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Abstract

Cardiac ultrasound, or echocardiography, is an important part of modern cardiology and a key imaging
modality to assess and quantify cardiac anatomy and function. In the past decade, high frame rate
ultrasound imaging has emerged as a result of ultrasound image processing transitioning from being
hardware based to software based. The increase in frame rate has allowed for studies of rapid phenomena
that occur in the heart that were previously lost between frames with a conventional frame rate.
However, the huge increase in frame rate also leads to a significant loss of spatial resolution that provides
challenges in segmenting cardiac structures and interpreting the recorded information.

Many new applications have been investigated and proposed in literature with this new technology
with the aim of using all this new information to aid with diagnosis and treatment planning for the
cardiac patients. However, to make something useful out of the huge increase in information obtained,
with frame rates up to several thousand frame per second, accurate and efficient methods for analysis
are needed.

The aim for this thesis was to acquire ultrasound images at high frame rates and developing methods
for analysis to detect and visualize phenomena that we have previously not been able to detect with
ultrasound. The phenomena investigated here are the mechanical waves that propagate in cardiac tissue
at high velocities. The main goal was to detect the properties of these waves to find useful characteristics
to aid in non-invasive diagnosis of cardiac diseases that are currently diagnosed with invasive, time
consuming and expensive methods.

Firstly, the regional mechanical activation of the heart was investigated for the purpose of detecting
abnormal activation patterns which can be an indicator of conduction disorders. A method was
developed to map and visualize the mechanical activation wave of the left ventricle (LV) from high
frame rate ultrasound data, and its feasibility was demonstrated in an animal study. Data was acquired
during pacing from several locations of the heart, and implanted electromyography (EMG) and
sonomicrometry crystals were used as a reference standard. Our study showed that with our method we
were able to approximately locate the origins of pacing and the propagation pattern of the mechanical
activation wave. In addition, the results had a good agreement with the invasive reference standard.

Secondly, mechanical waves occurring naturally in the tissue after mechanical events in the heart
were investigated for the purpose of using the propagation velocities to separate between healthy and
pathological tissue. A method for velocity estimation was developed and its feasibility demonstrated in
two studies using data from human populations. One study comparing mechanical wave velocities of
healthy controls to a group of patients with myocardial infarcts was performed in order to detect
locations of fibrosis. Regions of elevated velocities in patients were correlated with locations of
myocardial infarcts found with late gadolinium enhanced magnetic resonance imaging (LGE-MRI). A
sensitivity of 60% was found between the methods, with some regional differences in the LV. Another
study assessing the velocities of several mechanical waves in healthy persons was performed for the
purpose of increasing knowledge and information on the range of normal mechanical wave velocities.

For all studies, a novel signal processing method for mechanical wave detection, called Clutter
Filter Wave Imaging (CFWI1), was applied and tested. The CFWI-method was used as a replacement for
the more conventional Tissue Doppler Imaging (TDI) method used for blood and tissue velocity
estimation.

The main contributions of this thesis are the developed methods for analysis that have been
evaluated for several clinical scenarios and validated against invasive and non-invasive reference
standards. The methods have the potential of having clinical impact in the diagnosis of several cardiac
pathologies related to conduction and tissue abnormalities.
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Introduction

1.1 Background and motivation

Ischemic heart disease remains the world’s most prevalent cause of death according to the World Health
Organization [1], and cardiovascular disease accounts for 45 % of deaths in Europe [2]. Thus, there is a
clear need for better and more accurate tools to assess cardiac anatomy and function, in order to perform
proper diagnosis and treatment.

Medical imaging is a key component in the assessment of a patient’s heart. Cardiac ultrasound, or
echocardiography, has the benefit over other imaging modalities that it provides real time images of the
beating heart, making it possible to assess anatomy and function at once. Additionally, echocardiography
is inexpensive and less time consuming compared to other imaging modalities, it does not expose the
patient to ionizing radiation, it is (generally) non-invasive, and the scanner can be brought to the patient’s
bed side.

A conventional ultrasound image is a grayscale two-dimensional (2D) image of a cross section of
the patient’s anatomy. Recent advancements in ultrasound technology have led to the possibility of
three-dimensional (3D) volume imaging and to a significant increase in frame rate for 2D imaging from
around 100 frames per second, to several thousand frames per second. While 3D imaging is used broadly
in clinical practice, high frame rate imaging is still in the phase of investigation. With higher frame rate,
a lot more information about short lived events in the cardiac cycle is available. It is possible to view
the function of the heart in extreme slow motion and to capture events that would be lost between frames
at a conventional frame rate. But with increased temporal resolution comes a reduction of spatial
resolution. This happens because the only way to reduce the time spent per frame is to decrease the
number of transmission beams used to create an image. This leads to reduced spatial resolution, which
can only partly be recovered by intelligent signal progressing on the receive side. However,
investigating what new and useful information can be extracted from high frame rate imaging has
become a central new research field for echocardiography. Studies have shown improved tracking of
blood flow, pulse wave propagation, cardiac contraction and brain activity because of high frame rate
ultrasound imaging [3-5].

The focus of this thesis has been to test high frame rate imaging implemented in clinically available
scanners, and to develop methods for analyzing the data to uncover rapid events in the heart that could
possibly lead to clinical indicators of pathology or conduction disorders. Data have been acquired in
several different settings, including an animal study involving implanted electrodes to pace the animals
from several locations of the heart, and in patient studies with known myocardial infarcts and fibrosis
that also underwent MRI. The rapid phenomena that have been studied for this thesis are the mechanical
waves that propagate at high velocities in the myocardium following firstly, the electrical and
mechanical activation of the heart, and secondly, mechanical events such as the closure of the valves.
Our ultimate objectives have been,

1. to create an application for visualizing and quantifying electromechanical conduction, using a
short ultrasound acquisition, which could ultimately replace contact electrophysiology (EP)
mapping and dramatically reduce the time of cardiac procedures.

2. to visualize and quantify abnormal tissue characteristics, such as increased stiffness and
abnormal conduction abilities, for the purpose of detecting ischemia, scar tissue and fibrosis
using only a short ultrasound acquisition, ultimately replacing contrast magnetic resonance
imaging (MRI).

For this thesis, the focus has been on the left ventricle (LV), as it is the main contributor to system
pump function and responsible for pumping oxygenated blood to the brain, body and the heart itself.
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1.2 Aims of study

The main goal of this thesis has been to investigate the use of high frame rate echocardiography acquired
with a clinically available ultrasound scanner to uncover rapid events in the myocardium for the purpose
of detecting pathology. More specifically we have investigated the pattern of electrical and mechanical
activation of the LV, and the velocities of naturally occurring mechanical waves in the LV.

For optimal contraction and function of the heart, the contraction of the cardiac walls should be
synchronous. The electricity, or depolarization wave, follows a specific pattern of propagation from cell
to cell and along the fast tracks of the Purkinje network of the heart. The mechanical reaction following
the depolarization, the mechanical activation wave, has been shown to follow the same pattern [6, 7].
For patients with ischemic heart disease, fibrosis or scar tissue, the propagation pattern of electricity in
the myocardium may be altered causing suboptimal contraction and function, and cardiac arrhythmias.
One of the treatment options for arrhythmias involves damaging tissue, to block electrical conduction,
with a procedure called ablation. The success of the procedure depends on if the correct source of the
arrhythmia was located. Thus, being able to detect and visualize locations of fibrosis and scar tissue in
the myocardium would be beneficial for several reasons. Firstly, much time is spent locating the source
causing arrhythmias in the ablation procedure and the procedure is invasive using a catheter. Hence, a
non-invasive procedure would be a huge improvement for cost, time consumption and risk of
complications for the patients. Secondly, a method to detect ischemic tissue, a reversible state for the
myocardial tissue, would be hugely beneficial if it could contribute in preventing myocardial infarction
and fibrosis and scars from forming.

It is the aim of the thesis to develop methods for detecting certain tissue characteristics to develop
non-invasive tools that can aid in fibrosis, scar tissue, ischemia and arrhythmic source detection. To
achieve this, high frame rate ultrasound data will be acquired to uncover rapid events that are
undetectable with conventional imaging, and methods of analysis that make us able to take advantage
of the increased amount of data will be developed.

In summary, this thesis aims to:

1. Investigate the clinical possibilities of high frame rate ultrasound imaging for pathology
detection and develop methods for analysis of high frame rate ultrasound data.

2. Develop and test a method for detecting and visualizing regional mechanical activation in the
left ventricle for the purpose of detecting arrhythmias.

3. Develop and test a method for estimation of propagation velocities of naturally occurring
mechanical waves in the left ventricle for the purpose of myocardial fibrosis detection.

4. Test a novel signal processing method, Clutter Filter Wave Imaging, for mechanical wave
detection.

1.3 Context of the project

This project has been funded by the Center for Cardiological Innovation (CCI), a research consortium
of academic and industrial partners, sponsored by the Norwegian Research Council and hosted by Oslo
University Hospital. The CCI has been a multi-disciplinary cooperation that brought together academic
and industrial communities, including clinicians, mathematicians, computer scientists and industry, with
the aim of developing the next generation of ultrasound systems for cardiology.

This project has been a cooperation between the CCI and consortium partners, and the University
of Oslo. In such a project, there is a balance to be struck between academic and industrial endeavors.
Therefore, obtaining clinically applicable solutions has been more central to this thesis than making
theoretical contributions.



Background

This chapter aims to give the relevant background information necessary to understand the research
done in this project. The main topics discussed are the human heart, ultrasound imaging, the difference
between conventional and high frame rate imaging, details of tissue motion estimation, and detection of
mechanical waves propagating through the myocardium. This presentation will be limited to information
relevant for the papers contained in this thesis, as well as their discussion. However, references to helpful
introductions and surveys are given throughout the text.

2.1 The human heart

2.1.1 Anatomy

The human heart consists of four cardiac chambers, two atria and two ventricles (see Fig. 2.1 for
schematic drawing of the anatomy). The left side of the heart is responsible for receiving oxygen rich
blood from the lungs and for supplying it to the body, brain and the heart muscle itself, and consists of
the left atrium and the left ventricle (LV). The right side of the heart is responsible for receiving blood
from the body and brain, and for pushing it to the lungs for oxygenation, and consists of the right atrium
and right ventricle. Each side of the heart has two valves. Two of them sit between the atria and the
ventricles (the A-V valves), and the other two between the ventricles and the outgoing arteries, the
outflow valves. For the left side, the A-V valve is called the mitral valve and the outflow valve the aortic
valve, and for the right side the A-V valve is called the tricuspid valve and the outflow valve the
pulmonary valve. The valves open for filling of the cardiac chambers with blood, and close to prevent
blood from going in the wrong direction. The motion of the valves is mostly passive and they open and
close because of differences in pressure between the cardiac chambers and the arteries.

The heart is built up of four tissue layers. The endocardium, which is in direct contact with the
blood inside the chambers. Then the myocardium, which consists of myocardial muscle fibers
responsible for contraction. The epicardium is a membrane that envelopes the heart, and forms the
innermost layer of the pericardium, which protects and separates the heart from surrounding tissue.

The muscle fibers in the myocardium are organized in muscle sheets swirling around the ventricles.
When the fibers contract it results in a shortening in the long- and radial axes of the heart, and a torsion
around the long axis, to squeeze out as much blood as possible from the ventricles. The result is that the
heart works as a remarkably energy efficient, synchronous mechanical pump.
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Fig. 2.1: Diagram of the heart anatomy. The green arrows indicate the direction of blood flow. On the right, the cardiac muscle
cells are shown in detail in a zoomed illustration. Image reused from Encyclopadia Britannica.

2.1.2 Function
The cardiac cycle

Each cardiac cycle, or heartbeat, lasts for about one second (at rest, in humans) and consists of two main
phases: the systole and the diastole. The ventricular diastole is the resting phase where the ventricles are
relaxed and filled with blood from the atria. The A-V valves are open in this phase to allow for the filling
of the ventricles, while the outflow valves from the ventricles to the arteries are closed. At the end of
the ventricular diastole, the atria contract in the atrial systole, actively pushing blood into the ventricles.
This is referred to as the atrial kick.

The ventricular systole follows and is the active contraction phase for the ventricles where blood is
pumped from the ventricles to the circulatory systems. At the same time, the atria enter diastole and are
filled with blood from the body and the lungs. During this time, the A-V valves are closed to prevent
blood from flowing back into the atria, while the outflow valves to the arteries are open. When the
ventricles are emptied, the pressure falls causing the outflow valves to close and the ventricles to enter
diastole. The A-V valves then open for the ventricles to fill with blood and to relax in preparation for
the next contraction.

Electrical conduction system

The mechanical contraction of the heart is regulated and coordinated by the electrical conduction system
(Fig. 2.2). The system initiates an electrical impulse that propagates through the heart in a specific
pattern, leading to electrical activation of the myocardium followed by contraction. The electrical
activity in the heart is most commonly measured by surface electrocardiography (ECG). Electrodes
placed on the skin record changes in voltage over time. The ECG waveforms (Fig. 2.3)
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contain information about the heart rate and rhythm and can be used to uncover abnormalities in the
conduction system. The electrical conduction system can be broadly divided into the impulse generating,
but slowly conducting, nodes, and the impulse propagating His-Purkinje system. The sinoatrial (SA)
node is the heart’s natural pacemaker and produces the electrical impulse (or action potential) that
depolarizes the heart and sets the heart rate. It is located in the right atrium (Fig. 2.2). The atrioventricular
(AV) node also has inherent pacemaker activity but is suppressed by the higher rate of the SA node [8].

Frontal plane

through heart Arch of aorta

Bachman’s bundle

Sinoatrial
(SA) node

Anterior internodal

Atrioventricular
(AV) node

Middle internodal

Left atrium

Atrioventricular (AV)
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Anterior view of frontal section

Fig. 2.2: The cardiac conduction system. Image from [9] published by OpenStax College, licensed under CC BY 4.0.

The pattern of propagation of the electrical impulse is shown in Fig. 2.3. From the SA node (step
2), the impulse spreads to the right atrium, followed by the left atrium directly from the right atrial
muscle. The P-wave of the ECG is generated by the activation of the muscle of both atria. It also spreads
rapidly through the right atrium to the AV node. Here, the impulse travels very slowly through the AV
node delaying the signal slightly (step 3). This gives the atria time to contract in order to squeeze blood
into the ventricles. After the AV node, which is the only pathway between the atria and the ventricles,
the electrical signal is conducted very rapidly through the bundle of His, then through the bundle
branches and to the respective Purkinje fibers for each side of the heart, and finally to the ventricular
muscle (step 4). The interventricular septum is the first area of the ventricles to be electrically activated,
generating the Q-wave of the ECG. Next, the ventricular free walls are activated, leading to the R-wave.
Then, some late activated segments of the ventricles lead to the S-wave, and the depolarization of the
ventricles is complete (step 5). Ventricular repolarization generates the T-wave (step 6), and begins at
the apex, then spreads to the rest of the ventricles (step 1).
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Fig. 2.3: The propagation of the depolarization wave. Images from [9]published by Openstax College, licensed under CC BY
4.0.

Cardiac electro-mechanics

The link between electrical activation and mechanical contraction, called excitation-contraction
coupling, is found on the cellular level. The heart muscle consists of tubular muscle cells called cardiac
myocytes (Fig. 2.1, right). Myocytes are able to shorten and lengthen because they contain myofibrils —
the contractile unit of the cells. The myocytes have a negative resting membrane potential, meaning a
negative internal charge. Once an electrical stimulus (flow of positively charged ions) reaches a
myocyte, ion channels open in the cell membrane causing an inward flow of positive charge, and thus,
depolarizing the cell. This leads to other cellular events that result in the conversion of the electrical
energy of the action potential to shortening of the myofibrils (mechanical energy). The pacemaker cells
that make up the nodes of the electrical conduction system are specialized myocytes. While the general
myocytes have a large, stable resting potential and prolonged action potential, the pacemaker cells have
a smaller, unstable resting potential which makes them depolarize spontaneously, and thereby generate
the intrinsic electrical activity of the heart. Because gap junctions exist between myocytes, current flows
rapidly between cells, allowing for a coordinated shortening of myofibrils. Furthermore, the myocytes
are connected by intercalated disks (specialized adhesive junctions, Fig. 2.1) ensuring transmission of
force from one cell to another leading to contraction of the muscle.

The activation of the heart is very complex as the electrical impulse travels rapidly along the cardiac
conduction system, and simultaneously, slowly (in comparison) from myocyte to myocyte. In the
ventricles, the Purkinje system is coupled to the myocardium at discrete sites (Purkinje-myocyte
junctions). This means that cell-to-cell activation spreads from many locations at once, ensuring the
coordinated activation of the ventricles. The conduction speed of the Purkinje network is much higher
than that of cell-to-cell activation (1-4 m/s vs 0.3-0.5 m/s, respectively) [8, 10]. This is partially due to
a type of gap junctions between these cells that allow for high conductance, and the high concentration
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of them in the cell membranes [10]. Additionally, the Purkinje cells contain fewer myofibrils and are
larger than regular myocytes.

The time lag from local depolarization to local onset of myocardial shortening is called the
electromechanical delay (EMD). The EMD varies for different regions of the heart from a few
milliseconds to as much as tens of milliseconds [11]. During sinus rhythm, EMD is greater at the
epicardium than the endocardium, and greater at the base than near the apex. Late activated segments
are characterized by a significant myofiber pre-stretch caused by contraction of early activated segments.
This pre-stretch delays the onset of shortening in the late activated segments and results in a longer EMD
[12]. However, active force generation by these segments is not necessarily delayed and can occur
during pre-stretch. The regional mechanical activation can be defined as both the onset of shortening,
and as the onset of active force generation. Active force generation is not load dependent, therefore, it
is likely to better reflect timing of electrical activation [13]. Detailed knowledge of all three parameters
are important to correctly identify the underlying mechanisms for a patient with a dyssynchronously
contracting heart. Identifying if the problem is mainly electrical, mechanical or a combination of both
is important for treatment planning [13].

2.1.3 Clinical indicators
Electrophysiology

Pathologies such as ischemia, inflammation, fibrosis, cardiomyopathies, or myocardial infarctions are
likely to cause electrical and mechanical impairments in the heart. A myocardial infarction occurs when
blood flow stops or decreases to a part of the heart causing damage to the heart muscle. Tissue cells that
are cut off from a blood supply will die and eventually be replaced by scar tissue as a result of
replacement fibrosis. This is to preserve ventricular integrity, facilitate force transmission and prevent
rupture of the cardiac wall. However, the scar is not contractile and does not conduct electrical signals.
Therefore, when a depolarizing impulse encounters a scarred area, it will move in alternative pathways
around or slowly through the scar, leading to a delay in the impulse. If the delay is large enough for the
myocytes to have repolarized, the delayed wave front can cause reactivation of tissue before a new signal
is sent from the SA node. With the right timing, the reactivation signal can be caught in a re-entry loop
that generates electrical impulses at a rate that suppresses the impulses from the SA node, and thereby
cause an arrhythmia (abnormal and/or irregular heart rate). The described type of reentrant arrhythmia
is just one of many types. Abnormally functioning tissue at any location in the heart can be a source of
electrical impulses causing extra systoles that can lead to continuous arrhythmias. Some arrhythmias are
harmless, while others can be life threatening.

Arrhythmias can be treated medically or with a procedure called ablation. Ablation consists of
creating a block in the pathway causing the arrhythmia by damaging tissue using energy (heat or extreme
cold) delivered through a catheter. An important success factor is that complete isolation of sources of
abnormal electrical activity is achieved. For this, electrophysiological (EP) mapping is used where the
local timing and voltage of electrical impulses is mapped with electrodes inserted through blood vessels.
The information is used to generate maps of local voltage and/or timing of depolarization to identify
sources of arrhythmias or areas of low voltage such as scar tissue (Fig. 2.4). This is a time consuming
and invasive procedure as the generation of the map requires measurement of many spatial points. Thus,
quick and non-invasive methods for activation mapping are needed, as abnormal activation patterns
could be a clinical indicator of scar tissue, fibrosis and arrhythmias [14, 15].
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Fig. 2.4: An electroanatomical voltage map ranging from 0.5 to 1.5 mV generated from EP mapping using the EnSite system.
A projection of the right atrium is shown on the left and the left atrium on the right. Small yellow dots represent the electro-
anatomical mapping points. The voltage of ventricular signals is defined as scar below 0.5 mV (grey), the low voltage between
0.5 and 1.5 mV (from red to blue) and the normal voltage above 1.5 mV (purple, see the scale on the left side of the figure).
Large green dots represent late potentials. Image from A. Schratter et al. [16] published by the Journal of Visualized
Experiments (JoVe).

Myocardial ischemia

The most important cause of myocardial ischemia is reduction of blood flow through one or more
coronary artery because of a partial or complete block of the artery. Ischemia can develop slowly over
time from an artery that is gradually stenotic (coronary atherosclerosis), or quickly because of a sudden
block such as a blood clot. Ischemia changes the metabolism of the heart cells. Normally, glucose and
lipids are metabolized by oxidative reactions, but because of the inadequate supply of substrates (oxygen
and glucose) to the cells, anaerobic metabolic processes become important. The change in metabolism,
and the inadequate removal of products of metabolism (mainly protons and lactate), leads to intercellular
events that impair contraction, and to a change in the net charge of the cell. The change in charge alters
the duration of the action potential and the conduction of the cell, and can therefore cause arrhythmias
[17]. Abnormal conduction patterns can therefore be a clinical indicator of ischemia. Prolonged and
severe ischemia leads to myocyte death and tissue infarct.

Myocardial fibrosis

Myocardial fibrosis arises in the course of many heart diseases. Fibroblasts are cells that are located
among the myocytes and that produce the connective tissue that forms the structural framework of the
myocardium. When cardiac damage and stress occur, various substances cause the fibroblasts to become
activated and transdifferentiate into myofibroblasts. Myofibroblasts have an increased production of
proteins that are deposited in the extracellular matrix. This increase in collagen between myocytes leads
to an increased stiffness of the myocardium [18, 19], and causes structural and electrical changes that
predispose patients to arrhythmias, heart failure and ischemia. Increased myocardial stiffness is therefore
a second clinical indicator of fibrosis.

Fibrosis is classified by cause and pathoanatomy. Replacement fibrosis, which was mentioned in
the previous section, is local, caused by myocyte necrosis and thought to be irreversible. Interstitial (or
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diffuse) fibrosis is characterized by diffuse spread of extracellular collagen and is believed to be
reversible if treated early. This type is also seen in elderly people, and in diseases such aortic stenosis
and coronary heart disease without infarction [19]. Fibrosis is currently diagnosed invasively with
biomarkers measured in biopsies and blood tests, and non-invasively with MRI (with and without
contrast), cardiac CT and echocardiography (by identifying areas of increased reflectivity).

2.1.4 Naturally occurring mechanical waves in the left ventricle

Several physiological processes, such as the vibrations induced by our vocal cords during speech, the
mechanical contraction of the heart and the propagation of action potentials in our muscles, cause the
body to constantly exhibit transient vibrations. These vibrations propagate through most organs and are
mostly considered to spread as shear waves. The typical propagation velocity of shear waves in human
organs ranges from 1 to 10 m/s, and the waves are therefore phenomena that last for milliseconds only.
In addition, when pulsating blood moves through a large artery, transient mechanical stress is applied
on the surrounding organs. This happens particularly in confined organs such as the brain or kidney.

In the heart, several events during the cardiac cycle induce transient movement in the tissue.
Examples of these are the closure of the valves and the atrial kick. The resulting vibrations in tissue are
called natural or intrinsic mechanical waves and propagate in the tissue at a certain velocity.
Additionally, the propagation of the depolarization wave has been shown to generate a mechanical wave
of the same pattern [6, 7]. This naturally occurring mechanical wave is not a shear wave, but rather a
transient response of the tissue to the depolarization of the cells. The characteristics of the waves, such
as the propagation velocities and patterns, give information about the medium they travel in, such as the
stiffness or elasticity of the medium, and conduction paths for the activation wave, if detected and
mapped. In an average size LV (with length of about 8 cm), the propagation of a shear wave in the
longitudinal direction lasts for around 10 to 100 ms. Furthermore, the depolarization of the LV has a
duration of less than 100 ms. Thus, to detect and map these waves a high sampling rate is required.

2.2 Echocardiography

Ultrasound are sound waves with frequencies above the audible range for the human ear (above 20 kHz).
Medical ultrasound imaging uses sound waves in the frequency range from 1 MHz to 15 MHz,
depending on the application. When applied to the heart, medical ultrasound is generally referred to as
echocardiography, or simply echo. In this chapter, details of how an image is formed will be explained.
Furthermore, an introduction of a method for tissue motion analysis from ultrasound data, Tissue
Doppler Imaging (TDI), will be given, and the methods developed and applied for mechanical wave
detection will be explained.

2.2.1 Image formation

For conventional ultrasound imaging, a line in an image is formed by transmitting ultrasound waves into
an object in a specific direction, and recording the reflected signals, or echoes. In tissue, a reflecting
object would be anatomical structures. The time from a signal is transmitted to an echo is recorded gives
the distance to the object, and thereby the depth in the image. Furthermore, the intensity of the reflected
echo is related to the density of the reflecting object.

The device responsible for transmission and reception of the ultrasound waves is called a
transducer, or ultrasound probe, and is usually handheld on the patient’s skin. It consists of an array of
piezoelectric elements that convert electrical pulses into sound pulses and vice versa. Pulses are
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transmitted from each element at an ultrasonic frequency, resulting in an ultrasound beam. For the
phased array transducer, the timing of transmission can be set individually for each element so that the
beam can be focused and steered in different directions (Fig. 2.5a). The process of delaying the phase
of transducer elements to steer the beam is called beamforming and is applied to both transmission and
reception of ultrasound pulses. To create a full image using conventional imaging, the transducer scans
across a region of interest, such as the heart, building the image line-by-line. The resulting two-
dimensional image is called a brightness mode (B-mode) image because the different densities in the
imaged medium are displayed on a gray scale (Fig. 2.5b). The dimensions of the image are called the
axial and lateral directions, for the depth and width of the image, respectively. Another 2D image based
on imaging the same line in space over time is called a motion mode (M-mode) image.
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Fig. 2.5: (a) Illustration of a phased array with different delay profiles (a, b) that steers the beam in two different directions to
cover an image sector (c). Image from A.J. Fischetti and A. Scott [20]. (b) An example of an ultrasound B-mode image of a
human heart. The image is an apical 4 chamber view where RV is the right ventricle, LV the left ventricle, and RA and LA the
right and left atrium, respectively. Image from [21] licensed under CC BY 4.0.

2.2.2 Transmission of ultrasound waves

Several types of waves can be transmitted by an ultrasound system. A focused wave is transmitted by
delaying elements of the transducer so that the beam first has a wave front that converges towards a
focus and then a diverging wave front. In the focus the beam is narrow, and the amplitudes are added
for maximum intensity. A plane wave is generated by transmitting from all the elements of the
transducer array without delay, resulting in a wide homogenous beam. A diverging wave is a defocused
beam that spreads to a larger field of view with depth, creating a sector scan. Cardiac imaging uses a
sector scan since the transducer must be placed in between the ribs, and therefore is restricted to a small
acoustical window.

2.2.3 Resolution
Resolution is important for the image quality. For ultrasound imaging, there is spatial, contrast and

temporal resolution. The ability of an ultrasound system to distinguish between two points in space is
determined by spatial and contrast resolution, and the ability to distinguish between two events in time
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is determined by the temporal resolution. The axial resolution is the minimum distance that can be
differentiated between two reflectors located parallel to the direction of the ultrasound beam, and it is
effectively half the received pulse length. The pulse length is a product of the number of cycles in the
pulse and the wavelength. Axial resolution is high when the pulse length is short, which means that few
cycles and short wavelength is equal to high resolution. The number of cycles is determined by the
damping factor of the transducer elements after excitation, while the wavelength is determined by the
transmit frequency. High damping and high frequency gives few cycles and short wavelength, which
results in high axial resolution [22]. However, high damping leads to a low intensity pulse, and high
frequency leads to high attenuation by tissue, especially in locations further from the transducer.

The lateral resolution is the minimum distance that can be differentiated between two reflectors at
the same depth and is high when the width of the beam is narrow. For a focused beam this width varies
with depth, being the narrowest at the focus depth, with a width equal to half the transducer width. The
beam width is the prod