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Abstract

The assessment of cardiovascular physiology is crucial to facilitate clinical diagnostics, treat-
ment, and research. Physiology and anatomy can be assessed noninvasively using cardio-
vascular magnetic resonance (CMR), a versatile and reliable medical imaging modality free
from ionizing radiation. CMR is capable of providing a vast amount of information such
as displacement, velocity, flow, length, area, volume, and tissue properties. Considered the
gold standard for noninvasive quantification of cardiac function and morphology, CMR
is increasingly envisioned as a future one-stop-shop imaging examination for cardiovascu-
lar disease. However, quantification of important physiological aspects such as valvular
motion, pressure, and force are still not accessible or readily available when using CMR.

The general aim of this thesis was therefore to expand the current capabilities of CMR
to include new reliable methods and tools for quantification of the atrioventricular plane
displacement, transmitral flow, pressure, and ventricular force-length loops, hence allow-
ing a more complete assessment of subject-specific cardiovascular physiology that could
potentially be achieved in a single noninvasive examination.

In this thesis, the current capabilities of CMR were expanded by developing and val-
idating four new methods for quantification of physiology. In Study I, an imaging pro-
cessing algorithm for feature-tracking of the atrioventricular plane displacement was pro-
posed. The combination of this algorithm and a phase contrast CMR sequence was pro-
posed in Study II to improve measurements of transvalvular flow, which are challenging
due to the significant movement of the atrioventricular valves over the cardiac cycle. In
Study III, CMR imaging, a noninvasive brachial pressure, and mathematical modelling
was combined to enable a noninvasive quantification of left ventricular pressure-volume
loops. Study IV used the atrioventricular plane displacement algorithm and the noninva-
sive pressure-volume loop technique to propose a novel method for evaluation of ventricu-
lar force-length loops, which was used to describe the energetics of longitudinal and radial
pumping mechanics.

The proposed methods in Study I, II, and IV require only brachial pressure and im-
ages which are typically acquired during standard clinical CMR scanning. Addition of the
sequence in Study II would prolong a CMR protocol by a few minutes, suggesting that
the capabilities of CMR to evaluate cardiovascular physiology during a single noninvasive
examination have been expanded, thus getting closer to the one-stop-shop vision for CMR.
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Populirvetenskaplig sammanfattning

Hjirt-kirlsjukdom 4r den vanligaste dédsorsaken i virlden. Tidig diagnos och individan-
passad vird dr viktigt f6r att kunna behandla hjirtsjuka patienter. Ny teknik kan méjliggora
framtagandet av nya och forbittrade underlag som behévs for diagnos och behandlingsplan
av manga hjirtsjuka patienter. Dirfor har nya analysverktyg som utékar mingden fysiolo-
gisk information som gar att utvinna ur en enda medicinsk undersokning av hjirtat tagits
fram. Detta kan potentiellt férbittra individanpassad véird och forskning di diagnostik, be-
handlingsplaner och forskningsundersokningar kan genomforas vid ett och samma tillfille.

Magnetkameror kan anvindas for att ta medicinska bilder inuti kroppen med hog
kvalitet utan varken kirurgiska ingrepp eller strilning. Hjirtbilder tagna med magnetkameror
kan anvinds for att utvirdera hjirtats anatomi och pumpférmaga. Utvirderingen sker med
hjilp av datorprogram som bland annat kan mita volymer, forskjutning, hastighet och
blodflédden. Den tekniska utvecklingen har hittills inte tillatit mitning av en del viktig
information ur bilderna, som till exempel tryck och kraft. En annan utmaning har varit
bildtagning av hjirtklaffarna eftersom de ror sig fram och tillbaka under hjirtslaget.

I denna avhandling har fyra nya metoder f6r att mita kardiovaskulir fysiologi utifrin
magnetresonansbilder av hjirtat utvecklats och verifierats. I forsta studien utvecklades ett
verktyg som kan detektera och mita hjirtklaffarnas rorelseménster. I den andra studien
kombinerades detta verktyg med en ny bildtagningsmetod for att kunna mita blodflodet
genom klaffarna. For att kunna fa information om hur tryck och volym varierar 6ver hjirt-
cykeln framstilldes en ny metod som kombinerar bildanalys och matematisk modellering.
I den fiirde och sista studien mojliggjordes utvirderingen av krafter som verkar i hjirtkam-
maren, som i sin tur kan anvindas for att berikna olika aspekter av hur hjirtat forbrukar
energi.

En magnetkameraundersokning tar i dagsliget ca 40-60 minuter. Bilderna som an-
vinds i tre av studierna dr sidana som samlas rutinmissigt, och att ldgga till den nya bild-
tagningsmetoden framtagen i den andra studien utokar endast undersokningstiden med ett
par minuter.

Tillsammans utvidgar dessa nya verktyg magnetkamerans formaga for bedémningar
av hjirtat utan att ndimnvirt utoka undersokningstiden, vilket innebér att vi narmar oss
verkligheten av en mer tidseffektiv, omfattande och individanpassad diagnostik av hjirt-
kirl-sjukdomar.
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Resumo cientifico

A diversidade de informagées sobre a fisiologia cardiovascular que podem ser avaliadas em
um Unico exame de imagem estd constantemente expandindo. Isso tem potencial para apri-
morar tanto o tratamento dos pacientes quanto a aplica¢do no campo da pesquisa cientifica,
pois os diagndsticos, os planejamentos dos tratamentos e as pesquisas poderéo ser efetuados
em uma Gnica aquisi¢do de exame.

A ressonincia magnética ¢ um método de imagem médica versdtil que gera imagens
de alta qualidade sem intervengoes invasivas ou radiago ionizante. Na medicina cardio-
vascular, essas imagens podem ser usadas para avaliar a morfologia e o batimento cardiaco.
A avaliagdo ¢ feita com a ajuda de programas de computador e algoritmos que podem,
entre outras coisas, medir volumes, deslocamento, velocidades e fluxo sangiiineo, além de
detectar vdrias propriedades do tecido, como edema e fibrose.

Até o presente momento, os desenvolvimentos tecnolégicos nao tornaram possivel a
extragio de algumas importantes informagoes fisiolégicas das imagens, como por exemplo
a quantificacio da pressdo e forca. Outro desafio tem sido retratar as vdlvulas cardiacas, por
causa de seu movimento durante o batimento cardiaco.

Nesta tese, quatro novos métodos para medir a fisiologia cardiovascular baseados em
imagens de ressonincia magnética cardiaca foram desenvolvidos e validados. No primeiro
estudo, um algoritmo que pode medir o movimento das vilvulas cardiacas foi desenvolvido.
No segundo estudo, este algoritmo foi combinado com um novo método de aquisigao de
imagens para medir o fluxo sanguineo através das vélvulas. No estudo III, para extrair
informacoes sobre como a pressio e o volume variam ao longo do ciclo cardiaco, combinou-
se um método de andlise de imagens com modelagem matemdtica. O quarto e ultimo
estudo permitiu a avaliagao das forgas que atuam dentro do ventriculo, as quais podem ser
usadas para calcular o consumo de energia dos mecanismos de bombeamento do coragio.

Um exame padrio de ressonincia magnética cardiaca dura cerca de 40 a 60 minutos. As
imagens usadas nos estudos I, 11 e IVijasao coletadas em exames de rotina. Apenas poucos
minutos sdo acrescentados ao tempo total do exame para a utilizagio do novo método de
aquisi¢ao de imagens desenvolvido no segundo estudo.

Juntos, esses novos métodos ampliam a capacidade da ressonincia magnética cardiaca,
potentialmente possibilitando um diagnéstico individualizado mais abrangente e eficiente
para doengas cardiovasculares.
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Chapter 1

Introduction

Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.

Marie Curie

Originating from ancient Greek, the word physiology means #he study of nature and
is the science of normal functions which sustain living systems. The word engineering
is derived from Latin meaning clever inventiveness, and refers to the process of applying
mathematics and natural sciences to develop novel or improved solutions to problems.
One way of solving the problem of how to safely and reliably assess physiology can be
to engineer new quantitative methods or tools. When developing such tools, it is just as
important to understand the applied technology intended to solve the problem, as it is to
understand the underlying physiological principles of the quantitative assessment itself.

With cardiovascular disease being the number one cause of death globally [1], the as-
sessment of cardiovascular physiology is of great importance for both clinical and research
purposes. For evaluation of cardiac function, physicians seek information on physiology
and its interaction with anatomy. Examples of such sought information include the physi-
cal quantities of displacement, velocity, flow, length, area, volume, pressure, stiffness, force,
and cardiovascular tissue properties acting within a specific anatomy. Over the last decades,
cardiovascular magnetic resonance (CMR) imaging has emerged as a versatile and reliable
clinical tool to assess such information.

CMR is already considered the gold standard for noninvasive quantification of cardiac
function and morphology [2], and is increasingly envisioned as a future one-stop-shop
cardiac imaging examination [3-5]. However, quantification of important physiological
information such as longitudinal function and intracardiac pressure are still not accessible
or readily available when using CMR. In this thesis, the intersection of physiology and
engineering is therefore explored with the purpose of expanding the current capabilities of
CMR in assessing cardiovascular physiology, thus getting closer to the reality of CMR as a
one-stop-shop cardiovascular examination.
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Pulmonary artery

7 Pericardium
Myocardium

Septum Apex

Figure 1.1: Schematic overview of the heart. RA, right atrium; RV, right ventricle; LA, left atrium; LV, left
ventricle. Image modified and used with permission from Servier Medical Art - Creative Commons Attribution 3.0
Unported Licence.

1.1 Cardiovascular physiology

In order to function the body consumes oxygen and nutrients, and emits waste products
such as carbon dioxide. These substances are transported by the blood via the circulatory
system. Blood circulation is facilitated by the heart, a muscular organ that functions as
a pump in order to supply enough blood volume over time as the metabolism demands.
This demand is about 5 /min at rest and up to 25 I/min during exercise [6, 7], and the
cardiovascular system is designed to deliver this constantly over a lifetime.

1.1.1 The heart and the circulatory system

The human heart is located in the middle of the chest, slightly angled to the left. It is sur-
rounded by the lungs and diaphragm, and enclosed by the pericardium. The pericardium
is a double-layered, rubber-like fibrous sac surrounding the heart and its connected vessels,
and is attached to the diaphragm and sternum [8]. The cavity between the pericardial layers
contains pericardial fluid, which functions as a lubricant to suppress friction of the beating
heart [9]. The top boundary of the heart points towards the head and is called the base,
and the bottom boundary pointing towards the feet is called the apex. The apex and the
base are essentially stationary over the heartbeat [10].

Between the base and the apex, the myocardium forms four chambers: two atria and
two ventricles (Figure 1.1) which are separated by the atrioventricular (AV) plane, a fibrous
plate containing the four cardiac valves (Figure 1.2).The valves are designed to allow one-
way flow, and by opening and closing they govern the blood flow in and out of the ventricles.
The left and the right side of the heart share a wall called a septum.
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Tricuspid
valve
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Figure 1.2: Illustration of the atrioventricular plane, in which the four cardiac valves are inserted. Jmage
modified and used with permission from Servier Medical Art - Creative Commons Attribution 3.0 Unported Licence.

Pulmonary circulation

Aorta
. Left
R'th atrium
atrium Left
Right ventricle
ventricle

Systemic circulation

Figure 1.3: Schematic overview of cardiac anatomy and the circulatory systems. Oxygenated blood is repre-
sented in red and oxygen-depleted blood in blue. /mage modified and used with permission from Servier Medical
Art - Creative Commons Attribution 3.0 Unported Licence.
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The circulatory system is a closed loop (Figure 1.3), a fact that was first described by
William Harvey in 1628 [11]. Oxygen-depleted blood from the body flows to the heart
via the superior and inferior caval veins and into the right atrium (RA). Blood from the
RA flows through the tricuspid valve into the right ventricle (RV). The RV pumps blood
through the pulmonary valve to the pulmonary circulation, where exchange of carbon diox-
ide and oxygen occurs. Oxygenated blood from the lungs returns via the pulmonary veins
into the left atrium (LA), which flows through the mitral valve into the left ventricle (LV).
The LV pumps blood across the aortic valve to the systemic circulation, ensuring blood
supply to the body. Blood supply to the heart itself is secured via the coronary arteries
which branch off from the aortic root.

1.1.2  Cardiac pumping mechanics

As any other fluid, blood complies with the laws of physics, and blood flow can be de-
scribed as a driving pressure overcoming vascular resistance. This relation can be expressed
in analogy with Ohm’s Law as

_AP
- Q

where () denotes flow and AP is the pressure gradient over a resistance R. The systemic

R

vascular resistance is about five-fold the pulmonary vascular resistance, meaning that the
LV must generate five times more pressure than the RV. As a result, the myocaridial wall is
significantly thicker in the LV than in the RV.

The myocardial wall is composed of layered muscle fibers called myocytes. The epi-
cardium is the outermost surface of the heart, and the endocardium is the innermost layer
of the cardiac chambers. The myocyte fiber orientation transitions continuously in helical
structures from the apex to the base as well as from the epicardium to the endocardium [12—
14]. The angulation of the epicardial and endocardial fibers are predominantly longitudinal
in the apical-basal direction, while the midwall fibers are predominantly circumferentially
oriented [15, 16], see Figure 1.4.

Electrical impulses generated in a region of the heart called the sinus node result in
myocyte contraction. Each myocyte contracts in the direction in which it is aligned in the
myocardium, and the coupling of all myocytes within the complex fiber structure results
in a global ventricular shortening [12]. The combination of this fiber orientation and the
shortening when the myocytes contract results in tension, pressure build-up, and tissue dis-
placement [14]. A macroscopic way of describing ventricular shortening is by considering
each myocyte as a contractile element represented as a vector with a length and a direction
[17, 18]. By summing all vectors and decomposing them into two perpendicular compo-
nents along the cardiac long-axis and short-axis, the overall ventricular shortening can be
described as either longitudinal or radial.

Due to the predominantly longitudinal fiber orientation, the dominating effect of ven-
tricular contraction is the displacement of the AV-plane [19, 20]. As the AV-plane moves
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Longitudinal
component
Force
Radial
component

Figure 1.4: Schematic overview of a left ventricle represented as an ellipsoid. The epicardial (green), endocardial
(red), and circumferential (gray) fiber bands and their contracting force decomposition into a longitudinal and
radial components are illustrated with arrows.

A) Longitudinal pumping

End diastole End systole

vy

B) Radial displacement

End diastole End systole

Figure 1.5: Illustration of longitudinal and radial pumping mechanics. A) Longitudinal pumping refers to the
atrioventricular plane displacement (blue arrows). While the apex and the base are essentially stationary (black
horizontal lines), the valves descends towards the apex in systole, resulting in thickening of the myocardial wall.
B) Radial pumping refers to the epicardial displacement, resulting in the slight change of epicardial radius when
observing the ventricles in a short-axis view. The atrioventricular plane displacement is significantly larger than
the epicardial displacement.
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Figure 1.6: Common but incorrect illustration of cardiac pumping. The heart if often represented in an ellip-
tical shape at end diastole (right), and transformed into a v-shaped morphology at end systole (left, indicated
by black arrows). This pumping would results in a significant change of the outer boundaries of the heart.
Also note that the cardiac valves are incorrectly represented at the same position. Image modified and used with
permission from Servier Medical Art - Creative Commons Attribution 3.0 Unported Licence.

towards the essentially stationary apex, the ventricle shortens and pumps blood to the great
vessels. Simultaneously, the fixated base results in lengthening and thus suction filling of
the atria [21, 22]. As an analogy, consider the longitudinal pumping by shortening as a
piston pump, while the atrial filling by suction as a syringe. Hence, longitudinal pumping
facilitates filling and ejection of blood at the same time [23]. This process does however
not result in a change of the total heart volume or epicardial displacement, which is instead
accounted for by the radial pumping, see Figure 1.5.

The AV-plane displacement also results in a thickening of the myocardial wall, which
during contraction will bulge in towards the ventricular lumen [10, 24]. This can be com-
pared to flexing the biceps, where a longitudinal shortening will result in a thickening of
the upper arm. Hence, if only observed in the short-axis perspective, it is easy to mis-
interpret the heart of having a predominantly squeezing pumping in the radial direction
with a significant epicardial displacement and total heart volume variation as a result. In
fact, although longitudinal pumping was described already by Leonardo da Vinci [25], this
perception of a squeezing radial pumping is widespread, and several educational textbooks
represent a beating heart that has a large total volume variation and with the apex moving
in the longitudinal direction rather than the AV-plane [6, 26], see Figure 1.6.

This perception can probably be traced to open heart surgery, during which irregular
motion is observed when the pericardium and other surrounding tissues in the thorax does
not constrain the cardiac movement [27]. Noninvasive examinations in the intact chest
have however shown that the total heart volume only varies 5-11% over the cardiac cycle
[23, 28], and that the AV-plane displacement accounts for 60% of the LV and 80% of the
RV stroke volume [10, 29]. Hence, longitudinal pumping is the main contributor to car-
diac function and a reduced AV-plane displacement has been shown to be an independent
predictor of adverse cardiac events and mortality [30, 31].
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Figure 1.7: Schematic illustration of the active and passive tension in a myocardial fiber depending on its initial
length before contraction. The passive tension at a given length can be interpreted as the stored tension in the
myocyte at the beginning of contraction, while the difference in active and passive tension is the developed
tension.

1.1.3 Myocardial tension

Both longitudinal and radial pumping mechanics is the result of contracting myocytes. The
work performed by the contracting myocyte is a function of initial myocardial fiber length,
and is bounded by an active and a passive tension generating component [32]. Passive
tension describes the development of tension due to the stretching of the myocardium.
The passive tension curve is non-linear, meaning that the increase in tension will be larger
depending on the initial fiber length [33], similar to the exponential increase in tension in a
balloon as it is being filled with air. On the other hand, myocyte contraction also generates
an active tension, where the developed contractile force will be stronger the longer the
myocardial fibers are stretched [34, 35]. This relationship does however only hold until a
certain level of stretching, where the contractile capacity of the myocytes decreases, similar
to an overextend rubber band [32]. The difference in these active and passive tension states
describes total developed tension F' in a myocyte (Figure 1.7) [36]. The amount of work

W—/F-dL

over the entire cardiac cycle, where d L is the myocardial fiber shortening relative to the ini-

W performed is calculated as

tial length, which is called preload. Together, the intrinsic mechanisms of active and passive
tension enable the heart to adapt its contractile force, and thereby the amount of blood it
pumps, depending on the venous return. This ability of the heart to pump the amount
of blood volume it receives is named the Frank-Starling mechanism, after the independent
work by Otto Frank in 1895 and Ernest Starling in 1914 [37-39]. The amount of blood
pumped will also depend on the afterload, i.e. the load the heart is pumping against, often
quantified as the pressure in the great vessels.
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Figure 1.8: Schematic illustration of the cardiac cycle in a ventricular pressure-volume loop. The pressure-
volume loop is interpreted moving counter-clock wise, starting with end diastole which occurs in the bottom
right corner at the closure of the atrioventricular valves.

When observing a cardiac chamber as a whole, the force-length relationship is extended
and studied as the more easily quantified pressure-volume relationship

W:/F-dL:/Z.(dL.A)z/P-dV

where A is area, P is pressure, and dV the change in volume. The pressure-volume (PV)
loop is a powerful functional representation of cardiac pumping as it provides energetic
information of the performed work, contains information of myocardial stiffness and com-
pliance, and enables a comprehensive overview of the cardiac cycle [36, 40-42].

1.1.4 'The cardiac cycle

The cardiac cycle is the continuous and periodic process of emptying and filling of the
cardiac chambers in order to pump blood and is divided into two main phases, systole and
diastole. During systole the ventricles contract, thus ejecting blood into the systemic and
pulmonary circulation through the semilunar valves, i.e. the aortic and tricuspid valves.
Ventricular relaxation and filling occur during diastole. End diastole denotes the point of
time where the ventricles are filled at their maximum and the atrioventricular valves, i.e. the
mitral and tricuspid valve, close. End diastole is often the starting point when describing
the cardiac cycle. The following sections describe the cardiac cycle, which is also illustrated
by a ventricular PV loop in Figure 1.8 and as a modified Wiggers diagram in Figure 1.9.
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Systole

Isovolumetric contraction is the first phase of systole, which begins with filled ventricles
and the closure of the atrioventricular valves. As the ventricles start contracting, the vol-
ume will remain constant since both the atrioventricular and semilunar valves are closed,
resulting in a fast increase in pressure. The ventricular volume at this phase is called the
end-diastolic volume (EDV).

Ejection starts when the pressure in the ventricles exceeds the pressure in the great
vessels, resulting in the opening of the semilunar valves. The ventricular contraction pulls
the AV-plane down towards the apex, a movement that simultaneously aids ventricular
ejection and atrial filling [22]. The peak AV-plane velocity during the ejection is denoted
s. Asblood is being ejected, the volume decreases, but the ventricles are still contracting and
pressure continues to increase until peak ejection. At the peak ejection, the pressure in the
great vessels exceeds the ventricular pressures, and is the point of time when the maximum
blood flow velocity is passing through the semilunar valves. Blood will continue to flow
after this event due to the inertia of the blood, but will decelerate [44]. The deceleration
of blood eventually leads to a small backward flow of blood which forces the semilunar
valves to close. The closure of the semilunar valves denotes end systole, and is the point
of time when the ventricular volume is at its smallest, the AV-plane displacement is at its
maximum distance from its initial position, and the atrial volume is at its largest. The
ventricular volume at end systole is called the end-systolic volume (ESV).

Diastole

Isovolumetric relaxation is the first phase of diastole. With both the atrioventricular and
the semilunar valves closed the ventricles starts to relax, which results in a maintained ven-
tricular volume but fast decrease in pressure.

Early rapid filling is initiated when the pressure in the atria exceeds the pressure in the
ventricles, resulting in the opening of the atrioventricular valves. A rapid inflow of blood
from the atria to the ventricles follows. Simultaneously, the AV-plane ascends back towards
the base [45—47]. Hence, ventricular filling is both driven by the blood pressure difference
between the atrium and the ventricle, as well as by a passive transfer of blood volume as the
AV-plane moves superiorly towards the heart base, causing atrial blood to be shuttled into
the ventricle [48]. The blood flow velocity profile in this phase is called the E-wave, from
which the peak blood flow velocity E and the peak AV-plane velocity ¢’ can be appreciated.

Diastasis is the physiological equilibrium of ventricular volume, forces and flow [49].
In this phase, very little blood flows through the atrioventricular valves and the AV-plane
remains essentially still. The duration of diastasis becomes shorter with an increase in heart
rate, eventually resulting in a merge of the early rapid filling and the atrial contraction
(50, 51].

Atrial contraction occurs towards the end of ventricular diastole, during which a small
increase in atrial pressure will cause blood flow through the atrioventricular valves [52].
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Figure 1.10: Schematic illustration of derivable hemodynamic parameters from a ventricular pressure-volume
loop. PE, potential energy; SW, stroke work; ESV, end-systolic volume; EDV, end-diastolic volume;
ESPVR, end-systolic pressure volume relationship; EDP VR, end-diastolic pressure volume relationship;
Vb, ventricular volume at zero pressure.

A passive transfer of blood will also occur as the AV-plane is pulled up to its initial basal
position [10, 29, 48]. Ventricular pressures will subsequently exceed atrial pressures, which
after a short delay due to the inertia of blood, results in the closure of the atrioventricular
valves. This valve closure denotes end diastole [26], thus concluding the cardiac cycle. The
blood flow velocity profile in this phase is called the A-wave, from which the peak blood
flow velocity A and the peak AV-plane velocity @’ can be appreciated.

Hemodynamic parameters

When assessing cardiac function, different hemodynamic parameters are studied to aid in
the overall subject evaluation. Many important hemodynamic parameters can be derived
from the PV loop, see Figure 1.10. Information on EDV and ESV can be read on the
x-axis in the PV loop representation. These values allow for calculation of the amount of

ejected blood, i.e. the stroke volume (SV)
SV = EDV — ESV

as well as the ¢jection fraction (EF'), a measure of the percent of the EDV' that was ejected

EDV — ESV SV
EDV ~ EDV

The amount of blood pumped in one minute is called cardiac output (C'O) and can be

EF =

calculated as

CO =S8V -HR

where the heart rate HR is measured in beats per minute. Remembering that work can be
calculated as the change in pressure multiplied by the change in volume, it follows that the
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Figure 1.11: Illustration of the time-varying elastance curve shape. ES, end systole; Eraz, maximum elas-
tance; Fymin, minimum elastance.

amount of energy consumed to eject blood, stroke work (SW), corresponds to the area

within the PV loop
SW = / P-dv

The area bounded by the active and passive tension curves (ESPVR, EDPVR) and the
leftmost side of the PV loop corresponds to the mechanical potential energy (PE') that the
heart must overcome to eject blood [53]. Hence, the total pressure-volume area (PVA)
corresponds to the ventricle’s total energy consumption for one heartbeat

PVA=SW + PE

The P VA has been shown to be proportional to the total oxygen consumption of the ven-

tricle [53].

1.1.5 Time-varying elastance

As the ventricle contracts and relaxes, the stiffness of the myocardium varies over time. In
1973, Suga et al introduced the concept of time-varying elastance E(%) as a representation
of this stiffness variation, defined as

P(t)

PO=ve-w

where P(t) and V() is the ventricular pressure and volume over time, respectively [54].
The parameter Vy represents the ventricular volume at zero pressure, and can be inter-
preted as the minimum ventricular volume required for the ventricle to be able to generate
pressure. Although Vj fluctuates over the cardiac cycle [55], it can be approximated to a
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constant [55-57], making it possible to derive the time-varying elastance curve as the slope
of the line connecting V{ and the PV loop in each point of time.

The maximum elastance Eyy,q, occurs at end systole, meaning that the line connecting
Vb to end systole in the PV loop, the end-systolic pressure volume relation (ESPVR), is
closely related to the active tension curve. Thus, Ej,q; is interpreted as an index of ventric-
ular contractility, which has been shown to be load-independent [54, 58]. The minimum
elastance E)y;y, occurs at end diastole, and the end-diastolic pressure volume relation (ED-
PVR) is therefore related to the passive tension curve and ventricular compliance. Myocar-
dial compliance C can be calculated as the inverse of elastance

L_Vi)-W
) = E Pt

Invasive recordings of ventricular pressure and volume has shown that the elastance
curve has the same fundamental shape regardless of several healthy or pathological states,
and in a variety of mammal species [54, 59, 60]. This consistency and the close association
with the PV loop has motivated proposals of analytic equations mimicking the elastance
curve shape [61, 62], which have been shown to be successful methods for coupling pressure
and volume in mathematical models of the cardiovascular system [63—67]. Figure 1.11
illustrates the elastance curve shape.

1.1.6 Cardiovascular disease

Disturbances or defects in the cardiovascular system may result in pathophysiological pro-
cesses, and lead to cardiovascular disease. In some cases, the disease may progress to a level
where the heart is unable to supply the cardiac output demanded by metabolism, either
acutely or chronically. In this case, the patient is diagnosed with heart failure, a serious
clinical syndrome with a five-year mortality rate over 50% [68]. The overall mechanisms
causing heart failure are often described as being due to as systolic or diastolic dysfunction,
or a combination of both [69]. There are many underlying pathophysiologies that can lead
to the development of heart failure, such as myocardial infarction and valvular dysfunction.

Systolic dysfunction

Systolic dysfunction is characterized by an impaired ventricular contraction, often caused
by myocardial infarction. A decrease in contractility leads to an increase in ESV, followed
by an increase in EDV, and a reduced SV, thus leading to a substantially reduced EE This
results in a narrower and shorter PV loop that is shifted to the right compared to a healthy
PV loop (Figure 1.12). Systolic heart failure patients with a confirmed EF < 40% are
diagnosed with heart failure with reduced ejection fraction (HFrEF) [69].
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Figure 1.12: Illustration of a healthy pressure-volume loop (blue) in relation to pressure-volume loops in
patients with systolic or diastolic dysfunction (red).

Diastolic dysfunction

Diastolic dysfunction is characterized by an impaired ability of ventricular relaxation and
filling, often caused by hypertension, leading to decreased ventricular compliance affecting
the preload [46]. An increased compliance results in an increase of end-diastolic pressure
and a reduced EDV. Consequently, a reduction in ESV and SV follows, but with a main-
tained or slightly reduced ejection fraction. This results in a narrower and shorter PV loop
that is shifted upwards and to the left compared to a healthy PV loop (Figure 1.12). Dias-
tolic heart failure patients have an EF > 40% and are diagnosed with heart failure with pre-
served ejection fraction (HFpEF) [69]. Because they have an EF within the normal range,
diagnosis of HFpEF cannot rely on measuring EF alone. Diagnosis of diastolic function is
thus ideally evaluated by confirming an increased preload by cardiac catheterization. How-
ever, this is an invasive procedure and is therefore not routinely performed. Instead, the
assessment is performed by studying a combination of ventricular inflow profiles, AV-plane
velocity, and atrial volumes [70, 71].

Myocardial infarction

A common underlying cause of heart failure is myocardial infarction, which is the result of
an occlusion in a coronary artery. This results in oxygen deprivation, or ischemia, of the
part of the myocardium supplied with blood flow by the occluded artery, and may lead to
structural damage or necrosis which affects the myocardial contractility [72].

Valvular dysfunction

Valvular dysfunction is also common in heart failure, both as the underlying cause or as
a secondary consequence of another etiology. A cardiac valve is considered dysfunctional
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if it is insufficient or stenotic [73]. An insufhicient valve allows transvalvular back-flow of
blood, while a stenotic valve has a constricted opening that prevents normal blood flow.
Transvalvular flow assessment is important in the treatment of these patients [73], but can

be challenging due to the AV-plane displacement [74].

1.2 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a noninvasive technique free of ionizing radiation
that was first implemented by Paul Lauterbur [75], followed by further developments on
gradients by Peter Mansfield [76, 77]. Their discoveries were awarded the Nobel Prize in
2003.

1.2.1 Basic MR Physics

MRI can generate images in any cross-section of the body by utilizing the magnetic prop-
erties of hydrogen protons, which are mainly bounded to water and fat. The proton spins
around its own axis, generating a magnetic moment with a positive and a negative pole.
Thus, each hydrogen nucleus is a tiny magnet with a random spatial orientation. When
subjected to a magnetic field By, the proton spins will start precessing around the field
direction. Due to the external magnetic field, the spins will tend to align with By, thus
creating a net magnetization vector M. This magnetization ‘M cannot be measured as it is,
unless it is manipulated to deviate at an angle from the dominating By field.

This angulation of M is obtained by transmitting a radio frequency (RF) that resonates
with the Larmor frequency of hydrogen protons, i.e. the angular frequency at which the
spins precess, illustrated in Figure 1.13. The Larmor frequency fo depends on the gyro-
magnetic ratio 7, and the external field strength By, defined as

Jo=""Bo

with v = 42.6 MHz/T for hydrogen protons. The transmitted RF pulse will induce a
secondary magnetic field By and reorient the net magnetization vector M to rotate around
the By field at a flip angle §. Hence, M will go from having a single z-component to three
components in the x, y and z direction (M, M,,, M). The flipped magnetization vector
will with time return to its original position aligned with the By-field. This process is called
relaxation and occurs independently in two planes; the longitudinal z-direction and in the
transverse xy-plane. The regrowth of magnetization in the z-direction is exponential and
can be described by the time constant T

M. = M.(0) - e /T + My (1 - e_t/Tl)

where M (0) is the initial magnetization after excitation and My is the magnitude of the
equilibrium magnetization. Meanwhile, but independently from the T -relaxation, the
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Figure 1.13: Introduction of a 90° radio frequency (RF) pulse. At equilibrium the net magnetization vector
M precesses with the frequency fo around the Bo-field in the z-direction. Application of an RF-pulse with
angulation @ induces a secondary magnetic field By, resulting in a rotating descent of M to the transverse
xy-plane. The flipped magnetization vector will return to precess around the Bo-field upon removal of the
RE-pulse and thus the By field. This process can either be studied in the laboratory frame of reference, or in a
simplified rotating frame of reference without representation of the rotational component of the magnetization

vector. Adapted with permission from Per Arvidsson [43].
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Figure 1.14: Example of 71 and 7% relaxation in myocardium (blue) and blood (red). The different 71 and
T properties in the tissues will result in different relaxations of the magnetization in the z-direction and in the
xy-plane. Thus, image acquisition at the time of the black dashed lines will yield contrast between the tissues.
Note that the dashed lines are not represented at the same point of time in for the 7 and 7% relaxation, as
these are two time independent processes.

dephasing of magnetization in the transversal xy-plane decay is exponentially described by
the time constant T as

My = Mo - e /T

The detailed behaviour of the net magnetization vector is described by the Bloch equations

dt

where B(t) is the magnetic field that the net magnetization M experiences [78].

As a flipped magnetization vector rotates in the xy-plane, electromagnetic radiation is
emitted. This will induce an electric circuit in a receiver coil, allowing a voltage signal to
be measured. Spatial information of this signal is obtained through frequency and phase
encoding, by introducing a gradient in the magnetic field that slightly alters the frequency
of the spins. Contrast is achieved since the molecular composition in different tissues have
different T and 715 values, see Figure 1.14.

MR images are obtained by recording the generated frequency and phase signals and
storing the information in a data matrix called k-space, and subsequently applying a Fourier
transform. Depending on how the RF pulse, gradients and data sampling are performed,
different static or dynamic images can be generated, containing information on for example
anatomy, velocities, or tissue characteristics.

1.2.2 Cardiovascular magnetic resonance

When using MRI on the cardiovascular system, the method is called cardiovascular mag-
netic resonance (CMR). Typical field strengths in clinical CMR are 1.5T and 3T. In addi-

tion to the cardiac motion due to the pumping mechanism, the heart also moves inside the
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chest due to the respiration. Thus, to obtain high qualitcy CMR images one must take into
account the varying phases of the therefore monitored, or gated, simultaneously to imaging
(79, 80].

The cardiac cycle is typically tracked by electrocardiogram (ECG) gating, which is used
both as a triggering technique to determine when to start imaging and also to retrospectively
organize the collected data according to the cardiac phase. For short imaging sequences up
to about 15 s, respiratory motion is often suppressed by imaging at breath hold. Longer
sequences are instead imaged at free breathing, typically employing respiratory gating, res-
piratory motion-compensation, or real-time imaging techniques [81-83].

CMR is considered the gold standard for assessing cardiac volumes, mass, and flow [2].
Images can be static or dynamic in time. Static CMR depicts a single image and is used
to study anatomy or tissue characteristics. Dynamic CMR records a movie of the beating
heart, called cine images, which are used to assess cardiac pumping. Furthermore, the
depicted area may consist of single or multiple imaging planes. Commonly acquired sets
of images to assess volume, mass, and function are long-axis cine images of the 2-chamber,
3-chamber, and 4-chamber views, and a multi-planar cine short-axis view covering the heart
from base to apex, see Figure 1.15. Flow imaging is typically performed in a cross-sectional
imaging plane perpendicular to the vessel of interest. Other examples of current capabilities
of CMR imaging include measuring 4D flow, quantitative myocardial perfusion, fibrosis,
edema, myocardial microstructure, and metabolism [16, 84-89].

1.2.3 Cine imaging and analysis

Length, area, and volume are measured in cine images acquired with a balanced steady-
state-free-precession (bSSFP) sequence [90]. In short, by flipping the net magnetization
vector back and forth around the z-direction, the transverse magnetization in the xy-plane
is maintained at a steady-state over several heartbeats, allowing for a fast image acquisition
with high contrast between blood and myocardium. Examples of long-axis and short-axis
bSSFP images are shown in Figure 1.15.

Ventricular volumes are quantified by delineating the endocardial borders in a multi-
planar short-axis stack, see Figure 1.15D. The delineated area in each slice is multiplied with
the slice-thickness, yielding a volume. By summing the volumes of all delineated slices, the
total volume of the ventricle in the depicted timeframe is calculated. This volumetric quan-
tification method is called planimetry. The difference in volume between the end-diastolic
and end-systolic timeframe yield the stroke volume. Multiplication of stroke volume and
heart rate gives the cardiac output. Myocardial mass is measured by further delineating the
epicardial borders.

1.2.4 Flow imaging and analysis

Flow is measured using phase contrast, a technique that encodes the relative tissue velocity
in each pixel in either the through-plane or in-plane direction [74, 91, 92]. In short, a
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Figure 1.15: Example of long-axis and short-axis cine images at end diastole. A) Two chamber view showing
the left atrium (LA) and left ventricle (LV). B) Three chamber view showing the LA, LV, right ventricle (RV),
and the aorta (Ao). C) Four chamber view showing the LA, LV, RV, and right atrium (RA). D) Short-axis view
showing the LV and RV. Yellow lines illustrates the AV-plane in each long-axis image. The outer green contour
in the short-axis image marks the epicardial border, and the inner red contour the endocardial border.
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Figure 1.16: Example of a phase contrast image with through-plane flow encode direction above the aortic
root (magnitude image to the left and phase image to the right). The blue delineation of the vessel is used to
quantify aortic flow. The bright pixels in the phase image encode flow towards the head, and dark pixels denote
flow in the opposite direction towards the feet.

bipolar pair of gradients is applied, resulting in an alteration in spin precession frequency
and accumulation of phase. This accumulated phase shift will differ in static and mov-
ing tissue and is directly proportional to the tissue velocity [93]. The imaging technique
generates two images, one anatomical magnitude image and one phase image from which
the velocities are quantified, see Figure 1.16. Background phase offset error correction is
performed to calibrate these velocities using either in static phantoms or by defining the
velocity in static tissue to zero [94]. This calibration allows for both absolute velocity calcu-
lation in all pixels, and compensates for measurement errors due to gradient imperfections.
Flow is quantified from through-plane velocity encoded images as

Q=v-A

where v is the mean velocity of the pixels within a delineated region of interest and A is
the cross-sectional area of this delineation.

1.3 Cardiovascular pressure measurements

One of the main limitations of MRI is its inability to quantify absolute pressure. Relative
pressure quantification and absolute quantification using CMR flow images and mathe-
matical models have been proposed [66, 95-98], although the most established noninva-
sive pressure estimation is to calculate E/e’ using echocardiogprahy [70, 71]. However, the
accuracy of E/e” has been debated [99, 100], and invasive catheterizations remain the gold
standard for measuring intracardiac pressure [101].

LV pressure catheterizations are typically performed by inserting a catheter into the
carotid or femoral artery, which is then guided through the aorta into the LV using X-ray
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Figure 1.17: Illustration of a pressure-volume catheter inserted in a left ventricle via the aortic valve, with
the tip of the catheter placed in the apex. Image modified and used with permission from Servier Medical Art -
Creative Commons Attribution 3.0 Unported Licence.

angiography for visual guidance. The two main technologies for measuring intracardiac
pressure are either solid-state pressure sensors or pressure transducers. Catheters combin-
ing simultaneous pressure and volume measurements, pressure-volume catheters, are also
available. Noninvasive systolic and diastolic pressure in the systemic circulation are mea-
sured with sphygmomanometry as a clinical routine, and is performed by inflating a cuff
around the upper arm [102].

1.3.1 Pressure-volume catheters

Pressure and volume can be measured simultaneously using a pressure-volume catheter,
which consists of a pressure sensor and at least four volume electrodes, see Figure 1.17.

There are several different types of solid-state pressure sensors. A commonly used sen-
sor for blood pressure measurements is the piezoelectric sensor consisting of a crystal and
a diaphragm. When subjected to pressure, the diaphragm deforms, generating an elec-
tric voltage and a change in electrical potential. This electrical potential is measured and
indicates the applied pressure on the sensor [103].

Volume is estimated by sending an alternating current between the excitation electrodes
in the most apical and basal locations of the ventricle, creating an electrical field in the
ventricle. The second most apical and basal electrodes are sensing electrodes that measure
the change in voltage. Some catheters consist of more electrodes, allowing the user to
activate the basal excitation and sensing electrodes that best correspond to the ventricular
size. By utilizing Ohm’s law, the conductance G (which is the inverse of resistance) is
determined as

I
C=7
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where U is voltage and I is current. As the electrical field passes through both blood
and myocardium, the measured conductance G will contain information on the blood
conductance G, and the myocardial conductance Gy,,. By approximating the ventricular
geometry to a cylinder, ventricular volume V' can be estimated using Baan’s equation

V= lpL2 (G — Gm)
(6%

where p is the blood resistivity, L is the distance between the sensing electrodes, and «
is a constant correction factor [104, 105]. For accurate volumetric estimations, careful
subject-specific calibration of o and Gy, are important [106].

Another technology for volumetric catheter estimations is the admittance technique,
which is an extension of the conductance catheter where the correction factor is not ap-
proximated to a constant. Admittance catheters measure both capacitance and resistivity,
and estimate volume by separating myocardial conductance GGy, and blood conductance
Gy This separation is performed utilizing the capacitive properties of myocardium which
delays the measured voltage relative the input voltage. This allows for volumetric estimation

by Wei’s equation

1 2
V=1"a rl'G
Y

where 7 is a nonlinear dynamic field correction factor [107].

1.3.2 Pressure transducer catheters

Pressure transducer catheterizations are performed using a fluid filled tube connected to
a transducer [108]. The ventricular pressure variation is transmitted through the fluid,
which deforms an impermeable silicon diaphragm in the transducer. The transducer senses
this deformation and converts it to an electrical signal that can be digitized. For accurate
pressure quantification, it is important that the transducer is located and calibrated with
atmospheric pressure at the same level as the heart. To avoid too much damping in the
system, it is desirable to limit the length of the fluid-filled tube and make sure there are no
air bubbles in the tube.

1.3.3 Cuff sphygmomanometry

Noninvasive brachial pressure is measured by inflating a cuff around the upper arm at the
same height as the heart, see Figure 1.18. The pressure from the cuft will force the brachial
artery to collapse, thus preventing blood flow. The cuff pressure is then slowly released, and
a stethoscope is used to listen for the restoration of flow. The sound of the blood starting
to flow again occurs when the cuff pressure is equal to the brachial systolic pressure. The
diastolic brachial pressure is read when the sound of flow fades completely, as the cuff pres-
sure is no longer impeding flow. Digital versions of the cuff sphygmomanometer employ
automatic detection of systolic and diastolic pressure using oscillometric measurements.
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Figure 1.18: Illustration of a cuff for brachial pressure measurement.

1.4 Study motivations

CMR is a powerful imaging modality which is considered the gold standard for quantifi-
cation of cardiac volumes and flow, and is also capable of characterizing tissue properties.
While CMR is widely used clinically for subject-specific cardiovascular assessment, there
are still physiologically important parameters with clinical value that are currently not ac-
cessible or readily available when using CMR. This motivates the work on expanding the
current capabilities of CMR further, and thus getting closer to the reality of CMR as a one-
stop-shop cardiovascular medical examination. In this thesis, work has been performed to
engineer and validate reliable methods for quantification of physiology that remains inac-
cessible using CMR. The specific motivations for each study were:

Study I

A reduced AV-plane displacement is an independent predictor of major adverse cardiac
events and mortality [30, 31]. AV-plane displacement is clinically measured in echocar-
diography, but not in CMR [109]. Manual measurements take 10-20 minutes to perform
and are observer dependent. Algorithms for AV-plane tracking have been proposed [110—
116]. There are however no validated and readily available tools for AV-plane displacement
quantification that only require user input in a single timeframe, motivating the need for
such algorithm.

Study II

Valvular imaging is challenging due to the AV-plane movement, as a short-axis slice will
not depict the same tissue in all phases. Quantification of mitral regurgitation is however
increasingly important [73, 117, 118], and is currently quantified by comparing measured
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stroke volume in short-axis and aortic flow images [109]. This procedure does not give any
information about the flow profile through the valve. Slice-following methods for valvular
imaging have been proposed [119-124], but there is currently no retrospectively gated
phase contrast sequence available that adapts to the mitral valve movement already at the
scanner. There is therefore a need for a sequence that can accurately measure transmitral
flow over the entire cardiac cycle.

Study 111

The PV loop has been shown to have clinical utility and critical clinical relevance in car-
diovascular research [40, 41, 125, 126], and allows for quantification of hemodynamic
parameters such as stroke work, total cardiac energy consumption, and contractility which
are inaccessible with noninvasive techniques [26, 42]. Although volumes can be accurately
measured with CMR, the generation of PV loops also require absolute pressure which is not
quantifiable from CMR images. A noninvasive method to quantify PV loops is therefore
motivated as is allows for a more comprehensive physiological assessment without subject-
ing patients to invasive catheterization procedures that carry risk.

Study IV

The contribution of longitudinal and radial pumping mechanics to stroke volume is ~60%
and ~40% [10, 29]. Stroke volume does however not contain any information on the car-
diac energy consumption, which is evaluated by calculating stroke work from the PV loop.
Longitudinal and radial pumping is not reflected in the PV loop representation, leaving
their contribution to stroke work unknown. The longitudinal and radial contributions
to stroke work could potentially be determined from force-length relationships, but re-
quire a method for assessing global ventricular force-length loops describing longitudinal
and radial pumping. Development of such a method could potentially expand our un-
derstanding of ventricular energy consumption, provide a deeper understanding of cardiac
pumping mechanics, improve patient care, and lead the way forward for future cardiovas-
cular treatments.



Chapter 2
Aims

The overall aim of this thesis was to expand the capabilities of CMR by proposing reli-
able methods and tools for quantification of the atrioventricular plane displacement, trans-
mitral flow, pressure-volume loops, and ventricular force-length loops, hence allowing a
more complete assessment of subject-specific cardiovascular physiology achievable in a sin-
gle noninvasive examination. The specific aim of each individual study was:

Study I
To develop, validate, and provide a method that automatically tracks and quantifies the left
and right ventricular atrioventricular plane displacement in CMR images.

Study II

To develop and validate a phase contrast CMR imaging sequence that employs feature-
tracking in order to depict the mitral valve throughout the heartbeat, and to test the feasi-
bility of measuring transmitral flow in these images.

Study III

To develop and experimentally validate a model-based framework for noninvasive pressure-
volume loop estimation using CMR images and brachial blood pressure, and, as a proof-
of-concept, to apply the model to healthy controls and patients with heart failure.

Study IV

To develop and experimentally validate a methodology to calculate ventricular force-length
loops describing the longitudinal and radial pumping mechanics from CMR images, and
to explore their contribution to stroke work in healthy controls and heart failure patients.
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Chapter 3

Materials and methods

The most effective way to do it, is to do it.
Amelia Earhart
In order to expand the capabilities of CMR in quantifying cardiovascular physiology,

new noninvasive tools for image acquisition and post-processing were developed and vali-
dated. The main features of each study is summarized in Table 3.1.

Study I Study II Study I1I Study IV
Physiology AV-plane Transmitral flow PV loops Ventricular
of interest  displacement force-length loops
Developed  Image analysis ~ Pulse sequence  Image based Image based
method algorithm model model
Validation  Corresponding Phantom and Animal Animal
method manual corresponding SV model model
measurements measurements

Table 3.1: Overview of the included studies. AV, atrioventricular; PV, pressure-volume; SV, stroke volume.

3.1 Study population

A total of 220 subjects was included in this thesis, and consisted of 69 healthy controls, 32
elite endurance athletes, and 119 patients. Written informed consent was obtained from
all study participants. Inclusions were performed at eleven different centers, and approved
by the associated ethical review broad at each respective site.
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Study I

Inclusions in Study I were retrospective, and comprised 81 patients with first time ST-
elevation myocardial infarction from the multi-center clinical cardioprotection trial MI-
TOCARE [127], previously published data from 40 healthy controls [128, 129], and 32
elite endurance athletes [128].

Study II

Inclusions in Study II were prospective, comprising of 10 patients with findings of mitral
regurgitation and 16 healthy controls.

Study 11T

In Study III, previously published data from 13 healthy controls [130], and 28 patients
with heart failure with reduced ejection fraction were included retrospectively [131]. The
etiology of the heart failure was either ischemic heart disease (n = 14) or dilated cardiomy-

opathy (n = 14).

Study IV

Study IV included 12 healthy controls and 10 patients with dilated ischemic cardiomyopa-
thy, and were a subset of the subjects in Study III.

3.2 Cardiovascular magnetic resonance

Cardiovascular magnetic resonance was performed on all subjects. Imaging was performed
on either Siemens, Philips or GE systems at 1.5T or 3T with retrospective ECG-triggered
gating.

For functional assessment, cine images in the long-axis and short-axis views were ac-
quired using bSSFP at end-expiration. Typical imaging parameters were TR/ TE / 6 =
3.1 ms / 1.5 ms /60°, 890 Hz/pixel, matrix size 256x192, FOV 360 mm, voxel size
1.5x1.5x8 mm, no slice gap, 30 calculated phases.

Flow images were acquired using gradient echo 2D phase contrast with through-plane
flow encoding. Typical aortic root imaging parameters were VENC = 180 cm/s,
TR/TE /60 =49 ms/ 2.7 ms/20° 3 bipolar pairs per segment, matrix size 208x168,
FOV 330 mm, 1 average, voxel size 1.6x2.0x5 mm, 35 calculated phases, acquired at free
breathing. Typical mitral valve imaging parameters were VENC = 150 cm/s,

TR/TE /O =5.1 ms/ 4.0 ms / 15°, matrix size 224x208, FOV 350 mm, voxel size
1.5x1.5x8 mm, 3 bipolar pairs per phase, 22 calculated phases, acquired at end-expiration.
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3.3 Animal model

A porcine model was used for optimization and validation purposes in Study III and IV.
A total of 18 swine (7 males, weight 51 & 11 kg) experiments were included. Five under-
went invasive pressure-volume catheterization at baseline and 13 underwent both pressure
catheterization and CMR. In the cohort that underwent CMR, 7 experiments were per-
formed at baseline and 6 were performed at one week post-induction of myocardial infarc-
tion. Myocardial infarction was induced via a percutaneous insertion of a balloon in the left
anterior descending artery followed by a 40 min occlusion and 1.5 h of reperfusion, as pre-
viously described [132]. The swine were not their own controls, meaning that the animals
examined at baseline were not the same as those with induced myocardial infarction.

Invasive LV catheterization was performed using either a PV conductance catheter
(Transonic, Ithaca, NY, USA) or a fluid-filled transducer catheter connected to a Pow-
erLab transducer system (ADInstruments, Dunedin, New Zealand). Pressure calibration
was performed prior to catheter insertion by defining a zero pressure reference environment
at the same level as the heart. The PV catheter was calibrated by holding the pressure sensor
just below the surface of a water filled container. Calibration of the transducer catheter was
performed by exposing the transducer to atmospheric pressure.

Catheters were inserted into the LV through the aortic valve, accessed via the femoral
or carotid artery. Simultaneously to LV pressure recordings, systolic and diastolic blood
pressures were measured three times with noninvasive cuff sphygmomanometry in the tail.
Typical time for pressure recording was five minutes. CMR was performed within three
hours of the pressure recordings.

Anaesthesia was maintained on isoflurane gas throughout both pressure recordings and
CMR, with care taken to not introduce significant hemodynamic alterations during the
time of the measurements.

The experimental protocols were submitted and approved by the Swedish Agricultural
Board.

3.4 DPressure data analysis

In order to enable analysis of the recorded LV pressures together with the data obtained from
CMR, a reference pressure curve over one heartbeat was calculated. Customized software
that automatically detected the beginning of each heartbeat in the recorded pressure data
was developed for this purpose. The reference pressure curve was defined as the average of
all detected heartbeats, and was synchronized so that the steepest negative slope occurred
simultaneously with the end-systolic timeframe in the CMR data, see Figure 3.1. The
peak systolic LV pressure, LVP gy t1c, was defined as the maximum value in the reference
pressure curve, and the LV end-diastolic pressure, LVP gqsto1e> was defined as the last data
point in the pressure curve. The mean of the three measured systolic and diastolic tail blood
pressures were used as reference for noninvasive pressures, respectively.
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Figure 3.1: Reference pressure curve definition. A) Automatic detection of end diastole in a recorded signal of
left ventricular (LV) pressure, shown as vertical black lines. B) Detected LV pressure of all heartbeats in red,
and the mean LV pressure curve in black. The mean curve was used as reference pressure curve for validation
purposes. The peak systolic pressure LVP sy st01e Was defined as the maximum pressure in the reference curve,
and the end-diastolic pressure LVP giqstole was defined as is the last data point in the reference curve (shown
as a horizontal black line). The steepest negative slope is shown as a vertical dashed line, which was considered
the end-systolic time.

3.5 Image analysis

CMR images were analyzed semi-automatically in the freely available software Segment
(htep://segment.heiberg.se) [133—135], with manual corrections performed as necessary.

LV volume and mass were measured in the short-axis cine images by contouring the LV
endocardial and epicardial borders. Papillary muscles and LV outflow tract were included
in the blood volume. Basal slices were included by cross-referencing from long-axis images
and if 50% or more of the blood volume was surrounded by myocardium. Volume and
mass were calculated by summation of the delineated slices in each respective timeframe.
End diastole and end systole were defined as the timeframes with largest and smallest LV
cavity volumes, respectively.

Longitudinal AV-plane displacement was measured in long-axis cine images of the 2-
chamber, 3-chamber and 4-chamber views. The LV and RV AV-plane displacements were
calculated as described by Carlsson et al [10, 29]. First, eight AV-plane insertion points
were placed in all timeframes in the basal compact myocardium, see Figure 3.2A. The AV-
plane was defined by the end-diastolic points in each long-axis view, and the perpendicular
displacement of each point relative to this plane was computed. The LV AV-plane displace-
ment was subsequently calculated as the average displacement in the six points pertaining
to the LV myocardium. RV AV-plane displacement was defined as the average of the two
septal points together with the two points pertaining to the RV myocardium. Radial dis-
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placement was calculated as the change in radius of the epicardial delineation over time in
the short-axis slices, see Figure 3.2B.

Flow quantification was performed by drawing regions of interest along the borders
of the aortic root and mitral valve, respectively. Phase offset background corrections were
performed by indicating regions of static tissue.

3.6 Developed methods in this thesis

The overall features of the four proposed methods for quantification or cardiovascular phys-
iology in this thesis are summarized in Table 3.1. The concepts and technical solutions
employed for development and validation are briefly described below. The reader is kindly
directed to each individual study for in-depth details on the respective technical implemen-
tations.

3.6.1 AV-plane displacement

In Study I, development and validation of a semi-automatic algorithm that performs time-
resolved tracking of the AV-plane in CMR images was proposed. The algorithm requires
manual definition of eight AV-plane input points at end diastole. A linear fit of these input
points define the AV-plane in each long-axis view. Subsequently, each point is tracked
individually using iterative feature-tracking by normalized cross-correlation [136].

First, an area of interest is extracted around the input point. A predefined area of
search is then placed in the following timeframe. The position of this search area was
established using a statistical model of the expected movement of each point, which was
calculated from 40 subjects using principal component analysis. The best corresponding
match of the input point within the area of search was determined using normalized cross-
correlation. Iteratively, a new area of interest is extracted around this tracked point, whose
best fit is sought in the area of search defined for the following timeframe. This procedure
is illustrated in Figure 3.3, and is repeated by proceeding forward in time until reaching the
last timeframe. To improve robustness, the entire tracking was performed a second time
moving backwards in time. The resulting forward and backward tracked displacement
curves were then merged as a weighted sum of the curves. The final displacement curves of
the eight tracked points were used to calculate AV-plane displacement. AV-plane velocity at
the peak emptying (s') and peak filling (¢’) was calculated as the slope of the approximated
line over the AV-plane displacement in these timeframes, see Figure 3.4.

The size of the area of interest and area of search for each point were optimized in a
training set of 40 subjects by optimizing correlation R, bias, and standard deviation (SD)
between manual and algorithm AV-plane displacements. A exhaustive search over a range
of possible combination of area sizes was performed with a 10-fold cross-validation.
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A) Longitudinal displacement

Figure 3.2: Longitudinal and radial displacement calculations in the left ventricle. A) Longitudinal displace-
ment was defined as the atrioventricular (AV) plane displacement. The basal LV myocardial insertion points
(white circles) were indicated in all timeframes. The perpendicular distance (red dotted lines) from the end-
diastolic AV-plane (yellow line) position to the points was calculated. The average displacement of the six
points was considered the global longitudinal displacement. B) Radial displacement was calculated as the
average change in radius (white double arrow) of the epicardial delineations (green) in each short-axis slice.
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Figure 3.3: Illustration of the feature-tracking. 1) An area of interest is extracted around the input point.

2) A predefined area of search is then extracted in the following timeframe. 3) The normalized cross-correlation
is taken between the two areas is performed. The best match of the area of interest within the area of search
corresponds to the largest value in the correlation matrix. 4) Place a new point in the detected location.

5) Extract a new area of interest around the detected point. Repeat the procedure for all timeframes.
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Figure 3.4: The atrioventricular (AV) plane velocities at peak emptying (s') and peak filling (¢’) were calculated
as the slope of the approximated lines over these phases, respectively illustrated in red and blue.

Validation and observer variability

Validation of the algorithm was performed in a test set of 113 subjects by comparing the AV-
plane displacement calculated by the algorithm with corresponding manual measurements.
Inter-observer variability analysis of was performed in 20 patients.

3.6.2 Transmitral flow

In Study II, a mitral valve flow imaging sequence that prospectively updates the imag-
ing slice location according to the valvular movement is proposed. The concept of slice-
following was proposed by Kozerke et al, and was employed using spin labeling and ECG
prospective gating in sequences which are no longer available for the CMR community
[119, 120]. The proposed slice-following sequence is a modified retrospectively gated phase
contrast gradient echo cine that is acquired over a single breath hold. The overall proce-
dure on how to obtain slice-following is shown in Figure 3.5. The change in slice position
was determined by performing offline AV-plane displacement analysis in a 4-chamber cine
using the algorithm from Study I. The displacement was then saved to a file on the scan-
ner, which is retrieved by the slice-following sequence, allowing for real-time updates of
the imaging slice position based on the cardiac phase. For reference, a static phase contrast
image planned at the end-systolic mitral valve location was acquired.

Mitral flow was quantified by delineating the mitral valvular borders in each timeframe.
A portion of the LV filling, or mitral stroke volume (SV), originates from the movement
of the mitral valve rather than pressure driven blood flow. This means that the mitral SV
cannot be quantified directly by measuring the blood flow velocities reflected in the E and
A waves. The passive transfer of blood volume from the LA to the LV due to the valvular
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Figure 3.5: Workflow to obtain slice-following images. 1) Acquire a 4-chamber cine image. 2) Export the
4-chamber to offline and track the atrioventricular (AV) plane displacement using the algorithm in Study I.
3-4) While AV-plane tracking is being performed, continue scanning the short-axis cine stack and aortic flow.
5) Import the tracked displacements into the phase contrast slice-following sequence. 6) Run the slice-
following sequence. The time between the acquisition of the 4-chamber cine and the slice-following sequence
was 5-10 minutes during which other sequences can be acquired.

through-plane motion must be taken into account, so that the phase images reflect both
pressure driven and passively transferred blood [119, 121, 137]. A through-plane motion
correction was therefore performed by subtracting the AV-plane velocity AVPV from the
velocities v in the phase images in each timeframe, resulting in the calculation of flow @
through the delineated area A as

Q(t) = (v(t) — AVPV (1)) - A(t)

Mitral SV was then calculated as the diastolic forward flow volume. Mitral regurgitant
volume was calculated directly from the slice-following images as the systolic backward
flow volume, see Figure 3.6, as well as indirectly by computing the difference in mitral and
aortic SV.

Validation and observer variability

Validation of quantitative flow measurements was performed by comparing mitral SV with
planimetric SV from short-axis images and aortic SV from aortic flow images. Mitral re-
gurgitant volumes measured in patients were compared with the current recommended
quantification method as the difference in planimetric and aortic SV [109]. Furthermore,
the programmed slice positioning update functionality was validated in a 3D printed cone
shaped phantom by measuring the depicted slice radius and comparing it to the known
analytical expression of radius as a function of height at each imaged position, see Figure
3.7. Inter-observer and intra-observer variability analysis of mitral SV was performed in
ten healthy controls.
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Figure 3.6: Illustration of stroke volume and mitral regurgitant volume quantification. Stroke volume was
calculated as the amount of forward diastolic flow volume (blue area). Mitral regurgitant volume was calculated
directly from the slice-following images as the backward systolic flow volume (pink area).

Figure 3.7: Three-dimensional rendering of the motionless phantom to confirm the programmed slice location.
The 3D printed cone was 7 cm in height, with a 12 cm top diameter and 3 cm bottom diameter. A horizontal
bar with 5 mm in thickness was located midway at the height 3.5cm, where the cone diameter was 7.5cm. The
center of the cone in both height and width was marked with an elevated cross on top of the bar.
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3.6.3 Noninvasive pressure-volume loops

In Study III, a noninvasive method for computation of pressure-volume loops was devel-
oped and validated. The method is based on the double-Hill equation, a mathematical
model mimicking the intrinsic shape of the time-varying elastance as

g 1
1+g1 1+g2

t\"™
g1 = <>
T1
t\"?
(3
T2

Emax - Emm
g1 . _1
ma:x ( 1+g1 1492 )

The model parameters n1, 2, 71, and 7 were experimentally optimized from a training set

where

k:

of 875 elastance curves derived as the fraction of pressure and volume measured invasively
using a PV conductance catheter in five swine. Optimization was performed by minimizing
the 1-norm between the double-Hill equation and the invasive elastance curve using the
Nelder-Mead simplex method.

For each subject, the elastance curve was scaled in amplitude and time using LV volume
curves measured from short-axis cine CMR images and the approximation of peak LV sys-
tolic pressure from noninvasive brachial systolic and diastolic blood pressure (SBP, DBP)
proposed by Kelly et al [138] as

2 1

3SBP + 3DBP

together with a user estimation of the LV end-diastolic pressure. The parameter V) was ap-
proximated to zero. Multiplication of elastance and volume yielded individualized pressure-
volume loops, see Figure 3.8. Subsequently, six hemodynamic parameters were computed
from the PV loop.

Stroke work SW was calculated as the area within the PV loop, and mechanical poten-
tial energy PE was defined as the area within the triangle bounded by the x-axis, a vertical
line at the end-systolic volume, and the ESPVR-line which intercepts V) and the end-
systolic LV pressure, see Figure 3.9. These parameters allow computation of the ventricular
energy efficiency as
. Sw S
~ SW+PE  PVA

Ui
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Figure 3.8: Pressure-volume (PV) loops were generated from measurements of left ventricular (LV) volume and
heart rate (HR) obtained from cardiovascular magnetic resonance and noninvasive cuff brachial pressure. The
elastance model was scaled in amplitude and time by this input. LV pressure P(t) was subsequently calculated
as the product of elastance E(t) and volume V' (), enabling the visualization of the pressure-volume loop.
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Figure 3.9: Illustration of the areas used for calculation of stroke work (SW) and potential energy (PE).
Contractility was calculated as the slope of the approximated end-systolic pressure volume relation (ESPVR).

and contractility as the slope of the ESPVR. Mean external power MEP delivered by the
ventricle was calculated as

HR
60

where HR is the heart rate. Furthermore, the consumption of energy per ejected volume

EEV was calculated as

MEP = SW -

PVA
EEV = ——
SV

A sensitivity analysis on the impact of the quantified hemodynamic parameters depending
on the LV end-diastolic and peak systolic pressures was performed.

Validation

The PV loop method was validated by studying the derived hemodynamic parameters.
Experimental validation was performed in nine swine experiments using invasive pressure
measurements and LV volume from CMR images (seven performed at baseline and two per-
formed one week post induction of myocardial infarction). Moreover, a proof-of-concept
was performed by applying the method to 13 human healthy controls and 28 heart failure
patients, and studying the cohort differences in the derived hemodynamic parameters.

3.6.4 Ventricular force-length loops

In Study IV, a noninvasive method for computation of LV force-length loops describing
global longitudinal and radial pumping mechanics is proposed, which can subsequently
be used to quantify the longitudinal and radial contribution to stroke work. The contact
force exerted by the blood pressure on the ventricular wall in the longitudinal and radial



40 CHAPTER 3. MATERIALS AND METHODS

A) Longitudinal area @ @
B) Radial area @ %

Figure 3.10: Schematic illustration of the areas on which the longitudinal and radial contact forces act.

A) The longitudinal forces, illustrated by black arrows, act upon the largest cross-sectional epicardial area (green)
at each point of time. B) The radial forces act upon the endocardial surface area (red) at each point of time,
calculated in each short-axis slice as the circumference multiplied with the slice thickness.

directions were calculated using the fundamental physical relationship between force F,
pressure P and area A

F=P-A

which together with the length of the tissue displacement L allow for calculation of work
W as the area within the respective force-length loops

W:/F-dL

LV pressure was invasively measured in swine, and noninvasively computed using the
method in Study III in human healthy subjects and heart failure patients with ischemic di-
lated cardiomyopathy. Longitudinal force was defined as the LV pressure multiplied with
the largest cross-sectional LV epicardial short-axis area in each timeframe, see Figure 3.10A.
Radial force was calculated as LV pressure multiplied with the surface area of the endocar-
dial delineations in short-axis cine images, calculated in each slice as the circumference
multiplied with the slice thickness, see Figure 3.10B. The rationale behind these contact
areas are illustrated and discussed in Figure 3.11.

AV-plane displacement was considered the longitudinal length, while the epicardial
displacement in the radial direction was considered radial length. Longitudinal and radial
stroke work was calculated as the area within each respective force-length loop.
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Figure 3.11: Schematic illustration of the areas upon which the longitudinal and radial forces act in a simplified
ventricular model as a cylinder. The myocardial wall is highlighted in gray, and an imaginary piston applying an
external force on the myocardium is shown in blue. An external applied force (blue arrow) will be distributed
over the piston area (black arrows), generating a pressure inside the ventricle. The piston experiences counter
forces (red arrows) along the contact area of the piston according to Newton’s third law. A) Illustration of
an isolated longitudinal contraction. As both the myocardium and the blood pool experience shortening in
this direction, it follows that the piston pushes over the entire epicardial cross-sectional area. If the piston
would only slide along the endocardial border, the longitudinal area upon which the counter forces act would
be smaller and correspond to the largest endocardial cross-sectional area. The myocardium would in this case
however remain in the exact same shape and position over the cardiac cycle. Since this is not how the left
ventricle behaves, it is the epicardial cross-sectional area must be taken into account when calculating the
longitudinal force. B) Illustration of an isolated radial contraction. The imagined radial piston pushes along
the epicardial border of the ventricle, yielding an epicardial displacement, thickening and inward motion of
the endocardial border, and a decrease in blood lumen. The generated blood pressure will then exert counter
forces on the endocardial surface area. The thickness and movement of the apical myocardium was considered
negligible in this study.
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Furthermore, the longitudinal contribution to stroke volume was calculated as the end-
systolic AV-plane displacement multiplied with the mean of the two largest basal cross-
sectional epicardial short-axis areas at end diastole, as previously proposed by Carlsson et
al [10]. The remaining amount of stroke volume was considered the radial contribution to
stroke volume. This allows calculation of the amount of work per ¢jected volume WEV
corresponding to the two different pumping mechanics as

SWlon
WEV jong = g
fong Svlong
and W
WE Vra _ rad
¢ Svrad

where SW is stroke work and SV is stroke volume.

Validation

The force-length loop model was validated by comparing the sum of longitudinal and radial
SW to the conventionally quantification of SW as the area within the PV loop. Exper-
imental validation was performed in 13 swine (seven performed at baseline and six per-
formed one week post induction of myocardial infarction). Validation was also performed
on human subjects (twelve healthy controls and ten heart failure patients) using noninvasive

PV loops.

3.7 Statistical analysis

Statistical analysis was performed in the software GraphPad Prism (GraphPad Software Inc,
La Jolla, CA, USA). The relationship between the quantified parameters was assessed by
linear regression, Pearson R or Spearman p were reported. Agreement between methods was
described by Bland-Altman analysis and intraclass correlation coeflicient (ICC) [139, 140].
Agreement was considered poor for ICC = 0.0-0.3, weak for ICC = 0.31-0.50, moderate
for ICC = 0.51-0.70, strong for ICC = 0.71-0.90, and excellent for ICC = 0.91-1.00
[140]. Differences between cohorts were tested with a parametric paired t-test or a Mann-
Whitney test. The threshold for statistical significance was set at p < 0.05.
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Results and comments

All sorts of things can happen when you're open
to new ideas and playing around with things.

Stephanie Kwolek

4.1 Study I: AV-plane displacement

The proposed algorithm was implemented as a freely available module in Segment

(http://segment.heiberg.se) and was applicable in multi-center and multi-vendor data. The
average time for tracking and was 0.6 s per subject. An example of a time-resolved LV
AV-plane displacement obtained by the tracking algorithm and manual measurements is

shown in Figure 4.1, revealing similar curves.
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Figure 4.1: Example of a right ventricular (RV) atrioventricular plane displacement (AVPD) in a healthy
control obtained with the proposed algorithm (blue line) and from manual measurements (black dotted line).
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Figure 4.2: Comparison of manual and automatic end-systolic atrioventricular plane displacement (AVPD).
A) Scatter plot of the left ventricular (LV) AVPD. B) Bland-Altman plot of the LV AVPD. Bias and limits
of agreement are represented as solid and dashed lines, respectively. C) Scatter plot of the right ventricular
(RV) AVPD. D) Bland-Altman plot of the RV AVPD. ICC: intraclass correlation coefficient; SD: standard

deviation.

Displacement

Comparison of the tracked displacement to manual measurements in 113 subjects revealed
a strong agreement with a bias below pixel resolution for both LV and RV AV-plane dis-
placements, as shown in Figure 4.2. The results were consistent with the inter-observer
variability of manual AV-plane displacement measurements at end systole in the LV and
RV, see Table 4.1.

The sensitivity of the algorithm performance with regard to the input points was inves-
tigated by performing the tracking using input points provided by two different users. The
difference in the resulting end-systolic AV-plane displacement, i.e. the inter-observer vari-
ability of the algorithm, was low for both the LV and the RV, see Table 4.1. This suggests
that there was little sensitivity to input point positioning within the algorithm.

The iterative point tracking determines the point position in the current timeframe by
finding the best possible match of the structure surrounding the tracked point in the pre-
vious timeframe. A failed tracking in one timeframe will therefore result in the search for
another structure than the initially indicated by the input point, resulting in error propaga-
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Pearson R | Bias &+ SD (mm)
LV manual inter-observer 0.95 -0.6 £ 0.7
RV manual inter-observer 0.95 05+14
LV algorithm inter-observer | 0.91 0.1 £0.6
RV algorithm inter-observer | 0.98 0.0 +£0.7

Table 4.1: Manual and algorithm inter-observer variability analysis for end-systolic atrioventricular plane dis-
placement. LV, left ventricle; RV, right ventricle; SD, standard deviation.

tion. A failure might occur at any time if the target structure is hard to identify in the fol-
lowing timeframe. Previously proposed algorithms for AV-plane tracking have approached
this problem by placing input points in several timeframes [110, 112], interactive correc-
tions with repeated tracking procedures [115]. In this study, principal component analysis
and the merging of forward and backward tracking was used to minimize the potential
error propagation, reducing the required input points to the end-diastolic timeframe only.
However, as in any automatic image analysis tool, errors do occur from time to time, which
is why monitoring and manual corrections remain important for research and clinical use.

Velocity

The peak AV-plane velocities during systole (') and early rapid filling (¢’) were calculated
as an approximation of the slope of the AV-plane displacement at peak emptying and peak
filling in 20 patients. Agreements between manual and automatic measurements were weak
for the LV but strong for the RV, see Figure 4.3. A trend of underestimation of high
velocities was present for s’ and ¢ in both ventricles. Note that s” is reported as a negative
value, since the AV-plane moves downwards in systole.

The reason for less accurate AV-plane velocities compared to displacements is that dis-
placements can be measured directly from the tracked points. In contrast, velocity quan-
tification relies on the derivative of the displacement curve which introduces noise. Fur-
thermore, the depicted AV-plane is often somewhat blurred at the time of s and ¢’ where
velocities are high, which may difficult tracking in these timeframes. The quantification
of LV € in the 4-chamber view has however been improved in a later study where spline
smoothing and calculation of the entire velocity curve was performed [141].

Summary

In summary, the proposed algorithm in Study I tracks the AV-plane in long-axis cine images.
The calculated displacements were consistent with manual inter-observer variability, but
the peak AV-plane velocities were less accurately estimated by the algorithm. Overall, the
implemented module enables an observer-independent and less time-consuming method
of tracking the AV-plane in CMR images.
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Figure 4.3: Scatter plots of manual and automatic peak atrioventricular plane velocities during systole (s') and
the early rapid filling (¢’). A) Left ventricular (LV) 5. B) Left ventricular ¢’. C) Right ventricular (RV) s’.
D) Right ventricular ¢’. ICC: intraclass correlation coefficient.
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4.2 Study II: Transmitral flow

Application of the slice-following phase contrast sequence was feasible in all subjects. Ex-
amples of mitral flow measured in a healthy subject and a patient with mitral regurgitation
is shown in Figure 4.4.

— Fwd flow, slice-following
---- Bwd flow, slice-following
— Net flow, static slice

A B )
) 600 Systole Diastole ) 600 Systole Diastole
2 300 2 300
£ E
R e g o——F
= =
I ©
£ -300- £ -300
-600 ‘ ‘ -600 | ‘
0 50 100 0 50 100
Percent of cardiac cycle (%) Percent of cardiac cycle (%)

Figure 4.4: Example of mitral flow profiles in A) a healthy subject and B) a patient with mitral regurgitation.
Forward (fwd) and backward (bwd) transmitral flow measured with slice-following phase contrast are shown
as solid and dashed blue lines, respectively. The net flow measured with static phase contrast is shown as a
solid grey line, and does not distinguish flow accelerated towards the left ventricular outflow tract from mitral
regurgitation.

Mitral flow profiles detected by slice-following phase contrast were in line with what
was physiologically expected. Diastolic flow had clear E and A waves and were similar
in slice-following and static phase contrast images. However, significant differences in
systolic flow were detected between the two methods (p = 0.003). In healthy controls,
systolic blood flow in the LV proceeds superiorly towards the LV outflow tract. Regur-
gitant flow across the mitral valve proceeds in the same direction. Slice-following phase
contrast was able to distinguish physiologically healthy LV outflow tract flow from regur-
gitant flow across the mitral valve. This represents an important advancement, enabling a
quicker detection of mitral regurgitation.

Mitral stroke volume

Figure 4.5 shows comparisons of mitral SV quantified with and without slice-following
against aortic and planimetric SV in healthy subjects. Since only trace amounts of mitral
regurgitation is expected in healthy subjects, it is implied that mitral, aortic, and planimetric
SV should be approximately equal. Mitral SV was quantified as the forward diastolic low
volume, as diastolic backward flow was not assumed to regurgitate back to the LA, but was
rather assumed to reflect the rotating vortex ring formation at the LV inflow tract [131].
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Figure 4.5: Mitral stroke volume (SV) measured with slice-following phase contrast (black dots) and static
(gray circles) imaging planes compared to aortic and planimetric SV in healthy subjects. A) Scatter plot of
mitral and aortic SV. Black line represents the line of identity. B) Bland-Altman plot for mitral and aortic SV.
C) Scatter plot of mitral and planimetric SV. D) Bland-Altman plot for mitral and planimetric SV.

There was strong agreement between mitral and aortic SV measurements using both
slice-following and static phase contrast in the healthy subjects. The larger mitral SV com-
pared to aortic SV is in part explained by the aortic flow slice imaging position above the
branching of the coronary arteries, meaning coronary arterial flow (~4% of the SV) is not
accounted for in aortic flow measurements. Mitral and planimetric SV revealed excellent
agreement using slice-following and strong agreement using static slices in healthy subjects.

Because planimetric and mitral SV should be equal even in the presence of mitral re-
gurgitation, quantification using slice-following phase contrast provides more accurate SV
data than aortic flow. Planimetric and mitral SV were similar when studying all 26 subjects
with slice-following (p = 0.36), but not for static phase contrast where the difference was
significant (p = 0.0003), see Table 4.2.

Furthermore, Table 4.2 shows that planimetric SV did not differ from mitral SV quan-
tified with through-plane motion corrected slice-following, but there was a discrepancy of
approximately 14% using uncorrected slice-following. This shows that the passive transfer
of blood due to the AV-plane displacement is a significant source of LV filling, confirming
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Stroke volume (ml) | p-value
Planimetry 99 £ 36
Mitral, slice-following 101 £ 43 p=0.36
Mitral, slice-following uncorrected | 87 4 38 p = 0.0001
Mitral, static 115 + 48 p = 0.0003

Table 4.2: Quantified stroke volumes as mean = standard deviation in all subjects. P-values indicates differ-
ences to planimetric stroke volume, calculated using paired parametric t-tests.

ICC | Bias == SD (ml)
Mitral SV, intra-observer | 0.99 | -0.9 &+ 3.3
Mitral SV, inter-observer | 0.98 | 3.9 4 3.8

Table 4.3: Intra-observer and inter-observer variability analysis for mitral stroke volume (SV) quantification
from slice-following phase contrast images. ICC, intraclass correlation coeflicient; SD, standard deviation.

previous work by Carlhill et al [48]. This means that the amount of LV filling cannot be
quantified directly by measuring the E and A waves since blood transferred passively due to
AV-plane displacement must also be taken into account, which further emphasizes the pre-
viously reported importance of performing through-plane motion correction when quan-
tifying valvular flow [119, 120, 137]. The overestimation in mitral SV using static imaging
confirms previous work with retrospective valve tracking in 4D flow images [121, 123].
This is in part explained by larger areas being delineated in the more mid ventricular short-
axis slices, in combination with the slice position being closer to the vena contracta of the
mitral inflow. In short, the vena contracta is the point where the narrowest diameter and
highest flow velocity occur in a jet, which is located downstream relative to the inflow ori-
fice. Other potential explanations could be that the motion correction is performed on a
valvular level rather than at the static image slice location, or that the static imaging slice is
placed over the inflow vortex ring. Rotating blood in the vortex ring could potentially pass
through the imaging plane more than once over the cardiac cycle, and would in this case
be accounted for multiple times.

Observer variability of the delineated regions of interest used for mitral SV quantifi-
cation revealed excellent agreement and low bias in both intra-observer and inter-observer
variability analysis, see Table 4.3. This suggests that image processing for transmitral flow
quantification with slice-following phase contrast is highly reproducible.

Mitral regurgitation

The conventional method for quantifying mitral regurgitant volumes using CMR is to cal-
culate the difference in planimetric and aortic SV [109]. Slice-following could potentially
be used to quantify mitral regurgitant volumes. Direct quantification as the systolic back-
ward flow and indirect quantification as the difference in mitral and aortic SV revealed
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Figure 4.6: Mitral regurgitant volumes quantified in 10 patients. Direct and indirect measurements from
slice-following phase contrast were compared with current guidelines as the difference in planimetric and aortic
stroke volume (SV). A) Scatter plot for the direct method defining mitral regurgitant volume as the systolic
backward flow. B) Bland-Altman plot for the direct method. Solid line represent the bias and dashed lined
the limits of agreement. C) Scatter plot for the indirect method defining mitral regurgitant volume as the
difference in mitral and aortic SV. D) Bland-Altman plot for the indirect method.

strong agreements with the conventional method, but the limits of agreement spanned
over 60 ml, see Figure 4.6. An important source of error using the direct method is the
through-plane flow encoding, meaning that it cannot accurately measure regurgitant jets
if their angulation relative to the imaging plane is larger than ~10% [142]. The indi-
rect approach could be beneficial as both mitral and aortic SV are measured with phase
contrast, reducing image processing time since SV quantification from flow images is less
time consuming than planimetry. Additional studies on patients with varying degrees of
mitral regurgitation are however warranted to establish the robustness of the sequence in
measuring regurgitant volumes.

Implementation details

The programmed slice positioning functionality disclosed a bias of -0.01 &= 0.03 mm be-
tween the measured radii and analytically calculated cone radii at different programmed
slice positions, see Figure 4.7. This suggests that the imaging slice moves according to the
provided displacement input.
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Figure 4.7: Cone radii measured in two phantom experiments in red and blue, demonstrating accurate slice-
following compared to the theoretical radii at the programmed slice locations at both 1.5T and 3T.

The offline image analysis took 5-10 minutes, from the export of the 4-chamber to the
import of the displacement cruve. This separation in time between the offline analysis and
the slice-following imaging is a source of error since the AV-plane displacement may vary
in this period of time, for example due to variation in breath-hold position or heart rate.

Summary

In summary, Study II presents a phase contrast CMR sequence with slice-following that is
able to follow and depict the mitral valve in all phases. The sequence is feasible in healthy
subjects and patients, providing flow patterns which are in line with what is physiologically
expected. Mitral SV quantification was accurate when applying through-plane motion
correction, revealing that the blood being passively transferred into the LV due to the AV-
plane displacement correspond to ~14%, and must be taken into account when measuring
LV filling. The sequence is also able to detect mitral regurgitant flow provided that the
backward systolic flow is not too angled relative to the mitral valve.
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4.3  Study III: Noninvasive pressure-volume loops

The proposed PV loop model was implemented in Segment (http://segment.heiberg.se) and
was applicable to both experimental and human subject data. Examples of generated PV
loops are shown in Figure 4.8. The mean PV loops derived from the healthy controls and
heart failure cohorts (Figure 4.8B) represented expected physiological differences, where the
heart failure PV loop indicates a dilated LV with decreased SV that is pumping against a
higher pressure compared to controls. Furthermore, a decreased contractility and increased
total energy consumption can be derived from the heart failure PV loop. Note that both
loops are represented at the same end-diastolic pressure, as the magnitude of this parameter
was not estimated in this study.

A) B)
1009 . yiogel 2009 __ healthy
% + Invivo % —— Heart failure
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Figure 4.8: Example of left ventricular pressure-volume (PV) loops. A) Corresponding PV loops generated
by the proposed model (blue line) and from experimental 7 vivo measurements (black dotted line). B) Mean
model generated PV loops in the healthy controls (black) and heart failure patients (red). Both loops are
represented at the same end-diastolic pressure to since this parameter was unknown in the studied cohorts.
Heart failure patients are expected to have a higher end-diastolic pressure than healthy controls.

Elastance curve shape

An example of the proposed mathematical double-Hill representation of the time-varying
elastance is shown together with its corresponding invasively measured elastance curve in
Figure 4.9.

The foundation of the proposed model to derive subject-specific PV loops is the re-
markable consistency of the the time-varying elastance curve shape regardless of loading
conditions in several pathological states and in a variety of mammal species [54, 59, 60].
This normalized elastance curve shape was defined by the optimized double-Hill equation
parameters 11, N2, T1, T2, as shown in Table 4.4. These experimentally optimized values
were slightly different from those previously proposed by Mynard et al, who derived their
parameter values using literature values [64]. Furthermore, this study optimized 72 as a
function of the end-systolic time rather than the duration of the entire cardiac cycle. The
reason to do so was that 72 describes the point in time where the elastance curve transi-
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Figure 4.9: Example of left ventricular time-varying elastance represented as an optimized and subject-
specifically scaled double-Hill equation (blue line) with a corresponding experimental /7 vivo measurement

(black dotted line).

tions from being concave to convex. This time point occurs shortly after end systole, and
was therefore considered a more robust temporal event as the diastolic duration varies with
heart rate [51].

Parameter | Value

ni 163

no 24.2

71 () 0.113 -Teyeie
T2 (S) 1.035 'TES

Table 4.4: Optimized double-Hill equation parameters that were used in the time-varying elastance model.
Teycie: duration of the cardiac cycle, Trs: end-systolic time.

A subject-specific elastance curve was obtained by scaling the optimized elastance shape
in amplitude and time. Temporal events were extracted from the LV volume-time curve
obtained from CMR images, while the amplitude scaling was defined by the end-diastolic
and peak systolic LV pressures (LVP giqstole> LVP systore). The values of these pressure
parameters were based on a user assumption and an approximation from brachial pressure,
respectively. A sensitivity analysis of the PV loop derived hemodynamic parameters was
performed by varying the amplitude scaling. Manipulation of the parameter LVP giqstole
between 0-15> mmHg had a low impact on the PV loop derived hemodynamic parame-
ters. 'This strengthens the robustness of the proposed model, as LVP g;qst01c requires a
user assumption that can be hard to estimate. Current echocardiography guidelines could
potentially be used to perform this LV filling pressure estimation [71], although their accu-
racy has been debated [99, 100]. Manipulation of LVP 4y as the invasively measured
LVP gystoie £ 10 mmHg did also disclose a low error and variability. This suggests that

the precision of the peak systolic approximation suffices for the proposed model, even if
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Figure 4.10: Sensitivity analysis of the model generated stroke work (ST) in the experimental cohort.

A) Sensitivity in diastolic pressure (LVP giastole) ranging 0-15 mmHg. B) Sensitivity in peak systolic pressure
(LVP gystote) ranging as the invasively measured LV P systore £ 10 mmHg. Average SW is represented by
dots, range as vertical bars. Black dots represent experiments performed at baseline, open grey circles represent
experiments performed one week post induction of myocardial infarction (MI).

the brachial pressure was not measured simultaneously to the CMR image acquisition. Ap-
planation tonometry could however potentially further improve this approximation [143].
Stroke work was most the sensitive parameter, and is shown in Figure 4.10.

Another parameter that is crucial in calculating the time-varying elastance curve but
that is not present in the double-Hill equation is Vj. Vj represents the ventricular volume
at zero pressure, and is a theoretical parameter that cannot be measured directly. It is instead
approximated as the point where the line connecting end systole in several consecutively
measured PV loops, the ESPVR-line, intersects the volume axis. The ESPVR is however
not perfectly linear and V{y has also been shown to fluctuate over the cardiac cycle [144].
Hence, although a fixed Vj is extensively used in cardiovascular modeling [55-57, 63—
65, 145], it should not be forgotten that it is indeed a model approximation that could
potentially be further improved.

PV loop derived hemodynamic parameters

The experimental validation of the model is shown in Figure 4.11. The agreement between
model derived and in vivo measurements was moderate for potential energy, strong for
stroke work, and excellent for ventricular efficiency. This suggests that the model generated
PV loops correspond well with iz vive measured PV loops, even though the iz vivo mea-
sured pressures were not recorded simultaneously to the CMR examination. The reason for
this was that the required equipment for pressure catheterization lacked MR compliance.
Care was however taken to maintain the animals at a similar physiological state during and
between the two examinations.

The hemodynamic parameters derived from model generated PV loops demonstrated
differences between the healthy control and heart failure cohorts which were in line with
previous findings [146, 147], see Figure 4.12. Patients had a decreased ventricular effi-
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Figure 4.11: Comparison between model derived and 77 vivo measured hemodynamic parameters. Black dots
represent experiments performed at baseline, open grey circles represent experiments performed one week post
induction of myocardial infarction (MI). A) Scatter plot for stroke work (SW). B) Bland-Altman plot for
SW. Solid line represent the bias and dashed lined the limits of agreement. C) Scatter plot for potential energy
(PE). D) Bland-Altman plot for PE. E) Scatter plot for ventricular efficiency. F) Bland-Altman plot for

ventricular efficiency.
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ciency and contractility, increased potential energy and energy per ejected volume, while
no differences were observed in stroke work and mean external power. Although PV loop
analysis has been pointed out of having relevance and utility in cardiovascular research
(40, 41, 125], it remains to be investigated if there is an added clinical and prognostic
value of this noninvasive PV loop assessment. The added value of evaluating ventricular
efficiency instead of ejection fraction is however uncertain, as these parameters correlated
strongly in the studied cohorts (p = 0.99).

Ejection fraction is however not decreased in all cardiac disease, where for example
about half of the heart failure patients present with a preserved ejection fraction [69]. This
justifies the search for additional hemodynamic parameters which could characterize and
aid the diagnosis of these patients. Noninvasive PV loops and parameters such as potential
energy, contractility, and energy per ejected volume may therefore allow for a low risk and
cost-effective way of deriving a more comprehensive physiological analysis from standard
CMR examinations.

Summary

In summary, Study III presents a validated method to obtain subject-specific PV loops
noninvasively. The method is based on a mathematical representation of the time-varying
elastance and generates accurate representations of PV loops and its associated hemody-
namic parameters, which might enable the ability to expand the current capabilities in
noninvasive physiological assessment of patients.



4.3. STUDY IlI: NONINVASIVE PRESSURE-VOLUME LOOPS 57

A) ns B)
47 1 107 1
q
= ol ° 2 84
= [ ] [0) -
g 2- L 5 6
Q ° P = i o
S a0 g 4 s
= [
n 17 ?E': %’ 3 2 %’
o °
0 : , ol colmee " o
@ @ ) @
& \’5@\ §© &
P & P S
¥ ¥
C) D) ns
S 150+ — g 6- —
> —
o [
& 100 g 4
& o = i
[} .w. [ ] @
& o ® & ° L' 4
2 504 W % 27
o [0} ()
> 0 ; ; S0 ; :
NS & NI <
© » © »
Q Q QO Q
® & < .
¥ ¥
E) F)
pres g -
=4 1 3 029 1
€ )
£ > °
= 2- ° £ 014
= 9
.| Seutte © 3
T : S
= PR
©o . : £ 00 . .
<) o < Q) ]
& & . & &
P & ey &
< <

Figure 4.12: Comparison between model derived and i7 vivo measured hemodynamic parameters in healthy
controls and heart failure patients. The average parameter of each subject when ranging end-diastolic pres-
sure between 0-15 mmHg are represented as dots. Horizontal lines indicate median and interquartile range
for each cohort. The studied hemodynamic parameters are A) stroke work, B) mechanical potential energy,
C) ventricular efficiency, D) mean external power, E) contractility, and F) energy per ejected volume. Non
significant differences between cohorts are denoted ns, **** indicates p < 0.0001.
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4.4 Study IV: Ventricular force-length loops

The proposed ventricular force-length loop model was implemented as a module in Seg-
ment (http://segment.heiberg.se) and was applicable to both experimental and subject data.
Examples of two generated force-length loops are shown in Figure 4.13.

A) B)
300 300
Z 550 — 250
3 z
S 200 Q 200
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g 50- ( \ & 50—
—
0 T | | 1 0 T T T 1
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AV-plane displacement (mm) Epicardial displacement (mm)

Figure 4.13: Example of generated force-length loops in a heart failure patient. A) Longitudinal force-length
loop in blue. B) Radial force-length loop in green. Longitudinal and radial contributions to stroke work were
calculated as the area within each respective loop.

Displacements are presented as negative values, enabling a loop interpretation in anal-
ogy with a conventional pressure-volume loop. The bottom right corner at displacement
zero marks end diastole, which is followed by the isovolumetric contraction characterized
by a steep increase in force but no displacement. There is a decrease in force and increase
in displacement during the ejection until end systole, which occurs at the top left corner
of the loop. The isovolumetric relaxation is characterized by a fast decrease in force and no
displacement. Finally, diastole is characterized by low forces and the tissue returning to its
original position at displacement zero.

Longitudinal and radial contribution to stroke work

The concept of longitudinal and radial stroke work was validated by comparing their sums
to the total stroke work derived from pressure-volume loops. The excellent agreement and
low bias between these measures are shown in Figure 4.14, suggesting that the proposed
longitudinal and radial stroke work calculations using ventricular force-length loops holds.
The same endocardial contours and LV pressures were used to calculate both force-length
loops and PV loops. Force-length loops did however require additional measurements of
the AV-plane displacement and epicardial delineations which were not used to derive the
PV loop, thus reducing the bias introduced by the overlay in data used in both the proposed
and reference methods.
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Figure 4.14: Validation of stroke work (SW) derived from force-length (FL) loops compared with SW de-
rived from pressure-volume (PV) loops. Invasively measured PV loops were used in the experimental setup (top
row), and noninvasive PV loops in the human subjects (bottom row). The FL loop derived SW was calculated
as the sum of the area within the longitudinal and radial FL loops. A) Scatter plot for the experimental setup.
B) Bland-Altman plot for the experimental setup. Solid line represents the bias and dashed lined the limits of
agreement. C) Scatter plot for human subjects. D) Bland-Altman plot for human subjects.
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Longitudinal SW (%) | Radial SW (%)
Swine, baseline 49 + 8 51 +38
Swine, post MI | 51 £7 49 +7
Healthy controls | 48 + 4 52+ 4
Patients 44 4+ 6 56 +6

Table 4.5: Longitudinal and radial contribution to stroke work (SW) in swine and man.

Longitudinal and radial pumping were found to contribute approximately equally to
the total ventricular stroke work in all cohorts, see Table 4.5. There were no differences in
total, longitudinal, or radial stroke work between healthy and diseased in the cohorts, see
Table 4.6 and Table 4.7. The finding that longitudinal and radial work contribute equally,
and that this equal distribution was maintained between healthy subjects and patients,
supports previous finding reported in Study III. Furthermore, Arbab-Zadeh et al has previ-
ously reported no differences in stroke work in healthy sedentary seniors and master athletes
[148]. The contribution of longitudinal pumping to stroke volume was also maintained
at ~60% in healthy subjects, elite athletes, and patients with dilated cardiomyopathy in
another study [10]. The slight but non-significant shift in work distribution in healthy
controls and patients is due to the dilated ventricles and thus larger radial surface areas, as
well as the decreased in AV-plane displacement.

Table 4.6: Quantified stroke work (SW) in the experiments performed at baseline and one week post my-
ocardial infarction (MI). Total SW was derived from experimentally measured pressure-volume loops. Lon-

Baseline Post-MI p-value
Total SW (]) 0.42 +£0.1 0.5+ 0.1 p=0.18
Longitudinal SW (J) | 0.20 +0.05 | 0.25 +0.05 | p = 0.14
Radial SW (]) 0.21 £0.06 | 0.24 £0.06 | p=0.53

gitudinal and radial SW were derived from their respective force-length loops.

Controls Patients p-value
Total SW (J) 1.3+0.3 1.2£04 | p=0.54
Longitudinal SW (J) | 0.65 £ 0.2 | 0.60 0.2 | p = 0.58
Radial SW (J) 0.70 £0.2 | 0.75+£0.2 | p=10.54

Table 4.7: Quantified stroke work (ST/) in healthy controls and patients with ischemic dilated cardiomyopa-
thy. Total SW was derived from noninvasively quantified pressure-volume loops using the method proposed
in Study III. Longitudinal and radial SW were derived from their respective force-length loops.
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Figure 4.15: Comparison of longitudinal and radial work per ejected volume (WEV) in the experimental setup

(top row) and human subjects (bottom row). A) Baseline swine. B) Swine post myocardial infarction (MI).
C) Healthy subjects. D) Heart failure patients.
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Work per ejected volume

With longitudinal pumping mechanics being the major contributor to stroke volume and
a reduced AV-plane displacement being an independent predictor of major cardiac events
[30], it might at first be surprising that longitudinal and radial pumping contributes equally
to stroke work. A more intuitive interpretation might instead be to study the work per
ejected volume. The work per ejected volume was lower in longitudinal pumping com-
pared to radial pumping (Figure 4.15), meaning that the longitudinal pumping is more
energy efficient in delivering stroke volume. This is explained by the larger portion of
stroke volume being generated by the AV-plane displacement, while the same amount of
work is required for both pumping mechanisms. The work per ejected volume increased
in swine one week post myocardial infarction (p = 0.014), meaning that the longitudinal
pumping became less energy efficient. Longitudinal pumping did however remain more
energy efficient than radial pumping. No difference was observed between controls and pa-
tients with dilated ischemic cardiomyopathy. This is explained by the increase in epicardial
cross-sectional area in the dilated LV, resulting in a maintained longitudinal contribution
to both stroke volume and stroke work, although the AV-plane displacement decreased.
Future longitudinal experimental studies where infarcted swine are their own baseline con-
trols might explain this mechanism further. The infarct location is however not expected
to impact the global AV-plane displacement within a week of myocardial infarction [149].

Ventricular forces

Peak forces and displacements are summarized in Table 4.8 and Table 4.9. There were dif-
ferences between controls and patients, but not in the experimental setup. These quantified
forces are however not to be regarded as two single global contracting forces facilitating car-
diac pumping. On the contrary, the contracting myocardium generates tension and thereby
blood pressure. According to Newton’s third law, the pressurized blood will then exert a
contact force on the myocardium, which is what was computed with the proposed model.
A great variety of forces act within the complex myocardial structure, translating from a
molecular level to microscopic fiber orientations, and macroscopic anatomical geometries.
These forces are thus challenging to measure iz vivo, and intracardiac forces such as peak
driving force, elastic recoil, active relaxation, and hydraulic forces have therefore often been
studied in their isolated forms [45, 150—155]. The division of longitudinal and radial forces
and their resulting stroke work are thus to be viewed as a piece of a puzzle rather than a
global description of the forces behind the intricate cardiac pumping mechanics.
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Baseline | Post-MI | p-value

Peak longitudinal force (N) 31 +4 34 +5 p =045
Peak AVPD (mm) 93+£1.7199+09 | p=0.63
Peak radial force (N) 91 £ 12 100+ 10 | p=10.23

Peak average epicardial displacement (mm) | 1.6 £ 0.4 | 1.9 £0.5 | p=10.18

Table 4.8: Quantified peak forces and displacements in the longitudinal and radial directions, obtained in the
experimental cohort performed at baseline and one week post myocardial infarction (MI). AVPD: atrioven-
tricular plane displacement.

Controls | Patients | p-value
Peak longitudinal force (N) 5610 |86 +16 | p<0.0001
Peak AVPD (mm) 16 £2 942 p < 0.0001
Peak radial force (N) 188 £ 38 | 271 =45 | p =0.0003
Peak average epicardial displacement (mm) | 2.4 +0.4 | 1.7 £ 0.5 | p=0.0011

Table 4.9: Quantified peak forces and displacements in the longitudinal and radial directions, obtained in
healthy controls and patients with dilated ischemic cardiomyopathy. AVPD: atrioventricular plane displace-
ment.

Summary

In summary, Study IV presents a validated method to obtain subject-specific ventricular
force-length loops in the longitudinal and radial directions. The method is based on longi-
tudinal and radial tissue displacements as well as the relationship between force, pressure,
and area. The generated force-length loops allows for quantification of longitudinal and
radial contributions to stroke work, enabling physiological investigations on ventricular
energy consumption and efficiency.






Chapter 5

Conclusions

The most damaging phrase in the language is: “Its always been done that way.”

Grace Hopper

In this thesis, the following advancements in subject-specific assessment of cardiovascu-

lar physiology using CMR have been developed, validated, and demonstrated to be feasible:
* Semi-automatic quantification of the atrioventricular plane displacement (Study I)
* Direct measurement of transmitral flow (Study II)
* Noninvasive pressure-volume loops (Study III)
* Quantification of longitudinal and radial force-length loops (Study IV)

The proposed methods and tools in Study I, II and IV require brachial pressure and im-
ages which are typically acquired during standard clinical CMR scanning, and adding the
sequence proposed in Study II would prolong the protocol by a few minutes. This suggests
that the capabilities of CMR in evaluating cardiovascular physiology during a single non-
invasive examination haven been expanded, thus getting closer to the reality of CMR as a
one-stop-shop.
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[ didn’t want to just know names of things.
1 remember really wanting to know how it all worked.

Elizabeth Blackburn
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