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Multimodal image registration for the characterization of the hypertrophic cardiomyopathy and the cardiac asynchronism

(CRT) a été validée en tant qu'intervention efficace pour traiter des patients en insuffisance cardiaque. Elle est appliquée lorsque l'IC est chronique et que certains indicateurs sont vérifiés (fraction d'éjection inférieure à 35 %, durée de l'onde QRS supérieure à 120 ms, patient de classe NYHA III). Cette thérapie consiste en la pose d'un stimulateur cardiaque multisites relié à une pile. Plusieurs schémas d'implantation existent, parmi lesquels la stimulation bi-ventriculaire développée au CHU de Rennes. Les thérapies de resynchronisation cardiaque améliorent les conditions de vie des patients traités, ainsi que le taux de mortalité à court et à plus long terme dans 70 % des cas. Cependant environ 30 % des patients traités ne répondent pas positivement au traitement. Les différentes voies permettant d'envisager une optimisation de la procédure et une augmentation du nombre de répondeurs sont : (i) une meilleure sélection des patients ; (ii) une aide à la réalisation du geste par un choix optimal des sites de stimulation (en particulier le site de stimulation ventriculaire gauche) et par une meilleure caractérisation du réseau coronaire veineux ; (iii) un réglage optimal des paramètres du stimulateur notamment des délais d'activation auriculoventriculaire et inter-ventriculaires.

Nous proposons dans ce travail la fusion de données multimodales avec pour objectif d'améliorer la caractérisation et la prise en charge des maladies cardiovasculaires dans le contexte de la cardiomyopathie hypertrophique (HCM) d'une part, de l'asynchronisme chez les patients souffrant d'insuffisance cardiaque (IC) d'autre part.

Concernant l'HCM, une meilleure caractérisation est recherchée par la fusion d'images acquises en imagerie par résonance magnétique cardiaque (IRMC) et d'échocardiographies (US). L'analyse menée vise en particulier à évaluer l'apport de l'échocardiographie de speckle tracking (STE) pour une caractérisation précoce de l'HCM, l'échographie étant une modalité non invasive et de pratique courante. L'enjeu est ici d'étudier la corrélation entre modification tissulaire (ou présence de fibrose) détectée sur des séquences IRM de rehaussement tardif (LGE-MRI) et modification des paramètres mécaniques de déformation myocardique mesurés en échocardiographie de strain, ce qui conforterait la suspicion de fibrose en cas de strain diminué et mesuré précocement en échographie. 
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Introduction

In the world, more people die annually from diseases of the cardiovascular system (CVD) than from any other cause: 17.3 million people died from CVDs in 2008, representing 30% of all global deaths that year, according to the World Health Organization (WHO, 2011), and it is estimated that 23 million deaths will occur in 2030. Among CVDs, hypertrophic cardiomyopathy (HCM) is a common genetic cardiovascular disease with epidemiological studies from several parts of the world reporting a similar prevalence of left ventricular hypertrophy of about 0.2% in the general population (Maron, 2004) (Gersh et al., 2011). From a physiophatological point of view, tissue modifications in HCM are characterized not only by a thickening of the myocardium but also by an architectural disorganization of the myocardium and by fibrosis. HCM is a disease with an extremely variable prognosis. Some patients will die from sudden death (Maron, 2010), others will develop atrial fibrillation [START_REF] Olivotto | Impact of Atrial Fibrillation on the Clinical Course of Hypertrophic Cardiomyopathy[END_REF] with accidents due to arterial embolism (Harris et al., 2006), others will suffer from heart failure in most cases with a preserved left ventricular ejection fraction, and some will be life-long asymptomatic.

Another CVD with high incidence is heart failure (HF). It concerns 2% to 3% of the population in developed countries, increasing to more than 20% in seniors (> 70 years).

Heart failure can be defined as an abnormality of cardiac structure or function leading to failure of the heart to deliver oxygen at a rate commensurate with the requirements of the metabolizing tissues [START_REF] Mcmurray | ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012 The Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Developed in collaboration with the Heart Failure Association (HFA) of the ESC[END_REF]. It is estimated that 30% to 40% of the HF population suffer from a synchronization defect or cardiac asynchronism. This asynchronism can be of different nature: atrioventricular, interventricular or intraventricular. HF can also lead to a geometrical, structural and architectural modification of the left ventricular myocardium, called cardiac remodeling. In fact, this remodeling can be the cause of the asynchronism.

Some HF patients with cardiac asynchronism will undergo Cardiac Resynchronization Therapy (CRT) in order to resynchronize the heart pumping action. The subpopulation undergoing CRT corresponds to patients with chronic HF not responding to pharmacological treatment, low left ventricular ejection fraction (LVEF) and long QRS complex.

However, 30% of CRT patients do not respond to the therapy.

We propose in this work to fuse multisensor cardiac data in order to get insights about 1 the diseased heart in the context of hypertrophic cardiomyopathy (HCM) and cardiac asynchronism. The fusion of cardiac images from CRT subjects (cardiac asynchronism) is part of a more ambitious goal: the optimization of CRT.

For hypertrophic cardiomyopathy, we aim at improving its characterization by the fusion of cardiac magnetic resonance imaging (MRI) and echocardiography (US) images of the heart. This analysis enables to get insights about the role of speckle tracking echocardiography (STE) analysis in HCM characterization at early stages, mainly concerning the detection of fibrosis. In this context, the challenge is to correlate the information about myocardial structure assessed with the late gadolinium-enhanced sequence of the cardiac MRI acquisition (LGE-MRI), with strain curves from STE, to define the significance of STE strain as surrogate of myocardial fibrosis.

Despite many efforts, the causes of CRT nonresponse remain unclear. In this context, image fusion arises as an important methodological tool enabling to study complementary information such as the electro-mechanical coupling and myocardial structure associated to a detailed anatomy of the heart including the coronary venous tree. The challenge in cardiac asynchronism characterization for CRT optimization is to locate and characterize the best sites of LV stimulation and to compute and analyze new potential markers of CRT nonresponse.

Multisensor datasets to be fused in HCM and cardiac asynchronism characterization describe cardiac morphology and function (mechanical and electrical). This information is acquired using the following modalities: multislice X-ray computed tomography (CT), cardiac magnetic resonance (MRI) including cine and LGE sequences, echocardiography (US) and electro-anatomical mappings of the left ventricular inner chamber (EAM). These datasets are, in most circumstances, not in the same spatial and temporal coordinate system due, for instance, to sequential acquisition, patient motion, or a different state of respiration or heart contraction (Nekolla et al., 2013). In fact, each modality has its own particularities regarding image resolution, dimension (2D, 3D) and representation (volumetric, surface, multiplanar, planar). Then, multimodal image registration is mandatory in order to describe the -complementary-information they contain in a common spatio-temporal coordinate system. The latter is the main methodological goal of this work.

The methods proposed in this work to register the multimodal datasets used in the characterization of HCM and cardiac asynchronism rely in two main processes:

temporal registration and spatial registration. The temporal dimension of dynamic images are warped with an adaptive dynamic time warping (ADTW) method. This method handles the nonlinear temporal relationship between dynamic acquisitions caused by the underlying nonlinear change in cardiac dynamics between different acquisitions.

Concerning the spatial registration, iconic methods were developed to correct for slice misalignments in cine image sequences (mainly in HCM database), to register cine-MRI and LGE-MRI, and to register cine-MRI with dynamic CT. On the other hand, the contour-based method proposed by (Tavard et al., 2014) were enhanced to integrate multiview STE acquisitions.

This document has three main parts. The first part, called imaging the diseased heart, is divided into two chapters: firstly, the description of the clinical context, the addressed issues in HCM characterization and cardiac asynchronism characterization for CRT optimization, as well as the description of the image modalities to be processed (Chapter 1); secondly, the formalization of both, the fusion and the multisensor image registration frameworks, followed by a state of the art in cardiac image registration (Chapter 2). The second part, called the registered multisensed left ventricle is divided into two chapters: the formalization of the multisensor image registration methods proposed here (Chapter 3) and their evaluation (Chapter 4). Finally, the third part, called insights from the registered left ventricle is dedicated to the application of the proposed methods to the characterization of hypertrophic cardiomyopathy (Chapter 5) and to the characterization of cardiac asynchronism for cardiac resynchronization therapy optimization (Chapter 6). This document ends with the conclusions and perspectives as well as the list of associated publications.

CHAPTER 1

Clinical context

The heart is a complex multiphysics organ involving and coupling different physical phenomena which can be -indirectly-captured using multisensor cardiac imaging. In this work, we propose to register multisensor cardiac images and to associate and to fuse morphological and functional information in order to get insights about the deceased heart in the context of hypertrophic cardiomyopathy (HCM) and cardiac asynchronism.

This chapter aims at providing the clinical context of this work. It is divided into three main parts. The first part describes cardiac anatomy, electrical and mechanical functions. The second part states the addressed issues: HCM characterization and cardiac asynchronism characterization for cardiac resynchronization therapy (CRT) optimization.

The third part introduces the imaging modalities used to acquire multiphysics cardiac information: echocardiography (US), computed tomography (CT), cardiac magnetic resonance imaging (MRI) and electroanatomical mapping (EAM). This chapter finishes with a conclusion and a list of clinical and methodological challenges.

At the heart of the cardiovascular system

The cardiovascular system is made up of the heart and the vascular system (cf. Figure 1. 1(left)). The human heart pumps four to five liters of blood that circulates around the body through the blood vessels (arteries, veins, arterioles, venules, capillaries), in a closed-loop circuit: the circulatory system. This system is divided into the systemic circulation (irrigating tissues, organs, etc.) and the pulmonary circulation (supplying de-oxygenated blood to lungs where it reoxygenates).

Anatomy of the human heart

The heart is located into the thoracic cavity in a zone called mediastinum, between the lungs and the diaphragm. An average adult human heart weights between 300 g 

Systemic circulation

Anatomy of the human heart Figure 1.1: At the heart of the cardiovascular system: (left) blood circulation in human body and, (right) anatomy of the human heart. Modified from [START_REF] Simon | Extraction et caractérisation du mouvement cardiaque en imagerie scanner multibarrette[END_REF]. and 350 g. The heart is a hollow organ with four chambers separated by valves and surrounded by muscles which squeeze and relax to pump the blood around the body (cf. Figure 1.1(right)). The four chambers are: the right atrium (RA), the right ventricle (RV), the left atrium (LA) and the left ventricle (LV). Although a single organ, the heart functions as two separate pumps: the right heart (RA and RV) and the left heart (LA and LV). Two septal walls separate the left and right sides: the inter-atrial septum, dividing RA and LA, and the inter-ventricular septum separating the two ventricles.

Cardiac hypertrophy and cardiac asynchronism concern the whole heart with effects on the entire body; however, the challenges addressed in this work concern the left ventricle (cf. 1.2.1.2, 1.2.2.4).

Ventricles

RV and LV are bounded by a thick muscle called myocardium (10 mm for a healthy LV), an interventricular septum, two atrioventricular valves (mitral and tricuspid valves, respectively), and two semilunar valves (pulmonary and aortic valves, respectively, cf. Figure 1.2a). RV and LV pump the blood into pulmonary and systemic circulations through the pulmonary artery and the aorta, respectively. Their contraction is longer and stronger than in atria in a healthy heart.

LV geometry can be approximated with a truncated ellipsoid with the base plane intersecting the mitral and aortic valves (cf. Figure 1.3). The vertex of this ellipsoid will correspond to the apex. The axis perpendicular to the base and containing the apex is called long axis. In cardiac imaging, planar images lying in planes parallel to this axis are In reality, LV's inner wall is very irregular and made up of many meaty ridges or trabeculae carneae. They are of three types: first order (papillary muscles), second order and third order trabeculae (cf. Figure 1.2b). Papillary muscles are cone shaped with the base joined to the ventricular wall and the apex to chordae tendineae. The latter are in turn attached to the atrioventricular valves (AV-valves) which prevents the valves to open during ventricular systole.

Coronary blood vessels network

The coronary circulation supplies blood to the cardiac muscle. It is made up of two extensive networks of coronary blood vessels (cf. Figure 1.4): the network of coronary arteries and the network of coronary veins. The anatomy of the latter is important during CRT device implantation because an excitation lead is positioned in a coronary vein to pace the left ventricle (cf. 1.2.2.3). The main vessels of the network of coronary veins are: the great cardiac vein, the middle cardiac vein, the small cardiac vein, the antero-lateral vein and the posterior vein. These veins join together into a large vessel called coronary sinus that delivers de-oxygenated blood to the right atrium. From [START_REF] Oesterle | Percutaneous In Situ Coronary Venous Arterialization: Report of the First Human Catheter-Based Coronary Artery Bypass[END_REF].

Cardiac muscle

The cardiac muscle can be divided into three layers: the endocardium (a thin membrane that lines the inner chambers of the heart), the myocardium (a thick layer of muscular cells), and the pericardium (also subdivided into different layers).

The myocardium is made up of cardiomyocytes (cells) that arrange into fibers. Cardiomyocytes are unique in the human body due to their characteristics. They are contractile yet cannot remain in contraction, independent and good conductors (i.e. cell excitation is transmitted to neighbors). Cardiomyocytes are irrigated by coronary arteries and excited by the autonomic nervous system. Myocardial fibers are arranged into spiral and circular bundles (cf. Figure 1.5). Fiber disposition locally determines the favored direction to transmit cells excitation to neighbors.

Figure 1.5: Distribution of cardiac muscular fibers. From [START_REF] Malmivuo | Bioelectromagnetism: principles and applications of bioelectric and biomagnetic fields[END_REF].

The pumping action of the heart is achieved by the contraction and relaxation of the cardiac muscle. This action is triggered by electrical signals propagating throughout the muscle. Thus, the electrical and mechanical function of the heart are coupled.

Here, we describe each phenomenon individually (cf. 1.1.2, 1.1.3) in order to provide straightforward connection with the information that each cardiac imaging technique provides in the context of this work (cf 1.3).

Electrical function

A cardiomyocyte exhibits an electric potential difference (voltage, about -90 mV at rest) between intra and extra cellular media caused by different concentrations of sodium ions (N a + ), potassium ions (K + ), calcium ions (Ca 2+ ) and chloride ions (Cl -).

The contraction of a cardiomyocyte is the result of ionic exchanges at microscopic level between intra and extra cellular media. These exchanges modify the voltage between intra and extra cellular media of the cell. The resulting cardiac action potential, i.e. the evolution of this voltage over time, has four phases (cf. Figure 1.6):

Rapid depolarization. An electrical excitation of the cell above a given activation threshold causes a rapid inversion of its polarization or depolarization.

Beginning of repolarization. Characterized by a fast and acute return to equilibrium.

Plateau. The repolarization slows down into a "plateau" phase where the voltage does not change significantly.

Rapid repolarization. Fast decrease of cardiomyocyte's voltage until equilibrium is reached.

Cardiac muscle depolarization is triggered by the sinus node or Keith-Flack node (cf. Figure 1.7). This node plays the role of a natural pacemaker triggering the cardiac rhythm, called sinus rhythm. The sinus node is located on the RA wall, near the entrance of the superior vena cava. The action potential induced at the sinus node propagates towards atria (left and right) causing atria contraction (cf. Figure 1.7). This depolarization front conveys at the atrioventricular node (AV-node) or node Aschoff-Tawara. The AV-node is located in RA near to the coronary sinus. It behaves as a filter blocking the propagation of very fast atrial depolarizations towards ventricles (e.g. during atria fibrillation). The AV-node marks the beginning of the bundle of His. This bundle continues towards the interventricular septum where it divides into two branches. Different ramifications of these branches continue to right and left ventricles. The separation between atria and ventricles (i.e. the mitral and tricuspid annuli), is made up of connective tissue which is an electrical isolator. Therefore, the bundle of His is the only pathway the depolarization front has to provoke ventricular contraction.

A depolarization is followed by a repolarization1 . During repolarization cardiomyocytes relax, first at atria (during ventricle's depolarization), and then at ventricles.

Although the depolarization, and so the contraction of the heart, is spontaneous, the sinus rhythm is influenced by other external elements such as effort or fear.

The local electrical activity of the cardiac muscle can be acquired with an electroanatomical mapping (cf. 1.3.2). The electrocardiogram (ECG) depicts the global electrical activity of the heart. The ECG can be decomposed into (cf. [START_REF] Simon | Extraction et caractérisation du mouvement cardiaque en imagerie scanner multibarrette[END_REF].

Mechanical function

The heart accomplishes its pumping role by circulating oxygenated blood arriving from lungs to the rest of the body. This is repeated cyclically with each period corresponding to a heartbeat or cardiac cycle. This cycle has four phases (cf. Figure 1.8):

Ventricular filling. In this phase, blood will flow from atria towards ventricles, first rapidly, and then slowly when the ventricular pressure approaches the atrial pressure.

Isovolumetric contraction. This phase starts when ventricular pressure increases and exceeds atrial pressure, causing AV-valves to close. During this phase, the ventricular pressure continues to increase while the ventricular volume remains unchanged.

Isotonic contraction (ejection phase).

When ventricular pressure exceeds arterial pressure the sigmoid valves will open and the blood will be ejected outside the heart. As blood quits ventricles, the ventricular pressure decreases causing sigmoid valves to close when it is lower than the arterial pressure.

Isovolumetric relaxation. In this short phase, ventricular pressure decreases until it is inferior to atrial pressure causing AV-valves to open. This allows blood to flow from atria into ventricles and the cardiac cycle starts again.

The Contraction and ejection phases made the ventricular systole while the relaxation and filling phases made the ventricular diastole. In a healthy heart, both ventricles contract simultaneously. (ECG, pressures, volumes) and cardiac events occurring in the heart also called Wiggers diagram, (bottom) illustration of blood circulation in heart cavities at each phase. From [START_REF] Marieb | Anatomie et physiologie humaines: adaptation de la 6ème édition américaine[END_REF]. From (Støylen, 2001).

LV local wall motion is routinely described using three components measured in a LV anatomical referential (cf. Figure 1.9). They are [START_REF] Blessberger | Two dimensional speckle tracking echocardiography: basic principles[END_REF]:

Longitudinal contractile motion. Motion in the direction of the LV long axis. LV base descends towards the apex during systole with the apex also moving in the same direction (Simonson et al., 1989) (Young et al., 1994).

Radial contractile motion. Myocardial fibers shortening towards the LV long axis and perpendicular to the epicardium. Radial strain represents myocardial thickening and thinning. It is relatively homogeneous around the ventricle with amplitudes between 4 and 8 mm (Young et al., 1994).

Circumferential motion. Circular motion tangent to the LV wall, around the LV long axis. It is perpendicular to both, radial and long axes. Observed from the apex, a normal circumferential motion during systole corresponds to a clockwise rotation at the base and an even greater counter-clockwise rotation at apex [START_REF] Maier | Evaluation of left ventricular segmental wall motion in hypertrophic cardiomyopathy with myocardial tagging[END_REF][START_REF] Nagel | Cardiac rotation and relaxation in patients with aortic valve stenosis[END_REF]Young et al., 1994). The difference from apex to base is the LV twist. These make LV to squeeze (torsion).

LV wall motion is essentially nonrigid being non homogeneous around the ventricle.

Nevertheless, a rigid component must be added (translation and rotation). The rigid component is caused by breathing and often distorts breath-hold image acquisitions (McLeish et al., 2002) (cf. 1.3.4.1).

Addressed cardiac issues: Hypertrophic cardiomyopathy and cardiac asynchronism

By 2010, the diseases of the cardiovascular system or cardiovascular diseases (CVDs) caused 223 deaths per 100 thousand individuals in France (about 27% of total deceases) 2 , being the first cause of decease in the country for women and the second for men. CVDs mortality in the world is very similar: more people die annually from CVDs than from any other cause. According to the World Health Organization, 17.3 million people died from CVDs in 2008 representing 30% of all global deaths that year (WHO, 2011). CVDs affects the heart, blood vessels or both. Angina (chest pain), aneurysm, endocarditis, epicarditis, cardiomyopathy and heart failure are just some examples. In this work, we focus on (i) cardiomyopathies, in particular the hypertrophic cardiomyopathy (HCM) which is the abnormal thickening of left ventricular myocardium and, (ii) cardiac asynchronism in heart failure (HF) patients that occurs when both, the pumping action of the heart is not synchronized (asynchronism) and the heart is unable to provide sufficient pump action to maintain the blood flow needed to meet the metabolic and functional requirements of the body (HF). These clinical motivations are detailed in the following subsections.

Hypertrophic cardiomyopathy

Hypertrophic Cardiomyopathy (HCM) belong to the broad class of cardiomyopathies (CM), meaning literally the diseases of cardiac muscle. They are an heterogeneous group of myocardial diseases. The classification proposed by a working group of the European Society of Cardiology [START_REF] Elliott | Classification of the cardiomyopathies: a position statement from the European Society Of Cardiology Working Group on Myocardial and Pericardial Diseases[END_REF] defined CM as "a myocardial disorder in which the heart muscle is structurally and functionally abnormal, in the absence of coronary artery disease, hypertension, valvular disease and congenital heart disease sufficient to cause the observed myocardial abnormality". They often evolve progressively and are related with a weakness in cardiac function. In fact, CMs represent an important cause of morbidity and mortality. There are four major types of CMs (cf. Figure 1.10) [START_REF] Locca | Rôle de l'IRM cardiaque dans le dépistage des cardiomyopathies de l'adulte[END_REF] [START_REF] Elliott | Classification of the cardiomyopathies: a position statement from the European Society Of Cardiology Working Group on Myocardial and Pericardial Diseases[END_REF]:

Hypertrophic cardiomyopathy (HCM). Right and/or left ventricular hypertrophy with altered diastolic and systolic function, often asymmetric, often involving the interventricular septum but sometimes with preserved left ventricular ejection fraction (LVEF).

Dilated cardiomyopathy (DCM).

The heart cavity is enlarged and stretched (cardiac dilation), resulting in weak and slow pumping of blood that, in turn, can result in the formation of blood clots. A fifth type can be included: the non-classified cardiomyopathies, i.e. none of the cardiomyopathies listed above including the non-compaction CMs and Tako-Tsubo CMs.

Arrhythmogenic right ventricular dysplasia (ARVD

This work aims at characterizing the hypertrophic cardiomyopathy. HCM is a common genetic cardiovascular disease, mostly sarcomeric (i.e. caused by sarcomere protein mutation) and autosomal dominant (i.e. an individual only need to get the abnormal gene from one parent in order to inherit the disease). Epidemiological studies from several parts of the world report a similar prevalence of left ventricular hypertrophy of about 0.2% (i.e., 1:500) in the general population (B. J. Maron, 2004) (Gersh et al., 2011).

HCM is a disease with an extremely variable prognosis. Some patients will die from sudden death (B. J. Maron, 2010), some will develop atrial fibrillation [START_REF] Olivotto | Impact of Atrial Fibrillation on the Clinical Course of Hypertrophic Cardiomyopathy[END_REF] with accidents due to arterial embolism (Harris et al., 2006), some will suffer from heart failure in most cases with a preserved left ventricular ejection fraction, and some will be life-long asymptomatic.

The recommendations from ACC/AHA (American Heart Association) of 2011 (Gersh et al., 2011) elucidated the difficulties of dealing with this affection and indicated the modalities for diagnosis, follow-up and treatment. These recommendations are based on expert consensus and, whenever possible, on evidence. From a therapeutic point of view, β-blocker drugs and the development of implantable cardioverter-defibrillators (ICD)

have enabled to prevent serious ventricular rhythm disorders in HCM patients (Gersh et al., 2011). However, the selection of the patients that will benefit from these therapies is still challenging. In the case of embolic accidents, their prevention is mainly supported on the prescription of oral anticoagulants (Gersh et al., 2011). The manifestations of HF with preserved ejection fraction remain difficult to handle. In this case, the treatment is relatively limited focusing in relieving the symptoms. Thus, it is important to enhance HCM understanding in order to improve patient detection and treatment at early stages. 

Hypertrophic cardiomyopathy and fibrosis

From a physiophatological point of view, tissue modifications in HCM are characterized not only by myocardial thickening but also by an architectural disorganization of the myocardium and by fibrosis [START_REF] Ohsato | Histopathological factors related to diastolic function in myocardial hypertrophy[END_REF]. Cardiac fibrosis commonly refers to the proliferation of fibroblasts (cell of connective tissue that synthesizes the extracellular matrix and collagen) in the cardiac muscle. The pathophysiological mechanisms that lead to this fibrosis are varied, some being acute as myocardial infarction and others 1.2. Addressed cardiac issues: Hypertrophic cardiomyopathy and cardiac asynchronism 17 being progressive and potentially reversible [START_REF] Mewton | Assessment of Myocardial Fibrosis with Cardiac Magnetic Resonance[END_REF]. Myocardial fibrosis in animals and patient studies has been associated with ventricular systolic function worsening, abnormal cardiac remodeling and increased ventricular stiffness.

Different types of myocardial fibrosis have been reported (cf. Figure 1.11). They are classified according to the cardiomyopathic process. They were defined in [START_REF] Mewton | Assessment of Myocardial Fibrosis with Cardiac Magnetic Resonance[END_REF] as follows:

Reactive interstitial fibrosis. Reactive interstitial or replacement myocardial fibrosis are common features of a broad variety of cardiomyopathies, including hypertrophic cardiomyopathy (HCM). Myocardial fibrosis leads to both systolic and diastolic dysfunction. On the one hand, fibrotic segments will deform less than normal ones (Bijnens et al., 2009) (systolic). On the other hand, fibrosis will lead to a decrease in compliance 4 thus to difficulties to fill the left cardiac chambers (diastolic). Other studies proved that the extent of LGE was also correlated with adverse cardiac events such as sudden cardiac death, fatal arrhythmia or worsening heart failure in patients with HCM [START_REF] Bruder | Myocardial Scar Visualized by Cardiovascular Magnetic Resonance Imaging Predicts Major Adverse Events in Patients With Hypertrophic Cardiomyopathy[END_REF].

3. A myofibroblast is a fibroblast (i.e. a cell in connective tissue that synthesizes collagen), having some of the characteristics of smooth muscle cells such as contractile properties.

4. The term compliance is used to describe how easily a chamber of the heart or the lumen of a blood vessel expands when it is filled with a volume of blood. HCM characterization and cardiac imaging. Cardiac magnetic resonance is the new gold standard to measure myocardial wall thickness and to diagnose HCM (Gersh et al., 2011). It is also used to characterize myocardial tissue state. In particular, it enables to quantify the fibrosis/scar extension [START_REF] Moon | The histologic basis of late gadolinium enhancement cardiovascular magnetic resonance in hypertrophic cardiomyopathy[END_REF]. It is now documented that approximately half of patients with HCM have late gadolinium enhancement (LGE) suggestive of areas of fibrosis (M. S. Maron et al., 2008) (cf. 1.3.4.1).

Trans-thoracic echocardiography (TTE) is an examination of first intention in HCM diagnosis and patient's follow-up (Gersh et al., 2011). It enables not only to quantify the degree of hypertrophy but also the systolic and diastolic function of the left ventricle.

Myocardial strain is a sensitive parameter of ventricular systolic function (N. L. [START_REF] Greenberg | Doppler-Derived Myocardial Systolic Strain Rate Is a Strong Index of Left Ventricular Contractility[END_REF]. In this context, 2D speckle tracking echocardiography (STE) provides an angle-independent, rapid and accurate method for strain measurement [START_REF] Leitman | Two-dimensional strain-a novel software for real-time quantitative echocardiographic assessment of myocardial function[END_REF]). In addition, previous studies have described an alteration in left ventricular strain in HCM patients even with normal ejection fraction [START_REF] Serri | Global and Regional Myocardial Function Quantification by Two-Dimensional Strain: Application in Hypertrophic Cardiomyopathy[END_REF]. Some studies reported that regional myocardial strain and wall thickening are affected by regional myocardial fibrosis in patients with HCM (Popović et al., 2008) (Saito et al., 2012). Thus, the description of the relationship between myocardial strain and fibrosis may lead to a better understanding and interpretation of the strain curve. It would also enable a low cost and early characterization of myocardial tissue and an improvement in diagnostic.

In this context, multisensor image fusion provides a valuable tool to improve HCM understanding. For this purpose, we propose in this work to study the relationship between the local strain and the presence of fibrosis in HCM patients. We will consider regional strain curves from STE and myocardial fibrosis from the late gadolinium-enhanced (LGE) sequence of the cardiac magnetic resonance imaging (MRI). Then, we seek to evaluate the statistical significance of the change of strain indicators with regards to the presence or not of myocardial fibrosis as well as their strength to predict the presence of fibrosis.

This study is presented in Chapter 5.

Heart failure and asynchronous contraction

According to the European Society of Cardiology, HF can be defined as an abnormality of cardiac structure or function leading to failure of the heart to deliver oxygen at a rate commensurate with the requirements of the metabolizing tissues, despite normal filling pressures (or only at the expense of increased filling pressures) [START_REF] Mcmurray | ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012 The Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Developed in collaboration with the Heart Failure Association (HFA) of the ESC[END_REF]. In some cases, the heart cannot fill with enough blood. In other cases, the heart cannot pump blood to the rest of the body with enough force. Some patients have both problems.

HF prevalence is estimated between 1% and 2% of the adult population in developed countries [START_REF] Mcmurray | ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012 The Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Developed in collaboration with the Heart Failure Association (HFA) of the ESC[END_REF], with the prevalence rising to 10% or more among persons 70 years of age or older. From HF population, it is estimated that between 30% and 40% suffer from a synchronization defect or cardiac asynchronism. In fact, HF can be caused by cardiac asynchronism. Below we present different mechanisms that are triggered when HF appears, the relationship between HF and cardiac asynchronism, the Cardiac Resynchronization Therapy (CRT) and the optimization of CRT.

Mechanisms of the uncompensated heart failure

Several natural compensatory mechanisms are called into action in HF patients in order to buffer the fall in cardiac output; however, their benefits are of short term. These mechanisms have a neuro-hormonal origin. Two main compensatory mechanisms are involved: increasing the cardiac rate (tachycardia) and augmenting the volume of the myocardium (dilated cardiomyopathy). In the latter, the heart is dilated and cardiomyocytes stretch. This increases under certain limit the contractility of cardiomyocytes [START_REF] Artigou | Cardiologie et maladies vasculaires[END_REF]. Symptomatic mechanisms appear once HF cannot be compensated. They cause pre-charge and post-charge to increase (i.e. ventricular end-diastolic pressure and arterial pressure, respectively). HF mechanisms lead to different physiological changes either if HF is mainly originated at right ventricle or at left ventricle.

Left-sided heart failure. The left side of the heart must work harder than normal to pump the same amount of blood. Blood can be hardly evacuated from LV for multiple reasons (hypertension, coronary insufficiency, mitral insufficiency, myocardiopathy, etc.), and accumulates in RV. Depending of HF severity, this may result in shortness of breath and pulmonary edema. 

Right

Asynchronous contraction

HF can lead to an asynchronous contraction of the heart. The causes of such an asynchronism can be electrical (cardiac conduction disorder), mechanical (muscular disorder) or electromechanical. This is reflected in the ECG by an abnormally wide QRS complex (QRS greater than 120 ms) [START_REF] Mcmurray | ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012 The Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Developed in collaboration with the Heart Failure Association (HFA) of the ESC[END_REF]. Cardiac asynchronism can be atrioventricular, interventricular or intraventricular [START_REF] Gabriel | De la notion d'asynchronisme ventriculaire au traitement de l'insuffisance cardiaque[END_REF]:

Asynchronous atrioventricular contraction. It can be caused by a conduction disorder at sinus node (SA block) and/or at AV-node (AV block), both resulting in an abnormal delay of electrical conduction between atria and ventricles. This asynchronism causes mitral insufficiency at atrial end-systole and reduces the time of atria filling, thus decreasing the volume of ejected blood.

Asynchronous interventricular contraction.

A given delay between RV and LV contractions delays blood ejection from one ventricle related to the other and often results in a decrease of cardiac function. This asynchronism is most commonly caused by a blocked bundle branch (a disorder of His bundle branches). There are two types of bundle branch block:

Right bundle branch block (RBBB).

During RBBB the RV is not directly excited. However, LV is normally activated by the left bundle branch and transmits electrical impulses to RV through the myocardium.

Left bundle branch block (LBBB).

During LBBB the LV is not directly excited and, reciprocally to RBBB, LV activation is delayed. RV contraction can provoke the septum to move towards LV before it contracts. This phenomenon is called septal flash and can be observed during an echocardiography (cf. 1.3.5). (Tavard, 2012).

Asynchronous intraventricular contraction.

filling. On the other hand, a late contraction increases mitral insufficiency and decreases blood output volume, particularly when LV contraction starts after aortic valve closing and ventricular filling phase is already started (cf. Figure 1.12) .

Cardiac resynchronization therapy (CRT)

CRT consists in the implantation of a CRT-device (an electronic device with multiple stimulation leads) to correct cardiac asynchronism. This device triggers and controls myocardial contraction in order to reestablish inter-and intra-ventricular synchronism.

The implantation procedure lasts about one hour and the patient needs one day of hospitalization.

Patient selection guidelines. CRT patient selection guidelines include:

-Chronic HF with systolic LV dysfunction, a left ventricular ejection fraction (LVEF) below or equal to 35% and a LV diameter at end-diastole greater than 27 mm/m 2 , -NYHA class III or class IV despite optimal medical treatment, -Patient at sinus rhythm, -QRS duration greater or equal than 120 ms.

CRT-device implantation.

A bi-ventricular pacemaker (BIV pacemaker) is the most used CRT-device. This is a battery-powered electronic device with three stimulation leads (cf. figure 1.13). BIV pacemaker implantation is subcutaneous, generally below the clavicle. During CRT, the three stimulation leads must be correctly positioned: one in the right atrium (at atrium's summit), one in the right ventricle (at the apex) and the last in the left ventricle [START_REF] Cazeau | Effects of multisite biventricular pacing in patients with heart failure and intraventricular conduction delay[END_REF][START_REF] Cleland | The effect of cardiac resynchronization on morbidity and mortality in heart failure[END_REF]. Vascular Diseases (DCMV) of CHU in Rennes as earlier as 1998 [START_REF] Daubert | Permanent left ventricular pacing with transvenous leads inserted into the coronary veins[END_REF][START_REF] Leclercq | A pilot experience with permanent biventricular pacing to treat advanced heart failure[END_REF]. In this approach, the left ventricle is stimulated in only one site that is reached inserting the stimulation lead into one of the left coronary veins that join at the coronary sinus. This type of epicardial stimulation of the left ventricle is the one considered in this work.

BIV pacemaker configuration.

Recent cardiac stimulators allow to adjust the atrioventricular delay (AV-delay) and the interventricular delay (VV-delay). AV-delay and VV-delay are adapted using echocardiography to obtain the best ventricular filling profile preserving an optimal left ventricular depolarization. A study on 43 patients obtained an average optimal AV-delay of 148 mm [START_REF] Purnode | Stimulation biventriculaire et insuffisance cardiaque[END_REF].

Benefits from CRT.

CRT main benefits are:

-After CRT-device implantation the LVEF increases, cardiac rhythm diminishes and the heart remodels. In fact, LV can loss 20 to 50 mL of its volume after six months compared to pre-implantation volume.

-At extra-cardiac level, CRT improves HF symptoms in about 50% of patients who have been treated maximally with medications but still have severe or moderately severe HF symptoms. CRT improves survival, quality of life, heart function, the ability to exercise and helps to decrease hospitalizations in these patients [START_REF] Moss | Cardiac-resynchronization therapy for the prevention of heart-failure events[END_REF][START_REF] Mcalister | Cardiac resynchronization therapy for patients with left ventricular systolic dysfunction[END_REF].

Problem statement: CRT optimization

CRT is a recognized treatment widely validated on chronic HF patients. Randomized studies suggest that cardiac resynchronization is effective on 70% of CRT-patients fulfilling the current selection guidelines (cf. 1.2.2.3) [START_REF] Bax | Cardiac Resynchronization Therapy:: Part 1-Issues Before Device Implantation[END_REF] [START_REF] Mehra | Cardiac resynchronization therapy: caveat medicus![END_REF]. Then, the percentage of patients non responding to CRT is still high: about 30% [START_REF] Pavlopoulos | Recent advances in cardiac resynchronization therapy: echocardiographic modalities, patient selection, optimization, non-responders -all you need to know for more efficient CRT[END_REF] [START_REF] Khan | Left ventricular lead placement in cardiac resynchronization therapy: where and how?[END_REF]. Non-responders patients do not attain symptomatic benefits due to inappropriate selection for CRT, presence of myocardial scar, suboptimal

LV lead position and/or inadequate post-implant device programming [START_REF] Khan | Left ventricular lead placement in cardiac resynchronization therapy: where and how?[END_REF]. The factors to consider in CRT optimization can be grouped into three main aspects:

1. Improvement of patient selection guidelines. The following aspects undermine the chances for CRT response: patients not fulfilling the selection criteria, absence of ventricular asynchronism, cardiomyopathy at a terminal stage (no possible remodeling), or additional contraindications originated in previous cardiac surgery.

2. Optimization of device implantation. Most of reported works focus on the optimization of the site for LV stimulation. Then, a better identification of potential stimulation sites (in particular, LV stimulation site), or a better characterization of the coronary venous network in order to get an optimal approach to the best stimulation site (in the case of an epicardial stimulation of LV), are of interest. They analyzed 18 indicators that could be measured from echo images and that had been proposed to predict CRT response. Their analysis listed the echo modality, cut-off value and response criterion. They also analyzed the selection of patients to CRT from the point of view of their clinical state. The general conclusion is that a comprehensive approach to CRT, accounting not only for electrical or mechanical dyssynchrony but also for several other covariates, is needed.

Concerning the optimization of CRT device implantation, it is commonly described in literature that the optimal site for LV stimulation is the one with the latest electromechanical activation (normally defined as the delay between the QRS and the peak-strain, as measured in echocardiography) [START_REF] Morgan | Lead positioning for cardiac resynchronization therapy: techniques and priorities[END_REF] [START_REF] Khan | Left ventricular lead placement in cardiac resynchronization therapy: where and how?[END_REF]. Also, an overall conclusion is that both, posterio-lateral (transmural) scar and dyssynchrony markers (Jansen et al., 2008), are important. This leads to a two folded optimization of LV tip location: (i) to locate the site of latest (electromechanical) activation and (ii)

to characterize the scar burden at this location [START_REF] Morgan | Lead positioning for cardiac resynchronization therapy: techniques and priorities[END_REF]) [START_REF] Khan | Left ventricular lead placement in cardiac resynchronization therapy: where and how?[END_REF]. In this context, studies assessing tissue state from cardiac magnetic resonance imaging have shown its relationship with the response to CRT [START_REF] Leyva | Cardiac resynchronization therapy guided by late gadoliniumenhancement cardiovascular magnetic resonance[END_REF] (L. 

Multisensor cardiac imaging

This work focuses on multisensor fusion of electroanatomical mapping (EAM), computed tomography (CT), cardiovascular magnetic resonance imaging (MRI) and echocardiography (US, ultrasound) images that are used to characterize target HCM and cardiac asynchronism. On the one hand, they provide complementary information about cardiac anatomy, myocardial structure, electrical function and mechanical function. On the other hand, the fusion of these heterogeneous multisensor acquisitions enables an unified description of cardiac multiphysics phenomena of interest for a given patient. This may enable to detect the underlying sources and mechanism explaining the function of the diseased heart which, in long term, will allow to improve the understanding of the diseases, to improve their diagnosis and to optimize/predict the outcome of their treatment.

Despite this section focuses on cardiac imaging modalities of interest, it begins with a brief introduction of electrocardiography. This is because the ECG is commonly used to acquire EAM, MRI, CT and US images.

Electrocardiography

Electrocardiography (ECG) is a non-invasive examination of cardiac function that records the electrical activity of the heart during a period of time. In fact, ECG initial denotes both the examination and the signal recorded (i.e. the electrocardiogram).

Principle

ECG depicts the propagation wavefront of myocardial depolarization as seen on the chest (cf. Figure 1.7). ECG is acquired using electrodes placed on the skin of the patient's chest often using a sampling frequency of 15 kHz.

A first reading of the ECG reflects the regularity of cardiac frequency. ECG examination also enables to assess the size and position of the cardiac cavity, to detect an abnormality in cardiac rhythm, to verify the efficiency of a treatment or to adapt it (e.g. during pacemaker fine-tunning). In fact, ECG analysis is the most efficient way for abnormal cardiac rhythm measurement and diagnosis, in particular when it has electrical origins (electrical conduction defect).

The classical ECG acquisition, called 12-lead ECG, requires the placement of ten electrodes (cf. Figure 1.14). The 12-lead ECG was standardized after an international convention [START_REF] Barnes | Standardization of precordial leads: Supplementary report[END_REF]. In this context, lead means one ECG trace (i. The ECG signal depicts the global electrical activity of the heart. It is divided into the P-wave, the QRS-complex and the T-wave (cf. ). ECG analysis enables to detect arrhythmias, dyssynchrony and other electrical disorders. Electrical asynchronism diagnosis can also be done with ECG analysis.

Role of ECG in CRT

ECG is an important acquisition for CRT because QRS length is measured from patient's ECG. In fact, QRS-width has been used as an indicator of CRT response. ECG is acquired in pre-, per-and post-operative stages. Post-operative acquisitions allow to 

Acquisition principle

The systems of endocavitary electrical mapping are made up of:

-Two leads that are mounted on catheters inserted into the femoral artery and advanced up the aorta to approach the left ventricle. They are used to acquire electrophysiological potentials:

5. Electrocardiographic imaging. This is a noninvasive mapping technique providing electrical information on the epicardial, and recently, the endocardial surface of the heart. These information is reconstructed from multiple electrical recordings on the chest, also called Body Surface Potential Mapping (BSPM). * one reference electrode (fixed), placed into a cavity (right atrium or ventricle in the case of an acquisition in the left ventricle), * one electrode or a constellation of electrodes measuring electrophysiological potentials of the endocardial surface.

-A spatial positioning system made up of three magnetic field sources of low intensity placed in the examination table. The magnetic field is captured by one sensor located on the tip of the acquisition lead. Then, the position of this lead is estimated by triangulation.

-A visualization console enabling to survey the progression of the acquisition (lead displacement, measurement, points acquired, signals).

A global view of an EAM acquisition is presented in Figure 1.16. Figure 1.16: Schematic description of EAM acquisition. In this case the acquired information are the local electrical activation delays also known as local activation time (LAT ). From (Tavard, 2012).

The data acquired with EAM systems contains both, anatomical and electrical information. In a first stage, the endocardial surface is estimated from a point cloud lying into the cavity. Roughly speaking, this surface corresponds to the boundaries of this cloud. The reconstruction of LV endocardial surface is difficult because of LV trabeculae.

LV apical and septal zones as well as the region close to the mitral valve are of difficult access and could not be contoured adequately.

EAM surface can be enhanced with anatomical landmarks marked by the physician during the acquisition. The annotated fiducials make easier to orientate the surface during posterior visualization. These fiducials are annotated by positioning the lead in the anatomical region of interest. The aorta (or the aortic chamber), the apex, one wall (e.g. the septal wall) and the mitral region are often annotated during LV mapping.

However, these landmarks indicate an anatomical region rather than a precise point on the surface.

The electrical maps of the endocardial surface are acquired in a second stage. Local intra-cavity EGMs are acquired by a mobile electrode. Another EGM is recorded in parallel and used as a reference signal. This reference can be either the ECG or, more often, the EGM recorded by an electrode placed into another cavity (often the RV).

Two types of information are routinely extracted from recorded EGMs: electrical delays and electrical magnitude. Electrical delays are computed from a reference time stamp marked in the reference signal. In such a way, a mapping of the local activation time (LAT ) can be computed (cf. Figure 1.15). Each LAT is the delay between the reference time stamp and the instant of the peak of a cavity EGM. The selection of the reference lead determines the electrical mapping quality. In fact, a low signal to noise ratio (i.e. the ratio between the power of the signal c.ontaining the information and the power of noise/parasite signal), will affect the positioning of the time reference. Thus, a lead near to the coronary sinus is often preferred because EGM amplitude at this localization, near to AV-node, is equivalent or even stronger than an EGM at atria [START_REF] Bhakta | Principles of Electroanatomic Mapping[END_REF].

There are two types of electrodes used to record EGMs:

Contact system (sequential acquisition). One electrode mounted in a catheter is moved until it touches the endocardium. In such a system, EGMs are acquired sequentially, i.e. EGMs are acquired point by point around the endocardial surface. The CARTO mapping system uses this approach. The acquisition of each EGM takes about one second. The number of points with associated EGMs will define the duration of the electrical acquisition (around 20 min without considering the time needed to acquire LV geometry). This time will extend to some hours if different mappings are acquired (e.g. mappings for different types of excitation of the BIV pacemaker).

Non-contact system (simultaneous acquisition).

In this case, the catheter used for EGM acquisition contains a multi-electrode array (MEA) that is a constellation of electrodes arranged in a known distribution (Ensite, Endocardial Solutions Inc., St. Paul, MN, USA, Figure 1.17). Normally, these electrodes are not in contact with the endocardial surface. The MEA catheter (e.g. a balloon catheter) allow to acquire the entire electrical activity of the cavity in a unique heartbeat which is clearly an advantage, e.g. when non sustained arrhythmias need to be mapped. To obtain endocardial EGMs, the inverse problem needs to be solved [START_REF] Khoury | Reconstruction of Endocardial Potentials and Activation Sequences From Intracavitary Probe Measurements: Localization of Pacing Sites and Effects of Myocardial Structure[END_REF]. EAM acquisition with MEA catheters needs less time than using contact catheters; however, the patient can be discomforted with the balloon catheter placed into the heart. In addition, EGM precision is lower than using contact catheters. Figure 1.17: A balloon catheter used in a non-contact EAM system. The catheter is an array of 64 electrodes distributed on an ellipsoidal surface.

Role of EAM in CRT optimization

EAM acquisitions are of great interest to plan CRT and to study CRT effects on cardiac electrical propagation (Tavard et al., 2014). These acquisitions are rare in clinical routine; however, the data they provide is very rich in information. EAM acquisitions were included in IMOP (feasibility study) and euHeart protocols (cf. 6.2.1).

They were acquired after BIV pacemaker implantation. The acquisition was performed under different modes of stimulation (no stimulation or sinus rhythm, RV stimulation, LV stimulation and BIV stimulation), in order to analyze and derive new criteria that could be used to optimize CRT gesture and patient selection.

Cardiac computed tomography (CT)

X-ray computed tomography is a technology that uses computer-processed X-rays to produce tomographic images of specific areas of the scanned object. Digital geometry processing is used to generate a three-dimensional image of the inside of an object from a large series of two-dimensional radiographic images captured around a single axis of rotation [START_REF] Herman | Fundamentals of computerized tomography: image reconstruction from projections[END_REF]. Because X-ray computed tomography is the most common form of computed tomography in medicine and various other contexts, the term computed tomography alone (or CT ) is often used to refer to X-ray CT, although other types exist (such as positron emission tomography (PET ) and single-photon emission computed tomography (SPECT )). In this work, we use the term CT to refer to cardiac X-ray computed tomography.

CT reconstruction uses multiple X-ray projections meaning that the intensity of each reconstructed voxel is related with the radiological density of the tissue it belongs, i.e. the measurement of its X-ray absorption properties. The first commercial CT was invented by Sir Godfrey Hounsfield who gave his name to the unit of absorption coefficients or a Hounsfield (H ). For instance, X-ray absorption coefficients for air, water (similar to blood) and bones are -1000 H, 0 H and 1000 H, respectively. Thus, the differences of X-ray absorption coefficient between tissues enable to distinguish different organs into the body (cf. Figure 1.18). Spiral CT is the dominant type of CT scanner technology. In this type of machines, the patient is placed on a table and moved during CT acquisition while the pair X-ray emitter-detector rotates around it. The number of X-ray projections (angular resolution) and the size of the field of view (spatial extent of the object to be imaged), are important parameters defining CT image resolution. In cardiac CT, it is common to obtain sub-millimeter spatial resolutions. A typical resolution is 0.3×0.3×0.6 mm 3 for an extent of 512×512×193 voxels and a cylindrical field of view covering all heart chambers (cf. Figure 1.18b).

Temporal synchronization

Cardiac CT image reconstruction needs to "freeze" the moving heart to avoid reconstruction artifacts due to cardiac motion. Most CT systems need more than one heartbeat to reconstruct a 3D image of the heart. Therefore, data acquired at different heartbeats need to be synchronized in order to obtain a meaningful image. Such synchronization is performed using ECG that triggers CT acquisition. There are two types of ECG-triggering (J. K. [START_REF] Lee | Computed body tomography with MRI correlation[END_REF]:

Prospective ECG-triggering (or post-synchronization). The heart is scanned in sequential (step-and-shoot) mode at a determined delay after the onset of the R-wave. This delay can be either relative (e.g. a percentage of the time interval between the onset of two continuous R-waves, called RR-interval) or absolute (in milliseconds), and either forward (i.e. triggered from new R-waves) or reverse (i.e.

based on a series of preceding R-waves). This technique regains new interest today because the radiation dose is lower than in retrospective ECG; however, it is not possible to reconstruct dynamic volumes over the cardiac cycle.

Retrospective ECG-triggering. The heart is scanned continuously by a spiral scan while the ECG is recorded simultaneously. A CT image volume is reconstructed from acquired data at an ECG cardiac phase selected retrospectively. As a result, the radiation dose in a retrospective ECG-triggering study is higher than in a prospective ECG-triggering study. This technique enables the acquisition of dynamic images of the heart. A typical temporal resolution of 5% of a heartbeat, resulting in 20 image volumes evenly distributed over the cardiac cycle, is obtained.

Role of cardiac CT in CRT optimization

CT imaging continues to be used in clinical routine even if it uses X-ray ionizing radiation. Although cardiac MRI is an alternative to CT because it does not expose the patient to ionizing radiation, it cannot replace CT in all applications. In the context of CRT, CT imaging may be preferred to acquire and visualize the coronary tree (arteries and veins) before BIV pacemaker implantation (Tavard et al., 2014). It also provides an anatomical description of the heart with higher spatial resolution than MRI.

Magnetic resonance imaging (MRI)

MRI systems exploit the nuclear magnetic resonance of hydrogen nuclei to build an image of biological tissues that can furnish information about morphology and function of the human organism. The water and fat in human tissues are the primary origin of the MR signal used to generate images because they contain high quantities of hydrogen nuclei.

MRI systems apply a strong magnetic field B 0 (measured in Tesla units or T) to align the magnetic momentum of hydrogen nuclei (cf. Figure 1.19b). The attained moment equilibrium is then perturbed with a radio-frequency field (RF-field) at a particular frequency: the Larmor frequency. This RF-field is generated by RF-coils (cf. Figure 1.19a) and is normally applied as a short pulse (RF-pulse). RF-pulse causes the net magnetisation (macroscopic magnetization) to move away from its alignment with B 0 and to rotate around it at a frequency equals to the Larmor frequency, also called frequency of precession. Immediately after the application of the RF-pulse, the system starts to return back to equilibrium. This process is known as relaxation.

There are two distinct relaxation processes that can be detected by MRI systems:

the longitudinal relaxation (along the axis of B 0 i.e the z axis) called T1-relaxation, and the transverse relaxation (along x and y axes). T1-relaxation is an exponential process with a time constant T1. Transverse relaxation is made up of T2-relaxation and T2*-relaxation with time constants T2 and T2*, respectively. T2*-relaxation results from the combined effect of T2-relaxation and the effect of magnetic field non-uniformities [START_REF] Ridgway | Cardiovascular magnetic resonance physics for clinicians: part I[END_REF]. In the case of T2-relaxation, the signal that the receiver coil detects From [START_REF] Ridgway | Cardiovascular magnetic resonance physics for clinicians: part I[END_REF].

(if no further RF-pulses or magnetic field gradients are applied), is seen as an oscillating magnetic field that gradually decays, known as a free induction decay (FID). While the FID can be detected as a MR signal, for MRI it is more common to generate and to measure the MR signal in the form of an echo. The two most common types of used echo are gradient echoes and spin echoes. In general, the amplitude of the spin echo signal is greater than the gradient echo signal. Imaging based on spin echo is also less affected by the presence of field inhomogeneities caused by metallic artifacts.

Cardiovascular magnetic resonance imaging (cardiac MRI)

Cardiovascular magnetic resonance imaging (cardiac MRI) is the current gold standard modality for non-invasive evaluation of cardiac function. It is also used to evaluate cardiac morphology and myocardial substrate. High-quality imaging can be achieved in most patients in all orientations, all chambers and wall segments including those of the right ventricle. The analysis of regional and global myocardial function can also be performed using cardiac MRI. Moreover, dobutamine stress cardiac MRI offers ischemia evaluation, with the same examination protocol known from stress echocardiography.

Finally, myocardial substrate can be assessed with contrast enhanced sequences.

Capturing an image of the heart that is unaffected by motion requires the image to be acquired in just a few tens of milliseconds. However, to achieve acceptable image quality, the image acquisition time becomes too long to "freeze" heart motion. Therefore, MRI signals are acquired over multiple heartbeats, synchronizing the signal acquisition to a particular time point in the cardiac cycle using the ECG, as for CT (cf. There is a rich diversity of sequences describing anatomical and functional information of the heart. We present below those related with the work presented here and, especially, the late gadolinium-enhanced cardiac MRI which enables the assessment of myocardial fibrosis.

Cine imaging. Cine-MRI is acquired using fast gradient echo imaging. This type of acquisitions is particularly appropriate to study global and regional ventricular function [START_REF] Garot | Apport de l'IRM à l'évaluation des cardiopathies ischémiques[END_REF]. Retrospective ECG synchronization can be used successfully when imaging patients with small beat-to-beat variation [START_REF] Ridgway | Cardiovascular magnetic resonance physics for clinicians: part I[END_REF]. The images for all cardiac phases can be then acquired and viewed as a movie sequence or cine. A typical cardiac cine-MRI will have a temporal resolution of 30 ms for 20 to 60 cardiac phases imaged, a spatial resolution of 1.5 mm (in-plane) and a slice thickness of 8 to 10 mm (cf. Figure 1.21). 

Delayed enhanced MRI (DE-MRI).

Cardiac DE-MRI is used to assess myocardial viability (i.e. the retained capacity to recover contractile function following revascularization), and has been extensively validated, both in animal models and in clinical studies [START_REF] Choi | Transmural Extent of Acute Myocardial Infarction Predicts Long-Term Improvement in Contractile Function[END_REF]) [START_REF] Kim | The Use of Contrast-Enhanced Magnetic Resonance Imaging to Identify Reversible Myocardial Dysfunction[END_REF] [START_REF] Kim | Relationship of MRI Delayed Contrast Enhancement to Irreversible Injury, Infarct Age, and Contractile Function[END_REF]. The identification of scarred myocardial tissue in patients with acute or chronic myocardial infarction is one of the most important clinical applications of DE-MRI. It is also used to assess macroscopic fibrosis in the myocardium. Cardiac DE-MRI involves intravenous administration of gadolinium-based contrast agent followed by the acquisition of T1 weighted images of the myocardium using an inversion recovery (IR) technique. IR technique is commonly employed to suppress the signal from viable myocardium by modifying the contrast of the acquired image between viable and nonviable myocardium. Typically, IR uses inversion pulses followed by a prescribed delay to allow recovery of the prepared magnetization before a spin echo or gradient echo pulse sequence used to "read out" the magnetic resonance signal. The associated delay is known as time after inversion (TI) [START_REF] Jacquier | Delayed myocardial enhancement: Optimizing the MR imaging protocol[END_REF].

There are two types of cardiac DE-MRI: early gadolinium-enhanced (EGE) and late gadolinium-enhanced (LGE). EGE-and LGE-MRI are essentially the same, but the timing of the acquisition following intravenous administration of the contrast agent is a distinguishing factor, being greater than 10 min for LGE-MRI. In a typical LGE exam, 10 to 12 breath hold slices are acquired in short axis orientation, followed by long axis and 4-chamber views when clinically indicated.

Late gadolinium enhancement: physiopathology. Gadolinium is an extracellular contrast agent; thus, it distributes from the vascular sector to the interstitial sector and never enters the cellular sector. In myocardium, the vascular sector represents 5%, the interstitial sector 15% and the cellular sector 80% [START_REF] Jacquier | Delayed myocardial enhancement: Optimizing the MR imaging protocol[END_REF]. Therefore, the intensity of the gadolinium enhancement depends upon (i) tissue perfusion and (ii) the volume in which the gadolinium is distributed. Then, whatever the underlying pathology, late gadolinium enhancement is always related to an increasing in the volume of gadolinium distribution and to a slowing down in the wash-out [START_REF] Kazmierczak | IRM et Cardiopathie Dilatée: Relation avec les troubles du rythme ventriculaire[END_REF]: gadolinium contrast agents are not markers for myocardial fibrosis but for the interstitial space as well as wash-in and out kinetics of the contrast agent into this interstitial space [START_REF] Mewton | Assessment of Myocardial Fibrosis with Cardiac Magnetic Resonance[END_REF]. However, as mentioned previously (cf. 1.2.1.1), the presence of fibrosis increase the proportion of interstitial space: it has been shown that those zones with late gadolinium enhancement correspond to zones with fibrosis in autopsy [START_REF] Roberts | Idiopathic dilated Cardiomyopathy: Analysis of 152 necropsy patients[END_REF]. [START_REF] Moon | The histologic basis of late gadolinium enhancement cardiovascular magnetic resonance in hypertrophic cardiomyopathy[END_REF] described the histological basis of late gadolinium enhancement in hypertrophic cardiomyopathy, finding LGE zones representing regions with increased collagen but not disarray (cf. Figure 1.22). Figure 1.22: Comparison of (a) in vivo diastolic cine image (cf. 1.3.4.1), (b) in vivo gadolinium-enhanced cardiovascular magnetic resonance (cf. 1.3.4.1), (c) gross specimen of sections from explanted heart, and (d) histologic sections stained with sirius red (used for collagen determination). All images are the same scale. After fixation, considerable contraction has occurred. Regions of gadolinium enhancement correlate with regions of macroscopic unstained pale myocardium and regions of red-stained collagen. A representative mesocardial region, which is well defined, is marked by an arrow. From [START_REF] Moon | The histologic basis of late gadolinium enhancement cardiovascular magnetic resonance in hypertrophic cardiomyopathy[END_REF].

Sequences of LGE acquisition.

In LGE imaging, the optimal TI is obtained from a previous step called TI scout (cf. Figure 1.23a). In such a way, non-viable tissue (scarred or with macroscopic fibrosis) will appear as bright regions into the myocardium.

There are two types of LGE sequences: inversion recovery MRI (IR-MRI ) and phase sensitive inversion recovery MRI (PSIR-MRI ). IR sequences acquire the magnitude of the magnetization at the time of inversion. This time must be carefully selected to null viable myocardium; this increases the range of gray levels between viable and non-viable 

T1-mapping with Modified Look-Locker Inversion Recovery (MOLLI).

Despite being very sensitive to small areas of regional fibrosis, where regional collagen deposits appear in areas of myocyte injury (well defined areas), LGE has a limited sensitivity for interstitial diffuse fibrosis [START_REF] Fernandes | Myocardial T1-Mapping: Techniques and Clinical Applications[END_REF]. Moreover, the ability of cardiac LGE-MRI to image diffused fibrosis is limited because this type of fibrosis appears distributed into the myocardium; hence, no region will contain healthy tissue to null. Recent works suggest that T1-mapping sequence can overcome this problem (Lima, 2013) (Puntmann et al., 2013). The most widely used T1-mapping sequence is based on the Modified Look-Locker Inversion-recovery (MOLLI) technique. This is a technique merging image sets from multiple Look-Locker sequences with varying inversion times into one data set [START_REF] Messroghli | Modified Look-Locker inversion recovery (MOLLI) for high-resolution T1 mapping of the heart[END_REF]. In such a way, a curve depicting the increasing read intensity for different TI enables to get the T1 value of each voxel in the merged image. There are different variations of the original MOLLI technique proposed by [START_REF] Messroghli | Modified Look-Locker inversion recovery (MOLLI) for high-resolution T1 mapping of the heart[END_REF]: the optimized MOLLI sequence [START_REF] Messroghli | Optimization and validation of a fully-integrated pulse sequence for modified look-locker inversion-recovery (MOLLI) T1 mapping of the heart[END_REF] and the shortened MOLLI sequence [START_REF] Piechnik | Shortened Modified Look-Locker Inversion recovery (ShMOLLI) for clinical myocardial T1-mapping at 1.5 and 3 T within a 9 heartbeat breathhold[END_REF]. However, more evidence is needed in order to be used in clinical routine.

Role of cardiac MRI in HCM characterization

The assessment of myocardial fibrosis plays an important role in the comprehension of HCM. As described in 1.2.1.2, fibrosis from LGE-MRI and regional myocardial strain assessed in patient with HCM diagnosis seem to be related. Thus, it is pertinent to acquire MRI sequences allowing to assess myocardial fibrosis in HCM patients with the perspective of correlating it with the information from other imaging techniques.

The latter would improve patient detection and treatment at early stages as well as the knowledge of the information that other imaging techniques contain.

Role of cardiac MR in CRT optimization

In the context of CRT optimization, cardiac MRI is of interest to study myocardial scar/fibrosis and mechanical function. For CRT, it also allows to extract anatomical and functional information of the heart and to study the quality of the parietal wall and the coronary tree (using contrast enhanced magnetic resonance angiography). However, the quality of extracted coronary veins from MRI is lower than from CT.

Echocardiography (US)

Echocardiography is the acquisition of an ultrasound image of the heart (cf. Figure An echocardiographic system includes an echo probe with an ultrasound emitter/receptor couple. There exist different types of echocardiographic examinations according to where this probe is located. The two most common are transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE). The probe is located on the chest during TTE while it is located on a catheter positioned in the esophagus during TEE.

Echocardiographic examination often includes a Doppler acquisition. The Doppler effect is observed when an incident wave with frequency f i and propagation vector u i is reflected by a moving wall with velocity v in a medium with wave velocity c. The frequency of the reflected wave (f r ) with direction u r =u i is given by:

f r = (1 - v. u i c ) × f i (1.1)
Doppler effect enables to determine the speed and direction of blood flow and the motion of cardiac muscle (tissue Doppler imaging, TDI ) and, in such a way, to analyze cardiac function [START_REF] Bank | Tissue Doppler imaging and left ventricular dyssynchrony in heart failure[END_REF]Yu, Sanderson, et al., 2007).

Echocardiographic modes

There are different echocardiographic modes (i.e. how US echoes are represented) used to image the heart. Some of them are:

Motion mode (M-mode). This represents the motion of structures over time. Initially a 2D image is acquired and a single scan line is placed along the area of interest.

M-mode will then show how the structures intersecting that line move towards or away from the probe over time; (Maffessanti et al., 2009). The assessment of 2D strains by STE is a semiautomatic method that requires the cardiologist to define few points along the endocardial border. Furthermore, the sampling region of interest (ROI ), that is automatically defined by the echo system from the endocardial delineation, needs to be adjusted to ensure that most of the wall thickness is incorporated in the analysis and to avoid the pericardium (cf. Figure 1.26). Then, strains are computed by tracking the local speckle for defined regions. Regional strain is defined as the fractional or percentage change in a myocardial region (e.g. basal-lateral, cf. Figure 1.26) in comparison to its original dimension, along a direction (e.g. LV long axis). From this, it can be obtained both a 2D mapping of the region's deformation during a heartbeat and local strain curves (2D plot of myocardial deformation over time), as depicted in Figure 1.27

Dynamic

Role of US in HCM characterization

STE plays a potential central role in HCM characterization. Strain curves are of interest because they describe the mechanical behavior of myocardial tissue that can be correlated with fibrosis. Potentially, STE may provide the information to detect the myocardial regions affected by fibrosis.

Role of US in CRT optimization

Echocardiography is commonly used to measure mechanical delays, cardiac function and, therefore, to diagnose cardiac asynchronism [START_REF] Donal | Prediction of the Response to Cardiac Resynchronization Therapy: Is it Worthwhile Doing an Echocardiography and Looking for Mechanical Dyssynchrony?[END_REF]. It is acquired before and right after BIV pacemaker implantation which enables to improve BIV pacemaker parametrization. Also, it is used in patient's follow-up (at three and six months after implantation).

STE is of particular interest for CRT optimization. Potentially, it provides the information pertinent either to derive new markers of cardiac function from displacement, velocity or strain curves [START_REF] Delgado | Assessment of Left Ventricular Dyssynchrony by Speckle Tracking Strain Imaging:: Comparison Between Longitudinal, Circumferential, and Radial Strain in Cardiac Resynchronization Therapy[END_REF]Yu, Zhang, et al., 2006), or to compute the level of asynchronism [START_REF] Tournoux | Integrating functional and anatomical information to guide cardiac resynchronization therapy[END_REF], that would improve CRT outcome from these modalities in order to characterize, for instance, the regional electromechanical coupling along with the regional myocardial structure.

Conclusion

This chapter described the clinical context and addressed issues of this work. The main components of the heart were described, highlighting its multiphysics nature, coupling the anatomical, the substrate (myocardial tissue), the electrical and the mechanical components.

The two addressed clinical issues were then described. First, in the context of hypertrophic cardiomyopathy, it is needed to improve the characterization of the pathology and, especially, the relationship between the mechanical function (e.g. strain from speckle tracking echocardiography analysis), and the state of myocardial tissue (e.g. fibrosis from late gadolinium-enhanced MRI). This may lead to a better understanding and interpretation of US, especially speckle tracking echocardiography, enhancing the role of US in HCM diagnosis.

Second, in the context of cardiac asynchronism, Cardiac Resynchronization Therapy is recognized as a reference treatment. However, there is still a need to optimize the different steps of the treatment in order to overcome the high rate of implanted patients who do not respond to the therapy. A multiphysics description of the heart, combining the electrical and the mechanical information, but also the state of myocardial tissue, would enable to improve both, the selection of the implantation site and the planning of the intervention.

To achieve these goals, means of observation are required. However, given the heterogeneity and complexity of cardiac multiphysics phenomena, there is not a unique modality enabling to characterize the heart. For this reason, the last section of this chapter focused on the description of image acquisition modalities, highlighting their complementarity. For HCM characterization, echocardiography enables to evaluate the cardiac regional function but the presence of fibrosis is assessed from LGE-MRI in clinical routine. For cardiac asynchronism characterization, CT images are used to describe the anatomy, echocardiography is used to assess the mechanical function, electroanatomical mappings (EAM) are used to acquire the local electrical activity and MRI is used to evaluate myocardial tissue state.

Thus, in order to address these two clinical challenges, we propose to use multisensor image fusion. This approach presents the following challenges:

Multiphysics. Data acquired from the heart represent an indirect measurement of the phenomena of interest and carry a mixture of activities from different, intertwined processes and regulatory mechanisms. These justifies the acquisition of heterogeneous multisensor images but, at the same time, harden their fusion;

Multimodality. We need to fuse an heterogeneous set of cardiac image acquisitions.

The multisensor nature of input images harden their integration (registration);

Multiresolution. The precision of acquired images differs between modalities and, yet all modalities share information regarding LV anatomy, the necessary precision of few millimeters is not always available, for instance, due to sequential acquisition, patient motion, or simply a different state of respiration or contraction. Besides, it is needed to synchronize static and dynamic acquisitions, having in common that their acquisition is synchronized to the ECG signal (ECG gating), but with different temporal resolutions (e.g. 1 phase for LGE-MRI and 30 to 60 phases for cine-MRI). Moreover, acquisition ECGs are not available for all acquisitions and differ between them;

Multidimensionality. The heterogeneity of the dimension of input images (3D, 2D, 3D+t, 2D+t) harden their fusion. This difference in spatial and/or temporal dimension leads to consider the implementation of dynamic approaches both to register input images and to fuse the information they contain;

The approaches developed to fuse multisensor cardiac images to face these methodological challenges are presented in chapter 3. The next chapter presents a brief theoretical context of multisensor image registration and fusion followed by a state of the art in multisensor cardiac image registration. Simonson, J., Schiller, N., et al. (1989). "Descent of the base of the left ventricle: Tavard, F., Simon, A., Leclercq, C., Donal, E., Hernández, A., and Garreau, M. (2014). "Multimodal Registration and Data Fusion for Cardiac Resynchronization Therapy Optimization". In: IEEE Transactions on Medical Imaging 33.6, pp. 1363-1372. Tavard, F. (2012). "Recalage et fusion d'informations multimodales pour l'optimisation de la thérapie de resyncrhonisation cardiaque". PhD thesis. Université de Rennes 1. Tournoux, F., Chan, R., Manzke, R., Hanschumacher, M., Chen-Tournoux, A., Gérard, O., Solis-Martin, J., Heist, E., Allain, P., [START_REF] Tournoux | Integrating functional and anatomical information to guide cardiac resynchronization therapy[END_REF].
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CHAPTER 2

State of the art

The description of heart's multiphysics phenomena of interest may be used to improve disease diagnosis and treatment, and to predict treatment outcome; however, it requires the fusion of heterogeneous multisensor acquisitions. In this context, cardiac image registration is the first challenge to address. This chapter presents the considered multisensor fusion framework and a state of the art in cardiac image registration. First, multisensor image fusion is described and image registration is detailed. Then, cardiac image registration methods are briefly classified.

A state of the art in cardiac image registration is presented afterwards. It focuses on reported approaches processing the acquisitions we are interested in this work: cardiac MRI, CT, echocardiography and EAM. This chapter ends with the conclusions.

Multisensor image fusion

Multisensor image fusion is the process of integrating multiple images and/or imagederived data and knowledge representing the same object (heart) into a consistent, accurate, enhanced and useful representation. This enables a combined analysis of input data. A high level functional view of the data fusion process is presented in Figure 2.1. This model is a modification made by [START_REF] Hernandez | Fusion de signaux et de modèles pur la caractérisation d'arythmies cardiaques[END_REF] of the Joint Director of Laboratories (JDL) model [START_REF] Antony | Principles of data fusion automation[END_REF] [START_REF] White | Data Fusion Lexicon[END_REF]. Such a description of multisensor data fusion includes different levels of processing:

Level 1. This level aims at refining the object of interest using input multisensor images.

It is associated with image registration, information association, object detection and object classification processes.

Level 2. This level is associated with the detection of the object state and defined as the estimation of the diagnosis. This level of fusion includes the analysis of the associated information at level [START_REF] Hernandez | Fusion de signaux et de modèles pur la caractérisation d'arythmies cardiaques[END_REF].

modeling of observed entities, the detection of underlying sources and mechanism explaining the multiphysics phenomena needed to describe the function of the underlying organ (i.e. the heart).

Level 3. This level is defined as the estimation of the therapy i.e. the prediction of the future state from a given previous state. This definition can be related with the estimation of the therapy outcome, for instance, from personalized models of the heart as aimed by the euHeart project (Weese et al., 2013).

A degree of data fusion is obtained at each level, being the output of level 1 decisive for next levels. Our work mainly concerns the multisensor image registration process which is a decisive task to do in level 1. Image registration methods exploit the common information in input images, mainly the anatomy, in order to register them such that complementary (multisensor) information are or can be associated and fused. Below we present a brief formalization of the image registration procedure.

Multisensor image registration: Background

Image registration is the problem of finding a transformation that allows to describe a pair of images using a common referential. This enables to associate their information.

Let I F and I M be two images where subscripts F and M stand for fixed and moving, respectively. The coordinate system of I F (fixed image) is the target referential to which lying on their own spatial domain of dimension d (Klein et al., 2010):

I M (
Ω F ⊂ R d and Ω M ⊂ R d , respectively. Let T µ (x) be a geometrical transform of pixel (voxel) x ∈ Ω F
with µ the transform parameters. T µ maps the fixed image domain to the moving image

domain, i.e. T µ :Ω F ⊂ R d → Ω M ⊂ R d . Registration is the problem of finding an optimal set of parameters µ ′ such that T µ ′ (x) aligns I M T µ ′ (x) to I F (x): µ ′ = arg max µ M(T µ ; I F , I M ), (2.1) 
where M(T µ ; I F , I M ) is a similarity measure.

Figure 2.2 shows the general components of a classical registration procedure (Ibanez et al., 2005). Four main components are included: the transform, the interpolator, the metric and the optimizer.

Geometrical transform

During the registration procedure, the transform component T represents the spatial mapping of points in the fixed image space to points in the moving image space. The problematic and the images to be registered (organ, intra/inter patient registration, dimensions, etc.) define the degrees of freedom of the transform to be used. This is an important aspect because it determines the speed, the type and the precision of the registration algorithm.

One way to classify spatial transforms is to consider if it is linear and non-linear. Linear transforms are defined by a transformation matrix, often defined using homogeneous coordinates, and that is applied to the global image. Non-linear transforms are local transforms and correspond to elastic transforms for which a regularization process is considered (e.g. using splines for the free-form deformation method or smoothing for the Demon's algorithm).

In this work we use linear spatial transforms. For these transforms, we have a vector µ containing the parameters defining a given transformation. pointing to the transforms it can represent as a particular case. From [START_REF] Yoo | Insight Into Images: Principles and Practice for Segmentation, Registration, and Image Analysis[END_REF].

taxonomy of the classical linear transforms. Below we present the description of those in bold type:

Rigid. A rigid transformation of a point x in a 3D space (x ∈ R 3 ), denoted as T µ R (x) = R • x + t,
is defined by six parameters (i.e. it has six degrees of freedom): three parameters defining the translation t ∈ R 3 and three parameters for the angles of rotation (θ ∈ R 3 ) around the axis of the coordinate system. These angles define the rotation matrix R. Thus µ R = (t, θ), with µ R ∈ R 6 . Rigid transforms are also called isometric transforms because they preserve distances, angles and orientation.

Similarity.

A similarity transform includes translation, rotation and scaling s which increases the number of parameters to seven when using isotropic scaling (i.e. the same scaling factor for all dimensions). It is noted as s). Similarity transforms preserve shapes, angles between any two lines and the proportions of distances.

T µ S (x) = s • R • x + t, with µ S = (µ R ,
Affine. An affine transform is defined by adding to the rigid transform anisotropic scaling (i.e. a scaling factor for each dimension) and shear along the three axes which leads to 12 parameters. It is noted as

T µ A (x) = A • x + t with A ∈ R 3,3 a 3 × 3 matrix. Thus µ A = (a 00 , . . . , a 22 , t)
, with a ij the entry (i, j) of matrix A. Affine transforms preserve lines, parallel lines, and ratios of distances between points lying on a straight line.

Interpolator

During the registration process, a metric typically compares the intensity values in the fixed image with the corresponding values in the transformed moving image. When a point is mapped from one image space to another, it will generally be mapped to a non-grid point. Thus, an interpolation is needed to obtain an intensity value for the mapped point using the information from the neighboring grid positions [START_REF] Yoo | Insight Into Images: Principles and Practice for Segmentation, Registration, and Image Analysis[END_REF].

There is a trade off between the number of image values needed to interpolate a given point and the computation efficiency. The classical interpolation methods are:

Nearest-neighbor. This interpolator outputs the intensity of the nearest grid position.

This interpolation scheme is quick and does not require floating point calculations.

It is useful for the interpolation of labeled images.

Linear. The returned value is a weighted average of the surrounding voxels, with the distance to each voxel taken as weight.

N-th order or B-spline. The underlying image is represented using B-spline basis functions. The intensity of a non-grid position can then be computed by multiplying the B-spline coefficients with the shifted B-spline kernels within the support region of the requested position [START_REF] Yoo | Insight Into Images: Principles and Practice for Segmentation, Registration, and Image Analysis[END_REF].

Metric

The metric component is perhaps the most critical. This component quantitatively measures the similarity between the transformed moving image and the fixed images. This similarity indicates how well these images match. The metric is used by the optimizer to evaluate the quantitative criterion at different positions of the transform parameter search space [START_REF] Yoo | Insight Into Images: Principles and Practice for Segmentation, Registration, and Image Analysis[END_REF]. Several choices for the similarity measure can be found in the literature. Some common choices are described below.

Mean squares

When images to be registered come from the same imaging modality, the image intensity at corresponding positions between two images should be similar. One of the simplest measures of similarity is the mean squared difference over all pixels, defined as:

MS(T µ ; I F , I M ) = 1 N N i (I F (x i ) -ψ (I M (T µ (x i )))) 2 (2.2)
where x i is a voxel in I F , N is the number of voxels and ψ(•) is an interpolator. The mean square metric has an ideal value of zero, i.e. two images are perfectly matched for the transformation that makes MS as close as possible to zero.

Normalized correlation

This metric computes the pixel-wise cross-correlation between the intensity of the images to be registered, normalized by the square root of the autocorrelation of each image. When two images are identical the measure equals one. It is defined as:

N C(T µ ; I F , I M ) = N i I F (x i ) • ψ (I M (T µ (x i ))) N i I 2 F (x i ) • N i ψ 2 (I M (T µ (x i ))) (2.3)

Mutual information

Mutual information (MI) is an information theoretic entity that qualitatively measures how much information about one random variable can be obtained from the information of another random variable [START_REF] Yoo | Insight Into Images: Principles and Practice for Segmentation, Registration, and Image Analysis[END_REF]. The use of mutual information for multimodal registration was independently introduced by two different groups [START_REF] Viola | Alignment by Maximization of Mutual Information[END_REF]) [START_REF] Collignon | Automated multi-modality image registration based on information theory[END_REF]. It considers the intensity of input images as the random variable. The advantage of mutual information is that complex mappings between the two images can be modeled, making it well-suited for multimodal registration. MI is defined as:

MI(T µ ; I F , I M ) = H(I F ) + H (T µ (I M )) -H (I F , T µ (I M )) (2.4)
where H(•) and H(•, •) denote the entropy and joint entropy, respectively. They are defined as:

H(A) = -p A (a) • log (p A (a)) • da (2.5) H(A, B) = -p AB (a, b) • log (p AB (a, b)) • da • db (2.6)
where p A is the probability density of the intensities in image A and p AB is the joint probability density of images A and B.

Normalized mutual information

Traditional MI is not invariant to changes in the overlapping region through the course of registration [START_REF] Cahill | Normalized Measures of Mutual Information with General Definitions of Entropy for Multimodal Image Registration[END_REF]. The normalization of MI aims at overcoming this drawback. There are different approaches to normalize the mutual information measure.

One of them is given by:

N MI(T µ ; I F , I M ) = H(I F ) + H (T µ (I M )) H (I F , T µ (I M )) (2.7)
Mutual information has been extensively used in the context of multimodal registration, with different variations available such as the Mattes mutual information (MMI) which use Parzen histogram estimates to compute the probability density distribution [START_REF] Mattes | PET-CT image registration in the chest using free-form deformations[END_REF] [START_REF] Mattes | Nonrigid multimodality image registration[END_REF]). An implementation using the Edgeworth-based third order expansion of MI was proposed in the LTSI [START_REF] Rubeaux | Edgeworth-based approximation of Mutual Information for medical image registration[END_REF]. It allows to improve the variability of the metric; moreover, its computational burden is lower compared to classical implementations.

Optimizer

The role of the optimizer component is to optimize the measurements of similarity, provided by the metric component, with regards to the parameters of the transform component. Starting from an initial set of parameters, the optimization procedure iteratively searches for the optimal solution by evaluating the similarity at different positions of the parameter search space [START_REF] Yoo | Insight Into Images: Principles and Practice for Segmentation, Registration, and Image Analysis[END_REF]. Optimization algorithms can be broadly divided into two main classes: deterministic methods and stochastic methods.

Starting from an initial value, deterministic methods use simple rules, generally based on the study of the local shape of the function to be optimized, to iteratively refine the solution. The local study enables to determine a searching direction and a step is selected to update the solution. These methods can be classified according to the derivative order they use to study the function to be optimized: (i) no derivative (e.g. downhillsimplex method or Amoeba); (ii) first-derivative (e.g. gradient descent, regular step gradient descent, conjugate gradient); (iii) second-order derivative (e.g. Broyden-Fletcher-Goldfarb-Shanno method). The use of higher order derivatives generally improves the searching direction; however, their computational cost has to be carefully considered.

The strength of deterministic optimization methods is that, if the initialization is quite close to the optimum, they quickly converge to a highly close estimation of the optimum.

The weakness is that they converge to a local optimum if the initialization is far from the optimum.

Stochastic optimization methods rely on randomness and re-trials to better sample the parameter space in searching for an optimum solution. The three most commonly used stochastic methods are Monte Carlo, simulated annealing, and genetic algorithm.

For instance, at each iteration of the simulated annealing method, a random value is generated in order to accept or reject the new guess, even if this solution is degraded compared to the previous one. Thus, these methods have the potential to not being trapped in local optima but; however, their computational cost is generally higher than using deterministic methods.

In an image registration procedure the range of the transform parameters can have big differences; hence, a particular attention should be paid to scaling input parameters during optimization. For instance, a unit change in rotation (expressed in radians) has a much greater impact on an image than a unit change in translation (expressed in millimeters). A common implementation of rescaling is to multiply the metric gradient by weights chosen to balance the range of the transform parameters.

The heart is a dynamic organ; thus, the registration framework described above should account for the temporal dimension. In this context, either µ are the parameters of a spatio-temporal transform (e.g. T µ is a 4D transform) or the temporal registration is detached of the spatial registration, leading to a different transformation (such in this work, see DTW in 3.2.1.2). For the latter, the temporal registration can be performed in combination (simultaneous) or before spatial registration (sequential). Below we analyze state-of-the-art methods to elucidate how to register multisensor cardiac images of interest for this work, both in time and in space.

Cardiac image registration: A state of the art

Considerable efforts have been dedicated to cardiac image registration in intraand inter-patient contexts. Mixed nonrigid motions of heart and thorax structures 1 , dynamic nature, multimodality and differences in spatio-temporal resolutions harden this registration. A state of the art is presented aiming at highlighting approaches to overcome these challenges. This section, without being an exhaustive survey of all published techniques, aims at situating key methods in the context of this work.

Classification of medical image registration methods

Different classifications of image registration methods have been reported in literature. [START_REF] Pluim | Mutual-information-based registration of medical images: a survey[END_REF] classified mutual-information-based procedures according to methodological aspects (preprocessing, similarity measure, transformation and implementation)

or application aspects (image dimensionality, number of images, image modality, subject of registration and object of registration). [START_REF] Makela | A review of cardiac image registration methods[END_REF] The registration of images acquired with the same sensor type is called monomodality registration whereas the registration of images acquired with different sensor types is called multimodality registration. Two other categories can be added: intra-sequence and inter-sequence registration defined as the registration of images from the same or different sequences issued with a common acquisition system (thus, the same sensor type), respectively. For instance, inter-sequence registration is the case of the registration of cine-MRI and LGE-MRI which are two sequences acquired in the same MRI machine.

Inter-sequence image registration is commonly considered as a multimodal registration in literature.

Image modalities limit the choice of the registration components while clinical applications define the modalities involved. In this work, state-of-the-art registration methods were classified according to the modalities involved: cardiac MRI (cf. 2.3.2), CT (cf. 2.3.3), US (cf. 2.3.4) and EAM (cf. 2.3.5). Each section presents two aspects of the registration process: (i) temporal alignment and (ii) spatial alignment. The description of the spatial alignment mainly focuses on the similarity measure used.

1. Nonrigid motion because heart and thorax structures deform. 2. In opposition to rigid registration which aims to find an optimal transform whose parameters µ ′ (eq. 2.1) are a translation and a rotation.

Cardiac MRI registration

Cardiac magnetic resonance images are multiplanar i.e. MRI systems stack different 2D (+t) slices resulting in a 3D (+t) image volume (cf. Figure 2.4a). Moreover, a given cardiac phase is imaged throughout multiple heartbeats during a short acquisition window and then combined under the assumption that cardiac motion is the same between heartbeats [START_REF] Prieto | The Problem of Motion in Cardiovascular MRI[END_REF]. Although many efforts to improve cardiac MRI acquisition, physiological motion remains a major problem (cf. Magnetic resonance systems enable to acquire different types of sequences (cf. 1.3.4.1).

The state of the art in cardiac MRI registration discussed here concerns cine and late gadolinium-enhanced (LGE) sequences. The temporal alignment is first discussed.

Temporal alignment

Linear matching is usually considered to align dynamic multiview images over time in intra-sequence or inter-sequence registration approaches. Multiview intra-sequence acquisitions often have the same temporal resolution (i.e. the number of imaged cardiac phases) and the temporal alignment between views is performed with an identity transformation (Carminati et al., 2012) (Elen et al., 2010) (Slomka et al., 2007) (Lötjönen et al., 2005) (Lötjönen et al., 2004). When a static acquisition (e.g. LGE-MRI) needs to be aligned over time with a dynamic one (e.g. cine-MRI), the acquisition time after the peak-R and the cardiac rate are used. This information is extracted from DICOM tags of corresponding acquisitions (trigger time (0018,1060), average heart rate (0018,1088)). [START_REF] Hennemuth | A Comprehensive Approach to the Analysis of Contrast Enhanced Cardiac MR Images[END_REF] used this method to align LGE-MRI with dynamic constrast enhanced MRI (DCE-MRI).

Spatial alignment

State-of-the-art methods for the spatial registration of cardiac MRI exploit the image information contained in the intersection between image slices from multiview volumetric acquisitions of the same patient. In this approach, output images will be both, (i) registered and (ii) corrected for slice misalignment. We classified these methods in intra-sequence or inter-sequence approaches.

Multiview intra-sequence cardiac MRI registration. Slice misalignment in cine-

MRI volumes due to physiological motion lead to a bias in the measurement of cardiac function (Carminati et al., 2012). It has been reported that respiratory motion of the heart leads to a 3D rotation and translation of the acquisition plane (McLeish et al., 2002). The resulting slice misalignment can be avoided at image acquisition using acceleration methods; however, they suffer from signal-to-noise ratio loss. Recent approaches have been proposed to improve image quality enabling to perform cardiac MRI acquisition in free-breathing [START_REF] Menini | Motion correction of multi-contrast images applied to T1 and T2 quantification in cardiac MRI[END_REF] [START_REF] Filipovic | Motion compensated generalized reconstruction for free-breathing dynamic contrast-enhanced MRI[END_REF] [START_REF] Odille | Generalized MRI reconstruction including elastic physiological motion and coil sensitivity encoding[END_REF]. Other approaches rely on the registration of different views of the heart (SAX, LAX) to correct for slice misalignment in/between them (Carminati et al., 2012) (Elen et al., 2010) (Lötjönen et al., 2005) (Lötjönen et al., 2004).

Reported registration-based procedures for cine-MRI dealt with in-plane slice misalignment (Carminati et al., 2012) (Lötjönen et al., 2005) [START_REF] Lötjönen | Correction of misalignment artifacts among 2-D cardiac MR images in 3-D space[END_REF] and with a combination of in-plane and out-of-plane slice misalignment (Elen et al., 2010) (Slomka et al., 2007). The reported approaches have used an iconic registration approach, i.e. they exploit the information about the intensity voxel value to measure the similarity between views. Different similarity measures have been used as the correlation coefficient (CC) (Carminati et al., 2012) (Elen et al., 2010), the normalized mutual information (NMI) (Elen et al., 2010) (Lötjönen et al., 2005) [START_REF] Lötjönen | Correction of misalignment artifacts among 2-D cardiac MR images in 3-D space[END_REF], the sum of absolute voxels differences (ADD) (Elen et al., 2010) (Slomka et al., 2007) and the Slomka metric (Sk) (Slomka et al., 2007). (Elen et al., 2010) reported a comprehensive study of the abilities of these measures to correct for slice misalignment in cine-MRI. They proved that ADD and NMI obtain the best performance.

Concerning the registration of multiview LGE-MRI, few works has been reported in literature. We cite the one of [START_REF] Wei | A Comprehensive 3-D Framework for Automatic Quantification of Late Gadolinium Enhanced Cardiac Magnetic Resonance Images[END_REF] who corrected for misalignment artifacts using a novel measure that considers both, the similarity between image slices and the continuity of the heart throughout SAX stack. The slices in LGE-MRI were corrected for in-plane artifacts only.

Inter-sequence LGE-MRI registration: Integrating myocardial viability. [START_REF] Hennemuth | A Comprehensive Approach to the Analysis of Contrast Enhanced Cardiac MR Images[END_REF] presented a workflow of image processing for the analysis of intrapatient contrast enhanced sequences. This workflow integrates LGE-MRI and DCE-MRI to a static anatomical reference extracted from whole heart cardiac MRI coronary angiography, using an interactive region growing method (coronary tree from MRI angiography) and a semi-interactive Live-Wire algorithm (myocardium from LGE-MRI) [START_REF] Boskamp | New Vessel Analysis Tool for Morphometric Quantification and Visualization of Vessels in CT and MR Imaging Data Sets[END_REF] [START_REF] Schenk | Efficient semiautomatic segmentation of 3d objects in medical images[END_REF]. The correction of slice misalignment from DCE-and

LGE-MRI was performed by registering them to the whole heart image after temporal alignment. The accuracy of the slice misalignment correction was visually evaluated by two experts for NMI and normalized cross-correlation measures. NMI performed the best for the registration of LGE-MRI and no difference was obtained between them for DCE-MRI. This approach allowed both, to remove slice misalignments and to register multisequence images.

Local intensity differences in myocardial tissue, caused by the accumulation of contrast agent in non-viable tissues, makes LGE-MRI registration difficult. For instance, the myocardium appears as an homogeneous tissue in cine-MRI while it can present bright regions in LGE-MRI indicating non-viable tissue (cf. Figure 1.21 and Figure 1.23b,respectively). (Cordero-Grande et al., 2012) proposed a fusion scheme of LGE-MRI and cine-MRI including image interpolation and slice misalignment removal. Their approach enhanced the workflow of [START_REF] Hennemuth | A Comprehensive Approach to the Analysis of Contrast Enhanced Cardiac MR Images[END_REF]. The interpolation step aimed to obtain a nearly isotropic 3D reconstruction of input images. The slice misalignment step was first performed on the cine-SAX image at peak-R using corresponding cine-LAX images. Then, corrected cine-SAX was used to register LGE-SAX, using their local entropy images representation (Wachinger et al., 2012), and a mean-squares similarity measure.

However, the convenience of using this representation was not evaluated, only corrected in-plane misalignments and supposed that LGE-MRI was acquired at end-diastole while it is routinely acquired at mid-diastole (cf. 1.3.4.1).

State-of-the-art methods cited above prove that an intra-patient multiview cardiac MRI registration approach enables to correct slice misalignment. The temporal alignment has been performed by linear matching of the cardiac phases acquired during intra-patient MRI. Concerning the spatial registration, a spatial transformation is computed for each slice in cardiac MRI such that a measure of similarity between imaged slices is optimized.

Image profiles resulting from plane intersections are used to compute this similarity. In the registration of inter-sequence MRI, such an approach allows to associate complementary information (e.g. myocardial viability from LGE-MRI). Key aspects such as the best similarity measure and the most appropriated framework to use need to be studied in depth.

Registration of cardiac CT and MRI

The registration of cardiac CT and MRI aims at associating high density CT images (i.e. images with high spatial resolution) with MRI acquisitions. This registration permits to fuse morphological information from CT that have high spatial resolution with functional and myocardial tissue information from MRI. To our knowledge, the registration of intra-patient cine-MRI and cardiac CT has not been reported. Thus, in this section we discuss state-of-the-art approaches for monomodal registration of dynamic LV anatomy from CT or cine-MRI acquisitions either in an inter-patient or an intra-patient context.

Temporal alignment

Cardiac CT and MRI are not acquired simultaneously. This harden their temporal registration. Indeed, cardiac frequency can change significantly between acquisitions.

ECGs used to gate cardiac CT and MRI acquisitions can be used to align them over time (Huang, Moore, et al., 2009). However, they are not always available. In this work, available CT and MRI acquisitions lack of ECG; thus, we focus on how temporal alignment has been performed in the absence of ECG recordings.

Temporal registration followed by spatial registration. The information issue from input dynamic images has been used in this approach to align the image sequences over time before their spatial registration. This allows to match corresponding cardiac phases. (Perperidis et al., 2005) used temporal landmarks of the left ventricle extracted from a cross-correlation curve (maximum contraction and end-relaxation phases). This curve was computed by stacking the normalized cross-correlation between the startof-cardiac-cycle image and consecutive images over the RR-interval. It was proved (inter-subject registration, one reference subject and 14 moving subjects) that a temporal alignment using these extracted landmarks followed by a spatial alignment results in a negligible change (though lower) in performance indicators (overlap and surface distance calculated over all subjects and time frames), with a considerable lower computational cost when compared with a combined (spatio-temporal) approach.

Temporal alignment combined with spatial registration. In a simultaneous spatio-temporal registration approach, input image volumes are interpolated over time in order to be compared at the same instants. This temporal interpolation is challenging due to the complexity of cardiac motion. Hence, spatio-temporal registration approaches must compute nonrigid transformations consistent with the characteristics of the myocardial tissue [START_REF] Mansi | iLogDemons: A Demons-Based Registration Algorithm for Tracking Incompressible Elastic Biological Tissues[END_REF]. All works listed below use nonrigid registration approaches. [START_REF] Ehrhardta | Optical flow based interpolation of temporal image sequences[END_REF]) presented a study of temporal interpolation of cine-MRI using an optical flow algorithm. A calculated velocity field was used to obtain an interpolated image at a desired time. Although optical flow assumes intensity conservation in time variant regions, which is not the case for cine-MRI, a phantom study led to a good performance. [START_REF] Schaerer | A dynamic elastic model for segmentation and tracking of the heart in MR image sequences[END_REF]) used a deformable elastic template to segment and track the motion of the myocardium in cine-MRI volume sequences [START_REF] Rouchdy | A nonlinear elastic deformable template for soft structure segmentation: application to the heart segmentation in MRI[END_REF]. A recent study of (McLeod, Seiler, Sermesant, et al., 2013) evaluated the accuracy of polyaffine 3 (McLeod, Seiler, Toussaint, et al., 2013) and iLogDemons ("demons" based approach4 ) [START_REF] Mansi | iLogDemons: A Demons-Based Registration Algorithm for Tracking Incompressible Elastic Biological Tissues[END_REF] methods in registering five in-silico cine-MRI volume sequences simulated with the method of [START_REF] Prakosa | Generation of synthetic but visually realistic time series of cardiac images combining a biophysical model and clinical images[END_REF]. The polyaffine method obtained the best performance. (Perperidis et al., 2005) divided the spatial and temporal inter-patient registration of cine-MRI into a global and local component. The global component corresponds to an affine transform while the local component is a free-form deformation (FFD) registration. [START_REF] Lopez | 3D inter-subject cardiac registration using 4D information[END_REF] presented an intra-and inter-subject registration with temporal association (3D registration using 4D information). Their method relied on a previous temporal alignment and incorporates the concept of "bridging points" which allowed to include image information from neighboring phases. This approach was enhanced in [START_REF] Peyrat | Registration of 4D Cardiac CT Sequences Under Trajectory Constraints With Multichannel Diffeomorphic Demons[END_REF] where the intra-patient registration of CT images was divided into two steps: (i) 4D global temporal alignment mapping physiological states; (ii) 4D spatial registration mapping trajectories of physical points. The latter allowed to add "trajectory contraints" from motion tracking, i.e. to consistently map the same physical points over time in both sequences. The 4D spatial registration was formulated as a multichannel registration of 3D images at a reference time point and solved by Multichannel Diffeomorphic Demons (MDD). The evaluation of this approach used an electromechanically simulated cardiac CT sequence (in-silico phantom) as ground truth. This synthetic (in-silico) CT image has known deformation field to compare against after registration.

Spatial alignment

Mutual information (MI) metrics have been widely used to register CT and MRI [START_REF] Rueckert | Nonrigid Registration of Medical Images: Theory, Methods, and Applications [Applications Corner[END_REF] [START_REF] Pluim | Mutual-information-based registration of medical images: a survey[END_REF] [START_REF] Makela | A review of cardiac image registration methods[END_REF]. However, different implementations of MI-based metrics 5 and other multimodal metrics proposed in literature harden the selection of the most appropriate [START_REF] Rubeaux | Edgeworth-based approximation of Mutual Information for medical image registration[END_REF] [START_REF] Mattes | PET-CT image registration in the chest using free-form deformations[END_REF] [START_REF] Viola | Alignment by Maximization of Mutual Information[END_REF] [START_REF] Collignon | Automated multi-modality image registration based on information theory[END_REF].

No work registering cardiac CT and MRI acquisitions was found. In consequence, below we present some methods proposed for non-cardiac applications.

Registration of dynamic-CT and MRI in non-cardiac applications

Some intra-patient methods to register CT and MRI have been proposed in the context of radiotherapy. [START_REF] Schreibmann | Fourdimensional image registration for image-guided radiotherapy[END_REF] proposed a 4D registration procedure for image guided radiotherapy. One multimodal registration case was reported using a 3D gated-MRI (static) and a 4D-CT (dynamic) image from a neuroblastoma patient with metastatic liver foci. Spatial and temporal alignment resulted from the maximization of a mutual information metric using a translation and time shift transform. [START_REF] Passera | A non-linear registration method for DCE-MRI and DCE-CT comparison in bladder tumors[END_REF] Concerning the measures of similarity used to register CT and MRI, mutual information metrics have been commonly used in non-cardiac intensity-based registration approaches; yet, this must be evaluated in depth for cardiac image registration.

5. See [START_REF] Pluim | Mutual-information-based registration of medical images: a survey[END_REF] for a description of some MI implementation considerations.

Registration of echocardiography

2D and 3D echocardiography (US) enable the assessment of cardiac function. It is an ubiquitous modality in current cardiology practice due to its size and portability, real time, low-cost, absence of radiation and easy of use in initial diagnosis as well as for follow-up studies [START_REF] Chandra | Multimodality Imaging in Cardiovascular Medicine[END_REF]. However, image quality harden their processing and interpretation. Two main goals have motivated the integration of US and cardiac MRI/CT in literature:

1. The projection of pre-operative data in the operating room: high-resolution (CT/MRI) spatial information provides a valuable support during US-guided interventions [START_REF] Housden | Three-Modality Registration for Guidance of Minimally Invasive Cardiac Interventions[END_REF] [START_REF] Wein | Automatic CT-ultrasound registration for diagnostic imaging and image-guided intervention[END_REF] [START_REF] Zhang | Real-time visualization of 4D cardiac MR images using graphics processing units[END_REF], 2. The combination of complementary descriptors. For instance, a disease can be detected and described using US, but also with CT and/or MRI which provide a complementary characterization of the anatomy, tissue and function.

Few multimodal registration methods involving echocardiography have been proposed. This is mainly due to the nature of US images which make challenging their registration [START_REF] Makela | A review of cardiac image registration methods[END_REF]. Besides, given the constraints of the field of view of US transducer, output geometries do not fit perfectly with those depicted in volumetric acquisitions.

Even if 3D-US is emerging as an important tool for the measurement of cardiac function [START_REF] Sugeng | Multimodality Comparison of Quantitative Volumetric Analysis of the Right Ventricle[END_REF] (Maffessanti et al., 2009) [START_REF] Otsuji | Mechanism of ischemic mitral regurgitation with segmental left ventricular dysfunction: three-dimensional echocardiographic studies in models of acute and chronic progressive regurgitation[END_REF] 

Temporal alignment

Input images can be aligned over time using only one instant or temporal interpolation.

If just one cardiac phase is used, then two images corresponding to the same instant are aligned. Usually, the peak-R phase is preferred because it is the phase used to synchronize cardiac CT/MRI acquisition [START_REF] Ledesma-Carbayo | Spatio-temporal nonrigid registration for ultrasound cardiac motion estimation[END_REF].

In a dynamic approach, the entire image dynamics are aligned. ECGs recorded during acquisition (acquisition ECGs) have been used to register dynamic US images. Because cardiac CT/MRI has a lower temporal resolution than US, acquisition ECGs enable to locate an US instant t U S between two CT/MRI instants t 1 and t 2 such that t U S ∈ [t 1 , t 2 ]. [START_REF] Zhang | Real-time visualization of 4D cardiac MR images using graphics processing units[END_REF] [START_REF] Huang | Intra-Cardiac 2D US to 3D CT Image Registration[END_REF] exploited this in a temporal interpolation procedure to get a new volumetric image at

t U S .
Sometimes no temporal alignment is performed (e.g. when the goal is to compare functional data). In this case, it is only needed to represent the information in a common spatial referential. This referential is given by a common division of input geometry into cardiac segments (bulleye). Therefore, integrated cardiac function can be analyzed by matching corresponding segments. However, if 2D-US is analyzed using this approach, such an integration is inaccurate because the real pose of the US-plane in the 3D volume is unknown.

Spatial alignment

The spatial registration of US images can be divided into stereotactic, iconic, geometrical and simulation-based approaches.

Stereotactic-based.

This approach is used in surgical interventions (stereotactic surgery). The term stereotactic refers to the precise spatial positioning. Here, the pose (origin and orientation) of the US-probe is tracked in real time using magnetic fields or optical localizers and triangulation. It is then possible to place the US image into the CT/MRI space using this information (Huang, Moore, et al., 2009) [START_REF] Huang | Intra-Cardiac 2D US to 3D CT Image Registration[END_REF] [START_REF] Zhang | Real-time visualization of 4D cardiac MR images using graphics processing units[END_REF] [START_REF] Huang | Dynamic 3D Ultrasound and MR Image Registration of the Beating Heart[END_REF] [START_REF] Comeau | Intraoperative ultrasound for guidance and tissue shift correction in image-guided neurosurgery[END_REF] [START_REF] Pagoulatos | Interactive 3D registration of ultrasound and magnetic resonance images based on a magnetic position sensor[END_REF] [START_REF] Trobaugh | Frameless stereotactic ultrasonography: Method and applications[END_REF]. (Huang, Moore, et al., 2009) followed three steps to register dynamic intra-patient 2D-US with 3D-CT/MRI: 1. One CT/MRI and one US image are acquired pre-operatively. US-probe position is tracked during US acquisition. An alignment of these pre-operative images provides a first initialization.

2. The US-probe is also tracked during surgery.

3. The pre-operative alignment in 1. and the tracked US-probe position in step 2. are used together to perform the per-operative registration in real time.

This kind of procedures enable to improve the surgeon gesture by augmented reality, i.e. the enhancement of surgeon's perception by the visualization in real-time of US images superimposed to -dynamic-CT/MRI images during the intervention [START_REF] Wein | Simulation and Fully Automatic Multimodal Registration of Medical Ultrasound[END_REF].

If a non-stereotactic approach is selected then the usual procedure includes a manual alignment procedure followed by an iconic-based or a geometry-based registration.

Iconic-based.

In this approach voxel intensities are used during registration. In this case, the selection of the most appropriate similarity measure to be optimized arises as the most difficult problem because of the huge heterogeneity of the considered images. [START_REF] Heldmann | A Variational Approach for Volume-to-Slice Registration[END_REF] presented the difficulties related with the differences in dimension between US slices and CT volumes mainly to select the similarity criteria, when dealing with liver images. In fact, they proved the inefficiency of the sum of squared differences. (Huang, Moore, et al., 2009) [START_REF] Huang | Intra-Cardiac 2D US to 3D CT Image Registration[END_REF] [START_REF] Huang | Dynamic 3D Ultrasound and MR Image Registration of the Beating Heart[END_REF] used the mutual information instead. Their procedure was first tested on 3D+t US with MRI registration [START_REF] Zhang | Real-time visualization of 4D cardiac MR images using graphics processing units[END_REF] [START_REF] Huang | Dynamic 3D Ultrasound and MR Image Registration of the Beating Heart[END_REF] and then extended to dynamic 2D-US with 3D-CT [START_REF] Huang | Intra-Cardiac 2D US to 3D CT Image Registration[END_REF] and US endo-vascular with CT registration (Huang, Ren, et al., 2009). Input acquisitions are first manually aligned and a following stage improves this alignment by maximizing their mutual information.

Finally, the correlation ratio measured between US images and simulated US-images derived from CT acquisitions was used in [START_REF] Wein | Simulation and Fully Automatic Multimodal Registration of Medical Ultrasound[END_REF] [START_REF] Wein | Automatic registration and fusion of ultrasound with CT for radiotherapy[END_REF].

Geometry-based.

It is common to use manually placed landmarks to register US images. [START_REF] Savi | Spatial registration of echocardiographic and positron emission tomographic heart studies[END_REF] used three anatomical landmarks (two in LV papillary muscles and one in the inferior junction of the right ventricle) to register positron emission tomography (PET) and US images of the heart. These points defined the US-plane in PET's coordinate system. [START_REF] Tournoux | Integrating functional and anatomical information to guide cardiac resynchronization therapy[END_REF] used five landmarks (one apical, four around the mitral annulus) to locate the US cardiac segments in a space referential from a LV geometry model. This model enabled the registration of 2D-US with the LV geometry extracted from CT images. An additional landmark (centerline of a coronary sinus tube) was used to register the coronary veins extracted from rotational X-Ray angiography.

Simulation-based registration. The idea behind this approach is to exploit the information from one modality to simulate the other and, in such a way, to perform a mono-modality registration. In the case of echocardiography, it is advantageous because the acoustic properties of heart's tissues and the foundations behind US image are well known. Besides, the implementation is mitigated because different tools are available such as Field II simulation program 6 [START_REF] Jensen | Calculation of pressure fields from arbitrarily shaped, apodized, and excited ultrasound transducers[END_REF] [START_REF] Glatard | A Virtual Imaging Platform for Multi-Modality Medical Image Simulation[END_REF], or CREANUIS (Nonlinear Ultrasound Image Simulator) [START_REF] Varray | CREANUIS: A Non-linear Radiofrequency Ultrasound Image Simulator[END_REF]) [START_REF] Varray | Fundamental and second-harmonic ultrasound field computation of inhomogeneous nonlinear medium with a generalized angular spectrum method[END_REF]. [START_REF] Wein | Simulation and Fully Automatic Multimodal Registration of Medical Ultrasound[END_REF] [START_REF] Wein | Automatic registration and fusion of ultrasound with CT for radiotherapy[END_REF] simulated US images using the information of X-Ray attenuation from CT acquisitions [START_REF] Schneider | The calibration of CT Hounsfield units for radiotherapy treatment planning[END_REF]. The similarity between US images was measured using a statistical metric. [START_REF] King | Registering preprocedure volumetric images with intraprocedure 3-D ultrasound using an ultrasound imaging model[END_REF]) augmented a segmentation from MRI by adding a simulated echo using tissue acoustic properties in order to optimize a measure 6. http://field-ii.dk of consistency with real US. A similar approach has been used in the three modalities scheme proposed by [START_REF] Housden | Three-Modality Registration for Guidance of Minimally Invasive Cardiac Interventions[END_REF] which is discussed in 2.3.6.

Recently, a tool for image simulation as been made available by CREATIS Lyon, the virtual image platform (VIP) 7 [START_REF] Glatard | A Virtual Imaging Platform for Multi-Modality Medical Image Simulation[END_REF]. This platform shares medical image simulators (PET, CT, MRI and US). VIP platform includes the FIELD II ultrasound simulator.

State-of-the-art methods cited above exploit ECGs recorded during cardiac image acquisition to register US images over time. This cannot be used here to align cardiac CT and MRI with US because the ECG was not recorded during CT and MRI acquisitions.

Then, image-derived information or additional information from US (e.g. LV traces from STE) must be exploited to register them over time. Concerning spatial registration, the stereotactic approach cannot be used here because we do not have an estimation of US-probe pose in CT, MRI nor EAM spaces.

Registration of cardiac EAM

In the context of this work, the goal of EAM registration is to describe the electrical information on a -dynamical-anatomical referential of high resolution (i.e. containing fine anatomical details). EAM systems project cardiac electrograms (EGMs) to a 3D surface to generate electrical activity maps (cf. 1.3.2). This surface corresponds to a rough estimation of the inner cavity's surface such as the LV endocardium. This geometry is computed from a point cloud describing the trajectory of a contact catheter. Some approaches had exploited this trajectory information to obtain rough estimations of endocardial wall motion [START_REF] Camara | Cardiac Motion Estimation from Intracardiac Electrical Mapping Data: Identifying a Septal Flash in Heart Failure[END_REF] or deformation [START_REF] Porras | Cardiac Deformation from Electro-Anatomical Mapping Data: Application to Scar Characterization[END_REF].

Therefore, mechanical and electrical information can be obtained using mapping systems.

However, the accuracy of non-electrical information is lower than using other modalities such as CT, MRI or US. [START_REF] Powell | Does image integration improve atrial fibrillation ablation outcomes, or are other aspects of the ablation the key to success?[END_REF] [START_REF] Bertaglia | Image integration increases efficacy of paroxysmal atrial fibrillation catheter ablation: results from the CartoMerge™ Italian Registry[END_REF] highlighted the fact that more anatomic details may allow for increased accuracy in lesion application and, therefore, to improved procedure outcome in atrial fibrillation treatment. However, the same editorial stated that the minimum amount of imaging detail needed to achieve excellent outcome is still debated. Works like [START_REF] Kettering | Catheter ablation of atrial fibrillation using the Navx-/Ensite-system and a CT-/MRI-guided approach[END_REF] [START_REF] Chillou | Evaluation of 3D guided electroanatomic mapping for ablation of atrial fibrillation in reference to CT-Scan image integration[END_REF] [START_REF] Tops | Fusion of multislice computed tomography imaging with three-dimensional electroanatomic mapping to guide radiofrequency catheter ablation procedures[END_REF] discussed about this problem. Indeed, it has been proved that the geometrical model of the left atrium obtained with EAM commercial systems can be inaccurate. The analysis of available EAM acquisitions enables us to state that this is also the case for LV; however, any work describing the accuracy of EAM geometrical description of the inner LV geometry was found.

7. http ://vip.creatis.insa-lyon.fr

We divided EAM registration methods into (i) registration of quasi-simultaneous acquisitions and (ii) point-and geometry-based registration.

Registration of quasi-simultaneous acquisitions. This category includes those methods aiming to integrate the acquisition of multiview X-Ray images (C-arm), MRI and EAM into the operating room. [START_REF] Rhode | Modeling and Registration for Electrophysiology Procedures Based on Three-Dimensional Imaging[END_REF], [START_REF] Gao | An MRI/CT-based cardiac electroanatomical mapping system with scattered data interpolation algorithm[END_REF], [START_REF] Rhode | A system for real-time XMR guided cardiovascular intervention[END_REF] and [START_REF] Rhode | Registration and tracking to integrate X-ray and MR images in an XMR Facility[END_REF] presented a system integrating X-ray and MRI guidance that is partially motivated to track the catheters involved in the treatment of atria ablation. In this system, the registration of EAM and CT/MRI is straightforward because they are acquired per-operatively and described a common referential. Two registration approaches were presented according to the type of mapping system used (with/without contact). In a non-contact approach, the constellation catheter was rigidly registered. When a contact catheter was used, the referential information was exploited to initialize an iterative closest point registration. et al., 2006). [START_REF] Chillou | Evaluation of 3D guided electroanatomic mapping for ablation of atrial fibrillation in reference to CT-Scan image integration[END_REF] [START_REF] Feuchtner | Fusion of multislice computed tomography and electroanatomical mapping data for 3D navigation of left and right atrial catheter ablation[END_REF] [START_REF] Khaykin | Real-time integration of 2D intracardiac echocardiography and 3D electroanatomical mapping to guide ventricular tachycardia ablation[END_REF]) [START_REF] Okumura | Three-Dimensional Ultrasound for Image-Guided Mapping and Intervention Methods, Quantitative Validation, and Clinical Feasibility of a Novel Multimodality Image Mapping System[END_REF] [START_REF] Tops | Fusion of multislice computed tomography imaging with three-dimensional electroanatomic mapping to guide radiofrequency catheter ablation procedures[END_REF] aligned data imported to Carto™ system using proprietary software. Recently, [START_REF] Carpen | First experience of 3D rotational angiography fusion with NavX electroanatomical mapping to guide catheter ablation of atrial fibrillation[END_REF] proved the feasibility to integrate 3D rotational angiography and EAMs to guide catheter ablation in atria fibrillation treatment. They used fiducial points at easily recognizable anatomical locations such as the antral and the carinal portion of the pulmonary veins and the left atrium appendage ridge. However, [START_REF] Powell | Does image integration improve atrial fibrillation ablation outcomes, or are other aspects of the ablation the key to success?[END_REF] proved that individual points placed manually in inner atria can be inaccurate by more than 10-15 mm. Indeed, excessive catheter contact force applied during mapping may distort the map.

Point

In [START_REF] Dong | Integrated Electroanatomic Mapping With Three-Dimensional Computed Tomographic Images for Real-Time Guided Ablations[END_REF], an initial matching based on three pairs of fiducial points was used to compute a rigid transformation between right atrium surfaces obtained from EAM and CT. This was followed by an iterative closest point (ICP) procedure incorporating new anatomical information. [START_REF] Wilson | Mapping of Cardiac Electrophysiology Onto a Dynamic Patient-Specific Heart Model[END_REF] proposed an EAM system that used an initial fiducial registration to start an iterative procedure adding new points during the acquisition of EGMs until a satisfactory registration had been obtained. They applied ICP and multibin ICP (MICP, descibed in (Wilson et al., 2006)) to register dynamic heart models. This method was validated on phantom and porcine (in-vivo) hearts. This is a novel perspective to integrate dynamic surfaces directly with EGMs during EAM acquisition. [START_REF] Chiang | Progressive surface reconstruction for heart mapping procedure[END_REF] aimed to improve surface geometry accounting for each acquired point into a progressive deformation of the surface in order to obtain a geometrical model adjusted to ventricle's physiology. Although this improved the spatial resolution it did not acquire surface dynamics.

Catheter trajectory can be exploited to register EAM surfaces. Catheters used in commercial mapping systems like Ensite NavX (St. Jude Medical, St. Paul, MN, USA) or Carto (BiosenseWebster, Haifa, Israel) approach LV chamber either by retrograde access via aortic valve or by transseptal access (Schmitt et al., 2006). Aortic access gives additional information that was used in [START_REF] Reddy | Integration of cardiac magnetic resonance imaging with three-dimensional electroanatomic mapping to guide left ventricular catheter manipulation: Feasibility in a porcine model of healed myocardial infarction[END_REF] [START_REF] Malchano | Integration of Cardiac CT/MR Imaging with Three-Dimensional Electroanatomical Mapping to Guide Catheter Manipulation in the Left Atrium: Implications for Catheter Ablation of Atrial Fibrillation[END_REF] in an initial registration stage.

(Soto-Iglesias et al., 2013) evaluated the integration of EAM surfaces using rigid fiducial-based registration, iterative closest point and nonrigid currents-based registration [START_REF] Vaillant | Surface Matching via Currents[END_REF]. They also tested two procedures to map electrical information to registered surfaces: closest point and surface-homeomorphism-based. Their results suggested that homeomorphic registration improves the overlap between left ventricular substrate from EAM and delayed-enhanced MRI.

State-of-the-art methods cited above used fiducial-and/or surface-based approaches to register EAM acquisitions. However, the low resolution and low precision of the anatomical geometry acquired during EAM acquisition harden this registration. Commercial systems compute a surface from points positioned by the contact catheter at the moment of maximal relaxation (cf. 1.3.2). Normally, this corresponds to the endocardium at the phase of maximum volume (end-diastole). However, this is not necessarily the case in diseased hearts. For instance, the time of maximal relaxation can differ between left ventricular regions due to ventricular dyssynchrony. Some works proved that wall motion and deformation can be computed from EAM point cloud acquisition (which is acquired to delineate the imaged inner chamber) [START_REF] Camara | Cardiac Motion Estimation from Intracardiac Electrical Mapping Data: Identifying a Septal Flash in Heart Failure[END_REF]. This information can be exploited in a dynamic registration approach to improve EAM integration yet no work using this approach has been reported.

Simultaneous registration of multiple acquisitions

Three or more multimodal images can be registered either pairwise (i.e. selecting a reference image to which the others will be registered) or using all images simultaneously.

A mimic of the latter was proposed in [START_REF] Housden | Three-Modality Registration for Guidance of Minimally Invasive Cardiac Interventions[END_REF] to align pre-procedure MRI/CT with intra-procedure X-ray and 3D trans-esophageal echo (TEE) images.

MR/CT images offered the anatomical referential while X-Ray and tracked 3D-TEE provided live device visualization and live anatomical visualization, respectively. Basically, the method registers a simulated ultrasound from MRI/CT heart's structures to 3D-TEE. Then, this alignment is propagated to X-Ray by probe tracking. This enabled to integrate three image modalities; however, the information contained in the images was not exploited in a combined procedure but rather in a sequential one.

Conclusion

This chapter, without being an exhaustive survey, situates state-of-the-art methods on cardiac image registration in the context of this work: multisensor image fusion to characterize the diseased heart (HCM, HF). Their discussion followed the modalities involved in this work: MRI. Intraand inter-sequence cardiac MRI registration approaches were discussed.

State-of-the-art methods register multiview cardiac MRI in order to correct for slice misalignment. The extrapolation of this approach to inter-sequence registration enables to integrate complementary information. In the integration of LGE-MRI, key aspects such as a reliable image interpolation, the best similarity measure and the most appropriated framework to use need to be studied in depth.

CT and MRI registration. No work dealing with the registration of intra-patient cardiac CT and MRI was found. In order to elucidate how to align dynamic images over time, state-of-the-art monomodal registration were studied. These methods used either combined registration or temporal registration before spatial registration.

From combined approaches, it is clear that volume interpolation over time remains an open challenging issue; thus, the second approach arises as the most convenient here. On the other hand, some multimodal registration approaches in the context of radiotherapy proved that mutual information based metrics enable to register these acquisitions in space. This has to be evaluated for multisensor cardiac images. CHAPTER 3

US and

Registration of multisensor cardiac images

In this chapter, we address the registration of cardiac MRI, CT and US. The registration of these multisensor cardiac images is a challenging process. This process is mandatory because the considered data are not described in a common spatial and temporal coordinate system. This registration is required to fuse multisensor image information.

The fusion of multisensor cardiac information enables to compute local/global markers of interest to characterize HCM and cardiac asynchronism. The registration methods proposed here exploit the common information (mainly the anatomy) that available acquisitions contain.

Multisensor images to be fused in this work correspond to acquisitions of a given HCM or CRT patient. Therefore, the registration process is intra-patient. In addition, there is no suspected cardiac remodeling between acquisitions except between those acquired before CRT and during CRT follow-up. In consequence, the anatomy imaged at a given cardiac phase (e.g. end-diastole) does not change; thus, the spatial registration is mostly rigid. Concerning the temporal alignment, the heart rate can change during a given image acquisition (e.g. during cardiac MRI) and also between acquisitions (e.g.

between CT and US). Thus, the underlying alignment of corresponding cardiac phases is nonlinear: a nonlinear temporal registration method is required.

This chapter discusses the methods developed here in order to register available cardiac images. It is organized with regards to the modalities to be registered. First, methods for intra-sequence and inter-sequence cardiac MRI registration are presented (cf. 3.1). They aim at (i) eliminating the slice misalignment caused by patient respiration and (ii) registering LGE and cine sequences. Then, a cine-MRI and CT registration method is proposed (cf. 3.2). This method is followed by a multiview 2D+t US registration approach used to associate strain curves (mechanical function) resulting from speckle tracking echocardiography, with 3D images (CT or MRI) (cf. 3.3). The chapter ends with the conclusions.

Image registration of Cine-and LGE-MRI

The registration of cine and LGE images aims to fuse the data they contain. Despite the fact that these images are acquired during the same MRI examination, they are commonly misaligned due to patient and/or respiratory motion. We present in this section the methods aiming at (i) correcting for slice misalignment in cine-and LGE-MRI volumes and (ii) aligning them in time and space. On the one hand, slice misalignment correction is performed with a profile-based registration approach of multiview MRI images. On the other hand, LGE to cine spatial alignment is computed with an inter-sequence rigid registration approach. Finally, different approaches may be used to interconnect these two processes in a complete workflow.

Below we detail the profile-based registration, the inter-sequence rigid registration and we propose different strategies to combine them.

Slice misalignment correction using profile-based registration

Multiview cardiac MRI registration aims at correcting for slice misalignment MRI. the views). The intensity of the n-th slice of I at a voxel x and cardiac phase τ , is given by:

I n (x, τ ) | n ∈ {0, . . . , N -1}, x ∈ Ω n , τ ∈ {0, . . . , ⊤ -1}, (3.1)
where x is a voxel belonging to the voxel domain Ω n ⊂ R 3 (the voxel domain of I n corresponding to a plane in 3D space), and ⊤ is the number of imaged cardiac phases.

Image registration has been used in state-of-the-art methods aiming to correct for slice misalignment in intra-sequence MRI (cf. 2.3.2.2). In this approach, a transformation T µ n is calculated for each slice I n such that a similarity measure, computed from voxels intensities in the intersection domains, is optimized (µ n is the vector of transform parameters). The transform parameters for the planes in I to be corrected are joined in a unique array. If all slices are corrected in a single procedure, this array is given by:

µ = µ 0 , . . . , µ n , . . . , µ N -1 , (3.2)
µ is included in an optimization procedure that minimizes a similarity measure between the slices in I; therefore, all planes are corrected in a single procedure. The profiles obtained from the intersection domains are used to compute the similarity measure.

As illustrated in 

Transform

Recent methods have evaluated the use of 3D rigid transforms for each slice; however, their implementation need the use of spatial constraints (region of interest around the heart) and the incidence of the rotation component seems to be secondary (Elen et al., 2010). Then, a transformation consisting of an in-plane translation and tilt is used to correct each slice. An anisotropic in-plane scale transform was selected to mimic the tilt component (Slomka et al., 2007). Therefore, µ n = (t, s) with t = (x 1 , x 2 ) an in-plane translation and s = (s 0 , s 1 ) an scaling along plane axes. In-plane translation and tilt transformations are illustrated in Figure 3.1 (right). The transformation vector containing the transform for all slices is:

T µ = T µ 0 , . . . , T µ n , . . . , T µ N -1 , (3.3)
We note the transformation of I as T µ (I), such that the transformed n-th slice at phase τ is T µ n (I n (x, τ )).

Interpolation and intersection profiles

The profiles intensity between two slices belonging to two different views I n , I m ∈ I ⊂ R 3 , and at a cardiac phase τ , are defined as:

P n n∩m (x, τ ; T µ n ) = I n T -1 µ n (x) , τ | x ∈ Ω n∩m , (3.4) P m n∩m (x, τ ; T µ m ) = I m T -1 µ m (x) , τ | x ∈ Ω n∩m , (3.5)
where x belongs to the intersection domain between slices n and m (Ω n∩m ). The mapping of a point in the intersection line to the slices intersecting at this line, using the slice transformations, is illustrated in Figure 3.3a: a point x in the intersection domain corresponds to two positions, one in the domain of I n (using T -1 µ n ) and another in the domain of I m (using T -1 µ m ). Note that, because a transform consisting of an in-plane translation and scaling is used for each slice, the intersection domain does not change.

During the optimization procedure the value

I n T -1
µ n (x) , τ is evaluated at non-voxel positions, then, intensity interpolation is required. A linear interpolation is used: the returned value is a weighted average of the surrounding voxels with the distance to each voxel taken as weight.

The intersection domain can be obtained using the slice to world transformation contained into DICOM images1 defining the pose of each slice in the world coordinate system (WCS). Voxel intensities in this domain are stacked following the intersection line to obtain the image profiles, as those in Figure 3. 1 (right). Besides, given that the slice thickness of I m is often greater than the in-plane resolution of I n , the intersection domain is not a line but a belt when seen from I n (Figure 3.3b). In this case, the intensity of P n n∩m in x corresponds to the average of voxels intensities in I n along the perpendicular direction of the belt. This is illustrated in Figure 3.3b: the pixels in I n intersecting with

x (white solid rectangle) are averaged. Finally, all dynamic profiles are stacked, first along Ω n∩m (space) and then along τ (time), into two unique profiles P n µ and P m µ , as shown in Figure 3.2. To illustrate this stacking, lets consider one 2CH image and one 4CH image made up of 2 and 3 slices, respectively, both with a temporal resolution of three cardiac phases. Then, the number of intersection domains between all slices is six: each slice in 2CH will intersect with each slice in 4CH, resulting in six intersections. From each intersection, two dynamic profiles will be obtained. For instance, from the intersection of the first dynamic slice in 2CH and the first dynamic slice in 4CH, two dynamic profiles with three cardiac phases will result, one per view. If all intersections are considered, then 6 pairs of dynamic profiles, each with three phases, will result. Then, in order to compute the similarity between all intersecting slices, these six pairs of dynamic profiles are stacked into a unique dynamic pair.

Similarity measures between image profiles

Three different similarity measures are used in order to correct slice misalignment in cardiac MRI using multiview registration (cf. 2.3.2.2):

Normalized correlation. Correlation metrics were used by (Carminati et al., 2012) (Elen et al., 2010) (Slomka et al., 2007) to register multiview cine-MRI. The normalized correlation is defined as:

N C(P n µ , P m µ ) = - K-1 k=0 P n µ (k) • P m µ (k) K-1 k=0 P n µ (k) 2 • K-1 k=0 P m µ (k) 2 , ( 3.6) 
where P n µ (k) and P m µ (k) are the k-th element of P n µ and P n µ , respectively, and K is their number of elements.

Normalized mutual information. Mutual information metrics were used by (Elen et al., 2010) (Lötjönen et al., 2005) (Lötjönen et al., 2004) to register multiview cine images. The normalized mutual information is given by:

N MI(P n µ , P m µ ) = - H P n µ + H P m µ H P n µ , P n µ , ( 3.7) 
were H(•) and H(•, •) denote the entropy and joint entropy, respectively (cf. Equations (2.5) and (2.6)).

Mean squares of structural images. Profile-based registration has been used to correct the slice misalignment of multiview cine-MRI volume sequences, but it can also be used to correct the slice misalignment in LGE images with regards to cine MRI images. However, cine and LGE images correspond to different MRI sequences and, therefore, image intensities varies for those tissues/organs represented in both acquisitions.

Moreover, the alteration of myocardial tissue due to fibrosis/scar cannot be imaged with cine-MRI. An approach to handle this is to integrate similarity metrics that are robust to these variations, assuming a functional or statistical intensity relationship (Wachinger et al., 2012). This is why correlation and mutual information metrics, as the ones described above, have been used. The registration of these images can be, however, affected by more substantial variations like the fact that gadolinium concentration changes between multiview LGE images, and because of field inhomogeneities during MRI acquisition. In this context, the so-called image structural representation introduced by (Wachinger et al., 2012) seems to be advantageous. This representation, obtained by calculating a dense set of descriptors that capture the structural information of local patches in the image, depends only on the depicted structures and not on the intensities used to encode them.

In this work we evaluate the convenience of using the structural representation in MRI slice misalignment correction and in inter-sequence MRI registration (cf. 4.3) which has not been reported yet in literature. The structural representation have the potential of highlighting those structures best guiding the registration. They are also advantageous because (i) L1 and L2 metrics (e.g. mean squares) can be used to perform the optimization and (ii) metric properties such as capture range are improved. In consequence, we use the entropy-image representation and measure the mean squares between them. This approach was used previously by (Cordero-Grande et al., 2012) in the context of

LGE-SAX to cine-SAX registration. The local entropy of an image I at voxel x is given by:

H(I(x)) = - 1 |N | x N ∈N (x) p(I(x N ) log I(x N ) • w(x N ) (3.8)
where N (x) is a neighborhood centered at pixel (voxel) x, x N is a pixel in this neigh- LGE is then used to register them using the mean squares metric. The selection of this metric is justified because these two entropy representations can be considered as monomodal images. The mean squares metric is given by:

MS(P n µ , P m µ ) = 1 K K-1 k=0 P n µ (k) -P m µ (k) 2 , ( 3.9) 
where P n µ (k) and P m µ (k) are computed from the structural representation of cine and LGE images, respectively. The metrics defined above can be then included into the profile-based registration procedure in Figure 3.2.

Optimization of slice transform parameters

The optimal parameters of the slice transformations correcting for slice misalignment in I are computed as follows:

μ = arg min µ M P n µ , P m µ , (3.10)
where M is one of the similarity metrics defined in Equations (3.6), (3.7) and (3.9). The simplex downhill algorithm was selected to optimize Equation (3.10) (cf. 2.2.3.5) because it has been used in the literature for this purpose (Slomka et al., 2007) and does not require the computation of metric derivatives.

A sequential approach, initially proposed by (Slomka et al., 2007), was used in this work. This method considered that the 2CH and 4CH acquisitions have each one slice only. We generalize here this method in order to correct for multiview MRI images, each view containing multiple slices. Our generalization is made up of three steps, each step of this approach correcting for slice misalignment in a given view, as illustrated in Figure 3.5.

Inter-sequence rigid registration

Inter-sequence rigid registration aims at aligning the static LGE image with the closest phase of the cine-MRI. It follows the classic registration framework illustrated in Figure 2.2. Given µ R = (t, θ) the parameters of a 3D rigid transformation (cf. 2.2.1), the optimal parameters aligning the cine image (I cine ) and the LGE image (I LGE ), are given by:

μR = arg min µ R ∀v M(T µ R ; I cine,v (τ LGE ), I LGE,v ) (3.11)
with τ LGE the cardiac phase aligning cine-and LGE sequences over time, v ∈ {SAX, 4CH, 2CH} a given view and M either an information based similarity metric (Equations (2.4) to (2.7)), or the mean squares of the structural images between two image volumes (defined as in Equation (3.9) but using volumetric images instead of image profiles). The selection of the best metric is described in 4.3. To our knowledge, such evaluation as not been reported in literature. τ LGE was computed using the TriggerTime (0018,1060) and average heart rate (0018,1088) DICOM tags extracted from both acquisitions, as follows:

τ LGE = arg min τ cine TT cine (τ cine ) -TT LGE • HR cine HR LGE , (3.12)
with TT the trigger time and HR the heart rate. 

Registration of LGE-and cine-MRI images: Combining slice misalignment and rigid registration

Profile-based registration and rigid registration procedures described above are used together to register LGE-and cine-MRI.

Slice misalignment correction and rigid registration procedures were interconnected in three different ways (cf. Figure 3.6), leading to three LGE-to cine-MRI registration methods to be studied. They register multiplanar/multiview/multisequence cardiac MRI acquisitions. Let I cine and I LGE be the cine and LGE sequences of the MRI acquisition, respectively. We assume here that the temporal alignment between I cine and I LGE is known and that the registration is performed between the static LGE-MRI and the closest phase of the cine-MRI. Therefore, both images are made of up of static multiview (SAX, 2CH and 4CH) images. Besides, the rigid registration procedure sets the cine image as the fixed image:

-The simplest method, depicted in Figure 3.6a, corrects for slice misalignment in cine-MRI to then register LGE-MRI to the corrected cine-MRI using a rigid registration process. This approach can be used when no slice misalignment is

LGE-LAX

LGE-SAX cine-MRI

LGE present in LGE-MRI which is often the case. Indeed, LGE-MRI is a static image acquired at mid-diastole; thus, it is less prone to slice misalignment than cine-MRI.

-The second approach (cf. Figure 3.6b), corrects for slice misalignment in both, cineand LGE-MRI, and then registers them. This approach enables to correct slice misalignment in the LGE acquisition.

-The third method aims at correcting for slice misalignment and registering cineand LGE-MRI in a single process (cf. Figure 3.6c). However, this approach has shown to be much more computationally expensive. Thus, it has no more been used in the following of this work.

We presented above the procedures used to register cine-and LGE-MRI acquisitions of a given patient (intra-patient). These methods exploit the common information contained in the intersection of multiview MRI. The evaluation of these methods is presented in 4.3. The use of registered MRI in HCM and cardiac asynchronism characterization is presented in Chapters 5 and 6, respectively. We now present the proposed method developed to register dynamic CT and cine-MRI of the heart.

Spatio-temporal registration of dynamic CT and cine-MRI

Dynamic-CT and cine-MRI are dynamic acquisitions of the heart and, in our case, they focus on the LV. These modalities have to be registered in order to get a common LV referential. Cardiac MRI and CT acquisitions are triggered using the peak of R-wave (peak-R) detected in ECG. In the absence of cardiac remodeling, a rigid transformation enables to align these intra-patient acquisitions in space. Concerning the temporal registration, the cardiac frequency of the patient may change from one acquisition to the other. It is well known that there is a nonlinear relationship between the RR-interval and other ECG intervals (e.g. QT-interval) [START_REF] Heldt | Computational Modeling of Cardiovascular Response to Orthostatic Stress[END_REF] [START_REF] Bazett | An analysis of the time-relations of electrocardiograms[END_REF]. In fact, if RR-intervals differ then the relationship between corresponding dynamics in ECGs is nonlinear. As a consequence, the intra-patient temporal alignment (i.e. the alignment of corresponding cardiac phases) should be performed nonlinearly.

A first challenge is therefore the nonlinear temporal alignment. Despite the fact that ECGs recorded during image acquisition could be exploited to match corresponding cardiac phases (Huang et al., 2009), they are commonly not available. We propose to use correlation curves instead (Perperidis et al., 2005). To our knowledge, the use of this curves in dynamic CT images has not been reported before. A novel adaptive dynamic time warping (ADTW) procedure is used to align dynamic CT and cine-MRI over time.

The second challenge is the selection of an appropriate similarity measure between these multisensor images allowing to register them in space. We use a multi-image registration to exploit the information in these dynamic images, and a mutual-information-based metric.

The proposed ADTW-based method is illustrated in Figure 3.7. It has two main steps: (i) temporal alignment (ADTW) and (ii) multi-image spatial registration.

Temporal alignment: Adaptive Dynamic Time Warping of normalized cross-correlation curves

The DTW procedure measures the similarity between two sequences varying in time, and provides a nonlinear approach to align them over time [START_REF] Itakura | Minimum prediction residual principle applied to speech recognition[END_REF]. ECG-gated acquisitions of dynamic CT and cine-MRI provides two sequences of image volumes evenly distributed along the RR-interval. This interval is routinely constrained into a confidence range during acquisition; however, it can differ between cine-MRI and CT. In this context, the DTW procedure enables both, to match corresponding cardiac phases and to deal with the underlying nonlinear relationship between cardiac dynamics. It is applied to normalized correlation curves computed from input images.

Normalized cross-correlation curves

Two normalized correlation curves (one per dynamic image) are computed. Let I SAX (τ SAX ) be the cine-SAX image at cardiac phase τ SAX such that both, τ SAX = 0 and τ SAX = ⊤ SAX , correspond to the peak-R phase. ⊤ SAX is the number of cardiac phases.

Similarly, let I CT (τ CT ) be a dynamic CT image such that both, τ CT = 0 and τ CT = ⊤ CT , correspond to the peak-R as well. The normalized correlation curve of CT images depicts the variation in time of the normalized cross-correlation of I CT and is given by:

N C CT = N C CT (0), . . . , N C CT (⊤ CT -1), N C CT (0) , with, (3.13) N C CT (i) = N C I CT (0), I CT (i) , (3.14)
with N C the normalized cross-correlation between two image volumes. Note that the first and last elements of the curve are the equal to one. This reflects the fact that the cardiac cycle is periodic. Let N C CT be the normalized N C CT such that:

N C(i) = N C(i) -min(N C CT ) max(N C CT ) -min(N C CT ) , ( 3.15) 
N C SAX can be computed from Equations (3.13) to (3.15) using I SAX and ⊤ SAX . These normalized correlation curves are then entered to the ADTW procedure.

Adaptive DTW of normalized correlation curves from dynamic CT and cine-SAX

The temporal alignment of N C CT and N C SAX using ADTW is illustrated in Figure 3.8. DTW computes the optimal time warping curve ( F ) of input sequences. This optimal curve warps the cardiac phases of CT and cine-SAX images such that an objective function is minimized. Let d be the so called cross-distance matrix between vectors N C CT and N C SAX [START_REF] Giorgino | Computing and Visualizing Dynamic Time Warping Alignments in R: The dtw Package[END_REF]. d is of size ⊤ CT ×⊤ SAX and provides the distance of matching a couple of time indexes:

d(i, j) = N C CT (i) -N C SAX (j) (3.16)
d is the only input to the DTW algorithm. Note that it enables to enter the elements of N C CT and N C SAX into the DTW computation by using the time indexes i and j. At the core of the DTW technique lies the time warping curve F with its k-th entry given by:

F (k) = F CT (k), F SAX (k) , (3.17)
with F CT (k) ∈ {0, . . . , i, . . . , ⊤ CT } and F SAX (k) ∈ {0, . . . , j, . . . , ⊤ SAX }. The following conditions must be satisfied by F : Monotonic condition. Because the time warping curve aligns cardiac phases, they must be matched monotonically, i.e. the next cardiac phase to be matched must either be the present phase or one in the future. This is stated as follows:

F CT (k) ≥ F CT (k -1) and F SAX (k) ≥ F SAX (k -1),
Continuity condition. This condition implies that arbitrary time compressions and expansions are allowed and that all phases must be matched [START_REF] Giorgino | Computing and Visualizing Dynamic Time Warping Alignments in R: The dtw Package[END_REF]. This is stated as:

|F CT (k) -F CT (k -1)| ≤ 1 and |F SAX (k) -F SAX (k -1)| ≤ 1,
Boundary condition. This condition forces the first phases and last phases to match each other. In the case of normalized correlation curves, it implies to match the peak-R phases of input images. This is stated as: F (0) = (0, 0) and

F (K -1) = (⊤ CT , ⊤ SAX )
Step pattern:

Slope: (b) Illustration of the dynamic programming algorithm for S = 1: at iteration 0, the point (0,0) is added to the list of source points (color circles), and its accumulated cost is calculated. Then, its neighbor points are added to the list of visited points (color rectangles). At iteration 1, the visited point with lowest cost is added as a source (blue circle). The procedure then iterates until the extrema points are linked.

The idea underlying ADTW is to find the optimal alignment F :

F = arg min F K-1 k=0 d F CT (k), F SAX (k) • w(k), (3.18)
where w(k) is a nonnegative weight defined using an adaptive slope constraint (explained below, cf. Equation (3.19)). The equation (3.18) is solved using dynamic programming.

This procedure starts from the point (0,0) and iteratively searches for potential time warping curves minimizing their dissimilarity until the shortest-curve linking the two extrema points is found. Two constraints are added to this algorithm: (i) the slope constraint S and (ii) the search domain constraint. The slope constraint is adapted according to the temporal resolution ratio of input images (r), leading to the used Adaptive DTW (ADTW), as follows:

S =    0, if r = 1 1 2•(r-1) if r > 1 , with r = max(⊤ CT , ⊤ SAX ) min(⊤ CT , ⊤ SAX ) (3.19)
Figure 3.9a illustrates three slope constraints using the symmetric form [START_REF] Sakoe | Dynamic programming algorithm optimization for spoken word recognition[END_REF]. The slope constraint provides the step pattern which, in turn, guides how new points are linking to F during the ADTW procedure. A step pattern is a graph defining the neighbors that can be reached from a given point (origin) and the cost of linking them. For instance, it can be observed in Figure 3.9a that S=1 provides a graph with 6 nodes linking its origin (black square) to three possible neighbors (squares at the end of the branches). The cost of linking horizontal/vertical neighbors is 1 and the cost of linking diagonal neighbors is 2 (these weights correspond to w(k) in Equation 3.18).

The search domain constraint is illustrated as a gray region in Figure 3.9b. Points into this region are discarded from the computation of F . We restricted the search domain using a combination of Itakura's parallelogram [START_REF] Itakura | Minimum prediction residual principle applied to speech recognition[END_REF]) and Sakoe's ribbon [START_REF] Sakoe | Dynamic programming algorithm optimization for spoken word recognition[END_REF], as depicted in Figure 3.8.

Figure 3.9b illustrates the dynamic programming procedure for S = 1. At iteration 0, the procedure adds (0,0) to the list of source points2 and searches for its neighbors that are, in turn, added to the list of visited points. The accumulated costs of reaching these neighbors are also stored. This accumulated cost is noted as g(i, j). For instance, g(1, 2) = 14 results from the expression g(0,

0) + [1 2]•[d(0, 1) d(1, 2)] T with d(0, 1)=2, d(1,
2)=5 and 1, 2 the weights for one vertical and one diagonal neighbor, respectively.

At iteration 1, the point (1,1), corresponding to the visited point with lowest g, is added

to the source points list and extracted from the visited points list. This procedure is iterated until the extrema point (4,4) is added to the source list (last iteration). The curve linking (0,0) with (4,4) corresponds to F .

The output of the ADTW algorithm is quite rich: first of all, the value D, which is the minimum global dissimilarity or "DTW distance" (i.e. the sum of cross-distances along F ), can be assumed as the stretch-insensitive measure of the "inherent difference" between two given time series [START_REF] Giorgino | Computing and Visualizing Dynamic Time Warping Alignments in R: The dtw Package[END_REF]. On the other hand, F is the deformation of the time axes of N C CT and N C SAX which brings the two time series as close as possible to each other.

Spatial registration of dynamic CT and cine-MRI

After aligning input images over time using the ADTW procedure, they are registered in space. A multi-image rigid registration procedure is used in order to align I CT and I cine intra-patient images in space because there is no suspicion of cardiac remodeling between their acquisition. The procedure optimizes a multi-image metric that accounts for the dynamic information of input images. The multi-image metric is given by:

M T µ R ; I CT , I SAX = 1 K K-1 k=0 M T µ R I CT F CT (k) , I SAX F SAX (k) , (3.20)
where µ R is the vector containing the parameters of a 3D rigid transform (translation, rotation). The optimal parameters are calculated using this metric in Equation (3.11).

The ADTW-based registration described above allows to register dynamic CT and cine-MRI acquisitions of the left ventricle. Such a registration permits to describe LV anatomy with the high spatial resolution from CT and the improved temporal resolution from MRI. Moreover, given that cine-and LGE-MRI are already registered, myocardial viability is also fused. The evaluation of this registration method is presented in 4.4

and its using in the context of cardiac asynchronism characterization is presented in Chapter 6.

We focus now in the registration of echocardiography aiming at associating the mechanical function of LV (regional strain curves) computed with speckle tracking echocardiography.

Dynamic registration of multiview US images

Below we improve the multiview spatio-temporal approach proposed by (Tavard et al., 2012). We aim at integrating strain curves computed from 2D+t US images with the anatomy from CT/MRI. We select a surface-based approach in order to exploit available STE-contours extracted from US-images. The goal of this approach is to find the US planes in the 3D reference system of CT/MRI. The parameters of the acquisition planes containing the different views of the US acquisition are iteratively optimized in a single procedure. Each plane cuts the segmented dynamic LV surface from CT/MRI to obtain a dynamic LV contour to compare with corresponding STE-contour. The segmentation of dynamic CT/MRI depends of the modality: cine-MRI, used in HCM characterization, is segmented with a contour based approach (Yushkevich et al., 2006) (cf. 5.3.2.2), while CT, used in the characterization of cardiac asynchronism, is segmented with a multi-agent approach (Fleureau et al., 2008) (cf. 6.3.1).

Different approaches can be used to describe and compare LV-contours [START_REF] Trinh | Skeleton Search: Category-Specific Object Recognition and Segmentation Using a Skeletal Shape Model[END_REF]. During the optimization procedure, dynamic LV and dynamic STE contours are represented by their Fourier descriptors. This representation is selected because the comparison of LV geometries contoured from different modalities becomes straightforward. The comparison in the Fourier descriptors domain enables to compare the shape information at different levels of detail. It is advantageous because (i) the resolution of input contours differs and, (ii) LV-contours can be distorted (e.g. at apical region in apical-US and MRI SAX). Then, Fourier representation is used to compute the similarity between LV contours. The static registration of a LV-surface from CT/MRI with a LV-contours from STE is challenging because LV geometry is often smooth and symmetric with regards to its long axis. This is the reason why input dynamic geometries are aligned by optimizing the ADTW-based spatio-temporal similarity measure proposed by (Tavard et al., 2012).

Dynamic multiview STE-contours (obtained from US images) are registered in a two-step procedure. First, acquisition planes of the US images are computed using a spatio-temporal approach. The planes parameters are optimized in a single procedure (combined approach). Output acquisition planes contain acquired 2D US images and locate them into the coordinate system of the anatomical reference (CT/MRI), both in space and time. The second step computes the apices and long axes of dynamic LV-contours from CT and STE to align them in space (the temporal alignment already provided by the first step).

US planes localization and temporal alignment

The method used to find the pose of multiview US-planes (moving) in the CT/cine-MRI coordinate system (fixed) is illustrated in Figure 3.10. The registration optimizes the ADTW-measure between the LV-contours from CT/MRI (extracted by slicing the CT/MRI segmentation with US planes) and the STE-contours, both encoded by their Fourier descriptors. On the one hand, ADTW allows both, to compute the similarity between dynamic LV-contours and to align them over time. On the other hand, Fourier descriptors enable to measure the similarity between a pair of LV-contours (one per modality) by comparing their shapes using the same level of details. In fact, it enables to weight the contribution of rough, medium or fine details. The output US-planes for apical long axis acquisition are illustrated in Figure 3.11b.

We describe below the blocks of the ADTW-based registration procedure in Figure 3.10a.

LV surface slicing

The LV-surface slicing is illustrated in Figure 3.11a where a contour is obtained by slicing the LV-geometry at the cardiac phase τ A . Let I A be a dynamic LV-surface extracted from the dynamic anatomy in CT/MRI (the super index A ∈ {CT, MRI} stands for anatomy). Also, let µ v = { n, o} be the parameters defining a US-plane in a 3D space for the acquisition view v ∈ {2CH, 3CH, 4CH}, namely, its normal vector ( n ∈ R 3 ) and origin (o ∈ R 3 ). The output contour after slicing the LV-surface at phase τ A ∈ {0, . . . , ⊤ A -1} with a US plane with parameters µ v , is:

C A,v (τ A ) = x 0 , . . . , x ℓ , . . . , x L-1 , (3.21)
where x ℓ ∈ Ω A,v , Ω A,v ⊂ R 2 is the spatial domain of C A,v , i.e. the domain defined by the US-plane with parameters µ v . The points composing the contour C A,v (τ A ) are ordered e.g. clockwise. The similarity between dynamic STE-contours and LV-contours after LV-surface slicing is then computed using the ADTW.

ADTW-based similarity measure

The ADTW is used (i) to align them over time (to match corresponding cardiac phases) and, (ii) to compute the similarity between dynamic contours. This ADTWbased metric is computed in two steps: (i) encoding C A,v and C US,v using their Fourier descriptors and, (ii) performing the temporal alignment of these contours described in Fourier domain using the ADTW. This procedure provides a similarity measure that exploits the dynamic information they contain.

Fourier descriptors. Let x ℓ ∈ R 2 be a point of the contour C (τ ). Let z ∈ C be the complex number whose real and imaginary parts are x ℓ (0) and x ℓ (1), respectively: (1). The encoding of C into its Fourier descriptors (FDs), denoted as Ĉ , is obtained as follows: where Z κ is the κ-th Fourier descriptor computed using the discrete Fourier transform (DTF). C (τ ) can be reconstructed from Ĉ (τ ) using the inverse DTF (iDTF).

z ℓ = x ℓ (0) + √ -1 • x ℓ
Ĉ (τ ) = (Z 0 , . . . , Z κ , . . . , Z L-1 ) , with Z κ = L-1 κ=0 z ℓ • exp - 2π √ -1 J κ • j , ( 3 

Invariant Fourier descriptors. LV-contour deformation during the cardiac cycle

contains complementary information that needs to be exploited. Thus, we force the Fourier descriptors to be translation and rotation invariant because we are interested at finding the US plane parameters only. Fourier descriptors can be made:

-Translation invariant if Z 0 is set to null (Z 0 ← 0).

-Scale invariant if they are normalized by the norm of Z 1 (Z κ ← Zκ /||Z 1 ||).

-Rotation invariant if only the magnitude of each descriptor is used (Z κ ← ||Z κ ||).

Spatio-temporal similarity measure. The ADTW procedure is used to compute the nonlinear temporal alignment between STE-contours and the LV-surface. A weighted distance between a couple of time-samples is used to perform the ADTW. This aims to favor the influence of rough and medium shape details in the computation. The ADTW cross-matrix distance is given by:

d (i, j) = L-1 κ=0 1 κ + 1 Z US,v κ (i) -Z A,v κ (j) , (3.23)
where L is the number of FDs, Z κ (i) is the κ-th FD of contour C at phase i, and i ∈ {0, . . . , ⊤ US,v } and j ∈ {0, . . . , ⊤ A }. The number of FDs (L) used to compute the distance is limited in order to account only for rough shape details that are described with the STE-contours. Also, the ADTW computation is constrained as described in 3.2.1.2. The similarity measure between a STE-contour from view v and the sliced LV-surface using the plane parameters µ v is given by the ADTW distance between them (cf. Equation 3.18). Let µ US be an array containing the parameters of all multiview US planes. Also, let F be of the time warping curve for all views. The similarity measure between all multiview dynamic STE-contours and the dynamic LV-surface is given by:

{ μUS , F } = arg min µ US ,F ∀v K-1 k=0 d F US,v (k), F A,v (k) , (3.24)
where C US is the set of STE-contours and K is the length of the time warping curve

for view v (F v (k) = F US,v (k), F A,v (k) )
. The optimization of this metric enables to obtain, in a single optimization, the parameters for all US-planes and the deformation of the time axes of the multiview US acquisitions to the anatomic image (CT/MRI) that bring them as close as possible.

Alignment of LV contours

After obtaining the US planes in CT/MRI coordinate system, LV-contours from STE and sliced CT/MRI are aligned. This procedure is illustrated in Figure 3.12. First, the great of axis of a STE-contour ( ga US,v ) and the sliced LV-surface ( ga A,v ) is computed.

This vector points from the centroid of the contours ( C US,v and C A,v , respectively) towards the mid-point lying in the line segment joining the initial and extrema points of the first acquired geometry (peak-R). Then, the STE-contour is rotated and translated such that both, its great axis and centroid, match those of the sliced LV-geometry. The rotation is performed around the normal vector of the resulting US plane.

The ADTW-based method described above enables to register multiview STE contours with LV surfaces from CT or MRI. This registration allows to describe the strain information issued from STE in a LV-surface with high spatial resolution. The evaluation of this registration procedure is presented in 4.5 and its use in HCM and cardiac asynchronism characterization is presented in Chapters 5 and 6, respectively.

Conclusion

The proposed image registration methods aiming at registering available cardiac MRI, CT and US acquisitions, were presented in this chapter. They share two methodological aspects: (i) the information contained by the entire dynamic image (surface) is exploited during the registration; (ii) the adaptive dynamic time warping procedure is used when two dynamic multimodal acquisitions need to be aligned in time. Cine-MRI to CT registration. To our knowledge, any method has been proposed in literature to register cardiac MRI and CT. For this purpose, we proposed a spatio-temporal registration procedure exploiting the dynamic information in CT and cine-MRI. The procedure computes two curves from each dynamic acquisition that enable to align them over time using an adaptive DTW process. Then, the spatial registration is performed with a multi-image approach, i.e. using all the image volumes in both sequences, in order to make the registration more robust.

2D+t US to CT/cine-MRI registration.

A spatio-temporal multiview US to CT/cine-MRI registration method, exploiting the dynamic information in LV-contours from STE and a LV-surface from CT/cine-MRI, was proposed to register them. In order to consider all the images and to compare contours with the same level of details, it uses a spatio-temporal metric based on the ADTW procedure applied to the dynamic contours described by their Fourier descriptors.

These methods are used to register available acquisitions used in the context of HCM and cardiac asynchronism characterization (cf. Chapters 5 and 6, respectively). Their evaluation is presented in the next chapter.

approaches are based on the comparison of methods by using the "Regression without

Truth" approach (RWT) [START_REF] Hoppin | Objective comparison of quantitative imaging modalities without the use of a gold standard[END_REF] [START_REF] Lebenberg | Nonsupervised Ranking of Different Segmentation Approaches: Application to the Estimation of the Left Ventricular Ejection Fraction From Cardiac Cine MRI Sequences[END_REF]. These evaluation approaches are based on real images. Other methods, based on image simulation, have not been considered in this work.

We selected the protocol of (Skerl et al., 2006) to obtain the best similarity measure for a spatial registration procedure. Indeed, we seek to align acquisitions of the same patient, which we assumed as a rigid spatial registration problem. The gold standard is estimated manually. For example, in cardiac MRI registration context, acquisitions with no slice misalignment (e.g. cine-MRI without slice misalignment) may be selected. For the registration of dynamic CT and MRI, a manual alignment of the considered images may be performed.

The protocol of (Skerl et al., 2006) computes five properties describing the behavior of a given similarity measure. These properties are calculated from a set of measurements of similarity (M), computed between the gold standard image (I GT ) and a moving image (I). These measurements are computed at sampled positions of the rigid parametric space.

This 6D parametric space (translation: 3 dimensions, rotation: 3 dimensions) is normalized in order to scale the dynamic ranges of the translation and the rotation parameters to a common range. Then, a subspace of this parametric space, corresponding to an hypersphere centered in µ GT (the gold standard transformation, i.e. the transformation aligning I with I GT ) with a given radius R, is considered. This hypersphere is randomly sampled with a given number of lines passing through its center. Each line is in turn evenly sampled with a given number of positions. These sampled positions define a metric profile and provide the set of measurements used to estimate the properties of M. The sampling of the parametric space is illustrated in Figure 4.1 for a 2D parametric space.

Hypersphere , Sampling line

Metric profile

Sampling line (Skerl et al., 2006): sampling lines are randomly traced in a circle defining the domain of interest in a 2D parametric space. Then, they are evenly sampled and a metric profile is obtained from each line (Left). These profiles are used to compute the properties describing the behavior of the metric. Modified from [START_REF] Sandoval | Intensity-based similarity measures evaluation for CT to ultrasound 2D registration[END_REF].

The properties provided by the protocol of (Skerl et al., 2006) The better a similarity measure, the smaller the values of accuracy, number of minima and risk of nonconvergence, and the larger the values of capture range and distinctiveness of the optimum. For DO(r) and RON(r), only the first (r = δ) and the last (maximum r) were retained. They describe the values of these properties near to the ground truth (near GT) and far from it (far GT); thus, they provide information about the behavior of the metric when the registration procedure has a good initialization (near) or a rough initialization (far). Regarding NOM(r), we compute it for all the values of r and took the average value which provides the average indicator of the smoothness of the similarity measure. This is an important indicator to select, for instance, the optimization procedure best fitted to find the optimal value of the metric.

The protocol of (Skerl et al., 2006) is freely available at http://lit.fe.uni-lj.si/contents/tools/SimilarityEvaluat

This tool provides the sampling of the parametric space to be evaluated.

The gold standard transform is not known in our data. Thus we consider, when possible, one acquisition with a low mismatch. This was the case for the cine-MRI and LGE-MRI slice misalignment corrections, for which an acquisition without slice misalignment have been selected. For the dynamic CT to cine-MRI registration, the gold standard was obtained manually. In all the cases, examples of profiles resulting from sampling lines were used to provide some qualitative elements of evaluation.

Implementation of the similarity measures

The elastix library (Klein et al., 2010) was used to compute the metrics. Elastix uses the ITK library (Ibanez et al., 2005) to implement most of the similarity measures it includes. The computation of the metric can be exhaustive (i.e. using the entire set of image voxel intensities), or non-exhaustive (i.e. an estimation of the similarity measure is computed instead). The benefit of the latter is that the time to compute the measure can be highly reduced yet obtaining a good estimation of the metric. In this case, a number of samples of the input images has to be defined. We used a non-exhaustive computation of the similarity measures to perform the metrics study. The samples required to compute the estimation were selected with a random sampler.

In this a context, the estimation of the mean squares metric (MS) and the normalized correlation metric (NC) only need the number of samples to be used. Regarding the mutual information metrics, ITK provides different implementations (Ibanez et al., 2005).

We test here the following: VWMI. This is the Viola-Wells mutual information metric. This metric computes the mutual information (MI) between two images from the intensity information that their voxels contain. In this implementation, the probability density distributions needed to compute the mutual information are estimated using Parzen windows.

These are kernel density estimators that obtains the probability densities by taking intensity samples form the image and superpositioning kernel functions centered on these samples. The Viola-Wells implementation uses two separate intensity samples sets from the images: the first to compute the density and the second to approximate the entropy. Gaussian kernels are used as kernel functions; then, the standard deviation is a parameter to provide along with the number of samples to use.

MMI.

This is the Mattes mutual information metric. In this implementation, the probability density distribution are estimated using Parzen histograms, requiring only one set of intensity samples to be drawn from the image. Using this set, the marginal and joint probability density functions are evaluated at discrete positions or bins, uniformly spread within the dynamic range of the images intensities. The entropy values are then computed by summing over the bins of the estimated histograms. Then, two main parameters are needed for the computation of MMI, the number of samples and the number of histogram bins. NMI. This is the normalized mutual information metric. It is computed using the histograms of the intensities in the images as for MMI. The definition of this metric was provided in Equation (2.7).

For each test, we provide the parameters used to estimate the underlying similarity measure.

Evaluation of the cine-MRI and LGE-MRI registration

This section is focused on the evaluation of cine-MRI and LGE-MRI registration for the correction of slice misalignment and the inter-sequence registration.

In these contexts, three different processes have to be studied: (i) correction of slice misalignment in cine-MRI; (ii) correction of slice misalignment in LGE-MRI; (iii) LGEto cine-MRI inter-sequence registration. For each of these processes, an evaluation may be performed in two steps: (i) selection of the most appropriate metric; (ii) evaluation of the final result. For the latter, we used a visual evaluation made by an expert using the data considered in HCM and cardiac asynchronism studies.

For the correction of slice misalignment in cine-MRI, (Elen et al., 2010) showed that the absolute difference of derivative profiles (ADD) and the normalized mutual information (NMI) are the most appropriated metrics. Thus, we used NMI for the correction of slice misalignment of cine-MRI. The results of this process, assessed by an expert, are presented in 4.3.3.

For the correction of slice misalignment in LGE-MRI, no reference work comparing the performance of different similarity measures has been, to our knowledge, reported.

Thus we firstly used the protocol of (Skerl et al., 2006) to select the most appropriate metric. However, no further evaluation has been performed because the clinical data considered in HCM and cardiac asynchronism studies did not present such misalignment.

For the LGE-to cine-MRI inter-sequence registration, we also used the protocol of (Skerl et al., 2006) to select the most appropriate metric. Then, the best was used in the HCM study that involves the registration of STE with cine-MRI and then with

LGE-MRI to integrate STE with LGE-MRI. Then, the final result was evaluated by the expert, i.e. the registration between STE and LGE-MRI. The results will therefore be presented in the Chapter 5.

In this section, we present the selection of the similarity measure between multiview

LGE images and between cine and LGE images. Then, we present the visual evaluation of results provided by the correction of slice misalignment in cine-MRI.

Evaluation of similarity measures between multiview LGE-MRI

Two LGE images acquired with the inversion recovery (IR) technique from a HCM patient with late gadolinium-enhanced regions in the myocardial tissue (fibrosis), were used: one short axis view (IR-SAX) and one two-chamber view (2CH). In order to provide the gold standard transformation, these images were selected such that no mismatch between them were visually detected. Figure 4.2 shows five checkerboard images between these acquisitions, three at basal, medial and apical slices of the IR-SAX image and two for different slices of the IR-2CH image. Note the evident fibrosis in the antero-septal region (orange arrow). It can be observed that, visually, the matching between these images is satisfactory. Even if this alignment is not the gold standard, it provides elements of evaluation for the performance of the similarity measures. However, the accuracy, which relies on a the knowledge of µ GT , must be interpreted carefully. The protocol in (Skerl et al., 2006) was used to select the best similarity measure aligning these images. The parameters for this protocol were set as follows: N =50 (number of sample lines), M =200 (sampling points per line) and R=3 (radius of the hyper-sphere in normalized units, corresponding to a sampling of the searching region with a radius of 30% of the minimum size between the images). The resolution of the images were 256×256×16 voxels and 1.37×1.37×5 mm 3 for the IR-SAX, and 320×320×12 voxels and 1.25×1.25×5 mm 3 for the IR-2CH. In plane resolution of the IR-SAX image was resampled to 1.25×1.25×5 mm 3 to obtain both images with the same resolution.

MS, NC and MI-based metrics were included into the analysis. MS was analyzed between input IR images (MS) and between their structural representation using the local entropy filter (MS-S) defined in Chapter 3 (cf. 3. The metrics were implemented using the elastix2 library (Klein et al., 2010), to take advantage of its static image sampler which speeds up the computation. This sampler randomly computes the locations used to estimate the metric value. It is static because the same locations were used for all the positions of the parametric space to be evaluated.

The parameters used for the computation of the similarity metrics were: 420000 samples, 32 histogram bins (MS, NC, VWMI, MMI, NMI), 0.4 for the Gaussian kernel size for VWMI computation (input images were also normalized to estimate VWMI). this constraint seems to be satisfied. The findings of these evaluation provides a metric to be used during the intra-sequence slice misalignment correction of LGE-MRI.

Evaluation of similarity measures between cine-and LGE-MRI

A pair of corresponding IR-SAX and cine-SAX images from a HCM patient with late gadolinium-enhanced regions in the myocardial tissue (fibrosis) and no mismatch between them, were used as the reference. Figure 4.5 shows three checkerboard images between these acquisitions at basal, medial and apical slices. Note the evident fibrosis in the antero-septal and postero-septal regions (orange arrows). It can be observed that, visually, the matching between these images is satisfactory. As in the previous section, even if this alignment is not the gold standard, it provides elements of evaluation for the performance of the similarity measures. However, the accuracy, which relies on the knowledge of µ GT , must be interpreted carefully.

The protocol in (Skerl et al., 2006) was then used to select the best similarity measure. The considered parameters were the same as in the previous section. The resolution of the images were 256×256×12 voxels and 1.25×1.25×7.5 mm 3 for the cine-SAX, and 256×256×16 voxels and 1.37×1.37×5 mm 3 for the IR-SAX. The resolution of both images was resampled to 1.25×1.25×1.25 mm 3 using a bi-cubic splines interpolator.

Given that this is an inter-sequence registration, MI metrics were included. However, we also included NC and MS-S (MS of structural images) metrics into the analysis. The use of MS-S is justified by the fact that LGE is an structural image modality. The size of the neighborhood used in the local entropy image computation was 11×11×11 voxels. As in the LGE intra-sequence analysis, the similarity measures were implemented using elastix library (Klein et al., 2010) and the same parameters as before. Table 4.2 summarizes the results of the protocol of Skerl. Note that CR is the same for all metrics which was explained by (Skerl et al., 2006) as a behavior of metrics in a multimodal registration problem. It can be observed that no similarity measure performed the best for all properties. In fact, best performances were distributed between NMI

(2), VWMI (2), MMI (1) and NC (1). NC, not being commonly used in a multimodal registration procedure, performed more or less the same as MI metrics. However, it had the highest NOM, which is confirmed by the high number of minima in its profile; then, its optimization will be difficult. Finally, NMI and MMI have the highest DO far from GT which is also in agreement with their profiles which present a unique wide and flat maximum.

The accuracy is a global property, very sensitive to outliers. Then, to enhance the study of NC, VWMI, MMI and NMI, we draw the boxplots of the distance of the global optimum to the ground truth in all sampling lines. They are shown in Figure 4.8. These boxplots confirmed that MI-based metrics perform the best. From them, NMI performed slightly better. Then, we selected it has the best metric to rigidly register cine-and LGE-MRI.

Evaluation of the cine-MRI slice misalignment correction

The sequential approach described in the previous chapter (cf. Figure 3.5) was implemented using NMI as the metric, to correct for slice misalignment in cine-MRI volume sequences used for HCM characterization (cf. Chapter 5).

Data.

Retrospective ECG-gated cine-MRI acquisitions of four subjects with hypertrophic cardiomyopathy were used to assess the performance of the correction. Short-axis, two-chamber and four-chamber cine-MRI were acquired in a 3.0T MRI scanner (Phillips Achieva) as part of the clinical cardiac MRI examination. The number of slices was 12 for SAX, 3 for 2CH and 5 for 4CH views. The technique used to acquire these images was balanced fast-field-echo (b-FFE). Slice resolutions were: size from 256 × 256 to 320 × 320, pixel from 1.1875 × 1.1875 mm 2 to 1.25 × 1.25 mm 2 , spacing between slices from 7 mm to 10.78 mm. Each cine acquisition had 30 phases.

Evaluation method. Based on (Elen et al., 2010), the NMI metric was used. For the sake of comparison, results were also computed using NC as the metric. Their implementations used the ITK library 3 . 32 histrogram bins were used in NMI computation.

The implementation of the downhill simplex algorithm in the vision numerics library 4 was selected to compute the optimal transformation. The starting simplex was defined by adding 10 mm to the translation parameters and 0.1 to the scaling parameters.

Two observers assessed the misalignment of the LV anatomical structures. A plane perpendicular to the SAX slice was used to evaluate the alignment of SAX at peak-R.

A mid-cavity plane was used to trace this perpendicular plane such that the LV was intersected between the anteroseptal and the inferoseptal regions, as shown in Figure 4.9a.

The alignment between SAX and LAX was also evaluated at peak-R. For this purpose, a medial LAX plane was selected and then the alignment of the myocardium (and the interventricular septum) between 2CH/4CH and each SAX slice was assessed, as illustrated in Figure 4.9b.

The number of slices that were correctly aligned along the interventricular septum and the LV lateral wall from SAX plane cuts were assessed by the two observers. The alignment was considered as successful if maximum one slice had a slight misalignment. Both observers rated each alignment as successful, wrong or not-assessable. Then, only those evaluations with an agreement between observers above 66% were retained. At the end, 18 out of 24 evaluations were retained.

Results and discussion.

It can be observed from table 4.3 that NMI performed better than NC. Average NMI performance from both observers was 70.9%. Note also that observers had a high variation in their evaluation of NC results. Indeed, the agreement between observers is the lowest for NC (70%). Finally, we sought to establish how slice misalignment correction performed at each level of the SAX image; thus, the instances of wrong alignments in SAX planes were divided following their location, at basal, medial or apical zones. Table 4.4 presents the resulting division of SAX myocardial misalignment instances. It can be noted that most of the misalignments are located in the apical zone (8 out of 15). This This sequential approach using NMI metric was used to correct for slice misalignment in cine-SAX images for the characterization of HCM (cf. Chapter 5). In that study, cine acquisitions from 30 patients were corrected and assessed visually by a cardiologist and those images with slices not successfully aligned were extracted from the study.

Evaluation of the ADTW-based registration of dynamic CT and cine-SAX

Two aspects of the registration of cine-SAX to dynamic CT images proposed in 3.2 were evaluated: (i) the ADTW temporal alignment, and (ii) the spatial alignment. They were evaluated using annotated time and spatial landmarks, respectively. Besides, in spatial alignment, we evaluated four multimodal similarity measures using the protocol proposed by (Skerl et al., 2006).

Data

ECG-gated CT and MRI pre-intervention acquisitions of 10 patients undergoing CRT (cardiac dyssynchrony), were used to evaluate the ADTW-based registration. On the one hand, a 3.0 Tesla MRI system (Philips Achieva, Eindhoven, The Netherlands) was used to acquire B-TFE cine images with SENSE coils. Cine-MRI SAX volume sequences had between 10 and 12 slices. Slice size was 256×256 pixels with a spacing varying from 1.56×1.56 mm 2 to 1.25×1.25 mm 2 . The spacing between slices varied from 11.32 mm to 7.5 mm. Temporal resolutions were 30 phases for half the patients and 40 phases for the other half. Dynamic CT images were acquired with a GE LightSpeed VCT system. CT images had a resolution of 512×512 pixels for XY plane with the Z resolution varying from 212 to 157 slices. Voxel spacing has a typical value of 0.27×0.27×0.625 mm 3 with little variations between patients. Temporal resolutions were 10 and 20 phases for 2 and 8 patients, respectively. Iodine contrast agent was used to enhance the left ventricle (100 a 150 cm 3 being at 300 mg/ml or 350 mg/ml).

Evaluation of the temporal alignment

The evaluation of the temporal alignment between cine-SAX and CT images after the ADTW alignment of normalized correlation curves (cf. 3.2.1) is difficult because ECGs were not available. Thus, a fiducial evaluation using annotated end-systolic phases in both dynamic acquisitions, was performed. We sought to measure the accuracy of the alignment of end-systolic phases by the time warping curve ( F ). This accuracy is used as an indicator of the quality of the alignment over time.

The end-systolic alignment was defined as the two distances (d CT and d SAX ) from annotated end-systole and aligned end-systole along CT and cine-SAX time axes, respectively (cf. Figure 4.11). These distances are measured from the projection of the portion between misaligned end-systolic phases along the output time warping curve F (red portion of the time warping curve in Figure 4.11). Given the differences in temporal resolution in input images, these distances were normalized with regards to the number of cardiac phases in order to made them comparable between both, multimodal images and patients:

dCT = d CT ⊤ CT , dSAX = d SAX ⊤ SAX , (4.1)
where dCT , dSAX are the normalized distances along the time axes of dynamic CT and cine-SAX, respectively, and ⊤ the number of imaged cardiac phases.

The end-systolic phase was annotated in cine-SAX images by the MRI machine (τ SAX ES ). The annotation of this phase in CT (τ CT ES ) was performed manually by localizing the cardiac phase when the aortic valve closes (AVC). 4.5. It can be noted that ADTW had the lowest deviation which means that it is also more precise than the other approaches. These results proved that ADTW has the ability to align CT and cine-SAX images in time using NCC curves.

Evaluation of the spatial alignment

Four mutual information measures were evaluated using the protocol of (Skerl et al., 2006). Then, the optimal MI-measure was included in a multi-image registration procedure.

Similarity measure selection

Viola-Wells MI (VWMI), Mattes MI (MMI) and normalized MI (NMI) were evaluated following the protocol of (Skerl et al., 2006).

Ground truth. These metrics were evaluated using peak-R cine-SAX and peak-R CT images. The acquisitions from one patient were selected such that CT and cine-SAX images were smooth: CT without discontinuity artifacts nor metal artifacts and with One patient fulfilled cine-SAX and CT requirements. For this patient, only NMI and MMI registrations improved fiducial alignment. We selected the one from MMI.

Figure 4.13 shows the gold standard after the manual alignment of the result of fiducial and MMI registrations. Cine-SAX images were resampled to the CT space using the resulting transformation and bi-cubic splines interpolation. It can be observed that, visually, the matching between these images is satisfactory. For instance, the matching between boundaries of the blood pool in CT and cine-SAX images is improved (dotted white and yellow lines in Figure 4.13). Even if this alignment is an estimation of the gold standard, it provides elements to evaluate the performance of the similarity measures.

However, the accuracy must be interpreted carefully.

CT Fiducial Fiducial+MMI+manual

Cine-SAX The cine-SAX field of view is also represented (white dotted lines).

Similarity measures evaluation. The protocol of (Skerl et al., 2006) was applied using the same parameters as in the previous studies. Normalization was performed using the CT resolution because cine-SAX images are in CT space. CT resolution was 512×512×161 voxels and 0.352×0.352×0.625 mm 3 .

As previously, the similarity measures were implemented using elastix library (Klein et al., 2010). The parameters used for the computation of the similarity metrics were: 420000 samples, 32 histogram bins (VWMI, MMI, NMI), 0.4 for the Gausian kernel size in VWMI computation (input images were normalized in this case). Here, it should be noted that this metric cannot, in most cases, reach a value of 0. Indeed, because selected landmarks are placed independently, there is not a rigid transformation that may perfectly align all of them. In order to estimate the minimal landmark error that may be reached by a rigid transformation, a fiducial registration (using placed landmarks) was applied for each patient. This registration computes the parameters of the rigid transformation that minimizes the sum of squares of the distances between corresponding fiducials. A least-squares solution for this fiducial registration was provided by (Horn, 1987) using unit quaternions. The output of the fiducial registration corresponds therefore to the optimal registration according to the landmark error. The average error after fiducial registration was 2.2 mm. average fiducial error after iconic registration using adaptive DTW (all phases: multiimage), peak-R/annotated-ES (two phases: multi-image) and peak-R (one phase: static) temporal alignment for one and two levels of resolutions. Please note that the average error after fiducial based registration is showed with a dotted line.

approach considering two cardiac phases (peak-R and annotated ES), and (iii) the multiimage ADTW registration using all cardiac phases. The three approaches were tested for one and two levels of resolutions. It can be noted that they had an average e greater than 2.2 mm (the average of e after fiducial registration). Fiducial error suggests that multi-image methods outperformed the static method. ADTW performance is slightly better than peak-R/annotated-ES but the ADTW multi-image approach is better because it is fully automatic.

These evaluation is limited because cine-SAX slices are thick (≥ 8 mm). This explains why the fiducial error remains quite high for multi-image and static procedures compared with the fiducial registration.

Evaluation of multiview US to cine-SAX registration

The US registration method was previously proposed by (Tavard, 2012) In order to apply the registration process, relying on a contour-to-surface registration, the cine-SAX images have been segmented using ITKSNAP (cf. 5.3.2.2 for details and examples).

Selection of the number of Fourier descriptors

Because the ADTW-metric optimized during US to cine-SAX registration relies on the Fourier description (FD) of input geometries (cf. Equation (3.23)), the best number of descriptors needed to register multiview STE-contours, must be selected. The number of FDs fully describing a given contour equals its number of points. (Tavard, 2012) used 50 FDs to register STE-4CH geometries to LV surfaces from CT images. Given that the spatial resolution of STE-geometries and cine-SAX geometries varies, we sought to find the optimal number of FDs to register them.

A random subsample of 4 patients were selected from the HCM dataset for this purpose. From this subsample, we performed the registration between STE-4CH and cine-SAX images using the ADTW-based approach in 3.3, using S=0. The number of Fourier descriptors tested for each sample was 30 (low resolution, below the typical number of points in STE geometries), 50, 60 and 80 (high resolution, above the typical number of points in STE geometries). The normalized distances to annotated end-systolic phases in STE-4CH ( dUS ) and cine-SAX ( dSAX ) to the optimal time warping curve after registration ( F ), were used to select the optimal number of Fourier descriptors. These distances to ES were described in 4.4.2.

The mean and standard deviation of the normalized distance are represented in Figure 4.16. It is observed that the number of FDs has an influence in the performance.

The best temporal alignment was obtained for L=60. Given that STE contours do not have geometrical components of high frequency as cine-SAX contours (STE contours are already smooth), this result shows that contour sequences should be compared using their low frequency FDs. Figure 4.16 also shows that US sequences were better aligned than cine-SAX sequences. This can be explained by the fact that US sequences have a higher temporal resolution than cine-SAX. Then, an error in one phase in US acquisition has a lower impact in the overall performance than the same error in cine-SAX.

Qualitative assessment of the metric convergence

The ADTW-based registration procedure was initialized with a fiducial placed in the apex (plane origin). The evolution of the ADTW-metric is presented in Figure 4.17 for the three procedures. However, the combined approach performs the registration of both STE views in a single optimization. Thus, given that the number of iterations required by the combined approach is far below the sum of those required by STE 2CH and 4CH registrations, the combined registration seems to be more appropriated. 

Evaluation of the spatial alignment

Conclusion

The evaluation of the multisensor registration methods proposed in chapter 3 was discussed in this chapter. Three main procedures were evaluated: cardiac MRI registration, cine-SAX to CT registration and US to CT/cardiac-MRI registration. Two main aspects of the registration process were considered: the selection of the metric and the quantification of the registration accuracy. An automatic protocol of evaluation of similarity measures properties was used to select the most appropriate.

The evaluation of similarity measures in the context of multiview intra-sequence

LGE-MRI registration showed that the mean squares of structural images had the best performance. This finding revealed the benefits of the local entropy filter to measure the similarity between multiview images. To our knowledge, this is an evaluation that have not been reported yet in literature. However, given that our dataset of LGE-MRI did not present slice misalignment, the abilities of MS-S in correcting LGE-MRI slice misalignment were not further assessed. Thus, this study should be extended with LGE data presenting slice misalignment.

The evaluation of the similarity measure in the context of LGE-to cine-MRI registration showed that MI-based metrics are the most appropriate, with NMI having an slightly better performance. This metric was then used to align these inter-sequence cardiac MRI acquisitions in the HCM and cardiac asynchronism studies.

Two observers performed a qualitative evaluation of the slice misalignment correction procedure aiming at evaluating its performance in correcting cine-MRI of HCM patients.

This analysis confirmed that NMI performs better than NC. However, it does not perform correctly at apical slices of cine-SAX images. In the next chapter describing the HCM study, the corrected cine-MRI will be fixed as the reference image to register US contours and LGE-MRI.

The method to register cine-MRI and CT images has also been evaluated. The metric analysis showed that MI-based metrics performs more or less the same, with NMI performing slightly better than the others. Using NMI as the metric, the evaluation of registration results was performed using annotated landmarks both, in time and space.

The temporal alignment obtained from the ADTW of normalized correlation curves performed better than linear temporal matching and classical DTW alignment. This finding revealed the benefits of (i) performing the dynamic time warping procedure to account for the nonlinear change in ECG dynamics, and (ii) the adaptation of the slope constraint to take into consideration the differences in the temporal resolution of these multimodal acquisitions. Regarding the accuracy of the spatial registration using the multi-image registration procedure, annotated fiducials in papillary muscles revealed the benefits of including the dynamic information (multiple images) into the computation of the spatial alignment. However, given the thickness of cine-SAX slices, this evaluation remains quite coarse. It could be improved by considering more landmarks placed in complementary views, i.e. at the apex and the mitral annulus.

The registration of STE to cine-SAX was evaluated to (i) select the best number of Fourier descriptors needed to describe LV-geometries, (ii) evaluate the convergence of the ADTW-metric and (iii) assess the spatial alignment of STE geometries with the myocardial wall in cine-SAX acquisitions. First, the optimal number of FDs resulted in a value close to the resolution (number of points) of STE contours. Second, the combined procedure proved to converge as fast as using separate optimizations for each STE view, but with the benefit of using a unique procedure. Third, the evaluation of the spatial alignment was performed by a cardiologist who assessed the alignment for each contour in STE-geometries. This evaluation showed that apical segments account for all failed alignments. This can be explained by the lack of an appropriate description of the apical zone both, in US and in cine-SAX images.

The evaluated registration methods have been used in two studies related to HCM and cardiac asynchronism. These studies are detailed in the two following chapters.

CHAPTER 5

Hypertrophic cardiomyopathy characterization

The fusion of STE and LGE-MRI images would provide insights about the abilities of STE to characterize myocardial tissue, especially for premature HCM when structural changes in myocardial tissue could be reversed. As stated in 2.4, previous studies have reported that regional myocardial strain and wall thickening are affected by regional myocardial fibrosis in patients with HCM (Popović et al., 2008). However, the relationship between STE-strain and fibrosis has not been clarified. (Saito et al., 2012) reported a bulleye analysis of strain and substrate information; however, this approach does not consider the underlying mismatch between them (i.e. they lack of precise registration between acquisitions). This is magnified when regional functional information from dynamic 2D acquisitions like 2D-US needs to be compared with substrate information from 3D acquisitions like LGE-MRI. In this case, functional information will be extracted from a planar cut of the heart instead of a volumetric image. This planar cut does not depict the function of an entire region in a bulleye. In this context, multisensor image registration arises as an appropriate tool to overcome these problems.

The multisensor fusion procedure for HCM characterization is illustrated in Figure 

Objectives

This study aims to characterize hypertrophic cardiomyopathy. The objectives are:

1. To associate local myocardial fibrosis assessed from multiview LGE-MRI with regional myocardial strain resulting from speckle tracking echocardiography of multiview 2D+t US apical long axis view, acquired using a TTE probe.

2. To describe the statistical significance of indicators derived from regional strain curves with regards to the presence of macroscopic fibrosis.

Study population

This study was performed in collaboration with the CIC-IT 1 804. It was approved by the ethics committee of CHU-Pontchaillou in Rennes, and was conducted in accordance with the Declaration of Helsinki. From January 2011 to April 2013, 30 HCM patients were prospectively and consecutively enrolled. All patients gave informed consent. HCM was defined as recommended by recent guidelines (Gersh et al., 2011). The inclusion and exclusion criteria were:

Inclusion criterion. Subjects carrying a primitive non obstructive HCM with left ventricular ejection fraction (LVEF) greater than 60%, in sinus rhythm.

Exclusion criteria. Prospective subjects with one of the following characteristics were disqualified from inclusion in this study: under legal age, unable to give a free and clear consent, refusal to sign their consent, contraindication to MRI (in particular, patients with an implanted cardiac stimulator/defibrillator at the moment of MRI acquisition), history of coronary artery disease, permanent atria fibrillation, left ventricular systolic dysfunction (LVEF ≤ 60%).

All patients had a clinical examination, a resting arterial blood pressure measurement (Dinamap Procare Auscultatory 100), a resting 12-lead electrocardiogram, a transthoracic echocardiography (Vivid 7, General Electric Healthcare, Horten, Norway) and a cardiac MRI (Philips Achieva 3T). Imaging protocols are described in the following section.

Table 5.1 presents the demographic statistics describing the retained population. These indicators are expressed as the average value ± standard deviation or as a percentage.

Patients were mostly men (80%), Caucasians (73.3%) in adult age (46.8±15.5 years). In 14 patients (46.7%), HCM was diagnosed because of symptoms; in 16 patients (53.3%), the diagnosis was due to a routine screening (for systolic murmur, pathological ECG, familiar history of HCM). At inclusion, 53.5% of patients were in class NYHA 1, 42.8% class 2, and 3.6% class 3. This is corroborated by the NT pro BNP (a biochemical marker of heart failure), which shows that the population is symptomatic to HF ( 692.5 ± 1208.7).

The demographic statistics described here were in agreement with the populations used in the literature (Popović et al., 2008) (Saito et al., 2012).

The medical treatment at inclusion are presented in Table 5.2: most of the patients are treated with beta-blockers (64.3%). This, and the other medical treatment at inclusion described in the table, are classical treatments for HCM patients. Medical treatment statistics were also in agreement with the literature (Popović et al., 2008) (Saito et al., 2012). 

Methods for image registration and fibrosis estimation

30 HCM patients were evaluated with MRI and apical 2, 3 and 4 chambers views echocardiography (US-2CH, US-3CH, US-4CH). We describe below the imaging protocol and methods used for the fusion of STE and LGE-MRI, and for the characterization of HCM.

Image acquisition

US and MRI were acquired for those patients fulfilling the selection guidelines at CHU-Pontchaillou in Rennes, in collaboration with the CIC-IT 804.

Echocardiography and STE

TTE acquisitions included parasternal apical LAX (4CH, 2CH, 3CH) and SAX acquisitions. A cardiologist, expert in echocardiography, performed TTE image acquisition at rest using a GE Vivid7 station (GE Healthcare, Horten, Norway). All data were stored on a workstation for off-line analysis (Echo PAC BT12, GE Healthcare, Horten, Norway). Echocardiography readers were blinded to the results of MRI, and they did not have any clinical data when reading these files. For each patient, conventional analysis of the echocardiogram preceded a 2D strain analysis. For each measurement, at least two cardiac cycles were averaged. Left ventricular diameters and wall thicknesses were assessed using the M-mode. The greatest thickness measured in the LV wall at any short-axis parasternal view was considered to represent maximal LV wall thickness. Left ventricular end-diastolic and end-systolic volumes (LVDD Vol, LVES Vol) and ejection fraction (EF) were measured by the biplane method of discs. The left ventricular enddiastolic diameter was also measured (LVEDD). These global parameters are analyzed in 5.4.1.

Strain measurement was based on the speckle tracking approach: to complete the analysis of the LV systolic function, the global longitudinal deformations were evaluated from standard two-dimensional images using a 2D strain software (Echo PAC BT 12, GE Healthcare, Horten, Norway). Image acquisition frame rate was 60-90 Hz (mean value 75 Hz). In brief, by tracing the endocardial borders on an end-systolic frame, the software automatically tracked the contour at subsequent frames. Adequate tracking was verified in real-time and was manually corrected, if necessary. The end-systolic phase was annotated in US acquisitions using the ECG and the closure of the aortic valve. An instance of a multiview STE acquisition is presented in Figure 5.2. STE traces and strain curves were limited to the RR-interval (using peak-R).

It can be noted from STE images (Figure 5.2) that the peak-strain, defined has the most negative value of the strain curve, varies. Echocardiographic guidelines state a This aimed at improving the observability of small portions with fibrosis, i.e.

to reduce the partial volume effect.

For each patient, the following global indicators were computed from cine-SAX images: maximal wall thickness, myocardial fibrosis volume (cf. 5.3.3.2), left ventricular end-diastolic diameter (LVEDD), left ventricular end-diastolic and end-systolic volumes (LVED Vol and LVES Vol, respectively), and left ventricular ejection fraction (LVEF).

From the 30 patients enrolled, two had non-exploitable LGE images (both, IR and PSIR sequences). Then, 28 patients were retained in this study. 

Image registration workflow

LGE to cine registration

Cine-and LGE-MRI were registered with the procedure proposed in 3.1, using the sequential slice misalignment correction approach (cf. Figure 3.5) and NMI similarity measure. This procedure was used because (i) it was the only available at the moment where this HCM study started and (ii) slice misalignment in LGE acquisitions were low. The evaluation of this method was discussed in 4.3.3. Thus, slice misalignment in cine-MRI are corrected and the output image is registered to LGE-MRI using a rigid transformation. After registration, the set of transformations aligning cine-SAX slices (T µ cine,SAX ) are applied to the LV endocardium segmented in cine-SAX (cf. 5.3.2.2).

Figure 5.5 shows two instances of registration results for two patients with fibrosis (patient 01 in Figure 5.5a and patient 02 in Figure 5.5b). The upper rows display the images before registration, and the lower rows after registration. To illustrate the correction of slice misalignment, the result of the segmentation of the endocardium in cine-MRI before and after registration was overimposed on the images (the description of the considered segmentation method is in the next section). The images of patient 01

show an important initial misalignment between LGE-and cine-MRI, which is successfully corrected by the registration process (see, for example, the green arrow). For the patient 02, the initial alignment is already good and thus the rigid registration has a lower impact.

However, as noticed in the previous chapter, the efficiency of the slice misalignment correction process is not optimal (see, for example, the red arrow).

STE to cine-SAX registration

STE LAX traces were registered to cine-SAX segmentations of the LV endocardium using the simultaneous DTW-based approach (cf. 3.3.1). STE to cine-SAX registration consists of three steps: LV-segmentation, propagation of the slice misalignment correction LV segmentation. The dynamic LV endocardial surface was extracted from cine-SAX.

ITKSNAP 5 implementation of the active contour segmentation (Yushkevich et al., 2006) was used to segment each dynamic slice in cine-SAX. Figure 5.6 illustrates a dynamic slice from a cine-SAX acquisition. This dynamic slice is then stored as an image volume with the z axis being the temporal axis and entered to the segmentation procedure. The active contour method is based on snake 6 evolution. The evolution of the snake is governed by the front propagation equation. This equation describes the velocity of every point in the snake ( C t ∈ C t ) at any particular time (t) and is given by:

C t = (αg I -βk) n (5.1)
where α and β are user-defined factors weighting the feature-based propagation force term and the curvature term, respectively. n ∈ n is the normal vector for a given point, g I ∈ g I the region feature image (cf. step 2 below) component at that point and k ∈ k the k-level curvature at that point. The value of k, which is computed at each iteration, controls the shape of the evolving snake. Sharp corners in the snake boundary have high curvature, while points where the snake is straight have low curvature. The effect of the -βk component is to slow down the evolution of the snake at places of high curvature, smoothing out the sharp corners that may otherwise be formed.

The segmentation of the LV blood pool in each dynamic slice followed the steps described below (cf. Figure 5.7a):

1. ROI selection. First, an LV region of interest (ROI) was manually defined by the user.

2. Intensity region filtering. We used a region competition image as the feature image in Equation (5.1) because the blood pool has a good contrast with the surrounding myocardium. In this approach, the feature image represents the regions with homogeneous intensity value. This feature image was computed by thresholding the dynamic slice intensities such that the LV blood pool appeared in the foreground and the myocardium in the background. The parameters used in the thresholding procedure were set by the user manually.

3. Seed region initialization. The active contour segmentation was initialized with spherical surfaces covering the blood pool along the z axis (i.e. along the time axis of the dynamic slice).

6. Snake is the name given to a closed curve (or surface) that represents the object being segmented.

4. Snake evolution. This procedure was started to fit the boundaries of the initial snake (spheres) to the boundaries of the LV blood pool, using Equation (5.1). α and β were set by the user (typical values: 1.0 and 0.3, respectively).

If needed, a manual refining was performed to improve the resulting contour delineation after the active contour procedure described above. When all dynamic slices of cine-SAX were segmented, the dynamic LV surface was obtained by stacking these segmentations. registration. This was discussed by (Tavard, 2012). The initial parameters required for the registration of STE 4CH, 2CH and 3CH views (cf 3.3.1) were annotated in cine-SAX, as follows:

Origin. A common origin was annotated for all US planes at apical level such that initial 4CH, 2CH and 3CH planes intersect cine-SAX segmentation.

Aortic landmark.

A landmark was placed into the ascending aorta to be used in 3CH plane initialization.

US planes normal.

Normal vectors of 4CH and 2CH US planes were initialized with the normal vector of the slices in cine-4CH and cine-2CH, respectively. The 3CH plane was initialized by rotating the 2CH plane around a vector perpendicular to both, its normal and the vector pointing from the apex to the aortic landmark. The angle of rotation is given by the angle between the 2CH plane and the apex-aorta vector.

The evaluation of the STE to cine-SAX registration using acquisitions from HCM patients, was discussed in 4.5.

Propagation of STE traces to LGE-MRI

After STE to cine-SAX registration, STE traces were propagated to registered LGE-MRI following these steps:

1. The cardiac phase in the cine-SAX image that matches the one of LGE-MRI (i.e.

the mid-diastole), was computed using the TriggerTime (0018,1060) and average heart rate (0018,1088) DICOM tags extracted from these acquisitions, following Equation 3.12, 2. The matched cine-SAX phase was then propagated to both, 2CH and 4CH STE acquisitions, using the DTW warping time functions resulting from the registration of cine-SAX and multiview STE (cf. 5.3.2.2), 3. Two reformat planes were then obtained from LGE-MRI using output 4CH and 2CH US planes parameters. The registration of US to cine/LGE-MRI were visually assessed by a cardiologist.

The segments in STE not successfully matched with LGE-MRI were discarded from this study. In total, 24 STE segments were not successfully aligned to LGE-MRI, from a total of 306 segments. The computation of these indicators is detailed below.

Analysis of myocardial fibrosis and strain

Local characterization of fibrosis

For each STE-segment, the presence of fibrosis in the corresponding region in LGE-MRI was assessed. This was performed visually by placing the registered US contours in LGE-MRI coordinate system, and visualizing multiview LGE-MRI volumes (SAX, 2CH and 4CH). All LGE volumes were used to assess not only if the US planes contain fibrosis, as in Figure 5.8, but also if there is a zone with fibrosis close to the STE-contour.

This visual assessment of fibrosis was performed on IR and/or PSIR sequences as follows:

first the IR was evaluated; if fibrosis was visible and the assessment possible, this was the only sequence assessed. In case of bad quality or doubt in fibrosis assessment, the PSIR image was used. All STE regional segments retained were assessed, resulting in 73 segments with fibrosis out of 306 segments in total.

Estimation of the global extent of fibrosis

The extent of fibrous tissue was estimated by the percentage of fibrosis in the total myocardial volume in LGE-SAX. Its computation required the inner an outer contours of the myocardium to be delineated. The inner contours can be propagated from the LV endocardial surfaces extracted in cine-SAX (cf. 5.3.2.2). However, to have a precise estimation of the extent of fibrosis, both, the inner and the outer contours, were manually delineated by a cardiologist on LGE-SAX using ITKSNAP (Yushkevich et al., 2006), for those patients with fibrosis.

Then, the fuzzy c-means method proposed by (Kachenoura et al., 2008) was used to delineate myocardial fibrosis. This is an unsupervised method classifying the voxels in the myocardium into one out of two possible classes: late gadolinium-enhanced voxel of non-

LGE voxel. This method proved appropriate correlations with biochemical myocardial infarct (scar) quantifications as well as LV function parameters [START_REF] Baron | Comparison of various methods for quantitative evaluation of myocardial infarct volume from magnetic resonance delayed enhancement data[END_REF].

The fuzzy c-means method is an unsupervised clustering procedure providing to each voxel a level of membership to two fuzzy classes: LGE and non-LGE (one membership value per class). The membership value describes the belongingness of the voxel to the class. This value is a number between 0 and 1. The fuzzy c-means approach is advantageous in the case of fibrosis quantification because, except for highly enhanced pixels with a bright intensity value, the enhancement between fibrous and non-fibrous tissues is not always well defined (i.e. it is fuzzy). The fuzzy c-means method was applied independently on each slice to avoid misclassification related to eventual interslice differences in signal intensity. Moreover, it was applied for a region including the myocardium and the LV blood pool which avoid misclassification, especially in slices without scar [START_REF] Baron | Comparison of various methods for quantitative evaluation of myocardial infarct volume from magnetic resonance delayed enhancement data[END_REF]. Figure 5.9 presents the membership value of the

LGE-voxel class after fuzzy c-means, for the voxels into the myocardium.

After fuzzy c-means, a defuzzification procedure was performed to obtain a binary description of those voxels being part of fibrosis and those that not. Then, for the entire myocardium, a threshold of the LGE-class membership was varied between 0.25 and 0.5, and the curve representing the number of LGE-voxels was plotted over these varying threshold. Then the threshold value providing the most stable output (the longest portion in the plot were the number of LGE-voxels remains the same), was selected as the optimal one (indicated with and arrow in the colorbar in Figure 5.9) [START_REF] Baron | Comparison of various methods for quantitative evaluation of myocardial infarct volume from magnetic resonance delayed enhancement data[END_REF]. This threshold is then used to deffuzyfy (get a binary image) the output of the fuzzy c-means method. Figure 5.10a and (b) presents the resulting delineation of fibrosis in patients 01 and 02, respectively. It can be noted that the region with fibrosis is accurately delineated in those portions with a high concentration of voxels with late gadolinium enhancement. 

Results and discussion

28 patients were retained to perform this study (patients with exploitable LGE images). STE to cine-SAX registration was visually assessed, by depicting the registered STE contours at peak-R in cine-SAX space. After this assessment, STE-3CH was excluded because the registration results were not satisfactory given that output 3CH planes approached 2CH planes. After this registration, a cardiologist visually assessed the STE to LGE-MRI registration before associating the presence of fibrosis with regional strain-derived indicators. This led to a population of 336 myocardial segments to be analyzed: 28 patients, 2 STE views, 6 segments per view. From them, 306 segments were retained by the cardiologist after visual assessment. The causes to reject the 30 segments were:

1. There was no 2D strain curve available: 6 segments, 2. The registration was not satisfactory after visual assessment: 24 segments.

Two studies were performed: a global and a local characterization of the HCM. The global characterization is based on global values (i.e. values measured for the whole heart, e.g. the extent of fibrosis, without using the result of the registration workflow). The local characterization relies on the registration results to locally evaluate the relationship between strain and fibrosis. During these studies, the readers of the echocardiographies were blinded to the results of MRI, and they did not have any clinical data when reading echocardiographic files.

Global characterization of HCM

Table 5.3 provides the global indicators that were measured to describe the hypertrophic pattern, the systolic function and the myocardial fibrosis extent. These indicators were analyzed to characterize HCM in the retained population. They are presented as the mean value ± standard deviation.

The maximal wall thickness was 19.1±5.1 mm and most of the hypertrophies were of type III 7 from Maron's classification [START_REF] Maron | Patterns and significance of distribution of left ventricular hypertrophy in hypertrophic cardiomyopathy: A wide angle, two dimensional echocardiographic study of 125 patients[END_REF]. Also, hypertrophy was associated with a small LV cavity (LVEDd 42.6±5.0 mm). Even with a portion of the population with mild to moderate heart failure (NYHA class 1 and 2, cf. 5.1), they do not present a modification of the ejection fraction which is normal (64.7±9.0 from MRI); however, the global longitudinal peak-strain (mean value of the peak-strain amplitude computed over all segments of the three great-axis views: 2CH, 3CH and 4CH) is slightly altered (-15.4±3.4), with a normal peak-stain value being -20%. The longitudinal strain has been privileged because it is the component whose measurement is the most reproducible and robust.

7. Morphologic classification of HCM. In type III, hypertrophy is present in three of four zones of the left ventricle, e.g. the septal, anterior and lateral zones. -15.0±3.5 Circumferential LV peak-strain (%) -17.8±5.0 Radial LV peak-strain (%) 35.8±16.9

The quantification of the extent of fibrosis for the HCM population gave 10.5%±11.7% of the total myocardial volume. This extent in agreement with literature (Popović et al., 2008) (Saito et al., 2012). This is, arguably, an indicator of the good performance of the semi-automatic quantification of myocardial fibrosis volume. We measured the Pearson correlation index between global peak-strain and the percentage of fibrosis in the myocardial tissue, per patient. The Pearson correlation was 0.5624 with a p=0.0042 (null hypothesis rejected). Then, the global peak-strain and the volume of myocardial fibrosis are correlated: a patient with fibrosis will have a probability to get altered the systolic function. This finding is also in agreement with literature: (Pearson=0.46, p=0.003) in (Popović et al., 2008); however, they quantified the extent of fibrosis using the 2SD method (a method based on the standard-deviation of voxels intensities), and required the delineation of a portion of viable myocardium per slice in LGE which is not required by the fuzzy c-means method.

These global descriptors enabled to characterize HCM from a global point of view.

However, given that the regional peak-strains are altered (cf. Figure 5.12b) but the global longitudinal peak-strain does not reflect this alteration (it is just slightly altered), we sought to analyze the abilities of regional strain curves in localizing the regions with myocardial fibrosis.

Local characterization of HCM: Relationship between regional longitudinal strain and fibrosis

From the retained population made up of 306 segments, we sought to determine the statistical significance of the relationships between the following indicators:

1. Regional longitudinal peak-strain amplitude or time in one hand;

2. The presence or not of fibrosis in the other hand.

These indicators were selected because they are potentially modified in the presence of fibrosis. Fibrosis is a non-contractile tissue. Therefore, its presence should result in an alteration of myocardial deformation and thus in an altered 2D strain. The peak strain (most negative value of the longitudinal strain curve), being an indicator of the systolic function, describes the strength of myocardial contraction. It is expected that the maximum longitudinal deformation in a STE region will be modified by the presence of fibrosis. On the other hand, the time-to-peak, defined as the time delay from the beginning of the R-wave (annotated during US acquisition) to the peak-stain, describes the heterogeneity of the instants of maximal contraction for the myocardial regions, i.e.

the dyssynchrony of myocardial regions. The time-to-peak may also be modified by the presence of fibrosis. In this case, it would take more time for a region with fibrosis to attain its maximum deformation than for a viable region. Figure 5.11 illustrates the computation of these indicators. We measured the Pearson correlation index between regional longitudinal peak-strain and regional time-to-peak measurements for all patients.

The Pearson correlation was estimated to be 0.226 with a p=0.0001; then, these indicators had a very low correlation. LGE-MRI, the strain curves were altered (even more than for STE-2CH).

Fibrosis Fibrosis

LGE-4CH

LGE-2CH

LGE-SAX To consider all patients, two subpopulations of myocardial segments (as defined by STE) were constructed after STE to LGE-MRI registration: (i) myocardial regions without regional fibrosis (235 segments, 76.79%) and (ii) myocardial regions with regional fibrosis

LGE-4CH

LGE-2CH

LGE-SAX (71 segments, 23.20%). Two boxplots depicting (i) peak-strain of regional longitudinal 2D strain curves and (ii) the time-to-peak for these regions, are presented in Figure 5.14.

Unpaired Student's t-tests results are reported in Table 5.4. Whiskers correspond to approximately ± 2.7 sigma (99.3% coverage). Red circles correspond to outliers. (Left) Boxplot for the regional peak-strain, (right) bloxplot for the regional time-to-peak. The three ROC curves are in Figure 5.15b. The area under the curve (AUC), computed using the trapezoidal integration rule, were 0.7237, 0.7001 and 0.7609 for peak-strain, time-to-peak and the linear classifier, respectively (the ideal AUC being 1.0). This suggests that linear classification outperforms the classification using one indicator only.

ROC curves provide one important insight about strain curves: 2D strain is not only altered by fibrosis. Some other parameters may alter it including the age of the patient, loading condition (volemia, blood pressure), etc. This is derived from the fact that a high sensitivity is obtained at a cost of the specificity, i.e. strain indicators are more sensible than specific. For instance, for the peak-strain indicator a sensitivity of 80% is obtained with a specificity of 45% (an equivalent trend is obtained for time-to-peak). Therefore, the strain indicators, though changing under fibrosis, are modified by other factors not included into this study: fibrosis is one among multiple factors altering the strain curve.

Study limitations

The limitations of this study are: and the time-to-peak of this peak (t ps ) for the populations of STE-regions without and with fibrosis. 5.15b ROC curves of peak-strain (p LS , red), time-to-peak (t ps , blue) and a linear classifier using both indicators (black). The area under the ROC curves, using a trapezoidal integration rule, were 0.7237, 0.7001 and 0.7609, respectively. Acronyms -ROC: receiver operating characteristic.

-LGE-MRI volumes were acquired using the IR and PSIR techniques (cf. 1.3.4.1).

They require a sample of viable myocardium to null its MR signal; thus, diffuse fibrosis is out of the scope of this acquisition. Although the use of T1-mapping techniques (e.g. MOLLI sequence) may overcome this (Lima, 2013) (Puntmann et al., 2013), they were not available from our clinical acquisition protocol and, thus, were not used here.

-The mechanisms describing the impact of the extent of fibrosis of each STE region and the corresponding regional strain curve are out of the scope of this study.

However, a step further is included here: the quantification of the volume of myocardial fibrosis.

-The global strain indicators were not available for all patients. This was due to the bad quality of some planes acquired during US.

-The segments with altered strain but without fibrosis quantified in LGE-MRI cannot been explained here.

Conclusions and perspectives

The fusion of STE traces extracted from ultrasound images with LGE-MRI for a significant number of patients with HCM enabled to study if regional strain-derived indicators from STE surrogated to the presence of fibrosis.

STE to cine-SAX and LGE-MRI registration based on the DTW enabled to align STE traces with LGE-MRI. This registration enabled to associate the regional strain curves from STE with the corresponding regional myocardial fibrosis from LGE-MRI.

After this association, Student's test proved that the expected value of the longitudinal peak-strain and the longitudinal time-to-peak are statistically different with regards to the presence of fibrosis assessed from LGE. This finding is important because it means that analyzed STE strain indicators are surrogated to the presence of fibrosis.

The interactive active-contour segmentation of the left ventricular endocardial surface from cine-SAX images, based on snake evolution, enabled to extract dynamic LV surfaces of the LV. ITKSNAP tool used to perform this segmentation is easy to use. However, it required the interaction with the user and, in some cases, a posterior correction of endocardial delineations.

The registration of cine-MRI and LGE-MRI enabled to correct for slice misalignment in cine-SAX volumes and to integrate LGE-MRI to cine-MRI. This registration was suitable because multiview LGE-MRI volumes did not presented slice misalignment.

The registration of STE contours with the LV surface from cine-SAX volumes, enabled to overlap STE geometries with LGE images. However, after visual assessment by a cardiologist, 24 segments were not successfully aligned (for a total of 300 segments). This fail rate is explained by the rough resolution of LV segmentation (due to cine-SAX slice thickness), the performance of the cine-SAX slice misalignment correction that has an effect on US registration output, and the lack of detailed information at apical level in both acquisitions (cf. 4.5.

3)

The fuzzy c-means procedure to quantify the extension of myocardial fibrosis enabled to quantify a global indicator describing the extent of fibrosis of each patient. This indicator, expressed as the percentage of the volume of regions with fibrosis in the total myocardial volume, was in agreement with the literature. This method, needing only the inner and outer contours, is automatic, thus, with high reproducibility.

Global characterization of HCM proved that the population under analysis have global indicators in agreement with the literature, notably, the correlation between global strain and the percentage of fibrosis.

The registration of STE data with cine-MRI and LGE-MRI, allowed to perform a local (regional) analysis of longitudinal strain parameters aiming at studying if they are related with the presence or not of fibrosis. This study enabled to describe the sensitivity and specificity of the strain in detecting the regional fibrosis. Student's t-test proved that the expected value of the peak-strain and time-to-peak parameters change with the presence of fibrosis (p< 1e -5 for both indicators). Besides, boxplots of the observations of these indicators, for the populations of STE-regions without and with fibrosis, showed that they overlap. Then, despite the fact that the change is significant, it has a wide range, leading to overlapping in the observations of healthy and fibrotic STE-segments.

This overlap could be explained by the presence of diffuse fibrosis that is not possible to assess from LGE-MRI.

The overlapping of strain indicators for myocardial regions without and with fibrosis resulted in a decreased strength to predicting the presence of fibrosis, which was evaluated using ROC curves. This evaluation showed a high correlation in the behavior of input indicators and their combination using a linear classifier. We conclude from ROC analysis that fibrosis is one out of different factors modifying peak-strain and time-to-peak in the analyzed population of HCM patients.

Perspectives. This study can be enhanced by improving STE to LGE registration performance such that more regions can be added to the analysis, including those from STE-SAX and 3CH. We hypothesize that a constrained iconic registration can solve this.

Some works exist in the literature performing US iconic registration. The challenges in such a case are: the selection of the similarity metric, the synchronization of the LGE and STE acquisitions and the access to raw US images to perform this iconic procedure.

STE-segments with non altered strain but fibrosis in LGE could be explained by the size of the regional fibrosis. Then, this study may be improved by quantifying the size of regional fibrosis. In this case, the incidence of fibrous tissue not cut by the output US plane but near to it should be considered because it will have, potentially, an effect in measured STE-indicators .

Another perspective is to perform the same study using 3D echocardiography. In that case, all STE-strain measures can be explored at once: longitudinal, circumferential, radial and area strains. The challenges in such a case are the access to raw US images and STE-information (contours, surfaces) to perform TTE registration. Moreover, the metric and synchronization challenges mentioned above in the context of 2D TTE remain as well.

Other perspective is to include STE strain measures from US acquisitions in effort.

This could aid to improve the strength of strain-derived indicators in predicting fibrosis, improving the specificity of such measures. We can suppose that the modification of loading condition and contractility, induced by exercise, could add relevant information.

CHAPTER 6

Cardiac asynchronism characterization for Cardiac Resynchronization Therapy optimization

The fusion of data from multimodal images is of increasing interest in cardiac resyn- of this chapter contains the conclusions and perspectives of this study.

Aims and scope

The objectives of this study, aiming at characterizing cardiac asynchronism, are:

1. To associate LV anatomy, regional myocardial viability from late gadoliniumenhanced MRI, regional myocardial strain curves from speckle tracking echocardiography and endocardial electrograms from EAM in the anatomical referential provided by CT images.

2. To compute electromechanical descriptors characterizing the electromechanical coupling of the LV ventricle.

3. To assess the insights that such characterization would provide in LV stimulation lead optimization.

This study is complex because it involves different methods aiming at registering multisensor acquisitions. Moreover, even if nine patients have been included in the euHeart database, given the high number of modalities, it is difficult to have patients with complete and satisfactory acquired data. Then, two patients (euHeart 04 and euHeart 06) were analyzed aiming at illustrating a comprehensive procedure required to characterize (i) left ventricular anatomy, (ii) myocardial tissue characteristics and, (iii) the electromechanical function before and after the implantation of a BIV pacemaker.

This study enhances the one of (Tavard, Simon, Leclercq, Donal, et al., 2014) (to appear), where the patients belonging to IMOP database (cf. 6.2.1), were described in terms of the global and local electromechanical behavior. Our main contribution to this work are (i) the addition and processing of cardiac MRI (cine and LGE sequences), (ii) the addition and processing of simultaneous acquisitions of the LV electrical function (balloon catheter), (iii) the consideration of multiview US data and (iv) the processing of euHeart patient database.

Multisensor data acquisition

We describe below the two projects that provides two multimodal LV datasets from CRT patients, the patient selection criteria and the imaging protocol.

IMOP and euHeart projects

The Laboratory of Signal and Image Processing (LTSI acquired in pre-, per-and post-intervention: CT, MRI, ultrasound (pre-and post-TTE), ECG and electroanatomical mapping data (invasive electro-physiological mapping), with intra left ventricular cavity pressure capture for some of them. This highly multivariate database is unique, made up of different observation modalities providing a comprehensive view of the patient's cardiac electromechanical function (Marchesseau et al., 2013).

These projects aided to build a database made up of pre-, per-and post-operative acquisitions of different signals and images from different modalities: electrocardiogram, EAM, CT, MRI, angiography and US.

Patient selection

The inclusion and exclusion criteria of IMOP and euHeart projects, were: 

Inclusion

Acquisition protocol

The images used in this study were acquired in the context of euHeart project.

Cardiac magnetic resonance

Cardiac MRI acquisitions included cine-SAX, cine-LAX (4CH, 2CH), LGE-SAX and

LGE-LAX (4CH, 2CH). Cardiac MRI was performed with a Philips Achieva 3T machine 6. EGMs are obtained by backprojecting the electrical information from MEA to the endocardial surface, solving the electrical inverse problem. In this problem, first the direct function transfer from the conductor geometry (endocardium) to the inner geometry (MEA) is computed (direct problem). Then, using for example the Boundary Element Method (BEM), the observations on MEA are backprojected to the endocardium by optimizing a regularized objective function. 

Multisensor image registration

Segmentation of the left ventricle from dynamic CT

The endocardial surface of the left ventricle was extracted from dynamic CT segmentations of the left cardiac cavities. This segmentation procedure used the multi-agent method proposed by (Fleureau, Garreau, Boulmier, et al., 2009) (Fleureau, Garreau, Simon, et al., 2008). In this multi-object segmentation method, user-defined points seeds or agents, located into specific objects of interest (here the left ventricle), compete between them in an iterative process to aggregate new voxels in the objects.

This segmentation method uses texture information to aggregate new voxels to competing agents and is based on the fuzzy connectedness approach (Udupa et al., 1996).

After segmentation, the LV endocardial surface is extracted from the inner left heart contours and a LV model is constructed for visualization purpose (Tavard, 2012). To extract the LV endocardial surface, first the apex and great axis were estimated by searching the largest distance between two points in input CT surfaces. From these points, the apex is discerned considering the orientation of the heart in CT acquisitions.

Then, an optimization procedure slices the left heart surface from the apex towards left atria in the direction of the great axis to find the plane corresponding to the mitral valve.

This mitral plane is used to extract the LV endocardial surface. Finally, the LV model corresponds to a truncated ellipsoidal representation of this endocardial surface. 

Registration of LGE-and cine-MRI

The goal of the LGE-to cine-MRI registration process is to describe the relationship of myocardial tissue state (from LGE-MRI) with electrical and mechanical information (from EAM and STE). In fact, the state of the tissue around the site of LV stimulation has been considered as an important variable impacting CRT outcome (Jansen et al., 2008). In this work, we focus in the analysis of LGE-MRI in CRT context.

The cine correction and LGE rigid registration process described in 3. 

Dynamic registration of cine-MRI and dynamic CT volume sequences

The cine-SAX volume sequence was registered to the dynamic CT volume sequence using the multi-image registration method described in 3.2. Figure 6.9 presents an instance of this registration for the patient euHeart 06. Checkerboard images before registration is not presented because input images have almost no intersection between them. It can be noted that LV myocardial septum, lateral walls and LV papillary muscles match at both, end-diastolic and end-systolic phases. Cine-SAX to dynamic CT iconic registration was evaluated in 4.4, resulting in a good performance. 

Surface-based registration US and dynamic CT

The goal of this process is to integrate strain curves resulting from STE to the dynamic LV anatomy in CT images. For this purpose, the simultaneous DTW-based approach described in 3.3 was used. 2CH and 4CH STE traces were exported for the RR-interval (using peak-R) to be registered with dynamic CT segmentations of the LV endocardium. We considered STE acquisitions providing the longitudinal strain which is the most robust, reproducible and significant in CRT. 

Surface-based registration of EAM and CT

A semi-automatic method proposed by (Tavard, Simon, Leclercq, Donal, et al., 2014) was firstly used to register the EAM data and LV surface segmented from the CT acquisition. We used the first LV surface over the cardiac cycle (normally end-diastole), because EAM geometry describes locally the inner chamber wall at its maximal relaxation.

This EAM to CT registration method estimates the apex and long axis from input surfaces (CT and EAM) and then registers them using this information. The apex and long axis for CT have been already estimated during the computation of the LV model (cf 6.3.1).

In the case the EAM geometry, the long axis an the apex were estimated from the inertia matrix and annotated fiducials, respectively. In both cases, the long axis is a vector pointing from the apex to the surface centroid. Then, the registration procedure used a priori knowledge of the heart geometry: first EAM surface is registered to CT surface using the location of the apex and the long axes; then, the user can apply a rotation to the EAM surface around the long axis in order to reduce rotational mismatch (Tavard,Figure 6.11: Resulting EAM to CT registration using the semi-automatic method. Registered surfaces do not match due to the morphology of the EAM surface with does not allow to get a reliable estimation of the apex and long axis. The yellow point correspond t the localization of the RV lead.

Simon, Leclercq, Pavin, et al., 2009). Figure 6.11 shows the resulting registration for euHeart 06. It can be observed that EAM and LV surfaces do not match. This is because EAM geometry is almost round, and did not provide discriminant information to obtain the apex and long axis. The results for the patient euHeart 04 were similar.

Therefore, the landmarks annotated during EAM acquisition localizing the aortic chamber, right ventricular lead and the upper part of the lateral wall were used in a landmark based registration. To perform this procedure, corresponding landmarks were annotated in the CT image. Then, the rigid registration transformation minimizing the sum of squares of the distances between corresponding fiducials, was computed. A least-squares solution for this fiducial registration was provided by (Horn, 1987). Figure 6.12 depicts the output of the EAM to CT fiducial-based registration.

After EAM to CT registration, the electrical information on EAM surface was (i) radially projected using a cylindrical coordinate system of the cardiac model and (ii) interpolated using radial basis functions. Since no interpolation occurs in the projection step, the accuracy of measurement points is preserved (Tavard, Simon, Leclercq, Donal, et al., 2014).

Characterization of cardiac asynchronism in patients undergoing CRT

Below we discuss the methods used to associate the information resulting from registered multimodal images in order to provide an enhanced description of the heart with asynchronism.

The descriptors of cardiac asynchronism are described first (in terms of electrical and mechanical functions, and then of electromechanical coupling). Acquired data was LAT ECG = t LATt P , (6.1) where t P is the time instant of the peak of the P-wave and t LAT is the time instant of the voltage peak of the local EGM (peak-EGM). t p was selected because, in the absence of recordings of the electrical activity at the coronary sinus, the P-wave, providing the information about atria depolarization, is a more reliable referential than, for instance, the QRS complex, whose morphology and dynamics will be greatly altered by BIV pacing.

The magnitude of the peak-voltage of local EGMs (V LAT or peak-EGM) was also computed to describe the magnitude of the local electrical stimulation:

V LAT = EAM (t LAT ). (6.2)
LAT ECG and V LAT were computed for sinus rhythm and under BIV stimulation conditions. Figure 6.13 illustrates the extraction of these indicators.

Peak-strain and global electromechanical delays from STE

The descriptors detailed in this section have been extracted from STE, for each segment considered during STE acquisition (6 segments for each view). We first extracted the peak-strain amplitude (peak-strain):

peak-strain = strain(t ps ), (6.3) where t ps is the time instant for the peak of the regional longitudinal strain.

The global electromechanical delays (gEMD) were also computed from STE data.

They are measured between: (i) the beginning of the QRS and (ii) the regional peak-strain instant (t ps ). These delays provide a characterization of the electromechanical coupling, i.e. the coupling between the electrical activation of the cardiac tissue and its mechanical contraction. They are defined as (cf. Figure 6.13): gEMD = t pst QRS . (6.4) However, the surface ECG is a global view of the cardiac electrical activation. Therefore, these delays consider that all cardiac segments are electrically activated simultaneously. This is why they are referred to as "global". 

Local electromechanical delays

The results of the multimodal registration between EAM and STE enabled to compute, for each STE-segment, multimodal indicators describing the local coupling of the electrical and mechanical function, i.e. the intra-segment delay between its electrical stimulation and its mechanical response. Thus, we computed the local electromechanical delay (ℓEMD), defined as:

ℓEMD = t ps -t LAT (6.5)
where t ps is the time instant of the peak strain and t LAT is the time instant of the peak-EGM. The computation of ℓEMD is illustrated in Figure 6.13. This indicator was Synchronization of STE and EAM data. Because ECG dynamics vary nonlinearly between STE and EAM acquisitions, the computation of these multimodal markers needs a previous synchronization of strain curves from STE with EAM maps. We used the a DTW procedure between the ECGs acquired during both acquisitions to perform this synchronization (Tavard, Simon, Leclercq, Donal, et al., 2014) (Tavard, 2012).

The ADTW procedure described in 3.2.1.2, which did not need additional constraints except for the slope constraint, was used. It was applied to the ECGs of STE and EAM. This synchronization was performed in two steps. Given that the 12-lead ECG was stored for each EAM study while only one did during US, a classical approach based on the calculation of the cross correlation between the unique ECG from STE and the different derivations in EAM was applied in order to select the best-matching in EAM derivations.

The maximum cross-correlation index was used with this purpose. In the second step, the dynamic time warping between matched ECGs was performed in order to align ECG dynamics. These acquisition ECGs were delimited to the beginnings of two consecutive QRS complexes. Then, the DTW procedure described in 3.2.1 was applied between ECG derivatives over time, previously normalized to have a range of one and a mean value of zero, and interpolated to have the highest temporal resolution between them (the one from EAM, with a sampling period of 0.5 ms). Given that input signals have the same resolution, the slope constraint is set to one (S = 1) in the DTW alignment. 

Adding tissue state from LGE-MRI

As stated in 1.2.2.4, an overall conclusion is that postero-lateral (transmurality) scar and dyssynchrony markers are important indicators of CRT-outcome (Jansen et al., 2008). In fact, the extent of scar/fibrosis plays a central role in the success of LV stimulation. For instance, if the LV stimulation lead is placed in a zone with fibrosis/scar, the stimulation will be suboptimal or inefficient. Therefore, we are interested in characterizing the myocardial tissue state to enable the physician to detect potential optimal LV stimulation sites considering both, the asynchronism indicators described above and the extent of fibrosis.

As performed in the HCM study (cf. chapter 5), the degree of late gadolinium enhancement of a given voxel can be computed using the fuzzy c-means method proposed by (Kachenoura et al., 2008) (cf. 5.3.3.2). It requires the inner and outer contours of the myocardium to be delineated. Inner contours were obtained by propagating the LV extracted model computed from CT image segmentations (cf. 6.3.1). Outer contours were manually delineated in LGE-SAX using ITKSNAP (Yushkevich et al., 2006). However, none of the available patients in euHeart study was reported with scar/fibrosis. Thus, it was not possible to test the impact of this process for CRT application.

The descriptors presented above were used to characterize the cardiac asynchronism of the CRT patients under study.

Results and discussion

The fusion of such an heterogeneous multisensor dataset, requiring different steps to exploit the complementary information they contain, is a complex procedure. The lack of complete acquisitions (e.g. from the nine patients enrolled in the euHeart study at CHU-Pontchaillou in Rennes, only five had the EAM acquisition), the preprocessing of these data, the parametrization of each registration procedure and the required interaction with some of them, harden this task.

One issue to highlight concerns the preprocessing of EAM data: a typical acquisition includes more than 30 studies performed in sinus rhythm and under 29 different types of BIV stimulation. Although we focus on sinus rhythm and the retained BIV stimulation mode in this work, each acquisition contains different signal recordings including the raw/filtered ECGs and the raw/filtered voltage maps, recorded during multiple heartbeats.

Moreover, not all acquisitions presented a consistent EGM morphology (i.e. the same EGM morphology during the acquisition), reducing the number of cases for which the EAM analysis can be performed. This is illustrated in Figure 6.16 where, for one EAM study, it can be noted that EGMs presented different morphologies (at least three). The difficulty in such a case is to determine which of the morphologies is the result of the underlying BIV-pacemaker configuration. Then, only consistent acquisitions of BIV stimulation were considered. 

EGMs

Figure 6.17: EAM recordings of EGMs (64 points) in sinus rhythm with consistent morphologies, highlighting an EGM for which it is difficult to determine the time instant corresponding to the peak-EGM (arrows).

We studied the feasibility of characterizing the cardiac asynchronism of patients euHeart 04 and euHeart 06 using the descriptors discussed before. These patients were selected because, from the patients with all multimodal images acquired, they represent the cases that best and worst responded to CRT, respectively. Moreover, their EAM examinations were acquired with a multi-electrode array, with the sinus and the retained stimulation presenting consistent EGM morphology. Table 6.1 presents the statistics for these patients. It can be noted that the response to CRT is better for euHeart 04 than for euHeart 06 with regards to the improvement of the LVEF and the QRS length, when comparing the parameters at inclusion and at six months. Note that the apical-inferior strain curve is not available. The gEMD is illustrated for the basal-lateral segments in post-intervention STE. Acronyms -t ES : annotated end-systolic time instant using the closure of the aortic valve, t ps : instant of the maximal contraction (diamond points), t QRS : annotated time corresponding to the starting of the QRS-complex. inferior strain curve was not available in STE data. It can be noted that pre-implantation strain curves were irregular, with many peaks (notably for STE-4CH), which means different periods of longitudinal contraction and relaxation during the cardiac cycle and not a well defined contraction/relaxation per region, as in a healthy heart. Strain curves from post-implantation acquisitions were more regular. Three time instants were annotated in the STE examination: t QRS which is the time instant corresponding to the beginning of the QRS-complex, t ES which is the time instant corresponding to the end-systole (commonly when the aortic valve closes), and the time of the peak-strain (t ps ).

The delay from t QRS to the instants of the peak-strain (t ps , illustrated in red for the STE-4CH basal-lateral segment in Figure 6.21 (bottom-right)), corresponds to the gEMD (cf. Equation (6.4)), and describes the delay of the regional peak-strain from the moment of the starting of the electrical function. This is an indicator of how fast the global starting of the depolarization wavefront triggers a mechanical regional longitudinal deformation (strain). The computation of this indicator is illustrated in Figure 6.21 (bottom-right).

t ES enables to know if, for a given region, the instant of the maximum longitudinal strain (longitudinal contraction) occurs before or after end-systole. This allows to tag those regions being effective in the deformation of the myocardial wall and, thus, contributing to the ejection of blood towards the systemic circulation. This was marked in the bulleye maps with a star. Table 6.2 contains the computed gEMD and resulting bulleye maps are in Figure 6. 22 (top). Note that, because gEMDs were computed from 2D STE acquisitions, the bulleye maps only contains information in 12 regions: 6 regions from the STE-2CH acquisition (anterior and inferior walls, regions arranged vertically in the bulleye), and 6 regions from the STE-4CH acquisition (septal and lateral walls, regions arranged horizontally in the bulleye). Acquisition ECGs were used to synchronize 2CH and 4CH STE acquisitions. Given that the morphology of the ECG change greatly between PRE and POST acquisitions, the synchronization of PRE and POST acquisition is difficult. Then, STE-4CH acquisitions were synchronized to STE-2CH, independently for PRE and POST (cf. 6.4.2). Thus, the comparison between PRE and POST global electromechanical delays must be performed carefully because of the difference in cardiac frequency and ECG dynamics. Then, gEMDs were extracted from STE-2CH (anterior and inferior regions) and from synchronized STE-4CH (lateral and septal regions), acquired at pre-implantation (sinus rhythm) and post-implantation (BIV stimulation).

gEMD was lower in apical regions than in medial and basal regions both, in preand post-implantation. The effect on gEMD of the BIV stimulation varied between the regions represented in the bulleye: gEMD was shorter than in sinus rhythm for the lateral and septal walls and for the mid-anterior region, and it was delayed for the basaland apical-anterior regions and the inferior wall. Thus, BIV stimulation modified the electromechanical activity non uniformly: it was decreased in most regions (7 out of 12) but delayed for the others. In addition, the number of segments reaching the peak-strain after the end-systole did not varied.

Global electromechanical delays computed from STE provided insights about the electromechanical coupling of the patient's LV. However, the ECG is a global view of the cardiac electrical activation; thus, considering it as the electrical reference leads to the assumption that electrical delays within cardiac segments (intra-segment delays) are negligible compared to delays between cardiac segments (inter-segment delays). In other words, these delays consider that all cardiac segments are electrically activated simultaneously. Moreover, the correlation between electrical and mechanical dyssynchrony has not proven to be strong (Varma et al., 2010). This may explain why the use of Bulleye reading -east: LV lateral wall, north: LV anterior wall, west: septal wall, south: inferior wall, circle at center: apex, inner, medial and outer circles: apical, medial and basal zones, respectively. Acronyms -n.a.: not available. echocardiography only for the analysis of mechanical dyssynchrony has been shown as an insufficient mean for a better selection of patients undergoing CRT (RethinQ and POSPECT studies (Beshai et al., 2007) (Chung et al., 2008)).

From the analysis of these monomodal indicators, it was observed that, even if LAT ECG are slightly improved as well as the peak-EGMs values, the contractions of most of the STE regions continues to be non-effective, except for the apical region (whose contraction was also effective in sinus rhythm). The gEMD indicator did not allow to discern about the origin of the asynchronism, i.e. if it is of electrical or mechanical causes.

Note also that gEMD values will change if another STE to STE synchronization were used (e.g. synchronizing PRE and POST acquisitions). However, it is difficult to provide a synchronization between PRE and POST acquisitions given the big change in ECG morphologies. In this context, the fusion of STE information with EAM acquisitions enabled to compute a description of the local electromechanical coupling providing a more comprehensive characterization of the cardiac asynchronism.

Local electromechanical delays from the fusion of EAM and STE

Local electromechanical delays (ℓEMD) were calculated from registered EAM and STE images. This indicator is a local description of the mechanical response to an electrical stimulus, i.e. a local description of the electromechanical coupling. In a healthy heart, the value of ℓEMD should be more or less the same for all cardiac segments, i.e., the dispersion of this indicator should be low. Then, if the depolarization wavefront propagates in some milliseconds throughout the myocardial tissue, in a healthy heart, the mechanical response will be homogeneous, assuring a synchronous and efficient contraction of the myocardium. Moreover, given that the time reference in ℓEMD computation is local (EMGs and regional strain curves), this descriptor should be less sensitive than gEMD to changes of the cardiac frequency. Thus, the comparison of ℓEMD values acquired for different conditions (such as PRE and POST), is straightforward. Table 6.3 provides ℓEMD (in milliseconds) for the patient euHeart 06 in sinus rhythm and under BIV stimulation. The synchronization of STE and EAM data was performed as follows: PRE and POST STE (both, 2CH and 4CH) were synchronized to EAM data acquired in sinus and under BIV estimulation, respectively (cf. 6.4.3). Figure 6.23 presents the corresponding bulleye mapping. Here, it is important to note that the ℓEMDs with BIV stimulation was computed by considering: (i) EAM data acquired after the implantation (few weeks); (ii) STE data acquired three months after the implantation.

Thus, if the ℓEMDs with BIV stimulation are given here, their interpretation should be made carefully.

It can be observed that the ℓEMD was lower in magnitude in sinus rhythm. The mean and standard deviation values of ℓEMD in sinus rhythm were 539.9 ms and 101.1 ms, respectively, versus 647.9 ms and 78.5 ms for BIV stimulation, respectively. Then, BIV pacing decreased the dispersion of local delays, providing the heart with a more homogeneous but delayed electromechanical coupling. Note that, for this patient, the bulleyes for gEMD and ℓEMD presented dissimilar trends: gEMD changed non uniformly between sinus and BIV pacing while the ℓEMD changed uniformly. However, contrary to global delays, the computation of the local electromechanical delays use a local reference (the EGM), then the comparison between PRE and POST quantifications do not require the synchronization between them. Then, even it this trend seems contradictory, ℓEMDs provide a more reliable source for the analysis of the electromechanical coupling of the left ventricle than gEMDs. Peak-strain occurring after end-systole The analysis of ℓEMD should be performed considering the behavior of neighboring regions. The goal of CRT is to stimulate segments that are delayed but that present a good intra-segment electromechanical coupling so that they could provide a good local mechanical response to the electrical stimulation. Therefore, as stated by (Tavard, Simon, Leclercq, Donal, et al., 2014), these targeted segments should present homogeneous local EMDs with low values. In the case of euHeart 06, LV stimulation was performed in the lateral/posterio-lateral wall, in the medial and basal segments, with a quadripolar lead (cf. Figure 6.18a). From Figure 6.23, we observe that (i) ℓEMD of the lateral wall was not homogeneous before stimulation and (ii) the stimulation was performed in regions with medium to high ℓEMD in sinus rhythm (medial 523.6 ms, basal 508.6 ms).

Characterization of the cardiac asynchronism for the patient euHeart 04

The parameters of the retained BIV stimulation for euHeart 04 were not available at the moment of this study. Then, this patient was characterized with regards to their ECG-LAT, peak-EGM, and ℓEMD in sinus rhythm only. Global electromechanical delays and peak-strains, being quantified from STE, were computed in PRE and POST implantation. The LV stimulation site was located in the lateral LV wall. This patient was the one with the best response between the two analyzed. It can be noted from follow-up parameters at six months in Table 6.1 that his QRS length was slightly wide (in fact, it is into CRT patient inclusion guidelines), but his LVEF was improved beyond CRT inclusion guidelines.

Electrical function from EAM

ECG-LAT and V LAT were computed as for euHeart 06 (cf. 6.5.1.1), in sinus rhythm.

Bulleye maps of these indicators are in Figure 6.24: LAT ECG (top) and peak-EGM (bottom). From these maps, we can observe that the electrical activation was more delayed in the inferior wall and faster in the anterior wall, which differs from the behavior of euHeart 06. Concerning the magnitudes, ECG-LATs had an analogous range than for euHeart 06 but peak-EGMs were higher. In fact, the voltage map revealed a higher voltage peak in the septal wall and a lower magnitude towards the lateral wall.

Global electromechanical delays and peak-strain from STE

Speckle tracking echocardiography was performed from US images acquired before BIV-pacemaker implantation (PRE) and in follow-up at six months (POST). presented a lower magnitude than pre-implantation curves, and they continued to have some irregularities. In fact, euHeart 04 had a poorest change in strain magnitude and smoothness after BIV pacing than euHeart 06, whose strain peaks increased and the irregularities decreased (cf. 6.21).

Table 6.4 contains the computed gEMD and resulting bulleye maps are in Figure 6.26 (top). Acquisition ECGs were used to synchronize 2CH and 4CH STE acquisitions as performed for euHeart 06. The change of the global delays under BIV stimulation was heterogeneous: it was decreased for most of the segments but some of them were delayed (mid-inferior, apical-inferior, Basal-anterior and apical-septal). The decrease after BIV pacing of the global delay in the basal and mid-septal regions and the mid-and apicallateral regions were the highest. Nevertheless, as noted before, the regional peak strain was degraded (Figure 6.26 (bottom)). Note also that, contrary to patient euHeart 06, the regions having an effective contraction changed between sinus and BIV pacing, being less in number under BIV stimulation as well.

From the analysis of these monomodal indicators, it was observed that, even if gEMD were improved, the contraction of some STE regions continues to be non-effective. The gEMD indicator does not allowed to discern about the origin of the asynchronism. Then, we provide the computation of the local delays. 

Peak-strain

Peak-strain occurring after end-systole 

Local electromechanical delays from the fusion of EAM and STE

Local electromechanical delays (ℓEMD) were calculated from registered EAM and STE images. Given that the time reference in ℓEMD computation is local (EGMs and strain curves), the synchronization between PRE and POST data has no effect in ℓEMD behavior.

Table 6.5 provides the ℓEMD (in milliseconds) for the patient euHeart 04 in sinus rhythm. The synchronization of STE and EAM data was performed as for euHeart 06.

Figure 6.27 presents the corresponding bulleye mapping. It can be observed that ℓEMD was lower in magnitude than for euHeart 06. The mean and standard deviation values of ℓEMD in sinus rhythm were 441.8 ms and 134.2 ms, respectively, versus 539.9 ms and 101.1 ms for euHeart 06. Moreover, if we focus on the stimulated zone (lateral wall), the magnitude and homogeneity of the local delays in this zone were better (lower and higher, respectively) than for euHeart 06 (compare the east side of the bulleyes in Figure 6.27 and Figure 6.23, respectively). Then, ℓEMD suggests that the response will be better for this patient (as stated by (Tavard, Simon, Leclercq, Donal, et al., 2014)), which was the case.

Figure 6.28 summarizes the bulleyes for the indicators computed for both patients, in sinus rhythm. Regarding ECG-LAT and V LAT (peak-EGM), the patterns of electrical conduction showed to be quite dissimilar between these patients. The global electrome- chanical delays also differed between them. However, the correlation between electrical and mechanical dyssynchrony from STE and ECG (global reference) has not proven to be strong (Varma et al., 2010). In this context, local electromechanical delays provides a reliable way to assess the electromechanical coupling of the heart. The comparison of the bulleyes mappings for this indicator revealed that the zone paced for euHeart 04 presented a lower delay and a higher homogeneity than for euHeart 06. This, finding is in agreement with the hypothesis that a good stimulation site should correspond to a region with local electromechanical delays of low and homogeneous values (Tavard, Simon, Leclercq, Donal, et al., 2014).

Study limitations.

The limitations of this study are:

-This is a feasibility study; thus, the statistical significance of the descriptors used to characterize cardiac asynchronism is out of the scope of this study.

-Follow-up US information (STE) was propagated using the transform resulting from pre-operative US registration. This assumes that US acquisition planes did not change between pre and post STE acquisitions. However, given the resolution of gEMD and ℓEMD bulleyes, the effect of this assumption may be low or null.

reference, i.e. considering that all cardiac segments are electrically activated simultaneously. This monomodal analysis also enabled to study the effectiveness of the contraction before and after CRT. For the patient with worst response, the retained configuration of the BIV pacemaker did not eliminate the non-effective contractions of some myocardial regions. For the patient with best response, BIV pacing changed the distribution of non-effective contraction even eliminating some of them.

The local (intra-segment) electromechanical delays showed heterogeneous values in sinus rhythm for the worst responder, especially in the lateral segments which corresponded to the localization of the quadripolar LV stimulation lead. An hypothesis of the relationship between ℓEMD and the response to stimulation is that, to response well to the stimulation, the targeted segments should present low and homogeneous ℓEMD. This hypothesis was corroborated by the patient with best response, for which the paced zone (lateral wall) presented these characteristics. Then, the analysis of the local electromechanical delays for the patients under study was in agreement.

Perspectives. Even if this study is complex, it proved the feasibility of performing an integrated multimodal description of the left ventricle in CRT patients. This study should be extended to more patients to compare the benefits for responder/nonresponder patient characterization. Thus, more data acquired in the euHeart project will be processed.

None of the patients included in euHeart database whose acquisitions were performed in CHU-Rennes had a degree of scar/fibrosis. Therefore, to better evaluate the interest to add the myocardial tissue state from MRI data, it is desirable to perform this study on a cohort of patients with fibrosis/scar to describe its impact. This would provide the opportunity to characterize the candidate zones of stimulation in LV beyond the electromechanical coupling analysis, to better localize the LV stimulation site.

Conclusion and perspectives

This thesis was motivated by the needing for improving (i) the characterization of hypertrophic cardiomyopathy (HCM) and (ii) the characterization of cardiac asynchronism in the context of cardiac resynchronization therapy (CRT). The heart, being a complex multiphysics organ involving and coupling different physical phenomena, leads to consider multisensor cardiac imaging to perform these characterizations. Thus, we aimed at developing new methods for multimodal image registration and data fusion enabling to perform HCM and cardiac asynchronism characterizations and to provide new elements to help in disease diagnosis and intervention planning. The proposed methods for cardiac image registration enabled to obtain an integrated multisensed left ventricle with associated morphological and functional information. The considered imaging modalities were:

-Cardiac magnetic resonance imaging (MRI) whose late gadolinium-enhanced (LGE) sequence enables to assess myocardial viability. In the context of HCM, we were interested in analyzing myocardial fibrosis while for CRT patients, non-viable myocardial regions were of interest to characterize the stimulation sites.

-Cardiac computed tomography (CT) to represent the dynamic anatomy of the heart with a high spatial resolution enabling the assessment of the coronary veins.

This ability is important in pre-operative planning of CRT. CT images were also used in this work to extract a 3D dynamic anatomical model of reference for data integration.

-2D echocardiography imaging (US) and, specifically, speckle tracking echocardiography (STE) which offers the regional strain curves along the myocardial wall as observed in different plane cuts (2CH, 4CH, SAX views). These strain curves offer a description of the mechanical information, being the reference for the measurement of cardiac function and the asynchronism characterization in CRT. Concerning HCM, the goal was to study the relationship between cardiac mechanical function from STE and myocardial fibrosis assessed from LGE-MRI.

-Electroanatomical mappings (EAM) acquired with a balloon (non-contact) catheter, which provides the simultaneous acquisitions of the local electrical activity on the endocardial surface of patients undergoing CRT, for different stimulation modes of the biventricular (BIV) pacemaker. They allow to describe the electrical activity in 207 pre-implantation conditions and to evaluate the effects of CRT on the electrical activity.

These images were registered in order to provide an enhanced description of the left ventricle in a common spatio-temporal coordinate system.

The multimodal registration methods proposed in this work correspond either to improvements of those proposed in the literature or developed in previous works at LTSI-INSERM U1099 laboratory (Tavard, Simon, Leclercq, Donal, et al., 2014), or to novel methods. They were described in Chapter 3. They are characterized by some common aspects: the procedure registers multiview acquisitions when multiview images belonging to different spatial domains need to be registered; the information contained by the entire dynamic image is exploited during the registration; the adaptive dynamic time warping (ADTW) procedure is used when two dynamic multimodal acquisitions need to be aligned over time. These methods are:

MRI slice misalignment correction and registration. (Betancur, Simon, Schnell, et al., 2013) One novel method has been proposed to correct for slice misalignments that may be present in cine-MRI, and to register LGE-MRI to the corrected cine-MRI. The slice misalignment correction, using a profile based registration procedure, is guided by the information from the intersections between the slices of the different views. Different metrics have been evaluated in Chapter 4, both for LGE to LGE and cine to LGE registrations. For this purpose, a protocol for the quantitative evaluation of similarity measures, applied on real images (Skerl et al., 2006) was used.

We showed that, in the case of LGE to LGE registration, the most appropriate metric was the mean squares of structural images (MS-S), highlighting the interest of using the local entropy filter to generate a structural representation of these images. In the case of cine to LGE registration, the normalized mutual information (NMI) got the best results. To our knowledge, these evaluations have not been performed yet in literature. Finally, the slice misalignment correction of intrasequence cine-MRI has been evaluated using expert visual assessment, showing satisfying results except for the apical region where the majority of misaligned segments were localized.

Cine-MRI to CT registration. (Betancur, Simon, Tavard, et al., 2012) To our knowledge, any method has been proposed in literature to register cine-MRI with CT image volume sequences. A spatio-temporal registration procedure exploiting the dynamic information both in CT and cine-MRI was proposed in this work.

First, it uses an Adaptive Dynamic Time Warping (ADTW) method applied to normalized cross-correlation curves to align them in time. The ADTW enables to handle non-linearities related to the modification in cardiac dynamics between the acquisitions of both sequences. Then, a multi-image approach is used to register them in space. This process enables to consider all the available information (i.e.

all the volumes in the two image sequences) to make the registration more robust.

The evaluation of this method has been presented in Chapter 4 and includes three steps: (i) evaluation of the temporal alignment by checking the alignment of the end-systolic phase which proved that the ADTW outperforms a linear matching or a classical DTW process; (ii) similarity metric selection by using the protocol of (Skerl et al., 2006), showing that the normalized mutual information was the most appropriate metric; (iii) evaluation of the registration results using a landmarkbased error measurement which showed that the use of the whole sequence in a multi-image approach increases the performance of the registration process.

2D US to CT or cine-MRI registration. (Betancur, Schnell, et al., 2013) A spatio-temporal method was proposed to register multiview US with CT or cine-MRI, exploiting the dynamic information provided by Speckle Tracking Echocardiography (STE) and by CT or cine-MRI. This method uses a spatio-temporal metric relying on the ADTW procedure applied to the Fourier descriptors of dynamic LV contours.

The method improved previous works in LTSI (Tavard, Simon, Leclercq, Donal, et al., 2014) that were limited to a single-view STE registration with CT images.

We proposed two improvements: (i) the use of an adapted step pattern both, to handle differences in time resolution and to get a more physiologically realistic warping between cardiac phases; (ii) the optimization of multiview STE acquisition in a single optimization procedure. US registration procedure has been evaluated with real data (cf. Chapter 4), first evaluating the temporal alignment (which also enabled to select the most appropriate number of Fourier descriptors), second assessing the metric convergence, and finally by visually assessing the registration results. It showed that 87.5% of the cardiac segments were well registered, with all the misaligned segments being localized in the apical area.

The application of these multimodal registration methods enabled to obtain an integrated multisensed left ventricle used to characterize HCM and cardiac asynchronism in the context of CRT.

In the HCM study, the goal was to assess the abilities of STE to describe the presence of myocardial fibrosis. For this purpose, MRI and US acquisition of 30 HCM patiens were considered. First, the traces obtained from STE were registered to cine-MRI using the ADTW-based method. Second, the registration of cine-MRI and LGE-MRI volumes enabled to correct for slice misalignments in cine-SAX and to integrate LGE-MRI to corrected cine-MRI. This registration was suitable because LGE-MRI volumes did not presented slice misalignment. Thus, US and LGE images were aligned using cine-MRI as the common reference image. An expert visual evaluation of the registration result showed that 306 segments, out of 336, were successfully registered.

Then, the fusion of strain curves extracted from echocardiography with LGE-MRI volumes enabled to study the relationship between strain and fibrosis and to assess if regional strain-derived indicators surrogates to the presence of fibrosis.

A fuzzy c-mean procedure enabled to quantify the burden of myocardial fibrosis. This indicator, expressed as the percentage of the volume of regions with fibrosis in the total myocardial volume, was in agreement with the literature. This method, needing only the inner and outer contours, is automatic, thus, with high reproducibility. A global characterization of HCM proved that the population under analysis had global indicators in agreement with the literature, notably, the correlation between global strain and the percentage of fibrosis.

A regional analysis of the longitudinal strain parameters was performed to study if they are related with the presence or not of fibrosis. This study enabled to describe the sensitivity and specificity of the strain to detect the regional fibrosis. Student's t-test proved that the expected value of the peak-strain and the time-to-peak parameters change with the presence of fibrosis (p< 1e -5 for both indicators) (Schnell et al., 2013). Besides, boxplots of the observations of these indicators, for the populations of STE-regions without and with fibrosis, showed that they overlap. Then, despite the fact that the change is significant, it has a wide range, leading to an overlapping in the observations of healthy and fibrotic STE-segments. This overlapping may be explained by the presence of diffuse fibrosis that is not possible to assess from LGE-MRI.

The overlapping of strain indicators for myocardial regions without and with fibrosis resulted in a decreased strength to predicting the presence of fibrosis, which was evaluated using ROC curves. This evaluation showed a high similarity in the behavior of input indicators and their combination using a linear classifier. We conclude from ROC analysis that fibrosis is one out of different factors modifying the peak-strain and time-to-peak in the analyzed population of HCM patients.

These conclusions are interesting from a clinical point-of-view: if the US acquisition of an HCM patient shows a decreased strain, the presence of fibrosis may be suspected and a MRI acquisition may be prescribed to confirm this hypothesis. Considering that the US acquisition is far more widespread and inexpensive compared to MRI, this clinical workflow could be advantageous.

In the cardiac asynchronism study, the goal was to provide an enhanced description of the left ventricle in order to, in a CRT workflow, improve the selection of the LV stimulation site and to plan the intervention. This workflow relies on the acquisition of a large amount of data by using an invasive protocol (especially for EAM) which is nowadays possible only in experimental studies, such as euHeart, and included a limited number of patients. In order to demonstrate the feasibility of the proposed workflow, two patients were selected in the euHeart study, considering mainly the consistency of EGM recordings from EAM data and their level of response to the therapy.

From the registered data, the characterization of the asynchronism was assessed using This registration and fusion workflow has been assessed on two patients undergoing CRT. The analysis of the global electromechanical delays computed from STE acquisition enabled to study the electromechanical coupling of the heart using a global electrical reference, i.e. without considering the inter-segment electrical delays. This monomodal analysis also enabled to study the effectiveness of the contraction before and after CRT, i.e. the fact that the peak-strain may occur after the aortic valve closure. For the patient with worst response, the retained configuration of the BIV pacemaker did not eliminated the non-effective contractions of some myocardial regions. For the patient with best response, the retained configuration changed the distribution of non-effective regions, eliminating one of them.

For the worst responder, the local (intra-segment) electromechanical delays showed heterogeneous values in sinus rhythm, especially in the lateral segments which corresponded to the localization of the quadripolar LV stimulation lead. In contrast, the patient with best response presented lower magnitude and more homogeneous values of local delays in the zone stimulated. An hypothesis on the relationship between local electromechanical delays and the response to stimulation is that, to response well to the stimulation, the targeted segments should present low and homogeneous delays. Thus, the analysis of the local electromechanical delays for the patients under study is in agreement with this hypothesis, even if this should be studied in depth with more patients.

The perspectives of this study include the following aspects.

From a methodological point of view, MRI slice misalignment correction and intersequence registration could be improved by adding to the metric some information related to the spatial continuity of the ventricle (e.g. by using segmentation), in order to consider not only the intersection profiles but also the whole continuity that should be observed in the final 3D volume.
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 1213 Figure 1.2: Valves of the human heart and left ventricular trabeculae carneae. (a) Illustration of AV-valves (mitral, tricuspid) and sigmoid valves (aortic, pulmonary). (b) Illustration of the three types of trabeculae carneae in the left ventricle.

Figure 1 . 4 :

 14 Figure 1.4: Anterior and posterior views of epicardial coronary circulation. Acronyms -AIV: anterior interventricular vein, CFX: circumflex coronary artery, CS: coronary sinus, GCV: great cardiac vein, LAD: left anterior descending coronary artery, LV: left ventricle, MCV: middle coronary vein, RCA: right coronary artery, RV: right ventricle, SCV: small coronary vein. From[START_REF] Oesterle | Percutaneous In Situ Coronary Venous Arterialization: Report of the First Human Catheter-Based Coronary Artery Bypass[END_REF].
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 16 Figure 1.6: Action potential phases for a cardiomyocyte over time: 1. rapid depolarization, 2. beginning of repolarization (fast and acute), 3. plateau (slow repolarization), 4. rapid repolarization (return to voltage at rest).
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 117 Figure 1.7: Electrical function of the heart. (Top-left) Electrical conduction system: impulses originating at sinus node travels to atria and then convey at the AV-node to then propagate towards the right and left ventricles through the bundle of His, its left and right branches, and Purkinje fibers. (Bottom-left) Schematic representation of an electrocardiogram (ECG) for a healthy heart in sinus rhythm. The ECG depicts the global electrical function of the heart. Modified from[START_REF] Simon | Extraction et caractérisation du mouvement cardiaque en imagerie scanner multibarrette[END_REF].
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 18 Figure 1.8: Cardiac cycle: (top) diagram depicting cardiac signals(ECG, pressures, volumes) and cardiac events occurring in the heart also called Wiggers diagram, (bottom) illustration of blood circulation in heart cavities at each phase. From[START_REF] Marieb | Anatomie et physiologie humaines: adaptation de la 6ème édition américaine[END_REF].
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 19 Figure 1.9: Components of the left ventricular wall motion. T: axis of the transversal (radial) motion, L: axis of the longitudinal motion, R: axis of the circumferential motion. From (Støylen, 2001).
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 1 Figure 1.11: Etiophysiopathology of myocardial fibrosis. Myocardial fibrosis is a complex process that involves each cellular component of the myocardial tissue. The myocardial fibroblast has a central position in this process by increasing the production of collagen and other extracelular matrix components under the influence of different factors. From[START_REF] Mewton | Assessment of Myocardial Fibrosis with Cardiac Magnetic Resonance[END_REF].

  -sided heart failure. In right-sided heart failure the right ventricle loses its pumping function, and blood may back up into other areas of the body, producing congestion. Congestive heart failure. Sometimes the terms congestive HF and HF are used interchangeably. This type of HF requires timely medical care. As blood flow out of the heart slows down, blood returning to the heart through the veins backs up, causing congestion in the body's tissues. The functional classification of the New York Heart Association (NYHA) (New York Heart Association, 1964) provides a simple way to classify HF extent based on the severity of dyspnea (shortness of breath), into four classes: 1.2. Addressed cardiac issues: Hypertrophic cardiomyopathy and cardiac asynchronism 21 NYHA class I. Cardiac disease but no symptoms and no limitation in ordinary physical activity, e.g. shortness of breath when walking, climbing stairs, etc. NYHA class II. Mild symptoms (mild shortness of breath and/or angina) and slight limitation during ordinary activity. The patient does not have symptoms at rest but normal effort produce fatigue, palpitations or dyspnea. NYHA class III. Marked limitation in activity due to symptoms, even during lessthan-ordinary activity, e.g. walking short distances (20-100 m). Comfortable only at rest. NYHA class IV. Severe limitations. Experiences symptoms even at rest. Mostly bedbound patients.

Figure 1 .

 1 Figure 1.13: Implantation of the BIV pacemaker stimulation leads during cardiac resynchronization therapy. Three leads are implanted in order to stimulate the right atrium, right ventricle and left ventricle. Modified from(Tavard, 2012).

3.

  Optimization of the stimulation. Either using new stimulation approaches or optimizing the parameters of the BIV pacemaker, including AV-delay and VV-delay. Image guided CRT optimization. Cardiac imaging plays a central role in CRT optimization. In this context, most of published works focus on the two first aspects of CRT optimization. Concerning the improvement of patient selection guidelines, (Chung et al., 2008) presented one of the first studies assessing the predictive strength of different indicators of CRT response. Different tissue Doppler imaging (TDI, cf. 1.3.5.2) and non-TDI echocardiographic indicators were evaluated in a multicenter-based study. They concluded that none of the studied indicators had statistical relevance as indicator of CRT responsiveness. (Pavlopoulos et al., 2010) presented a comprehensive perspective from the point of view of echocardiographic modalities, their advantages and limitations.
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 1 Figure 1.14: A 12-lead ECG for a healthy subject. From a trace using MèdiStory http://www.prokov.com.
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 1 Figure 1.15: Instance of an electroanatomical mapping depicting the local activation time mapping of the inner LV and annotated anatomical landmarks (HIS). From(Tavard, 2012) 
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 a Figure 1.18: Computed tomography. (a) Spiral computed tomography system: table moves during acquisition while the pair emitter-detector rotates around it. From (Germain, 2005). (b) Slice from a cardiac computed tomography image (axial view).

( a )

 a Figure 1.19: MRI system components. (a) Relative location of the main magnet coils, x,y and z gradient coils, integral RF transmitter body coil and RF receiver coils. (b) Typical arrangement for a cylindrical bore MRI system showing the magnet bore and the reference coordinate axes with the static B 0 field direction along the horizontal z axis.From[START_REF] Ridgway | Cardiovascular magnetic resonance physics for clinicians: part I[END_REF].
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 1 Figure 1.21: Cardiac cine-MRI SAX of a HCM patient with average heart rate of 52 bpm.

  tissue. In contrast, PSIR sequences are less sensitive to the selection of TI because they take account of the sign of the magnetization at the time of data acquisition; therefore, the dynamic range of IR signal intensities (SI levels) increases (compareFigures 1.23a 

and 1 .

 1 23c). Instances of IR and PSIR images revealing myocardial fibrosis in one HCM patient are showed in Figure 1.23b and Figure 1.23d, respectively.

  Figure 1.23: Late gadolinium-enhanced MRI. (a) Relative signal intensities (SI) for LV blood pool, normal myocardium, scar tissue and MVO for images acquired at different TI values using a TI scout (Look-Locker technique). The image where the normal myocardium appears darkest is identified as the optimal TI time (about 320 ms in this case). From (Ridgway, 2010). (b) IR image for a patient with HCM diagnosis and late gadolinium enhancement indicating myocardial fibrosis. (c) Relative SI levels in PSIR sequence. From (Ridgway, 2010). (d) PSIR image for the same patient in (b). Acronyms -IR: inversion recovery, MVO: microvascular obstruction, PSIR: phase sensitive IR, SI: signal intensity, TI: time after inversion.
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 1 Figure 1.24: Transthoracic echocardiographic (TTE-US) images at end-diastole. From left to right: apical four-chamber view (4CH), apical two-chamber view (2CH), and apical three-chamber view (3CH). Acronyms -AAo: ascending aorta, LA: left atrium, LV: left ventricle, RA: right atrium, RV: right ventricle.
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 1 Figure 1.25: Speckle tracking principle: speckle noise pattern (left) are tracked from one image at phase 0 (t=0) to the next at phase 1 (time t). From (Støylen, 2001).

Figure 1 .

 1 Figure 1.27: Speckle tracking echocardiography from a TTE apical-4CH US image of the heart of a HCM patient. Myocardial wall is delimited and then its regional longitudinal strains (in %) are measured by STE analysis for six regions. (a) LV contour corresponding to the centerline of the myocardium, and sampling region of interest as defined by the cardiologist. (b) Bidimensional map of the myocardial deformation over a cardiac cycle. In abscissa: time in ms; in ordinate: longitudinal strain along the trace (STE contour) from basal-lateral (bottom) to basal-septal (top) regions. (c) Longitudinal strain curves over time for each region. Acronyms -VA Ferm.: aortic valve closure, SL: longitudinal strain.
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Figure 2 . 2 :

 22 Figure 2.2: Registration of two images: searching the optimal transform parameters that allows to describe the moving image in the fixed image referential.

FigureFigure 2 . 3 :

 23 Figure2.3: Taxonomy of parametric spatial transforms. Each transform has an arrow pointing to the transforms it can represent as a particular case. From[START_REF] Yoo | Insight Into Images: Principles and Practice for Segmentation, Registration, and Image Analysis[END_REF].

  classified cardiac image registration methods in two categories: geometric image features based (point-based, edge-and surface-based) and voxel similarity based (based on moments and principal axes, intensity difference and correlation methods, mutual information). (Rueckert et al., 2010) classified nonrigid registration 2 procedures in two categories: intra-subject and inter-subject.

  Figure 2.4b). Apnea is demanded in clinical routine to reduce breathing induced motion. However, the problem of misalignment between slices occurs because many patients are unable to hold their breath for prolonged periods or because the quality of the breath-hold (McLeish et al., 2002).

( a )

 a From left to right: cine-SAX, cine-4CH and cine-2CH multiplanar cardiac MRI and left ventricular endocardial surface from cine-SAX. Slice misalignment in cine-SAX and cine-4CH (left), and between multiview cine-MRI (right).
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 24 Figure 2.4: Slice misalignment in multiview cine-MRI of the left ventricle.

  used a free-form deformation method based on B-Splines to register DCE-MRI (gadolinium contrast agent) and DCE-CT (iodine contrast agent) images of bladder tumors. The alignment of time series generated from mean signals inside the CT and MRI tumor volume of interests (VOIs) was performed by analyzing the cross-correlation of the temporal gradient of mean signal intensities. State-of-the-art registration methods cited above align input monomodal images over time either in combination with spatial alignment (spatio-temporal registration) or before spatial alignment. Temporal landmarks such as the end-diastolic phase or the minimumvolume phase can be computed from the intensity information in dynamic image volume sequences. Spatio-temporal registration approaches aimed at registering inter-patient cardiac images such that moving image volume sequences are interpolated to match the time instants of the fixed image volume sequence. Performing this interpolation remains a challenging open problem. In both approaches, the matching of corresponding cardiac phases in multimodal acquisitions needs to be evaluated. Given that the RR-interval can change between intra-patient acquisitions, this evaluation is important in the context of this work due to the nonlinear relationship between the ECG and the heart rate.

  , 2D-US remains more widespread in clinical routine. 2D-US systems acquire a reduced number of views by changing the position of the US transducer. In this context, dynamic registration of 2D-US and 3D-CT/MRI aims to obtain the pose of the US plane and to align the cardiac structures depicted in both acquisitions. Dynamic 2D-US and 3D-CT/MRI registration is generally performed by first aligning input acquisitions over time and then in space.

  -and geometry-based registration. Static LV geometries do not contain enough information enabling to obtain an accurate registration. Among other reasons, this is because the left ventricle is almost symmetric to its great axis. Most of EAM registration methods typically match distinct landmarks or fiducial points marked during EAM examination with corresponding annotations in CT/MRI. Commercial systems as CartoMerge™and EnSite NavX have the capability to integrate 3D images with EAM using fiducial registration. These systems superimpose activation or voltage maps on CT/MRI heart chambers by catheter navigation within the CT/MRI models (Schmitt
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 331 Figure 3.1(left) shows multiview cine-MRI volumes at peak-R. Voxel intensities of image profiles resulting from the intersection of different MRI views (white lines in Figure 3.1), are commonly used to guide this correction.

  Figure 3.2. We detail below its components.

Figure 3

 3 Figure 3.2: Multiresolution intra-sequence profile-based registration: MRI slices are transformed until the metric (similarity measure) between intersection profiles (P n µ , P m µ ) is optimized. The use of multiple resolutions permits to avoid local optima.

( a )

 a Relationship between intersecting slices (I n , I m ), intersection line (in blue) and slice transforms (T ). (b) Slice thickness leading to a intersection belt instead of a line.
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 33 Figure 3.3: Illustration of the intersection domain between two slices in cardiac MRI. (a) Relationship between a point x in the intersection domain Ω n∩m and the domain of intersecting slices: x corresponds to two positions in the spatial domain of input slices (Ω n , Ω m ), given by the inverse of the slice transforms (T -1µ n , T -1 µ m ). (b) Effect of the slice thickness in the common spatial domain Ω n∩m as observed from I n . Note that, because of the slice thickness, the shape of x ∈ Ω n∩m is a rectangle while a pixel in I n is a square.

  borhood and w(x N ) a weighting factor. Two image patches (i.e. a piece of I of the same size as N ) depicting different structures can lead to the same value of entropy because they can have the same intensity histogram. Thus, the contribution of each pixel in Equation (3.8) is weighted with an asymmetric Gaussian kernel. This kernel is an alteration of the Gaussian kernel such that a unique weight at each patch location is provided, forcing the kernel to be asymmetric. This asymmetric kernel will then avoid to have the same value of entropy from two patches describing different structures but with the same histogram, as illustrated in Figure 3.4. The entropy image representation of cine and

Figure 3

 3 Figure 3.4: Use of a modified Gaussian kernel to discriminate between three image patches with equal histogram. Patches 1 and 2 show the same structure but encoded with different intensities. All three patches have the same entropy value if a symmetric weighting mask is used. Integrating the modified Gaussian mask shown at right enables to differentiate patch 3 from the others. From (Wachinger et al., 2012).
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 3 Figure3.5: Sequential procedure for slice misalignment correction in multiview cardiac MRI(Slomka et al., 2007). (Bottom-left) Multiview slices from cine-MRI at peak-R (blue: SAX slice, magenta: one 2CH slice, orange: one 4CH slice). White solid lines correspond to the intersection between slices. (Top-left, right) Steps of the sequential procedure: step 1, correction of 2CH using the medial slice of 4CH as fixed image; step 2, correction of 4CH using the corrected 2CH as fixed image; step 3, correction of SAX using correct 2CH and 4CH as fixed images.
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 36 Figure 3.6: Registration-based methods correcting for slice misalignment and aligning multiview cine-MRI and multiview LGE-MRI. (a) Cine slice misalignment correction followed by a rigid registration with LGE-MRI. (b) Cine and LGE correction, rigid registration: slice misalignment are corrected for each sequence and then output images are registered. (c) Combined approach: both intra-sequence slice misalignment correction and inter-sequence registration are performed in a unique combined procedure. Acronyms -LAX: long axis view, SAX: short axis view.
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 3 Figure 3.7: ADTW-based registration of dynamic CT (I CT ) and cine-MRI (I cine ).

Figure 3

 3 Figure 3.8: Adaptive dynamic time warping of CT N C CT and N C cine (masked domain appears shadowed). ADTW outputs the optimal time warping curve ( F ) between I CT and I cine (solid line in orange) aligning their cardiac phases (right).

1 Figure 3

 13 Figure 3.9: Constrained dynamic programming used in the ADTW procedure to compute F . (a) Three instances of slope constraints (S) and corresponding step patterns.(b) Illustration of the dynamic programming algorithm for S = 1: at iteration 0, the point (0,0) is added to the list of source points (color circles), and its accumulated cost is calculated. Then, its neighbor points are added to the list of visited points (color rectangles). At iteration 1, the visited point with lowest cost is added as a source (blue circle). The procedure then iterates until the extrema points are linked.

  Figure 3.10: Combined multiview 2D+t US registration: (a) general scheme of the spatiotemporal registration (output are in bold type); (b) diagram depicting the computation of the ADTW-based metric optimized during the registration. Acronyms -⇒: multiview signal (contours, time warping curves), F : optimal time warping curve after ADTW, M-v: multiview.

  : using a US-plane defined in the anatomical referential to cut the LV-surface. Slicing of the LV-surface from the CT image volume at phase 0 with multiview apical USplanes.

Figure 3 .

 3 Figure 3.11: Slicing a LV-surface (I A (τ A )) to extract the multiview LV contours (C A,v (τ A )) to be compared with multiview STE-contours (C US,v (τ US,v ), not showed). (a) Definition of a contour lying in a plane for the view v in the anatomical coordinate system (CT referential) at phase τ A . (b) Extracted multiview contours (in orange, blue and green) from the LV-surface at peak-R (τ A = 0) after slicing.

Figure 3

 3 Figure3.12: Alignment of STE and sliced CT/MRI contours of the left ventricle after US plane computation. The centroid and great axis of STE-contours are aligned with their counterparts from sliced CT/MRI LV-surface after localizing the US planes in the anatomical coordinate system.
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 41 Figure 4.1: Illustration of the sampling performed during the protocol of(Skerl et al., 2006): sampling lines are randomly traced in a circle defining the domain of interest in a 2D parametric space. Then, they are evenly sampled and a metric profile is obtained from each line (Left). These profiles are used to compute the properties describing the behavior of the metric. Modified from[START_REF] Sandoval | Intensity-based similarity measures evaluation for CT to ultrasound 2D registration[END_REF].

  are statistical estimations computed from the set of similarity measurements and parameter samples (note that a measure of similarity is considered; hence, maximum values correspond to a good matching of input images): ACC. The accuracy is defined as the root mean-square (along all the sampling lines) of distances between the origin (µ GT ) and each of the global maxima along sampled lines. It describes how far the maximum measure of similarity is from the known gold standard. CR. The capture range is defined as the smallest (along all the sampling lines) of the distances between positions of the global maximum and the closest minimum along each line. DO(r). The distinctiveness of the optimum measures the visibility of the maximum value against the values around it. It is calculated as the average (along all the sampling lines) of the difference between twice the maximum value and the sum of the two values symmetrically located at their two sides at a given distance. It is defined as a function of the distance r = k • δ from the maximum, where δ is the distance between two consecutive points along a line and k = {1, 2, . . .} is the number of steps. N OM (r). For each sampled line, the global maximum is considered and the number of minima of the similarity measure, within a distance r of the global maximum, is computed. The number of minima N OM (r) corresponds to the sum of the number of minima over all lines. RON (r). The risk of nonconvergence is the property that describes the behavior of a similarity measure around all global maxima of sampling lines. It is defined as the average of positive gradients within distance r along each sampling line. A large value of RON indicates that a similarity measure has distinctive and/or broader local maxima.

Figure 4 . 2 :

 42 Figure 4.2: Checkerboard of IR-SAX and IR-2CH images used for the evaluation of the similarity metrics in multiview LGE-MRI rigid registration. (Top) Checkerboard in a basal, medial and apical slice from the IR-SAX image. (Bottom) Checkerboard from two slices in the IR-2CH image. The zone with fibrosis are pointed by orange arrows. White arrows point to some instances of good matching.

Figure 4 .

 4 Figure 4.4 illustrates one metric profile, computed along one sampling line, for each similarity measure. The ground truth transformation parameters is represented using a dotted line. In terms of smoothness, MI-based metrics perform the best. In terms of accuracy, MS based metrics resulted the best. Nevertheless, MS-S outperformed classical MS, highlighting the benefits of the entropy filter.
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 44 Figure 4.4: Instances of similarity measure profiles between multiview LGE images.

FibrosisFibrosisFigure 4 . 5 :

 45 Figure 4.5: Checkerboard of IR-SAX and corresponding cine-SAX images used for the evaluation of similarity metrics between cine-and LGE-MRI in a rigid registration framework. From left to right the checkerboard images at a basal, medial and apical slice. Orange arrows points to regions with myocardial fibrosis.

Figure 4 .

 4 Figure 4.6 illustrates the resulting local entropy image for LGE-SAX and cine-SAX at basal, medial and apical slices.

  Figure 4.7 shows a profile per metric along a sampling line. The profiles are quite smooth except for the one of NC. Note also that NMI and MMI have a wide flat maximum around the ground truth.

Figure 4 Figure 4

 44 Figure 4.6: Cine-SAX and LGE-SAX (IR sequence) images and resulting local entropy images at basal, medial and apical slices. Orange arrow points to a region with fibrosis.

  Figure 4.8: Boxplots of the distance from the normalized ground truth parameters to the position of the global optimum.

  Figure 4.10 shows the resulting SAX evaluation by one observer.The evaluation of SAX and 2CH/4CH alignment before (original) and after slice misalignment correction using NC and NMI is summarized in Table4.3. A total of 24 evaluations were performed by each observer: 4 patients × 3 alignments (original, NC, NMI) × 2 intersections, each evaluation being made up of 12 instances (12 SAX slices).

  3. http://www.itk.org/ 4. http://vxl.sourceforge.net/ ORIGINAL NMI(a) Reformat slice in SAX to assess interventricular septum and LV lateral wall smoothness.

  Evaluation of SAX and 2CH alignment by assessing the myocardial match (arrows).

Figure 4 Figure 4

 44 Figure4.9: Evaluation protocol: 4.9a reformat slice used to evaluate SAX alignment, 4.9b evaluation approach for the alignment between SAX and 2CH.

Figure 4 .

 4 Figure 4.12 shows the normalized distances (in %) after temporal alignment using a linear, classical DTW (slope constraint S=0, cf Figure 3.9a) and adaptive DTW, as presented in 3.2.1.2 (Equation 3.19). It can be noted that DTW outperformed linear alignment except in one case (CT and MRI alignment of patient 9). The average performance of ADTW improved by 7% compared to linear matching and by 2% compared to classical DTW. Standard deviation values of the performance indicator for CT and cine-SAX are reported inTable 4.5. It can be noted that ADTW had the lowest deviation

  Figure 4.11: Distance to annotated end-systolic phases (ES CT ,ES SAX ) along the time axis of dynamic CT (d CT ) and the time axis of cine-SAX (d SAX . These distances are the length of the projection of the portion between misaligned end-systolic phases along the time warping curve F (in red) to the time axes of CT and cine-SAX, respectively.

Figure 4 .

 4 Figure 4.12: Evaluation of the temporal alignment for adaptive DTW (ADTW), DTW using a three-neighbors connectivity (S = 0) and linear matching. (Top-left, top-right) Evaluation of ADTW (blue), DTW with S=0 (red) and linear (light blue) alignment per-patient using the distance to ES as a percentage of RR-interval, for dynamic CT and cine-SAX, respectively. (Bottom) average accuracy per method for dynamic CT (blue) and cine-SAX (red).

Figure 4 .

 4 Figure4.13: Computation of the ground truth transformation between CT and cine-MRI for similarity measures analysis. First, cine-SAX and CT images at peak-R are aligned using fiducials and MMI registrations. This alignment is then refined manually to obtain an estimation of the gold standard transform. (Bottom-middle and bottom-right) checkerboard between aligned cine and CT images after fiducial alignment (middle) and fiducial and manual alignment (right). Dotted lines were drawn manually to depict the LV endocardial contour and papillary muscles for CT (yellow) and cine-MRI (white). The cine-SAX field of view is also represented (white dotted lines).

  Landmark error was used to evaluate the spatial alignment. It was calculated from anatomical landmarks located into papillary muscles. These landmarks were placed in two steps. First, at least one landmark ℓ SAX l was placed into each papillary muscle appearing in medial slices of cine-SAX at both peak-R and annotated end-systole phases.Then, the SAX plane was located in the CT image mimicking a cine-SAX acquisition:(i) localization of the LV great-axis of the two-chamber plane (2CH) from an axial cut containing left and right ventricles; (ii) estimation of the LV great-axis of the four-chamber plane (4CH); (iii) localization of the LV short-axis plane. After SAX plane localization in CT image, corresponding landmarks ℓ CT l were placed in CT following the same procedure as for cine-SAX. The landmark error was then measured for each patient as follows: landmarks placed in the CT and cine-SAX images, respectively, and L is the number of landmarks.

Figure 4 .

 4 Figure 4.15 shows the landmark error e after three different registration approaches: (i) a static registration considering only one cardiac phase (peak-R), (ii) a multi-image

Figure 4 .

 4 Figure4.15: Spatial registration accuracy for cine-SAX to dynamic CT registration: average fiducial error after iconic registration using adaptive DTW (all phases: multiimage), peak-R/annotated-ES (two phases: multi-image) and peak-R (one phase: static) temporal alignment for one and two levels of resolutions. Please note that the average error after fiducial based registration is showed with a dotted line.

Figure 4

 4 Figure 4.16: Evaluation of DTW alignment using L ∈ {30, 50, 60, 80}. dUS and dMR are the distances of ES to F vfor US and MRI, respectively, expressed as a percentage of the RR-interval.

  for a combined registration of STE-2CH and STE-4CH to cine-SAX, a STE-2CH to cine-SAX registration, and a STE-4CH to cine-SAX registration. It can be noted that all registrations converge. The number of iterations needed to converge is almost the same

Figure 4 .

 4 Figure 4.17: ADTW-metric evolution for a combined registration of STE-4CH and 2CH to cine-SAX (blue), STE-4CH to cine-SAX registration (green) and STE-2CH to cine-SAX registration (red).

Fig. 4 .Figure 4

 44 Fig.4.18 exemplifies this in one patient. Each segment was rated as exploitable or non-exploitable (1 or 0). Table4.7 describe the distribution of misaligned STE geometries with regards to the LV region(basal, medial, apical). The sum of exploitable segments over the total number of segments was used as performance indicator (5 segments aligned out of 6 segments in total). From an evaluation dataset of 120 segments (10 patients, 2 US views, 6 segments per view), 105 segments (87.5%) were aligned. All not-aligned segments were located at apical level. This behavior can be explained by the lack of detailed information at apical level in both, US an cine-SAX images.
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 151 Figure 5.1: Multisensor image registration and fusion for the characterization of hypertrophic cardiomyopathy. (Top) Block diagram of the multisensor image sources and target information fused by multisensor image registration. (Bottom) Fused multisensed LV resulting from STE to LGE registration. Acronyms -MRI: Magnetic Resonance imaging, LGE: late gadolinium-enhanced, STE: speckle tracking echocardiography.

  peak strain lower or equal to -20% as an indicator of normal systolic function. Higher values are considered abnormal and are interpreted according to the particularities of the patient, including age and familiar history. A peak-strain above -15% is considered as an indicator of abnormal systolic function, and describe a bad contraction of the muscle. Note that most of the regional strain curves in Figure5.2 present an abnormal peak-strain value.

Figure 5 . 2 :

 52 Figure 5.2: Multiview speckle tracking echocardiography from one patient with HCM diagnosis included in this study: (top) apical TTE image 2CH view, (bottom) apical TTE image 4CH view.
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 55 Figure 5.4 shows the procedure used to register STE traces to LGE images. Two registration processes are involved: LGE to cine registration and STE to cine-SAX registration. Cine images provide the dynamic geometry to be use in the registration of ultrasound images. The methods described in Chapter 3 were used to perform these registrations.

  Checkerboard after LGE to cine registration for patient 01: before registration (top) and after registration (bottom).

  Checkerboard after LGE to cine registration for patient 02: before registration (top) and after registration (bottom).

Figure 5

 5 Figure 5.5: Checkerboard before and after cine-MRI slice misalignment correction andLGE to cine rigid registration. LV endocardial segmentation is also included (segmentation performed in cine-MRI before registration, using the method described in 5.3.2.2), for two HCM patients with fibrosis. From left to right: SAX, 4CH, 2CH.

  Figure 5.6: Dynamic slice from a cine-SAX image (left) depicted as a volumetric image (right).

Figure 5 .

 5 Figure 5.7b and (c) present the resulting LV segmentation for patients 01 and 02, respectively, at end-diastole, end-systole and mid-diastole phases. It can be noted the gross thickness of the slices in cine-SAX.

  Block diagram of the LV segmentation process using ITKSNAP. End-diastole: End-systole: Mid-diastole: (b) Resulting LV segmentation from the cine-SAX image of patient 01 at end-diastole (τ = 0), end-systole (τ = 11) and mid-diastole (τ = 25). Resulting LV segmentation from the cine-SAX image of patient 02 at end-diastole (τ = 0), end-systole (τ = 9) and mid-diastole (τ = 22).

Figure 5 . 7 :

 57 Figure 5.7: LV endocardial surface segmentation of two HCM patients. (Top) LV segmentation procedure. (Middle, bottom) Resulting dynamic LV endocardial segmentation. For the patient 01, the parameters defined by the user were: lower threshold = 389.70 and smoothness = 3.0 (region feature image), α = 1, β = 0.20 and number of iterations = 100 (snake evolution). Acronyms -ROI: region of interest.

Figure 5 .

 5 Figure 5.8 illustrates the registration of STE and LGE-MRI for patients 01 and 02. Both patients presented myocardial regions with late gadolinium enhancement indicating the presence of fibrosis. Output STE registration for patient 01 (Figure 5.8a) successfully matched the inner myocardial wall in LGE-4CH (left) and LGE-2CH (right). For patient 02 (Figure 5.8b), the registration was also satisfactory for most of the contours. However, the red myocardial region in STE-2CH (antero-basal) did not match perfectly the inner LV boundary in LGE-2CH. The lack of resolution in STE-contours at apical levels can also be appreciated in these images.

  STE to LGE-MRI registration enabled to associate strain-derived indicators from STE strain curves with LGE-MRI indicators describing myocardial fibrosis. Two indicators of fibrosis have been computed: (i) a local binary indicator of the presence of fibrosis (fibrosis yes/no) associated to each STE-segment; (ii) a global indicator corresponding to the percentage of myocardial tissue with fibrosis (i.e. the extent of myocardial fibrosis).
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 a STE to LGE-MRI registration for patient 01. (Left) Registered STE-2CH at mid-diastole and the sliced LGE-2CH using output US plane, (right) registered STE-4CH at mid-diastole and the sliced LGE-4CH using output US plane. Fibrosis Fibrosis (b) STE to LGE-MRI registration for patient 02. (Left) Registered STE-2CH at mid-diastole and the sliced LGE-2CH using output US plane, (right) registered STE-4CH at mid-diastole and the sliced LGE-4CH using output US plane.
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 58 Figure 5.8: STE to LGE-MRI registration for patients 01 (top) and 02 (bottom), for the 4CH view (left) and the 2CH view (right). Note the presence of myocardial regions with late gadolinium enhancement indicating the presence of fibrosis.

  Figure 5.9: Input LGE-SAX volume (inversion recovery) and output fuzzy c-means clustering revealing the degree of late gadolinium enhancement for each voxel in the myocardium. Arrow points to the optimal threshold to defuzzyfy the output LGE-class image.

Figure 5 .

 5 Figure 5.10: Fibrosis delineated in LGE-SAX volumes for patients 01 (top) and 02 (bottom). The inner contours and outer contours needed for fibrosis delineation are also showed.

Figure 5

 5 Figure5.11: Peak-strain and time-to-peak indicators computed from regional longitudinal strain curves (blue).

( a )

 a STE to LGE-MRI registration and delineated fibrosis from LGE-SAX. Longitudinal 4CH and 2CH strain curves from STE.

Figure 5 .

 5 Figure 5.12: STE-2CH and 4CH registration to LGE-MRI, and strain curves for patient 01. The regions with fibrosis, computed with the fuzzy c-means procedure in LGE-SAX, are also shown. (Top) STE contours superimposed to LGE-MRI and regions with fibrosis from LGE-SAX (colored surfaces). (Bottom) Regional strain curves from STE-4CH (left) and STE-2CH (right).

( a )

 a STE to LGE-MRI registration and delineated fibrosis from LGE-SAX. (b) Longitudinal 4CH and 2CH strain curves from STE.

Figure 5 .

 5 Figure 5.13: STE-2CH and 4CH registration to LGE-MRI, and strain curves for patient 02. The regions with fibrosis, computed with the fuzzy c-means procedure in LGE-SAX, are also shown. (Top) STE contours superimposed to LGE-MRI and regions with fibrosis from LGE-SAX (colored surfaces). (Bottom) Regional strain curves from STE-4CH (left) and STE-2CH (right).

  Figure5.14: Boxplots of the STE strain indicators under evaluation for two populations: without fibrosis and with fibrosis. Boxplots are between the 25th and 75th percentiles. Whiskers correspond to approximately ± 2.7 sigma (99.3% coverage). Red circles correspond to outliers. (Left) Boxplot for the regional peak-strain, (right) bloxplot for the regional time-to-peak.

  Figure5.14 where it can be noted that the expected values of fibrosis and without-fibrosis populations are clearly differentiated for both indicators. The analysis of the modification of regional peak-strain showed that a low regional longitudinal contraction is an indicator of the presence of fibrosis. Then, the magnitude of the peak-strain decreases with the presence of fibrosis. On the other hand, the change of the time-to-peak indicator means that a high time to peak is related to the presence of fibrosis.

  of the observations for viable STE-region and fibrotic STE-region populations and classification using a linear classifier. -peak (t ps ) Linear classifier using p LS , t ps (b) ROC curves for peak-strain(p LS ), time-to-peak (tps) and a linear classifier using both indicators.

Figure 5 .

 5 Figure5.15: Analysis of the prediction of the presence of fibrosis by strain indicators in HCM patients. 5.15a distribution of observations of the peak longitudinal 2D strain (p LS ) and the time-to-peak of this peak (t ps ) for the populations of STE-regions without and with fibrosis. 5.15b ROC curves of peak-strain (p LS , red), time-to-peak (t ps , blue) and a linear classifier using both indicators (black). The area under the ROC curves, using a trapezoidal integration rule, were 0.7237, 0.7001 and 0.7609, respectively. Acronyms -ROC: receiver operating characteristic.

  chronization therapy (CRT) optimization. As stated in the clinical context (cf. 1.2.2.4), CRT optimization is three folded: (i) improvement of patient selection guidelines, (ii) optimization of device implantation and, (iii) optimization of the stimulation. The improvement of the patient selection guidelines needs randomized multicenter clinical trials and is out of the scope of this work. Concerning the optimization of the implantation and of the stimulation, they are more related to the specificities of the patient and, in such a case, image fusion would provide a valuable tool to describe the best sites for left ventricular stimulation in terms of their mechanical, electrical and tissue characteristics, and to plan and to guide CRT-device implantation. We use the multisensor registration approaches discussed in chapter 3 for characterizing the cardiac asynchronism of CRT patients.
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 6161 Figure 6.1 illustrates the main steps of the proposed workflow: multisensor image fusion of CT, MRI, STE and EAM information after the registration of these image modalities, to obtain a fused multisensed description of the left ventricle, allowing to analyze the viability, mechanical, electrical and electromechanical information in a common referential. Below we detail the scope of this study, the methods used to register and fuse CT, MRI, US and EAM data aiming to study the feasibility of deriving dyssynchrony descriptors of the LV ventricle. Results obtained for two CRT patients are then described. The end

  IMOP and euHeart.IMOP3 (2005-2008) was a project funded by the French Ministry of Research. The partners of IMOP were the department of cardiology and vascular diseases of the CHU-Pontchaillou in Rennes, LTSI, CIC-IT in Tours and ELA Medical Group SORIN. The goal of IMOP project was to analyze different approaches to improve the exploitation of multisensor acquisitions from CRT candidate patients (anatomical, electrical, hemodynamical and mechanical from both, multiple imaging systems and multiple electrophysiological signals), in order to optimize BIV device implantation, by following up these candidates at pre-, per-and post-operative stages. At pre-operative stage, the goal was the identification of best stimulation sites (one or more) for LV and the optimal path(s) to access them via the coronary venous system. At per-operative stage, the goal was to analyze how to assist the clinician during CRT device implantation, stimulation leads positioning and device parameterization. Finally, at post-operative stage the goal was to derive a method allowing to validate the results of CRT-device pose on a cohort of implanted patients. The European project euHeart 4 (June/2008-November/2012) (Weese, Smith, et al., 2013), lead by Philips Research and Philips Healthcare, combined sixteen industrial, clinical and academic partners, including INSERM-U1099 (i.e. the LTSI) in cooperation with the CHU-Pontchaillou. The specific objective of euHeart was to improve diagnosis, treatment planning and delivery, and optimization of implantable devices by making patient-specific cardiac models using clinical measurements. euHeart partners were organized into different work-packages (WPs), that were in turn grouped into the technical and application (clinical) WPs. Technical WPs focused on the development of generic tools to model, treat, visualize and analyze multimodal images. These tools supported the work of application WPs. Each WP in the application group focused on a particular cardiovascular decease and in the optimization of cardiovascular therapies into the clinical environment. LTSI-INSERM U1099 was part of technical work package WP3, and of the application work group WP5 which focused on CRT, and WP10 which was focused on clinical data acquisition and validation. The goals of WP5 were the same as those defined in the context of the IMOP project. LTSI-INSERM participated in euHeart mainly: 1. To develop methods to extract the coronary arterial and venous network from 3D imaging (WP3) (Weese, Groth, et al., 2013), 2. CHU-Pontchaillou with LTSI-INSERM was one of the three clinical centers retained in WP5 and WP10 to acquire CRT patient data. Its role was focused on the collection of extensive data (Data Base 1). These datasets included data 3. ANR CIC-IT n • 04 187-188-189-190. Acronym from the French "Utilité de l'Imagerie Médicale dans l'Optimisation de la Pose de prothèses cardiaques implantables", utility of medical imaging in the optimization of the implantation of implantable cardiac prosthesis. 4. euHeart: Personalised & Integrated Cardiac Care, FP7/2008-2012.

  criteria. Patients in sinus rhythm, with chronic heart failure (NYHA III or IV) despite optimal medical treatment, systolic left ventricular dysfunction, wide QRS complex (QRS ≥ 120 ms), low ejection fraction (LVEF ≤ 35%) and left ventricular diameter ≥ 27 mm/m 2 at end-diastole. Exclusion criteria. Patients suffering from permanent or persistent atria arrhythmia, who had a cardiac defibrillation or a sudden cardiac death episode during the last three months. Obstructive or restrictive hypertrophic cardiomyopathy, suspicion of presence or presence of acute myocarditis. Systolic pressure ≥ 90 mmHg non controlled with medical treatment, diastolic pressure ≥ 95 mmHg non controlled with medical treatment. Corrigible cardiovascular disease, symptoms of coronary origin (chest angina or infarct) during the last three months, recent (last three months) or programmed cardiac revascularization. Patient allergic to iodine or with severe renal insufficiency contraindicating the use of iodine. Contraindication to surgical procedures. Dependence to a substance, resulting in a rupture of the social behavior. Patient unable to understand the goals of the study (or unwilling to cooperate). Patient non available for follow-up. Patient with a life expectancy lower than one year. Patient enrolled in another study. Patient under legal age or pregnant woman.

Figure 6

 6 Figure 6.2: Pre-operative Cardiac MRI acquisitions of one patient undergoing CRT enrolled into the euHeart project (euHeart 02). Lines illustrate the intersection of planes from complementary views. (Top) Cine-SAX, cine-2CH and cine-4CH at peak-R, endsystole and the last cardiac phase imaged. (Bottom) LGE-SAX, LGE-2CH and LGE-4CH acquired at mid-diastole using both IR and PSIR techniques.

Figure 6

 6 Figure 6.3: Pre-operative dynamic CT acquisition at peak-R, end-systole and the last cardiac phase imaged (euHeart 06).

Figure 6

 6 Figure 6.4: Pre-operative speckle tracking echocardiography from an apical TTE image 4CH view, for the patient euHeart 06. Acronyms -VA Ferm: aortic valve closure.

Figure 6 .

 6 Figure 6.6 shows the procedure used to register CT, MRI, US and EAM images. Four registration procedures are involved: LGE to cine registration, cine to CT registration, STE to CT registration and EAM to CT registration. STE and EAM to CT registrations are surface-based; thus, they need the segmentation of the left ventricle as input.
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 65 Figure 6.5: Screenshot of the EAM mapping captured by an EnSite station with Ve-locity®2.0 (euHeart 06). EAM was acquired using a non-contact balloon catheter. It shows the study name (DDD Biv precocite vg M3P4 DAV 110ms), the endocardial geometry, a color coded voltage map and some electrical activity: (left) 12-lead surface ECG, (bottom-right) 12-lead EGC in white and some EGMs in yellow d one heartbeat.

Figure 6 .

 6 Figure 6.7 illustrates an instance of the multi-agent segmentation (in blue) and the corresponding LV model (in red) computed from CT images at peak-R and end-systole. It can be observed, from the left cavity and LV meshes intersections with axial, sagittal and coronal slices from CT, depicted in blue and red lines, respectively, that the multi-agent segmentation procedure provides a detailed description of the inner geometry, including the delineation of the papillary muscles. On the other hand, the LV model provides a simplified delineation of the LV inner cavity placing these muscles into the LV cavity.

Figure 6

 6 Figure 6.7: Segmentation of the inner left heart (blue) and resulting LV model (red) at (a) peak-R and (b) end-systole. Axial (top-left), sagittal (bottom-left) and coronal (bottom-right) slices of the CT image and lines resulting from the intersection of each slice with the meshes representing both the multi-agent based segmentation (blue lines) and the LV model (red lines).

  1.3 can be used for this purpose. Nevertheless, patients euHeart 04 and euHeart 06 did not presented slice misalignment in cine and LGE images; then, in that case, we performed the rigid registration only. Figure6.8 presents checkerboard images of the LGE-MRI to cine-MRI acquisitions before and after rigid registration for euHeart 04. of LGE and cine images after registration.

Figure 6 . 8 :

 68 Figure 6.8: Checkerboard of LGE-and cine-MRI volumes before (top) and after (bottom) registration for euHeart 06. From left to right: SAX, 2CH, 4CH.

Figure 6

 6 Figure 6.9: Checkerboard illustrating cine-SAX and dynamic CT alignment after ADTW registration at (a) peak-R and (b) end-systole (axial view), for euHeart 06.

  2CH and 4CH STE traces were registered to LV surface from CT by optimizing the DTW-based spatio-temporal similarity measure between them (cf. Equation (3.24)).

Figure 6 .

 6 Figure 6.10 shows the resulting US/CT registration for euHeart 06. Note that LV traces match myocardial wall boundaries in CT.

( a )

 a Figure 6.10: STE contour superimposed to the dynamic CT image after the combined DTW-based registration of multiview STE acquisitions: (top) output registration for the STE-2CH, (bottom) output registration for the STE-4CH.

Figure 6 .

 6 Figure6.12: Illustration of EAM to CT registration using a fiducial-based approach. The fiducials annotated during EAM acquisition are also depicted after being registered to the CT image. Black points correspond to annotated EAM landmarks after fiducial registration: ascending aorta (aorte ascendante), top of the lateral wall (lat_haut) and RV lead position (Sonde_VD).

Figure 6

 6 Figure 6.13: Illustration of the computation of global and local indicators of cardiac asynchronism.

Figure 6

 6 Figure 6.14: DTW output between the STE-2CH ECG (template) and STE-4CH ECG (query) signals.

  Figure 6.15 illustrates the output warping of the time domains for the sinus rhythm study in EAM and the pre-implantation STE-2CH acquisition.

Figure 6 .

 6 Figure 6.15: DTW output (S = 1) for the temporal derivatives of the matched EAM ECG (sinus rhythm) and STE ECG (pre CRT, 2CH) for patient euHeart 06. d(i, j) is the distance between two time instants in input signals (derivative of ECGs). The red line represents the normalized ECG of the STE-2CH acquisition and the blue line the normalized ECG of the EAM acquisition.
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 a Quadripolar lead and retained LV stimulation (red square). From StJude Medical. Angiographic image revealing the location of each stimulation lead.
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 66 Figure 6.18: Retained LV stimulation (left) and stimulation leads reveled by an angiographic image from euHeart 06.

Figure 6 .

 6 Figure 6.22: Bulleye maps of the global electromechanical delay (top) and peak-strain (bottom) at sinus rhythm (left) and BIV stimulation (right), for patient euHeart 06.Bulleye reading -east: LV lateral wall, north: LV anterior wall, west: septal wall, south: inferior wall, circle at center: apex, inner, medial and outer circles: apical, medial and basal zones, respectively. Acronyms -n.a.: not available.

Figure 6 .

 6 Figure6.23: Bulleye mappings of the local electromechanical delay (ℓEMD) of euHeart 06 patient, in sinus rhythm (left) and in BIV stimulation (right). ℓEMDs were obtained by comparing the time instants of local peak-EGMs extracted from EAM and peak-strain from STE, after temporal synchronization using the DTW. Note that ℓEMD for the apical-inferior segment is absent.

Figure 6

 6 Figure 6.24: Bulleyes (380 segments) for the local electrical delays (top) and the magnitude of the peak-EGM voltage (bottom) for euHeart 04, in sinus rhythm.

Figure 6

 6 Figure 6.25: Longitudinal strain curves computed from Speckle Tracking Echocardiography for the patient euHeart 04 at pre-implantation (top) and post-implantation (bottom) after six months. (Left) Curves from the STE-2CH acquisition and, (right) curves from the STE-4CH acquisition. Acronyms -t ES : annotated end-systolic time instant, t QRS : annotated time instant for the beginning of the QRS-complex.

Figure 6

 6 Figure 6.26: Bulleye maps of the global electromechanical delay (top) and peak-strain (bottom) at sinus rhythm (left) and BIV stimulation (right), for patient euHeart 04.

Figure 6 .

 6 Figure 6.27: Bulleye mapping of the local electromechanical delay (ℓEMD) of euHeart 04 patient in sinus rhythm.

  The proposed registration methods enabled to register EAM, CT, MRI and US data, in order to provide an integrated description including anatomical, electrical, mechanical and myocardial tissue information. The proposed workflow included four registration steps: LGE-to cine-MRI, cine-MRI to CT, US to CT and EAM to CT. The proposed methods enabled to perform the first three ones, the EAM registration being mainly manual.

  local activation time (from EAM), peak-strain and global electromechanical delays (from STE) and local electromechanical delays (from the fusion of STE and EAM). If the characterization of the tissue state information was made possible thanks to the LGEto cine-MRI registration, any data corresponding to a CRT patient with fibrosis and/or scar was available.
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  1.2. Addressed cardiac issues: Hypertrophic cardiomyopathy and cardiac asynchronism 15 fibrous-fatty tissues. ARVD involves primarily the right ventricle; however, the left ventricle can be affected in 15% of the cases.

	Restrictive cardiomyopathy (RCM). Ventricular filling restriction related to a de-
	crease in diastolic function of one or both ventricles with a normal or almost normal
	systolic function. Since the heart cannot relax adequately between contractions, it is
	harder for the ventricles to fill with blood between heartbeats. RCM is classified as
	non-obliterative (myocardial infiltration by an abnormal substance), or obliterative
	(fibrosis of the endocardium and subendocardium). Either type may be diffuse or
	nondiffuse (when the disorder affects only one ventricle or part of one ventricle
	unevenly).

  This type of fibrosis has a diffuse distribution within the interstitium (i.e. the space between cells in a tissue), but can be more specifically perivascular (i.e. located near or around a vessel). This type of fibrosis has a progressive onset and follows the increase in collagen synthesis by myofibroblasts 3

under the influence of different stimuli. It is a marker of disease severity and precedes irreversible replacement fibrosis. It is reversible under specific therapy. Infiltrative interstitial fibrosis. This subtype of fibrosis is induced by the progressive deposit of insoluble proteins (amyloidosis) or glycosphingolipids (Anderson Fabry's disease) in the cardiac interstitium. Replacement fibrosis. The replacement or scarring fibrosis corresponds to the replacement of myocytes after cell damage or necrosis by plexiform fibrosis (i.e. fibrosis resembling a plexus or network), mainly type I collagen. Replacement fibrosis appears as soon as myocyte integrity is affected. It can have localized distribution (ischemic cardiomyopathy, myocarditis, hypertrophic cardiomyopathy, sarcoidosis), or a diffuse distribution (chronic renal insufficiency, miscellaneous infammatory disease), according to the underlying etiology. Interstitial fibrosis and infiltrative fibrosis ultimately lead to replacement fibrosis in the later stages of disease.

  It is characterized either by an early or a late contraction of ventricular regions. When LV is affected, an early contraction increases ventricular pressure and slows mitral valve opening which alters ventricular

	Aorta Left atrium	
	Mitral valve Aortic valve	Late contraction
	Left ventricle	
	Myocardium	
	Before aortic valve closing	After aortic valve closing

Figure 1.12: Contraction inefficiency after aortic valve closing: ventricular contraction after aortic valve closing is worthless because it does not increase cardiac function given that blood cannot flow into aorta. Modified from

  [START_REF] Chan | Presence of transmural posterolateral scar by LGE MRI is associated with non-response to CRT[END_REF] [START_REF] Marsan | Magnetic resonance imaging and response to cardiac resynchronization therapy: relative merits of left ventricular dyssynchrony and scar tissue[END_REF] [START_REF] Bilchick | Cardiac Magnetic Resonance Assessment of Dyssynchrony and Myocardial Scar Predicts Function Class Improvement Following Cardiac Resynchronization Therapy[END_REF] (Jansen et al., 

2008)

[START_REF] Chalil | Late gadolinium enhancementcardiovascular magnetic resonance as a predictor of response to cardiac resynchronization therapy in patients with ischaemic cardiomyopathy[END_REF]) (Valle et al., 2007) (Ypenburg et al., 2007) (J. A. White et al., 2006) 

[START_REF] Bleeker | Effect of Posterolateral Scar Tissue on Clinical and Echocardiographic Improvement After Cardiac Resynchronization Therapy[END_REF]

. Besides, Computed tomography (CT) also plays an important role because it enables to obtain anatomical information (cavities and, mainly, the coronary tree) with high spatial resolution (M.

[START_REF] Garcia | Coronary vein tracking from MSCT using a minimum cost path approach[END_REF] 

[START_REF] Garreau | Abilities of cardiac MSCT imaging to provide useful anatomical and functional information for Cardiac Resynchronization Therapy optimization[END_REF] 

[START_REF] Garreau | Assessment of left ventricular function in cardiac MSCT imaging by a 4D hierarchical surface-volume matching process[END_REF]

[START_REF] Simon | Extraction et caractérisation du mouvement cardiaque en imagerie scanner multibarrette[END_REF]) (Veire et al., 2008)

.

Color flow Doppler imaging (CFI). It

  

	2D. This is a 2D cross sectional dynamic view of underlying structures made
	up of numerous B-mode (brightness mode) scan lines. The field of view (FOV) is
	the portion of the organs or tissues that intersects the scanning planes, being a
	cone in the case of echocardiography;
	Continuous Wave Doppler (CWD). A part of the transducer is transmitting con-
	tinuously and a part of the transducer is receiving continuously the Doppler signal
	along a single line that is placed on the 2D image. Thus, there is no spatial
	resolution;
	Pulse wave Doppler (PWD). A pulse means that the transducer transmits the ul-
	trasound and receives it after a preset delay. This enables to localize precisely the
	site of origin of a velocity signal. A key disadvantage with PWD is the inability to
	measure high velocities accurately. In fact, high velocities result in a undesirable
	phenomenon called aliasing; however, it can be attenuated;
	has the same principle as PWD but the flow
	are encoded by colors according to the underlying velocity and direction (warm
	color: flow towards the probe, cold: away);
	Tissue Doppler imaging (TDI). This mode is similar to the PWD except that it
	is used to measure velocities of tissue motion that are much lower than blood
	velocities;

3D echography. Real-time 3D echocardiography using an array of US sensors to image the heart. Speckle tracking echocardiography (STE). STE is usually considered as an echocar-

  

	diographic mode yet being a US image processing instead. Echoes are locally modified
	by an interference pattern and natural acoustic reflections called as a whole speckle
	noise. This speckle is particular for a given portion of a tissue being a sort of local
	acoustic signature of a particular subregion. A technique called speckle tracking analysis
	tracks this speckle frame to frame and resolves it ultimately into an angle-independent
	two-dimensional and three-dimensional strain-based sequences (cf. figure 1.25).
	STE analysis provides both quantitative and qualitative information about tissue
	deformation and motion (Blessberger et al., 2010). Displacement, velocity, deformation
	(strain), tissue kinetics (tissue velocity imaging or tissue synchronization imaging) are
	examples of what can be analyzed with STE. Moreover, today it is possible to have their
	extension to 3D echocardiography (e.g. to compute surface strain)

3D image registration. US

  the low resolution of EAM geometry, harden its registration. Nevertheless, the point cloud acquisition used to estimate the inner chamber geometry may be exploited to improve EAM registration.

	The approaches developed to register multisensor cardiac images of interest are
	presented in next chapter.
	Wilson, K., Guiraudon, G., Jones, D., and Peters, T. (2006). "4D Shape Reg-
	istration for Dynamic Electrophysiological Cardiac Mapping".

registration remains a difficult task. Usually, a spatial registration follows a first temporal alignment. State-of-the-art methods exploit ECGs acquired during acquisition to align US images with 3D images over time. This approach cannot be used here because ECGs were not recorded during the acquisition of available CT, MRI and EAM (during inner chamber geometry acquisition). Regarding spatial alignment, four approaches had been used: stereotactic-, iconic-, geometry-and simulation-based. Their output is strongly dependent on preprocessing, landmark annotation and/or transform initialization.

The last three approaches may potentially be used in this work. EAM to 3D image registration. Reported methods registering EAM were categorized into registration of quasi-simultaneous acquisitions, pointand geometry-based registration. Two challenges arose: first, the registration of low-resolution EAM surfaces that are a rough depicting of the inner cavity at a given phase; second, the association of EGMs into a high-resolution anatomy obtained from CT/MRI. Some published works proved the lack of precision in EAM geometry acquisition that, with In: Medical Image Computing and Computer-Assisted Intervention -MICCAI 2006. Vol. 4191. Lecture Notes in Computer Science. Springer Berlin / Heidelberg, pp. 520-527.

Table 4 .

 4 1 presents the similarity measure properties. MS-S metric performs the best for most of the indicators. However, it has the worst performance in terms of average NOM. Having the best capture range, we can conclude that, even if this metric shows a

	lot of minima, they are not near to the ground truth, which is in agreement with Figure
	4.4.
	From this analysis, we conclude that, if the registration is properly initialized, the

MS-S metric will be the most appropriate to register the multiview IR acquisition. Given that LGE image views are normally performed sequentially during the MRI examination,

Table 4 .

 4 2: Similarity measure properties for rigid inter-sequence LGE-and cine-MRI registration, both in short axis view. Best values per column are in bold. The arrows indicate if the indicator has to be maximized (ր) or minimized (ց). Acronyms -ACC: accuracy, CR: capture range, DO: distinctiveness of optimum, MI: mutual information, MMI: Mattes MI, MS-S: mean squares of structural images, NMI: normalized MI, N OM (r): number of minima, RON : risk of nonconvergence, VWMI: Viola-Wells MI.

		ACC(ց)	DO(ր)	CR(ր) N OM (ց)	RON (ց)
	Metric		near GT	far GT			near GT	far GT
	MS-S	3.05	1.70e -2 -1.83e -2	0.24	6.42	3.62e +3	4.66e +3
	NC	1.13 2.08e -2	1.17e -3	0.24	12.77	2.15e +3	8.21e +3
	VWMI	0.78	6.49e -3	3.65e -3	0.24	8.71 8.86e +2	4.29e +3
	MMI	5.07	8.49e -3 8.54e -3	0.24	4.03	1.87e +3	2.29e +3
	NMI	4.88	8.78e -3	8.52e -3	0.24	2.92	1.71e +3 2.20e +3

Table 4 .

 4 3: Percentage of slices successfully aligned for input images (original) and the output of the method to correct slice misalignment using NC and NMI similarity measures. by the low quality of the apical zone depicted by cine-SAX images. Table4.4: Total instances of myocardial mismatch between each SA-view slice and the medial 2CH/4CH-view at apical, medial and basal levels of the left ventricle.

					Original	NC	NMI	
		Observer 1		35.5%	53.7%	68.2%	
		Observer 2		33.8%	37%	73.5%	
		Retained evaluations	7 out of 8 5 out of 8 6 out of 8	
		Agreement			78.6 %	70%	80.6%	
	can be caused 2CH				4CH		
		Apical Medial Basal Total	Apical Medial Basal Total
	Input	2	6	2	10	6	9	8	23
	NMI	3	2	1	6	5	2	0	7

Table 4 .

 4 5: Standard deviation of dynamic CT and cine-SAX distances to ES for ADTW, DTW (S=0) and linear matching.

		ADTW	DTW	Linear
		S adapted	S = 0/0	
	CT	3.33%	3.91%	8.00%
	Cine-SAX	4.04%	4.21%	7.86%

Table 4 .

 4 6: Similarity measure properties between cine-SAX and CT images in a rigid registration framework. Best values per column are in bold type. The arrows indicate if the indicator has to be maximized (ր) or minimized (ց). Acronyms -ACC: accuracy, CR: capture range, DO: distinctiveness of optimum, MI: mutual information, MMI: Mattes MI, NMI: normalized MI, N OM : number of minima, RON : risk of nonconvergence, VWMI: Viola-Wells MI.

		ACC(ց)	DO(ր)		CR(ր) N OM (ց)	RON (ց)
	Metric		near GT	far GT			near GT	far GT
	VWMI	0.35	0.01	0.03	0.2	1.34	3.97E+3	2.61E+2
	MMI	0.89	0.01	0.02	0.2	1.27	2.98E+3	2.07E+2
	NMI	0.39	0.01	0.03	0.2	1.08	3.60E+3	2.21E+2

Table 4 .

 4 7: Performance of the US to cine-SAX registration, per SAX region.

		Basal Medial Apical Total
	Number of segments	40	40	40	120
	Exploitable	40	40	25	105
	coded by segment) were superimposed to the cine-SAX plane resulting from slicing the
	cine volume with output 2CH and 4CH US planes.			

STE-2CH and 4CH geometries were registered using the ADTW-based method proposed in 3.3, with an adapted slope constraint (S, Equation (3.19)). Given the lack of gold standard, the alignment of the STE-geometries and the cine-SAX image was visually assessed by a cardiologist at peak-R (end-diastole). For this purpose, STE contours (color

Table 5 .

 5 1: Demographic parameters in average value ± standard deviation or as a percentage of the retained population (28 patients). Acronyms -BP: blood pressure, NT pro BNP: biochemical marker of heart failure.

	Age (years)		46.8 ± 16.05
	Gender:	
	Men		22 (78.6%)
	Women		6 (21.4%)
	Ethnic group:	
	Caucasian		21 (75%)
	Afro-Caribbean		7 (25%)
	Circumstances of diagnosis:	
	Screening of asymptomatic patients 2		16 (57.1%)
	Symptoms 3		12 (42.9%)
	NYHA at inclusion:	
	1		15 (53.6%)
	2		12 (42.8%)
	3		1 (3.6%)
	NT pro BNP(ng/ml)	692.5 ± 1208.7
	Hypertension		6 (21.4%)
	Systolic BP (mmHg) Diastolic BP (mmHg)		131 ± 21 76 ± 9
	Familial history of HCM		7 (25%)
	Table 5.2: Medical treatment at inclusion. Acronyms -ACE inhibitors: angiotensin-
	converting-enzyme inhibitor, ARA2: Angiotensin II receptor antagonist, ICD: implantable
	cardiac defibrillator.	
	Current treatment at inclusion	
	Beta-blocker		18 (64.3%)
	Calcium inhibitor		2 (7.1%)
	ACE inhibitors/ARA2/antialdosterone	8 (28.6%)
	Antiagregant		5 (17.8%)
	Anticoagulation		5 (17.8%)

Table 5 .

 5 3: Descriptive global indicators of HCM from US and cardiac MRI. Acronyms -LVEDD: left ventricular end-diastolic diameter, LVED Vol: left ventricular end-diastolic volume; LEVF: left ventricular ejection fraction (biplane method), Global longitudinal strain = mean peak-strain in 4CH+3CH+2CH.

	US	Cardiac MRI

Table 5 .

 5 4: Statistical significance of strain-derived indicators for the populations of STE myocardial segments without and with fibrosis.

  1 , INSERM-U1099 2 ), participated in the development of two research projects in the context of CRT optimization:1. Acronym from the French "Laboratoire Traitement du Signal et de l'Image" from the University of Rennes 1.2. LTSI is the research unit number 1099 into the French Institute of Health and Medical Research (INSERM, acronym from the French "Institut national de la santé et de la recherche médicale").

  LATand t P instants were manually annotated on EGM recordings.
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	0 Figure 6.16: EAM recordings of endocardial EGMs (64 points) with variations in 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 10 20 30 40 50 60 time (s) 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 28 28.5 29 29.5 30 30.5 31 31.5 32 EGMs EGMs time (s) morphology for a given EGM (some of them highlighted with ellipses). Note that this acquisition was performed for a unique type of BIV stimulation. Another issue concerned the computation of LATs which was harden by the fact that it was difficult to automate both, the isolation of one EGM and the detection of the parameters needed to compute the global and local indicators of cardiac asynchronism 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.35 0.4 0.45 0 time (s) (t 0 time (s)

LAT and t P ), because multiple heartbeats were recorded. Figure

6

.17 illustrates this difficulty: for the highlighted EGM (arrows), the corresponding time instant of the peak-EGM (t LAT ) was difficult to define given that it presented two peaks. Then, t

Table 6 .

 6 1: Parameters for euHeart 06 and euHeart 04. Acronyms -FU: follow-up, n.a.: non available.

	Patient	euHeart 04	euHeart 06
	Age (years)	74	64
	Gender	Man	Woman
	Ischemic etiology	No	Yes
	BIV pacemaker parameters:		
	Stimulation	Unipolar Quadripolar, M2P4 (Figure 6.18)
	DAV stimulated	140	150 ms
	VV stimulated	n.a.	0 ms
	LV stimulation site		LV postero-lateral wall
	Parameters at inclusion:		
	QRS	170	151 ms
	NYHA	III	III
	LVEF	25% (US)	20% (US)
	FU three months:		
	QRS	142	146 ms
	NYHA	II	II
	LVEF	26% (US)	29% (US)
	FU six months:		
	QRS	122	120 ms
	NYHA	II	n.a.
	LVEF	40% (US)	25% (US)
	6.5		

.1 Characterization of the cardiac asynchronism for the patient euHeart 06

  

	euHeart 06 was implanted with the most recent type of stimulation lead available:
	a quadripolar lead (a lead with four electrodes distributed from the tip of the lead
	(distal) towards its proximal part, cf. Figure 6.18a). The retained stimulation was: BIV
	stimulation (right atrium and both ventricles), with DAV=150 ms (delay between atrial
	and ventricular stimulation), VV=0 (right and left ventricles stimulated simultaneously)
	and M2P4 configuration of the quadripolar lead (highlighted with a red square in Figure
	6.18a). The LV stimulation site was located in the postero-lateral LV wall. It can be noted

from the follow-up parameters reported in Table

6

.1 (three and six months) that LVEF and QRS remained above current CRT patient inclusion guidelines, then, euHeart 06 is a non-responder to CRT.

Table 6 .

 6 2: Global electromechanical delay computed from pre-and post-implantation STE. Values in bold type correspond to peak-strain occurring after the end systole (aortic valve closure), i.e. a region with non-effective contraction. Accronyms -n.a. = not available.

		Basal-Inf	Mid-Inf	Apical-Inf Apical-Ant Mid-Ant Basal-Ant
	2CH PRE	595	626	n.a.	431	657	554
	POST	605	643	n.a.	479	618	643
		Basal-Sept Mid-Sept Apical-Sept Apical-Lat Mid-Lat Basal-Lat
	4CH PRE	735	773	495	470	773	735
	POST	694	732	454	429	732	694

Table 6 .

 6 3: Local electromechanical delays computed for the patient euHeart 06. Values in bold type correspond to peak-strain occurring after end systole (aortic valve closure). Accronyms -n.a. = not available.

	Indicator	2CH	Basal-Inf	Mid-Inf	Apical-Inf	Apical-Ant Mid-Ant Basal-Ant
	ℓEMD, sinus		640.4	668.4	n.a.	484.5	661.8	560.5
	ℓEMD, paced		658.7	686.4	n.a.	534	669.2	683.2
	Indicator	4CH Basal-Sept Mid-Sept Apical-Sept Apical-Lat Mid-Lat Basal-Lat
	ℓEMD, sinus		539.6	567.4	466.9	316.6	523.6	508.6
	ℓEMD, paced		675.3	724.4	536.5	523.2	739.8	696.3

Table 6 .

 6 4: Global electromechanical delay computed from pre-and post-implantation STE for euHeart 04. Values in bold type correspond to peak-strain occurring after the end systole (aortic valve closure), i.e. a region with non-effective contraction. Accronymsn.a. = not available.

		Basal-Inf	Mid-Inf	Apical-Inf Apical-Ant Mid-Ant Basal-Ant
	2CH PRE	517	340	368	436	463	504
	POST	315	378	425	315	299	582
		Basal-Sept Mid-Sept Apical-Sept Apical-Lat Mid-Lat Basal-Lat
	4CH PRE	667	572	368	368	477	531
	POST	220	220	425	252	252	393

Table 6 .

 6 5: Local electromechanical delays computed for the patient euHeart 04 in sinus rhythm. Numbers in bold type correspond to peak-strain occurring after end systole. Accronyms -n.a. = not available.

	Indicator	Basal-Inf	Mid-Inf	Apical-Inf	Apical-Ant Mid-Ant Basal-Ant
	ℓEMD, sinus 2CH	456	215.2	310.4	448.8	463.8	486.1
	Indicator	Basal-Sept Mid-Sept Apical-Sept Apical-Lat Mid-Lat Basal-Lat
	ℓEMD, sinus 4CH	740	558.2	318.9	356.7	474.3	473.3
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Repolarization means, in this context, returning to equilibrium, i.e. returning to cardiomyocyte's voltage at rest.

In polyrigid and polyaffine registration, the transformation codes locally rigid or affine deformations: the image is divided into patches each transformed by a rigid or affine transform.

Non-parametric nonrigid registration approach where each pixel has a displacement vector. In this approach, demons push according to local characteristics of the images in a similar way Maxwell did for solving Gibbs paradox. The forces are inspired from the optical flow equations[START_REF] Vercauteren | Diffeomorphic demons: Efficient non-parametric image registration[END_REF].

DICOM tags (0020,0032) and (0020,0037) corresponding to Image Position and Image Orientation, respectively

A source point is a point for which the accumulated cost cannot be improved (decreased).

Gold standard refers to the underlying optimal registration between input images, i.e. the transformation aligning them.

Available at http://elastix.isi.uu.nl/

TR: repetition time, TE: echo time, FA: flip angle (cf 1.3.4.1).
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Evaluation of the multimodal registration

In this chapter, we describe the evaluation of the image registration methods proposed in Chapter 3. The three main methods considered in this work are studied: (i) cardiac MRI registration; (ii) cine-SAX to dynamic CT registration; (iii) STE to cardiac MRI registration. For each of these methods, we studied the proposed metrics and we estimated the output accuracy on real data, either using quantitative indicators (if available), or qualitatively.

The method proposed by (Skerl et al., 2006) was used in order to provide quantitative elements to select the best similarity metric to use in iconic registration contexts (MRI, CT). This method is described below.

Quantitative descriptors of performance for similarity measures

The best similarity measure to use in an image registration procedure can be selected using a qualitative analysis of the metric evolution (e.g. visually assessing the metric smoothness and the position of the optimum), or using quantitative protocols. For the latter, (Skerl et al., 2006) proposed a protocol to evaluate similarity measures in a rigid registration procedure. It can be applied when the gold standard is known 1 . In the absence of the gold standard, the "bronze standard" protocol could be applicable [START_REF] Glatard | Performance evaluation of grid-enabled registration algorithms using bronze-standards[END_REF]. This protocol is analogous to the well known STAPLE used to validate image segmentation [START_REF] Warfield | Simultaneous truth and performance level estimation (STAPLE): an algorithm for the validation of image segmentation[END_REF]. The "bronze standard" protocol applies different registration methods to estimate a gold standard to compare with. Other evaluation Resulting descriptors are in Table 4.6. It is observed that no measure ranked first for all indicators. One point to highlight is that, yet the ground truth computation used MMI, this metric obtained the worst ACC. NMI was the best in terms of N OM . CR is the same for all metrics which is explained by (Skerl et al., 2006) as a behavior in a multimodal registration setup. DO is almost the same for all metrics both, near GT and far GT, which is in agreement with the visual analysis of the profiles in Figure 4.14.

NMI VWMI MMI

From these results, the best tradeoff of ACC, DO, CR, N OM and RON was obtained by NMI. Thus, NMI was included in a multi-image registration procedure.

Evaluation of the multi-image registration of dynamic CT and cine-SAX

Based on the previous study, the multi-image registration of dynamic CT and cine-SAX images was parameterized as follows: multiresolution registration using one or two levels, NMI metric estimated from 75000 random spatial samples, regular gradient descent optimizer (maximum step: 0.5; minimum step: 1e-3), linear interpolator during the registration procedure, 3D Euler rigid transform, and bi-cubic splines interpolator to apply the final transform. This registration was implemented using the elastix library (Klein et al., 2010). of the peak-EGM, the differences were less important and the distribution did not vary when comparing sinus rhythm and BIV stimulation mode.

The analysis of these electrical indicators enabled to describe the propagation of the electrical wavefront throughout the myocardial wall in sinus rhythm and BIV stimulation. Now, we are interested to analyze the mechanical function triggered by this wavefront.

Global electromechanical delays and peak-strain from STE

Speckle tracking echocardiography was acquired before BIV-pacemaker implantation (PRE) and in follow-up at three months (POST). -EAM data processed here lacked of a recording of a reference signal, commonly from a lead located at the coronary sinus, which would enable to compute the local activation times. Then, the peak of the P-wave at surface ECG, which depicts atrial depolarization, was used as reference given that it is more reliable between pre-and post-implantation acquisitions, than the other time instants (e.g. the starting of the QRS).

-The use of 2D US images limited the spatial resolution of the electromechanical coupling analysis (i.e. number of regions in gEMD and ℓEMD bulleyes and the size of each region). The acquisition of 3D US may improve this.

Conclusions and perspectives

The characterization of cardiac asynchronism on two heart failure patients undergoing Cardiac Resynchronization Therapy was discussed in this chapter.

Multisensor image registration enabled to associate electrical, mechanical and viability information. However, the patients under analysis for demonstration of feasibility did This analysis of the global electromechanical delays computed from STE acquisitions enabled to study the electromechanical coupling of the heart, using a global electrical

Chapter Conclusion and perspectives

The US to CT/MRI registrations could potentially be improved by considering not only the contour but also the intensity, e.g. developing a metric combining iconic and geometric information.

Both, US to CT/MRI and MRI to CT registration use the ADTW to temporally align the image sequences. However, even if some constraints have been added in the ADTW process, it may lead to matchings that are not physiologically realistic. New constraints, e.g. using a simple but realistic model of ECG dynamics, should be investigated.

The evaluation of the proposed methods has been performed with a specific protocol using real images. It could be extended to simulated images by using some simulation methods proposed in the literature and adapted to different modalities.

The two clinical studies could also be improved by incorporating more patients and new acquisitions. In particular, in the context of CRT, the study will be completed by the analysis of the other patients in the euHeart database. Also, data of patients presenting scar should be studied. Concerning new acquisitions, for instance the use of 3D-US acquisitions will be assessed in both studies. It would provide a full 3D description of the myocardium and probably facilitate the registration processes. However, the lower temporal resolution of 3D-US should be handled with care, especially for the assessment of the electromechanical delays in the asynchronism study.

In the HCM study, the inclusion of other MRI sequences should also be investigated, especially the MOLLI sequence to evaluate the fibrosis more precisely and to better differentiate patients with diffuse fibrosis from patients without fibrosis. In the cardiac asynchronism study, replacing the EAM acquisition, which is very invasive and can not be used in clinical routine, e.g. by a body surface potential mapping, would be very advantageous. The use of this modality will however imply to solve the inverse problem of electrical map estimation. Finally, the incorporation in the operating room of the proposed process should be made, using for instance per-treatment angiographic to pre-treatment CT images registration, in order to perform a new step towards an image-guided CRT workflow.
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Terms and abbreviations

Cardiac asynchronism. Medical condition wherein the activation of different parts of the heart is improperly synchronized (cf. 1.2.2.2).

Cardiac dyssynchony. Cardiac asynchronism.

Cardiac MRI. Cardiac magnetic resonance imaging.

Cine-MRI.

A MRI sequence enabling to acquire dynamic images (called cine) with white blood and gray myocardium, allowing to assess heart dynamics (cf. 1.3.4.1).

CRT: Cardiac resynchronization therapy. Medical treatment that consists in the implantation of an electronic device with multiple stimulation leads (CRT-device) aiming to correct cardiac asynchronism. This device triggers and controls myocardial contraction in order to reestablish inter-and intra-ventricular synchronism (cf. 1.2.2.3).

CT: Computed tomography. Medical imaging technique that uses computer-processed X-rays to produce tomographic images (virtual 'slices') of specific areas of the human body (cf. 1.3.3).

DTW: Dynamic time warping. An algorithm for measuring similarity between two temporal sequences which may vary in time or speed. The sequences are "warped" non-linearly in the time dimension to determine a measure of their similarity independent of certain non-linear variations in the time dimension. 

Image registration.

Image registration is the problem of finding a transformation that allows to describe a pair of images using a common referential. This enables to associate their information (cf. 2.2).

LGE: Late gadolinium-enhanced MRI. A MRI sequence using gadolinium as contrast enhanced agent to acquire images describing the viability of the myocardial tissue (cf. 1.3.4.1).

Metric. Similarity measure.

MI: Mutual information. Information theoretic similarity measure that quantifies how much information about one random variable can be obtained from the information of another random variable (cf. 2.2.3.3).

MRI: Magnetic resonance imaging. Medical imaging technique using strong magnetic fields and radiowaves to form images of the body (cf. 1.3.4).

NMI. Normalized MI.

Similarity measure. In the context of image registration, is the component (also called metric) that quantitatively measures the similarity between the transformed moving image and the reference image. This similarity indicates how well these images match (cf. 2.2.3).

Slice. In the context of cardiac MRI, a slice is an image containing a slab of anatomy effectively acquired, located at a given plane in 3D space. In a more wide sense, it is an image containing a plane cut of the anatomy acquired using a volumetric imaging technology (such as CT).