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Abstract

The leading cause of death in the world is cardiovascular diseases. Scien-
tific discoveries have been made that correlate the movement of the arterial
walls and blood flow patterns with cardiovascular diseases. These move-
ments have been studied with ultrasound 2D imaging. From 2D movement
tracking it is observed that the arterial wall moves in two directions, radially
and longitudinally, and research has made connections from the patterns of
movement to cardiovascular diseases. Blood flow patterns have been stud-
ied in 3D, with Doppler ultrasound and 3D MRI, and spherical blood flow
patterns have been distinguished. This thesis is a first attempt to study the
arterial wall movement of the common carotid artery with the use of 4D
ultrasound imaging. To do this 4D ultrasound images were constructed by
acquiring 2D motion images of the common carotid artery of three healthy
volunteers, triggered with the use of ECG signals. These images were put
through a 3D shift phase tracking algorithm developed for this thesis, using
a program called MATLAB. To view the motion tracking of the arterial
wall, a three-dimensional segmentation was created manually using 2D-
slices. Applying the motion tracking to the coordinates of the segmented
shape, a motion 3D image could be seen. It was not possible to draw any
conclusions from this moving shape, so two other methods were used for
validation of the 3D tracking algorithm. The first method used 2D slices,
plotting a moving segmented slice on top of the corresponding ultrasound
2D image slice, to observe if the movement followed the original image.
The second method compared the results in movement plots, plotting the
2D movement both radially and longitudinally and comparing this with
an existing validated 2D shift phase tracking method. The results showed
that the 3D motion tracking worked better in the radial direction than in
the longitudinal direction, however neither results were completely correct.
With many possible error sources, this method still seems promising, and
one main issue is the resolution of the images, which needs to be increased
for better results.
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Popularvetenskaplig sammanfattning

Rorelsedetektering av halspulséddern med ultraljudsbilder i 4D

I denna studie har ett forsta forsék till att méta rérelsen i blod-
kirlsviggen hos halspulsddern med fyrdimensionella ultraljuds-
bilder gjorts. Maéitningar av rorelsen i blodkirlsviaggarna kan ge
virdefull information om eventuella hjart- och kirlsjukdomar.

Hjart- och kirlsjukdomar ar orsaken till 30 % av vérldens alla dodsfall.
Ar 2030 forvintas s& manga som 23.6 miljoner ménniskor att dé av hjért-
och kérlsjukdomar och man forutspar dven att detta kommer att fortsdtta
vara den huvudsakliga dodsorsaken i vérlden. Det ar déarfor viktigt att
skapa sig en sa bred bild som mdéjligt av sjukdomsférloppen for att kunna
spara resurser, motverka sjukdomar och motverka dodsfall.

Upptéckter inom vetenskapen har gjort att man har kunnat dra paral-
leller mellan hur blodkéarlsviaggar ror sig och hjart- och karlsjukdomar. Man
har ocksa kunnat dra paralleller med hur blodet i ett blodkérl flédar och
hjart- och kérlsjukdomar. En speciell rorelse som upptéackts ar att blodet
flodar i en spiralrorelse. Vaggen i ett blodkérl sédgs rora sig pa tva olika sétt.
Det ena &r att hela blodkérlet expanderar radiellt (diametern av blodkérlet
fordndras) under tiden av en hjartcykel. Detta dr det vanligaste sittet att
titta pa blodkérlets rorelser pa. Den andra rorelsen sker langs med blod-
kérlets riktning, dar tva av de tre lagerna i blodkérlsviaggen forflyttar sig
under hjartcykeln. Det finns mycket kunskap om hur radiella rorelser hanger
ihop med kardiovaskulédra sjukdomar, men inte s& mycket om longitudinella
rorelser an.

Métningar av blodkarlsrorelser i 2D gar att gora med ultraljudsmas-
kiner. Det finns flera férdelar med ultraljudsdiagnostik som inkluderar att
de kan goras icke-invasivt och med laga kostnader. Detta jamforelsevis med
andra medicinska bildtagningsmetoder s& som magnetisk resonanstomografi
och CT rontgen. Det ar dérfor av stort intresse att fortsdtta utveckla
metoder for ultraljudsmétningar i samband med hjért- och kérlsjukdomar



for att kunna dra nya slutsatser och ldra oss mer om hur blodkérlets rorelse
ar kopplat till olika hjart- och kérlsjukdomar.

De flesta medicinska métningar sker i 2D, vilket begrénsar kunskapen
om hur dessa olika rorelser korrelerar. Nu pa senare tid har man borjat allt-
mer med 3D-bilder for att kunna tydligare se hur organen och vivnaden i
kroppen ser ut. Daremot sa ar det ingen som férsokt méta blodkérlsvaggens
rorelser i 3D, och da heller sett om det finns nagot samband mellan den lon-
gitudinella rorelsen, den radiella roérelsen och det spiralformade blodflodet.

I detta examensarbete har ett program skapats for att analysera rorelser
i 3D med anvéndning av 4D-ultraljudsbilder (3D-filmer). Ultraljudsmat-
ningar har gjorts pa halspulsadern for att se om man kan detektera eventuel-
la 3D-rorelser. Programvaran som anvéndes var MATLAB, dér rorelsede-
tekteringsalgoritmen skapades, i detta forsta forsok av att méta rorelsen i
halspulsddern i 3D. Resultaten jaimfordes med 2D-rorelsedetektering fram-
tagen av en tidigare beprévad algoritm. Slutsatsen visar att det &r mojligt
att gora rorelseméatningar med 4D-ultraljudsbilder. En svarighet med att
arbeta med 4D-filer ar att de &r véaldigt stora och kraver mycket proces-
sorkraft och tid for att genomféra berdkningar péa. 1 detta projekt var
Aven upplosningen hos 4D-filerna ett problem. Okad upplosning spelar stor
roll for att kunna fa béttre resultat i framtiden. For att kunna anvinda
denna metoden diagnostiska sammanhang behdvs fortsatt utveckling, da
resultaten ej var perfekta, &ven om de var lovande.
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Chapter ]_

Introduction

This chapter will first present the scientific background of this thesis. Sec-
ondly, previous research publicized within the department of Biomedical
Engineering at Lund University, which preludes this thesis will be presented.
Lastly the aim for this thesis will be given.

1.1 Background

Cardiovascular diseases are currently the leading cause of death in the world
[1]. If we could gain more knowledge about the cardiovascular system and
related diseases, this information could be used to prevent sickness, suf-
fering, deaths and loss of resources. Research aiming for increasing the
understanding of the cardiovascular diseases, i.e. how to detect, treat and
prevent the cardiovascular diseases is continuously in progress. One of these
important research areas is within the non-invasive diagnostic tools for de-
tection of early stages of vascular diseases. There is ongoing research on
the motion of the blood vessel walls and how this can be used for future
pathological diagnostics [2]-[7]. There has been extensive research on how
the arterial walls expand in the radial direction (motion parallel to the di-
ameter of the arterial wall), but not until more recently has there been
more research on how the walls move longitudinally (motion parallel to the
arterial wall) [2]. The movement of the arterial walls have been studied
and correlations between health and other physical factors have been found
to affect wall motion and elasticity. Other research has studied and shown
how the blood flows in the arteries. Studies have found that blood flows
in certain patterns correlating to the physical state of the arteries, with
the help of Doppler ultrasound and 4D MRI [8]. Some of these patterns
are helix-shaped, which means the blood flows in a spiral motion. With
the current knowledge of blood flow patterns, radial arterial wall movement
and longitudinal arterial wall movement, there is an interest to see if these
anatomical physical patterns correlate. With 3D motion tracking it might
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be possible to see if the spiral pattern of the blood flow correlates to the
movement of the arterial walls, and if there exists a spiral motion pattern
in the arterial wall as well. No one has previously tried to measure the
arterial wall motion in 4D ultrasound images, and these questions remain
unanswered. Therefore it is of interest to try and view and use motion
tracking on 4D ultrasound images of the arterial wall.

Ultrasound is a typically inexpensive and feasible non-invasive diagnos-
tic tool and is already used in many applications within health care. If
possible, the use of ultrasound for pathological diagnosis would be prefer-
able to other imaging techniques, due to the easy accessibility and low cost.
Ultrasound is easy to use when looking at the softer tissue of the body,
for example blood, heart, bladder, fetus etc. Therefore it is of extra inter-
est to perform motion tracking on the arteries with the use of non-invasive
ultrasound.

1.2 Previous research at Lund University

This thesis is a continuation of previous research on arterial wall move-
ment with ultrasound imaging, done by a collaboration of the department
of Biomedical Engineering and the Department of Translational Medicine,
both departments of Lund University, Lund, Sweden. In their article, Pers-
son et al. (2003) presented a new method for simultaneous measurement
of both longitudinal and radial arterial wall movement. It also states that
longitudinal wall movement could have significant meaning for physiological
knowledge of the arterial wall, and that this is a relatively unexplored area.
Cinthio et al. (2006) researched the longitudinal movement of the arterial
wall and how the longitudinal movement creates shear strain within the
arterial wall [4]. Here they found that it is mainly the intima-media com-
plex that moves and the pattern of the longitudinal wall motion is probably
health and age related, and that it is different even for healthy individuals.
To further study how the longitudinal arterial wall motion changes due to
physical factors, studies of the effects of adrenaline and other catecholamines
on porcine were done [5] [6], with the conclusion that an increase in longi-
tudinal movement in the common carotid artery is not necessarily affected
by wall shear stress. The wall shear stress is a measurement of the affect
of the force the blood has on the wall it flows over. The department has
also researched and published methods for measuring the diameter change
in the arterial wall and developed a new motion tracking algorithm.
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1.3 Aim

The overall aim of this thesis is to develop a method for movement tracking
of the carotid artery using 4D ultrasound images. To do this, the program
MATLAB (The Mathworks Inc., Natick, MA) is used. A graphic user in-
terface is created in MATLAB to read the data and to display results. 4D
ultrasound images are 3D films, using each still 3D image and comparing it
to the next for a movement analysis of the common carotid artery.

Since this is a pilot study, the specific aims changed throughout this
thesis. The specific milestones set in the thesis are seen below.

e Create a GUI (graphical user interface) in MATLAB for displaying
2D ultrasound images.

e Developing supervisor Tobias Erlév’s motion tracking code from 2D
to 3D images [9].

e Sampling data (3D films of the common carotid artery).
e Further development of GUI for manual segmentation and 3D viewing.
e Applying data to motion tracking.

e View and compare results.
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Chapter 2

Theory

This chapter will start by explaining the physics behind ultrasound imaging.
Ultrasound imaging is a combination of using the physics of ultrasound
waves and the techniques for creating images with the use of these waves.
Then a brief introduction to the cardiovascular system and how we can
monitor the signals of the heart is given. We will also dig further into the
movement of arterial walls and how this correlates to pathological diagnosis.
Lastly, some different methods of motion tracking will be presented.

2.1 Ultrasound

Ultrasound waves are sound waves with a frequency of 20 kHz and above.
This high frequency sound is inaudible for human ears, while other animals
such as bats and dolphins use those high frequency sound waves. The in-
spiration for using ultrasound in human made applications are bats [10].
Sound waves are mechanical vibrations that travel through a medium. As
with all physical waves, ultrasound waves reflect at the change of a medium
and echoes back. This echo of ultrasound waves is the basis for ultrasound
imaging. Ultrasound diagnostics is a non-invasive tool to observe and diag-
nose soft tissue in the human body. The first attempts of using ultrasound
as a medical diagnostic tool was in the early 1900s, and in the year of 1949
it was for the first time used to be able to locate gallstones and breast
masses. In the early 1950s the first 2D image was produced, and in the
1980s color Doppler was introduced into the ultrasound imaging. As with
all technology, there is constant progress; resolution has increased over the
years and we have since the beginning of the century started to experiment
and use 3D and 4D ultrasound imaging [10].

Unlike electromagnetic waves, sound waves cannot travel in vacuum;
they must travel through matter. The propagation of an ultrasound wave
is a transfer of energy through a medium. A sound wave starts in a phys-
ical medium as a pressure change, then propagates as continuous pressure
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change through particle displacement with regions of compression and rar-
efaction, see Figure [2.1]

Pressure

N

—_—

Particle displacement

-—

—_—

Figure 2.1: lllustration of how a longitudinal wave propagates, show-
ing the pressure changes of the particles in combination with the
particle displacement. From [11].

As all types of mechanical waves, sound waves travel with different speed
depending on the properties of the transporting medium. The speed of
propagation is determined by the stiffness and density of a medium. In a
material with high density and low stiffness, the speed of sound will be low,
and in a material with a low density and high stiffness the speed of sound
will be high. In a medium with high density the particles are more compact,
and with less vacuum the pressure changes will propagate more quickly than
if they were further apart. Table shows the speed of sound for different
medium and tissue which are commonly used in medical ultrasound.

Table 2.1: The speed of sound in different medium. Data from [12].

Type of medium | Speed, ¢ (m/s)
Air 343
Water 1480
Blood 1575
Liver 1590
Fat 1450
Bone 2800-4080
Kidney 1570

To explain the nature of a wave, three physical properties are used:
the frequency, wavelength and propagation speed. These three physical
properties are related according to (2.1]), where A is the wavelength, ¢ is the
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speed of the wave (propagation speed) and f is the frequency of the wave,
i.e.

A=c/f. (2.1)

As seen in , the propagation speed of sound in the medium affects
which wavelength the frequency of the wave will have.

Another physical property of a wave is the phase. The phase is mea-
sured in degrees, where a full cycle is 360° and marks the return to the
original state. Sound waves passing through a medium move the particles
of the medium, pushing the particles to and from their resting place in an
oscillating pattern. The phase describes how far from the original state the
particles of a medium are displaced. Two waves can have the same ampli-
tude, frequency and wavelength, but have different phases. The phase is
an important physical property, due to the ability of waves adding together
through interference. If the phase is the opposite, the two waves will cancel
each other through superposition. If they have the same phase they will
add together and superimpose as one sound wave with twice the amplitude.

Attenuation

An ultrasound wave experiences loss of amplitude and intensity as it travels
through a medium. The decline of amplitude occurs gradually; its loss can
be seen as an exponential curve. This effect of loss of amplitude is called
attenuation. The decrease of wave intensity over each unit of distance oc-
curs with the same constant fraction for a specific medium and frequency;
therefore it becomes an exponential curve of reduction in intensity. Atten-
uation occurs due to several different physical features of the sound wave.
These are scattering, divergence, reflection, diffraction and absorption. All
of these features behave differently in different medium and are also depen-
dent on the frequency of the wave. Out of the different attenuation causes,
absorption is the most important when it comes to ultrasound imaging.
Absorption is when the intensity and amplitude of the sound wave decrease
due to the surrounding medium absorbing the energy and converting the
energy into heat. This effect is usually much larger than that of the other
attenuation effects, since sound waves are easily converted into energy in
human tissue.

In human tissue, the attenuation of ultrasound waves is dependent on
the frequency of the wave. The attenuation effect increases with increased
frequency. With a higher frequency the ultrasound wave will be absorbed
into the tissue quicker, and the ultrasound wave will not be able to penetrate
as deeply into the medium as with a lower frequency.
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Acoustic impedance

Another important material property in ultrasound imaging is the acoustic
impedance. The acoustic impedance of a material describes how much re-
sistance is encountered when a sound wave passes through medium and is
determined by the density and stiffness of the medium. A medium with a
high density is harder to accelerate than a medium with low density, due
to there being a higher amount of mass in the same space. Also, a medium
with a higher stiffness will be harder to accelerate than a medium with lower
stiffness, since the particles will be harder to move. Acoustic impedance, z,
can be calculated from the local particle pressure, p, and the local particle
velocity, v, as in

=P (2.2)

Reflection

To use acoustic sound as a measuring tool, a sound wave is transmitted
and then the returning echoes are measured. The reflections are caused by
a difference of acoustic impedance in interfacing mediums. How large the
reflection will be is decided by the change of acoustic impedance. The sound
wave will not only reflect, but also move forward and be partly transmitted
into the new medium. The total intensity of the sound wave will not change,
it will only split into one reflected sound wave and one transmitted sound
wave. This behavior is a physical result in keeping the wave continuous
and the medium undamaged. The sum of the reflected intensity and the
transmitted intensity will be the same as the incoming original sound wave,
with the assumption that no absorption occurs, see Figure 2.2

The sum of the incoming and reflected pressure is the same as the total
transmitted particle pressure, . The sum of the incoming and reflected
velocities is the same as the total transmitted velocity of the sound wave,
. Again, this is due to the wave having to be continuous with no
material disruptions. By looking at Figure and using , it is shown
how the acoustic impedance of the different mediums decide how much of
the wave will be reflected and how much will be transmitted.

Di =Dpt + Dr (23)
Vi = VU + Uy (2.4)

From the above equations: (2.2)), (2.3) and (2.4) a ratio known as the

amplitude reflection coefficient, R4 can be calculated,
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r
(b) ]

Figure 2.2: lllustration of how an incoming sound wave reflects at
the interface to the second medium. (a) Shows the particle pres-
sure and velocity and how the sound wave continues and reflects
when passing from one medium with acoustic impedance z; to
the second medium with acoustic impedance z;. (b) Shows the
relation of the intensity of the incoming wave and the resulting
reflected and transmitted waves. From [I1].

Dr 22 — 21
Di z2+ 21 (25)

Ultrasound images are built from reflections of ultrasound waves. The
reason ultrasound images can be constructed is that the returning echoes
have different amplitudes. It is this difference in amplitude that contains
the information to create an ultrasound image.

Resolution

In all types of medical imaging the resolution of the image is important;
medical images need to be adjusted for the specific cause of the examination.
Whether a high resolution is needed to observe small objects and structures,
or a change in contrast is needed of two structures are too similar, or if
timing is important and the images need to be taken with a faster frame
rate and lesser spatial resolution.

In ultrasound imaging the frequency of the ultrasound wave is an impor-
tant factor of the resolution of the scanned image. The frequency specifies
how deeply the ultrasound waves can penetrate and reflect back without
too much attenuation occurring. The frequency and wavelength also gives
the spatial resolution. The spatial resolution specifies the size of the small-
est detectable object in the image. The typical frequency used in medical
diagnostic ultrasound transducers is between 2-15 MHz. In Table the
corresponding wavelengths for typical diagnostic frequencies are shown.
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Table 2.2: The wavelength of different frequencies in soft tissue,
with an assumed speed of sound of 1540 m/s. Data from [I1].

Frequency, f (MHz) | Wavelength, A (mm)
2 0.77
) 0.31
10 0.15
15 0.1

In ultrasound imaging there are three important types of resolution:
spatial, temporal and contrast. These three together determine the quality
of the image. Spatial resolution is the ability to distinguish two points in
an image. The choice of frequency determines how close two targets can
be while the ultrasound still will be able to detect and and display these
targets as two separate entities [I3]. Shorter wavelengths improve spatial
resolution, but have lower penetration depth.

Temporal resolution is important when scanning ultrasound images over
time. It is the ability to accurately show changes in the scanned anatomy
over time. Temporal resolution is the time from the beginning of one frame
to the next frame. This depends on the depth of the scanned image, the
further the ultrasound waves have to travel, the longer time it will take for
the echos to return. The width, or number of scan lines, of the image also
decides how long it takes for one image to be scanned. The more scan lines,
the longer it takes to get one complete ultrasound image [13].

Ultrasound pulses vary in power, which is proportional to the squared
amplitude. Contrast resolution is the ability to distinguish between differ-
ent tissues which have different characteristics. These differences in char-
acteristics can give different echo amplitudes, such that it can sometimes
be difficult to distinguish adjacent structures [13]. The brightness, or the
amplitude of the returning echo is determined by the reflection constant,
R 4. Contrast resolution can be improved with different methods through-
out the imaging process, using either compression, image memory and use
of contrast agents.

B-mode imaging

The classical 2D image of ultrasound imaging is called a B-mode image. The
B in B-mode image stands for brightness. A B-mode image is constructed
by the reflected ultrasound transmitted by a transducer. The strength (am-
plitude) of the returning signal implies the brightness of the image. With
increasing resolution in the images, smaller objects and movements can be
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detected. [14]

To create an ultrasound pulse, a transducer with piezoelectric elements
is used. Each one of these piezoelectric elements transmits an ultrasound
pulse. At each new interface the ultrasound pulse is reflected back, and
the transducer scans the returning echo. By knowing the time difference
from transmitted and returning pulse the location of the interface can be
calculated, and the strength of the signal gives the brightness at the spot.
One single piezoelectric element would create a 1D line, and with several
piezoelectric elements in a line these 1D images can be added together
to create a 2D image. The adjacent piezoelectric elements are combined
through superposition to create a wavefront. This wavefront can be changed
by adding och changing the time delay between the transmitted pulse which
are used to create the wavefront. See Figure 2.3] for an illustration of how

this works.
» K Multiple Pulses
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Figure 2.3: lllustration of how a B-mode ultrasound image is con-
structed. One line in a B-mode image corresponds to a single
ultrasound transmission. To create a full image, multiple pulses
are transmitted, resulting in a wavefront. The amplitude of the
echoes of the wavefront are what determine the brightness of
the pixel in the corresponding location of that echo. From [I5].

There are several types of transducers for B-mode imaging, depending
on what format is best for the specific application. See Figure 2.4 Here
a linear transducer is the most common, the piezoelectric elements are all
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in a straight line, and a rectangular image is produced, this can be used
when there is need to view the superficial tissue as well as the deeper organs
simultaneously.

(@) (b) ()

(d) (e)

Figure 2.4: lllustrations of different types of 2D transducers used
for B-mode imaging. (a) A linear transducer. (b) A curvilinear
transducer. (c) A trapezoidal transducer. (d) A sector trans-
ducer. (e) A radial transducer. From [16].

3D and 4D ultrasound imaging

There are several different ways to create a 3D ultrasound image. The
theory is mostly the same as in creating a 2D B-mode image, with an
added dimension. There are 3D transducers, which contain a 2D matrix
of piezoelectric elements and scan electronically over the scanning area to
create a 3D image directly from data collection. Then there are methods
which use a 2D transducer and the 3D volume is built up with scanned 2D
images, see Figure [2.5

For 4D ultrasound the next added dimension is time, it is a 3D motion
image. These images are harder to create. They are created by using a
mechanically steered array or a 2D transducer together with a specific time
stamp. This can be done by either adding 3D images over time or instead
by having 2D motion images added together sequentially over the third
axis. These 2D motion images need to be timed correctly to put together
a correct 4D image. This 4D construction method is time-consuming, and
the fast process of e.g. a heart beat, is hard to capture. Therefor, one
way to construct 4D images is by using an electrocardiogram (ECG). An
electrocardiogram shows the electric signals of the cardiac cycle. By using
the ECG of a person the 2D motion scanning can be triggered at a specific
point on the cardiac cycle and set to sample for the wanted amount of
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@ (b)

Figure 2.5: lllustrations of different types of 3D scanning methods
used for 3D ultrasound imaging. (a) Freehand 3D scanning.
The operator scans using free hand and the resulting 2D images
from the scan build the 3D volume. (b) Mechanically steered
real-time 3D. This scanner is mechanically scanning back and
forth to scan 2D images to build the 3D volume. (c) Endoprobe
3D ultrasound. The endoprobe scans a sequence of 2D images
parallel to one another to construct a 3D image. (d) Matrix
array 3D ultrasound. The transducer has an electronically con-
trolled beam which steers the beam to create a pyramid shaped
3D volume. From [I7].

cardiac cycles. This way a correct 4D is created with the correct timing,
even though the 2D motion images are not collected at the exact same time.
More on ECG in section 2271

Visualizing 3D and 4D images on a 2D screen is difficult. There are no
3D displays, and looking at all the data at once will be hard to interpret.
The easiest way to view 3D images is to look at the separate 2D images
and construct each orthogonal image to create a cut-through of a 3D image.
There is also a technique called shaded surface display, where the connecting
surface of a chosen object is selected and then shaded. This is commonly
used when viewing fetuses.

Doppler ultrasound

The Doppler effect can be applied to ultrasound systems to create Doppler
ultrasound. This is used to detect the motion of tissue and blood in ultra-
sound images. The Doppler effect is most commonly described by using the
example of an ambulance. The sirens of an ambulance send out sound waves
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with a specific frequency. When an ambulance is driving towards you, the
sound of the sirens has a higher frequency than if the ambulance would have
been still. When the ambulance is driving away from you, the frequency of
the sound will be perceived as lower than the still ambulance. The Doppler
effect is described as being the change in frequency of the perceived sound
wave compared to the original emitted sound wave.

Doppler ultrasound however works differently than the Doppler effect.
Instead of comparing the change in frequency Doppler ultrasound measures
the time difference for returning echoes. The transducer sends out multiple
consecutive pulses. When the blood is flowing, as it should, the particles
in the blood create a delay in the echo compared to their location in the
previous image. This delay can through signal processing give us a velocity
profile of the blood flow, through Doppler ultrasound, see Figure [2.6

Figure 2.6: An image of what Doppler ultrasound looks like. This
demonstrates both colour Doppler (the colour displayed in the
image) and spectral Doppler (which can be seen in the bottom
of the image). From [18].

2.2 The cardiovascular system

The cardiovascular system supplies the body with oxygen, nutrients and
hormones and relieves the body of carbon dioxide and other metabolic
waste. It is composed of the heart together with the blood and blood
vessels. The hearts function is to pump blood to all the cells in the body
using a vast network of blood vessels. The heart has four different valves,
the right and left atrium as well as the right and left ventricles, see Figure
2.7 Blood flows from the veins into the atrium and then continues to the
ventricle then leaves the heart through either the aorta or the pulmonary
artery. From the body, blood returns to the heart through the vena cava or
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the pulmonary artery. A vein is a blood vessel leading blood back towards
the body, and an artery is a blood vessel which leads blood away from the
heart. The inside of the blood vessel where the blood flows is called lumen.

(a) (b)

Figure 2.7: lllustration of the heart. (a) lllustrates how the blood
flows through the heart. (b) Shows the electrical grid of the
heart muscles. From [19]

2.2.1 ECG and the cardiac cycle

The cardiac cycle (one heartbeat) consists of two parts, systole and diastole.
Systole is when the heart is compressing and pumping out blood and dias-
tole is when the heart is relaxed and filling with blood. The heart muscle
contractions start with an electrical impulse which propagates through a
network of electrical signals for the most effective pumping motion. An im-
age of the heart and its electrical grid can be seen in Figure 2.7] The heart
contractions start at the sinoatrical (SA) node, which is the pacemaker of
the heart and controls our pulse and blood flow. The electrical impulse
which originate at the SA node spread throughout the heart muscles for a
coordinated pumping movement. From the SA node the pulse propagates
through the electrical grid so that both atria contract simultaneously and
press the blood into the ventricles. How this electrical pulse is spread can be
viewed in an electrocardiogram (ECG). In a healthy heart the ECG rhythm
is comprised of five distinct curves, an example of which can be seen in

Figure 2.8
2.2.2 Blood vessel anatomy

The arteries have to withstand more pressure than the veins, and are there-
fore thicker. The arterial walls are made up of three different layers, the
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Figure 2.8: A typical ECG of one cardiac cycle. The different curves
have different names, to be able to describe different features
or anomalies which might be found within an ECG. From [20].

tunica externa/adventitia, tunica media and tunica intima, see Figure
The tunica adventitia is the outermost layer and consist mostly of collagen
fibers to reinforce and protect the blood vessels. These fibers are also con-
nected to surrounding tissue to hold the vessel in the correct place. The
tunica media is the middle layer and the thickest layer. Here there are a lot
of smooth muscle cells as to regulate the diameter of the lumen, depending
on situation. The tunica intima is the innermost layer and it is also the
thinnest layer. This layer contains the endothelium, which varies in thick-
ness. The thinnest this can be is one layer of cells thick in the arterioles.
The tunica intima is much thicker in the larger arteries and in the aorta.
The purpose of the endothelium surface is to provide structure and low
friction for the blood flowing in the vessels.

The commmon carotid artery (CCA) is the main artery which supplies
the neck and head with blood. There is one on each side of the neck, the
left CCA and the right CCA. In this thesis it is the CCA which has been
used for analysis.

2.2.3 Arterial wall movement

When blood flows through the body, the rate of the blood flow and the
blood pressure is not constant, but changes due to the heart rhythm. Other
physical factors can also affect how the blood flows. This can, in turn in-
fluence the blood vessel wall movement. There are known physical factors
which affect the diameter in the arteries of the lumen, such as stress, which
expands the diameter to allow for larger blood flow to transport more oxy-
gen in the case of a stressful situation. The arterial wall moves in two
directions, the radial direction and in the longitudinal direction, see Figure
[2.10] Measurements on these movements have been done in both directions,
however until the beginning of the century the longitudinal movement has
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Figure 2.9: Image of the cross section of an artery, illustrating the
three different layers and their composition. From [22].

been thought to be negligible [2][21].

Radial motion

There is extensive research on how arterial wall movement is affected in
the radial direction due to physical factors such as age and cardiovascular
diseases. Arteries expand and contract radially, in a pattern correlated to
the cardiac cycle [I5]. Measurements with non-invasive ultrasound can be
used to view this motion and investigate the mechanical functions of the
arterial wall [23]. Both instantaneous diameter change and the elasticity of
the vessel-wall are markers of increased morbidity [2I]. With the help of
these markers we are able to detect the increased risk or the presence of
cardiovascular diseases. Increased stiffness in arteries can reflect the possi-
bility of atherosclerosis, Marfan syndrome, hypertension, diabetes, coronary
artery disease, myochardial ischemia and infarction as well as chronic heart
failure [2I]. The movement of the radial wall is typically in the mm span

24].



18 Theory

Figure 2.10: An illustration of how the two different movements are
defined in arteries. From [15].

Longitudinal motion

Longitudinal movement in the arterial walls was discovered much later than
the radial wall movement. At the Biomedical Engineering Department at
Lund University, they have studied this movement, together with the De-
partment of Translational Medicine at Lund University, with the help of
high resolution ultrasound [2]. The intima media complex of the arterial
wall has a much larger longitudinal motion, than movement of the tunica
externa [2]. This is shown by Persson et al. (2003), and an example of this
motion can be seen in Figure
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Figure 2.11: An example of the longitudinal movement of a healthy
female. The dashed line shows the motion of the tunica externa
and the solid line shows the motion from the intima-media com-

plex. [2].
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Since the significant movement occurs in the intima-media complex high
resolution ultrasound is necessary to detect the motion of the different layers
of the arterial wall. Figure shows the intima-media complex of the
arterial wall in ultrasound images of the common carotid artery.

TISOS MI12

(a) (b)

Figure 2.12: Ultrasound images of the common carotid artery viewed

in two different directions, longitudinal and radial

The red arrows indicate the position of the intima-media com-
plex of the arterial wall.

Because the radial movement of arterial walls can give pathophysio-
logical information, it would stand to reason that the longitudinal motion
might also be able to give some information about the pathophysiological
process of vascular diseases. There is currently ongoing research to try and
establish markers of early detection of cardiovascular diseases correlating
the longitudinal motion of the arterial wall. In studies done with porcines,
Ahlgren et al. (2012) has shown that the longitudinal motion increases un-
der the stimulant of catecholamines (neurotransmitters such as dopamine,
adrenalin and noradrenalin). Later, Ahlgren et al. (2015) found that the
increased longitudinal movement takes place independently from the wall
shear stress from the blood flow. Wall shear stress is the force on the
vessel-wall from the blood flow and pulse waves. These are both important
findings for understanding the how the longitudinal motion correlates to
cardiovascular diseases. Cinthio et al. (2018) discovered that the longitu-
dinal motion is multi-phasic, and that the specific movement pattern varies
depending on the individual, but that it increases with age. Multi-phasic
movement means that the movement occurs in different phases, with differ-
ent directions. The longitudinal movement where the arterial wall moves
with the blood flow is called antegrade movement. The longitudinal move-
ment where the arterial wall moves in the opposite direction of the blood
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flow is called retrograde movement. An image of multi-phasic longitudinal
movement plotted together with the radial movement and the simultane-
ously measured ECG can be seen in Figure 2.13] The typical size of the
longitudinal movement is around one millimeter, but this also varies from
individual to individual.
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Figure 2.13: An example of the longitudinal movement plotted to-
gether with the radial movement and the measured ECG. The
dashed line shows the radial movement and the solid line shows
the longitudinal movement. The longitudinal movement is com-
posed of an antegrade movement (1), a retrograde movement
(2) and another antegrade movement (3). [15]

In Figure [2.13] the multi-phasic pattern is clearly visible, here it is tri-
phasic. It is initiated with an antegrade movement, which then is followed
by a retrograde movement which in turn is followed by an antegrade move-
ment, before the arterial wall returns to its original position.

2.2.4 Blood flow

The blood flow in arteries follows different flow patterns [23][25]. These pat-
terns can be analyzed with the help of Doppler ultrasound or MRI (magnetic
resonance imaging). The dynamics of blood flow is called hemodynamics.
How the blood flows in the arteries can change depending on vascular dis-
eases [§]. The friction of vessel-walls affects the velocity profiles such that
the flow is slower at the walls, so that the velocity profile becomes parabolic.
Laminar blood flow, when the liquid flow follows a straight path, is usually
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a marker for healthy arteries. In the case of atherosclerosis there is a flow
reversal, due to the narrowing of the artery [25]. Before 3D imaging was
available only 2D blood flow profiles were available. With 3D motion imag-
ing techniques, such as MRI, it can be seen that the blood flows in a helical
profile at the carotid bifurcation (where the carotid artery splits)[26]. This
means that the blood flows in a spiral shape. Using a 4D MRI imaging tech-
nique, Harloff et al. (2009) compared the blood flow of healthy volunteers
to the blood flow of patients with internal carotid stenosis (atherosclerosis).
It was found that the healthy volunteers had a helical blood flow profile at
the carotid bifurcation and the patients with stenosis had a more turbulent
and varied flow.

2.2.5 Cardiovascular diseases

Cardiovascular diseases (CVDs) are the cause of 31 % of all global deaths
and are the leading cause of death in the world. Out of the different car-
diovascular diseases stroke and heart attack are the most common, leading
to 85% of cardiovascular related deaths [I]. Most of these deaths occur in
poor countries, where the cost for health care is too high, and there are no
easy cheap methods to find and prevent cardiovascular diseases [I]. Even
though there has been significant research and progress to understand the
pathophysiological process underlying these diseases, there is much knowl-
edge to gain before we can have a complete understanding of the different
cardiovascular diseases.

Cardiovascular diseases are split into five categories with three of them
being peripheral arterial disease, cerebrovascular disease and coronary heart
disease. Peripheral arterial disease is when the blood vessels supplying the
arms and legs are injured or damaged. Cerebrovascular disease is when
blood vessels supplying the brain are injured or damaged. Coronary heart
disease is when the blood vessels supplying the heart muscle are injured
or damaged. In all of these it is essential to have vast knowledge on the
pathophysiological process of these diseases. Most importantly is being
able to detect these diseases at an early stage. Early detection increases
the chance of surviving and having a higher quality of life. As previously
written, the elasticity of central arteries can show a connection to cardiovas-
cular diseases, such as atherosclerosis, coronary artery disease, myochardial
ischemia, myochardial infarction and chronic heart failure. Atherosclerosis
is the build-up of plaque in the arteries, which leads to a thicker and stiffer
arterial wall [27]. Other diseases also affect the mechanical functions of the
arteries. These are Marfan syndrome, hypertension and diabetes [28]. Hy-
pertension is not a disease in itself, it is actually high blood pressure which
can lead to severe health problems and increases the risk for cardiovascular
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diseases [29].

Considering the above, more research on the how the longitudinal move-
ment in arteries is affected by cardiovascular diseases could give important
information that could effectively reduce morbidity. It could also help with
the prevention of cardiovascular diseases, decrease the amount of deaths
related to cardiovascular diseases and reduce the amount of resources used
in relation to cardiovascular disease. Currently no one has been able to
measure the movement of the arterial walls in 3D or 4D, and it is of great
interest to develop such methods to gain as much information as possible
about the cardiovascular system and the movement of the arterial wall.
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Method

In this chapter the methods used for this thesis will be presented. In this
thesis there was not a set path for achieving results, there was some trial and
error where the plans and methods had to change. This description of the
method will contain a description of the whole process, from start to finish,
including original thoughts and how the process and method developed until
final results.

Firstly, a description on how the imaging samples for movement tracking
were acquired is presented. Then continuing on with a description of the
functions of the different parts of the GUI. The ultrasound machines used
for this thesis were Vevo 3100 High-Resolution Imaging System (Visualson-
ics Inc, Toronto, Canada) and Philips EPIQ 7G (Philips Medical Systems,
ATL Ultrasound, Bothell, WA, USA) with a 3-12 MHz linear array trans-
ducer. All post processing was done on a computer using MATLAB (The
Mathworks Inc., Natick, MA).

3.1 Experimental set-up for collecting data

The purpose of this thesis was to analyze the 3D motion of the carotid
artery. Thus 3D ultrasound films had to be sampled.

This was the first time the department tried to capture 4D ultrasound
images of the carotid artery. This of course led to unforeseeable issues. The
first problem was to figure out how to capture the desired data. A normal
ultrasound transmitter captures a 2D image, which can be viewed either as
a single still image, or as 2D images over time (2D film).

The only available ultrasound transducers suitable for vascular imaging,
were for 2D imaging. Since no matrix array 3D ultrasound transducers
were available, 2D motion images would have to be scanned separately and
afterwards be built into a 4D volume. These images have to be scanned
with a certain time-stamp. With the help of an electronically steered step-
motor, controlled steps could be taken with the transducer, and 2D motion

23
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samples over a specific time-stamp were acquired. This process is repeated
until the correct amount of samples were acquired to build the desired size
of the 4D image.

The motion tracking of the data samples would be on arterial walls,
and a suitable time-stamp is to use the cardiac cycle. The sampling would
start at the beginning of the cardiac cycle and last for two cycles. Then the
acquired images would supposedly be taken with the same-time stamp. For
this to work the machine needed to connect to an ECG reader, and would
have to trigger on the beginning of the cardiac cycle in the ECG and last
for the desired number of cardiac cycles and then stop sampling.

The original plan was to use the ultrasound machine Vevo 3100, which
has a computerized step-motor to control how large steps the transducer was
translated between acquisitions, and the length of the 3D images. This had
been previously used to take good quality 3D ultrasound images. However
the goal was to collect 4D images (3D images over time), and there was no
setting for this. This machine had an ECG reader, however when we tried
to use this ECG reader on a test subject the machine would only trigger on
ECG with a pulse higher then 180. (The normal resting pulse for an adult
human is between 60-80 beats per minute). This machines ECG would only
trigger on small mammals with a much higher pulse.

Thus the ultrasound machine Philips EPIQ 7G which had an ECG for
human heart rhythm was used. However, since this machine did not have
a motorized step sampler, a combination of the two machines were used for
collecting the data. The machine with the built in motorized step sampler,
Vevo 3100, would then be used for controlling the 3D steps. The Philips
EPIQ 7G transducer was connected to the Vevo 3100 step-motor, and the
steps and step-size controlled from Vevo 3100. Philips EPIQ 7G would
then be used for ultrasound imaging collecting and ECG triggering, and
one ultrasound 2D motion image was collected at each step taken with
Vevo 3100.

Three healthy volunteers were used as test subjects in this pilot study
and the data was sampled the same way for all three. They were all in
a right lateral recumbent position (laying on their side with the right side
facing down). The common carotid artery was found manually with the
ultrasound transducer and then the transducer was set in the computerized
step motor. Before sampling the data the step size and length of the 3D
motion image was adjusted, so that it was certain that the common carotid
artery would be seen throughout the data sampling.

Two different sets of images were collected from each test subject. One
with a transverse cross-section view of the common carotid artery, and one
with a longitudinal view of the common carotid artery. For the longitudinal
image, the transducer was moved from the back of the neck going to the
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front, and with the right side of the image being in the direction of the head
of the test subject. For the transverse image, the transducer sampled the
images from the lower part of the neck going up towards the head, and with
the left side of the image being the towards the front of the body.

3.2 MATLAB coding for viewing the images

Prior to collecting the real 4D images, some sample images were supplied by
the thesis supervisor. This first set of images were taken by the originally
intended ultrasound machine Vevo 3100, and these images were sampled in
an IQ format, where IQ stands for in-phase quadrature. A GUI was created
to view these 3D images in the purpose of practicing before the 4D images
were sampled, to be sure that the program created would be compatible
with those image formats.

However, when the data sampling did not work with the originally in-
tended ultrasound machine and the machine doing the ultrasound sampling
changed, the file format for the collecting ultrasound images also changed.
The files were now in a DICOM format and a new GUI was created. These
DICOM images were scaled down from their original size to minimize the
size of the 4D image used later on in the tracking algorithm. The DICOM
format is commonly used for storing medical images and related data.

The sampled 4D images were taken with different sample rates for each
volunteer, but was the same throughout all scans for each individual 4D
image. The heart rate and ECG varied, and each 2D motion image ended
up having varying amounts of scanned images, due to the ECG being of
different lengths. The extra scanned images were simply cut off at the end.

Viewing the images in 3D proved to be difficult, there are not many
functions to view whole 3D images in MATLAB. However, MATLAB has
built in functions for viewing 3D objects and surfaces. After trying and
evaluating different functions, the decision was made to segment and view
the segmented arterial wall in 3D using a surface plot. Instead of viewing
the whole 3D motion image in its entirety, a step function for viewing the
different depths and frames in 2D was put into the GUI.

3.3 Segmentation of the arterial wall

To be able to view the arterial wall in 3D, the wall was segmented into a
non-symmetric cylinder shape. This was done manually in the GUI. Only
the first frame (time step) was segmented, to use as an original shape of
the arterial wall. It is easier to segment the arterial wall when viewing the
artery radially, so 2D slices of the vessel viewed in a transverse direction
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were segmented in first time frame. For each one of these images a manual
segmentation was done around the arterial wall, starting at the bottom of
the intima-media complex. The manually selected coordinates were then
equally spaced around the segmented shape, an algorithm was created for
this purpose. This algorithm also enables one to choose the amount of co-
ordinates spaced around the segmented shape. Even after this the whole
segmented shape was quite jumpy. To try and see if the results would be
better if the arterial wall was more smooth, an averaging method was done
on all the coordinates. This was done by comparing the current coordinate
with the other coordinates longitudinally and taking an average of the clos-
est coordinates. To view the segmented shape a surface plot was used in

MATLAB.

3.4 MATLAB coding for movement tracking

The algorithm for movement tracking was further developed from supervi-
sor Tobias Erlév’s motion tracking algorithm, phase shift tracking, [9], by
adding a third dimension.

This motion tracking method compares phase shift of the pixels in ad-
jacent images to see the how much that pixel has moved. This is done by
using the Hilbert-transform (HT) on the 3D matrices. The HT returns in-
formation about the local phase of the signal, i.e. if the signal is sinusoidal
the local phase of adjacent samples would increase linearly from 0 to 359
degrees, then start over at 0 and so on. The nice thing about ultrasound
images is that the amplitude pattern (the speckle) is usually rather well ap-
proximated as sinusoidal. Hence, if the local phase of adjacent samples were
to be plotted (and removing the phase shifts from 359-0) a fairly straight
line would appear. Thus, the gradient of the local phases of the amplitude
data (ultrasound image) can be estimated by the equation of a straight line.
By knowing the gradient of the local phase, comparing the linear equations
and knowing the difference in phase for each pixel in two adjacent frames
the motion for each pixel between two frames can be calculated.

3.5 Final GUI and viewing results

Viewing the results in a 3D format was difficult. The movement tracking
algorithm generated a 4D matrix with the motion for each pixel. To apply
and view the results of the motion tracking algorithm, the resulting motion
was applied to the segmented arterial wall shape. Applying the motion to
the arterial wall segment was done one time-frame at a time. The corre-
sponding motion of the coordinates of the original arterial wall segment,



Method 27

was applied to each coordinate to create the second arterial wall segment.
This process continued for all time-frames, with a "new" generated arterial
shape for each step.

Using the surface plot function in MATLAB together with either a vec-
tor function for displaying movement, quiver3, or together with a colored
surface for showing the movement in color, the segmented 3D surface could
be viewed in motion. The segmented shapes were plotted sequentially in
the same figure, so as to give the illusion of a moving segmented arterial
wall. No specific results could be drawn from this way of viewing the 3D
motion images, and so two other ways to view and compare the results were
done. The first method to check the movement tracking was to apply the
results from the movement tracking of each semi-circle to each 2D motion
image and see if the coordinates moved together with the arterial wall. The
second was to chose some coordinates in the image and plot the motion for
those coordinates.

To compare the results of the 3D motion tracking algorithm, a couple of
2D motion images were selected as reference images. These 2D motion im-
ages were then analyzed with the help of a program called ARTIC developed
by Nilsson et al. (2014). ARTIC evaluates the motion of the ultrasound
images in 2D by using the same principle of phase shift tracking [30], but
enhanced with knowing the location and gradient of the vessel wall. These
reference plots were then compared to the results from 3D motion track-
ing, comparing the motion of the radial (y-axis) and longitudinal (z-axis)
directions.
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Chapter 4

Results

In this chapter the results from this thesis will be presented. Only a handful
of images and plots for each test subject will be shown. These are chosen
to give the reader an understanding of the final results and how they were
produced. The results will be discussed in the next chapter.

4.1 Segmentation

In section [3:3] a description of the manual segmentation was given. An
example image of a segmented section can be seen in Figure The
different axes are labeled so as to give the reader an understanding how the
segmented shapes are aligned.

y-axis

Figure 4.1: A segmented slice of volunteer 1. The red circles are
coordinates for the segmentation around the arterial wall. The
top and the bottom of the segmentation show the intima-media
complex. The dark blue within the segmented shape shows the
lumen. The size of one pixel is 0.078x0.078 mm?2.

29
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A few example coordinates, as reference on which coordinates were cho-
sen for movement tracking, are shown. The coordinates are aligned in the
same way for all volunteers, and each segmented slice has the same amount
of coordinates, in this thesis 31 coordinates are used for each segmented
slice. From the segmented slices a complete segmentation of the first time-
step of each volunteer was created. These segmented shapes of the three

volunteers can be seen in Figures and [4.4]
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Figure 4.2: The complete segmented arterial wall for volunteer 1.
The coloring is to view the 3D silhouette easier. Step size is
300 pum, number of steps taken is 27 (z-axis). The pixel height
(y-axis) and pixel width (x-axis) are of the same size: 0.078
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Figure 4.3: The complete segmented arterial wall for volunteer 2.
The coloring is to view the 3D silhouette easier. Step size is
250 pum, number of steps taken is 59. The pixel height (y-axis)
and pixel width (x-axis) are of the same size: 0.038 mm.
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Figure 4.4: The complete segmented arterial wall for volunteer 3.
The coloring is to view the 3D silhouette easier. Step size is
250 pm, number of steps taken is 60. The pixel height (y-axis)
and pixel width (x-axis) are of the same size: 0.068 mm.

The step size of the first volunteer was 300 pm, and the step size of the
second and third volunteers was 250 pym. In all of the segments, the positive
z axis is in the direction of the head, and the positive direction of the y axis
is aligned towards the left side of the body.

4.2 Tracking validation

The results of the tracking algorithm were firstly shown with a tracking
validation code, This was created mainly to see if the tracking algorithm
worked. Here the coordinates of a segment slice were plotted on top of the
corresponding 2D slice from the 4D image. An example of these can be seen
in Figure [4.5].

In the images from Figure it is seen how the coordinates move to-
gether with the arterial wall. In Figure the size of the jumps between
the viewed frames are 15 steps. These tracking validation images are taken
from volunteer 1. The total number of frames are 66 for volunteer 1.

4.3 Movement plots

The movement plots were created by choosing specific coordinates from the
moving segments and plotting how much these coordinates moved in mm
over time. For both the radial and longitudinal movement plots the first
and last couple of depth frames were removed when plotting the average
movement over time.



32 Results

y-axis
o]
o
y-axis
oo
o

50 100 150 50 100 150

X-axis x-axis
(a) Time-step 1. (b) Time-step 15.

y-axis

50 100 150
X-axis X-axis
(c) Time-step 30. (d) Time-step 45.

y-axis

50 100 150
X-axis

(e) Time-step 60.

Figure 4.5: Slices of the segmentation on top of the corresponding
slices from the 4D image from four different chosen time-frames.
The size of one pixel is 0.078x0.078 mm?2.

4.3.1 Radial movement

The radial plots each show the measured radial movement of the segmented
shapes. This is done by comparing the top coordinates at the intima-media
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complex at the top of the arterial wall in the segmented slice, and the bottom
coordinates at the intima-media complex at the bottom of the arterial wall
in the segmented slice, see Figure[f.1] For all radial movement plots the top
coordinates used were 1 through 3 and 14 through 17. The radial movement
plots for each volunteer can be seen in Figures [4.6a] [4.6b] and [4.6d
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Figure 4.6: The radial movement measured in mm over time (s),
over two cardiac cycles of all three volunteers. Measured with
the 3D motion tracking algorithm. The motion is calculated by
comparing the coordinates 1-3 and 14-17. The depth frames
used for volunteer 1 are 7 to 20 and for volunteer 2,
and volunteer 3, are 10 to 50.

4.3.2 Longitudinal movement

The longitudinal movement plots each show the measured longitudinal move-
ment of the segmented shapes. This is done by choosing a couple of coor-
dinates of the segmented shape. All three ultrasound 4D images vary, each
with different dark areas, so the chosen coordinates for the three volun-
teers are chosen with some variety. One example from each volunteer will
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be shown, these coordinates are chosen because they displayed the most
similarities to the reference movement. All of the chosen coordinates are
in the visible intima-media complex region, or very close to it. This mo-
tion tracking occurs between different tissue structures of the intima-media
complex, which is the reason for high resolution needed when performing
motion tracking, whereas for the radial tracking the entirety of the arterial
wall is used. The results from the three volunteers can be seen in Figure
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Figure 4.7: The longitudinal movement measured in mm over time
(s), over two cardiac cycles of all three volunteers. Measured
with the 3D motion tracking algorithm. The motion is calcu-
lated using different coordinates for each volunteer. The depth
frames used for volunteer 1 [£.73] are 7 to 20 and for volunteer

2, and volunteer 3, are 10 to 50.
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4.4 The GUI

The results from Sections [4.1] and [£.2] are images that were produced by
the GUI. The GUI was constructed and had various functions, including
displaying different slices of the 4D image, movement tracking on the 4D
image, manually segmenting the image, constructing a segmented arterial
shape of the segmented slices and viewing the applied movement tracking
on the segmented arterial shape. For an overview of the GUI see Figure [£.8
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Figure 4.8: An overview of the GUI created for this thesis. The top
left corner displays a chosen slice of the 4D image. The top
right corner displays the segmented artery. The bottom right
corner displays the movement sequence in 3D.

4.5 Reference plots

Here are the results from the selected images chosen as reference plots,
created by using ARTIC [30]. ARTIC uses one 2D motion ultrasound im-
age viewed longitudinally, to track both radial and longitudinal movement.
ARTIC finds the gradient of the slope of the intima-media complex, and
uses this in the tracking. Otherwise the tracking will only be performed in
the image x and y axes, and not in the actual direction of the movement.
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The resulting reference plots for the radial movement for the three different
volunteers can be seen in Figures 4.9al [4.9b| and [4.9d], respectively.
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Figure 4.9: The reference plots of the diameter change (radial move-
ment) measured in mm over time (s), over two cardiac cycles
of all three volunteers. Measured with ARTIC [30].

The resulting reference plots for the longitudinal movement for the three
different volunteers can be seen in Figures [4.10a), [4.10b| and [4.10d] respec-

tively.



Results

37

c o o o
o M 2 B © =

Longitudinal movement (mm)
<)
¥}

.
o
IS

o

0.5 1 15
Time (s)

(a) Volunteer 1.

)
o o o
o <] o ]

Longitudinal movement (mm)
<)
o

.
o
w

o

Time (s)
(b) Volunteer 2.

o
P

o
o

o

\
[
o

:
o
=

Longitudinal movement (mm)

.
o
>

o

0.5

p
Time (s)

1.5

(c) Volunteer 3.

Figure 4.10: The reference plots of the longitudinal movement mea-
sured in mm over time (s), over two cardiac cycles of all three

volunteers. Measured with ARTIC [30].
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Chapter 5

Discussion

In this section the results will be discussed. Future work and conclusion for
this thesis will be seen in the next chapter.

5.1 Comparing results

Looking at the results it can be seen that this implementation of movement
tracking in 3D is not without fault. The tracking validation shows, Figure
that the coordinates do follow mostly in the x and y directions, except
for in the darker areas.

When comparing the reference plots taken by ARTIC [30] to the result-
ing movement plots of this thesis 3D tracking algorithm, it is seen that they
do differ from on another.

Volunteer 1

Looking at volunteer 1, the radial movement measured from the 3D tracking
algorithm, Figure .6a] and the radial movement from ARTIC, Figure
you can see that they do follow the same movement pattern. The second
peak is a little lower and the movement tracking has lost a little in the sec-
ond cardiac cycle, but you can still clearly see similarities. The magnitude
of the movement is not the same. The reference plot shows that the change
in radial movement is around 0.4 mm large, and the radial movement from
the 3D tracking algorithm is around 0.3 mm large. This is a little less
than the correct size, which shows some loss of size of the movement in the
tracking algorithm. The longitudinal movement is known to be different for
individuals, and also known to be multi-phasic. By comparing the reference
plot, Figure you can see that they do have some clear similarities in
the movement pattern. Both plots start with high peaks with antegrade
movement, with a following retrograde movement with a pause in the ret-
rograde movement with a slight antegrade movement again. And then that
same movement repeats. The magnitude of the movement is not the same,
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which also makes these plots harder to compare. The reference image lon-
gitudinal movement shows a magnitude of around 0.8 mm in size, and the
results from the 3D tracking algorithm shows only around 0.25 mm. This
is a larger difference in movement size than in the radial tracking. Looking
at the radial movement plot, the second slope looses shape and magnitude,
however the longitudinal movement plot gains in amplitude.

Volunteer 2

For volunteer 2, the radial movement pattern looks similar, see Figures
and with a loss of the second slope for the 3D motion tracking.
The difference in magnitude of the movement is slightly less than with
volunteer 1. The 3D tracking algorithm shows a movement of around 0.35
mm, whereas the reference plot shows a movement of around 0.4 mm. Also,
for the second cardiac cycle the amplitude of the radial movement drops and
the shape is not as distinct. Comparing Figure [4.7b] with the reference plot,
Figure [£.10D] there are some distinct similarities between the two. The
multi-phasic movement follows the same pattern, starting with a smaller
retrograde movement, then a larger antegrade movement. The longitudinal
movement plot thereafter looks a little noisy, but the retrograde movement
peak at around 1 second is similar in both plots, as well as the antegrade
movement peak shortly afterwards. The magnitude of these two plots also
differ. The reference movement has a magnitude of around 0.3 mm, and
the 3D tracking algorithm only has a magnitude of around 0.1 mm.

Volunteer 3

The 3D tracking algorithm for the radial movement for volunteer 3 has
the same similarities to the reference image as the other two volunteers.
Looking at Figure the first peak matches the reference plot, see Figure
As with previous volunteers, the second peak fades, and even more so
in this case. The magnitude of the radial movement measured with the 3D
tracking algorithm was 0.35 mm, and from the reference plot the movement
was around 0.6 mm. Comparing the longitudinal images it can be seen that
Figure [£.7d bears a resemblance to the reference plot, Figure[1.10d Looking
at only the first cardiac cycle, until around the time of 0.9 seconds, the
same basic multi-phasic movement pattern can be seen. There is an initial
retrograde movement, followed by an antegrade movement, and then again
retrograde movement followed by antegrade movement. The difference in
magnitude is the opposite compared to the other two volunteers, with the
3D motion tracking algorithm showing a larger movement of around 0.7 mm
and the reference plot shows a smaller movement of around 0.5 mm.
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Similarly, for all three volunteers, the first cardiac cycle shows more
accurate measurements, and then the tracking somehow ebbs away. All
three radial movements were similar to each other and to the reference
plots, with the magnitude of the radial movement being slightly less then the
reference movement. All three longitudinal plots showed some similarities
as well, although this was a lot more varied.

5.2 Sample size

When put together, the collected 3D motion images were of a very large
size and there were some issues with using MATLAB together with the files.
As one could guess, adding a fourth dimension will increase size massively
which also increases computational time for the computer. MATLAB has
a limit for how large the file size can be, which meant that some files could
not be created or saved until they were downsized. Most images could be
trimmed around the edges to "zoom" in on the artery to minimize file size.
When sizing down the image still has to be large enough for the kernel size
to match for the movement tracking, and since the artery "moved" in the
images the whole set had to be considered, and even after downsizing the
images were still quite large. The computational time for the movement
tracking varied from around 16 hours to around 36 hours, and the resulting
movement tracking files were also very large and slowed the computer down.
The created move file for volunteer 3 was as large as 9.04 GB, and for the
other two the files were smaller, 4,42 GB for volunteer 2 and 412 MB for
volunteer 1. For further testing of this pilot study it would be recommended
to use a faster computer with larger memory, as even the smallest files took a
day for the movement tracking to finish. This was an issue, since MATLAB
crashed often with long computation times, and the results were harder to
obtain.

5.3 Acquiring data and sample quality

To collect these 4D images, 2D motion images were collected through a
computerized step-motor and each step was triggered to start at the same
time in the cardiac cycle using an ECG. Even though the images should
have been the same throughout the cardiac cycle, each 2D motion image
had a different amount of frames. To be able to make this into 3D motion
images, the last frames in the larger sized 2D images were cut off. This
could potentially lead to worse results, since the data wasn’t always at the
exact same time in the cardiac cycle.
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It was very time consuming to set up for data collection. The comput-
erized step motor moves on a straight axis and it was difficult to find a set
up where the common carotid artery was in the same place in the image
throughout the data sampling. The common carotid artery moved in the
image which then in turn affects the movement tracking since there is an
added movement in the image. This could be prevented by taking more
care into the actual data collecting.

As described in the method of how the images were acquired, an ECG
was used for triggering data acquisition. There are other factors in the
human body which have to be considered; breathing, swallowing, use of
vocal chords and pulse. Even though the ECG was used to trigger, the test
subject would have to signal when he or she thought they were in the same
state of breath and throat relaxation. During breathing the upper body
moves to make space for air in the lungs, this movement affects the images
that are acquired. Also, humans swallow and this also creates movement in
the throat which affects the images. To make up for these issues, it could
be possible to connect to the respiratory system and trigger on that as well
as the ECG, for a complete electronically steered sample acquisition.

Also in the three different 4D images, there were a lot of darker areas.
The darker areas are most often the lumen and/or structures which the
ultrasounds machine has trouble detecting. This was the case in volunteer
2 and 3, the lighter area between the artery and vein was small compared
to the surrounding blood, and so the movement tracking found no move-
ment in the arterial wall. This could perhaps be resolved with the help
of a block matching movement tracking combination, however due to the
massive amount of computational time with just the current method of
movement tracking and not enough time to apply this combination tech-
nique, no attempt at correcting with this possible method was done. In
another test subject the sample quality varied in the 3D motion image. In
these darker areas the movement tracking was not able to follow, since there
is hardly any visible wall. This can of course be improved in the same way
as the previous issues of the carotid artery moving in the collected images,
by taking greater care when collecting the data.

Another way to improve the detection of the arterial wall is to use com-
pounding on the ultrasound images. This is done by taking multiple scans
of the same image, but at multiple different angles instead of just one angle.
These images are then added together, this gives more visible structure of
the arterial wall, since this is more easily detected from the top, and when
the wall is scanned from a diagonal, other parts of the arterial wall will be
more clearly visible on the ultrasound scanner. By combining all different
angles of scanning, it might give better results since there is more of the
arterial wall to analyze.
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5.3.1 Step size

The step size for the scan of the 4D images were either 250 pum or 300
pum. This could seem quite large, since the movement, both radially and
longitudinally, is is the mm range. This might affect the results with such
large steps, however the distance of adjacent elements in an ultrasound
transducer is around the same size. So this should not be a cause for
incorrect measurements. It would be interesting to test with smaller step-
size. However this would also create problems, since one main concern in
this thesis is the file size of the images. With a smaller step size, more steps
would be needed, the amount of depth frames would be larger and the 4D
matrix would be much larger and possible too large for analysis.

5.3.2 Resolution

The resolution is lower in the z-axis direction due to the 4D image construc-
tion and the resolution in the directions of the 3D images. The step size
and construction is around the same size as the placement of the adjacent
piezoelectric elements and is not, as one might think, the reason for loss of
resolution in the z-axis direction. The electronically steered focus point of
the ultrasound in the sampled 2D images give high resolution in the axial
(y-axis direction) and lateral (x-axis direction) plane. However the resolu-
tion in the elevation plane is much worse. This could affect the magnitude
of the longitudinal measurement, and should not affect the magnitude of
the radial measurement.

5.4 Algorithm

The movement tracking algorithm measured the movement in the x, y and
z axes. As seen in all three of the volunteers segmentations, Figures [£.2]
and [£.4] the blood vessel wall is not parallel to the z-axis. The motion
tracking a algorithm does not track the motion in a specific gradient, which
would mean that some magnitude of the longitudinal tracking would be lost
here. The same principle follows for the radial movement of the y-axis, the
arterial wall is not completely parallel to any axis, and so some error in
movement tracking could be derived from this.

5.4.1 Kernel size

The kernel size for movement tracking had to be chosen with some consid-
eration of the size of the image and the size of the artery in the image. For
one of the test subjects a couple of different kernel sizes were tested, to see if
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the different kernel sizes affected the results. The size of the kernel affected
the size of the resulting movement in both the radial and longitudinal direc-
tion. With larger kernels, the movement of the arterial wall became smaller
due to more pixels standing still in the large comparison area. The size of
the kernel determines the area for averaging the movement for comparison
in the movement tracking algorithm. At the edges of the 3D images the
movement tracking will therefor not be accurate, due to the pixels being
compared to non-existent pixels outside of the image. When plotting the
results the segments closest to edge were cut off, to minimize this source of
error. The kernel size and sample size were connected. Since the 4D images
were large in size, the need to minimize these was great. There needed to
always be enough pixels around the arterial wall for the movement tracking
algorithm to work, which gave the images their smallest possible size.

5.4.2 Segmentation

As one could see in [£.5] the applied movement tracking for the coordinates
followed pretty well, however there were certain areas where the coordinates
do not move with the arterial wall.

For volunteer 3 two different sized segmentations were made, manually,
to see if the segment size had an affect on the results. One segmented
shape was smaller, where the coordinates were very close or on top of the
structural change from lumen to arterial wall in the ultrasound image. The
other segmented shape was larger, where the coordinates were placed at a
larger distance from the lumen (dark area in the image). When viewing
the tracking validation for the larger segmented shape, the segmented slice
looked like it followed the arterial wall more accurately than when viewing
the tracking validation for the smaller segmented shape. Neither the radial
nor the longitudinal movements showed any significant change however, so
no further testing was done with this. None of the coordinates used in
the movement tracking plots were located in the darker areas, were the
movement tracking did not follow the movement as well as in other areas,
so this could be a reason as to why the different sized segments did not
affect the results in this thesis.

The segmentation in this thesis was done manually, and even though this
was done with great care, it could be better with automatic segmentation.
This could give a more accurate segmentation of the arterial wall. It could
also give more possibilities for testing the movement tracking on different
segmentations to see how the results vary from this. The long computational
time came from the movement tracking algorithm, applying the movement
to different segments took less time and was easier.



Chapter 6

Conclusion

There are a lot of things that have been considered for this thesis. This is
a pilot study, and with all new areas there are a lot of unknowns, as there
still is with the 3D tracking algorithm created for this thesis.

Firstly, it can be concluded that the 3D tracking algorithm shows some
promise. The radial pattern follows the correct pattern more or less accu-
rately, but with a drop in movement magnitude. The longitudinal move-
ment shows similarities with their expected patterns and are multi-phasic,
however the large loss in magnitude for the longitudinal movement and the
lack of accuracy of the movement pattern shows that there is much room
for improvement with this 4D tracking method. There are a few supposed
reasons as why the radial and longitudinal motion magnitudes are wrong.
One reason could be the amount of noise in the images. This affects the
movement tracking code because the noise influences the phase difference
between two frames being closer to zero than usual, and this generates a
lower movement amplitude for the movement plots. The larger gradient of
the linear equation will then generate a smaller movement for that pixel.
This could explain the drop in magnitude for both the radial and longi-
tudinal movement. That the longitudinal movement had an even greater
drop in magnitude could maybe be explained by the movement tracking not
taking into consideration the gradient of the arterial wall, and also possibly
that the 4D images have a lesser resolution in the z-axis direction due to the
construction of the images. A more accurate result might be gained with
trying more and different kernel sizes, this was not done extensively due
to the large amount of simulation time in MATLAB. Another explanation
could be that the ECG signal varied, and so the amount of frames for each
2D motion image acquired (for the construction of the 4D) varied. Since
the ends were cut off without any consideration other than keeping the 2D
motion images of the same size, the ECG signal (and time-stamp) might
vary when constructing the 4D images, creating another possible source of
error. The most probable reason for the larger differences in the longitudinal
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movement tracking is the resolution and sample quality in the longitudinal
direction. The resolution is worse in the longitudinal direction due to the
electronically steered transducer focusing in the lateral direction and having
a higher lateral and axial resolution. The sample quality in the longitudinal
direction is lessened due to movement of the volunteer between sampling.
This movement occurs due to many reasons, one being that it is extremely
hard to be completely still during image acquisitions, and the other being
that there in ongoing internal movement of organs, due to blood flowing,
breathing and swallowing. When the construction of the 4D images is done,
the arterial wall does not line up correctly.

One main desire of this thesis was to see if there was any possibility to
view a spiral motion when using 4D tracking. Due to various sources of
error, this objective changed to comparing the resulting movement in the
radial and longitudinal directions to reference 2D movement patterns. From
the results it could be gained that 2D tracking is still the superior move-
ment tracking method by far. Before going further with trying to gather
new information using 4D movement tracking, the method of acquiring 4D
images and the 3D motion tracking algorithm needs further improvement.
However the results also showed it is possible to measure the longitudinal
motion tracking with 4D motion tracking. The overall conclusion being that
more investigating needs to be done before either ruling out this method or
being able to use this 3D image tracking method.

6.1 Future work

Further work with this method is greatly needed before any real conclusion
can be drawn as to whether the 3D shift phase tracking could work, and
to see if it is possible to gain more knowledge of and from 3D movement
of the arterial wall. The first step would be to further try and analyze the
algorithm and evaluate where the drops of magnitude occur and why. Using
methods to improve both the ultrasound images used, using compounding
and taking samples with greater care, and more samples to compare to 2D
results would be interesting. Another possible way forward would be to use
an electronically controlled 3D matrix transducer to create the 4D images,
and use the 3D motion tracking algorithm on those images. Yet another
possible approach would be doing the motion tracking on computerized,
even Al, segmentation and try to fit the motion tracking to the gradient of
the slope of the arterial wall.
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