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Popular science summary

The golden ratio can be found nearly wherever you look, in art and in nature.
It is known for its beauty and for lending a sense of harmony to paintings and
photographs. Many photographers know of the rule of thirds — that the object
should be placed at the two-thirds position of the image. It may not come as
a surprise that 3/2 is an approximation of the golden ratio, and much easier
to remember than say 34/21, which is a slightly better approximation. This is
an approximation because the golden ratio is what is known as an irrational
number. It begins with 1.618... and continues with an infinite string of never
repeating decimals.

It is perhaps a philosophical question whether nature cares about beauty. Per-
fection does not exist in nature, yet it works perfectly. A beautiful example of
the golden ratio is the arrangements of the petals in a flower. To make sure that
the petals don’t overlap and shade each other from the sun, they are distributed
according to the golden ratio, or more specifically, the golden angle. This way,
no matter how many petals there are in the flower, the golden ratio will ensure
that each petal gets the most sunlight.

So what does all this have to do with magnetic resonance imaging? As with
most things today, it is a matter of efficiency. The scanner creates images based
on the properties of hydrogen in the body. By making use of some interesting
magnetic properties of the hydrogen nuclei together with strong magnetic fields,
one can create a signal that can be picked up by sensitive antennas. To create
an image, one wants to encode spatial information into this signal, and this can
be done in an infinite number of ways. By learning from nature, and using the
golden ratio, one can optimize the collection of signal, similar to how the flower
optimizes the collection of the sunlight. This work is focused on using these
concepts and applying them to problems in cardiovascular magnetic resonance
imaging, such as finding clots in the vessels of the lungs, how to diagnose heart
failure, or how to acquire three-dimensional images of the beating heart.






Popularvetenskaplig sammanfatting

Det gyllene snittet finns néstan 6verallt en letar, bade inom konsten och naturen.
Det ar ként for att inge en kénsla av harmoni i malningar och fotografier. Manga
fotografer har hort talas om tredjedelsregeln — att objektet ska placeras tva
tredjedelar fran bildens kant. Det ar darfor foga Overaskande att 3/2 dr en
uppskattning av det gyllene snittet, och nagot enklare att minnas dn 34/21 som
ar en nagot béattre uppskattning. Det dr endast en uppskattning eftersom att
det gyllene snittet &r ett irrational tal. Det borjar med 1.618... och fortsitter
sedan med en odndligt antal decimaler utan upprepning.

Det mé vara en filosofisk fraga hurvida naturen bryr sig om skdnhet. Perfektion
existerar inte i naturen, dnda fungerar den perfekt. Ett vackert exempel pa det
gyllene snittet &r spridningen av kronbladen pa en blomma. For att kronbladen
inte ska skugga solen for varandra sa sprider de ut sig enligt det gyllene snittet,
eller mer specifikt, den gyllene vinkeln. Pa si sétt spelar det ingen roll hur
méanga kronblad blomman har, det gyllene snittet ser till att varje kronblad far
s& mycket sol som mojligt.

Sa vad har allt detta att gora med magnetresonanstomografi? Precis som med
sa mycket idag, &r det en fraga om effektivitet. Magnetkameran skapar en bild
baserat pa magnetiska egenskaper hos vate i kroppen. Genom att anvinda na-
gra mycket intressanta magnetiska egenskaper hos vitekédrnan, tillsammans med
starka magnetfilt kan en skapa en signal som kan fangas in av kédnsliga anten-
ner. For att skapa en bild maste en bddda in spatial information i denna signal,
vilket kan goras pa ett ndra odndligt antal sdtt. Genom att ldra fran naturen,
och anvéinda det gyllene snittet, kan en samla in signalen pa ett sitt som lik-
nar hur blommorna maximerar sin insamling av solljus. Den har avhandlingen
fokuserar pa hur en kan anvinda dessa koncept och applicera dem pa magnetres-
onanstomografi av hjartat, for att exempelvis finna blodproppar i lungkérlen,
diagnosticera hjartsvikt, eller for att samla in tredimensionella bilder av hjartat
medan det slar.






Abstract

The use of radial trajectories has been seen as a potential solution to highly ef-
ficient cardiovascular magnetic resonance imaging (MRI). By acquiring a broad
range of spatial frequencies per repetition time, the acquisition is time-efficient
and robust against motion. Of particular interest is the golden angle profile
order, which promises a near-uniform k-space coverage for an arbitrary num-
ber of readouts, enabling flexible data resorting, which is critical for efficient
cardiovascular MRI.

In 00000 U the use of 2D golden angle profile ordering is explored for imaging
pulmonary embolisms. The insensitivity to motion and flow is used to reduce
the artifacts that otherwise degrade images of the pulmonary vasculature when
imaging with thin slices. It was found that the proposed technique could im-
prove the image quality. Another source of artifacts arises when gradients are
rapidly switched, and local induction of eddy currents may perturb spin equi-
librium. In 00000 OO, we propose a generalized golden angle profile orderings
in 3D which reduces eddy-current artifacts. We demonstrate the efficacy of our
generalization through numerical simulations, phantom imaging and imaging of
a healthy volunteer. In 00000 000 an improved 2D golden angle profile order-
ing was explored which resulted in a higher degree of k-space uniformity after
physiological binning. This novel profile ordering was used in combination with
a phase-contrast readout to enable quantification of myocardial tissue velocity
and transmitral blood flow velocity, which are essential parameters for diastolic
function assessment. When compared to echocardiography, it was found that
MRI could accurately quantify myocardial tissue velocity, whereas transmitral
blood flow velocity was underestimated. OOOOO 00 explored a further develop-
ment of Study III by proposing a 3D version of the improved profile ordering.
This novel ordering was used to acquire whole-heart functional images during
free-breathing in less than one minute.

Together, these results indicate that golden-angle-based imaging has the poten-
tial to improve cardiovascular MRI in several areas.
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Abbreviations

1D
2D
3D
ACS

One-Dimensional
Two-Dimensional
Three-Dimensional

Auto-calibrating signal

bSSFP Balanced Steady State Free Precession

BSA
CVD
CMR
CRR
CTA
CT
DVT
DUS
DCE
EF
ECG
EDV
ESV
FFE
FFT

Body surface area

Cardiovascular disease
Cardiovascular magnetic resonance
Clustered Regular Random
Computed tomography angiography
Computed tomography

Deep vein thrombosis

Doppler ultrasound

Dynamic contrast enhancement
Ejection fraction
Electrocardiogram

End-diastolic Volume

FEnd-systolic Volume

Fast field echo

Fast Fourier transform



FIESTA Fast imaging employing steady state acquisition
FISP Fast imaging with steady state precession
FLASH Fast low angle shot

FOV Field of view

FID Free induction decay

GRASP Golden Angle Radial Sparse Parallel MRI
HFmrEF Heart failure with mid-range ejection fraction
HEFpEF Heart failure with preserved ejection fraction
HFrEF Heart failure with reduced ejection fraction
HF  Heart failure

LAVI Left atrial volume index

LPA Left pulmonary artery

MRI Magnetic Resonance Imaging

NMR Nuclear Magnetic Resonance

PSF  Point spread function

PET Positron emission tomography

PE  Pulmonary embolism

RPA Right pulmonary artery

SNR  Signal-to-noise ratio

SPECT Single photon emission tomography

SSFP Steady State Free Precession

SV Stroke volume



Introduction

Non-communicable diseases kill 41 million people annually [1]. The biggest
contributor is cardiovascular disease (CVD), which kills 17.9 million people every
year, accounting for more deaths than cancer and diabetes together. Early and
accurate diagnosis of CVD is paramount for reducing mortality, and magnetic
resonance imaging (MRI) is a powerful diagnostic tool. However, compared
to other modalities such as computed tomography (CT) or echocardiography,
MRI is still considered an inefficient method. With increasing demand and
decreasing reimbursements in non-socialized healthcare systems, the need for
highly efficient MRI is greater than ever before.

In contrast to other imaging modalities, MRI is characterized by excellent soft-
tissue contrast, the absence of ionizing radiation, complete freedom in slice or
volume placement. Furthermore, the signal in MRI is simultaneously depen-
dent on multiple intrinsic properties of matter, providing endless variations for
contrast manipulations.

Two major problems with MRI have yet to be solved. The first is the relatively
long acquisition time compared to similar modalities such as computed tomog-
raphy (CT), single photon emission tomography (SPECT) or positron emission
tomography (PET) . The second is the inherent sensitivity to motion [2]. Radial
imaging has been seen as a solution to both these problems, as it is inherently
robust against motion [3]. Moreover, undersampling of a radial acquisition re-
sults in benign “streak artifacts” that are easily read through, meaning that
the underlying structure is visible through the streaks. Moreover, radial imag-
ing lends itself well to advanced reconstruction techniques, such as compressed
sensing [4]. All these properties make radial imaging a promising solution for
highly efficient and robust imaging [5].



Disposition

The “Physiology” chapter will offer a brief introduction to the field of cardio-
vascular physiology and introduce some concepts that will be necessary for the
methodological discussion. The “Magnetic Resonance” chapter begins with an
overview of the phenomenon of magnetic resonance and its applications in mag-
netic resonance imaging, followed by a brief introduction to some of the key
methods used in this thesis. The “Cardiovascular Magnetic Resonance Imag-
ing” chapter introduces some concepts of magnetic resonance imaging in the
context of cardiovascular imaging. The “Golden Angle” chapter begins with
a review of the math behind the golden angle and offers a review of methods
using the golden angle, including the novel methods introduced in the thesis.
The “Materials and methods” and “Results” chapters give an overview of the
methods used in Studies I-IV that make up this thesis, and the main findings
from each study. Finally, the “Discussion” and “Conclusions” chapters discuss
the results in a broader context.



Cardiovascular Physiology

This chapter is intended to give a brief introduction to cardiovascular physiology
and an overview of a few key anatomical and pathophysiological concepts, such
as heart failure and pulmonary embolism, which will be necessary for the context
of the continued discussion.

Circulation

The purpose of the circulatory system is to transport the blood around the
body. The blood supplies the metabolism of the cells and transports waste
products such as carbon dioxide (CO2) away from the cells [6]. The plumbing
of this system consists of arteries and veins. In the tissues, the arteries and
the veins meet in the capillary bed, where oxygen (O3) is transported from red
blood cells to tissue. At the center of this system is the heart, which under
normal conditions, pumps blood at a given rate to meet the metabolic demands
of all tissues. The veins from the systemic circulation eventually drain into
the superior and inferior 0000 OO0, which enters the heart through the right
atrium. The blood is then ejected into the pulmonary circulation through the
(000000 D0IOO00000 or the main pulmonary artery, which bifurcates into the right
pulmonary artery (RPA) and the left pulmonary artery (LPA). Note that in the
pulmonary circulation, the roles of the arteries and the veins are reversed. The
pulmonary arteries carry deoxygenated blood from the right side of the heart
to the lungs to become oxygenated in the alveoli, where the blood releases CO>
and absorbs Oz through the process of diffusion. The pulmonary veins carry
oxygenated blood back to the left side of the heart, where it is ejected back into
the systemic circulation through the 0000, see Figure 1.
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000000 00 A schematic overview of the circulatory system. (Licensed under Adobe
Stock Standard license)

The heart

Both anatomically and functionally, the heart is divided into a left and a right
side. Both sides have an atrium and a ventricle. The two ventricles are separated
by the interventricular septum, see figure 2. Venous blood is carried in the vena
cava to the right side of the heart where it enters the right ventricle through the
tricuspid valve, sometimes known as the right atrioventricular valve. From there,
the blood is ejected through the pulmonary valve into the pulmonary circulation.
Oxygenated blood then returns to the left atrium and enters the left ventricle
through the mitral valve, sometimes known as the left atrioventricular valve.
From the left ventricle, the blood then gets ejected back out into the systemic
circulation through the aortic valve.

Systolic function

Systolic function refers to the heart’s ability to pump forcefully enough to eject
a sufficient amount of blood into the systemic circulation, to meet the oxygen
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000000 00 A schematic overview of the human heart viewed from the front. (Licensed
under Adobe Stock Standard license)
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000000 00 A schematic overview of the valves of the heart viewed from above. (Licensed
under Adobe Stock Standard license)



and metabolic demand. The systolic function of the heart can be asserted by
measuring a few key parameters, namely the end-diastolic volume (EDV) and
the end-systolic volume (ESV). These measurements refer to the volume of blood
in the left ventricle at the end of ventricular filling (end-diastole) and the end
of ventricular contraction (end-systole), measured in ml. Using MRI, these
measurements are acquired through manual and/or automatic segmentation of
the left ventricle. From the ESV and the EDV, a few further parameters can be
derived, namely the stroke volume (SV), defined as SV = EDV — ESV, and the
ejection fraction (EF), defined as EF = SV/EDV, measured in percent.

Diastolic function

Assessment of diastolic dysfunction using MRI remains challenging [7]. Whereas
some progress has been made in recent years [8; 9], the current non-invasive ref-
erence standard for assessing diastolic function is echocardiography [10]. The
diagnosis encompasses both functional and structural parameters such as the
peak in-flow velocity over the mitral valve during early filling (E) and late filling
(A), and the peak velocity of the mitral annulus during early filling (e’). The
E/A ratio is associated with the pressure gradient between the atrium and the
ventricle, where an E/A ratio > 1 is considered normal. The e’ velocity reflects
the velocity at which the myocardial muscle fibers lengthen in early diastole,
and a reduced e’ velocity may indicate diastolic dysfunction. The ratio E/e’ is
also important as it is associated with the left ventricular filling pressure [11].
See Figure 4 for an example of E, A and e’ measurements using Doppler echocar-
diography. The remaining parameters used in echocardiographic assessment of
diastolic dysfunction are the left atrial volume index (LAVI), indexed to the
body surface area (BSA), [12] and the tricuspid regurgitant jet velocity. LAVI
is an independent predictor of death and is associated with chronically elevated
filling pressures [13]. The tricuspid regurgitant jet velocity, which through the
simplified Bernoulli equation can be used to estimate the pressure gradient [14],
which in turn can be related to pulmonary artery pressure as the sum of the
pressure gradient and the right atrial pressure [15]. Left atrial volume can easily
be derived by CMR, and recent developments have suggested non-invasive mea-
surements of pulmonary artery pressure derived by phase-contrast CMR [16; 17].
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010000 00 Example of key diastolic dysfunction parameters, such as trans-mitral inflow
during early- and late filling (E & A), and tissue velocity during early-filling
(¢’) using Doppler echocardiography.

Heart failure

Heart failure (HF) is defined as the condition when the heart cannot sufficiently
pump blood to meet the oxygen demand under normal filling pressures [6]. De-
pending on the EF of the patient, heart failure can either be labeled heart failure
with reduced ejection fraction, or heart failure with preserved ejection fraction
(HFpEF) . Recent guidelines also specify a condition labeled heart failure with
mid-range ejection fraction (HFmrEF) [18].

The cutoff values for the three types of heart failure are defined as
« HFrEF: EF < 40%
e HFmrEF: 40% < EF < 50%
o HFpEF: EF = 50%

The pathophysiological mechanisms of HFpEF are somewhat contentious [19],
yet most evidence points towards an impaired diastolic function [20].

Pulmonary embolism

Acute pulmonary embolism (PE) is a medical condition characterized by acute
obstruction of the pulmonary arteries by a solid, liquid, or gaseous mass that
originated somewhere else in the body. The most common cause is a thrombus
formed in the deep veins, so-called deep vein thrombosis (DVT) [21]. A throm-
bus can break loose and follow the veins back into the vena cava, where it may






