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Abstract

There is an unfilled need for new health prognostic methods and technologies
with a real opportunity to integrate cost effective imaging methods with accurate health
prognostics. By enhancing the capability of imaging methods to cover health
prognostics, total cardiovascular disease (CVD) health care costs would be dramatically
reduced and the quality of human life would be significantly improved. One clinically
accepted cost effective CVD diagnostics method is the intravascular ultrasound (IVUS).
State-of-the-art in ultrasound imaging, it is based on the reflection of ultrasound waves
(frequencies up to 50 MHz) sent from the ultrasound transducer. Despite the wide use of
IVUS as a primary tool for CVD diagnosis, especially in determining the plaque prone to
form in the arterial wall, an objective plaque composition classification is not reached
yet. Since this composition is fundamental to determine the degree of severity of the
CVD, computational models have been developed to simulate the propagation and

behavior of the ultrasonic waves inside the arterial wall.

This research seeks to develop computational model-based ultrasound imaging as
a first step to enable CVD prognosis. Physics-based transmission line matrix (TLM)
computational model is created where a fundamental understanding of ultrasound wave
propagation in living tissue is captured. Moreover the ultrasound wave propagation
through healthy and plaque burden (hard and soft plaque) segments is fundamentally

understood and modeled.

The second primary step in this work is the development of advanced adaptive
image recovery modeling techniques (time domain system identification techniques) that
characterize the tissue properties. Plaque burden and composition (such as hard and soft
plaque) within the artery wall are modeled using parametric techniques. The outcome
from these computations is the assignment of traditional lumped parameter mechanical
(tissue) elements (first order system) to artery composition detected from the ultrasound

wave. These parameters are paramount in the determination of the plaque acoustic and
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mechanical properties. These first order models have shown the ability of quantitatively

characterizing different plaques based on their acoustic properties.
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Chapter 1 Introduction

One of the leading mortal diseases is Cardiovascular Disease (CVD). According
to the World Health Organization (WHO) reports in 2001, 16.7 million human death
situations occur in the world due to CVD each year. This number accounts for one third
of the total deaths. These high-count statistics are more important in the United States.
Since 1900, CVD has been the number one killer for every year but 1918 (1,2). With a
daily rate of death exceeding 2,500, 27% of them happen before reaching the hospital.
The continuous increase of heart attack deaths and hospitalization has led scientists and
medical specialists to work on finding ways of an early assessment of such pathological

phenomenon.

Therefore advanced imaging techniques have seen the light due to numerous
efforts aiming at the development of a preventive diagnosis methodology of coronary
arteries before plaque aggravation and advanced stenosis development. Two major
categories of these imaging methods were established which are invasive and non-
invasive technologies. Despite the convenience of the non-invasive techniques to the
patient, many challenges can take place (in the scanning process) especially when it
comes to cardiac motion as well as calcium deposits. To tackle such limitations, many
invasive imaging devices were developed. One of the recent invasive imaging methods is

the intravascular ultrasound (IVUS).

IVUS has gained a wide clinical acceptance. Thanks to its ability of providing
quantitative and qualitative information on the structure of the artery cross-section, IVUS
presents one of the essential tools used for CVD identification. With IVUS all the artery
components can be visualized including arterial narrowing, calcium deposits and
evaluation of aneurysms. This information is acquired based on the recorded back-
scattered radio-frequency waves where the variation in the amplitudes determines the

acoustic characteristics of each layer in the artery.

Despite the great amount of useful information offered by this imaging modality,

there still is no clear and quantitative classification of all the plaques that could form in

1



the artery. Since the composition, the size and the mechanical properties of each plaque is
essential for assessing the degree of severity of the CVD, it is important to have a more
detailed and accurate classification of these plaques. One effective way for classification
purposes is to study theoretically the behavior and propagation of the ultrasound inside
the artery cross-section. Unfortunately an analytical solution for the sound wave equation
could not be obtained due to the complexity of these structures (irregular shape, different
mechanical and acoustic properties). Consequently numerical techniques have been
adopted as an alternative to solve for these cases of wave propagation equations. Within
this context, the development of a multi-domain computational model has been driven.
This work has been motivated by the need of a meticulous investigation on the behavior

of the ultrasound waves against a wide range of plaques.

This introductory chapter will be divided into four main parts. Motivational
factors for the development of computational model based ultrasound imaging will first
be enumerated. In the second part clinical needs of the imaging modality of coronary
artery will be developed. After that an overview on intravascular ultrasound will be

detailed. In the last part objectives and the outline of the dissertation will be presented.

1.1. Motivation

The reported yearly worldwide death tolls and especially in the US about cardio-
vascular disease is the leading factor that motivated scientists to invest time and money in
order to find innovative ways that enable accurate and early detection of such diseases.
Since CVD occurs within the human body, imaging modalities were invented to present a
picture of the artery as close as possible to its real status. These imaging methods
accompanied with continuous developments have helped tremendously in the
improvement of proactive health care and early interventions before aggravations.
Intravascular Ultrasound is one of the modalities that have been extensively used for
diagnostics purposes. Although IVUS has the advantage of differentiating between all the
artery cross-section components in terms of geometry, the composition and mechanical
properties of each component is still a subject of discussion and research. In fact, an
objective classification of plaques based on both mechanical and acoustic properties is

not reached yet. For instance, echogenicity of luminal tissue in most cases is the same for



a plaque composed of high lipid depositions. Thus ultrasound wave propagation and
transmission should be studied fundamentally in the human tissues and specifically
through the artery cross-sections. The only way these ultrasonic waves could be studied
meticulously is by solving the propagation governing equations, i.e., through the wave
equation. Finding the analytical solution of these waves contributes definitely in
understanding the propagation fashion and behavior inside the medium. Finding
analytical solution of the wave equation is highly dependent on the medium. In the case
of artery cross-section in a human body, there exist numerous geometric irregularities.
These irregular shaped components of the artery make the wave equation unsolvable
analytically. Consequently numerical methods are employed to find discrete solutions of

the ultrasound waves.

Motivated by establishing a robust computational model for ultrasound
propagation, physics-based transmission line matrix (TLM) method was developed and
adapted to the medium of interest (1). The multi-domain nature of this model provides
both temporal and spatial information about the waves that are propagating in the
designated medium. This type of information will allow a detailed study of the behavior
of the ultrasound waves in different locations, mechanical and acoustic properties.
Moreover the ultrasound wave propagation through healthy and plaque burden (hard and
soft plaque) segments will be fundamentally understood and modeled. Plaque burden and
composition within the artery wall will be modeled using parametric techniques. Many
issues associated with IVUS including signal scattering due to blood flow and sensor
noise will be addressed. The outcome from these computations is the assignment of
traditional lumped parameter mechanical (tissue) elements such as mass, stiffness and
damping to artery composition detected from the ultrasound wave. Hence quantifiable
parameters will be associated with different compositions and properties of each artery

wall segment.

1.2.  Clinical needs
There is an unfilled need for new health prognostic methods and technologies
with a real opportunity to integrate cost effective imaging methods with accurate health

prognostics. By enhancing the capability of imaging methods to cover health



prognostics, total CVD health care costs would be dramatically reduced and the quality of
human life would be significantly improved. This early detection allows for proactive
health care through diet, exercise and pharmaceuticals thereby extend the quality of life
for people. One clinically accepted cost effective CVD diagnostics methods is the

intravascular ultrasound (4,5).

A CVD event occurs when coronary artery is facing an abnormal transformation.
This abnormal configuration that occurs in the artery is known as plaque formation.
Normally a healthy artery is composed of three concentric main components; the inner
wall of the artery which is known as the intima is connected to the lumen of the artery
(interior space of the artery). The outer layer of the artery called the adventitia is
responsible for the stability and connection to the organs surrounding the artery. The
layer in-between which is known as the media is composed of smooth muscle cells.

Figure 1-1 describes the different components of the arterial wall.
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Figure 1-1 Anatomy of normal coronary artery cross-section
(http://commons.wikimedia.org/wiki/File:Anatomy_artery.png)

Any build-ups that form in the artery may lead to coronary events. These build-
ups or accumulations are accompanied with a thickening and hardening of the arterial
wall known as atherosclerosis. This atherosclerosis is caused by the formation of what is

called plaques within the arteries. The term plaque was attributed to the material that is


http://commons.wikimedia.org/wiki/File-Anatomy_artery.png

formed by the fat, fibrous tissue, calcified debris and other substances. This is created by
the transport occurring in the bloodstream. These transported materials start to adhere on
the artery walls thereby forming these plaques. Depending on the size and composition of
these plaques, this atherosclerosis may cause partial or total blockage of blood flow
nourishing the heart. Shown in Figure 1-2 in the second artery is a plaque, and how

plaque could block partially the blood flow.

1} Healthy Artery

Nermal Blood Flow

2} Partially Blocked Artery

Restricted Blood Flow Plagque {Cholesterol mixes
with rogue calcium
to form hard plaque}

Plue
Build-Up

Figure 1-2 plaque build-up and partial blockage of the blood flow
(http://www.healthfinder.gov/prevention/printtopic.aspx?topicid=27)

IVUS has shown its ability of visualizing the full and detailed geometry of the
artery cross-section (artery wall) at any given position of the artery. Since then, IVUS
was employed as an adjunct tool to angiography. The development and continuous use of
this imaging modality, has led scientists in the medical field to gain an increasing
knowledge about the plaque characterization. IVUS was first used as a complimentary
tool for diagnostics purposes of the artery along with angiography. Its diagnostics role
was extended to interventional applications due to the useful and accurate information
offered by this modality. Therefore its clinical use has become necessary for CVD

patients.


http://www.healthfinder.gov/prevention/printtopic.aspx?topicid=27

IVUS showed a notable advantage compared to angiography. Numerous studies
have recorded the ability of IVUS to detect occult disease in suspected arteries
undetectable by angiography. Moreover an accurate tomography of lesions is obtained
via IVUS whereas some types of lesions are indeterminate for angiography. IVUS
diagnosis of the diseased transplanted coronary artery has shown its ability of detecting
intimal thickening in its first stage in opposition to angiography (angiography captures
10% to 20% of the thickening in patients in the first year whereas IVUS detects 50% of
the patients with such thickening ). In addition to that, intravascular ultrasound identifies

atheromas at risk of rupture.

Interventional applications of IVUS have also touched numerous aspects. In fact
ultrasound has been utilized for device selection in the interventional process. Knowledge
generated by IVUS on the lesions’ size and composition had helped to make decisions on
the choice of suitable intervention devices. IVUS also played an important role in using
angioplasty and atherectomy. Angioplasty is the technique of widening narrowed arteries
by inserting a wire-guided balloon that is inflated in the region to be treated. Using
ultrasound for plaque visualization before and after angioplasty intervention has changed
direct plaque compression approach to axial distribution and vessel wall stretching to
regain wider lumen configuration. With regard to atherectomy (surgical method for
plaque removal), IVUS has facilitated the lesions selection in terms of composition
specifically calcified regions. Ultrasound has been also employed for stent therapy
(artificial tube insertion inside the artery) guidance in terms of assisting pressure
dilatation for expansion purposes. Restenosis has also been monitored by IVUS after

stent intervention.

IVUS has shown its usefulness as a tool for both diagnostic and intervention
purposes. Its clinical need has grown and become necessary in the last decades due to the
IVUS equipments improvement that was accompanied with a better precision and
robustness. Safety and cost effectiveness of this imaging method are also promoting

factors which contributed to its clinical wide use.'

! References for the clinical needs regarding diagnostics and interventions are detailed in Chapter 2.

6



1.3.  Overview of Intravascular Ultrasound

Intravascular Ultrasound is an imaging method that uses ultrasound waves to
image coronary arteries from the lumen for atherosclerotic disease identification
purposes. Ultrasound waves are characterized by frequency that is higher than what is
heard by humans. Every sound wave that has a frequency larger than 20 KHz is
considered as ultrasonic. Ultrasound waves are mechanical and longitudinal that cause
particles to oscillate producing compressions and rarefactions. Numerous studies have

shown that these waves are safe and do not cause any harm for living cells and tissues.

The idea of detecting different components of the arterial wall came from the
properties of the ultrasound waves. In fact, this detection is highly related to the size of
the object to be imaged and the wave length. These waves are characterized by the
velocity or speed of the wave c, the frequency fand the wavelength A. These parameters

are related by

c = Af. (1-1)

Since the objects of interest have small sizes (components inside the artery), the
ultrasound wave length should be smaller than these components sizes. From equation
(1-1) the wavelength and frequency are inversely proportional. Therefore high
frequencies will lead to small wavelengths. The higher the frequency the better the
resolution is. Despite the high resolution of high frequency waves, the penetration depth
is reduced. Ultimately what is recovered from IVUS is an estimated image of the artery
cross-section not a characterization of the artery tissue properties. Generally the

frequency range of IVUS is between 10 and 50 MHz.

In IVUS, ultrasound is generated by the transducer. These transducers produce
ultrasound waves and at the same time detect the sound reflected back from the scanned
areas of interest. The central feature of the transducer is the piezoelectric crystal. This
crystal is characterized by its ability of converting electrical energy to mechanical energy
and vice-versa. In fact an alternating current applied to the piezoelectric crystal causes
this piece to bend back and forth producing a mechanical movement (known as

piezoelectric effect). This mechanical movement will create a pressure difference that is
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the origin of the ultrasonic wave. The same thing applies for the backscattered ultrasound
wave. When this wave encounters the piezoelectric crystal, the latter starts to grow and
shrink. This movement of the crystal produces a mechanical energy that is converted into
electrical energy. This electrical-energy wave form is related to what is reflected back

from the different components of the imaged arterial wall.

The way that IVUS images the interior of the arterial wall is by miniaturizing this
transducer to a size where it can be inserted in the coronary artery. This tiny transducer is
mounted on the tip of a flexible catheter (diameter usually equals 0.36mm). These IVUS
catheters are inserted in the femoral artery and then guided to the coronary arteries. Once
the equipment is placed in the region of interest, the transducer starts to emit ultrasound
waves and receive echoes, respectively. The transducer has the capability of rotating with
a fixed speed (usually 1800 rpm) in order to sweep all the artery cross-section. IVUS can
also generate a longitudinal view of the vessel by using a pullback sled that makes the

catheter move at a fixed and slow speed (0.5Smm/sec).

Figure 1-3 IVUS unit
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Figure 1-4 Schematic if IVUS catheter (www.bostonscientific.com)

Figure 1-5 IVUS pullback sled (www.volcanocorp.com)
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Shown in Figure 1-3, Figure 1-4 and Figure 1-5 are the different components of
the IVUS system. A cross-section image is recovered from IVUS and can be seen directly
on the screen of the IVUS system in Figure 1-3. Figure 1-6 illustrates an image that is

recovered from IVUS for an artery cross-section.

Adventitia-

Media — Lumen

“Catheter

Figure 1-6 Imaged arterial wall by IVUS
(http://www.bme.duke.edu/personal/friedman/research/images/)

The above image is recovered based on the change in acoustic properties of each
layer or component of this arterial wall. The initiated sound wave (pulse) travels through
the tissue until a boundary layer is encountered. At this interface, part of the sound wave
is reflected back toward the transducer while the remaining part of the signal continues to
travel outward toward the next tissue interface. The reflected wave is sensed by the
IVUS tip and changed into an electrical signal. The amount of time, denoted by 7,
between the emitted signal and the reflected signal is used to determine an approximate
radial location of the tissue interface. Specifically, the speed of sound within a tissue is
approximately /,540 m/sec. Thus, the approximate distance of the sensed tissue interface

is d=(1,540 m/s)*t. See Figure 1-7 where the Z variables denote acoustic impedance.
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Figure 1-7 Reflection and transmission on the ultrasound pulse at each boundary layer

The gray-scale picture associated IVUS images (also shown in Figure 1-7) are
based on the reflected signal intensity. As the sound wave propagates through the tissue
and is reflected, the intensity of the pulse (amplitude) returning to the IVUS tip is
attenuated. The amount of attenuation relative to the initial pulse size is used to determine
its gray-scale color. The gray scale range is from light to dark. The denser the tissue
matter, the lighter the gray scale. Hence the overall IVUS image has a gray scale image
that is spatially located (pixel location on the screen) based on the approximate interface
location estimated above. For example, calcification that occurs in the arterial wall or
heavy calcium deposits is characterized by a high reflection effect due to their high
density. Consequently the reflected ultrasound wave component is predominant
compared to the transmitted wave. This is why in the IVUS image a brighter color is
assigned to the backscattered wave of a calcified area with shadows behind the calcified

region as the transmitted wave is negligible. See Figure 1-8.
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Figure 1-8 Calcified plaque characterized by a bright color
with a shadow behind
(http://campar.in.tum.de/Main/ArashTaki)

1.4. Objectives and Outline

The ultimate objective of this dissertation is to study the dynamic response of the
arterial wall to ultrasound excitation, specifically the dynamics of the plaque. Parametric
models of these atherosclerotic formations will be derived and linked to the mechanical
and acoustic properties of these plaques. The identification techniques used to construct
these models necessitate time signature of the ultrasound waves. Therefore, a multi-
domain (temporal and spatial) physics based computational model for IVUS is
developed. This model will be considered as a source to collect ultrasound data in a
simulated fashion. This data will be used to recover a parametric model for each plaque
where its coefficients are highly correlated to the dynamics of this plaque. These models
will be of a great importance in terms of identifying the nature of the plaque. In fact, the

value of the model coefficients will be mapped to each plaque composition.

This dissertation will be divided into 6 main chapters. In chapter 1, the motivation, the
clinical need, an overview about the IVUS and the outline are developed. Chapter 2
contains two parts. The latest developments in IVUS will be first detailed. Then a review

on IVUS modeling will be given. Chapter 3 details the foundation of the computational
12
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method (Transmission Line Matrix Method) that is used to model IVUS in a simple
regular medium (rectangular shape). Chapter 4 is dedicated to a new Transmission Line
Matrix model for the IVUS in an irregular shape (circular shape to model the artery
cross-section). Chapter 5 gives the system identification methodology used to construct a
parametric model that characterizes a plaque for specific mechanical and acoustic
properties. Chapter 6 is devoted to the conclusions and future directions in the research

work.
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Chapter 2 IVUS developments and modeling

Intravascular Ultrasound is a technique that was patented in the early seventies
and has been introduced for clinical use in the late eighties. Since its first use, IVUS has
undergone considerable developments. Starting as a diagnostics complementary tool to
angiography, it has gained more importance clinically. In fact IVUS has shown its ability
of imaging tomographically the arterial wall. Since then, the clinical use has evolved
from geometric structure imaging to assessment of atherosclerotic plaque areas and even
plaque composition to a certain extent. Clinical interventions have also been developed

using IVUS for treatments of plaques.

On the other hand, along with these clinical developments, efforts have been put
to understand analytically the ultrasound behavior in biological tissues. Many ultrasound
models have been constructed to capture the ultrasound propagation in these tissues. The
ultimate goal behind constructing these models is to study physically and analytically
ultrasound waves behavior towards various components of the biological tissues and

specifically the arterial wall components including atherosclerotic formations.

Fusing both experimental data from IVUS and developed numerical models of
ultrasound waves inside the arterial wall will form a solid and robust ground for
understanding and characterizing the mechanical and acoustic properties of each arterial

wall component including all the formations and plaques that are prone to develop.

This chapter will be divided into two main parts. Developments of IVUS in
diagnostics applications will be first enumerated. The ultrasound wave propagation

modeling in biological tissues and in IVUS specifically will then be developed.

2.1.  IVUS clinical developments

Based on the transmission and the reception of ultrasound waves (high frequency
waves) (6,7), IVUS was proven to be a powerful method by which the scanning process
can reach deep structures of the artery. Its extensive use in the biomedical field comes
from its ability to visualize the cross-section of the artery by which both plaque and

different layers can be evaluated. In addition to that, IVUS images provide a huge variety
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of qualitative information such as the severity of the arterial narrowing, the recognition of
calcium deposits, and the evaluation and diagnosis of the arterial aneurysms as well as

fissures (this characterization includes the location, dimensions, type and composition).

IVUS was first used in the 1990s as a supplementary tool to angiography for the
examination of coronary arteries. Angiography was the most predominant technique used
for more than 50 years to characterize coronary anatomy. This technique provides
angiograms which are planar projections of the arteries. These projections can lead to a
misrepresentation of the real irregularities in the artery. These discrepancies between
angiograms and post-mortem findings have been demonstrated in numerous studies (2).
IVUS with its inherent characteristics mentioned previously gave insights in evaluating

coronary disease and became increasingly an essential tool for artery diagnosis.

The concept of vulnerable plaques was introduced, to refer to a subgroup of
stenotic plaques that are prone to rupture or erosion (3). These rupture-prone plaques
have specific characteristics: a thin fibrous cap, a large lipid-rich pool and an increased
macrophage activity (4). The use of IVUS for the detection of the vulnerable plaques has
provided insight into the extent and distribution of these atherosclerotic plaques, precisely

the characterization of vessel wall and plaque morphology (5).

Since the composition of the arterial plaque is the most determinant factor of the
CVD severity, a continuous focus was spent on tissue characterization via IVUS imaging.
Extensive use of IVUS by clinicians during the last decades has shown some difficulties
and discrepancies in classifying the plaque composition. For example, the grayscale
IVUS images are unable to distinguish accurately among plaque components such as
fibrous tissue, fibro-fatty tissue and various stages of thrombus (12-14). IVUS also
underestimates the total calcified plaque cross-sectional area as well as the depth of

calcium (6).

The inability of discriminating most of the plaque types from the grayscale
images, has enhanced researchers to think about the content and information that the
backscattered radio-frequency (RF) ultrasound waves could offer. As illustrated in Figure

2-1, RF signals possess valuable information in terms of plaque composition. It can be
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seen that there is a difference between these RF echoes coming from various plaque

types.
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Figure 2-1 time domain and frequency domain patterns of the recorded echo for different plaques
(NL: normal, FA: fatty, FF: fibro-fatty, FI: Fibrous and FC: fibrous with calcification)(7)

Numerous investigations have been conducted in a first phase with ultrasound
transducers characterized by a relatively low frequency (7 to 15 MHz) (16-22). What is
called integrated backscatter IVUS (IB IVUS) was introduced. In fact each collected RF
signal corresponds to the two dimensional selected region of interest (ROI). This signal is
first digitized. After that what is called 2-D integrated backscatter (IB) index is calculated
based on these digital signals (7). Finally a mean /B value is recovered through the ratio
of the IB value by the number of pixels composing the imaged ROI, i.e. V = IB/NP (NP
is the number of pixels). This IB is expressed in decibels by IBD = 20log10(V/V}),

where V. is an IB value of a chosen reference reflection.
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Values of Integrated Backscatter Index in Different Plaques

No. of Integrated Backscatter,
Subset Observations dB {mean+SD)
Intraluminal thrombosis 5 —42+5.1
Fatty 11 ~40.3+5.4
Fibrous 12 —-23.8+5.0
Calcified 26 ~11.5+5.2

Figure 2-2 Integrated backscatter values for different plaque compositions (7)

Shown in Figure 2-2 is the different IB values in decibels for the plaques. IB
IVUS has shown its ability to differentiate between fatty, fibrous and calcified plaques.
Nevertheless most of the conducted studies were limited to the narrow frequency band
which affects the RF echoes in terms of phase cancellation and fluctuations of the IB due
to the heterogeneity property of the tissue. Additionally these results are highly affected
by the distortion and the deformation of the plaque.

With the introduction of high frequency transducers that could reach up to
40MHz, investigations on plaque characterization using IV has been carried out over
again. The use of IB IVUS has in fact shown its capability of detecting lipid core which is
one of the major factors of vulnerable plaque. In fact one of the investigations has shown
that IB in the group with lipid core is greater than the one without lipid core (increase in
the IB of 6.22%) (8). Although this method has detected the lipid core component, this
experimental process was presenting a major limitation. In fact the cardiac and transducer
motions influence highly the measured RF ultrasonic echoes which affect directly the

calculated IB values.

IB IVUS has been extended to a broader quantitative characterization of coronary
plaques (9). In fact RF content has been stored directly without image visualization. After
that the IB calculation step is performed. Then color-coded maps were constructed based
in the calculated IB values for each plaque type. Finally a comparison between the

constructed color-coded images and the B-mode IVUS cross-section images has revealed
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a perfect agreement in the structure characterization (9). Shown in Figure 2-3 is a

comparison between IVUS images and reconstructed images based on IB.

calcification
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Figure 2-3 Conventional IVUS images vs. color-coded maps constructed by IB IVUS (9)

Despite the accurate differentiation between all plaque types (calcification, mixed
lesion, fibrous tissue, lipid core and thrombus), the angle dependency between ROI’s and
catheter axis makes this classification unstable and sensitive. Moreover the high
resolution dictated for plaque detection necessitates high frequency ultrasound signals

which affect the penetration depth of these transmitted ultrasonic pulses.

Some of the researchers have extended the use of the IB IVUS to three-
dimensional reconstruction by using available software. This 3D reconstruction is
characterized by color-coded maps that are found by IB where each color refers to a
certain plaque composition (10). Hlustrated in Figure 2-4 are 3D color-coded maps of

arterial plaques.
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Figure 2-4 (A) 3D color-coded maps of the arterial plaques using IB IVUS (B) Assigned color
map to each plaque type (10)

Limitation of this study lies into two main factors. First the 3D images are not a
true spatial reconstruction of the plaque geometry but simply a connection of consecutive
IB IVUS mmages captured using motorized pull-back system. Second the reflective

property of calcified region makes the calculation of 1ts volume accurate.

In addition to the use of IB as a determinant parameter by which plaques were
classified, new research directions has been inspired from the elastic property that could
characterize each plaque type. This gave rise to what 1s called intravascular
elastography (also known as IVUS elastography) In fact, investigators have taken
advantage of the possibility of recording the RF echoes to use them for displacements or
strain determination. The procedure is composed of four main steps (11). First a set of RF
ultrasonic waves (A-lines) was acquired. Second, compression was applied to the ROI of
the tissue using the transducer. After that, a second set of RF waves after compression
was recorder for the same ROI. Finally, cross-correlation estimates of times shifts
between these two A-lines were performed using Fast Fourier Transform (FFT) The time
shift T is simply the temporal location of the maximum peak of the cross-correlation

function.
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Figure 2-5 (a) RF echoes before and after compression; (b) cross-correlation function between the
two RF waves (11).

The way the strain is calculated is by the following; if the compression rate
applied to the ROI is constant and equal to a distance d, then the shift between the
compressed and original waves is equal to T = 2d/c, where c is the sound speed in the
tissue. Thus the strain is calculated using the following formula; s; = (¢;41 — t;)/T (11).
The t;’s are the time shifts between successive compressions applied to the ROI. Once
the strain is calculated a color-coded map is given to the whole arterial cross-section

known as elastograms.

Figure 2-6 Conventional IVUS image vs. constructed elastogram (upper images) and histological
sections (lower images) (12).
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Shown in Figure 2-6 is elastogram of femoral artery that captured an eccentric
fibrous plaque which was confirmed by histology (12). Other numerous studies have
shown the ability of elastography in identifying soft and hard plaques independently of
echogenicity contrast (28-32). More specifically IVUS elastography improved the

discrimination between lipid rich and fibrous plaques.

All Data Femoral Coronary
{n) {n) (n)
Fibrous tissue 0.27 (62} 0.27 (48} 0.30(14)
Fibro-fatty tissue 0.45 (34) 0.41 (25) 0.50 (9)
Fatty tissue 0.60 (13) 0.66 (7) 0.57 (6}
Normal vessel wall 0.44 (16) 0.44 (16) - (=)
Total regions, n 125 96 29

Figure 2-7 Strain values of different plaques in femoral and coronary artery (13)

Despite the striking difference of the strain values for various plaques, as shown
in Figure 2-7, most of the studies were performed in vitro where the temperature is
different from in vivo case. Additionally excised arteries were used after freezing and
thawing which influences the values of elastic modulus. Elastography has also been
criticized for its inability of discriminating between normal artery and Fibrous caps which

is illustrated in Figure 2-7 (13).

The use of the RF echoes content has also been used further. A method called
virtual histology (also called VH IVUS) based on these IVUS-RF-ultrasonic waves has
been developed (14). This tissue characterization technique is based on the calculation of
the frequency spectrum analysis. In fact these frequency spectra were generated using
auto-regressive models. From these spectra some parameters were obtained (15).
INustrated in Figure 2-8 is how these parameters are generated from a given frequency
domain plot. Based on the values of these parameters tissue and plaque classification has
been made. Based on this numerical classification, these ROI’s were compared to

histological findings, linked to plaque types and given color-coded maps.
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Figure 2-8 Spectral parameters computation from the RF echo frequency content (15)
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Figure 2-9 Automated steps for tissue color-coded maps construction (15)
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Shown in Figure 2-9 are the different steps from acquiring the original RF echoes
to the construction of color-coded maps for ROI’s. VH IVUS through the images
illustrated in Figure 2-10 has shown its full potential to distinguish accurately between
different plaques. Several limitations accompanied the development of VH IVUS. In fact,
virtual histology gives an axial resolution which is too low to detect fibrous cap
thickness. In addition the detection between soft plaque material and thrombus is not
possible. To circumvent the problem of small-sized areas detection, efforts has to be put

on augmenting the resolution of the IVUS equipments.

Figure 2-10 Comparison of IVUS images (left) vs. VH IVUS images (middle) and histology
sections (right) (15).

Many other IVUS developments involving therapeutic and interventional

functions have been introduced in the clinical world (16). Most of these applications were

mentioned in the introductory chapter. Since the object of this work in primary and
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ultimately tissue characterization, these interventional aspects will not be addressed in

this review chapter.

Despite this simplicity of image construction from IVUS and the development of
some signal processing procedures to overcome the lack of plaque characterization, there
are significant challenges which limited the accuracy and clarity of the images produced
via IVUS. These challenges‘are always present in the imaging process. For example, the
omnipresence of noise related to the acquisition of the ultrasound waves (due to
electronic devices) plays an important role on hiding useful information during the
detection process. Moreover uncertainties due to sound speed variation, eccentricity of
the transducer as well as scattering (related to small particles such as cells, and irregular
surfaces) are important factors which contribute to the limitations of the developed IVUS
techniques for the identification of vulnerable plaques. This certainly influences the
issues of resolution and inability to adequately discriminate between fibrous and lipid-

rich plaques.

The nature of this imaging modality (irregularities in the geometry of the tissues
and movement of the catheter tips) and the sensitivity of the recorded RF echoes has
encouraged and motivated other research groups to work on modeling the ultrasound

wave propagation in biological tissues and specifically IVUS.

2.2. Ultrasound wave propagation in biological tissue models

Since the IVUS imaging method is based on ultrasound wave propagation, the
only way to sketch a model for this propagation will be dictated from the constitutive
laws that govern these waves. To know the complete behavior of the waves towards each

tissue component, a solution should be found in time and space for these signals.

The most widely used model for modeling finite amplitude sound beam

propagation is the so-called Khokhlov, Zabolotskaya and Kuznetsov (KZK) equation (17)
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P is the sound pressure, z is the coordinate along the beam axis, V3 is the Laplacian

operator, t' =t — iis the retarded time, ¢, is the sound speed, & is the diffusivity of
sound for thermo-viscous fluid, £ is the coefficient of nonlinearity and p, is the ambient
fluid density.

In (18) Yan-Sub Lee et al took the cylindrical case of the KZK and performed a
numerical solution of this model, ie.,ViP = — + 5 T is the radial transverse

coordinate.

Intermediate transformations, involving the introduction of three new variables,

were carried out in order to solve the KZK model

P
=(l+0)—
p=(+0) 7
r
a
= 2-2
P=Tiq (2-2)
2
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whereo =—, z, = P, is the characteristic source pressure, ais the radius of the
2y Cy

source and w, is the source angular frequency.

Substituting these new variables and integrating with respect to time has given

T 2 2
_a.B.z 1 5 I 0 12)+la_p dz-'+A_a_gi+__‘NLa_p, (2_3)
oo 4l+c) 2\op> pop ot l+o 0t
2 2 poc?
where 4 = ayzoand N = =, such that &y =— and Z =",
z o P F,
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This modified version of the KZK equation is solved numerically by discretizing the new

variable p(p, o, ‘r)in space and time.

Discretization, by a sufficiently small increment Ao, makes the decoupling of the
three terms in the right hand side of the modified KZK equation permissible. The solution
of this equation is achieved by simply solving these three terms in three different

equations referring respectively to diffraction, absorption and nonlinear effects (18)

( (o

@__1_i{Fp 15),

oo 4(1+0') J\op° pop

op d’p

s @4
P _Np p

Laa l+o0 07

The two first equations has been solved numerically using implicit backward
difference method in the near field and crank-Nicolson method (based on central
difference approximation) in far field of the transducer. Applying these finite difference
schemes has yielded to a system of linear equations which are solved easily. For the first
equation the trapezoidal rule was used to evaluate the time integration. The third equation

has been  solved numerically based on the  analytical solution

plo,7)=F [r + NpIn(1+ o) where F (r)= (0, 7)is the source waveform.

The KZK equation has been solved by implementing independently the three

numerical schemes of the three equations. The final solution was obtained using the
following methodology; the solution of the diffraction equation at step k& +1is used to
initiate the absorption at the previous step k. After that the same approach is adopted to
initiate the nonlinear numerical algorithm at stepk from what was found for the

diffraction solution at step £ +1. Finally what was recovered from the nonlinearity effect

algorithm is including all the three effects in the propagating pressure solution.

Although the KZK model contains all the effects (diffraction, nonlinearity and

absorption phenomena) that occur during the sound propagation in biological tissue, this
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model is restricted to thermo-viscous fluids. The viscous absorption term of the model
dictates that the attenuation coefficient is proportional to the square of the frequency

which is not the case for the soft tissues where this relation is linear.

In (19) another time domain model for the sound wave propagation in tissues is
developed based on a second order operator splitting. In fact based on general wave
theory, differential equations of the evolution type were adopted to model ultrasound
propagation

ovlr.z) _ Ly, (2-5)
0z

where v is the particle velocity, z is the coordinate in the direction of wave propagation,

z . . . oy
T = ——is the retarded time, c,is the wave speed and L is the operator that accounts for
Co

the effects influencing the wave form.
For example the absorption effect is characterized by

L,v= _[K(z,r—r’).v(z,r')dr’, (2-6)

-0

where X is found based on the dependence of the attenuation.
Nonlinearity was also characterized by

B, 27

L,v
N-* s
¢t or

il

where [ is the coefficient of medium nonlinearity.

Diffraction effect was as well characterized by the following operator

Lyv=V? [var, (2-8)

27



where V7 is the 2D transverse Laplacian andvis the axial component of the particle

velocity.

In this model each operator effect was studied independently. Thus each evolution
differential equation was solved separately. First the solution to the absorption equation

was found using a digital filter model. This filter was characterized by a transfer function
G(e’g), QQ=wl where Tis the time sampling period. The waveform was calculated

using the discrete convolution

v (e +82)= 3 v, (2)g, (22), 2-9)

k=—c0

1 G )

where g, (Az) = g__[rG(e’Q)e dQ.

The nonlinearity equation has an analytical solution as has been shown in the
KZK model. This function is discretized to get a solution in the same space and temporal
points of interest of the absorption equation. Finally the diffraction was solved using the
Rayleigh integral. In (19), during the propagation process, all these effects contribute to
the form of the ultrasonic wave. Hence an operator splitting algorithm is employed to
apply these effects sequentially. In fact this algorithm is composed of three main steps.
The Rayleigh integral is used first to solve for the pressure and particle velocity. Then the
absorption effect is applied to the same variables. Finally the nonlinearity effect is
introduced to get the final values of the pressure and particle velocity. After that the step

counter is incremented and the same three-step procedure is iterated.

One of the difficulties for these numerical models was the computational aspect.
Huge memory and supercomputing machines have to be allocated for the implementation
of such nonlinear models. Even using advanced equipments in terms of performance, the
computation process of these models can take several hours and even days. This is far

from simulating a real time propagation of the ultrasonic waves.

Given the complexity in solving these nonlinear models, other groups of

researchers have resorted to the adoption of simple linear wave equation models. In fact
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ultrasound that is propagating in biological tissues generates small fluctuations. The

propagation of these fluctuations is governed by what is called the wave equation. The
solution of this equation is a time-dependent pressure field p(t, x) , t20and x € QQ where

Qis the set of points inside the medium to be simulated.

The wave equation is a second order linear partial differential equation

p,=c’Ap+f, (2-10)
2 82 62 2

where p, = a—f ,A=VV=—st—14 9 >, c is the speed of sound which is function
ot ox* oy o0z

of the density and compressibility of the medium, p is the pressure field and f (t‘, x) is the

source of disturbances in pressure.

The closed form solution of the wave equation here above is unavailable. Thus
two main numerical methods were proposed; which are the finite differences and the

finite element methods.

In the finite differences case, discretization of time and space should be done.
First derivatives were approximated by backward, forward or central differences (20).

After that second derivatives were obtained from Taylor series expansion. The

continuous variable p was converted to p, as a vector of the same value of p but just

evaluated in points of the medium that are equally spaced. Then the discrete first and

second order derivatives were constructed as defined earlier. These discrete operators are

denoted respectively by D, p,and A, p, . The initial wave equation is reduced to a system
of ordinary equations of unknowns p,: p; =c’A, p, + f,, f,are the values of f at the

different nodes that are equally spaced and p, are the time second derivatives.

This semi-discrete equation has been solved by integration methods with respect
to time. Explicit methods like Euler method and more generally Runge-Kutta methods
were used for integration purposes. But these methods were criticized for the stability

issues. Therefore implicit methods were used to help overcome this instability. Implicit
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Euler method and especially Crank-Nicolson method, which has been proven to be one of

the most accurate schemes, were adopted (20).

Finite element method has also been used to solve for the linear wave equation.
The idea is to construct the solution as a finite linear combination of basis functions.

These basis functions, generally denoted by ¢, (x), correspond to each space node x, and

are characterized by a value equal to one at that node and a ramp decreasing linearly to

zero in the adjacent nodes. The discretized solution has thus the following form
N

D, =Z{, (), (x)= p. In a second phase, the variational formulation of the wave
=1

equation was performed in (21). By substituting the approximation made for the
discretized solution in the variational formulation, a linear system of ordinary differential
equations was produced. This system was solved by time integration schemes mentioned

in the finite difference approach.

Jorgen Arendt Jensen has proposed a direct solution using Green’s function (22).

In fact for a given transducer surface the solution of the wave is given by

V/(ﬁ +’_;2:t)= JIV(Fz +7;3,t2)g(71,t |7 +’_”3’tzylzd2’73» (2-11)
ST

wherey is the potential velocity which related to the pressure field by

p(F.t)= p, 9%(:’—1‘) where p, is the density of the medium.

5(1‘—5 _Fi-n-F _%‘j
o

27r‘r1 -r, = r3|

The Green’s function is g(7,¢ | 7, + 7,,t, ) =

—

¥, —F, —7,|is the distance from the transducer surface to the point where the field is

calculated, T is the integration over time, &is the Dirac delta function and v(7, +7, A )is

the particle velocity normal to the transducer. Shown in Figure 2-11, is the coordinate

system for performing the incident field calculation.
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With the assumption thatv is uniform separation of temporal and spatial integrals

was made; w(7 +7,,1)= Iv(tz)fg(ﬁ,t |7, + 7,8, AT, .
T S

Transducer

Field point

Figure 2-11 Coordinate system for calculating the incident field (22).

A spatial impulse response was defined to be

h(ﬁiz,t—tz)ﬁg(ﬁ,tl?z+?3,t2)d273- (2-12)
N

Thus the solution y was found by the time convolutionw (7, +7,,¢) = v(t)* a(7, 7, ).
!

Jensen et al. approximated the impulse response numerically (23). Since it is
integration over surface, this integral was approximated by a summation over small

rectangles or squares that are forming the whole transducer surface:

5[,_|a—f2—a|J
W)~ Y L

5 27r’r1 —r —r3|

These models were under the assumption of homogeneous areas which is a
significant limitation since tissues boundaries are inhomogeneous. In addition to that

simulation speed was much higher than real-time scale.
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Rosales et al. have used Rayleigh scattering formula to simulate real IVUS

images (24). In this approach it has been assumed that the reflected signal from a finite

number N of scatterers at a given position [R, 0,7 ]is
N
S(R.6,Z,T,7)=Y 0,(R,0,Z (1.7), (2-13)
1=1

where o, (R, 8, Z )is the spatial distribution of the differential backscattering located at the

i"™ scatterer (25). ¢ (t, 2') is the transducer impulse function andr is the delay time. In this

study absorption effect by scatterers was neglected. These acoustical shadows could not

be simulated.

Substantial effort has been made to design and establish numerical models that
simulate the propagation of ultrasound waves in biological tissues. Most of these models
were summarized in this review. The complexity of some of the models presented
problems in terms of real time simulation and computational burden. A simpler model
called Transmission Line matrix method will adopted in this work to simulate the
ultrasound wave propagation. The foundation of this model will be detailed in chapter 3

and chapter 4.
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Chapter 3 Regular transmission line matrix

(TLM) method and ultrasound propagation

Development of physics and analytical laws (governing equations) has led to a
significant understanding and explanation of many natural phenomena. Amongst these, a
noteworthy effort was spent for understanding the behavior and propagation laws of
Electro-Magnetic Fields (EMF) and Sound Waves. As a result, governing equations have
been established for such waves. Since propagation could occur in a wide variety of
media (different geometries, different properties), complex cases (that involves especially
irregular geometries) are still challenging the engineering sciences for analytical solutions
to these equations. In this study, interest is given to ultrasound waves propagation
through human tissue, more specifically arteries. In general, this media has irregular
geometry where the wave equation is impossible to solve analytically. To circumvent the
inability of finding closed form solutions, numerical methods are used to estimate the
unknown solutions based on a discrete representation of the continuous media. One of
these numerical techniques applied to EMF and sound waves problems is the physics-
based method called Transmission Line Matrix (TLM) method. TLM was first applied to
the EMF problems and several published studies demonstrated the accuracy of TLM
solutions (3,46). Since the sound wave propagation equations and the EMF governing
equations have similarities, this method has been extended to numerous sound
propagation problems and showed very good agreement with previously work appearing
in the literature (3,46). In this chapter, a tutorial on the regular TLM method and its
foundation will be detailed. An analogy between the EMF and Ultrasound waves will
then be derived. To conclude this introduction, a regular TLM model will be developed
for the simulation of the ultrasound propagation in a rectangular medium mimicking the

ultrasound propagation in a portion of an artery cross-section.

3.1.  Regular TLM Method
Presented are the basic definitions related to the TLM method. First a one

dimensional TLM will be developed followed by a two dimensional TLM. The utility of
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this approach will be demonstrated on a numerical model of ultrasound propagation later

on since the propagation occurs in a 2-D medium. (1)

3.1.1. Introduction to TLM

Lumped parameter, electrical elements are used to realize the basic TLM model.

These definitions along with the associated constitutive relationships will be provided.

3.1.1.1. Transmission Line Definition
Transmission Lines (TL) are defined to be coaxial cables, waveguides, or other
systems of conductors that transfer electrical signals from one location to another. The

most common TL is the RLC circuit (Figure 3-1).

i(x) L L
» m m l
V) ==c R ; c R §
x x+4x

Figure 3-1 A simple transmission line circuit between points x and x+Ax

3.1.1.2. TLM Definition

Transmission Line Matrix concept was based on transmission lines. The idea of
using electrical circuits for TLM came from the analogy that was established between the
current or voltage propagating in this line from one point to another and the EMF
governing equations. Besides this analogy, TLM was based on the Huygens principle
where each point of a wave front is regarded as a secondary wave source point and the
surface tangent to the secondary wave fronts is used to determine the future position of
wave front (Figure 3-2). TLM models this physics by discretizing the medium into a
mesh grid and replacing the wave amplitudes by voltages and currents traveling from one

node to another (Figure 3-3).
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Figure 3-2 Schematics of the Huygens principle for wave propagation (www.cliffsnotes.com)

Injection Scatter

Figure 3-3 Propagation in TLM model

3.1.1.3. Analogy between TLM and EMF
Kirchhoff’s voltage law applied to the circuit ABCD in Figure 3-4 gives

v

1%) L 1(x+4x) I
Vi —( c R ==c R§ Ve=Vix+4x)

D x x+dx Cc

Figure 3-4 TLM circuit between two nodes
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V(x)-v, -V, =0

a—i(x;;—Ax)—V(x+Ax)=0

o V(x)-L

& [V (x+ax)-v(x)= 1 i+ &%)

ot
- [V(x+Ax)—V(x)]Ax _ 7 Oilx + Ax) (3-1)
Ax ot
_oV(x)

Ax = La( ) ,Ax > 0.
ox ot

Kirchhoff’s current law applied to the same circuit in Figure 3-4 gives

i(x)=1i, +i, +i(x+Ax)

15/ R
- i(x)—i(x + Ax) Ap=C oV (x) __(_) (3-2)
Ax ot R
@MM=C8—V@C—)+V—()C—),M—>O.
Ox ot
To recapitulate, Kirchhoff’s laws are given by the following equations
_ov(x) az(x)
Ax = L—* -
Ox ot (3-3)
51(x) ov(x) v
Ax=C—+—. -
Ox ot N R 3-4)

Combining Equations (3-3) and (3-4) the following expression is obtained as a function

of current only
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9% LC & L ai
A T AN A T e A (3-5)
ox®  (Ax) o (Ax)PRor
It can be shown that the one-dimensional EM field problem in terms of the current
density j [Amperes per square meters, Am™ ] is
R )

9T e el 3-6
o e THy (3-6)

where p [Henry per meter, Hm'], ¢ [Farads per meter, Fm™'] and o[Siemens per meter,
Sm'] are the magnetic permeability, electric permittivity and electrical conductivity of

the medium.

Equations (3-5) and 3-6) are similar thus there is analogy between the circuit and EMF

problems.

3.1.2. One Dimensional Regular TLM

This section will be divided into three main parts. First Thevenin theorem will be
introduced. Then 1-D TLM line will be developed for a lossless line (no resistance) as
well as lossy line (presence of the resistance term). Finally a 1-D regular TLM model will

be established for unidirectional wave propagation.

3.1.2.1. Thevenin Theorem
Since the Thevenin theorem is essential in TLM formulation, this section will be

employed to explain this theorem. The Thevenin Theorem states that any combination of

linear circuit elements and active sources connected to a given load R, may be replaced by
a simple two terminal network consisting of a single voltage source of ¥, and a single
resistance R, in series with the voltage source, across the two terminals of the load R,

(Figure 3-5) (26).
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Figure 3-5 Thevenin equivalent circuit
The voltageV,,, is the open circuit voltage measured at the two terminals of
interest with load resistance R, removed. This voltage is called Thevenin’s equivalent

voltage. The equivalent resistance R, is the resistance of the given network as viewed

through the terminals where R, is connected, but with R, removed and all active sources

are replaced by their internal resistances (Figure 3-6).

R

R
A NVA—
14 (_) R, 1 d) R, Vu R, R, §
|

Figure 3-6 Vryand Req calculation
The Thevenin voltage is obtained across the terminals A-B after removing the
resistance R, as shown in Figure 3-6. The resistence R, is the equivalent resistance as
viewed through the terminals A-B after removing R, and replacing voltage sources by

short circuits and current sources by open circuits.

In the next two sections Thevenin equivalent circuits will be derived for different types of

lines.

3.1.2.2. Lossless Line
A lossless line is characterized by an LC circuit between two nodes without the

presence of any resistance term (Figure 3-7). In this section a detailed formulation of the
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TLM on a simple line relating two consecutive nodes will be studied. Hence several key
parameters of these lines will be defined. For instance, the line characteristic impedance
will be derived. Moreover the incident and reflected voltages that propagate through this
line will be calculated. The speed of propagation will be also determined. These
parameters are functions of the inductance, capacitance and voltage source terms of this
line. These incident and reflected voltages as well as the characteristic impedance and
transmission speed are primordial in defining the transmission that occurs in this line

between the two nodes.

A
v

Ax

Figure 3-7 Lossless transmission line
Given the DC source of voltageV, which penetrated the distance Axinto the line, the

capacitance segment CAx [Farads, F' ] is charged. This charge isAQ = CAxV, .

Hence the current is

i:A—QzCVYL—bﬁ:CVsu, (3-7)

At At
whereu is the velocity of propagation along the line of the disturbance caused by the
introduction of the source. Due to the existence of both current and velocity a flow of

current is created. The flow of this current will induce a magnetic flux ® coming from

the inductance LAx [Henry H |
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® = LAxi = LAXCV u . (3-8)

On the other hand, the Faraday’s law stating that “the flux rate change must equal the

line voltage” will give

AD

V.=—=LCVu’
At
& 1= LCu?
(3-9)
1
&> u =——==|m/sec|.
g lm/secl
. . . o . , 14 14 .
Replacing the velocity by its expression in equation (3-7) z=—L—‘—:7’, Zis the
Ve
characteristic impedance of the line,
L
Z=,]=Q. 3-10
C (3-10)

Now if a transmission line of length/is considered to have an open-circuit

termination, then the current at the open-circuit must be zero. So there must be a current,

N

v . o o .
~Z starting from the termination of the circuit and traveling toward the source so that

the current goes to zero as it approaches the termination position. A voltageV’ is

. . V. .
associated with the current—-—ZS—. The overall voltage at the source after reflection from
the circuit termination along the line is then ¥, + V' and the current is zero these values

: [
take place at time 27, where 7 = — .
u

To determine the expression of V' the energy conservation principle: “Energy

Stored in the line=Energy supplied by the source” is used.

The energy stored in the line is associated with the capacitance
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E =—

The energy supplied by the source

E =Vilr=

; (ci)v, +v'Y.

(3-11)

2
2'[1/T ' (3_ 1 2)

Equating both of the energies (3-11) and (3-12) will lead to

14

1 :
Ecz(Vs+V ¥ =VS-ES—21

<:>Ci
T

Cu(V, +V') =42
< CulV, +7") >

Recall equation (3-7) i = % =CV, % =CVuesCu=

1 2
==V +V') =
L)

V2

V.+V') =4 .
0, +7'y =4l

V2

i 1
v, Z

v, +7)
z

V=V, (3-13)

So an incident voltage pulse to an open circuit termination is reflected back so that the

total voltage is twice the incident. By denoting 7 for incident pulse and R for reflected

pulse we have

vi=vy,

vE=v,

iV (3-14)
VA

iV
z

Using Thevenin Theorem, the open circuit can be, consequently, replaced by the

Thevenin equivalent circuit shown in Figure 3-8.
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Figure 3-8 Equivalent Thevenin Circuit

The voltage source of the Thevenin circuit is equal to the open circuit voltage which is
2V =2V (3-15)

The impedance of the Thevenin circuit is equal to the input impedance of the line which

isZ.

3.1.2.3. Lossy Line

A lossy line is illustrated by the following circuit

i L L

%M ™™

X x+d4x

Figure 3-9 Lossy transmission line

RandGare the series resistance and shunt admittance, and L and Care the series

inductance and shunt capacitance per section of length Ax .
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Applying Kirchhoff’s laws as seen in the previous section, these expressions are obtained

Ax ovix) __ . 6i(x)_l.R

) 3-16
Ox ot ( )

ilx) _Lov(x)
Ax Fou GV(x) C——at : (3-17)

Combining equations (3-16) and (3-17) either voltage or current can be eliminated to lead

to
o%(x)  GR . 1 di(x) LC &%(x)
. (Ax)2 l(x)+ (Ax)z (GL+RC) Y )+ (Ax)2 PYERE (3-18)
o*V(x)  GR 1 ov(x) LC 3°V(x)
axﬁ )_ ™ V(x)+W(GL+RC) aﬁ )+ o o (3-19)

As seen previously, the inductance and capacitance can be replaced by the equivalent
Thevenin circuit, consequently, the following line segment (Figure 3-10 a)) can be

replaced by its Thevenin circuit (Figure 3-10 b))

i L
——
ﬁ %Y
R R
——c g z G2
Figure 3-10 a) Line segment b) TLM model based on Thevenin Equivalent circuit

3.1.3. 1D TLM Model:
If a one dimensional line section is to be modeled by a series of basic line

elements 7, then a finite number of connecting nodes between these elements are exposed
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to Thevenin equivalent voltages coming from both sides (right and left). A typical node

will be presented by the following circuit (if resistances R and G are included)

Node
n — >,
— AN
R
A T A
20 () 2R ()
WVLn WVn VR,

Figure 3-11 Thevenin equivalent circuit for 1-D transmission line network
From the above circuit the total voltage,V, at noderat time stepkis the result of the
incident voltages coming from the left (kVLﬂ)and the right (kVR,f)of this node (suffix /

stands for incident). Using Millman’s Theorem the voltage ,V, is given by

2, VL +2kVR,f
V= 1Z IZ+R’ (3-20)
—+
Z Z+R

and the current, /,is given by

3-21
k*n R+2Z ( )
The total voltages of the left and right lines of the node are
VL=V, (3-22)
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VR, =2, VR +,1,Z . (3-23)

The voltages reflected back to the left and right line are
JLi=VL,~ VL (3-24)
JRE= VR -, VR!. (3-25)

These relations show that all the reflected voltages can be known once the incident
voltages are given. Generally the incident voltages at time k£ = 0 are equal to zero. Now to

derive the values of voltages as function of time, the following is obtained
wVL= VR, (3-26)

VR, = VL, (3-27)

n+l *

Equations (3-24) and (3-25) show how the reflected (or scattered) voltages in both sides
of a given node are calculated given the incident voltages at a certain time step. This is
called the scattering process. Equations (3-26) and (3-27) determine the propagation
evolution in time. In fact the reflected voltages will serve as incident voltages to the

surrounding nodes from the right and left directions (Figure 3-12).

>——0—0—0—0—0—0—0—0—0

Figure 3-12 One-dimensional TLM scattering process

The blue arrow represents the initial incident voltage (or wave) to node 2 at instant?,. At

the same instant, this incident voltage is reflected in the direction of node 1 and node 3
(left and right direction to node 2). These reflected voltages are presented by the green

arrows. These voltages will travel to the next nodes to serve as the incident voltages to

nodes 1 and 3 (red arrows) at the next time instant?, .

3.1.4. Two Dimensional Regular TLM
The 2-D TLM method has been widely developed and studied in the literature

because of its importance in terms of treating wave propagation in the two dimensional
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space. As mentioned previously the use of TLM method for wave propagation purposes
was first inspired from the analogy that was found between the electric circuit variables

and the EMF problem.

3.1.4.1. EMF 2-D problem
TLM method showed very interesting results for solving the EMF problem in 2-
D. In this part the EMF governing equations in 2-D will be introduced and its TLM

model will be derived. In the two dimensional case the Maxwell’s equations can be

reduced to two possible configurations, the TE mode (the //, component is different from

0’H, o'H,  9'H,

= ue o and the TM mode (the £, component is different from

ZEro)

axZ aJ}Z
o) O’E, +62Ez gazEz
Zer =
ot e

3.1.4.2. TLM circuit structure for TE mode:
The TE mode will be developed in this section. This mode is given by the

following system of equations

OE, OE, _ oH,

x o

0H, _ OF,

% o (3-28)
o, _ 9,

ox ot

These three equations can be reduced to the following

O’H, 0°H, _ gasz
o

(3-29)

The circuit structure describing a node in the x-y plane is shown in Figure 3-13.
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Ax=41

Figure 3-13 The series TLM node

These basic LC circuits are modeling the transmission of currents and voltages that occur

in the four lines intersecting a node (Figure 3-14).

3

Figure 3-14 Lines intersecting a single node

The sum of the capacitances voltages is given by

!
Vg +Vep +Vep + Vo = 2LAl%—t/i (3-30)
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ol
- (VF Vs )+ (VCD Ve ) =2LAl "é—;“

& {8, (e 80)- B, () + [£,0 + 49)- B, (s = 228122

o _Ey(x+Ax)—Ey(x)+ Ex(y"'Ay)_Ex(y) _ 2LA_I_6_{44.

Taking into account that Ax = Ay = Az = Al and substituting/ , = H Az = H_Al

-2 =2]—%, (3-31)

. . oV o
Moreover the condition across the capacitor EF gives!, —1, = CAxFEF , which is

equivalent to

[H,(x + Ax)- H (x)] __ Mty O, ’ (3-32)
Ax Ax Ot

OE
whenAl -0, o, =-C—.
ox ot

This calculation is performed for just one node in the x — y plane. However to
characterize the entire AxAy domain, the whole medium is discretized into a finite number

of nodes interconnected to each other (Figure 3-15). Then each node is substituted by its
Thevenin equivalent circuit in order to calculate the characteristic impedance of each

line.

Figure 3-15 Discretization of the domain in a TLM mesh
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3.1.4.3. TLM circuit structure for TM mode:
The TM mode will be developed in this section. This mode is given by the

following system of equations

0H, oH, OF,

—_ =&
Ox oy ot
0E, " oH,
ot '
e, om, (3-33)
Ox H ot

These three equations can be reduced to the following

82Ez+82Ez_ gazEz
ot ol o

(3-34)

The circuit structure describing a node in the x-y plane is shown in Figure 3-16.

Ay

4
\/

Figure 3-16 Shunt TLM node
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The propagation in xand ydirections will be examined. For the case where the

propagation occurs in x direction, the equivalent circuit can be represented by Figure 3-17

I I+ ‘Zg Ax
— (YWL_»
‘Lx
v ¢ v,

: : V. + s Ax
1 2

Figure 3-17 Shunt line for the propagation in the x direction

Using Kirchhoff’s law and current laws, L, o, _ —%Ax andC, v, _ 4, Ax.

Ot Oox ot Ox

Taking the partial derivative of the first equation with respect to x and the second

equation with respect toz, we obtain

oV, (Ax) 0%,
A

X

(3-35)

Applying the same approach for the propagation in y direction (Figure 3-18), gives

=
Vz+aVsz
SIS i

<
+ b |
~

|
.

o

A

Figure 3-18 Shunt line for the propagation in the y direction
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o, () _ o,

. 3-36
a}}Z Ly at2 ( )
Combining equations (3-35) and (3-36)
o, (Ax) oV, (ay) 0%V,
(] OV (&) OV (337)
ox" L, oy- L ot

Y
Compared to equation (3-34), the circuit parameters can be calculated the same way as
AxAz AyAz AxAy

for the seriesnodecase L = y——,L = u——,C, =¢
P /l y /l A_x z AZ

Substituting these quantities in equation (3-37),

O (V). 0 (V.)_ (7, )
e e 39

Comparing the above equation to the EMF TM modes the following equivalences can be

extracted

+—+—H, . (3-39)

3.1.4.4. 2-D TLM scattering in a regular mesh for TE mode:

In a regular mesh, each node is characterized by equally spaced nodes related to
each other by four lines (in the x and y directions) as illustrated in Figure 3-16. This
series node in a Cartesian regular mesh is presented by four transmission line segments

each of characteristic impedance Z,,i =1,2,3,4 . These four lines have the same length (i.e.
same impedance). The scattering is calculated based on the incident (kV,’ )and reflected
( JE )pulses to the node and the relationship between them. This relationship between

( V! )and ( JoE )will be derived using a general approach based on replacing each of the
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line segment by its Thevenin equivalent. For each segment, this consists of a voltage

2,V in series with the impedance Z, (derived from 1-D TLM model). The equivalent

circuit for the regular mesh is the following (using the same technique seen for the 1-D

case)
Z, 2.7
)
& _
A o A
@ 2 kVZ] 2 kV41
!
k
i Va

N
=¢‘t\.)
~

?
©

ng

\J

Figure 3-19 Thevenin equivalent circuit for the 4 lines intersecting in the i™ node of the mesh

Using the same methodology in the one dimensional TLM modeling, the current
in the circuit is
2lel +2kV41 "2kV3[ _2kV21

A= . (3-40)
Zi+Z,+Z+ 27,

The reflected voltages can be obtained from the general expression
J =V -V, i=1234, (3-41)

where ,V is the total voltage at time step & in the segment .

N 4 =2kV,1+k]Z,,i=2,3
Since Vo V17 ield , thus
K Tk k p2f T
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kI/lR:kI/l1+kIZI’i =23
=V =1z, i=14 |

Substituting, / by its expression we obtain the following

27
VE= V!4 ' vie vievi-vili=23
k" k" ZI+Z2+Z3+Z4(k1 k" 4 k"3 kZl

27, . '
kV/R:'kV] (kV]1 +kV4]_kV31_kV21)’l =14

"2 +Z,+Z,+Z,

Finally the scattering matrix is

leR 1 1 1 -1 lel
szZ =05 1 -1 1 szj
kV3 1 -1 1 1 sz
R -1 1 1 1 v

3.1.4.5. 2-D TLM scattering in a regular mesh for TM mode

(3-42)

(3-43)

(3-44)

The same parameters and notation as for the “2-D TLM scattering in a regular

mesh for TE mode” section will be used. The scattering properties will be derived using

the same approach where each line is replaced by its Thevenin circuit.

Figure 3-20 Thevenin equivalent circuit for the 4 lines intersecting the shunt node of the mesh

From Figure 3-20 the following relationship can be derived
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v, =0.5(,1, + 7+ i+ ).

z

(3-45)

The scattered voltages are obtained from the relationship used in the previous section

VE=V - V', i=123,4but with just substituting .V, by V,
TR =05( 1+ ) Vi =12,3,4.

The scattering matrix for the shunt node

a -1 T
"Vif _og ! 71 11 szj
Vs 1 1 -1 1|7
T 1 1 1 -1,/

3.2. Analogy between EMF, Sound Waves and TLM

(3-46)

(3-47)

Recall that the governing equations for EMF and Sound wave problems in the 2-

D configuration are the following (27). The Maxwell equations describing the EMF

waves arc

oE,  oH,
= u
o or
JoE, __ on,
v a ’
OH, oHx OF
x o a

(3-48)

where E and / are the Electric and magnetic fields, xandgare the permeability and

permittivity of the space.

The sound wave set of equations is
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oP U,
oo
12__, v, . (3-49)
oy ot
_ou, 9u, __or
EY ot

From these two set of equations an analogy can be made

EMF parameters Sound wave parameters
E, P
~H, U,
H x U)’
U P
£ (o}

Table 3-1 Analogy between EMF and Sound waves parameters
Here, P [Pascal, P ] is the pressure, U, and U , [meters per second, ms~' ] are the pressure
velocity components in x and y directions, p [Kilograms per cubic meters, Kgm™ | is the
density of the medium and o [ P™'] is the compressibility of the medium.

On the other hand a two dimensional element of a medium of dimensions # andv,

is represented by a node intersected by two transmission lines in the x and y directions. If
C is the total capacitance of this element and L_, L ,are the total inductances for the two
lines in xand y directions respectively, then the voltage/current differential equations

arc
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. L. o,

Oox u ot

ov L, aly

<__z_:____ 3'50

Oy v ot ( )
ol aly ov,

—u -y =
Ox Oy ot

Taking the system of equations in (3-50), some intermediate modifications should be

done to conclude about the analogy with EMF or Sound Waves.

Here w is an arbitrary distance inserted to retain the correct dimensionality when dividing

I .and I byvandu respectively,

This is equivalent to

[ I
%) 1%
w B v
=y
Ox u ot
1
{3 .13
w Ly u
9 — = — —
oy vy ot
I
£ 4
v u
uy - VU
ox oy
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i e
w) Lv \Z
Ox uw Ot
/
2 d)
w Lu \ u
] =- . (3-52)
oy vw Ot
I
3] 45 o 12)
v) \u) Cw \w
Ox Oy uv ot
\

Equation (3-52) compared to equation (3-48) will give the following analogy

EMF Parameters Electric Circuit Parameters
for the Transmission Line
(TL)

b
g |

Table 3-2 Analogy between EMF and TL parameters
From this analogy the electric and magnetic fields of the EMF problem could be
solved through the TLM method by considering them as the transmission line voltage and

currents respectively. The same thing applies for the sound wave problem (wave
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equation), where the amplitudes are calculated via the voltages traveling in the TLM

model.

3.3.  TLM model of the ultrasound propagation in tissues

Ultrasound waves have the same properties as sound waves. They obey the same
wave propagation law. The interest that ultrasonics have gained is due to the increase in
its diverse applications. Amongst that, ultrasonic techniques were applied in medicine,
both as a diagnostic tool and as a therapeutic modality. Although ultrasound has been
used in medicine since the 1930's, it is only recently that these techniques have been
widely used and their ability fully recognized. Most of the time an image of the organ to
be examined is offered. Radio-frequency signals could be also recorded for post-
processing purposes. All of this data is purely experimental and most of the time there is
no clear knowledge on how and why these ultrasonic waves are propagating.

In this section a physics-based numerical model is developed using TLM method
to mimic the ultrasound wave propagation and behavior in a rectangular medium. Since
we are interested in IVUS and the medium is circular, a small portion of the artery cross-

section that has a rectangular shape can be studied independently.

3.3.1. IVUS regular TLM model

A section of the artery is modeled by a rectangular shape using TLM (Figure
3-21). The code was developed in Matlab. In order to construct the TLM model many
basic parameters should be provided. The size of the medium, the gridding rate, the
boundary termination and the wave source location are the most important data to be

known in the modeling process.

Figure 3-21 Rectangular approximation of a portion of the artery cross-section
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3.3.1.1. Auto-generated regular mesh

It will be shown that the medium will be automatically generated from the
developed TLM code once the dimensions are specified. Given the inner and outer radii
of the artery cross-section, an automated rectangular mesh is generated. Since TLM
model is based on the nodes and lines of the discretized medium, the number of
horizontal and vertical nodes as well as the lines lengths are function of the indicated
gridding rates. The model is based on regular TLM; therefore the lines are equal in length
in both directions. Figure 3-22 illustrates a discretized medium that is composed of a 51
by 51 nodes mesh. The developed code was designed in a manner where the user can
input both the dimensions and the gridding rate of the rectangular medium to guarantee

the flexibility in using these parameters to cover a wide range of arteries.

N ¢oeeesesossosesesoses

Figure 3-22 Auto-generated mesh of 51 by 51 nodes

3.3.1.2. Boundary termination
As the TLM is a numerical method, the medium should be of a finite size. This is
known as medium termination. This is presented by a wall that is characterized by the

same acoustic impedance of the terminated medium. For example if the external medium
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that comes after the artery is air, then the wall that models the termination of air is

characterized by the acoustic impedance of the air.

W D W W S |

& > . 4 9 ¢ &
» . 4 7 7 : 4 <
. 4 : 4 - . 2 s 4 7

Figure 3-23 Boundary walls (red lines) terminating the rectangular medium
Taking one element of the above Figure 3-23, that lies next to the boundary wall
of the medium (upper right corner) as illustrated in Figure 3-24, the reflection of the

voltages components obey to

P;J'
X
R £ e
2 *__._. e
R -
VR
PR '
1

Figure 3-24 Reflection of the voltages (or sound waves pressure amplitudes) from the boundary
walls
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(3-53)
V]

medium_ 77 R
f V

— Zout
Zout

_ Zout ~-Z

= A
z out Z medum

where Z ., is the acoustic impedance of the outer medium next to the boundary walls and

Z meaium 1 the acoustic impedance of the medium itself respectively.

The acoustic impedance is the product of the density of the medium and the sound speed

in the medium, i.e., Z = pc.

There is an extensive use of what is called absorbing wall or attenuating wall
where the impedance of the outer medium to the artery portion is considered to have
impedance that is almost equal to the one of the artery. This is used to get eliminate the
reflection effects on the sound waves that propagate inside the modeled medium of

interest.

3.3.1.3. Wave Source generation and wave propagation

The design of the wave source has been widely studied for the IVUS. In the TLM
model, flexibility is given in the code to design any kind of source waves. Since Matlab is
the platform where the code was developed, SIMULINK toolbox is used for the source
wave specifications. This toolbox offers a variety of signals some of them are illustrated

in Figure 3-25.
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Figure 3-25 Examples of different source waves designed by SIMULINK

In addition to the wide range of source waves, this model gives the possibility of
specifying any location in the mesh to be the source point where the ultrasonic wave
starts to propagate. For instance the source could be in one node of the edges of the

medium, inside the medium or in different nodes at the same time.

The propagation process is based in the Huygens principle where for a given node
in the mesh, the reflected amplitudes going out at time k will serve as the incident waves

to the surrounding nodes at time k + 1 (Figure 3-26) (1).
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Figure 3-26 Traveling process of the wave between the nodes

P (50 00) = Vs (%0, 35 = 1)
szR(xoa)’o):kn ( -1 J’o)
s (xo>yo) = EA2 +1)
i (%0,0) = 1y (% +13,)

(3-54)
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3.3.2. Model Validation:
The regular TLM models were established in numerous fields in the literature.

Since the IVUS regular TLM model was developed independently in Matlab, the results
generated will be compared to a model developed in the literature to validate the code
(28). A square medium composed of 215 by 215 nodes is investigated. The source

location is taken at node (2,100) where the source wave is a sinusoidal excitation (Figure

3-27).

215 nodes

" 100" node

2™ node 215 nodes

Figure 3-27 Validation model of the regular TLM
The amplitudes of the propagation wave can be recorded in different locations of
the medium at any time. Using the developed code and the TLM model from the
literature the recorded signals are plotted and compared. Three different locations were
taken to compare the ultrasonic wave that is propagating. Nodes (2,100), (20,100) and
(30,100) were taken. In Figure 3-28 the waves are plotted for both models. Superposition

of the plots from the two models proves that the waves are the same (Figure 3-29).

Once the developed TLM code is validated, this method will be used to model the

anomalies and artifacts that could form inside the artery cross-section. This will lead to a

deeper analysis and understanding of the ultrasound wave propagation through healthy

and plaque burden (hard and soft plaque) segments.
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Developed TLM model in Matlab

2-D TLM mode! from Literature

—— node (2,100) ‘ ! node (2,100)
i
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Figure 3-28 Generated waves for different locations of the medium

Superpostion of the waves for both models
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Figure 3-29 Validation of the results for the developed TLM code versus an established literature

3.3.3. Plaque model

The main goal of this work besides mimicking the ultrasound propagation in the
artery cross-section is the characterization of the different tissues especially the
abnormalities that could form in the artery. In this section, a plaque model will be

developed where an inclusion in inserted in the rectangular medium. In addition to the

node (30,100}

model
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geometric shape of the inclusion that is added to the TLM model, the interactions
between the medium (artery/ normal tissue) and the abnormal formation will be
established. Illustrated in Figure 3-30 is the case where artery contains a plaque (Yellow

colored region).

Figure 3-30 Plaque in the artery (http://yoursurgery.com)

The TLM model will consider the plaque as a rectangular object that is inserted

inside the artery portion presented by the rectangular medium (Figure 3-31).
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Figure 3-31 Structure of the TLM model where a plaque is inserted

The plaque (inclusion) that is formed inside the artery is characterized by different
acoustic properties. In fact the ultrasound speed and density are not the same as of the
normal tissue (i.e. different acoustic impedances). This will produce a boundary between
the healthy portion of the artery and the abnormality edge. This boundary characterizes a
change in impedances. This will produce a reflection/transmission phenomenon due to

this change along the four edges of the plaque. Considering Z,,,., = e £prage. 304

Z to be the acoustic impedances of the plaque and artery, then the

Artery = cartery p Artery

reflection and transmission coefficients are

Z

Z -
Plaque Artery
R kk

Z +Z

Plaque Artery

(3-55)
Z

Plaque
T=1- dJ

VA

-7
+7Z

Artery

Plaque Artery

The transmission and reflection that occur on both sides of the boundary are
function of these coefficients. The reflected and transmitted components of the wave
amplitudes in the nodes neighboring the four edges of the plaque will be derived from the

voltages traveling between the lines of the mesh.
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Figure 3-32 Reflection and transmission of the wave at the four edges of the plaque

In Figure 3-32, the dotted arrows are the reflected and transmitted ultrasound
wave components. Whereas the solid arrows are the scattered amplitudes of the wave
coming from the nodes surrounding the plaque edges before hitting these edges. The

reflected and transmitted waves’ expressions will be detailed for all edges of the plaque

Edge 1
k+1V41 (x],y1)=RkV4R (xlaJ’1)+(1+R)kV2R(x1 +Ax,y1) (3-56)
k+1V21 (xl + Ax9yl)= “RszR (xl + Ax,y1)+TkV4R (xl,)ﬁ)'
Edge 2
MVII(xz,y2)=RleR(x2,y2)+(1+R)kV3R(x2,y2 _A)’) (3-57)
k+1V31(x2’Y2 —Ay)=TkV1R(x2,y2)—RkV3R(x2,y2 —AJ’)-
Edge 3
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k+1Vzl (x3,y3)=RkV2R (xssJ’3)+ a+ R)kV4R (xa - Ax,y3)

(3-58)
s (xs _Axays)szVzR(wa’z.)_RkV4R(x3 _Aan’3)'

k+]V3[ (x4,y4)=RkV3R (x4,y4)+(1 + R)kl/]R(x4,y4 + A.x)

(3-59)
k+lVlI (x4sJ’4 + Ax) =TkV3R (x4,y4 )-—RleR(x4 Vo T Ax)

Depending on the acoustic characteristics of the plaque the propagation of the
wave will show different behavior. As an example to illustrate the effect of the plaque,
three different acoustic impedances are taken. A swept sine wave is designed to be the
source signal at the node (1** horizontal, 45" vertical). The medium is composed of 751
by 76 nodes and the plaque is located between the 20™ and 30™ node in the horizontal
direction and the 25™ and 65™ node in the vertical direction (Figure 3-33).

= e 65“"
node g
I
< S
25%
. N " node

20% node H
]

751 nodes

30% node

Figure 3-33 Plaque example generated by the developed 2-D TLM model

The time signals are plotted in different locations (Figure 3-34). The plots show
how the plaque nature plays an important role in determining the ultrasound wave
behavior. As mentioned before, the IVUS is just providing the experimental record of the
radio-frequency signals that are reflected back. Thus building several models that present
different inclusions in terms of geometry and acoustic properties will be of great benefit
to study the behavior of the waves in the presence of such abnormalities. Figure 3-35 is
an illustration of the plaque influence on the determination of the wave shape. This model
could be extended to study numerous cases where all combinations of abnormalities can

be constructed.
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Figure 3-34 plaque effect on the signals at different locations
(ZHardinclusion = 7-4ZHealthyartery and ZSoftinclusion = 0-074ZHealthyartery)
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Figure 3-35 Comparison of the time signals (Zygrainciusion = 7-4Zneaithyartery

200 400

300
node (31,45)

and ZSoftinclusion = 0-074ZHealthyartery)
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3.4. Summary

In this chapter, the basis of the TLM method was introduced. Then 1-D model
was studied where the propagation process of the voltages was defined. The 1-D TLM
form was extended to a two dimensional model. After that, it was shown how a 2-D TLM
model can serve as a numerical tool to capture the sound wave propagation in a regular
medium. Specifically this model was employed to mimic the ultrasound propagation
inside an artery cross-section. Consequently a model for the IVUS was built where
abnormalities could be introduced and studied. The information provided in terms of time
signals will serve later on as a niche from which system identification techniques are used

to analyze and characterize the plaques.

Given that the established model represents just a portion of the artery cross-
section, a more realistic approach in modeling the IVUS would be more appropriated and
accurate to characterize all the artery tissue components. The following chapter will be
dedicated to establish a new model that takes into account the whole irregular (circular)

geometry of the artery cross-section.
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Chapter 4 Irregular transmission line matrix

model for intravascular ultrasound

The regular TLM models presented in Chapter 3 have been used extensively to
solve general sound wave propagation problems in two dimensions. It was shown in the
previous chapter that TLM can capture the dynamics of ultrasound wave propagation
through the wall of an artery. However these models are limited to a mesh comprised of
nodes forming a square. There are applications, such as arteries, when the medium
geometry is complex (curved or circular shapes) that the use of the regular TLM method
is not appropriate to solve numerically the sound wave equation. This restriction on the
shape and size of the mesh affects the capability of the conventional regular TLM
method. Moreover the employment of the conventional TLM where the shape is irregular
necessitates the use of finer meshes to represent these irregularities accurately. This
represents a burden in terms of memory use and run time for numerical computations. In
this chapter, TLM mesh and model will be developed for the whole artery cross-section.
Having an irregular mesh, a new generalized TLM formulation will be derived. This
model will be adapted to the circular shape of the artery case. This irregular model will
be validated against a well established regular Cartesian TLM model. The IVUS model
will be, finally, constructed through the new established irregular TLM method.
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4.1. Irregular TLM model Formulation

The regular TLM model is characterized by equally spaced nodes. Thus the
scattering matrix is independent of the lines lengths and the medium properties. In the
case of irregular mesh, the scattering process is function of the medium properties as well
as the lines linking the different nodes of the discretized medium. Presented is the

foundation of the irregular TLM method in the two dimensional case.

4.1.1. Governing Equations

Equivalence between electrical circuit parameters and electromagnetic field
parameters for the regular TLM were derived without introducing any of the line lengths.
These lengths were in fact normalized to unity since the length is always the same in all
directions. A two dimensional element of a medium having differing dimensions » and

v, is represented by a node intersected by two transmission lines in x and y directions.

leicimimam e d
s
X

Figure 4-1 Irregularly spaced element
If C is the total capacitance and L,, L, are the total inductances for the two lines in x

and y directions respectively, then the voltage/current differential equations are (27):
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Taking the system of equations in (3-50), some intermediate modifications must

be done to make the analogy with EMF TM mode (sound waves). Let w be an arbitrary

distance inserted to retain the correct dimensionality when dividing/,and 7 by v andu

respectively,

This is equivalent to
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Now consider the ultrasound wave equation

o aU,
x T a
op U,
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Comparing equation (4-3) with equation (4-4) gives the following analogy

Electric Circuit Parameters for the
Ultrasound Waves Parameters o _
Transmission Line (TL)
V7
P =
w
U. L
v
I
U, r
u
L yU Ly
P ——or —=
W uw
Cw
o hedddl
uv

Table 4-1 Analogy between EMF and TL parameters

From Table 4-1 the following relationships are obtained
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c=cZ
w

1L =p™". (4-5)
v
yw

L =p—

S

4.1.2.Cartesian two-dimensional irregular TLM

Time synchronism is conserved in the TLM (27). In fact, the transmitted pulse
from one node must reach its surrounding nodes at the same time regardless the lines
lengths linking these nodes in all direction (x and y directions in the 2-D case). This
means that the velocity of propagation of the voltage in dependent on the lines lengths.
Since the velocity is function of the total inductance and capacitance of the line (

V= ——\/%_5 ), the inductance term is fixed and capacitance is calculated for each direction

by taking into account the relationship between inductance, capacitance and velocity.

T 4 .
A=
k ‘dq Lx Cx
-—l -
N 1 v 742
C
—iy 5 9
%
a - >

Figure 4-2 Time synchronism of the traveling process (7 is constant)

For instance, in Figure 4-2 the time it takes for a given pulse to travel from node 1
to 2 and from node 1 to 3 must be equal. This is what is defined as the variable7 in

Figure 4-2.
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In this section, a new approach is presented to circumvent the gridding
irregularity such that time synchronism is realized. The following describes the steps for
the calculation of the impedances based on this approach. An element of the mesh is

taken with dimensions »and v in both directions (Figure 4-2). First a reference
capacitance (which is the line compressibility in the sound wave case)—h~0 and inductance

(which is the line density in the sound wave case) p,are assigned for the shortest piece of

line that relates two consecutive nodes in the mesh. Here %is such that the following
quantities are greater than zero
wvh

s —120
Uu

wuh

This is equivalent to

“ Pr o thup( A j p, =L is the ratio of a line
wuh v wvp,  wup, Po

—p, 21 h>
y wup,

inductance with respect to the smallest line inductance (which is the relative density in
the sound wave case). Once the value of 4 is found, compressibility and density of this

reference line are derived from the properties of the medium.

This line length is set to unity so the velocity along this reference line is equal to
1

1
Viy=—r——==, with L, and C

being the inductance and capacitance of the
Lref Cref

ref

. . o . . . .
reference line (ie. L, = p,andC,,, = 70). The time T is the time that an impulse takes

to travel along this link. This line is characterized by both speed and impedance,
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( h
Vref =
PO
9 .
Zref — hp 0
\ 0-0

From (4-5), the inductances per unit length in x and y directions are calculated

(4-6)

(4-7)

, (4-8)
Vo= 1

where C and C are capacitances per unit length in x and y directions. From the velocity

h 1 [
of the reference line (V,,, = =—) T isderived, T = P
po, T h

Solving for capacitances in equation (4-8) will lead to

1 _(1)2_ u’h
LOxCx T IOOUO

1 _(1)2_ vh
LOyCy T pOGO
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Finally,

o,V
C,=—2
u hp,w
ou (4-9)
c, =20
Y vhpw

Once the capacitances per unit length are derived, the characteristic impedances in

x and y directions are calculated based on the following formula Z = \/% , giving

w P | .2 2
id Po| — [wuhp,
7 = LOx — p v - pwuzhprw - O(p()j — wzuzprz pOh )
¥ C, O,V Vo,V vio, v o,

u’hpw
Finally
z, =P 7
x T e
w:p : (4-10)
Z,= _uJ_ZrEf

Due to the irregular mesh grid, the total capacitances found in x and y directions,

C, and C, are sometimes less than the total capacitance of the elementC. A residual

capacitance C| is defined and modeled by an open-circuit stub at each node of the mesh

(Figure 4-3).
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Vs

Figure 4-3 Stub represented by a new line added to the mesh at each node

C,=C-(C,+C, )= —u—00 _y T _ G0 ¥ _ Go¥
g w  uthpw Vhow w  uhpw vhpw

2 2
uv o (u +v )
C =g Zo 77 )

N

(4-11)
W uvhp,w

The addition of the stub guarantees the time synchronism in irregular TLM. It is
C,

characterized by admittance Z; = 27—
G

The admittance of the stub is

Z[Guzvzhp, -0, (uz +v? )]
wwao,p, '

Z, = (4-12)

Each element is characterized by four characteristic impedances corresponding to

the four lines intersecting each node and an added stub characterized by its admittance.
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4.1.3. Cylindrical Irregular TLM
The artery cross-section is presented by a disk. The coordinates system is
characterized by the angle 6 and the radial position 7 (polar coordinates) as illustrated in

Figure 4-4.

Figure 4-4 Circular geometry of the artery cross-section

In the TLM method, the discretization process of the medium will lead to an

irregular gridding (Figure 4-5).

Figure 4-5 Irregular structure of a circular element of the cylindrical TLM mode]l
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In Figure 4-5, the node located in the 4™ radial position is taken. The disk is
discretized to a mesh characterized by a radial rate drand angular rate d@ . Since the

selected node is located at a radial position equal tor,, the radial and angular lines
lengths intersecting this node areu, = drandu, =r,df respectively. In general for an

arbitrary node that has a radial positionr the element is characterized by the following

lines lengths

ty =dr 4-13
u,=rdf’ (¢-13)

Obviously the nodes in this case are not equally spaced. Therefore the TLM
model corresponds exactly to the same formulation detailed for the irregular Cartesian
mesh. Consequently a stub line must be added to compensate for the residual capacitance
caused by the length difference of the radial and angular lines of each element in the

mesh. The element is characterized by radial and angular impedances and a stub

admittance Z,, Z,and Z;.

3
| 4
§ o
2T\ e
l i

Figure 4-6 Added stub line to a circular element
In Figure 4-6, the radial line[2,4], the angular line [1,3]and the stub line are

characterized respectively by Z,, Z,and Z; .
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Recall (4-10) and (4-12), the radial, angular impedances and the stub admittance
can be derived by replacing u by drand v by rdf.

Z r= Wdrpr ref
rd@
wrdGp
Zo=—"7T"Z2 4-14
[ dr ref ( )
7 - 2[0'(61’}’)2 (rd0y hp, -, ((a’r)2 +(rd0Yy )]
| (@YrdOwayp,
where p, = £_is the ratio of a line inductance with respect to the smallest line inductance
Po
h
and Z,, = Po is the characteristic impedance of the smallest line as defined in the
Oy

previous section (27).

4.1.4. Scattering and traveling processes of the irregular TLM
For both Cartesian and cylindrical geometry, each TLM element is characterized

by a circuit structure of five transmission lines (Figure 4-7) (1).

Figure 4-7 Shunt node for irregular Cartesian TLM

83



Each node is intersected by five lines where each line is characterized by two

voltages (incident and reflected voltages) and its characteristic impedance (Figure 4-8).

Figure 4-8 Lines intersecting an arbitrary node of irregularly spaced mesh

The equivalent Thevenin circuit will be composed of five Thevenin sources in

series with five equivalent impedances corresponding to the five lines (Figure 4-9).

Figure 4-9 Thevenin equivalent circuit for the 5 lines intersecting an
arbitrary node of the irregular mesh

The total voltage in the circuit presented in Figure 4-9 is
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Vzz&unﬂuQJ;+LJQ+zﬁw}ana. w15)
‘ Zy+Z,+ 72, +Z,+Z,
Using the same approach as in the previous chapter for the regular TLM the

reflected voltages are obtained from
Ji=v,- V' i=12345. (4-16)

From the circuit in Figure 4-9, equation (4-16) can be applied for the five voltages

of each line of the TLM element,

2<Zllel +Zz kV2] +Za szl +Z4 kV4I)+2kVilZS
L+ 2, +Z + 2, +Z

VR _ 2(ZlkV1] +Zz szl +Zs kV31 +Z4 kV4I )+2kVSIZS y!

2 Zy+Zy+ 2+ Z, +Z, 2

2(21 lej +2,,Vy +Z, kV3] +Z, kV4[)+2kV51Z5

R _
=

vE= V. 4-17
K 242,42+ 2, + 2, £ “-17)
VR — 2(Z] kI/ll + ZZ kVZI +Z} kV31 +Z4 kV41 )+2kVSIZS V’
e Zy+Zy+Z+ 2, + 2, o
VR — Z(Zlkl/ll +Z2 kVZI +Z}kl/3] +Z4 kV4l )+2kI/SIZS VI
e Z 42,42+ 2+ 2, s
The scattering matrix in this case
VRl [2z,-D 2z, 27, 2Z, 2z, T v’
VF | % 22,-D 2 27, 27, | V)
V=5l 22 2Z, 2Z,-D 2Z, 2Z, | V1 (4-18)
R 27, 27, 2Z, 2Z,-D 2Z, | V!
TE | 2z, 27, 27, 27, 2Z;-D| v!

J Fand V' are the reflected and incident voltages to an arbitrary node of the line iat

time & (Figure 4-10).

5
D= ZZ, is the sum of the impedances of the four lines and the stub admittance.

=1
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The scattering matrix gives the relationship between the incident and reflected
voltages at the same node.

Figure 4-10 Scattering process of the voltages

Besides the scattering, there must be a traveling process of the voltages (or waves)
between the nodes of a given mesh (Figure 4-11).
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Figure 4-11 Traveling process in irregular Cartesian TLM mesh
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In the Cartesian mesh the traveling process in described by the system of

equations (4-19)

e?i! (500 + A=,V (x4, 30)

e (g + A%, 30 2,V (%0, 4)

Va3 (0, 70 =)=, (50, 35). (4-19)

k+1V4I (xo —Ax, y, )=szR (xo ayo)

_k+1V5[ (xo:J’o):szR (xo:yo)

8 +dE

N

17223 .
w2 ' o +d"*’% !

| S /56| G-de
)\ \

3
p—dr A A B +dr

Figure 4-12 Traveling process in cylindrical TLM mesh

This traveling process ensures propagation of the waves over the entire medium.
As seen in the regular TLM model, the reflected voltages from one node at time & will

serve as incident voltages for the neighboring nodes at time k£ +1 with the exception of
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the stub line where the reflected component at time k& will serve as incident component

to the same node at time k +1.

The traveling process in the cylindrical shape is described by the system of
equations (4-20). The scattering matrix and the traveling process define the TLM
propagation model of the wave in time and space. This model will be used in the next

sections to simulate the ultrasound propagation across the artery.

[ (.0 +d0)= V(5. 6,)

eV +dr,0, )=V (r,,6,)

LoV, 0, - dO)= V¥ (r,,6,). (4-20)

k+1V41 (”o —dr,0, )szzR (”o =90)

\k+]VSI (’”o:go)szsR(”o’eo)

4.2. Irregular TLM validation

The irregular TLM model will be compared to the conventional TLM models that
exist in the literature. Some common case studies will be developed and the results will
be compared in order to validate the irregular TLM. Two case studies will be developed
where both Cartesian and cylindrical irregular TLM models will be adapted to the regular

TLM model in order to compare the wave propagation in a rectangular medium.

4.2.1. Sine Wave propagation

A 100 by 100 nodes squared mesh is considered to be the medium where the
wave will be propagating. A sine wave source of 100 time samples duration is injected to
the center node of the medium (node (50,50)). Then the wave amplitudes are recorded as

functions of time in all node locations (Figure 4-13).
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node( 50,50}
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/

100 nodes

Figure 4-13 Generated regular model by conventional regular TLM

The gridding rates for the above mentioned model are equal in both directions.

05= 0.5
05115

.

0.5 05 -
05115 05115 5115

Figure 4-14 Sine wave propagation from the center of the medium (picture taken every three
sample times)
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The propagation occurs in a circular fashion as expected A rectangular medium 1s
then constructed using the irregular Cartesian TLM model. The gridding rates Ax and Ay
are such that Ay > Ax. This medium is composed of 100 by 100 nodes. The same sine
wave of the regular TLM model is injected in the center of the medium (node(50,50)).
The propagation of the wave in space and time is illustrated in Figure 4-15. The
propagation is elliptic due to the difference in the gridding rate in both directions. If the

gridding rate 1n y direction is reduced till Ay = Ax then the sine wave propagation regains

its circular shape exactly as for the regular TLM model (Figure 4-16)
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Figure 4-15 Sine wave propagation in the irregular mesh (picture taken every three time samples)




Figure 4-16 Propagation of the sine wave using the irregular Cartesian TLM model (picture taken
every three time samples)

A rectangular medium can be generated also by the cylindrical irregular TLM
model. By setting the radii to be much greater than the angular interval of the cylindrical

shape of the medium, R >> @, a rectangular medium is created (Figure 4-17).
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Figure 4-17 A 100 by 100 nodes rectangular medium created by irregular cylindrical TLM
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The same sine wave is injected in the same location (center node) and the wave

propagation is captured.
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Figure 4-18 Simulated sine wave propagation in the irregular cylindrical TLM model (picture
taken every three time samples)

From Figure 4-14,Figure 4-16 and Figure 4-18, it has been shown that regular and
uregular TLM models gave the same propagation in space and time of the sine wave. The
irregular TLM (Cartesian and cylindrical) models are then valhidated against the regular
TLM method.

4.2.2. Ultrasound Wave Behavior against an obstacle

In this case the same medium composed of 200 by 100 nodes will be studied for
all the models. An inclusion will be inserted in the medium. This obstacle is totally
reflective and located between the 40™ and 60™ node in the x direction and 70" and 130%™
node in the y direction. The source wave will be injected in the vertical left edge of the
medium from the 3™ node to the 198™ node (black line in Figure 4-19) This source wave

is a one period sinusoid that lasts 10 sample times.
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198" node

Figure 4-20 Wave propagation and behavior of the sound wave against a totally reflective
obstacle.
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The propagation of the wave is recorded in time and space Each picture is taken
every 5 time samples The same medium is created using Cartesian and cylindrical
uregular TLM The propagation of the same wave is captured in space and time It is
shown from Figure 4-20 and Figure 4-21 that the propagation of the wave has the same
fashion The Cartesian rregular TLM medium was constructed using the same gridding
sample rates in both directions. Despites the difference in the scattering matrices for
regular and irregular Cartesian models, the propagation is the same In fact the wave has
shown similar behavior in both cases. This result ensures that the irregular Cartesian

TLM model is valid for sound wave propagation modeling.

051 16

Figure 4-21 Ultrasound wave propagation and behavior against a totally reflective obstacle using
irregular Cartesian TLM (pictures are taken every five time samples)
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The medium in Figure 4-22 was constructed using the cylindrical rregular TLM
model The nner and outer radu where set to be equal to 70 1 and 70 496 whereas the
angular interval was set to be equal [-2*pi/890,2*p1/890] It can be seen clearly that the
radi range is much bigger than the angular interval. Thus the circular shape of the

medium converges to a rectangular geometry (Figure 4-23).
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Figure 4-22 Ultrasound wave propagation and behavior against a totally reflective obstacle using
wrregular cylindrical TLM (pictures are taken every five time samples)

It can be seen from Figure 4-22 that the propagation of the wave is similar to the
ones captured by the regular and Cartesian irregular TLM models Thus the cylindrical
TLM model can be used to model the sound propagation in a circular medium to simulate

the ultrasound wave behavior 1n an artery cross-section
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Figure 4-23 Rectangular medium construction using cylindrical TLM model

The following section will be dedicated to build a model for IVUS using the cylindrical
TLM model.

4.3. IVUS TLM model

In this section an IVUS model will be constructed using TLM method. The code
is developed in Matlab. Since the studied space is an artery cross-section which is
circular, the distances between the nodes of the generated mesh are not equal. Thus the
mesh is irregular and circular. Thus the cylindrical irregular TLM method will be used
for the IVUS modeling. This model departs from a circular medium to a circular mesh of
nodes. Each node in this medium is characterized by a radial distance r and an angular
position . Given the position of each node, the impedances of the radial and angular line
are calculated according to the relationships established in the “Cylindrical Irregular
TLM” section. Hence the scattering matrix, which is function of these impedances, is
derived. Finally, the amplitudes in the lines are calculated each time step. These values
will capture the sound wave propagation in the medium. As the ultimate goal is to use
this numerical model to collect the temporal and spatial data, (amplitude of the wave in
each node at a given time) the model should emulate the physics of the sound wave

propagation theory. Since the sound impulse is emitted from the transducer in a way such
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that it reaches all the artery cross-section depth, the developed model should present the
same way of propagation by reaching the outer radius of the modeled medium. By
insuring that the wave reaches all the radial length, the behavior of the modeled wave can
capture the geometry and the acoustic properties of all the components to be identified in
the artery. The model developed hereafter will take into account all these physics-based

aspects.

4.3.1. Auto-generated mesh grid for the IVUS TLM model

The TLM model departs from the inner and outer radii. A mesh grid based on the
specified gridding rates in the radial and angular directions is then created. The choice of
the gridding rate is essential for capturing the propagation of the ultrasound wave. The
wave should reach the outer edge of the artery cross-section. In fact for an arbitrary mesh
the propagation trend of the ultrasound wave is more pronounced in the angular direction
of the circular medium. The choice of the mesh grid must be generated in a way that
guarantees a conic wave propagation of the TLM method. This means that the
propagation should occur in a conic way in the radial direction. The propagation as
developed previously in the TLM model depends on the scattering matrix which is
function of the lines impedances. These impedances are function of the gridding rates in
both radial and angular directions. Thus a specific mesh grid should be developed to
ensure this numerical stability. The propagation of the sound wave is expected to be like

the one illustrated by Figure 4-24.

To investigate the effect of the grid on the impedances the ratio of the angular and
radial impedances is examined. An arbitrary mesh is constructed and the TLM model is
generated in order to capture the sound wave propagation through the circular medium. A
pulse is injected in one node of the inner radius of the medium then the propagation

recorded in space and time.
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Figure 4-25 Angular direction of the propagation of the wave

It can be seen from Figure 4-25 that after a certain radial position the wave
propagation deviates to the angular direction. This propagation fashion is related to the
length of the lines in radial and angular direction. In fact the angular lines become bigger

compared to the radial lines as the wave moves toward the outer radius (Figure 4-26).
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Figure 4-26 Impedance ratio function of the radial position

The angular deviation of the propagation occurs when the wave hit the red circular

N o : Z ’
position in Figure 4-25. This position is characterized by —- = 0.633. SlnCCZL = @—2—
Z, Z, (Rd0)

, after this radial position, the ratio between the gridding rates has this condition

ar

< 0.8. The mesh grid is designed such that% 2 0.8. By imposing this numerical

condition on the mesh grid, the propagation occurs in a conic fashion as illustrated in
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Figure 4-27 Propagation of the wave in radial direction with a conic shape

It can be shown that the numerical condition that was imposed on the irregular
cylindrical TLM model ensures an appropriate propagation of the sound wave in the
circular medium. From now on this numerical condition on the geometry will be taken

into account for all the simulations.

4.3.2. IVUS TLM model for a healthy artery

Since IVUS is an imaging method based on the ultrasound wave for the artery
cross-sections, the cylindrical irregular TLM model will be employed to mimic the
ultrasound wave propagation in the circular medium. The cylindrical TLM model has
been established in section “Cylindrical Irregular TLM”. Since this is a numerical method
that has been implemented in Matlab a finite number of nodes must be defined. Therefore

a boundary termination of the medium is established in the developed Matlab code.
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Figure 4-28 Boundary termination of the modeled artery cross-section

of rthe pradium

From Figure 4-28, the voltages of the nodes that are on the outer boundary are

characterized by

—Z2(7",0)
+7,(r,0)"

Z
R __ “outer _medium
W (" 39)—

~ V) (r,0). (4-21)

outer _medium
And the voltages of the nodes on the inner boundary are characterized by

Z
VA

—'Z4(}",0)
+Z4(ra9)k

nner _medmm

Ji(r.0)= Vi (r.0), 4-22)

mner _medium

where Z and Z are the acoustic impedances of the media that are

wnner _ medium outer _medium
surrounding the artery cross-section from inside and outside respectively. Generally the
outer and inner impedances are always equal to the ones of the surrounding medium
itself. But for all the developed simulations the surrounding media impedances will be
taken in such a way the boundary reflection effect is attenuated so that these reflected

components do not influence the wave propagation inside the artery cross-section

The model in Matlab gives the possibility of using the Simulink toolbox to design
a variety of wave signals to be considered as source signals in the simulation part (Same
generated signals as for the developed regular TLM model in the previous chapter).

These signals could be implemented anywhere in the medium.
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For the healthy artery model, the same sinusoidal source in the previous chapter is
designed and injected in one of the nodes from the inner radius specifically in the 199™

angular and 1* radial position.

Figure 4-29 Snapshots of the spatial distribution of the wave amplitudes on the artery cross-
section (pictures taken every 8 time samples)

The cylindrical TLM model offers the possibility of taking snapshots of the
amplitude distribution along the entire medium surface. This distribution contributes to a
visual inspection of the wave behavior in the medium. In fact a colorful snapshot is given
for the artery. This picture is always the only mean for the medical doctors to diagnose

the anomalies that could form inside these arteries.
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Figure 4-30 Time signals record of the wave propagation at different
locations

This model offers also the possibility of recording the wave signals in time at all the
nodes locations. This type of data gives the possibility of developing a more analytical

and precise study of the wave behavior inside the artery.

4.3.3. IVUS TLM model for abnormal artery

Unbhealthy artery cross-sections contain inclusions and anomalies. The purpose of
this section is to show the ability of the cylindrical TLM method in modeling such
abnormalities inside the artery. An obstacle will be embedded inside the mesh grid of the
circular medium. Size and location of this obstacle or inclusion are made flexible to give
the possibility of manipulating these parameters. In addition to the geometric properties,

the acoustic properties can also be changed accordingly.

103



g Y AL TV AT PN Pt o
T R AL TRAR T PAL NS
¥ et rey ey teL b,
¥ eratntreniag, | TN ey S, 00,
00 et e
Wt et e st et e
I ML
.

o
T, te, "
Srea T 200 )
tes
-,
evrove IR IR
AVl T raugg, Tora, T0e Ve S0y b,
et i it N %
- or vy tT .
A A A MIIONST R e P I N ML
Sl N

3
A0
K
s
.
.
)
)

orr e trteny, ]

eontreerrbterye,, .

",
%
%
%
%
%
]

!

a3
%
' 45 %
.
0
", %
%
%
RN
)
“
“

P

Figure 4-31 Inclusion inserted in the circular medium between the 70™ and 130™ angular nodes
and 20™ and 30" radial nodes

The inclusion is characterized by four edges where the transmission/reflection law is

applied
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Figure 4-32 Common edges between the healthy artery (blue region) and the inclusion (red
region)
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Figure 4-33 Reflection/transmission of the wave components between the inclusion and the artery

Edge 1 and Edge 3:

k+1V31 (r,9)= leV3R(”>9)+T2 leR (r,l9+d9)
oV (7,0 +d0)= R, V7 (r,0 +d0)+ T, Vi (r,60)

where &, = Z,(r,9+d9)—Z3(r,0),T] 1R and R, = ZB(r,H)—Zl(r,0+d6’),T2 1-R,
Z(r,0+d0)+Z,(r,0) Z,(r,0)+ Z,(r,0 +db)
Edge 2 and Edge 4:
k+]V41 ("’H)z R, kV4R(’"39)+T2 szR (r+dr,9)
Vi +dr,0)= Ry VR (r +dr,0)+ T, VX (r,0)
where R, = Zz(r+a’r,67)—Z4(r,9)’Tl “1-R and R, = Z4(r,0)—Zz(r+dr,0)’T2 S1-R,
Z,(r+dr,0)+Z,(r,6) Z(r,0)+ Z,(r +dr,0)
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The same sine wave of the healthy case is injected from the inner radius (node (1* radial

direction, 100™ angular direction)) and the wave propagation is recorded.
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Figure 4-34 Time signals record of the wave propagation at different locations having different
inclusion
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It can be shown from Figure 4-34, the effect of the acoustic properties of the inclusions
that form inside the artery. This model will be employed in the next chapter to analyze
these recorded signals and build a lumped parameter model of the different tissues types

based on their size and acoustic properties

4.4. Summary

In this chapter, a new approach using TLM method was developed in order to
solve for the ultrasound wave propagation in irregularly shaped media. This method
departed from taking into account the difference in gridding rates in different direction
and has built a new scattering process of the wave in order to circumvent the
irregularities in the geometry. A new scattering process of the wave has been established
that is dependent on the geometry of the lines linking the nodes of the medium mesh grid.

This scattering process is also function of the acoustic properties of the studied medium.
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Both irregular Cartesian and cylindrical irregular TLM models were developed. These

models were validated against regular TLM models that exist in the literature.

Since IVUS images artery cross-sections which has a circular medium, cylindrical
irregular TLM model was adopted in order to mimic the ultrasound wave propagation
inside the medium. This model has shown its flexibility to design multiple source waves
that could be injected in any location of the medium. The propagating signals could be
recorded function of time and space. In addition to the healthy artery that was modeled, it
has been shown that inclusion could be introduced anywhere in the medium with

different geometric and acoustic properties.

This model will be used in the next chapter to characterize different inclusions

using the recorded time signals.
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Chapter 5 Tissue characterization using

digital signal processing techniques

The ultimate goal of this study is to define a procedure by which arterial tissue
characterization (healthy tissue and inclusions or plaques) can be realized. In the past,
elaborate and meticulous approaches have been proposed that could differentiate
quantitatively between the various tissue types and specifically between the different
plaque burdens. This chapter departs from the traditional approaches appearing in the
literature by considering the inclusion within a medium to be a dynamic system. A
system identification approach will be adopted to characterize the dynamics of the
plaque. Thus, the TLM models developed in chapters 3 and 4 will be used as a mean of
acquiring the time signals transmitted and reflected in a region of interest within the
medium (plaque or inclusion location). These signals will be considered as inputs and
outputs to the dynamic system where digital signal processing techniques are employed
to identify a parametric model for these plaques. To apply parametric system
identification, the design of the wave source (i.e., the signal to be transmitted from the
IVUS) should be identified. The traditional notion of the persistency of excitation
condition will be exploited so that the dynamics of the plaques are captured. In this
chapter an introduction on the system identification approach will be given. The
conventional regular and cylindrical irregular TLM models will be then adopted to
generate different parametric models of the plaques. To conclude this chapter, parametric
models will be constructed for soft and hard plaques using both regular and cylindrical

irregular TLM models.

108



5.1. Introduction to system identification technique for an artery tissue
Presented is a brief introduction to system identification. The approach adopted
for this work will then be detailed. Finally the steps of the identification process will be

presented.

5.1.1. System identification overview

System identification techniques have been widely used. These techniques usually
lead to the modeling of a dynamic system using experimental measurements. In fact this
dynamic system is excited by a rigorously selected input signal. Then the output and
input are observed and recorded for processing (Figure 5-1). Generally these system
identification techniques will identify a mathematical model which maps an input signal
to an observed output signal. For a given model order, statistical methods will be applied
on the input/output data to estimate the model parameters that best fit this set of data. The
best fit criterion is based on the minimization of the error between the model output and

the experimental output given by the dynamic system.

saoueqINISIP

Input signal Dynamic system Outpué signal )
O —— i

Figure 5-1 Dynamic system characterized by an input signal, an output response and a
disturbance term

The system identification procedure can be summarized by the flowchart in
Figure 5-2. In fact the model structure and the estimation of the unknown parameters of

the model will be iterated until the validation process is fulfilled.
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Figure 5-2 Schematic of the different steps for system identification

The need of system identification lies in the quantitative information that is provided for
the dynamics of the system. Many properties could be determined and studied from these

identified models (stability, performance, mechanistic discoveries, etc.) (29).

5.1.2. Arterial tissues and system identification

The idea of applying system identification techniques to soft biological tissue
characterization dates to the early 80’s. The purpose of using the input/output signals to a
given tissue was to determine the wave amplitude attenuation coefficient dependence of
the tissue in terms of the frequency. A homogeneous layer of the tissue is considered.
The input signal is the transmitted source signal entering the front side of the tissue and
the output signal is that portion of the signal leaving the medium on the backside. The
Fourier transform is applied to these input and output signals and the ratio of these

transforms, known as the frequency response function of the medium (soft tissue), is

considered for the attenuation study (30; 31). In fact from Figure 5-3, u(z‘)and y(¢t)are

transformed to U ( f ) and Y ( f ) (Fourier transforms). The frequency response is then

derived H,(f) = 5(6[))5:8; = g:f,%;;’ fis the frequency range, S,,(f) and S,,(f)

are the cross-spectrum of u and y and auto-spectrum of u respectively. This response is
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used to determine the relationship between the attenuation of the wave amplitudes the

tissue thickness and the frequency.

1
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Figure 5-3 Input and output signals to a portion of a soft tissue

The same system identification approach is applied for the artery cross-section
hereafter in the plaque characterization process. Since the TLM models were established
previously in chapters 3 and 4, the wave which is propagating in the artery cross-section
is taken from these models to serve as input and output signals to the regions of interest
(inclusions on the artery or a portion of the healthy artery). Using either the regular
conventional TLM model or the irregular cylindrical TLM model, the plaque location and
size will be specified. Then the input and output signals to the plaque will be “recorded”
via numerical simulations. These signals will be used in the system identification process
to build a parametric model of this plaque. Figure 5-4 and Figure 5-5 show how the
system identification process is applied to the plaque using both regular and irregular
TLM models. The source signal design is paramount in capturing the arterial dynamics to
be studied. Equally, the system identification method is of the same importance for the
modeling process. The system identification procedure of the plaque and healthy artery
will be detailed in the next section. This process will lead to different parametric models

of these tissues depending of their geometric and acoustics properties.
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Figure 5-4 System identification approach applied to the plaque portion using regular TLM model
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Figure 5-5 System identification approach applied to the plaque using cylindrical irregular TLM
model
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5.1.3. System identification process of the artery tissue components
Three essential components in the system identification include: the design of the
input signal, the choice of the model structure and the choice of the system identification

method.

5.1.3.1. Persistency of excitation of the input signal
Any input signal used in the context of system identification must meet certain
condition. In particular, the input signal should be persistently exciting. The frequency

domain condition enforcing a persistency of excitation is:

A signal u(t)characrerized by its spectrum @ (w)is said to be persistently

exciting if
D, (a)) >0 for almost all w(32)

Thus the spectrum may be zero on a set of number of points (almost all definition).

One classical frequency-rich signal is the swept sine signal which is also known as the
“chirp signal”. The chirp signal is a single sine wave with a frequency that is changing
continuously as a function of time.The general mathematical presentation of the swept

sine wave is

u(k)= Asin[znﬁ(k)*g‘f‘—l)wj +B

$

ﬂ(k)zfmm + (fm;xt_fmm)(k;IJ where fs Z2]rmax

Ais the wave amplitude, Bis the signal bias term, ¢ is the phase angle of the wave and
ﬁ(k)is the time varying frequency of the swept sine in Hertz. The frequency f, is the

sampling frequency. The frequency ﬂ(k) is a linearly varying frequency over

in this case

the interval [/,

mn ?

Soax ] The target time, denoted as ¢ is the time for which the upper

target

bound of the frequency range is achieved.
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Figure 5-6 a) Swept sine signal, b) Swept sine power spectrum

[lustrated in Figure 5-6 a), is a swept sine that is constructed using Matlab. It can
be seen from Figure 5-6 b) that the auto-spectrum satisfies the condition of persistent

excitation (auto-spectrum is non zero in almost all the frequency range).

During the system identification process of the plaque and healthy tissue
characterization, a swept sine will be designed as the source signal. From literature, the

frequency range used in the signal processing for the soft tissue is in the range of
[IO5 107 JHz. The swept sine is therefore designed such that the frequency covers this

range.

Bwepi sine élgpa

Figure 5-7 Swept sine signal where the frequency range is between [104 ,107 JHz
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This signal will be combined with a zero-element vector. As illustrated in Figure
5-8, a swept sine is designed to be the source signal of the simulation part for the TLM

models. The sampling time of this signal is equal to 10 sec
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Figure 5-8 Constructed swept sine pulse

5.1.3.2. Model structure

For a given dynamic system, it is necessary to introduce tools that determine how
its parameters relate to each other. This relationship is called the model of the dynamic
system. These models can be divided into two main categories: non-parametric and
parametric models. Non-parametric models are presented in the form of graphs mainly
Bode plots (magnitude and phase of the transfer function of the system). These frequency
response functions (FRFs) are mainly used for linear system to analyze its dynamics.
Parametric models on the other hand are described by a mathematical relationship
(difference equations relating the input and output signals). These models offer a
sophisticated and rigorous quantitative analysis of the system properties. They are also

used for simulations and forecasting purposes.
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Since the purpose of this study is quantitative tissue characterization, a parametric
modeling approach will be sought. The model structure for the different tissue
components of the artery cross-section will be unknown a priori. The collected input and
output signals will be inputted to an appropriate system identification technique to

determine the model structure.

5.1.3.3. System identification method

This process is composed of two stages. In the first stage, the identification
technique that is used for modeling purposes is the so-called Orthogonal Least Squares
(OLS) method (53,54). This method is a discrete time domain based approach where the
time signals are used for model determination. In fact, the transient time domain
information generated from the TLM artery models and their delayed components will be
used as possible input regressors. This method will determine the most significant
regressors from a broad range of possible candidates to identify the best parametric
model. The general model structure can be linear or nonlinear. However for this work, it

is anticipated that only a linear model will be needed.

A discrete time model generally resembles a polynomial structure. Considering a
general case, a discrete system model with unknown coefficients (model parameters to be
estimate) can be transformed into the linear-in-the-parameters representation by means of

the expansion

M

2(k)=>p, (K)o, +&(k), k=1..N, (5-1)

=1

where z(k) is the output, p, (k) are the monomials of the different inputs up to certain
degree M , 6 are the unknown parameters of the model to be estimated, §(k)is the

modeling error and NV is the data length.

Equation (5-1) can be transformed to the matrix form

Z=PO+E. (5-2)
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Given this formulation, a linear least squares problem emerges. The proposed Orthogonal
Least Squares (OLS) method systematically searches the entire regressor space
(monomials) as precised in equation (5-2) to find the best error reduction set, transforms
these optimal regressors into orthogonal components, and then perform final regressor
identification based on the new orthogonal system. These estimates will be mapped back
to the original parameter estimates with their relative regressors given in equations (5-1)
and (5-2). This is called Parameter Estimation (PE). Structure Selection (SS) algorithm is
then applied where it is anticipated that a linear model will emerge. This procedure takes
the estimated parameters and statistically prioritizes these regressors into the most
significant regressor, second most significant regressor and so on until accuracy of the

model output is realized (see Figure 5-9).
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Figure 5-9 Flowchart of the orthogonal least squares method
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The second stage is characterized by the estimation of the model coefficients. A
second system identification technique called recursive least squares (RLS) is used (29).

This method departs from a system of linear equations in the matrix form
Y=PO, (5-3)

where © € ®**'is the unknown parameters of the model to be determined, ¥ € R"'is the
output vector P e R is the information matrix which is function of the input and

output vectors.

The utility of this method is to calculate the inverse of the information matrix.
Based on an algorithm that is composed of three equations, the inverse matrix is simply
calculated by means of additions and multiplications. The RLS method details are
included in the implementation appendix RLS. Finally once the inverse of the
information matrix is found, the model coefficient vector® can be calculated from

equation (5-3).

5.2. Tissue characterization using regular and cylindrical irregular TLM

models

As developed in the previous section, a swept sine wave will be considered as the
source signal. This choice of the input came out from a thorough investigation on the
impact of some designed inputs on the model structure to be identified by OLS. A set of
inputs were designed. This set was composed of a swept sine, a Schroeder wave, a pulse
and a band limited white noise. Swept sine and Schroeder wave signals were the more
appropriate candidates since they are characterized by their frequency-rich content and
their persistent excitation property. During the model structure identification all the
considered inputs except the swept sine gave different model structure of the plaque
while its properties were changed. That is why, the swept sine signal was considered to

be the best input that captures the dynamics of the studied plaques.

First a regular TLM model will be developed where a plaque having different
acoustic/physical properties will be included. A parametric model will be generated for

the plaque portion in the regular TLM model. An irregular TLM model will then be
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generated where the same plaque will be inserted. Using the same system identification

technique, a plaque model will be constructed for both cases.
5.2.1. Tissue characterization using regular TLM model

5.2.1.1. Model structure determination
A medium composed of 90 by 300 nodes in the horizontal and vertical directions
respectively is constructed using the regular TLM model. The plaque is located between

the 10" and 30™ horizontal nodes and 25" and 65" vertical nodes.

Figure 5-10 Plaque inserted in the regular medium

The designed swept sine signal is composed of 600 data points with a sampling
time that is equal to 10® sec and a frequency range of 1104,107]Hz. This input was

injected at the 1 horizontal and 45" vertical node. The 45™ vertical direction coincides
with the middle line crossing the plaque. The input (10™ radial position) and output (31°
radial position) signals to the plaque are recorded. Since the plaque characterization lies
on parametric modeling, these input/output signals will be used in the OLS algorithm to
construct such models. In fact, the OLS algorithm is applied for the input/output data
according to each plaque characteristics (acoustic density and speed). The results
generated by OLS are presented in a form of parametric model linking the current output

to the previous outputs and inputs

y(t)= ia,y(t—i)+ibju(t—j). (5-4)
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The OLS will be the decisive tool of the model structure determination for the
plaque The system 1dentification approach is always seeking a model which gives the

maximum of accuracy with respect to the real dynamic system.
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Figure 5-11 Input signal to healthy plaque that has a delay of 10 time samples
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Figure 5-12 Output signal to healthy plaque that has a delay of 30 time samples

A preprocessing step should be done for the input and output signals obtained as

illustrated in Figure 5-1land Figure 5-12 before applying the system identification
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technique. In this step the trend value of the signals are eliminated to guarantee the zero-
trend value property of the data. This elimination is performed via Matlab by means of
“detrend” commands which removes any trend that could exist in the signal. In addition,
the delay between both signals is taken out. The way this delay was removed is by just
getting rid of the time delay resulted from the propagation time that the wave is taking

from the considered input node to the output node.

Dielas Flonan von

Figure 5-13 Preprocessing of the input and output signals to the plaque

After preprocessing, the OLS algorithm is applied to the input/output sets of data
and a discrete parametric model is established for the plaque. The following simple first

order linear model is generated for the different plaques
)= a, ke —1)+ bou(k), (5-5)
where y(k)is the model output of the plaque and u(k) is the input to the plaque.

The OLS provides the model output versus the actual TLM output to the plaque. Figure
5-14 and Figure 5-15 illustrate the generated model output and the error estimation

between this model output and the actual TLM output.
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5.2.1.2. Model Coefficients determination

In order to investigate the effect of plaque acoustic properties variation on the

model, a first order continuous model is derived from the input/output data sets

dis the DC gain and 7 the

The DC gain and the time constant are determined using different approximations of the
first derivative of the output, )'/(t). These approximations calculations were performed to

test the robustness of the model coefficients when recovering continuous model from

o(e)+ y(0) = dult).

time constant
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discrete model. Multiple first time derivate approximations were performed to recover the
continuous model calculations. The model coefficients were calculated and compared
using these approximations and the error variation was negligible. The results are detailed

hereafter.

Centered first order derivative approximation: The first derivative is approximated by

oy i) =yli-1)
#0=> 2Aty '

Wi )=2G=1) 6y o),

Equation (5-6) becomes 7
2At

y(z') =—T y(i i 1)2;:}(1 — 1) + du(i). 5-7

Forward second order derivative approximation: The first derivative is approximated by

5(0)= —y(i+2)+421)A/Ei+l)—3y(i)’

Yi+2)+4y(+1)-3y() (i) = auli),

Equation (5-6) becomes 7 —
q (5-6) A

y(l,):__T—y(i+2)+42lzsi+1)—3y(i)+du(i). (5-8)

Backward second order derivative approximation: The first derivative is approximated by

3(i)= 3p()~ 4)’(;;;)““ Ai-2) '

3p() -4y - 1)+ y(i-2)

o + (i) = duli),

Equation (5-6) becomes ©

(i) = —r 2= 4y (;;tl)“’ (=2), (s, (5-9)

Centered fourth order derivative approximation: The first derivative is approximated by

y(i)z - y(i+2)+ 8y(i +112);t8y(i —1)+ y(i - 2) .
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—y(i+2)+ 8y(i+1)—8)’("‘1)+y(i"2)+y(i)= du(i),

Equation (5-6) becomes 7
b (5-6) 12A¢

W)= — (i +2)+8y(i +112);t8y(i ~1)+ y(i - 2) +au(i). (5-10)

Equations (5-7), (5-8), (5-9) and (5-10) reduce to the matrix equality

Y=ro, (5-11)

where® = [6 [’ is the unknown parameters to be determined, ¥ is the output vector and

P is the information matrix which is function of the input and output vectors.

The identification of the model parameter vector@is found using least-squares-based
algorithms. Generally the four-step instrumental variable method is used to improve the

least squares estimates by reducing bias generated by noise or un-modeled disturbances.

Since the output/input data sets are recorded from a purely computational model, these
signals are noise free. Hence the recursive least squares technique is used to identify the

model coefficients in equation (5-6).

As developed in Chapter 3, the plaque inserted inside the healthy tissue will
produce a reflection/transmission phenomenon due to this change along the four edges of

the plaque. Considering Z.,,... = Cpiugue Prrague 9 Z 41r, = Copter, P arery 10 be the acoustic

impedances of the plaque and artery, then the reflection and transmission coefficients are

-7
+7Z

Z Plaque Artery
R= ,
VA

Plaque Artery

(5-12)
-7
+Z

Z
Plaque Arter
T =1--" d

Z

Plaque Artery

The characterization of the plaque will be linked to the model coefficients and
mainly the DC gain. The DC gain is expected to decrease if the impedance is increasing.
This is explained by the fact that if the acoustic impedance is going up then the density of

the plaque is increasing, meaning that this portion of tissue is getting harder and denser
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mechanically. A denser material has a repulsive effect and the transmitted signal into it is
minor. This means that the denser the material is the more resistive effect it shows.

Therefore if the impedance goes up then the DC gain is expected to decrease.

In the TLM model, the plaque acoustic impedance is increased gradually and the
input/output data sets to this plaque are recorded. The model coefficients (DC gain and
pole location) are calculated using the different approximations described in equations
(5-7), (5-8), (5-9) and (5-10). The same coefficients values are obtained using these

different approximations.

Acoustic Impedance [Kgm™2s71] DC gain d
ZhealthyTissue = 1559216 0.5634
Z = 1.2 X ZpealthyTissue 0.5171
Z = 1.4 X ZpealthyTissue 0.4778
Z = 1.6 X ZpealthyTissue 0.4442
Z = 1.8 X ZpealthyTissue 0.4149
Z = 2 X ZyealthyTissue 0.3893

Table 5-1 DC gain variation as function of the acoustic impedance of the plaque (regular TLM
model)

Table 5-1 confirms that the DC gain is indeed decreasing when the acoustic

impedance of the plaque in increased.

Table 5-2 shows that the pole location or the time constant 7 (indicator of the time
response of the system) is decreasing likewise the DC gain when the acoustic impedance
is increased. This is could be explained physically by the fact that the increase of the

hardness of the tissue (the plaque) will affect the speed of the system response.

Acoustic Impedance Time constant 7
[Kgm™2s71]
ZnealthyTissue = 22.15
1559216
Z = 1.2 X ZneaithyTissue 21.95
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Z = 1.4 X LnearnyTissue 21.81
Z = 1.6 X ZnearnyTissue 2171
Z = 1.8 X ZnearnyTissue 21.64

Z = 2 X LnealthyTissue 21.61

Table 5-2 Time constant variation as function of the acoustic impedance of the plaque (regular
TLM model)

It has been shown that both DC gain and time constant of the first order model are
decreasing when the acoustic impedance of the plaque is increasing. This result confirms
what is expected to happen physically. The coefficients variations are summarized in

Table 5-3 and Table 5-4.

Acoustic Impedance Acoustic impedance DC gain d DC gain
[Kgm™2s71] change [%] change [%]
Z = 1.2 X ZnealthyTissue 20 0.5224 —8.22
Z = 1.4 X ZhealthyTissue 40 0.5090 -15.19
Z = 1.6 X ZpealthyTissue 60 0.4910 —21.16
Z = 1.8 X ZpealthyTissue 80 0.4699 —26.36
Z = 2 X ZpealthyTissue 100 0.4472 -30.90

Table 5-3 DC gain variation in percentage (regular TLM model)

Acoustic Impedance Acoustic Time Constant T | Time Constant
[Kgm™2s71] impedance change [%)]
change [%]
Z = 1.2 X ZpealthyTissue 20 25.04 -0.9
Z = 1.4 X ZpealthyTissue 40 23.28 -1.5
Z = 1.6 X ZpealthyTissue 60 21.34 -1.99
Z = 1.8 X ZpealthyTissue 80 19.3 -2.3
Z = 2 X ZpealthyTissue 100 17.28 —2.44

Table 5-4 Time constant variation in percentage (regular TLM model)
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5.2.2. Tissue characterization using cylindrical irregular TLM model

Using the cylindrical irregular TLM model, a disk can be deformed to a
rectangular shape by making the radius range much bigger than the angular interval. The
shape is transformed exactly to a rectangular shape that has the same thickness and
number of radial nodes as of the regular TLM case (Figure 5-16). The same plaque size
and location as of the regular TLM model is considered. The plaque is located between

the 10™ and 30™ radial nodes and 25" and 65™ angular nodes.

The same designed swept sine signal is injected at the 1% radial and 45" angular
node. The 45™ angular direction coincides with the middle line crossing the plaque. The
input (10™ radial position) and output (31* radial position) signals to the plaque are
recorded. Similarly to the regular data sets, the same preprocessing step is performed

before applying the OLS algorithm for model identification.

[RTI s T T

TR s

Figure 5-16 Plaque inserted in the circular irregular medium and transformed to a rectangular
medium

The same model structure is found by OLS for the cylindrical irregular TLM model
y(t) = a]y(t - At)+ bou(t) .

The acoustic wave leaving the plaque is y(t), u(t)is the acoustic input to the plaque and

At the sampling time.
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Figure 5-17 Plaque nserted in the circular irregular medium
[lustrated in Figure 5-17 a) is the actual plaque output versus the model output of
the plaque. Shown in Figure 5-17 b) is the error histogram between those two signals for

a given impedance value of the plaque.

In the cylindrical irregular TLM model the transmission/reflection phenomena as
developed in Chapter 4 is function of the densities change between the healthy tissue and

the plaque

W OF1oa
Edge 1

Fdge 3

Figure 5-18 Reflection/transmission across the plaque edges
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In fact, for Edges 2 and 4 the reflection and transmission coefficients are respectively

given by:

_ Zz(r+dr,9)—Z4(V,9) T =1—R1andR2 — Z4(r,0)—Zz(r+dr,0) T =1-—R2.

Yz (r+dr,0)+Z,(r,0) " Z,(r,0)+Z,(r +dr,0) "’

It can be seen that theses reflection/transmission coefficients are function of the
lines impedances. These impedances are function of the density of the medium where the

wdrp,

wrdBp,
7 Z,and Z, =

lines are (Z, = Z,;). Thus to study the plaque type effect

on the model coefficients, the variation of the DC gain and pole location is studied as
function of the plaque density variation. Therefore the speed is set constant and the
density of the plaque is varying with respect the healthy tissue density. The same
approximations specified in the model coefficients determination section are used to

determine the coefficients of the continuous model in equation (5-6).

Acoustic Impedance DC gain d
[Kgm™2s7"]

ZhealthyTissue = 0.5275
1559216

Z = 1.2 X ZypealthyTissue 0.5224
Z = 1.4 X ZyealthyTissue 0.509

Z = 1.6 X ZnealthyTissue 0.491

Z = 1.8 X ZpealthyTissue 0.4699

Z = 2 X ZpealthyTissue 0.4472

Table 5-5 DC gain variation as function of the acoustic impedance of the plaque (cylindrical
irregular TLM model)
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Acoustic Impedance

Time Constant T

[Kgm™2s71]

ZhealthyTissue = 26.42
1559216

Z = 1.2 X ZnealthyTissue 25.04
Z = 1.4 X ZpealthyTissue 23.28
Z = 1.6 X ZpealthyTissue 21.34
Z = 1.8 X ZpealthyTissue 19.3

Z = 2 X ZpealthyTissue 17.28

Table 5-6 Pole location variation as function of the acoustic impedance of the plaque (cylindrical
irregular TLM model)

As in the case of the regular TLM model section, it is expected that both the DC

gain and the time constant to decrease when the acoustic impedance of the plaque is

increased and this is what is presented in Table 5-5 and Table 5-6.

It can be seen from both models that a plaque could be characterized by a first

order system. In fact the coefficients variation of this model is inversely proportional to

the acoustic impedance

following tables.

variation. The coefficients variations are summarized in the

Acoustic Impedance Acoustic impedance DC gain d DC gain
[Kgm™2s71] change [%] change [%]
Z = 1.2 X ZpealthyTissue 20 0.5224 —-0.97
Z = 1.4 X ZnealthyTissue 40 0.509 -3.51
Z = 1.6 X ZpealthyTissue 60 0.491 —6.92
Z = 1.8 X ZpealthyTissue 80 0.4699 —10.92
Z = 2 X ZnealthyTissue 100 0.4472 —15.22

Table 5-7 DC gain variation in percentage (cylindrical irregular TLM model)
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Acoustic Impedance Acoustic Time Constant T | Time Constant
[Kgm™2s71] impedance change [%]
change [%]
Z = 1.2 X ZnealthyTissue 20 25.04 —5.22
Z = 1.4 X ZpealthyTissue 40 23.28 —11.88
Z = 1.6 X ZpealthyTissue 60 21.34 —19.23
Z = 1.8 X ZpealthyTissue 80 19.3 —26.95
Z = 2 X LpealthyTissue 100 17.28 —34.6

Table 5-8 Time constant variation in percentage (cylindrical irregular TLM model)

5.3.  Soft and hard plaque characterization:

The model coefficients identification can be applied to differentiate between soft
and hard plaques in arteries. The difference between soft and hard plaque are dictated by
the difference in their acoustic properties. A hard plaque is characterized by high acoustic
impedance with respect to the healthy artery tissue whereas a soft plaque has low acoustic

impedance compared to the healthy tissue.

Acoustic Impedance | DC gain d | Time constant T
Soft plaque 0.727 22.776
Hard plaque 0.201 21.026

Table 5-9 Model coefficients variation as function of the plaque type (regular TLM model)

Acoustic Impedance | DC gain d | Time constant T
Soft plaque 0.439 24.97
Hard plaque 0.11 0.46
Table 5-10 Model coefficients variation as functilorll of the plaque type (cylindrical irregular TLM
model)

Despites the difference in the coefficients variation between the regular TLM and
cylindrical irregular TLM models, it has been shown that both the DC gain and time
constants are decreasing when the acoustic impedance is increasing. The soft plaque is

characterized by a high DC gain compared to the hard plaque.
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The considered hard plaque is characterized by an acoustic impedance that is five
times higher than the normal tissue. The soft plaque is characterized by an acoustic

impedance that is half of the healthy tissue.

Considering the model structure found during the tissue characterization, the
plaque can be viewed as a first order low pass filter. This first order filter illustrated in
Figure 5-19 is characterized by a DC gain and a time constant that decrease when the

resistance R, is increasing.

1 1]

Figure 5-19 RL low pass filter

v
V.=Rici=—2,
RZ
v, :R1i+Lfl—l+Vou,
dt
R, . Lay

e + out + V
n R2 out R2 d t out

Applying Laplace transform for the above equation

2 2
= Vout — 1
v, R +R +£S
Rz 2
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The transfer function of this filter is the following

RZ
R, +R,
L
S
R +R,

TF = (5-13)

1+

The resistance R,and R, can be linked to the acoustic impedance of the medium. From
the transfer function above, if R,and R, increases the DC gain and the time constant

decrease.

5.4. Summary

In this chapter both regular and irregular TLM models were considered to emulate
ultrasound information transmitted through the studied tissue. System identification
techniques were used to differentiate between the healthy tissue and different plaques
(inclusions inserted in the healthy tissue in the TLM models). Special attention was given
to parametric identification methods to construct a plaque model. This model is
characterized by quantifiable coefficients that vary according to each plaque
characteristics. The identification was characterized by a two-stage process. The model
structure was firstly determined by means of the orthogonal least squares method. The
plaque inclusion was found to be a first order system. Secondly the model coefficients

estimation was performed by means of the recursive least squares method.

By varying the acoustic properties of the plaque the model coefficients were
calculated accordingly. It has been shown that when the acoustic impedance of the plaque
is increased the DC gain and time constant are decreasing. The DC gain decrease could
be explained physically by the fact that the increase of the acoustic impedance implies the
increase of the resistance of the plaque which is inversely proportional to the DC gain.

The same thing applies for the time constant behavior.
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It has been shown that the plaque characteristics can be characterized quantitatively based
on the ultrasound waves using the system identification approach. This methodology

could be applied on the real IVUS Radio-Frequency signals.
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Chapter 6 Conclusions

This work was composed of two main parts. A modeling process, which produced
a set of data describing the ultrasound propagation in rectangular and circular media, was
developed. A post-processing process that used the generated data from these developed

models for tissue characterization.

In the first part of this thesis, ultrasound wave propagation through biological
tissues and specifically through arterial wall was studied. This modeling work was
twofold. First it departed from a simple regularly-shaped medium (rectangular geometry)
where a transmission line matrix (TLM) model was employed to capture the ultrasound
wave propagation. In a second step an irregular TLM model was constructed based on a
circular-shaped medium (disk) to simulate IVUS. Both of these models were based on the
discretization of the medium where the Huygens principle was applied in the propagation
process from one node to another. These models offered the possibility of introducing
any kind of inclusion inside the simulated medium in terms of geometric and acoustic
properties. Additionally, any type of ultrasonic wave source could be inserted anywhere
in these models. Moreover the propagating ultrasound waves were recorded in a digitized

format in any location at any time specified during the numerical simulation.

In the second part, advanced system identification techniques were introduced and
applied to characterize tissues. This approach used specific simulated waves in terms of
locations to serve as the input/output data sets for the dynamic identification of these
regions of interest. This characterization was based upon the construction of parametric
models in the form of transfer function where its coefficients are directly related to each
plaque type. A first order structure was thus found for all plaque types with different DC

gain and time constant values depending on the properties of these inclusions.

A quantitative study was performed to link the variation of these two parameters
with respect to acoustic properties. it has been shown consequently that these plaque
characteristics were identified quantitatively based on the ultrasound waves using the

system identification approach.
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In the rest of this chapter, contributions of this work will be enumerated. Then

future directions will be proposed to extend the use of our system identification approach

for arterial plaque characterization.

6.1. Contributions

The contributions in this work involved both modeling and tissue characterizations

parts. These contributions are enumerated herein. In the modeling section our inputs have

touched many aspects:

Ultrasound propagation model has been extended from regular medium
(rectangular geometry) to the circular case to simulate appropriately IVUS
(disk shape in accordance with the artery cross-section).

Flexibility of the model to design any ultrasound source wave at any preferred
location.

Easiness of inserting inclusions to model plaques (size, location and acoustic
properties).

Ability of recording propagating ultrasound wave time signals in all locations

in the medium.

In the tissue characterization parametric system identification was for the first time used:

An optimized ultrasound source signal was designed. In fact a broadband
frequency signal that is persistently exciting was applied to guarantee full
dynamic response of the tissue or plaques.

Robust system identification techniques that are invulnerable towards noise
effects were employed.

An accurate procedure consisted of model structure determination of the
plaque followed by model coefficients determination was adopted.

A real quantitative characterization of the arterial tissue and plaques was

achieved based on the identified parametric models.
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6.2. Future work
The performed modeling part served as a tool to simulate IVUS. This simulated
IVUS helped to acquire ultrasound time signals which replaced the real radio-frequency

echoes of IVUS. These signals were used after that for the tissue characterization process.

This characterization approach should be extended to be applied on real RF
echoes of the IVUS. In this proposed future work line, the same technique to diagnose the
presence of plaque in arteries will be used. An experimental setup will be developed by
acquiring IVUS equipment. Experiments will be performed on human coronary artery-
like tubes where all the acoustic properties will be preserved. Different plaques will be
included in these tubes. Time domain identification techniques developed in this thesis

will be applied to the recorded data via the IVUS system.

In a second stage, based on the parametric models generated by these techniques a
HD image of the artery cross-section will be reconstructed. The colors of this image will
be function of the model coefficients variations. As a mean of validation of these
methods, the constructed HD images will be compared to the actual Artery like tube

cross-sections.

A special attention should be directed to the design of the source wave. First,
broadband excitation signals should be designed and used which in turn gives a full
dynamic response of the artery cross-section. Second, a broadband frequency excitation
completely eliminates the traditional trade-offs in IVUS imaging employing discrete
frequency excitations. This broadband excitation will enable multiple identifications of
the same tissue properties using different frequencies. These multiple identifications lead
to significantly higher resolutions and deeper penetration depths simultaneously. This
collectively, all-at-once artery wall characterization is precisely what will produce the

higher-definition images from tissue property estimates
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