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Ithaka

As you set out for Ithaka hope your road is a long one, full of adventure, full of discovery.
Laistrygonians, Cyclops, angry Poseidon—don’t be afraid of them: you’ll never find
things like that on your way as long as you keep your thoughts raised high, as long as a
rare excitement stirs your spirit and your body. Laistrygonians, Cyclops, wild
Poseidon—you won't encounter them unless you bring them along inside your soul,
unless your soul sets them up in front of you.

Hope your road is a long one. May there be many summer mornings when, with what
pleasure, what joy, you enter harbors you're seeing for the first time; may you stop at
Phoenician trading stations to buy fine things, mother of pearl and coral, amber and

ebony, sensual perfume of every kind—as many sensual perfumes as you can; and may

you visit many Egyptian cities to learn and go on learning from their scholars.

Keep Ithaka always in your mind. Arriving there is what you're destined for. But don’t
hurry the journey at all. Better if it lasts for years, so youre old by the time you reach the

island, wealthy with all you've gained on the way, not expecting Ithaka to make you rich.

Ithaka gave you the marvelous journey. Without her you wouldn't have set out. She has
nothing left to give you now.

And if you find her poor, Ithaka won’t have fooled you. Wise as you will have become, so
full of experience, you'll have understood by then what these Ithakas mean.

- C. P CAVAFY
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Populirvetenskaplig sammanfattning

Hjirtsjukdom 4r en av de vanligaste dddsorsakerna i virlden. Denna avhandling 4r inriktad
pa hjirtsvikt och en av dess vanligaste orsaker — hjirtinfarke. En hjirtinfarke uppstir nir
syretillforseln till en del av hjirtmuskeln hindras, vanligtvis av en blodpropp i ett kranskirl.
Denna syrebrist leder till smirta och kallas i vardagligt tal for hjirtattack”. I forlingningen
leder detta till att den drabbade hjirtmuskeln dér, vilket kallas hjirtinfarke. Sma infark-
ter klarar hjirtat av, men vid en viss grins leder den forsimrade pumpformagan till acc
hjirtat sviktar. Denna hjirtsvike orsakar symptom som andfiddhet, trétthet, svullnad i
underben, och kraftigt nedsatt arbetsférmaga hos individen. For patienter med hjirtsvike
ar sjukhusinliggningar vanliga och dédligheten ir i snitt hogre dn for manga cancerformer.
Bakgrunden till den hoga dédligheten 4r det faktum att ett svagt och sviktande hjirta inte
klarar av att tillgodose kroppens behov.

Ett vanligt sdtt att tinka pa hjdrtat dr att se det som en pump. En av de vanligaste
forestillningarna om hur hjirtat pumpar ir att det huvudsakligen sker med en indtgiende,
“kramande”, rorelse. Forskning med hjilp av ultraljud och magnetkamera (MR) av hjirtat
har istillet visat att hjirtats yttre form ir relativt oférindrad under ett hjirtslag. Pumpfor-
mégan sker istillet huvudsakligen genom f6rflyttning av klaffplanet mellan férmak och
kammare, kallat AV-planet”. Denna rorelse, som liknas vid upp-och-ner forflyttningen i
en cykelpump, har visat sig vara sinkt vid hjirtinfarkt och hjirtsvikt och hinger samman
med dédlighet i flera hjirtsjukdomar.

Det overgripande syftet med denna avhandling 4r att vidare utreda hur hjirtats
pumpformaiga forindras vid och efter hjirtinfarke, samt att utréna om denna pumpfor-
mdga kan forutse prognosen hos patienter med svéir hjirtsvikt. Metoden som anvinds
for att undersdka hjirtat ir MR. Avhandlingen innehéller bade djurexperimentella och
patientbaserade studier, och bestér av fyra delarbeten:

* Delarbete I ir en djurexperimentell studie som underséker hur tva olika typer av
hjdrtinfarkter paverkar AV-planets rérelse och hur detta dr kopplat till forsimring av
hjirtats pumpformaga. Fynden visar att AV-plansrorelsen har en stark koppling till
hjirtats slagvolym och att dessa f6ljer sig &t veckan efter en hjirtinfarke.

* Delarbete I ir en djurexperimentell studie som underséker hur en nedkylning till en
kroppstemperatur under 35°C vid en hjirtinfarke skyddar hjirtats funktion. Detta
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undersoks genom att analysera tryck-volymloopar, dven kallat "PV loopar”, frin MR.
Resultaten visar att nedkylningen tenderar att bevara hjirtats funktion efter en hjirt-
infarkt och att detta resultat star sig dven nir man tar hinsyn for olika infarktstor-

lekar.

Delarbete I1I 4r en 6verlevnadsstudie som undersoker hur hjirtats forkortning i den
lingsgiende riktningen kan forutse 6verlevnad hos 287 patienter med hjirtsvikt och
uttalat sinkt systolisk kammarfunktion. Den lingsgiende hjirtfunktionen analy-
seras via MR-undersokningar och fynden relateras till data fran det nationella dod-
sorsaksregistret. Resultaten fran 6verlevnadsanalyser dr att AV-plansrorelsen samt
hjartmuskelns formférindring ar viktiga faktorer som forutsiger 6verlevnaden bit-
tre 4n flera vanligt férekommande mitvirden.

Delarbete IV ir en fortsittningsstudie till Delarbete III pa samma grupp av patienter.
Denna syftar till att undersoka hur hjirtats lingsgiende pumpfunktion kan férutse
sjukligheten i denna patientgrupp med uttalad hjirtsvike. For att besvara detta samlas
data in frin det Socialstyrelsens slutenvardsregister och en mer avancerad statistisk
metodik som inkluderar flera hindelser per patient anvinds. Denna studie finner
att hjdrtats lingsgiende forkortning och formférindring hinger samman med antalet
sjukhusinliggningar samt dr bittre pa att férutse sjukligheten hos hjirtsviktspatienter
dn vanligt forekommande mitvirden.

Sammanfattningsvis leder dessa resultat till 6kad forstaelse om sjukdomsmekanismer kring
hur AV-planets rérelse paverkas vid hjirtinfarkt samt understryker att hjdrtats lingsgaende
funktion ir en viktig markér f6r bade dédlighet och sjuklighet hos patienter med svir

hjiartsvike. Avhandlingen berdr ocksa effekterna av kylning som en behandlingsmetod for

att minimera skador vid hjirtinfarke samt foresprakar vidare anvindning av MR-baserade

PV loopar i framtida studier.



Popular summary

Heart disease is one of the most common causes of death in the world. This dissertation
focuses on heart failure and one of its most common causes - myocardial infarction. A my-
ocardial infarction occurs when the oxygen supply to a part of the heart muscle is blocked,
usually by a blood clot in a coronary artery. This lack of oxygen leads to pain and is col-
loquially called a "heart attack.” In the long run, this leads to the affected heart muscle
dying, which is called a myocardial infarction. Small infarcts are withstood by the heart,
but the impaired pumping ability leads to the heart failing at a certain point. This heart
failure causes symptoms such as shortness of breath, fatigue, swelling of the lower legs,
and severely reduced work capacity of the individual. Hospitalizations are common for
patients with heart failure, and mortality is higher than for many cancers. The basis of the
high mortality rate is the fact that a weak and failing heart is unable to meet the body’s
needs.

A common way of thinking about the heart is to see it as a pump. A common belief
about how the heart pumps is that it mainly does this by an inward “squeezing” motion
Research using ultrasound and magnetic resonance imaging (MRI) of the heart has instead
shown that the external shape of the heart is relatively unchanged during a heartbeat. In-
stead, the heart pumps mainly by moving the valve plane located between the atrium and
chamber, called the AV plane”. This movement, which is similar to the up-and-down
stroke in a bicycle pump, has been shown to be reduced after a heart attack and in heart
failure and is associated with mortality in several heart diseases.

The overall purpose of this dissertation is to further investigate how the heart’s pumping
changes during and after a heart attack and to find out if this pumping ability can predict
the prognosis in patients with severe heart failure. The method used to examine the heart is
MRI. The dissertation contains both experimental and clinical studies and consists of four
parts:

* Study I is an experimental study that examines how two different types of heart
attacks affect the AV plane’s movement and how this is linked to a worsening in the
heart’s pumping ability. The findings show that the AV plane movement is strongly
linked to the heart’s stroke volume and that these follow each other during the week
after a heart attack.

XV



xvi Popular summary

* Study II is an experimental study investigating how cooling to a body temperature
below 35°C in a heart attack protects the heart’s function. This is examined by an-
alyzing pressure-volume loops, also called "PV loops,” from MR. The results show
that the cooling tends to preserve the heart’s function after a heart attack and that
this result holds up when different infarct sizes are taken into account.

* Study III is a survival study that examines how the shortening of the heart in the
longitudinal direction can predict survival in 287 patients with heart failure and
markedly reduced systolic ventricular function. The longitudinal cardiac function
is analyzed via MRI examinations, and the findings are related to data from the
National Cause of Death register. The survival analysis results show that the AV
plane movement and the deformation of the heart muscle are important factors that
predict survival better than several commonly used measured values.

* Study IV is a follow-up study to Study III on the same group of patients. This inves-
tigates how the heart’s longitudinal function can predict the morbidity in this patient
group with pronounced heart failure. To answer this, data is collected from the Na-
tional Board of Health and Welfare’s In-patient care register, and a more advanced
statistical methodology that includes several events per patient is used. This study
finds that the longitudinal shortening and deformation of the heart is related to the
number of hospitalizations and is better at predicting the morbidity of heart failure
patients than commonly used measurements.

In summary, these results lead to an increased understanding of disease mechanisms af-
fecting the AV plane’s movement in a heart attack and emphasize that the longitudinal
function of the heart is an important marker for both mortality and morbidity in patients
with severe heart failure. The dissertation also discusses the effects of cooling as a treatment
method to minimize injuries after heart attacks and advocates using MRI-based PV loops
in future studies.
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Chapter 1

Introduction

Form and Function of the Cardiovascular System

1.1 Cardiac Macrostructure

The anatomical morphology of the heart is essential for understanding its functional capa-
bility. The heart is a muscular organ that solves the vital problem of pumping sufhcient
blood throughout the circulation to sustain a functioning organism, that is, to supply and
regulate the blood flow to meet the requirement of the tissues. This thesis will mainly focus
on the left ventricle since this is the primary source of impairment in most patients with
myocardial infarction and heart failure.

The four distinct heart chambers divide into a left and a right side by the interventric-
ular septum. Both sides have thin-walled, low-pressure atria and thicker-walled, higher-
pressure ventricles. The left side of the heart receives blood from the four pulmonary veins
and ejects blood through the aorta into the systemic circulation. The right side of the
heart receives blood from the large systemic veins: the inferior and superior vena cava. The
right ventricle ejects blood into the pulmonary circulation through the pulmonary artery
for blood oxygenation, dissipating carbon dioxide. An approximately six-fold difference
between the systemic and pulmonary circulation in mean pressure requires different struc-
tural adaptations for each chamber. This is evident in the muscular wall thickness of the left
ventricle (<12 mm) in contrast to the right ventricle (3-5 mm). The left ventricle typically
ejects against mean aortic pressures of 75-90 mmHg at rest, while the right ventricle ejects
against mean pulmonary pressure of 12-15 mmHg.

The heart with the surrounding non-distensible pericardium sits in the center of the
thoracic cavity, wholly embedded by the lungs, connective tissue, and fatty contiguous
tissues. Therefore, the heart’s pumping is not isolated from any medium, but rather, the
heart will push and pull on the surrounding tissues with each heartbeat. Thus, the soft
tissues embedding the heart are displaced, equivalent to any change in heart size during
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Figure 1.1: Left: the atrioventricular valve plane viewed from the atrial side. Right: the
heart viewed in a long-axis cross-section. RCA, right coronary artery; LAD, left anterior
descending artery; LCX, left circumflex artery; SVC, superior vena cava; IVC, inferior
vena cava; Adapted with labels from Servier Medical Art, provided by Servier, licensed under a
Creative Commons (CC) Attribution 3.0 unported license

the cardiac cycle. As it happens, the heart’s outer contour changes affect the air in the
lungs, and small bouts of air are pushed out from the lungs every heartbeat [1]. These are
negligible during respiration but can be detected during prolonged apnea. The slight outer
contour change of the heart in the order of a few percent [2], and is discussed in more detail
later. This type of motion would waste energy if significant and would not be optimal for
longevity. Blood pumping should theoretically be performed at optimal energetic economy
while balancing the output between the pulmonary and systemic circulatory loops. The
heart can perform this task primarily with a longitudinal mode of pumping, a volume-
regulating septum, and a near-constant heart volume throughout the heartbeat [3]. The
longitudinal mode of pumping is further discussed in later sections.

The left side of the heart supplies the systemic circulation with pressurized, nutrient-
rich, and oxygenated blood. Blood pressure fundamentally exists to combat the gravita-
tional pull following an upright posture while maintaining pressure above the lower limit
of cerebral autoregulation. An adamant regulation of systemic blood pressure is vital as cere-
bral blood flow interruption for five seconds causes loss of consciousness [4]. The tissues
need a pressure gradient enabling perfusion through the microcirculation. In contrast, the
venous system does not require significant blood pressure due to valves limiting backflow.

Inside the heart, the propagation of blood flow in the forward direction is ensured by
the atrioventricular (AV) valve apparatus (Figure 1.1). The semilunar valves of the major
arteries (the aortic and pulmonary valves) similarly prevent the backflow of blood into the
ventricles during filling. The AV valves consist of the mitral valve, situated between the left
atria and ventricle, and the tricuspid valve, located between the right atria and ventricle.
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The valve orifices of the AV and semilunar valves are connected with a fibrous structure
known as the atrioventricular (AV) plane [5], which is of high importance to the concept
of longitudinal pumping. The AV valves are also connected to the myocardium by the
papillary muscles and their non-distensible fibrous strings: the chordae tendineae. This
structure effectively prevents the valves from prolapsing inside the atria during ventricular
systolic pressure work while remaining entirely flaccid and permitting diastolic low-pressure

filling.
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Figure 1.2: A: Schematic illustration of the intracellular proteins involved in the contrac-
tile apparatus. B: Transmission electron microscopy image of a longitudinal section of a
sarcomere showing tightly packed actin-myosin complexes. C: Schematic illustration of
branching myocytes. Note that unlike skeletal myocytes, cardiac myocytes only have one
nucleus. Sources: A, Adapted from David Richfield (27 July 2014), "Medical gallery of David
Richfield 2014°, WikiJournal of Medicine, 1 (2), licensed under Creative Commons BY 4.0;
B: Reproduced from Loison et. al. PLoS Biology 2018, licensed under Creative Commons BY
4.0; C, Adapted with labels from Servier Medical Art, provided by Servier, licensed under a
Creative Commons (CC) Attribution 3.0 unported license.

1.2 Cardiac Microstructure

1.2.1 'The Contractile Apparatus

The macroscopic contraction is generated, at its foundation, from a single myocardial mus-
cle cell - i.e., the myocyte. The contractile apparatus within the myocyte, called the sarcom-
ere, arises from arrangements of overlapping intracellular filaments (Figure 1.2). The “slid-
ing filament theory” first described in 1954 [6, 7] explains our current understanding of the
interplay between these intracellular components. The contraction occurs when two intra-
cellular proteins, actin and myosin, partake in cycles of linking, structural re-arrangement,
and releasing. Both linking and releasing activities require energy as adenosine triphosphate
(ATP). The actin and myosin filaments are tightly packed and overlap. The outer anchor
of the thin actin filament is the Z-disc. The middle anchor of the thick myosin filament is
the M-line.

When an electrical impulse depolarizes the cardiomyocyte, Ca2" floods the intracellular
volume. The increase in Ca2" concentration triggers additional Ca?" release stored in the
sarcoplasmic reticulum. When Ca2" binds to troponin, which usually blocks the binding
between actin and myosin, it re-arranges, leaving the binding sites open. This enables the
binding of crosslinks between actin and myosin. ATP molecules carried by myosin are
hydrolyzed during the crosslink formation, which causes the myosin head to pull on the
actin filament — effectively shortening the sarcomere. When additional ATP is added, the
myosin head coils back to its initial position and prepares for a new cycle. The force and
duration of contraction depend on the calcium cycling, i.e., the contraction will continue
as long as there is Ca?" present. In normal homeostasis, Ca?" is rapidly pumped back
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into the sarcoplasmic reticulum and out of the cell upon repolarization. The contractile
apparatus will undergo rigor if no new ATP is made available, such as after the organism’s
demise.

In addition to contraction, relaxation is an essential part of the heart cycle. The effec-
tive return of the contractile apparatus to its initial position is augmented by the gigantic
protein titin [8, 9]. The titin spans between the Z-disc to the M-line and have portions re-
sembling Hookean elastic springs that gradually compress and store potential energy upon
contraction. This energy is released, contributing to swift relaxation and restoring the sar-
comere to its slack length. Another key mechanism of diastolic relaxation is the effective
intracellular calcium transport by the sarcoendoplasmic reticulum Ca2" -ATPase “SERCA”
and the level of inhibition from its regulatory protein phospholamban [10]. Thus, the di-
astolic relaxation is sensitive to the myofilaments’ energy supply/demand balance and is an
early marker of ischemia and hypertrophy [11].

The almost immediate synchronicity of the entire myocardium is the corollary of the
electrical connections between cardiomyocytes through intercalated discs. These contain
desmosomes and gap junctions that almost instantly propagate the electrical charges within
myocytes through the branching meshwork.

1.2.2 Fiber Orientations and Sheetlets

Historical Background

Researchers and anatomists have long tried to elucidate how the heart’s function is linked
to the heart’s structure. Part of this lack of understanding has likely come because of a
scarcity of precision or non-destructive dissection methods. Historically, anatomists and
pathologists were for a long time limited to investigating the heart’s finer structure ex-vivo,
mainly during or after rigor mortis contracture. To say nothing of the eloquent dissection
studies produced by Stensen and Lower in the 1600s, Winslow and Senac in the 1700s, and
Ludwig and Pettigrew in the 1800s, which are consistent in depicting a continuum of helical
arranging myocardial pathways that transmurally traverse from a left-handed angle toward
a right-handed angle, these ex-vivo methods hampered the understanding of how the heart
was contracting inside a living organism. A detailed review of earlier studies of myocardial
architecture was published by Greenbaum et. al. [5]. Mathematical modeling by Sallin
in 1969 [12] showed that the only possible orientation of myocardial fibers achieving a
physiological ejection fraction is helical, which follows what has been observed.

However, studies conflicting with the helical architecture did also arise. An intriguing
example is the ventricular myocardial band (VMB), made famous by Zorrent-Guasp [13].
The essence of the VMB theory is that the whole-heart 3d-architecture can be undone
in a series of meticulous dissections, unwinding the heart into a continuous long strip
of muscle. Although there are large-scale similarities in our current understanding, such
as the oblique angulation of muscle bundles, the microstructural architecture we is not
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coherent with distinct macroscopic layers of muscle. Thus, the VMB has been disproven
and primarily attributed to the particular dissection procedure [5, 14, 15].

Modern Evidence

The visible deformations at the organ level are ultimately linked to events at the micro-
scopic level. Therefore, it is of interest to go deeper into the microstructure of the heart
to understand both physiological and pathophysiological mechanisms that contribute to
cardiac pumping. Whereas the myocardium may seem like a homogenous tissue, the mi-
crostructure is arranged in a highly complex and organized architecture at the micro-scale.
The whole heart can be seen as an ellipsoidal pressure vessel, woven with interconnected
“fibers” — metaphorically cloth fibers threads — made up of interlinked myocardial cells. The
term “fiber” is somewhat inaccurate since the myocytes continuously branch and merge at
every few myocytes. Thus, it is impossible to talk about specific fibers per se [16], but
instead, it is more accurate to speak of varying fiber orientations.

New techniques arising in the recent two decades, such as diffusion tensor imaging
“DTI” by CMR, made available to researchers a view into the changes of the microarchi-
tecture in both systole and diastole. DTT utilizes diffusion (i.e., random motion of water
molecules) weighted imaging to extract the primary direction, or “eigenvector,” where the
diffusion is greatest. The secondary eigenvector “Ej” is orthogonal to the primary eigen-
vector “E) ” and represents the second greatest diffusion direction. A third eigenvector is
orthogonal to both ﬁ and F9 and is where diffusion is most restricted [17]. Since the
myocytes are long and thin, the water diffusion is most significant along the length of the
myocyte. Thus, the F}i is equal to the long axis of myocytes while the E is where the
aqueous diffusion orthogonal to Fj is greatest [18]. When FE is equal to the helix an-
gle, the E; lies in the sheetlet/shear plane perpendicular [19], as discussed below. There
are reservations to this statement since in-vivo DTT only measures mean diffusion inside a
voxel (typically 3x3x8mm?), which may include more than one sheetlet population.

The three eigenvectors together create a diffusion ellipsoid, or “tensor”. If diffusion
were unrestricted, this ellipsoid should instead appear as a sphere with equal eigenvectors
in all directions. With a sufficient number of acquisitions covering the entirety of the heart,
a visually appealing 3d-tractography of the heart can be created depicting the myocardial
microstructure [20, 21]. This has heavily influenced our current understanding of the
myocardial 3d-transformation during a heartbeat in health and disease.

A few myocytes in the proximity of each other are arranged in small bundles, as shown
by Streeter et.al. in renowned histopathological studies [22]. The fiber orientation of these
bundles of cells, often called fibers, transitions from an oblique angle of +60° to an almost
orthogonal -60° from the endocardium towards the epicardium, referencing the ventricular
equator as 0° (Figure 1.3). The double-helical orientation contributes to the ventricular
torsion, like the wringing of a cloth. Furthermore, Streeter et al. also showed that the helix
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angles do not change significantly over the heart cycle and that the proportion of mid-wall
circumferential fibers +(0-22.5°) dominates 10 to 1 over the more fringe longitudinal fibers

+(67.5-90°).

Another essential micro-structure significantly contributes to our understanding of how
a relatively small shortening (~15%) and thickening (~8%) of a single myocyte can con-
tribute to a ~40% centripetal (i.e., towards the center) wall thickening and ~15% de-
crease in apical-basal length (i.e., longitudinal shortening). This is the small myolaminar
bundle in recent literature often called “sheetlet” — meaning a small sheet. The laminar
re-arrangements of these small sheets help to explain the wall-thickening during the heart
cycle. Electron microscopy studies by LeGrice et. al. [23] measured the sheetlets to be
~50pm thick, ~4 myocytes across, and detected distinct cleavage planes in between them.
The myocytes within sheetlets are tightly packed whereas loose connective tissue in cleav-
age planes allows for slip and shear mechanics along these planes. The sheetlets undergo
both a sheet-normal shear and a slight sheet extension and thinning during contraction
[24]. In addition, Ashikaga et. al. [25] found not only one but two distinct populations
of sheetlets approximately perpendicular to each other in canine hearts. The view of two
sheetlet populations of opposite polarity scattered throughout the myocardium has been
further validated by Gilbert et. al. [26]. Their presence contributes to centripetal and
longitudinal displacement of ventricular muscle mass [27], and like intertwined fibers in a
rope, they rapidly distribute stresses during deformation in all directions [16].

In the last decades, research using histopathology and CMR with DTI [17, 20, 28]
has corroborated the function of the sheetlets in-vivo. The inter-sheet shear and slippage
result in an accordion-like re-arrangement from diastole to systole (Figure 1.3). This means
that they both increase their angulation relative to each other and slide over one another.
This mechanism extends the myocardium in the centripetal direction which significantly
augments systolic wall-thickening and longitudinal shortening.

In disease, helix angles and sheetlet re-arrangement can be disturbed due to myocyte
damage and disarray. Infarcted myocardium exhibits increased diffusion due to myocyte
necrosis and swelling [29] and disturbed propagation of myocardial fibers [30]. Ventricular
dilatation after a large myocardial infarction causes circumferential re-angulation of epicar-
dial longitudinal fibers in remote regions of the heart [28]. Failed systolic conformations
of sheetlets have been identified in dilated cardiomyopathy [21]. In addition, computer
simulations have shown that more circumferential fiber orientations detrimentally impact
longitudinal function [31] and myocardial strain [32]. Although many diseases exhibit
microstructural disturbances, the novel measurements by DTT have not yet gained a large
evidence base. To summarize, it is highly expected that disease progression, e.g. with poor
apical-basal function, for a big part has its foundation in disturbed microstructural function
such as restricted sheetlet re-arrangement and fiber disarray [33].
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Figure 1.3: A: 3d-tractography showing helix angle orientations derived from diffusion ten-
sor imaging. B: Illustration of the transmural change in helix angles. C: Histology section
of a myolaminar "sheetlet” and surrounding cleavage planes in its diastolic conformation.
D&E: Illustration of tightly packed myocytes inside sheetlets. Note the low sheetlet an-
gulation away from the vertical axis in diastole. F&J: Illustration of helix angles in systole
and diastole. Note the relatively constant helix angles from diastole to systole. G: His-
tology section of a myolaminar “sheetlet” and surrounding cleavage planes in its systolic
conformation. H&I: Illustration of the systolic inter-sheetlet rearrangement and increase
in sheetlet angles during systole. Reproduced from Nielles-Vallespin et. al. ] Am Coll Cardiol
2017 [21]. through a Creative Commons BY-NC-ND 4.0 license.
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1.2.3 Coronary Arteries and Perfusion

Cardiac pumping is an oxygen-consuming process. Therefore, the myocardium is sup-
plied with blood through an intricate network of coronary vessels. There is much complex
variability in the coronary anatomy. What follows is a representation of the most common
form found in humans (Figure 1.4). The coronary arteries originate from the sinus Valsalva
of the aortic root, which splits into the right, left, and non-coronary sinus.

In most cases, the right coronary artery (RCA) originates from the right sinus Val-
salva and travels in the right atrioventricular groove to the posterior interventricular tract.
When the RCA supplies the posterior descending artery in the interventricular groove, the
coronary circulation is called a "right dominant” system, although misleading because it
does not contain information about the rest of the RCA and how much myocardial mass
it supplies. If the PDA originates from the left circumflex artery (LCX), the system is "left
dominant.” A right dominant system is present in 79% of humans [34].

The left coronary main stem originates from the left sinus Valsalva, which branches
to left anterior descending artery (LAD) and the LCX. The LAD branches from the main
stem typically after 10 mm [35] and travels in the anterior interventricular groove. Small
transmural branches along with the artery supply the septal wall. Larger epicardial branches
called diagonals transverse diagonally over the left ventricle (LV). The LAD can feather
out near the ventricular apex but often wraps around it, up the posterior interventricular
groove. The LCX passes along the left atrioventricular (AV) groove, and the first branches
are called the obtuse marginal arteries, which supply the lateral part of the LV and also the
posterolateral papillary muscle in a left dominant system.

The coronary arteries are typically 0.3-5.0 mm in diameter. The vessels consist of three
layers: The outer adventitia, containing small nerves and blood vessels that supply the artery
itself; The central media, containing smooth muscle cells; and the innermost intima, con-
taining the vascular endothelium. Even smaller vessels are called arterioles and range from
15-300pm. The arterioles are essential components of the coronary circulation because
of their pre-capillary sphincters that open and close the finer capillary beds in response to
tissue requirements.

Experimental studies using Micro-Computed Tomography and microsphere injections
found a strong relation between vessel size and perfusion volume [36]. The terminal arte-
rioles (8-10um) each perfuse a myocardial volume of ~0.008mm? which corresponds to
the basic unit of a capillary with its surrounding tissue cylinder where oxygen is exchanged
(Krogh cylinder). Arterioles of 100pm instead each perfuse a volume of ~0.65 mm?, an
increase by a factor of 1,000.
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Figure 1.4: The heart, major vessels, and coronary arteries. SVC, superior vena cava; RCA,
right coronary artery; IVC, inferior vena cava; D1, first diagonal branch; LAD, left anterior
descending artery; LCX, left circumflex artery. Adapted with labels from Servier Medical Art,
provided by Servier, licensed under a Creative Commons (CC) Attribution 3.0 unported license.
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1.3  Cardiac physiology

Understanding the governing laws of fluid flow through a closed-loop system is a common
starting point for investigating the flow-related phenomena in the living organism. Blood
flow is the result of a pressure gradient overcoming resistance. Ohm’s law (equation 1.1),
initially applied in electrical circuitry, is generally adequate for modeling blood flow in the
circulatory system at a global level.

Q=AP/R (1.1)

where Q = Flow rate; A P = pressure gradient; R = resistance.

In the case of the heart, the flow of cardiac output per minute (Q) is the result of
stroke volume (SV) times the heart rate (HR). The resistance the arterial flow encountered
is often termed “total peripheral resistance” (TPR) and is mainly regulated by the adaptable
constriction of arterioles and precapillary sphincters. Hagen-Poiseuille’s equation 1.2 states
that the resistance is inversely related to the radius of the fourth power.

_ 8ul@

mrd

AP (1.2)

where AP = pressure gradient along vessel; p = blood viscosity; L = length of vessel; Q =
flow rate; r = radius of vessel; = = mathematical constant.

The heart can impossibly generate any more output than what it receives as input.
Therefore, a fundamental regulating mechanism is the “law of the heart” proposed by Frank
and Starling [37] which in simple terms is stated, “the heart pumps what it receives.” This is
based on a phenomenon seen when an increased filling, yielding an increased end-diastolic
sarcomere stretch results, in a more forceful contraction. The effect of this law is evident
considering that the primary governing factor of stroke volume is the end-diastolic volume,
and of cardiac output is the venous return flow.

1.3.1 Cardiac Cycle

The classic “Wiggers” diagram depicts relevant cardiac variables in the time domain and
provides a helpful overview of hemodynamic events, including their relative timing (Figure
1.5). The cardiac cycle describes the sequence of events during one complete heartbeat. The
cardiac cycle can be divided into two main phases: systole and diastole. Systole refers to the
phase during which the ventricles contract and eject blood out of the ventricles. Diastole
refers to the period during which the ventricles relax and fill. Since a reciprocal filling and
emptying pattern exists between the ventricles and atria, atrial systole and diastole occur in
ventricular diastole and systole, respectively.

Each ventricular beat includes four sequential ventricular events: isovolumetric ven-
tricular contraction, ejection, isovolumetric ventricular relaxation, and filling. Diastole
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Figure 1.5: This adapted Wiggers diagram represents the pressure, displacement, tissue
velocity, and blood flow of the left side of the heart in the time domain. LA, left atrium;
LV, left ventricle; AV, atrioventricular; IVC, isovolumetric contraction; IVR, isovolumetric
relaxation; PV, pulmonary veins. Adapted with permission from original by Per Arvidsson.

comprises three phases: early rapid filling (E-wave), diastasis, and late atrial filling (A-
wave). Both systolic and diastolic duration depends on heart rate (HR). Specifically, sys-
tolic and diastolic durations are ~400ms and ~600ms at an HR of 60 whereas durations
of ~315msand ~300ms are measured at an HR of 100 [38]. Further, E- and A-wave dura-
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Figure 1.6: Left: The diastolic passive resting force results from diastolic stretch boundaries
and heart filling. The peak activating force from the sarcomere is the systolic force. The
total generated force (red) is the systolic peak force (purple) added by the diastolic resting
(blue) force. Right: The left ventricular cycle from a pressure-volume loop perspective.
IVR, isovolumetric relaxation; IVC, isovolumetric contraction.

tions show negligible dependencies of HR. Thus, diastolic shortening at higher heart rates
results from a diminished diastasis and merging of E- and A-wave.

1.3.2 Pressure-Volume loops

Pressure-Volume (PV) loops assess hemodynamic relations in a pressure-volume dimension
rather than a time dimension. Such PV constructions exist in all four heart chambers,
and while differences exist, all the main concepts apply to each compartment. Here, we
consider that the cardiac cycle begins in end-diastole and follows a predefined sequence
of events (Figure 1.6). The major heart valves also close and open at specific time points.
A PV approach can depict many aspects of cardiovascular physiology and including its
interaction with the arterial tree. Thus, PV loops can supply many indexes and variables
concerning preload, afterload, contractility, and lusitropy - being the myocardial relaxation
during diastole.

Cellular Level

Although pressure-volume loops view the heart and the cardiovascular physiology from a
macroscopic perspective, what is observed at the whole heart level has its basis in the cellular
mechanics and the sarcomere’s function. For example, the myocyte force-length relation-
ship has a natural extension to the pressure-volume relationship in a 3d heart structure.
Simplified, the pressure-volume relation is the force-length relation in three dimensions
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(Figure 1.6). The ascending limb of the force-length relationship shows that with an in-
crease in sarcomere length, there is an increase in force generated, and relates to "the law of
the heart”. Because of the cardiomyocyte structure, cellular boundaries, extracellular matrix
proteins, and pericardium, the heart never reaches the descending limb of the force-length
relationship in-vivo.

Organ Level

The pressure and volume change during one heartbeat due to heart contractions, valve
openings, and valve closings. The outer limits of the pressure-volume loops observed at
multiple beats will follow both an end-systolic (ESPVR) and an end-diastolic pressure-
volume relationship (EDPVR). ESPVR is roughly linear in humans at normal states and
in most clinically observed working conditions and describes the maximal elastance, or
stiffness, the heart produces for specific inotropic states. Where the ESPVR intercepts the
volume axis is known as “V“ and can differ from zero-volume. Vj is the largest volume
in the heart that does not give rise to pressure or the largest unloaded volume in a relaxed
heart. Where VO exists is dependent on the method of extrapolation [39] and has shown to
be positively correlated with inotropy and negatively correlated with afterload in rats [40].
EDPVR is nonlinear and is determined by the passive stiffness inherent to the heart in its
relaxed state and external constraints, such as the pericardium.

In a given instant of time, the ESPVR and EDPVR define the boundaries of space that
the PV loop theoretically can occupy, irrespective of preload or afterload. At the same time,
the placement of the PV loop in the PV space is determined by the preload and afterload.
Still, ESPVR, and with a slower rate EDPVR, changes over time due to hemodynamic
circumstances. The upper boundary of the PV loops, the ESPVR, is assumed mostly linear.
However, while that linearity is mainly preserved in normal states, it can become markedly
curvilinear towards low or high contractility states [41-43]. A linear extrapolated intercept
“Vo” regularly yields nonsensical negative values. This is likely due to non-linearization
produced by interventions or disease states.

Preload is the load imposed on the heart at end-diastole, with the most common sur-
rogate measures being end-diastolic pressure (EDP) or end-diastolic volume (EDV). In an-
other sense, the preload - following LaPlace law (eq.1.3) - is the wall stress at end-diastole.

_ Pr

T 2u

where T = Wall tension; P = Pressure; r = Radius; u = Wall thickness.
EDV is highly dependent on size, which can vary widely in different species or condi-

T (1.3)

tions. In PV loop research with small sample sizes, EDV is preferable in detecting changes
within an individual, such as after a cardiac support device intervention. However, end-
diastolic pressure is more suitable for objective comparisons of preload between individuals,
groups, or species. Non-invasive methods of obtaining PV loops, which are later discussed
in more detail, are currently limited in estimating the diastolic properties of the loop.
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Afterload is the load imposed on the heart under ejection. In principle, it is a measure
to characterize the arterial system independent of preload and contractility. One such index
based on Ohm’s law is total peripheral resistance (eq. 1.4), representing the ratio between
the pressure and the mean flow across the system.

MAP —-CVP
TPR= ——FF— 1.4
R co (1.4)

where MAP = Mean arterial pressure; CVP = Central venous pressure; CO = Cardiac out-
put.

Indexes of ventricular afterload are several: Myocardial wall stress according to LaPlace
law (eq.1.3); central arterial pressure, which is most commonly used; arterial resistance; and
arterial impedance. Arterial impedance is a measure of TPR that incorporates instantaneous
pressure to instantaneous flow and can be analyzed in the frequency domain by Fourier
analysis [44, 45].

Contractility are often estimated by the ESPVR and have been used as a relatively
preload and afterload insensitive measure of contractility. However, experimental studies
indicate that ESPVR is affected by heart rate towards extreme values [46]. A change in
contractility will theoretically pivot the end-systolic pressure-volume relation around its
“Vo” intercept. Changes in contractility are almost exclusively due to changes in calcium
concentration and sensitivity to the calcium available, which can be influenced by beta-
adrenergic stimuli, inotropic drugs, pH, temperature, or loss of myocyte function.

Lusitropy is the rate of the heart’s diastolic relaxation and is derived from ventricular
pressure curves. The end-diastolic pressure-volume relation (EDPVR) is both the measure
of elastance and its inverse: compliance. EDPVR estimation may be limited in normal
working ranges and since measuring pressure-volume loops in wide working ranges is not
always feasible, interpretation can benefit from looking at the volume at a specific fill-
ing pressure [47]. For extreme working ranges, an experimental setting is needed. While
the systolic relationship can change on a beat-by-beat basis, due to arrhythmias or cardio-
vascular drugs, the diastolic relationship more accurately represents the geometrical and
structural state of the heart and is less sensitive to quick alterations. Diastolic properties
do worsen in progressive heart failure or improve with high-performance athletes. The
athlete’s heart permits a remarkable early filling and high compliance arising from cardio-
vascular conditioning. Other common PV loop metrics are the pressure decay known as
“tau,” or the pressure derivatives "dP/dt”.

Effective arterial elastance "Ea” estimates the stiffness of the arterial compartment, and
it incorporates both pulsatile and resistive components. Sunagawa et. al. proposed the con-
cept in a 3-windkessel model [48] that depicted the afterload with a proximal impedance
parameter (aortic distensibility), the arterioles’ opposition to flow through a mean resis-
tance parameter (systemic vascular resistance), and a capacitance parameter (upstream total
arterial compliance). Aortic elastance is dynamic over the heart cycle. It increases when the
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aorta becomes stiffer when receiving blood during the ejection phase and decreases when
the elastic aorta drives the stored blood forward during diastole.

Ventricular Energetics

During the cyclical changes in ventricular pressure, the ventricle ejects blood when pres-
sure overcomes the diastolic arterial load. The contractile myocardium can be depicted as a
global ventricular stiffness, or ventricular elastance, that waxes and wanes during each heart-
beat (Figure 1.7A). Implicit in the PV loop model is, therefore, that ventricular contractility
can be quantified in terms of elastance, which increases during systolic contraction, reaches
a peak near end-systole (Emax), and decreases during relaxation, and repeats. As pressure
multiplied by volume equals energy, the total energy expenditure of each heartbeat can be
quantified as the net effective work utilized for expelling blood (i.e., stroke work) and the
potential energy (PE) stored in the sarcomere after contraction. The area under the ESPVR,
i.e., the pressure-volume area (PVA), amounts to the sum of PE and SW (Figure 1.7B), and
the net work exerted over time, i.e., external power (EW), is quantified as SW-Heartrate.
The Emax has been widely used to measure contractility as it shows strong independence
from pre and afterload conditions (Burkhoff AJP 2005). For a given inotropic state, the
Emax measured from a family of PV loops at stepwise reduced afterloads at a fixed preload
(Figure 1.7C) would equal the same Emax as obtained by reducing preload at a fixed af-
terload (Figure 1.7D). However, there are reservations to this statement as Emax is slightly
influenced by afterload impedance [49, 50] and length-dependent activation [51, 52], in-
dicating an intrinsic load dependence of the cellular actin-myosin interaction.

Suga et. al. demonstrated a linear correlation between total mechanical expenditure and
left ventricular oxygen consumption (VO2) [53]. This relationship is characterized by an
internal and an external O2 cost, corresponding to 1) the basal metabolic rate independent
of the PVA and 2) the cost that increases linearly with PVA (Figure 1.7E). Furthermore, the
02 cost of PVA for a given contractile state is largely independent of the type of beat, heart
rate, or loading condition [54, 55]. The original research underlying these findings was
performed in well-defined conditions of instrumented canine hearts. Due to a multitude
of influencing hemodynamic variables, the correlations in-vivo are weaker [56]. Ventricular
efficiency refers to the proportion of mechanical work output to chemical energy input [57].
Direct measurements of myocardial oxygen consumption from the large cardiac veins have
been performed by experimentalists, yielding efficiency as the ratio of SW to VO2. Using
the previous assumption that PVA strongly relates to the MVO2, a common approach to
efficiency is using the SW to PVA ratio. Both SW and efficiency are within a few percent
of their respective maxima in many conditions [58]; however, they can severely deteriorate
in heart failure with systolic dysfunction [59].
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Ventricular-Arterial Interaction

A complex equilibrium arises from the pressure generated from the ventricle and the flow in
the arterial compartment, which can be estimated with pressure-volume loops. The hemo-
dynamic concept of ventricular-arterial (VA) coupling was initially developed by Sunagawa
et. al. [48]. The VA coupling describes the relationship between the vasculature and ventri-
cle as two elastic chambers, using units of volume and pressure. The coupling is a balance
between the “stiffness,” or elastance, of the receiving chamber and the “stiffness” of the
Ea (Figure 1.7F). Further, it was predicted that the

Emazx
most efficient energy transfer between the ventricle and arterial compartment without ex-

ejecting chamber, with the ratio

cessive pressure differences occurs when the VA coupling is near 1 [60].

In health, there is reasonable matching between the ventricular and arterial elastance.
Average ratios of Ea/Emax at rest are between 0.6-1.2 in healthy humans [61]. By con-
trast, severe afterload mismatch is present in systolic heart failure, which can be seen in VA
coupling ranging between 1.3-4.3 [62, 63]. When the etiology is of an ischemic basis, it is
commonly associated with a stiff and diseased aorta, aggravating the mismatch resulting in
an increased proportion of stroke work exerted is wasted. Solely focusing on the VA number
itself seldom gives sufficient hemodynamic insight, especially when fixating the V to zero,
as it provides Ea/Emax = ﬁ — 1 [64]. Instead, explicitly examining the individual
components of the Ea/Emax or their changes after an intervention provides information
on whether the hemodynamic alterations are due to properties of the left ventricle, arteries,

or both [65].
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1.4 Ventricular Longitudinal Function

1.4.1 Historical Background

The heart’s longitudinal motion was, like many things, early described by Leonardo da
Vinci. He depicted how a needle-like instrument inserted into a pig’s heart had a signifi-
cant movement if inserted at the base and less movement when inserted at the apex [66].
This indicated that the heart’s pumping action was a shortening in systole and lengthening
in diastole in the longitudinal — or “caudal-cephalad” - axis. Subsequently, animal exper-
imentation by Hamilton and Rompf [67] in the 1930s observed several essential concepts
such as the relatively constant total heart volume, a stationary apex, and even the recipro-
cal filling pattern between the ventricles and atria. /nge Edler briefly mentioned the first
recordings of the mitral ring motion in 1965 [66]. However, Zaky et al. in 1967 [68]
studied 25 healthy volunteers as the first study focusing on the mitral ring movement in
humans. The average amplitude was 16 mm.

Stig Lundbiick was a cardiologist and entrepreneur who compiled a comprehensive the-
sis on cardiac longitudinal movement and the function of the ventricular septum in 1986
[3]. He states that the heart needs to overcome two bioengineering problems: The optimal
pumping of blood from an energy conservation perspective and the balance between the
systemic and pulmonary circulatory loops. The energetically optimal pumping problem,
he ascribed to the longitudinal pumping. If the apex is stationary, congruent with previ-
ous research, and if the heart does not want to pull on the surrounding tissues resulting in
wasted energy, there must be minimal volume variations during the heart cycle. Thus, the
longitudinal pumping has to be essential. The thesis also states that the ventricular septum
is the critical regulator between the two circulatory loops, acting as a membrane-like pump.
Furthermore, he also developed new types of pumps based on the principles of longitudinal
pumping and the ventricular septum.

These foundational concepts briefly mentioned have been observed and expanded upon
by modern imaging techniques such as CMR and echocardiography and are further de-
scribed in later sections.

1.4.2 Atrioventricular Plane Displacement

This section revisits the anatomical AV plane and views its functional implications for car-
diac pumping. Firstly, the microstructural components during the cardiac cycle, i.e., my-
ocyte contraction, relaxation, and sheetlet reorientation, are the drivers of the apical-basal
ventricular systolic longitudinal shortening and diastolic lengthening. Secondly, a non-
compressible myocardium that becomes shorter must also become thicker to preserve the
membrane stability of cardiomyocytes. What follows is that the external boundary condi-
tions are prerequisites of normal ventricular longitudinal function and the near-constant
total heart volume during the heart cycle. The heart is anchored at the atrial roof, con-
necting to the major arteries. The pericardium is the side and bottom anchors of the heart,
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which effectively renders the apex stationary during the heart cycle [67, 69]. The pericar-
dial adherence forces result from the surface tension of the pericardial liquid multiplied by
the area of contact with the epicardium. The pericardial-normal constraint while allowing
sliding of the epicardial surface is shown to positively influence longitudinal pumping in
computer simulations [31]. The pericardium also often adheres to the sternum, securing
the heart relatively immobile.

With the function, anchoring, and boundaries in place, the AV-plane and valvory
movementnit with their oscillatory movement. The ventricular shortening pulls the base
of the heart towards the apex and simultaneously lengthens the atria (Figure 1.8). There-
fore, the atrioventricular plane displacement (AVPD) causes aspiration of blood from caval
and pulmonary veins into the atria during systole [70] since the heart and vessels act as a
closed-loop system at this level. The atria receive and store this aspirated volume before
entering the ventricle during the early ventricular filling phase. This volume is known as
the atrial reservoir volume. The AVPD is directly coupled with the atria in this regard and
can thus be considered a measure of both ventricular and atrial function.

Since the heart is simultaneous emptying and filling, the total heart volume varies only
slightly. However, there is no exact temporal matching of blood inflow and outflow; in-
stead, the ventricle succeeds in emptying a larger volume than what the AVPD is pulling
into the atria during systole [71]. This is due to the slight inward outer contour change of
the ventricle during systole [2, 72, 73] and explains why the total heart volume has been
shown to vary from 4-11% in humans [71, 74, 75]. This volume debt, generated by the
epicardial outer contour change, is accounted for during ventricular diastole by a small
portion of blood directly bypassing the atria into the ventricle caused by the centrifugal —
i.e., outward from the center - rebounding during relaxation. This volume is known as the
atrial conduit volume [76].

In early diastole, the AV plane rapidly rebounds to its equilibrium position at diastasis
and oscillates [77, 78] after releasing the stored potential energy in the myocardium during
initial relaxation. The amplitude of the AV plane during this phase is here referred to as
”E-wave AVPD”, and its velocity as €’. As a result of the early upward movement of the AV
plane, the atrial reservoir volume is now placed in the ventricle. This mode of blood trans-
fer is not detectable by Doppler echocardiography since it is a ventricular wall movement
relative to stationary blood. However, the pressure gradient between the ventricle and atria
caused by diastolic suction generates blood flow represented through the Doppler E-wave.
After the diastasis, the atrial systole causes atrial pressure to increase and augments filling
by an additional flow of blood, seen by the Doppler A-wave. The atrial systole also lifts
the AV plane to a small degree and stretches the myocardium, preparing for subsequent
ventricular contraction. This last stretch is here called ”A-wave AVPD”, and its velocity a’.

The volume that the AVPD encompasses can be calculated by multiplying the end-
diastolic short-axis area of the ventricle by the AVPD. The remainder of the stroke volume
is accounted for by the radial mode of pumping, which can be calculated as the inward
movement of the epicardium multiplied by the surface area. Furthermore, the radial con-
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Figure 1.8: A 3-chamber view of a heart. Left: The heart is in end-diastole (ED), and the

atrioventricular plane will begin its descent toward the apex (red arrows). Simultaneously,

a small inward epicardial contour change (b/ue arrows) will occur, representing the radial
”squeezing” motion. Right: The left ventricle has shortened and thickened due to both
longitudinal and radial functions. The contour at end-systole (ES) is shown with the solid
line and at ED with the dashed line. The ventricular longitudinal function generates the
majority of stroke volume. See text for further details.
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tribution can also be divided into septal and lateral parts. The relative contribution of
longitudinal and radial pumping to total stroke volume is approximately 60/40% for the
left ventricle and 80/20% for the right ventricle [72], which remains relatively unchanged
in myocardial infarction [79], dilated cardiomyopathy, and athletes [80]. Average values of
AVPD, or the near-equivalent metric “mitral annular plane systolic excursion (MAPSE)”,
depend on methodology and age but are for six-wall measurements in adults typically:
16.7+3.4 mm <40 years;15.1+£3.4 mm 40-60 years; 13.2+3.2 mm >60 years [81].

Unaccounting for disease, AVPD typically decreases slightly with age, correlates nega-
tively with heart rate, positively with height, but has no or minimal correlation with weight,
body surface area, or sex [82, 83]. With increasing body size, there is a similar increase in
heart size. However, the left ventricular length and end-diastolic diameter ratio do not
change significantly [84]. The volumetric contribution of AVPD to stroke volume will
therefore be relatively insensitive to symmetrical changes in heart size. In simplified terms,
AVPD/MAPSE normalized to LV length approximately equals the relative deformation in
the longitudinal axis, i.e., the global longitudinal strain (GLS). However, this normaliza-
tion induces an inverse correlation with heart enlargement. Although longitudinal strain
can offer detailed information on regional myocardial function, the insensitivity to heart
size of AVPD/MAPSE may contribute to the apparent prognostic value in many different
conditions, albeit being a “simple” variable.

1.4.3 Global Longitudinal Strain

The microstructural rearrangements of sheetlets and myocyte contractions from systole to
diastole produce significant longitudinal shortening, centripetal thickening, and twisting
motion of the base relative to the apex. The myocardial 3d-syncytium undergoes geomet-
rical deformation in all directions, and strain metrics are thus available in longitudinal,
radial, and circumferential directions. This thesis focuses on the apical-basal shortening
and lengthening of the ventricle, which can be assessed through myocardial longitudinal
deformation on a global level. This global estimate is known as GLS. The most straightfor-
ward strain equation can be described as the relative length change at the contracted state
”L;” from a starting end-diastolic length "Ly” (eq. 1.5). GLS measures the myocardial
deformation in the longitudinal direction, while AVPD can be conceptualized as the result
of this deformation acting on the AV plane.

GLS(%) = # (1.5)
0

ejection fraction (EF) is an omnipresent parameter used in modern medicine and has
gained an extensive evidence base. The relationship between EF and GLS is highly cor-
related, although more complicated than a simple linear correlation. In addition to only
incorporating volume change, like EF, GLS is affected by differences in LV shape and wall
thickness [85]. The EF and GLS relationship also differs depending on the pathology at
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hand. In most cases of normal heart function, the equation 1.6 holds — as long as the LV
shape, e.g., sphericity, elongation, or regional abnormalities, does not vary throughout the
cardiac cycle [80].

GLS = (1—EF)'/3 1 (1.6)

Generally, a more spherical end-systolic shape results in larger GLS amplitudes than an
elongated shape, even with identical EE. This is evident in good correlations between GLS
and EF in normal conditions and heart disease with dilatation. However, an abnormal GLS
can be detected in pathologies while EF remains unchanged, like concentric hypertrophy
or heart failure with preserved EF [87]. GLS provides some insight into how the shape of
the LV changes during the heartbeat, and its incremental value over EF partly corresponds
to how much shape change is occurring.

Over the last decade, there has been significant interest in developing new cardiac tech-
nologies to evaluate the contraction and relaxation of the heart. One promising develop-
ment was speckle-tracking echocardiography, which allows clinicians to measure the heart’s
strain or deformation. More recently, cardiac magnetic resonance (CMR) feature-tracking
technology enables the measurement of GLS with specialized software by recognizing “pat-
terns of irregularities” in the myocardium that are tracked in successive frames. More details
on GLS imaging are provided in later sections.
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1.5 Heart disease

Ischemic heart disease is a disease originating in the coronary circulation that can cause
microvascular dysfunction, poor myocardial perfusion, and myocardial infarction (MI).
There are over 600,000 new and 200,000 recurrent cases of acute myocardial infarction
(AMI) per year in the US, and MI is a significant cause of heart failure (HF) globally
[88]. Most MIs are nonfatal; however, many patients suffer reinfarctions, angina, and
progress towards heart failure. Furthermore, a growing and aging population have increased
ischemic heart disease’s global burden [89]. Because of the severity of the situation, research
on ischemic heart disease is continuously warranted.

1.5.1 Myocardial Infarction
Pathophysiology

MI is caused by a prolonged lack of blood flow, known as ischemia, in myocardial tis-
sue. The basis for the reduction in blood flow can be ecither of a progressive or an acute
nature. Most cases of acute myocardial infarction are caused by the sudden rupture of an
atherosclerotic plaque, causing an acute occlusion of a coronary artery. The ischemic region
at risk of demise is herein referred to as the myocardiium at risk (MaR). When a plaque
ruptures and extra-intimal tissues and plaque fragments are exposed to the bloodstream, a
thrombus quickly builds, blocking the passage of blood downstream. The pathophysiolog-
ical progression from ischemia to manifested infarction is known as the ischemic cascade
[90]. The term “cascade” may be misleading as it underlines that one event casually trig-
gers the next in a preordained fashion. Instead, the usage of an ischemic “constellation”
has been proposed to disband the confusion arising from temporally mismatched events,
for example relating to the onsets of chest pain, wall abnormalities, or ECG changes [91].

The manifest infarct size (IS) is the most important predictor of poor outcomes after
AMI [92]. The main determinants of myocardial IS are 1) the extent of the MaR, 2) the
duration of ischemia, and 3) the amount of residual collateral blood flow [93]. Additional
aggravating elements influencing the severity of myocardial ischemia include factors that
further increase myocardial oxygen demand beyond supply, e.g., increased pressure work,
inotropy, wall tension, temperature, and heart rate. A consummated MI is synonymous
with loss of viable myocardium and reduced cardiac function. Ultimately, this means poor
cardiac output when facing ordinary afterload, failure to recruit reserve capacity when re-
quired, or only being able to do so at the expense of increased filling pressures. During
the initial ischemia, ventricular diastolic and then systolic dysfunction ensues. After that,
ECG abnormalities become present, and their appearance depends on the ischemic locale.
In LAD’s perfusion territory, transmural ischemia leads to an ST-elevation on ECG, hence
the term ”ST-elevation myocardial infarction (STEMI)” [94]. Ischemia originating from
other vessels, i.e., LCX or RCA, can result in STEMI but may also present with non-typical
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or minimal ECG changes. This latter case is labeled non-STEMI. Further ischemia ulti-
mately leads to myocyte death.

Myocardial contractile tissues subjected to transient or repetitive ischemia can some-
times stay in intermediate states between viable and dead. Dysfunctional but viable my-
ocardial tissues are often targets for reperfusion therapies and are essential to detect [95].
Stress-induced ischemia occurs when the metabolic demands at stress exceed the blood sup-
ply, resulting in poor function and perfusion. Stunning, induced by ischemic bouts, is a
low-functioning state at rest and stress, but at normal perfusion [96]. Repetitive stunning
can also elicit histopathological changes and a deteriorated perfusion at stress. Hibernation
is another poor contractile and perfusion state without widespread cell death. Abnormal
histopathological changes, such as dedifferentiation of myocytes, are often present in hi-
bernating myocardium [97, 98].

The rupture of plaques can also cause microembolization of debris, e.g., plaque material,
cellular, and platelet aggregates, which travel downstream and occlude smaller vessels and
riddle the myocardium with small regions of ischemia. Microembolization can also be
iatrogenically caused and is one of the periprocedural risks associated with percutaneous
coronary intervention (PCI) [99].

Treatment

The single most important treatment for ongoing myocardial ischemia is reperfusion. This
is most often accomplished by a PCI. Since its advent and widespread use, it has dramati-
cally improved mortality and morbidity for patients with acute myocardial infarction [100].
Formerly, drug-mediated thrombolysis was the recommended choice.

Other therapies beyond percutaneous reperfusion in the acute setting exist. Reduced
coronary flow reserves in dysfunctional but viable myocardium can be treated by coronary
artery bypass grafting (CABG) [101], which is especially suitable in patients with diabetes
or multi-vessel disease. Medical treatment for ischemic heart disease includes the use of
dual antiplatelet therapy [102], Beta-blockers [103], angiotensin-converting enzyme or an-
giotensin II inhibitors [104], depending on tolerance and risk-benefit ratio. Amiodarone
may remedy associated arrhythmias [105]. IHD remains a significant cause of acute and
chronic HE, and recommended medical therapies for HF do not differ significantly. The
two types of drugs that most recently have shown survival benefits and are adjudicated for
widespread use in HF are angiotensin-neprilysin inhibitors [106, 107] and sodium-glucose
cotransporter 2 inhibitors [108, 109].

Reperfusion Injury

Although seemingly unintuitive, the reestablishment of blood flow of ischemic myocardial
tissue can cause additional damage (Figure 1.9). Reperfusion is, therefore, a double-edged
sword that has gained the interest of many researchers. A theoretically optimal cardio-
protective therapy would instantly stop any further ischemic injury. However, no such
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Figure 1.9: Schematic illustration of reperfusion injury. Without reperfusion, the infarct
size (IS) will, in time, devour a larger piece of the myocardium at risk (MaR). Reperfusion
by percutaneous coronary intervention salvages some myocardium from succumbing to
ischemia while inadvertently causing additional myocardial injury, compared to theoretical
optimal cardioprotection. Adapted from Garcia-Dorado and Piper, Cardiovascular Research
2006 [112].

treatment exists to date. The view of reperfusion injury is supported by evidence that in-
terventions applied at the end of the ischemic period (i.e., coinciding with reperfusion) can
reduce infarct size. This was exemplified in the 1980s, showing that gentle reperfusion was
superior to abrupt reperfusion [110]. Other modes of controlled reperfusion, also known
as post-conditioning, which is a series of brief episodes of ischemia and reperfusion after a
prolonged bout of ischemia, have been refined and shown effective [111].

Reperfusion injury refers to damage caused by restoring blood flow to an area that has
been deprived of it, such as in AMI. There is currently no complete understanding of the
pathophysiological mechanisms involved. However, it is generally accepted that it is char-
acterized by a complicated series of events, both inside and outside the myocyte, including
the generation of free radicals, calcium overload, mitochondrial dysfunction, inflammation,
complement cascade activation, platelet aggregation, microvascular injury, hemorrhage,
and edema [113, 114]. Several of these mechanisms have directed researchers to potential
targets for ameliorating reperfusion injury. For example, the ability of Cyclosporin A to
combat the ramifications of mitochondrial dysfunction has been investigated [115]. The
mitochondria are the cell’s powerhouses and balance ATP production with ATP demand
by sensing calcium levels. During reperfusion after ischemia, the cells and mitochondria
are overloaded with calcium and oxidative stress. This, in turn, induces the opening of
large-conductance non-specific pores in the inner mitochondrial membrane known as the
“mitochondrial permeability transition pore (mPTP)” [116]. mPTP production is associ-
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ated with mitochondrial swelling and cell death and has been the aim for cardioprotective
drugs, such as Cyclosporin A.

Hypothermia

As previously stated, the myocardial temperature is a determinant of ischemic severity. ther-
apeutic hypothermia (TH) in ranges of 32-35°C has been shown to reduce the size of MI in
pre-clinical models [117, 118]. This has been demonstrated in rabbits [119], dogs [120],
sheep [121], and pigs [122—124], and the potency of the ischemia-limiting effect seems to
be directly linked to the temperature reduction and shortening of normothermic ischemia.
In patients who have suffered from cardiac arrest, hypothermia has been shown to reduce
the incidence of neurological deficits following resuscitation and is implemented in clinical
guidelines [125, 126]. TH has therefore been considered a promising therapeutic approach
adjunct to PCI for AMI.

Although many potential targets exist, cardiovascular drugs have a low likelihood of
gaining approval for clinical use (~7%) after clearing the experimental phase [127]. The
allure of hypothermia might be the “catch-all” mechanism of enzymatic deceleration that
involves known and still unknown pathways for reducing ischemic injuries that aid the
heart’s recovery.

Despite promising results from experimental studies, TH is still hampered by the
larger clinical trials’ moderate and varied results. In meta-analyses [128—130] of completed
randomized clinical trials, including "RAPID-MI-ICE” [131], "CHILL-MI” [132], "VE-
LOCITY” [133], "STATIM” [134], "COOL-MI-InCor” [135], "COOL AMI EU pivotal
trial” [136], the combined results failed to significantly show reductions in IS or IS/MaR.
However, significant reductions in infarct sizes were seen in specific subgroups of patients
achieving core temperature <35°C at the time of reperfusion for both anterior (p=0.03)

and inferior infarcts (p=0.04) [137].

The slow cooling rate currently achievable by hypothermia-inducing devices could con-
tribute to this lack of results. It is important to reach an adequate level of cooling before
reperfusion to achieve a potent IS reduction. A central temperature goal of <35°C reached
in minutes has been stated as a sweet spot [132], balancing the clinical feasibility and car-
dioprotective efficacy. Still, this level remains challenging to achieve in human patients
without prolonged cooling (45-90 min) [128]. Faster cooling devices without increasing
adverse side effects are likely needed to instate this approach into the clinical setting. Sys-
temic hypothermia is associated with some side effects and complications. These are mainly
extra intravenous access points that could lead to infections, a higher incidence of atrial
fibrillation, a prolonged door-to-balloon and ischemic time, and discomfort. To overcome
this, novel strategies to cool the myocardium, such as intracoronary cooling, have been
proposed [130]. It has been shown in experimental models that cooling directly inside the
culprit’s vessel before and during reperfusion may improve outcomes for STEMI patients
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Figure 1.10: Illustration of the typical progression of heart failure leading to reocurring
hospitalizations and unrecovered cardiac function. Adapted from Gheorghiade and Mebazaa,
Am ] Cardiol, 2005 [142].

[138]. Some researchers propose intracoronary cooling for reducing reperfusion injuries as
the new stage for TH, and the randomized clinical trial "JEURO-ICE” is ongoing [139].

1.5.2 Heart failure
Epidemiology

HF represents a significant burden on healthcare systems worldwide. According to es-
timates from the Centers for Disease Control and Prevention in the United States, HF
affects approximately 3.5 million to 5.8 million people annually. It is a leading cause of
hospitalization in adults aged over 65 years, and HF is responsible for about one of every
nine deaths involving cardiovascular disease in the United States [88, 140]. To enumerate,
26 million people suffer from HF globally [89]. One in five people is expected to develop
HF in a lifetime [141]. Furthermore, the typical trajectory of an HF patient is a recurrent
series of gradual or abrupt clinical deteriorations leading to hospitalization, each associated
with unrecovered cardiac function and quality of life (Figure 1.10).

Pathophysiology

HF is a collection of symptoms that manifests when the heart cannot perform its duties.
The underlying cause can be a failure in any foundational pillars: contraction, relaxation,
filling, emptying, heart rate, or a combination thereof. Chronic HF manifests from an
inability of the heart to produce sufficient blood flow and pressure to meet the metabolic
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demands of the body, leading to a buildup of fluid in the lungs, shortness of breath, and
fatigue. While the two forms of chronic heart failure — heart failure with a reduced ejection
fraction (HFrEF) and heart failure with a preserved ejection fraction (HFpEF) — have
similar symptoms, they are characterized by different pathophysiological findings [143].
In HF:EE a high degree of cardiomyocyte injury, evident in increased injury biomarker
troponin T, and replacement fibrosis results in left ventricle enlargement and increased wall
stress apparent in increased N-terminal pro-B-type natriuretic peptide levels. Activation of
neurohormonal systems leads to sodium retention and systemic vasoconstriction [144].
The neurohormonal activation maintains hemodynamic homeostasis and contributes to
myocardial fibrosis and remodeling, resulting in progressive ventricular dilation and pump
dysfunction. The loss of myocytes and thus contractility can be caused by various adverse
reasons such as ischemia, myopathy, inflammation, or culprit gene disorders. On the other
hand, HFpEF is characterized by systemic inflammation, epicardial accumulation of fatty
tissue, diminished microcirculation, myocardial fibrosis, and vascular stiffness [145].

Classification

The universal definition of HF states that: “HF is a clinical syndrome with symptoms
and/or signs caused by a structural and/or functional cardiac abnormality and corroborated
by elevated natriuretic peptide levels and/or objective evidence of pulmonary or systemic
congestion” [146]. Contemporary definitions of HF is based on cut-points of EE. For
instance, the European Society of Cardiology (ESC) has the following definitions: HFrEF =
EF<40%; HF with mid-range EF "HFmrEF” = EF 40-49%; and HFpEF = EF>50%; with
the additional requirements of symptoms and signs such as elevated natriuretic peptides.

There are several other systems used to classify heart failure. Two of the most common
are the New York Heart Association (NYHA) and the American Heart Association (AHA)
classifications. The NYHA classification has four categories, ranging from patients who
experience no symptoms of heart failure to those who experience severe symptoms at rest. In
general, patients in Class I experience no symptoms. Class II patients experience symptoms
of heart failure during physical activity, such as walking or climbing stairs. Patients in
Class III experience symptoms of heart failure during low levels of activity, like walking or
climbing one flight of stairs. Patients in Class IV cannot undertake any physical activity
without experiencing symptoms.

The AHA system has four stages that are generally used to describe damage progression.
Stage A describes patients at risk for developing heart failure without current manifest signs.
Stage B describes patients with pre-HF indicating existing structural damage, abnormal
cardiac function, or elevated natriuretic peptides but without symptoms. Stage C describes
patients with existing structural damage and currently experiencing signs or symptoms of
that damage. Stage D describes patients with advanced structural damage and chronic
symptomatic heart failure or reoccurring hospitalization despite optimal medical treatment.
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In addition to these classifications based on symptoms, structure, and activity levels,
there is also the "Interagency Registry for Mechanically Assisted Circulatory Support (IN-
TERMACS)” system. This is based on the severity of illness and treatment urgency and
allows physicians to track changes in these factors over time. It consists of seven stages that

are divided into early (1-3), advanced (4-5), and end-stage (6-7) HE

HF can also be divided into different pathophysiological or symptomatic categories
depending on context. These include: systolic vs. diastolic HE, which are often used
unanimously with HFrEF and HFpEF; left vs. right-sided HE referring to which ventricle
predominantly fails; and HF with forward vs. backward failure, highlighting if insufficient
perfusion or congestion dominates the symptomatology. The combination of tissue perfu-
sion and pulmonary congestion is exemplified as the four hemodynamic subsets of acute
heart failure developed by Forrester et. al. in 1976, i.e., combinations of “Warm/Cold” and
“Wet/Dry,” respectively [147]. When perfusion is inadequate, the patient is “Cold,” and
when congestion causes pulmonary edema, the patient is “Wet.” A patient exhibiting si-
multaneous “Cold” and “Wet” clinical characteristics has a grim prognosis. This framework
can be used as a guide for clinical decision-making.

Treatment

Treatment for heart failure is multi-faceted and always builds on top of the best medi-
cal therapy available. Patients should also participate in exercise rehabilitation and be
managed by a multi-professional team of healthcare professionals. The optimal medi-
cal treatment shown to reduce mortality in all HF patients includes a regimen of ACE-
inhibitors/angiotensin receptor neprilysin ’ARNIs”, beta-blockers, mineralocorticoid an-
tagonists "MRAs”, and sodium-glucose cotransporter 2 inhibitors "SGLT2s”, at tolerated
dosages.

The underlying cause of HF should be treated whenever possible in both acute and
chronic onsets of HE. Acute etiologies can be remembered from the "CHAMP” acronym
(acute Coronary syndrome, Hypertension, Arrhythmia, Mechanical cause, Pulmonary em-
bolism). Patients with an established ischemic burden, and particularly those with diabetes
and multi-vessel involvement, benefit from CABG revascularization surgery [148]; patients
with arrhythmias or intra-ventricular conduction delays can be treated with cardiac resyn-
chronization therapy (CRT) pacemaker [149] or implantable cardioverter-defibrillator
(ICD) [150]. Open surgery or percutaneous interventions may be performed to treat
manifest mitral regurgitation or aortic stenosis [151]; in severe cases, however, heart trans-
plantation remains the gold standard in patients without contraindications. Post-transplant
1-year survival is above 80%, with a median survival of about 11 years [152]. Still, trans-
plantation remains only available to a small number of patients. Mechanical circulatory
support (MCS) is a specialized form of treatment for patients with advanced HF ineligible
for heart transplantation. Although an MCS device is not a cure, it can sustain blood
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perfusion to vital organs and improve the quality of life for many patients [153]. An MCS
device can be used as a bridge to therapy, bridge to candidacy, or as destination therapy.

1.5.3 Ventricular Longitudinal Function in AMI and HF

An impaired ventricular longitudinal function is a common feature of heart disease, in-
cluding AMI and HF [154], and renders the ventricles” contraction and relaxation inad-
equate. Thus, this functional impairment can be detected as dysfunctions in both systole
and diastole. Two non-invasively measured entities of ventricular longitudinal function
are AVPD/MAPSE, which measures the amplitude of the oscillatory atrioventricular ring
motion during a heartbeat in the longitudinal direction, and GLS, which measures the
deformation innate to the myocardium in that same direction.

Both echocardiography and CMR have been utilized when studying ventricular lon-
gitudinal function. Echocardiographic studies toward the end of the 20th century found
MAPSE to be depressed after AMI [155, 156] with recovery after thrombolysis, highlight-
ing its link to contractile function [157]. Furthermore, MAPSE was shown to be low in
patients with stable coronary artery disease [158], in chronic congestive HF [159], be as-
sociated with diastolic dysfunction in HF [160], and the degree of aortic stenosis [161].
MAPSE was reported to predict mortality in HF [162], AMI [163], chronic atrial fibrilla-
tion [164], and in patients with stable coronary artery disease [165].

AVPD/MAPSE and GLS decrease with age, even without CV disease [81], such as
most indices of ventricular function. Be that as it may, the heart’s long-axis function is
early and significantly reduced in myocardial infarction and heart failure. Intriguingly,
both experimental [166] and clinical studies [167] report that regional ischemic injuries
cause globally depressed AVPD. The longitudinal contribution to stroke volume varies at
the individual level, and may even be above 100% in patients with paradoxical wall motion.
However, it is largely unchanged at around 60% at group levels, even when left ventricular
dilation [80] or remodeling after MI is present [79]. A reduced AVPD in HF is often
compensated by an increased short-axis area from LV dilation, retaining the longitudinal
contribution to stroke volume.

CMR studies in the last years have shown that MAPSE has prognostic value for major
cardiac events (MACE) in patients undergoing routine CMR examination [168] and in
STEMI patients [169, 170]. Further, MAPSE was shown an independent predictor of
all-cause mortality with high significance in patients with reduced EF (<50%) [171] and
hypertension [172]. MAPSE normalized to LV length was shown to independently predict
MACE in a large population without cardiovascular disease at inclusion [173].

Likewise, GLS has amounted to a large evidence base in AMI and HF [174]. GLS
measurements signal myocardial abnormalities in HF earlier than do EF [175, 176]. GLS
correlates with exercise capacity in HF [177]. GLS also predicts progression in subclinical
HF [178], HF-readmissions in acute HF [179], and HF-associated morbidity [180, 181].
It was recently shown that a feeble GLS response during vasodilator stress predicted ad-
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verse cardiovascular events in patients undergoing stress CMR [182] and treadmill-exercise
echocardiography [183]. For mortality endpoints, GLS has shown prognostic merit in sev-
eral patient populations, including dilated cardiomyopathy [184, 185], acute HF [186],
HFrEF [187, 188], and hypertension [184]. GLS also carries prognostic value in ventricu-
lar hypertrophy [87]. Although pitfalls exist, the coupling of strain imaging with myocar-
dial function, its growing evidence base, and technical feasibility have resulted in it being
increasingly used clinically.

AVPD, which can be calculated from standard echocardiographic or CMR-acquired
long-axis views of the heart, is relatively easy to measure. GLS, on the other hand, relies on
more specialized sequences or software but may carry information about additional aspects
of cardiac function such as regional contractility when using accurate methods. Much of the
GLS intricacies related to software algorithms and postprocessing are proprietary secrets of
companies that elicit vendor dependency [189]. Both AVPD and GLS seem to have similar
prognostic information and are valid methods to assess long-axis function. Certain patients
may be better classified by one over the other, as indicated by discrepant results between
studies [170, 187]. However, it is more apparent that AVPD/MAPSE and GLS seem to be
better carriers of prognosis than ejection fraction, as evident in several extensive imaging
studies regardless of imaging technique [168-171, 174, 176, 180, 184, 187, 190, 191].
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1.6 Cardiac Imaging

Imaging the heart can be performed with many different techniques, and all modalities have
their benefits and limitations. Furthermore, the innovations that enable imaging originates
from a wide range of physical properties (e.g., echolocation, electromagnetism, ionizing
radiation, etc.) Here is a short overview of the cardiac imaging methods relevant to this
thesis.

1.6.1 Cardiac Magnetic Resonance
The MRI Hardware

The MRI system contains three main components. 1) A magnet that produces a strong and
homogenous magnetic field. The main magnet consists of a metal coil which is cooled until
superconducting properties emerge. This enables a near-zero resistance for any imposed
current. The main magnetic field produced, B, is measured in Tesla (T), and its direction
is along the MRI scanner bore. A cartesian coordinate system with three orthogonal axes
(x, y, and 2) is used to define the magnetic fields, and the z-axis is always parallel to
Bo. Specific strengths for clinically used MRI scanners are typically 1.5T or 3T. 2) Three
additional minor electromagnets, called gradient coils, are used to manipulate and vary
the magnetic fields in known magnitudes in three different directions. The function of
the gradient coils is the spatial localization of the MR signal. 3) Two radiofrequency (RF)
coils, one transmitting and one receiving, are used to send and receive radio pulses. The RF
transmitter sends radio waves at specific known frequencies and durations. The RF receiver
detects the MR signal generated by the "’NMR” process discussed below.

The Physics and Encoding of the MR Signal

The MR signal results from the physical phenomenon of nuclear magnetic resonance
(NMR). Hydrogen (H™) is the nucleus almost exclusively used clinically since its vast
abundance in humans, particularly in water and fat. The NMR process can be achieved
because hydrogen atoms (protons) have an unevenly spatially distributed nuclear mass.
The protons also have specific quantum mechanical properties called spin and thus a mag-
netic moment. Simplified, they behave as magnetic dipoles, which electromagnetic fields
can influence. When By is applied, the protons align parallel or antiparallel with a slight
predisposition in one direction resulting in a net magnetization vector. In addition to this,
the protons precess around By with a specific frequency which can be calculated with the
Larmor equation (eq. 1.7).

where 7 = 42.6 MHz/T for hydrogen. The precession frequency “w” is dependent on
the element-specific gyromagnetic ratio “y” and the strength of the magnetic field “Bg”.
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Since the strengths of the magnetic fields are known and thoroughly calibrated, this equa-
tion is the foundation for calculating which frequencies specific protons precess with and
at which frequency the RF pulses need to resonate with those protons, hence the term
magnetic resonance. When the RF pulses and the precessing protons resonate, the net
magnetization vector tilts away from By at a certain flip angle. The gradient coils create
linear variations in the magnetic fields along with one of the orthogonal axes “z, ¥, or 2”
and thus yield gradual changes in 7y in the same direction. When a gradient is applied on
the z-axis, the protons’ precessing frequencies in the body now depend on their location
on the z-axis. Therefore, a narrow group of RF pulses can target a thin slice’s ¥ to acquire
the MR signal and achieve slice selection.

Once flipped away from the By and z-axis, the net magnetization vector can now be
described by three components, or vectors, in the 2, x, and y-axis. After RF pulse cessation,
the magnetization vector will rapidly return to the z-axis, which is called relaxation. The re-
laxation in the longitudinal, z-component, and transverse xy-component occurs indepen-
dently and can be described using exponential functions. The regrowth of magnetization in
the z-axis is defined by the time constant called “T'1” and the decay of magnetization in the
xy-axis by the time constant “T2”. T1 is the time it takes for 63% of the z-component to
recover. T2 is the time it takes for the xy-component to decrease to 37% of its initial value.
Simplified, the contrast in the MR image results from different T1 and T2 properties and
different proton densities of the imaged tissues. Sequences can be designed to exaggerate
the signal of one relaxation over the other.

One dimension of the MR signal can now be manipulated. To further the selection
in two additional dimensions, the protons’ properties need to change in the other two
orthogonal directions, “y and =.” This is accomplished by phase encoding (y-axis) and
frequency encoding (z-axis). Phase encoding means that a magnetic gradient is played out
directly after the first slice-selecting gradient along the y-axis that accelerates and decel-
erates the protons’ precessing frequencies, thus causing phase shift. The phase-encoding
gradient would interfere with the slice-selecting gradient and is therefore set apart in time.
A third frequency-encoding gradient is applied during the acquisition period and alters the
frequencies in the z-direction during readout.

The resulting signal is recorded in the spatial frequency domain, called k-space. It is
an intricate waveform pattern resulting from frequencies manipulated in three dimensions.
The k-space is encoded in phase and frequency. It is represented as a 2D grid, and each
signal sampled results in one line of k-space. The number of lines and points limits the
spatial resolution of the image. The k-space data is ultimately transformed into a digital
image through the Fourier transform.

MRI Contrast Media

All imaging modalities present their results in digital images. The two most essential com-
ponents in a digital image are contrast and resolution. The signal in magnetic resonance
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imaging (MRI) can be augmented by different elements, the most common being gadolin-
ium (Gd). MRI-contrast agents are magnetic or paramagnetic, referring to whether they
themselves are detected or affect surrounding tissues to alter their magnetic properties. Gd-
based contrast agents are paramagnetic and cause protons in their immediate surroundings
to shorten their T1 time. Free Gd ions are toxic and therefore chelated with small carrier
molecules, most commonly “diethylenetriaminepentaacetic acid (DTPA)” or "dodecane
tetraacetic acid (DOTA)”, which the kidneys can excrete. Gd-chelates passively diffuse
into extracellular spaces but are unable to enter viable myocytes. This property is utilized
in late gadolinium enhancement imaging discussed below.

Sequences
Cine Imaging

“Cine” imaging refers to the resulting “video” or moving image used to view the heart func-
tion over time, most often as one heartbeat. This is commonly achieved by synchronizing
the MR acquisition with the subject’s ECG rhythm. Since the acquisition of multiple slices
requires time and the heart moves by itself, and with respiratory motion, a reconstructed
heartbeat “cine” is a merged sampling of typically ten heartbeats during end-expiratory
breath holds. Multiple breath holds are often needed to cover the entire heart. Heart
rhythm irregularities or failed breath holds during acquisition is a common cause of image
artifacts. The sequence used for cine imaging in this thesis is the balanced steady-state free
precession (bSSFP) [192], either with or without contrast. When bSSFP is used, the net
magnetization vector is flipped in an oscillatory manner along the z-axis, giving a relatively
steady-state xy-transverse magnetization over several heartbeats. It provides an excellent
difference between the myocardium (dark) and blood (bright) even without contrast and
is based on the T1 and T2 relaxation ratio.

Late Gadolinium Enhancement Imaging

Myocardial infarction and fibrosis can be visualized and accurately quantified by CMR
using late gadolinium enhancement (LGE) [193, 194]. LGE is also commonly used for
detecting other pathologies such as myocarditis, hypertrophic myopathy, or sarcoidosis.
The mechanism of LGE is the increasing distribution volume of Gd-contrast in pathological
tissues [195, 196]. The term “late” refers to the time delay of typically 10-30 minutes
between contrast injection and imaging. Healthy and injured myocardial tissue exhibit
different contrast kinetics, i.e., the contrast washes out unevenly (Figure 1.11), yielding a
kinetic pathological basis for using LGE imaging to differentiate ischemic, infarcted, and
normal myocardium. Gd-based contrast agents do not pass the lipid membranes of cells,
although they enter the extracellular volume that contains the fluid and proteins between
the cells.
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Figure 1.11: Schematic illustration of the temporal relationship between contrast wash-out
of different tissues. Late gadolinium enhancement imaging is typically performed 10-30
minutes after contrast injection. Adapted from Kellman & Arai | Magn Reson Imaging, 2012
[197].

When myocardial tissue damage occurs in the acute phase (hours), loss of myocyte
integrity leads to intracellular fluid and proteins leaking into the extracellular space, in-
creasing its proportion. An influx of inflammatory cells and subsequent swelling by fluid
inflow also contribute to an increased extracellular volume fraction. At later stages (days),
the acute swelling reduces as cell debris are being handled by inflammatory cells such as
macrophages [198, 199]. At a week and beyond, fibroblasts start increasing matrix protein
deposition in the injured areas to replace the injured tissues with fibrosis. Thus, after a
Gd-based contrast bolus is injected, there is an increased distribution volume with a slower
contrast washout in injury locales following myocardial infarction. The contrast will enter
all extracellular space but quickly wash out in viable tissues, unlike in non-viable, infarcted,
or fibrotic tissues, where the contrast media will linger and exhibit a transient steady-state
condition [200-202]. Microvascular obstruction is a minimal to no-reflow phenomenon
after ischemia/reperfusion with blockage of small arterioles by debris, cell swelling, and
vessel damage [203].

The LGE imaging is considered the gold standard for assessing myocardial infarction
[197, 204] and was already developed in the 1980s [205, 206]. An LGE image is typically
displayed such that non-viable tissue appears hyperintense, i.e., “bright,” while normal
myocardium appears dark (Figure 1.12). Dark regions near or inside infarctions may appear
and can be due to microvascular obstruction, fat, ventricular thrombus, or calcifications. To
acquire an LGE, an inversion recovery (IR) pulse sequence is used to enhance the contrast
between Gd-accumulated tissues with short T1 and normal T'1 relaxation. An IR pulse flips
the net magnetization vector 180° in the myocardium before acquisition. This is followed



1.6. CARDIAC IMAGING 37

T1w ex-vivo LGE in-vivo

Figure 1.12: Left: A Short-axis slice of an infarction imaged with a high-resolution ex-vivo
late gadolinium enhancement (LGE). Right: An image of the same slice location in the
same animal using in-vivo LGE. White pointers demarcate infarction edges.

by a time delay, called “inversion time,” which can be adjusted to effectively null the signal
from the normal myocardium, thus appearing dark in images.

LGE imaging has historically been performed using multiple breath-holds of 12-16
heartbeats with a segmented fast low-angle shot “FLASH” gradient echo “GRE” sequence
[196, 202]. To improve speed and quality, new sequences have been developed, including
phase-sensitive inversion recovery “PSIR” [207], PSIR single-shot using bSSFP [208], and
free-breathing motion-corrected “MOCO” LGE [209, 210]. The superiority of MOCO
LGE over breath-hold LGE pertains to faster scan times, improved image quality, and less
discomfort for patients [211]. LGE can be performed in 2D or 3D, where 2D segmental
LGE has shorter breath-holds but longer total acquisition time, while 3D LGE has shorter
imaging sessions but a higher risk of image artifacts. Newer ”dark-blood” LGE techniques
has also been developed where the contrast between blood and hyperintense regions is
improved [212].

Ex-vivo LGE imaging for experimental research can be performed to achieve excellent
infarct quantification with high accuracy (Figure 1.12), and validation studies using his-
tological staining with triphenyl tetrazolium chloride (TTC) correspond well with ex-vivo
LGE [194, 213, 214]. The contrast media is administered intravenously and circulated for
typically 15 minutes before termination. The heart is most often explanted and suspended
in an MRI-compatible container. MRI acquisition is thus unhindered by any motion or
time restraints allowing high-resolution images.
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1.6.2  Echocardiography

Ultrasound imaging, or sonography, utilizes the reflection of sound waves at frequencies
above 20kHz to generate images. The frequencies applied in medical imaging are often
several megahertz, and the human hearing threshold is approximately 20kHz in young
adults. The mechanism of detecting reflecting sound waves is called echolocation and is
not uncommon in the animal world.

The cardiac applications of ultrasound imaging originated from the collaboration be-
tween Inge Edler, a cardiologist, and Helmuth Hertz, a physicist, both from Lund University
[215]. In 1953, Edler assessed patients before surgical repair of mitral stenosis, and X-ray
imaging or cardiac catheterization failed to give comprehensive information on the patients’
valve pathologies. Hertz, who already had some experience with a device using ultrasound
to detect cracks in the metal of ship hulls and tanks, met Edler at Lund University. They
both started collaborating on imaging the heart. Their first publication appeared in 1954
[216] and echocardiography was slowly adopted throughout the cardiology domain.

Today, echocardiography is widely used for assessing ventricular volumes, valve
pathologies, flow measurements, and guiding interventions. It can be performed transtho-
racically, transesophageally, intravascularly, or intracardially. It is absent of ionizing
radiation, relatively cheap, and quick to use. Therefore, it has become the most common
imaging method for investigating patients with suspected heart disease. Limitations of
echocardiography include high dependence on the sonographer’s skill and variations in
patient thoracic anatomy (e.g., spaces between ribs, adipose tissue, and lung anatomy). As
a result, the variability in image quality is often higher than for other modalities. Current
guidelines from the ESC recommend echocardiography as the primary imaging method
for assessing heart failure [101]. CMR is recommended over echocardiography in patients
with poor acoustic windows or with the need for tissue characterization in infiltrative or in-
flammatory cardiomyopathies. CMR should also be used to distinguish between ischemic
and non-ischemic etiologies.

1.6.3 Imaging of Ventricular Longitudinal Function

Imaging of cardiac function is one of the cornerstones of clinical assessment. Ventricular
longitudinal displacement and deformation metrics are valuable because they contain both
systolic and diastolic information. Displacement measurement is relatively intuitive and
comprehensible. On the other hand, deformation imaging is heavily reliable on the specific
image postprocessing algorithm, which varies between techniques and modalities.
Ejection fraction (EF) is the most common variable to report and guide therapy today.
However, limitations for EF include that 1) a considerable proportion of symptomatic HF
patients with diastolic dysfunction exhibit “normal” EF, i.e., HFpEF [217, 218], 2) lon-
gitudinal dysfunction can be masked by an increase in circumferential function rendering
a “pseudonormalized” EE and 3) that EF solely is a global parameter. In contrast, ven-
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tricular longitudinal function measurements are more sensitive to detect diastolic function
[219, 220], are less affected by LV geometry, and can be used to measure regional function.

Deformation tracking algorithms generally need a definition of the myocardium of in-
terest. ‘This is supplied by human or automatic segmentation. The segmentation is critical
and defines which pixels should be tracked. The tissue of interest is then tracked through-
out the cardiac cycle, and strain curves are computed. Deformation imaging software em-
ploys different tracking algorithms, of which some are modality-specific (e.g., strain en-
coding “SENC” and displacement encoding with stimulated echoes “DENSE” in CMR),
and some are generic (e.g., image block-matching for speckle-tracking echocardiography
“STE” and feature tracking “FT7). Detailed discussions of tissue tracking algorithms are
beyond the scope of this thesis. General limitations of strain methods are that normal val-
ues differ between techniques, and even vendors, such that validation studies are needed
for each application. In general, normal values for GLS ranges from -15% to -22% [189,
221]. Additionally, a low temporal resolution will yield falsely low strain values, which is
often the case for CMR-based techniques.

Both echocardiography and CMR are clinically used to measure ventricular longitu-
dinal function. Other modalities, such as computed tomography and fluoroscopy, can
measure longitudinal displacement, as the most basic methods only require a moving im-
age of a heartbeat in the longitudinal axis. Still, this thesis mainly focuses on different

methods for echocardiography and CMR.

Echocardiograhpy

Transthoracic echocardiography (TTE) is used to measure ventricular longitudinal func-
tion to a great extent. The earliest form of echocardiography where image information is
gathered in a single line at a very high frame rate, the "M-mode,” is a valuable method to
measure the basal-apical movement of the AV plane. The MAPSE and tricuspid annular
plane systolic excursion (TAPSE) are the most commonly used terms to measure ventricular
longitudinal function for the LV and the right ventricle (RV). TAPSE is primarily used as a
surrogate for RV ventricular function since adequate RV visualization is often not attainable
due to poor acoustic windows due to anatomy.

Strain imaging is widely used in echocardiography. The two primary imaging methods
used are tissue Doppler imaging (TDI) and speckle tracking (STE) imaging. TDI relies
on detecting the Doppler shift in the acoustic signal caused by the myocardial movement
[222]. It has a good spatial and excellent temporal resolution (>100 frames per second).
Limitations of TDI are angle dependency and limited regional reliability. STE is a post-
processing technique that estimates deformation by tracking naturally occurring fiducial
markers called “speckles” in the myocardium. It is currently the most available technique
since it can be performed on standard cine images of sufficient quality [223]. It is angle
independent but not as robust for assessing regional function.
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CMR

Displacement, such as AVPD or MAPSE, can be measured in standard cine images. SSFP-
based image stacks in both short and long-axis were obtained in the current studies, and
the long-axis images were used to visualize and calculate AVPD as previously published
(72,79, 80, 224]. The main advantages of using AVPD compared to the commonly used
MAPSE include that 1) the annotation points for AVPD are placed at the top of the basal
ventricular ring vs. at the mitral valve hinge for MAPSE, providing easier tracking in CMR.
In addition. 2) Six measuring points for AVPD compared to fewer locations commonly
used for MAPSE increases reproducibility and resistance to measurement errors. 3) The
perpendicular distance from an end-diastolic fiducial plane used in AVPD vs. the beeline
route commonly used in MAPSE avoids biases due to lateral translation of the ventricle.

Cine images often have temporal resolutions in the order of 20-30 frames per heart-
beat. Measurements of valve plane velocities in the long-axis from standard cine images can
therefore yield underestimated values. Sequences with temporal resolutions of >200 frames
per heartbeat [225], similar to Doppler echocardiography, exist and are more suitable for
measuring tissue velocities.

CMR offers several techniques for deformation imaging. Since the tissues’ magnetiza-
tion properties are visualized and manipulated, this combination is utilized to create CMR-
unique deformation tracking. MR-"tagging” is widely considered the reference standard
and has been validated both in-vitro [226] and in-vivo [227]. A locally induced grid is
produced by selectively perturbing the magnetization by RF pulses [228]. The square grid
creates visual “tags” in the myocardium. Since the magnetization is intrinsic to the my-
ocardium, they move according to the tissue. A variation of tagging is the HARmonic phase
“HARP” technique [229]. Two other related techniques are "SENC” [230] and "DENSE”
[231]. Unlike DENSE which uses phase contrast, SENC is calculated from magnitude
images. Both SENC and DENSE measure the modulation in the through-plane direction
and create a pixel-wise map in which the intensities are directly related to the deformation.
Additionally, a fast-SENC “fSSENC” [232] has been gaining popularity which has a very
high temporal resolution which is beneficial in deformation imaging. Deformation can
also be extracted from phase-contrast velocity data [233].

While a standard limitation of the mentioned CMR techniques is that they require
specialized pulse sequences not widely available, CMR feature tracking (FT) can be applied
in all standard cine images of sufficient quality. Several commercial software offers this
method, and FT has therefore been widely adopted. Although tagging, DENSE, SENC,
and fSENC are more consistent and accurate for segmental and regional deformation, it
appears that FT is sufficient for the assessment of global deformation measures [234].

1.6.4 Coronary Angiography

Coronary angiography is the visualization of the coronary circulation. This is most often
done by injecting an iodine-based contrast media through a guiding catheter visualized by
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fluoroscopy imaging. Of note, it is not the vessels themselves that are observed but only
the lumens of the arteries filled with contrast media are depicted. Coronary angiography is
performed by placing a guide catheter of suitable shape and orientation to access the coro-
nary circulation. Different catheter shapes are used depending on the entry site (e.g., radial
or femoral artery) and the desired destination. The guide catheter supports the injection
of contrast media and the introduction of smaller procedural instruments into the arteries,
such as PCI balloons and stents for treating AMI.

Invasive catheterization is widespread in clinical use today and is the basis for many
procedures involving coronary circulation, systemic or pulmonary circulation, or intra-
ventricular procedures. The commonplace approach to gaining access to either arterial or
venous vessels is the “Seldinger technique.” This method of obtaining safe access to blood
vessels is named after the Swedish radiologist Sven Ivar Seldinger. Briefly, a sharp hollow
needle punctures the blood vessel of interest, after which a flexible guidewire is inserted
through the needle. The needle is withdrawn, leaving the guidewire inside the blood vessel,
and a hollow introducer sheath or catheter can be inserted over the guidewire into the blood
vessel.

1.6.5 Invasive Pressure-Volume Loops

Invasive PV loops are excellent for studying the short-term effect of interventions such
as cardiovascular drugs or cardiac assist devices on ventricular performance. Due to their
invasiveness, however, they have primarily been used for experimental research. One aspect
rarely mentioned is that real-world data is of variable quality and sometimes insufficient for
interpretation (Figure 1.13). This is especially noticeable in large animal models such as
sheep and pigs. Correct method and calibration is therefore important.

Measuring a PV loop invasively involves placing a catheter inside the left ventricle by
retrograde insertion through the aortic valve. A PV catheter has one pressure sensor, and
two proximal excitatory and two distal recording electrodes that handle the electrical com-
munication. Several heartbeats are often recorded in apnea to limit the respiratory effects
on cardiac volumes. Pressure calibration is performed before insertion. The volume output
data is a mathematically calculated value using admittance theory and Wei’s equation (eq.
1.8).

1
Volume = EpLQGb (1.8)
¥

where p = Blood resistivity; L = Electrode distance; G = Blood conductance; 7 = field
correlation factor.

Three factors are important for correct absolute values: the stroke volume (SV) calibra-
tion factor, blood resistivity, and heart muscle type (conductivity and permittivity). The
SV calibration factor has to be derived from external methods. Variables of importance to
guide the placement inside the ventricle are magnitude and phase angle. Briefly, magnitude
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Figure 1.13: Real examples of invasive pressure-volume loops measurements in sheep. An
acceptable acquisition is shown in panel A, whereas B shows a PV loop of less quality.
Reproduced with permission from Syntach AB.

is similar to conductance (direct current) or admittance (alternate current) and is correlated
to the surrounding blood volume. The phase angle measures the lag between outgoing and
incoming sinusoidal waves and estimates the parallel conductance, which is the part of the
signal that travels in the myocardium instead of blood. The phase angle combined with the
heart muscle resistivity is used to subtract the signal traveling through the myocardium to
isolate the blood signal in the blood. In general, a low oscillatory phase angle indicates a
central position.
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1.7 Statistics

Two common paradigms of statistical frameworks are rank-based non-parametric methods
and value-based parametric methods [235]. The non-parametric tests are appropriate for
data that exhibit a non-normal, non-Gaussian distribution. The parametric tests are suit-
able for data distributed according to a normal distribution. A normal distribution, also
known as Gaussian, or bell curve, can be determined by evaluating histograms for sym-
metry and skewness. We can also assess outliers in boxplots or perform specific normality
tests. All tests are based on assumptions, and the primary assumption of parametric tests is
that the data is normally distributed. In contrast, non-parametric methods do not rely on
data shape and distribution assumptions. Although it is possible to apply the tests on what-
ever data the researchers find adequate, results could be misleading if assumptions are not
reasonably met. The decision of what statistical tests to use is ultimately the researchers’,
and knowledge of pitfalls and assumptions will help recommend a suitable method.

Two drawbacks of the non-parametric tests are that they are less powerful than para-
metric tests and are most often rank-based rather than based on actual data. Less powerful
means that a larger sample size is required to meet the power of a corresponding parametric
test. Rank-based methods are more challenging to interpret as we do not readily under-
stand what, for example, a mean rank difference of “five” between two groups means for a
given variable.

1.7.1 Survival Analyses

Statistical survival analyses have historically been employed in several fields of medicine
since its advent in the 20th century, with formidable developments in the latter half of
it [236]. Today, survival analyses are fundamental to modern clinical trials to investigate
medical drugs, devices, therapies, and biomarkers. Although the term “survival” indicates
that the methods are used in data with terminal events, the same statistics can also be applied
in non-terminal circumstances as well as in engineering, electronic and material sciences.

Out of many significant contributions to this field, some developments have pro-
foundly impacted it and amassed many thousand citations since publication. The most
famous and impactful studies are the Kaplan—Meier method for estimating the survival
function [237] and the Log—Rank test for assessing the differences between two survival
distributions [238]. Another fundamental method worth mentioning is the Cox propor-
tional hazards (PH) regression model [239] for quantifying the impacts of covariates on the
survival time.

The survival curve and the hazard rate are crucial aspects of survival data. The survival
curve, modeled by the survival function S(t), is primarily descriptive. The survival function
is the probability that an individual survives from the time origin (e.g., cancer diagnosis)
to a specified future time ¢. The hazard rate, modeled by the hazard function h(t), mainly
analyzes the magnitude of change in hazard between groups. The hazard function estimates
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the probability that an individual under observation has an event at time ¢. Put another
way; it represents the instantaneous event rate for an individual who has already survived
to time ¢, compared to a reference individual or group.

1.7.2  Single Event

Survival data is rarely normally distributed but generally skewed with many early and few
late events. Further, survival analyses supersede standard regression models for survival data
because they are able to handle individuals without events through “censoring”. Censoring
occurs when an observation is interrupted before the event of interest occurs. The dropout
can be due to the end of study follow-up, event occurrence of non-interest, or individuals
lost to follow-up. Censored study participants are removed from the analysis after the cen-
soring and their time to event is, therefore, unknown. However, unlike standard statistical
regression models, survival analyses make use of the time under risk before censoring.
Most studies in the cardiovascular domain focus on a single event. Therefore, the ap-
parent endpoint is mortality, which a patient only experiences once. There is non-specific
mortality, such as all-cause mortality, and cause-specific, such as cardiovascular mortality.
In general terms, a non-specific mortality endpoint is appropriate when the objective is
the net benefit for the patient. This endpoint is blunt and unrelated deaths may dilute
the effect resulting in reduced statistical power. Cause-specific mortality, like CV mortal-
ity, is appropriate when the objective is to show a more pathophysiological linked benefit
[240]. The advantage is reduced noise from unwanted and unrelated events. Both types
of mortality should be reported to avoid the pitfall of obscuring an increase of unwanted
events caused by the intervention of interest. The choice of an endpoint is essential, and
factors to consider include the underlying event rate, which relates to the expected number
of events. Because many of the survival-statistical calculations only update at event times,
this determines much of the statistical power. More events equal higher power and preci-
sion. Further, the availability of credible cause-specific registries, the feasibility of external
adjudication, and pathophysiological considerations also impact the choice of endpoints.

Kaplan-Meier

The most used method of estimating the survival function and describing the survival prob-
ability is the Kaplan-Meier method [237], also sometimes called the “product limit esti-
mate.” First, time is divided into multiple small intervals demarcated by events. After that,
the probabilities of surviving from one interval to the next are multiplied to give the cumu-
lative survival probability (eq. 1.9). Therefore, the estimated probability is a step function
that changes value only at an event (Figure 1.14). This method allows each patient to con-
tribute information to the calculations for as long as they are known to be event-free. This
gives that any censuring should be non-informative and not subject to systematic bias. Life
tables are similar but divide the time intervals into discrete periods, which can be helpful
when the exact time of an event is unknown.
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Figure 1.14: Left: Example data of 10 study individuals. Middle: Individual paths during
the follow-up period. Right: The resulting Kaplan-Meier graph.

S n; — dl
St = 1] (1.9)
where t = time; n = number at risk; d = events.

The Log-Rank Test

The Log-rank test is a non-parametric test often used to compare the survival distributions
between groups or strata [238]. The method calculates at each event time, for each group,
the number of events one would expect since the previous event if there were no difference
between the groups. These values are then summed over all event times to give each group
the predicted number of events. When only two groups are compared, the Log-rank test
tests the null hypothesis the two groups’ survival curves are equal. The Log-rank calculation
(eq. 1.10) of the expected E vs. observed O values in the different groups follows a x>
distribution, thus a p-value can be derived. The p-value refers to the probability of seeing
this difference or greater if one would perform the study again.

T _NT )2
S (@:1 %ZT:E:EZI 22) ) =2 (1.10)

where O = Observed; E = Expected.

Cox Proportional Hazards Regression

The Cox PH regression “semi-parametric” model describes the relationship between the
event incidence and a set of covariates as expressed by the hazard function [239]. The term
“semi-parametric” refers to that the baseline hazard is unknown and that the model quanti-
fies the influence of the covariates of the hazard excessive to the baseline. The hazard is the
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Figure 1.15: The hazard ratios for left ventricular (LV) global longitudinal strain values
displayed using restricted cubic spline modeling.

instantaneous event probability at a given time ¢. The hazard function h(t) is dependent on
(or determined by) a set of covariates whose impact is measured by the size of the respective
coeflicients and a baseline hazard (eq. 1.11). In essence, the Cox model is a multiple linear
regression of the logarithm of the hazard of the variables, with the baseline hazard being an
‘intercept’ term that varies with time. The predicted hazard ratios for a variable can then
be displayed (Figure 1.15).

h(t) = ho(t) - eb1zitbazot-+bnzn (1.11)

where hg = Baseline hazard (unknown); b = Coeflicients; 2 = Predictors.

The log-rank test and Cox regression both look at the difference between observed
and expected events. Unlike the log-rank test, the Cox regression looks at the incidence
(event per time unit) and can handle multiple predictors at once. An important assumption
is that the hazards are proportional over time, which is different from the Kaplan-Meier
estimation. Proportionality implies that the coeficients e’ are called hazard rate ratios,
most often only referred to as "hazard ratio” (HR). An HR above 1 indicates a covariate
that is positively associated with the event probability and thus negatively related to the
length of survival. This proportionality assumption is often appropriate for survival time
data, but it is important to verify it. Plotting the difference between expected and observed
events over time gives you partial residuals, such as Schoenfeld residuals, and should not
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deviate with time if proportionality exists. Nevertheless, a covariate may exhibit a non-
proportional hazard over time. Two different circumvention approaches are 1) to include
an interaction term between time and the covariate, or 2) to stratify the Cox regression
using the non-proportional covariate. A Cox PH model with time-dependent covariates
implemented allows the effect of the relevant covariates to change with time.

Composite Endpoints

It is common practice to use the first event only, although this ignores information beyond
this point. A composite endpoint is often chosen since the numerosity of events determines
statistical power. In cardiovascular research, a set of prespecified events of pathophysio-
logical relevance can be integrated and used as a substitute, or in addition, to a mortality
event. A common triplet of major adverse cardiovascular events is cardiovascular (CV)
death, AMI, and HF hospitalization. A higher event occurrence is traded at the expense of
specificity. Widespread use of composite endpoints has benefitted cardiovascular research
greatly, but limitations of composite endpoints are often not addressed. One limitation is
that standard analyses of combined events ascribe the same value to all the included events.
This might influence the conclusions if mortality events are considered equal to more trivial
events.

Competing risks

Another pitfall related to composite endpoints, other than lost specificity and equal-valued
events, is not addressing the presence of competing risks from other causes [241]. When the
survival duration is ended by the first of several events, it is called competing events. The
problem occurs when one event inhibits the occurrence of others. As a result, censoring
might be informational. Consider an example: A study is investigating tumor-related death
after treatment and is not considering other deaths. If the therapy inadvertently causes other
deaths, such as frailty-related, the treatment causes censoring and decreases the number of
patients in the treatment arm. Consequent events will have a relatively greater impact on the
remaining patients. Thus, the risk of tumor-related deaths may be exaggerated. Competing
risks often exaggerate Kaplan-Meier estimates such that when adding each component, they
amount to an artificially high number [242].

Instead of Kaplan-Meier, one can use the Cumulative incidence function when ana-
lyzing competing events. Cumulative incidence is defined as the cumulative probability
of an event having occurred in the presence of other competing events. The cumulative
incidence function keeps all study participants in the risk set even after having experienced
a censoring or competing event. Gray’s test [243] can then be used to evaluate the equality
of cause-specific cumulative incidence functions between two groups. In the absence of
censoring, Gray’s test is identical to the log-rank test. A regression model appropriate for
evaluating a covariate’s effect on the absolute risk in presence of competing risks is the Fine

and Gray model [244].
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1.7.3 Multiple Events

Unlike mortality which is a clearly defined end-point, morbidity is not. For example, there
are no official guidelines on how to best study the morbidity endpoint in heart failure
[240]. Methods of including multiple events for every patient aim to represent the mor-
bidity endpoint better than inefficient “time-to-first-event” methods. This is impactful for
future clinical CV research since many diseases have multiple, non-terminal, and reoccur-
ring events, which all are carriers of information. The primary benefit of using data from
several events is increased statistical power. Some areas in need of future research include
determining which methods to best handle multiple events, weighting the relative impor-
tance of components in composite endpoints, and accruing the value of numerous events
of lesser importance or severity. Two metrics that imply reoccurring events and relate to
the extent of hospitalization, and without needing specific statistical methods, are “Days
alive and out of hospital” [245] and the win ratio [246].

The visual description of the survival function is an intuitive way of presenting survival
data. The Mean cumulative function (MCF) [247, 248] is similar to the Kaplan-Meier plot
in its appearance but includes reoccurring events. The MCF shows the average number of
events that a group’s individual has experienced during the follow-up period. The MCF
can be divided into groups similar to a Kaplan-Meier graph.

Prentice, Williams, and Peterson model

The Prentice, William, and Peterson (PWP) model [249] extends the Cox proportional haz-
ards model to incorporate reoccurring events by stratifying the model with an event se-
quence indicator and connecting patients in different strata using a cluster parameter. Fu-
ture events depend only on the immediate past. Hence, two stratified PWP models can be
fitted: PWP-tt (total time), which evaluates the effect of a covariate for the k-th event since
the entry time in the study; the PWP-gt (gap time), which assesses the impact of a covariate
for the k-th event since the time from the previous “k —1” event. These stratified cox-based
conditional models incorporate the order of events in the definition of the risk sets. Usu-
ally, the number of individuals and events in subsequent strata declines significantly with
an increasing number of strata. As the statistical power is tied to the number of events in
each stratum, there is often a need to truncate the dataset to counter this risk. The number
of strata should be selected specifically for each study with this in mind. Other extensions of
the Cox regression model which slightly differ from PWP include the Andersen-Gill model
[250] and the Wei, Lin, and Weissfeld model [251].

Multi-State Models

A multi-state model (MSM) is a network of nodes or states that models transitions between
states generated by events [252]. The simplest MSM is defined as two states: alive (a
transient state) and dead (an absorbing state). A more complex MSM is when individuals
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move between one state, e.g., “healthy,” and another state, e.g., “hospitalized,” through
time, with or without absorbing states. A “healthy-illness-death” MSM may be considered
for analyzing reoccurring events in HE Of note, MSMs can be arbitrarily complex with
an increasing number of possible states — at the expense of intuitive interpretations. The
results yield estimations of transition probabilities between states and transition intensities
defined as instantaneous hazards, or hazard ratios, of transitioning between states. The
possible distinction between different types of events benefits this framework.

Poisson Regression

The Poisson regression is a generalized linear model that estimates the count or rate of event
occurrences. The Poisson distribution is a discrete distribution that is useful for estimating
the expected distribution of a number of events occurring in a fixed interval of time or
space. In a strict Poisson distribution, the mean is equal to the variance, and a Poisson
regression assumes that the response variable “Y”, e.g., hospitalizations, follows a Poisson
distribution. Other assumptions of the Poisson regression are that the events should occur
at a constant rate, be independent of each other and that all individuals carry the same
underlying event rate. Although in heart failure, subsequent hospitalizations are likely
not independent from the previous. The Poisson regression gives estimates of a variable’s
coefficient “z”. This means that for each one-unit increase in a variable, e.g., age, the
expected log count or rate of “Y"” (hospitalizations) changes by “x.” This information can
be used to calculate risk ratios of different groups and variables.

The Joint Frailty model

The joint frailty model [253], also called the “random-effects” approach, was used to ana-
lyze mortality and reoccurring HF events in the recent ’ZEMPEROR-Preserved” trial [109].
It simultaneously analyses reoccurring events whilst taking into account the link between
different types of events by introducing a subject-specific random covariate into the model.
The idea is that the random effect term describes the excess risk or frailty for distinct individ-
uals, taking into account unmeasured heterogeneity that cannot be explained by observed
covariates alone and inducing dependence between reoccurring event times. The frailty
model can be applied when there are multiple events, different types of events, and if the
relationship between different events is of interest.

1.7.4 Evaluating Models

Overall Model Fit

The term “model” or “modeling” is often used in survival analysis. In essence, a model
is a map of risk predictions of individuals in the risk set generated from the collection of
individual covariates. A survival model is adequate if it represents the survival patterns in
the data to an acceptable degree. A good model must be able to 1) distinguish between
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higher and lower-risk patients and 2) make unbiased predictions and give predicted prob-
abilities that match closely those observed in terms of absolute risks. These are the two
components of predictive ability called discrimination and calibration [254]. A model that
closely mirrors the survival patterns of the data is said to have internal validity. However,
for a predictive model to be of broader use, it should perform well in other patients separate
from the training dataset — i.e., be externally valid. In addition, both discrimination and
calibration should be assessed before a model is implemented in clinical decision-making.

Likelihood

Statistical models are often assessed by their improvement in /likelihood, and some re-
searchers argue that one likelihood-based test might be sufficient for evaluating new
predictors [255]. However, implementation of models into clinical practice mostly re-
quires further evaluation in terms of discrimination and calibration, as discussed later. The
likelihood function reflects the probability, or “likelihood,” of obtaining the observed data
in a specified model and the best estimate is called the maximum likelihood estimation.
For easier calculations, the log of the likelihood function is used.

A common approach to evaluating a new diagnostic or prognostic marker is to test if
the new variable’s inclusion in a model already containing well-known predictors yields a
significant increase in likelihood. The likelihood ratio test achieves this and measures the
difference in unexplained error between a full and a reduced model, which follow a x? dis-
tribution. Only nested models can be compared using the likelihood ratio test. Accepting
the new biomarker as having predictive value entails significant association with the out-
come in the multivariable model after adjusting for the established biomarkers. If so, it is
commonly referred to as having an “independent” predictive value. If the new marker does
not improve the likelihood of the outcome, it probably is not a valid predictor of outcome.
However, a significant improvement in likelihood is not necessarily translated into clinical
significance.

The Wiald statistic can be calculated as (b/standard error of b)? and is assumed to follow
a x? distribution. Tt can be used for dimensionless comparisons between variables and
corresponds to whether the 3-coefficient of a variable is statistically significantly different
from 0. A higher value indicates a more significant deviation from the null hypothesis.
Other likelihood-based metrics for model assessments are the score zest or penalty-based
information criteria such as the Akaike information criterion "AIC” and Bayes information
criterion "BIC”. 'The latter both give penalties for added variables and can be used when
comparing non-nested models.

Discrimination and Calibration

The concordance index [256], or C-index, measures how well a model can discriminate be-
tween high and low-risk individuals while regarding time. It tests if the model conforms



1.7. STATISTICS 51

to the statement: “greater scores should be attributed to subjects at a higher risk of expe-
riencing an event” [257]. The C-index is a generalization of the area under the receiver
operating characteristic (ROC) curve. The number represents the probability of concor-
dance between observed and predicted survival based on pairs of individuals, with C' = 0.5
for random predictions and C' = 1 for a perfectly discriminating model. A caveat of the
C-statistic is that it might not translate to clinical meaningfulness. A model which has a
good discriminatory ability (high C-index) can accurately state that a patient has a five-fold
increase in risk. However, if the predicted risks are 1% and 5% when the actual absolute
risks are 10% and 50%, the model is not clinically accurate and needs calibration. One
limitation of the C-index is that it can be insensitive to detect improvements in the model’s
calibration when adding new predictors.

Calibration is more challenging than discrimination and should contain validation
against separate datasets. The visual assessment of the relationship between predicted vs.
observed events is likely the most intuitive marker for calibration. Decent calibration can
be inferred if computed survival curves for given risk groups agree between a derivation and
a validation dataset [258].

A popular method of assessing a predictive model is the ner reclassification index (NRI)
[259], which quantifies how a new model correctly reclassifies patients compared to an old
model. For NRI, the choice of cut points and thresholds is of critical value and should
ideally reflect important clinical risk strata so that any changes have clinical implications.
A positive NRI when adding a predictor indicates an increase in true-positive or decrease in
false-positive cases with respect to the older model. The integrated discrimination improve-
ment (IDI) [260] is a metric that assesses risk classification without categories. However,
the IDI values can be difficult to interpret.






Chapter 2

Aims

The accumulated impact of acute myocardial infarction (AMI) and heart failure (HF) is

immensely severe and common such that any improvement in cardioprotection, therapy,

and understanding could lead to massive cardiovascular health benefits for patients. Thus,

there is a need for better pathophysiological knowledge of these conditions. This thesis

focuses on the ventricular longitudinal function, hypothermia, and non-invasive pressure-

volume loops as promising tools for such applications.
The specific aims for studies I - IV are listed below:

I

II

III

To determine the relationship between atrioventricular plane displacement (AVPD)
and stroke volume (SV) before and after AMI, whether the relationship between
AVPD and SV differs between ischemia/reperfusion (I/R) and microembolization
(ME) experimental AMI models, and how diastolic longitudinal function changes
after an AMI.

To elucidate the cardioprotective effects of hypothermia adjunct to reperfusion on
cardiac energy mechanics in an experimental AMI model through a non-invasive
PV loop algorithm by cardiovascular magnetic resonance (CMR) imaging during
the initial week.

To determine if ventricular longitudinal shortening variables, AVPD and global lon-
gitudinal strain (GLS), predicts cardiovascular (CV) and all-cause death in patients
with heart failure with a reduced ejection fraction (HFrEF), independently of well-
known risk factors such as ejection fraction (EF) and late gadolinium enhancement

(LGE).

IV To determine if AVPD or GLS can predict the composite endpoint of CV mortality

and morbidity in HFrEF patients, and to investigate the relationship of AVPD or
GLS with the number of and length of HF-associated events.
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Chapter 3

CHAPTER 3. MATERIALS AND METHODS

Materials and Methods

3.1 'Thesis at a Glance

Thesis at a glance

Study I

Aim To assess the relationship between stroke volume and atrioventricular plane
displacement in two types of myocardial infarction: 1) microembolization
and 2) ischemia/reperfusion.

Study design Two-group experimental intervention with before and after CMR imaging

Study participants N=9+12 pigs

Analyses Descriptive statistics, regression analyses.

Study I1

Aim Elucidate the potential benefits of mild hypothermia as a cardioprotective
therapy from a perspective of cardiac work and power using non-invasive
PV loops.

Study design Two-group experimental intervention with serial CMR imaging

Study participants N=7+7 pigs

Analyses Descriptive statistics, regression analyses, analysis of covariance

Study 111

Aim Determine the prognostic value of ventricular longitudinal shortening for
mortality in HFrEF

Study design Retrospective Survival analysis

Study participants 287 HFrEF patients; 20 Age-matched controls

Analyses Single event survival analyses: Kaplan-Meier; Cox PH regression; ANOVA

Endpoint Cardiovascular and all-cause mortality.

Study IV

Aim Determine the prognostic value of the ventricular longitudinal function for
morbidity in HFrEF

Study design Retrospective Survival analysis

Study participants 287 HFrEF patients; 20 Age-matched controls

Analyses Single event survival analyses: Kaplan-Meier

Multiple event survival analyses: Mean cumulative function; Prentice-
William & Peterson-Total time regression.

Endpoint

Composite endpoint with heart failure-associated morbidity and mortality.
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3.2 Study Populations

3.2.1 Animals

The experimental studies I ¢ II was performed in agreement with the Guide for the Care
and Use of Laboratory Animals 8th edition [261] and was approved by the Swedish Agri-
cultural Board (studies I & II), the Regional Ethics Review Board in Lund (studies I & II;
registration number: 5.8.18-70 11702/2019), and the Institutional Animal Care and Use
Committee at the University of California, San Francisco (study I).

In study I, two models of acute myocardial infarction were used: ischemia/reperfusion
(I/R) and microembolization (ME). For I/R, fourteen healthy Landrace and Yorkshire pigs
(sus scrofa domesticus) weighing approximately 40 kgs were used. This model was carried
out at Lund University. For ME, twelve healthy farm pigs, 33+1 kgs, were used. This model
was carried out at the University of California, San Francisco.

In study I1, two groups, Normothermia and Hypothermia, of seven landrace pigs weigh-
ing 40+3 kgs, approximately three months old, were included. The seven pigs in the Nor-
mothermia group were also part of the twelve pigs of the I/R group in szudy I. They were
subjected to an acute myocardial infarction (AMI) model of type ischemia/reperfusion that
was carried out at Lund University.

3.2.2 DPatients

The Regional Ethics Review Board originally approved the inclusion of patients for studies
III-IV in Lund, Sweden, in 2004. Additional application to gather detailed information
on causes of death and hospital admission was approved in 2019 by the Swedish National
Review Authority and the Swedish National Board of Health and Welfare. The studies
were carried out following the principles of the Declaration of Helsinki. Study III & IV
included the same patient population of two hundred ninety-five patients diagnosed with
HFrEF who underwent CMR examinations at Lund University Hospital between 2003-
2015. They were included if they gave informed written consent to have their CMR scan
and subsequent data available for future research purposes and did not fulfill any exclusion
criteria. Criteria for exclusion were an EF above 40% measured from the CMR examina-
tion, poor image quality on CMR, and significant valve insufficiencies or stenoses. Eight
patients were excluded due to poor cine image quality leaving 287 patients eligible for
analysis of ventricular longitudinal function, shown in Figure 3.1.

The CMR examinations were part of the regular clinical workflow, and indications were
typically investigations of ventricular volumes and function, infarcts, fibrosis, or assessment
prior to implantation of cardioverter-defibrillator (ICD) or cardio-resynchronizing therapy
(CRT). The basis for decreased EF was separated into ischemic (ICM) or non-ischemic
(NICM) etiology based on the patients’ charts and the clinical CMR reports of observed
pathologies.
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Inclusion of HFrEF patients undergoing clinical CMR

(n =295)
Exclusion due to inadequate cine
image quality for AVPD measurement <
(n=8)
v

Eligible patients for AVPD analysis
(n =287)

Exclusion due to inadequate cine
image quality for GLS measurement
(n=4)

Eligible patients for GLS analysis
(n =283)

Figure 3.1: Patient flowchart for studies III & IV.

Studly III contains data on causes of death, whereas Study IV also contains information
on hospital admission and diagnoses. The patients’ causes of death were obtained from
the Swedish National Board of Health and Welfare’s registries of Causes of Death. Previ-
ous medical history, hospital admissions, and diagnoses were collected from the Swedish
National Board of Health and Welfare’s Hospital registry. The patients’ biochemical labora-
tory data between 2003-2019 were collated from manual reviews of the electronic medical
journals. Laboratory results were used if they were gathered closer than one year from the
CMR examination.

The prescribed cardiovascular medications of the patients at the time of CMR in de-
scending order of use were: Betablockers (92%), renin-angiotensin-aldosterone system

(RAAS) antagonists (90%), Spironolactone (52%),

3.2.3 Age-matched Controls

Study III & IV contain an age-matched control group of 20 healthy volunteers recruited
from advertising, portraying ventricular longitudinal function reference values. The healthy
volunteers signed an informed consent form before CMR examinations which accepts the
inclusion of their scans for research purposes. There were twelve males and eight females.
They were 62211 years, had an EF of 60+5%, and were free from any history or pres-
ence of cardiovascular diseases such as diabetes, hypertension (blood pressure below 140/90
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Figure 3.2: Study I flowchart.

mmHg), ischemic heart disease, other systemic diseases, cardiovascular medication, or ev-
idence of pathology on electrocardiogram or CMR.

3.3 Animal Experimental Setup

Animal models and non-invasive diagnostic technologies are valuable when studying car-
diac pathophysiology in order to further the understanding of AMI and HE Porcine and
ovine models of myocardial ischemia are particularly used for studying AMI and HF patho-
physiology because of the many similarities in cardiac morphology and hemodynamic re-
sponses with humans [262, 263].

3.3.1 Studyl

In study I, two models of AMI were employed. Firstly, an I/R infarction model that re-
sults in a more homogenous infarct and injury in the myocardium. Secondly, a microem-
bolization (ME) infarction model that produces a patchy and heterogeneous infarct without
reperfusion. An overview of the study protocol is shown in Figure 3.2.

Ischemia/Reperfusion

The animals were premedicated intramuscularly with 0.5 mg/kg midazolam (Dormicum;
Roche, Stockholm, Sweden) and 15 mL/kg ketamine (Ketaminol; Intervet, Dandery, Swe-
den). The pigs were intubated in a prone position, and anesthesia was maintained with
isoflurane (Baxter Medical, Kista, Sweden) through an anesthetic conserving device (Ana-
ConDa; Sedana Medical, Sweden) during transportation, imaging, and instrumentation.
Expiratory gases (anesthetic agent and CO2) were monitored alongside blood pressure,
temperature, heart rate, and oxygen saturation. Intravenous access was obtained through
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the Seldinger technique in a sterile manner (Catheter: Intradyn; B. Braun, Germany), and
Heparin (15,000 IE units) was given to prevent blood clotting.

After transportation, baseline CMR imaging in a 1.5T scanner (MAGNETOM Aera,
Siemens Healthcare GmbH, Erlangen, Germany) ensued in a supine position to assess ven-
tricular function. After that, the animals were transported to a fluoroscopy suite adjacent
to the MR-scanner for instrumentation.

After an antiarrhythmic amiodarone infusion (300 mg) 30 minutes prior to ischemia-
reperfusion, a G6F coronary guiding catheter (HS Serpia; B. Braun, Germany) was used to
access the left anterior descending artery (LAD) under fluoroscopy guidance. The animals
were subjected to 40-minute ischemia by percutaneous transluminal coronary angioplasty
balloon (SeQuent NEO; B. Braun, Germany) occlusion. The occlusion was placed at var-
ied distances downstream in LAD depending on individual vessel anatomy but typically
between the first and second diagonal branches. A coronary angiogram confirmed reperfu-
sion of coronary blood flow. The pigs were defibrillated in case of ventricular arrhythmias.
Intravenous boluses (5-15 pg) of norepinephrine were administered if mean arterial pres-
sure decreased below 50 mmHg. The anesthesia protocol, including drug administration
and ventilator settings, was adamantly controlled to minimize alterations. The pigs were
then awakened and extubated in the stables. The sedation and anesthetic regimes were
repeated for animals undergoing additional CMR scans. Animal husbandry was in accor-
dance with national regulations. The animals had free access to water and were examined
daily by animal caretakers.

Microembolization

Animals were premedicated with acepromazine (1.1 mg/kg) and ketamine (22-33 mg/kg)
and then intubated and anesthetized with isoflurane (2-5%). A GF introducer (Avanti;
Cordis, Miami, FL) was placed in the femoral artery by the Seldinger technique. Access to
the LAD artery was acquired under fluoroscopy guidance. After that, a 3F microcatheter
(Cook, Chicago, IL) was placed distal to the first diagonal branch. The animal was trans-
ported into the CMR scanner with the catheter in place. The twelve animals were divided
into subgroups of six pigs each and received two different microemboli sizes (40-120 pm,
250,000 microsphere count, and 100-300 pm, 7,200 microsphere count, respectively).
The two microembolization interventions began with a slow infusion through the micro-
catheter. A 60-min pause ensued before the following imaging allowed infarct development
to take place. The embolic quantities for the two subgroups were calculated to occlude the
same volume of myocardial tissue, assuming one microsphere occludes one corresponding
arteriole [36]. Both 0.25-mL embolic solutions (Embosphere; Biosphere Medical, Rock-
land, MA) were diluted with 0.75 mL of NaCl solution.
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Figure 3.3: Study II flowchart.

3.3.2 StudyII

In study II, the I/R model was identical to the I/R model in study I except for the hy-
pothermia intervention. An overview of the study protocol is shown in Figure 3.3. To
isolate the reperfusion injury from infarct development, the Hypothermia group experi-
enced the same normothermic time under ischemia as the Normothermia group. At 40
minutes in the Hypothermia group, however, induction of hypothermia began by infusion
of 1L near zero-degree Ringer’s Acetate for five minutes before reperfusion, aiming for the
central temperature to decrease below 35°C. The Normothermia group received a similar
fluid challenge of 1L ~37°C Ringer’s Acetate. The animals with extended follow-up were
images on three sequent occasions, namely at two hours, 24 hours, and seven days.



62 CHAPTER 3. MATERIALS AND METHODS

3.4 Imaging Analyses

3.4.1 Animal Studies

In study I, The I/R group was imaged at baseline and two hours post-reperfusion. Two
different scanners were used for this group. A Philips Achieva 1.5T was used for 7 of 14
animals with the following image parameters: steady-state free precession (SSFP) sequence:
echo time (Tcp,) 1.5 ms; repetition time (Trep) 3 ms; flip angle 60°; and slice thickness 8
mm; no slice gap. The remaining seven animals, also representing the Normothermia group
in study II, were imaged with a Siemens Aera 1.5T. The parameters: SSFP sequence: Tgcpo
1.2 ms; Tgep 2.7 ms; flip angle 60°, slice thickness 8 mm, no slice gap. The Hypothermia
group in study II was also scanned with the Siemens Aera 1.5T camera with an identical
protocol. LGE images were acquired for the estimation of infarct size. The inversion time
was chosen to null remote myocardium. LGE parameters for the Philips Achieva 1.5T
scanner: Tgep 4.1 ms; Trepo 1.3 ms; flip angle 15° field of view (FoV) 122x122 mmy;
pixel size 1.52x1.52 mm; no slice gap. LGE parameters for the Siemens Aera 1.5T scanner:
TRep 2.8 ms; Tgeno 1.2 ms; flip angle 50°% FoV 159x154 mm; pixel size 1.41x1.41 mmy;
no slice gap.

The ME group was imaged with a Philips Achieva 1.5T at baseline and one-two hour
post-embolization with an SSFP sequence: Tcpo 1.8 ms; Trep 3.5 ms; flip angle 70°; slice
thickness 10 mm, no slice gap; FoV 250x250 mm?; heart phases = 16. late gadolinium
enhancement (LGE) images were acquired in short and long-axis views with an inversion-
recovery gradient-echo sequence: Trep 5.2 ms; Tep, 1.5 ms; flip angle 15°% pixel size
1.0x1.6 mm?; no slice gap. The inversion time was chosen to null remote myocardium.

The main imaging differences between the I/R and ME group protocols were that 1)
the ME group was imaged with two perpendicular vertical and horizontal long-axis views
for cine and LGE. In contrast, the I/R group was imaged with 2-, 3-, and 4-chamber views.
Therefore, the annotation points for AVPD are four instead of six in the ME group. 2) An
inversion-recovery gradient-recalled echo sequence for LGE images was used in the ME
group and 7 of 14 animals in the I/R group [196, 202]. LGE was acquired in the remaining
seven animals in the I/R group with a motion-corrected, phase-sensitive inversion-recovery
single-shot SSFP sequence in free-breathing [209]. 3) The ME group’s slice thickness was
10 mm, whereas the I/R group had 8 mm.

In study I1, A T1-weighted sequence was employed to image the explanted heart ex-vivo
with high resolution and the following parameters: voxel size 0.5x0.5x0.5 mm; Tzcpo 3.6
ms; TRrep 20 ms; flip angle 70°; slice thickness 2.5 mm; no slice gap.

3.4.2 Human Studies

In study I1I & IV, imaging was carried out with three clinical MRI scanners: A 1.5T Philips
Achieva (Best, the Netherlands), A 3T Philips Achieva (Best, the Netherlands), and a 1.5T
Siemens Aera (Erlangen, Germany). Standard short and long-axis cine images (2ch, 3ch,
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and 4ch) were acquired using SSFP sequences with the following parameters: Tgep, 1.5
ms, Trep 3.0 ms, flip angle 60° (Philips Achieva 1.5T); TEcho 1.8 ms, Tgep 3.7 ms, flip
angle 45° (Philips Achieva 3T); TEepo 1.2 ms, Tgep 2.7 ms, flip angle 60° (Siemens Acra
1.5T). Temporal resolution was approximately 32 ms, and reconstructed spatial resolution
was approximately 0.75x0.75x8 mm?®. LGE sequence parameters were identical to clinical
workflow protocols. A 2D phase-sensitive inversion-recovery (PSIR) or a 3D inversion-
recovery sequence was used for Philips scanners. The Siemens scanner used a 2D PSIR
sequence. LGE parameters were: Tgp, 4 ms, effective Tgey, every second heartbeat, flip
angle 25° (Philips 2D PSIR); TEcho 1.3 ms, effective Tre) every heartbeat, flip angle 15°
(Philips 3D IR); TEcpo 3 ms, effective Tge), every second heartbeat, flip angle 25° (Siemens
2D PSIR). Inversion time was approximately 280-350 ms.

3.4.3 Analysis of Infarcts and Myocardium at Risk

In study I, the infarct sizes resulting from ischemia were calculated from LGE images. The
“EWA” algorithm with manual corrections at two hours post-reperfusion was used in the
I/R group. This method has been validated against ex vivo histochemical staining [264].
For the ME group, a method using a signal intensity threshold three standard deviations
above remote myocardium, i.e the “SD method”, was used [214]. This method has been
validated with microembolization infarct models [265, 266]. The SD method is can be
affected by varying contrast in the image and warrants cautious interpretation [267].

In study I, detailed infarct quantification on day seven was achieved through analyz-
ing high-resolution T1-weighted images. The extent of scar and microvascular obstruction
(MVO) was manually delineated with aid from in-vivo LGE, cine images, and photographs
of triphenyl tetrazolium chloride (TTC)-stained hearts, and delineations were mutually
agreed upon between six observers. Myocardium at risk (MaR) was manually traced from
contrast enhanced-SSFP images. MaR, infarct size, and MVO were presented as a percent-

age of left ventricular mass. Myocardial salvage was calculated as 100 — ( ]\/}as = * 100)

In study I & 1V, the presence of LGE hyperintensity was determined from the reports
by the attending clinician. In addition, the patients were dichotomized into non-ischemic
or ischemic etiology of LGE based on the patients’ charts and LGE characteristics by the
attending clinician. The patients were scanned between 2003-2015. This meant different
LGE sequences and varying image quality, which hindered reliable assessments of LGE as
exact percentages. Therefore, only the presence of LGE was included.

3.4.4 Venticular Volume Analysis

All cardiac variables were analyzed with the image-processing software Segment v.2.2-v.3.1
[268] (Medviso, Lund, Sweden) in all studies. LV volumes and mass was calculated by
manually tracing endo and epicardial borders at end-diastolic and end-systolic time frames.
However, endocardial borders were traced in every time frame for study II to get time-
resolved volume curves. Heart rates were obtained from the CMR scanner. Tracings from
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midventricular sections were used to assess wall thickening for study I. Left atrial volume
was estimated using the area-length method in study 111 (eq. 3.1) [269].

V=83 (A ) (3.1)

where A = atrial area; L = shortest length from the 2ch or 4ch-view.

3.4.5 Ventricular Longitudinal Function Analysis

Ventricular longitudinal variables of interest in the current studies were: atrioventricular
plane displacement (AVPD) in study I; AVPD, 4ch-tricuspid annular plane systolic ex-
cursion (TAPSE), and global longitudinal strain (GLS) in study III; AVPD, valve plane
velocities, and GLS in study IV.

AVPD was measured with the aid of a semi-tracking algorithm that has been developed
and validated by Seeman et. al. [270]. Fiducial markers are placed at the top of the my-
ocardial wall and the epicardial apex point in all long-axis views in end-diastole. Ideally,
six positions around the LV are used. In each long-axis view, an end-diastolic reference
plane is created. After that, the shortening and lengthening of the myocardial walls are
tracked throughout the cardiac cycle by the placement of annotations markers in all long-
axis views in each time frame. The maximal perpendicular length of systolic descent from
the end-diastolic plane in each long-axis view is AVPD (Figure 3.4). AVPD is typically
defined as the mean displacement of these six LV points. However, in study I, the six LV
points were divided into two three-point regions corresponding to the injured-anteroseptal
and remote-inferolateral myocardium. In study 111, mean AVPD was indexed to LV length,
and LV length was defined as the distance from the apex to a point intersecting the end-
diastolic plane at a perpendicular angle. In szudy IV, the maximal valve plane velocities
were obtained from a velocity curve derived from the time-resolved AV plane displacement
curve at three time points of interest: systole (LV §), early ventricular filling (LV ¢’), and
atrial systole (LV @). The tricuspid annular plane systolic excursion (TAPSE) used in Study
I was defined as the right ventricular lateral wall displacement from the 4-chamber view.

Studies III & IV includes GLS, which refers to the global myocardial deformation in
the longitudinal direction. GLS was measured in CMR cine images in each long-axis view
by the feature-tracking algorithm implemented in Segment [271]. This algorithm utilizes
manual tracings of the myocardial borders in end-diastole as input and automatically tracks
the deformation in each pixel over the cardiac cycle. Re-tracking after manual corrections
of tracings in end-diastole were applied if necessary. Both AVPD and GLS measurements
required at least two long-axis images with satisfactory image qualities for inclusion.

3.4.6 Non-Invasive Pressure-Volume Loop Analysis

In study I1, a non-invasive Pressure-Volume (PV) loop algorithm was used. This algorithm
uses ventricular volume curves derived from tracings of cine short-axis images and non-
invasively measured systolic and diastolic blood pressures to estimate the PV loops. The
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AVPD -ES ——

Figure 3.4: Measurement illustration of atrioventricular plane displacement (AVPD) and
global longitudinal strain (GLS). ED, end-diastole; ES, end-systole.
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conversion from discrete peripheral pressures to continuous ventricular pressure curves is
made possible through a generalization of the time-varying elastance curve. It has been
demonstrated that the elastance curve is consistent through multiple disease conditions and
species when scaled in amplitude and time. The original algorithm, mathematical equa-
tions, and validation against invasive pressure-volume loop measurements was described in
detail by Seeman et. al. [272]. Study II uses an updated algorithm that includes physiolog-
ical modifications for varying heart rates [273]. The algorithm estimates the energy exerted
by the heart in one heartbeat, known as stroke work (SW), which can be calculated as the
area within the PV loop.

Measurements derived from non-invasive PV loops do not differ significantly from their
invasive ditto. A line drawn from zero volume and zero pressure to the point of maximal
elastance denotes a relatively load-independent measure of contractility called Emax. This
origin is often referred to as V), here assumed to be at zero volume.

The mechanical potential energy (PE) is defined as the triangular area beneath the Emax
line. It pertains to the remaining energy stored in the contractile apparatus at the end of
systole that is not dissipated as SW [274]. The total mechanical energy consumption during
a heartbeat equals the combined area of SW and PE, known as PV area (PVA). Thus, the
ventricular efficiency in this algorithm is calculated as % - 100. The ventricular
efliciency represents the proportion of the cardiac energy consumption dissipated as useful
work to generate stroke volume.

Furthermore, total external power output is calculated as SW - % The effective
arterial elastance (Ea) estimates arterial afterload, which is defined as the ratio of pressure
at end-systole to stroke volume. Theoretically, this is the slope from the point of maximal
elastance to the point of end-diastolic volume at zero pressure. The relationship between
the two interacting chambers, that is, the ventricle and the arterial tree, can be appreciated
by the ventricular-arterial (VA) coupling, which is defined as the ratio of Ea over Emax
(Figure 3.5).

There are two central reservations concerning the use of non-invasive PV loops. First,
the end-diastolic pressure is not measured but chosen by the user, and hence the diastolic
part of the PV loop is less accurate. Although this can be of interest if the diastolic properties
are the main focus, the impact of the end-diastolic pressure level will ultimately be minimal
when analyzing global PV loop variables concerning work and energy. Secondly, the “V(”
parameter is fixed at a zero value. This could be a simplification since V( is dependent on
the method of extrapolation [39] and has shown to be influenced by inotropy and afterload
in rats [40]. However, the values of Vy are small, and the impact of fixating Vy is, therefore,
relatively minor.
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Figure 3.5: Non-invasive pressure-volume loops can be used to estimate information about
cardiac energy mechanics, such as potential energy (PE), stroke work (SW), contractility
(Emax), and the interaction with the arterial load (ventricular-arterial (VA) coupling; Ea,

arterial elastance).
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3.5 Statistical Analyses

3.5.1 Statistical Methods

The statistical methods described in the thesis can be separated into descriptive statistics,
regression models, and survival analyses. Statistical software used was GraphPad (La Jolla,
CA, USA; study I), SPSS statistics v.25-v.27 (IBM, Armonk, NY; Study I, III ¢ 1V), and
Rv.4.0.3 (Study Il & 1V).

Study I

In study I, a parametric approach was chosen. Student’s paired and unpaired t-tests were
used to assess differences between groups and time points. Paired t-test was used within an
individual between baseline and two hours for the same myocardial region (e.g., anterosep-
tal region). Different myocardial areas (e.g., anteroseptal vs. remote region) were compared
using unpaired t-tests. Differences of variables spanning four time points were compared
using repeated-measures analysis of variance (ANOVA). Additionally, Pearson’s regression
coeflicient was calculated, and results were presented in meantstandard deviations (SD) or
as changes (A) in percentage units.

Study II

In study 11, a largely non-parametric approach was chosen. Mann-Whitney U tests are used
to compare variables between groups. Differences within groups over time were assessed
with the Friedman test. In addition, Dunn’s test for post-hoc multiple comparisons with the
Holm correction was used to compare differences at specific time points. Linear regression
modeling of the change from baseline to 24-hours and infarct size was calculated for each
group. The analysis of covariance (ANCOVA) was used to test whether the differences
between baseline and 24-hours in PV loop variables in each group were significant when
adjusting for infarct size. Results were presented as mean+SD in tables. Error bar plots
show mean+standard error of the mean (SEM).

Study III & IV

In studies III & IV, survival analyses, are the primary approaches. The main difference
between these studies is that szudy III uses a standard time-to-first-event approach with a
mortality-centered outcome, and study IV uses reoccurring event analysis with a morbidity-
centered outcome. Differences between groups were assessed with student’s t-test and
ANOVA with the least significant difference post-hoc test for normally distributed vari-
ables (studies III & IV) and Mann-Whitney U or Kruskal-Wallis tests for non-normally
distributed variables (szudy IV). Normality assumptions were checked with histograms and
descriptive statistics. Categorical variables were compared with the y?-test. The bias be-
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tween the same and different observers was tested in a subset of 43 patients, according to
Bland and Altman [275].

Single-event survival analyses with Kaplan-Meier were used in both studies, with the
log-rank test for comparing differences between tertiles of ventricular longitudinal func-
tion. In Study II1, cox proportional hazards (PH) modeling was used to calculate the haz-
ard rate ratios (HR) for cardiovascular and all-cause death with a backward elimination
variable selection process (entry criterion of p-value<0.10). In szudy IV, Prentice, William
& Peterson-Total time (PWP-tt), an extension of the Cox PH regression to incorporate
reoccurring events, was used to determine univariate and multivariate prognostic values.
A criterion-based forward selection process optimized for maximum Wald statistic pre-
inclusion and the p-value>0.05 post-inclusion. Furthermore, the mean cumulative func-
tion (MCF) was used to describe the average number of events patients in each tertile of
ventricular longitudinal function experienced. Differences were tested with two-sample
pseudo-score tests with the Poisson variance estimation.

For both studies, multicollinearity between variables was limited by a cut-off criterion
for inclusion: Pearson’s regression coefficient <0.8 [276]. The likelihood ratio tests assessed
incremental prognostic values by comparing nested-reduced models with full models. In
addition, the concordance index was used to compare the final models’ discriminatory
abilities in study IV.

3.5.2 Registry Data Analysis

Detailed data on hospitalizations and causes of death were obtained from The Swedish
National Board of Health and Welfare registries. To extract and handle the extensive data
directory and minimize man-made errors, we developed an algorithm for data extraction
in MATLAB (R2019a. Natick, Massachusetts: The MathWorks Inc. United States). The
algorithm searches a patient’s medical history for all hospital admissions spanning the years
of interest (2003-2018). It collates the data of interest within the period between the date
of the CMR exam and the 5-year follow-up end date. The start dates for each patient are
the CMR acquisition dates. The end of follow-up was five years after CMR, at which the
patients that had not yet encountered an event were right-censored. The algorithm uses pre-
defined categories and associated ICD-10 codes (Table 3.1) for detecting matching events.
Data collected for each event are the primary diagnosis of the hospitalization, the time to
event, and the total days of hospital length of stay. All data is accumulated in each category
and totaled.

The composite heart failure morbidity outcome used comprises several cardiovascular
diagnoses and procedures. The event data used for time-to-first-event analyses are selected
from the earliest event encountered in the different categories. Special considerations were
taken with adjacent hospitalizations. Namely, events are combined when two or more
hospitalizations are immediately adjacent (the end of the first event is within a day of the
second event). Otherwise, a new event would be created if a patient is relocated from
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Major adverse cardiovascular events ICD-10 codes
Cardiovascular death -
AMI 121-124
Revascularization FNG, FNA, FNC
Heart failure hospitalization 125, 1420, 150
Heart transplant FQA, FQB
Cardiac arrest 146
Ventricular arrythmia 1472B, 1472C, 1490
Lung edema J81
Ventricular Assist device FXL, FXN
Comorbidities ICD-10 codes
Diabetes Mellitus T1 E10
Diabetes Mellitus T2 E11-E13
Any Diabetes E10-E14
Hypertension 110-113
COPD J44
Liver failure K72
Kidney failure N18,N199, 120
Anemia D649, D509
Atrial fib or flutter 148
Stroke 160-164, 169
+ All event categories

Table 3.1: ICD-10 codes for study IV endpoints.

one hospital facility to another. Without combing adjacent hospitalizations, the algorithm
which aims to only count unique events would falsely detect multiple events instead of one
in these situations. Data on comorbidities were searched for in all available hospitalizations

before the CMR date and dichotomized.



Chapter 4

Results and Comments

4.1 Studyl

Heart failure (HF) is a severe condition and affects millions of adults in Europe and the
United States alone. Accompanying HF is often low quality of life, high morbidity, and
high mortality. A common cause of HF is AMI, which often leads to dysfunction of cardiac
pumping and progressive remodeling. Patients with HF due to AMI have a low ventric-
ular longitudinal function measured as AVPD or mitral annular plane systolic excursion
(MAPSE) [79, 155, 156, 167]. The most common type of myocardial infarction (MI)
results from a complete coronary artery blockage. It produces a relatively homogenous
injury and an infarct pattern that travels in a “wavefront” from the endocardium to the
epicardium [277]. Another type of AMI, microembolization, can occur naturally due to
debris escaping downstream from a partly disintegrated thrombus or iatrogenically during
catheter interventions [278]. Microembolization particles produce multitudes of small is-
chemic territories [36] unavailable for reperfusion, yielding a patchy infarct pattern. This
lends the hypothesis that these two types of AMIs may affect the longitudinal pumping and
disturb the coupling of AVPD and stroke volume (SV) differently. Therefore, we investi-
gated the relationship between AVPD and SV during the cardiac cycle, before and after
AMI during the first week.

Table 4.1 shows baseline and post-AMI data for the two groups, I/R and ME. At base-
line, the I/R group was slightly larger than the ME group, evident in larger end-diastolic
volume (EDV), SV, end-systolic volume (ESV) (all p<0.01), and weight. As AVPD mea-
surements and other cardiac function variables did not differ, this should not preclude the
conclusions.

Post AMI, the ischemic injuries affected the groups slightly differently. In the I/R
group, EDV decreased while ESV and heart rate increased. In the ME group, EDV and
ESV increased while heart rate dropped. The decrease in EDV most likely pertains to the
increased heart rate in the I/R group due to increased systemic stress. The discrepancy
in heart rates between groups also impacted CO such that the I/R group decreased less

71
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Ischemia-Reperfusion Microembolization
(n=14) (n=12)

Parameters Baseline Post AMI A % change Baseline Post AMI A % change
LV AVPD, mm 10.0 £ 1.8 7.2 & 2.1k —29*+ 14 93+ 17 7.7+ 1.5% —15 = 18%
LV AVPD anteroseptal, mm 98 + 1.3 6.7 £ 2.0%*% —-32+15 8.9+ 1.7 7.2 £ 1.6%* —17 £ 19%
LV AVPD remote, mm 113+24 8.5 £ 2.1 -25*11 105+19 8.7 £ 1.7 —-16 =17
LV stroke volume, mL 48 £ 11 33 £ [0*** —33+13 37 £ 5% 26 £ 4k =31 %11
Basal epicardial area, cm? 279*19 26.7 = 1.9%* —4=*6 249 * 1.2 25.7 = 1.7* 3+ 5%k
Long. contribution to SV, % 59 =13 59*9 0=*10 62 £ 15 78 £ 14k 15 £ 115E%
LV ejection fraction, % 48+ 6 36 + THEE —12+6 49+5 31 & 5wk —18 + 6%
LV end-diastolic volume, mL 100 = 14 91 = 8% -10x=9 76 * 9%k 83 £ 10%** 9 &= 6%ft
LV end-systolic volume, mL 52+7 58 £ 12% 12+15 39 * 6%t 58 £ gk 49 + 19451
Heart rate, beats/min 80 = 12 98 + 34 23 + 40 91 + 16 80 + 9% —10 = 17%
Cardiac output, L/min 39+1.0 3.0 £0.9* —17+30 34+08 2.1 £ Q.48 —-37+19
Wall thickening anteroseptal, % 48 = 13 16 £ 12%#:* —32=*15 369 23 & Qe —13 = 7§k
Wall thickening remote, % 47 = 15 52+ 18 5+16 38+ 11 38+13 1+x12
Infarct size, % LV 26 + 11 8 &= 2%iE

Values are means * SD for n animals. AMI, acute myocardial infarction; AVPD, atrioventricular plane displacement; LV, left ventricular; SV, stroke volume.
*P = 0.05, **P = 0.01, ***P = 0.001 compared with baseline. P = 0.05, ##P = 0.01, £P = 0.001 compared with the Ischemia-Reperfusion group.
Table 4.1: Baseline and post-AMI data in Ischemia/Reperfusion and Microembolization
gl‘ OllpS.

(-17+30%; p<0.05) than the ME group (-37+19%; p<0.001) compared to baseline values.
EF also decreased in both groups (I/R: -12+6% vs. ME: -18+6%; p=0.02). The more acute
stress imposed on the heart in an I/R event than microembolization is a likely reason for
the differing hemodynamic responses. This would explain the slight (but not statistically
significant) increased wall thickening in remote regions in the I/R group and the opposite
reactions in heart rate.

The I/R group showed a reduction in mean AVPD (-29+14%), anteroseptal AVPD
(AVPDgntsep) (-32£15%), and remote AVPD (AVPD,¢pnote) (-25+£11%; all p<0.001).
The ME group’s AVPD reductions were not of the same magnitude: mean AVPD
(-15+18%); AVPDgptsep (-17£19%); AVPD,emote (-16+17%; all p<0.05). In contrast,
decreases in SV were similar for both groups (I/R: -33+13%; ME: -31+11%) (Figure 4.1).
With the basal epicardial slices shifting in parallel with EDV, the percentage of longitu-
dinal SV to total SV remained the same in the I/R group (0+10%; p=0.95) and increased
slightly in the ME group (15£11%; p<0.001). Unlike ME infarcts, a stable longitudinal
contribution of SV in I/R infarction agree with previous investigations [79].

Our findings that a global impact on ventricular longitudinal function from a regional
injury corroborate earlier results from an investigation in patients (n=177) within a week
after ST-elevation myocardial infarction (STEMI) [167]. An explanation for the global
decrease is the anatomical factor. Stoylen stated that the rigid annulus fibrosus intercon-
necting all four AV-valves could prohibit regional differences in AVPD [279]. In addition,
the interconnected and continuously branching network of myocytes and their helical ar-
chitectural organization is another possible contributing factor.

A central result in this study was the close concordance between AVPD and SV dur-
ing the initial week, where a decline with a nadir at 24 hours and a near-baseline recovery
at seven days was seen (Figure 4.2). Moreover, the coupling between AVPD and SV was
investigated at the individual level in regression analyses (Figure 4.3). The I/R group’s re-
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Figure 4.1: The Ischemia/Reperfusion (I/R) group displayed a larger decrease in atrioven-
tricular plane displacement (AVPD) after acute myocardial infarction (AMI) (P<0.001)
than the Microembolization (ME) group (P<0.05) (A), whereas SV decreased to a similar
extent in both groups (P<0.001 for both; B). C & D: Both group displayed reduced AVPD

for anteroseptal and remote regions.



74 CHAPTER 4. RESULTS AND COMMENTS

A
16
14
— 12
1 i )
E 10 I
- a .
g & g
> 64 <>t
<
4 -

SV [ml]
SV [%]

T T T T T T
baseline 2h 24h 7d baseline 2h 24h 7d

Figure 4.2: 'The chronological evolutions of atrioventricular plane displacement
(AVPD) and stroke volume (SV) were investigated in a subset of animals in the Is-
chemia/Reperfusion group (n=7) during the first week. AVPD (A & B) and SV (C &
D) show a similar initial decrease during the first day after ischemia, which recuperates to
near-baseline values on day 7. (*)P=0.084, *P<0.05, **P<0.01.

gression slope (0.652 + 13.6) was steeper than the ME group (0.39x + 24.9) with similar
regression coefficients (r = 0.67 — 0.68). This means that the connection is present in
both groups, although slightly different mechanisms seem to be at play. The “patchy” mi-
croembolization infarcts have a greater initial decrease in SV regardless of AVPD reduction.
They then carry a greater impact on longitudinal wall motion relative to each % decrease
in SV than homogenous infarcts, where decreases are more equal between AVPD and SV
throughout the spectrum.

Infarct sizes differed considerably between groups, and the I/R group had significantly
larger infarct sizes measured with LGE (26+11% of left ventricular mass (LVM)) than the
ME group (8+2% of LVM). There was a correlation between infarct size and AVPD re-
duction in the I/R group (r = 0.53; p=0.05), whereas none existed for the ME group
(r = 0.16; p=0.61) (Figure 4.4). Interestingly, despite the slight variability in ME infarct
sizes, wall motion, SV, and CO were significantly affected in both groups, again indicating
that slightly different pathophysiological mechanisms are at play in the two types of AMIs.
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Figure 4.4: Percent decrease in atrioventricular plane displacement (AVPD) before and 2h
after acute myocardial infarction plotted against infarct size in % of left ventricular mass
(LVM) for the Ischemia/Reperfusion (I/R) and Microembolization (ME) groups. There
is moderate evidence for the I/R group toward larger infarcts yielding larger decreases in
AVPD (r = 0.53, P=0.05). How microembolization infarcts affected AVPD varied greatly,

as shown by the large vertical spread with simultaneous small variance in infarct sizes.
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The diastolic properties of ventricular longitudinal function were also assessed with

reference to the diastasis [74, 78]. The early diastolic filling phase (Doppler E-wave),
dependent on ventricular diastolic suction, is completed at diastasis. By extension, the first
component of diastolic AVPD is dependent on restoring recoiling forces (E-wave AVPD).
Thus, the subsequent atrial kick is responsible for the last longitudinal movement (A-wave
AVPD). The results showed that E-wave AVPD, but not A-wave AVPD, is diminished after
an AMI (p<0.001). This result is physiologically congruent, considering that the AMI only
affects the ventricular myocardium, whereas the atrial myocardium is unaffected. Hence,
the lesser ventricular systolic contraction is the cause of the decreased E-wave AVPD. These
findings confirm the clinical observations by Kranidis et. al. [280].
In summary, study I investigated the link between ventricular longitudinal function,
AVPD, and SV in an experimental AMI model. The results showed that SV adheres closely
to changes in AVPD, both before and after AMI, in this experimental setting. This con-
nection was persistent acutely and during the first week in I/R injuries and to a lesser and
differing extent in ME injuries. Furthermore, AVPD was bludgeoned equally in remote
myocardium as myocardial regions directly at risk from ischemia. Finally, after an AMI,
the lesser systolic ventricular function could be deduced as decreased E-wave AVPD, while
A-wave AVPD was preserved.
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4.2 Study II

AMLI is a severe but common event, and any improvement in cardioprotection could lead to
massive cardiovascular health benefits for patients. Hypothermia is a possible therapeutic
approach for reducing ischemic injuries associated with AMI. It is known that lowering
the internal temperature reduces the enzymatic kinetics, i.e., the metabolic demands, of
the heart and body [281] and limits damages from myocardial ischemia and reperfusion
(117, 118]. Despite hypothermia’s firm physiological basis, results from preclinical and
clinical trials of therapeutic hypothermia have been ambiguous in realizing its potential
cardioprotective effects [128, 130, 282]. With this in mind, our understanding of the
protective effects of hypothermia remains incomplete due to prior studies lacking serial
observations.

Previous studies have primarily focused on infarct quantification. Though the specific
endpoint of infarction size is essential, a sole focus on infarction carries a risk of overlooking
global effects on cardiac function. A PV loop framework is the gold standard for assessing
cardiac performance, but the common invasive approach limits its clinical use. A non-
invasive PV loop method, recently developed in-house, could therefore be of utility [272,
273]. Altogether, analyses of cardiac energy mechanics by non-invasive PV loops during
hypothermia in I/R may add novel perspectives on the cardioprotective mechanisms in-
volved.

Fourteen out of nineteen animals completed the full one-week study protocol and were
included in the final analysis. Both groups, Hypothermia and Normothermia, consisted of
seven animals, and non-invasive PV loops could be measured in all. The rapid (<5 min)
cooling procedure reduced the internal temperature from 38°C at baseline to 34.5+0.5°C
at reperfusion in the Hypothermia group (p=0.002), while the temperature was unchanged
in the Normothermia group.

Though this study’s protocol is similar to that by Gérberg er. al. [123, 124, 131],
which investigated the optimal timing of hypothermia and its effect on infarct size, we ex-
tended the protocol to four cardiac magnetic resonance (CMR) imaging sessions to assess
the vicissitudes of cardiac function post-ischemia and their modulation by hypothermia.
In our study, the infarct size (IS) and myocardiium at risk (MaR) were smaller in the Hy-
pothermia group but not significantly (IS: 10+8% vs. 15+8%, p=0.32; MaR: 17+10% vs.
24+11%, p=0.25). The high variability in IS and MaR strongly contributed to the non-
significant results. The previously mentioned studies reported significantly smaller infarcts
[123, 124, 131], but we could only replicate these findings partially. This discrepancy
could be attributed to lower blood pressures and heart rate (HR) at reperfusion than in
prior experiments (mean arterial pressure (MAP): approximately 60 vs. 100 mmHg; HR:
approximately 80 vs. 100 bpm). Increased pressure work and frequency during and after
ischemia burdens the heart by increasing metabolic demand and instills more severe dam-
ages from ischemia. On a similar note, MaR was also smaller in the Hypothermia group.
This finding could be due to chance. However, clinical and experimental data support that
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Baseline 2h 24h Day 7
Variables Nor i i i Hy i i Hypothermi i
EDV [mi] 110£82 100+ 10 11013 110+ 14 110+ 12 100+ 13 110+ 10 100 £ 8.5
ESV [mI] 55457 53454 61+15 57482 63+ 14 55+7.9 56+ 10 50+7.4
SV mi] 5845 5248 47410 51410 449 49412 56+ 8 5345
EF [%] 5143 5044 4449 4745 4149 4747 5047 5145
Cardiac Output imin] 47405 42406 37411 3.8+0.9 32404 42410 52408 50405
Heart rate [bpm] 8249 8110 78421 75410 7549 86+ 19 9449 96+8
Py e T 1548 10+8
[let_)‘tl:ar]dium at risk 24411 17+10
Obsnicton oLVM] 242 23
Myocardial salvage [%] 41+33 52+£26
MAP [mmHg] 63+10 6746 6149 5546 5748 5945 5842 5946
Stroke work [J] 0504011 0494010 03902  039+0.03 0324013 0384010  046+008 042005
Potential Energy [J] 0284005 0304005 031£008  027£0.06 0304005 0274007  028+005 024005
Efficiency [%] 64+3 62+5 55411 5847 51+11 5948 62+7 645
External Power [W] 0714016 069+0.15 053£020  051£0.18  041+0.11 056016  074£012  0.70%0.10
B [mmHgimi] 13402 15+02 12404 12402 11404 12401 13402 13402
Ex [mmHgimi] 14+0.1 1.8+0.3 19404 15403 19403 17405 15403 15402
Ventricular-arterial L1401 12402 16407 13403 1.8+0.6 14404 13404 11402

Coupling
EDV: end-diastolic volume; ESV: end-systolic volume; SV: stroke volume; EF: ejection fraction; bpm: beats per minute; T1-w: T1-weighteded; LVM: left ventricular mass; MAP;
mean arterial pressure; Eyax: ventricular elastance (contractility); Ea: Arterial elastance.

Table 4.2

cardioprotective approaches, potent enough to reduce irreversible myocyte damage, also
limit the extent of edema after I/R injury and thus measured MaR [204].

Table 4.2 shows the variables for each time point. As can be seen in Figure 4.5, the sever-
ity of ischemic injuries was attenuated in the Hypothermia group, as manifested in smaller
reductions of volumetric variables such as stroke volume (SV: p=0.77), cardiac output (CO:
p=0.037), and ejection fraction (EF: p=0.13) than the Normothermia group (SV: 0.029;
CO: p<0.001; EF: p=0.068). Two variables with interesting responses were MAP and
HR. MAP acutely decreased after rapid cooling (baseline—2 h: p<0.001; baseline—24h:
p=0.19), whereas it was consistent for all measurements in normothermic animals. HR did
not differ between groups (p=0.72) and increased on day seven. These findings also diverge
from the previous reporting [123, 124, 131]. Blood pressure after induced hypothermia
has been reported to be unchanged or increased [124], as well as transiently increased or
reduced [283]. Differences in anesthetic depths could explain this variability as anesthesia
depresses sympathetically mediated shivering and stimuli induced by hypothermia. In this
study, reduced blood pressure in the acute phase could be one of the cardioprotective mech-
anisms adjuncts to hypothermia. Reduced pressure work and more preserved ventricular
volumes would reduce the wall tension needed to sustain adequate cardiac output. Still,
it is unclear from these results whether vasodilating drugs, e.g., Nitrates or Ca2%t chan-
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nel blocking drugs, alone would yield similar preservations in cardiac function or if the
protective effects are construed by other mechanisms inherent to hypothermia.

A typical example from each group is shown in Figure 4.6. PV loop-derived variables
followed the same pattern as their volumetric counterparts. While both groups experi-
enced a decrease and partial recovery pattern over the initial week, the adverse effects were
generally truncated in the Hypothermia group (Figure 4.7). For example, peak reductions
at 24 hours in stroke work (p=0.17), external power (p=0.01), and ventricular efficiency
(p=0.13) tended to be smaller in the Hypothermia group than in the Normothermia group.
Both groups experienced reduced contractility (Emax) post-AMI, but the accompanying
afterload reduction (Ea) following the decreased MAP in the Hypothermia group led, in
this case, to a preserved ventricular-arterial (VA) coupling of 1.4+0.4. In contrast, the
Normothermia group experienced an afterload mismatch of 1.8+0.6.

The optimal VA coupling, that is, energy transfer between the ventricle and arterial
tree without excessive changes in pressure, is ideally near 1 [58]. Typical ratios of Ea/Emax
at rest are 0.6-1.2 in humans [61], felines [284], and canines [285]. Coupled with low
contractility and high neurohormonal activity, severe afterload mismatch is present in sys-
tolic heart failure patients with VA coupling ranging between 1.3-4.3 [62] and reduced
ventricular efhiciencies. Our data infer a likeness of the Normothermia group to systolic
heart failure (VA coupling: 1.820.6; efficiency: 51+11%), while the Hypothermia group
saw a more preserved VA coupling (1.4+0.4) and efficiency (59+8%). As stated by previous
studies [286, 287], the theoretical advantage of VA-coupling over LVEF lies in examining
the individual components of Ea/Emax to discern if the hemodynamic alterations are due
to properties of the left ventricle, arteries, or both. It has been demonstrated that the VA
coupling is strongly predictive of adverse outcomes [288, 289]. Our results indicate that
Hypothermia inflicted slightly decreased contractility while markedly reducing arterial elas-
tance, converting to a preserved VA-coupling.

Regression analyses and analysis of covariance (ANCOVA) of the change in PV loop
variables from baseline to 24 hours addressed whether the two groups™ differences were
present when adjusting for infarction sizes. In other words, if the differences were at-
tributable to infarction sizes or influenced by the perturbation of hypothermia. The
increase in EA and, to a borderline extent, decreased external power were significantly
modulated by hypothermia (ANCOVA: p=0.015; p=0.061, respectively). Though sta-
tistical power was limited, the general trend in these analyses suggests that hypothermia
had protective effects on cardiac energy and mechanics, incremental to reducing infarct
size (Figure 4.8). This finding could be due to a superior contractile recovery in stunned
myocardium subjected to hypothermia than normothermia; this would be supported by
prior experimental studies [118].

In summary, this study of a hypothermia intervention in an experimental I/R model
demonstrated a significant amelioration in cardiac impairment by rapid cooling (<35°C)
at reperfusion compared to normothermia during the initial week. The results suggested
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Figure 4.5: Error bar plots showing mean+standard error of the mean for stroke volume
(SV), ejection fraction (EF), cardiac output (CO), mean arterial pressure (MAP), heart
rate, end-diastolic volume (EDV), and end-systolic volume (ESV). The reductions in vol-
umetric variables seen in the Normothermia group (N=7) were generally ameliorated in
the Hypothermia group (N=7). MAP fell significantly in the Hypothermia group after the
intervention of mild hypothermia. P values from Friedman’s test compare results over four

time points within each group.
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Figure 4.6: A typical example from each of the two groups, Normothermia and Hypother-
mia, at 24-hours after ischemia/reperfusion injury with larger ventricular-arterial(VA) de-
coupling in the Normothermia group compared to Hypothermia.

that hypothermia yielded favorable energy mechanics, such as higher efficiency and better
matching between the ventricle and the arterial load than normothermia. Furthermore,
the analyses indicated that hypothermia protected cardiac function incremental to reducing
infarct size. In addition, non-invasive PV loops by CMR are clinically feasible and could
help elucidate cardiovascular hemodynamic mechanisms in future studies.
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Figure 4.7: Error bar plots showing meanzstandard error for stroke work, external power,
efficiency, contractility (Emax), arterial elastance (Ea), and ventricular-arterial coupling.
The adverse effects of ischemia/reperfusion injuries on PV loop-derived variables seen in the
Normothermia group (N=7) were generally attenuated in the Hypothermia group (N=7).
P values from Friedman’s test compare results over four time points within each group.
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after ischemia/reperfusion with six pressure-volume (PV) loop derived measurements. If

the regression lines differ in slope or offset between the Hypothermia group (N=7; blue)

and Normothermia group (N=7; red), that means that hypothermia itself, in addition to
the infarct size, modulates the observed results. There are slight trends in external power,
efficiency, Emax, and ventricular-arterial coupling. This means that the intervention of

mild hypothermia offsets and attenuates the adverse effects caused by ischemia/reperfusion.

P values by the analysis of covariance tests if the relative reductions in PV loop variables
between Hypothermia and Normothermia groups differ while adjusting for infarct size.
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4.3  Study III

HFrEF is a severe disease, and patients experience symptoms such as shortness of breath and
general fatigue. Their quality of life is often reduced [290], and HFrEF carries an excessive
mortality risk comparable to many malignancies [291].

Preceding studies have found measurements of MAPSE, AVPD, and GLS to be of
prognostic value in different patient populations [168, 170, 171, 184]. However, studies
with a focal point on severely ill patient groups such as HFrEF are scarcer, albeit a few exist
[181, 188]. Adding to this, many studies are needed to solidify the evidence base for any
biomarkers before clinical or guideline implementations. For these reasons, a continued
inquiry into the predictive capabilities of longitudinal ventricular function is relevant. Re-
garding cardiovascular (CV) and all-cause death, this study evaluates 1) AVPD and GLS
as prognostic markers alone, 2) compared to established biomarkers, such as EF and LGE,
and 3) the relative prognostic difference of using a single point or several averaged points
for AVPD measurements.

Two hundred and ninety-five patients with HFrEF and a clinical CMR exam were con-
sidered for inclusion. Eight examinations resulted in poor image quality, resulting in 287
patients available for the final analysis (62+12 years; 78% men). All patient characteristics
are found in Table 4.3. CV comorbidities and confounders included diabetes (present in
22%), hypertension (present in 30%), and smoking (present in 18%). The cause of heart
failure was mainly ischemic (59%), and 47% had a functional status of New York Heart
Association (NYHA) III. AVPD was higher in CV-death survivors than in non-survivors
(8.0+2.4 vs. 6.4+2.0 mm, p<0.001). Likewise, GLS and EF were also higher in CV-death
survivors than in non-survivors (-7.7+3.1 vs. =6.1+2.2%; 27.1+8.1 vs. 22.6+8.0%; both
p = 0.001).

A large majority of patients received optimal medical treatment at the time of inclu-
sion as >90% received Betablockers and RAAS antagonists, although only 52% received
spironolactone; we did not have data on changes in prescribed medications that could im-
pact mortality. Furthermore, newer drugs with documented survival benefits for HFrEF
patients, such as SGLT2 [108] and neprilysin-inhibitor [106], were not recommended nor
generally available during follow-up.

The study period was truncated to five years for the primary analysis since ventricular
longitudinal shortening was expected to have less influence on prognosis beyond five years.
A vast array of factors — comorbidities, lifestyle, medications, surgeries, accidents, etc. —can
affect prognosis 10+ years after CMR. Regarding the 5-year follow-up, 40 CV deaths and
60 all-cause deaths occurred with median endpoint time ratios of 2.1 and 2.0, respectively.
The median full follow-up time was 7.9 years (interquartile range 5.4-11.7 years), and 83
CV deaths and 134 deaths occurred with similar median endpoint time ratios.

We found that both AVPD and GLS were univariate predictors of CV death (AVPD:
HR 1.30 [1.13-1.49]; GLS: HR 1.19 [1.07-1.33]) and all-cause death (AVPD: HR 1.21
[1.09-1.36]; GLS: 1.14 [1.04-1.25]). Other prominent significant risk factors for CV and
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Total AVPD tertiles GLS tertiles

Characteristics | n=287 >8.8 mm 6.8-8.8 mm <6.8 mm <-8.4% -(84-6.1)% |>-6.1%
Age (years) 62+12 63+12 63£12 59414 62£12 63+12 60+ 14
BMI (kg/m?) | 27+4 2845 2744 26£5 2745 2744 2744
Male 225 (78) 67 (71) 73 (75) 85 (89) 63 (66) 76 (81) 82 (87)
ICM 168 (59) 51 (54) 63 (65) 54 (57) 51 (54) 61 (65) 53 (56)
Smoking 45 (18) 18 (22) 8(9) 19 (22) 18 (21) 10 (12) 17 (20)
Hypertension 77 (30) 29 (34) 31 (35) 17 (20) 29 (33) 23 (27) 22 (26)
Diabetes 57 (22) 14 (17) 22 (24) 21 (24) 13 (15) 24 (28) 17 (20)
NYHA
I 20 (9) 14 (20) 4(6) 2(3) 13(17) 4(6) 3(4)
Jit 63 (29) 31 (44) 17 (24) 15 (20) 24 (32) 28 (41) 9(13)
I 101 (47) 25 (35) 36 (51) 40 (53) 31 (41) 29 (42) 40 (59)
v 32(15) 1(1) 13(19) 18 (24) 8(11) 8(12) 16 (24)
Betablockers | 241 (92) 75 (88) 83 (92) 83 (97) 80 (92) 78 (92) 80 (94)
ﬁﬁ:s antago- | 536 (90) 77 (91) 83(92) 76 (88) 78 (90) 79 (93) 75 (88)
Spironolactone | 133 (52) 36 (43) 48 (53) 49 (58) 41 (48) 39 (46) 51 (61)
eGER(ml/ 1 04 99 71418 66421 69421 68420 69419 68422
min/1.73 m?)
NT-proBNP

- | 1604 1730 2531 (1416- 1728 2531 (1416-
E;‘ég)) median | (695 3405) | 990 (331500 | (740 3008) | 5469) 737 (430-1697) | (53 3417) | 5508)
LGE presence | 220 (77) 69 (73) 75 (77) 76 (80) 67 (71) 77 (82) 72 (77)
EDV (ml) 300493 278475 292490 327+106 26177 291474 348 +106
ESV (ml) 225488 193£62 21482 269+99 178+62 21663 283+ 101
SV (ml) 75422 87+19 77419 61+18 83421 76421 66420
CO (I/min) 47+15 5414 47413 39+16 5115 47412 41£17
fn?)vmdex(ml/ 150 +43 138432 14843 165 +50 131433 147436 174+49
:znsz}/ index (ml/ |13, g 95+27 109+39 135+47 89427 109431 142448
i};‘“dex(mv 38410 4319 3949 3149 4249 38410 33410
CI (Umin/m?) | 2.4+0.7 27407 24406 20408 26407 24406 214038
Leftatrial 127445 122+43 119+42 140+48 118+48 122438 142446
volume (ml)
EF (%) 2748 3246 2847 2046 3346 2746 2047
Mean AVPD 175,54 104+1.4 7.740.6 51+1.1 9.8+1.9 79416 55+1.6
(mm)
GLS (%) ~7543.0 ~10.0+14 ~7.5%1.9 —5.1%2.1 ~10.8+2.1 ~7.2%0.7 —44%14
TAPSE (mm) | 18.5%6.3 22.7%5.0 183456 145455 20.5%6.1 192+6.1 155+5.6

Baseline characteristics stratified by AVPD and GLS tertiles. Data are expressed as mean + standard
deviation or as absolute numbers and percentages in parentheses unless otherwise stated. BMI body mass
index, ICM ischemic cardiomyopathy, NYHA New York Heart Association, RAAS renin-angiotensin—-
aldosterone-system, IQR inter-quartile range, LGE late gadolinium enhancement, EDV end-diastolic volume,
ESV end-systolic volume, SV stroke volume, CO cardiac output, CI cardiac index, EF ejection fraction, AVPD
atrioventricular plane displacement, GLS global longitudinal strain, TAPSE tricuspid annular plane systolic

excursion.

Table 4.3
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Figure 4.9: Kaplan—Meier curves showing survival from cardiovascular death stratified by
tertiles for (A) atrioventricular plane displacement (AVPD), (B) global longitudinal strain
(GLS) and (C) ejection fraction (EF) for the 5-year follow-up in panels. T1, upper tertile;
T2, middle tertile; T3, lower tertile.

all-cause death, respectively, were age (HR 1.05 & 1.04), N-terminal pro-brain natriuretic
peptide (NT-proBNP) (HR 1.17 & 1.17), etiology of HF (HR 2.59 & 2.26), LGE presence
(2.89 & 2.43), diabetes (HR 2.39 & 3.05), EF (1.06 & 1.04), and TAPSE (HR 1.09 &
1.09).

Kaplan-Meier analyses of AVPD, GLS, and EF tertiles found decreasing survival prob-
abilities with worsened longitudinal ventricular function and EF (Figure 4.9 & 4.10). Of
note, the survival rates were the most uniformly separated with AVPD, indicating a slight
predictive edge for AVPD over GLS and EF. The central results show that AVPD, unlike
GLS, persisted as an independent predictor of CV death (33% increased mortality inci-
dence per 1 mm decrease) when adjusting for a priori clinical risk factors (age, sex, body
mass index (BMI), etiology of HE LGE presence, EF, and EDVi). Both AVPD and GLS re-
mained independent predictors of all-cause death when adjusting for the same confounders
(AVPD: HR 1.24; GLS: HR 1.15) (Table 4.4). When considering the similar event dis-
tribution of AVPD and GLS, their interrelatedness, measurement variability, and sample
size distinct discrimination between these variables” predictive values cannot be made with
our study. Thus, we deem our results not to contradict GLS as a significant predictor of
outcome in heart disease [170, 184, 185, 220, 292].

This study focuses on HFrEF patients, implying a low ventricular longitudinal func-
tion, a severely reduced systolic function, and excessive mortality. This means that the lion’s
share of systolic deterioration would already have occurred. Prior studies’ results on ven-
tricular longitudinal function include significant prognostic values in outpatients referred
for clinical CMR [168], for patients with EF below 50% [171, 184], and patients with hy-
pertension [172]. It is not evident that GLS or AVPD would have prognostic importance
when the global function measured as EF is severely reduced. One of this study’s main
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Figure 4.10: Kaplan—Meier curves showing survival from a//-cause death stratified by tertiles
for (A) atrioventricular plane displacement (AVPD), (B) global longitudinal strain (GLS)
and (C) ejection fraction (EF) for the 5-year follow-up. T1, upper tertile; T2, middle
tertile; T3, lower tertile.

findings is that ventricular longitudinal shortening retains its independent predictive value
in this patient population.

Several factors could vary the degree of prognostic implication of ventricular longitu-
dinal function variables. Three factors worth discussing include population characteristics,
length of follow-up, and measurement location.

First, the intrinsic mortality risk in a study population determines the event rates and,
consequently, the number of events needed for statistical analyses. Our 5-year total mor-
tality of 21% was approximately 40% higher than the three studies from Romano et. al.
[171, 172, 184]. In these three populations, mean EF ranged from 33 to 59% compared
to our number of 26.5%, which likely explains differing mortality.

Second, a successful predictive biomarker can discern patients likely to survive longer.
A longer follow-up carries more information and could aid in distinguishing prognostic
information among homogenous groups with minor differences. However, longer follow-
up times expose patients to an increasing number of confounding factors that are impossible
to control sufficiently. In line with added information and confounding factors, we found
a non-proportional hazard of AVPD during the extended follow-up period. This indicates
that the influence of AVPD on mortality decreases with time. This was also seen in a
Swedish HF population, which showed that AVPD predicted CV mortality in a time-
dependent non-proportional fashion [293].

Third, we show that measurement location influences the hazard ratios. This can de-
pend on methodological and pathophysiological reasons and is important to consider when
comparing prognostic studies. Attention to the normal range of a variable, its reproducibil-
ity, reported increment, and what constitutes clinically significant changes are essential.
Efforts to report dimensionless comparisons include increments of standard deviations,
likelihood-derived or x? values, but this might not aid interpretation. This study included
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Model 1—AVPD (n=287) LR test p<0.001 LR test p<0.001

Age, per 1 year 1.06 (1.02-1.09) 0.001 1.04 (1.02-1.07) | <0.001
Sex, male 1.11 (0.44-2.77) 0.83! 1.36 (0.63-2.91) 0.44*
BMLI, per 1 kg/m? 0.96 (0.88-1.04) 0.29* 0.94 (0.88-1.01) 0.06°
Etiology, ICM 1.93 (0.86-4.37) 0.11° 0.63 (0.34-1.17) 0.15°
LGE presence 1.40 (0.43-4.56) 0.582 1.34 (0.53-3.35) 0.54°
EE per 1% 1.02 (0.96-1.09) 0.47° 1.00 (0.95-1.05) 1.00!
EDVi, per 10 ml/m? 1.05 (0.98-1.13) 0.15° 1.01 (0.94-1.08) 0.78%
Mean AVPD, per 1 mm 1.33 (1.16-1.53) <0.001 |1.24(1.11-1.39) | <0.001
Model 2—GLS (n=283) LR test p=0.26 (GLS not significant) LR test p=0.002

Age, per 1 year 1.06 (1.03-1.10) <0.001 | 1.04(1.02-1.07) 0.001
Sex, male 0.95 (0.38-2.37) 0.91! 1.31 (0.61-2.84) 0.49%
BMI, per 1 kg/m? 0.95 (0.88-1.03) 0.24° 0.94 (0.88-1.01) 0.08°
Etiology, ICM 1.87 (0.85-4.01) 0.12¢ 1.68 (0.89-3.17) 0.11°
LGE presence 1.49 (0.45-4.90) 0.52% 1.26 (0.49-3.24) 0.63%
EF per 1% 1.08 (1.04-1.13) <0.001 | 1.02(0.98-1.06) 0.28*
EDVi, per 10 ml/m? 1.01 (0.93-1.10) 0.822 0.99 (0.91-1.06) 0.72!
GLS, per 1% 1.07 (0.93-1.23) 0.374 1.15 (1.05-1.25) 0.003

Multivariate modeling for death in HFrEF. Bold text indicates statistical significance. HR hazard ratio,
CI confidence interval, LR likelihood ratio, BMI body mass index, NYHA New York Heart Association, ICM
ischemic cardiomyopathy, LGE late gadolinium enhancement, EF ejection fraction, EDVi end-diastolic volume
indexed to body surface area, AVPD atrioventricular plane displacement, GLS global longitudinal strain. Log-
likelihood ratio (LR)-tests assess the added prognostic values compared with nested models without AVPD
(Model 1) and GLS (Model 2). Numbers in superscript represents the last step before elimination for that
variable.

Table 4.4
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Figure 4.11: Prognostic values by measurement location. Univariate Cox regression analy-
ses of the six different atrioventricular plane displacement (AVPD) locations. The short-axis
slice illustrates hazard ratios (HR) for cardiovascular death and all-cause death at the 5-year
follow-up for each location. Septal and average locations indicate higher HR values than
lateral, anterior and inferior points. Asterisks represent *p<0.05, **p<0.01, **p<0.001.
TAPSE, tricuspid annular plane systolic excursion.

a relative comparison of each AVPD measurement location (Figure 4.11). Likely reasons
for mean AVPD to yield the highest HR are minimizing variability by averaging multi-
ple measurements and a stronger connection to longitudinal pumping mechanics and thus
physiology.

Supplementary analyses were performed to isolate the impact of AVPD and GLS in
either HF etiology. First, when adding etiology to age-adjusted models of AVPD and
GLS in the total population, there are insubstantial changes in hazard ratios (Both AVPD
and GLS: AHR 0.01). Next, when patients were separated into ischemic cardiomyopa-
thy (ICM) and non-ischemic cardiomyopathy (NICM) groups, the number of subjects
and events decreased significantly, such that the ICM-group had 31 CV deaths and the
NICM-group nine CV deaths. Since statistical power here is limited, the multivariate
analyses warrant cautious interpretation. AVPD and GLS were significantly predictive of
CV mortality with similar HR values in the ICM-group and borderline to moderately sig-
nificant in the NICM-group. A fact to account for is that the baseline hazard for ICM is
considerably higher than for NICM etiology (5-year all-cause mortality of 27% vs. 13%).
In essence, these findings comply with the primary analyses’ results.

To summarize, this study shows that longitudinal ventricular shortening variables are
prominent predictors of CV and all-cause mortality in patients with HFrEF independently
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after adjusting for well-known clinical risk factors. Furthermore, the measurement location
influences the predictive results. Mean AVPD achieved the highest hazard ratios indicating
that it appears to be the most suitable variable for determining prognosis in HFrEE
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4.4 Study IV

Over 1 million hospitalizations annually have heart failure (HF) as the primary diagno-
sis in the United States, and around 2 million have HF as the secondary diagnosis [88].
Repeating hospitalizations increase the risk of mortality [294] but remain, unfortunately,
fundamental parts of the typical and progressive trajectory for the HF patient. Continu-
ous research efforts are warranted to increase pathophysiological understanding, improve
detection of HE, better predict patients at highest risk, and develop efficacious therapies.
In many studies on CV diseases, especially those focusing on HE patients can repeatedly
experience events of interest during the observational period. These events are referred to
as reoccurring. Important to realize is that standard statistical methods mainly used today
in the cardiovascular research domain, such as Kaplan-Meier and Cox proportional hazards
(PH) regression analyses, focus on the first event and ignore data beyond this single event.

Patients with heart failure with a reduced ejection fraction (HFrEF) are at high risk for
cardiac events and death and carry approximately 40% higher risk than other forms of HF
[295]. We previously showed that ventricular longitudinal function could predict mortality
in an HFrEF population (study I11 [187]). Just as mortality is essential, so is morbidity since
its detrimental impact on patients’ quality of life and wellbeing [290]. Therefore, this study
aimed to assess the ability of the ventricular longitudinal function to predict HF-associated
morbidity and mortality while considering several available events.

We identified 295 patients with HFrEF that underwent CMR. Eight patients lacked
images with sufficient quality and were excluded, resulting in 287 for the final analysis.
Four additional cases were excluded for GLS measurements resulting in 283 patients.

The mean age was 62 years; 78% were male; the mean left ventricular ejection fraction
(EF) was 26.5%. Almost 60% of patients had ischemic heart failure as etiology of HF, and
about half were in NYHA functional class III. Hypertension was present in 37%, diabetes
in 23%, history of atrial fibrillation or flutter in 20% of the patients, a record of prior revas-
cularization in 39%, AMI in 34%, or stroke in 5%. Medications included beta-blockers
and RAAS inhibitors in 92% of patients (Table 4.5).

One hundred fifty-five (54%) patients experienced an adverse cardiovascular event. Of
these patients, 110 (71%) had three or fewer events. The 5-year follow-up period comprised
578 events, and HF hospitalizations (n=418) were predominant. The other most common
events were revascularizations (n=64), CV deaths (n=40), and MIs (n=21). The three first
events accounted for 51% (n=295) of all events. Subjects in the lowest tertile of AVPD
or GLS experienced more than three times as many events as subjects in the highest tertile
(Figure 4.12). The bottom tertile also faced more CV deaths, HF hospitalizations, and
myocardial infarctions. Consequently, they spent more time hospitalized from HF (AVPD:
19 vs. 8 days; GLS 19 vs. 5 days; p=0.001 for both) and overall (AVPD: 21 vs. 9 days;
GLS: 22 vs. 7 days; p=0.001 for both).

Patients who experienced cardiovascular events vs. event-free patients had a higher
degree of ischemic HF (an increase of 23%, p<0.001), and they were more likely to have



92

CHAPTER 4. RESULTS AND COMMENTS

No events With events
Baseline characteristics (N =132) (N = 155) P-value
Sex Male 100 (76%) 125 (81%) 0.39
Age, years Mean (SD) 61.4(12.3) 61.9 (12.7) 0.77
Smoking (n = 255) Yes 18 (15%) 27 (20%) 0.38
Aetiology of heart failure ICM 61 (46%) 107 (69%) <0.001
LGE presence Yes 93 (71%) 127 (82%) 0.03
Hypertension Yes 51 (39%) 54 (35%) 0.59
Diabetes Yes 23 (17%) 43 (28%) 0.05
History of atrial fib. or flutter Yes 23 (17%) 35 (23%) 0.35
NYHA class (n = 216) NYHA | 10 (10%) 10 (9%) 0.26
NYHA I 36 (35%) 27 (24%)
NYHA Il 45 (44%) 56 (50%)
NYHA IV 12 (11%) 20 (17%)
Prior stroke Yes 6 (5%) 7 (5%) 0.99
Prior revascularization Yes 49 (37%) 62 (40%) 0.71
Prior AMI Yes 31 (24%) 66 (43%) 0.001
RAAS inhibitor (n = 261) Yes 111 (92%) 125 (89%) 0.65
Beta-blocker (n = 261) Yes 109 (90%) 132 (94%) 0.30
Aldosterone inhibitor (n = 258) Yes 65 (54%) 68 (49%) 0.51
Diuretics (n = 261) Yes 79 (65%) 93 (66%) 0.95
Device, ICD or CRT Yes 81 (61%) 80 (52%) 0.12
NT-proBNP, ng/L (n =_170) Median [IQR] 1010 [503-2200] 2210[1180-4110] 0.13
eGFR, ml/min/1.73 m? (n = 254) Mean (SD) 68.7 (18.4) 68.6 (22.0) 0.96
EDV index, mL/m? Mean (SD) 144 (44.0) 156 (42.4) 0.02
ESV index, mL/m? Mean (SD) 105 (41.4) 120 (41.8) 0.004
SV index, mL/m? Mean (SD) 38.7 (10.6) 36.9 (9.94) 0.15
Cardiac index, L/min/m? Mean (SD) 2.37 (0.85) 2.34 (0.64) 0.81
Ejection fraction, % Mean (SD) 28.3 (7.78) 24.8 (7.93) <0.001
GLS, % (n = 283) Mean (SD) —8.57 (3.25) —6.60 (2.49) <0.001
LV AVPD, mm Mean (SD) 8.37 (2.55) 7.23 (2.20) <0.001
LV s/, cm/s Mean (SD) —3.65(1.01) —3.30(0.99) 0.004
LV e/, cm/s Mean (SD) 3.73 (1.56) 3.42 (1.49) 0.09
LV a/, cm/s Mean (SD) 3.46 (1.78) 3.23(1.76) 0.27

Number of patients with available data are shown in parentheses, and bold numbers indicate statistical significance.

ICM, ischaemic cardiomyopathy; NICM, non-ischaemic cardiomyopathy; LGE, late gadolinium enhancement; NYHA, New York Heart Asso-
ciation; AMI, acute myocardial infarction; RAAS, renin angiotensin aldosterone system; ICD, implantable cardioverter-defibrillator; CRT,
cardiac resynchronizing therapy; NT-proBNP, n-terminal pro brain natriuretic peptide; IQR, interquartile range; eGFR, estimated glomeru-
lar filtration rate; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; GLS, global longitudinal strain; LV, left-ventric-
ular; AVPD, atrioventricular plane displacement.

Table 4.5
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Figure 4.12: Mean cumulative function (MCF) of events by tertiles of (A) atrioventricular
plane displacement (AVPD) and (B) global longitudinal strain (GLS). The horizontal axes
show the time since the study entry and the vertical axes show the average number of
events an individual had experienced during follow-up. Each colour displays the MCF
and predicted confidence intervals for each tertile. On average, a patient in the lowest
tertile of ventricular longitudinal function (red) had over 3 times as many events during
follow up compared with the highest tertile (b/ue). *Two-sample pseudo-score test, variance
estimator: Poisson.
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Variables HR 95% CI Wald P-value
LGE presence 1.56 1.14-2.13 7.82 0.005
Actiology of heart failure, ICM 1.54 1.19-1.98 9.99 0.002
Sex, male 1.56 1.15-2.11 8.33 0.004
NYHA 1.33 1.12-1.57 11.14 0.001
Prior stroke 1.33 0.76-2.33 1 0.317
Prior revascularization 1.14 0.89-1.47 1.05 0.305
Atrial fib or flutter 1.23 0.92-1.65 1.95 0.162
Hypertension 0.92 0.71-1.19 0.38 0.538
Diabetes 1.37 1.04-1.79 5.1 0.024
Smoking 0.78 0.57-1.06 2.54 0.111
Hyponatremia, <135 mmol/L 1.88 1.34-2.65 13.15 <0.001
Age, 10 years 1.08 0.97-1.2 2.04 0.153
NT-proBNP, log gng/L) 1.72 1.22-2.43 9.46 0.002
eGFR, mL/1.73m 0.98 0.91-1.05 0.42 0.517
LV EDV index, 10 mL/m? 1.05 1.02-1.08 10.97 0.001
LV ESV index, 10 mL/m? 1.06 1.03-1.09 14.19 <0.001
LV SV index, 10 ml/m? 0.94 0.82-1.07 1.01 0.316
Cardiac index, L/min/m? 0.97 0.75-1.26 0.05 0.821
Ejection fraction, 5% 1.18 1.1-1.27 19.07 <0.001
LV AVPD, mm 1.14 1.09-1.21 24.92 <0.001
GLS, % 1.14 1.1-1.19 38.54 <0.001
LV s7, cm/s 1.3 1.13-1.49 14.23 <0.001
LV e/, cm/s 0.86 0.79-0.95 9.84 0.002
LV ar, cm/s 0.9 0.84-0.97 7.64 0.006
BMI 0.98 0.96-1.01 1.54 0.215

LGE, late gadolinium enhancement; ICM, ischaemic cardiomyopathy; NYHA, New York Heart Association; NT-proBNP, N-terminal pro brain
natriuretic peptide; eGFR, estimated glomerular filtration rate; LV, left-ventricular; EDV, end-diastolic volume; ESV, end-systolic volume;
SV, stroke volume; GLS, global longitudinal strain; AVPD, atrioventricular plane displacement; BMI, body mass index.

Table 4.6: Univariate analysis according to Prentice, William & Peterson-total time—up to
third event (295 events in total).

LGE presence (an increase of 11%, p=0.03). They had more often prior AMIs, larger left
ventricles (increased LV ESV and EDV index), and worse systolic function (lower EF; LV
s’s AVPD; higher GLS; p<0.004 for all).

The Prentice, William & Peterson-total time model was applied to the first three events
in the primary analyses. The ventricular longitudinal variables, including AVPD (HR 1.14
per-mm-decrease), GLS (1.14 per-%-increase), and LV s (1.3 per-cm/s-decrease), were
the strongest univariate predictors of adverse cardiac events. EF (1.18 per-5%-decrease)
was also a significant predictor. The other important univariate predictors were higher LV
ESV and EDV index, hyponatremia (<135 mmol/L), higher NYHA classification, ischemic
etiology, presence of LGE, higher levels of NT-proBND, and male sex (Table 4.6).

In multivariate analyses, AVPD (HR 1.12 per-mm-decrease) and GLS (1.13 per-%-
increase) retained their prognostic value in each model after variable selection, establishing
their independence as relevant predictors for the combined endpoint of CV morbidity and
mortality (Table 4.7). Other covariates included in the final models were hyponatremia,
etiology of HE and LV EDV index. Using AVPD and GLS in the final models yielded in-
cremental predictive values compared with reduced models (likelihood ratio test: p<0.001
for both). However, only GLS managed to produce a significant discriminatory value by
the concordant index (AVPD: 0.60 (CI95% 0.56-0.64) to 0.62 (CI195% 0.58-0.66); GLS:
0.58 (C195% 0.54-0.62) t0 0.63 (C195% 0.59-0.67)) (Table 4.8).

The concordance index assesses the probability that a random pair from the sample
has a concordant prediction, that is, the observation conforms to the forecast. The GLS
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Multivariate stepwise

Variables HR 95% Cl Wald P-value
GLS
LV GLS, % 1.13 1.09-1.18 32.96 <0.001
Hyponatremia, <135 mmol/L 1.8 1.28-2.53 11.59 0.001
Aetiology of heart failure, ICM 1.51 1.17-1.95 8.51 0.004
AVPD
LV AVPD, mm 1.12 1.06-1.18 15.28 <0.001
Hyponatremia, <135 mmol/L 2.01 1.48-2.72 20.03 <0.001
Aetiology of heart failure, ICM 1.73 1.34-2.26 14.19 <0.001
LV EDV index, 10 mL/m? 1.05 1.01-1.08 8.42 0.004

GLS, global longitudinal strain; ICM, ischaemic cardiomyopathy; AVPD, atrioventricular plane displacement; LV, left-ventricular; EDV,
end-diastolic volume.

Table 4.7: Multivariate analysis according to Prentice, William & Peterson-total time (for-
ward selection) — up to the third event

Likelihood ratio test

Concordance
7 P-value index (95% Cl)
AVPD
Model without AVPD Reference Reference 0.60 (0.56-0.64)
AVPD 16.83 <0.001 0.62 (0.58-0.66)
GLS
Model without GLS Reference Reference 0.58 (0.54-0.62)
GLS 30.6 <0.001 0.63 (0.59-0.67)

AVPD, atrioventricular plane displacement; GLS, global longitudinal strain.

Table 4.8: Prentice, William & Peterson-total time — model fit — (forward selection) — up
to the third event

model’s 0.63 was the same as the average number found in a systematic review listing 117
HF models and 249 unique variables [296]. This review also lists sodium among frequently
used variables with the highest predictive prognostic values, corroborating our results.

Because we only included people who had been referred to undergo CMR imaging,
our study is subject to referral bias. Patients with atrial fibrillation, renal failure, and im-
planted devices are likely not included with the same proportion present in the general HF
population. This could explain why these variables failed to predict events in our study.

GLS by echocardiography has prognostic value in patients with HFrEF [181, 188].
However, it is not established that adding GLS measured on an echocardiography exam-
ination to a GLS derived from CMR adds prognostic information beyond what can be
obtained from a single modality. This is especially true when the echocardiography exam-
ination is of adequate quality. Unfortunately, inter-vendor and inter-modality differences
exist, and reference values and thus distinctions of clinically significant values are needed
for each combination [189]. Theoretically, it should be possible to assess GLS by either
echocardiography or CMR at an index exam and proceed with a follow-up examination
with any modality or vendor. Meanwhile, this study shows that the excursion of the basal
portion of the ventricle as a proxy for global longitudinal function has a similar predictive
ability as GLS for HF-associated morbidity, with good reproducibility and without needing
specialized software.
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To summarize, AVPD and GLS independently predicted the combined endpoint of
cardiovascular mortality and heart failure-associated morbidity. Low AVPD and GLS were
associated with a significantly impaired prognosis, such as an increased number of hospi-
talizations and days hospitalized due to cardiovascular causes. As AVPD and GLS reflect
the global ventricular longitudinal function, this study corroborates previous research high-
lighting them as more relevant variables than LVEF to stratify patients with chronic HF
and severe systolic dysfunction.



Chapter 5

Conclusions

The overall thesis aims to further the pathophysiological understanding of heart failure (HF)
and acute myocardial infarction (AMI), ultimately providing beneficial insights to bet-
ter identify, prognosticate, and treat patients with heart failure and myocardial infarction.

Specific areas studied were ventricular longitudinal function, hypothermia, and Pressure-
Volume (PV) loops.

The major conclusions from studies I-IV were:

I

II

I

atrioventricular plane displacement (AVPD) is depressed after AMI and is linked
to decreased stroke volume (SV). The coupling between decreased AVPD and
SV is present in microembolization infarcts and likely to a greater degree in is-
chemia/reperfusion infarcts. Both AVPD and SV evolve in concordance during the
first week after AMI. This study’s findings shed light on the physiological significance

of AVPD when assessing acute and subacute myocardial infarction.

The protective effects of hypothermia at reperfusion are quantified by serial cardiac
magnetic resonance (CMR) imaging from a perspective of cardiac energy and me-
chanics. This study suggests that blood flow restoration in ischemic myocardium at
hypothermia has ameliorating effects on ventricular performance besides reducing
infarct size. Additionally, non-invasive PV loops by CMR are feasible and could
help elucidate cardiovascular hemodynamic mechanisms in future larger studies.

Ventricular longitudinal shortening variables are predictors of cardiovascular and all-
cause death in patients with heart failure with a reduced ejection fraction (HFrEF)
and remain independently prognostic even after adjusting for well-known clinical
risk factors. AVPD measured in the septum and mean AVPD demonstrated the
highest hazard ratio indicating that measurement location influences the predictive
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values. Measurements of AVPD are quick, do not require specialized software, and
can be performed at one or several points. AVPD, therefore, appeared to be clini-
cally more favorable than global longitudinal strain (GLS) for predicting mortality
prognosis in HFrEE

IV AVPD and GLS are independent predictors of cardiovascular morbidity and mor-
tality. Furthermore, a low ventricular longitudinal function is associated with an
increased number of events and extended in-hospital stay. We suggest that ventric-
ular longitudinal function is valuable in HFrEF patients to predict cardiovascular
mortality and morbidity outcome.



Chapter 6

Future Directions

Hopefully, this thesis will have broadened the perspectives of ventricular longitudinal func-
tion and non-invasive PV loops in health and disease. I have learned a great deal when
writing this thesis, and I hope that this book can serve as a condensed guide aimed at fu-
ture Ph.D. students when undertaking these subjects. There have also arisen several new
thoughts and ideas during the writing process. Ideas not expanded upon in this section
are often alluded to in the thesis itself, such as further exploring multi-event analyses in
survival studies, extended validations of non-invasive with invasive PV loops in different
disease conditions, and further studying therapeutic hypothermia with increased cooling
or with an intracoronary approach. For conciseness, I will briefly discuss a few ideas, as I
hope they might inspire some new thoughts in researchers and students alike.

6.1 Longitudinal Pumping and Mechanical Circulatory Support

Devices

The requirement of additional alternatives for patients with end-stage heart failure is much
needed. The number of new patients diagnosed with heart failure and patients who reach
end-stage conditions increases [297]. While younger patients might be suitable for a cur-
able heart transplant, the availability is poor due to a scarcity of organs. Recent advances in
gene-modified xenotransplantation [298] could increase the supply of organs in the future,
but the shortages of organs are not likely to pass. The first human receiving a gene-modified
pig heart died two months after transplantation surgery, and a porcine cytomegalovirus in-
fection was found to be a likely precipitant of the patient’s death. The mean age for trans-
plant recipients is 55 years. However, since most heart failure patients are in their 70s and
above, a significant mismatch in supply and demand exists. This void is a suitable target
for mechanical circulatory assist devices.

Today’s most common indication for implanting a mechanical circulatory support de-
vice is when continuous use of intravenous inotropic support is needed [299]. Some heart
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failure patients show progressive declines despite intravenous drug support. Some still
progress to critical circulatory shock conditions. About 45% of implantations are left ven-
tricular assist devices (LVADs), but only 1% are total artificial hearts (TAH) [300].

The current thesis has provided evidence that the atrioventricular plane displacement
(AVPD) significantly contributes to the pumping capacity in normal and diseased states.
Furthermore, the AVPD is substantially reduced and sometimes to the point of being erad-
icated in late-stage heart failure. In addition, AVPD is predictive of both mortality and
morbidity. This information makes longitudinal pumping a valid target for mechanical
assistance. Nevertheless, the critical question is whether an AVPD-augmenting device will
improve cardiac pumping and ultimately reduce mortality and morbidity for patients.

The mimicry of cardiac longitudinal pumping has been the basis of a selected few me-
chanical circulatory support devices since the advent of the innovative ideas from the late
Stig Lundbiick in the 1980s. At the beginning of the millennium, two Swedish cardiac
support device companies, Syntach AB and Scandinavian Real Heart AB, began their en-
terprises. Both have clearly expressed that their foundations lay upon the importance of
the AV plane and longitudinal pumping and could vanguard a new category of cardiac and
circulatory support devices. Both companies explicitly aim to mimic the heart’s longitudi-
nal pumping and thereby provide an energy-efficient cardiac throughput while producing
a physiologic pulsatile flow and minimizing the risk of blood clots and strokes. Both tech-
nologies differ considerably and should perhaps not be viewed as competitors. Syntach
develops a fully implantable system that anchors to the mitral plane and augments the ex-
isting heart’s longitudinal function. In contrast, Realheart develops a total artificial heart
aiming to replace and substitute the diseased heart’s function with the Realheart device.
As I personally do not have any proprietary knowledge of the Realheart device, I am here
oblivious to which considerable challenges remain.

A few exciting research questions pertaining to the Syntach device are:

* How will a long-term use impact the reverse remodeling of dilated hearts?

* Could an increased longitudinal pumping significantly improve the outcome for
HFpEF patients with restrictive filling patterns, for which current assist device alter-
natives are awfully scarce?

* What are the assist’s optimal timing, amplitude, and force?

* How is the myocardial stretch reflex, also known as stretch activation and its comple-
mentary phenomenon of shortening deactivation [301, 302], affected by externally
forced longitudinal shortening?

In the coming years, we will learn if these companies, or still unknown ones, will be
able to traverse the preclinical and clinical trials and acquire a significant market adoption
to reach their goals of saving patients’ lives.
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6.2 Longitudinal Pumping in Valve Pathologies

Prior knowledge showed that the left ventricle has approximately 60% longitudinal contri-
bution to stroke volume. This number varies between individuals — and even be above 100
percent when the lateral walls exhibit paradoxical wall motion. Valve insufliciencies can
disturb the atrioventricular (AV) coupling and the natural energy-efficient pumping mech-
anism — in ways that are not fully elucidated yet. An experimental study investigating the
alterations in longitudinal pumping prior, during, and after isolated pulmonary regurgita-
tion found that a leaking pulmonary valve abated right ventricular longitudinal function
[303]. There was simultaneously a compensatory right ventricular septal pumping. The
left ventricle responded with increased longitudinal and reduced septal contributions to
stroke volume. While there are clinical studies investigating longitudinal function in pa-
tients with mitral regurgitation [304, 305], there are no studies focused on the changes
in longitudinal contribution to stroke volume in valve diseases. Investigative studies of the
mechanistic alterations of longitudinal pumping in valve diseases would further our current
understanding.

Mitral regurgitation (MR) can be caused by ventricular enlargement by annular di-
latation and tethering to translocated papillary muscles. Patients with MR may exhibit
escalated left ventricular dilatation, increased wall stress, and systolic and diastolic dysfunc-
tion despite a lack of overt symptoms. Left ventricular ejection fraction (EF) is currently
used to make medical decisions relating to patients with MR. However, while EF represents
the transition of volume between end-diastole and end-systole, it does not accurately char-
acterize the intrinsic function of the heart muscle. Assessment of left-ventricular systolic
function is further complicated because MR causes increased preload and decreased after-
load, which may mask impaired LV function. After corrective surgery, however, patients
with MR show a decrease in LV EF and global strain, reflecting altered loading conditions.
LV FE and global strain often improve significantly in the long term [304].

Considering the previous section, the implication of valve insufficiencies for future
mechanical assist devices aiming to augment ventricular longitudinal function is unknown.
This is an essential question since MR is a common comorbidity in heart failure and future
eligible patients receiving mechanical assist devices. These devices should likely seek to
minimize valve insufficiencies to maintain the natural AV coupling. Speculatively, any
regurgitant volume is equally deleterious for the operating mechanism of the device, such
that, even with an excessive augmenting function, the valve insufficiency could increase to
the same extent and neutralize the device’s benefit.

6.3 Implementation of Ventricular Longitudinal Biomarkers into
Clinical Routine

This thesis has brought up the theoretical and physiological basis and the current view of
ventricular longitudinal function. One of the logical next steps is to explore the possibility
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of implementing these measures into the clinical routine. GLS is more widely used and re-
ported in clinical reports, especially in echocardiographic examinations. GLS has replaced
the role of AVPD or MAPSE in clinical echocardiography exams partly because the repro-
ducibility of MAPSE has been questioned. The variability of our reported AVPD and GLS
measurements were low (AVPD: Intraclass correlation (ICC) 0.95-92, Coefhicient of Vari-
ation (CoV) 10-13%; GLS: ICC 0.90, CoV: 19%). Still, the clinical significance of these
small discrepancies could be impactful if integrated into the clinical routine. However,
automated efforts could be an important key to unbiased results and broad adoption.

Artificial intelligence (Al) is being used at the forefront of medical imaging to advance
our understanding of ventricular mechanics and accelerate the clinical use of cardiac MRI.
This is good news. The fact that CMR AVPD measurements are becoming more auto-
mated means that they could be more reproducible and reliable in the future. A recently
published study supports that using artificial intelligence to automate CMR measurements
has higher reproducibility and prognostic value than manual CMR measurements [306].
Ultimately, this will help drive the clinical adoption of longitudinal ventricular function
measurements. On a broader scale, compelling trends indicate that AI in CMR will be-
come potent accessories for clinicians, researchers, and MRI physicists in developing novel
methods of detecting, diagnosing, and imaging disease.

Large randomized clinical trials (RCTs) financed by pharmacologic industries are com-
mon for cardiovascular drugs. The impetus of positive trials showing safety and effective-
ness leads to official adjudication and integration into guidelines. Large RCTs for imaging
biomarkers are scarcer, especially for deciding on therapy. For instance, the recent ESC
guidelines for diagnosing heart failure include but one prospective therapy-guiding RCT
[307]. This compared GLS and EF for cardiotoxicity surveillance during cancer treat-
ment and showed fewer patients developing cardiac dysfunction with GLS-surveillance. A
glance at currently registered clinical trials reveals hundreds of studies mentioning strain.
Only a handful are therapy-guiding and primarily for surveilling cardiotoxicity for cancer
treatmentsvery few mention mitral annular plane systolic excursion (MAPSE). Trials with
imaging biomarkers might pale compared to large heavy-hitting RCTs cardiologists are ac-
customed to. Still, RCTs of imaging-guided decisions, e.g., by titrating drug dosage, can
have a meaningful impact and answer clinically relevant questions.

Finally, there has historically not been a stringent qualification process for imaging
biomarkers. Although, my view is that this seems to have improved over the last few
decades. Biomarkers need multiple studies showing them useable, accurate, precise, repro-
ducible, and validated. This should advocate researchers to continually report reliability
metrics when studying imaging biomarkers.

6.4 Non-Invasive Pressure-Volume Loops in Future Studies

Invasive Pressure-Volume (PV) loops constitute the “gold standard” of hemodynamic as-
sessment [39]. Non-invasive PV algorithms by cardiac magnetic resonance (CMR), such
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as the one employed in this thesis, provide similar information and could be employed
without significant difficulty on standard clinical examinations. The echocardiographic
single-beat method by Chen er. al. [308] has been used in several studies [287] but does
not carry the volumetric precision of CMR. Nevertheless, non-invasive methods would al-
low more extensive studies to study pathophysiology on an epidemiological level, evaluate
new therapies, or predict prognosis in a broader set of cardiac diseases such as hyperten-
sion, coronary artery disease, and heart failure. It would also be interesting to evaluate the
non-invasive PV loop methods in valvular heart diseases, where regular filling and ejection
patterns are disturbed.

Speculatively, as CMR can assess other physiological phenomena, there is potential to
develop hybrid PV loop methods. For example, this could mean integration with regional
strain to quantify regional work, similar to echo-based stress-strain loops [309, 310], with
CMR elastography [311] for integration of myocardial stiffness, or with CMR-flow mea-
surements to incorporating energy loss from valvular diseases.

In summary, the adoption of non-invasive PV loops is potentially in its embryonal
stage, and future studies utilizing assessments of cardiac energetics and work in a wide
range of cardiovascular diseases are warranted and welcomed.
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