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To my parents

Nothing is impossible, the word itself says “I'm possible”!
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POPULARVETENSKAPLIG SAMMANFATTNING

Hjirt- och kirlsjukdomar som till exempel aderférkalkning utgor en av virldens
vanligaste dddsorsaker. I den hir avhandlingen har vi utvecklat olika metoder som med
hjilp av bildanalys ger virdefull information om kirlviggen i syfte att forbittra
kunskapen om artirer och framférallt d4derférkalkning. I avhandlingen presenteras fem
olika metoder som alla 4r baserade pa bilder som #r tagna med hjilp av ultraljud.
Tillsammans mojliggor dessa metoder nya och sikrare sitt att diagnostisera olika
skeden av dderforkalkning. Till exempel har vi visat att en av metoderna kan anvindas
for att karakedrisera arteriella plack, vilket kan innebira en sikrare bedémning om en

patient riskerar att drabbas av stroke eller hjirtinfarke.

Aderforkalkning innebir att kirlen i kroppen blir allt stelare. Bindviv, fett och
inflammatoriska partiklar samlas i kirlviggarna som blir gradvis tjockare. En lokal
stérre ansamling av till exempel fett och inflammatoriska partiklar kallas for ett
arteriellt plack. Plack kan vara sa stora att de trycker in kirlviggen i blodbanan och
hindrar blodflédet. Det finns alltid en risk att kirlviggen runt ett plack spricker. Nar
detta hinder borjar blodet koagulera och det bildas en propp. Detta innebir en akut
kirlkomplikation dir blodflodet stoppas och efterliggande vivnad snabbt lider av
syrebrist. Hjirtinfarke (propp i hjirtat) och stroke (propp i hjirnan) dr tvd vanliga
foljder. Hur stor risken ir att ett plack brister beror till stor del pa plackets innehall.
Plack med en stor kirna av fett och inflammerade celler innebir en stor risk medan ett
plack med mycket bindviv utgér en mindre risk. Idag saknas effektiva verkeyg i bade
sjukvard och medicinsk forskning for att pi ett optimalt sitt diagnostisera graden av
dderforkalkning, bade i tidiga och sena skeden. Det finns idag inget effektivt sitt att i
forvig se om ett arteriellt plack 4r farligt (har stor risk att brista) eller inte, vilket hade

varit dnskvirt vid till exempel bedomning om en patient ska opereras eller inte.

Syftet med den forsta metoden (presenteras i artikel I och II) dr att ta fram ett méct i
ultraljudsignalen som ir vdvnadsberoende och som dirmed kan anvindas for att
bedéma om arteriella plack ir farliga eller inte. En enda ultraljudspuls innehaller
miénga olika frekvenser och nir ljudet reflekteras fordelas dessa frekvenser olika
beroende pa vilken vivnad det 4r. Till exempel kan storleken pd vivnadens
reflekterande strukturer spela en betydande roll. Med denna metod miter vi frekvens
i tidsdominen vilket innebir att vi endast miter medelfrekvensen, fast med hogre
noggrannhet och bittre upplosning jimfort med andra metoder, si kallade
spektralmetoder. I den ena artikeln utvirderar vi hur vir uppmitta frekvens relaterar
till just storleken pé spridarna (reflekterande strukturer/objekt) med hjilp av fantomer,
alltsa konstgjorda material som liknar minsklig vivnad. Resultatet visade ett starke

samband som ocksé vil foljde den teoretiska modell vi anvinde. I den andra artikeln

\



testar vi metoden pd minskliga plack i halspulsidern. Det visade sig finnas ett starke
samband mellan resultatet frin metoden och hur farliga placken var. Metoden har
dirfor potential att ge en sikrare bedomning om en patient riskerar att drabbas av

stroke eller hjdrtinfarke.

Tva av de andra metoderna (presenteras i artikel I1I och VII) baseras pé rorelsemitning,.
Sidana metoder ir anvindbara for att mita vivnadsegenskaper som till exempel
elasticitet men dven forekomsten av en rorelse och storleken pa den kan vara av stort
intresse, bdde inom fysiologisk och patofysiologisk forskning. Den ena metoden ir en
generell rorelsemitningsmetod som pa ett unike och mycket snabbt sitt berdknar
rorelsen i ultraljudsbilder. Den andra metoden ir speciellt utformad f6r att méta den
longitudinella rorelsen (lings med blodflodet) i kirlviggen. Den longitudinella
rorelsen och den skjuvning som uppstar inuti viggen har upptickes och undersokes
forst under de senaste tio dren, forst av vér forskargrupp men senare dven av ett flertal
andra. Syftet med just denna metod var att for forsta gingen mita den kontinuerliga
fordelningen av skjuvningen. Resultatet visade att en mycket stor del av skjuvningen
sker i 6vergingen mellan kirlviggens tva yttre lager, nigot som kan vara av stort

intresse inom den fysiologiska forskningen.

De resterande tvd metoderna (presenteras i artiklarna IV, V och VI) miter med hjilp
av segmentering viggtjockleken och diametern pi blodkirl och hur dessa varierar
under ett hjirtslag. Syftet 4r att pa ett snabbt och automatiske sitt (ofta utvirderas
ménga tusen patienter) ge kunskap om tidiga férindringar i kirlviggens dimensioner
och elasticitet pd grund av dderforkalkning. Var metod kan anvindas f6r mitningar pa
till exempel halspulsidern men #r ocksia den forsta metoden som samtidigt och

automatiskt kan mita bade diameter och tjocklek pa artdrer i sma djur.
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1. INTRODUCTION

Every year more people die from cardiovascular diseases than from any other cause.
With an estimated loss of 17.3 million people annually this constitutes 30% of all
global deaths." In most of these cases atherosclerosis is the underlying cause with
subsequent cardiovascular events such as cardiac infarction and stroke. There is an
extensive ongoing research to better understand the pathophysiological process and to
detect and treat patients earlier and more efficiently. Unfortunately the cause and
progress of atherosclerosis is very complex and not easily understood and a great deal
of research still remains before this disease can be effectively assessed. The papers in
this dissertation revolve around finding imaging methods to detect and diagnose
different stages of atherosclerosis and also to enable better understanding of the

physiology of arteries.

Ultrasound imaging is an easy, harmless, cheap and in many ways excellent technique
for visualizing internal structures of the body. It is also the tool of choice for routine
examinations of the carotid artery (the artery in the neck) and it is not unusual that
this is the site where atherosclerosis is first detected. The methods developed and
presented in this dissertation are all based on image analysis and signal processing of

ultrasound images.

1.1 Outline

The outline of this dissertation will be as follows: First, the pathophysiological process
and basic understanding of atherosclerosis will be introduced. Then the concept of
ultrasound is described, how it works, how it can be used and why it is used. The two
subjects will then be combined in a larger chapter introducing arterial characterization
using ultrasound. This chapter will be divided into several parts each describing
different technical approaches, both in what they measure and how. It is important to
note that there cannot be a single optimal solution that will answer all questions and
solve everything. Different aspects or stages of atherosclerosis pose different questions
and clinical needs and must therefore be assessed in different ways. Finally, there is a

short introduction to each of the included papers followed by the actual papers.



2. ATHEROSCLEROSIS

The general description of atherosclerosis given in this section is regarded as widely
accepted in this field of research. Much of the material (and a more elaborate
description) is given in an excellent review article by Ross* and in the book McDonald’s
Blood Flow in Arteries’ unless otherwise stated.

Atherosclerosis is an inflammatory disease which mainly occur in large to medium-
sized arteries. It is the primary cause of death in Europe, United States and much of
Asia. Figure 1 shows the anatomy of a large to medium-sized artery. The arterial wall
can be divided into three different layer; tunica intima, tunica media and tunica externa.
Tunica intima or simply intima, is a rather thin layer of endothelial cells which are in
direct contact with the blood stream. The endothelial cells are followed by an elastic
tissue called internal elastic lamina which connects the intima to the middle layer. The
middle layer, tunica media or simply media, is composed of transversally arranged
smooth muscle cells and connective tissue. There is also an elastic tissue connecting
the media to the outer layer and this is called the external elastic lamina. The media
varies in thickness depending on the size of the artery and is usually the thickest layer.
The artery is bound to the surrounding tissue by its outer layer, tunica externa or more
commonly adventitia, containing collagen fibers.

The development of atherosclerosis is lately recognized as a response to injury of the
arterial wall. Common risk factors for developing atherosclerosis include smoking,
high amounts of certain fats and cholesterols in the blood, high blood pressure,

diabetes and obesity.* An injury to the intima leads to an inflammatory response with

Intima
Media

<— Adventitia

Figure 1. A schematic cross section of an artery. From within, the arterial wall
consists of three layers: intima, media and adventitia.



increased adhesiveness of the endothelium which attracts leukocytes (white blood cells)
and platelets. Cytokines and growth factors are released which stimulates cellular
growth and differentiation. This is a normal inflammatory response to heal the injury.
However, if this response fail to eliminate the cause of injury it will continue
indefinitely causing an inflammatory disorder which may in itself result in more

advanced and complicated lesions.

Inflammatory mediators such as the macrophage colony-stimulating factor stimulates
the formation of lipid-laden macrophages, so-called foam cells. These foam cells
accumulate in the intima forming fatty streaks. An unrestricted inflammatory response
will stimulate smooth muscle cells to migrate from the media into the intima where
they proliferate (increase in number) and cause what is called an intermediate-lesion.
This process thickens the arterial wall. Lymphocytes and a specific type of white blood
cells called monocytes accumulate in the area of inflammation where the latter
differentiate into macrophages. When lymphocytes and macrophages are activated
they release more cytokines and growth factors. This causes a spiral where more smooth
muscle cells migrate, proliferate and form fibrous tissue with further enlargement of
the wall — an atherosclerotic plaque is formed. The inflammation leads to tissue damage
and ultimately necrosis (tissue death). Eventually fibrous tissue surrounds a gradually
growing necrotic core. The plaque intrudes into the artery partially (or completely)

blocking the blood flow (see Fig. 2).

(\@) (b)

(o<

Figure 2. Gradually growing atherosclerotic plaque (a-c)

where finally d) the fibrous cap separating a necrotic core
from the blood ruptures and various debris leaks into the
blood stream.



The growing necrotic core gradually thins the fibrous cap which separates it from the
blood flow. If the fibrous cap ruptures it releases various debris into the blood stream.
This rupture attracts platelets and leads to the formation of thrombus which further
blocks the blood flow, cither at the site of the rupture or further downstream. Such
blockage often causes cardiac infarction (if in the coronary arteries) or stroke (if in the

cerebral arteries).

Several studies”® have shown that there is a link between blood flow alterations and
plaque formation. Curvatures such as arterial branches and bifurcations induces
alterations and turbulence in the blood flow. These sites are prone to form specific
molecules on the endothelium which are responsible for the increased adhesiveness and
the onset of an inflammartory response. Reduced shear stress caused by the blood flow
can increase the expression of several genes involved in the atherosclerotic process.
Therefore, it appears that alterations in the blood flow, the amount of shear stress and
turbulence at a specific region of an artery, is a vital tool to predict whether that region

is prone to have lesions.

Unfortunately, symptoms of atherosclerosis often do not appear until there is a
cardiovascular event causing a medical emergency, such as a heart attack or stroke. A
common symptom is angina (chest pain) if the blockage is in the heart. This occurs
when the heart muscle does not get enough oxygen. If the blockage is in the brain
symptoms are that of a stroke, e.g. sudden weakness, paralysis (especially on one side
of the body), speech difficulty, visual disturbance and sudden and severe headache.

Cardiovascular diseases such as atherosclerosis also constitute a heavy economic
burden. In 2010 the estimated direct and indirect cost of coronary heart disease and
stroke alone in the US was more than $160 billion. In 2030 the direct costs are
projected to triple and the indirect costs to increase with almost two thirds.” Figure 3

shows an atherosclerotic plaque surgically removed from a human carotid artery.

Figure 3. Surgically excised human carotid plaque.
(Photo by Andreas Edsfeldt)



3. ULTRASOUND

3.1 Theory

Sound waves are mechanical waves that propagate though a medium. Each material
has a specific density and compressibility which together determine the speed of sound
and the acoustic impedance of that material. The acoustic impedance is an important
parameter to consider in order to predict how the sound behaves when it enters a
heterogeneous medium. A heterogeneous medium consists of several different
materials, each with their own acoustic impedance. When a sound wave encounters a
boundary between two materials with different acoustic impedance the wave partially
reflects. The ratio of the reflected energy to the transmitted energy is determined by

how large this difference is.

A source that emits a sound pulse towards such a boundary will, due to the reflection,
receive an echo after a certain time (see Fig. 4). The time interval between the pulse
transmission and echo-arrival is determined by the speed of sound and the distance
between the source and the boundary. This "pulse-echo” effect is the fundamental
principal in a large number of applications including the medical ultrasound scanner.
Bats and dolphins use the pulse-echo technique for navigation and to locate their prey.
Marine vessels use sound navigation and ranging (SONAR) to scan the sea floor or to
locate schools of fish, and modern cars often have parking sensors, both utilize the

pulse-echo technique.

Trasmit

H

Figure 4. The “pulse-echo” principle. A pulse is transmitted towards an area of
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interest and is then reflected from one or several scattering objects. If the
acoustic impedance of the scattering objects are similar to that of the
surrounding medium, the echoes are rather weak and most of the energy will
remain in the original pulse.



A common feature for the applications above is the use of ultrasound. Ultrasound is
sound with a frequency above 20 kHz, i.e. sound that is inaudible to the human ear.
The benefit of using such high frequencies is that the origin of the echoes can be
determined with higher resolution. On the other hand higher frequencies will be

attenuated more quickly. Therefore, there is usually a trade-off between resolution and
how far the sound can travel.

A medical ultrasound scanner usually transmits ultrasound pulses with frequencies
between 2-15MHz depending on the depth of the tissue being investigated. A
transmitted pulse is reflected at all underlying tissue interfaces (changes in acoustic
impedance). The ultrasound scanner then measures the arrival time of the returning
echoes and by knowing the speed of sound the origin of the echoes can be determined.
The ultrasound raw data is called radio frequency (RF) data and reflects the oscillating
sound pressure on the transducer surface. One transmitted pulse yields an 1D image

or aso called A-line. If several subsequent pulses are transmitted adjacent to each other,

Multiple Pulses

Vasc Carotid

1,2... N 1,2... N

Transmissions Lines

Figure 5. A schematic illustration of how a standard B-Mode image is created. Each B-Mode
line corresponds to one ultrasound transmission. Each ultrasound transmission (made by pulses
from several piezoelectric elements) results in a wavefront whose shape and direction depends
on the time delays of all pulses used to create it. The amplitude of a returning echo determines
the image brightness at the corresponding location, where white means high amplitude.



a 2D image can be formed. In 2D images, called B-Mode images, the brightness
reflects the intensity of the sound. Boundaries with large difference in acoustic
impedance cause more energy to be reflected and will thereby be depicted more
brightly. Figure 5 show the principle of how standard B-Mode images are created.
Each line in the B-Mode image corresponds to the combined transmission of several
elements (usually piezoelectric). The time delays between transmissions of these
elements will shape the resulting wavefront and could be used to direct the “beam” or
create a focus. The transducer then awaits the returning echoes and repeats the process

for the next line, but with another set of elements.

It is also common to measure velocity with ultrasound (see Fig. 6). This is referred to
as Doppler measurements. The Doppler effect is the term for the phenomena where
the frequency of a received sound changes depending on the relative velocity between
the transmitter and the receiver. However, in medical ultrasound, which usually
transmits pulses rather than continuous waves, the term Doppler is actually
misleading. To measure blood flow velocity an ultrasound scanner transmits a series of
pulses. When each ultrasound pulse reaches the blood vessel the red blood cells have
moved a certain distance compared to the previous pulse, due to the flow velocity. This
causes a translational change in the backscattered (reflected) ultrasound which is
detected using appropriate signal processing. In other words, the blood flow velocity
is basically determined by measuring the time lag in the backscattered data between

adjacent pulses, rather than a change in frequency.

Vasc Carotid TISO.1 MI0.4 Vasc Carotid TIS0.5 MI 1.1
L185

78Hz

R1

D
67%
Dyn R 50
POff
fe)

Figure 6. Velocity measurements using ultrasound. Left — pulsed Doppler is used to display all velocity
(spectral) components versus time within a user-defined region. Right — color Doppler is used to display
the current mean velocity within a larger area using color-coding.



3.2  Ultrasound in comparison to other imaging modalities

Ultrasound is only one out of several imaging modalities available in clinics today. This
section aims to briefly introduce and to highlight the benefits and drawbacks of these
modalities and to show when and why ultrasound is preferable to other techniques. A
more elaborate introduction (in Swedish) to different medical imaging modalities is

presented by Berglund and Jonsson'.

3.2.1 Other imaging modalities

X-ray and Computed Tomography (CT)

An X-ray is a form of electromagnetic radiation created when electrons collide with a
material with a high atomic number. The absorption (photoelectric absorption) of X-
rays is basically determined by the density of the medium. Bones have a high density
compared to surrounding tissue and are therefore clearly visible on medical X-ray
images. Computed tomography, or commonly CT, is a technique where several X-ray
images are combined to form a detailed tomographic image of the scanned area. X-ray
images and CT scans have very high spatial resolution and are well suited for bone,
lung and chest imaging and also cancer detection. Some applications involve injection
of radio-opaque contrast agents. One such common application is coronary
angiography which images the blood vessels in the heart. The injection of a contrast
agent allows visualization of the presence and width of arteries. The narrowing caused
by atherosclerotic plaques can thus be localized. A clear drawback with X-ray imaging
and CT scans is that the radiation is ionizing (could ionize atoms and disrupt

molecular bonds) meaning that it is harmful for living tissue.

Magnetic Resonance Imaging (MRI)

Magpnetic Resonance Imaging (MRI) is a technique utilizing the high amount of water
in the body. The hydrogen atoms are exposed to a strong magnetic field and if excited
by a radio frequency wave the atoms precess (spin) orthogonally to the strong magnetic
field and emit a detectable signal to the MRI scanner. By applying gradients in the
magnetic field the scanner can control at which location and with which frequency
hydrogen atoms precess. The scanner then interprets signal from different locations
and forms an image. The material surrounding the hydrogen atom (different tissue)
will determine how fast the atoms spin out of phase with the magnetic field and how

much time is required for the atoms to return to their equilibrium state in the magnetic
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field. This is used to differentiate tissue. Different contrast agents can be injected to
enhance the contrast of a specific type of tissue. MRI scanners can, similarly to CT,
produce three dimensional images but is best suited for soft tissue examination. MRI
can also be used to image physiological function (fMRI). The spatial resolution is lower
than that of CT but MRI has much more soft tissue details and has the benefit of not
utilizing any ionizing radiation. The technique is considered safe for living tissue,
however some patients show allergic reactions to the contrast dye. Other drawbacks

include possible claustrophobia, long examination times and high examination costs.

Positron Emission Tomography (PET) and Single Photon Emission Tomography
(SPECT)

Positron emission tomography (PET) and single photon emission computed
tomography (SPECT) enable visualization of function and not anatomy of the body.
Both techniques measure emissions from radioactive tracer which are injected into the
bloodstream. These trace specific biochemical reactions or the distribution of a
substance, e.g. the uptake of glucose. While both techniques detect photons, the
process in PET imaging always produces pairs of photons and the detector only
consider pairs as a valid signal. In SPECT imaging every single photon is counted and
a lead collimator is needed to determine the origin of these. The collimator blocks
most of the signal and SPECT is therefore less sensitive compared to PET. Only PET
imaging can be used for quantification of the activity. The tracers used in SPECT last
longer than those for PET which enables longer lasting effects to be measured. The
spatial resolution is worse than other imaging modalities. Typical applications are
localization of tumors and metastases and measurements of myocardial perfusion. PET
is increasingly combined with CT and also MRI to produce images that show both

anatomy and function.

3.2.2 Ultrasound features and applications

Which imaging modality is the most appropriate depends on the application. Both X-
ray/CT and MRI have good signal to noise ratio. SPECT and PET measures
physiological function and the choice between the two depends on which particular
function is of interest. However, X-ray/CT, PET and SPECT are all associated with a
non-negligible amount of radiation. Some patients feel claustrophobic during CT and
MRI examinations. Also, all of the above mentioned modalities require the patient to

be moved to the location of the machine and are all relatively expensive.



Ultrasound on the other hand is portable, low-cost, free of radiation and not associated
with any discomfort for the patient. Further, ultrasound has a good spatial- and
temporal resolution and displays images in real time. The drawbacks include limited
depth penetration (especially in lung- and skeletal applications), relatively poor signal

to noise ratio and need of experienced operators.

Ultrasound is extensively used in cardiovascular applications including examinations
of the heart, aorta and carotid arteries. Echocardiography (cardiac applications) include
e.g. quantification of size and shape, evaluation of cardiac function, detection of
tumors and damaged tissue and blood flow measurements. Carotid arteries are
typically scanned in patients suspected to have developed atherosclerotic plaques, in
which case the plaque size and the degree of stenosis is measured. The latter by means
of blood velocity measurements (blood velocity increases with increased stenosis).
Ultrasound is also used to image a large number of other soft tissues such as liver,
kidneys, breasts, thyroid gland, muscles and testes. Another application where
ultrasound is extensively used is obstetrics. In many countries fetuses are routinely
examined in order to estimate the date of birth. Obstetric ultrasound can also provide
important information about the development of the fetus and the health of the
mother throughout the pregnancy. Finally, ultrasound is useful as guidance during
invasive procedures, e.g. biopsy and tumor removal, where ultrasound images are

effectively used to guide surgical tools.

Regarding the assessment of vulnerable plaques, several such methods based on all
types of imaging modalities have been presented during the last decade. Methods,
based on ultrasound, CT and MRI all have their inherent advantages in characterizing
vulnerable plaques.'" There is currently no superior imaging modality for this task,
however in a wider use ultrasound has the benefit of being safe, time-efficient, easily
tolerable and relatively cheap. This modality is therefore one of the most promising

when it comes to screening of high risk patients.
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4. ARTERIAL CHARACTERIZATION USING ULTRASOUND

4.1 Motivation

Arterial characterization is a term commonly used when it comes to quantify properties
of arteries, in our case mechanical and/or acoustic. Using ultrasound a parameter of
interest is measured either visually in the ultrasound image, by motion tracking, by
Doppler or by measuring properties (e.g. spectral) of the raw signal. Ultrasound
imaging of arteries is an important tool both to detect and diagnose atherosclerosis and
to study the progression of it. Arteries are routinely examined in clinics today and a
vast majority of these examinations are made on the carotid artery, both because it is
very accessible and because it is a site prone to develop atherosclerotic plaques. Using

2D ultrasound the artery can be visualized either longitudinally or transversely (see

Fig. 7).

The examinations mainly involve measurement of maximum blood velocity assessed
with Doppler. Together with the degree of stenosis (how much of the artery a plaque
obstructs) the outcome decides whether the patient should undergo endarterectomy
(surgery to remove plaque). However, such measurements are poor indicators of
whether a patient needs surgery or not and there is no method in clinics today for early
detection of emerging atherosclerosis. Therefore, there is a need for accurate and robust
methods that could aid the clinicians both to detect early stages of atherosclerosis and
to characterize plaque vulnerability. Ideally, a clinically applicable imaging modality
should be time-efficient, non-invasive, low-cost, easily tolerable, give real-time results
and with no use of radiation, contrast or manual post-processing. The techniques that
embrace most of these demands are ultrasound-based. In the subchapters below several
different methods that are developed for arterial characterization (of which most have

not yet reached clinics) will be introduced.

Vasc Carotid TIS0.2 MI1.0

Figure 7. B-Mode images of a longitudinal (left) and transverse (right) cross-section of a human carotid
artery. The arrows indicate the center of lumen (where the blood flows).
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4.2 Diameter and intima-media thickness

An early indication of atherosclerosis is thickening of the arterial wall due to migration
and proliferation of smooth muscles cells and accumulation of lipids (see chapter 2).
Another early marker is stiffening (stenosis) which makes the wall less elastic.
Therefore, measurements of wall thickness and elasticity may have significant clinical

relevance as an early marker facilitating future assessment of cardiovascular events.'?

Measurements of arterial wall thickness and diameter is usually performed in the
longitudinal view (see Fig. 7). As can be seen the arterial wall appears with a double
line pattern. The first (inner) line stems from the intima-media complex where the
boundary between the intima and media cannot be resolved. The second (outer) line
stems from the adventitia. Since the atheroma (accumulation of degenerative material)
occurs in the intima layer, which cannot be visually resolved from the media, the
atherosclerotic thickening of the arterial wall first appears as an increased distance
between the first and second line in the ultrasound image. The thickness of the wall is
called the intima-media thickness IMT) and defined as the distance between these
two lines. The diameter is defined as the distance between the intima-media complex

of the near and far wall (see Fig. 8).

The elasticity can be assessed by measuring the dynamic behavior of the artery as it
repeatedly distend (enlarge) radially as a response to the pulsatile blood flow. Stiffer
arteries will show less distension than more elastic healthier arteries. The distension is

defined as the difference in systolic and diastolic diameter (max and min diameter).
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Figure 8. The diameter and intima-media thickness (IMT) of a carotid artery.
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A direct physical measure of the elasticity is difficult to achieve since the true local
pressure is unknown. Usually, the blood pressure is measured in the brachial artery
using a cuff or by applanation tonometry. Several parameters that are associated with
elasticity have been defined and used including strain, elastic modulus (Ep), stiffness
index (B3), distensibility coefficient (DC) and compliance coefficient (CC). See Table

I for definitions.

Today measurements of carotid IMT and diameter are often performed manually by
experienced observers. Such measurements are time-consuming, especially multi-
frame analysis, and subjected to large variability between different observers,
ultrasound scanners and datasets.'> Hence, robust and accurate automatic methods for

measuring arterial IMT and diameter are preferable if not required.

One of the first to measure arterial distension 7 vivo was Arndt et al.”” who used a
threshold technique to detect the arterial walls. They found that the distension was
about ten times larger than previously reported. To avoid errors in threshold detection
|14

strategies due to change in echo amplitude, Hokanson et al.'* used a phase locked
technique to simultaneously measure both arterial walls. This method increased the
resolution down to a few microns but failed if the wall moved more than half a
wavelength between two transmissions. Another edge detection technique was

presented by Cinthio et al.'> ¢

who used thresholds based on relative amplitudes to
measure the arterial diameter and distension. High sub-pixel accuracy was achieved by
solving the equation of a straight line between the two samples on either side of the

threshold value.

Table I. Definition of different arterial stiffness parameters

Arterial stiffness parameter | Definition
Strain dsystote — Aaiastole
ddiastole
Elastic modulus Ep = Psystote — Paiastote
p= Strain
Stiffness indeX _ ln(Psystole /Pdiastole)
B Strain
Distensibility coefficient DC = AA/A
Psystole - Pdiastole
Compliance coefficient cC = AA
Psystole - Pdiastole

d = diameter
P = pressure

A = cross-sectional area (inner)
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Multi-gate Doppler is a technique were the artery is divided into several gates in which
the velocities are measured individually and simultaneously. Depending on which filter
is used either the tissue- or blood velocity is obtained. Thereby, both the velocity (and
distension) of the arterial wall and the blood velocity distribution can be assessed

1.17

simultaneously. Such methods were presented by Hoeks et al.’” and Tortoli et al."®

An alternative method to derive arterial stiffness i vivo was derived by Khamdaeng et
al."” They measured the stress-strain relationship using applanation tonometry together
with 1D cross-correlation to assess pressure and wall displacement. The elastic
modulus was estimated based on different models. It was shown that there is a change
in slope of the stress-strain curve relating to the different contributions of elastin and
collagen fibers in the systolic phase of the cardiac cycle. This was used to estimate the

elasticity and mechanical interaction of the arterial wall components.

Pignoli et al.”” were the first to use ultrasound images to measure wall thickness. They
found that the thickness of the typical double-line pattern in B-Mode images
corresponded to the combined thickness of the intima and media layers. This
introduced a new technical research area focused on developing computer assisted
measurements of IMT. Since then a large number of different methods have been
proposed and they are based on several different segmentation techniques. Once the
arterial layers (double-line pattern) are segmented both the IMT and the diameter can
be derived. The following references are examples of such techniques used for

measuring IMT.

Liang et al.”' used dynamic programming with a multiscale approach to segment the
different layers. Different local parameters, the echo intensity, the intensity gradient
and the boundary geometrical constraints where combined and weighted. This yielded
a cost function which could be optimized to estimate the position of an arterial layer.
The method also allowed for human intervention in order to allow varying image

qualities.

Golemati et al.”” utilized the Hough transform to segment the carotid artery in both
longitudinal and transverse sections. The Hough transform is commonly used to
extract features in image analysis, usually lines or circles, where a complex global
detection problem can be converted to a simple peak-detection. The images were first
pre-processed with filtering and morphological closing followed by edge detection
before applying the Hough transform. They showed that this technique can be used
for accurate IMT measurements provided that the artery was well represented by circles

(transverse images) or straight lines (longitudinal images).

14



Another approach is snake based segmentation, which utilize the distinct double-line
pattern. The snake can be seen as a set of consecutive vertices with lines between them
that are distributed across the arterial wall. An optimization procedure is then used to
move the vertices to form a line that is the most probable to represent an arterial layer.

1.23

Loizou et al.” presented such a method which, together with a speckle reduction filter

and image normalization, was used to segment the arterial wall.

Although the variability of IMT measurements are lower for computerized methods
compared to manual measurements the semi-automatic methods are still better than
the completely automatic methods.'>** No method seems to outperform the other
methods in all aspects and further developments are needed.”” However, reviews of the

1.%¢ and Faita

12, 24

most commonly used methods indicate that those developed by Ilea et a
et al.”” are among the best for segmentation of the intima-media complex.'>** Ilea et
al.?® used a model-based approach to automatically segment the arterial walls in the
first frame. These were then tracked automatically in the remaining frames using an
adaptive normalized correlation. Faita et al.”” used a gradient-based approach to locate
the transitions between different arterial layers. They introduced a first-order absolute

moment operator as a robust edge detector which also improved robustness to noise.

A significant correlation between increased IMT and risk for cardiovascular events has
been established in several studies.® However, so far the addition of IMT
measurements to traditional cardiovascular risk factors does not seem to significantly

improve the prediction of a cardiovascular event.”®
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4.3 Longitudinal movement

Besides the radial distention caused by the pulsatile blood flow many arteries also
exhibits a longitudinal movement, i.e. a movement parallel to the blood flow (see Fig.
9). For a long time the longitudinal movement was considered to be negligibly small
or even absent.” The first notation of the longitudinal movement was made by Lawton
and Greene” who made observations of beads sutured to the surface of the abdominal
aorta. The movement was very small and respiratory movements of the diaphragm was

considered to be the driving force. Later studies™**

supported the results obtained by
Lawton and Greene. However, Tozzi et al.”» demonstrated a significant length
reduction of the carotid artery in pigs where they measured the time delay between
piezoelectric crystals sutured to the surface of the artery. This was a strong indicator

that there was in fact a significant longitudinal movement present.

By using ultrasound images our group was the first to report and measure a distinct
longitudinal movement of the intima-media complex.’ * It was shown that this
movement was in fact of the same magnitude as the radial movement (see Fig. 10) and
that the movement was larger in the intima-media complex than in the adventitia
giving rise to an intramural shear stress.*® Further, the longitudinal movement
demonstrates a bidirectional tri-phasic pattern with an initial antegrade (along the
blood flow) movement followed by a retrograde movement and then a second
antegrade movement before returning to its initial position (see Fig. 10). We have
shown that adrenaline can pronouncedly influence the longitudinal movement and the
resulting shear strain within the arterial wall.”” *® Further, we have shown that a
profound longitudinal movement can take place independently of wall shear stress.”
These studies have opened up a new field within cardiovascular research, revealing a

previously unknown mechanism in the circulatory system.

Figure 9. The directions of the radial and longitudinal movements of arteries.
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Figure 10. Typical pattern of the longitudinal movement (solid) and diameter
(dashed) in the common carotid artery during a cardiac cycle. The longitudinal
movement consists of an initial antegrade movement (1) followed by a retrograde
movement (2) and then a second antegrade movement (3) before returning to its
initial position. Bottom line shows the ECG.

A study by Warriner et al.** described a computational model supporting the existence
of a longitudinal movement. Other groups have confirmed both the presence of the
longitudinal movement and that there seems to be a connection to cardiovascular
disease. Both radial and longitudinal movements were measured by Golemati et al.*!
using block matching. Also Zahnd et al. used block matching techniques to show that
the longitudinal movement in older diabetic patients®, in patients with periodontal
disease® and in patients with high cardiovascular risk* (metabolic syndrome, or type

1.9 used

1 or 2 diabetes) was significantly smaller than in control groups. Svedlund et a
vector velocity imaging to measure the longitudinal movement in 441 patients with
suspected coronary artery disease. Their result suggests that the longitudinal movement

can be used to predict ischemia.

More studies are needed to establish the, so far unknown, mechanism behind the
longitudinal movement. Expectantly, future studies will determine the physiological

purpose of the longitudinal movement and the clinical value of measuring it.
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4.4  Pulse wave velocity

Gradual stiffening of the arterial wall can be used as an early indicator of cardiovascular
disease.”*® As mentioned previously the stiffening can be assessed by measuring the
change in arterial diameter. However, the change in mechanical properties of the
arterial wall also affects the velocity of an induced mechanical wave. A common way
of assessing this is by measuring the pulse (pressure) wave velocity (PWYV), i.e. the
velocity of the pressure wave caused by a heartbeat. This velocity will increase as the
arteries get stiffer and thus acts as an indirect measure of arterial stiffness. The relation

is described by the Moens-Korteweg formula:

PWV = Eh (1)
"~ |2pR’

where £ is the wall elastic modulus, 4 is the wall thickness, p is the blood density and

R is the arterial lumen radius.

Noninvasive ultrasound methods for PWV measurements can be categorized as either
echo-tracking or Doppler-based. Echo-tracking methods measures the wall
displacement using various motion tracking approaches. The Doppler-based methods
measures blood velocity waveforms or utilize tissue Doppler to measure arterial
distention. The most widely used principle is to measure the carotid-femoral PWV
using the so called transit-time method. This means measuring the time delay between
pulse arrival (foot-to-foot of the pressure or blood velocity waveforms) in the carotid
and femoral arteries, yielding an overall average of the PWV in the aorta.”
Unfortunately, this method is affected by the relatively large uncertainty in
determining the pulse propagation length.’®>* The distance between the carotid and
femoral arteries can only be measured at a coarse level and the arterial dimension is
assumed to be constant. A more accurate approach would be to measure the PWV
locally within a single ultrasound image where both the dimensions and distances are

well known. Such methods are somewhat more difficult and requires high frame rate.

Benthin et al.”

used a phase-locking technique to measure the local PWV on a
phantom and in the carotid artery on young healthy individuals. Cross-correlation of
analog RF data was used to measure the changes in arterial diameter at two different
sites. They found artefacts due to reflected waves and modified the PWV estimation

using only the foot of waveform to correct for the induced errors.

Brands et al.* estimated the local PWV in phantoms using temporal and longitudinal
gradients of the measured change in diameter. Arterial distensibility was assessed using
ECG triggering and signal processing of the RF data. This method was further
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1”7 including also real time B-Mode images which made it

developed by Meinders et a
easier to maintain the artery within focus. An iz vivo evaluation on the carotid artery

in 23 patients yielded an average PWV of 5.5 m/s.

Another method to measure PWV involves the use of tissue Doppler imaging and was
presented by Eriksson et al.”® Using an in vitro set-up with an elastic vessel and a
pulsatile pump it was shown that system parameters had a significant effect on the
variance of the measured PWYV, whereas the mean PWV was unaffected. They found
that the most important parameter to obtain accurate estimates of PWV with low

variance was high temporal resolution.

The PWYV can also be determined from the ratio between the change in blood flow Q
and the change in cross-sectional area A:
dq
PWV = 7 2)

This so called area-flow (QA) method was first presented by Rabben et al.”” in an
evaluation on four dogs and 21 human subjects. There was a good agreement to the
reference method, the Bramwell-Hill equation® which requires knowledge about
blood pressure. However, they also concluded that improvements were needed to
reduce the residual variance. In another study Williams et al.*’ compared the QA
method (local) to the transit-time method (regional) using high frequency ultrasound
in mice. They concluded that the methods correlated strongly with each other and that

it is possible to measure PWV in mice with high frequency ultrasound.

Pernot et al.*> showed a color-coded visualization of the PWYV. Cross-correlation was
used to measure the arterial distention and they used ECG triggering to achieve an
extremely high frame rate of 8 kHz. The same method was used to measure the local

66, 67 and

PWV in normal and diseased abdominal aortas in mice®*’, human subjects
also in the carotid artery in human subjects®®. Figure 11 shows the propagation of the

pulse wave in a normal aorta (mouse) using this method.*

Even though several promising methods for local PWV measurements have been
presented during the last two decades, the carotid-femoral transit-time method is still
the gold standard within clinical studies. Despite the limitations of coarse propagation
distance measurements and assumptions of arterial dimensions, the transit-time
method prevails. One reason might be that, although there is a strong correlation
between local and regional measured PWYV, the locally measured are generally lower

than the regionally measured making comparisons to other (e.g. older) studies more

difficult.®
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Figure 11. Color-coded (red up, blue down) tissue motion overlaid onto the B-Mode image every 1.25 ms

in a normal mouse aorta. The titles state time after the R-wave of the ECG. White arrows indicate the
propagation of the pulse wave from the proximal to the distal site (a)—(d). Luo et al.®* © 2009 IEEE.

4.5 Plaque characterization

If the atherosclerosis continue unabated it will eventually result in the formation of
one or several plaques. As described in chapter 2 an atherosclerotic plaque can be
categorized as either stable or vulnerable. Vulnerable plaques are prone to rupture
causing sudden events such as heart attack or stroke. The vulnerability of the plaque is
mainly determined by its composition. A vulnerable plaque is characterized by a core
of necrotic debris and lipids, an accumulation of inflammatory cells and a reduced
content of fibrous tissue and smooth muscle cells.”” A stable plaque mainly consists of
fibrous tissue and smooth muscle cells.

In this chapter different ultrasound methods derived to characterize atherosclerotic
plaques (and to some extent tissue in general) are presented. Plaque characteristics can
be defined and measured in different ways. When it comes to ultrasound the methods
could preferably be divided into those based on motion tracking, elastography and to

those based on single frame analysis.
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4.5.1 Elastography

The purpose of elastography is to measure how soft (or stiff) a region of tissue is.
Different tissues have different mechanical properties and will respond differently to
an imposed pressure. Soft tissue will compress more than stiff tissue if subjected to the
same force. Elastography methods aim to measure the deformation, or strain, of a
compressed tissue and thereby determine what kind of tissue it is. To measure this one
requires at least two ultrasound acquisitions where there has been some deformation
of the tissue in between. The position of a region of interest (ROI) is measured in both
acquisitions and the difference (motion) between them is determined. Using two
different ROI the relative deformation (change in distance between ROI) can be
derived. The strain is then calculated as the relative deformation divided by the
distance between ROI. Elastography is hence methodologically equal to motion
tracking, which is a broader term.

The concept of ultrasound elastography was first introduced by Ophir et al.”
However, Bonnefous et al.”> were the first to attempt non-invasive elastography to
assess atherosclerosis. They placed samples from excised human arteries in a pump
system submerged in a temperature regulated bath. Blood and anti-coagulation drugs
were circulated in a controlled pulsatile manner, mimicking normal blood flow. The
radial strain was measured using a one-dimensional cross-correlation technique similar
to that used in Doppler and compared to histology. They found a high correlation

between actual lesion stiffness and radial strain measured with ultrasound.

Kanai and co-workers have developed a phase-tracking method’ 7

which accurately
estimates sub-sample motion based on time domain phase correlation of the RF data.
If the local signal is assumed to be identical between two frames the difference in phase
will correspond to the motion between those frames. Difficulty arises in the fact that
the central frequency, affected by e. g. attenuation, needs to be known. A method to
reduce the influence of the variance the central frequency was proposed.” This phase-
tracking method was used to derive the elastic modulus of different tissue in
atherosclerotic plaques.”® By comparing to pathological findings, imaged tissue could
be statistically categorized as lipid, mix or other. The same method was applied in 242
individuals with type 2 diabetes and shown to correlate with several risk factors for
atherosclerosis.”” The method also correlates to visceral fat area an independent variable

affecting arterial elasticity.”

1.7 calculated the axial strain

Using a 2D multi-level cross-correlation method Shi et a
distribution within atherosclerotic plaques in the carotid artery 7 vivo. The lateral shift
of the plaque, i.e. the longitudinal movement relative the arterial wall, was also

measured. The maximum accumulated axial strain and the maximum relative lateral
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shift could differentiate between non-calcified and calcified plaques as determined by
visual interpretation of the B-Mode images. Maurice and co-workers derived an
elastography method based on a Lagrangian speckle model estimator.*”®' This method
reproducibly measured strain in the carotid artery in 16 individuals without previous

history of atherosclerosis.*

Larsson et al.** performed a phantom study were a speckle tracking algorithm that
measured radial, longitudinal and circumferential strains in the carotid artery was
validated against sonomicrometry. Using both clinical- and high-frequency ultrasound
images they showed that for circumferential strain measurements high-frequency
ultrasound was favorable. Preliminary in vivo results using the same method show that

echolucent plaques demonstrated higher strain than echogenic plaques.*

Intravascular ultrasound (IVUS) is commonly used to assess coronary plaques and
because of the short distance between transducer and plaque, high transmission
frequencies of typically 30-40MHz can be used. Schaar et al.* used IVUS to assess
plaque vulnerability in vitro. Twenty four excised human coronary arteries were
mounted and pressurized in a water column system containing physiological saline
solution. A first IVUS frame was collected at an intravascular pressure of 80 mmHg
and after 10 seconds another frame was collected at 100 mmHg. The resulting
incremental strain in the tissue was measured using a method based on cross-
correlation.®® In the 24 arteries 26 vulnerable plaques and 28 nonvulnerable plaques
were found. The criteria for vulnerable plaque, determined by histology, was a thin
cap (<250 pm), moderate to heavy macrophage infiltration and at least 40% atheroma.
In the elastography measurements a vulnerable plaque was defined as a plaque with a
high strain region at the surface with adjacent low strain regions. The sensitivity and
specificity to detect vulnerable plaques were 88 % and 89 %, respectively. The same
method was also used in the first iz vivo validation of IVUS elastography in a Yucatan

pig study, demonstrating increased strains in fatty plaques.”

Recently Hansen et al.* performed a study combining compounding with ultrafast
plane wave imaging (frame rate was 2000 Hz) for vascular strain measurements. Both
simulation and phantom experiments were conducted. In the simulation a finite
element model was used to construct a 3D model of a carotid artery with a vulnerable
plaque and Field II*** was used for ultrasound simulation. A two layered phantom
was also constructed with a soft inner layer and a stiffer outer layer. The plane wave
compounding method outperformed traditional focused strain imaging and reduced
the root mean squared error by 66% and 50% for radial and circumferential strain

respectively.
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Another increasingly used elastography method is shear wave imaging. Shear waves are
waves that propagate perpendicular to the ultrasound field. Such waves can be induced
using the acoustic force produced by focused ultrasound. Shear wave travels much
slower and the velocity is directly related to tissue stiffness. Therefore, by measuring
the propagation speed of the induced shear waves (using e.g. plane wave imaging), a
quantitative tissue specific parameter can be determined. The use of shear wave
imaging on the carotid wall, including atherosclerotic plaques, have been shown
feasible.”'”” Figure 12 shows an example of shear wave imaging of plaque in the carotid

artery.”

Great progress have been made in elastography during the last decade, especially in
shear wave imaging. However, more studies are needed. A review by Sarvazyan et al.”*
states that although plaque characterization using elastography shows promise,
significant technical hurdles needs to be faced before clinical use becomes practical.
Also, further studies on larger patient populations are needed to establish the clinical

use.”

Figure 12. Shear wave imaging (above) of a carotid plaque with different

proposed region of interests 1-4. Below is the corresponding B-Mode image
of the common carotid artery (CCA) and internal carotid artery (ICA).
© Ramnarine et al.”? 2014.
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4.5.2 Single frame analysis

The term single frame (tissue-) analysis is used to distinguish methods from those based
on motion tracking e.g. elastography which by nature requires multiple frames to
obtain a result. Methods based on single frame analysis are methods which, in one way
or another, characterize tissue based on features of the ultrasound data. Such methods
could obrtain results using a single frame, although it is common to use the average of

several to improve accuracy.

B-Mode statistics

One category of methods are those that use different, often statistical, features of the
ultrasound B-Mode images. The idea is to find mathematical tools to derive statistical
differences in B-Mode images corresponding to different types of tissue. Such features
are based solely on the amplitude information and are thus subjected to potential
inaccuracies followed by the manipulation of operator dependent settings and
differences in pre-image signal processing between scanners. For instance the pre-
defined gain and time-gain compensation (not necessarily linear) may differ between
scanners and may also partly be adjusted be the operator. Many such amplitude based

methods have been derived and a few examples are mentioned below.

Perhaps the most recognized amplitude-based method for use on arteries is the so
called gray-scale-median (GSM). This parameter measures the median amplitude value
within a ROI (usually a plaque). El-Barghouty et al.” compared GSM on carotid
plaques to the corresponding histology in 52 patients undergoing carotid
endarterectomy. Plaques with a high amount of lipids and hemorrhage had low GSM
(r=-0.351, p<0.05) and those with a high amount of fibrous content had high GSM
(r=0.411, p<0.001).

Later Wilhjem et al.”” evaluated 16 first order and seven second order texture statistics
as well as GSM in carotid plaques in 52 patients scheduled for endarterectomy. First
order textural statistics included e.g. maximal and minimal gray level, skewness,
kurtosis, energy, entropy and (histogram-) percentiles. Second order textural statistics
included e.g. correlation, diagonal moment and contrast. The plaques were scanned in
the lateral, anterior and cross-sectional planes and the data divided into a training and
a test set. Results were compared to histology where the GSM correlated to the relative
volume of soft materials defined as lipids, hemorrhage, and thrombus (r=-0.42,
p=0.002). The best match was the second order parameter related to contrast (r=0.5).

However, they stated that although a few features reach significant correlation the
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training and test errors were much too high for the method to be used in prediction of

relative volumetric content in individual plaques.

Also coronary arteries have been studied using IVUS. Vince et al.”®

compared five
different texture analysis methods in their ability to distinguish plaques with different
components. Different regions were chosen from 27 coronary plaques classified as
either calcified, fibrous or with necrotic core. Haralick’s method”, which is a second
order parameter yielded the most accurate results. After optimization the error in

separating plaque regions in different classes was 6.67%.

Tsiaparas et al.'” studied 11 symptomatic and nine asymptomatic carotid plaques to
compare different methods (e.g. the discrete wavelet transform, wavelet packets and
the Gabor transform) based on spatial frequencies in their ability to discriminate
between symptomatic and asymptomatic cases. Of the evaluated methods the results
suggests that wavelet packets used with coiflets together with support vector machine
learning is the most appropriate for analyzing atherosclerotic plaques. Although a

limited number of plaques were evaluated the overall accuracy was 82.5%.

In another study Kakkos et al.'”" aimed to identify textural features of carotid plaques
which are independently associated with amaurosis fugax (AmF), transient ischemic
attack (TTA) and stroke. They included 43 asymptomatic patients (51 hemispheres)
and 137 patients (137 hemispheres) with AmF (n = 30), TIA (n = 52) and stroke (n =
55). A total of 51 histogram and texture features including GSM was evaluated.
Principal component analysis yielded independent features for each of the above
mentioned ipsilateral hemispheric symptoms. The result showed that the major
determinant for AmF and stroke was echolucency while for TIA it was plaque
homogeneity. They also found that symptomatic plaques were more homogeneous

than asymptomatic.

Attenuation measurements

As an ultrasound pulse propagates though a medium its amplitude is attenuated and
high frequencies are attenuated more than low frequencies. This means that the
amplitude of a pulse frequency spectrum decreases more rapidly for higher frequencies
pushing the main energy towards the lower frequencies. In many tissue
characterization methods this is considered to be a problem that needs to be
compensated. However, this physical effect can be used in itself as a measure of a tissue
specific property since different tissues attenuates the ultrasound by different amounts.

In either case ultrasound attenuation is often something that need to be dealt with.
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The most straightforward technique to measure attenuation is though transmission,
i.e. when the sound has propagated through and left the sample. This is rarely
applicable on living tissue. The concept of measuring attenuation in reflected and
scattered ultrasound is more complicated involving instrument related factors and the
effect of the scattering tissue. This is often best performed using the ultrasound RF
data and commonly the attenuation coefficient is assumed to be linearly dependent on

frequency.

The study of Kuc and Schwartz'” counts as pioneering in measuring attenuation in
reflected ultrasound comparing the power spectrum of the RF data for different depths
in samples of liver iz vitro. Assuming a Gaussian shaped pulse, Fink et al.'” used
short-time Fourier analysis and tracked the spectral centroid to derive attenuation
coefficients on phantoms. At the same time Flax et al.'* derived a time domain method

where the attenuation was measured by counting the zero-crossings in the RF data.

Atherosclerosis has been shown to alter the attenuation coefficient in tissue. Picano et
al.'” studied 400 sections of fresh human aorta taken from autopsy. Using histology
these were categorized as either normal aortic wall, fibrous plaque, fibrofatty plaque or
calcified plaque (100 sections each). A specular reflector was placed behind the sample
and the attenuation was then determined based on the echoes produced by this
reflector both in the presence and absence of the sample. The result showed increasing
attenuation starting from normal tissue to fibrous, fibrofatty and calcified. Shi et al. 1%
derived a power difference method for accurate and unbiased estimations of the
attenuation in small ex vivo samples of carotid plaque encased in gelatin phantoms.

The method gave significantly lower values than traditional methods.

In an interlaboratory study and using three different clinical scanners Nam et al.'”’
measured the attenuation (and backscatter) coefficient of layered phantoms mimicking
the heterogeneous tissue often overlaying the tissue of interest in iz vivo applications.
The aim was to assess the accuracy of backscatter and attenuation measurements in
such inhomogeneous tissue propagation paths. The constructed tissue-mimicking
phantoms had three layers and, as a reference, the attenuation coefficient was measured
using a narrow-band substitution technique. Each laboratory then measured the
attenuation with the clinical scanners according to the reference phantom method'*®
' but independently chose specific analysis parameters. The results were in excellent
agreement with the narrowband substitution technique demonstrating that

attenuation can be accurately estimated in layered media using clinical scanners.

In another study Labyed and Bigelow''® compared the performance of three commonly
used methods, the spectral log difference, the spectral difference and the hybrid
method. Specifically the performance was evaluated when the ROI was heterogeneous
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in terms of scatter number density and scatter size. The spectral difference method had
highest accuracy when the ROI was homogeneous, however completely failed when
the scatter number density varied. The spectral log difference and the hybrid method

gave good results in both cases. However, when the scatter size varied within the ROI

all methods failed.

Spectral analysis

Methods based on spectral analysis by definition use features of the frequency spectrum
of the ultrasound RF data. As mentioned in the previous section one such feature could
be the change in frequency with depth. But there are also other aspects of the
backscattered data which are tissue specific and affects the frequency content. The
backscattered energy will depend on scatter properties such as size and shape relative
the wavelength and propagation direction of sound"'" and as a result the spectrum of
a backscattered pulse will be dependent on scatter characteristics. The frequency
content depends on scatter size, shape and elastic properties while the magnitude
depends on size, scatter density and scatter strength. A theoretical framework for tissue

characterization using spectral analysis was described by Lizzi et al.''> "

Later Insana et al.""* derived a theoretical model describing the effect of the average
particle size and the acoustic concentration (product of the number density and the
scattering strength) on the frequency spectra. The power spectrum of the RF data from
a test material, consisting of either glass or polystrene microspheres, was normalized to
a reference spectrum obtained from a Lucite plate placed in water. Scatter size
estimation was performed by comparing the result to theoretical form factors obtained
using the theory of Faran'"®. They found that the optimal range for estimating scatter
size was 0.5 < ka < 1.2 were k is the wavenumber and 4 is the scatter radius. Specifically
they were the first to introduce the concept of acoustic form factors which relate the
normalized spectrum to the correlation function of the medium. The form factors
could be used to match a normalized spectrum to the response of a specific scatter size.

1116

In another paper Insana and Hall''® showed that it is possible to image scatter size and

strength using also commercially available imaging systems.

The methodological procedure mentioned above where the backscattered spectra is
normalized to a reference spectra is the most commonly used to assess scatter
characteristics. The reason for a spectral normalization is to remove the frequency
dependence inherent to the instrumentation. The reference method (to obtain a
reference spectra) was first presented by Madsen et al.'”® and further developed by Yao

et al.'®
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Spectral analysis for tissue characterization has been used in a large number of studies
to assess e.g. liver'", ocular tumors'”, mammary tumors in rat''® and breast cancer in
humans'”. The most interesting studies from the aspect of this dissertation are the
studies on atherosclerotic plaques. Noritomi et al."® measured the slope, intercept and
total power on the spectra from 299 ROI obtained from 19 carotid plaques iz vitro.
Plaques were assessed with histology and classified as fibrous, lipid or thrombus. The
difference between fibrous plaques and the other two tissues was significant (p<0.01)
for all parameters used alone. Lipid and thrombus plaques were significantly differed

by intercept (p<0.01) and total power (p<0.02) but not for slope.

Bridal et al.'! measured the integrated backscatter, frequency dependence of
backscatter, integrated attenuation and slope of attenuation iz vitro in 15 highly
stenotic carotid plaques. Using histology 59 independent plaque sections were grouped
as calcified, lipid, intraplaque hemorrhage, mixed or thrombus. All parameters except
the slope of the attenuation was able to discriminate at least one of the groups from
the others. However, no parameter was able to discriminate between all groups. If only
considering the calcified, lipid and intraplaque hemorrhage sections a separation with
classification boundaries could be derived. Correct classification was obtained for
100% of calcified, 75% of intraplaque hemorrhage and 71% of lipid plaques. Further,

Waters et al.'??

measured the integrated backscatter, midband, slope and intercept of
a straight-line fit to the backscatter transfer function. These parameters were compared
to histology on 82 ROI from 17 carotid plaques in vitro. They concluded that
integrated backscatter and midband showed good agreement in morphology with the

histological images.

Shi et al.'” showed preliminary results from in vivo measurements of attenuation and
equivalent scatter size in 10 carotid plaques. Plaques were classified as either calcified
or soft by an experienced radiologist based on B-Mode and color Doppler images.
They found that calcified regions differed from softer regions in both scatter size (120-
180 pm vs 280-470 pm using the theory of Faran) and attenuation (1.4-2.5
dB/cm/MHz vs 0.3-1.3 dB/cm/MHz). Later Yamada et al.'** showed that integrated
backscatter was clinically useful for monitoring atherosclerotic lesions. Forty patients
with moderate carotid artery stenosis were randomly assigned to a diet group or a statin
group. The latter was given lipid-lowering atorstatin. After a six months follow up the
relative lipid volume, measured with integrated backscatter, was significantly decreased

in the statin group whereas the diet group showed no significant difference.

Spectrum analysis has also been performed on IVUS images. Nair et al.'* ' used
statistical classification trees where a combination of different spectral parameters (e.g.

slope, midband and y-intercept) was used to classify plaque regions as calcium,
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calcified-necrosis, fibrous or fibro-lipid. The predictive accuracy of this method, called
virtual histology, was 79.7% (fibrous), 81.2% (fibro-lipid), 92.8% (calcium) and
85.5% (calcified-necrosis). Another method based on shadow detection, feature
extraction and histogram analysis was presented by Taki et al."”” This method, called
imaged based histology, improved the longitudinal resolution compared to virtual

histology.

Also integrated backscatter has been used on IVUS images. Kawasaki et al.'*® studied
the integrated backscatter on 18 coronary plaque segments from nine patients. Sections
were categorized using histology as calcified, mixed lesion, fibrous, thrombus, lipid
core, intimal hyperplasia or media. There were significant differences between all
categories but the values for lipid core, intimal hyperplasia and media were however
quite similar. In the same study the integrated backscatter was compared to angioscopy
where the color of the plaque can be visualized. It was found that the color seen in
angioscopy mainly reflects the fibrous cap thickness and not the size of the lipid core.
Since the integrated backscatter could detect both the lipid core and the fibrous cap it

was considered more precise than angioscopy to characterize coronary plaques.

Seabra et al.'"” developed an IVUS method based on a mixture of Rayleigh
distributions which were used to describe fibrotic, lipid and calcified plaques. As shown
in an IVUS study by Katouzian et al."”” there are however difficulties in tissue
characterization due to iz vitro, in vivo, inter- and intraframe variations of tissue
spectra. This study also presented a texture-based plaque characterization method used
to derive prognosis histology images which together with examples from other

algorithms are shown in Fig. 13.

Figure 13. Examples of color-coded
tissue maps from different plaque
characterization algorithms based
on intravascular ultrasound
(IVUS). (a) Histology image and
corresponding color-coded tissue
maps from (b) the integrated
backscatter algorithm'?® and (c) the
virtual histology algorithm!?. (d)
B-Mode image with (e)
corresponding  histology and (f)
color-coded tissue map from the
prognosis histology algorithm'.
(g) Color-coded tissue maps from
the image based histology
algorithm'?” and (h) the Rayleigh
mixture  model  algorithm'.
Katouzian et al.’** © 2012 IEEE.
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All reported methods used for scatter characterization are based on spectral analysis
and are therefore subjected to a trade-off in time-frequency resolution. This has been

l 131

shown both theoretically and practically by Gerig et al."”! who concluded that the

variance of scatter size estimates increase with decreased gate length.

Time domain phase analysis

The main subject in this dissertation is the use of time domain phase data for
plaque/tissue characterization. Time domain parameters (except amplitude-based) are
rarely used in single frame analysis (as mentioned previously zero-crossing techniques
for measuring attenuation have been proposed'®). However, we hypothesize that the
use of time domain phase data could be beneficial in some aspects compared to spectral
analysis. This section will introduce the instantaneous frequency and an

autocorrelation approach to measure the center frequency in the time domain.

The gradient of the phase in the time domain, usually referred to as the instantaneous

frequency'” (IF) is commonly defined as

=% 3)

where w denotes angular frequency and 7 denotes time. The IF of a real signal can be
derived using the orthogonal signal obtained by the Hilbert transform. If the data is
sampled the discrete Hilbert transform is usually calculated by means of the discrete
Fourier transform (DFT) given by

N-1
i2kn
X(k) = x(n)-e N kez, 4)
nZ(:)

where X(k) are complex numbers describing the amplitude and phase for the frequency
k/N cycles per sample of the real signal x. In order for the signal to be phase shifted by
90 degrees the last half of the complex values (corresponding to the negative
frequencies) are first set to zero. The complex values are then transformed to a real

signal using the inverse DFT given by

i2kn

N-1
J?(n)=l X(k)-e N neZ X n=0. (5)
Nk=0

k>
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The discrete IF is then calculated as

s k(n) t(n—1)
IF(n) = zf_ﬂ (arctan (;—;3) — arctan <z(z——1)>>' 6)

where f is the sampling frequency. The accuracy of the IF depends on the accuracy of
X(k) (eqgs. 4-5) which in turn depends on the sampling rate and the gate length of the
DFT. An important difference between the IF and the frequencies calculated with
DEFT is that for the IF the spatial resolution does not equal the gate length. In fact
maximizing the gate length to an entire RF-line will maximize the sample-wise accuracy

of the IF.

132 However,

The mean frequency in the spectrum of a signal is equal to the mean IF.
precise interpretation of sample-wise IF from multicomponent signals (e.g. pulsed
ultrasound) is difficult, if not meaningless."”> However, if the effect of phase-shifts'*>
"% is considered to be small, we assume that the mean IF over a few wavelengths can

be used to estimate the mean spectral frequency (see Fig. 14).
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Figure 14. A method to estimate the center frequency using the time domain phase. a) The RF data
(blue) and its orthogonal signal (red) obtained using the Hilbert transform. b) The phase of the RF
data calculated as the arcus tangent of the signals in a). ¢) The same as in b) but unwrapped to
remove phase jumps. d) The differentiated unwrapped phase (brown) and its mean value (dashed).
If the data in d) is multiplied with the sampling rate (50 MHz) and then divided by 27 it gives the
instantaneous frequency. Using a mean value of 1.219 radians/sample this yields an estimated mean
center frequency of 9.706 MHz.
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The mean IF is thus a center frequency estimator given by

IF = 27'];:;19 kZ‘: izj: arctan (igz: g) — arctan (%), 7)

where £, and /, denotes samples in a region bound within 2 by & samples.

If the entire RF-line is used in the Hilbert transform (egs. 4-5) the accuracy of the
mean IF will be substantially improved without affecting the spatial resolution.
Assuming that a larger number of regions are to be evaluated this will also be more
computationally efficient, compared to using DFT within each region, since the
Hilbert transform is only calculated once for leach RF-line. The spatial resolution
equals the size of the averaged region which needs to be large enough to cover effects
of noise, phase-shifts and natural variations in IF due to the summation of multiple

broadband pulses.

Another method to derive the center frequency is the complex autocorrelation method

used in color Doppler ultrasound by Kasai et al.'**:

n+N/2

R(n)=% Z CHC (i — 1), (8)
i=n—-N/2

where C" denotes the complex conjugate. Note that in Doppler applications i
represents the same sample from different transmitted pulses whereas in our case it
represents different samples from the same transmitted pulse. The phase difference and

thus the center frequency is obtained as the argument of R(n):

fs 1m(R(n))>_

feenter(n) = 2T Re (R (Tl))

arctan < (9)

Both equations 7 and 9 assess the center frequency by the calculating an average phase
difference between time domain samples. As shown by Sirmans and Bumgarner'” the
autocorrelation method is unbiased for symmetrical spectra and superior in terms of
accuracy and noise immunity compared to e.g. DFT. It was also shown that the bias

caused by non-symmetrical spectra is rather small.

Measurements of center frequency in the time domain therefore seems to be more
accurate than in the frequency domain (spectrum analysis). However, in contrast to
spectral analysis, the methods described above only yields one frequency, the center

frequency.
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5. INTRODUCTION TO INCLUDED PAPERS

My work during the PhD studies have spanned several different areas of arterial
characterization. In the included papers five different methods are presented. Two of
these methods, presented in papers I-III are based on the time domain phase of the
ultrasound data. The time domain phase comes with advantages in resolution and also
naturally incorporates sub-pixel estimations in motion tracking (paper III). Generally
this approach is also more computationally efficient compared to spectral analysis
(papers I and 1II) or cross-correlation (paper III). Although we have not performed
quantitative measurements of PWYV, the method presented in paper III is suitable for
measurements of both radial and longitudinal PWV, which have been visualized. Paper
IV-VII presents methods for measurements of IMT, diameter and longitudinal

movement.

Next pages outline a short introduction on each of the included papers. They are

presented in reversed chronological order of development.
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5.1 Paper | — overview

The frequency content of the reflected ultrasound pulses depends both on the
instrumentation settings and on the characteristics of the scatters in the medium being
examined. Specifically, when the scatter sizes are in the range of the wavelength of the
ultrasound, the size is the dominating scatter property affecting the frequency
spectrum of the backscattered data. In this paper we aim to derive a method for
measuring scatter size using only the center frequency. The rationale for this, compared
to methods based on spectral analysis, is that the center frequency can be determined
in the time domain. Thereby, the measured shift in center frequency is not limited by

the typical time vs frequency trade-off coupled with spectral analysis.

To evaluate the derived method five agar phantoms were made with well-defined sizes
of glass beads. The phantoms were placed in water and scanned with two different
transducers and six different center frequencies. The result (Figs. I-A and I-B) showed
that there is a clear correlation between the normalized center frequency and scatter

size and that it is feasible to measure scatter size using only the center frequency.
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Figure I-A. The normalized center frequency as a Figure I-B. Estimated scatter diameter (mean and

function of the product 4z (where 4 is the wavenumber standard deviation) for different transducer center

and « is the scatter radius). frequencies. The dashed lines indicate the actual

diameters in the four phantoms evaluated.
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5.2  Paper Il - overview

The vulnerable plaque is a plaque prone to rupture and is characterized by thin fibrous
cap, relatively large amount of lipids, macrophages and hemorrhage. On the contrary,
a stable plaque is considered to be composed of fibrous tissue and smooth muscle cells.
The identification of vulnerable plaques remains a great challenge in clinics today. The
center frequency of the reflected ultrasound pulses is related to scatter properties of the
tissue in the plaque (see also paper I). The aim of this paper was to evaluate whether
the time domain derived center frequency can be used to determine carotid plaque
vulnerability.

The method was evaluated both ex vivo and iz vivo on a total of 206 different fragments
of carotid plaques. In both cases the measured center frequency shift (CFS) was
compared to histology were the percentage of lipids, macrophages, hemorrhage,
collagen and smooth muscle cells were measured. To assess the overall vulnerability of
the plaque a vulnerability index was used with unstable components (lipids,
macrophages and hemorrhage) in the numerator and stable components (collagen and
smooth muscle cells) in the denominator. Figure II shows the method used on plaques
with unstable (top and middle) and stable (bottom) phenotypes. The CFS correlated
strongly with the vulnerability index and the accuracy to detect plaques with high
vulnerability index was 78%, with sensitivity 77% and specificity 78%. This could

improve preventive strategies, risk stratification and monitoring of interventions.

Figure II. Plaques with unstable (top and middle) and stable (bottom) phenotypes
assessed with B-Mode (left), center frequency shifts (CFS) (middle) and histology (right)

for lipids (more red equals more lipids).
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5.3  Paper lll - overview

Motion tracking is increasingly common in ultrasound tissue characterization
methods. The key idea is to measure differences in regional compression due to an
applied force — either external caused by the operator or internal caused by e.g. the
pulsatile blood flow. The vast majority of motion tracking algorithms used in
ultrasound applications are based on cross-correlation. Two drawbacks with such a
method is that 1) they quickly become time-consuming when an increasing number
of ROIs are used and 2) they require additional calculations to acquire sub-pixel
resolution. The aim of this paper was to develop a new motion tracking algorithm

that simultaneously solved both issues mentioned above.

The developed method transforms the amplitude information (B-Mode) to spatial
phase information. This is performed in the time domain meaning that each pixel has
its own phase (complex representation of amplitude information) and the phase does
not relate to different frequency components as in the frequency domain. Because of
the unique feature that speckle causes a rather uniform spatial frequency in the
ultrasound image, the phase information could be locally approximated with a straight
line. The motion for each pixel can then be calculated using the equation of a straight
line, knowing the difference in phase for each pixel between two frames and the

gradient of the local phases.

The method was evaluated on phantoms and on the longitudinal movement (see Fig.
III) of the arterial wall.
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Figure III. Four consecutive frames (A-D) where two phases of the longitudinal

movement can be visualized.
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5.4  Papers |V and V - overview

The diameter and intima-media thickness (IMT) of the arterial wall can be used to
measure early signs of atherosclerosis. Although today there exist several computerized
methods, manual measurements are still dominating. One reason may be a lack of
robustness in the automatic methods. Most methods are likely developed using images
from a single ultrasound scanner and/or a single type of artery, e.g. the carotid artery.
However, the appearance of the arterial wall strongly depends on the scanner used,
which artery is imaged and the age, health and type (human/animal) of subject. The
overall aim of these papers was to develop a robust method for diameter and IMT
measurements working on different scanners, arteries and on different types of

patients.

The method uses a combination of peak and threshold detection to segment the
different layers of the arterial wall (Fig. IV). The specific threshold values were based
on several hundred different images from different scanners, arteries and subjects.
Overall the result was satisfactory since the method works, without any modifications,
equally well on a variety of cases including diameters ranging from 0.65-13.8 mm and

IMT ranging from 72-1620 pm (unpublished data).

In paper IV the method is evaluated on the aorta of premature rabbit pups. This was
the first time that diameter and intima-media thickness was measured simultaneously
and automatically in a small animal model. The inter-observer variability was decreased
compared to manual measurements and the results showed that the method could be
a useful tool for arterial characterization in small animals. In paper V the method was
evaluated on the carotid artery in patients with different age and health and by using
two different scanners. Also in this study the method performed well with coefficient

of variability ranging from 1.4 - 8.8 %.

1500

1400 |

i ( ‘ 1(K) - I(ymo)|

k-yme

)

1200 -

1000 - 1000
Diameter

800+

Intensity

600 |

I (Intensity)

500

400+

S

140 150 160 70 80 S 3 o T re
k (Pixels) Depth (mm)

1‘30

Figure IV. A) Schematic of the initial wall detection algorithm. The position of the wall is determined as the pixel
having the maximum slope relative to the location of the mouse click, yme, in the center of the lumen. B) Averaged
intensity profile of the arterial wall. The edges of the intima and adventitia echo, respectively, at the near and far
wall are marked with crosses. Peak intensities of the adventitia echo at the near and far wall are marked with squares.
Peak intensities of the intima echo at the near and far wall are marked with circles. Lumen diameter at diastole,

distension and intima-media rhickness were derermined.
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5.5  Paper VI - overview

The pulsatile blood flow causes a radial distension of the arterial wall. However besides
an increase in diameter during the systolic phase there is also a decrease in thickness.
This intima-media compression (IMC) is only barely visible for the eye and is quite
difficult to measure. However, the IMC might be of importance in cardiovascular
research since this is the main site for atherosclerotic manifestation. The aim of this
paper was to develop a method that could measure this change in thickness with a

reasonable repeatability.

The key feature of the developed method is that there is a measure of and a
compensation for the longitudinal movement. In ultrasound images there are often
irregularities in the arterial wall. This results in a somewhat “wavy” appearance to the
different layers of the arterial wall (Fig. VI-A). Therefore the automatically measured
intima-media thickness (IMT) varies (falsely) depending on where on these “waves” it

is measured.

The average IMT for all (image) lines was measured in the first frame. Then the idea
was to increase the accuracy by keeping track of the longitudinal movement for both
the intima-media complex and the adventitia, using the sum of absolute difference.
The IMT measured for each line in one frame could then be compared to the thickness
measured between the same physical locations in each layer separately in the next
frame. The mean difference in IMT for all locations is then independent of the
individually measured IMT. The IMT during all frames was then determined as a
cumulative sum starting with the mean IMT of the first frame (Fig. VI-B). The mean

IMC (total compression, Fig. VI-B) was 66 pm (9.2%) measured with a coefficient of

variability of 9.9%. o}
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Figure VI-A. A typical ultrasound image of the ° ! fmew )
common carotid artery. The echoes originating from Figure VI-B. The IMT during four cardiac cycle
the intima and adventitial layers of the arterial wall of (a) a health 42 year old female, (b) a healthy
form a typical double-line pattern as indicated by the 47 year old female and (c) a healthy 49-year old
arrows. Notice the “wavy” appearance of these lines. male. The bottom lines shows the ECG.
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5.6  Paper VIl - overview

As has been previously shown the longitudinal movement of the arterial wall is greater
in the innermost layers, the intima-media complex, compared to the outer layer, the
adventitia, and the surrounding tissue. During close visual review of several different
recordings of carotid arteries a continuous decrease in magnitude of the longitudinal
movement was often noticed. The aim of this paper was to measure this continuous

change in magnitude.

The method developed for this purpose had two main tasks a) to automatically locate
the arterial wall and the angle of it and b) measure the longitudinal movement in small
steps perpendicular to the blood flow. The second task requires a very small axial length
of the ROI thus substantially increasing the risk for detecting false axial motions.
Therefore the first task was also required, the localization and angle determination of
the arterial wall. The position of the wall could then be used to axially lock the ROI

and the search was performed in only one direction.

To increase the sub-pixel accuracy beyond the size of individual pixels the peaks of the
horizontal amplitude were identified by locating the zero-crossings using the equation
of a straight line (Fig. VII-A). These peak positions were then matched to those in the
previous frame, indirectly yielding the inter-frame longitudinal movement. This was
then repeated while moving the ROI throughout the arterial wall. As expected the

maximum shear strain was shown to occur between the media and adventitia (Fig. VII-

B).
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Figure VII-B. The maximum measured longitudinal
displacement at different depth within the common
carotid artery of a healthy 49-year-old female. The
area with maximum shear strain is indicated by the

arrow.

Figure VII-A. Schematic illustration of the peaks in the B-mode image and the corresponding zero-crossings in the
differentiated data. A horizontal B-mode line of the arterial wall (a) can be represented as an intensity curve (b).
The zero-crossings of the differentiated intensity curve (c) correspond to the local peaks. Sub-pixel accuracy is

obtained using the equation of straight lines at each zero-crossing (d).
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