
Non-invasive evaluation of myocardial

perfusion in humans using arterial spin

labeling magnetic resonance imaging

———————

Evaluación no invasiva de la perfusión
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Dña Maŕıa Asunción Fernández Seara, Directora del Laboratorio de
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de Radioloǵıa, por su ayuda y por permitirme el uso de las instalaciones.
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laboratorio de Imagen Médica, en especial a Alejandro, Miguel, Rebeca, Sergio y
Xabi, sin los cuales la tesis no hubiese sido lo mismo. Y a Montse y Luis, por
esas comidas tan entretenidas. Gracias a todos por los buenos momentos.

Gracias a Pedro y Arrate de la Universidad Carlos III de Madrid, por su
experiencia en el registro de imágenes.
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Abstract

Coronary arteries are in charge of supplying oxygen and nutrients to the heart.
Their narrowing or blockage provokes ischemia and, when left untreated, can
lead to coronary artery disease (CAD), one of the most common causes of
cardiovascular related deaths in the USA and Europe. The quantification of
myocardial perfusion is a key factor in the diagnosis and evaluation of CAD.

Myocardial perfusion is evaluated in magnetic resonance imaging (MRI) using
a first-pass imaging technique that requires the injection of a Gadolinium-based
contrast agent, which limits the technique’s repeatability and restricts its use
in patients with abnormal kidney function. Arterial spin labeling (ASL) is an
MRI technique that allows quantification of perfusion without the need for any
contrast injection by using magnetically labeled arterial blood water protons as an
endogenous tracer. The major drawback of this technique is that the magnitude of
this tracer is small, due to the reduced amount of labeled blood per tissue volume,
and decays with the T1 relaxation time. Therefore, its signal-to-noise ratio (SNR)
is relatively low. In addition, its application to the heart is challenging due to
the continuous motion and the tortuous path of blood through the heart, which
complicates precise labeling.

In this thesis, a myocardial ASL technique (acquisition and data processing)
was optimized for its use in healthy volunteers and patients. Specifically, the
sequence was implemented, optimized and validated in healthy subjects under
conditions of rest and mild stress in response to passive leg raising. Different
strategies were investigated to minimize cardiac and respiratory motion during
the acquisition and post-processing of perfusion images. Finally, the myocardial
ASL sequence was evaluated in a cohort of patients with suspected CAD under
resting and pharmacological vasodilation conditions.

The validation of the myocardial ASL sequence in healthy volunteers showed
an improved scan time efficiency with the use of a short TR of approximately four
seconds, which yielded reasonable reproducibility measurements (within-subject
coefficient of variation of 17% intrasession and 37% intersession).
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The comparison of breathing strategies and motion correction techniques
showed that free breathing combined with pairwise registration provided the
best outcome, with higher accuracy after the registration of synthetic images
and better intrasession reproducibility (within-subject coefficient of variation
values of 14%) together with lower perfusion variability across subjects after the
registration of real images. The strategies of breathhold and synchronized
breathing after motion detection showed similar results, but their practical
application demands collaboration, which can be problematic in patients with
suspected CAD.

The clinical ASL study demonstrated the capability of the ASL technique to
detect hyperemia with vasodilation and to identify significant myocardial
perfusion reserve (MPR) differences between normal and hypoperfused
segments. In addition, MPR correlations between ASL and semiquantitative
first-pass were found. These findings support the clinical potential of ASL use in
the detection of perfusion defects in CAD patients without the use of an
exogenous contrast agent.



Resumen

Las arterias coronarias son las encargadas de suministrar constantemente ox́ıgeno
y nutrientes al corazón. Su estrechamiento u obstrucción causan isquemia y, si
no se tratan, provocan la enfermedad isquémica del corazón (CAD), una de las
enfermedades cardiovasculares con mayor tasa de mortalidad en Estados Unidos
y Europa. La cuantificación de la perfusión miocárdica es un factor clave para el
diagnóstico y evaluación de CAD.

La perfusión miocárdica se evalúa en resonancia magnética con una técnica de
imagen llamada “first-pass” que requiere de la inyección de un material de
contraste basado en Gadolinio, el cual limita la repetibilidad de la técnica y
restringe su uso en pacientes con una función renal anormal. Arterial Spin
Labeling (ASL) es una técnica de imagen por resonancia magnética que permite
cuantificar la perfusión sin necesidad de inyectar un agente de contraste, a través
del marcado electromagnético del agua contenida en la sangre arterial, actuando
como trazador endógeno. El principal inconveniente de esta técnica es que la
magnitud de este trazador es pequeña, debido a la reducida cantidad de sangre
marcada por volumen de tejido, y decae con el tiempo de relajación T1. Por
tanto, la relación señal/ruido es relativamente baja. Además, su aplicación en el
corazón es complicada debido al continuo movimiento y al tortuoso camino que
realiza la sangre arterial a través del corazón, lo cual dificulta un marcado
preciso.

En esta tesis, la técnica ASL (adquisición y procesado de datos) fue optimizada
para su utilización en voluntarios sanos y pacientes. En particular, la técnica
ASL fue implementada, optimizada y validada en el corazón de sujetos sanos
bajo condiciones de reposo y estrés leve mediante el levantamiento pasivo de
piernas. Distintas estrategias fueron evaluadas para minimizar el movimiento
card́ıaco y respiratorio durante la adquisición y el post-procesado de las imágenes
de perfusión. Finalmente, la aplicación de la secuencia ASL en el corazón fue
evaluada en un grupo de pacientes con sospecha de CAD en condiciones de reposo
y vasodilatación farmacológica.
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La validación de la secuencia miocárdica ASL en voluntarios sanos mostró una
mayor eficiencia en el tiempo de adquisición con la utilización de un TR corto de
aproximadamente cuatro segundos, el cual proporcionó medidas de
reproducibilidad razonables (coeficientes de variación entre sujeto de 17%
intrasesión y 37% intersesión).

La comparación entre las distintas estrategias de respiración y técnicas de
corrección de movimiento mostró la superioridad de la respiración libre en
combinación con el método de registro “pairwise”, resultando en una mayor
precisión tras el registro de imágenes sintéticas y mejores resultados de
reproducibilidad intrasesión (coeficientes de variación entre sujeto de 14%) junto
con una menor variabilidad entre sujetos en la perfusión tras el registro de
imágenes reales. Las estrategias de apnea y respiración sincronizada combinadas
con el algoritmo de detección de movimiento mostraron resultados similares,
pero su aplicación práctica requiere colaboración, lo cual puede ser problemático
en pacientes con sospecha de CAD.

El estudio cĺınico ASL demostró la capacidad de la técnica ASL para detectar
hiperemia debida a la vasodilatación, para identificar diferencias significativas en
la reserva de perfusión miocárdica (MPR) entre segmentos normales e
hipoperfundidos y correlaciones de MPR entre ASL y “first-pass”
semicuantitativo, lo que en conjunto sugieren el potencial cĺınico de la técnica
ASL para detectar defectos de perfusión sin el uso de un contraste exógeno.



Contents

List of Acronyms xiii

List of Figures xx

List of Tables xxii

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Dissertation organization . . . . . . . . . . . . . . . . . . . . . . . 3

2 Background 5

2.1 Human heart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Left ventricle . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.2 Coronary arteries . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.3 Anatomic planes . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.4 Cardiac cycle . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.5 Circulatory system . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.6 Myocardial Perfusion . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Coronary artery disease . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Hyperemia and myocardial perfusion reserve . . . . . . . . 13

2.2.2 Diagnostic imaging techniques . . . . . . . . . . . . . . . . 14

2.2.2.1 Invasive coronary angiography . . . . . . . . . . . 15

2.2.2.2 Echocardiography . . . . . . . . . . . . . . . . . . 15

ix



2.2.2.3 Nuclear cardiology . . . . . . . . . . . . . . . . . . 15

2.2.2.4 Cardiac computed tomography . . . . . . . . . . . 16

2.2.2.5 Cardiovascular magnetic resonance imaging . . . . 17

2.3 Magnetic resonance imaging . . . . . . . . . . . . . . . . . . . . . . 21

2.3.1 Magnetization excitation and relaxation . . . . . . . . . . . 22

2.3.2 Spatial localization . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.3 Adiabatic pulses . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.4 Signal-to-noise ratio . . . . . . . . . . . . . . . . . . . . . . 27

2.4 Arterial spin labeling . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.4.1 Quantification Assumptions . . . . . . . . . . . . . . . . . . 29

2.4.2 Quantification models . . . . . . . . . . . . . . . . . . . . . 30

2.4.2.1 Intensity difference . . . . . . . . . . . . . . . . . . 30

2.4.2.2 Dual T1 . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4.3 Previous cardiac ASL applications . . . . . . . . . . . . . . 32

2.4.3.1 FAIR ASL - Intensity difference . . . . . . . . . . 32

2.4.3.2 FAIR ASL - Dual T1 . . . . . . . . . . . . . . . . 34

2.4.3.3 Other ASL labeling strategies . . . . . . . . . . . 34

2.5 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3 ASL optimization and validation in healthy subjects 37

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 ASL sequence design . . . . . . . . . . . . . . . . . . . . . . 40

3.2.2 ASL sequence optimization . . . . . . . . . . . . . . . . . . 46

3.2.2.1 Presaturation pulses . . . . . . . . . . . . . . . . . 47

3.2.2.2 Adiabatic inversion pulses . . . . . . . . . . . . . . 48

3.2.2.3 bSSFP readout . . . . . . . . . . . . . . . . . . . . 51

3.2.2.4 TR shortening and magnetization simulation . . . 53

3.2.3 MRI Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.4 Motion correction . . . . . . . . . . . . . . . . . . . . . . . 56



3.2.5 Perfusion data analysis . . . . . . . . . . . . . . . . . . . . 57

3.2.6 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . 59

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.3.1 ASL sequence optimization . . . . . . . . . . . . . . . . . . 61

3.3.1.1 Presaturation pulses . . . . . . . . . . . . . . . . . 61

3.3.1.2 Adiabatic inversion pulses . . . . . . . . . . . . . . 62

3.3.1.3 bSSFP readout . . . . . . . . . . . . . . . . . . . . 66

3.3.1.4 TR shortening and magnetization simulation . . . 69

3.3.2 Rest Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.3.3 Reproducibility . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.3.4 MBF during passive stress . . . . . . . . . . . . . . . . . . . 74

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4 Reduction of motion effects 81

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2.1 ASL sequence . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2.2 Breathing strategies and MRI protocol . . . . . . . . . . . . 85

4.2.3 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.2.3.1 Motion detection and removal . . . . . . . . . . . 88

4.2.3.2 Motion correction . . . . . . . . . . . . . . . . . . 91

4.2.3.3 In vivo perfusion data analysis . . . . . . . . . . . 98

4.2.4 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . 99

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.3.1 Evaluation of motion correction in synthetic images . . . . 100

4.3.2 Qualitative evaluation of motion correction in in vivo images 102

4.3.3 MBF quantification . . . . . . . . . . . . . . . . . . . . . . 103

4.3.4 Reproducibility . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108



xii

5 ASL clinical validation 113

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.1 ASL sequence . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.2 MRI Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.2.3 Perfusion data analysis . . . . . . . . . . . . . . . . . . . . 118

5.2.3.1 First-pass . . . . . . . . . . . . . . . . . . . . . . . 118

5.2.3.2 ASL . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.2.4 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . 125

5.2.4.1 Healthy subjects . . . . . . . . . . . . . . . . . . . 125

5.2.4.2 All subjects . . . . . . . . . . . . . . . . . . . . . . 126

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.3.1 Classification . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.3.2 Healthy subjects . . . . . . . . . . . . . . . . . . . . . . . . 127

5.3.3 All subjects . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

Conclusions and future work 141
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Chapter 1

Introduction

1.1 Motivation

The quantitative measurement of myocardial perfusion or myocardial blood flow
(MBF) is an important index for the diagnosis of coronary artery disease
(CAD), which continues to date being one of the leading causes of cardiovascular
disease related deaths in the USA [1] and Europe [2]. CAD occurs with the
narrowing or obstruction of the epicardial coronary arteries that supply the
heart, causing an imbalance between oxygen supply and demand, known as
ischemia. Its development causes the ischemic cascade, that includes from
hypoperfusion to cardiac function abnormalities. Myocardial perfusion is earlier
affected under stress conditions, where hypoperfusion starts to occur earlier in
diseased vessels [3]. Thus, the ratio of stress to rest myocardial perfusion,
defined as myocardial perfusion reserve (MPR), constitutes a critical parameter
for the detection of CAD.

The gold standards to diagnose significant CAD are coronary angiography,
which is able to evaluate the degree of stenosis within the coronary arteries, and
positron emission tomography (PET) imaging, which is used to quantify
hypoperfusion within the myocardial tissue. Their main drawbacks are the
invasiveness of the coronary angiography procedure, the low resolution image
acquisitions of PET and the use of ionizing radiation of both techniques.

Magnetic resonance imaging (MRI) has gained importance within the
cardiovascular field due to the possibility of acquiring high resolution images
with non-ionizing radiation, and it is nowadays the gold standard for quantifying
myocardial function, volume and scar, as well as myocardial tissue
characterization [4]. In the scope of CAD, first-pass perfusion MRI is commonly
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used and its performance has been tested in both single center and multicenter
trials [5, 6, 7], showing a high diagnostic image quality and a strong impact on
patient management [8]. First-pass perfusion MRI offers more resolution than
other perfusion imaging modalities, which allows the unique assessment of
subendocardial ischemia [9] and, consequently, an early diagnosis of CAD.

However, all clinically used perfusion imaging techniques require the injection
of an exogenous contrast agent that differs depending on the image modality
and that is distributed in the myocardial tissue through blood flow. This limits
the repeatability of the existing perfusion techniques and increases their costs
due to the need of buying the specific tracer, but more importantly, limits its
applicability in a certain cohort of patients. In particular, first-pass imaging
uses a paramagnetic gadolinium-based contrast agent (GBCA) contraindicated
in patients with renal dysfunction and strictly regulated in patients with normal
renal function. This is due to relationships found between the repeated GBCA
administrations and its abnormal accumulation in various tissues of the body,
raising the possibility that a toxic component may remain long after its injection.

Arterial spin labeling (ASL) offers a non-invasive alternative to measure
quantitative perfusion with MRI, by using magnetically labeled arterial blood
water spins as an endogenous tracer that is freely diffusible and can distribute to
the myocardial tissue. The major drawback is that the strength of the labeling
decays with the T1 relaxation time, requiring multiple acquisitions to increase
the signal-to-noise ratio (SNR) of the technique.

To date, the myocardial ASL technique has been validated with microspheres
in large animals and compared with the quantitative ranges established by PET
imaging in humans. Nevertheless, its application remains challenging due to the
motion artifacts caused by the continuous cardiac and respiratory motion and the
tortuous path of blood through the heart, which complicates precise labeling. For
all these reasons, there is still a need to improve the robustness of the technique,
by increasing SNR and minimizing the effects of motion.

1.2 Objectives

The main objective of this thesis was to implement and optimize the myocardial
ASL technique for quantitatively measuring MBF without the need of injecting
any contrast agent, assuring robust, reproducible and repeatable results, capable
of differentiating between normal and hypoperfused regions to facilitate the
diagnosis of CAD.

The specific objectives to achieve this ultimate goal were:



1.3. Dissertation organization 3

1. To design, implement and optimize a myocardial ASL sequence, by testing
the efficiency of spatial saturation and adiabatic inversion pulses, among
others.

2. To investigate various strategies to minimize cardiac and respiratory motion
during the acquisition and post-processing of perfusion images, considering
ECG gating and different breathing techniques in combination with non-
rigid motion correction algorithms to compensate the tissue deformations of
the heart.

3. To determine the optimal imaging protocol and validate the implemented
myocardial ASL sequence in healthy subjects under rest and mild stress
conditions, by evaluating the intrasession and intersession reproducibility of
the quantitative perfusion measurements.

4. To evaluate the myocardial ASL sequence in a cohort of patients with
suspected CAD and determine its capability to differentiate between
normal and hypoperfused regions, generating preliminary data supporting
the clinical utility of the technique.

1.3 Dissertation organization

This thesis is divided into six chapters and an appendix:

� Chapter 1 (this chapter) describes the motivation, objectives and
organization of this dissertation.

� Chapter 2 is dedicated to background knowledge regarding human heart
anatomy and function, the particularities of CAD and the imaging diagnostic
methods that exist for its diagnosis, with a special emphasis in MRI and, in
particular, the ASL perfusion technique.

� Chapter 3 describes the implemented myocardial ASL sequence, its
optimization in phantom experiments and its validation in healthy
subjects in free breathing acquisitions without the use of navigators and
under different TR conditions to evaluate the effects of shortening the TR.
A synthesis of this chapter was published in the journal NMR in
Biomedicine.

� Chapter 4 investigates the performance and reproducibility of the
myocardial ASL sequence under different breathing techniques
(breathhold, synchronized breathing and free breathing) in combination
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with two different non-rigid registration approaches (groupwise and
pairwise).

� Chapter 5 presents the clinical validation of the myocardial ASL
sequence in patients with suspected CAD at 1.5 T during rest and
pharmacological vasodilation. The capability of detecting hyperemia in
MBF and differentiating segments with and without perfusion defects was
investigated. Finally, MPR correlations between quantitative ASL and
semiquantitative first-pass were assessed. A synthesis of this chapter was
published in the Journal of Magnetic Resonance Imaging (JMRI).

� Conclusions and future work contains the concluding remarks of this
thesis and future research lines suggested for the continuation of the work.

� Appendix A contains a list of the publications, journal articles and
conference contributions generated during the four years of work
summarized in this thesis.



Chapter 2

Background

The main goal of this chapter is to contextualize all the information that will be
presented throughout the thesis. It is subdivided into the following sections:

� Section 2.1 begins with a brief introduction about the heart anatomy for a
better understanding of the mechanisms involved in myocardial perfusion.

� Section 2.2 introduces coronary artery disease as the leading cause of
cardiovascular diseases and presents the main imaging techniques that
currently exist for its diagnosis.

� Section 2.3 goes deeper into the principles of magnetic resonance imaging.

� Section 2.4 presents the arterial spin labeling technique and a brief revision
of the ASL literature on the measurement of myocardial perfusion in
humans.

� Section 2.5 highlights the concluding remarks of the whole chapter.

2.1 Human heart

The heart is the organ in charge of pumping blood to the circulatory system of
the human body and is located in the middle mediastinum between the lungs.
Its base is oriented to the right side of the body pointing upward (superior) and
backward (posterior), whereas the apex of the heart is oriented to the left side
pointing downward (inferior) and forward (anterior). It measures approximately
12 cm from base to apex and about 8 to 9 cm from side to side, at the broadest
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part [10]. It is composed by four chambers, that is two atria within the upper
cavities and two ventricles within the lower cavities. They are separated by two
atrioventricular valves, named tricuspid and mitral, located in the right and left
side of the heart, respectively.

2.1.1 Left ventricle

The left ventricle is the dominant chamber of the heart and it presents a longer
and more conical shape than the right ventricle. Its wall is composed from the
inner to the outer space by a fine endocardial layer, a myocardial layer and a
thin epicardial layer. The average thickness of the left ventricular wall in a mid-
ventricular short axis slice has been estimated to be 5.3 ± 0.9 mm and 6.3 ± 1.1
mm for women and men, respectively [11]. The right ventricular wall thickness
is, in comparison, only about one third [10]. Due to its importance, perfusion
is typically quantified over the left ventricular myocardium to assure there is no
occlusion within the arteries that irrigate this muscle.

2.1.2 Coronary arteries

The arteries supplying nutrients and oxygen to the heart itself are the right and
left coronary arteries, which are classified as “end arteries” as they constitute the
only blood supply to the heart. The opening of these arteries, named coronary
ostia, arises from three slight dilatations or cusps located above the aortic valve
named as the aortic sinuses or sinuses of Valsalva. These are termed as the right,
left and the non-coronary cusps. The first two cusps contain the ostia of the right
and left coronary artery, respectively, whereas the non-coronary cusp contains no
ostia. The left coronary artery subdivides into the left anterior descending artery
(LAD) and circumflex artery (LCX). The LAD supplies blood to the anterior wall
of the left ventricle and two thirds of the anterior interventricular septum. The
LCX supplies blood to the lateral walls of the left ventricle. The right coronary
artery (RCA) is dominant in 85% of the population [12], meaning that it supplies
blood to the right ventricular myocardium and both the inferior wall and one
third of the posterior septum of the left ventricular myocardium. When the RCA
is nondominant, it only supplies blood to the right ventricle.

2.1.3 Anatomic planes

Typically, three orthogonal planes are used to study the human anatomy, which
are coronal, transverse and sagittal. In this orientation, the heart is defined
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to have five surfaces according to its internal division. These are: the anterior
(or sternocostal), posterior (or base), inferior (or diaphragmatic), right and left
pulmonary surfaces. In Figure 2.1, the main anatomy of the heart is depicted
within the anterior and posterior-inferior planes.

Figure 2.1: Anatomy of the heart. Main cavities of the heart (upper row) and coronary
arteries (bottom row) seen from: (A) anterior view of the heart, and (B) posterior-inferior view
of the heart.

However, these orthogonal planes cut the heart in an oblique manner. For a
better anatomic evaluation, three additional planes need to be defined, which
constitute the primary planes of the heart. These are the four-chamber view (it
corresponds to a coronal plane of the heart), two-chamber view (it corresponds to
a sagittal plane of the heart) and short axis view (it corresponds to the transverse
plane of the heart) [13]. Figure 2.2 shows a graphical representation of the primary
planes of the heart. It can be observed that the four-chamber and two-chamber
planes, also named as long axis planes, are orthogonal to the short axis slices.

The left ventricular myocardium can be divided into 17 segments according
to the American Heart Association (AHA) standards [14]. These are contained
within the three short axis slices of the heart: basal, mid-ventricular and apical,
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making reference to its location across the long axis view of the left ventricle.

Figure 2.2: Primary planes of the heart. Represented as: (A) Schematic diagram with its
corresponding location in the human anatomy. Image planes are numbered according to the
AHA standards; (B) Images obtained in a cardiac MRI study. Each primary plane is represented
together with its reference orientation within the two other primary planes of the heart. LV:
Left ventricle, RV: Right ventricle; A: Anterior; P: Posterior; S: Superior, I: Inferior, R: Right, L:
Left, ARS: Anterior-Right-Superior; PLI: Posterior-Left-Inferior, SL: Superior-Left, IR: Inferior-
Right.
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2.1.4 Cardiac cycle

The heart is a self-exciting muscle, meaning that it generates its own electric
impulse that travels from the sinoatrial node, causing contraction of the upper
chambers, to the atrioventricular node, causing contraction of the lower chambers.
These contractions of the heart occur regularly at a rate of 60 to 100 beats per
minute in a healthy heart at rest [15, 16].

This electrical signal, as observed in the electrocardiogram (ECG) of Figure
2.3, has three main components: P wave, QRS complex and T wave. The P wave
represents the depolarization of the atria causing their contraction, which extends
until the QRS complex after which the relaxation of the atria occur. With the QRS
complex, it begins the depolarization of the ventricles, causing their contraction.
Finally, the T wave indicates the repolarization of the ventricles and thus, their
relaxation.

The time from the atrial contraction to the ventricular relaxation is named
cardiac cycle and is composed of three main phases: atrial systole, where both
atria contract simultaneously, ventricular systole, when both ventricles perform a
more prolonged contraction, and diastole, where the heart relaxes. The frequency
at which the cardiac cycle occurs is named heart rate and the duration of a cardiac
cycle is known as RR interval.

Figure 2.3: Electric signal of the heart. It has three main components: P wave, QRS complex
and T wave. In blue, atrial systole and diastole. In orange, ventricular systole and diastole.

2.1.5 Circulatory system

In every cardiac cycle, blood is being pushed out into either the pulmonary
circulation, getting through the right side of the heart, or the systemic
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circulation, getting through left side of the heart. In the pulmonary circulation,
deoxygenated blood enters into the right atrium by the superior and inferior
vena cava to the right ventricle and it is subsequently pumped by the pulmonary
artery for gas exchange. In the systemic circulation, oxygenated blood returns to
the heart by the pulmonary veins entering into the left atria to the left ventricle
and gets pumped to the whole body by the aorta, as shown in Figure 2.4.

Figure 2.4: Circulatory system. On the left, the systemic and pulmonary circulation are
represented. On the right, a zoom over the main cavities of the heart. RA: Right atrium, RV:
Right ventricle; LA: Left atrium; LV: Left ventricle.

2.1.6 Myocardial Perfusion

Once the oxygenated blood is pumped into the aorta, it flows through the coronary
artery ostia to the coronary arteries. These arteries lie on the epicardial layer of
the heart (> 400 µm), and subsequently split into pre-arterioles (100-400 µm),
arterioles (40-100 µm) and capillaries (< 10 µm) that penetrate the epicardium
to vascularize the heart, as shown in Figure 2.5. Finally, they merge into venules
and veins, returning deoxygenated blood to the right atrium through the coronary
sinus.

Myocardial perfusion or MBF is defined as the delivery of nutrients present in
the blood, such as oxygen or glucose, to the myocardial tissue via the capillaries.
This is controlled by an autoregulatory behavior that assures a relatively
constant flow in the presence of pressure changes. Depending on the cardiac
phase, blood flow varies slightly. During systole, the contraction of the heart
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Figure 2.5: Coronary macro and microcirculation. (A) Schematic view of the coronary
arteries: on the left side microcirculation and on the the right side macro and microcirculation;
(B) Coronary arterial system: epicardial coronary arteries (> 400µm) split into pre-arterioles
(100-400 µm), arterioles (40-100 µm) and capillaries (< 10 µm). Figures adapted from [17].

causes a compression of the arterioles up to 10-30% of their diameter, which
consequently decreases MBF. Therefore, it is estimated that around 80-85% of
the coronary blood flow takes place during diastole, when the heart is relaxed
and the coronary arteries reach their maximum sizes [18]. Under these
conditions, changes in the vessel size during diastole will not significantly change
the flow patterns [19].

MBF in humans at rest has been reported to be around 0.73 to 2.42 ml/g/min
in the PET literature using a resolution of 8.43 x 8.33 x 6.6 mm3 [20].
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2.2 Coronary artery disease

Mortality due to cardiovascular disease has declined over the past decades in
high-income countries due to the progress in prevention and medical treatments
[21]. Despite these developments, cardiovascular diseases continue to be the most
common cause of death worldwide. In 2017, they were responsible for 17.79 million
deaths, followed by cancer and other respiratory diseases [22], as shown in Figure
2.6. Coronary artery disease (CAD), also referred as ischemic heart disease or
coronary heart disease, is the most prevalent cardiovascular disease and produced
42.6% of the deaths in the USA [1] and 22% of the deaths in Europe [2] in 2017.

Figure 2.6: Prevalence of cardiovascular diseases. (A) Number of deaths organized by
cause, World 2017; (B) Percentage breakdown of deaths caused by cardiovascular disease only
in the USA in 2017; (C) Comparison between healthy and diseased coronary arteries due to
accumulation of fatty plaque. Figure A adapted from [22]. Figure B extracted from [1]. Figure
C adapted from [23].

CAD encompasses heart problems caused by the narrowing or obstruction of
epicardial coronary arteries. Thus, the obstruction of any of their branches
restricts perfusion in that specific territory causing an imbalance between
oxygen supply and demand, known as ischemia.
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The development of ischemia causes the ischemic cascade, that includes from
hypoperfusion to decreased myocardial contractibility, ECG changes and
occasionally angina. Ultimately, this obstruction can cause the total blockage of
the artery and, consequently, a further progression to myocardial infarction,
meaning the death of the muscle cells irrigated by that coronary artery. The
clinical symptoms for a myocardial infarction are variable and include chest
pain, usually retrosternal, spreading to both sides of the anterior chest, but
primarily to the left side.

2.2.1 Hyperemia and myocardial perfusion reserve

The narrowing of the coronary vessels is commonly caused by the accumulation
of fatty plaque in the inner layer of the artery, called atherosclerosis. It is not
until a non-treated obstruction progresses with a narrowing up to 85% of the
arterial diameter, when blood flow at rest becomes affected [3]. However, this
becomes early detectable during hyperemia experienced with exercise or stress,
where healthy coronary arteries experience perfusion increases in a factor of 3 to
5 times the resting blood flow, but diseased vessels do not experience such an
increase, as shown in Figure 2.7.

Figure 2.7: Baseline and hyperemic perfusion as a function of the coronary artery
narrowing. Resting perfusion is normal until stenosis of 85% arterial diameter. The maximum
perfusion during stress begins to decline from stenoses of 45% arterial diameter.
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This leads to a reduction in the myocardial perfusion reserve (MPR) within
that arterial territory, computed as the ratio of stress to rest perfusion. Therefore,
MPR becomes a useful parameter for the early detection of hypoperfused regions
and becomes critical in the assessment of patients at risk of suffering CAD.

2.2.2 Diagnostic imaging techniques

The development of new imaging modalities has allowed the earlier detection of
CAD [1, 2, 24, 25]. First, it was in 1960s when coronary angiography was
developed. Then, echocardiography appeared during the 1970s, followed by
nuclear cardiology (SPECT/PET) in the 1980s. Finally, cardiac magnetic
resonance imaging (MRI) was developed around the 1990s followed by cardiac
computed tomography (CT) and hybrid imaging techniques.

For the diagnosis of CAD, it is important to differentiate between anatomical
and functional imaging modalities, as shown in Figure 2.8. Anatomical imaging
allows detection and quantification of the degree of the coronary stenotic lesions,
whereas functional imaging assesses the hemodynamic consequences of these
lesions within the myocardial tissue. Therefore, both modalities provide
complementary information of the stenosis significance. For example, depending
on whether the stenotic lesions induce or not ischemia, the patient will benefit
from either revascularization or medical therapy treatments [26].

Figure 2.8: Imaging modalities for the diagnosis of CAD. On the left, imaging techniques
to assess the anatomy of coronary arteries. On the right, imaging techniques to assess
myocardial perfusion. CT: Computed Tomography; SPECT: Single Photon Emission Computed
Tomography; PET: Positron Emission Tomography; MRI: Magnetic Resonance Imaging.

In all cases, an early diagnosis of CAD is of high importance. Without
accounting for the injection of tracers needed for the assessment of myocardial
perfusion, coronary angiography can be classified as an invasive technique and
the other imaging modalities as non-invasive. Among non-invasive diagnostic
imaging modalities, sensitivities and specificities reach around 85% [27].
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In the next sections, a brief overview of these imaging techniques is presented.

2.2.2.1 Invasive coronary angiography

Coronary angiography is an invasive technique that requires to introduce a
catheter to the body either by the femoral arteries or the arm so that it can be
placed close to the coronary ostia in the aortic root, from where dye is injected.
This way, the coronary artery distribution is shown together with other
structures of the heart with the use of radiographic images.

Its role is beneficial in high-risk patients, providing the option to diagnose and
to treat a blocked artery causing ischemia. The main drawback is the fact that it
is invasive and uses ionizing radiation (X-ray). Therefore, although it is the gold
standard for identifying the severity of CAD, primarily non-invasive physiological
tests are performed to select patients that will benefit from its use, limiting the
associated costs and risks of the technique [28].

2.2.2.2 Echocardiography

Echocardiography is based on the reflection of ultrasound waves in the body by
tissues with different composition. It allows imaging of the heart motion in real
time without the need of radiation, and thus enables the detection of wall motion
abnormalities that can be caused by the obstruction of the coronary arteries. It
also allows the size and wall thickness of the left ventricle to be analyzed.

More recently, perfusion has been measured in contrast-enhanced
echocardiography with the intravenous injection of microbubbles with
encapsulated high molecular weight gas. Their different ultrasound
characteristics result in an intense echocardiographic signal that is proportional
to blood volume [29]. However, contrast echocardiography of myocardial
perfusion imaging is not routinely performed in the clinical practice. The main
drawbacks are the fact that it remains an operator-dependent technique and
there is a need for higher spatial and temporal resolution (high frame rate) to
obtain smooth movements of the heart that allow the detection of wall motion
abnormalities.

2.2.2.3 Nuclear cardiology

Nuclear cardiology is a widely used approach to assess myocardial perfusion. This
modality uses either single photon emission computed tomography (SPECT) or
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positron emission tomography (PET). Both techniques involve the injection of
different radioactive tracers that distribute through the heart in a proportional
manner to myocardial perfusion.

In SPECT imaging, the radioactive tracer releases gamma photons. The
imaging device is a scintillation camera or gamma camera that rotates around
the patients and converts gamma rays to low-energy photons and subsequently
to electric signal. The radioactivity distribution in the myocardium is then
reconstructed from the two-dimensional projections. The technetium-99m
(99mTc) is the most commonly used tracer for assessing perfusion in SPECT.
The tracer has a half-life of approximately 6 hours. Its sensitivity is high but its
specificity is relatively low. Although SPECT scanners are widely available, the
main limitation is the fact that absolute perfusion cannot be measured and
requires the use of a radioactive tracer and ionizing radiation [26]. Furthermore,
the relatively low spatial resolution of the technique limits the detection of
subtle subendocardial ischemia.

In PET imaging, the tracer emits positrons that combine with electrons inside
the body of the patient, producing two gamma rays in opposite direction that will
be detected by a PET camera composed by a ring of detectors. A typical radio
tracer is Oxygen-15. Due to its short half-life (∼ 2 minutes), images is facilitated
in a short period of time. However, the tracer needs to be generated in a cyclotron
at the imaging site. The main benefits of PET are its ability to quantify perfusion
and its higher spatial resolution (commonly 4 - 7 mm) in comparison to SPECT
imaging (commonly 12 - 15 mm), which increases its diagnostic performance [30].
In addition, radiation doses of PET tracers are comparably lower to those of
SPECT and allow better quality images [24].

For all these reasons, PET is currently the goal standard for quantitatively
measuring myocardial perfusion. Thus, quantification obtained with Oxygen-
15 PET has been validated in animal studies using fluorescent microspheres, a
technique that requires sacrificing the animal to measure the fluorescence intensity
using a spectrophotometer, and its reproducibility has been further assessed in
human studies [31]. However, it still requires the use of ionizing radiation and the
injection of a radioactive tracer.

2.2.2.4 Cardiac computed tomography

Cardiac computed tomography (CT) principle is based on the use of a beam of
X-rays that rotates around a gantry and passes through the body at different
angles. X-ray detectors are used to measure the degree of X-ray transmission.
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Then, data are digitized and reconstructed to generate cross-sectional images of
the body, called tomographic images.

Cardiac CT imaging requires the injection of an intravenous iodinated
contrast material to enhance the differences between tissues within the heart, by
attenuating X-ray photons in a proportional manner to its concentration. Thus,
tissues that temporarily contain this contrast change their appearance in the
acquired tomographic images.

Coronary CT angiography allows identification of stenoses within a coronary
artery and quantification of calcification, which has been found to correlate well
with the severity of the atherosclerosis.

Similarly to previously mentioned functional imaging modalities, recent
advanced in CT now allow evaluation of myocardial perfusion [32, 33, 34, 35].
The main limitations of dynamic CT imaging are the high radiation exposure,
which increases with the number of acquired images in the study, the use of
iodinated contrast material and the need to perform a long breathholding to
image the whole heart (> 30 seconds) which might corrupt the images with
motion. In addition, there is a need for a consensus with regard to the
acquisition, analysis and interpretation of the technique.

2.2.2.5 Cardiovascular magnetic resonance imaging

Cardiac MRI is briefly introduced here, but further details are reviewed in
Section 2.3. Its principle consists on the application of RF pulses to excite the
water protons contained within the tissues, which are magnetically aligned to
the direction of a high static magnetic field. After the RF pulse application,
protons release energy in a process called relaxation and this energy is recorded
to produce an image. The relaxation times (T1, T2 and T2*) of this signal
within the different tissues determine the different intensities of the image.

Cardiac MRI is possibly the most complete technique in the diagnosis of CAD
due to its ability to characterize a wide range of parameters without the use of
ionizing radiation. These parameters cover from myocardial perfusion (first-pass
imaging), myocardial morphology and function (CINE imaging), myocardial
viability (late gadolinium enhancement) and myocardial tissue structure (T1, T2
and T2* parametric mapping). All these imaging sequences will be briefly
described hereunder, together with the intravenous tracer required for certain
imaging studies, such as first-pass perfusion and late gadolinium enhancement.

According to a European multicenter study, cardiac MRI has demonstrated a
strong impact on the clinical management of 61.8% of all patients considered in
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the study [8]. In 71.4% of patients with suspected CAD, cardiac MRI provided a
new diagnosis or therapeutic consequence [8].

Gadolinium-based contrast agent

In certain cardiac MRI studies, a paramagnetic gadolinium-based contrast agent
(GBCA) is injected intravenously to enhance T1 differences between tissues. A
GBCA is made of a metal ion and a carrier molecule, which is a chelating agent
that modifies its distribution within the body to prevent its toxicity. After its
injection, the GBCA distributes first in the blood, then into the extracellular
space and finally it is eliminated through the excretory organs. In patients with
normal renal function, its half-life is about ∼ 1.5 hours and is completely clear
after approximately 24 hours [36].

However, the use of a GBCA entails several limitations. First, the
repeatability of the technique during the same session is limited. In addition, its
half-life increases considerably from hours to days in patients with severe renal
dysfunction, and its use is contraindicated in this cohort [37].

Furthermore, its practice in patients with normal renal function is also being
strictly regulated, as a result of abnormal accumulations found in various tissues,
such as the bone, brain and kidneys. The first study, published in 2015, showed
neuronal tissue deposition abnormalities with similar intensity changes to those
typically found in patients with multiple sclerosis and liver dysfunction, among
others [38]. These results raise the possibility that a toxic component may remain
in the body long after their administration. After these evidences, the European
Medicine Agency recommended regulatory actions and the suspension of certain
marketing authorizations for up to four types of linear GBCAs [39].

First-pass perfusion imaging

First-pass perfusion imaging requires the intravenous injection of a GBCA to
enhance the T1 signal intensity of myocardial tissue in a proportional manner to
blood flow. This typically involves the acquisition of single-shot rapid readouts to
allow multi-slice T1-weighted dynamic imaging. Its high spatial resolution (< 3 x
3 mm 2) in comparison to nuclear imaging techniques allow one to better detect
small regions of hypoperfusion.

The assessment of perfusion is typically performed qualitatively, by visually
observing the presence and extent of hypointense defects in the myocardium.
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Semiquantitative and quantitative approaches are less frequently performed due
to the associated technical challenges involved in the image post-processing steps.

A typical MRI artifact that appears on first-pass perfusion imaging is the dark
rim artifact, which is defined as the temporarily appearance of a low signal band
in the endocardium during the early phases of the first-pass perfusion study. The
source of this artifact is commonly related to either Gibb’s ringing artifact or
cardiac motion during the readout.

ASL has emerged as an alternative technique for the measurement of
perfusion without the need of injecting any contrast material. This technique
will be independently described in Section 2.4 as a key concept for the
understanding of the thesis.

Cardiac cine

Cardiac cine imaging is considered to be the reference standard for the assessment
of myocardial volume, mass and function. One heartbeat is divided into 25 phases,
each of which represents a specific image of the cardiac cycle to be acquired in
combination with ECG gating. Finally, all acquired images are represented as a
loop to better see the periodic movement of the heart.

This sequence is typically acquired in different anatomic orientations, such as
the two-chamber, four-chamber and short axis views. Quantitative values can be
obtained from these images and compared with the reference intervals published
in literature, allowing to differentiate between normal and pathological states [40].

Late gadolinium enhancement

Late gadolinium enhancement (LGE) imaging is acquired to assess myocardial
viability with the use of GBCA. Its principle is based on the GBCA transfer
from the intravascular to the extravascular-extracellular space (wash-in) and its
subsequent clearance from the body (washout). A fast wash-in/washout is
distinctive of normal myocardium, whereas a delayed wash-in/washout might be
caused by its accumulation in scarred or fibrotic myocardium [41]. These
changes translate into T1 contrast differences and are better seen after 10-20
minutes of the contrast injection with the signal intensity of normal myocardium
nulled.
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Parametric mapping

Parametric mapping (T1, T2 and T2*) is used to assess myocardial tissue
structure. These quantitative parameters are specific of the tissue and their
comparison with normal reference values might indicate the presence or absence
of disease. For example, longer T1 and T2 tissue values are typically seen in
cases with myocardial edema due to the increased amount of water in tissue [42].
T2* is useful in the assessment of myocardial iron deposition and hemorrhage
detection in the presence of acute myocardial infarction [43].

Other cardiac MRI sequences

Although not performed in the clinical practice, it is worth mentioning other
cardiac MRI sequences, such as angiography and velocity-encoded cine or phase
contrast MRI, that might also be useful in the assessment of CAD.

Cardiac MRI angiography allows one to study the anatomy of coronary arteries
in a similar way as CT angiography, but without the use of ionizing radiation
and the iodinated contrast agent [44]. However, it is not frequently used for the
assessment of CAD due to technical challenges that make the image quality highly
operator-dependent [45].

Cardiac MRI velocity-encoded cine has been used in research for the
quantification of coronary sinus flow, which drains ∼ 96% of the venous blood
flow of the left ventricle and thus, reflects global perfusion [46]. The diameter of
the coronary sinus (7 to 10 mm) is larger than the coronary arteries and flow is
less susceptible to turbulence. However, measurements are still prone to errors
due to the small number of pixels covering the coronary sinus, which makes
measurements be affected by partial volume effects in the presence of motion
[47].
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2.3 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a non-invasive imaging technique that has
originated from the principles of nuclear magnetic resonance. These principles
are based on the physical phenomenon that occurs with the interaction of
certain nuclei and a magnetic field. These nuclei must have a non-zero magnetic
moment, which occurs when there is an odd-number of protons or neutrons in
an atom. The hydrogen nucleus is commonly used in MRI due to the fact that it
is the most abundant element within the human body, mostly composed of
water (H2O). Its nucleus contains a single proton (1H), which is positively
charged and generates a small magnetic field. It also possesses a spin angular
momentum or spin, meaning that in the absence of an external magnetic field,
the magnetization of each individual proton is randomly oriented, but in the
presence of an external static magnetic field, each nuclear magnetic moment
aligns to the field and precesses around it, as shown in Figure 2.9.

Figure 2.9: Precession concept in MRI. On the left, MRI diagram with the direction of the
main magnetic field (B0) and the precession rotation. On the right, the precession of a proton
magnetic moment.

The resonance frequency of precession, called Larmor frequency, of a particular
nucleus around the static magnetic field depends on both the gyromagnetic ratio
(42.6 MHz/T for 1H) and the strength of the external static magnetic field (B0),
which is typically of 1.5 T or 3 T for clinical use. In practice, this frequency is not
spatially uniform and depends on the inhomogeneities of the static magnetic field,
the magnetic susceptibilities of tissues (for example, depending on whether tissues
are paramagnetic or diamagnetic) and the chemical shift. Therefore, the presence
of off-resonance effects needs to be taken into account in every MRI study.
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2.3.1 Magnetization excitation and relaxation

Once the magnetization of all nuclei is aligned with the B0 field provided by
the MRI scanner, a precessing net magnetization, meaning the vector sum of all
individual nuclei magnetization, is created in the direction of the static magnetic
field. Based on Faraday’s law of induction, an electric voltage can be induced by
a moving magnetic field. To detect this signal, the magnetization is tipped away
from the equilibrium position with a time varying magnetic field (B1) applied at
the Larmor frequency. As this frequency is in the range of the radiofrequency
pulses, B1 is also called radiofrequency (RF) pulse.

The amplitude and duration of the RF pulse can be manipulated so that a
certain angle of excitation, known as flip angle, is achieved. The application of
RF pulses causes the net magnetization to tip. Once B1 is stopped, its
transverse component precesses around B0 and the induced voltage produces a
free induction decay (FID) signal. During this process, the longitudinal (Mz)
and transverse (Mt) components of the net magnetization return to their
equilibrium values in two simultaneous processes called longitudinal and
transverse relaxation, respectively. The recovery of the longitudinal
magnetization is exponential going from an initial value after the RF pulse
(Mz(0)) to its equilibrium value (M0), whereas the loss of transverse
magnetization depicts an exponential decay from an initial value (Mt(0)) to zero
as the spins dephase, following the next Bloch equations [48].

Mz(t) = Mz(0)e−t/T1 +M0(1− e−t/T1)
Mt(t) = Mt(0)e−t/T2

(2.1)

The time constants that govern both relaxations are defined as T1
(longitudinal or spin-lattice relaxation time) and T2 (transverse or spin-spin
relaxation time), respectively. T1 determines the time required to recover 63%
of Mz and T2 determines the time needed to drop 63% of Mt. In Figure 2.10,
the T1 and T2 curves of myocardial tissue and arterial blood are represented
after the application of a saturation pulse, considering a T1/T2 of blood and
myocardium are 1664/275 ms and 1052/45.1 ms at 3T and 1434/130 ms and
950/52.8 ms at 1.5 T, respectively [49, 50, 51, 52]. As it can be observed, T1
values increase with magnetic field, but that does not necessarily occur with T2
values, which might be explained by the fact that some mechanisms of T2
relaxation, like molecular diffusion, may be more efficient at higher fields.
Finally, receiver coils detect these changes in the net transverse magnetization
and convert them into electric signals to form the images.
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Figure 2.10: Longitudinal and transverse relaxation of myocardium and arterial blood
at 1.5 T and 3 T. At time 0, a RF saturation pulse (flip angle = 90º) is applied and all
magnetization lies within the transverse plane. T1 determines the time to recover 63% of the
longitudinal magnetization (Mz). A complete recovery of magnetization requires approximately
5 times T1. The time at which transverse magnetization has dissipated 63% and only 37%
remains is defined as T2. The dashed and solid line represent the T1 and T2 recovery curves at
1.5 T and 3 T, respectively, for myocardium (in blue) and arterial blood (in red). Considering
a T1/T2 of blood and myocardium are 1664/275 ms and 1052/45.1 ms at 3 T, respectively, and
1434/130 ms and 950/52.8 ms at 1.5 T, respectively [49, 50, 51, 52].

2.3.2 Spatial localization

As the generated signal comes from the entire sample, three sets of gradient coils
are needed to allow for spatial localization across the three dimensions of an image.
These gradients will create a variable magnetic field that will change according to
position, causing small differences in the Larmor frequency of the nuclei and thus
encoding the spatial information.

The Fourier transform is the mathematical procedure that analyzes the
received signal and generates a matrix with the frequency information and the
corresponding amplitude values of the signal. The 2D representation of this
frequency information is named as K-space.

All gradient variations are referred with reference to the isocenter, a physical
point within the scanner where the static magnetic field is most homogeneous.
These gradients, represented in Figure 2.11, are named frequency, phase and slice
selection encoding gradients:

� The frequency encoding gradient (Greadout) is applied during signal
acquisition. This gradient varies the frequency of precession along one
direction, called the readout direction.
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� The phase encoding gradient (Gphase) is applied right before the
acquisition. This gradient is in charge of varying the phase of the
magnetization along one direction after it has been excited by an RF
pulse. Once the gradient is stopped, excited spins precess at the same
frequency rate but with a different phase depending on their location. As
the Fourier transform cannot measure more than one phase per frequency,
the sequence is repeated with varying phase-encoding gradients that are
stored as different rows in K-space.

� The slice selection gradient (Gslice) is applied together with the RF
excitation pulse, in order to excite only the spins within a desired slab. This
is achieved by slightly shifting the central frequency of the RF pulse from
the resonance frequency. Thus, the thickness of the slice is determined by
the bandwidth of the pulse and the amplitude of the slice selective gradient.

Figure 2.11: Spatial localization example. (A) Frequency encoding gradient (in the example:
Gx): a small gradient causes a lower frequency of precession, whereas a big gradient causes a
higher frequency of precession; (B) Phase encoding gradient (in the example: Gy): a small
gradient causes less phase difference, whereas a big gradient causes more phase difference; (C)
Slice selection gradient for a specific RF pulse bandwidth (in the example: Gz): the slice thickness
is determined by the amplitude of the slice selective gradient and the RF bandwidth. Thus, for
a fixed RF pulse bandwidth, a small gradient is exciting a large volume of spins, whereas a large
gradient is exciting a small volume of spins.

Depending on the combination of frequency and phase encoding gradients
that are used, the K-space information can be filled in different manners called
trajectories. The combination of gradients and RF pulses is termed as pulse
sequence. The time between RF excitation pulses is known as repetition time
(TR). Finally, an inverse Fourier transform of the K-space results in the
magnitude and phase images that are subsequently visualized in the scanner.
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2.3.3 Adiabatic pulses

Generally, RF pulses are applied at a constant frequency during a specific amount
of time (RF duration) to tilt magnetization within a certain volume by a desired
flip angle. However, if its amplitude is not constant across the entire volume,
spatial variations in flip angle will occur.

The ideal RF inversion pulse will be an infinite sinc-shaped pulse, because its
slice profile in the frequency domain is rectangular, allowing a uniform inversion.
Assuming an ideal RF inversion pulse, the initial value of the longitudinal
magnetization after the pulse will be the negative of its equilibrium value
(−M0), and Equation 2.1 can be rewritten as:

Mz(t) = M0(1− 2e−t/T1) (2.2)

The longitudinal magnetization can also be written in terms of flip angle (θ), as
shown in Equation 2.3, where the initial value of the longitudinal magnetization
is given by M0 cos(θ), and a perfect inversion will produce a θ equal to π(180◦).

Mz(t) = M0e
−t/T1(cos(θ)− 1) +M0 (2.3)

In practice, this pulse is truncated to have a finite duration, resulting in a less
ideal slice profile, with higher flip angles at the central frequency (Larmor
frequency) and lower on the sides. If B1 is not applied at the Larmor frequency,
off-resonance effects are generated, making precession to occur around the
effective magnetic field instead of around B1. To minimize these errors,
adiabatic inversion pulses are commonly applied because of their robustness to
B1 field inhomogeneities.

Adiabatic pulses use a time-dependent modulation of both signal amplitude (i.e.
increases from 0 to a maximum and ends in 0) and frequency (i.e. varies from
above resonance to on-resonance and ends below resonance) of the RF pulse. They
operate according to an adiabatic passage principle or adiabatic condition (AC),
a set of rules that when verified assure magnetization is inverted uniformly over a
wide range of frequencies regardless of B1 inhomogeneities. This principle states
that magnetization will gradually follow the direction of the effective magnetic
field as long as this direction changes slowly during a single precession of the
magnetization about the effective field. Therefore, the obtained flip angle will
depend on how the B1 field varies its amplitude and frequency.

Different types of adiabatic pulses exist according to the type of modulation
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functions [53]. A typical adiabatic pulse is known as hyperbolic secant (HS)
pulse, whose amplitude and frequency are modulated by sech and tanh functions,
respectively:

A(t) = A0sech(βt)

∆ω(t) = −µβtanh(βt)
(2.4)

where A0 is the pulse amplitude, β is the modulation angular frequency and µ
is the side-to-width parameter which is dimensionless. The RF pulse bandwidth
(BW) is related to the above parameters by BW=µβ/π. To meet the adiabatic
condition, these parameters with γ being the gyromagnetic ratio, need to verify
that:

A0 >>

√
µβ

γ
, i.e. A0 >>

π ·BW
γ
√
µ

(2.5)

Therefore, a large value of µ will achieve minimum RF amplitude and power. On
the other hand, β should be small because the βµ product controls the bandwidth.

Another adiabatic pulse variant is the frequency offset corrected inversion
(FOCI) pulse, in which a modulation function multiplies the RF pulse shape,
offset frequency and gradient amplitude of HS pulses [54, 55]. This allows us to
produce sharper edges in the slice profile across the whole inversion slab.

The amplitude and frequency modulation functions of both HS and FOCI
adiabatic pulses can be seen in Figure 2.12.

Figure 2.12: HS and FOCI adiabatic pulses. HS pulse is represented in (A) amplitude and
(B) frequency modulation functions. FOCI pulse is represented in (C) C-shape amplitude and
(D) frequency modulation functions.
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2.3.4 Signal-to-noise ratio

SNR is an important parameter to assess the effectiveness of an MRI experiment.
It is defined as the ratio between signal intensity measured in a region of interest
(ROI) of the image, such as the myocardium, and the noise standard deviation
measured in a background region. Ideally, to better differentiate between tissues,
the background noise should be zero. Noise in the images generally derives from
the fluctuations in both the receive coil and the sample. To maximize SNR,
different factors must be taken into account.

First, SNR is proportional to the strength of B0, thus 3 T scanners are
recommended over 1.5 T scanners to achieve higher SNR. Then, SNR is
proportional to the size of the voxel within an image. This is due to the fact
that the signal that is being measured comes from the sum of all spins contained
within that voxel and thus, the larger the voxel, the more signal is received.
Therefore, a low resolution image will always provide higher SNR than a high
resolution image. Finally, SNR is proportional to the square root of the number
of averages (NA). This is due to the fact that MRI noise is white noise, and its
standard deviation will increase with the

√
NA, while the signal amplitude will

increase with NA.
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2.4 Arterial spin labeling

ASL was first described in 1992 for measuring perfusion in the rat brain [56, 57]
and only two years later, it provided perfusion measurements in a human brain
and kidney at 1.5 T [58]. Since then and although ASL can be applied to almost
any organ, most studies have focused on its application for brain imaging due to
its high perfusion rates and the absence of major motion.

ASL is a non-invasive technique that allows perfusion measurements by
magnetically labeling arterial water spins contained within the blood vessels as
an endogenous tracer. For this purpose, two different images, named label and
control, need to be acquired. For the label image, first, magnetization of arterial
blood is inverted with an RF pulse of 180º. Then, there is a waiting period,
called inversion time (TI), to allow for labeled blood to perfuse the tissue. After
this time, the image is acquired. For the control image, the same process is
repeated but without inversion of the arterial blood. The pairwise difference
between control and label images gives a perfusion-weighted image. Finally, the
perfusion-weighted signal intensity measured in the myocardium can be
converted into quantitative perfusion measured in milliliters of blood per gram
of tissue per minute (ml/g/min).

Depending on the labeling strategy, different ASL variations exist. In this thesis,
a pulsed ASL (PASL) labeling approach has been used for its application in the
human heart and, in particular, the flow-sensitive alternating inversion recovery
(FAIR) scheme [59]. As shown in Figure 2.13, FAIR consists on the alternation of
a short RF inversion pulse between global or non-selective (NS) and slice-selective
(SS), for label and control acquisitions. The NS inversion is applied to label both
a large bolus of blood that is flowing in all directions to the image plane and
the static tissue, while the SS inversion is applied to label blood and static tissue
present only within the image plane. In this manner, blood flow that will perfuse
the tissue after a certain TI is inverted in the label but not in the control images
and subtraction of both gives a difference signal proportional to perfusion.

Assuming a perfusion rate between 0.5 to 4 ml/g/min and typical magnetic
field strengths of 1.5 T - 3 T, the perfusion-weighted signal amounts between 1%
to 8% in label compared with control acquisitions [60]. As the magnitude of this
endogenous tracer is small and decays with the T1 of blood (approximately 1664
ms at 3 T and 1434 ms at 1.5 T), the acquisition of these two images needs to be
repeated to average perfusion-weighted images and obtain higher SNR.

The FAIR ASL application in the heart has been validated in a porcine model by
comparison to radiolabeled microspheres measurements [61], where the strongest
correlation was observed in the septum (r=0.86) and the weakest in the anterior
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Figure 2.13: FAIR ASL principle. On the left, the two alternated inversion recovery pulses
used in FAIR ASL, that invert a slice-selective volume (SS or control) and a non-selective volume
(NS or label). The imaging slice is represented in red. The inverted volumes are represented in
gray. The SS inversion only labels blood within the slice that will flow away from the imaging
plane during the inversion time, whereas the non-selective inversion labels arterial blood that will
be perfusing the myocardium. Static tissue is inverted in both schemes. A perfusion-weighted
image is generated by subtracting label from control images, containing only signal from the
arterial blood that has perfused the tissue. This signal must be fitted to a quantification model
to obtain the corresponding MBF value in absolute units (ml/g/min). For this purpose, the
acquisition of a reference or baseline image (M0) without inversion pulses is needed. On the top
right, the simulation of arterial blood magnetization represented over time in both the SS (in
red) and NS (in blue) schemes.

wall (r=0.67). In humans, MBF normal resting values obtained with ASL are in
agreement with the perfusion ranges published in PET literature with oxygen-15-
labeled water [20].

2.4.1 Quantification Assumptions

Before proceeding with MBF quantification, several assumptions are made in
order to relate the perfusion-weighted signal intensity measured in a voxel of
myocardium with the myocardial blood flow. These assumptions are briefly
reviewed in this section.

First, it is assumed that labeled blood passes through the vasculature and
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reaches the capillaries to perfuse the tissue in the slice of interest before image
acquisition takes place. This time is defined as arterial transit time (ATT) and sets
the minimum TI needed between labeling and image acquisition in the sequence
to avoid underestimation of MBF. It depends on several factors, such as blood
flow, blood volume, blood pulsatility, among others, and it might be increased in
the presence of ischemia. Ideally, ATT can be obtained by measuring perfusion at
multiple inversion times but this is often time consuming. Myocardial ATT was
estimated to be ∼ 400 ms in healthy subjects [62].

It is also assumed either a direct clearance of labeled blood through the
vasculature or no further exchange of labeled water spins from tissue to blood
through the venous flow. The average transit time of blood within the
myocardial capillaries has been estimated to be around 890 ± 130 and 830 ±
130 ms in the epi- and endocardium, respectively, with no regional differences in
the normal heart [63].

Finally, labeled water is assumed to be a freely diffusible tracer. This
assumption is based on the single compartment model, which relies on the fast
exchange between vascular and extravascular water spins.

2.4.2 Quantification models

To convert the ASL signal into a perfusion measurement in absolute units
(ml/g/min), the signal must be fitted to a quantification model. For FAIR
labeling, two main quantification methods exist, which are based on either a
signal intensity difference method or a dual T1 approach. In this thesis, the
signal intensity difference method was used for quantification.

2.4.2.1 Intensity difference

The signal intensity difference method is derived from the Buxton’s general kinetic
model [64] and was first proposed by Kim et al. in 1995 [59].

It is the signal intensity difference between control and label inversion recovery
sequences (∆M = Mss–Mns), what allows quantitative evaluation of blood flow.
Assuming that the T1 of both blood and myocardium are nearly equal [61], Mns

will relax with the constant time T1 because both blood and tissue are being
inverted, and Mss will relax with an apparent T1 (T1app) because only tissue
is being inverted but arterial blood flowing into the tissue is relaxed, following
the next relation 1/T1app = 1/T1 + f/λ [56], where f is perfusion and λ is
the partition coefficient of water between blood and myocardium. Assuming a
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single compartment model and the corresponding Bloch equations that describe
the longitudinal magnetization after an RF inversion pulse, the signal intensity
difference will correspond to:

∆M =
(
Mz(0) · exp−t/T1app +M0 · (1− exp−t/T1app)

)
–(

Mz(0) · exp−t/T1 +M0 · (1− exp−t/T1)
) (2.6)

where M0 is the equilibrium magnetization. Considering a perfect inversion,
this equation can be simplified to:

∆M = 2 ·M0 · exp−t/T1 · (1− exp−tf/λ) (2.7)

Using a single fixed TI and assuming f/λ is small, a Taylor expansion can be
used to further simplify the last term of this equation:

∆M = 2 ·M0 · TI ·
f

λ
· exp−TI/T1 (2.8)

This quantification model is used throughout this thesis, which can be rewritten
as:

MBF (ml/g/min) =
λ ·∆M

2 ·M0 · TI · exp−TI/T1
· 60 (2.9)

where MBF = f , and considering λ to be 1 ml/g for the human heart [65, 66]
and the T1 of arterial blood published in the literature depending on the magnetic
field (1.664 s at 3 T [50] and 1.434 s at 1.5 T [51]).

2.4.2.2 Dual T1

The dual T1 quantification approach is based on the myocardial T1 ratio of control
to label images, which was first proposed by Detre et al. in 1992 [56] and later
particularized by Bauer et al. in an isolated rat heart [67]. For this purpose, label
and control images need to be acquired at multiple TIs so that the myocardial
T1 values of both inversion recovery curves can be fitted and used as a ratio in
the quantification model. Finally, MBF maps can be generated with the following
equation:
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MBF =
λ

T1
·
(
T1ns
T1ss

− 1

)
(2.10)

where T1ns and T1ss are the myocardial T1s of both the non-selective and slice-
selective inversions and T1 is the arterial blood T1 published in the literature.
MBF needs to be multiplied by 60000 to convert perfusion units to ml/g/min,
considering time variables in milliseconds.

2.4.3 Previous cardiac ASL applications

A few previous studies have demonstrated the application of myocardial ASL
in humans, mostly with the use of FAIR labeling techniques but using different
quantification and breathing methods, as shown in Table 2.1. Myocardial ASL
was first demonstrated by Poncelet et al. in healthy humans in 1999 and by
Wacker et al. in CAD patients in 2003. Since then, the sequence has been mostly
optimized for its use at 3 T. Two main groups can be differentiated according to
the MBF quantification model that was used in their studies.

2.4.3.1 FAIR ASL - Intensity difference

Intensity difference quantification methods require acquisition of images at a
single TI in combination with either single or double ECG gating and breathing
strategies to minimize motion.

The use of single ECG gating techniques [65, 66, 70, 73] allows gating images
during diastole with the use of a fixed TI. This implementation permits direct
subtraction of the label from the control images before quantification. In this
context, the use of parallel imaging to shorten the duration of the bSSFP readout
has also been shown to further reduce the degree of cardiac motion, especially in
subjects with higher heart rates in which the diastolic phase is shortened.

The use of double ECG gating techniques [61, 71] allows gating both labeling
and readout during diastole, achieving more robust results in the presence of heart
rate variations of up to 4 bpm. However, this leads to variability in the TI values
of the acquired images, which has to be taken into account for the quantification.
For this purpose, additional images need to be acquired at short and long TIs
to perform a T1 fitting of the label and control inversion recovery curves from
where the interpolated signal difference between the curves can be measured at
the averaged TI.
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Table 2.1: Timeline of cardiac FAIR ASL literature in humans.

1999 � Poncelet et al. First application of myocardial ASL in healthy
humans and validation in a porcine model with microspheres [61].
Sequence: FAIR + single variable TI + EPI at 3 T under synchronized
breathing (TR ∼ 6 RR)

2003 � Wacker et al. First application of myocardial ASL in CAD patients.
MBF quantification at rest and under vasodilation conditions.
Comparison between anterior and posterior myocardium [68].
Sequence: FAIR (saturation) + multiple fixed TI + FLASH at 2 T
under breathhold

2008 � Northrup et al. First comparison between MBF measurements
obtained at 1.5 T and 3T in healthy humans [69]. Sequence: FAIR +
multiple fixed TI + GRE under breathhold

2009 � Zun et al. Noise analysis at 3 T under rest and passive stress in
healthy humans [65]. Sequence: FAIR + single fixed TI + bSSFP (TR
∼ 6RR)

2010 � Wang et al. First estimation of ATT under free breathing acquisitions
with navigator-gating and non-rigid registration techniques at 1.5 T
[62]. Sequence: FAIR + multiple fixed TI + bSSFP (TR ∼ 6 RR)

2011 � Zun et al. Clinical application of myocardial ASL in CAD patients at
3 T under breathhold at rest and under vasodilation conditions and
MBF segmental comparison [66]. Sequence: FAIR + single fixed TI +
bSSFP (TR ∼ 6RR)

2014 � Do et al. Use of parallel imaging under breathhold at 3T [70].
Sequence: FAIR + single fixed TI + bSSFP (TR ∼ 6 RR)

2016 � Do et al. Use of double gating under breathhold at 3T [71]. Sequence:
FAIR + single fixed TI + bSSFP (TR ∼ 6 RR)

� Keith et al. Look-Locker FAIR ASL sequence at rest under
breathhold for the acquisition of multiple slices [72]. Sequence:
Look-Locker FAIR + multiple fixed TI + bSSFP

2017 � Yoon et al. Segmental MBF comparison under rest and vasodilation
conditions in healthy humans at 3T [73]. Sequence: FAIR + single
fixed TI + bSSFP (TR ∼ 6 RR)

2019 � Javed et al. Comparison between single shot EPI and bSSFP
readouts [74]. Sequence: FAIR + single fixed TI + bSSFP/EPI (TR ∼
6 RR)
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In this context, the performance of two single shot readouts, named balanced
steady state free precession (bSSFP) and echo-planar imaging (EPI), has also
been compared. Although bSSFP offers higher SNR, EPI readout is a promising
technique that allows faster imaging.

2.4.3.2 FAIR ASL - Dual T1

Dual T1 quantification requires acquisition of images at multiple TIs [68, 62],
which are properly selected as an integer number of the RR interval. These
images have been acquired under single gating and either with breathholding or
free breathing navigator-gating strategies.

To reduce acquisition time, a Look-Locker FAIR ASL strategy has also been
suggested [69, 72], which allowed to acquire multiple images at different TIs after
the label and control inversions, minimizing the acquisition time and obtaining
the corresponding T1 perfusion-weighted maps for quantification.

2.4.3.3 Other ASL labeling strategies

Apart from FAIR, other ASL labeling strategies have also been reported in the
literature, such as steady-pulsed and velocity selective ASL.

The steady pulsed ASL sequence labels blood at the aortic root above the
imaging slice and places a symmetric inversion slab below the imaging slice to
acquire the control image and compensate for magnetization transfer effects. This
labeling approach, named steady-pulsed ASL, was combined with free breathing
acquisitions to acquire a larger number of images and achieve higher SNR [75].

The velocity selective ASL sequence, previously developed in the brain, has
also been applied to the heart in order to avoid signal loss in the presence of slow
flow and long ATTs. For this purpose, blood is labeled based on its velocity by
saturating spins above a certain cutoff. However, although its feasibility in the
heart was demonstrated, tSNR was 2.8 times lower in comparison to FAIR [76].
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2.5 Concluding remarks

The human heart is the center of the circulatory system, from where it pumps
and distributes blood rich in oxygen through the entire body and to itself by the
coronary arteries. CAD is the leading cause of cardiovascular diseases in the USA
and Europe, and involves the narrowing or blockage of at least one epicardial
coronary artery.

CAD can be diagnosed by different anatomic and functional imaging
modalities. Anatomic imaging evaluates the degree of stenosis within the
coronary arteries, whereas physiological imaging informs about the myocardial
perfusion that exists within the tissue. The gold standard modality for the
diagnosis of CAD is the invasive coronary angiography. Its use should be limited
to the cohort of patients previously selected with non-invasive imaging
modalities to minimize the risks involved with cardiac catheterization in patients
with unknown disease. Various imaging modalities exist to quantitatively assess
myocardial perfusion, being PET the gold standard technique. Its main
drawbacks are the low spatial resolution and the use of ionizing radiation.
Cardiac MRI offers an alternative imaging technique with non-ionizing radiation
and more resolution than other perfusion imaging modalities, which has proven
to have a strong impact on the management of patients with suspected CAD,
according to a European multicenter study. However, all physiological
techniques require the injection of an exogenous tracer, which limits the
reproducibility of the technique but more importantly limits its applicability to
a certain cohort of patients, such as patients with chronic kidney disease.

Myocardial ASL has emerged as a viable non-invasive measurement for the
assessment of CAD. Its feasibility to quantify myocardial perfusion has been
validated with microspheres imaging in large animals and compared consistently
with the ranges established by PET imaging in humans. However, in spite of all
improvements published so far, further work needs to be done to provide a
robust and optimized sequence for its use in clinical cardiac MRI studies.



36 Chapter 2. Background



Chapter 3

ASL optimization and
validation in healthy subjects

3.1 Introduction

ASL has emerged as a robust and reproducible technique to measure brain
perfusion, where MRI protocols have been widely optimized and specific
recommendations for its clinical implementation have been published in a
consensus paper [77]. The routine protocol includes the use of
pseudo-continuous labeling, background suppression, a segmented
three-dimensional readout without crushing gradients and a simplified
quantification model. However, direct application of these recommendations for
cardiac ASL imaging in humans remains challenging due to organ related
differences. Therefore, although perfusion in the myocardium (0.73 - 2.43
ml/g/min at rest [20]) is higher in comparison to the brain (0.35 - 0.55
ml/g/min at rest [78]), there are additional challenges that must be taken into
account for the optimal implementation of ASL in cardiac studies [79, 60].

A primary concern is the tortuous path of blood through the heart, which
complicates precise labeling. Prior to perfusing the myocardium, blood enters into
the heart from the left atrium to the left ventricle and is finally expelled through
the aortic valve into the coronary arteries reaching the myocardium. Based on
these peculiarities, a FAIR labeling approach has been previously used in cardiac
ASL, due to its capability for inverting blood flowing in all directions and thus,
assuring that the blood that one second later will perfuse the myocardium is
also inverted. Labeling is performed with the use of adiabatic inversion pulses to
achieve higher inversion efficiency in the presence of B1 variations, which across

37
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the left ventricle have been quantified to vary up to 53% in a mid-ventricular short
axis slice using body coil transmission [80]. This labeling has been combined with
a single-shot balanced steady state free precession (bSSFP) readout due to its
high SNR and its high contrast between myocardium and blood.

Myocardial ASL is limited by SNR. Despite normal myocardial blood flow
(MBF) being twice as high as normal cerebral blood flow, ASL SNR in the
myocardium is approximately three times lower than in gray matter [79], which
results in using relatively low spatial resolution (2 - 4 mm in-plane voxel size
with 8 - 10 mm slice thickness) and requires a higher number of signal averages.
This is mainly due to the greater distance that exists from the surface coil, used
for signal reception in cardiac MRI studies, to the heart in comparison to the
one that exists between the head coil and the brain. The average shortest
skin-to-heart distance has been estimated to be about 28.2 ± 8 mm (10.4 - 57.5
mm) with echocardiography [81], whereas the skull-to-brain distance is
approximately between 0.4 – 6.7 mm [82].

Another challenge in myocardial ASL is dealing with cardiac and respiratory
motion, which occur simultaneously. Cardiac motion is minimized by using ECG
triggering. To limit the effects of respiratory motion in FAIR ASL, breathhold
strategies have been mostly suggested [61, 65, 72, 70, 76], which can be
uncomfortable for patients. Moreover, even when data are acquired during
breathholds, generally, multiple breathholds are required for averaging, which
can lead to myocardial position displacements among image sets. A free
breathing acquisition with navigator gating has also been proposed [62], where
the navigator echo was used to synchronize the end-expiration phase of the
respiration with imaging. However, scan efficiency was compromised due to a
50% navigator acceptance rate and therefore, scan time was prolonged. Capron
et al. have also described a free breathing steady pulsed ASL technique together
with a retrospective image exclusion criterion using a contour-based cross
correlation algorithm, that resulted in discarding approximately 20% of the
acquired data [75]. However, this was only applied to the steady pulse ASL and
not to FAIR ASL.

Previous attempts at myocardial ASL have employed a minimum TR of
approximately 6 seconds to allow for a complete T1 recovery of the label (1.664
s at 3 T [50]) [61, 65, 70, 66, 73]. This long TR also decreases scan efficiency and
limits the total number of pairs to be averaged in a reasonable acquisition time.

The aims of this study were (1) to implement and optimize a myocardial ASL
sequence in phantoms and (2) to validate it in healthy subjects under free
breathing acquisitions without the use of navigators.

In phantom studies, first, the efficiency of spatial saturation pulses was tested.
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Then, two adiabatic inversion pulses, known as hyperbolic secant (HS) and C-
shape frequency offset corrected inversion (FOCI), were compared in terms of
efficiency and slice profile. Finally, the bSSFP readout parameters were optimized
and the effect of shortening the TR on the recovery of blood magnetization after
a non-selective inversion was evaluated by simulations.

In the healthy subjects, three scans with different TRs, defined as an integer
number of RR intervals, were compared experimentally with a constant scan time
of four minutes, leading to a total of 20, 30 and 60 ASL image pairs, respectively.
All scans were run under a free breathing scheme and consequently an offline non-
rigid registration algorithm was used to correct motion artifacts. MBF values were
quantified at rest and the method was investigated for intrasession and intersession
reproducibility. In addition, to simulate the effects of a pharmacological stress
test, which is used in most first-pass perfusion protocols to increment MBF and
allow the detection of perfusion defects, MBF values were also evaluated under
passive leg raising, as a method known to generate a mild form of stress, which
was expected to increase MBF values.
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3.2 Methods

This study was approved by the Ethics Research Committee of the University of
Navarra. After written informed consent was obtained, 14 healthy subjects (age
(mean ± SD) 26 ± 2 years; 11 males, 3 females) participated in the sequence
validation study. Two cardiac MRI studies were performed on different days in a
3 T system (Magnetom Skyra, Siemens Healthineers, Erlangen, Germany) using
an 18-channel phased array receiver coil. In the first MRI scan, one volunteer was
excluded from the analysis due to negative MBF values (not physiological), which
reduced the total number of analyzed patients to 13. In the second MRI scan, 11
volunteers repeated the study.

3.2.1 ASL sequence design

The implemented myocardial ASL sequence combined single TI FAIR labeling
with a bSSFP readout. Its sequence diagram is shown in Figure 3.1.

Figure 3.1: ECG signal and myocardial ASL sequence. The first R wave triggers the
sequence, which is composed of a time delay (TD) adjusted for every volunteer to time the image
acquisition to mid-diastole, presaturation pulses (Presat) to minimize static tissue variations, an
inversion pulse alternated between slice-selective and non-selective, an inversion time (TI=1 s)
to allow labeled blood to perfuse the tissue, a fat saturation pulse to minimize epicardial fat and
a bSSFP readout which is preceded by a start-up or catalyzation sequence to ensure a smooth
transient signal to steady state. The RR interval duration was 1000 ms.

The sequence consisted of four main blocks. The first one was composed of four
in-plane presaturation pulses (Presat) with the main goal of making magnetization
of static tissue independent of TR values, while reducing artifacts from static
tissue signals. The second block was an adiabatic inversion pulse (hyperbolic
secant), which was alternated between non-selective (NS) and selective (SS), for
label and control acquisitions, respectively. The NS inversion slab thickness was
390 mm and the SS inversion slab thickness was 30 mm to include the imaging
slice accounting for possible heart movements. Then, the sequence waited during
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an inversion time (TI) of one second (starting from the labeling to the center
of K-space) to allow for labeled blood to perfuse the tissue. Finally, a bSSFP
readout was preceded by a fat saturation pulse to minimize signal from epicardial
fat and a start-up or catalyzation period, which consists of applying a train of 10
preparatory pulses with varying flip angles to ensure a smooth transient signal to
steady state.

For its validation in healthy subjects, the bSSFP readout parameters were:
repetition time (TRbSSFP) = 2.39 ms, echo time (TE) = 1.43 ms, flip angle = 70◦,
receiver bandwidth (BW) = 915 Hz/pixel, field of view (FOV) = 300 mm, matrix
size = 96 x 96, isotropic pixel size = 3.12 x 3.12 mm2, slice thickness = 10 mm,
acceleration = GRAPPA-2 and readout duration = 167.30 ms.

The effective TR of the sequence, hereafter called TR, was dependent on the
subject’s heart rate, with a minimum duration of two cardiac cycles for every
acquisition. From this sequence and to further evaluate the effects of TR
shortening, three different scan versions were obtained, as shown in Figure 3.2.

Figure 3.2: Timing of the different scan versions of the ASL sequence to evaluate the
effects of TR shortening. Scan versions were named by the trigger pulse (TP) that started
each acquisition: TP1 (TR = 2 RR), TP2 (TR = 4 RR) and TP3 (TR = 6 RR). White square
boxes correspond to image readouts. Gray rectangles indicate waiting periods after the readout.
Black arrows identify the ECG triggers that determined the beginning of the acquisition.

These scan versions were named by the trigger pulse (TP) that started each
acquisition: every two cardiac cycles (TP1: TR = 2 RR), every four cardiac cycles
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(TP2: TR = 4 RR) and every six cardiac cycles (TP3: TR = 6 RR).

The ASL sequence was single ECG triggered. The TR of most cardiac
sequences enters within a single heartbeat and synchronization of the readout to
diastole is performed by adding a specific time after the R peak trigger. This
time (TimeDiastole) can be computed automatically by using the Weissler or
Stuber empirical formula, where TimeDiastole is [(RR interval–350) · 0.3] + 350
[83] based on the constant duration within the cardiac cycle of the systolic
period (± 350 ms). It can also be adjusted manually by acquiring a high
temporal resolution cine MRI scan to visually detect the frame in which cardiac
motion freezes for a longer period of time and quantify its duration, as shown in
the example of Figure 3.3 for a representative subject.

As we previously mentioned, the minimum effective TR in myocardial ASL
requires at least two cardiac cycles due to the need of waiting for blood to perfuse
the tissue during the inversion time (fixed to 1 second). Ideally, both inversion
and readout should be synchronized to mid-diastole, since this cardiac phase is
typically considered to have reduced velocity and be less sensitive to motion [84].

This was achieved by adjusting a specific time delay (TD) from the R peak
to the beginning of the ASL sequence for each subject and sequence based on
the visualization available in the parameter interface of the scanner, activated
with the use of ECG triggering. The priority was to ensure that the readout
was synchronized to the diastolic period to minimize the effects of cardiac motion
during image acquisition, as it has been previously done in other studies [62].

Figure 3.4 shows an example of this visualization, where the ECG is represented
in blue and the sequence timing is depicted within a color bar below it. The color
bar is grey during the time delay and green during the ASL sequence duration,
where the beginning of the sequence corresponds to the preparation part and the
ending to the readout.

As an example, Figure 3.5 depicts the position of both the preparation part
(presaturation and inversion pulses) and readout of the ASL sequence within the
cardiac cycle accounting for different heart rates. For visualization purposes, the
systolic period (represented in dark green) of the cardiac cycle was considered to
be the first 350 ms and diastolic period (represented in light green) the remaining
time of the RR interval. The preparation part had a duration of 70.48 ms. The
inversion time (TI) was fixed to one second. The readout duration was 150 ms.

In Figure 3.5, it can be observed that for RR intervals:

� similar to the inversion time: both inversion and readout took place
during mid-diastole (panel C).
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Figure 3.3: Short axis cine MRI scan for a representative subject. Cardiac cycle is
divided into 25 image frames. The RR interval of this subject is 1000 ms. The initial frame
in which cardiac motion freezes for a longer period of time is colored in red (frame 14). The
quotient between this frame and the total number of frames (14/25 = 0.56 s) represents the time
needed after the R wave detection for imaging at mid-diastole in this particular subject. This
agrees with the TimeDiastole computed based on the Weissler or Stuber formula (TimeDiastole =
[(RR Interval - 350) · 0.3] + 350), which would be ∼ 0.55 s
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Figure 3.4: Representation of the ECG and sequence duration in the parameter
interface of the MRI scanner. The ECG is represented in blue and the sequence timing
is depicted within a color bar below it. The color bar displays a grey color for the time delay
and a green color for the ASL sequence duration, where the beginning of it corresponds to the
preparation part and the ending to the readout.

� greater than the inversion time: inversion would occur in end-diastole
(panel D).

� smaller than the inversion time: heart rate variability might
compromise this synchronization due to the shorter duration of the
diastolic period, specially in shorter RR intervals where more than a
complete RR is needed in between the preparation and readout of the ASL
sequence (panel A).

In order to mitigate the effects of the inversion occurring during systole, the
inversion thickness was larger than the imaging slice by 10 mm on either size.
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Figure 3.5: Representation of the ASL sequence position within the cardiac cycle
considering different RR intervals. The ASL sequence is comprised of a preparation part
(presaturation and inversion pulses represented as a white box with a duration of 70.48 ms) and
readout (represented as grey box with a duration of 150 ms). For visualization purposes, the
systolic period (represented in dark green) of the cardiac cycle was considered to be the first 350
ms and diastolic period (represented in light green) the remaining time of the RR interval. RR
intervals are: (A) 550 ms, (B) 775 ms, (C) 1000 ms and (D) 1225 ms.
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3.2.2 ASL sequence optimization

Table 3.1 shows the sequence optimization experiments performed with static
phantoms and simulations before proceeding with the validation study of the
myocardial ASL sequence in healthy volunteers.

Table 3.1: Summary of the experiments performed with static phantoms and simulations for the
ASL sequence optimization.

Goal Method Analysis

Presat � Test � Phantom: four � Compare signal intensity
pulses efficiency bottles filled with between sequences with and

agarose gel and without Presat in short and
different GBCA long TRs
concentrations
� Head-neck 20
channel MRI coil

Adiabatic Test for HS and � Phantom: plastic � Compare slice profiles
inversion FOCI pulses: bottle filled with 2 L with two different amplitudes
pulses � sharpness of water and 0.4 and βµ configurations

of slice profile mmol of GBCA � Compare simulated and
� efficiency � 18-channel body experimental inversion

coil and 32-channel recovery curves in terms of
spine coil flip angle values

bSSFP � Select � Simulation � Compare steady state
readout optimal magnetization for the

parameters T1/T2 of myocardium and
blood for different
resonance offset angles
and flip angles

TR � Evaluate � Simulation � Evaluate the degree of
shortening the effects of saturation of the arterial

shortening blood magnetization outside
the TR the imaging slice by the

NS inversion pulses for
different TRs
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3.2.2.1 Presaturation pulses

The spatial saturation or presaturation pulses (Presat) implemented in the
sequence consist on four 90º selective pulses (sinc-shaped) that are transmitted
at a different carrier frequency from the excitation pulse to produce a large
phase dispersion across the saturated band [53].

The saturation band is equally oriented as the imaging slice, but it is applied
to saturate a larger volume to account for motion. Considering a 10 mm slice
thickness, the band is set to saturate a 30 mm volume (10 mm above and 10 mm
below the imaging plane). No gradient rephasing is applied after the presaturation
pulses, but a strong spoiler gradient in the phase or readout directions to further
minimize residual transverse magnetization. In addition, the gradient phase is
shifted by modifying their amplitudes so that these pulses cannot be refocused
after a certain number of repetitions. In Figure 3.6, the sequence diagram of these
pulses can be observed. Their total duration is 52.48 ms.

Figure 3.6: Sequence diagram of spatial presaturation pulses. Consist on four selective
90º pulses that saturate a volume defined by the slice thickness plus a gap of 10 mm at both
sides of the slice. Each presaturation pulse is followed by a strong spoiler gradient to suppress
residual transverse magnetization. RF: Radio frequency; Gslice: Slice selection gradient; Gphase:
Phase encoding gradient; Greadout: Frequency encoding gradient.

To test the efficiency of Presat pulses, the behaviour of sequences with and
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without Presat pulses was compared for short and long TRs. The phantom
consisted of four small bottles filled with agarose gel and different concentrations
of a gadolinium based contrast agent (GBCA) to obtain a wide range of T1
values. The T1 values and its GBCA concentration were: (1) 648 ms for 0.1
mmol/g, (2) 454 ms with 0.2 mmol/g, (3) 402 ms with 0.3 mmol/g and (4) 1848
ms with no concentration.

A specific protocol was defined for the experiment including localizers and the
following sequences: (1) bSSFP readout with no Presat pulses and (2) Presat
pulses followed by the minimum TI and a bSSFP readout. Neither ECG triggering
nor inversion pulses were used. The experiment consisted in acquiring 20 images
with the following readout parameters: FOV = 300 x 300 mm2; Matrix = 96 x
96; Pixel size = 3.12 x 3.12 mm2 and Slice thickness = 8 mm, TRbSSFP = 2.39
ms.

Two variants of the sequence were included in the protocol: one with a long
TR and another with a short TR. The long TR was defined to be 4 seconds,
which corresponds to a typical heart rate of 60 bpm (RR = 1000 ms) and a TP2
scheme (TR = 4 RR) at rest. The short TR was defined to be 718 ms, which
was the shortest possible TR allowed by the sequence for comparison purposes.
In practice, however, the shortest TR to be encountered in a cardiac study will
be longer.

A ROI was drawn within each of the bottles and time intensity curves were
generated for each sequence. Finally, three different comparisons were performed:

1. Comparison between sequences without Presat pulses considering short and
long TRs (only bSSFP readout).

2. Comparison between sequences with Presat pulses considering short and
long TRs (Presat pulse and bSSFP readout).

3. Comparison between long TR sequences (with and without Presat pulses) to
quantify the amount of remaining signal after the pulse. This was computed
as the ratio of the signal intensity of the first image with Presat to the first
image without Presat pulses. From this ratio, the effectiveness of the Presat
pulses was computed for a T1 value closer to the myocardial T1.

3.2.2.2 Adiabatic inversion pulses

Figure 3.7 shows the sequence timing diagrams of the two adiabatic inversion
pulses, HS and FOCI, implemented for comparison in the sequence. For both
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pulses, the NS inversion slab thickness was 390 mm and the SS inversion slab
thickness was 30 mm to account for motion. Their total duration was 18 ms.

Figure 3.7: Sequence diagram of FAIR ASL adiabatic inversion pulses. (A) HS and
(B) C-shape FOCI adiabatic pulses. On the left of the diagrams, NS scheme using a small slice
selective gradient to invert 180 mm above and below the SS volume, which considering a SS
volume of 30 mm equals to 390 mm. On the right of the diagrams, SS scheme using a big slice
selective gradient to invert 10 mm above and below the image plane, which considering a slice
thickness of 10 mm equals to 30 mm. On the top, a schematic representation of both the NS
and SS schemes in its application in human cardiac studies. RF: Radio frequency; Gslice: Slice
selection gradient; NS: Non-selective; SS: Slice-selective.

The performance of HS and FOCI adiabatic inversion pulses was compared in
terms of slice profile and labeling efficiency. The slice profile of the inversion
pulses allows to evaluate the transition region between passband and stopband.
A sharper transition indicates a more precise inversion of the volume of interest.
The sharpness of the slice profile is especially relevant in the SS inversion, where
a smaller volume is being inverted.
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The phantom consisted of a plastic bottle filled with 2 L of water and 0.4 mmol
of GBCA. The size of the bottle was 400 mm height to simulate the volumes
inverted in both the SS (30 mm) and the NS (390 mm) scheme.

For the purpose of this experiment, FAIR ASL adiabatic inversion pulses,
which are typically applied perpendicular to the image slice in cardiac studies,
were implemented to be applied at the center of the imaging volume in the
readout direction so that the inverted slab could be visualized in the acquired
images. Hereunder, the two phantom experiments are briefly described. For
these experiments, high resolution images were acquired to better delineate slice
profiles. bSSFP readout parameters were: TRbSSFP = 2.39 ms, FOV = 400 x
283 mm2; Matrix size = 384 x 272; Pixel Size = 1.04 x 1.04 mm2 and Slice
thickness = 10 mm.

Slice profile evaluation

To evaluate slice profile, adiabatic inversion pulses were tested with two different
amplitudes (AC=1 and AC=2) and β − µ values (high BW = 847.7-12.6 [85]
and low BW = 809-6.2 [86]). The sequence contained the adiabatic inversion
pulse, a TI = 600 ms that corresponded to the zero-crossing point of the inversion
recovery curve and a bSSFP readout. Neither ECG triggering nor Presat pulses
were activated. For each variant of the sequence, three separate images were
acquired, which contained a SS inversion, a NS inversion and no inversion pulse
(baseline image), respectively. There was sufficient time between acquisitions for
full magnetization recovery.

During post-processing, images were normalized by the baseline image to allow
a proper comparison. A line was defined in the middle of the phantom along the
readout direction and location-intensity curves were generated to study the slice
profile of the inversion pulses.

Efficiency evaluation

To assess the efficiency of the inversion pulses, simulated and experimental
inversion recovery curves were compared.

Simulated inversion recovery curves were generated for a wide range of flip
angles (θ going from 167◦ to 180◦ in increments of 1◦) considering Equation 2.3
and the T1 value obtained from the experimental data. The longitudinal
magnetization values obtained after the inversion pulses with different flip angles
were recorded.
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To obtain the experimental inversion recovery curve of the HS and FOCI pulses,
a sequence containing the SS inversion pulse, varying TIs and a bSSFP readout
was used. A total of 14 high resolution images were acquired, each one with a
different TI that ranged from 280 ms (minimum TI allowed by the sequence) to
5000 ms. The specific TI values were: 280, 400, 600, 800, 1000, 1200, 1400, 1600,
1800, 2000, 2500, 3000, 4000 and 5000 ms. A TR of six seconds was used to
allow for a complete magnetization recovery between acquisitions. The labeling
parameters of the adiabatic inversion pulses were kept constant: AC = 2 and β−µ
= 847.7 - 12.6.

During post-processing, all images acquired in the phantom experiment were
normalized by the image with longest TI, which was considered as baseline. Signal
intensity values and its corresponding inversion times were recorded and fitted
into Equation 2.3 to obtain the flip angle and T1 values of the phantom. These
analyses were performed on a ROI manually drawn in the center of the inversion
band and pixelwise.

3.2.2.3 bSSFP readout

The principle behind the bSSFP readout comes from a gradient echo sequence with
an extremely short TR, used to reduce acquisition time, in which the transversal
magnetization has not enough time to decay and is completely refocused by a
combination of fully balanced gradients. The pulse sequence consists of a fast
train of RF excitation pulses (TR << T2 < T1) alternated with periods without
excitation, in which a combination of fully balanced gradient patterns leads to
different steady states but no accumulated phase magnetization at the end of the
TR [87].

The pulse diagram of the bSSFP used in the sequence can be observed in Figure
3.8, where a first set of gradients is used for spatial localization and a second
set of gradients with opposed polarity is used to refocus the residual transverse
magnetization before the application of the next RF pulse.

Magnetization within every TR is a mixture of transversal and longitudinal
magnetization that after a certain number of repetitions, called transient phase,
reach a constant steady state which depends on the relaxation time ratio T2/T1,
the flip angle and the sensitivity to off-resonance [87]. This transient phase is
typically shortened with the use of a start-up or catalyzation period that consists
of a series of RF pulses with increasing flip angle excitation that precede the
readout. The steady state amplitude after the excitation pulse is given by equation
3.1, [48]:
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Figure 3.8: Sequence diagram of bSSFP readout. Balanced gradients are observed in each
of the encoding directions. RF: Radio frequency; Gslice: Slice selection gradient; Gphase: Phase
encoding gradient; Greadout: Frequency encoding gradient; TRbSSFP: Repetition time of the
bSSFP readout; θ: flip angle.

Mt(t) =√(
M0 · (1− E1) · E2 sin(θ) sin(w)

d

)2

+

(
M0 · (1− E1) · sin(θ)(1− E2 cos(w)

d

)2

(3.1)

where M0 is the equilibrium magnetization in the baseline image,
E1 = exp(−TRbSSFP

T1 ), E2 = exp(−TRbSSFP
T2 ), TRbSSFP is the repetition time of the

bSSFP, θ is the flip angle, w is the resonance offset angle variation and
d = (1− E1 · cos(θ)) · (1− E2 · cos(w))− E2(E1− cos(θ)) · (E2− cos(w)).

Based on equation 3.1, the steady state magnetization of the bSSFP readout
was simulated as a function of the resonance offset angle, considering the T1 and
T2 of myocardium for small (10◦) and large (70◦) flip angles.
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3.2.2.4 TR shortening and magnetization simulation

Labeled arterial blood that will perfuse the myocardium is one second earlier
entering in the left ventricle [61]. In FAIR labeling, it is assumed that blood
inverted in the SS inversion (control scheme), flows out the slice during the TI
before image acquisition.

We had experimentally quantified the time it takes for right ventricular blood
inverted in the imaging plane to reach the left ventricle with the analysis of a
first-pass imaging sequence in a representative subject. Figure 3.9 shows time-
intensity curves of the exogenous contrast tracer during its first passage through
the heart.

Figure 3.9: Time-signal intensity curves for myocardial and blood regions obtained
from a set of first-pass perfusion images acquired at rest for a representative subject.
One mid-ventricular slice is acquired every heartbeat (58 bpm or RR interval of 1034 ms). Regions
of interest were defined in blood in the right ventricle (Blood RV in blue color), blood in the
left ventricle (blood LV in red color) and septal myocardium (grey color). The time for GBCA
to go from the right ventricle (enters at second 5) to the left ventricle (enters at second 11) is
approximately 6 seconds. Both time points are represented by a yellow star in the time curve.
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For this specific example, it can be observed that the time it takes for the tracer
to flow from the right to the left ventricle is around six seconds, considering
a heartbeat of 58 bpm (RR interval of 1034 ms). Therefore, although blood
within the right ventricle is also labeled, by the time it reaches the left ventricle,
its magnetization is practically recovered and it will not have an effect in the
perfusion quantification.

However, incomplete magnetization recovery of arterial blood outside the
imaging slice, which is inverted every 2 TRs by the NS inversion pulse, can
partially saturate the blood magnetization, decreasing the ASL signal, especially
in the shorter TR scans.

A simulation was performed using custom MATLAB R2017b scripts to
evaluate the degree of saturation of the arterial blood magnetization outside the
imaging slice by the NS inversion pulses for three different TRs (TP1, TP2 and
TP3) covering a wide RR interval range from 0.80 to 1.50 seconds. The
evolution of the longitudinal magnetization of arterial blood outside the imaging
slice was calculated using Equation 2.1, where Mz(0) is the steady state value of
the longitudinal magnetization after the inversion pulse, M0 is the equilibrium
magnetization, t is time after inversion and T1 is the T1 of the arterial blood
(1.664 s at 3 T [50]).

3.2.3 MRI Protocol

Healthy volunteers were subjected to two cardiac MRI studies performed on
different days. In particular, 13 subjects were included in the analysis of the first
MRI scan and 11 of these subjects were able to repeat the MRI scan on a
different day. Both studies were separated on average by 141 ± 75 days. Table
3.2 shows the imaging protocol followed during both intersession cardiac MRI
scans.

In each visit, a localizer scan was run first, followed by a series of short axis scans
of the left ventricle in order to correctly determine the optimal mid-ventricular
slice for the ASL study. A baseline image was also acquired using the same ASL
sequence but without presaturation and inversion pulses for MBF quantification.
In this case, a minimum TR of 6 seconds was used to allow for magnetization
recovery. The sequence was also synchronized to the mid-diastolic cardiac phase
adjusting the TD. Heart rate and breathing rate were continuously monitored and
saved for subsequent analyses.

During the first visit, three ASL scans were run with different TRs but
maintaining a constant acquisition time of approximately 4 minutes.
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Table 3.2: Cardiac MRI protocol performed during the two intersession
MRI scans and approximate scan time per sequence.

Scan Time Cardiac MRI Protocol
1st visit 2nd visit

5 min Localizer Localizer
5 min CINE short axis CINE short axis

REST 1 REST 1
1 min Baseline Baseline
4 min ASL TP1: TR=2RR -
4 min ASL TP2: TR=4RR ASL TP2: TR=4RR
4 min ASL TP3: TR=6RR ASL TP3: TR=6RR

REST 2
4 min ASL TP2: TR=4RR
4 min ASL TP3: TR=6RR

5 min MILD STRESS
4 min ASL TP2: TR=4RR
4 min ASL TP3: TR=6RR

Localizer scans included two-chamber, four-chamber and short-axis
planes of the heart. TR: Repetition time. RR: Interval between two
consecutive R waves. The number of acquired ASL images was 120
for TP1 scan, 60 for TP2 scan and 40 for TP3 scan in both visits.

Considering RR as the interval between two consecutive R waves, effective TRs
were defined as follows:

1. TP1: TR = 2 RR, resulting in 120 images (60 ASL pairs).

2. TP2: TR = 4 RR, resulting in 60 images (30 ASL pairs).

3. TP3: TR = 6 RR, resulting in 40 images (20 ASL pairs).

During the second visit, TP2 and TP3 scans were performed twice at rest, in
order to evaluate reproducibility. In one volunteer, TP3 scans were not acquired
due to lack of time. TP1 scans were not performed during the second visit, because
analysis of the first visit data indicated this version of the sequence yielded the
lowest temporal SNR (tSNR). In addition, TP2 and TP3 scans were run during
passive leg elevation, in order to assess MBF differences between rest and mild
stress.

A wooden box with 50◦ elevation was used to passively raise the subject’s legs,
as shown in Figure 3.10. Leg elevation started 5 min before the corresponding
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ASL scan. TP scans were always alternated in the protocol to avoid any order
effect in the study.

Figure 3.10: Wooden box used for passive leg raising to achieve mild stress conditions
inside the MRI. On the left, wooden box with 50º elevation used to passively raise the subject’s
legs. On the right, a representative subject during the passive stress sequence of the cardiac ASL
study. Leg elevation started 5 min before the corresponding scan.

3.2.4 Motion correction

As scans were performed during free breathing, motion correction was an
important step in the post-processing pipeline. As a prior step, the first ASL
pair was discarded because magnetization had not reached the steady state. The
rest of the ASL images were registered applying a non-rigid transformation using
the Advanced Normalization Tools Software (ANTs), (open source software [88];
http://picsl.upenn.edu/software/ants). This registration algorithm
employs an intensity-based method, using voxel intensity values to determine
the alignment of the images. Package versions of ANTsR and extrantsR were
0.4.0. and 2.13.2.1, respectively. Due to the different signal intensities from the
label and control images, the following registration procedure was applied to
achieve optimal results (Figure 3.11), [89]:

1. one label-control pair with minimal motion was visually selected as a
reference pair and the control image was registered to the label image.

2. all labels were aligned to the reference label image.

3. all controls were aligned to the registered reference control image.

Image registration algorithms are characterized by a transformation model, a
similarity metric and an optimization criterion. In this study, a symmetric

http://picsl.upenn.edu/software/ants
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Figure 3.11: Non-rigid registration procedure followed using ANTs software.
Registration is performed in two steps: first a registration of a reference pair, control to label
registration (C ref to L ref yielding C ref reg), and second registration of label images to the
reference label (L ref) and control images to the registered reference control (C ref reg). For the
registration, a symmetric diffeomorphic normalization transformation with a gradient descent
step-size that varied across volunteers and a cross correlation metric were used [90, 91]

diffeomorphic normalization transformation with a gradient descent step-size
that varied across volunteers and a cross correlation metric were used [90, 91].
The transformation process between image pairs was performed until this metric
was no longer maximized or a fixed number of iterations was reached. The
metric was chosen because it is optimal for registration of images with locally
varying intensities, such as control-to-label registration, and also for registration
of label-to-label or control-to-control images, where robustness is required due to
unpredictable signal intensity changes [90]. For each volunteer, the method was
applied in a two-level multiresolution scheme. A regular sampling strategy was
used with a sampling percentage of 20%, which determined the number of
spatial samples to be used in each step.

3.2.5 Perfusion data analysis

After motion correction, all label and control registered images were visually
revised in order to discard those that had not been properly coregistered by the
motion correction algorithm and for which deformation was highly erroneous.
Subsequently, pairwise image subtraction and averaging were performed.

Then, a region of interest (ROI) covering the myocardium was manually drawn
based on the mean ASL image. Special care was taken not to select pixels that
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lied within the ventricles. Because of the high ASL signal within the ventricles,
partial voluming results in artificially high MBF values in the boundary voxels.
Avoiding voxels affected by partial voluming was a challenging task due to the
image resolution used in this study (3 x 3 x 10 mm3), especially in volunteers
with thin myocardial muscle (two from the 1st visit and four from the 2nd visit).
These volunteers were visually identified from the images acquired during the two
visits (Figure 3.12). As TD was manually set for each volunteer and visit with the
aim of acquiring images at mid-diastole, in some subjects, differences in cardiac
phase during the readout occurred between the two visits. The thickness of the
myocardium in the imaging slice was affected by the cardiac phase at which the
image was acquired in each of the visits, resulting in more pixels to average in a
more systolic phase and less in a diastolic phase. This explains why two volunteers
were classified differently from one visit to the other.

For those selected volunteers with thin myocardium, the manual ROI mask was
thinned to one pixel width (Figure 3.12). The average number of pixels in the
eroded masks was reduced by 31 ± 4%. For the rest of the volunteers, the original
ROI mask was employed.

Subsequently, to exclude perfusion-weighted images considered as outliers, the
ASL mean value was calculated within the corresponding ROI mask. When the
ASL mean value differed from the mean of the ASL time series by ± 2 standard
deviations (SD), the image pair was excluded. Individual perfusion images
obtained in each scan were averaged, after discarding outliers.

From the mean ASL image, MBF maps of the myocardium were estimated using
Equation 2.9, where ∆M is the mean ASL myocardial signal in the pixel; M0 is
the mean myocardial signal from the baseline image, averaged in the myocardial
ROI; TI is the inversion time (1 s) and T1 is the T1 of arterial blood (1.664 s at
3 T [50]).

The baseline image was not registered to the label and control space, so, to
obtain the MBF maps, the mean myocardial signal within the ROI was used as
reference. Voxel values that exceed 10 ml/g/min were discarded because they
were considered non-physiological.

From the data obtained during the first visit, mean ASL signal, tSNR (mean
ASL divided by the temporal SD of the ASL time series), MBF and the number
of discarded pairs after motion correction were calculated and compared among
the three scans.

In order to compare the results with those reported in the literature, an
additional parameter was calculated as the temporal SD of the MBF time series
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Figure 3.12: Short axis view planes acquired during the two intersession MRI scans
of the volunteers that participated in the study and example of a myocardial ROI
mask. Top rows show the short axis slices of the 13 volunteers that participated in the rest
study (first visit). Bottom rows show the short axis slices of the 11 volunteers that repeated the
MRI scan to participate in the passive stress and reproducibility study (second visit). The two
volunteers that did not repeat the MRI scan (subject 5 and 11) are represented with a black
box. In the first visit, volunteers 8 and 9 were identified as subjects with thin myocardium. In
the second visit, volunteers 2, 4, 8 and 9 were identified as subjects with thin myocardium. On
the right, overlapping of the original (white) and thinned (green) myocardial ROI masks.

divided by the square root of the number of pairs, as described by Zun et al.
[65].

Respiratory signals from the three ASL scans were analyzed to determine
which scan was more affected by respiratory motion. Respiration frequency was
measured from the Fast Fourier Transform of the respiratory signal. The mean
respiratory cycle duration was computed as the inverse of the respiration
frequency and divided by the effective TR of each scan.

3.2.6 Statistical analysis

Intrasession (intra) and intersession (inter) reproducibility of MBF measurements
at rest was evaluated by computing the coefficient of variation with the within-
subject standard deviation method (wsCV), as shown in the next Equation 3.2
[92, 93, 94]:
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wsSD =

√∑n
s=1(x1 − x2)2

2n

Mean =

∑n
s=1(x1 + x2)

2n

wsCV(%) =
wsSD

Mean
· 100

(3.2)

where n is the number of subjects, x1 and x2 are the duplicate MBF
measurements for each subject. Based on this equation, the following procedure
was performed (i) the group standard deviation or within-subject standard
deviation (wsSD) was computed as the square root of the sum of the squared
differences of the repeated measurements divided by two times the number of
subjects, (ii) the overall mean was calculated as the sum of the repeated
measurements divided by two times the number of data pairs, (iii) the wsCV
was obtained as the ratio of the group standard deviation to the overall mean.

For the intersession calculation, rest measurements from the first visit and the
average rest measurements from the second one were used. Volunteer two was
excluded from intersession reproducibility analysis due to large differences in the
short axis planes imaged during the two visits (Figure 3.12). Bland-Altman
analyses were also performed.

Finally, differences in MBF between average rest and stress measurements
obtained during the second MRI scan were evaluated. First, the data normality
was assessed. Subsequently, a paired Student’s t-test with one tail was used for
TP2 and a non-parametric Wilcoxon signed-rank test with one tail for TP3 to
compare measured rest and passive stress MBF values. In addition, the MBF
percentage change across subjects between rest and passive stress was computed
as the mean of the individual percentage changes, calculated as the difference
between passive stress and average-resting values divided by the average-resting
value and multiplied by 100. The group MBF difference (ml/g/min) was
computed as the mean of individual differences across volunteers between passive
stress and rest scans. For all analyses, a significance level of 0.05 was used.
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3.3 Results

3.3.1 ASL sequence optimization

3.3.1.1 Presaturation pulses

With regard to the presaturation pulses, three main comparisons were performed
between:

1. Sequences without Presat:
Section B of Figure 3.13 shows the theoretical behaviour of sequences
without Presat pulses and the use of short and long TR values. The
sequence with short TR shows different signal intensities across temporal
images caused by the insufficient time for magnetization recovery between
acquisitions, which specially affects the bottle with longer T1. On the
other hand, the long TR sequence shows similar signal intensity values
across images due to sufficient time for magnetization recovery between
acquisitions.

2. Sequences with Presat:
Section C of Figure 3.13 shows similar intensities in the sequences with
Presat pulses and both short and long TRs values. However, the first
image pair acquired in the short TR sequence shows slightly different
signal intensity values in comparison to the rest of the images, indicating
that it would need to be excluded from the analysis. This issue will equally
affect both label and control images.

3. Long TR sequences with and without Presat:
The diagrams to the right in section B and C of Figure 3.13 show a
comparison between the signal intensity of long TR sequences with and
without Presat pulses. Ideally, the signal obtained right after the
application of the Presat pulses would be practically zero, indicating good
saturation. This amount of signal for a T1 value closer to that of
myocardium ranges from 5% to 17%, which corresponds to an efficiency
between 83% and 95%.
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Figure 3.13: Experiment to test the efficiency of Presat pulses. (A) ROIs manually
drawn in the center of each phantom bottle to compute signal intensity curves across images;
(B) Comparison between sequences without Presat considering a short TR (left) and a long TR
(right); (C) Comparison between sequences with Presat considering a short TR (left) and a long
TR (right); In long TR sequences (without and with Presat pulses), the signal intensity values
of the first image are shown. The ratio of the two values for each ROI indicates the amount of
remaining signal after the application of the Presat pulses.

3.3.1.2 Adiabatic inversion pulses

Slice profile evaluation

Figure 3.14 shows the slice profile comparison between HS and FOCI adiabatic
inversion pulses at the zero-crossing point of the inversion recovery curve (600 ms)
for different parameter configurations.
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Figure 3.14: Experiment to evaluate the slice profile of adiabatic inversion pulses at
the zero-crossing point of the inversion recovery curve (600 ms) (A) Phantom images
with the applied SS (left) and NS (right) inversion bands and a red horizontal line in the readout
direction, representing the location where the slice profile was evaluated; (B) Slice profile obtained
from parameters: AC=1 and β − µ = 809 − 6.2, in SS (top) and NS (bottom) images; (C) Slice
profile obtained from parameters: AC=2 and β − µ = 809 − 6.2, in SS (top) and NS (bottom)
images; (D) Slice profile obtained from parameters: AC=2 and β−µ = 847.7− 12.6, in SS (top)
and NS (bottom) images; HS pulse is represented in red and FOCI pulse is represented in blue.
A zoom over the inversion band has been performed in both SS and NS images.

Sections B and C of Figure 3.14 show two different adiabatic condition
amplitude values (AC=1 and AC=2) and constant Beta-Mu parameters
(β = 809 and µ = 6.2). It can be seen that when the minimum required
amplitude is used (AC=1), the adiabatic condition is not verified and the
resulting inversion is inefficient for both pulses. It can also be observed that
whereas the inversion of HS is uniform across the entire band, FOCI experiences
higher inversion closer to the edges. This behaviour has been previously
reported in brain studies [95]. The efficiency of FOCI at the center of the band
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is also lower, but comparable to HS pulse. With the use of a higher amplitude of
twice the minimum required value (AC=2), the achieved inversion is uniform
and highly efficient for both pulses.

Sections C and D of Figure 3.14 show two different Beta-Mu configuration
values (high BW: β − µ = 847.7 − 12.6 and low BW: β − µ = 809 − 6.2) and a
constant amplitude (AC=2). In the lower BW configuration, the slice profile of
FOCI is slightly sharper than that of HS in both SS and NS images. Differences
are minimal in the higher BW configuration, although FOCI provides a slightly
better slice profile in the NS scheme.

Efficiency evaluation

Figure 3.15 shows the experimental fitting analyses performed on the ROI and
pixelwise. In both cases, it can be seen that inversion efficiency is very similar
between pulses based on the fitted flip angle values, although slightly higher in
the center of the band for HS.

Figure 3.15: Experiment to evaluate the efficiency of adiabatic inversion pulses in
terms of flip angle. (A) ROI drawn in the center of the inversion band used to perform
the subsequent analyses; (B) Experimental data points acquired at varying inversion times
for both HS (red) and FOCI (blue) adiabatic inversion pulses; (C) Fitting obtained from the
experimental inversion recovery curves, represented with the dashed line. The first two intensity
points belonged to the negative side of the inversion recovery curve and its sign was corrected;
(D) Pixelwise flip angle map in radians of the entire inversion band obtained from the fitting
procedure for HS (left) and FOCI (right); Sequence parameters: AC=2; β−µ = 847.7 - 12.6; 14
inversion times that ranged from 280 ms to 5000 ms.
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Table 3.3 shows the experimental fitted parameters (95% confidence bounds)
obtained in the ROI drawn within the inversion band.

Table 3.3: Fitted parameters obtained from the inversion recovery experiments for HS and FOCI
pulses: flip angle (FA), T1 and intensity after inversion.

Fitted Parameters HS FOCI

FA (º) 174 (164 - 180) 168 (163 - 174)
(95% confidence bounds)

T1 (ms) 824 (814.7 - 833.2) 802 (792.6 - 812)
(95% confidence bounds)

Intensity after inversion -0.99525 -0.97972

Considering that a perfect inversion corresponds to a flip angle of 180◦, the
inversion efficiency obtained from the fitted flip angles is about 96.67% (91.11%
- 100%) for HS pulse and about 93.33% (90.55% - 96.67%) for FOCI pulse. The
residuals of the fitted model (difference between experimental and predicted data)
were slightly higher in the beginning of the fitted curve indicating that more points
could have been acquired. With regard to the goodness of fit statistics, the sum
of squares error was closer to zero for both pulses, indicating a good fit. R2 is 0.99
for both pulses, meaning that the model is successfully explaining the variation
of the data.

Table 3.4 shows the simulated Mz values after an inversion recovery pulse for
various flip angles.

Table 3.4: Simulated longitudinal magnetization (Mz) values obtained after the application of
an inversion recovery pulse for various flip angles (FA).

FA 180◦ 179◦ 178◦ 177◦ 176◦ 175◦ 174◦

Mz -1 -0.9998 -0.9993 -0.9986 -0.9975 -0.9945 -0.9925

FA 173◦ 172◦ 171◦ 170◦ 169◦ 168◦ 167◦

Mz -0.9961 -0.9902 -0.9876 -0.9848 -0.98163 -0.9781 -0.9743

The fitted experimental intensities obtained after the HS and FOCI inversion
pulses were -0.9952 and -0.9797, respectively. Based on the simulated data, these
values correspond to approximate flip angles of 174◦ for HS and 168◦ for FOCI.
These results are in concordance with those previously presented considering only
the experimental data.
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3.3.1.3 bSSFP readout

According to the cardiac MRI literature, bSSFP is the preferred readout for
assessing cardiac function with cine imaging at 1.5 T because of its high contrast
to noise ratio (CNR) between blood with high signal and myocardium with low
signal. This CNR is close to a factor of two in comparison to standard gradient
echo, allowing a better endocardial segmentation [96].

Its parameters have also been optimized at 3 T to minimize field inhomogeneities
and off-resonance artifacts. The main recommendations include the use of shorter
TR (2 - 4 ms) to avoid artifacts due to off-resonance, which in the left ventricle can
be up to 260 Hz [97], moderate to high flip angles (40◦ -70◦), localized shimming
and resonance frequency determination to minimize off-resonance over the heart
[98]. SNR and CNR depend on the excitation flip angle and on the T1 and
T2 of blood and myocardium. Optimal excitation angles of 60◦ or higher are
recommended for higher SNR, if allowed by the specific absorption rate (SAR)
requirements of the study.

Figure 3.16 shows the simulated transverse magnetization of the bSSFP for the
T1 and T2 values of myocardium and blood.

Figure 3.16: Steady state transverse magnetization of the bSSFP readout as a function
of the resonance offset angles (in degrees). Two different flip angle values (θ) are
considered: 70◦ is represented by the solid line and 10◦ is represented by the dashed line. Red
curves represent arterial blood and blue curves represent myocardial tissue; (A) 3 T, where T1/T2
values are 1664/275 ms and 1052/45.1 ms for blood and myocardium, respectively; (B) 1.5 T,
where T1/T2 values are 1434/130 and 950/52.8 ms for blood and myocardium, respectively.
Transition bands (dark bands) appear close to 0◦ and 360◦, whereas pass bands appear centered
at around 180◦. bSSFP: balanced steady state free precession. TRbSSFP = 2.3 ms

It can be seen that for large flip angles (70◦), a large and more uniform signal
is obtained for a wider range of resonance offset angles close to 180º. However,
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for smaller flip angles (10◦), a large signal is obtained only close to 0º or 360º.
Therefore, small variations of off-resonance are not problematic when using large
flip angles.

The determination of the optimal resonance frequency allows to shift away
dark bands from the heart region. This is typically performed by using a
frequency scout sequence that acquires a stack of bSSFP images with different
offset frequencies [99]. This allows the user to visually select the one that
optimally minimizes the appearance of these artifacts within the heart, as shown
in Figure 3.17.

Figure 3.17: Frequency scout sequence at 3 T. In this sequence, six different images have
been acquired with a varying resonance frequency, ranging from 75 Hz to -50 Hz. In this case, it
can be seen how the sequence with a frequency offset of -50 Hz shifts away the dark band artifact
of the bSSFP readout from the region of the myocardium.

Other artifacts of the bSSFP, apart from the already mentioned dark bands,
are out of plane coherency and through-plane transient artifacts. The first ones
are created by spins moving out the imaging plane and the second ones by spins
moving into the imaging plane at the position of a dark band [98].

In the myocardial ASL sequence, bSSFP singleshot readout acquisitions are
required. These, as opposed to segmented acquisitions, allow one to acquire an
entire slice during a single heartbeat (or RR interval). However, their duration
must not exceed the quiescent period in which the heart remains still and
motionless. To adapt the readout duration to this small acquisition window,
image resolution is typically compromised. However, there are other strategies,
such as parallel imaging or partial Fourier techniques that have been successfully
applied to reduce the readout duration, as shown in Figure 3.18.
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Figure 3.18: Parallel imaging and partial Fourier techniques. (A) Readout diagram
comparison without (top) and with (bottom) GRAPPA parallel imaging. Considering a 96 x 96
matrix, the readout without GRAPPA acquires every single line (represented in white, from 1
to 96), whereas the readout with GRAPPA (acceleration factor = 2 and reference lines = 24)
acquires one line every two from 1 to 36 and from 61 to 96 (represented in blue), but every single
line comprised between 37 and 60 (represented in white); (B) Images obtained by sampling 5/8
and 6/8 of the K-space with Partial Fourier techniques.

The use of parallel imaging techniques, such as GRAPPA, allow one to reduce
the number of phase encoding lines that need to be acquired. In GRAPPA, this
is allowed by reconstructing the information that has not been acquired based on
phase array coil data [100]. For example, considering a GRAPPA acceleration
factor of two with 24 integrated reference lines, the integrated reference lines
sampled the center of K-space, which contains the low frequency information. At
the edges of K-space, which contain high frequency information, only one line
every two are acquired to minimize the readout duration. Considering a 96 x 96
matrix, the readout without GRAPPA acquires every single line (from 1 to 96),
whereas the readout with GRAPPA (acceleration factor = 2 and reference lines
= 24) acquires one line every two from line 1 to 36 and from line 61 to 96, but
every single line comprised between line 37 and line 60.

The use of partial Fourier techniques during acquisition also allows to reduce
acquisition time, by taking advantage of the fact that information in K space
is redundant, as the K-space data possess Hermitian symmetry. Based on this
principle, only one part of K space is collected and the rest of it is reconstructed.
In Figure 3.18, it can be observed that when sampling only 5/8 of the K space,
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the quality of the images degrades considerably, specially in the label scheme.

3.3.1.4 TR shortening and magnetization simulation

In Figure 3.19, the longitudinal magnetization of blood outside the imaging slice
is represented for all TP scans for an RR interval of one second. Steady state
values of Mz/M0 at the point of the control readout are a function of the RR
interval, with ranges: [0.64-0.82] for TP1, [0.84-0.92] for TP2 and [0.94-0.99] for
TP3, respectively.

As it can be seen, blood magnetization has completely recovered in the TP3
scan, but for TP1 and TP2 is partially saturated. This affects the ASL signal,
although the degree of saturation is low for TP2.

Figure 3.19: Simulated longitudinal magnetization (Mz/M0) of arterial blood outside
the slice for TP1 (top), TP2 (middle) and TP3 (bottom) acquisitions. Black
arrows represent the non-selective (NS) and selective (SS) inversion pulses for label and control
acquisitions, respectively. Green boxes represent imaging readouts. Steady state values of
Mz/M0 at the point of the control readout are 0.69, 0.90 and 0.97 for TP1, TP2 and TP3,
respectively for an RR interval of one second.
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3.3.2 Rest Study

In Figure 3.20, a color scale MBF map of the myocardium is shown overlaid on
the mean ASL image from a representative subject. Measured MBF values at rest
were heterogeneous among volunteers. No extreme outliers were found, as it can
be seen in the boxplots.

Figure 3.20: MBF map of the myocardium ROI and Boxplots for perfusion
measurements. (A) MBF is displayed in color scale in the ROI pixels of the myocardium
in units of ml/g/min and overlaid on the mean ASL image; (B) Box plot and data points of the
MBF values (ml/g/min) at rest obtained from the 13 healthy volunteers during the 1st visit.
Boxes represent the interquartile range (25-75%). The whiskers extend to the most extreme data
points not considered outliers. No extreme outliers were found. The highest points that appear
in all TPs represent the same two volunteers.

There was neither much heart rate nor respiratory variations across scans, as
shown in Table 3.5.

In Table 3.6, the average values from the 13 healthy volunteers which underwent
the first MRI study are presented. Particularly, mean and SD of the ASL signal
time series, tSNR of the ASL signal time series, MBF, SD of the MBF signal time
series divided by the square root of the number of pairs (SD MBF/

√
Np) and the

number of discarded image pairs.

TP2 and TP3 mean ASL signal and resting MBF values were very similar.
Measured MBF values were consistent with those presented in the literature,
where a range of 0.73 – 2.43 ml/g/min has been reported for asymptomatic human
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Table 3.5: Individual heart rate and respiratory cycle characteristics
of the 13 volunteers during the rest MRI study.

Age Sex HR Respiratory
(y) (bpm) cycle (s)

1 23 M - -
2 26 F 62.75 ± 1.25 3.93 ± 0.17
3 27 M 65.03 ± 1.76 5.45 ± 1.14
4 26 M 54.01 ± 0.36 3.42 ± 0.23
5 28 M 39.62 ± 1.37 3.09 ± 0.12
6 26 M 73.83 ± 4.02 3.55 ± 0.28
7 27 M 59.02 ± 0.74 3.60 ± 0.50
8 26 M 53.71 ± 0.36 3.74 ± 0.40
9 24 F 45.48 ± 1.16 3.25 ± 0.25
10 22 M 57.86 ± 1.83 2.81 ± 0.19
11 26 F 55.59 ± 0.94 4.86 ± 0.07
12 27 M 70.08 ± 1.90 3.50 ± 0.39
13 27 M 70.66 ± 1.37 4.37 ± 0.44

Average 26±2 58.97 ± 1.42 3.80 ± 0.35

Age in years (y), Sex, Heart rate (HR) in beats per minute
(bpm) and Respiratory cycle duration in seconds (s). Mean and
SD of HR and respiratory cycles were calculated across all scans
(TP1, TP2 and TP3). From the first volunteer no physiological
data were recorded.

subjects at rest [20]. TP1 MBF values were lower due to saturation of the ASL
signal and therefore, incorrect MBF quantification when assuming in Equation
2.1 a complete magnetization recovery in label and control images.

When comparing mean ASL values obtained from the MRI experiment
normalized to the TP3 scan (Table 3.7) with the arterial blood magnetization
simulation results, a similar pattern can be observed. This indicates that the
lower ASL signal and corresponding MBF values measured in TP1 scans are
attributable to saturation of the arterial blood outside the slice, due to the
shorter TR. The experimental TP2 and TP3 values are more similar than
expected from the simulation results.

tSNR values measured from the TP2 and TP3 scans were also very similar and
higher than the tSNR values obtained from the TP1 scan. In order to assess which
of the scans was more sensitive to respiratory motion, respiratory signal values
from all the sequences of the first visit were analyzed.
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Table 3.6: Comparison of myocardial perfusion measurements at rest, obtained with sequences
with different TRs (TP1, TP2 and TP3).

First visit - Rest

ASL ASL MBF MBF
Mean SD tSNR Mean SD/

√
Np

TP1 7.77 ± 5.36 5.36 ± 2.33 1.61 ± 1.17 1.47 ± 0.91 0.14 ± 0.05
TP2 11.53 ± 8.50 5.11 ± 2.30 2.65 ± 2.14 1.95 ± 0.93 0.19 ± 0.10
TP3 11.61 ± 8.74 4.96 ± 2.85 2.65 ± 1.87 1.94 ± 1.41 0.23 ± 0.14

First visit - Rest

Discarded pairs (%)
Total Visually Time series

TP1 10 ± 5 5 ± 7 3 ± 2
TP2 10 ± 7 7 ± 7 3 ± 3
TP3 15 ± 15 10 ± 15 0 ± 5

Values are given as mean ± standard deviation across subjects. TP1 (TR = 2 RR);
TP2 (TR = 4 RR); TP3 (TR = 6 RR); mean and SD of the ASL signal time series;
tSNR: temporal SNR; MBF: myocardial blood flow; SD MBF/

√
Np: SD of the MBF

signal time series divided by square root of the number of image pairs (60 pairs for TP1;
30 pairs for TP2 and 20 pairs for TP3). The number of discarded pairs is reported in
percentage in three columns: in total, and separated by the two methods used (visually
and based on the mean ± 2SD of the ASL time series).

Table 3.7: Comparison of experimental and simulated results.

RR TP1 TP2 TP3
(s) (TR=2RR) (TR=4RR) (TR=6RR)

Simulation
0.80 0.64 0.84 0.94
1.00 0.69 0.90 0.97
1.50 0.82 0.92 0.99

Experiment 0.67 0.99 1.00

Simulated values correspond to the arterial blood magnetization at the time
of the control readout for three different TRs covering the RR interval range
of the volunteers in this study. Experimental results correspond to the mean
ASL signal and have been normalized to TP3.
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In Figure 3.21, the respiratory cycle duration of each volunteer divided by the
effective TR of each of the scans has been depicted. Mean and standard deviation
values across subjects are 1.84 ± 0.37 (TP1), 1.02 ± 0.19 (TP2) and 0.66 ± 0.17
(TP3). These results indicate that the respiratory cycle duration on average is
very close to an integer number of the TP2 TR. Therefore, in a free breathing
acquisition, TP2 should be less affected by the heart position changes due to
respiratory motion.

Figure 3.21: Respiratory cycle duration divided by the effective TR of each scan
(TP1, TP2 and TP3) across volunteers. The respiratory cycle was calculated through the
Fast Fourier Transform of the respiratory signal. Physiological data from 12 volunteers from the
first visit is presented. Data from the first volunteer was missing. Mean and standard deviation
values across subjects are 1.84 ± 0.37 (TP1), 1.02 ± 0.19 (TP2) and 0.66 ± 0.17 (TP3).

3.3.3 Reproducibility

In Figure 3.22, Bland-Altman plots show intrasession and intersession
reproducibility results for TP2 and TP3 scans.

Intra and intersession mean MBF difference ± 2 SD of the differences are -0.06
± 1.28 ml/g/min and -0.47 ± 2.43 ml/g/min for TP2 and -0.07 ± 1.97 ml/g/min
and -0.40 ± 1.22 ml/g/min for TP3, respectively.

The calculated intrasession wsCV was 17.15% for TP2 and 24.17% for TP3.
The intersession wsCV was 36.86% for TP2 and 18.38% for TP3.

For TP2, wsCV values were lower in the intra- than in the intersession scans
and estimated limits of agreement are narrower, as expected. For TP3, however,
similar values were obtained between intra and intersession scans.
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Figure 3.22: Bland-Altman plots of measured MBF at rest. Intrasession (left) and
intersession (right) for TP2 (top) and TP3 (bottom) scans. For the intrasession calculation, rest
measurements acquired during the second visit were used. For the intersession calculation, rest
measurements from the first visit and the average rest measurements from the second visit were
used.

3.3.4 MBF during passive stress

Mean MBF was found to increase with passive leg elevation by 0.22 ± 0.41 ml/
g/min for TP2, while a difference of 0.01 ± 0.99 ml/g/min was obtained for TP3.

Therefore, mean MBF increased by 24.13% ± 45% for TP2 (P=0.037 1-tailed
paired Student t-test) while the mean MBF for TP3 presented a non-significant
difference of 9.50% ± 58% (P=0.82 1-tailed non-parametric Wilcoxon signed-rank
test) with regard to resting average values.

In particular, for TP2 MBF measurements during stress were higher than the
average resting perfusion measurements in 8 subjects, comparable in 1 subject
and lower in 2 subjects (Figure 3.23).

Mean HR increment between rest and stress sequences can be considered
negligible (3%, P=0.15 2-tailed Student t-test).

The MBF change between the two resting scans was 0.75% ± 31% for TP2 and
3.20% ± 51% for TP3. Lack of normality and skewness in the data were assessed
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Figure 3.23: MBF values from average rest and passive stress measurements obtained
during the second MRI scan (TP2 scan). MBF measurements during passive stress are
higher in 8 subjects, comparable in 1 subject and lower in 2 subjects. The perfusion increment
between average rest and passive stress measurements was found to be significant (p=0.037, 1-
tailed paired Student t-test). Volunteers 5 and 11 did not repeat the MRI scan and, therefore,
they have not been included in the graph.

visually. However, when working with the difference between stress and average
resting MBF values, normality of TP2 values was observed.
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3.4 Discussion

In this work, the implemented myocardial ASL sequence was optimized in
phantom experiments and validated in healthy subjects at 3T. In phantom
studies, the efficiency of Presat pulses was assessed. Then, the performance of
HS and FOCI adiabatic pulses was compared in terms of slice profile sharpness
and inversion efficiency. Subsequently, the optimal bSSFP parameters were
determined. Finally, the effects of shortening the TR of the sequence were
simulated for a range of RR intervals. The sequence validation in healthy
subjects showed feasible MBF measurements at rest and during passive stress.
TP2 acquisition (with an effective TR of 4 cardiac cycles) appeared to be the
best strategy, with reasonable tSNR and less sensitivity to motion than the
other two evaluated methods.

The use of Presat pulses showed that signal intensity values are independent
of the TR for all but the first couple of images. For this reason, the first two
images would need to be discarded because of not having reached the steady
state. This issue will affect equally to both label and control images. In addition,
the efficiency of Presat pulses varied between 83% and 95% for a T1 range of 648
to 1848 ms.

The phantom evaluation of adiabatic inversion pulses showed that the minimum
amplitude needs to be two times the adiabatic condition (AC=2) in order to
achieve higher inversion efficiency. The sharpness of the slice profile was slightly
increased with the use of a higher bandwidth parameter configuration. Due to the
fact that this translates into higher energy deposition, the appropriate selection
of this parameters will depend on the specific absorption rate limits of the cardiac
MRI study. FOCI showed a slightly sharper slice profile than HS pulse, specially
in the NS scheme. The quantified efficiency of these pulses was 97% (91% -
100%) for HS pulse and 93% (91% - 97%) for FOCI pulse. In future work, it
would be interesting to extend the validity of this experiment to the presence of
off-resonance.

According to the literature, typical bSSFP readout parameters included the
use of shorter TR (2-4 ms) and moderate to high flip angles (40º - 70º). In
addition, the use of either parallel imaging, such as GRAPPA, or partial Fourier
techniques has been previously used to reduce its duration to minimize the effects
of cardiac motion, especially in subjects with higher heart rates. To achieve
better results and reduce field inhomogeneities, the optimal frequency offset of
the readout can be tuned with the acquisitions of a frequency scout sequence and
the use of localized shimming, especially at 3T.

The sequence validation in healthy subjects showed feasible MBF
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measurements at rest and during passive stress. TP2 acquisition (with an
effective TR of 4 cardiac cycles) appeared to be the best strategy, with
reasonable tSNR and less sensitivity to motion than the other two evaluated
methods. Although most previous studies have used a multiple breathhold
strategy, adequate breathholding can be problematic for patients with
cardiovascular disease and limits the time available for acquiring a high number
of label-control pairs. In addition, when performing multiple breathholds,
misregistration may still occur depending on patient cooperation. Thus, a free
breathing myocardial ASL technique like the one evaluated in this work is
desirable for MBF measurements in patients. In previous work, a free breathing
FAIR ASL navigator gated sequence was described, in which a navigator-echo
was used to synchronize breathing and imaging [62]. In this approach, the use of
navigator gating avoided the need for breathholding, but resulted in an
increased and unpredictable scan duration. Thus, this study provides the first
evaluation of free breathing FAIR cardiac ASL, without navigators.

In most previous studies using single TI acquisitions and despite breathholding
duration limitations, a minimum TR of 6 seconds has been widely adopted in order
to assure complete magnetization recovery of the label. These results suggest that
TR can be shorten to four cardiac cycles (TP2), while offering similar mean ASL
and MBF values than those obtained when the sequence is run with a longer TR of
six cardiac cycles (TP3). This finding could be interesting for both breathholding
and free breathing strategies, especially during stress conditions since a shorter
TR would allow the acquisition of a larger number of label-control pairs in the
same scan time.

The values of tSNR and of the parameter SD MBF/
√
Np, measured at rest, are

similar to those reported in the literature [65, 72]. TP1 yielded the lowest mean
ASL signal of the three acquisitions due to the saturation of the label and also
the lowest tSNR, most likely influenced by an increased sensitivity to respiratory
motion, which can be visually observed when playing the acquired images as a
video loop. This was confirmed by the analysis of the respiratory traces, which
showed that on average, there was a lower synchrony of respiration and image
acquisition for TP1 than for TP2. The low ASL signal of TP1 data translated
into low MBF values, since no correction for saturation due to the short TR was
attempted in this work. Several signal models for quantification of blood flow in
FAIR with short TR have been previously proposed [101, 102], however they were
not used here, because the TP1 strategy provided the lowest temporal SNR and
was therefore not employed in the reproducibility and stress studies.

The effects of cardiac and respiratory in-plane motion were minimized during
post-processing by using a non-rigid registration algorithm. This step is critical for
a free breathing acquisition. Moreover, after automatic registration, detection of
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outliers was performed in two steps, first by visual inspection in order to validate
warped contours from the myocardium and discard those deformations highly
erroneous, and secondly by analyzing the ASL time series data and discarding
ASL pairs whose perfusion signal exceeded the mean ± 2 SD limits. However, no
significant differences in MBF values were obtained when working only with the
mean ± 2 SD exclusion criterion. The number of discarded pairs was computed for
the data acquired at rest and it reached only 10% (TP1 and TP2) to 15% (TP3)
of the acquired label-control pairs. The low number of discarded pairs reflected
the satisfactory performance of the registration algorithm. However, registered
images were slightly blurred due to interpolation of the pixel intensities when
transforming the displaced image to the new orientation.

It would be interesting in future work to compare results between this free
breathing FAIR technique and steady pulsed ASL introduced by Capron et al.
[75], which was also applied during free breathing, since in their work, these
authors compared the spASL data to FAIR ASL data acquired during
breathholding and therefore limited to six label-control pairs.

One of the advantages of ASL against the first-pass technique is repeatability.
But few studies have assessed ASL reproducibility both intrasession and
intersession. In this study, we obtained a intrasession wsCV of 17.15% for TP2,
which is similar to results reported in two previous single ECG gating FAIR
studies, 21.8% [62] and 13% [72]. Also a intersession wsCV of 36.86% was
obtained for TP2, which is higher than reproducibility values of 16% reported by
Keith et al. [72]. Intersession values are poorer than intrasession values, as
expected, due to several factors including, repositioning the subject, reshimming
and physiologic perfusion differences. Finally, MBF changes during passive leg
elevation measured with TP2 were comparable to those reported in previous
work [65] and the MBF differences were more robust than those measured with
TP3.

There are several limitations to be acknowledged. First, only a small number
of healthy subjects were recruited for this study. Obtained mean MBF values
during the first visit are consistent with those from the literature (measured with
oxygen-15 labeled water (H15

2 O) PET, the gold standard in human myocardial
perfusion determination [20]), but particularly in concordance with the high values
of the interval normal range. This could be partly due to partial volume artifacts
caused by the proximity of the left ventricle blood pool to the myocardium, which
have been minimized, but not solved with the ROI mask erosion. Future FAIR
implementations may overcome this problem by using increased spatial resolution.
Other options to diminish the effects of partial voluming would be to employ a
different tagging approach to exclude the ventricles or to use crushing gradients.
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In addition, even though the deformable registration used in this study
minimized the effects of cardiac motion, the influence of through plane motion
on the myocardial ASL signal has not been investigated in this work. This could
be evaluated in future studies, by acquiring long axis planes and measuring the
long axis shortening of the left ventricle during free breathing [103].

In conclusion, the applicability of the ASL sequence optimized and validated
in healthy subjects is feasible. A TR of around 4 seconds (TP2 scan) offers the
best alternative with similar mean ASL and tSNR than a longer TR acquisition,
because it seems to be less affected by respiratory motion in free breathing
acquisitions and it allows to acquire more images in the same scan time. This
could be beneficial, especially to measure MBF during stress conditions, where
shorter scan times are desirable.
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Chapter 4

Reduction of motion effects

4.1 Introduction

Cardiac MRI data acquisition is challenging due to the presence of motion that
appears as the combination of the cyclic variation of the heart rate, respiratory
breathing patterns and other involuntary movements that translate into image
blurring and quality degradation. In particular, the movement of the heart along
the longitudinal or long axis direction, from base towards the apex, is called
through-plane motion. Its quantification is of special interest due to the fact that
it cannot be retrospectively corrected after the acquisition of the common stack
of 2D short axis slices, which are perpendicular to this direction.

Several prior works have attempted to non-invasively quantify cardiac motion
with MRI, mainly using tissue-tagging or velocity mapping techniques in
combination with multiple breathhold measurements [104, 105, 106, 107]. The
left ventricular wall performs three main movements during the course of a
cardiac cycle, which consist in shortening, thickening and twisting along the long
axis of the heart. In addition, the twist or rotation of the base and apex is done
in opposite directions [104]. The degree of deformation or strain of the heart is
typically expressed in three dimensions (radial, circumferential and longitudinal)
[105], as depicted in Figure 4.1. Thickening and shortening represent a positive
and a negative radial strain value, respectively. During the cardiac cycle, the
maximum through-plane average motion between end-diastole and end-systole
has been quantified to be 12.8 ± 3.8 mm at the base level, 6.8 ± 2.1 mm at
mid-ventricular level and 1.7 ± 2.1 mm at the apex [106]. Regarding myocardial
segments, both the inferior [106] and lateral wall [107] have been found to be the
most affected by cardiac motion.

81



82 Chapter 4. Reduction of motion effects

Figure 4.1: Ventricular motion of the heart experienced during a cardiac cycle. From
base to apex, the base level of the left ventricle twists counterclockwise, whereas the apex twists
clockwise. The degree of deformation of the heart is expressed in three different dimensions,
known as radial, circumferential and longitudinal.

The natural breathing pattern at rest, also called tidal breathing, causes
motion in the heart mainly through the diaphragm and chest wall movements.
The respiratory rate in healthy adults typically varies between 12 and 24 breaths
per minute [108], which equals to a respiratory cycle duration of between 2.4 and
5 seconds. The highest degree of respiratory motion has been found to occur
mainly in the superior-inferior direction with a displacement (mean ± standard
deviation over 10 subjects) of around 18.1 ± 9.1 mm in comparison to the 2.4 ±
1.5 mm quantified in the anterior-posterior direction [109]. This further
contributes to the degree of in-plane and through-plane motion of cardiac
images.

In myocardial ASL, perfusion-weighted images are obtained from the
subtraction between control and label images, and, thus, ASL signal is sensitive
to motion not only across the temporal series but also between image pairs. In
addition, through-plane motion can be especially problematic in the acquisition
of control images. In particular, in FAIR, it can prevent the slice-selective
inversion pulse from labeling the image plane, causing signal from static tissue
not being properly inverted and consequently contributing to an overestimation
of the perfusion signal. This situation is commonly prevented with the use of an
increased slice-selective volume containing the image plane and two gaps of
equal size above and below it, which assures that the image slice is inverted
despite the presence of a certain degree of respiratory motion. Nevertheless,
there is a need to reduce subtraction errors due to motion effects during image
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readout and thus, avoid signal blurring in the acquired low resolution images.

Cardiac motion has been typically tackled with the use of prospective ECG
gating, meaning that the sequence only starts after the R-wave peak of the ECG
is detected. For this purpose, two approaches have been used in myocardial ASL
studies. The first one, named single gating [65, 66, 70, 73], allows gating image
acquisition to the diastolic cardiac phase and it benefits from the use of a fixed
inversion time during the sequence. However, the timing of the inversion pulse
gets compromised in the presence of heart rate variability. The second one, named
double gating [61, 71], permits to gate both inversion and image acquisition to the
same cardiac phase by using two independent triggers within the same sequence
TR. This scheme is more robust to heart rate variations, but requires to take into
account the variability of inversion times for MBF quantification.

Respiratory motion has been typically tackled with breathholding
[65, 66, 70, 72, 73], navigator-gating [62] or free breathing [110] strategies
followed by non-rigid registration approaches. Breathholding removes
respiratory motion but introduces a time limitation for the acquisition of
perfusion images, which is restricted to one ASL image pair per breathhold of
about 12 heartbeats. This requires the use of multiple breathholds to average
the perfusion signal and increase SNR. Navigator-gating strategies serve as a
method to synchronize the end-expiratory phase of the respiration with imaging.
However, a low navigator acceptance rate can lead to extremely long scan times.

Synchronized breathing has been successfully employed in abdominal MRI
imaging, particularly in renal ASL to minimize respiratory motion, while
allowing long acquisition times [111]. However, this strategy is less extended in
cardiac ASL, where only one study has benefited from its use in healthy humans
[61]. Synchronized breathing techniques require the subject’s cooperation to
perform a short breathhold during the timing of inversion and image acquisition
while normal breathing is allowed in the remaining time of the sequence.
Therefore, this technique is expected to minimize the degree of through-plane
motion caused during tidal breathing in a similar fashion to breathholding, while
allowing the acquisition of a greater number of images.

In patient populations with difficulty in holding their breath, free breathing
acquisitions are often preferred. These need to be combined with a registration
step to minimize the encountered motion. However, through-plane motion might
affect to a greater extent to the acquired 2D images. Registration approaches
can be divided based on its complexity into rigid (considering only rotations,
translations, scale factors and shears operators) and non-rigid (considering also
deformations or stretching operators). For cardiac applications, it has been shown
that rigid registrations cannot entirely compensate the tissue deformations of the
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heart [112], thus non-rigid approaches are typically used. The registration of a
stack of multiple images, such as the ones acquired with ASL, can be performed
using two different approaches, named pairwise or groupwise, according to the
way the temporal images are aligned to each other.

The pairwise approach requires the selection of a reference or fixed image to
which the other images are registered. Motion in cardiac ASL images has been
typically minimized in this manner, with label and control images being
independently registered due to their intensity contrast differences [110, 89].

The groupwise approach, successfully employed in the registration of other
quantitative MRI images such as T1 mapping [113], performs a single
registration to align the multiple images at once. Thus, it has the advantage of
incorporating temporal information into the registration procedure and it
reduces the bias introduced by the choice of a fixed reference image in the
pairwise registration methods.

The objectives of this study were to (1) investigate the use of synchronized
breathing acquisitions in myocardial ASL without the need of registration
techniques, (2) explore the impact of motion detection and motion correction
algorithms together with the performance of pairwise and groupwise non-rigid
registration approaches in both synthetic and in vivo ASL images and (3) assess
intrasession reproducibility of the quantified MBF measurements.

For this purpose, we performed a rest cardiac MRI study in 12 healthy
volunteers at 3T. The imaging protocol consisted in acquiring ASL images under
three different breathing strategies: breathhold, synchronized breathing and free
breathing. Two series of ASL acquisitions were acquired from each strategy to
assess within-subject intrasession reproducibility. In the synchronized breathing
series, images corrupted with motion were detected and discarded. In both the
synchronized breathing and free breathing original series, motion was minimized
with the use of non-rigid registration, in which both pairwise and groupwise
approaches were implemented.
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4.2 Methods

For this study, 12 healthy volunteers (age (mean ± SD) 29 ± 3 years; 6 males, 6
females) underwent a cardiac MRI study on a 3 T system (Magnetom Skyra,
Siemens Healthineers, Erlangen, Germany). Written informed consent was
obtained in accordance with the Ethics Committee of the University of Navarra.

4.2.1 ASL sequence

A flow-sensitive alternating inversion recovery (FAIR) ASL sequence was
employed to image a mid-ventricular short axis slice of the myocardium. The
sequence comprised four presaturation pulses followed by a hyperbolic secant
adiabatic inversion pulse, which was alternated between non-selective (NS) and
slice-selective (SS) for label and control acquisitions, an inversion time of one
second and a single-shot balanced steady state free precession (bSSFP) readout
with fat saturation. The NS inversion slab thickness was 390 mm and the SS
inversion slab thickness was 30 mm to minimize the effects of motion.

Imaging parameters were: matrix size = 128 x 104, FOV = 300 x 243 mm2,
isotropic pixel size = 2.34 x 2.34 mm2, slice thickness = 10 mm, flip angle = 70◦,
GRAPPA-2 integrated with 24 reference lines, TE = 1.23 ms, TRbSSFP = 2.39
ms, readout duration = 150 ms and BW = 908 Hz/pixel.

The sequence used single ECG gating. Ideally, both the inversion and image
readout of the ASL sequence should take place during the mid-diastolic cardiac
phase. This was attempted with the use of a specific time delay, adjusted for
every subject according to its particular RR interval. This time delay was verified
at the beginning of each sequence to deal with the possible heart rate variations
that might occur during the scanning session.

4.2.2 Breathing strategies and MRI protocol

Three breathing strategies were used during the acquisition of the ASL image
series, as it can be seen in Figure 4.2:

� Breathhold (BH): Subjects were asked to perform a short breathhold
during the acquisition of one pair of label and control images. A total of six
breathholds (∼ 12 s duration/each) were performed and the time between
breathholds was set to 6 s to allow for full magnetization recovery. This
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resulted in the acquisition of a total of 12 images and it allowed comparison
with other previous ASL studies.

� Synchronized Breathing (SB): Subjects were trained before entering
the scanner to synchronize their respiration to the effective TR of the
sequence without further guidance. This TR was set to 5 seconds to allow
for magnetization recovery and ease respiratory synchronization.
Respiratory synchronization was performed in three different steps: (1)
wait for the first image readout sound, (2) inspire and expire normally for
about two to three seconds, and (3) perform a short breathhold until the
next readout sound. In this manner, the breathhold duration included
both the inversion pulse and the image acquisition. Subjects were told to
expel all the air from their lungs before performing the breathhold in order
to acquire images with the diaphragm in the end-expiratory position of the
respiratory cycle. A total of 62 images were acquired. Prior to this
sequence, a shorter version, comprising only six image acquisitions, was
acquired to train volunteers in the task of recognizing the sounds.
Feedback was given according to the degree of motion seen in the acquired
images.

� Free Breathing (FB): Subjects were asked to breathe normally during
acquisitions. A total of 62 images were acquired. Repetition time was set to
5 seconds to allow for comparison with synchronized breathing sequences.

Depending on the breathing strategy, motion was expected to affect the ASL
sequences differently. Although cardiac motion should equally influence all
datasets regardless of the breathing strategy, respiratory motion was expected to
be minimized in the breathhold and synchronized breathing strategies, in which,
unlike free breathing, there is an effort to freeze motion due to respiration.

Two series of ASL acquisitions were acquired from each breathing strategy to
assess intrasession reproducibility. The breathing strategy order was alternated
among volunteers to avoid any possible order effect in the study. A baseline image
(without presaturation and inversion pulses) was independently acquired within
a breathhold for each ASL sequence.

The complete MRI session comprised around 40 minutes of imaging. The
specific scan times for each sequence are detailed in Table 4.1.
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Figure 4.2: Breathing strategies employed during the acquisition of ASL images. (A)
Cardiac gating employed during all ASL sequences, regardless of the breathing strategy; Three
breathing strategies were used: (B) Breathhold: a short breathhold was performed during the
acquisition of one pair of label and control images. (TR ∼ 6 s); (B) Synchronized breathing:
subjects were trained to synchronized their respiration with the effective TR of the sequence
(TR ∼ 5 s). This was performed in three steps for every image acquisition: wait for the first
image readout sound, inspire and expire normally for about 2 to 3 seconds, and perform a short
breathhold until the next readout sound occurs. The dashed line represents the trained breathing
pattern that was synchronized with the effective TR of the myocardial ASL sequence; (C) Free
breathing: subjects were asked to breathe normally during acquisitions. (TR ∼ 5 s)

Table 4.1: Cardiac MRI protocol and approximate scan time per sequence.

Cardiac MRI Protocol

Scan Time Sequence Total number of images

5 min Localizer
5 min CINE short axis
2 min Frequency scout scan

2 min ASL BH (x 6) 12 + 1 BL (TR∼6s)
2 min ASL BH (x 6) 12 + 1 BL (TR∼6s)

2 min ASL SB training + Feedback
5.3 min ASL SB 62 + 1 BL (TR∼5s)
5.3 min ASL SB 62 + 1 BL (TR∼5s)

5.3 min ASL FB 62 + 1 BL (TR∼5s)
5.3 min ASL FB 62 + 1 BL (TR∼5s)

Localizer scans included two-chamber, four-chamber and short-axis planes of the
heart. BH: Breathhold (2 images per BH); SB: Synchronized breathing; FB: Free
breathing; BL: Baseline.
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4.2.3 Data processing

For each perfusion-weighted image obtained during the BH strategy, a myocardial
ROI was manually delineated to obtain global perfusion measurements. Therefore,
the effects of respiratory motion between perfusion-weighted images, for example
due to differences in the diaphragm position between breathholds, were minimized.

The extrapolation of this task to series with a larger number of acquired images
takes more effort and is more prone to errors. Therefore, in this study there was
a special focus in the steps of motion detection and motion minimization for the
SB and FB strategies before proceeding with the perfusion data analysis that
required the manual delineation of a single myocardial ROI on the average image.

4.2.3.1 Motion detection and removal

The degree of respiratory motion during SB was dependent on the performance of
each subject and during FB was present across all images. Therefore, the amount
of respiratory motion within each ASL sequence was evaluated individually.

The respiratory phase at which the images were acquired can be identified based
on the position of the diaphragm. During inspiration, air gets into the lungs and
the diaphragm contracts and descends. Conversely, during expiration, air gets
out of the lungs and the diaphragm relaxes and moves up.

To evaluate respiratory motion, a point within the anterior myocardial segment
was manually selected in an image acquired at expiration, as shown in Figure 4.3.
The presence of motion along the superior to inferior direction of the short axis
image was indicated by an intensity change at this point, which varied between
the intensity of myocardium (gray) and lungs (black).

To quantify the degree of respiratory motion, the mean and standard
deviation intensity of this point across images was recorded and the coefficient of
variation (CVPoint) computed as the ratio of the standard deviation to the mean
multiplied by 100. Based on this parameter, sequences were classified as having
low (CVPoint ≤ 10%) or moderate (CVPoint > 10%) motion. Within the group of
low motion sequences, no outliers were discarded. However, in the group of
sequences classified as having moderate motion, image outliers were identified as
those whose signal intensity at this point was below the mean across images
minus two standard deviations (SD). These images, together with their
corresponding label or control image pair, were excluded from the subsequent
analysis.
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Figure 4.3: Respiratory motion detection procedure. (A) Top images show the respiratory
movement of the diaphragm. During inspiration, air gets into the lungs and the diaphragm
contracts and descends. During expiration, air gets out of the lungs and the diaphragm relaxes
and moves up. Bottom images show the position of the heart at each respiratory phase. The
x symbol represents the selected point in the anterior segment. (B) Short axis images of the
heart in a representative volunteer. On the left, an image acquired during expiration. On the
right, an image acquired during inspiration. In the middle, signal intensity across the superior
to inferior (S-I) direction and along the temporal series of images. The blue arrow points to a
representative image acquired during inspiration containing gray signal from the myocardium at
the selected point. The red arrow points to a representative image acquired during expiration
containing black signal from the lungs at the selected point.

To compare the degree of motion presented in the SB and FB datasets, the
average (CVPoint and number of detected outliers) of the two intrasession datasets
were computed, as it can be observed in Figure 4.4.
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Figure 4.4: Results obtained from the respiratory motion detection procedure. (A) The
CVPoint represents the average coefficient of variation between the two series of ASL acquisitions.
This is depicted for both SB (in blue) and FB (in orange) strategies. The CVPoint was significantly
greater in the average FB dataset when compared to the average SB dataset (p=0.04, Wilcoxon
signed-rank test). (B) Analysis of the number of detected outliers to be discarded for the average
SB and FB datasets. In both, there was an initial number of 30 perfusion-weighted images
acquired for all subjects, after discarding the first image pair due to incomplete magnetization
recovery. The number of detected outliers was also found to be significantly greater for the FB
dataset (p=0.03, Wilcoxon signed-rank test).
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The mean ± SD across subjects of the CVPoint parameter was 21 ± 18% and
35 ± 13% for the SB and FB strategies, respectively. The CVPoint was found to
be significantly greater for the FB strategy (p=0.04, Wilcoxon signed-rank test).

The mean ± SD across subjects of the percentage of detected outliers was 16
± 16% and 30 ± 10% for the SB and FB strategies, respectively. The average
number of detected outliers was also found to be significantly greater for the FB
strategy (p=0.03, Wilcoxon signed-rank test).

Therefore, with the goal of discarding the minimum number of images, outliers
identified in this step were only discarded in the SB strategy and analyzed without
further motion minimization steps. In particular for the SB strategy, the CVPoint

showed low motion in 10/24 sequences and moderate motion in 14/24 sequences.

4.2.3.2 Motion correction

An intensity-based non-rigid registration was used to minimize motion in the
original set of images acquired with both the SB and FB strategies prior to the
perfusion data analysis. Registration was applied on every series of acquisitions,
based on a pairwise and groupwise approach. The performance of both approaches
was evaluated in synthetic and in vivo ASL images.

Pairwise registration

The pairwise registration approach consisted in registering each image of the
dataset (termed moving images) to a previously selected reference image
(termed fixed image).

In this work, the reference image pair (one label and one control) was
automatically selected, as shown in Figure 4.5. The following steps were
performed: (A) apply a canny edge filter to every image to detect its edges; (B)
define a manual ROI outside the myocardium over the average edge image. This
step is done once; (C) define a manual ROI inside the myocardium over the
average edge image. This step is done once; (D) subtract the ROI created in
step B from the ROI created in step C to create a new mask covering the entire
myocardium. This step is done once; (E) multiply ROI mask created in step D
by the all the individual edge images; (F) compute the cross-correlation between
label and control edge images and choose the image pair with highest correlation
(represented as a green point in the graph).
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Figure 4.5: Procedure to automatically select the reference image in a pairwise
registration. The following steps were performed: (A) apply a canny edge filter to every
image to detect its edges. Edges appear in green overlaid over a control image; (B) define a
manual ROI outside the myocardium over the average edge image. This step is done once; (C)
define a manual ROI inside the myocardium over the average edge image. This step is done once;
(D) subtract the ROI created in step B from the ROI created in step C to create a new mask
covering the entire myocardium. This step is done once; (E) multiply ROI mask created in step
D by the all the individual edge images; (F) compute the cross-correlation between label and
control edge images and choose the image pair with highest correlation (represented as a green
point in the graph).

Once the reference image pair was selected, the reference control image was
registered to the reference label image.

Subsequently, label and control images were separated and independently
registered to their corresponding reference image due to the different intensity
contrast. In total, 60 different pairwise registrations were performed, 30 labels
with regard to the fixed reference label and 30 controls with regard to the
registered fixed reference control.

The baseline image was not registered. Specific registration parameters are
specified in Table 4.2.
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Groupwise registration

The groupwise registration approach was based on a principal components
analysis (PCA) metric that relied on the fact that intensity at each pixel of the
image can be described by a low dimensional signal model (represented by a
small number of high eigenvalues) without having prior knowledge of the specific
model [113]. In this manner, the groupwise method was expected to differentiate
between the alternating intensity changes of ASL (low intensity in label images
and high intensity in control images) and the presence of motion. This approach
allowed a simultaneous registration of the entire stack of images, including the
baseline image, incorporating temporal information into the procedure. The
transformation was optimized by minimizing the PCA metric.

To compute PCA, temporal ASL images are represented as data points in a
matrix (M) of dimensions N (number of voxels per image) x G (total number of
ASL images), as shown in Figure 4.6.

Figure 4.6: Groupwise registration based on a PCA metric. On the right, the series of
ASL images (baseline and label-control image pairs) masked around the heart. The red box
represents the same pixel across the stack of images, whose intensity can be described by a low
dimensional quantitative model. On the left, the data matrix (M) that represents the entire set
of ASL images organized in columns.

The data correlation matrix (K) is calculated from the M matrix following the
next equation:

K =
1

N − 1

∑−1
(M − M̄)T · (M − M̄)

∑−1
(4.1)

where M̄ is a matrix of column-wise averages of M and
∑

is the diagonal matrix
with the standard deviations of each column of M. When correctly coregistered,
K should follow the particular ASL intensity model, represented by temporally
alternating low (label) and high (control) intensity values. Deviation from the
expected model will be due to motion. PCA is calculated on K to obtain the
corresponding eigenvalues (λ), which represent the explained variance of the data
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along the new principal components. These eigenvalues are sorted in descending
order so that the first explain higher variance than the last ones.

Figure 4.7 shows the first ten eigenvalues obtained from both the SB and FB
ASL datasets in a representative subject. It can be seen that the first eigenvalue
explains 99.95% of the data variability in the SB set (representing low motion)
and 97.95% in the FB set without registration (representing high motion). In the
SB set, the variability explained from the fourth eigenvalue on is lower than 10−3,
indicating that there is a lower degree of motion present in the temporal set of
images.

Figure 4.7: Comparison of the first ten eigenvalues obtained with PCA from a
set of images acquired under FB (with motion) and SB (with low motion) in a
representative subject. Eigenvalues are sorted in descending order so that the first indexes
explain higher variance than the last ones. For the SB series, the first eigenvalue explains 99.95%
of the data, whereas for the FB series the first eigenvalue explains 97.95% of the data.

A dissimilarity metric (DPCA) is defined as follows [113]:

µ̂ = arg min(DPCA(µ));

DPCA(µ) = G−
L∑
j=1

λj(µ)
(4.2)

where j is the rank of eigenvalues, λj is the jth eigenvalue of K, µ is a set
of transformation parameters and the constant L is a user defined parameter
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(1<L<G). By minimizing a cost function based on DPCA, images are transformed
by a set of parameters (µ) so that the eigenvalue spectrum of K approaches the
spectrum of an aligned set of images.

Registration comparison

To fairly compare the results obtained from both approaches, both registrations
were run under the same open source software, called Elastix (Binaries 490) [114].

Groupwise registration parameters were adapted from those used in Huizinga
et al. [113] for the registration of T1-MOLLI images of the heart, which were
made publicly available in the Elastix parameter file database [115]. Pairwise
registration parameters were chosen to be as similar as possible to ease comparison
with the groupwise approach.

The specific registration parameters used in this study, such as similarity metric,
transformation model, resolutions and optimizer, are specified in Table 4.2 for
both registration approaches.

Table 4.2: Parameters used in the groupwise and pairwise non-rigid registrations of ASL
images.

Registration Particular parameters Common parameters

Groupwise � PCA Metric; Number of � 2 resolutions with a
eigenvalues (L) = 3 downsampling factor of
� B-Spline stack transform 2 and 1 for x-y dimensions
with a final grid spacing of 32

Pairwise Reference images: � 1000 iterations were
� Mutual Information (MI) set for the adaptive
metric stochastic gradient
� B-spline transform with descent optimizer.
a final grid spacing of 32
All images:
� Normalized correlation
coefficient (CC) metric
� B-spline transform with
a final grid spacing of 32

In the pairwise registration approach: (1) reference images involve the registration of
the reference control to the reference label image; (2) all images involve the registration
of first, the entire set of label images to the reference label and then, the entire set of
control images to the registered reference control.
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Synthetic data

Synthetic ASL data were created based on the resolution and image appearance
of the in vivo images acquired for this study, as shown in Figure 4.8. In particular,
the images were designed to resemble a heart with a myocardial thickness of 3
to 4 pixels width in a mid-ventricular short axis slice. For this purpose, specific
intensity values were assigned to four different regions: LV and RV blood pool
cavities, myocardium and background. Based on these intensities, two different
synthetic sets can be differentiated:

� Set 1. Simulating no perfusion signal: LV and RV blood (255 in control
and 42 in label images), myocardium (85) and background (0).

� Set 2. Simulating ∼ 4% of perfusion signal: LV and RV blood (255 in
control and 42 in label images), myocardium (85 in control images and 82
in label images) and background (0). Myocardial perfusion-weighted signal
has been reported to amount between 1% to 8% in label compared with
control acquisitions, assuming perfusion rates between 0.5 to 4 ml/g/min
and field strengths of 1.5 T - 3 T [60].

No motion was included within the label and control image pair, but between
the different image pairs. In this manner, the first pair of images remained fixed
(position 0) and the subsequent pair of images were slightly moved from this
position by 3, 5 and 8 pixels in the superior-inferior direction. The final pair was
moved 5 pixels and strained to 90% of the heart size in the right-left direction.

Subsequently, both sets of synthetic images were corrupted with noise (Gaussian
distribution with zero mean and 1.30 standard deviation assuming intensity ranges
between 0 and 255), to achieve similar SNR to that of in vivo images. The goal
was to evaluate if noise affected the performance of the registration.

In the pairwise approach, the first image pair was chosen as the reference.
After pairwise and groupwise registrations, a manual ROI was defined in the
myocardium over the mean ASL image. Special care was taken not to include
pixels within the ventricular blood pool.

The performance of both registrations approaches in synthetic data was
evaluated by comparison at the myocardium of mean intensity values and the
percentage of accuracy error, computed as the absolute difference between
measured and reference intensity divided by the reference intensity and
multiplied by 100.
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Figure 4.8: Synthetic ASL data created to compare the performance of the
registration approaches. Label and control images were created by assigning known intensity
values. This set of 10 synthetic ASL images simulates no perfusion signal with the following
intensities for RV and LV blood (255 in the control and 42 in the label images), for myocardium
(85) and for background (0). The first pair of images remained fixed (position 0) and the
subsequent pairs of images were moved from this position by 3, 5 and 8 pixels in the superior-
inferior direction. The final pair was moved 5 pixels in the superior-inferior direction and strained
to 90% of the heart size in the right-left direction.

In vivo data

Prior to registration, in vivo images were first masked around the myocardium to
remove unnecessary background information that might hinder the alignment, as
shown in Figure 4.9. Circular masks were made large enough around the heart
to ensure the inclusion of the entire organ despite the presence of respiratory
motion. This masking was especially relevant for the groupwise registration, as
performed in other works [113]. If not performed, a right-left shift was encountered
between label and control images, probably as a alignment result of arterial blood
contained in other blood vessels present in the short axis plane. In vivo image
perfusion analysis and evaluation is explained in more detail in the next section.

Figure 4.9: Masking performed around the myocardium of in vivo ASL images before
the non-rigid registration step. From left to right, a representative baseline, label and control
image of one of the volunteers.
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4.2.3.3 In vivo perfusion data analysis

Eight different in vivo datasets were compared, which included all breathing
strategies and post-processing steps previously mentioned. As shown in Table
4.3, these datasets were: BH (original), SB (original, after motion detection &
removal and after motion correction with groupwise and pairwise approaches)
and FB (original and after motion correction with groupwise and pairwise
approaches).

Table 4.3: Eight in vivo perfusion datasets defined based on the breathing strategy (breathhold
(BH), synchronized breathing (SB) or free breathing (FB)) and post-processing steps performed
prior to the data analysis (motion detection and motion correction).

In vivo Perfusion Datasets

Motion Correction
Original Motion Detection Groupwise Pairwise

and Removal approach approach

BH BHO x x x
SB SBO SBDD SBG SBP

FB FBO x FBG FBP

For each perfusion dataset, control and label images were pairwise subtracted
and averaged. ROIs covering the entire myocardium were manually drawn in the
average perfusion-weighted image for the SB and FB strategy datasets and in the
individual image pairs for the BH strategy dataset. For the baseline image, an
independent ROI of the myocardium was manually drawn in all datasets, except
in those that the baseline image was simultaneously registered to the ASL series
during the groupwise approach.

For SB and FB datasets, the first image pair was discarded because
magnetization had not reached the steady state. Further outliers in the
temporal ASL series were excluded if deviated from the mean by more than two
standard deviations.

Mean myocardial ASL signal was obtained from the remaining images for all
datasets. MBF was quantified following Equation 2.9, where ∆M is the mean
myocardial ASL signal; M0 is the myocardial signal from the baseline image,
averaged in the myocardial ROI; TI is the inversion time (1 s) and T1 is the T1
of arterial blood (1.664 s at 3 T [50]).

In vivo perfusion data assessment was done by comparison of the MBF
variability found across subjects and intrasession reproducibility. The coefficient
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of variation of MBF measurements (CVMBF) was computed as the ratio of the
MBF standard deviation to the mean.

4.2.4 Statistical analysis

To statistically compare the in vivo perfusion datasets, the following steps were
performed. For all the analyses a significance level of 0.05 was used.

First, non-parametric tests were used due to the lack of normality in the data.
In particular, a Friedman test was used to compare the average of MBF
repeated measurements with a single factor and eight different levels, obtained
from the datasets defined in Table 4.3. Twenty-eight post-hoc comparisons
between levels were performed with the Wilcoxon-signed rank test adjusting
p-values with the Hochber correction, a less conservative method due to the
large number of comparisons encountered in this analysis.

The within-subject coefficient of variation (wsCV) was computed to evaluate
the reproducibility of the two intrasession measurements acquired for each subject,
as computed in Equation 3.2 [92, 93, 94].

Finally, Bland-Altman plots were computed to analyze the agreement between
measurements.
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4.3 Results

4.3.1 Evaluation of motion correction in synthetic images

Figure 4.10 shows the myocardial intensity values across synthetic images obtained
after registration, considering that even numbers correspond to label (L) and odd
numbers to control (C) images. In the set with no perfusion, low variability is
observed across images. In the set with ∼ 4% of perfusion, an alternating label-
control zigzag pattern can be observed.

Figure 4.10: Intensity values within the myocardium obtained after registration of
synthetic images. The even image numbers correspond to label (L) and the odd image numbers
to control (C) schemes. (A) Set 1, representing no perfusion signal without and with added
Gaussian noise. Reference myocardial intensity was 85; (B) Set 2, representing 4% perfusion
signal without and with added Gaussian noise. Reference myocardial intensity was 85 in control
and 82 in label images; Groupwise registration (G) is represented in blue. Pairwise registration
(P) is represented in pink.

Table 4.4 shows the average myocardial intensity values and the percentage of
accuracy error encountered with respect to the reference intensities of the
myocardium after the registration of synthetic images.

Interestingly, the average signal observed after the registration in the perfusion-
weighted images, measured as the subtraction between control and label images
(C - L), underestimated the true reference value. This result was consistent in
both sets, with and without perfusion, and regardless of the presence of noise in
the images.
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Table 4.4: Average intensities values within the myocardium and encountered accuracy errors with
respect to the reference values of the myocardium obtained after registration of synthetic data.

SET 1 (NO PERFUSION)

Average intensity signal Accuracy error (%)

ASL R After After After After
groupwise pairwise groupwise pairwise

N
o

n
o
is

e

L 85 83.78 ± 0.30 84.56 ± 0.04 1.44 ± 0.35 0.52 ± 0.05
(83.32 – 84.06) (84.49 - 84.60) (1.11 - 1.97) (0.47 - 0.60)

C 85 83.43 ± 0.16 84.42 ± 0.33 1.85 ± 0.18 0.68 ± 0.38
(83.23 – 83.64) (83.84 - 84.58) (1.60 - 2.08) (0.49 - 1.37)

C-L 0 -0.35 ± 0.39 -0.14 ± 0.29 - -
(-0.62 – 0.32) (-0.65 - 0.01)

N
oi

se

L 85 83.91 ± 0.36 84.61 ± 0.14 1.28 ± 0.42 0.46 ± 0.17
(83.29 – 84.16) (84.42 - 84.79) (0.99 - 2.01) (0.25 - 0.59)

C 85 83.54 ± 0.10 84.40 ± 0.39 1.71 ± 0.18 0.70 ± 0.46
(83.37 – 83.63) (83.74 - 84.68) (1.61 - 1.92) (0.38 - 1.49)

C-L 0 -0.37 ± 0.42 -0.20 ± 0.29 - -
(-0.72 – 0.32) (-0.68 - 0.08)

SET 2 (∼ 4% PERFUSION)

Average intensity signal Accuracy error (%)

ASL R After After After After
groupwise pairwise groupwise pairwise

N
o

n
oi

se

L 82 82.29 ± 0.68 81.57 ± 0.05 0.76 ± 0.35 0.52 ± 0.05
(81.58 - 82.95) (81.50 - 81.62) (0.48 - 1.15) (0.47 - 0.61)

C 85 83.82 ± 0.07 84.42 ± 0.33 1.38 ± 0.08 0.68 ± 0.38
(83.71 - 83.89) (83.84 - 84.58) (1.31 - 1.51) (0.49 - 1.37)

C-L 3 1.53 ± 0.62 2.84 ± 0.29 48.87±20.81 5.17±9.50
(0.91 - 2.22) (2.34 - 3.00) (26.09-69.71) (0.06-22.08)

N
o
is

e

L 82 83.13 ± 0.13 81.66 ± 0.07 1.38 ± 0.16 0.41 ± 0.09
(83.04 - 83.36) (81.58 - 81.77) (1.27 - 1.65) (0.29 - 0.51)

C 85 85.00 ± 0.27 84.40 ± 0.32 0.23 ± 0.20 0.70 ± 0.37
(84.53 - 85.22) (83.35 - 84.62) (0.04 - 0.55) (0.44 - 1.35)

C-L 3 1.87 ± 0.40 2.74 ± 0.38 37.80±13.46 8.85±12.22
(1.18 - 2.14) (2.09 - 3.03) (28.67-60.79) (0.85-30.40)

Values are presented as Mean ± SD across five images pairs (min – max). The column
named “ASL” indicates the type of image: label (L), control (C) or subtraction between
control and label (C-L) images. The column named “R” indicates the reference intensity of
the myocardium in the original synthetic images.
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The accuracy error in the perfusion-weighted images (C-L), indicated in bold in
Table 4.4, was particularly high in the groupwise approach with a value of 48.87
± 20.81% versus the 5.17 ± 9.50% encountered in the pairwise approach without
noise. In the presence of noise, this accuracy error decreased to 37.80 ± 13.46% in
the groupwise approach, and increased to 8.85 ± 12.22% in the pairwise approach.
These results suggest that the errors introduced by the groupwise registration are
close to the level of perfusion signal simulated in the synthetic dataset.

4.3.2 Qualitative evaluation of motion correction in in vivo
images

Figure 4.11 shows the comparison between an original SB dataset, obtained from
a sequence classified as low motion, and an original FB dataset together with its
registered versions (groupwise and pairwise) for a representative volunteer.

Figure 4.11: Motion effects comparison between the original SB dataset (sequence
classified as low motion) and the original and registered versions (groupwise and
pairwise) of the FB dataset for a representative volunteer. (A) Representative image
with a cross-mark in the anterior myocardial point; (B) Intensity of the selected point across
temporal images; (C) Mean ASL image; and (D) Standard deviation (SD) of ASL images; It
can be observed that SD is higher for the original FB set prior to the registration. The original
datasets have also been masked for better image comparison.

First, the temporal variation of the signal in a point within the anterior
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myocardial segment is shown across the entire stack of images. On the right
panels, the mean and SD of the average perfusion-weighted images is depicted,
from where the ROI of the myocardium is manually drawn in the SB and FB
datasets.

It can be observed that SD is higher for the original FB images due to the
presence of motion, which is successfully reduced with the use of non-rigid
registration techniques. Results obtained with both the pairwise and groupwise
approaches are visually comparable to the original SB set.

4.3.3 MBF quantification

Quantitative MBF values found in this study, after the application of motion
detection and motion correction steps, are consistent with those presented in PET
literature [20]. Figure 4.12 shows the pixelwise MBF maps of the myocardium
obtained for a representative subject.

Figure 4.12: MBF maps of the myocardium obtained from different ASL datasets.
MBF is displayed in color scale in the ROI pixels of the myocardium in units of ml/g/min and
overlaid on the mean ASL image. SBDD: synchronized breathing set without detected outliers,
FBG: free breathing set combined with groupwise registration, FBP : free breathing set combined
with pairwise registration.

Figure 4.13 shows boxplots of MBF measurements obtained for each dataset of
the perfusion analysis. The Friedman test revealed significant differences (p=5.65
·10−8) in the average MBF measurements across datasets. Post-hoc comparisons
showed that these differences lied between the original FB series and all other
(p=0.05 for all comparisons), but the original SB dataset.

Considering the boxplots of the individual intrasession MBF measurements, it
can be observed that the first sequence in the original SB dataset presents
higher variability across subjects. This variability is reduced in the second
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Figure 4.13: Boxplots of the myocardial perfusion measurements across subjects for
the different datasets. (A) Average perfusion measurements between the two series of ASL
acquisitions for the different datasets. *Indicates statistically significant differences between
datasets (p=0.05). (B) Perfusion measurements obtained for each series of ASL acquisitions
(first series is represented in blue and second series is represented in orange). The black line
within the box indicates the median value. Boxes represent the interquartile range (25-75%).
The whiskers extend to the most extreme data points not considered outliers. Outliers are
represented as black dots.

sequence, which could be related to the fact that repetition helped subjects in
the performance of the synchronization. This large variability across subjects is
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reduced after discarding image outliers based on the signal intensity variation of
the point in the anterior segment. In comparison, the original FB dataset
presents similar variability across subjects between both series of acquisitions,
indicating similar breathing patterns.

The quantitative values presented in Table 4.5 restate that the standard
deviation of MBF across subjects is higher in the original SB and FB datasets
with average values of 0.86 ml/g/min and 1.27 ml/g/min, respectively. This is
reduced after motion detection and motion correction. Another interesting
aspect is that the pairwise registration approach presents lower variability across
subjects than the groupwise approach. This aspect is also observed in the
computed CVMBF.

Table 4.5: Comparison of myocardial perfusion measurements obtained with the different
datasets.

Mean MBF SD MBF CVMBF (%)
(ml/g/min) (ml/g/min)

Acq1 Acq2 Avg Acq1 Acq2 Avg Acq1 Acq2 Avg

BHO 1.00 1.09 1.04 0.28 0.25 0.24 28 23 25
SBO 2.23 1.72 1.90 1.23 0.71 0.86 55 41 48

SBDD 1.57 1.50 1.53 0.43 0.18 0.28 28 12 20
SBG 1.20 1.19 1.19 0.50 0.41 0.42 42 35 38
SBP 1.42 1.29 1.36 0.45 0.33 0.35 32 26 29
FBO 3.81 3.50 3.66 1.76 1.01 1.27 46 29 37
FBG 1.26 1.23 1.25 0.35 0.34 0.30 28 27 27
FBP 1.41 1.28 1.35 0.32 0.22 0.24 22 17 20

Mean, standard deviation (SD) and coefficient of variation of MBF measurements
(CVMBF) across subjects are computed. Acq1, Acq2 and Avg represent the first, second
and average series of ASL acquisitions.

4.3.4 Reproducibility

Table 4.6 shows the wsCV of the intrasession measurements obtained across
subjects for each dataset.

Table 4.6: Comparison of the within-subject coefficient of variation (wsCV) of the intrasession
measurements obtained across subjects for each of the datasets.

BHO SBO SBDD SBG SBP FBO FBG FBP

wsCV (%) 16 40 16 20 19 25 17 14
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The breathholding, synchronized breathing after detecting and discarding
respiratory outliers and the free breathing series after pairwise registration
yielded the best reproducibility results with a wsCV of 16%, 16% and 14%,
respectively.

Figure 4.14 shows the Bland-Altman plots of global MBF measurements for all
perfusion datasets.

A lack of agreement can be observed in the original SB and FB perfusion
measurements with perfusion discrepancies of up to 3 ml/g/min observed in the
reported 95% confidence intervals of (-1.56 to 2.56) for SBO and (-2.37 to 2.97)
in FBO. For SB and FB datasets after motion detection or motion correction
and for BH measurements, mean ± 2SD limits of agreement are much narrower,
indicating more confident measurements and no significant bias.
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Figure 4.14: Bland-Altman plots comparing global myocardial perfusion in the in vivo
datasets.
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4.4 Discussion

In this study, ASL images were acquired using different breathing techniques,
named BH, SB and FB. Prior to the perfusion data analysis, motion detection
and motion correction steps were applied to the SB and FB datasets. Motion
detection was performed based on the intensity variation of a point located in
the anterior myocardial segment. Motion correction was carried out with the
application of two different non-rigid registration approaches, named pairwise and
groupwise, whose performance was compared in synthetic data, determined from
the intensity accuracy error obtained after registration, and in vivo data, based
on the intrasession reproducibility and perfusion variability across subjects. The
implementation of the groupwise approach in myocardial ASL images was feasible,
allowing the simultaneous registration of the baseline, label and control images.
The implementation of the pairwise registration approach was also feasible and
the bias introduced by the choice of a reference image was minimized with the
automatic selection of the highest correlated label-control image pair.

Comparing the SB data with and without motion detection, it could be
observed that motion corrupted images acquired in the inspiratory phase of the
respiratory cycle were better detected with the suggested procedure than with
the “mean ± 2SD” criterion applied over the ASL series for the identification of
extreme outliers. The motion detection approach was only used in the SB
dataset because, if applied to the FB dataset, a large number of images should
have been discarded, subsequently resulting in a very low SNR. The number of
detected outliers obtained with this approach is similar to those detected by
Capron et al. [75] with a retrospective image exclusion algorithm based on the
cross-correlation of myocardial contours.

With regard to the motion correction performance in the synthetic perfusion
datasets, experiments showed that accuracy error after groupwise registration
found in the difference image (C-L) was comparable to the level of perfusion signal
that could be encountered in myocardial ASL. In addition, the average intensity of
the myocardium in the perfusion-weighted images was more underestimated after
groupwise than after pairwise registration. Based on these results, the pairwise
approach could be considered a more optimal implementation for the motion
correction of myocardial FAIR ASL images, which agrees with the experimental
outcome obtained from in vivo datasets. The results obtained from synthetic data
would need to be further tested in an extended analysis, which could include (1)
a higher number of images to evaluate the variability of the measurements, (2)
a larger amount of different transformations ranging from translations to shear
operators that would affect the entire set of images, (3) different noise levels and
(4) a wide range of perfusion signals covering from 1 to 8% in order to account
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for different myocardial perfusion rates.

This finding indicating the superior performance of the pairwise over the
groupwise registration approach in myocardial ASL images was unexpected.
There are several possible explanations for this result.

The pairwise approach registers all images by repeatedly optimizing the
transformation of each pair independently. On the contrary, the groupwise
approach registers all images in a single optimization procedure without the
need of selecting a reference image. This is achieved by creating a common space
from the entire dataset represented by the K correlation matrix from which the
principal components are obtained. Simultaneously registering the 63 images
acquired from one of the ASL sequences, including the baseline image, involves
the use of a complex model with more degrees of freedom in comparison to the
pairwise registration. Therefore, there is a greater chance of model overfitting.
The performance of this method could be potentially improved by
regularization, but this should be tested in this particular application. In
addition, the intensity contrast between label and control images (where there is
a strong alternating signal of the ventricular blood pool around the
myocardium) might also contribute to the differences found in the performance
of both registration methods. In the pairwise approach, one single label-control
registration is carried out and subsequently label and control images are
registered to their corresponding reference images, which have similar intensities.
Therefore, the simultaneous registration of all images with different intensities
could add more complexity to the groupwise method.

Groupwise approaches of motion correction have been successfully used in renal
ASL [116, 117], however, intensity differences between label and control images
of the kidney are small. In the context of cardiac images, groupwise approaches
have also been used for the registration of T1 mapping [113] or first-pass perfusion
datasets [118], but again the intensity change across images is lower than that
encountered in myocardial FAIR ASL.

Future work might explore the use and performance of other groupwise
registration metrics in the context of myocardial ASL, such as sum of variances
[119], total correlation [120] or conditional template entropy [121].

With regard to the motion correction in the in vivo perfusion datasets,
average quantitative MBF measurements showed significant differences between
the original FB dataset and all but the original SB dataset. This can be
explained by the overestimation and large variability of the perfusion
measurements found in the original SB and FB sets (see section A of Figure
4.13). This is likely due to the fact that MBF values computed from the average
myocardial ROI are contaminated with the intensity signal of the blood pool in
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the presence of motion within the series. The use of either motion detection or
motion correction steps minimizes this problem, which is reflected in more
physiological perfusion measurements and lower perfusion variability across
subjects.

Intrasession reproducibility results through the wsCV after motion detection
and motion correction ranged from 14 to 17%. These values were comparable to
previous ASL studies that reported a 17% for FB acquisitions in combination with
registration [110], a 21.8% for navigator-gating acquisitions in combination with
non-rigid registration [62] and a 13% for BH acquisitions using a Look-Locker
FAIR ASL sequence [72]. In addition, these values were also comparable to PET
perfusion measurements that reported a wsCV of 27% [20].

Although visual inspection revealed that in vivo perfusion data showed low
temporal motion between label and control images after registration in both the
pairwise and groupwise approaches, the registration of the original SB datasets did
not improve neither the reproducibility nor the variability found across subjects in
comparison to that achieved after detecting and discarding outliers. The efficacy
of discarding outliers following the pairwise registration, based on the metric
obtained after the optimization of each individual transformation, could be further
explored.

This study has several limitations. The acquisition of a larger number of images
obtained under synchronized breathing and free breathing strategies allowed to
obtain a pixel-by-pixel MBF map of the myocardial ROI, although still significant
variability across pixels within the myocardium was observed. This has been also
reported in previous ASL studies [62].

Different ROIs of the myocardium were manually drawn over each mean ASL
image of the various breathing techniques. Due to the pixelwise variability
encountered within the ROI, it might be interesting to compare the quantified
MBF results obtained from this study with those obtained from the automatic
segmentation of the myocardium. This has been recently tested in the context of
cardiac ASL with deep convolutional neural networks adapted to a specific
false-positive versus false-negative trade-off to deal with the pixels from the
ventricular blood pool and the epicardial fat that surrounds the myocardium
[122].

The respiratory synchronization was dependent on the patient performance.
Future investigations might achieve better synchronization by directly guiding
the appropriate timing to perform each breathhold instead of training subjects
prior to the MRI scanning.

The performance of the breathing strategies was only tested under rest
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measurements. Forthcoming studies might compare their application under mild
forms of stress, such as passive leg raising, to increase the perfusion signal and
evaluate their effects in higher SNR measurements.

In conclusion, MBF measurements were significantly different between the
original dataset acquired in FB and all other datasets considered for comparison,
with the exception of the original SB dataset. This result revealed that the
presence of motion translates into an overestimation of myocardial perfusion
measurements due to misregistration between label and control images. This
problem was solved with the use of either motion detection or motion correction
techniques.

Synthetic and experimental results agreed in the superiority of FB after pairwise
registration, which showed higher accuracy in the synthetic images and higher
intrasession reproducibility together with lower MBF variability across subjects
in the in vivo images. The series of BH and SB after motion detection provided
similar results, but their practical application is more complicated, as it demands
subject’s collaboration to follow the respiratory pattern in SB or perform the
apneas in BH, which can be especially problematic in patients with cardiovascular
disease.
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Chapter 5

ASL clinical validation

5.1 Introduction

Coronary artery disease (CAD) is the leading cause of cardiovascular disease
related deaths in the USA [1] and Europe [2]. Myocardial perfusion is commonly
evaluated in symptomatic patients using cardiac magnetic resonance imaging
(MRI) to identify perfusion defects, as a surrogate for myocardial ischemia
[123, 7, 124, 125]. In cardiac MRI, stress-induced hypoperfusion can be provoked
by infusion of a pharmacological vasodilator, like regadenoson, which in healthy
coronary vessels can cause a 2.5 fold flow velocity increase with a single 0.4 mg
intravenous bolus injection [126]. Coronary stenosis causing at least 50%
diameter reduction will cause myocardial perfusion deficits, whereas myocardial
segments irrigated by a coronary artery with stenosis of 30 to 45% of arterial
diameter will not experience this hyperemic effect [3]. Quantification of
myocardial perfusion reserve (MPR), as the ratio of stress to rest perfusion
measurements, is an indicator of the severity of the stenosis [127].

This perfusion increase is evaluated using the first-pass perfusion technique,
which consists of acquiring a temporal series of T1-weighted images of the left
ventricular myocardium during the first-pass of a gadolinium-based contrast
agent through, first, the cardiac chambers and, subsequently, myocardial tissue.
In clinical practice, signal intensity changes within the tissue, induced by the T1
shortening effect of gadolinium, are predominantly evaluated visually to identify
the presence or absence of perfusion defects in viable myocardium based on the
contrast intensity differences between regions. It has been shown that
qualitative evaluation of perfusion imaging in combination with delayed contrast
enhancement imaging has high sensitivity, specificity and accuracy for the
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diagnosis of CAD [128], but the administration of a contrast agent limits its
repeatability and is contraindicated in the cohort of patients with severe renal
dysfunction. Semiquantitative [129, 6] and quantitative [130] analysis of
first-pass images are less frequently used due to the need of both technical and
image processing expertise. Semiquantitative analysis of perfusion relies on
parameters that can be extracted from the time-signal intensity curves of the
myocardium, such as the peak signal intensity, the time-to-peak signal or the
slope of the initial signal intensity increase (upslope). Quantitative methods
require complex mathematical approaches to extract physiological parameters by
deconvolution of the time-signal intensity curves of myocardium. Due to the
technical difficulties, these methods are not extensively used in the clinical
practice.

One alternative technique to evaluate myocardial perfusion is arterial spin
labeling (ASL). ASL allows absolute quantification of myocardial blood flow
(MBF) by using arterial blood water protons as an endogenous tracer. This
method requires the acquisition of two different images: one where the
magnetization of water protons in the blood is inverted (label) and another one
where the magnetization of blood entering the slice is not inverted (control).
These images are pairwise subtracted to generate perfusion-weighted images
(PWI), in which the small contrast difference within the myocardium is directly
proportional to MBF. Due to the low magnitude of the perfusion signal, multiple
acquisitions are required to increase the signal-to-noise ratio (SNR).

In the past few years, cardiac ASL has been optimized in healthy volunteers
at 1.5 T and 3 T, and the quantified myocardial perfusion resting values
correlate well with PET literature [61, 65, 110, 71]. Its validity to detect
increases in MBF has been evaluated in healthy subjects using strategies to
induce mild stress, such as passive leg raising [65], isometric handgrip [65], cold
pressor tests [75], and hand squeezing tasks [62]. Moreover, increases in MBF
with adenosine stress vasodilation have also been detected with ASL globally at
2 T [131] and on a segmental basis at 3 T [73] in healthy volunteers. However,
only two studies [68, 66] have attempted to investigate its use in subjects with
suspected CAD. The first one was performed at 2 T and studied 13 patients in
which coronary stenosis was confirmed by radiographic angiography. A fraction
of those showed reduced perfusion reserve (estimated from ASL stress data)
when comparing anterior and posterior myocardium based on the coronary
arteries distribution [68]. The second study, performed at 3 T, evaluated 13
patients with visible perfusion defects based on first-pass cardiac MRI and
concluded that ASL perfusion reserve measurements were significantly different
between normal and the most ischemic segments, showing that the technique
had the potential to identify myocardial ischemia in agreement with first-pass
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imaging and radiographic angiography [66].

The great majority of cardiac MRI studies are currently being performed on
1.5 T systems, due to reduced financial costs, decreased susceptibility artifacts
and lower energy deposition than in 3 T systems. Therefore, the possibility of
including ASL as part of the clinical work-up in patients undergoing a 1.5 T
cardiac MRI study is of great clinical interest. The main advantage of 3 T over
1.5 T is the increase in SNR, which is highly beneficial to the ASL technique.
Nonetheless, the feasibility of measuring myocardial perfusion at rest using ASL
at 1.5 T has been previously demonstrated in healthy subjects [62, 69].

The objectives of this study were to (1) investigate whether ASL was capable
of detecting relevant hyperemia in MBF in patients at 1.5 T with regadenoson
vasodilation, (2) explore whether ASL was capable of differentiating segments
with and without perfusion defects and (3) examine MPR correlations between
quantitative values derived from ASL and semiquantitative values obtained from
first-pass.

To address these questions, cardiac ASL was performed in 18 patients with
suspected CAD at rest and stress using regadenoson at 1.5 T, as part of the
already defined clinical protocol. MBF and MPR were quantitatively evaluated
with ASL globally and regionally per coronary artery territory and per segment,
and an MPR comparison was performed between normal and abnormal
segments. First-pass perfusion images were assessed both qualitatively (visually)
and semiquantitatively through the upslope index and MPR correlations
between ASL and semiquantitative first-pass were explored.
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5.2 Methods

Informed consent was obtained in accordance with the Ethics Committee of the
University of Navarra. Inclusion criteria for the current study were patients with
suspected CAD due to the presence of clinical symptoms, such as chest pain
or dyspnea, and scheduled for a stress-rest first-pass cardiac MRI examination.
Exclusion criteria were patients with severe arrhythmia and poor image quality
due to severe motion. Based on these criteria, 18 patients with suspected CAD
recruited within two months underwent a cardiac MRI study on a 1.5 T system
(Magnetom Aera, Siemens Healthineers, Erlangen, Germany) equipped with a
32-channel spine and an 18-channel body array coil. Two patients were excluded
from the analysis: one due to severe arrhythmia and the other due to severe
motion, which reduced the total number of analyzed patients to 16.

5.2.1 ASL sequence

Flow-sensitive alternating inversion recovery (FAIR) ASL images were acquired
in a mid-ventricular short axis slice of the myocardium. The sequence consisted
of four in-plane presaturation pulses, a hyperbolic secant tagging pulse to obtain
non-selective (label) and slice-selective (control) adiabatic inversions, followed by
an inversion time of 1 s, and a balanced steady state free precession (bSSFP)
readout with fat saturation. The sequence was single ECG gated to perform
acquisitions in the diastolic cardiac phase by manually adjusting the time delay
based on the patient’s heart rate.

Readout parameters were: matrix size = 128 x 104, FOV = 300 x 243 mm2,
isotropic pixel size = 2.34 x 2.34 mm2, slice thickness = 10 mm, flip angle = 70◦,
GRAPPA-2 integrated with 24 reference lines, A-P phase-encoding direction with
partial Fourier = 6/8, TE = 1.03 ms, bSSFP-TR = 2.39 ms, readout duration =
150 ms and BW = 910 Hz/pixel. Phase oversampling was used in some subjects
to avoid wrapping artifacts. In one subject an increased FOV (360 x 348 mm2)
was also needed.

Synchronized breathing was employed to minimize the effects of respiratory
motion and avoid the use of motion correction techniques. For this purpose, the
patient was guided through the whole set of acquisitions so that a short breathhold
was performed during inversion and image acquisition of one pair of label-control
images and normal breathing in the remaining time that allowed for magnetization
recovery. A minimum repetition time (TR) of 5 s was chosen between images to
ease respiratory synchronization. As the sequence was ECG triggered, the actual
TR was dependent on the heart rate of the subject.
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The number of acquired label-control images at rest was set to 48, since scan
time was not limited under this condition (scan duration of ∼ 4 minutes depending
on heart rate) and to a minimum of 26 images during stress (minimum scan
duration of ∼ 2.5 minutes depending on heart rate). This configuration lead to
24 PWIs at rest and a minimum of 13 PWIs under stress.

A baseline image (without presaturation and inversion pulses) was also acquired
within a separate breathhold to allow for MBF quantification. A pause of 6 s was
set after this first image to allow magnetization recovery before the start of the
ASL series.

5.2.2 MRI Protocol

The myocardial ASL sequence was incorporated into the clinical cardiac MRI
protocol established for patients with suspected CAD, as shown in Figure 5.1.
Rest and stress ASL scans were performed before first-pass imaging to avoid the
possible effects of T1 reduction caused by the Gadolinium-based contrast agent.

Figure 5.1: Timeline of the perfusion imaging protocol. Rest-stress ASL imaging was
followed by stress-rest first-pass (FP) imaging. Regadenoson was used as a vasodilator stress
agent followed by aminophylline to reverse its hyperemic effect in the coronary arteries before
continuing the study. Rest first-pass imaging was performed 10 minutes later to allow for Gd
contrast washout. Finally, 10 to 15 minutes later, LGE images were acquired.

After rest ASL, regadenoson (Rapiscan, 0.4 mg bolus ∼ 5 ml, Rapidscan
Pharma Solutions, EU Ltd., London, United Kingdom) was injected
intravenously under the supervision of a cardiologist. Approximately one minute
later, stress ASL imaging was initiated.

Subsequently, stress first-pass perfusion images with a 0.075 mmol/kg
gadolinium dose were acquired over three short axis slices (basal, mid and
apical) under a breathhold. First-pass imaging parameters were: 50
measurements per slice, gradient echo readout, FOV= 360 x 261 mm2, matrix
size = 160 x 94, slice thickness = 10 mm, pixel size= 2.25 x 2.77 mm2, BW =
650 Hz/pixel, GRAPPA-2, flip angle= 12◦ and acquisition duration of 150 ms
per slice. Heart rate and arterial blood pressure were monitored and recorded
before and after the regadenoson injection. Patients were monitored and asked
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about possible side effects of regadenoson. After 4 to 5 minutes, aminophylline
was injected to reverse the hyperemic effect of regadenoson in the coronary
arteries.

Ten minutes later, to allow sufficient time for contrast washout, the study
continued with a second gadolinium dose of 0.075 mmol/Kg and rest first-pass
perfusion images, acquired with the same image parameters as the stress
sequence.

Finally, ten to fifteen minutes later to allow for contrast washout in normal
myocardium, late gadolinium enhancement (LGE) images were acquired over the
entire myocardial short axis stack using a phase-sensitive inversion-recovery
bSSFP sequence. The parameters of this sequence were adjusted to null normal
myocardium signal so that infarcted areas appeared brighter, allowing to
differentiate viable from non-viable myocardium. Imaging parameters were FOV
= 340 x 313 mm2, matrix size = 256 x 182, slice thickness = 8 mm, flip angle =
45◦, BW = 300 Hz/pixel.

5.2.3 Perfusion data analysis

5.2.3.1 First-pass

First-pass perfusion analysis of the left ventricular (LV) myocardium in a mid-
ventricular short axis slice was performed qualitatively and semiquantitatively
per segment by an experienced radiologist using commercially available software
(CVI42, Circle Cardiovascular Imaging, Calgary, Canada). The inline motion
corrected first-pass images were used for this analysis.

For qualitative analysis, rest and stress perfusion images were synchronized for
visual comparison to evaluate the presence (defined as positive stress cardiac MRI)
or absence (defined as negative stress cardiac MRI) of any induced perfusion defect
with the supplementary viability information obtained from the corresponding
LGE images. Care was taken to identify dark rim artifacts and differentiate them
from a true perfusion defect.

Myocardial segments were classified as follows: (1) normal segments were
defined to be homogeneously perfused regions without visible perfusion defects
or delayed enhancement, (2) ischemic segments were considered when
hypoperfusion under stress lasted for more than six consecutive frames without
delayed enhancement, and (3) infarcted segments were considered when a fixed
perfusion defect (present in the stress and rest series) and delayed enhancement
(present in the LGE) was seen on the same region. If present, the extent of the



5.2. Methods 119

infarct (subendocardial or transmural) and its location were also assessed. This
classification was used as reference standard for this study.

For semiquantitative perfusion analysis, regions of interest (ROI) defining endo-
and epicardial borders of the LV myocardium were manually drawn in a high
intensity contrast image. Papillary muscles were excluded from the analysis.

An ROI within the LV blood pool was defined and the right ventricular (RV)
insertion point was selected to divide the myocardium into six equiangular
segments. Then, the ROIs were propagated across the entire 50-frame set by
contour propagation and verified visually across frames, to generate time
intensity curves for each myocardial segment and for the LV cavity (Figure 5.2).

Subsequently, the analysis was limited to data points acquired during contrast
inflow and a five-point linear fit was applied to the intensity curves. Perfusion
indexes (PI) were computed per segment at rest and stress as the upslope ratio of
myocardial tissue signal within the specific segment divided by the upslope ratio
of the LV blood pool signal. Then, MPR was calculated as the PI ratio of stress
to rest.

Lastly, global MPR was calculated to allow for comparison with global cardiac
ASL measurements. For this purpose, the mean PI across segments was computed
at rest and under stress independently. The global MPR was obtained as the ratio
of the average stress to the average rest PI measurements. The same procedure
was performed to obtain MPR values per coronary artery territory.
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Figure 5.2: Semiquantitative analysis performed in the first-pass time series data for
a representative subject. (A) Rest and (B) Stress, shown here for a representative subject.
In both cases, the top image depicts the delineated borders: endocardium in red, epicardium in
green, LV blood in orange and anterior RV insertion point in blue. The bottom image represents
the time signal intensity curve for the entire set of 50 frames acquired during the first-pass of
the contrast agent: the orange curve corresponds to the blood pool and the rest of the curves
represent the myocardial segments according to the reference colors of the software. The linear
fits for each intensity curve are also indicated. (C) Bull’s-eye plots representing PI at rest,
PI under stress and MPR. Segments inferoseptal and anteroseptal were visually identified as
ischemic in the subendocardium. PI: Perfusion Index; MPR: Myocardial Perfusion Reserve.
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5.2.3.2 ASL

Myocardial segmentation

For segmenting the entire myocardium, a semi-automatic segmentation procedure
was applied to the entire set of label images (Figure 5.3).

For each image, the following steps were applied: (A) apply a canny edge
detection filter, (B) define an ROI in the myocardium (between endo and
epicardial borders) in the averaged edge image to create a mask that would only
contain endocardial borders (this ROI was defined once and used for the entire
set of images), (C) multiply the ROI mask by the edge image to keep only
borders within this region and select the largest connected component, which
defined the endocardium, (D) compute the convex hull of the endocardium edges
to ensure that the border is closed, (E) apply closing and dilation morphological
operations to this ROI to enlarge the area with a structuring element of 4 pixels
radius to cover the myocardium region, (F) subtract both binary images (dilated
and original convex hull image) to get the myocardium mask and (G) refine the
segmented myocardial mask to ensure that the myocardium had been properly
segmented in all label images. Finally, the segmented masks were also applied to
the corresponding control images.

Image pairs affected by motion between label and control images were detected
by visually assessing that the myocardium was not lying within the segmented
mask in the control images and discarded (Figure 5.3 -H). For the baseline image,
an independent manual ROI was drawn.

Then, a semi-automatic division of the myocardium into six equiangular
segments was performed according to the American Heart Association (AHA)
standards [14], as depicted in Figure 5.4. To obtain these segmental ROIs, the
previously calculated global mask of the myocardium was used as starting point.
Over this mask, the superior and inferior RV insertion points were manually
selected to automatically define the following lines:

� Line 1 (L1) was defined by the superior and inferior RV insertion points

� Line 2 (L2) was obtained by rotating L1 30º counterclockwise about the
superior RV point

� Line 3 (L3) was obtained by rotating L1 30º clockwise about the inferior
RV point

� Line 4 (L4) was defined by the centroid (intersection between L2 and L3
lines) and the middle point between the superior and inferior RV points
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Figure 5.3: Semi-automatic segmentation of the entire myocardium. Steps performed for
every label image acquired within the ASL sequence were: (A) apply a canny edge filter (edges
appear in green overlaid on a label image), (B) define a manual ROI inside myocardium over the
average edge image to keep only information within that region (this ROI was defined once and
used for the entire set of images), (C) multiply the ROI by the edge mask (computed in step A)
and keep the largest connected component that defined the endocardium border, (D) compute
convex hull of the defined endocardial border, (E) apply closing and dilation morphological
operations to the convex hull, (F) subtract the original from the dilated convex hull to get
the final ROI containing the myocardium, (G) manually refine the segmented mask to ensure
myocardium had been properly segmented (segmented mask is overlaid over the corresponding
label image), and (H) visually detect and discard image pairs affected by myocardial motion (red
arrows): temporal series of images acquired at rest and cropped around the myocardium, where
control images (represented in green color) are superimposed over label images (represented in
pink color).

The intersections of lines L2, L3 and L4 with the global mask of the
myocardium defined the 6 mid-ventricular segments. Segments were numbered
starting clockwise from the inferolateral segment (segment 1) to the
anterolateral segment (segment 6).

Finally, based on the segmental ROIs, three new masks were obtained, one for
each of the coronary artery territories: left anterior descending coronary artery
(LAD – combination of segments 4 and 5), left circumflex coronary artery (LCX –
combination of segments 1 and 6) and right coronary artery (RCA – combination
of segments 2 and 3).

Data processing

The following data analysis procedure was performed using all previously
calculated segmentations of the myocardium (global, per segment and per
coronary artery territory).
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Figure 5.4: Semi-automatic division of the myocardium into segments and coronary
artery territories. (A) Shown for reference are the 6 AHA segments for the mid-ventricular
short axis slice with the numbering used in this paper and the territories irrigated by the three
main coronary arteries. To define the six segments, the following reference lines were defined:
(B) L1 was defined by the superior and inferior RV points; (C) L2 was obtained by rotating
L1 30º counterclockwise about the superior RV point; (D) L3 was defined by rotating L1 30º
clockwise about the inferior RV point; (E) L4 was defined by the centroid (intersection between
L2 and L3) and the middle point between the superior and inferior RV points, (F) representative
global masks of myocardium at rest and under stress, (G) representative masks for the analysis
by coronary artery territories at rest and under stress, (H) representative masks for the segmental
analysis at rest and under stress. All masks are overlaid over the label image of a representative
healthy subject. LAD: Left anterior descending artery; RCA; Right coronary artery; LCX: Left
circumflex artery.

The mean signal within the segmented myocardium was computed for each
image of the ASL time series, after discarding the first pair to ensure magnetization
reached the steady state. Control and label values were pairwise subtracted to
obtain the signal for the ASL time series. Outliers were excluded if they deviated
from the temporal mean by more than two standard deviations (Figures 5.5 and
5.6).

Finally, temporal ASL mean and temporal standard deviation were obtained
from the remaining values in the series. Temporal SNR (tSNR) was computed
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Figure 5.5: Number of perfusion-weighted images grouped by those discarded visually
(blue), with the mean ± 2 SD criterion (orange) and the remaining number of
images (gray) used for averaging. 1 to 10 were healthy subjects, 11 to 16 were non-healthy
subjects. (A) Rest measurements: the number of acquired images was constant for all subjects
(24 perfusion-weighted images); (B) Stress measurements: there was a minimum number of
acquired images for all subjects (13 perfusion-weighted images). Mean number of remaining
images across subjects was 73% at rest and 76% under stress.

as the ratio between temporal ASL mean and standard deviation. MBF was
estimated using Equation 2.9, where ∆M is the mean ASL myocardial signal in
the pixel; M0 is the mean myocardial signal from the baseline image, averaged in
the myocardial ROI; TI is the inversion time (1 s) and T1 is the T1 of arterial
blood (1.434 s at 1.5 T [51]).

MBF was computed at rest (MBFrest) and under stress (MBFstress). The ratio
of MBFstress to MBFrest yielded the MPR. MBF standard deviation was estimated
by error propagation.
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Figure 5.6: ASL time series signal obtained from a representative subject. Top,
middle and bottom rows depict global, per coronary artery and per segment measurements
after discarding outliers. Rest and stress acquisitions are separated with a black vertical line.
Horizontal cyan line represents the mean, and horizontal dark blue lines represent ± 2 SD of the
temporal series. The top row also shows a pair of label and control images.

5.2.4 Statistical Analysis

First, based on the visual qualitative analysis of first-pass and LGE images,
subjects were classified into “healthy” and “non-healthy” groups. The healthy
group was composed of subjects with no visible perfusion defect in first-pass
imaging and no enhancement on LGE. The non-healthy group comprised
subjects with one or more hypoperfused myocardial segments, including both
ischemic (identified with first-pass perfusion imaging) and infarcted (identified
with LGE sequence). MPR values were analyzed globally, per coronary artery
territory and per segment. For all the analyses, a significance level of 0.05 was
used.

5.2.4.1 Healthy subjects

In the healthy group, rest and stress mean ROI perfusion values (PI measured
with first-pass and MBF measured with ASL) were compared statistically within
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each technique, using nonparametric tests due to a lack of normality in the data.

For global analysis, the nonparametric Wilcoxon signed-rank test was used.

For coronary artery territory and segmental analysis, the data were first
transformed with the Aligned Rank Transform (ART) [132] to subsequently
perform the factorial ANOVA for repeated measurements on the aligned data
with two factors: condition (2 levels = rest and stress), and artery or segment,
respectively. Post-hoc comparisons between rest and stress conditions for
individual arteries and segments were performed with Wilcoxon signed-rank test
adjusting p-values with the Bonferroni correction.

5.2.4.2 All subjects

Considering the entire group of subjects (healthy and non-healthy), a segmental
MPR comparison was performed for both techniques between all segments from
healthy subjects and abnormal segments from non-healthy subjects. To assess
statistical differences between segments, the ART factorial ANOVA was performed
with two factors: segment (2 levels = normal and abnormal) and subject to
account for within-subject correlations.

Finally, the correlation between MPR measurements obtained with ASL and
first-pass was analyzed globally through Pearson’s correlation coefficient.
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5.3 Results

5.3.1 Classification

From the 16 subjects included in the analysis, 10 were classified as “healthy” (age
63 ± 15 years) and 6 were classified as “non-healthy” (age 60 ± 13 years). With
regadenoson stress, heart rate increased an average of 39% and 28% for healthy
and non-healthy subjects, respectively, as shown in Table 5.1.

5.3.2 Healthy subjects

For ASL, the mean and SD (min-max) of global MBF across healthy subjects was
1.23 ± 0.49 (0.80 - 2.52) ml/g/min at rest and 2.82 ± 0.70 (1.44 - 3.78) ml/g/min
during stress. For first-pass, the mean and SD (min-max) of global PI across
healthy subjects was 0.12 ± 0.02 (0.09 - 0.15) at rest and 0.17 ± 0.02 (0.14 - 0.20)
during stress.

Global increases with regadenoson were found to be statistically significant
(p=0.005 for ASL and first-pass). The mean and SD of global MPR across subjects
was 2.51 ± 0.96 with ASL and 1.37 ± 0.18 with first-pass.

For coronary artery measurements, no significant interaction (p=0.09 for ASL
and p=0.31 for first-pass) was found between condition and artery in the
factorial ANOVA, so perfusion increases were found to be consistent across
coronary arteries for both ASL and first-pass techniques. Post-hoc tests between
rest and stress conditions were significant for all coronary artery territories
(p-value after Bonferroni correction: p=0.015 for all arteries in ASL and
first-pass).

For segmental measurements, significant interaction (p=0.006) was found
between segment and condition in the factorial ANOVA with ASL
measurements but no interaction (p=0.50) with first-pass measurements. In the
post-hoc tests, significant differences between rest and stress were found for all
segments (p-value after Bonferroni correction: p=0.033 for all segments in ASL
and first-pass, except anteroseptal in ASL with p=0.04).

Myocardial perfusion measurements across subjects are summarized in Table
5.2. Figure 5.7 shows the boxplots of the global, coronary artery territory and
segmental measurements for healthy subjects during rest and stress conditions.
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Figure 5.7: Myocardial perfusion measurements obtained from the group of healthy
subjects. (A) Boxplots for global, coronary artery territory (LAD, LCX, RCA) and segmental
perfusion measurements (S1 to S6) with ASL (top) and first-pass (bottom) for rest (blue) and
stress (gray) conditions. Significant differences were found between rest and stress conditions for
both techniques (p=0.005 for global measurements in ASL and first-pass, p=0.015 for all arteries
in ASL and first-pass and p=0.033 for all segments in ASL and first-pass, except anteroseptal
in ASL p=0.04); The black line within the box indicates the median value. Boxes represent
the interquartile range (25-75%). The whiskers extend to the most extreme data points not
considered outliers. Outliers are represented as black dots. (B) Bar graphs indicating global rest
(blue) and stress (gray) perfusion measurements across subjects for ASL and first-pass techniques.
MBF: Myocardial blood flow (ml/g/min); LAD: Left anterior descending coronary artery; LCX:
Left circumflex coronary artery; RCA: Right coronary artery; S1: inferolateral; S2: inferior; S3:
inferoseptal; S4: anteroseptal; S5: anterior and S6: anterolateral.
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Figure 5.8 shows the Bull’s eye plots measurements per coronary artery territory
and per segment in a representative healthy subject.

Figure 5.8: Bull’s eye plots representing perfusion measurements obtained in a
representative healthy subject. Measurements per coronary artery territory (top) and
per segment (bottom) for (A) ASL and (B) First-pass. MBF: Myocardial blood flow; MPR:
Myocardial perfusion reserve; PI: Perfusion index
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The estimated standard deviation of perfusion measurements and tSNR
obtained across the temporal series of ASL images is reported in Table 5.3.

Table 5.3: Estimated standard deviation (SD) and tSNR values obtained from
the temporal series of ASL perfusion measurements with the group of healthy
subjects.

MBF Rest MBF Stress
SD MBF tSNR SD MBF tSNR

Global 0.55±0.24 2.51±1.19 0.75±0.18 3.91±1.17

LCX 0.83±0.32 2.27±1.10 1.19±0.49 3.26±1.45
RCA 0.62±0.34 1.30±0.78 1.02±0.39 2.86±1.41
LAD 0.67±0.25 2.12±1.21 0.85±0.30 3.34±1.47

Inferolateral (S1) 1.13±0.43 1.49±0.57 1.61±0.72 2.89±1.49
Inferior (S2) 0.73±0.27 1.25±0.65 1.04±0.60 4.33±3.92

Inferoseptal (S3) 0.80±0.49 0.77±0.46 1.15±0.58 2.06±1.14
Anteroseptal (S4) 0.75±0.34 1.81±1.07 1.09±0.39 2.39±1.15

Anterior (S5) 0.83±0.39 1.91±1.51 1.11±0.90 3.34±2.16
Anterolateral (S6) 0.97±0.40 1.93±0.82 1.06±0.38 3.01±1.14

Global, per coronary artery territory (LCX, RCA, and LAD) and
per segment (Inferolateral-Anterolateral) values are reported as mean ±
standard deviation across subjects. tSNR: temporal signal-to-noise ratio;
MBF: Myocardial blood flow (ml/g/min); LCX: Left circumflex coronary
artery; RCA: Right coronary artery; LAD: Left anterior descending
coronary artery.

5.3.3 All subjects

Among the “non-healthy” subjects, perfusion defects were present in 16 out of the
36 myocardial segments. In particular, 9 segments showed a transmural infarct,
3 segments showed a non-transmural (subendocardial) infarct and 4 segments
showed an ischemic defect. Both rest-stress perfusion measurements and MPR
values are presented in Table 5.4.

Figure 5.9 shows boxplots of MPR values from all segments from healthy
subjects (n=60) and abnormal segments from non-healthy subjects (n=16).
MPR values were found to be significantly different for both ASL (p=0.0028)
and first-pass (p=0.033).

Figure 5.10 shows segmental MPR measurements from a non-healthy subject
with an 80% occlusion in the posterior descending artery, where inferoseptal and
anteroseptal ischemic defects can be observed in ASL and first-pass.
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Global MPR measurements from both techniques were significantly correlated
(r=0.64, p=0.008), as shown in Figure 5.11.

Table 5.4: Perfusion and MPR segmental comparison between normal segments from
healthy patients and abnormal segments from non-healthy patients for ASL and first-pass
techniques.

Myocardial Segments

Normal Abnormal
(n=60) (n=16)

A
S

L

MBF Rest
Mean ± SD 1.26 ± 0.88 1.52 ± 0.79

Median (Q1-Q3) 1.04 (0.62-1.71) 1.15 (0.92-2.02)

MBF Stress
Mean ± SD 2.88 ± 1.15 1.86 ± 1.08

Median (Q1-Q3) 2.73 (2.08-3.74) 1.81 (1.15-2.94)

MPR
Mean ± SD 3.27 ± 2.12 1.36 ± 0.78

Median (Q1-Q3) 2.70 (1.56-4.45) 1.30 (0.67-2.09)

F
ir

st
-p

a
ss

PI Rest
Mean ± SD 0.12 ± 0.02 0.14 ± 0.03

Median (Q1-Q3) 0.13 (0.11-0.14) 0.13 (0.12-0.15)

PI Stress
Mean ± SD 0.17 ± 0.03 0.16 ± 0.05

Median (Q1-Q3) 0.17 (0.15-0.19) 0.15 (0.13-0.19)

MPR
Mean ± SD 1.38 ± 0.22 1.10 ± 0.24

Median (Q1-Q3) 1.33 (1.21-1.58) 1.05 (0.90-1.31)

Values are mean ± SD across segments and median (interquartile range) across
segments; n = number of segments. ASL: arterial spin labeling; MBF: Myocardial
blood flow (ml/g/min); MPR: Myocardial perfusion reserve; PI: Perfusion index.
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Figure 5.9: MPR segmental comparison. MPR boxplots comparison between normal
segments from healthy subjects (n=60) and abnormal segments from non-healthy subjects
(n=16). Significant differences can be observed for both ASL (p=0.0028) and first-pass (p=0.033)
techniques. The black line within the box indicates the median value. Boxes represent
the interquartile range (25-75%). The whiskers extend to the most extreme data points not
considered outliers.
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Figure 5.10: Radiographic angiogram and segmental MPR measurements from a
representative non-healthy subject. (A) Angiogram of a subject with an 80% occlusion
in the posterior descending coronary artery, indicated by the white arrow; (B) Segmental MPR
measurements for ASL (top row) and first-pass (bottom row). Hypoperfusion regions shown
within the inferoseptal and anteroseptal segments were consistent with the occluded vessel
territory.
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Figure 5.11: MPR correlation between ASL and first-pass techniques. Global MPR
values measured with ASL were correlated (r=0.64, p=0.008) with values measured with first-
pass imaging.
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5.4 Discussion

The results of this study demonstrate the feasibility of quantifying myocardial
perfusion at rest and stress in subjects with suspected CAD using FAIR ASL at 1.5
T. Within the healthy group of subjects, MBF hyperemia with vasodilation was
detected. Considering all subjects, MPR differences were found between segments
with and without perfusion defects, and global ASL MPR measurements were
correlated with semiquantitative first-pass measurements. The upslope parameter
was chosen for this study because it has been found to provide the best detection of
CAD and remains to date one of the most important semiquantitative parameters
[6, 129].

In the group of healthy subjects, global MBF measurements were in
agreement with the range of values previously published in PET literature at
rest (MBFrest: 0.74 to 2.43 ml/g/min) [20] and under hyperemia with
regadenoson (MBFstress: 1.34 to 2.90 ml/g/min) [133]. Global MBF increases
induced by regadenoson injection were statistically significant. Likewise,
perfusion measurements per coronary artery territory and per segment showed
significant increases between rest and stress conditions. These results are
consistent with those previously published by Yoon et al. in healthy volunteers
[73].

Global MPR estimations measured by ASL (2.51 ± 0.96) were similar to those
observed in earlier studies with a rapid bolus of regadenoson (400 µ g) in PET
measurements (3.64 ± 0.69) [133]; whereas global MPR as measured by the
average upslope increment observed in first-pass (1.37 ± 0.18) was below this
value. This discrepancy could be partly explained by the fact that the rest scan
was acquired before stress with ASL and after stress with first-pass. Even
though injection of aminophylline was used to revert the effect of regadenoson,
the incomplete recovery from hyperemia has been previously reported, with
similar MPR values as those presented in this study [134]. Another contributing
factor could be that MPR values computed using semiquantitative first-pass
parameters have been found to be underestimated at higher blood flows [135].
This is due to the fact that retention of Gd in the extravascular space is
dependent on both coronary blood flow and extraction fraction [136]. Extraction
fraction, measured as the percentage of Gd that moves from the vascular to the
extracellular space has been quantified to be around 40-60% at rest, but to
decrease around 20% with increased perfusion [137]. This issue consequently
affects the semiquantitative first-pass analysis that does not account for this
behavior.

The large MPR standard deviation found across healthy subjects, which was
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larger for ASL than first-pass, could be related to the wide range of ages within the
group. Elderly subjects, in particular, might suffer from other risk factors such
as hypertension, obesity or diabetes that could explain a reduced MPR in the
absence of CAD [138]. However, the variability of MPR measurements with ASL
was also likely increased by measurement error, caused by the low tSNR of the
technique, especially at rest, which could hamper its clinical use. Nonetheless,
similar ranges of MPR values have been reported in previous work comparing
semiquantitative first-pass and PET measurements [137].

The MBF spatial heterogeneity found at rest and under stress in the analysis per
coronary artery territory and per segment is in line with that reported in cardiac
ASL [73]. These flow heterogeneities could be related to coronary physiology, such
as differences in vessel volumes or path lengths, but it could also be partly due to
measurement error, given the low SNR of the ASL technique, especially for the
segmental measurements where averaging is done across a small number of voxels.

The tSNR values of 2.51 ± 1.19 obtained in this study with 24 image pairs in
healthy patients at rest are similar to those obtained in a previous study of 2.65
± 2.14 with 30 image pairs in healthy volunteers at 3T [110].

Considering all subjects, the current study found significant MPR differences
between normal segments from healthy subjects (3.27 ± 2.12 for ASL and 1.38
± 0.22 for first-pass) and abnormal segments from non-healthy subjects (1.36 ±
0.78 for ASL and 1.1 ± 0.24 for first-pass). These results are in line with those
presented in a previous study by Zun et al., where MPR with ASL was reported
to be of 3.18 ± 1.54 for normal and 1.44 ± 0.97 for ischemic segments [66].
Another interesting finding is that global MPR within myocardium correlates well
(r=0.64) between ASL and semiquantitative first-pass. This correlation is similar
to that published between semiquantitative first-pass (with upslope parameter)
and quantitative PET measurements (r= 0.70) [137].

The study has several limitations. The number of subjects with an ischemic
defect was relatively low due to the prospective nature of the study. In this study,
62.5% of the patients had normal perfusion and 37.5% had perfusion defects.
This occurrence of healthy vs non-healthy patients reflects the typical incidence
of perfusion defects in patients referred for imaging, which is in line with that
found in a large cohort of patients, such as the 30.9% of patients with perfusion
defects published with SPECT imaging [139].

Motion was minimized with the use of synchronized breathing and
subsequently by visually discarding images corrupted by motion, which was a
time-consuming post-processing step. In addition, special care was needed
during the ROIs definition to only include myocardium and avoid the effects of
partial volume of ventricular blood pool. Myocardial ROIs were created with a
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semi-automatic procedure. Future applications might benefit from both an
automatic segmentation procedure and an automatic image rejection algorithm
that would minimize user interaction and improve the robustness of the
post-processing pipeline. The synchronized breathing method used for this study
may be applied to other cardiac ASL studies until the sequence becomes more
robust to respiratory motion.

ASL acquisition time, especially under stress, might need to be further
decreased in clinical practice; however this would reduce the number of images
available to average, thus decreasing SNR. To compensate for a reduced number
of images, SNR increases through new technical developments, such as the
development of a more efficient ASL labeling scheme or improvements in
segmentation and registration algorithms to minimize motion effects, would be
desirable.

Manual adjustment of the image readout timing to the diastolic cardiac phase
during the stress condition, when heart rate is increased resulting in a shortened
RR interval, was difficult and may have been an additional source of error.
Future studies might benefit from the use of double gating techniques that
further minimize cardiac motion, especially in ASL under stress. However,
inversion time variations between acquisitions will need to be considered during
perfusion quantification.

The use of a single short axis slice was also a limitation. Acquisition of multiple
slices with coverage of the entire myocardium might allow better detection of
perfusion defects.

In conclusion, ASL is capable of detecting hyperemia with vasodilation in
patients at 1.5 T. MPR differences were found between normal and abnormal
myocardial segments. These results together with the correlations found
between ASL and semiquantitative first-pass suggest the potential for clinical
application of ASL at 1.5 T for detection of perfusion defects without the use of
an exogenous contrast agent, which is, however, required in first-pass perfusion
imaging.
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Conclusions

The work presented in this dissertation comprises the implementation,
optimization and feasibility evaluation of the ASL technique to measure
myocardial perfusion, with the objective of achieving robust and reproducible
measurements that can facilitate its clinical application in the diagnosis of
patients with suspected CAD.

We first implemented and optimized the myocardial ASL sequence with FAIR
labeling and bSSFP readout in phantom studies and subsequently validated the
sequence in healthy subjects. For this validation, we quantified MBF both at rest
and during passive leg raising to generate mild stress and increase myocardial
perfusion. We also assessed intrasession and intersession reproducibility of the
resting perfusion measurements.

In addition, we explored the use of the myocardial FAIR ASL sequence under
different breathing strategies, named breathhold, synchronized breathing and
free breathing, to evaluate the effects of respiratory motion on the MBF
measurements. We investigated the use of a motion detection procedure and two
non-rigid registration approaches, named pairwise and groupwise, as well as
their impact in the perfusion quantification. The accuracy of both registration
approaches was first evaluated in synthetic ASL datasets. Then, breathing
strategies and post-processing steps were evaluated in real ASL data acquired
from healthy subjects and intrasession reproducibility of the quantitative
perfusion measurements was assessed.

Finally, we investigated the clinical potential of the technique in patients with
suspected CAD at 1.5 T, running the sequence as part of the clinical protocol,
under rest and pharmacological vasodilation conditions. We evaluated perfusion
measurements both globally and regionally, per coronary artery territory and
per segment to examine whether ASL was capable of detecting hyperemia in
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MBF. We then investigated the capability of ASL to differentiate normal segments
from healthy subjects and abnormal or hypoperfused segments from non-healthy
subjects. We analyzed correlations between MPR values derived from ASL and
semiquantitative first-pass.

The main conclusions drawn from this thesis are:

1. The phantom experiments performed with the presaturation pulses
implemented in the ASL sequence confirmed that magnetization of static
tissue was independent of the TR and revealed an efficiency between 83%
to 95% for a T1 range closer to that of myocardium.

2. The experiments performed with the adiabatic inversion pulses
demonstrated that their minimum amplitude needs to be two times the
adiabatic condition to achieve higher inversion efficiency. The sharpness of
the slice profile was slightly increased with the use of a higher bandwidth
parameter configuration, which translates into higher energy deposition.
Therefore, the appropriate selection of these parameters will depend on the
specific absorption rate limits of the cardiac study. Similar slice profiles
were obtained between FOCI and HS adiabatic pulses and their inversion
efficiency was reported to be about 93% and 97%, respectively.

3. The validation of the myocardial ASL sequence in healthy volunteers showed
an improved scan efficiency with the use of a short TR of approximately four
seconds, emerging as the best alternative with a similar mean ASL and tSNR
than those achieved by longer TR sequences. This allowed the acquisition
of more images in the same amount of time.

4. Significant myocardial perfusion increases were found in healthy volunteers
between resting and mild stress conditions, achieved with passive leg
elevation, for the optimal TR of the sequence, showing the potential utility
of the technique to detect hyperemia.

5. The reproducibility of the optimized myocardial ASL sequence with
shorter TR in healthy volunteers revealed within-subject coefficient of
variation values of 17% intrasession and 37% intersession, which are
similar to those published in the literature.

6. The implementation of a groupwise approach for the registration of
myocardial ASL images was feasible, allowing a simultaneous motion
correction of the entire stack of baseline, label and control images, despite
their intensity contrast differences. The implementation of the pairwise
registration approach was also feasible and the bias typically introduced by
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the choice of a reference image was minimized with the automatic selection
of the highest correlated label-control image pair.

7. The preliminary comparison between groupwise and pairwise approaches
in the registration of synthetic ASL images showed an underestimation of
the myocardial intensity in the perfusion-weighted images obtained after
registration. This result was consistent in the two sets, that simulated
measurements with and without perfusion, regardless of the presence of
noise. In particular, the myocardial perfusion signal obtained after the
pairwise registration showed higher accuracy values than those obtained
after the groupwise approach, revealing a better performance. These
results need to be further confirmed in an extended analysis.

8. Based on the intrasession reproducibility results and the variability across
subjects obtained from the real ASL perfusion measurements, it can be
stated that breathhold, synchronized breathing after motion detection and
free breathing after pairwise registration provided the best outcome with
within-subject coefficient of variation values ranging from 14% to 16%.

9. Overall, results obtained after the registration of synthetic and real ASL
images agreed in the superiority of using a free breathing strategy plus a
pairwise registration approach, which showed higher accuracy in synthetic
images and lower perfusion variability across subjects in real images. The
series of breathhold and synchronized breathing after motion detection
provided similar results, but their practical application is more
complicated, as it demands the subject’s collaboration, which can be
especially problematic in patients with cardiovascular disease.

10. The clinical ASL study revealed significant differences between perfusion
measurements obtained globally and regionally, per coronary artery territory
and per segment, acquired at rest and under pharmacological vasodilation
conditions in the healthy group of patients, showing the feasibility of the
technique to detect hyperemia with vasodilation.

11. The MPR comparison between normal segments from healthy subjects and
abnormal segments from non-healthy subjects showed significant
differences, supporting the ability of ASL to detect hypoperfusion in
patients with suspected CAD.

12. Significant global MPR correlations were found between ASL and
semiquantitative first-pass, which suggest the potential for clinical
application of ASL at 1.5 T for the detection of perfusion defects without
the use of an exogenous contrast agent, which is, however, required in
first-pass perfusion imaging.
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Future Work

The results and conclusions obtained in this thesis suggest the exploration of new
ideas. Some of them are illustrated below.

� Extend the FOCI and HS adiabatic pulses optimization experiments to the
presence of off-resonance to further validate their tolerance to these effects,
as well as implementing adiabatic Presat pulses to achieve even greater
performance.

� Minimize cardiac motion with the implementation of a myocardial ASL
sequence with double ECG gating, for the inversion and readout, to ease
synchronization to diastole and with the use of faster readout acquisitions,
such as those obtained with compressed sensing MRI techniques.

� Implement more specific ASL labeling schemes to increase SNR, such as the
ones used in pseudo-continuous labeling but adapted to the morphology of
the heart, and background suppression techniques to further minimize signal
from static tissue.

� Implement an algorithm for the automatic segmentation of the
myocardium to avoid the need of manual ROI delineation and compare
perfusion measurements with those obtained after the non-rigid
registration of myocardial ASL images.

� Evaluate the feasibility of ASL to detect an increment in perfusion under
hypercapnia, which has been shown to induce the same level as a standard
dose of adenosine [140]. Preliminary results obtained with the use of a
Douglas bag during the international stay at the University of Pennsylvania
show promise.

� Validate ASL with other modalities, such as the quantitative dual
first-pass perfusion sequence [141], to further demonstrate the potential for
clinical application of ASL and help in the determination of an optimal
MPR threshold for the detection of hypoperfused segments.



Conclusiones y ĺıneas de
trabajo futuras

Conclusiones

El trabajo presentado en esta tesis doctoral comprende la implementación,
optimización y evaluación de viabilidad de la técnica ASL para medir perfusión
miocárdica, con el objetivo de obtener medidas robustas y reproducibles que
faciliten su aplicación cĺınica en el diagnóstico de pacientes con sospecha de
CAD.

En primer lugar, se implementó y optimizó la secuencia miocárdica ASL con un
marcaje FAIR y un módulo de lectura bSSFP en fantomas. Consecutivamente,
se validó la secuencia en sujetos sanos. Para su validación, se cuantificó el flujo
miocárdico (MBF) en reposo y durante el levantamiento pasivo de piernas para
generar una condición leve de estrés y aśı aumentar la perfusión. También, se
evaluó la reproducibilidad intrasesión e intersesión de las medidas de perfusión
obtenidas en reposo.

Además, se examinó el uso de la secuencia FAIR ASL bajo distintas estrategias
de respiración, denominadas apnea, sincronización respiratoria y respiración libre,
para evaluar los efectos del movimiento respiratorio en las medidas de MBF. Se
investigó la utilización de un procedimiento para la detección de movimiento y dos
métodos de registro no-ŕıgido, denominados “pairwise” y “groupwise”, aśı como
su impacto en la cuantificación de perfusión. La precisión de ambos métodos de
registro se evaluó primero en imágenes ASL sintéticas. A continuación, el impacto
de las estrategias de respiración y los procedimientos de post-procesado se evaluó
en imágenes ASL reales adquiridas en sujetos sanos y se analizó la reproducibilidad
intrasesión de las medidas de perfusión.

Finalmente, se investigó el potencial cĺınico de la técnica en pacientes con
sospecha de CAD en 1.5T, adquiriendo la secuencia como parte del protocolo
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cĺınico, en condiciones de reposo y estrés farmacológico. Las medidas de
perfusión se evaluaron de manera global y regional, por arteria coronaria y por
segmento, para examinar si la técnica ASL era capaz de detectar hiperemia en
MBF. Se investigó la capacidad de ASL para diferenciar segmentos normales de
sujetos sanos y segmentos anormales o hipoperfundidos de sujetos no sanos. Se
analizaron correlaciones entre los valores de reserva de perfusión miocárdica
(MPR) obtenidos con ASL y con first-pass semicuantitativo.

Las principales conclusiones extráıdas de esta tesis son:

1. Los experimentos con fantomas realizados con los pulsos de presaturación
implementados en la secuencia ASL confirmaron que la magnetización del
tejido estático era independiente del tiempo de repetición (TR) y reveló una
eficiencia entre el 83% y el 95% para un valor de T1 cercano al del miocardio.

2. Los experimentos llevados a cabo con los pulsos adiabáticos de inversión
demostraron que es necesario que la amplitud mı́nima sea dos veces la
condición adiabática para conseguir una mayor eficiencia de la inversión.
La precisión del perfil de corte del pulso fue ligeramente mayor con la
configuración de parámetros de mayor ancho de banda, lo cual se traduce
en una deposición de enerǵıa más alta. Por tanto, la selección de
parámetros más apropiada dependerá de los ĺımites marcados por la tasa
de absorción espećıfica del estudio card́ıaco. Se obtuvieron perfiles de corte
similares entre los pulsos adiabáticos FOCI y HS y la eficiencia de la
inversión varió entre un 93% y un 97%, respectivamente.

3. La validación de la secuencia ASL en voluntarios sanos mostró una mayor
eficiencia en el tiempo de escáner con la utilización de un TR corto, de
aproximadamente cuatro segundos, emergiendo cómo la mejor alternativa
con valores de señal ASL y tSNR similares a los adquiridos en secuencias con
TR largos. Esto permitió la adquisición de un mayor número de imágenes
en el mismo tiempo de escáner.

4. Se encontraron incrementos de perfusión significativos en voluntarios sanos
entre las condiciones de reposo y estrés leve obtenidas con el levantamiento
pasivo de piernas para el TR óptimo de la secuencia, mostrando la utilidad
potencial de la técnica para detectar hiperemia.

5. El estudio de reproducibilidad de la secuencia ASL optimizada con TR
corto reveló coeficientes de variación entre sujetos de 17% intrasesión y
37% intersesión, similares a los ya publicados en la literatura.

6. La implementación del método “groupwise” para el registro de las
imágenes miocárdicas ASL es viable, permitiendo una corrección de
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movimiento simultánea del conjunto de imágenes baseline, label y control,
a pesar de sus diferencias en intensidad de contraste. La implementación
del método “pairwise” también fue viable y el sesgo comúnmente
introducido por la elección de una imagen de referencia fue minimizado
con la selección automática del par de imágenes label-control con mayor
correlación.

7. La comparación preliminar entre los métodos “groupwise” y “pairwise” en
las imágenes de ASL sintéticas mostró una subestimación de la intensidad
del miocardio en las imágenes ponderadas en perfusión tras el registro.
Este resultado fue consistente en los dos sets de imágenes, que simulaban
medidas con y sin perfusión, independientemente de la presencia de ruido.
En particular, la señal de perfusión miocárdica obtenida tras el registro
“pairwise” mostró valores de precisión más altos que los obtenidos con el
método “groupwise”, revelando un mejor rendimiento. Estos resultados
deben confirmarse en un análisis más extenso.

8. En base a los resultados obtenidos del estudio de reproducibilidad
intrasesión y la variabilidad de la perfusión entre sujetos en las medidas
reales de perfusión con ASL, se puede afirmar que las estrategias de apnea,
respiración sincronizada tras la detección de movimiento y respiración libre
tras la corrección de movimiento con el método “pairwise” proporcionaron
los mejores resultados con coeficientes de variación entre sujetos en el
rango de 14% a 16%.

9. En general, los resultados obtenidos tras el registro de imágenes ASL
sintéticas y reales coincidieron en la superioridad de utilizar una estrategia
de respiración libre en combinación con el método de registro “pairwise”,
el cual mostró una mayor precisión en el registro de imágenes sintéticas y
una menor variabilidad de perfusión entre sujetos en imágenes reales. Las
estrategias de apnea y respiración sincronizada tras la detección de
movimiento proporcionaron resultados similares pero su aplicación práctica
resulta más complicada, ya que requiere la colaboración del sujeto, lo cual
puede ser especialmente problemático en pacientes con enfermedad
cardiovascular.

10. El estudio cĺınico con ASL reveló diferencias significativas entre las medidas
de perfusión miocárdica obtenidas tanto a nivel global como regional, por
arteria coronaria y por segmento, adquiridas en condiciones de reposo y
estrés farmacológico en el grupo de pacientes sanos, mostrando la viabilidad
de la técnica para detectar hiperemia con vasodilatación.

11. La comparación de valores de MPR entre segmentos normales de sujetos
sanos y segmentos anormales de sujetos no sanos mostró diferencias
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significativas, apoyando la capacidad de la técnica ASL para detectar
hipoperfusión en pacientes con sospecha de CAD.

12. Se encontraron correlaciones globales de MPR significativas entre las
técnicas de ASL y first-pass semicuantitativo, lo que indica el potencial de
la aplicación cĺınica de ASL en 1.5 T para la detección de defectos en la
perfusión sin la utilización de un agente de contraste exógeno, el cual es,
sin embargo, requerido por la técnica de imagen first-pass.
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Ĺıneas de trabajo futuras

Los resultados y las conclusiones obtenidas en esta tesis sugieren la exploración
de nuevas ideas. Algunas de ellas se ilustran a continuación.

� Ampliar los experimentos de optimización de los pulsos adiabáticos FOCI
y HS teniendo en cuenta la presencia de “off-resonance” para validar su
tolerancia a estos efectos, aśı como implementar pulsos de presaturación
adiabáticos para conseguir un mayor rendimiento.

� Minimizar el movimiento card́ıaco con la implementación de una secuencia
miocárdica ASL con doble triggering ECG, para la inversión y para la
lectura, que facilite la sincronización en diástole y con la utilización de
módulos de lectura más rápidos, como los utilizados en técnicas de
compressed sensing MRI.

� Implementar módulos de marcado ASL más espećıficos para aumentar la
SNR, como los utilizados en pseudo-continuous ASL, pero adaptados a la
morfoloǵıa del corazón

� Implementar un algoritmo de segmentación automática del miocardio que
evite la necesidad de delinear manualmente regiones de interés y comparar
las medidas de perfusión ASL con las obtenidas tras el registro no-ŕıgido.

� Evaluar la viabilidad de la técnica ASL para detectar incrementos en la
perfusión bajo condiciones de hipercapnia, las cuales han mostrado ser
capaces de inducir niveles de estrés similares a una dosis estándar de
adenosina [140]. Los resultados preliminares obtenidos con el uso de una
“Douglas bag” durante la estancia internacional en la Universidad de
Pennsylvania son prometedores.

� Validar la técnica de ASL con otras modalidades, como la secuencia
cuantitativa dual first-pass [141], para demostrar el potencial de la
aplicación cĺınica ASL y ayudar en la determinación de un umbral óptimo
que facilite la detección de segmentos con hipoperfusión.
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� Aramend́ıa-Vidaurreta V, Garćıa-Osés A, Vidorreta M, Bastarrika G,
Fernández-Seara MA. (2019). Optimal repetition time for free breathing
myocardial arterial spin labeling. NMR in Biomedicine, e4077. https:

//doi.org/10.1002/nbm.4077

Conference Contributions

� Aramend́ıa-Vidaurreta V, Gordaliza PM, Vidorreta M,
Echeverria-Chasco R, Bastarrika G, Muñoz-Barrutia A, Fernández-Seara
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