitoring it with MR thermometry

Materials and methods

An evaluation of heating a different tissue mimicking material (TMM) phantom using
a planar transducer as a model for cardiac applications have been done. The heating effect
was monitored using MR thermometry. The recipe of the TMM phantom was 2% w/v agar,
1.2% wi/v silica and 25% v/v evaporated milk. The transducer was operating at 4.0 MHz
(£5%). TMM phantom was sonicated with 20 W and 26 W acoustical power levels. MR
thermometry was repeated for different orientations and slice thickness. The sonication time

was 60 s.
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Results

Fig.6.18 shows the sagittal MR thermometry images for 5 mm slice thickness and
different acoustical power levels. The acoustical power levels were 20 W and 26 W for

fig.6.18A and fig.6.18B respectively.

!
ﬂ
D

Figure 6. 18: A) The sagittal MR thermometry images for 5 mm slice thickness and 20 W
acoustical power level, B) 26 W acoustical power.
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Fig.6.19 shows the coronal MR thermometry images for 5 mm slice thickness and
different acoustical power levels. The acoustical power levels were 20 W and 26 W for
fig.6.19A and fig.6.19B respectively.

40

30

40
30
20
10
0

! i
. Tt 20
’ 15

3 10

) 5

0

ié’s

Figure 6.19: A) The coronal MR thermometry images for 5 mm slice thickness and 20 W
acoustical power level, B) 26 W acoustical power.
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Conclusions

Heating from the planar transducer was detected using MR thermometry.
Temperatures along the direction of transmission were higher than temperatures developed
on the back side of the planar transducer. The 20 W sonication produced temperatures that
exceeded 20 °C and 26 W were more than 40°C. Sagittal plane thermometry produced
temperatures exceeding 50 °C and 70 °C respectively. Temperature between coronal and
sagittal plane for the same power-duration settings differ due to partial volume and
considering the extremely small hot spot created it was very difficult to estimate the
maximum temperature accurately. The planar transducer induces artifacts that perturb phase
images and affect thermometry results. There is no clear margin of the planar transducer in
the sagittal plane due to increased artifacts compared with the coronal plane. The 120 s
sonication did not create higher temperatures probably because the gel melted from
sonication. Temperature elevation depends on acoustical power and sonication time. For the
same acoustical powers there is a temperature difference of 30 °C between sagittal and

coronal MRI images.

6.5 Discussion

This chapter describes the evaluation of atherosclerotic plague and a tissue mimicking
material (TMM) phantom for ultrasound therapy using MR thermometry. The purpose of the
first part of this evaluation was to destroy an area of a plaque-mimicking phantom using a
planar transducer, obtain MR thermometry images during the sonication and observe the
destroyed area of the phantom using high-resolution imaging. The minimum slice which the
MRI could obtain was 2 mm thickness. The average lesion depth was 1.77 mm for 30 s
sonication time and acoustic power of 10 W (voltage 160 mV). The size of the lesion for the
atherosclerotic plague phantom was similar to the 2x10 mm? size of the transducer. The size
of the lesion was evaluated with similar accuracy using X-Ray image and MRI (T2W-FSE).
The depth of the lesion was evaluated more precisely with X-Rays.

Moreover, an evaluation of heating a tissue mimicking material (TMM) phantom
using a planar transducer as a model for cardiac applications has been done using MR
thermometry. Temperature readings near the transducer are completely masked by electricity
artifacts. Maximum detected temperatures in sagittal plane were of the order of 10 °C whilst
for the same power settings in the coronal plane the temperature was about 5 °C. The next

part of the evaluation was to assess the heating of different tissue mimicking material (TMM)

84



phantom with 1.2% wi/v silica and higher acoustical power. The higher acoustical power
produced higher temperature elevation. Sagittal plane thermometry produced temperatures
exceeding 50 °C and 70 °C respectively. The planar transducer induces artifacts that perturb
phase images and affect thermometry results. Increasing sonication time did not produce

higher temperatures probably because the phantom material was melted due to the sonication.

6.6 Conclusion

An evaluation of atherosclerotic plaqgue and TMM phantom for ultrasound therapy
using MR thermometry was described in this chapter. For the plaque-mimicking phantom the
temperature change using MRI was difficult to achieve due to artifacts. The size of the plaque
phantom lesion was similar to the size of the transducer. For the TMM phantom, for low
acoustical power no significant temperature elevation was detected. Moreover, the 70 °C
maximum temperature elevation was detected for sagittal MRI imageand 26 W acoustical

powers.
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7. Ultrasonic thermal ablation of phantoms and tissue

7.1 Introduction

Ultrasonic ablation in different tissue phantoms is presented in this chapter. Different
sonication parameters were used such as acoustical power and sonication time. Tissue
phantoms consisted of agar/silica evaporated milk gel phantom, a commercial
polyacrylamide gel and freshly excited turkey tissue. The temperature elevation was assessed
because is an important part during destruction of atherosclerotic plaque in human arteries.
The temperature elevation should be kept up to 1 °C. MR thermometry experiments

performed with different tissue phantoms.

7.2 HIFU system

The HIFU system used for the next experiment was composed of a signal generator
(33220A, Agilent Technologies, Englewood, CO, USA), an RF amplifier (AG 1012 LF
Generator &Amplifier, T & C Power Conversion, Rochester, USA), and a planar rectangular
transducer. The ABS parts of the transducer holder were produced by a 3D Printer
(Ultimaker3 extended, Ultimaker B.V, Zaltbommel, Netherlands). The internal structure
includes a cavity to accommodate the 1 mm thick coaxial cable. A VXM positioning system
(VXM, VELMEX INC, Bloomfield, NY, USA) was used for guiding the transducer’s face.

7.3Agar/Silica evaporated milk phantom

For investigating the ability to increase the temperature using intravascular
transducers, an agar/silica evaporated milk phantom was used. The phantom consists of Agar
(Agar-agar granulated, purified and free from inhibitors for microbiology, Merck KGaa,
Darmstadt, Germany), crystalline silica dioxide powder (Merck Millipore, Darmstadt,
Germany), evaporated milk (NOUNOU condensed milk, Friesland Campina, Marousi,
Greece) and water. Silica dioxide is insoluble in water and has a high melting point close to
1700 °C. Evaporated milk was added in the gel following a recipe described by Madsen et al.
[222]. Being a low scatter and rich in proteins and fats, evaporated milk served to control
attenuation of the gel primarily through the process of acoustic absorption. The produced
sample was isotropic and homogeneous. The recipe of the tissue mimicking agar gel was 2%

wi/v agar, 1.2% wl/v silica dioxide and 25% v/v evaporated milk. The details of the recipe and
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the steps for the preparation of the agar/silica evaporated milk phantom are described in
Menicou et al. [221].

7.4 Temperature measurement

A temperature reader (Omega Thermometer, HH806AU, Omega engineering, USA)
was used. The temperature reader sends the data in viewing software via a universal serial
bus (USB) interface. A 100 um in diameter thermocouple was placed between the transducer
face and the agar/silica evaporated milk phantom to measure the temperature elevation at the
transducer element in order to avoid overheating. In the agar/silica evaporated milk phantom,

the thermocouple was placed in front of the face of the transducer.

7.5 Polyacrylamide phantom for assessing lesions

A commercial polyacrylamide gel (ONDA Corporation, Sunnyvale, CA, USA) was
used in order to evaluate thermal lesions created by this transducer. The material of this gel
becomes white when the temperature exceeds 70 °C. The attenuation coefficient of this gel is
0.5 dB/cm—-MHz.

7.6 Thermal ablation in a freshly excited turkey tissue phantom

Materials and methods

The first step of our investigation was to assess thermal lesions in freshly excited

turkey tissue. The experimental setup is shown in fig. 7.1.

Transducer
holder

Turkey
tissue

Figure 7.1: Ex_perimental setup for inveétigatihg thermal lesion in a freshly turkey tissue.
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Results

Figure 7. 2: Thermal lesions in a freshly turkey tissue phantom with acoustical power 20 W

for 10s.

Thermal lesions in the freshly excited turkey tissue phantom using the 2x10 mm?
transducer operating at 4.0 MHz with acoustical power 20 W for 10 s is shown in fig. 7.2.
The size and the shape of the lesions are similar to the geometry of the transducer. The mean
area of thermal lesions (n=6) was 38.5 + 4.0 mm? and the mean depth (n=6) was 1.2+ 0.2
mm.

The same experiment with 13 W acoustical power and 10 s sonication time was
performed (fig.7.3). The size and the shape of the lesions are similar to the geometry of the
transducer. The mean area of thermal lesions (n=6) was 27.0 + 1.6 mm? and the mean depth
(n=6) was 1.0 £ 0.2 mm.

Figure 7. 2: Thermal lesions in freshly turkey tissue phantom with acoustical power 13 W
for 10 s.

7.7 Thermal ablation in commercial polyacrylamide gel phantom

Materials and methods

The next step of our investigation was to assess the creation of thermal lesions in a
commercial polyacrylamide gel phantom. The experimental setup is shown in fig. 7.4.
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Transducer holder Lesion Positioning System

Figure 7.3: Experimental setup for investigating thermal lesion in a commercial
polyacrylamide gel phantom.

Results

Thermal lesions in the commercial polyacrylamide gel using the 2 x 10
mm?transducer operating at 4.0 MHz with acoustical power 10 W for 5 s is shown in fig. 7.5
and fig.7.6. The size and the shape of the lesions are similar to the geometry of the
transducer. The mean area of thermal lesions (n=7) was 24.4 + 11.1 mm? and the mean depth

(n=7) was 2.1 + 0.6 mm.
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Figure 7.4: Thermal lesions in a commercial polyacrylamide gel with acoustical power 10 W
for5s.
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Figure 7.5: Thermal lesions in a commercial polyacrylamide gel with acoustical power 10 W
for 5 s from the top.

7.8 Investigating the ability of increasing temperature on the agar/silica evaporated
milk gel phantom using intravascular transducers

Materials and methods

The next step of the evaluation was to assess the temperature elevation on the
agar/silica evaporated milk gel phantom. The experimental setup is shown in fig.7.7.
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Figure 7.6: Experimental setup for investigating temperature elevation in agar gel phantom
using intravascular transducers.
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Results

The temperature elevation in the agar/silica evaporated milk phantom using a
thermocouple which was placed at the transducer face is shown in fig. 7.8. The maximum
temperature difference was almost 30 °C for an acoustical power of 9 W for 60 sand 70 °C for

16 W acoustical powers for 60 s.
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Figure 7.7: Temperature elevation in the agar/silica evaporated milk phantom for a9 W and
16 W acoustical powers of 9 W for 60 s.

7.9 Thermal ablation in the agar/silica evaporated milk phantom

The next step of the evaluation was to assess the creation of thermal lesions in a

commercial polyacrylamide gel phantom. The experimental setup is shown in fig. 7.9.
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Figure 7.8: Experimental setup for investigating thermal lesion in the agar/silica phantom.
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Results
Fig. 7.10 shows thermal lesions on the agar/silica evaporated milk phantom using

thermal mode with the 2 x 10 mm? transducer operating at 4.0MHz.The 9 lesions at the
bottom row were created with acoustical power between 12 W and 15 W for duration of 30 s.
The 7 lesions at the top row were created with acoustical power of 20 W for duration of 20 s.
The size of the lesions matches the geometry of the transducer. The mean area of the top
thermal lesions (n=7) was20.3 + 5.5 mm? and the mean depth (n=7) was 2.3 + 0.2 mm.
Moreover, the mean area of the bottom thermal lesions (n=9) was 20.9 + 6.9 mm? and the

mean depth (n=9) was 1.8 £ 0.2 mm.

20W,20s

12-15W,30s

Figure 7.9: Thermal lesions on the agar/silica evaporated milk phantom. Bottom row lesions
were created with acoustical power between 12 W and 15 W for duration of 30 s. Top row
lesions were created with acoustical power of 20 W for duration of 20 s.

7.10Temperature elevation and distance from the transducer’s face in the agar/silica
evaporated milk phantom

Materials and methods

The relationship between temperature elevation and the distance from the transducer’s
face in the agar/silica evaporated milk phantom was investigated. For our arterial model, the
temperature elevation near the artery is a critical factor and should be kept below 1 °C. The

experimental setup is shown in fig. 7.11.
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Figure 7.10: Experimental setup for investigating thermal elevation with distance from the

transducer’s face.

Results

The temperature elevation in the agar/silica evaporated milk phantom against depth

from the transducer’s face is shown in fig. 7.12. The acoustical power and sonication time

were 12 W and 12 s respectively. The maximum and the minimum temperature difference

was almost 60 °C at 1 mm and 1 °C at distance 5 mm from the transducer’s face respectively.
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Figure 7.11: Temperature elevation in the agar/silica evaporated milk phantom using

thermocouple which was placed at different depth from the transducer face.

7.11 Investigating the ability of increasing temperature on the agar/silica evaporated

milk gel phantom using an intravascular transducer with different active size
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Materials and methods

The next step of our investigation was to assess the temperature elevation on the
agar/silica evaporated milk gel phantom using a transducer with different active size. The
active size of the transducer was 3x8 mm?. The transducer material was made out of P762-
type piezoceramic (Ferroperm, Kvistgaard, Denmark), operating at 4.0MHz (+5%). The
agar/silica evaporated milk gel was placed on absorbing material in order to avoid reflections
of the beam. The experimental setup is shown in fig.84.
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Transducer arm
Absorbing material

Agar/silica phantom
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Water tank

Figure 7. 12: Experimental setup for investigating temperature elevation in agar gel phantom
using an intravascular transducer (f=4.0 MHz and 3x8 mm? active size).

Results

The temperature elevation in the agar/silica evaporated milk phantom using a
thermocouple which was placed at the transducer face is shown in fig. 7.14. Fig. 7.14A shows
the unfiltered chart of the temperature elevation. The chart appeared to have a lot of noise
because of the vibrations on the thermocouple produced by the transducer during sonication.
The maximum temperature difference was almost 65°C for an acoustical power of 8 W for
60 s. Fig. 7.14B shows the filtered chart of the temperature elevation with the same acoustical

power and sonication time.
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Figure 7.13: A) The unfiltered chart of the temperature elevation. The max temperature
difference was almost 65°C for an acoustical power of 8 W for 60 s, B) The filtered chart of
the temperature elevation with the same acoustical power and sonication time.

7.12 Investigating the ability of increasing temperature on the agar/silica evaporated
milk gel phantom using an intravascular transducers with different element areas

Material and methods

Transducers with different element dimensions were evaluated for creating thermal
lesion in agar/silica evaporated milk gel phantom. The active sizes of the transducer element
were 2 x 10 mm? and 1 x 10 mm?respectively. The transducer was operating at 4.0 MHz
(£5%).

Results

Fig.7.15 shows the thermal lesions created from the two transducers using the
evaporation method. The size of the lesions matches the geometry of each transducer. The
first 3 lesions (1-3) at theatop section were created from the 2 x 10 mm? transducer with
acoustical power of 18 W for duration of 10 — 30 s. The last 3 lesions (4-6) at the bottom
section were created from the 1 x 10 mm? with acoustical power of 18 W for duration of 10 —
30s. The size of the lesions matches the geometry of the transducer. The mean depth of the
top (n=3) and bottom (n=3) thermal lesions were 1.83 £ 0.24 mm respectively 1.33 + 0.47

mm.
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Figure 7.14: Thermal lesions in agar/silica evaporated milk gel phantom using two
transducers with different active sizes.

7.13Temperature elevation at various depths from the transducer’s face in the
agar/silica evaporated milk phantom for different acoustical powers and depths

Materials and methods

The relationship between temperature elevation and depth from the transducer’s face
in the agar/silica evaporated milk phantom using different acoustical powers and depths was

investigated. The experimental setup is shown in fig. 7.16.
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Figure 7.15: Experimental setup for investigating the temperature elevation in intravascular
transducers using different acoustical power at various depths from the transducer’s face.
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Results

The sonication time was 60 s for all the experiments. For 10 mm depth from the
transducer’s face the max temperature elevations were 2.1 °C and 1.8 °C for 5 W and 10 W
acoustical powers respectively. For 5 mm depth from the transducer’s face the max
temperature elevations were 8.4 °C and 16.9 °C for 5 W and 10 W acoustical powers
respectively. For 0 mm depth from the transducer’s face the max temperature elevations were

48.7 °C and 49.5 °C for 5 W and 10 W acoustical powers respectively.

Figure 7.17 shows the graphs of temperature elevation against time for zero depth and
different power levels. Fig. 7.17A and fig.7.17B shows the temperature elevation for 5W

acoustical and 10 W acoustical powers respectively.
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Figure 7.16: A) The 48.7 °C temperature elevation for 5 W acoustical power and 60 s
sonication time, B) The 49.5 °C temperature elevation for 10 W acoustical power and 60 s
sonication time.

Figure 7.18 shows the graphs of temperature elevation against time for 5 mm depth
and different power levels. Fig. 7.18A and fig.7.18B shows the temperature elevation for 5 W

acoustical and 10 W acoustical powers respectively.
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Figure 7.17: The 8.4 °C temperature elevation for 5 W acoustical power and 60 s sonication
time, B) The 16.9 °C temperature elevation for 10 W acoustical power and 60 s sonication
time for 5 mm depth.
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The graphs of temperature elevation against time for 10 mm depth and

different power levels are shown in fig.7.19. Fig. 7.19A and fig. 7.19B shows the

temperature elevation for 5 W acoustical and 10 W acoustical powers respectively.
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Figure 7.18: A) The 2.1 °C temperature elevation for 5 W acoustical power and 60 s
sonication time, B) The 1.8 °C temperature elevation for 10 W acoustical power and

60 s sonication time for 10 mm depth.

Figure 7.20 shows the graphs of temperature elevation against time for the

same acoustical power and different depths. Fig. 7.20A and fig. 7.20B shows the

temperature elevation for 5W acoustical and 10 W acoustical powers for different

depths respectively.
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Figure 7.19: A) The temperature elevation for 5 W acoustical power, B) 10 W

acoustical power and different depths.
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7.14Investigating the ability of increasing temperature on the agar/silica
evaporated milk gel using mechanical mode

Materials and methods
The next step of our investigation was to assess the temperature elevation on

the agar/silica evaporated gel using mechanical mode. The recipe of the tissue
mimicking agar gel was 4% w/v agar, 4% wi/v silica dioxide and 30% v/v evaporated
milk. The experimental setup is shown in fig. 7.21.

Transducer

holder
Thermocouple

Agar/silica
phantom

Water
Tank

Figure 7.20: Investigating temperature elevation in agar/silica phantom using
mechanical mode.

Results

The temperature elevation against pulse repetition period (PRP) for different
acoustical powers is shown in fig. 7.22. Sonication time and duty factor (DF) were
60 s and 10 % respectively. Figures7.22 A-D shows the temperature elevation against
PRP for 16 W, 20 W, 25 W and 33 W acoustical powers respectively. The max
temperature elevation was 0.3 °C, 0.7 °C and 0.9 °C 1.5 °C for 1000 ms.
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Figure7. 21: A)Temperature elevation against PRP for 16 W, B) 20 W, C) 25 W and
D) 33 W acoustical power respectively.

Figure 7.23 shows the temperature elevation in agar/silica phantom against

PRP for different acoustical power levels. P=33W
2 P=25W
1.5
s
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Figure 7.22: Temperature elevation against PRP for different acoustical power levels.
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7.15 Discussion

In this chapter, an evaluation of ultrasonic ablation in different tissue
phantoms was presented regarding different sonication parameters such as acoustical
power and sonication time. The first step of our investigation was to assess thermal
lesions in freshly excited turkey tissue with different acoustical power with the same
sonication time. The size and the shape of the lesions were similar to the geometry of
the transducer. When acoustical power increased by 7 W the mean area of thermal
lesions increased by 42.6% and the mean depth by 20%. The higher the acoustical
power the higher the area and depth of thermal lesion because higher acoustical
energy per unit time is transferred to the same area. This result is very important
during thermal ablation of tissues because the correct determination of the power
before the sonication will optimize the treatment. The area and the size of thermal
lesions matched the geometry of the transducer also during the assessment of thermal
lesions in a commercial polyacrylamide gel phantom.

The next step of the evaluation was to assess the temperature elevation on the
agar/silica evaporated milk gel phantom. Temperature elevation is very important for
thermal therapy which can be divided into two sections. The first is low-temperature
hyperthermia, where temperatures in the range of 43-45 °C are applied for several
minutes to Kkill cancer cells directly or to sensitize them to cytotoxic agents and/or
radiation [231]. The second is high-temperature thermal ablation, where temperatures
in the range of 50-80 °C or higher are applied for a shorter amount of time to rapidly
coagulate the tissue and induce necrosis through processes such as protein
denaturation [232]. The temperature elevation increased by 57 % when acoustical
power increased by 7 W for 60 s. The 70 °C temperature elevation withl6 W
acoustical power was in the range of thermal ablation.

Moreover, the relationship between temperature elevation and the distance
from the transducer’s face in the agar/silica evaporated milk phantom was
investigated. For our arterial model that was discussed in chapter 4, the temperature
elevation near the artery is a critical factor and should be kept below 1 °C. The
temperature elevation was kept below 1 °C at distance 5 mm at the face of the

transducer for 12 W acoustical powers and 12 s sonication time. Another similar
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evaluation was done with increased sonication time at 60 s. The different combination
of depths and acoustical power did not maintain the temperature elevation below
1 °C. The minimum 1.8 °C temperature elevation was achieved for 10 W acoustical
powers at 10 mm depth from the transducer’s face.

The last part of this study was to assess the temperature elevation on the
agar/silica evaporated gel using mechanical mode. During the treatment of
atherosclerotic plaque both thermal and mechanical mode of ultrasound can be used.
The first mode can be used at the beginning to destroy as much as possible plaque and
the second at the end of the treatment where the temperature elevation should be kept
below 1°C near the artery. During this evaluation the temperature elevation kept
below 1°C for acoustical powers up to 25 W and 2000 ms PRP.

7.16 Conclusion

An evaluation of ultrasonic ablation in different tissue phantoms was
presented in this chapter. Different sonication parameters were used such as acoustical
power and sonication time. Tissue phantoms consisted of agar/silica evaporated milk
gel phantom, a commercial polyacrylamide gel and freshly excited turkey tissue. The
size and the shape of the lesions were similar to the geometry of the transducer. The
temperature elevation was assessed because is an important part during destruction of
atherosclerotic plague in human arteries. The temperature elevation should be kept up
to 1 °C in the artery. The distance from the transducer’s surface and the mechanical

mode were evaluated for achieving this goal.
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8. Evaluating acoustic and thermal properties of a plaque phantom
8.1 Introduction

Atherosclerosis is a systemic disease that mainly affects large and medium-
sized arteries. The disease starts as an endothelial dysfunction, which initiates
recruitment of inflammatory cells and lipids within the arterial wall [227]. This
combination with smooth muscle hyperplasia develops a slowly growing
atherosclerotic plaque that can create ischemia or stenosis leading to heart attack or
stroke. Atherosclerosis treatment requires special surgical procedures such as balloon
angioplasty [228-230], balloon angioplasty and stenting [231, 232], cutting balloon
[233-235], atherectomy [236, 237] and surgical bypass [238, 239], to open an artery
and improve blood flow. The degree of luminal stenosis and patient’s
symptomatology, among other factors, determine the best treatment option for each
patient [240]. High intensity focused ultrasound (HIFU) [241] may present an
innovating option for treatment of localized atherosclerotic plaques in terms of
providing a completely non-invasive treatment paradigm for ablation of
atherosclerotic plaques.

HIFU beams can be precisely focused within a small focal volume, resulting
in a rapid rise of the local tissue temperature. This temperature elevation causes
localized tissue damage through coagulative necrosis [241, 242]. The ideal choice of
operating frequency and transducer design can lead to this result without significant
biological damage to the intervening tissue [243, 244]. Moreover, the presence of
image guidance modalities such as MRI and ultrasound has allowed for completely
non-invasive thermal therapy procedures [245-248].

Thermal effect of ultrasound is mainly due to a phenomenon called absorption,
in which the mechanical energy is converted into heat. Heating is related to the
distribution of intensity in the absorbed beam and the frequency-dependent absorption
coefficient (characteristic of each type of tissue). However, the transducer itself can
be a source of heat by conduction, and one should also consider blood perfusion
which plays a key role in reducing heating significantly. The temperature rise in the
body is always a matter of great concern because of its influence in cellular activity

[249]. There is a need to continuously propose techniques to assess the effects
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produced by ultrasound in the human body with higher confidence and accuracy.
Tissue-mimicking phantom materials have been largely explored in ultrasound
research in the last decades [250-254]. Concerning atherosclerotic plaque, plaque
phantoms have been used in several studies. Some of the studies specified only
mimicking lipid plaques [255-259], calcified plaques [260-262], lipid and fibrous
cap/tissue plaques [263-273]; lipid and calcified plaque [274] and only one study
[275] mimicked the main three components (fibrous tissue, lipid core and calcium).

Apart from the obvious capability of withstanding ablation temperatures,
phantoms need to mimic all the acoustic and thermal properties required for the
relevant application method. The most frequently reported acoustic properties for
tissues and phantoms include speed of sound, acoustic attenuation coefficient,
acoustic impedance and density. On the other hand, thermal properties include
thermal conductivity, specific heat capacity and thermal diffusivity. To our
knowledge, no previous study was performed for evaluating atherosclerotic plaque
phantoms in vitro with their main three components for evaluating the acoustic and
thermal properties. The main acoustic and thermal properties of soft tissues (fatty,
muscle; brain, breast, liver, kidney and blood) are reported by McGarry et al. [276].
The average acoustic and thermal properties of tissues with standard deviation are
summarized on table 8.1.

Table 8.1: Acoustic and thermal properties of soft tissues (fatty tissue, muscle,
brain, breast, liver, kidney, blood)

Properties of tissues Meanvaluex SD
Speed of sound (m/s) 1548 £+ 39
Attenuation coefficient (dB/cm-MHz) 0.63+0.30
Acousticimpedance (MRayl) 1.61 +0.08
Density (kg/m?3) 1039 + 23
Thermal conductivity (W/mK) 0.42+0.11

Volumetric specific heat capacity

(MI/m?K) 3.27 £0.05
Thermal diffusivity (mm?/s) 0.13+0.02

The acoustic characterization of tissue in terms of attenuation, absorption,
scattering, and propagation speed is very important for the effective implementation
of ultrasound for diagnosis or treatment. The pulse-echo and through-transmission

methods are used for measuring the acoustic speed and attenuation of ultrasound in
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several media [277]. The various techniques require immersion of the sample in a
liquid agent, most often water, and have different advantages, experimental set-ups,
and assumptions with different modifications of previously utilized methods [278,
279]. For the through-transmission method one transmitting and one receiving
transducer is used, with attenuation either given as a ratio between signals recorded in
the reference water path and in presence of the sample between the transducers [54] or
with the variable thickness method, as a ratio of the independent attenuations of two
sample specimens of different thicknesses [281]. In contrast, in the pulse echo
technique a transducer operates in transmit and receive mode sends signals through
the sample which are reflected on a high impedance material [282]. Attenuation is
calculated by considering echoes arising in the reference water frame and in presence
of the sample. However, this technique is only valid for equal transmission and
refection coefficients at both sides of the sample [277]. Moreover, the mechanisms
affecting attenuation have been extensively reported in literature [283, 284].

The mechanism of acoustic absorption is important in therapeutic applications
because it controls the amount of energy deposition in the form of heat. Acoustic
absorption becomes the main property contributing to tissue temperature rise, when
short pulses are used, because the effect of perfusion and conduction is minimized
[283]. Experimental methods for estimating the fundamental property of absorption
coefficient have been proposed [285]. It was shown that there are two main phases
during the temperature rise immediately after the application of the acoustic pulse.
During the first phase, the increase of temperature is due to the action of viscous
forces between the wire of the thermocouple and the medium, while the second phase
is due to the absorption of sound in the medium. The absorption coefficient is
independent of the intensity of the incident wave and increases as temperature
increases [286].

In 1979, Goss et al. [287] identified the magnitude and frequency dependency
of ultrasonic absorption coefficient in various biological tissues (brain, heart, kidney,
liver, tendon, and testis) using the transient thermoelectric method (TTM). Heat
conduction can contribute a significant error to the measurement of the ultrasonic
absorption coefficient when using the TTM method [288]. In this paper, the

experimental set up designed in a previous study was used to determine the absorption
105



coefficient of atherosclerotic plaque phantoms using the TTM method [289]. The
whole experimental setup provides stability for the transducer and the phantom,
minimizing errors from the motion of the phantom and thermocouple.

Although acoustic and thermal properties of atherosclerotic plaque are very
important for the effective implementation of ultrasound on diagnosis and treatment
of diseases, as it is evidenced from the literature, not many research efforts were
dedicated towards measuring both acoustic and thermal properties. The purpose of
this study aims to describe the development of an atherosclerotic plaque phantom and

test its suitability as such by characterizing its acoustic and thermal properties.

8.2. Materials and Methods

8.2.1 Atherosclerotic Plague Phantom

The atherosclerotic plaque phantom consisted of Agar-agar granulated,
purified and free from inhibitors for microbiology, (Merck KGaA, EMD Millipore
Corporation, Darmstadt, Germany), gypsum (Peletico Building Gypsum, Peletico Ltd,
Strovolos, Cyprus), butter (FLORA original, UNILEVER TC LTD, Nicosia, Cyprus)
and water. Agar was used for mimicking fibrous tissue, gypsum for calcium and
butter for lipid core. The produced sample was isotropic and homogeneous. The
amount of ingredients used each time was varied. The steps for the preparation were
described in Menicou et al. [277].

8.2.2 Estimation of acoustic propagation speed

Acoustic propagation speed of the plague phantoms having different lipid,
gypsum and butter concentration was measured using the pulse-echo technique. The
pulse-echo technique was used for measurement of the acoustic propagation speed for
the different recipes of atherosclerotic plague phantoms. Each phantom was immersed
in an acrylic water tank filled with deionised/degassed water. A pulse/receiver (500
PR, GE Panametrics, Waltham, USA) was utilised to send ultrasound waves to a
planar transducer working in transmit/receive mode, operating at a frequency of 2.7
MHz and having an active element diameter of 10 mm. A holder made from
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Acrylonitrile Butadiene Styrene (ABS) was printed utilising an industrial 3D printer
(FDM 270, Stratasys Ltd., Minessota, USA) to accommodate the transducer and
phantom. A digital oscilloscope (TDS 2012, Tektronix Inc., USA) was connected to
the pulse/receiver to measure the signal from the transducer which is transmitted
through the sample and reflected back using a metal reflector. Fig. 8.1 shows the
schematic diagram of the experimental set-up used for measurement of the acoustic

propagation speed.

Pulse receiver Digital oscilloscope

I

“fe—Water tank

4_——Metal reflector

Transmit/Receive transducer———

Y
—

T _W;T'T‘ —ABS holder

F’thtom holder

Fig.8.1 Schematic diagram of the experimental set-up used for measurement of the
acoustic propagation speed

Initially, acoustic echoes were recorded as the reference water path and then
with each of the phantoms fixed on the sample holder. The group velocity within each
phantom was calculated using the Eqg. (1) [290]:

v = v, [Fot 41 0
where vy is the acoustic propagation speed in water, tw is the time needed for the wave
to travel to the reflector and back to the transducer in the reference water path, tsis the
time required for the wave to travel the same distance in the presence of the phantom
and At is the time difference between echoes arising from the front and back surfaces

of the phantom.
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8.2.3 Measurement of attenuation coefficient

Attenuation of the plaque phantoms having different lipid, gypsum and butter
concentration was measured using the through-transmission technique. The planar
transmitting transducer operating at 1.1 MHz was inserted in the ABS holder facing
the respective 1.1 MHz receiver transducer, which was connected to a spectrum
analyzer (HP8590L, Keysight Technologies, California, USA) for recording the
attenuated signal. Each phantom was accommodated between the transducers.
Figure 8.2 shows the schematic diagram of the experimental set-up. Signals were
recorded in the reference water path and then with the phantom samples fixed
between the transducers.

Spectrum analyser

Signal generator

-—\WWater tan

et Phantom holfler

Transmitting transducer _} | - +———f}—Receiving transducer

1 -~ ABS holder
|

Phantom

Fig.8.2 Experimental set-up used for measurement of the attenuation coefficient of
different plague phantoms

The attenuation coefficient of each phantom was calculated using the Eq. (2) [277]:

20loge A
5 Xln(—WT)
A

where ay is the attenuation coefficient of water, x is the thickness of each phantom,

a=a,+

(2)

Aw is the signal received in the reference path, As is the signal received in presence of
each phantom and T is the transmission coefficient. The transmission coefficient of
each phantom was inserted in the equation to account for ultrasonic reflection induced
by each different surface of the phantoms. It was calculated using the following
equation:

T=1-R (3)

108



Where R is the reflection coefficient calculated using the Eq. (4):

7y — 75\
R=( ) 4
71+ 7, )

Where Z; and Z, are the acoustic impedances of phantom and water respectively and

can be calculated using the Eqg. (5):

Z=p-C (5)
Where p is the mass density and c is the acoustic propagation speed of either the water
or phantom under investigation. The phantom’s mass density was calculated using the
water displacement method [277]. A piece of phantom was weighed (1479 V, Tanita
Corporation of America, Inc, USA) and its volume was extracted by measuring

displacement of water in a volumetric tube.

8.2.4 Estimation of absorption coefficient

A method to estimate fast and accurately the absorption coefficient of an agar-
based gel phantom using a novel experimental setup [289]. According to this, the
agar-based gel phantom was exposed to a focused US beam and the absorption
coefficient was determined by measuring the rate of temperature rise using a
thermocouple (5SC-TT-K-30-36, type K insulated beaded wire, 100 um thick, Omega
Engineering, Norwalk, Connecticut, USA). For the absorption coefficient
measurement, a signal generator (HP 33120A, Agilent technologies, Englewood, CO,
USA), an RF amplifier (AG1012, T & C Power Conversion, Inc., Humboldt St.,
Rochester, NY) and a spherically focused transducer (Sonic Concepts, Inc., Seattle,
USA) operating at 0.4 MHz (focal length of 70 mm and diameter of 40 mm) were
utilized in the experimental setup as described by Drakos et al. [289]. The transducer
is of wide beam thus minimizes the conduction effects. Also, the temperature
elevation is low thus minimizes the conduction effects. A temperature reader
(HHB806AU, Omega Engineering) was used to record the temperature over time in the
TMM. The thermocouple was placed at the focal position which was located 4 cm
deep from the bottom face of the TMM (the transducer was 3 cm below the front
surface of the TMM facing upwards). Fig. 8.3 illustrates the schematic diagram of the
experimental setup to estimate the absorption coefficient of plaque phantoms.
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8.2.5 Estimation of plaque phantom thermal properties

The thermal properties of the plaque phantoms were measured using the
instrument Isomet (model 2104, Applied Precision, Ltd., Bratislava, Slovakia). The
instrument was used according to the manufacturer’s recommendation for estimating
thermal conductivity (W/mK), thermal diffusivity (mm? /s), and specific heat capacity
(kJ/kgK). The transient method was used to perform the thermal conductivity
measurements, which were carried out automatically by a needle sensor. The selected
sensor was able to accurately measure in the range of 0.2-1 W/ m K. According to the
manufacturer, the accuracy of the device for thermal conductivity measurements was
5% of reading +0.001 W/m K. Thermal diffusivity is derived by dividing conductivity
with density whereas specific heat capacity describes how quickly a material reacts to
a change in temperature. A spherical volume of the material around the needle probe
with a minimum diameter of 5 cm was needed for accurate measurement. Due to this
limitation of the system, a specimen of appropriate dimensions (5 cm height, 7 cm
wide and 15 cm long) was prepared. The needle probe was inserted in the plaque
phantom, and the 3 thermal properties (thermal conductivity, thermal diffusivity, and
volumetric specific heat capacity) were calculated simultaneously by the device. The
procedure was repeated five times and the mean and standard deviation values of each
thermal property were deduced.

plaque phantom

/ =)

signal generator

transducer

water tank filled with
degassed water

thermometer

Fig.8.3 Schematic diagram of the experimental set up to measure the absorption
coefficient of the plague phantoms
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8.2.6 Experimental setup and HIFU sonication parameters

The absorption experimental setup described previously was used to apply
high-power sonication in the phantom. The scope of the high-power sonication was to
test the ability of the phantom to reach high temperatures and create lesions. The
phantom was fitted tightly into the holder and a transducer (Sonic Concepts, Inc.,
Seattle, USA) operating at 0.4 MHz (radius of curvature of 70 mm and diameter of 40
mm) was positioned below the phantom facing upwards for a bottom to top
sonication inside an acrylic water tank filled with degassed/deionised water. The
experimental HIFU system included a signal generator (HP 33120A, Agilent
Technologies), a radio-frequency power amplifier (AG1012, T&C Power Conversion,
Inc.), and the spherically-focused transducer. Prior to sonication, the phantom was
allowed to reach thermal equilibrium with the degassed/deionised water to minimize
conduction effects. The sonication time was 60 s and the acoustical power was 10 W. The

transducer position was adjusted in order to focus at 3 cm deep inside the phantom.

8.2.7 Temperature measurement using a thermocouple

During sonication, the temperature change at the focal point of the phantom
was recorded. The temperature reader (HH806AU, Omega Engineering) was used to
record the temperature change in the phantom. The thermocouple (5SC-TT-K-30-36,
type K insulated beaded wire, 100 um thick, Omega Engineering) was inserted in the
sample at the focus which was 3 cm deep. The thermocouple tip was rigid enough and
it was inserted from one end of the phantom, all the way to the target with the
phantom immersed in degassed/deionised water. The thermocouple tip was selected to
be sufficiently thin to reduce possible artifacts. Although the focal length was known,
precise localization of the focal point was achieved by changing the position of the
thermocouple at low power until the highest temperature change was achieved.

8.3. Results

Plague phantoms with different amounts of agar, butter and gypsum were
prepared following a simple preparation procedure [277]. Thermal properties (thermal
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conductivity, volumetric specific heat capacity and thermal diffusivity) were
evaluated by inserting a needle probe in the plagque phantom. Initially, experiments
were performed to assess thermal properties by varying butter concentration. Figure
8.4 shows thermal properties against butter concentration for 10% w/v and 6% w/v
gypsum respectively. The lower the percentage of gypsum the lower the thermal
conductivity, volumetric heat capacity and thermal diffusivity. When gypsum
increased by 4 % wi/v, thermal conductivity increases by 1.9 — 2.2%, volumetric heat
capacity by 0.6 % and thermal diffusivity by 1.7 — 2.1%.
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Fig 8.4a) Thermal conductivity, b) Volumetric specific heat capacity and c) Thermal
diffusivity of plaque phantoms against butter concentration for 10 % wi/v and 6 % w/v
gypsum respectively.

Furthermore, experiments were performed to assess thermal properties by
varying agar concentration. Figure 8.5 shows thermal properties against gypsum with
10% wi/v butter and 10% w/v gypsum. For the phantom with 2% w/v agar was
impossible to take measurements because the phantom did not solidify. The agar

changed slightly the thermal properties of the plaque phantom. Specifically, when
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agar increased by 2 % wi/v, thermal conductivity decreased by 3.2 — 4.6 %, volumetric
heat capacity by 0.6 % and thermal diffusivity by 3.1 — 3.7 %.

Gypsum, the mimicking material of calcium was lastly assessed regarding
thermal properties. Thermal properties of plaque phantoms against gypsum for 10%
w/v and 18% wi/v butter concentration are shown in fig.8.6. Thermal conductivity k
and thermal diffusivity D followed a similar relationship with gypsum concentration.
Both of them increased from 2% wi/v to 10% w/v gypsum and then decreased slightly
until reaching 14% wi/v gypsum (calcified material). Furthermore, the amount of
reduction from 10% wi/v to 14% w/v gypsum was larger when the amount of lipid
concentration was larger. Moreover, volumetric specific heat capacity was constant
from 2% wi/v to 6% w/v gypsum, and then increased slightly by 0.6% from 6% w/v to
10% wi/v gypsum and then remained constant up to 14% wi/v gypsum. For all the
measurements, thermal properties of atherosclerotic plague phantoms decreased when

lipid concentration increased.
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diffusivity of plaque phantoms against gypsum for 10% w/v and 18% wi/v butter
respectively.

The absorption coefficient was estimated by applying an ultrasonic protocol
that produces a low-temperature change between 2 and 3 °C, which correspond to an
acoustic power of 1 W [289]. During the sonication, the temperature increased
linearly with time as expected since conduction effects are eliminated. The
temperature maintained its linearity for a long sonication of 60 s, which is
representative of low conduction. The maximum temperature and the rate of
temperature recorded for different plague phantoms. Based on the temperature-time
gradient, the absorption coefficient calculated for each plaque phantom. The
attenuation coefficient of each phantom was calculated using the through-
transmission immersion technique. Acoustic properties of plaque phantoms against
lipid concentration are shown in fig.8.7. Absorption coefficient increases as lipid
concentration increases. Absorption coefficient increased up to 78.2 % when lipid
concentration increased by 10% wi/v. Attenuation coefficient increased as the lipid
concentration increased for 1.1 MHz frequency. Attenuation coefficient increased up

to 4.7 % when lipid concentration increased by 10% wi/v. As the lipid concentration of
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plague phantom increases, the acoustic propagation speed decreases. Specifically,
acoustic propagation speed decreased by 1.2 % when lipid concentration increased by
10% wi/v. Depending on the agar, gypsum and butter concentration the ultrasonic

attenuation coefficient can vary.
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Fig 8.7a) Absorption coefficient, b) Attenuation coefficient and c) Acoustic
propagation speed of plague phantoms against lipid concentration. Agar and gypsum
was 4 % w/v and 6 % w/v respectively.

Additionally, experiments were performed to assess acoustic properties by
varying agar concentration. Figure 8.8 shows acoustic properties against agar with 10
% wi/v butter and 10 % wi/v gypsum. As the agar concentration increased by 6 % w/v,
the ultrasonic absorption coefficient increased up to 138 %. For this experiment, the
minimum value measured for absorption coefficient was 0.26 dB/cm-MHz (2 % agar,
6 % gypsum, 18 % butter) and the maximum 0.62 dB/cm-MHz (8% agar, 6% gypsum
and 18 % butter). Attenuation coefficient increased as the agar increased for 1.1 MHz
frequency. Attenuation coefficient increased up to 70% when agar concentration
increased by 3 % w/v. The measured attenuation coefficient value was founded in the
range of 1-3 dB/cm-MHz that was reported in a previous study [291]. Moreover, the
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acoustic propagation speed was founded in the range of soft tissues [292]. Acoustic
speed increased when agar concentration increased by 1% w/v and then decreased

slightly until 6 % wi/v agar concentration.
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Fig 8.8a) Absorption coefficient, b) Attenuation coefficient and c¢) acoustic
propagation speed of plaque phantoms against agar concentration. Gypsum and butter
was 6 and 15 % w/v respectively.

Finally, acoustic properties of plaque phantoms against gypsum for 4% wi/v
agar and 15% wi/v butter concentration are shown in fig. 8.9. As the gypsum
concentration increased, the ultrasonic absorption coefficient decreased. Absorption
coefficient decreased up to 55% when gypsum concentration increased by 12% w/v.
Attenuation coefficient increased up to 45% when gypsum concentration increased by
12 % wi/v. As the gypsum concentration of plague phantom increases, the acoustic
propagation speed decreases while attenuation coefficient increases. Acoustic

propagation speed decreased by 3.3 % when gypsum concentration increased by 12%

wiv.
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Fig 8.9a) Absorption coefficient, b) Attenuation coefficient and c) acoustic
propagation speed of plaque phantoms against gypsum concentration. Agar and butter
concentration was 4 % w/v and 15% w/v respectively.

8.4. Discussion

The purpose of this study is to describe the evaluation of an atherosclerotic
plaque phantom by characterizing its acoustic and thermal properties. The phantoms
consisted of agar, gypsum, butter and water. Agar was used for mimicking fibrous
tissue, gypsum for calcium and butter for lipid core. Although acoustic and thermal
properties of atherosclerotic plaque are very important for the effective
implementation of ultrasound on diagnosis and treatment of arteriosclerosis diseases,
as it is evidenced from the literature, not many research efforts were dedicated
towards measuring both acoustic and thermal properties. Range of phantoms
ingredients, range of acoustic and thermal properties and their mean value with

standard deviation of atherosclerotic plague phantoms are shown in table 8.2. The
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range of densities of plaque phantoms was varying from 900 to 1100 kg/m?®. The

higher the amount of lipid, the lower the density.

Table 8.2: Range of phantoms ingredients, range of acoustic and thermal
properties and their mean value with standard deviation of atherosclerotic

plague phantoms

Range
of agar
(Yowl/v)

Range of

gypsum
(Yowl/v)

Range of
butter
(Yow/v)

Acoustic
and
thermal
properties

Range of
acoustic and
thermal
properties

Mean value
+SD

4 only

10 only

10-15

Acoustic
speed (m/s)

1498 - 1550

1523+23

6-10

5-10

Absorption
coefficient
(dB/cm-
MHz)

0.023-0.620

0.30+0.21

4 only

2-10

15 only

Acoustic
Impedance
(MRayl)

1.30-1.40

1.35+0.03

4-6

6-10

5-10

Attenuation
coefficient
(dB/cm-
MHz)

1.00-2.34

1.63+0.46

4 only

6-10

5-18

Thermal
conductivity
k (W/mK)

0.44 - 0.52

0.50+0.02

4 only

6-10

5-18

Volumetric

specific heat
capacity Cy
(MJ/m®K)

1.69-1.77

1.73+0.02

4 only

6-10

5-18

Thermal
diffusivity
D (mm?/s)

0.26 - 0.30

0.29+0.01

The experiments were initially conducted in plaque phantoms with different
amount of agar, gypsum and butter for evaluation of thermal properties (thermal
conductivity, volumetric specific heat capacity and thermal diffusivity). As lipid
concentration increases, thermal conductivity, volumetric specific heat capacity and
thermal diffusivity decreases. The calcified material (gypsum) changed slightly the
thermal properties of the plague phantoms. As gypsum concentration increases,
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thermal properties increase slightly. Furthermore, as agar concentration increases,
thermal conductivity, volumetric specific heat capacity and thermal diffusivity
decreases.

Table 8.2 shows the range of phantoms ingredients, range of acoustic and
thermal properties and their mean value with standard deviation of atherosclerotic
plague phantoms. Thermal conductivity, volumetric specific heat capacity and
thermal diffusivity mean values with standard deviations were 0.50+0.02 WmK,
1.73 £ 0.02 MIm3K* and 0.29 + 0.01 mm?s* respectively. The plaque phantom with
the maximum amount of butter (agar 4% wi/v agar, 6% w/v gypsum and 18% w/v
butter) had the minimum amount of thermal conductivity (0.48 Wm™K™), volumetric
specific heat capacity (1.69 MJm3K™) and thermal diffusivity (0.26 mm?s?)
respectively. Moreover the plaque phantom with the minimum amount of butter and
increased gypsum (4% w/v agar, 10 % w/v gypsum and 5 % w/v butter) had the
maximum amount of thermal conductivity (0.52 Wm™K™), volumetric specific heat
capacity (1.77 MIm3K1) and thermal diffusivity (0.30 mm?s™). Thermal conductivity
values for the plaque phantoms are in the range of those of biological tissues and
arterial plaques. [293,294]. For our evaluated phantom, the thermal conductivity
values are in the range of those of body internal organs, such as kidney (0.58 + 0.07
Wm?K1), muscle (0.54 + 0.06 Wm*K™) and liver (0.48 + 0.06 WmK™). On the
other hand, there is an important difference of our phantom with volumetric heat
capacity (liver: 3.27 + 0.01 MIm3K™, kidney: 3.76 + 0.44 MIm>K-, muscle: 3.61 +
0.42 MIm3K1) and thermal diffusivity (liver, kidney, and muscle: 0.15 + 0.02 mm?s°
1) [293]. Different tissues have different thermal properties and our plaque phantom is
a combination of four different materials (agar, butter, gypsum and water) with
different percentages.

Moreover, the pulse-echo technique was used to measure the acoustic
propagation speed within different atherosclerotic plaque phantoms. Attenuation of
the plague phantoms having different lipid, gypsum and butter concentration was
measured using the through-transmission technique. As lipid concentration increases,
acoustic propagation speed decreases while attenuation coefficient increases (fig.8.7).
As gypsum concentration increases, thermal properties increase slightly. Furthermore,

as agar concentration increases, acoustic propagation speed reaches the maximum
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value at 4% w/v agar and then decreases slightly while attenuation coefficient
increases (fig.8). Finally, as gypsum concentration increases, acoustic propagation
speed decreases while attenuation coefficient increases (fig.9).

Acoustic speed, acoustic impedance and attenuation coefficient mean values
with standard deviations were 1523+23 m/s, 1.35+£0.03 MRayl and
1.63+0.46 dB/cm-MHz (table 8.2). The plaque phantom with agar 4 % wi/v agar, 10 %
wi/v gypsum and 10 % w/v butter had the maximum acoustic speed (1550 m/s) and the
phantom with increasing concentration of 5 % w/v butter, the minimum acoustic
speed (1498m/s). Additionally, the plaque phantom with agar 4 % w/v agar, 6 % w/v
gypsum and 5 % wi/v butter had the minimum attenuation coefficient (1.00 dB/cm-
MHz) and the phantom with increasing concentration of 2 % w/v agar, 4 % w/v
gypsum 5 % wi/v butter the maximum acoustic speed (2.34 dB/cm-MHz). As the
amount of calcified material in human atherosclerotic plaque increases, the ultrasonic
attenuation increases [295]. Moreover, the plaque phantom with agar 4 % w/v agar,
10 % wi/v gypsum and 15 % wi/v butter had the minimum acoustic acoustic impedance
(1.30 MRayl) and the phantom with decreasing concentration of 8 % w/v gypsum, the
maximum acoustic acoustic impedance (1.40MRayl). The measured attenuation
coefficient value was founded in the range of 1-3 dB/cm-MHz that was proposed in
previous studies [296-298]. Moreover, the acoustic propagation speed was founded in
the range of soft tissues [292]. Depending on the agar, gypsum, and butter
concentration the ultrasonic attenuation coefficient can vary.

Additionally, the experimental set up designed in a previous study was used to
determine the absorption coefficient of atherosclerotic plaque phantoms using the
TTM method [289]. As lipid and agar concentration increases the absorption
coefficient increases too (fig. 8.7, 8.8). Moreover, when gypsum concentration
increases the absorption coefficient decreases (fig.8.9). The plaque phantom with agar
4% wi/v agar, 6% w/v gypsum and 5% w/v butter had the minimum absorption
coefficient (0.023 dB/cm-MHz) and the phantom with increasing concentration of
2% wiv agar, 4% w/v gypsum 5% wi/v butter the maximum absorption coefficient
(0.620 dB/cm-MHz). The absorption coefficient mean value with standard deviation
was 0.30 + 0.21 dB/cm-MHz. Absorption coefficient of soft tissues (liver, brain,

kidney and heart) reported by Goss et al [287]. The desired absorption coefficient for
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soft tissues and was 0.22 dB/cm-MHz. The concentration of agar, gypsum and butter
concentration can alter the ultrasonic absorption coefficient. Finally, ultrasonic
absorption coefficient values were inside the range of reported values for soft tissues
[287] and an agar-based phantom [289].

The present study aims to enhance the available quantitative data on acoustic
and thermal properties of atherosclerotic plaque and especially for ultrasonic
absorption coefficient. As it was already mentioned earlier, not many data exist on the
value of the ultrasonic absorption but only for soft tissues. According to the
aforementioned literature reported within the scope of this study, it is concluded that
acoustic and thermal properties of atherosclerotic plaque phantoms fall well within
the range of values reported for atherosclerotic plaque and slightly different for
thermal diffusivity and volumetric specific heat capacity for soft tissues.

The limitation of this study include that macrophages were not used during
this study which is an important part of atherosclerotic plaque [300], but in general as
it was investigated; no study has evaluated them in their model. In future studies, the
optimum recipe of the atherosclerotic plaque phantoms that mimics the human
atherosclerotic plaque (agar 4% wi/v, gypsum 10% w/v and butter 10% w/v) can be
used with the proper choice of operating frequency and transducer design for HIFU
therapy and would be focused only for arteries that have at least 50 % blockage.
Patients with at least 50% of coronary or carotid artery blockage may need more
aggressive treatment, especially if they have symptoms while surgery is usually
advised for carotid or coronary narrowing of more than 70%. This technology can be

used in the future for clinical trials to treat plaques in the coronary arteries.

8.5. Conclusion

An evaluation of acoustic and thermal properties of plague phantoms to test
their suitability for ultrasound therapy was presented in this chapter. The evaluation
included measurements of the acoustic propagation speed using pulse-echo technique,
ultrasonic attenuation coefficient using through transmission immersion technique,

and absorption coefficient using an ultrasonic protocol that produces a low-
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temperature change method. Moreover, thermal properties (thermal conductivity,
volumetric specific heat capacity and thermal diffusivity) were measured using the
transient method using a needle probe. It is concluded that acoustic and thermal
properties of atherosclerotic plaque phantoms fall well within the range of values
reported for atherosclerotic plaque and slightly different for thermal diffusivity and
volumetric specific heat capacity for soft tissues. The goal of this work was to assess
acoustic and thermal properties of plaque phantoms in order to mimic the human
arterial atherosclerotic plaque so can be used for ultrasound therapy in the future.
However, macrophages which are an important part of atherosclerotic plaque should
be investigated in upcoming studies. Finally, future studies should be focused on the
optimum recipe of the atherosclerotic plaque phantoms that mimics the human
atherosclerotic plaque (agar 4% w/v, gypsum 10% w/v and butter 10% wi/v) and can
be used for HIFU therapy and would be focused only for arteries that have at least
50 % blockage.
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9. Conclusion and future work

This dissertation examined the design of an in vitro model to assess the thermal ablation
of atherosclerotic plaque using different parameters of intravascular transducers. The first study
was concentrated on the design and creation of a suitable plaque phantom to be used in HIFU
application on the atherosclerotic plaque. To our knowledge, no previous study was performed
for evaluating atherosclerotic plague phantoms in vitro for ultrasound therapy. The second
objective of this dissertation was the evaluation of porcine atherosclerotic plaque phantoms for
US therapy. The plaque phantom was evaluated in abdominal porcine arteries that mimic the
elasticity of human arteries. The next study included the evaluation of our phantom and a TMM
phantom for US therapy using MR thermometry for evaluating the temperature elevation. Then
US ablation was assessed in different phantoms and a turkey tissue. Temperature elevation was
examined again by altering different parameters such as the distance from the transducer face,
different active size of the transducer, different element area and different acoustical power.
Finally, the last study examined the acoustic and thermal properties of plague phantoms to test
their suitability for ultrasound therapy.

Initially, for the first study the effect of therapeutic ultrasound for destruction of
atherosclerotic plague phantoms was described. A low cost arterial plaque model was evaluated
with different atherosclerotic plague phantoms using different acoustic parameters such as
acoustic power and treatment time. The arterial mimic tube base was made by thermoplastic
polyurethane (TPU) and the other components from co-polyester extended (CPE+) material for
mimicking the elastic properties of the artery. Atherosclerotic plaques were mimicked with their
three main components: fibrous tissue with agar, lipid core with butter and calcium with gypsum
and the optimum treatment process that maximized the destruction of atherosclerotic plaque in
minimum time duration was achieved. In order to succeed this, the influence of acoustic
parameters such as acoustic power and treatment time was investigated. The acoustic power and
treatment time range was 6 — 15 W and 6 — 30 s respectively. Fibrotic, PIT, TCFA, ThCFA and
FC phantoms were mimicked to cover the different types of atherosclerotic plaques. Same plaque

phantoms are evaluated separately with a portable X-Ray system and an overall conclusion has
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been analyzed for all the phantoms. The max and minimum percentage plaque destruction was
evaluated for same plague phantoms and the relationship between the percentage plaque
destruction and their ingredients was analyzed. A fibrotic and TCFA phantom was destructed
completely with different acoustic powers and treatment times. The fibrotic phantom was
destructed with 8 W acoustical power and 30 s treatment time while TCFA phantom with 15 W
acoustical power and 20 s treatment time. FC phantom was not destructed because of the very
high percentage of gypsum (50 %) that has been used. The maximum amount of lesion depth
was 2.61 mm. This is very important for the future purpose of this study because the main
coronary arteries are usually between 3 and 4 mm in diameter, so the transducer can be used in
the future to destroy at least 65 % blockage of a coronary artery.

Moreover, the second study was based on the creation and evaluation of porcine
atherosclerotic plaque phantoms for ultrasound therapy. Abdominal porcine arteries were
selected due to their lumen size, so the transducer can fit inside them. The evaluation was made
with an X-ray system and focused on PIT and TCFA atherosclerotic plague phantoms which
cover the main types of human atherosclerotic plaques. The maximum depth lesions for the PIT
and TCFA porcine plaque phantom with 15 W acoustical powers were 2.94 mm and 2.90 mm for
25 and 30 s of sonication time respectively. On the other hand, the minimum depth lesions for
the PIT and TCFA porcine plague phantom with 15 s sonication time were 0.9 mm and 0.97 mm
for 10 W and 15 W acoustical powers respectively. The findings of this study are very important
for optimizing the acoustical parameters of the transducer during US ablation of atherosclerotic
plaque.

An evaluation of atherosclerotic plaque and TMM phantom for ultrasound therapy using
MR thermometry which is a noninvasive temperature real time MR monitoring during minimally
invasive thermal therapy was assessed during the third study. The purpose of the first part of this
evaluation was to destroy an area of a plague-mimicking phantom using a planar transducer,
obtain MR thermometry images during the sonication and assess the destroyed area of the
phantom using high-resolution imaging. The average lesion depth was 1.77 mm for 30 s
sonication time and acoustic power of 10 W. X-ray image and T2W-FSE image (sagittal plane)
were used for the evaluation of the size and the depth of the plaque lesion. The size was
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evaluated with the same accuracy while the depth of the lesion was evaluated more precisely
with the X-Ray image. Moreover, a TMM phantom was evaluated for heating with a planar
transducer. The readings near the planar transducer were completely masked by electricity
artifacts.

The fourth study had as its main objective to evaluate the creation of thermal lesions with
US in different phantoms such as agar/silica evaporated milk gel phantom, a commercial
polyacrylamide gel and freshly excited turkey tissue. For the freshly excited turkey tissue, as the
acoustical power increased by 7 W, the mean area and depth of thermal lesions increased by
42,6% and 20% respectively. The temperature elevation was assessed because is an important
part during destruction of atherosclerotic plaque in human arteries and should be kept up to 1 °C.
The distance from the transducer’s surface and the mechanical mode were evaluated for
achieving this goal. During the evaluation of the agar/silica evaporated milk gel phantom, the
temperature elevation kept below 1°C at distance 5 mm for the face of the transducer for 12 W
acoustical powers and 12 s sonication times. During the treatment of atherosclerotic plaque both
thermal and mechanical mode of ultrasound can be used. When the sonication time increased at
60 s, the different combination of depths and acoustical powers did not achieve to keep the
temperature elevation below 1 °C. The minimum 1.8 °C temperature elevation was achieved for
10 W acoustical powers at 10 mm depth from the transducer’s face 1°C.

Finally, the last study focused on evaluating of acoustic and thermal properties of plaque
phantoms to test their suitability for ultrasound therapy. The pulse-echo technique, through
transmission immersion technique and an ultrasonic protocol that produces a low-temperature
method were used to measure the acoustic propagation speed, ultrasonic attenuation coefficient
and absorption coefficient respectively. Moreover, the transient method using a needle probe was
used for evaluating the thermal properties (thermal conductivity, volumetric specific heat
capacity and thermal diffusivity. The acoustic and thermal properties of atherosclerotic plaque
phantoms fall well within the range of values reported for atherosclerotic plague and slightly
different for thermal diffusivity and volumetric specific heat capacity for soft tissues. Thermal
conductivity values for the plaque phantoms are in the range of those of biological tissues and
arterial plaques. [293-294]. For our evaluated phantom, the thermal conductivity values are in the
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range of those of body internal organs, such as kidney (0.58 + 0.07 Wm™K™1), muscle (0.54 +
0.06 Wm?K™) and liver (0.48 + 0.06 Wm™K1). On the other hand, there is an important
difference of our phantom with volumetric heat capacity (liver: 3.27 + 0.01 MIm=3K, kidney:
3.76 + 0.44 MIm=K™, muscle: 3.61 + 0.42 MIm=K™?) and thermal diffusivity (liver, kidney, and
muscle: 0.15 + 0.02 mm?s?) [293]. Different tissues have different thermal properties and our
plague phantom is a combination of four different materials (agar, butter, gypsum and water)
with different percentages.

A future development of this study should include macrophages which is an important
part of atherosclerotic plague [300] and may alter not only the optimum treatment result but also
the acoustic and thermal properties of atherosclerotic plaque phantoms. Furthermore, in future
studies, the optimum recipe of the atherosclerotic plagque phantoms that mimics the human
atherosclerotic plaque (agar 4% wi/v, gypsum 10% w/v and butter 10% wi/v) can be used with the
proper choice of operating frequency and transducer design for HIFU therapy and would be
focused only for arteries that have at least 50% blockage. However, the pulsatile motion of the
artery, which is rather important for the positioning of the ultrasound and the addition of a
suction mechanism with this ultrasound technology that would collect the debris during
sonication should be investigated in upcoming studies. Finally, future studies should be focused
on the temperature elevation at the artery wall by placing a thermocouple in the transducer’s face
inside the arterial model. Different type of plagues may have different temperature elevation at
the artery wall and they would be very difficult to be destroyed by US. The proposed phantom
can be used also in the future for evaluating the treatment protocols of MRgFUS robots of our
group [47, 170, 301-345] and also for our sonothrombolysis models [169, 346-351].
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