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What stands in the way becomes the way.
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Popular science summary

Heart failure is a condition with decreased heart function, where the blood circu-
lation is not able to deliver sufficient oxygen and nutrition to the body. Despite
modern advancements in treatment strategies, heart failure remains one of the lead-
ing causes of death worldwide. Heart failure is not one disease, instead there can
be several underlying causes behind the reduced heart function, and patients can
present with a wide range of symptoms. New methods for evaluating heart func-
tion are therefore needed to improve our understanding of heart dysfunction and
provide better healthcare for the individual patient.

This thesis is based on four studies which apply novel magnetic resonance imag-
ing methods for evaluation of heart function and blood flow within the heart. The
purpose was to investigate if these novel methods can improve our understanding
and diagnostics of heart dysfunction.

Three main methods were used to study the relation between pressure and vol-
ume of the heart, the energy of the blood due to its motion, and the forces between
the blood within the heart and the surrounding heart muscle.

The results provide new insights in heart dysfunction, showing abnormal pumping
and blood-flow patterns of the hearts in patients. Moreover, the results indicate
that these novel methods may be of value in clinical evaluation of patients with
heart failure, complementary to more established measures. Better understanding
of heart dysfunction is the foundation for the development of new treatments that
can improve the prognosis and quality of life for the individual patient.
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Populirvetenskaplig

sammanfattning

Hjirtsvike innebir att hjirtats pumpformaga ar nedsatt och att blodcirkulationen
inte kan tillgodose kroppens behov av syre och niring. Trots stora framsteg med
moderna behandlingsméjligheter 4r hjirtsvikt fortfarande en av de frimsta dédsor-
sakerna globalt. Hjdrtsvike 4r inte en enskild sjukdom, utan det kan finnas flera
bakomliggande orsaker till nedsatt hjirtfunktion. Dessutom kan patienter uppvisa
manga olika symptom. Dirfor dr det viktigt att hitta bittre metoder f6r bedémn-
ing av hjirtfunktion, som kan leda till bittre forstéelse for det sjuka hjirtat samt
mer dndamalsenlig sjukvard for patienterna.

Denna avhandling baseras pa fyra delarbeten dir nya metoder med magnetkam-
eraunders6kning anvinds for att utvirdera hjirtats funktion och blodfléde. Syftet
var att undersoka om dessa nya metoder kan forbittra vér forstaelse och diagnostik
gillande hjirtsjukdomar.

De tre centrala metoderna i avhandlingen studerar relationer mellan tryck och
volym inuti hjirtat, blodets rorelseenergi, och krafter mellan blodet inuti hjirtat
och den omslutande hjirtmuskeln.

Resultaten bidrar till en utokad forstéelse f6r avvikande pumpfunktion och blod-
flodesmonster hos patienter med hjirtsvikt. Dessutom tyder resultaten pé att de nya
metoderna kan vara virdefulla inom sjukvirden for bedémning av patienter med
hjirtsvikt, som komplement till mer etablerade undersokningsmetoder. Forbittrad
forstéelse for hjiartsvike och de olika bakomliggande orsakerna 4r grundliggande for
att kunna utveckla nya behandlingsmetoder som forbittrar den enskilda patientens
prognos och livskvalitet.
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Abbreviations

4D flow Four-dimensional flow

bSSFP  balanced steady-state free precession
CMR  Cardiovascular magnetic resonance imaging
CRT  Cardiac resynchronization therapy
DCM Dilated cardiomyopathy

ECG  Electrocardiogram
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HDF Hemodynamic forces
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Research Context






Chapter 1

Background

1.1 The heart - structure and function

The function of the heart is to pump blood and serve the body with oxygen and
nutrition. An overview of the anatomy of the heart is shown in Figure 1.1. There are
four chambers in the heart, where the two ventricles constitute the main pumping
instruments, and the two atria mainly act as reservoir and conduit systems in the
healthy heart. The heartbeat can be divided into two main phases called systole
and diastole. In systole, the ventricles contract and eject blood. The left side of the
heart pumps blood towards the main circulation of the body, whereas the right side
of the heart pumps towards the lung circulation. In diastole, the ventricles relax
and are filled with blood to prepare for the next round of ventricular contraction.
The left side of the heart is filled with well oxygenated blood coming from the
lung circulation, whereas the right side of the heart is filled with less oxygenated
blood coming from the main circulation of the body. The two circulations are thus
separate systems, but connected serially via the heart.

Heart failure

In patients with heart failure, the heart function is impaired and the pumping ca-
pacity is, under normal pressure conditions, unable to meet the circulatory demand
of oxygen and nutrients required for the metabolism. Chronic heart failure is a
common condition where up to 50% of patients die within five years after diagno-
sis (1).

Impaired heart function can be caused by several pathological conditions, where
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Figure 1.1:  The human heart. Image created partly in BioRender. Pola, K. (2025)
heeps://BioRender.com/h6243¢9
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structural or functional abnormalities result in inadequate blood volume pumped
by the heart every minute, known as cardiac output. Commonly, the underlying
pathologies behind heart failure affect primarily the left side of the heart. However,
the right side of the heart can also be affected, either by primary pathologies or by
failure secondary to left-sided failure.

The body can sometimes compensate for the reduced heart function, such as by
increasing the heart rate and total blood volume in the circulatory system, which
is induced by an up-regulation of the sympathetic nervous system and the release
of cathecolamines. When the heart is filled with more blood, the heart muscle be-
comes more stretched, which leads to stronger contractions up to a certain limit,
according to the Frank-Starling mechanism. With increased heart rate and total
blood volume, the body may maintain sufficient cardiac output despite reduced
pumping capacity of the heart.

With time, the heart may not be able to keep up with the increased heart rate and
blood volume, which can lead to increasing pressures within the heart. When the
heart works under these unfavorable conditions, the anatomy of the heart may re-
model, leading to enlarged cavities of the heart or an abnormally thick heart muscle
wall. The patient can experience symptoms of heart failure, which typically include
shortness of breath, dry cough, ankle swelling or fatigue (2). Patients with heart
failure can be classified according to the severity of symptoms, where the New York
Heart Association (NYHA) has defined the following four functional stages (3):

I — No limitation of physical activity

IT — Slight limitation of physical activity, but comfortable at rest
IIT — Marked limitation of physical activity, but comfortable at rest
IV — Severe limitation of physical activity, and symptoms at rest

This thesis studied patients at risk for, or with established chronic heart failure,
due to various conditions affecting the left or right side of the heart. Study I exam-
ined alterations in the pressure-volume relations of the heart, Study II analyzed the
blood flow within the hearts of patients with elevated pressure and resistance in the
lung circulation, Study III evaluated patients with adverse thickening of the heart
muscle, and Study IV investigated a new method for clinical evaluation of patients
with disturbances in the electrical conduction system of the heart. The study pop-
ulations in the four studies thus exhibited different variations of heart pathology,
and were at different NYHA stages of symptom burden.
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Chapter 1.1 The heart - structure and function intends to provide an introduction to
the normal physiology of the heart and circulatory system, followed by the principal
mechanisms behind the various conditions of heart pathology in each of the four
studies. The second part 1.2 Cardiovascular magnetic resonance presents an overview
of the physics behind cardiovascular magnetic resonance imaging, and the methods
applied in this thesis for evaluation of heart failure mechanics and hemodynamics.

1.1.1  Pressure-volume relations

The blood circulation of the body is governed by flow, pressure and resistance. For
blood to flow, enough pressure must be generated by the heart to overcome the
resistance of the vessels. Blood flows from areas of higher pressure towards areas of
lower pressure, following Ohm’s law of an electric circuit applied to hemodynamics:

APressure
Flow = ——
Resistance

The relationship between pressure and volume during the heartbeat can be visu-
alized in a Wiggers diagram (Figure 1.2), named after the physician Carl Wiggers
(1883-1963) who developed this chart more than a century ago (4).

To eject blood in systole, the left ventricle needs to generate enough pressure to
produce a positive pressure gradient from the left ventricle towards the connecting
large blood vessel, called the aorta. Blood flows from the left ventricle towards the
circulation of the body when the ventricle overcomes the afferload. Afterload refers
to the resistance the heart works against to eject blood, and is proportional to the
average pressure in the aorta. At the very beginning of systole, there is a phase called
isovolumetric contraction, where the ventricle contracts with maintained volume
and increases the pressure within the ventricle. During isovolumetric contraction,
all valves are closed between the atria and ventricle and between the ventricle and
the aorta. As shown in the Wiggers diagram, the absolute difference in pressure
between the left ventricle and the aorta required for blood flow is relatively small
compared to the global pressure in the ventricle.

In diastole, the ventricles are filled with blood and the muscle wall of the heart is
stretched, resulting in a lengthening of the contractile elements similar to extending
a spring. The degree of stretch of the ventricular muscle fibers prior to contraction
is referred to as preload, and is largely determined by the blood volume returning to
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Figure 1.2: The relationship between pressure and volume in the left side of the heart during one heartbeat,
visualized in a simplified Wiggers diagram.

the heart and the ventricular volume at the end of diastole. Ventricular relaxation
entails both active and passive stretching of the muscle fibers. Active stretching re-
quires energy to release the bonds between the muscle fibers, primarily by calcium
pumps on the cellular level. Passive stretching does not require energy directly, but
relies on the elastic recoil of the heart tissue when the myocardial fibers return to
their resting state after contraction.

Diastole can be divided into three phases called early filling, diastasis and atrial
contraction. In the healthy heart, early filling is the main contributor to ventricu-
lar filling. In the early filling phase, a pressure gradient is created with lower pressure
in the ventricle than in the atrium, which results in a rapid blood flow towards the
ventricle (5; 6). Should the ventricle not be able to relax properly, the resulting
pressure gradient may be insuflicient for optimal ventricular filling and the heart
can be afflicted with diastolic dysfunction. Early diastolic filling is followed by the
phase called diastasis, when the heart is in volumetric equilibrium and there is a
pause in the blood flow despite open valves between the atrium and the ventricle
(7). The duration of the diastasis is longer at lower heart rates, and when the heart
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rate increases, the duration of the diastasis is gradually shortened (8). At heart rates
of around 80 beats per minute, the diastasis disappears and the early and late phase
of diastole merge. At the end of diastole, the atria contract and squeeze in the final
blood volume and complete ventricular filling.

Pathologies in the heart and blood circulation can disrupt the physiological pressure-
volume balance and impair ventricular contraction and relaxation, leading to dys-
functional pumping of the heart. Studying pressure-volume relations within the
heart can provide insights into the mechanics and hemodynamics of the heart
(9; 10). Pressure-volume relations within the heart have been measured invasively
for decades to investigate physiological mechanisms in healthy and pathological
conditions. A common way to study left ventricular pressure-volume relations
is by creating a pressure-volume loop where time-resolved volumes and pressures
are plotted in an xy-graph (Figure 1.3). Computation of left ventricular pressure-
volume loops enable analysis of heart function, including ventricular eficiency and
the amount of energy required for one heartbeat, which are associated with the oxy-
gen consumption of the heart (11; 12).

N

Pressure

\_//

End si/stole End diastole
Volume

Figure 1.3: Pressure-volume loop of the left ventricle during one heartbeat, where the x-axis shows volumes
and the y-axis shows pressures within the left ventricle.

In patients with heart failure, the pressure-volume relations during the heartbeat
can be disturbed, resulting in abnormal pressure-volume loops. Previous studies
with experimental models of manipulation of preload and afterload, have demon-
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strated changes in the mechanics and hemodynamics of the heart on pressure-
volume loops (13). Historically, calculation of pressure-volume loops have required
invasive techniques with a catheter placed in the ventricle for measurements of pres-
sures and volumes throughout the heartbeat. As with all invasive procedures, the
method carries risks and discomfort for the patient. Moreover, although an invasive
catheter is the gold standard method for pressure measurements within the heart,
the volumes of the heart can be better measured with imaging modalities, such as
cardiovascular magnetic resonance.

Recent technical developments have enabled non-invasive computation of pressure-
volume loops, using volumetric assessment from cardiovascular magnetic resonance
imaging, combined with non-invasive brachial blood-pressure measurements (de-
scribed in more detail in Chapter 3.3) (14). This non-invasive tool has been tested
against invasive measurements in experimental models with alterations in preload
(14; 15) and in human (16). Furthermore, previous studies have demonstrated
hemodynamic changes on non-invasive pressure-volume loops in various condi-
tions affecting the heart, such as during pharmacological stimulation of the sym-
pathetic nervous system with dobutamine in healthy controls (17) and in patients
with right ventricular volume overload (18), in experimental myocardial infarction
(19), and in children with closure of an atrial septal defect (20).

Patients with heart failure benefit from unloading, meaning reducing the work load
of the heart regarding pressure and volume. Unloading the heart has been shown to
improve the metabolic and energetic conditions of the heart, leading to increased
pumping efficiency (21), and reducing symptoms and the risk for death (22). As-
sessing pressure-volume relations can thus be a valuable tool when evaluating pa-
tients with heart failure and their response to treatments, but the invasive nature
of conventional procedures limits the clinical appliance. The purpose of Study I
was therefore to assess the performance of non-invasive pressure-volume loops for
analysis of heart function when manipulating ventricular preload and afterload in
healthy participants and in patients with abnormal ventricular filling.

The right side of the heart

Contrary to the high-pressure system of the systemic circulation, the lung circu-
lation operates under low pressures. Since the right ventricle pumps blood to the
lung circulation where the resistance is low under normal conditions, the right ven-
tricle is optimized to work with a relatively low afterload, and has a thin muscle wall
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and works with low pressures within the ventricle. In conditions with increased re-
sistance and thus higher blood pressure in the lung circulation, the right ventricle
needs to overcome a greater afterload to eject blood.

Observations of elevated pressure and resistance in the lung circulation have been
described since the late 1800’s (23), and today the conditions are referred to as pu/-
monary hypertension. In patients with pulmonary hypertension, the right ventricle
may remodel with pathological thickening of the heart muscle and eventually en-
largement of the ventricular cavity (Figure 1.4), as the heart fails to compensate for
the elevated pressures. The right-ventricular overload of pressure and volume can
also lead to anatomical remodeling with septal bowing into the left ventricle. Pul-
monary hypertension may lead to decreased cardiac output from the right ventricle
and right-sided heart failure. Consequently, the filling of the left ventricle can be
disturbed when the blood volume pumped from the right to the left side of the
heart is reduced, resulting in decreased left ventricular preload.

Early stage Late stage

Normal Pulmonary hypertension  Pulmonary hypertension

Dilatation

Dilatation

Figure 1.4: Visualization of the anatomy in pulmonary hypertension with remodeling of the heart in the early
and late stages.

In patients with pulmonary hypertension, there is a chronic increase in the pressure
and resistance of the blood vessels in the lung circulation. The underlying causes
behind pulmonary hypertension are heterogenous, and patients can be classified
into the following five main groups based on the characteristics of the condition

(24):
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I — Pulmonary arterial hypertension

II — Pulmonary hypertension associated with left heart disease

IIT — Pulmonary hypertension associated with lung disease

IV — Pulmonary hypertension with chronic obstruction in the pulmonary arteries
V — Pulmonary hypertension with unclear or multi-factorial mechanisms

Of these five groups, group II is the most common condition (25), since primary
left-heart disease is more frequent than primary right-heart disease in the general
population. With impaired left ventricular function, blood may accumulate in
the lung circulation due to left-sided backward failure, resulting in increased right-
ventricular afterload.

Groups I and IV are caused by pathology in the vessels of the lung circulation, and
are classified as precapillary pulmonary hypertension. These conditions are predom-
inately linked to right-sided heart failure, yet patients may also exhibit secondary
left-sided heart failure. Groups I and IV are rare conditions with approximately
10-30 new cases in each group every year per million adults (26). Despite modern
treatments, the survival rates remain low with a 5-year mortality of around 50 %

in group I (27) and 30 % in group IV (28).

Initially, patients often develop precapillary pulmonary hypertension without any
specific signs or symptoms (29), which is why a timely diagnosis and initiation of
dedicated treatments can be challenging. Clinical evaluation of patients with pre-
capillary pulmonary hypertension include invasive measurements of pressure and
resistance in the heart and in the lung circulation, to make a correct diagnosis and
to assess treatment effect over time. New, non-invasive methods for assessment of
heart function are therefore warranted to better understand the pathophysiology
in precapillary pulmonary hypertension, which may in the future improve clinical
management of these patients. The purpose of Study II was to investigate if the
heart function in patients with precapillary hypertension can be better understood
by analysis of blood-flow patterns using novel methods on cardiovascular magnetic
resonance imaging.

Cellular structures

Every day, the heart beats around 100 000 times in an adult, and every heartbeat
is an energy-costly procedure. The heart is a smooth muscle composed of a thick
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layer of myocardium embraced by an inner thin layer of endocardium lining the
cavities, and an outer thin layer of epicardium. The myocardium consists of spe-
cialized cells called myocytes, and extracellular matrix components rich in collagen.
Each myocyte contains contractile elements called sarcomeres, which consist of fila-
ments of proteins called actin and myosin that participate in sliding motions during
contraction and relaxation (30; 31). The high energy demand of the cells is met
by a dense network of small blood vessels, called capillaries, and an abundance of
mitochondria within each cell.

The micro anatomy of the heart is neatly organized to achieve energy-efficient
pumping and generate blood flow. In the myocardium, the myocytes are arranged
in sheets by connections through cell-cell junctions called intercalated disks. Thus,
adjacent myocytes can function as one larger unit by mechanical and electrical con-
nections. Furthermore, cellular cohesion is facilitated by collagen that anchors and
aligns sheets of myocytes. To optimize the pumping of the ventricle, sheets of my-
ocytes are oriented in a helix pattern allowing for a twisting motion of the ventricle
during contraction and relaxation.

Pathology of the cellular structures of the heart can lead to dysfunctional contrac-
tion and relaxation. Over time, cellular pathologies may induce the development
of heart failure. The most common inherited heart disease is called hypertrophic
cardiomyopathy, which occurs in around 1 in 500 people in the general population
(32) and frequently leads to heart failure. Hypertrophic cardiomyopathy is a con-
dition with an exceedingly thick heart muscle, and has been described clinically
since the late 1950’s (33; 34). Not only are the myocytes enlarged and deformed
in hypertrophic cardiomyopathy, the architecture of the micro anatomy is also dis-
organized (35), primarily affecting the left ventricular geometry and function. The
extracellular matrix contains excessive amounts of fibrosis and an undermined net-
work of blood vessels, contributing to stiffness and oxygen deficit of the heart mus-
cle (36; 37; 38; 39). The myocytes may also suffer from reduced mechanical and
energetic efliciency due to impaired mitochondrial function and disarray in the in-
tracellular contractile elements (40).

Clinical diagnosis of hypertrophic cardiomyopathy is defined as a maximum wall
thickness of > 15 mm at end diastole, or > 13 with a family history of hypertrophic
cardiomyopathy (41). There are several know genes associated with hypertrophic
cardiomyopathy, where the most common ones are MYH7 and MYBPC3 (42).
According to current knowledge, genetic variants associated with hypertrophy can

10
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be found in around 40-60% of patients with hypertrophic cardiomyopathy (43).
However, not all patients with a positive genetic testing develop an abnormally
thick heart muscle. Patients carrying genetic variants associated with hypertrophic
cardiomyopathy but with a normal anatomy of the heart, can be described as geno-
type positive and phenotype negative. Contrarily, in numerous patients with hyper-
trophic cardiomyopathy, no pathogenic or likely pathogenic genetic variant can be
identified, and these patients can be described as genotype negative and phenotype
positive.

Hypertrophic cardiomyopathy can present with various patterns of remodeled left
ventricular anatomy (Figure 1.5). The hypertrophy can be local, affecting only
parts of the left ventricle, or global where the entire ventricle is somewhat evenly
thickened. The pattern of left ventricular hypertrophy can be characterized us-
ing imaging modalities, such as echocardiography or cardiovascular magnetic reso-
nance, and described as septal, reverse septal, mid-ventricular, apical, or concentric

hypertrophy (44; 45; 40).

Normal Hypertrophic cardiomyopathy

Aorta Left
atrium

Septal Reverse septal Mid ventricular Apical Concentric

Figure 1.5: Schematic illustrations of a heart with normal ventricular anatomy, and hearts with hypertrophic
cardiomyopathy and different patterns of left ventricular remodeling.

The thick muscle wall of the left ventricle in hypertrophic cardiomyopathy can af-
fect the left ventricular outflow tract, connecting the ventricle with the aorta, and
cause obstruction of the blood flow in systole. Approximately 70% of patients with
hypertrophic cardiomyopathy suffer from left ventricular outlflow tract obstruction
(47). In some patients, obstruction in the left ventricular outflow tract occurs only
during exercise when the circulatory demand is increased, whereas in more severe
cases, patients exhibit obstruction both during exercise and at rest. The primary
mechanisms behind obstruction are hypertrophy in the basal part of the septum,

11
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and systolic-anterior motion of the mitral valve leaflets due to anatomic alteration
in the mitral valve apparatus. When the outflow tract is constringed, the resistance
increases which leads to increasing pressures in the ventricle, which in turn may
further exacerbate the global ventricular hypertrophy.

Clinically, left ventricular outflow tract obstruction is associated with an increased
risk of heart failure and a poorer prognosis for the patient (48; 49). However,
the vast majority of patients live asymptomatically for years before suddenly expe-
riencing deterioration. Despite regular medical examinations, challenges remain
regarding prognostication and risk stratification when standard diagnostic tools,
such as ultrasound of the heart, report normal values. The purpose of Study III
was therefore to investigate if novel methods for blood-flow analysis, using cardio-
vascular magnetic resonance imaging, can provide insights in the heart function of
patients with hypertrophic cardiomyopathy, without left ventricular outflow tract
obstruction and with normal blood-flow parameters measured with ultrasound of
the heart.

Electrical conduction system

Sinoatrial

Bundle of His

Atrioventricular
node

Right bundle
branch

Left bundle
branch

Figure 1.6: Overview of the electrical conduction system of the heart. Image created partly in BioRender. Pola,
K. (2025) https://BioRender.com/uw39lzg
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Muscular contraction of the heart is preceded by electrical excitation of the my-
ocytes, and the heart operates as one electrical unit via cell-cell junctions. The
conducting capacity of the myocytes is slow, but certain specialized cells propagate
the electrical transmissions through the heart, which leads to synchronous contrac-
tion and relaxation, as demonstrated already in 1909 (50).

Figure 1.6 shows an overview of the electrical conduction system of the heart. In the
healthy heart, electrical depolarization is initiated in the sinoatrial node in the right
atrium. The depolarization wave first expands across the atria, and subsequently
reaches the atrioventricular node where there is a short delay in the electrical trans-
mission, allowing the atria to fully contract. Then, the depolarization wave contin-
ues to the Bundle of His, which connects the atria and the septum between the left
and right ventricle. The Bundle of His is divided into left and right branches, and
the left branch is further split into anterior and posterior parts.

R
P: Atrial contraction
P T QRS: Ventricular contraction
T: Ventricular relaxation
Q
S

Figure 1.7: Electrocardiographic representation of atrial contraction, ventricular contraction, and ventricular
relaxation.

The electrical activity of the heart can be recorded with the non-invasive examina-
tion electrocardiography (ECG). The ECG represents the sum of all the potentials
of the myocytes (Figure 1.7). The resting potential is approximately -70 mV, and
the maximum depolarization is determined by the equilibrium potential of sodium,
which is around +55 mV. The action potential is the difference between the resting
potential and the maximum depolarization potential, which is about 125 mV. The
electrical activity is usually detected with the help of sticky electrodes placed on the
chest, arms and legs. The voltages measured on the skin differ in magnitude across
the various leads, but a normal heartbeat in a healthy heart measures approximately
0.5 mV - 4 mV on the ECG. A standard ECG consists of twelve leads, where each
lead records a specific angle of the electrical activity of the heart (51). The six leads
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on the chest are called precordial leads and are denoted V1-V6. The six limb leads,
or extremity leads, are denoted [, II, III, aVL, aVR, and aVE

Disturbances in the electrical conduction system can lead to dysfunctional pumping
of the heart, since the muscular contraction and relaxation of the heart is depen-
dent on efficient transmission of electrical impulses. Left bundle branch block is a
condition where the electrical transmission through the specialized cells is slower
than normal or even absent, a phenomenon which has been studied in animals and
human at least since the early 1900’s (52; 53; 54; 55). In left bundle branch block,
the electrical impulses are instead transmitted via the non-specialized myocytes,
resulting in a dyssynchronous contraction and relaxation because the electrical im-
pulses are delayed to some parts of the heart muscle. Thus, left bundle branch block
leads to a prolonged duration of systole and a relatively shorter diastolic phase of
the heartbeat (56; 57). Clinical diagnosis of left bundle branch block is based on
assessment with ECG (58), which shows a prolonged QRS duration of > 120 ms,
broad and slurred R waves in leads I, aVL, V5 and V6, and discordant ST-T changes
(Figure 1.8).

The most common underlying causes behind left bundle branch block are dilated
cardiomyopathy and ischemic heart disease (59). The mechanisms behind dilated
cardiomyopathy and ischemic heart disease can cause systolic and diastolic dys-
function. In addition, left bundle branch block causes dyssynchronous ventricular
pumping which can impair both systolic contraction and diastolic relaxation. The
combination of dyssynchronous ventricular pumping and underlying heart pathol-
ogy may in time lead to reduced cardiac output and symptoms of heart failure. To
assess heart function clinically, ultrasound of the heart is commonly used to mea-
sure volumes and blood flow, and evaluate the patterns of motion during ventricular
contraction and relaxation.

Treatment of patients with heart failure is primarily pharmaceutical, aiming to keep
the patient in the compensated stage with adequate cardiac output (2). However,
some patients with heart failure and left bundle branch block may also benefit from
cardiac resynchronization therapy, where the patient receives a special kind of pace-
maker (60). The purpose of cardiac resynchronization therapy is to promote a more
synchronous electrical activity, and thereby improve the pumping capacity of the
heart and reduce the risk of adverse heart-failure related complications.
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Despite thorough evaluation of symptoms and heart function to identify patients
that are eligible for cardiac resynchronization therapy, approximately one third of
patients receiving cardiac resynchronization therapy show limited or no improve-
ment in heart function or quality of life (61; 62; 63). The purpose of Study IV was
therefore to test if advanced blood-flow analysis using magnetic resonance imaging
before pacemaker implantation, can improve the prediction of response to cardiac
resynchronization therapy in patients that fulfill current clinical selection criteria.

Normal Left bundle branch block
50 mm/s 10 mm/mV 50 mm/s 10 mm/mV
aVL Al [ ]avL E o R0 N e B

V2 ﬂl‘ V;J\ A

aVF V5! “il aVF V5
‘ |
t

Hi V6 1 i V6

Figure 1.8: Electrocardiography in a person with a normal functioning electrical conduction system, and in a

patient with left bundle branch block.
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1.2 Cardiovascular magnetic resonance

Since heart failure is a condition with several possible underlying causes, thorough
evaluation of heart structure and function are essential for optimal care of patients.
Many people with heart conditions go undiagnosed for years, and a significant
amount of previously reported cases have been shown to be misdiagnosed (64).
Heart-failure phenotyping requires imaging modalities for assessing heart function
in systole and diastole, at rest or at stress. However, findings are often unspecific
and discovered when the heart function of the patient is already reduced. Improved
understanding of the mechanics and hemodynamics in heart failure can lead to ear-
lier and more precise detection of pathology, which may facilitate the initiation of
dedicated treatment at an early stage and thereby improve the quality of life and
prognosis for the individual patient.

Cardiovascular magnetic resonance imaging can provide accurate and precise eval-
uation of heart structures and function, including tissue characterization and as-
sessment of blood flow in vessels and intracardiac cavities. The research projects
in thesis use novel, in-house developed image-analysis methods on cardiovascu-
lar magnetic resonance imaging to evaluate cardiac mechanics and hemodynamics
in patients with heart failure, specifically assessing pressure-volume relations and
blood flow in the heart.

Basic physics of magnetic resonance imaging

Figure 1.9 shows a schematic illustration of the very basic principles behind mag-
netic resonance imaging, but the intention is by no means to provide a complete
or even reality-based picture. Magnetic resonance imaging is based on the intrinsic
property of some nuclei to spin, meaning rotating around their own axis. Protons
spin and therefore each proton acts like a small magnet.

The behavior of protons in magnetic resonance can be explained with an analogue
(65) where a group of protons act like compasses in a tumble-dryer. When a reg-
ular compass is subjected to an external magnetic field, the compass will point
towards north. In magnetic resonance, a group of compasses (protons) are placed
in a tumble-dryer simultaneously as they are exposed to an external magnetic field
(Bo). Because of collisional energies in the tumble-dryer, all the compasses will no
longer point towards north. Still, there will be a slight bias towards north, result-
ing in a net magnetization vector (M) aligned with the direction of By, commonly
referred to as the z-axis.
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When examining the heart with magnetic resonance imaging, the strong external
magnetic field By usually has a field strength of 1.5 or 3 Tesla. When By, is applied,
the rotational axis of each spinning proton starts to perform a motion around the
z-axis, also known as precessing around the direction of B,. The precession fre-
quency, also called the resonance frequency or the Larmor frequency, is a measure
of how fast the protons rotate around the external magnetic field, and depends on
the magnitude of By and the gyromagnetic constant () specific to each type of
nucleus. The Larmor frequency is calculated using the formula:

Larmor frequency =y X B

Figure 1.9: A three-dimensional coordinate system where a proton spins, meaning rotating around its own
axis (green). The rotational axis of the proton precesses about a magnetic field (By) with a frequency called the
Larmor frequency (orange).

The net magnetization vector M comprises longitudinal and transverse compo-
nents. M, represents the longitudinal component along the direction of By, and
M,, represents magnetization in the transverse plane. The magnitude of M, de-
pends on the field strength of By. In the transverse plane, the net magnetization
M,, = 0 because the spin directions of the protons are distributed evenly in the
xy-plane.
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To measure signals from magnetic resonance and create images, a radio-frequency
pulse is introduced orthogonal to the direction of By. When M is aligned with By,
the net magnetization of M cannot be measured since By, is significantly larger than
M. The purpose of adding a radio-frequency pulse is to change the direction of the
vector M, and enable measurements of the net magnetization in the xy-plane. The
radio-frequency pulse is an electro-magnetic field, and the magnetic component is
referred to as B;. When the frequency of B, resonates with the Larmor frequency,
the group of protons start to precess about B, resulting in an increasing net mag-
netization My, and a decreasing M, component (Figure 1.10). This process can be
described as M flipping from the z-axis towards the xy-plane. The higher the field
strength of B, and the longer the transmission time of B, the larger the flip angle

(@) and resulting net magnetization of My, producing a stronger detectable signal.

1) M aligned with B, 2) M flipping toward B,
Z' Z'

Bo M=

1
<
N

Figure 1.10: 1) When M is aligned with By, the net magnetization of M=M, and cannot be measured because
By is larger than M. 2) When a radio-frequency pulse is introduced, M starts to flip towards By, resulting
in an increasing net magnetization in the transverse xy-plane, which can be measured. The figure shows the
situations from a rotating frame of reference.

When the radio-frequency pulse ends, the vector M reverts to align with B, by
the two independent processes 7; recovery and 7, decay, which happen simultane-
ously. T, recovery occurs when the group of protons no longer precess about B,
and the spin distribution returns to the direction of By, resulting in an increasing
longitudinal net magnetization M,. T, decay is the process where the M, compo-
nent decreases due to dephasing of the protons, which occurs due to interactions
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between the small magnetic fields of the protons. M, also decreases due to inho-
mogeneities in the external magnetic field. The effective transverse decrease in net
magnetization due to a combination of these processes can be measured as T,*. T},
T, and T,* are influenced by the properties of the tissues, such as water content,
and can be used for assessment of structural characteristics of organs. T} is defined
as the time required for M, to recover to 63% of its original value, and T, as the
time required for My, to decay to 37% of its maximum value (Figure 1.11).

T T2
M, (%) M, (%)
100 100

63 -

m 37 \

0 short long tlme (mS) 0 short long tlme (ms)
T L T

Figure 1.11: T recovery is measured as the time required for M, to return to 63% of its original value. T,
decay is the time required for My, to decrease to 37% of its maximum value. Each graph shows examples of
two tissues with different T} and T, values.

Signal localization

To create an image from magnetic resonance, the spatial positions of the protons
need to be determined. Therefore, gradients are applied in three orthogonal di-
rections, commonly referred to as x, y, and z. Note that the reference system for
the spatial positions can be oriented in any direction and does not necessarily align
with the three-dimensional coordinate system used to describe M, and M.

In the z-axis, slice selection is performed using a linear gradient. The z-gradient
slightly alters the total magnetic field strength along the body, resulting in an in-
crease in precession frequency in one end and a corresponding decrease in frequency
in the other end. When radio-frequency pulses are introduced, only protons with
a Larmor frequency matching the radio-frequency pulse are excited. The radio-
frequency pulse has an adjustable frequency range, called bandwidth. The thick-
ness of the slice selected is determined by the strength of the z-gradient and the
bandwidth of the radio-frequency pulse.
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Within the selected slice, the spatial positions of the protons need to be defined in
the xy-directions. When an x-gradient is applied, the local field strength changes
and thus modifies the local precession frequencies along the x-direction. The re-
sulting signal will then consist of multiple frequencies in a complex waveform. To
decode the complex waveform and extract individual components, a Fourier trans-
form is used to compute a spectrum of frequencies from the signal. Finally, the
spectrum of frequencies can be associated with the applied x-gradient to determine
the spatial positions in the x-direction.

In the y-direction, the spatial positions of the protons are determined by applying
a y-gradient. As variations in the magnetic field strength are introduced with the
y-gradient, the protons will start to accumulate phase differences. The phase dif-
ferences depend on the local field strength and the time spent in that field strength.
Several experiments with y-gradients are performed serially, and the phase informa-
tion is then used to determine the spatial positions of the protons in the y-direction.

ECG gating

Since the heart is a moving organ, time-resolved measurements are required for
analysis of heart function. To acquire time-resolved measurements, data is com-
monly sampled from several heartbeats and then interpolated to represent a mean
cardiac cycle. The acquired data is synchronized to the time phases of the heartbeat
by gating techniques, usually based on information acquired from an ECG during
the examination with magnetic resonance. Gating can be done either prospectively
or retrospectively (66; 67; 68), as illustrated in Figure 1.12 and described in the
following section.

In prospective gating, data acquisition starts at a trigger signal on the ECG, typi-
cally the R-wave, and continues during a fixed time period for each heartbeat (69).
Prospective gating is commonly used when acquiring images for assessment of szruc-
tures, but the motion of the heart is of less interest. Tissue characterization often
include measurements of the amount of scar tissue, using the method late gadolin-
ium enhancement, or assessment of extra-cellular volume or edema with T,/T,
mapping. Prospective gating can be problematic in patients with arrhythmia where
the duration of the heartbeats vary a lot. In longer heartbeats, there may be a time
interval in late diastole without any data acquisition. Therefore, the resulting im-
ages of a mean heartbeat may not measure late diastolic function correctly.
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Figure 1.12: Synchronizing data to the heartbeat using ECG. In prospective gating, the data-acquisition win-
dow is pre-defined, whereas in retrospective gating, data is acquired continuously and then sorted into the time
phases of the heartbeat.

In retrospective gating, data acquisition is performed continually for several heart-
beats, combined with information from the ECG (70). The data is then sorted into
time phases to construct time-resolved images of a mean heartbeat. Retrospective
gating is commonly used when acquiring images for evaluation of the function of
the heart, such as cine images of short- and long-axis views to assess the pump-
ing of the heart, or images for blood-flow measurements throughout the heartbeat,
described in more detail in the following sections.

Anatomical imaging

To acquire time-resolved images of the heart with a high contrast between the blood
and the myocardium, a commonly used technique is balanced steady state free pre-
cession (bSSFP). The signal intensity in bSSFP is proportional to the T,/T) ratio.
Since blood has a higher T,/T) ratio than the myocardium, the bSSFP generates im-
ages where the blood is bright and the myocardium is darker. On the one hand, the
bSSFP technique offers a high signal-to-noise ratio and is thereby ideal for anatom-
ical measurements, but on the other hand, bSSFP is sensitive to By inhomogeneities
and may result in image artifacts in for example patients with a pacemaker.
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Flow

The most common technique for blood-flow measurements with magnetic reso-
nance imaging is phase-contrast sequences (71; 72). The technique has been known
since the late 1950’s (73) and has been in practical use since the 1980’s (74; 69;
75; 76). The idea behind phase-contrast sequences is to manipulate the precession
phase of moving protons in a predictable manner, to achieve phase shifts propor-
tional to the velocity of the protons.

Blood-flow analysis Kinetic energy
technique Clinical use 4D flow  Hemodynamic forces
f f f i >
1950's 1980's 1990's 2010's

Figure 1.13: Development of blood-flow analysis with cardiovascular magnetic resonance imaging.

Figure 1.14 depicts a heavily simplified explanation of the physics behind blood-
flow measurements with phase-contrast CMR. First, a gradient is applied which
modifies the local magnetic field strength in a predictable manner. Thus, the pro-
tons are exposed to different field strengths depending on their spatial position.
When the magnetic field strength changes, the phase of the protons will change
since the phase depends on the field strength. Thereafter, the first gradient is turned
off and a second gradient is applied in the opposite direction as the first one. The
phase of the protons will then start to return to their original phase. The two gra-
dients are called bipolar gradients since they are equal in strength but with opposite
directions.

After applying a sequence of bipolar gradients, protons in stationary tissue will
be in a state with unchanged phase compared to before starting the experiment. In
contrast, moving protons will have accumulated phase shifts. Since the spatial po-
sitions of the moving protons will change during the experiment, a moving proton
is exposed to different magnetic field strengths during the first gradient compared
to during the second. The velocity of the moving protons can then be calculated
from the phase shifts, also called phase contrast.
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Figure 1.14: Blood-flow analysis with phase-contrast magnetic resonance imaging.

4D Flow

In clinical practice, blood-flow analysis is typically performed by applying velocity-
encoding bipolar gradients in a 2D plane of interest. The position of the 2D plane
is determined during data acquisition and cannot be changed retrospectively, and
the resulting data depicts the blood flow orthogonal to the 2D plane. However,
velocity-encoding gradients can also be applied along several spatial axes for three-
dimensional, time-resolved flow measurements, called 4D flow (Figure 1.15). The
techniques behind 4D flow cardiovascular magnetic resonance imaging have been
developing since the 1990’s (77; 78), and enable analysis of multidirectional blood
flow within the cavities of the heart and adjacent large vessels (79).

When acquiring phase contrast 4D-flow data of intracardiac blood flow in adults,
the spatial resolution is typically around 2.5 mm isotropic according to current
recommendations (80). This spatial resolution is sufficient for blood-flow mea-
surements, whereas images for volumetric assessment of the atria and ventricles are
optimally acquired with a higher spatial resolution in images tailored for anatomical
evaluation, such as bSSFP. In the analysis of 4D-flow data, the volume of interest
is therefore usually defined by contouring in anatomical bSSFP images. Then, the
contours are transferred to the 4D-flow data to enable blood-flow analysis of the
relevant cavity, for example the left ventricle.
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2D Aorta

”

4D whole-heart

Figure 1.15: Blood flow can be analyzed from a 2D plane, here marked as a dashed line placed over the aorta,
or from a 3D box covering the entire heart.

In this thesis, 4D-flow data was used to investigate novel markers for quantitative
evaluation of blood flow within the heart (described in more detail in 3.4 Blood-
flow analysis). The overall hypothesis behind this work was that these markers have
potential to provide detailed information on the physiology and pathophysiology
of the heart, and improve clinical evaluation of patients with heart failure.

24



Chapter 2
Aim

The overall aim of this thesis was to quantify pathological mechanisms in patients
at risk for or with established heart failure, beyond the ruling paradigms of clinical
heart-failure classification. The specific aims for each study were as follows:

Study I Investigate the ability of non-invasive pressure-volume loops to detect car-
diac response to load alteration, by assessments at rest and during manipulation
of preload and afterload in healthy hearts and in patients with hypertrophic car-
diomyopathy.

Study II Investigate if 4D-flow CMR with hemodynamic-force analysis can provide
new insights in right and left ventricular mechanisms in patients with precapillary
pulmonary hypertension.

Study III Use 4D-flow CMR with analysis of kinetic energy and hemodynamic
forces to evaluate left ventricular blood-flow patterns in patients with hypertrophic
cardiomyopathy where echocardiography shows normal blood-flow measurements.

Study IV Test the performance of 4D-flow CMR with hemodynamic-force analy-

sis for prediction of response to cardiac resynchronization therapy in patients with

heart failure and left bundle branch block.
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Chapter 3

Materials and methods

3.1 Study populations

This thesis is based on four studies, where Studies I and IV are post-hoc analyses
of previous prospective studies, and Studies II and III are retrospective observa-
tional studies. Patients at risk for, or with established heart failure were recruited
from clinical referrals. Studies I and III are collaborations with international re-
search groups and include patients with hypertrophic cardiomyopathy evaluated
at Rigshospitalet, Copenhagen (n=14, Study I), and at the University of Oxford
(n=70, Study III). Studies II and IV are in-house projects and include patients
with pulmonary hypertension (n=20, Study II) and patients with heart failure and
left bundle branch block (n=22, Study IV) evaluated at Skidne University Hospital,
Lund.

For reference values, healthy participants were recruited in Oxford (n=8 in Study
I, and n=20 in Study III), Copenhagen (n=24 in Study I), and in Lund (n=12 in
Study II, and n=8 in Study IV) and matched for age and sex to the patient cohorts
when possible.
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3.2 Study designs
Study 1

This study is comprised of two sets of experiments, where alterations in preload and
afterload were studied on non-invasive pressure-volume loops in groups of controls,
patients with hypertrophic cardiomyopathy, and volunteers.

Baseline Load alteration
1 N=24 Controls 2l intravenous
N=14 HCM saline
2)| N=8 Volunteers G.ly.ceryl
trinitrate

Figure 3.1: Non-invasive pressure-volume loops measured at baseline and during load alteration. 1) Controls
and patients with hypertrophic cardiomyopathy were administered with intravenous saline, as previously de-
scribed (81; 82). 2) Healthy volunteers was administered with continuous infusion of glyceryl trinitrate (83).

First, controls (n=24) and patients with hypertrophic cardiomyopathy (n=14) were
examined at baseline with cardiovascular magnetic resonance imaging and non-
invasive brachial blood-pressure measurements. The two groups then exited the
scanner and received intravenous administration of isotonic saline (0.9%), with a
median volume of 1.5 L during approximately half an hour. Then, participants
were re-examined during load alteration, while receiving an additional 0.5 L of
saline.

Secondly, healthy volunteers (n=8) were examined with cardiovascular magnetic
resonance imaging and brachial blood-pressure measurements at baseline and dur-
ing load alteration with glyceryl trinitrate in one imaging session. Glyceryl trini-
trate was administered at 1 mg/ml at a rate of 3 ml/h, and titrated to a target mean
arterial pressure reduction of 15 mmHg.
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Study 11

This study investigated new markers of right and left ventricular patophysiology in
patients with pulmonary arterial hypertension and in patients with chronic throm-
boembolic pulmonary hypertension, together grouped as precapillary pulmonary
hypertension (PHprecap)-

n=44 investigated for PH,cap n=20 patients with PH,...,
—
n=12 healthy controls from database n=12 healthy controls
Clinical evaluation RV and LV hemodynamic forces
CMR with 4D flow S Retative
J =Y

Excluded patients: 7 X ﬂ'\}
n=16 not meeting inclusion criteria % b
n=8 inadequate data quality e

a—]
/Local forces

Figure 3.2: Patients with suspected precapillary pulmonary hypertension (PHprecap) underwent clinical evalua-
tion and cardiovascular magnetic resonance (CMR) imaging with 4D flow. The final analysis of n=20 patients
and n=12 controls included right (RV) and left (LV) ventricular hemodynamic forces, volumes, mass, atrio-
ventricular plane displacement, and strain.

Patients underwent clinical evaluation, including invasive measurements of pressure
and resistance with right-heart catheterization, as well as cardiovascular magnetic
resonance imaging with 4D flow. From the 4D-flow data, right and left ventricular
relative pressure gradients were computed for analysis of hemodynamic forces. For
comparison, twelve healthy controls were included, matched for age and sex to the
patient cohort.
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Study 111

In this study, patients with hypertrophic cardiomyopathy (HCM) and normal flow
measurements on echocardiography were evaluated with cardiovascular magnetic
resonance with 4D flow, to search for potential novel markers of heart dysfunction
in this patient cohort.

n=90 investigated for HCM L, n=81 patients with nHCM
n=24 healthy controls recruited n=21 healthy controls
Clinical evaluation + Echocardiograpy CMR with 4D flow
Genetic testing in HCM l
l HDF and KE analysis

Excluded: l
n=3 controls not meeting criteria Excluded due to poor data quality:
n=9 obstructive HCM n=1 control and n=11 HCM

Figure 3.3: Patients investigated for hypertrophic cardiomyopathy (HCM) underwent clinical evaluation,
echocardiography and genetic testing. Based on the measurements from echocardiography, non-obstructive
patients (nHCM) were selected and examined with cardiovascular magnetic resonance (CMR) with 4D flow.
From the 4D-flow data, left ventricular hemodynamic forces and kinetic energy were computed. Furthermore,
CMR image analysis also included left ventricular volumes, mass, wall thickness, stroke work from non-invasive
pressure-volume loops, and fibrosis assessment from late gadolinium enhancement.

Patients investigated for HCM underwent clinical evaluation including mapping
of any family history of HCM. Echocardiography was performed to measure left-
ventricular outflow-tract pressure gradients and select patients with a non-obstructive
profile. Genetic testing was completed according to clinical routines for examina-
tion of genotype status. From cardiovascular magnetic resonance imaging, left ven-
tricular hemodynamic forces and kinetic energy were computed. For comparison,
n=20 healthy controls were included.
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Study IV

This study investigated if patients with heart failure and left bundle branch block
can profit from examination with cardiovascular magnetic resonance imaging with
4D flow for prediction of response to cardiac resynchronization therapy (CRT).

Baseline 6 months
n=22 HF patients :
EF <35% + LBBB — ‘ Echocardiography ‘
‘ CMR + Echocardiography ‘ ¥ ' 1
4 Responder Non-responder
\ CRT implantation \ AESV 215% AESV <15%

Figure 3.4: Patients with heart failure (HF), ejection fraction < 35% and left bundle branch block (LBBB)
were examined with cardiovascular magnetic resonance imaging (CMR) and echocardiography before implan-
tation of a biventricular pacemaker for cardiac resynchronization therapy (CRT). At six-months follow-up after
pacemaker implantation, patients were examined again with echocardiography and categorized as responders
if they had an end-systolic volume (ESV) reduction of 15% or more, or non-responders if less than 15% ESV
reduction. To test the predictive value of CMR with 4D flow for CRT response, left ventricular hemodynamic
forces were computed from the baseline examinations, and analyzed in relation to outcome data.

The study included patients with heart failure and left bundle branch block eli-
gible for CRT, based on standard clinical evaluation. All patients had previously
been included as a part of the study cohort in a prospective study evaluating CRT
outcome (84). At baseline, patients underwent echocardiography as well as cardio-
vascular magnetic resonance with 4D flow, before pacemaker implantation. At six-
months follow up after pacemaker implantation, patients were again examined with
echocardiography to evaluate response to CRT. Then, data analysis was performed
to investigate the value of left ventricular hemodynamic forces computed from 4D
flow data at baseline, for prediction of CRT response at six-months follow-up.
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3.3 Pressure-volume analysis

Non-invasive left ventricular pressure-volume loops were calculated from volumet-
ric data measured on standard CMR images, combined with non-invasive brachial
blood-pressure measurements, using the software Segment (85; 86). This non-
invasive method is developed in our research group and has been tested against
invasive measurements in experimental models (14; 15) and in human (16).

Left ventricular volumes and mass were measured in end-diastole and end-systole by
manual contouring of endocardial and epicardial borders in cine short-axis bSSFP
images. Then, automatic interpolation of left ventricular volumes were performed
throughout the entire cardiac cycle, with manual adjustments where needed. Peak
systolic pressures were calculated based on systolic (SBP) and diastolic (DBP) brachial
blood-pressure measurements, using the following formula (87):

Peak systolic pressure ~ 0.83 x SBP 4+ 0.15 x DBP

End-diastolic pressures were estimated to 7.5 mmHg in all studies, based on pre-
vious work assessing end-diastolic pressures assumptions between 0-15 mmHg,
showing a negligible impact on the resulting pressure-volume loop parameters (14).
Left ventricular pressures were estimated from a time-varying elastance model, scaled
in amplitude based on the non-invasive brachial blood-pressure measurements, and
in time relating to the smallest and largest ventricular volumes, as previously de-
scribed in detail (14). From the resulting pressure-volume loops, as visualized in

Figure 3.5, parameters on cardiac mechanics and hemodynamics were calculated
for Studies I and III.

Pressure-volume loop parameters related to end-systolic pressure-volume relation-
ship included left ventricular contractility, arterial elastance and ventricular-arterial
coupling. Contractility was calculated in mmHg/ml as the slope of the line defined
from the two points E,.x and Vy, where E,,, is the point of maximum elastance,
and V) is the theoretical volume when the intraventricular pressure is zero, here
assumed V = 0. Arterial elastance was calculated in mmHg/ml as the slope of the
line defined from the two points E,,x and the end-diastolic volume intercept on
the x-axis. Ventricular-arterial coupling was calculated as the ratio between arterial
elastance and contractility.

Parameters related to ventricular work included stroke work, potential energy and
ventricular efficiency. Stroke work was measured in Joule as the area of the loop,
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Figure 3.5: Parameters on cardiac mechanics and hemodynamics calculated from non-invasive pressure-volume
loops.

and potential energy in Joule as the area of the triangle encompassed by the x-axis,
the contractility slope, and the left side of the pressure-volume loop. Ventricular ef-
ficiency was defined in % as the ratio between stroke work and the sum of potential
energy and stroke work.

3.4 Blood-flow analysis

Blood-flow analysis from 4D-flow cardiovascular magnetic resonance imaging was
the primary research method used in Studies II, III and IV. All image analysis was
performed using the software Segment (85; 86). Prior to all 4D-flow analysis, data
was reviewed and processed to ensure adequate image quality. Each 4D-flow data
set was assessed visually in all three phase-encoding directions, to inspect the data
regarding noise and artifacts. Residual phase offsets were adjusted for using back-
ground correction fitting to stationary tissue (88; 89). Aliasing was corrected for
using automatic unwrapping (90; 91). The spatial position of the 4D flow data
was manually adjusted to align with the bSSFP cine short-axis images if needed.
After contouring the left and right ventricular cavities over the cardiac cycle, as de-
scribed in Chapter 3.3, the contours were extrapolated to the 4D-flow data, and
hemodynamic forces and kinetic energy were computed.
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Hemodynamic forces

Hemodynamic forces reflect the forces between the blood pool in the heart and
the surrounding myocardium. In several conditions of heart failure, hemodynamic
forces have been shown to differ compared to healthy controls, but the clinical
value has been debated (92; 93; 94; 95; 96). As of today, hemodynamic-force anal-
ysis is predominately used for research purposes and can be measured using vari-
ous modalities, including echocardiography (97) and magnetic resonance imaging
(985 99; 94; 100). In the research projects in this thesis, hemodynamic forces were
quantified from 4D-flow magnetic resonance imaging in Studies II, IIT and IV, in
the left and right ventricles in patients with various phenotypes of heart failure.

, MR , Relative pressure Early systole Late systole
140 1 (mmHg)

> N4 L;c'alfor‘css(N) " y \ : I‘ "‘ P o

Figure 3.6: Visualization of hemodynamic forces in the left ventricle in early and late systole. Relative pressure
gradients within the ventricle were computed from 4D-flow cardiovascular magnetic resonance, shown here as
a colored field. The small white arrows illustrate the local hemodynamic forces, which are computed from the
field of pressure gradients. The large white arrow is the global hemodynamic force, which is a sum of all the
smaller local forces. The red arrow shows the blood flow, which in early systole accelerates towards the aorta, in
concordance with the direction of the global force. In late systole, the direction of the global force is opposite
to the direction of the blood flow, meaning that the blood is still flowing towards the aorta but decelerating.

When the ventricle contracts and relaxes, pressure gradients are created and the
blood accelerates according to Newton’s second law of motion (Force = mass x ac-
celeration). Simultaneously, the blood exerts counter-forces upon the surrounding
myocardium, according to Newton’s third law of motion (stating that for every
action, there is an equal and opposite reaction). These forces can be measured as
hemodynamic forces, and are determined by the moving walls of the ventricle and
the valves, as well as the more external pressures in the large vessels and the atrium.
To analyze the hemodynamic forces quantitatively, pressure gradients within the
left and right ventricles of the heart were computed from the 4D-flow data using the
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Navier-Stokes equations. Local forces were computed for each three-dimensional
voxel, and the global hemodynamic force was calculated as a sum of all the small
local forces.

To evaluate three-dimensional hemodynamic-force patterns, a spatial reference sys-
tem was used, as visualized in Figure 3.7. First, the atrio-ventricular plane was de-
fined by manually placing eight points in the three long-axis cine images in the end-
diastolic time-phase. For the left ventricle, the longitudinal direction (apex-base)
was then set perpendicular to the atrio-ventricular plane. Two transverse directions
were set parallel to the atrio-ventricular plane, where one direction (lateral wall-
septum) was aligned with the left-ventricular outflow tract, and the other transverse
direction (inferior-anterior) was set perpendicular to the first. The right-ventricular
reference system was identical to the one in the left ventricle, but renamed to depict
the anatomical landmarks on the right side of the heart.

Left ventricle Right ventricle
Inferior Base Diaphragm Base
Lateral _——Septum
Septum wall Free

wall

Outflow
tract/

Anterior

Apex Apex

Figure 3.7: A three-dimensional spatial reference system for analysis of hemodynamic forces in the left and
right ventricle.

To compare hemodynamic forces between patients with different heart rates and
thus different lengths of one heartbeat, a common time axis was created with time
measured in % of the total heartbeat. Furthermore, linear resampling was per-
formed to maintain the proportion of systole and diastole in relation to the dura-
tion of the heartbeat, using end diastole and end systole as temporal landmarks.
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Assessment of hemodynamic forces was performed by calculation of mean and peak
values in systole and diastole, combined with visual interpretation of the time-
resolved force patterns covering the entire heartbeat. To facilitate comparison of
force magnitudes regardless of vector polarity, root-mean-square values were cal-
culated. The proportion between longitudinal and transverse forces was analyzed,
where the healthy heart typically exhibits predominant longitudinal forces, using a
fore-ratio calculation as follows:

P " V/ (lateralwall — septum)? + (in ferior — anterior)?
orce ratio =

apex — base

Kinetic energy

The energy of the blood due to motion can be quantified as kinetic energy, and
measured using 4D-flow cardiovascular magnetic resonance imaging. Kinetic en-
ergy has previously been measured in the healthy heart and in patients with differ-
ent phenotypes of heart failure, both as a sum of the total kinetic energy within
a heart chamber of interest (101; 102; 103; 104; 105; 106; 96), and as func-
tional components for assessment of the determinations of blood-flow patterns
(107; 108; 109; 110; 111). In this thesis, left ventricular kinetic energy was eval-
uated in patients with hypertrophic cardiomyopathy in Study III, by computing
mean and peak values for systole, early diastole and late diastole. Kinetic energy
was measured in every voxel of the left ventricle using the following formula:

mass x velocity?
2

Kinetic energy =

The mass of the blood pool was defined by multiplying the volume, measured from
endocardial short-axis contours as described in Chapter 3.3, with an assumed blood
density of 1.05 g/cm? (112). The global ventricular kinetic energy of the blood in
each time phase was calculated as a sum of the kinetic energy in all voxels.
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3.5 Echocardiography

Echocardiography was performed as a part of the routine clinical examination of all
patients in studies I-IV. Study-specific echocardiography was perdormed in Study
III in patients with suspected hypertrophic cardiomyopathy, and in Study IV in
patients with heart failure and left bundle branch block. To visualize the inner or-
gans of the body, echocardiography uses ultrasound waves that can penetrate many
structures in the body. The penetration capacity and image quality depends on the
frequency of the ultrasound waves, where lower frequencies can reach deeper into
the body, but higher frequencies result in images with higher resolution. For stan-
dard adult heat imaging, transthoracic echocardiography typically uses frequencies
of 2-5 MHz (113). In clinical practice, echocardiography with two-dimensional
imaging and Doppler are the most commonly used methods to assess the function,
volumes and blood flow of the heart (113).

In the research projects in this thesis, transthoracic echocardiography was used to
assess pressure gradients in the left ventricular outflow tract, and to measure pa-
rameters used for evaluation of left ventricular systolic and diastolic function. In
Study II1, pressure gradients were measured at rest and after Valsalva maneuver, and
were used to evaluate if the patient has an obstructive left ventricular outflow tract,
defined as a pressure-gradient > 30 mmHg. Only patients without left ventricu-
lar outflow tract obstruction were included in Study III. Pressure-gradients were
calculated using the following formula:

A Pressure = 4 x velocity?

To evaluate diastolic function in Study III, pulsed-wave Doppler was used to mea-
sure blood flow, and tissue Doppler was used to measure the movement of the
atrio-ventricular plane during filling of the left ventricle. Specifically, pulsed-wave
Doppler was used for trans-mitral measurements of early and late diastolic filling
velocities, and tissue Doppler was used for measurements of early diastolic lateral
and septal mitral annular velocities. In Study IV, systolic function was assessed by
standard echocardiographic measures of left ventricular volumes using the Simp-
son’s biplane method, to identify patients who met the inclusion criterion of an
ejection fraction < 35%.
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3.6 Cardiac resynchronization therapy

Study IV included patients with heart failure and left bundle branch block who
received cardiac resynchronization therapy with a biventricular pacemaker on clin-
ical indications. The idea behind cardiac resynchronization therapy is to improve
heart function by synchronizing ventricular contraction and relaxation. In patients
with left bundle branch block, the depolarization of the left ventricular lateral wall
is delayed due to a blockage in the electrical transmission pathway. Consequently,
the lateral wall contracts after the septum, and thereby also relaxes after the sep-
tum. The disturbed electrical conduction system thus leads to inefficient pumping.
To facilitate synchronous contraction of the ventricles, the biventricular pacemaker
uses three leads; one in the right atrium, one in the apex, and one lead in the coro-
nary venous system close to the left ventricular lateral wall.

Cardiac resynchronization therapy has been shown to improve heart function and
reduce the symptoms of heart failure and the occurrence of hospitalization and
death (114; 115). However, approximately one-third of patients show limited im-
provements six months after receiving cardiac resynchronization therapy, despite
meeting current selection criteria on ECG and echocardiography, also including
receiving optimal medical treatment (62). Therefore, new diagnostic markers are
needed for improved prediction of response to cardiac resynchronization therapy.
Previous studies have identified wider QRS-duration, sinus rhythm, non-ischemic
cardiomyopathy, and female sex as predictors associated with positive outcome. In
this thesis, Study IV investigated the potential of cardiovascular magnetic resonance
with 4D-flow analysis as a complementary diagnostic instrument to current clini-
cal selection criteria for better prediction of response to cardiac resynchronization
therapy.

3.7 Statistics and figures

Statistical analyses were performed using GraphPad Prism (GraphPad Software,
Boston, Massachusetts, USA), R (Integrated Development for R. RStudio, PBC,
Boston, Massachusetts, USA), and SPSS (Armonk, NY: IBM Corp). Continuous
data is presented as median and inter-quartile range [IQR], or mean and standard
deviation (SD), and categorical data as absolute numbers and proportion (%). The
Student’s t-test or the Mann-Whitney U test were used to compare unpaired contin-
uous data between groups, and the Wilcoxon test was used for paired comparisons.
Fisher’s exact test was used to compare binary categorical data.
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Correlations were assessed using the Pearson or Spearman correlation test to cal-
culate a correlation coeflicient (r), and associations were analyzed from simple and
multiple linear regressions with computation of a coeflicient of determination (R?).
A multivariate logistic regression was performed to analyze the relationship between
independent and dependent variables. The Bland-Altman analysis was used for
evaluation of method agreement (116; 117). A receiver operating characteristic
(ROC) analysis was used to evaluate the predictive performance of hemodynamic-
force analysis for response to cardiac resynchronization therapy response (Study
IV). In all studies, a two-tailed p-value < 0.05 was considered significant. When
multiple statistical tests were performed, the cut-off p-value for statistical signifi-
cance was adjusted by dividing the p-value 0.05 by the number of tests.

4D-flow data was visualized as intraventricular fields of kinetic energy and pressure-
gradients, using plug-ins in the software Segment (Medviso, Lund, Sweden) (85).
Graphs presenting the results were generated using GraphPad Prism (GraphPad
Software, Boston, Massachusetts, USA). Figures were prepared using Inkscape (The
Inkscape Project, https://inkscape.org/).
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Chapter 4

Results and comments

4.1 StudyI

The data in Study I demonstrate alterations in preload and afterload evaluated on

non-invasive pressure-volume loops in healthy participants and in patients with
hypertrophic cardiomyopathy (HCM).

Controls HCM

Volunteers
120
C
E 801 — Baseline — GTN
-~ — Saline
e
3
2 40 -
e
a
0 T T T T T T T T
0 100 200 0 100 200 0 100 200
Volume (ml) Volume (ml) Volume (ml)

Figure 4.1: Average pressure-volume loops before and during load alteration with saline in controls and in
patients with hypertrophic cardiomyopathy (HCM), and with glyceryl trinitrate (GTN) in volunteers.
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Saline infusion

Controls and patients with HCM responded differently to saline infusion, as shown
on parameters calculated from non-invasive pressure-volume loops (Figure 4.2).
During load manipulation with saline, arterial elastance and potential energy de-
creased in controls but not in HCM. In both groups, ventricular-arterial coupling
decreased, and stroke work and ventricular efficiency increased, while contractil-
ity remained unchanged. Visual assessment of the average pressure-volume loops
showed an increased area of the loops in both groups during load alteration (Fig-
ure 4.1). In controls, the area increased mainly due to volumetric changes, with
an increased end-diastolic volume and a decreased end-systolic volume, whereas in
patients with HCM the increased area was primarily due to increased pressures and
end-diastolic volume.

Glyceryl trinitrate infusion

Figure 4.3 shows decreased stroke work and potential energy in volunteers during
infusion with glyceryl trinitrate, suggesting unloading of the ventricle. Congru-
ently, visual assessment of the average pressure-volume loops shows a left-ward shift
of the loops during load alteration, in combination with a decreased hight of the
loop due to lower pressures (Figure 4.1). Glyceryl trinitrate infusion did not lead
to statistically significant changes in contractility, arterial elastance, ventricular-
arterial coupling, or ventricular efficiency.
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Figure 4.2: Pressure-volume loop parameters in controls and in patients with hypertrophic cardiomyopathy
(HCM) at baseline (pre) and during infusion of isotonic saline (post).
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4.2 Study II

The results in Study II show that in patients with precapillary pulmonary hyper-
tension (PHee,p), the right ventricle acts more like a pressure pump than a volume
pump, as opposed to healthy controls. In patients with PHcc,p, hemodynamic
forces measured from 4D flow cardiovascular magnetic resonance imaging were
higher in both the right and left ventricle, compared to controls matched for age
and sex.

Left ventricle — Controls Right ventricle
- PHprecap
0.3 0.3
0.2
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Figure 4.4: Longitudinal hemodynamic forces (apex-base direction) in the left and right ventricle in controls
and in patients with precapillary pulmonary hypertension (PHprecsp). The force data is presented as the mean
value for controls and patients respectively in each time point.
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Right ventricle

Systolic right ventricular hemodynamic forces indexed to stroke volume were higher
in the transverse directions in patients with PH,ec,, compared to controls (Figure
4.5). Moreover, patients with PH,..,, had lower atrioventricular plane displace-
ment compared to controls, meaning a shorter longitudinal movement of the ven-
tricle during contraction and relaxation, which is in keeping with previous studies
(118; 119). Still, stroke volumes were similar in the right ventricle when com-
paring patients and controls. These results indicate that in patients with PHecops
the right ventricle pumps with more transverse ventricular motion to overcome
the increased right ventricular afterload and maintain stroke volume, as opposed to
the predominant longitudinal ventricular motion seen in healthy hearts (120; 121).

Diastolic right ventricular hemodynamic forces were higher in patients with PHecqp
compared to controls in both the longitudinal and transverse directions (Figure
4.6). Visual interpretation of the time-resolved hemodynamic-force data show that
on the group level, controls exhibit two peaks in diastole corresponding to early fill-
ing and atrial contraction (Figure 4.4), in keeping with previous studies (122; 93).
On the contrary, patients with PH,,cc,, present with oze main force peak, occur-
ring in the late diastolic phase corresponding to atrial contraction. Indeed, previ-
ous studies have shown that patients with pulmonary hypertension exhibit a larger
contribution of atrial contraction to right ventricular filling, compared to controls

(123).
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Figure 4.5: Right ventricular systolic hemodynamic forces, stroke volume (SV), and atrioventricular plane
displacement (AVPD) in patients with precapillary pulmonary hypertension (PHprecap) and in healthy controls.
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Figure 4.6: Right ventricular diastolic hemodynamic forces in patients with precapillary pulmonary hyperten-

sion (PHprecap) and in healthy controls.
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Left ventricle

Systolic left ventricular hemodynamic forces indexed to stroke volume were higher
in patients with PH,ec,, compared to controls in the longitudinal (apex-base) and
the outflow (lateral wall-septum) directions (Figure 4.7). On the group level, pa-
tients had smaller stroke volumes and end-diastolic volumes compared to controls,
despite similar body sizes. Aberrant hemodynamic forces and smaller left ventricu-
lar volumes could be linked to anatomical deformation of the left ventricle, where
high right ventricular pressures and volumes lead to the septum bulging into the left
ventricle, resulting in the left ventricle shaped like a ”"D”. A D-shaped left ventricle
in systole is primarily associated with right ventricular pressure overload, whereas a
diastolic D-shape suggests right ventricular volume overload (124). Septal flatten-
ing was seen in systole in about 1/3 of patients, and in diastole in all patients but
to different extents. Moreover, the hearts of patients may be driven by a higher
sympathetic stimulation, as suggested from higher heart rates, with increased left
ventricular contractility that could contribute to increased hemodynamic forces.

Diastolic left ventricular hemodynamic forces indexed to stroke volume were higher
in patients with PH,cc,, compared to controls in the longitudinal direction (Figure
4.8). Visual interpretation of the time-resolved hemodynamic-force data show that
on the group level, both patients and controls exhibit two peaks in diastole, but pa-
tients show a larger difference in the peak amplitudes, with a relatively smaller peak
in early than in late diastole, compared to controls (Figure 4.4). Previous studies
on left ventricular function in pulmonary hypertension have suggested both in-
trinsic left ventricular dysfunction with reduced diastolic suction (125), and left
ventricular underfilling (126). In Study II, the combination of higher forces in-
dexed to stroke volume and smaller left ventricular volumes, is likely best explained
by underfilling of the left ventricle.
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Figure 4.7: Left ventricular systolic hemodynamic forces, stroke volume (SV), and end-diastolic volume in
patients with precapillary pulmonary hypertension (PHprecap) and in healthy controls.
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Figure 4.8: Left ventricular diastolic hemodynamic forces in patients with precapillary pulmonary hypertension
(PHprecap) and in healthy controls.
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4.3  Study III

The data in Study III demonstrate that in patients with non-obstructive hyper-
trophic cardiomyopathy, cardiovascular magnetic resonance with 4D flow imaging
may detect hemodynamic abnormalities even when echocardiographic flow mea-
surements are normal. The patients included in this study were in NYHA class I or
I1, meaning they had no or only minor symptoms of heart failure. Still, left ventric-
ular blood flow was different in this patient cohort compared to controls matched
for age and sex. Specifically, patients exhibited higher hemodynamic forces and
kinetic energy in both systole and diastole.
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Figure 4.9: Visualization of left ventricular hemodynamic forces and kinetic energy (KE) in one example of
a healthy control, and one patient with septal, reverse septal, apical, or concentric hypertrophy. The colored
images show relative pressure fields (top row) and kinetic energy (bottom row) during peak systolic flow. The
graphs below each image show data for the entire heartbeat in the same study participant, where end systole is
marked with "ES”.
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Systole

In systole, patients with phenotype positive HCM had higher peak kinetic energy
and hemodynamic force ratio compared to controls (Figure 4.10). When analyzing
subgroups with different patterns of hypertrophy, patients with septal and reverse
septal hypertrophy had higher peak systolic kinetic energy compared to controls.
Furthermore, patients with apical hypertrophy had higher force ratio compared to
controls.
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Figure 4.10: Systolic peak kinetic energy and hemodynamic force ratio in patients with hypertrophic car-
diomyopathy, categorized as phenotype positive (P+) or negative (P-). The phenotype positive patients were
further analyzed based on the pattern of ventricular remodeling, categorized as septal, reverse septal, apical, or
concentric hypertrophy. A group of controls (CTL) was included for comparison.

Visual interpretation of the 4D-flow data indicate that higher kinetic energy in pa-
tients is influenced by the extent of the constriction of the left ventricular outflow
tract. Although all patients were categorized as non-obstructive, the hypertrophied
left ventricle in many cases presented with a narrow outflow tract with high blood-
flow velocities, especially in patients with septal and reverse septal hypertrophy.
Moreover, the maximum wall thickness was positively associated with increased

systolic kinetic energy and hemodynamic force ratio in phenotype positive patients
(KE: 1= 0.5, p < 0.0001, HDF ratio: r= 0.3, p = 0.004).

Since hemodynamic force ratio is measured as transverse/longitudinal forces, a
higher force ratio means a larger proportion of transverse forces in relation to lon-
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gitudinal forces. In patients with apical hypertrophy, a higher force ratio is likely
due to a smaller and more spherical left ventricle, resulting in a shorter relative dis-
tance of the blood flow in the longitudinal direction. Another plausible explanation
is increased transverse contribution to ventricular pumping due to a disorganized
micro-anatomy and impaired function on the cellular level, which can be seen in
HCM and contribute to dysfunctional contraction.

Diastole

In early diastole, patients with HCM but with a normal ventricular anatomy, so
called genotype positive and phenotype negative (P-), had higher kinetic energy
compared to phenotype positive patients (P+) (Figure 4.11). In the healthy heart,
early diastolic blood flow constitutes the major part of ventricular filling (127; 5).
However, the proportion of early filling tends to decrease with age as the ventricle
may become more stiff. In this study, P- patients were younger than P+ patients
and controls, which could be a contributing factor to higher early diastolic kinetic
energy P-, in line with previous studies (128; 129).

In /ate diastole, P+ patients had higher peak kinetic energy compared to P- patients
and controls (Figure 4.11). Subgroup analysis based on the pattern of hypertro-
phy showed that mainly patients with septal and reverse septal hypertrophy had
higher kinetic energy compared to controls. Late diastolic kinetic energy primarily
reflects the filling of the ventricle due to atrial contraction. Therefore, the results in
late diastole imply increased atrial contribution to ventricular filling in P+ patients
compared to P- and controls, which may be due to a more stiff ventricle in P+ with
a larger extent of hypertrophy.

Hemodynamic forces were measured as average values over the entire diastolic phase
of the heartbeat, and 7oz as early and late diastolic values. This analysis method was
chosen after visual interpretation of the time-resolved hemodynamic force data,
where there were no clear peaks in one or more directions in the majority of pa-
tients. Diastolic force ratio was lower in P- patients compared to controls (Figure
4.11), which indicates a higher proportion of longitudinal forces in relation to the
transverse components, likely reflecting better ventricular relaxation in P- compared
to the older controls. Similar to the results in systole, patients with apical hyper-
trophy also had higher force ratio in diastole compared to controls, which may be
due to the smaller and more spherical left ventricle in this group of patients.
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Figure 4.11: Early and late diastolic peak kinetic energy, and diastolic hemodynamic force ratio in patients
with hypertrophic cardiomyopathy, categorized as phenotype positive (P+) or negative (P-). The phenotype
positive patients were further analyzed based on the pattern of ventricular remodeling, categorized as septal,
reverse septal, apical, or concentric hypertrophy. A group of controls (CTL) was included for comparison.
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4.4 Study IV

The results in Study IV indicate that clinical evaluation of patients with heart failure
and left bundle branch block may be improved using 4D-flow data from cardiovas-
cular magnetic resonance imaging. The data show that hemodynamic-force analysis
from 4D flow before pacemaker implantation, has potential to identify some pa-
tients who are unlikely to respond to cardiac resynchronization therapy, despite
fulfilling current clinical selection criteria.
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Figure 4.12: Hemodynamic force ratio in diastole in responders and non-responders to cardiac resynchroniza-
tion therapy, and in controls matched to patients for age and sex. A specificity of 100% for non-response,
resulted in a cut-off ratio of >0.87 for non-responders, with a sensitivity of 57%.

Non-responders to CRT had a higher diastolic force ratio compared to respon-
ders, as measured before pacemaker implantation (Figure 4.12). A higher force
ratio means a larger proportion of transverse forces in relation to the longitudi-
nal component, and may be a sign of dyssynchronous ventricular contraction and
relaxation, in keeping with previous studies (92; 94). A receiver operating charac-
teristics (ROC) analysis of diastolic force ratio as a binary classifier of response to
CRT, resulted in and area under the curve of 0.88 (Figure 4.13). Identification of
non-responders with a specificity of 100% resulted in a cut-off ratio of >0.87 in
diastolic force ratio for non-responders, with a sensitivity of 57%. Thus, the results
in Study IV indicate that about half of the patients who are unlikely to respond to
CRT may be identified by analyzing hemodynamic forces from 4D-flow CMR in
addition to standard clinical evaluation before pacemaker implantation.
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Figure 4.13: A receiver operating characteristic curve for diastolic force ratio as a binary classifier of response
to cardiac resynchronization therapy, with an area under the curve (AUC) of 0.88. Dashed line of equality.

Furthermore, when comparing changes in hemodynamic force ratio from systole
to diastole, non-responders presented different results compared to responders and
controls (Figure 4.14). While both responders and controls exhibited changes with
smaller force ratio in diastole compared to systole, no change was seen in non-
responders at the group level. In other words, responders exhibited 4D-flow pat-
terns similar to that seen in controls, while non-responders deviated.
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Figure 4.14: Comparisons of the change in hemodynamic force ratio from systole to diastole within the groups
of responders and non-responders to cardiac resynchronization therapy, and in controls.
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Notably, current clinical selection criteria for CRT are primarily based on evalua-
tion of systolic function with ECG and echocardiography, while the results in Study
IV show aberrant diastolic 4D-flow patterns. Thus, patients who do not respond to
CRT may suffer from diastolic dysfunction where CRT does not provide sufficient
support.
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Chapter 5
Discussion and limitations

In this thesis, heart function was studied using magnetic resonance imaging for
analysis of pressure-volume loops of the left ventricle, and blood-flow patterns
within the left and right ventricles, in patients at risk for, or with established heart
failure with various phenotypes. The four studies demonstrate that novel markers
of heart function can contribute to a more nuanced understanding of pathological
mechanisms in patients with heart failure, and have potential to provide clinically
useful information. Still, each method carries limitations that should be taken into
consideration in the interpretation of the results.

In Study I, load alteration was evaluated on non-invasive pressure-volume loops
using infusion of saline or glyceryl trinitrate to manipulate preaload and afterload.
Left ventricular volumes can be measured accurately and precisely with CMR, but
the short-axis cine bSSFP images represent a mean heartbeat and may therefore dis-
guise volumetric variations during load manipulation. Moreover, measurements of
contractility on non-invasive pressure-volume loops depend on the the position of
the x-axis intercept (Vy), which was estimated to Vy = 0 in the research projects in
this thesis. In reality, Vj is subject specific (130), and is likely affected by ventricular
pathology such as increased stiffness in hypertrophic cardiomyopathy. Interpreta-
tions of contractility measured from non-invasive pressure-volume loops therefore
comes with limitations in patients with different phenotypes of heart failure (131).
To further improve the analysis of contractility, serial measurements of dynamic,
non-invasive pressure-volume loops could be of interest, for example in an exper-
imental model where load may be manipulated with minimal impact on the left
ventricular end-systolic pressure-volume slope.
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In studies I, IIT and IV, hemodynamic forces were computed from intraventricular
pressure gradients measured with CMR and 4D-flow analysis (132; 133). Hemody-
namic forces can also be computed using other methods, such as echocardiography
where measurements of intraventricular pressure gradients have been demonstrated
in animal experiments (6) and in human (134; 97). Hemodynamic forces can also
be estimated from CMR cine bSSFP images and measurements of endocardial bor-
ders of the left ventricle (135). When comparing the methods, echocardiography
is generally more accessible than CMR, and the temporal resolution is higher with
echocardiography. On the other hand, echocardiographic assessment of hemody-
namic forces requires contrast infusion with microbubbles, which is not needed
with CMR. All three methods provide similar patterns of longitudinal forces, but
transverse forces are primarily captured with 4D flow CMR (135).

In Study III, patients with HCM were examined with echocardiography both at
rest and during Valsalva maneuver, but the CMR 4D-flow data was acquired only at
rest due to the acquisition time of around five to ten minutes for the 4D-flow data.
The Valsalva maneuver is a breathing technique where the patient exhales force-
fully against a closed airway, which leads to an increased pressure within the chest.
The increased pressure results in a reduced venous return to the heart, and conse-
quently a decrease in blood pressure and a compensatory increase in heart rate. In
patients with HCM, the Valsalva maneuver can reveal left ventricular outflow tract
obstruction as the preload decreases and the left ventricular cavity becomes smaller
and presents with a more narrow outflow tract. Thus, blood-flow assessment with
echocardiography during Valsalva maneuver may register peak velocities within the
left ventricle that cannot be evaluated with a CMR examination and 4D-flow data
acquisition at rest.

Study IV investigated the value of hemodynamic-force analysis for prediction of
CRT response. Previous studies have demonstrated several parameters associated
with a favorable outcome after CRT, such as QRS duration >150 ms and non-
ischemic cardiomyopathy (61), as well as myocardial work and septal scar measured
using CMR (136; 137). These parameters should therefore be kept in mind when
interpreting the results in Study IV, where the study population was too small to
allow for any adjustments of confounders in the data analysis. In particular, the
proportion of ischemic heart disease was higher in non-responders compared to re-
sponders in Study IV. Moreover, patients with atrial fibrillation were not included
in Study IV due to technical limitations of 4D-flow data acquisition with CMR.
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The prevalence of atrial fibrillation is about 30% in patients receiving CRT, and is
associated with a worse prognosis compared to patients with sinus rhythm at base-
line (138), which limits the generalization of the results in Study IV.

Since the patient inclusion in Study IV, which took place in the years 2011-2014,
left bundle branch area pacing (LBBAB) has emerged as an alternative to the tra-
ditional biventricular pacemaker in CRT. The idea behind LBBAP is to obtain a
more physiological pacing by stimulating the left bundle branch area. When suc-
cessful, LBBAP results in more narrow QRS-complexes compared to a biventricular
pacemaker, but the implantation procedure can be more technically demanding as
LBBAP requires precise targeting of the left bundle branch area. Recent studies
indicate that LBBAP leads to lower risks of morbidity and improved heart func-
tion compared to a biventricular pacemaker in CRT (139; 140), but the long-term
outcomes after LBBAP and the patient selection criteria are domains where more
research is still warranted.
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Chapter 6

Conclusions and future
directions

The overall conclusion of this thesis is that in patients at risk for or with estab-
lished heart failure, novel biomarkers on cardiovascular magnetic resonance imag-
ing provide new insights in pathological mechanisms of the left and right ventricle.
These imaging markers can identify and quantify specific patterns of blood flow
and mechanistic properties, and may carry valuable clinical information comple-
mentary to standard heart-failure classification. Specific conclusions for each study
and future directions are discussed below.

Study 1

Non-invasive pressure-volume analysis from CMR can detect cardiac response to
altered preload and afterload in healthy participants and in patients with abnormal
ventricular filling, in this study patients with HCM. This method and has the po-
tential to provide incremental information to more established measures of cardiac
function in clinical practice.

To further study the clinical relevance of non-invasive pressure-volume analysis,
longitudinal assessment of patients with heart failure could be of interest. Can non-
invasive pressure-volume loops be valuable when evaluating treatment response in
patients with heart failure? Previous studies have demonstrated a potential appli-
cation of non-invasive pressure-volume loops for risk stratification of patients with
heart failure or myocardial infarction (141; 142; 143). However, many patients
with heart failure or myocardial infarction also exhibit aortic stenosis or mitral in-
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sufficiency (144; 145; 146; 147), and the performance of non-invasive pressure-
volume loop analysis has not been evaluated in these conditions. Future studies
could therefore include patients with various pressure anomalies, who would be
assessed with non-invasive pressure-volume loops as well as with invasive measure-
ments for comparison. As pressure disturbances can affect both the left and right
side of the heart, developing non-invasive methods for right ventricular pressure-
volume loops could also be an interesting research area, with potential applications
in patients with pulmonary hypertension.

Study 11

In patients with precapillary pulmonary hypertension, 4D-flow CMR with anal-
ysis of hemodynamic forces conveys new information of right and left ventricular
pumping mechanisms.

To assess the clinical value of 4D-flow data in patients with precapillary pulmonary
hypertension, future studies could evaluate 4D-flow measures as markers of heart
function in longitudinal studies, and examine relations to invasive pressure mea-
surements performed routinely in clinical practice. Can CMR with 4D flow reduce
the need for repeated invasive measurements of pressure and resistance?

Moreover, there is limited research on the overall biological variability of 4D-flow
parameters. When studying patients and comparing to controls, patients and con-
trols should be matched regarding variables that could influence the results. How
is hemodynamic-force analysis affected by biological parameters such as age, sex,
fluid status, and sympathetic activity? Does heart rate affect hemodynamic forces?

Study 111

Despite normal blood-flow measurements on echocardiography, patients with non-
obstructive hypertrophic cardiomyopathy exhibit abnormal left ventricular blood-
flow patterns on 4D-flow CMR. These novel markers of cardiac function carry
potential as diagnostics instruments complementary to more established tools for
guidance in clinical surveillance and monitoring of treatment.

In the early stages of hypertrophic cardiomyopathy, clinical evaluation of patients
can be challenging regarding prognosis and risk stratification, as patients can go for
many years without any specific symptoms and with normal left ventricular blood
flow and pressure gradients measured with echocardiography. Novel markers on
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heart function are therefore desirable to enable a more granular assessment of this
patient cohort. Longitudinal studies with 4D-flow parameters for risk stratification
and outcome prediction could be of interest in the future.

Furthermore, evaluation of patients with 4D-flow CMR during exercise could be
of value, when the technical methods allow. Exercise provocation of symptoms
and heart dysfunction has been shown clinically valuable in patients with HCM
who present with a non-obstructive profile at rest (148; 149). Some patients are
asymptomatic at rest but exhibit physical limitations during exercise. such as fa-
tigue, shortness of breath or dizziness. Another option for provocation could be
pharmacological stress with dobutamine, which has been shown feasible during
examination with 4D-low CMR (150). However, dobutamine stress has limited
specificity for identification of stress-induced obstruction (151).

Study IV

Patients with heart failure and left bundle branch block may benefit from 4D-flow
CMR, where hemodynamic-force analysis have the potential to identify patients
who are unlikely to respond to cardiac resynchronization therapy.

Since the term “response” can be described by several definitions which may result
in different interpretations of the outcome of patients (152; 153), future studies
with larger patient cohorts could be of interest to evaluate 4D flow in relation to a
wider range of outcome measures. Response to CRT is a continuous spectrum in-
cluding combinations of qualitative and hard parameters, such as exercise capacity,
quality of life, morbidity and mortality. Larger studies could contribute to a more
nuanced assessment of patient outcome and diagnostic measures associated with a
beneficial prognosis for the individual patient.

Furthermore, patients with arrhythmia is a non-negligible group among patients
considered for CRT, especially atrial fibrillation (154). Patients with atrial fibrilla-
tion were not included in Study IV, since current 4D-flow sequences do not provide
sufficient data quality during atrial fibrillation (155). More research on 4D flow and
arrhythmia would therefore be of interest, both regarding technical development
of sequences suited for atrial fibrillation, but also on physiological interpretation of
the acquired data during atrial fibrillation. How can systolic and diastolic 4D-flow
data be evaluated and interpreted in patients with atrial fibrillation?
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