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ABSTRACT 1.1

The ability to visually explore and compare blood flow data can be a valuable aid
for medical research regarding pathologies of the human vascular system. The use
of explorative visualizations for blood flow can lead to a deeper understanding of the
interrelation of vascular morphology and hemodynamics in general and the effects of
specific pathologies on the vessels in particular. For example, the rupture risk assessment
for cerebral aneurysms requires a detailed understanding of the complex interactions
between vessel wall and underlying blood flow behavior. By comparing flow patterns,
systematic differences and similarities within and between cohorts can be detected to
formulate new medical hypotheses. As an example, such an analysis could support
identifying the difference between changes in vascular hemodynamics as a result of
“healthy” aging and the genesis of a cardiovascular disease.

Blood flow data can be acquired by various techniques. 4D PC-MRI is a non-invasive
imaging modality that allows for the acquisition of in-vivo flow information. Vessels that
are not large enough to be captured adequately by 4D PC-MRI can still be acquired
using angiography techniques, such as CT Angiography, 3D Rotational Subtraction
Angiography or MR Angiography. As these modalities do not record blood flow, compu-
tational fluid dynamics simulations are employed to obtain flow information based vessel
geometries in these cases.

The visualization of the resulting three-dimensional, time-resolved blood flow data is
challenging due to the high amount of occlusion in the spatio-temporal domain. Thus, the
visualization has to be carefully crafted to reduce the occlusion based on the researchers’
specific interests without compromising their orientation and spatial awareness. An
additional problem, especially for simulated data, is the coverage of all existing features
in the datasets domain using integral objects, such as pathlines, as many established
seeding strategies do not guarantee full coverage without investing an unfeasible amount
of computing power. Lastly, new insights into the vascular system cannot only be gained
by exploring single datasets, but also by performing comparisons of multiple datasets
between both patients and healthy volunteers. While a simple juxtaposition may be
feasible for a lower amount of datasets, comparisons within a database of hundreds
or more datasets require specialized metrics as well as interaction and visualization
techniques to effectively support the user in gaining knowledge.

This thesis presents and evaluates techniques to support the effective visual exploration
and comparison of blood flow data with the goal of gaining new insights into the human
vascular system. This encompasses both general visualization and preprocessing methods
(e.g. to improve depth perception), as well as tailored solutions for specific medical
research questions. Our focus is on both blood flow data acquired in-vivo by means
of 4D PC-MRI and using computational fluid dynamics simulations. Although there
are significant differences between measured and simulated blood flow, all techniques
implemented as part of this PhD thesis are integrated into a single framework.
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ZUSAMMENFASSUNG 1.2

Die visuelle Exploration und der Vergleich von Blutflussdaten kénnen ein wertvolles
Werkzeug fiir die Erforschung des menschlichen kardiovaskuldren Systems darstellen. Der
Einsatz von explorativen Visualisierungen fiir die Darstellung von Blutfluss unterstiitzt
das Verstdndnis der Zusammenhénge zwischen Gefaimorphologie und Himodynamik im
Allgemeinen sowie dem Einfluss verschiedener Pathologien im Speziellen. Beispielsweise ist
fiir die Vorhersage von Ruptur-Risiken zerebraler Aneurysmen ein detailliertes Verstédndnis
der komplexen Beziehung von Gefdfiwand und dem Verhalten des darunterliegenden
Blutflusses erforderlich. Durch den Vergleich von Flussmustern kénnen systematische
Unterschiede und Gemeinsamkeiten sowohl in als auch zwischen Kohorten ermittelt
und daraus neue medizinische Hypothesen abgeleitet werden. Beispielsweise konnten
Unterschiede zwischen Verdnderungen der Gefaflhidmodynamik durch ,,gesundes” Altern
und der Herausbildung einer kardiovaskuldren Pathologie identifiziert werden.

Blutflussdaten kénnen durch verschiedene Techniken akquiriert werden. 4D PC-
MRI ist eine nichtinvasive Bildgebungsmodalitét mit der sich in-vivo Flussinformatio-
nen aufnehmen lassen. Gefiafle, die fiir eine Erfassung in 4D PC-MRI Scannern nicht
grof3 genug sind, kénnen trotzdem durch andere angiographische Techniken wie CT-
Angiographie, 3D Rotationssubtraktionsangiographie sowie MR-Angiographie aufgenom-
men werden. Da diese Bildgebungsmodalitdten den Blutfluss selbst nicht abbilden kénnen,
werden in diesen Féllen die Blutflussinformationen durch Methoden der numerischen
Stromungsmechanik basierend auf der Gefaflgeometrie berechnet.

Die Visualisierung der entstehenden dreidimensionalen und zeitaufgelosten Blutflussin-
formationen ist aufgrund der zahlreichen zeitlichen und rdumlichen Uberlappungen von
Strukturen herausfordernd. Daher miissen die verwendeten Visualisierungstechniken
basierend auf den Forschungsinteressen des Anwenders so konzipiert werden, dass diese
Uberlappungen aufgelést oder reduziert werden, ohne die Orientierungsfihigkeit oder das
Raumverstiandnis des Betrachters zu beeintrachtigen. Ein zusédtzliches Problem, welches
insbesondere bei simulierten Daten auftritt, ist es eine ausreichende Représentation
der Flusseigenschaften durch integrale Objekte, wie Pfadlinien, zu erreichen. Viele
Saat-Strategien konnen ohne den Einsatz unverhiltnisméfBig grofler Rechenleistung keine
vollstdndige Abdeckung des Flussfeldes garantieren. Natiirlich kénnen neue Erkenntnisse
nicht nur durch die Betrachtung einzelner Datensétze, sondern insbesondere durch den
Vergleich von Patienten und gesunden Probanden erreicht werden. Wéhrend eine einfache
Gegentiberstellung fiir eine kleinere Menge an Datensétzen moglich ist, erfordern grofie
Datenbanken von hunderten Flussdatensétzen spezifische Metriken sowie Visualisierungs-
und Interaktionstechniken, um den Anwender effizient bei der Hypothesengenerierung zu
unterstiitzen.

Diese Doktorarbeit prasentiert und evaluiert Techniken, um effektive visuelle Explo-
ration und Vergleiche von Blutflussdaten mit dem Ziel, neue Erkenntnisse iiber das
menschliche kardiovaskuldre System zu gewinnen, zu ermoglichen. Dies umfasst sowohl
allgemeine Visualisierungs- und Verarbeitungstechniken (beispielsweise um die Tiefen-
wahrnehmung zu verbessern), als auch auf die Beantwortung spezifischer medizinischer
Forschungsfragen zugeschnittene Losungen. Unser Fokus liegt hierbei auf Blutfluss-
daten, die mittels 4D PC-MRI oder himodynamischen Simulationen generiert wurden.
Obwohl signifikante Unterschiede zwischen gemessenen und simulierten Blutflussdaten
existieren, wurden die im Rahmen dieser Dissertation implementierten Techniken in
einem gemeinsamen Framework integriert.



INTRODUCTION 1.3

According to the World Health Organization, cardiovascular diseases are the leading
cause of death worldwide [1]. Especially arteriosclerosis and its accompanying diseases,
such as myocardial infarction or thrombosis, may lead to severe complications [2]. Various
cardiovascular pathologies have been related to changes in blood flow patterns [3, 4]. For
example, defects such as a bicuspid aortic valve often cause vortices [5, 6] and increased
wall shear stress [7] within the thoracic aorta. In turn, changes in blood flow patterns
may cause the formation of aneurysms, which are pathologic dilations of the arterial
wall.

Aortic aneurysms can ultimately lead to aortic dissection or rupture, with a reported
risk of rupture of up to 74 % for the thoracic aorta [8, 9], depending on the size of the
aneurysm [10]. The rupture of a thoracic aortic aneurysm is almost always fatal [11].
Without treatment, aneurysms of the thoracic aorta with a diameter greater than 6 cm
exhibit a yearly death rate of almost 12 % and a five-year survival rate around 55 % [10,
12]. Although the surgical repair of aneurysms on the thoracic aorta itself has a mortality
between 3% and 11 %, it can significantly improve the long-term survival rate of a
patient [12].

In case of cerebral aneurysms, a rupture may cause an ischemic stroke with often fatal
consequences for the patient. Especially with respect to increased imaging in the clinical
routine, more and more asymptomatical cerebral aneurysms are detected [13]. Since
aneurysm treatment, e.g. endovascular stenting and coiling or neurosurgical clipping,
is accompanied with risks for the patient, clinical research aims to avoid unnecessary
treatment of incidentally found aneurysms and to identify the best possible treatment
with respect to patient-specific anatomy and blood flow behavior. For rupture risk
assessment, several clinical risk factors have been identified, e.g. the patient’s age,
hypertension, aneurysm size and location [14]. Cerebral aneurysms often comprise a
daughter aneurysm, also called a bleb, which is a prominent bulging on the aneurysm.
These blebs are of particular interest, since they have been identified as an additional
factor for increased rupture risk [15, 16]. State-of-the-art rupture risk models combine
morphological parameters characterizing the aneurysm’s shape as well as hemodynamical
parameters extracted from simulated blood flow to provide further information about
the patient-specific risk [17]. The simulated blood flow not only allows for the extraction
of flow patterns, but for the extraction of parameters related to pressure and stress as
well, e.g. the wall shear stress (WSS), describing the friction of the blood flow on the
aneurysm surface, or the oscillatory shear index (OSI), characterizing the variation of
the WSS vector over the course of the heart cycle.

For endovascular treatment support, clinical researchers are strongly interested in
predicting flow characteristics after treatment. Hence, the flow patterns and parameters
provide valuable information about the intra-aneurysmal flow [18]. Implant placement
typically aims at aneurysm occlusion, a redirection of the blood flow causing the aneurysm
as well as a stabilization of the blood supply of the vessel harboring the aneurysm and its
outlets. Virtual implant placement can support the clinician by predicting the resulting
blood flow [19, 20].
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MoTIivATION

The evaluation of blood flow data is increasingly used in medical research to improve
the understanding of vascular diseases as well as for treatment planning. An example is
the placement of vascular implants to treat aneurysms, which strongly depends on the
patient-specific anatomy and hemodynamics. Thus, the visualization of hemodynamic
information can support medical research with respect to the understanding of vascular
diseases and improvements in patient-specific treatment planning. Questions relate to the
interactions between hemodynamic flow patterns, morphological changes and vascular
biology [21].

Commonly, 3D blood flow data visualizations are comprised of either path- or stream-
lines embedded in a surface visualization of the vessel. Unlike other integral lines, such
as streak- or timelines, stream- and pathlines directly represent the movement of blood
through the vessels. Attributes, such as pressure, wall shear stress and flow velocity mag-
nitude, can be mapped to the surface or pathlines using color scales. Often, interesting
flow structures such as vortices are nested within laminar flow, creating visual obstruc-
tions. Having too many pathlines visible at once will increase this effect, while having
too little pathline coverage may cause specific flow characteristics to be underrepresented
in the resulting visualization. Hence, specialized techniques are required to focus on
specific hemodynamic phenomena, such as vortices, in order to alleviate occlusion while
maintaining dense line coverage in areas of interest. These techniques can range from
filtering occluding pathlines to dynamically adding additional pathlines to increase the
pathline coverage for interesting features. In addition to pathlines, the vessel surface
itself provides valuable context information and therefore should not be culled from the
visualization completely.

As a result, the scene contains many intertwined layers of pathlines and surfaces. One
of the more general challenges in visualizing blood flow data is mapping this complex and
highly patient-specific three-dimensional vascular structure onto a two-dimensional screen
while maintaining spatial awareness of the user. Similarly, establishing comparability
between multiple patient-specific variations of the same anatomical region poses a
challenge.

THESIS STRUCTURE AND CONTRIBUTION

This thesis addresses the aforementioned challenges and proposes solutions to support
medical researchers. All the techniques developed as part of this PhD thesis are integrated
into a single interactive framework supporting the visual analysis of both measured and
simulated blood flow data. Due to the stark differences between simulated and measured
blood flow regarding acquisition modalities, data format and general data quality, some
of these techniques proposed in this thesis are tailored specifically towards 4D PC-MRI.
However, many general properties are shared between these types of flow data, thus
allowing many of the presented techniques to be applied to both measured and simulated
blood flow data with only minimal adjustments. This thesis is structured as follows:

e Chapter 2 gives a brief overview of the human cardiovascular system and selected
related pathologies. Furthermore, core principles of flow visualization and the
imaging modalities used to acquire the medical images we base our techniques on
are explained.



1.3. INTRODUCTION

e Chapter 3 summarizes existing techniques and approaches to visualize, explore and
analyze blood flow data. It also gives a brief overview of previous work within the
Visualization group on the topic of visualizing hemodynamic data.

e Chapter 4 describes the main contributions of this thesis. At the beginning of each
section, the publications on which the respective section is based on are listed.
Changes that were made to the presented techniques after the publication are also
mentioned there.

Section 4.1 proposes an image processing technique to support the segmentation of
low-contrast 4D PC-MRI datasets. Strongly varying flow velocities in the aorta,
which can appear as a result of stenoses or defects of the aortic valve, negatively
affect the contrast of 4D PC-MRI data. These low-contrast images are often
hard to segment, especially when directional information is discarded for the
segmentation by performing it entirely on magnitude images. Thus, we propose to
use a combination of magnitude and FTLE images, which incorporate directional
information. We were able to show that, in comparison to a solely magnitude-based
segmentation approach, our method requires less manual input and produces more
satisfying results for low-contrast datasets.

Section 4.2 focuses on optimizing the perceptibility of vessels and the inlaying blood
flow. As mentioned previously, blood flow visualizations on a traditional 2D screen
suffer from occlusion and a lack of depth perception. We present a technique to
solve overlaps between vessel wall and pathlines for direct volume rendering, similar
to front-face culling. Based on the current viewing direction, the back side of
vessels is identified. The front side and lumen are culled from the visualization,
exposing pathlines drawn within the vessel.

Additionally, we present a shading technique that increases depth perception for
vascular models without impairing the ability to map hemodynamic parameters
onto the vessel surface. Our approach overlays a pseudo-chromadepth color scale
to encode depth at the edges of the vascular surface and an additional color
scale representing hemodynamic parameters at the center. In a study with 105
participants, we were able to show that our technique increases depth perception
while only slightly impairing the ability to perceive the hemodynamic color scale.

Section 4.3 presents several approaches to support ezxploration and comparison
of blood flow datasets. Hemodynamic parameters on the vessel surface are often
directly connected to underlying near-wall flow. As our clinical collaborators are
interested in this connection, we developed a technique to interactively select
hemodynamic features on the vessel surface and extract related flow structures
with minimal interaction. In addition to the qualitative assessment of the resulting
flow structures, our prototype allows to quantify them and export the findings
within structured reports.

A common problem in several of our datasets was low pathline density in regions
with low blood flow activity, e.g. blebs, as the pathline integrator had trouble
“reaching” these regions. This situation could partially be alleviated by increasing
the amount of seed points, which would significantly increase computation time
and also produce many redundant pathlines in other regions. Thus, we developed
a seeding strategy based on evolutionary algorithms, which would directly target
specific regions of interest and ensure that flow in these regions was sufficiently
represented by pathlines. We were able to show that our seeding approach was
able to reach a better line coverage than the commonly used uniform seeding with
a lower number of total line integrations.

Commonly, the quantification of hemodynamic parameters for an aneurysm is tied
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to the location of its neck region. However, no general consensus exists between
practitioners on how exactly the location of the neck curve is defined. To support
making steps towards such a consensus, we implemented a web-based application
for medical experts to easily draw neck curves based on their own definitions.
Additionally, they are able to deform the resulting ostium to model the original
vessel surface without the aneurysm. The resulting neck curve segmentations are
then stored in a database to be used as ground truth data for ongoing research.
As previously mentioned, finding systematic differences between pathological and
healthy flow is an important part of gaining a better understanding of vascular
pathologies. A simple juxtaposition of datasets is unsuitable due to the complex
vascular structures and patient-specific vessel morphology. Thus, we present an
approach to normalize the spatio-temporal domain of cardiac 4D PC-MRI datasets
and facilitate a comparison using 2D bull’s eye plots. For a more in-depth analysis
of flow differences, a visual comparison of slices at normalized positions is also
possible.

e Chapter 5 concludes this thesis and discusses both possible short- and long-term
research projects in relation to this work, and blood flow visualization in general.



Background






MEDICAL BACKGROUND 2.1

This section presents anatomical background information about the human cardiovascular
system in general and selected cardiac and cerebral blood vessels in particular. Relevant
cardiovascular diseases affecting these systems are also introduced.

THE HUMAN CARDIOVASCULAR SYSTEM 2.1.1

The cardiovascular system is comprised of blood vessels spanning the entire body,
providing all cells with nutrients and oxygen via the blood stream. There are two
distinct blood circuits that make up the cardiovascular system [23]. The systemic circuit
provides oxygen to the tissue, transferring oxygenated blood from the heart via systemic
arteries through the body. After the oxygen has been passed to the cells within systemic
capillaries, the now de-oxygenated blood travels back to the heart through systemic
veins. From there it enters the pulmonary circuit, where pulmonary arteries transport
the blood to the lung to gather new oxygen within the pulmonary capillaries. The newly
oxygenated blood moves back to the heart via pulmonary veins and once again enters the
systemic circuit [22]. A schematic overview of both circuits can be found in Figure 2.1a.

The central organ of both circuits is the heart (Figure 2.1b), a pump that facilitates
the blood movement. It consists of two sides (left and right), each with two chambers
(atrium and ventricle). The atria are connected to their respective ventricle through
a valve (the tricuspid valve on the right side of the heart, the bicuspid or mitral valve
on the left), preventing blood to flow from the ventricle back into the atrium [23]. The
left ventricle is connected to the aorta, the right ventricle to the pulmonary artery.
Once again, the direction of blood flow is controlled by another set of valves (aortic
semilunar valve and pulmonary semilunar valve). All valves in the heart consist of tree
cusps, with the exception of the mitral valve, which only consists of two. They are not

Aorta
Left pulmonary
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Systemic capillaries ~ Superior vena cava
of upper body

Systemic veins

from upper body Right pulmonary
arteries Pulmonary trunk
Left atrium
Left pulmonary
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semilunar valve
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Figure 2.1: Schematic illustration of the human cardiovascular system (a) and heart
(b), showing oxygenated blood in red and de-oxygenated blood in blue [22].

Both images are taken from the OpenStax publication “Anatomy and Physiology”, released wunder the
Creative Commons Attribution 4.0 license. They were slightly modified to better fit the layout of this thesis.
©1999-2021, Rice University. URL: https://openstaz. org/books/ anatomy-and-physiology/pages/
19-1-heart-anatomy# fig-ch20_01_ 03 License: https: //creativecommons. org/ licenses/by/4. 0/ deed
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actively controlled by muscles, instead they open and close entirely based on pressure
differences [23].

Each heart cycle consists of two phases, the systolic phase and diastolic phase. During
the systole, both ventricles contract, thus pumping blood out of the heart and into the
aorta (from the left ventricle) and pulmonary artery (from the right ventricle). During
the diastole, both the ventricles and atria relax, allowing new blood to flow into the
atria from the pulmonary veins (into the left atrium) and inferior and superior vena
cava (into the right atrium). Afterwards, the atria contract to pump the blood into their
respective ventricles. From there, the cycle begins anew [22].

As the starting point of the systemic cycle, the aorta is the largest artery in the
human body [24]. Its overall shape somewhat resembles that of a walking cane and it is
commonly subdivided into the aortic trunk (where it is connected to the left ventricle),
followed by ascending aorta, aortic arch and descending aorta. Three major branches
spring from the aortic arc: the brachiocephalic artery, left common carotid artery and left
subclavian artery [22]. The brachiocephalic artery itself branches into the right common
carotid artery and right subclavian artery. Each of the subclavian arteries spawns a
vertebral artery. Both the carotid and vertebral arteries provide the blood supply to the
neck and head, whereas the subclavian arteries supply the chest and arms. The carotid
arteries eventually split into an external carotid artery and internal carotid artery. The
vertebral arteries, on the other hand, merge together and form the basilar artery [22].
An overview of the branching of the aorta can be found in Figure 2.2. Studies have
shown that this branching structure of the aortic arch is present in around 74% of the
western population. A common variant with a prevalence of 20%, often referred to as
bovine arch, has the brachiocephalic artery and left common carotid artery originating
from the same point on the aortic arch [25].

Internal carotid arteries

Basilar artery External carotid arteries
Right common carotid artery Left common carotid artery
Right vertebral artery Left vertebral artery
Right subclavian artery Left subclavian artery
Brachiocephalic artery i Aortic arch

Descending aorta

Ascending aorta

Aortic trunk

Heart )

Figure 2.2: Schematic illustration of the aortic branches.

This figure is based on an image by Edoarado, made available via Wikimedia Commons under the Cre-
ative Commons Attribution-Share Alike 3.0 Unported license. The labels and some of the coloring were modified
to better fit the wording and layout of this thesis. ~URL: https://commons. wikimedia. org/wiki/File:
Aorta_ scheme_ en. sug License: https: //creativecommons. org/ licenses/by-sa/3. 0/ deed
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Artery Wall
Normal blood flow

Abnormal blood flow
Narrowed artery

(a) (b)

Figure 2.3: Illustration of a normal artery (a) and an artery affected by plaque buildup,
causing the artery to narrow (b) [29].

The images are taken from the NHLBI article on atherosclerosis and are released in the Public Domain.
Slight modifications have been made to the image layout and descriptions.

The internal carotid arteries and the basilar artery supply the brain and eventually lead
into the circulus arteriosus cerebri, often referred to as the “Circle of Willis”. The Circle
of Willis is a vaguely circular vascular structure connecting the internal carotids and
basilar artery and thus creating redundancy for the brain’s blood supply. If the blood
flow from one of the supplying vessels is progressively blocked, e.g. by a stenosis, the
other vessels can compensate this blockage. A sudden and complete occlusion of one of
the vessels, however, can usually not be fully compensated for. The Circle of Willis is a
highly variable structure, as depending on the person, various connecting vessels within
the circle may be reduced in size or missing completely [26].

CARDIOVASCULAR DISEASES 2.1.2

With social, medical and technological advancements, the typical disease-related causes
of death shift from infectious diseases to degenerative diseases [27]. Today, according to
the World Health Organisation, cardiovascular diseases (C'VDs) are the most common
cause of death in most regions, accounting for around 25% of all deaths worldwide [28].
This section describes a selection of common cardiovascular diseases as well as their effect
on hemodynamics.

PATHOLOGIC CHANGES IN THE VESSEL WALL

Changes in the vessel wall may cause the vessel diameter to increase or decrease. Gen-
erally, a narrowing of a blood vessel is called stenosis. A common cause for stenosis is
atherosclerosis, whereas so-called plaques consisting of “fatty deposits, inflammation, cells,
and scar tissue” [30], are deposited within the vessel wall (Figure 2.3). The narrowing
of the vessel may cause blood pressure and flow speed in the affected area to increase.
Furthermore, a more severe narrowing may decrease the amount of blood supplied to
the surrounding tissue or completely stop the blood flow altogether. This can lead to
potentially fatal consequences, such as stroke or myocardial infarction.

An increase in vessel diameter is referred to as an aneurysm. Aneurysms bear a risk
of rupturing, causing potentially fatal internal bleeding. Generally, aneurysms can be
classified as either saccular or fusiform (Figure 2.4). Saccular aneurysms appear as sacs
or pouches on the parent vessel and result from the dilation of only part of the vessel
wall (Figure 2.4a). Fusiform aneurysms, on the other hand, are formed when an entire
section of the vessel wall dilates (Figure 2.4b).
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(a) (b)

Figure 2.4: Sketches of the two main aneurysm types: Saccular aneurysms (a) and
fusiform aneurysms (b) [31].

The images are taken from an open-access paper by Withers et al., which is published under the Cre-
ative Commons Attribution-NonCommercial 1.0 Generic license. Modifications have been made to the image
layout and coloring. (© The Author(s) 2013. License: https: //creativecommons. org/ licenses/by-nc/1. 0

The prevalence and rupture fatality depends strongly on the location of the aneurysm.
Coronary artery aneurysms are most commonly caused by atherosclerosis and bear a
prevalence between 1.5-5% [32]. Thoracic aortic aneurysms, e.g. aneurysms of the aorta
within the thoracic region, are mostly caused by medial degeneration, which weakens the
aortic wall and thus leads to dilation [33]. After reaching a diameter of 6 ¢cm or greater,
the yearly mortality for thoracic aneurysms reaches around 11% [12, 34]. While some
amount of medial degeneration results simply from aging, the process can be accelerated
by hypertension or defects of the aortic valve. Another cause for medial degeneration

is the marfan syndrome, a genetic disorder that affects connective tissue all over the
body [33].

Aneurysms on cerebral vessels show a high prevalence in the western population
(3-5%) [35], while their annual risk of rupture is below 1% [36]. The bleeding caused by
their rupture can have fatal consequences, with 40 - 60 % of the patients dying within the
first 30 days. However, especially in the case of small, asymptomatic cerebral aneurysms,
the mortality rate of the treatment may actually exceed the risk of rupture [37]. In
clinical practice, the most important rupture risk factors are the type of aneurysm (i.e.,
asymptomatic or symptomatic), age, sex, and aneurysm size and position [38]. Further-
more, morphological parameters such as irregular shape, orientation and diameter [39,
40] were correlated with rupture risk. Studies have shown that hemodynamic parameters,
such as changes in pressure or wall shear stress, on the vessel wall, correlate with the
rupture of aneurysms and are therefore vital for risk assessment [41-43]. Thus, the study
of these hemodynamics plays an increasing role in current research [44].

VALVE PATHOLOGIES

Not only the blood vessels can be affected by diseases, but so can the valves. Their
purpose is to prevent blood from flowing in the wrong direction, for example from the
aorta back into the ventricle. The failure of a valve to properly close (called insufficiency)
causes reverse flow (regurgitation) and thus adversely affects the cardiac function by
reducing the pumping efficiency of the heart. The most common causes for aortic valve
insufficiency are inflammations and dilatation of the aortic root [46].

Similar to vessels, it is also possible for a valve itself to be stenotic, i.e. narrowed,
making it harder for the heart to pump blood through the valve. Such a narrowing is
regarded as a severe stenosis of the aortic valve (also commonly referenced to as aortic
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Tricuspid Type | BAV Type Il BAV Type lll BAV
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Figure 2.5: Different types of BAVs in comparison to a tricuspid aortic valve [45].

The image is taken from an open access article by Martin et al., published under the Creative Com-
mons Attribution 4.0 International license. (©2015 by the authors. URL: https://www. ncbi. nlm. nih. gov/
pme/ articles/PMC5438177/ License: https: //creativecommons. org/ licenses/by/4. 0

stenosis or AS) when the opening area of the valve is reduced to less than one fourth of
its original size [47]. At this point, significant hemodynamic changes such as increased
pressure gradients start to appear. In industrialized countries, aortic stenosis mostly
appears as a degenerative disease [48] and thus typically affects older patients (with a
prevalence of 1-2% between the ages of 64 to 74, and 4-5% above 74) [49]. In developing
countries, it mostly results from rheumatic infections [48].

Aortic stenosis can also be congenital [50], with the most common form being a bicuspid
aortic valve, or BAV. With a prevalence of around 1-2%, it is the most common congenital
cardiac defect [51]. In a BAV, two of the three cusps are fused together, usually resulting
in a valve with two differently sized cusps [52]. BAVs are classified into three different
types depending on which of the cusps are fused together (Figure 2.5). Type 1 is the
most common form, accounting for more than 70 % of BAV patients, followed by Type 2
(10-20 %) and Type 3 (5-10 %) [53]. BAVs have been connected to various complications,
such as dilatations of the aortic root [54], stenois in the aortic arch and regurgitation [46,
51]. Even in the case of an initially asymptomatic BAV, the valve is more prone to
degenerative aortic valve disease due to the higher amount of mechanical stress [55].

Aorta malpositioned

over septal wall
Stenosed pulmonary

semilunar valve
Ventricular

septal defect
Right ventricular

hypertrophy

Figure 2.6: Illustration of the anatomical changes within the heart caused by a
Tetralogy of Fallot [22].

The image was taken from the OpenStax publication “Anatomy and Physiology”, released under
the Creative Commons Attribution 4.0 license. It was cropped and the labels were slightly altered
to be in line with the terminology wused in this chapter. ©1999-2021, Rice University. URL:
https: //openstaz. org/books/ anatomy-and-physiology/pages/19-1-heart-anatomy# fig-ch20_01_ 09
License: https: //creativecommons. orq/ licenses/by/ 4. 0/ deed

15


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5438177/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5438177/
https://creativecommons.org/licenses/by/4.0
https://openstax.org/books/anatomy-and-physiology/pages/19-1-heart-anatomy#fig-ch20_01_09
https://creativecommons.org/licenses/by/4.0/deed

CHAPTER 2. BACKGROUND

PATHOLOGIES OF THE HEART

Congestive heart failure (CHF) describes the general inability of the heart to provide
adequate blood supply to the body and can be a result of various cardiovascular diseases.
In many cases, a precursor to CHF is hypertension or coronary heart disease [56]. The
general prevalence of CHF is around 2 %, although the prevalence increases with age [57].

The tetralogy of fallot (TOF) is the most common congenital heart disease and consists
of multiple pathologic alterations of the cardiac anatomy. A wventricular septal defect
allows blood to flow directly from the right into the left ventricle (right-to-left shunt). As
a result, some amount of de-oxigenated blood is pumped into the systemic circuit via the
aorta instead of the pulmonary circuit, reducing the overall oxygen level in the systemic
circuit. This effect is increased by a pulmonary stenosis and a malpositioning of the
aorta over the ventricular septal wall instead of the left ventricle. The increased effort
to pump blood through the pulmonary artery leads to an enlargement of the muscles
around the right ventricle (right ventricular hypertrophy). Usually, a TOF is diagnosed
and surgically corrected a few months after birth [58].
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In current research, several cardiovascular pathologies have been related to blood flow
pattern changes [3, 59-61]. This section describes the technical aspects of blood flow data
acquisition, as well as the general concepts and challenges for visualizing the resulting
data.

CARDIAC BLOOD FLOW ACQUISITION USING 4D PC-MRI 2.2.1

Magnetic resonance imaging (MRI) is a widely available, non-invasive imaging modality
used in a variety of different medical applications. Magnetic fields are used for the
image acquisition which, unlike the ionizing radiation used for computer tomography
(CT) scans, have no known adverse effects on living tissue. The following section aims
at providing a general overview over the physical properties and processes exploited
for the image acquisition. MRI is based on the spin, a rotational movement of atomic
nuclei. Under normal circumstances, the axis of this rotation is arbitrary. When a strong
magnetic field By is introduced, the spin axes of the protons within the field align with
the field direction (BB), causing a magnetization proportional to the density of protons
within the tissue and aligned to By (Figure 2.7) [62]. However, the individual rotational
axes are not perfectly aligned to By and instead rotate (precess) around it (Figure 2.7a).
The rotation frequency wy, called Larmor frequency, depends on the type of nuclei and
field strength of Bj. In case of a single proton in a magnetic field By with a strength of
1T, itis 42.6 MHz.

By introducing a second magnetic field By in the form of a radio frequency (RF) signal,
the magnetization direction (M) can be thrown out of alignment with By (Figure 2.8).
Specifically, if the field direction B, is perpendicular to By and rotates around it with a
frequency of wy, M precesses with a Larmor frequency of wi, based on the field strength
of By. To illustrate this process, we construct a rotating coordinate system, whereas
the 2/ axis is aligned with By and the 2y’ plane rotates with a frequency of wy. Before
the introduction of By, M aligns with By and the 2’ axis (Figure 2.8a). As B is

Bo

(a) (b)

Figure 2.7: Alignment of a proton’s rotation wy to the magnetic field By (a); overall
magnetization direction M for multiple protons within By (b).
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Figure 2.8: Magnetization direction M in the rotation coordinate system z'vy'z’ before
(a) and after (b) the introduction of the second magnetic field By. This results in a
composite rotation of M around z with a frequency of wo and around x with a frequency
of w1 in the static coordinate system xyz.

perpendicular to go and rotating with the same frequency as our coordinate system,
it appears as a static vector in it. For the sake of demonstration, we will assume that
it aligns with the 2’ axis (Figure 2.8b). Due to the influence of By, M now precesses
around the 2’ axis of our rotating coordinate system with a frequency of w;. After a
certain amount of time, depending on wy, M will have rotated by 90° and reaches the 3’
axis. At this point, M rotates perpendicular around B, with a frequency of w; in the
static coordinate system (Figure 2.8¢c). Using a coil that resonates with magnetization
perpendicular to B'O, a current can be induced that is the signal used to construct the
final image. This signal decays over time, as the individual proton spins de-synchronize
or de-phase due to the influence of magnetic fields of other molecules (7> decay). The
time T5 for this to happen depends on the type of tissue. When Bj is turned off, M
realigns with g(] within a time 77, which is also dependent on the type of tissue, but
is not directly related to T>. Depending on the tissue the physician wants to examine,
the image acquisition parameters of the MR scanner can be adjusted to produce 13- or
Tr-weighted images.

With the previously described methods, we can now detect the presence of different
tissue types based on their respective T or T5 time, but for the construction of an
image, additional spatial information is required [62]. To only measure tissue in a
specific slice, a magnetic field with a linear gradient in the same direction as By and
increasing in z-direction can be overlayed. This produces a Lamor frequency wy, specific
to each slice position, as the frequency is directly dependent on the field strength of
By. By modulating the rotation speed of Bj to fit a specific w(, only protons within
this selected slice resonate with the coil. Multiple slices can be acquired by repeated
measurements for different wy, frequencies. A similar process allows selecting specific
positions in z-direction, using an additional gradient field. For selecting a position in
y-direction, a different technique is employed. A third gradient field is introduced, where
the strength increases in y-direction. However, unlike the x and z gradient fields, its
field direction is not aligned to By and the z axis, but instead to the y axis. Additionally,
this field is only active for a short time after B is turned off. This causes a phase shift
within the precession of protons depending on their y-position. By performing multiple
measurements, the individual measurements for each y-position can be calculated from
the sums of all y-positions. With this procedure, a three-dimensional data volume can
be constructed.

Phase Contrast (PC)-MRI is a specific MRI scan sequence first applied to humans in
the 1980s [63], with the principle being established in 1954 [64]. It allows for the in-vivo
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acquisition of blood flow information in the vascular system [65] and can be applied
to a variety of different vascular structures, including the left and right ventricle and
even various neurovascular regions [66]. In clinical practice, only 2D PC-MRI (which
describes the acquisition of a time-resolved 2D slice) is commonly used [67]. In current
clinical research, however, 4D PC-MRI (time-resolved 3D volumes) plays an increasingly
important role