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Introduction générale

General introduction

(English readers will find most of the information summed up herein in Chapter 2) Les anévrismes aortiques thoraciques ascendants sont des dilatations localisées permanentes qui affectent une région clé de l'aorte. Ce sont des causes importantes de mortalité mais ils restent relativement peu étudiés, bien que les obstacles conceptuels et pratiques demeurent des défis scientifiques à surmonter. Parmi les questions les plus fréquemment posées : pourquoi se forment-ils chez certains patients même sans prédispositions génétiques connues et quelles sont les comorbidités qui peuvent être associées à leur apparition ? Pour quelle raison évoluent-elles différemment dans la population de patients et quels facteurs devraient être surveillés par le clinicien afin d'offrir une meilleure protection au patient affecté, ou du moins une meilleure estimation du risque qu'encourt ce patient ? Un grand nombre d'anévrismes aortiques ascendants aboutissent encore à des défaillances catastrophiques, c'est-à-dire des ruptures et des dissections, au moment le plus imprévu. Les critères de risque les plus couramment utilisés que sont la quantification régulière de la taille et du taux de croissance de la dilatation sont des solutions simples à mettre en oeuvre dans la pratique clinique, mais qui restent partielles devant la problématique mécanique de la rupture. Nombreux sont les cas sousestimés de parois qui se rompent ou qui évoluent en cas de chirurgie très urgente ; beaucoup d'autres pourraient être des cas surestimés de maladie que l'on soumet à un remplacement opératoire et expose à une évolution post opératoire à haut risque. Alors pourquoi y a-t-il des ruptures et des dissections et pourquoi y a-t-il tant de cas cliniques différents ? Les anévrismes de l'aorte thoracique ascendante sont traités du point de vue de la mécanique macroscopique -à l'échelle de l'organeet le résultat est qu'une évaluation précise, spécifique au patient, de la contrainte exercée sur la paroi aortique semble constituer la meilleure méthode actuelle pour estimer le risque de rupture. Néanmoins, la contrainte mécanique est une grandeur mécanique difficile à saisir car la détermination in vivo n'est pas possible, mais plutôt déterminée par des essais mécaniques ex vivo et des modèles numériques. Pour tenter de reconstituer la contrainte mécanique spécifique au patient, il faut connaître les propriétés matérielles de la paroi et à ce stade d'autres questions se posent nécessairement. Les essais mécaniques macroscopiques courants suffisent-ils pour caractériser les propriétés des matériaux du tissu anévrismal aortique ou d'autres aspects devraient-ils être inclus ? Quand bien même la contrainte serait-elle quantifiée, qu'en est-il du risque de rupture d'un anévrisme donné ? L'hétérogénéité des contextes cliniques semble être liée à la grande hétérogénéité et à la nature dynamique, à l'échelle microscopique, du matériau que constitue la paroi. La paroi aortique est en fait Thesis in Mechanics and Engineering Cristina Cavinato un matériau composite vivant. Un certain nombre de ses constituants cellulaires et extracellulaires microscopiques varient en nature, concentration et disposition, et dans une moindre mesure mais non négligeable localement, dans toutes les directions, et enfin en interaction les unes avec les autres. Ce scénario devient de plus en plus complexe lorsque l'anévrisme apparaît et implique un remodelage dégénératif hétérogène à ce niveau microscopique. Il a été démontré que les propriétés du matériau sont modifiées en conséquence et que les propriétés mécaniques macroscopiques en sont affectées. Le lien essentiel entre l'échelle microscopique et la mécanique macroscopique de l'anévrisme de l'aorte thoracique ascendante reste à ce jour méconnu et peu étudié.

Il est nécessaire d'approfondir la connaissance des phénomènes au niveau de la structure microscopique et de son implication dans la réponse mécanique macroscopique de l'anévrisme de l'aorte thoracique ascendante, surtout à proximité de la rupture de l'anévrisme. Par conséquent, le nombre de questions ne cesse d'augmenter. Quelles pourraient être les techniques les plus appropriées pour assurer cette analyse multi-échelles ? Compte tenu de la complexité du domaine, quels sont les éléments fondamentaux à prendre en compte et dans quel ordre, dans une stratégie par étapes ?

Première partie du projet de recherche quinquennal "AArteMIS" financé par le Conseil européen de la recherche (European Research Council, ERC), la présente étude doctorale est née de la volonté de trouver des réponses. Ce projet est réalisé dans le cadre de la collaboration entre :

 Le Centre d'Ingénierie et Santé de l'École Nationale Supérieure des Mines de Saint-Étienne, et en particulier le département STBio qui étudie la biomécanique des tissus mous.  Le Service de Chirurgie Cardiovasculaire de l'Hôpital de Saint-Étienne qui fournit les tissus humains frais en discussion et toute information clinique des patients informés, conformément à un protocole approuvé.  Le Laboratoire Sols-Solides-Structures-Structures-Risques du CNRS/Université de Grenoble qui apporte une grande expérience en analyse d'images tridimensionnelles de structures composites et fibreuses.  Le Laboratoire Hubert Curien de l'Université Jean Monnet de Saint-Étienne qui met à disposition des technologies et expertises d'imagerie microscopique pour l'étude.

Ce manuscrit présente le travail de doctorat et est structuré comme suit :

 Le chapitre 2 décrit le contexte clinique, micro-structurel et biomécanique, sur lequel repose l'étude. Un aperçu de l'état de l'art de la caractérisation microscopique et mécanique de l'aorte thoracique ascendante et de l'anévrisme de l'aorte est présenté et suivi par la littérature la plus récente qui traite des combinaisons des deux caractérisations dans les tissus artériels. Le chapitre se termine par une description des objectifs de la recherche, des principales hypothèses de travail et du cheminement des travaux.

 Le chapitre 3 décrit les premiers développements d'une procédure stable et contrôlée qui combine une imagerie dynamique et 3D de la structure fibreuse principale de l'aorte et un essai mécanique in situ imitant les conditions in vivo de l'aorte. Toute l'attention est concentrée sur la réalisation d'une analyse qualitative et quantitative cohérente de la morphologie du collagène fibreux de l'adventitia, de l'état de chargement faible à élevé. Les collagènes de l'adventitia sont considérés comme les acteurs majeurs, sur le plan mécanique, juste avant la rupture de l'anévrisme.
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Cette procédure permet d'étudier et de comparer l'aorte porcine, l'aorte non anévrismale humaine et l'anévrisme de l'aorte thoracique ascendante humaine.  Le chapitre 4 présente une application élargie de l'analyse quantitative de la morphologie des fibres de collagène de l'adventitia grâce à un travail conjoint avec d'autres membres de l'équipe dans lequel l'aorte porcine, l'aorte non anévrysmale humaine, l'anévrisme aortique ascendant humain et les artères carotides de lapin subissent différents scénarios de chargements et sont comparés en fonction des données de la caractérisation quantitative décrite dans le chapitre précédent.  Le chapitre 5 présente des développements supplémentaires à l'essai mécanique décrit au chapitre 3 ; la caractérisation micro-structurelle est temporairement mise de côté pour se concentrer sur la caractérisation mécanique de l'essai, auparavant négligée. Nous y concevons une méthode pour évaluer avec précision la contrainte locale pendant l'essai mécanique par une mesure à haute résolution de l'épaisseur locale initiale de la paroi.  Le chapitre 6 représente l'aboutissement de ce travail de doctorat sur lequel les méthodes présentées dans tous les chapitres précédents sont appliquées une à une sur les mêmes échantillons. De cette façon, nous pouvons rapporter une analyse spécifique au patient de la relation entre la structure microscopique fibreuse adventitielle du collagène mais aussi de l'élastine et la réponse mécanique macroscopique des anévrismes de l'aorte thoracique ascendante, de l'état non chargé à l'état sous chargement extrêmement élevé. De plus, nous proposons dans ce chapitre l'analyse des phénomènes qui se produisent lorsque la rupture se manifeste à l'échelle micro-structurelle par rapport à l'état mécanique macroscopique.  Enfin, une discussion générale détaille les principaux résultats et les limites du travail. Elle englobe des perspectives de développement prévues dans le cadre et à côté du projet de recherche "AArteMIS".

Des annexes sont jointes au manuscrit et fournit des informations supplémentaires sur la méthodologie ou des analyses complémentaires aux chapitres auxquels elles se réfèrent.

Tous les chapitres sont précédés d'un résumé, préambule, en français.

Préambule

Comme un vélo utilise une chaîne pour transmettre la puissance à sa roue arrière, le corps humain utilise l'aorte, et l'arbre artériel complet, pour fournir de l'oxygène et des nutriments aux cellules, ainsi que pour d'autres fonctions essentielles de transport dans le sang, sans lesquelles le corps ne pourrait pas fonctionner.

Les fonctions physiologiques cruciales du tissu aortique reposent sur sa structure hiérarchique à l'échelle microscopique. De fait, la paroi aortique est un matériau composite avec de nombreux constituants, architectures et interconnexions [START_REF] O'connell | The threedimensional micro-and nanostructure of the aortic medial lamellar unit measured using 3D confocal and electron microscopy imaging[END_REF]. De la lumière à la surface extérieure, la paroi aortique est composée de trois couches principales qui diffèrent largement en termes de composition et de fonction, à savoir les couches intima, media et adventitia. Les protéines structurales de la matrice extracellulaire, le collagène et l'élastine, représentent une grande partie des constituants, suivis par les cellules musculaires lisses et les constituants mineurs.

Cette composition hétérogène résulte en un comportement unique, qui permet au vaisseau de résister aux contraintes hémodynamiques induites par le volume sanguin systolique éjecté, de l'absorber comme énergie élastique et de libérer cette énergie pour assurer un écoulement sanguin continu. Cette phase de restitution est nécessaire pour conduire le sang à l'ensemble de la circulation systémique pendant la phase diastole et récupérer la configuration initiale, en attendant un nouveau cycle cardiaque. Les architectures en élastine et en collagène sont essentielles dans ce contexte : la première fournit l'élasticité, ou compliance, dont l'aorte a besoin pour absorber et libérer la quantité d'énergie appropriée en fonctionnement normal ; la seconde préserve l'intégrité structurelle de l'aorte en la protégeant des forces physiologiques les plus élevées ou accidentelles en l`empêchant de se déformer disproportionnellement. Dans les cas de parois pathologiques comme les anévrismes, cette dernière est solicitée dès des niveaux de pression physiologiques.

L'un des segments les plus critiques de l'aorte est l'aorte thoracique ascendante, juste en aval de la valve aortique cardiaque, qui est la première section de paroi qui doit traiter le flux sanguin puissant de l'éjection systolique. Il est donc compréhensible que la survenue d'anomalies microstructurales et de dysfonctionnements connexes puisse être à la fois fréquente et catastrophique. Pour des raisons d'accès aux tissus humains excisés lors de la chirurgie, nous nous sommes concentrés sur les anévrismes ascendants de l'aorte thoracique, dilatations permanentes et focales du segment en question qui a un processus virulent mais indolent. Ils se développent au fil des ans et peuvent atteindre des conditions fatales de rupture ou de dissection qui ont un taux de mortalité extrêmement élevé [START_REF] Elefteriades | Thoracic aortic aneurysm clinically pertinent controversies and uncertainties[END_REF]. Les particularités communes de la microstructure anévrysmale sont la désorganisation, l'incongruité ou l'absence de constituants à travers la paroi. De nombreuses recherches ont tenté de distinguer les effets de remodelage de l'anévrisme sur chaque constituant principal, malgré le défi de les distinguer des effets similaires de remodelage dû au vieillissement non anévrysmal et des effets de comorbidité [START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF].

Les changements physiologiques et pathologiques microstructuraux de l'aorte induisent directement des changements dans ses fonctions mécaniques. Il est donc fondamental d'améliorer la compréhension des propriétés mécaniques de l'aorte thoracique ascendante saine et malade et de ses micro-constituants, afin de mettre en évidence la relation structure/mécanique, qui ouvrira à terme sur la relation cause/effet et le domaine de la mécanobiologie. Régie principalement par les constituants de la matrice extracellulaire, la réponse contrainte-déformation des tissus aortiques est très non linéaire Thesis in Mechanics and Engineering Cristina Cavinato avec un raidissement caractéristique lorsque la charge augmente. La structure particulière à l'intérieur de la paroi entraîne une inhomogénéité tissulaire élevée et produit un comportement anisotrope. En outre, les tissus aortiques présentent un grand nombre d'autres caractéristiques, avec une attention particulière aux propriétés viscoélastiques et à l'incompressibilité [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF]. Chaque composant microstructural contribue par son comportement mécanique particulier ; par exemple, il est largement admis que l'architecture en élastine supporte les charges initiales plus faibles, alors que l'architecture en collagène, plus rigide, est progressivement recrutée et agit comme élément porteur majeur. Des essais macro-mécaniques ex vivo de nombreux types ont été et sont actuellement réalisés avec des aortes thoraciques ascendantes non anévrismales et anévrismales pour évaluer leurs propriétés mécaniques.

Ce qui précède soulève les questions suivantes : qu'a-t-il été fait jusqu'à présent pour clarifier la relation entre la structure microscopique et le comportement mécanique de l'aorte thoracique ascendante non anévrismale et anévrismale ?

Il existe très peu de preuves scientifiques sur le comportement normal des constituants microstructures aortiques dans le cadre de leurs tâches mécaniques dynamiques et encore moins sur les constituants remodelés par la maladie, la progression de la maladie et le stade dégénéré de la défaillance. L'émergence récente de nouvelles techniques d'imagerie, telles que la microscopie confocale multiphotonique, la micro-tomographie à rayons X et la tomographie par cohérence optique, rend enfin l'investigation possible aux échelles pertinentes. Ces techniques, au lieu de l'histologie classique, ne nécessitent aucune préparation et fixation avant l'imagerie, évitant ainsi l'altération des tissus et permettant l'observation interne non destructive des échantillons. Ces derniers peuvent ensuite être testés mécaniquement en simultané, in situ, avec l'imagerie pour capturer les changements dynamiques en temps réel.

Le but de ce chapitre est d'exposer les questions mentionnées ci-dessus, en passant en revue l'état actuel des connaissances avec un leitmotiv commun : la connaissance de l'aorte thoracique ascendante et de l'anévrisme aortique. Le fil conducteur de ce chapitre est le suivant :

 Analyse anatomique et physiologique de l'aorte thoracique ascendante et épidémiologique et physiopathologique de l'anévrisme de l'aorte thoracique ascendante avec un court aperçu de sa prise en charge et de son traitement chirurgical.  Analyse microstructurelle et constitutive de l'anévrisme de l'aorte thoracique ascendante. A ces niveaux, les imperfections ne sont pas simplement des désordres liés aux maladies. L'imperfection commune à tous les aortes thoraciques ascendantes non anévrismales est le vieillissement. Le remodelage dû au vieillissement occupe la première ligne de l'examen structurel et constitutif. Ensuite, l'analyse se concentre sur le remodelage dû à l'anévrisme de l'aorte thoracique ascendante.  Propriétés mécaniques et caractérisation expérimentale du tissu en ce qui concerne l'analyse du comportement ex vivo.  Les techniques d'imagerie qui permettent d'étudier l'état dynamique microstructurel induit par la charge sous analyse comparative ; une attention particulière est accordée aux études existantes sur les tissus artériels et aux mesures quantitatives obtenues par ces techniques.

Introduction

As a bicycle uses a chain to transmit power to its rear wheel, human body uses the aorta, followed by the complete arterial tree, to deliver oxygen and nutrients to the cells, as well as for other essential transport functions through the blood, without which the body could not work.

The crucial physiological functions of aortic tissue rely on the hierarchical micrometrical structure of its wall. In fact, the aortic wall is a composite material with numerous constituents, architectures and interconnections [START_REF] O'connell | The threedimensional micro-and nanostructure of the aortic medial lamellar unit measured using 3D confocal and electron microscopy imaging[END_REF]. From the lumen to the exterior surface, the aortic wall is composed of three major layers widely differing in terms of constituent composition and function, namely intima, media and adventitia layers. The extracellular matrix structural proteins, collagen and elastin, represent a large part of the constituents, followed by smooth muscle cells and minor constituents. This heterogeneous composition results in a unique behavior, which enables the vessel to resist hemodynamically-induced wall stresses due to the systolic ejected blood volume, absorb it as elastic energy and release this energy to maintain the continuous flow-driving pressure. The release is necessary to drive the blood to the whole systemic circulation during diastole and recover the original configuration, pending a new cardiac cycle. Elastin and collagen architectures are essential in this context: the first provides the compliance and elasticity which aorta needs to absorb and release the proper amount of energy; the second preserves the structural integrity against highest or accidental physiological forces, preventing it from disproportionate deformations. One of the most critical segments within the aorta is the ascending thoracic one, immediately after the heart aortic valve, which has to undergone the powerful blood flux of the systolic ejection. It is therefore understandable how the occurrence of microstructural abnormalities and related dysfunctions could be frequent and catastrophic at the same time. For access to excised fresh tissue, we focused on ascending thoracic aortic aneurysms, permanent and focal dilatations of this segment which has a virulent but indolent process. They develop over the years and may reach fatal conditions of rupture or dissection which have an extremely high mortality rate [START_REF] Elefteriades | Thoracic aortic aneurysm clinically pertinent controversies and uncertainties[END_REF].

Common features of aneurysmal microstructure are disorganized, incongruent or missing constituents across the wall. Numerous investigations tried to investigate the aneurysmal remodeling effects on each principal constituent, despite the challenge of distinguishing them from similar non-aneurysmal remodeling effects such as aging and comorbidities [START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF]. Physiological and pathological microstructural changes in the aorta directly induce changes in its mechanical functions. It is therefore fundamental to improve understanding of the mechanical properties of the healthy and diseased ascending thoracic aorta and their micro-constituents, in order to shed light on the structure/mechanics relationships, and subsequently on the cause/effect relationship in the context of mechanobiology. Governed mainly by the extracellular matrix constituents, the stress-strain response of aortic tissues is highly nonlinear with characteristic stiffening when the load increases. The particular structure within the wall results in extremely high tissue inhomogeneity and produces an anisotropic behavior. Furthermore, aortic tissues show a large number of further characteristics, with particular attention to viscoelastic properties and incompressibility [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF]. Each microstructural component contributes with its peculiar mechanical behavior; for instance, it is a widely held view that elastin architecture supports the lowest loads, whereas the stiffer collagen architecture is gradually recruited and acts as the major load bearing component at highest or over-physiological loads. Ex vivo macro-mechanical tests of numerous types Chapter 2 10 Thesis in Mechanics and Engineering Cristina Cavinato have been and are currently being conducted with non-aneurysmal and aneurysmal ascending thoracic aortas to assess their mechanical properties.

The above gives rise to the following questions: what has been done so far to clarify the relationship between the microscopic structure and the mechanical behavior of non-aneurysmal and aneurysmal ascending thoracic aorta? There is little scientific evidence about how aortic microstructural constituents normally behave in the course of their dynamic mechanical tasks and even less about the constituents remodeled by the disease, the disease progression and the degenerated stage of failure. The recent emergence of new imaging techniques, such as multiphoton confocal microscopy, X-ray micro-tomography and optical coherence tomography, makes such investigation finally feasible. These techniques, instead of classical histology, do not require any preparation and fixation before imaging, thus prevent tissue alteration and allow internal observation of intact specimens. The latter can then be mechanically tested with simultaneous imaging to capture real time dynamic changes.

The purpose of this chapter is to expound the issues mentioned above, going through the current stateof-the-art with a common leitmotif: the knowledge of the ascending thoracic aorta and aortic aneurysm. A single thread runs through the chapter as follows:

 Anatomical and physiological analysis of the ascending thoracic aorta and epidemiological and physiopatological analysis of the ascending thoracic aortic aneurysm with a short view of its management and surgical handling.  Microstructural and constitutive analysis of the ascending thoracic aorta. At these levels, imperfections are not simply disease disorders and the common imperfection for all nonaneurysmal ascending thoracic aortas is aging; remodeling due to aging has a front-row place in the structural and constitutive examination. Then, the analysis focuses on the remodeling due to the ascending thoracic aortic aneurysm.  Mechanical properties and experimental characterization of the tissue with regard to ex vivo behavior analysis.  Imaging techniques which allow the investigation of the microstructural dynamic loadinduced state under comparative analysis; particular attention is given to the existing studies on arterial tissues and quantitative measurements obtained from these techniques.

The conclusive part seeks to complete this state-of-the-art chapter and present the project at the root of the present thesis. The governing questions which pushed us to the investigation and the methodologies developed to achieve the goals presented here are put together as a vision of the totality.

Anatomy and physiopathology

Arterial system

The arterial system consists of a number of blood vessels with the principal functions of blood transport from the heart to all the body, delivery oxygen and nutrient to the cells, removal of carbon dioxide and waste products and circulation of many fundamental molecules for the activities of all organs and tissues. The arterial system is divided into systemic arteries and pulmonary arteries. Systemic arteries are a portion of the system that transports oxygenated blood away from the heart to the whole organism, pulmonary arteries transport deoxygenated blood from the heart to the lungs.

Chapter 2

Cristina Cavinato

Thesis in Mechanics and Engineering 11 Systemic arteries (Figure 2.1 a) normally run through a common connective sheath, with nerves and veins, and shielded by bone and muscular structures. They can be categorized into two groups according to their wall composition in terms of muscular cells and connective constituents: muscular and elastic arteries. Another possible categorization is the diameter, from the large, to the medium and the small calibers. A gradual decrease in diameter takes place by moving away from the heart and forming collateral branches. In facts, blood leaving the left ventricle of the heart via the aortic valve enters the root systemic artery called aorta. From the aorta it travels through aorta branches becoming peripheral arteries which branch out into smaller arteries and finally to arterioles. Larger arteries are normally elastic arteries, whereas the smallest ones are often muscular arteries. The latter in fact need the regulated contraction of their smooth muscle cells for regulating blood pressure and delivering the blood to the capillaries.

Aorta and ascending thoracic aorta

The aorta is a root systemic artery in the aortic system with a total length of about 30-40 cm and a normal mean diameter of about 3 cm [START_REF] Itani | Measurement of aortic diameters and detection of asymptomatic aortic aneurysms in a mass screening program using a mobile helical computed tomography unit[END_REF]. From its origin that corresponds to the aortic valve, the aorta is directed obliquely to the right, forwards and upwards. From this point it is known as ascending thoracic aorta (ATA) and enveloped in a pericardial sheath, alongside and twisted around the pulmonary trunk. Then it loops back creating the aortic arch, looping over the bifurcation of the pulmonary trunk, the left pulmonary artery, the left main bronchus and nerves, and heads firstly backwards to the left and then vertically down. The upper part of the aortic arch gives rise to three principal branches: the brachiocephalic trunk, the common carotid artery, and the left subclavian artery. The aorta then continues its path vertically starting at the level of the forth thoracic vertebra and ending with the medial sacral artery and the common iliac arteries at the level of the forth lumbar vertebra. The descending segment is commonly subdivided in descending thoracic artery and abdominal artery, between which the limit is the diaphragm. The descending aorta has many branches in succession, which are both parietal and visceral branches [START_REF] Netter | SPEC -Atlas of Human Anatomy[END_REF].

Focusing on the context on the thesis, the ascending thoracic aorta (Figure 2.1 b) is the segment of about 5 cm that begins at the aortic root. It can be segmented in 2 parts: the oblique section and the vertical section. In the oblique section, there are three anatomic dilatations just above the aortic valve and corresponding to the three leaflets of the aortic valve called aortic sinuses. From these sinuses two arterial branches which feed blood to the heart muscle arise: the left and the right coronary arteries begin respectively from the left posterior and the anterior sinus, whereas the right posterior sinus is usually a non-coronary sinus. Where the aortic sinuses end, a point called sinotubular junction, the aorta becomes and continues as a veritable tubular structure. The oblique segment lies entirely in the pericardium which mediates the contact with other structures. The latter are: conus arteriosus of the right ventricle, pulmonary trunk and right auricle (right atrium appendage) anteriorly; remains of the thymus, right pulmonary pleurae of the anterior margin of the right lung and some free areolar tissue anteriorly upwards; right atrium at the right; pulmonary trunk at the left and left atrium and right pulmonary artery posteriorly. In particular, the oblique section of the ascending aorta and pulmonary trunk are enveloped strongly together by the serous pericardium, which includes also a dense and tough connective tissue [START_REF] Testut | Trattato di anatomia umana[END_REF]. Because of this strong connection, authors called this part as vincula and interpreted it as a compliance chamber of the aorta during the cardiac cycle which enhances cardiac reinforcement during systole and diastole [START_REF] Rindfleisch | Ueber klammerartige Verbindungen zwischen Aorta und Pulmonalarterie (Vincula aortae)[END_REF]. In addition,

Cristina Cavinato Thesis in Mechanics and Engineering 13 around 3.35 cm [START_REF] Mccomb | Normative reference values of thoracic aortic diameter in American College of Radiology Imaging Network (ACRIN 6654) arm of National Lung Screening Trial[END_REF]. The upper limit in the normal reference range can reach 4.1 cm among elderly individuals with an elevated body mass index. Female ATAs generally have lower diameters [START_REF] Wolak | Aortic size assessment by noncontrast cardiac computed tomography: normal limits by age, gender, and body surface area[END_REF]. A comprehensive scheme of diameter variations in thoracic aorta was reported by Goldfinger et al. and is shown in Figure 2.2.

In the average, a thoracic aortic diameter higher than 3.5 cm is considered dilated, whereas a diameter higher than 4.5 cm is generally stated as pathological with the name of the thoracic aortic aneurysm [START_REF] Nelson | Thoracic Aneurysm: Background, Pathophysiology, Epidemiology[END_REF].

Figure 2.2 Normal diameter in thoracic aorta. Variations due to sex and imaging modalities are considered. F = female; M = male; CMR = cardiac magnetic resonance; Echo = echocardiography [START_REF] Goldfinger | Thoracic Aortic Aneurysm and Dissection[END_REF].

Ascending thoracic aortic aneurysm within the major diseases

Diseases targeting ascending thoracic aorta are various, with many co-morbid conditions that can lead or be associated to them (Table 2.1). At present, aortic aneurysm is one of the major pathological conditions which concern public health. Aneurysms manifest as a permanent bulging in a weakened area of the aorta and can affect both thoracic and abdominal sections of the aorta, thereby classified into thoracic aortic aneurysm (TAA) and abdominal aortic aneurysm (AAA) respectively. Thoracic aneurysms are the second most common type after the abdominal aortic aneurysm and their rupture is one of the principal causes of vascular disease-related death, accounting for an annual ageand sex-adjusted incidence of 3.5 per 100,000 people. Anatomically, these aneurysms are ascending thoracic aortic aneurysm (ATAA) in 85% of the cases [START_REF] Clouse | Acute aortic dissection: population-based incidence compared with degenerative aortic aneurysm rupture[END_REF].
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Table 2.1 Principal ATA diseases and co-morbid condition summarized in [START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF]. The mortality rate from thoracic aortic rupture is extremely high, i.e. 97% to 100% [START_REF] Johansson | Ruptured thoracic aortic aneurysms: a study of incidence and mortality rates[END_REF] and surgical repair by resection with a prosthetic graft is the current therapy for this pathology (Figure 2.3). At present, there is no critical trigger factor that permits to predict impending rupture, therefore most operative interventions are usually done when ATAA orthogonal diameter surpasses 55 mm [START_REF] Svensson | Aortic valve and ascending aorta guidelines for management and quality measures[END_REF], when the rate of growth exceeds 0.5 cm/year [START_REF] Boodhwani | Canadian Cardiovascular Society position statement on the management of thoracic aortic disease[END_REF] and/or when aneurysm-associated symptoms occur [START_REF] Lobato | Predictive factors for rupture of thoracoabdominal aortic aneurysm[END_REF][START_REF] Ramanath | Acute aortic syndromes and thoracic aortic aneurysm[END_REF]. Thoracic aneurysms are more common in men. According to a study published by Olsson et al. including 14000 subjects during a 16-year period, individuals diagnosed with thoracic aortic aneurysm or dissection are about 62% men and 38% women with a mean age at diagnosis of 70 ± 12 years [START_REF] Olsson | Thoracic aortic aneurysm and dissection: increasing prevalence and improved outcomes reported in a nationwide population-based study of more than 14,000 cases from 1987 to 2002[END_REF]. However, prognosis of thoracic aneurysms is more problematic in women because they are more likely to experience dissection or rupture, and particularly at smaller aneurysm sizes [START_REF] Pape | Aortic diameter >or = 5.5 cm is not a good predictor of type A aortic dissection: observations from the International Registry of Acute Aortic Dissection (IRAD)[END_REF] independently from the body size [START_REF] Davies | Novel measurement of relative aortic size predicts rupture of thoracic aortic aneurysms[END_REF]. In fact, the aneurysmal growth rate seems similar in men and women among heritable thoracic aneurysms but female sex is strongly associated to a greater aneurysm growth rate among degenerative aneurysms [START_REF] Cheung | Thoracic Aortic Aneurysm Growth: Role of Sex and Aneurysm Etiology[END_REF].

Disease

At the same time it should be underlined that there is a high incidence of aortic dilatation, aneurysm and dissection in patients with bicuspid aortic valve (BAV), a congenital anomaly affecting 1% to 2% of the population, more than all other congenital cardiac disease combined [START_REF] Fedak | Clinical and pathophysiological implications of a bicuspid aortic valve[END_REF][START_REF] Ward | Clinical significance of the bicuspid aortic valve[END_REF]. The presence of a BAV, in fact, increases the risk of developing an ATAA at least 10-15 years earlier than the more common cases of tricuspid valve (TAV) [START_REF] Phillippi | Mechanism of Aortic Medial Matrix Remodeling is Distinct in Bicuspid Aortic Valve Patients[END_REF]. Aneurysm and dilatation of the ascending thoracic aorta were found in 10-35% of patients with BAV undergoing surgical operations or necropsy [START_REF] Cecconi | Aortic dilatation in patients with bicuspid aortic valve[END_REF]. [START_REF] Goldfinger | Thoracic Aortic Aneurysm and Dissection[END_REF]. Thesis in Mechanics and Engineering Cristina Cavinato

Management and surgery of ascending thoracic aortic aneurysm

Controling risk factors is the primary aspect in the management of ATAA patients. Patients are recommended to circumvent isometric exercises, physical and emotional stresses and smoking and they are treated to control hypertension to the lowest recommended aortic pressure. Stressors may cause severe changes in pressure and enhance the ATAA growth and dissection. Some pharmacological ways are followed to reduce the dilatation over time. The use of β-blockers for ATAAs is a standard for MFS and common for other ATAAs to reduce the growing rate and their use in developed dissections increases survival. Nevertheless, they are suspected to increase stiffness, cause harm and side effects in the long-term [START_REF] Elefteriades | Thoracic aortic aneurysm clinically pertinent controversies and uncertainties[END_REF]. Angiotensin II receptor blockers inhibit TGF-β and are also used to reduce the growing rate with a benefit which does not appear to be related to blood pressure reduction [START_REF] Jovin | Comparison of the effect on long-term outcomes in patients with thoracic aortic aneurysms of taking versus not taking a statin drug[END_REF]. Then, angiotensin-converting enzyme inhibitors block the conversion from angiotensin I to II and are considered as a good pharmacological approach, as some other inhibitors which are being studied.

The principal measurement followed in ATAA patients is the aortic diameter and, at the moment when it reaches the critical threshold, surgical intervention for elective repair is usually scheduled. On the basis of the statistics of complications and deaths associated with surgery, researchers found that the risk of ATAA rupture or dissection sharply increases with a diameter higher than 6 cm [START_REF] Elefteriades | Natural history of thoracic aortic aneurysms: indications for surgery, and surgical versus nonsurgical risks[END_REF]. The medical community in general took as reference threshold the diameter of 5.5 cm [START_REF] Hiratzka | ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients with Thoracic Aortic Disease: a report of the American College Bibliography Cristina Cavinato Thesis in Mechanics and Engineering 203 of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines[END_REF]. Only the diameter threshold is not enough to manage all situations, and there are other recommendations from different guidelines to consider (Table 2.2). Open repair is the standard for patients which match the criteria of the precedent table. Several procedures exist and are chosen on the basis of the specificity of the aneurysm and the patient; they consist in replacing the ascending aorta with the aortic root with a synthetic (i.e. Dacron or Gore-Tex) graft and, in some cases, the valve with an autograft, bioprosthetic or mechanical graft. [START_REF] Erbel | ESC Guidelines on the diagnosis and treatment of aortic diseases: Document covering acute and chronic aortic diseases of the thoracic and abdominal aorta of the adult. The Task Force for the Diagnosis and Treatment of Aortic Diseases of the European Society of Cardiology (ESC)[END_REF] and 2010 ACC/AHA [START_REF] Hiratzka | ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients with Thoracic Aortic Disease: a report of the American College Bibliography Cristina Cavinato Thesis in Mechanics and Engineering 203 of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines[END_REF], which some differences between the guidelines.

Associated conditions

Threshold of aortic root diameter Degenerative > 5.5 cm ascending aorta or growth > 0.5 cm/yr BAV > 5.5 cm > 5.0 cm with a risk factor (family history of aortic dissection, growth > 0.5 cm/yr or performed by experienced team, indexing diameter by body size (2010 ACC/AHA) or > 0. et al., 2008). It has the structure of a general elastic artery, which permits the distensibility in response to each heart pulse and maintains relatively constant the arterial pressure despite the variation during the cardiac cycle [START_REF] Shadwick | Mechanical design in arteries[END_REF].

Nature of aortic constituents

The extracellular matrix (ECM) proteins collagen and elastin represent a large part of the aortic wall.

Researchers reported percentages of 22-33% v/v of elastin and 18-31% v/v of collagen in thoracic aorta, which become 23-30% v/v and 36-45% v/v, respectively, in infrarenal aorta. Smooth muscle cells are other fundamental elements and form the most abundant cellular type of the aortic wall (e.g. 23% v/v of the total in infrarenal aortas). Other common constituents are the ground substances of the wall and in particular the glycosaminoglycans (e.g. 15% v/v of the total in infrarenal aortas) [START_REF] He | The composition and mechanical properties of abdominal aortic aneurysms[END_REF][START_REF] Humphrey | Mechanics, mechanobiology, and modeling of human abdominal aorta and aneurysms[END_REF].

Collagen

Collagen is the most abundant protein of the organism and the main protein of the connective tissue; it is a long, fibrous structural protein composed in a hierarchical organization. At a first level, the tropocollagen molecule is made of 3 polypeptide left-handed helixes (α-chains), twisted together in a right-handed triple helix. Molecules can be homotrimetric, if the three α-chains are identical, otherwise they are heterotypic. Hydrogen bonds and covalent cross-links stabilize the structure. Its size is about 300nm in length and 1.5 nm in diameter. At a second level, several tropocollagen molecules commonly aggregate together to create semi-crystalline masses which are collagen fibrils. Collagen fibrils are characterized in their appearance by a sequence of bands with an axial periodicity of 64-68 nm (Dperiod) and have a diameter of about 80 nm [START_REF] Tzaphlidou | Effect of lithium administration on collagen and breaking pressure of the rat thoracic descending aorta[END_REF]. Cross-links between the fibrils stabilize the structure and provide stiffness to the aortic wall. Finally, at a third level, bundles of fibrils form collagen fibers (Figure 2.4). Collagen denotes a family of proteins and so far 29 types of collagen have been identified, but over 90 % of the human collagen is of type I, II, III, IV and V.

The differences are due to the assembly of the α-chains, the length of the helixes, breaks in the helixes and different terminations of the helical domain. Collagen types could be subdivided into three subfamilies based on the possibility to form fibrils because of the particular polypeptide sequences of their α-chains. The first group is the fibril-forming collagen, as they can form banded fibrils; in this group there are the types I, II, III, V and XI. The second group is the fibril-associated collagen with a

Take-home message

 ATAA is a severe disease and its rupture has an extreme potential lethal risk.  Many co-morbid conditions that can lead or be associated to ATAA.

 Elective surgical repair is based mostly on ATAA size and growth rate. Thesis in Mechanics and Engineering Cristina Cavinato triple helix interrupted by non-collagenous sequences and this collagen is associated with the surface of collagen of the first group. It includes collagen type IX, XII, XIV and XVI. The third group contains all the non fibrillar collagen as type IV, VIII and X. Aortic collagen is mainly of type I and type III, which form 80-90% of the total aortic collagen. Also collagen of types IV, V, VI and VIII are present in small quantities. The characteristics of the principal aortic collagen types are summarized in Table 2.3. The first two types are contained in all aorta where they are the principal ones. The ratio between collagen type I and type III was reported to be about 74/26 in the whole abdominal aorta [START_REF] Menashi | Collagen in abdominal aortic aneurysm: typing, content, and degradation[END_REF]. It should also be highlighted that the quantities of collagen and the collagen types vary in dependence of position along the aorta, age, sex and pathologies [START_REF] Berillis | The Role of Collagen in the Aorta's Structure[END_REF]. In particular, it was reported that the ascending aorta collagen I and III are contained equally in the entire wall, whereas in abdominal aorta collagen I is more present in the external part of the wall and collagen III is more present in the internal part.

In fibril-forming collagens, inter-fibril cross-links create an action of stabilization and stiffening of the collagen fiber. Because of this stability, collagen I and III play a fundamental role in the integrity of the aorta.

Types IV and VIII are found essentially in endothelial and basement membranes, whereas collagen V is contained in media and basement membrane and collagen VI is located as connector between elastic lamellae and basement membrane, or between smooth muscle cells and other matrix structures [START_REF] Wagenseil | Vascular extracellular matrix and arterial mechanics[END_REF]. Chapter 2
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Table 2.3 Supramolecular structures formed by the common collagen types in aorta. α-chains are identified by the nomenclature αn(N), where n is the number of the α-chain and N is the collagen type [START_REF] Singh | Human pathogens utilize host extracellular matrix proteins laminin and collagen for adhesion and invasion of the host[END_REF].

Elastic fibers, elastin and microfibrils

The structural protein elastin is likewise included in higher level structures named elastic fibers. The elastic fiber is formed from an amorphous crosslinked elastin core and microfibrils (i.e. fibrillin, fibulins, microfibrils associated glycoproteins and emilin-1) which form a scaffold that surrounds and assemblies elastin. Elastic fibers are the principal ECM structures which provide elasticity to the human tissues and are made of elastin and microfibrils.

Because of the key role of the elastin core and for reason of simplification, elastic fibers are often simply referred to as elastin fibers by many authors and also in this manuscript.

The functional protein elastin comes from several steps of maturation which provide a really stable molecule, crosslinked in a similar way as collagen. The main difference between the cross-links of the two proteins consists in their number, because collagen has 1-4 cross-link per unit of collagen and elastin has 10-20 crosslinks per unit of elastin: elastin is then a really stable structure which allows (i) the random recoiling of the elastic fibers as opposed to the more aligned, strand-like structure of collagen and (ii) a long life of the protein (Figure 2.5). Microfibrils are filaments of the glycoprotein fibrillin with a diameter of 10-15 nm and permit the assembly of elastin [START_REF] Ross | Histology: A Text and Atlas : with Correlated Cell and Molecular Biology[END_REF].

The entire organization allows elastic fibers to elongate when subjected to a stretching force and to recoil otherwise, as illustrated in Figure 2.5. Thesis in Mechanics and Engineering Cristina Cavinato 

Smooth muscle cells

Vascular Smooth Muscle Cells (SMCs) are spindle shaped cells and, due to their contractile nature, give the media wall a basal tone [START_REF] Robertson | Mechanobiology of the Arterial Wall[END_REF]. Each VSMC has a frame made of a contractile apparatus consisting in actin and myosin filaments enveloped in a non-muscle cytoskeleton. The cytoskeleton consists, in major part, of actin filaments, which interact with dense bodies in the cytoplasm, smooth muscle myosin, in which a chemical process initiates the contraction, and intermediate filaments, an insoluble network which maintains the three-dimensional integrity. The dense bodies contain α-actin and bind actin filaments of the contractile apparatus. The fundamental mechanism of SMCs is the contraction and takes place when electrical depolarization stimuli activate myosin filaments; the latter row along the filaments of actin and generate tension with the effect of shortening the cell [START_REF] Draeger | The cytoskeletal and contractile apparatus of smooth muscle: contraction bands and segmentation of the contractile elements[END_REF][START_REF] Kim | Cytoskeletal remodeling in differentiated vascular smooth muscle is actin isoform dependent and stimulus dependent[END_REF]. The principal factors which influence the process of contraction are the activity of myosin, the availability of actin and also the cytoskeletal actin remodeling [START_REF] Saphirstein | Cortical actin regulation modulates vascular contractility and compliance in veins[END_REF]. SMCs follow in general a circumferential alignment but they can change in dependence of the forces applied to the wall.

Each SMC expresses matrix proteins, as collagen and elastin, enzymes involved in the ECM catabolism, in particular matrix metalloproteinases (MMPs), in response to the cyclic strain and cytokines, as transforming growth factor TGF-β1.

Ground substance

The ground substance is made of three principal groups: glycosaminoglycans (GAGs), proteoglycans (PGs), and glycoproteins. They allow the inter-cellular communication and control the homeostasis of the tissue. Proteoglycans are a group of complex molecules in which a core multidomain protein is surrounded and covalently bounded to GAGs, chains of many repeated disaccharides. GAGs and PGs are found to be essential for a functional and a structural integrity of the aorta: they generate a swelling pressure which enables the matrix to withstand compressive forces [START_REF] Lanzer | Pan Vascular Medicine: Integrated Clinical Management[END_REF]. Glycoproteins provide binding sites that link the ECM and cells [START_REF] Ross | Histology: A Text and Atlas : with Correlated Cell and Molecular Biology[END_REF]. On a final note, supramolecular assembly of elastin and collagen and the interfacial interaction between this proteins and cells require the interaction with a large range of this ground macromolecules (Figure 2.6), and also physical interactions and cross-links [START_REF] Muiznieks | Molecular assembly and mechanical properties of the extracellular matrix: A fibrous protein perspective[END_REF].

Chapter 2

Cristina Cavinato

Thesis in Mechanics and Engineering 21

Figure 2.6 Proteoglycans regularly positioned along collagen fibrils in tunica media (7•10 5 x) [START_REF] Dingemans | Extracellular matrix of the human aortic media: an ultrastructural histochemical and immunohistochemical study of the adult aortic media[END_REF].

Aortic microstructure

In its thickness, the aortic wall is composed of three principal layers, called also tunicae, which vary in composition and function. From the lumen to the exterior surface these layers are: intima, media and adventitia (Figure 2.7 and Figure 2.8). The three layers show a varying thickness in different point of the aorta. Average thickness measurements from histological sections are 1.6 -1.7 mm for the thoracic aorta and 1.4 -1.5 mm for the infrarenal aorta (i.e. low descending abdominal aorta) [START_REF] Humphrey | Mechanics, mechanobiology, and modeling of human abdominal aorta and aneurysms[END_REF]. In thoracic aorta intima, media and adventitia occupy in percentage 6, 76 and 18%, respectively; in infrarenal aorta these percentage are 20, 47 and 33% [START_REF] Holzapfel | Layer-specific 3D residual deformations of human aortas with non-atherosclerotic intimal thickening[END_REF][START_REF] Humphrey | Mechanics, mechanobiology, and modeling of human abdominal aorta and aneurysms[END_REF][START_REF] Khanafer | Determination of the elastic modulus of ascending thoracic aortic aneurysm at different ranges Bibliography Cristina Cavinato Thesis in Mechanics and Engineering 205 of pressure using uniaxial tensile testing[END_REF].

Figure 2.7 Idealized architecture of a healthy elastic artery as the aorta, composed of intima, media and adventitia. Modified from [START_REF] Gasser | Hyperelastic modelling of arterial layers with distributed collagen fibre orientations[END_REF] with thickness values obtained from histology [START_REF] Humphrey | Mechanics, mechanobiology, and modeling of human abdominal aorta and aneurysms[END_REF].

The specificity of the tunicae is generally given by the different amount and arrangement of their cellular and extracellular constituents.
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The tunica intima is the thinnest layer and contains a single layer of endothelial cells, oriented axially (with the long axis of the aorta). It sits on a more internal basal membrane and a subendothelial layer [START_REF] Wagenseil | Vascular extracellular matrix and arterial mechanics[END_REF]. The internal basal membrane is a thin layer composed of the extracellular structural protein collagen and ground substances; the subendothelial layer is a sheet that can be indistinguishable as really thick if compared to the intima dimension and containing mostly collagen but also thin isolated smooth muscle cells and the extracellular structural protein elastin.

Collagen is oriented non-uniformly through the thickness in a multilayer structure, where each layer has different collagen families but they show a large deviation from their average orientations. The tunica media consists in lines of muscoloelastic fascicles (i.e. elastin and smooth muscle cells) and the tunica intima is a distinct pale layer than the media (top). Modified from [START_REF] Halushka | Consensus statement on surgical pathology of the aorta from the Society for Cardiovascular Pathology and the Association For European Cardiovascular Pathology: II. Noninflammatory degenerative diseasesnomenclature and diagnostic criteria[END_REF].

The tunica intima is separated from the tunica media by the internal elastic lamina, a fenestrated elastic layer that is difficult to distinguish from the media and acts as barrier to the migration of smooth muscle cells.

The tunica media is the thickest layer and is mainly composed of smooth muscle cells, macrophages, mast cells and extracellular matrix with its structural proteins elastin and collagen. Smooth muscle cells and elastin create together concentric structures, which are the repetition of structural and functional units called Medial Lamellar Units (MLU) or also muscoloelastic fascicles. The tunica media consists in a series of concentric MLU, with a single MLU thickness of about 14 µm, independently of the radial position. A MLU is made of two parallel circumferentially-oriented (perpendicular to the long axis of the aorta) thick lamellae of elastin which present rounded fenestration and enclosed smooth muscle cells. These lamellae have a fibrous surface and periodic pores. The number of lamellae varies around the circumference and in the length of the aorta, being slightly fewer in the posterior side closest to the spine in comparison with the anterior side, and 64-72

a) b)
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Thesis in Mechanics and Engineering 23 in thoracic aorta compared to 17-37 in infrarenal aorta [START_REF] Humphrey | Mechanics, mechanobiology, and modeling of human abdominal aorta and aneurysms[END_REF]. A dense network of interlamellar elastin fibers that protrudes in the radial and circumferential directions and thick radial struts are present between the smooth muscle cells and connect them to the lamellae.

Collagen is also present in this structure as compact fibers which are closely associated with the elastic lamellae but also as disorganized fibers which fill the inter-unit spaces. Collagen fibers are generally organized in fiber bundles elliptically structured and parallel to each other, permitting a high packing capacity. Elastin, collagen, smooth muscle cells and other proteins seem to create together fibrous helixes almost circumferentially aligned, but some authors reported also that collagen bundles are independent of elastin and smooth muscle cells, lacking direct connection [START_REF] O'connell | The threedimensional micro-and nanostructure of the aortic medial lamellar unit measured using 3D confocal and electron microscopy imaging[END_REF].

The tunica media is separated from the tunica adventitia by the external elastic lamina which is similar to internal elastic lamina, the limit between intima and media.

Finally, the tunica adventitia is composed almost exclusively of extracellular matrix and its collagen, with also fibroblasts and fibrocytes and a network of small blood vessels which supply the wall itself.

Collagen is organized almost completely in thick bundles, as result of the aid of ground substances of the extracellular matrix, i.e. GAGs, proteoglycans, and glycoproteins which attach to the bundles. These bundles form helixes and seem to be organized in two main families with a large deviation from the mean orientation of each family. Some elastic fibers are present in the adventitia layer but are very different from those of the media. They were reported as ribbons, tangled and twisted, with sporadic branches [START_REF] Carnes | Conformation of aortic elastin revealed by scanning electronmicroscopy of dissected surfaces[END_REF]. Because of its vascular network, the adventitia could be a principal site of vascular inflammation [START_REF] Wagenseil | Vascular extracellular matrix and arterial mechanics[END_REF]. The adventitia finally is in a continuum with the surrounding connective tissue of the aorta [START_REF] Gasser | Hyperelastic modelling of arterial layers with distributed collagen fibre orientations[END_REF][START_REF] Sakalihasan | Abdominal aortic aneurysms[END_REF].

With regard to the principal collagen types listed in section 2.4.1.1, Murrata et al. reported that collagen type I is the predominant type in all aortic layers while collagen type III is more common in the media than in the other layers [START_REF] Murata | Collagen types in various layers of the human aorta and their changes with the atherosclerotic process[END_REF]. In the adventitial layer, focus of the present thesis, these two collagen types are well recognizable, as their fibers are organized in large bundles, revealed by the microscopy technique used along this study; moreover, this organization has seen to vary regularly from an undulated to a straighter configuration during the cardiac cycle.

Microstructure remodeling with age

Changes due to aging in elastic arteries as aorta are characterized by an increase in diameter (of about 0.15 mm/year [START_REF] Turkbey | Determinants and normal values of ascending aortic diameter by age, gender, and race/ethnicity in the Multi-Ethnic Study of Atherosclerosis (MESA)[END_REF]) and continuing increase in thickness, causing a hypertrophic remodeling in the outer direction [START_REF] Xu | Age-related Impairment of Vascular Structure and Functions[END_REF].

From the constituent point of view, the number of smooth muscle cells progressively decreases with age. A study reported a variation from 113.5 per 100 mm 2 in a fetal group, to 7.8 per 100 mm 2 in a 71 -80 years' age group [START_REF] Alex | Microanatomical study of age changes in tunica media of ascending aorta[END_REF]. Also collagen and elastin quantities vary because of aging progression. Collagen concentration seems to increase and hence to increase the stiffness of ATA and aorta in general. A study showed the effect of age in thoracic aortas in normotensive patients in a range between 14 and 90 years: collagen concentration was 72% (mg/mg dry weight) more at the age of 90 than at the age of 14. Specifically, the adventitia seems to be undergo a thickening due to the deposition of collagen [START_REF] Cattell | Age-related changes in amounts and concentrations of collagen and elastin in normotensive human thoracic aorta[END_REF]. However, the authors reported this trend was weaker in ascending thoracic aorta, and stronger in the Thesis in Mechanics and Engineering Cristina Cavinato descending regions. Others were in agreement with the increasing concentration [START_REF] Myers | Some chemical changes in the human thoracic aorta accompanying the aging process[END_REF] or showed a non-statistically significant increasing trend in ATA [START_REF] Andreotti | Aortic connective tissue in ageing--a biochemical study[END_REF] or no significant trend [START_REF] Hosoda | Age-dependent changes of collagen and elastin content in human aorta and pulmonary artery[END_REF]. Based on the study of Cattell et al., the effects of advancing age in elastin result in the fact that its amount is decreased and its concentration is increased at the age of 90 compared to the situation at the age of 14 [START_REF] Cattell | Age-related changes in amounts and concentrations of collagen and elastin in normotensive human thoracic aorta[END_REF]. Even in this case the trend was weaker in the ascending aorta compared to the rest of the aorta. In accordance with the lower amount, it is known that elastin is produced principally during the development and it normally has a half-life of about 40 years in human, after which its quantity decays [START_REF] Arribas | Elastic fibres and vascular structure in hypertension[END_REF]. Their results were in contrast with more than one study which reported above all a decreased concentration at higher ages. They described a decrease of 37% in elastin concentration in ATA at similar ages [START_REF] Hosoda | Age-dependent changes of collagen and elastin content in human aorta and pulmonary artery[END_REF], that was seen also if only the medial-intimal layers were analyzed [START_REF] Halme | Elastin and collagen in the aortic wall: changes in the Marfan syndrome and annuloaortic ectasia[END_REF], or non-statistically significant decrease in another case [START_REF] Andreotti | Aortic connective tissue in ageing--a biochemical study[END_REF]. Generally, they suggested that the decrease in concentration was due to the increase of the other components and in particular of collagen, in agreement with the outcomes of collagen.

In both cases of collagen and elastin, the highest concentration variation takes place noticeably after the age of 45-50 [START_REF] Halme | Elastin and collagen in the aortic wall: changes in the Marfan syndrome and annuloaortic ectasia[END_REF][START_REF] Myers | Some chemical changes in the human thoracic aorta accompanying the aging process[END_REF]. It important to note that the total amounts of this matrix proteins fall with age, and this is coupled with the rise of fat tissue and extracellular material as calcium [START_REF] Cattell | Age-related changes in amounts and concentrations of collagen and elastin in normotensive human thoracic aorta[END_REF]. Moreover, in the aging progress, calcifications and formations of further cross-links because of glycation end-products (AGEs) increase the stiffness of elastin and more importantly collagen [START_REF] Greenwald | Ageing of the conduit arteries[END_REF].

Taking into account the subdivision in the three different layers of the aorta, the previous observations on the molecular components can be expanded. Concerning the inner part, the migration of SMCs from the media layer and the increase in extracellular subendothelial contents cause the intima to thicken; this thickening is less visible in ATA then in the distal aorta [START_REF] Glagov | Mechanical functional role of non-atherosclerotic intimal thickening[END_REF][START_REF] Movat | The Diffuse Intimal Thickening of the Human Aorta with Aging[END_REF].

Lamellae of elastin in tunica media experience a progressive fragmentation with aging, whereas remodeled collagen occupies the space between the fragmented elastin. The causes of this fragmentation may be mechanical due to the cardiac cycle (fatigue) [START_REF] Fonck | Effect of aging on elastin functionality in human cerebral arteries[END_REF] or cellularenzymatic (i.e. Ang II, TGF-β1, MMP activities) [START_REF] Wang | Chronic matrix metalloproteinase inhibition retards age-associated arterial proinflammation and increase in blood pressure[END_REF], and in both cases there could be genetic or environmental origins. The SMCs in aged aortas produce more MMPs, which was seen to stimulate the SMC migration and to create products which increase the fragmentation of the elastic fibers [START_REF] Pratt | Arterial elastic fiber structure. Function and potential roles in acute aortic dissection[END_REF]. Overall, the ATA medial thickness does not show a significant change with age but only a weak increasing trend [START_REF] Virmani | Effect of aging on aortic morphology in populations with high and low prevalence of hypertension and atherosclerosis. Comparison between occidental and Chinese communities[END_REF]. Adventitia in aging is a site of immune response and likely to be subjected to inflammation due to the higher quantity of T-cells. It has been seen that in general the deposition of collagen I and III is increased in adventitia by the activity of the fibroblasts, but elastin does not change [START_REF] Patel | Characteristics of coronary smooth muscle cells and adventitial fibroblasts[END_REF]. This collagen seems to be more stretched compared to adventitial collagen of young subjects, and coupled with calcifications [START_REF] Fleenor | Arterial stiffening with ageing is associated with transforming growth factor-β1-related changes in adventitial collagen: reversal by aerobic exercise[END_REF][START_REF] Urabe | Structural analysis of adventitial collagen to feature aging and aneurysm formation in human aorta[END_REF]. Moreover, fibers appear in an irregular arrangement in media of ATA. The number of crosslinks within collagen of specific type increases with age, sometimes due to the accumulation of end-products of the glycation [START_REF] Hoshino | Quantitation of the crosslinks, pyridinoline, deoxypyridinoline and pentosidine, in human aorta with dystrophic calcification[END_REF][START_REF] Miksík | Change in the amount of epsilon-hexosyllysine, UV absorbance, and fluorescence of collagen with age in different animal species[END_REF]. All these changes, schematized in Figure 2.9, may be exacerbated by the presence of diseases such as hypertension, atherosclerosis, aneurysm, diabetes, uremia and many others. 

Microstructure remodeling in ATAA

Many characteristics of the remodeling process in ATAAs are really difficult to be distinguished from those of the non-aneurysmal aging remodeling [START_REF] Schlatmann | Histologic changes in the normal aging aorta: implications for dissecting aortic aneurysm[END_REF]. Different research groups have observed abnormal disorganized distribution of collagen fibers and fragmented elastin network in ATAAs due to the dysfunctional changes [START_REF] Pasta | Constitutive modeling of ascending thoracic aortic aneurysms using microstructural parameters[END_REF][START_REF] Phillippi | Mechanism of Aortic Medial Matrix Remodeling is Distinct in Bicuspid Aortic Valve Patients[END_REF]. They denoted a decreased amount of elastin (Iliopoulos et al., 2009b;[START_REF] Lindeman | Distinct defects in collagen microarchitecture underlie vessel-wall failure in advanced abdominal aneurysms and aneurysms in Marfan syndrome[END_REF], SMC loss, proteoglycan deposition and a more variable collagen content, which often led to discordant results [START_REF] Tang | Hyperplastic Cellular Remodeling of the Media in Ascending Thoracic Aortic Aneurysms[END_REF]. The latter point is indeed due to the fact that the aorta tries to preserve its thickness and mechanical homeostasis lying down new tissue [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF] but an evident intrapatient and inter-patient variation is present within the microstructural collagen architecture of healthy aged patients and ATAA patients [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF]. Altered genetic expression causes a rise in the activity of MMPs, in particular (MMP)-2 and (MMP)-9, which are responsible of the lysis of elastic and collagen fibers [START_REF] Ikonomidis | Plasma biomarkers for distinguishing etiologic subtypes of thoracic aortic aneurysm disease[END_REF][START_REF] Rabkin | Differential expression of MMP-2, MMP-9 and TIMP proteins in thoracic aortic aneurysm -comparison with and without bicuspid aortic valve: a meta-analysis[END_REF]. Moreover, the protein fibrillin-1, which is a fundamental part of the elastic microfibrils, was found to be defective in aneurysms with the co-morbid condition of MFS [START_REF] Dietz | Marfan syndrome caused by a recurrent de novo missense mutation in the fibrillin gene[END_REF] and a correlated increase in TGF-β activity was also seen in MFS and in other co-morbid abnormalities.

The following Table 2.4 presents a sum of the literature findings on microstructural changes in elastin and collagen due to ATAA formation and to ATAA formation with the presence of co-morbid conditions. Figure 2.10 shows the look of ATAA remodeled walls as a results of the listed changes and could be compared with Figure 2.8 in order to better understand the differences. 

Mechanics: normality and pathology

In the previous paragraphs the evidence of the heterogeneity of the microstructural composition and architecture of both the non-aneurysmal and aneurysmal ascending aorta emerged. Also, remodeling over time, the nature of remodeling and, in turn, changes of this nature over time were shown to be vastly different. An interest arises of knowing what this heterogeneity means in terms of mechanical behavior of the aorta.

Many studies have been conducted to investigate the mechanical properties of normal aorta and, above all, of aorta affected by all its pathological states. In this paragraph the author summarizes the most important quantities that could be measured and the principal properties that have previously been reported in literature about mechanics of ascending aorta and ATAA.

Pressure

The cardiac output in normal adult aorta can range from 5 L/min at rest to approximately 20 L/min in case of maximal metabolic demand [START_REF] Young | Control of Cardiac Output[END_REF]. From a mechanical point of view, the function of the aorta is a buffering function creating a low resistance path for the blood expelled from the heart. During ventricular systole, the left ventricle contracts and increases its pressure until it exceeds the aortic pressure. At this point aortic valves open and eject the blood into the aorta at high pressure. The left ventricle during systole ejects a blood volume of about 100 ml that gives rise to a pressure pulse wave (Figure 2.11), which manifests in the vascular wall. The systolic ejected volume stretches the aorta's wall thus accumulating elastic energy. At the end of systole, the ventricle relaxes and the aortic valve shuts down, which corresponds to a small and brief increase in the aortic pressure, called dicrotic notch. Over the period of diastole, the blood is driven, above all, from the elastic energy stored in the aorta, which transforms the pulse flow in a continuous flow directed to the systemic circulation. Nearly 60% of the stroke volume is accommodated by the distension of the aorta which recoils back to the initial dimensions. The resultant pressure exerted on the aorta's wall is referred to as the aortic pressure. The aortic pressure in a healthy adult is between 80 mmHg, which is the diastolic pressure in the resting phase, and 120 mmHg, the systolic pressure.

Take-home message

 ATA: an incredibly complex assembly of numerous structures and constituents.

Three layers are distringuished in its thickness: adventitia, media and intima.

 Collagen and elastic fibers are key constituents with heterogeneous concentrations and architectures.

 Non-diseased ATA undergoes an important remodeling due to aging.

ATAA:  is associated with detrimental changes in wall structures and constituents.

 microscopic effects are an exacerbation of aging effects and exacerbated by co-morbidities' effects.
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Thesis in Mechanics and Engineering 29 The mechanism of flow transformation by the aorta is called Windkessel effect (Figure 2.12 a) [START_REF] Metafratzi | The clinical significance of aortic compliance and its assessment with magnetic resonance imaging[END_REF].

If the distensibility of the aorta is decreased because of pathological conditions, less blood volume is stored in the aorta during the systole, while more blood directly continues into the systemic peripheral circulation (Figure 2.12 b). Because of this, the amplitude of the arterial pulse and, intrinsically, of the systolic pressure are higher. Also the diastolic pressure is affected and decreases, as an outflow from the aorta to the farther arteries takes place. Since many studies reported that these changes in pressure are linked to aging and have a major role in vascular diseases [START_REF] Baguet | European Society of Hypertension scientific newsletter: hypertension and aortic diseases[END_REF][START_REF] Mulè | The Relationship Between Aortic Root Size and Hypertension: An Unsolved Conundrum[END_REF][START_REF] Rosendorff | Treatment of hypertension in patients with coronary artery disease: A scientific statement from the American Heart Association, American College of Cardiology, and American Society of Hypertension[END_REF], the notion of aortic wall stress has been introduced in studying solid and fluid mechanics concerning this vessel.

Pulse wave velocity, distensibility and compliance

From the point of view of hemodynamics studies, different clinical metrics have been proposed to analyze the distensibility of the aorta and the determinants of changes in pathological conditions. In this context, the velocity of propagation of the pulse wave (PWV) depends particularly on the material stiffness (elastic modulus, linearized between diastole and systole) and the thickness of the arterial wall. The material stiffness is the most independent intrinsic property for the material and corresponds to the resistance to the deformation under the application of a force. Thesis in Mechanics and Engineering Cristina Cavinato The functional stiffness is also known as the pressure-strain elastic modulus and is derived from the material stiffness by multiplication by the thickness of the aortic wall (O' Rourke, 1990). The distensibility is the change in the artery diameter for a change of blood pressure relative to the artery systolic diameter. The cross-sectional compliance is the distensibility multiplied by the cross-sectional area of the artery [START_REF] Gamble | Estimation of arterial stiffness, compliance, and distensibility from M-mode ultrasound measurements of the common carotid artery[END_REF][START_REF] Laurent | Expert consensus document on arterial stiffness: methodological issues and clinical applications[END_REF]. These quantities can be written as:

𝐷𝑖𝑠𝑡𝑒𝑛𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 = 2(𝐷 𝑠𝑦𝑠𝑡 -𝐷 𝑑𝑖𝑎𝑠 ) 𝐷 𝑠𝑦𝑠𝑡 (𝑃 𝑠𝑦𝑠𝑡 -𝑃 𝑑𝑖𝑎𝑠 ) (2.1) 𝐶𝑟𝑜𝑠𝑠 -𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 = 𝐷 𝑠𝑦𝑠𝑡 -𝐷 𝑑𝑖𝑎𝑠 2(𝑃 𝑠𝑦𝑠𝑡 -𝑃 𝑑𝑖𝑎𝑠 ) 𝜋𝐷 𝑠𝑦𝑠𝑡 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 (𝐸) = (𝑃 𝑠𝑦𝑠𝑡 -𝑃 𝑑𝑖𝑎𝑠 )𝐷 𝑚𝑒𝑎𝑛 (𝐷 𝑠𝑦𝑠𝑡 -𝐷 𝑑𝑖𝑎𝑠 )ℎ 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = 𝐸 ℎ
where D and P are the aortic diameter and pressure, syst, dias and mean indicate, respectively, systole, diastole and average, h is the wall thickness.

In normal human ascending thoracic aortas, the PWV was estimated to be approximately 4-5 m/s with an increase along the aorta, and distensibility is around 4•10 -2 kPa -1 and decreases by moving distally [START_REF] Laurent | Expert consensus document on arterial stiffness: methodological issues and clinical applications[END_REF]. Moreover, the Moens-Korteweg's equation defines the relationship between the pulse wave velocity and the material stiffness as: ( 2.2) where 𝜌 is the mass density of the blood. This equation highlights the importance of both geometry and intrinsic physical properties on wave propagation. Note that it is also founded on assumptions of a uniform, isotropic, linear material behavior under small deformation of the arterial wall and isovolumetric changes with pulse pressure. Consequently, these are all global and very simple metrics, whereas the metrics of the arterial wall and its integrity reach a higher degree of complexity. There is the need to define in a more detailed way the metrics of geometrical and material properties and use suitable methods relative to nonlinear mechanics to address the problem of pathological changes.

Laplace's law

The Laplace Law is commonly used in biomechanics of arteries in predicting the wall tension at a corresponding lumen diameter and arterial pressure through the "critical diameter" criteria, the principal criteria in surgery decision. A normal artery can be considered as a pressurized thin-walled circular cylinder, hence the following condition of equilibrium [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF]:

𝜎 𝜃 = 𝑃 • 𝐷 2 ℎ (2.3)
where 𝜎 𝜃 is the circumferential stress, P is the mean arterial pressure, D is the diameter and h is the wall thickness.

Considering next a thin-walled spherical shell, the membrane stress (isotropic) can be found with the equation:

𝜎 = 𝑃 • 𝐷 4ℎ (2.4)
It assumes the aortic wall is a uniform straight cylinder or a perfect sphere, in which only the blood pressure is applied. Both models have been used in many studies to describe wall tension in arteries and developed aneurysms (not only ATAAs), geometrically modelled as spherical shells [START_REF] Meng | Mathematical model of the rupture mechanism of intracranial saccular aneurysms through daughter aneurysm formation and growth[END_REF][START_REF] Stringfellow | The influence of aorta-aneurysm geometry upon stress in the aneurysm wall[END_REF]. Laplace's law yields only a rough calculation of the tension compared to the real complexity in geometry and material properties of the aneurysmal scenario [START_REF] Kimura | Geometric analysis of ruptured and nonruptured abdominal aortic aneurysms[END_REF] and more reliable calculation of the wall stress are necessary.

Non-linear elasticity and further properties: the contribution of aortic constituents and microstructure

Researchers addressed over the years the real complexity of geometrical and material properties of the aortic and generally of cardiovascular tissues. For this purpose, they tried to model their constitutive behavior with equations related to stress and strain terms, generally with the most convenient approach, i.e. in terms of strain energy density. Thesis in Mechanics and Engineering Cristina Cavinato

For starters, the stress-strain response of aortic tissues is highly nonlinear with a characteristic quick stiffening when the (physiological) pressure arises. On the basis of experiments at different length scales, the particular structure within the wall results in tissue inhomogeneity and produces a significantly anisotropic behavior. Furthermore, these tissues show viscoelastic properties and are nearly incompressible. All these properties are principally arising from the complexity in the wall structure and the singular and composite contribution of the wall constituents. They permit an appropriate mechanism of aortic "buffering" and "reservoir", i.e. distention and recoil, in the distribution of the blood flow.

The non-linear elastic behavior is principally due to the combined contributions of elastin and collagen within the wall. Elastin can be strained up to 300% of the normal length at rest without breaking and return to its original length when the load stops, with an elastic modulus of about 0.3-1 MPa but a low ultimate tensile strength of about 2 MPa [START_REF] Muiznieks | Molecular assembly and mechanical properties of the extracellular matrix: A fibrous protein perspective[END_REF]. Collagen has an ultimate tensile strain estimated to be 10-15 % but can resist stresses of at least 50-100 MPa, with an elastic modulus about 3 orders of magnitude higher than that of elastin [START_REF] Holzapfel | Biomechanics of Soft Tissue[END_REF][START_REF] Metafratzi | The clinical significance of aortic compliance and its assessment with magnetic resonance imaging[END_REF]. The result is a J-shaped stress-strain curve, to which elastic fibers contribute with the "softer" entropic elastic deformation at low strains whereas collagen fibers dominate with a molecular stretching component at high strains; collagen fibers, in fact, are in a undulated (commonly referred to also as crimped) configuration at low strains [START_REF] Dobrin | Mechanical properties of arteries[END_REF][START_REF] Muiznieks | Molecular assembly and mechanical properties of the extracellular matrix: A fibrous protein perspective[END_REF][START_REF] Mukherjee | Effect of hydrophobic elastin ligands on the stress-strain properties of elastin fibers[END_REF]. Early studies verified this separate mechanical role of elastin and collagen through the selective digestion of elastin with an elastase or collagen by formic acid (Figure 2.13 a) [START_REF] Roach | The reason for the shape of the distensibility curves of arteries[END_REF]. Moreover, the behavior of collagen fibers corresponds to a progressive recruitment, often called uncrimping, at both the levels of its fibers and its molecules to structurally support the increasing load. Previous studies showed that collagen fibers are commonly recruited only around physiological loads [START_REF] Fonck | Effect of elastin degradation on carotid wall mechanics as assessed by a constituent-based biomechanical model[END_REF][START_REF] Silver | Viscoelasticity of the vessel wall: the role of collagen and elastic fibers[END_REF]. On ground of this, it is often convenient to identify the elastic modulus in low and high strain regions separately, as in Figure 2.13 a. More recently, the role of the ground matrix was also found to be important in the non-linear behavior of the arterial wall. In aortic wall after GAGs removal, the stiffness transition between low and high strain was found to occur earlier [START_REF] Mattson | Glycosaminoglycans contribute to extracellular matrix fiber recruitment and arterial wall mechanics[END_REF], collagen and elastic fibers are affected in their stability, and collagen is earlier engaged [START_REF] Lin | An investigation on the correlation between the mechanical property change and the alterations in composition and microstructure of a porcine vascular tissue underwent trypsin-based decellularization treatment[END_REF]. As previously discussed, the composition of arteries varies throughout the wall in terms of extracellular proteins, ground substance and cells. The consequence is that the final stress-strain profile is a contribution of the three tunicae. It has been experimental demonstrated that media and adventitia of arteries taken separately have significantly different behaviors. The adventitia layer seems to be much stiffer and shows less relaxation abilities than the media layer if evaluated with biaxial tensile tests [START_REF] Taghizadeh | Evaluation of Biaxial Mechanical Properties of Aortic Media Based on the Lamellar Microstructure[END_REF] or nano-indentation [START_REF] Hemmasizadeh | Multilayer material properties of aorta determined from nanoindentation tests[END_REF]. In contrast, it was found in [START_REF] Pandit | Biaxial elastic material properties of porcine coronary media and adventitia[END_REF] that the adventitia was less stiff than the media in biaxial tests for porcine coronary arteries. Researchers hypothesized that the media layer is stiffer than the adventitia in the neighborhood of the reference configuration and the adventitia comes into play at higher strains [START_REF] Holzapfel | Determination of layer-specific mechanical properties of human coronary arteries with nonatherosclerotic intimal thickening and related constitutive modeling[END_REF] which would support the progressive uncrimping relating to non-linear elasticity. On the other hand, adventitia showed a higher ultimate tensile strength compared to media but with similar ultimate tensile strain in uniaxial tests on arteriosclerotic carotids [START_REF] Teng | An experimental study on the ultimate strength of the adventitia and media of human atherosclerotic carotid arteries in circumferential and axial directions[END_REF]. The mechanical properties of the ATA wall are inhomogeneous with respect to the aortic layers and the region of analysis with the wall, as they are due to the properties of intima, media and Thesis in Mechanics and Engineering Cristina Cavinato the results with multiaxial experiments. In specific, ascending thoracic aorta in humans exhibits anisotropic behavior [START_REF] Martin | Significant differences in the material properties between aged human and porcine aortic tissues[END_REF].

A common metric to describe anisotropy is the anisotropy index defined as:

𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 𝐼𝑛𝑑𝑒𝑥 = 2 𝐸 𝐿 -𝐸 𝐶 𝐸 𝐿 + 𝐸 𝐶 (2.5)
Where 𝐸 𝐿 and 𝐸 𝐶 are the elastic moduli in the axial and circumferential directions [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF][START_REF] Matsumoto | Biaxial Tensile Properties of Thoracic Aortic Aneurysm Tissues[END_REF]Shahmansouri et al., 2016a). However, there is no unique definition [START_REF] Okamoto | Mechanical Properties of Dilated Human Ascending Aorta[END_REF][START_REF] Pham | Biomechanical characterization of ascending aortic aneurysm with concomitant bicuspid aortic valve and bovine aortic arch[END_REF].

It has to be considered also that residual stresses exist in the aorta in the absence of an applied load.

An intact unloaded ring of aorta opens up when radially cut. The opening of the ring suggests that the inner wall of the aorta is under compression and the outer wall under tension and the opening angle can give a quantification of the residual stresses in a defined location and tissue [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF][START_REF] Okamoto | Mechanical Properties of Dilated Human Ascending Aorta[END_REF][START_REF] Sokolis | Effects of aneurysm on the directional, regional, and layer distribution of residual strains in ascending thoracic aorta[END_REF].

The mechanical properties outlined so far are exclusively passive. It is appropriate to stress that active mechanical properties constitute an important portion of the mechanical properties of the aorta and derive from the contraction and relaxation of activated SMCs, which in turn contract or dilate the aorta. In synergy with the residual stresses, the physiological basal contraction of the SMCs helps in homogenizing the strain and stress distribution across the aorta and deals with short term changes in pulse wave and pressure [START_REF] Zhou | The biaxial active mechanical properties of the porcine primary renal artery[END_REF]. Some studies showed that the activity of the SMCs is an important aspect in arterial viscoelasticity because the elimination of the smooth muscle cells tone decreases significantly damping and its activation has the opposite effect [START_REF] Barra | In vivo angiotensin II receptor blockade and converting enzyme inhibition on canine aortic viscoelasticity[END_REF][START_REF] Stefanadis | Aortic function in arterial hypertension determined by pressure-diameter relation: effects of diltiazem[END_REF]. In the context of this thesis the investigation will, however, be limited to passive mechanical properties.

Measurements of mechanical properties ex-vivo

Several ex vivo mechanical tests have been conducted with ATAs and ATAAs to assess the passive mechanical properties of these tissues indicated previously. The used experimental methodologies were extremely various in terms of procedures and biomechanical parameters. Notably, authors' choice of strain and stress measures is all time under discussion [START_REF] Khanafer | How should we measure and report elasticity in aortic tissue?[END_REF]. They provided interesting outcomes, but also conducted frequently to conflicting results. An overview of the literature on experimental biomechanical analyses on ATAA specimens and control ATA specimens (namely, specimens from non-aneurysmal ATA analyzed in comparative studies with ATAA specimens) with the most common uniaxial and biaxial tensile tests is summarized in Table 2.5. From the observation of the principal testing conditions and the principal results in terms of stiffness and strength at failure, it is clear how the heterogeneities in the methodologies and the findings are strong.
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Thesis in Mechanics and Engineering 35 As a whole, both uniaxial and biaxial tensile tests showed a generally higher stiffness of the ATAA specimens when compared with control specimens by the same group. This applied to both circumferential and axial directions. Uniaxial tensile testing is generally used for the assessment of the failure properties. From the failure of the specimens, some researchers reported a lower failure stress in ATAAs [START_REF] Vorp | Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta[END_REF], but others reported lower failure strain and equal failure stress levels in a large number of ATAA specimens (Iliopoulos et al., 2009b). The latter suggested that ATAA might not induce weakening but rather just stiffening and decrease in extensibility. However, a very large range of values emerges among all the comparable studies and also large standard deviations were found within each study, most likely due to heterogeneity of the tissue and patient characteristics. In particular, it was stated that aging could cause the decrease of the failure straight as well as the failure stretch and failure parameters of non-aneurysmal and aneurysmal specimens of the same age could be statistically undistinguishable [START_REF] García-Herrera | Mechanical behaviour and rupture of normal and pathological human ascending aortic wall[END_REF]. In the studies of Garcia et al., the ultimate tensile strength of ATA for either healthy or pathologic aortas was far above the physiological (at rest) wall stresses; however, the working range of ATAAs, unlike the one of any ATA, seemed to work in the stiff part of the stress-strain response curve, weakening the elasticity [START_REF] García-Herrera | Mechanical behaviour and rupture of normal and pathological human ascending aortic wall[END_REF].

For the determination of the anisotropy, biaxial tests were carried out showing also in this case that results are highly heterogeneous. Taking into account ATA specimens, authors reported a generally anisotropic behavior, with the circumferential direction being stiffer in most specimens but far from the statistical significance [START_REF] Martin | Significant differences in the material properties between aged human and porcine aortic tissues[END_REF][START_REF] Matsumoto | Biaxial Tensile Properties of Thoracic Aortic Aneurysm Tissues[END_REF] and variable with the specimen position within the ATAs [START_REF] Shahmansouri | Investigation on the Regional Loss Factor and Its Anisotropy for Aortic Aneurysms[END_REF], or with no difference in the two directions [START_REF] Azadani | Biomechanical properties of human ascending thoracic aortic aneurysms[END_REF]. Regarding ATAA specimens, investigators commonly found no clear directional dependency of stiffness in ATAAs [START_REF] Azadani | Biomechanical properties of human ascending thoracic aortic aneurysms[END_REF][START_REF] Matsumoto | Biaxial Tensile Properties of Thoracic Aortic Aneurysm Tissues[END_REF][START_REF] Okamoto | Mechanical Properties of Dilated Human Ascending Aorta[END_REF][START_REF] Shahmansouri | Investigation on the Regional Loss Factor and Its Anisotropy for Aortic Aneurysms[END_REF] but with high variability within the specimen populations. Raw stress-strain data are then often used to fit constitutive models which parametrize the tissue behavior with the purpose of modeling [START_REF] Gasser | Hyperelastic modelling of arterial layers with distributed collagen fibre orientations[END_REF]. 

Take-home message

Imaging of aortic constituent microstructure

The complexity of the microstructural organization of the aorta and the arrangement and rearrangement of the different constituents within the aorta in heathy and diseased situations were brought to light by a large number of studies with many kinds of histological and microscopic imaging techniques over the years. The structural heterogeneity plays a major role in the macroscopic mechanical behavior of the aorta and its properties outlined above. Each singular constituent contributes with a view to ultimately allowing the primary aortic tract to sufficiently stretch and recoil in his task of blood delivery to all the body. At this point, it becomes crucial to understand how these constituents act in the course of their mechanical tasks. Information at the microscopic level and at a dynamic state are then necessary. Moreover, to fully understand and characterize the three-dimensional tissue structure, classical twodimensional imaging is not appropriate. The emergence in the last two decades of new imaging techniques, such as the multiphoton confocal microscopy, makes the goal finally achievable and motivated researchers to investigate further the cause-and-effect relationship between microstructure and mechanical behavior. In this paragraph, after an overview of the imaging techniques employed to observe the arterial tissue, a review of the studies already undertaken in this field will be presented. Some separated studies are made for in vivo mechanics on the patients with MRI, CT and ultrasound techniques and enable clear physiological measurement ranges. However, these techniques are not able to provide the needed resolution for the analysis of aortic ECM components which are on the order of 0.5-50 µm (see Paragraph 2.4.1). The spatial resolution limit is about 0.5-1 mm for conventional MRI and CT [START_REF] Buhk | Screening for atherosclerotic plaques in the abdominal aorta in high-risk patients with multicontrast-weighted MRI: a prospective study at 3.0 and 1.5 tesla[END_REF]Prasad, 2006) and 0.1 mm is the best resolution obtained with high-magnetic-field MRI currently under development [START_REF] Degen | Nanoscale magnetic resonance imaging[END_REF]. High-resolution ultrasound is also available but reaches a maximum spatial resolution of 0.1 mm and moreover suffers of signal artefact and attenuation in heterogeneous tissues [START_REF] Jansen | In Vivo High-Frequency Ultrasound for the Characterization of Thrombi Associated with Aortic Aneurysms in an Experimental Mouse Model[END_REF]. We then considered only studies using ex vivo specimens.

Principal imaging techniques

Histology, the gold standard

The aortic structure and composition descriptions presented previously have been achieved mainly by using the "gold standard" two-dimensional representations given by histology coupled principally with light or electron microscopy. The contrast is provided by the attenuation of the light which passes through the specimen. Optical microscopy on histological specimens permits to identify the aortic constituents with a sufficient contrast thanks to specific staining techniques and the histochemical properties of the tissue components. Histology can provide, with different tissue sections and reconstructions, the three-dimensional rendering of the structure. Moreover, the specimens can be observed in a loaded configuration if they are fixed under loading and then embedded in paraffin [START_REF] Sokolis | A structural basis for the aortic stress-strain relation in uniaxial tension[END_REF]. However, as the technique relies almost entirely on intrinsic absorption and the specimens have to be cut in thin slices to permit the light passage, the technique is also liable to specimen damage, such as fractures, tears, folds (Figure 2.14) in the slices during the histological procedure [START_REF] Walton | Morphological Characterisation of Unstained and Intact Tissue Micro-architecture by X-ray Computed Micro-and Nano-Tomography[END_REF]. Also, the structures are chemically modified, and then they may be Chapter 2
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Thesis in Mechanics and Engineering 43 not anymore representative of the natural characteristics, e.g. facing shrinkages [START_REF] Lee | Thickness measurement of soft tissue biomaterials: a comparison of five methods[END_REF][START_REF] Smoljkić | Biomechanical Characterization of Ascending Aortic Aneurysms[END_REF].

Figure 2.14 Histological section (4x) of human aorta dyed with toluidine blue. Specimen cut in the circumferential direction of the aorta. Sequences of elastic lamellae in the tunica media and collagen structure in the tunica adventitia are recognizable but folds and fractures are common technical problems.

Contemporary techniques

Several different techniques have been developed recently and are currently used for imaging biological structures. Compared to histology they are less invasive and enable to observe more in detail the structure and in a more quantitative way.

Optical coherence tomography

Optical coherence tomography (OCT) is a 3D tomographic technique which uses low-coherence near-IR light and then higher wavelength compared to optical microscopy. It produces signal of optical scattering of the tissue, similarly to ultrasound but providing higher spatial and axial resolution (~µm) at a sub-surface level, in a tissue depth of 1-3 mm. Using the coherence gating, photons are backscattered from different depths and allow observing native aortic tissues and their microstructure, as the elastic fibers and smooth muscle cells degradation in ATAAs using the textural analysis of a two-dimensional spatial distribution [START_REF] Real | Optical coherence tomography assessment of vessel wall degradation in thoracic aortic aneurysms[END_REF] Optical clearing agents, such as propylene glycol, can be also used to reduce light scattering and increase the imaging depth, but the effects on the structure can be stiffening and reduction of the Poisson's effect during tensile loading in a heterogeneous way within the thickness and then still need to be studied in closer detail [START_REF] Santamaría | Three-Dimensional Full-Field Strain Measurements across a Whole Porcine Aorta Subjected to Tensile Loading Using Optical Coherence Tomography-Digital Volume Correlation[END_REF]. However, using or not clearing techniques, the OCT does not reach the resolution to recognize the individual components of the aortic wall during loading and its utility lies primarily in the ability to acquire a larger field of view compared to the multiphoton microscopy presented below [START_REF] Fujimoto | Optical Coherence Tomography: An Emerging Technology for Biomedical Imaging and Optical Biopsy[END_REF].

Intima
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Confocal and multi-photon microscopy

The confocal laser scanning microscopy has a higher resolution compared to OCT, and this enables to acquire images from selected depths, distinguishing tissue components which interact in the mechanical response. The principle of the method is the spatial filtration of any out-of-focus light.

Only the one reflected from the focal plane is collected, allowed by the size control of a pinhole. High resolution is obtained by concentrating a high-intensity beam. The technique is principally useful when used in a fluorescent mode imaging: the use of fluorophore markers and different fluorescent channels enable to observe specific areas and constituents of the tissue [START_REF] Murray | Confocal microscopy, deconvolution, and structured illumination methods[END_REF]. A major limitation of the confocal microscopy is the spatial filtering itself, as the point scanning needed for the spatial filtering implies a long acquisition time. Other scanning methods make it quicker but lead to decreased imaging field and resolution. Spatial filtering rejects light with multiple scattering, thus the penetration depth is limited, depending on the tissue and the wavelength, to some hundred micrometers [START_REF] Goth | Optical-Based Analysis of Soft Tissue Structures[END_REF]. The multi-photon confocal microscopy (MCM) is a non-linear technique which brought major advantages over the confocal and fluorescence-based microscopy. For having a high intensity beam, a Ti-sapphire femtosecond laser is focused through an objective lens. This enables to image thick biological specimens, because of the reduced scattering and absorption of near IR light of this material.

The multiphoton fluorescence permits, with two (or more) incident photons, to obtain an emission at higher energy, thus a higher frequency and lower wavelength. As this happens only when the incidence of the photons is almost simultaneous, the effect is limited to the focal volume and enables a submicrometric resolution [START_REF] Budnev | The two-photon particle production mechanism[END_REF]. The two-photon excited fluorescence is usually the primary signal observed in MCM, as the extracellular matrix and in particular both elastin and collagen own the autofluorescence property (endogen fluorescence) [START_REF] Georgakoudi | NAD(P)H and collagen as in vivo quantitative fluorescent biomarkers of epithelial precancerous changes[END_REF]. However, there are also other signals, such as the second-harmonic generation (SHG) signal that can be used. It was in fact observed that anisotropic structure owing high hyper-polarizabilities as collagen are endogenous chromophores of second harmonic generation [START_REF] Freund | Connective tissue polarity. Optical second-harmonic microscopy, crossed-beam summation, and small-angle scattering in rat-tail tendon[END_REF]. It has to be considered also that the SHG signal has a high variability due to the different collagen type, with e.g. a higher signal of collagen I compared to collagen IV [START_REF] Strupler | Second harmonic imaging and scoring of collagen in fibrotic tissues[END_REF]. As a result, important constituents as principal collagen types and elastin are distinguished by their intrinsic contrast in auto fluorescence and SHG in aortic and many other soft tissues [START_REF] Zipfel | Live tissue intrinsic emission microscopy using multiphoton-excited native fluorescence and second harmonic generation[END_REF], and also during mechanical tests (Wang et al., 2013a).

Over the confocal microscopy, the higher excitation wavelengths in the near-IR range enable deeper penetration but also the same resolution and the multi-photon emission implies that less illumination power is required and less photobleaching is created. Nevertheless, at wavelengths near the IR range there is a diffraction limited resolution, problematic for cell imaging but less for the tissue structure [START_REF] Goth | Optical-Based Analysis of Soft Tissue Structures[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF] (Figure 2.16). 

X-ray micro-tomography

X-ray micro-tomography is a technique able to penetrate in the depth of large specimens with micro spatial resolution and, compared to the previous techniques, it has less reflection and much higher transmission. The contrast is created by the absorption and depends on the atomic density (electron density). As common for X-ray techniques, the wave amplitude is reduced because of the absorption. During the acquisition the specimen is then rotated regularly to acquire hundreds of projections used for the subsequent 3D reconstruction. Imaging of soft tissue, however, leads to a low contrast and low resolved details when compared to more stable hard tissues, because of their homogeneous low atomic weight and hydration [START_REF] Hubbell | Tables of X-Ray Mass Attenuation Coefficients and Mass Energy-Absorption Coefficients 1 keV to 20 MeV[END_REF]. Heavy element contrast Chapter 2
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Thesis in Mechanics and Engineering Cristina Cavinato to reorient in the direction of the load, while adventitial elastin and medial collagen and elastin reoriented in a less marked way [START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF]. Subsequently, they implemented a test coupling inflation and axial tension of intact rabbit carotids. Interestingly, it was observed that axial tension under constant pressure leaded to a strong re-orientation of collagen in the axial direction while inflation under fixed axial stretch did not reorient the collagen fibers during the test [START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF].

Observations are thus strongly related to the way in which the specimens were dissected and to the type of mechanical test, which should be kept into consideration.

Quantitative measurements from imaging

Qualitative observations alone are not enough to describe how the aortic constituents react to a mechanical stress. Structure descriptors are therefore required.

Researchers presented different descriptors of the constituent structure, above all collagen, applying custom algorithms of image processing. Examples of them are summarized in Table 2.6.

In particular, the local orientation of the fibers in the circumferential-axial plane was the focus of most research in the literature, commonly analyzed with one of the following two methods:  Two dimensional Fast Fourier Transform:

The analyzed images are converted to images in the frequency domain by calculating the real part of the power spectrum. The power spectrum is then integrated and a wedge-shape sum is carried out and rotated (because of the properties of the Fourier transformation) to get a fiber orientation distribution in a degree scale (Schriefl et al., 2012a).  Gradient-based structure tensor method:

A structure tensor is a matrix derived for each pixel of the analyzed image by calculating the intensity gradients in the x and y directions and it can be considered a local covariance matrix of the gradient. A user-specified observation weighting window (e.g. Gaussian) can be chosen.

The local fiber orientation is then defined by the eigenvector which correspond to the smallest eigenvalue of the structure tensor. The final orientation distribution is extrapolated from the pixel orientations, which are previously weighted and thresholded by two measures: the coherence value and the energy value. The coherence is a measure of confidence defined as the difference between the eigenvalues divided by their sum: when the coherence is low, there is no predominant direction as the region is rotationally symmetric. The energy is defined as the sum of the modulus of the eigenvalues: if the energy is low, then the region is homogeneous [START_REF] Püspöki | Transforms and Operators for Directional Bioimage Analysis: A Survey[END_REF]. Each method can quantify the orientation density and allow an assessment of its changes due to a different mechanical state. They can adapt to the specific topology of the analyzed images allowing a user-specific analysis but information is limited on their accuracy. To the best of the author's knowledge, there is only a study of Morrill et al. comparing in part the two methods but without analyzing any effect in changing the observation weighting window of the structure tensor [START_REF] Morrill | A validated software application to measure fiber organization in soft tissue[END_REF].
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Research-governing questions and objectives

The studies collected in this manuscript aimed at addressing how the phenomena which occur in the microscopic fibrous structure of collagen and elastin are involved or even responsible for the macroscopic mechanical response of ascending thoracic aortic aneurysms, in particular when close to rupture.

The phenomena were hypothesized to be: the structural morphology, the mechanical response of the singular constituents, their interactions, the evolution of these elements with the macroscopic mechanical state and the evolution with the extent of the disease.

Moreover, the focus of this work was given to the adventitial microscopic structure. The most external layer of the composite aortic wall is, in fact, known to be the last barrier to overstretching and rupture [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]Iliopoulos et al., 2009b).

Adventitia analysis was deemed essential in understanding the microstructural phenomena behind the rupture.

To test the hypothesis, the earliest steps were to define the most suitable in situ mechanical test ensuring:

 loading scenarios which mimicked in vivo conditions in aneurysms. As a consequence, equibiaxial tests were preferred to uniaxial tests;  localization of the aneurysmal rupture in the area of microscopic observations;  the lowest risk of specimen failure due to boundary conditions at high loads. Equipment which frequently induce these kinds of failures, e.g. clamps, sand paper and needles commonly used for biaxial tests, should, then, have been avoided;  continuous test monitoring over time, because the observation at a microstructural level required controlled movements and stability.

The mechanical test which was selected was a bulge inflation test earlier developed by our group and used to measure wall deformation during inflation of a flat specimen of ATAA wall employing digital image correlation equipment. In previous studies, the test was used to characterize wall strength and to identifyfor the first timewall location and preferential direction of ATAA rupture and represented the most advanced approach to localize arterial tissue rupture (Figure 2.19).

Figure 2.19 Main steps of the inflation test previously developed in our group [START_REF] Romo | Biomechanical characterization of the ascending thoracic aortic aneurysms[END_REF].
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In parallel, a suitable imaging technique allowing three dimensional images of the principal fibrous microstructural constituentsi.e. collagen and elastinin dynamic conditions should have been chosen. The requirements, sought amongst the most contemporary techniques, were:

 non-invasiveness, i.e. the ability to identify microstructural constituents (i) keeping the specimen free of clearing/contrast agents, dyes and chemical substances which have a confirmed or potential distortive action on tissue mechanic and microstructure; (ii) with no physical damage of the specimen;  high spatial resolution in the three directions and contrast resolution. Collagen and elastin must be clearly recorded all along the mechanical test;  high-speed acquisitions as a means of monitoring the microstructural changes at dynamic condition and close to the rupture;  ability to acquire images of a representative volume of the wall. Since the aortic wall is a heterogeneous material, it was essential to define the adequate volume to monitor.  ability to provide data for quantitative analysis (e.g. fiber orientation and dimensions, volume fraction), reproducible and comparable. In imaging, the best degrees of these characteristics are mutually exclusive and an unavoidable compromise was needed. The technique chosen was multi-photon confocal microscopy which provided:

 three-dimensional images of collagen and elastin architecture in fresh tissues by exploiting their intrinsic properties without any tissue modification, with acknowledged limitations in imaging scale and resolution;  possibility to obtain high resolution images for quantitative analysis of the fibrous structures and their changes at the targeted micrometric level with limited loss in imaging acquisition rate;  possibility to decrease the acquisition time to sub-second level with limited loss in spatial resolution;  volume viewing which was representative only of a subpart of the human ATAA tissue. In specific, only the most external of the three aortic layers (namely, the adventitia layer) could be fully described, as confirmed by a histological campaign (see chapter 4 for full details).  A database of three-dimensional images which can provide comparable quantitative data on the basis of reproducible measurements.

The subsequent requirement was the combination and the synchronization of mechanical testing and microscopic imaging setups with the final aim of obtaining reliable results in the two fields up to the point of tissue rupture.

The work presented in this manuscript has evolved linearly, from setup development to the data analysis, by defining and addressing the following priority objectives:

To achieve a stable imaging procedure during bulge inflation test from low to high load states.

This objective was fulfilled by: (i) Reformulating the experimental setup in material, (CAD) design and software parts. This step ensured a hermetic closure of the inflation system and the automatic control of the mechanical test;
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(ii) Developing an imaging methodology which consisted of region-of-interest tracking, definition of a stabilization period prior to imaging and post-processing correction of zmotion, z being the objective's axis corrections. This step ensured consistent 3D

qualitative and quantitative analyses without z-motion.

To obtain qualitative and quantitative analysis of adventitia fibrous microstructure from low to high load states.

We initially focused on adventitial collagen fiber bundles and their undulation in non-aneurysmal (porcine and human thoracic aorta) and aneurysmal (human ATAA) aortic tissues. At this point of the work, the only mechanical quantity involved was the loadexpressed as pressureand the maximum targeted load was a supra-physiological load but not yet the rupture. The principal difference observed within the tissues was an altered degree of undulation at different load states. On this basis, we formulate new quantitative descriptors of straightening, dispersion and principal orientation of the fibers which helped us to quantitatively compare different tissues (species and disease severity levels) and load states. Chapter 3 of this manuscript deals with the definition and the achievement of these first two objectives.

The new formulation was found to be a valid and easy way to analyze and compare not only different tissues and load states applied in a bulge inflation mechanical test but also other mechanical tests. A complete application of the quantitative descriptors of collagen fibers on an expanded database was developed as a lateral branch of the leitmotiv of this manuscript.

More specifically, we analyzed morphological changes of the microstructure of rabbit carotid arteries under loading, and investigated how the underlying microscopic mechanisms governing fiber reorientation compare with the same mechanisms in aortic tissues from porcine and human origin (healthy or aneurysmal). The unified analysis approach enabled quantitative analyses and comparisons in different loading scenarios: uniaxial tension on flat specimens and tension-inflation on tubular specimens, in addition to the bulge inflation on flat specimens fully described in this manuscript.

Chapter 4 is dedicated to outline this application and its key results.

To accurately evaluate the local stress state (the macro-mechanical quantity that best reflects the actual load in the tissue) reached during the bulge inflation of the ATAA specimen.

To reach this objective, a first baseline study was conducted focusing solely on the macro-mechanical state during bulge inflation. We took advantage of the earlier experience of our group about spatial coordinate reconstruction by 3D Stereo Digital Image Correlation analysis and stress reconstruction from the resolution of an elasto-statics equilibrium problem. A fundamental improvement was achieved: a very accurate optical setup for thickness distribution measurement has been developed and exploited for the first time for including the heterogeneity of the specimen initial local thickness in the stress calculation. In the previous implementation of the method, only the average thickness was used, assuming the ATAA thickness as homogeneous. However, thickness heterogeneity is a topical issue according to the most recent studies [START_REF] Davis | Pointwise characterization of the elastic properties of planar soft tissues: application to ascending thoracic aneurysms[END_REF][START_REF] Davis | Local mechanical properties of human ascending thoracic aneurysms[END_REF][START_REF] Farotto | The role of biomechanics in aortic aneurysm management: requirements, open problems and future prospects[END_REF] and has a focal role in assessing the local wall stress field.
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To assess if the local thickness heterogeneity can explain the local mechanical heterogeneity of ATAA walls.

The data collected in the study were a solid basis for the analysis of the heterogeneity of local thickness and local physiological stress and strain state at the intra-subject level. Moreover, they allowed further analyses of the relationship between thickness, physiological strain and stress, load at rupture and primary clinical data at the inter-subject level.

Chapter 5 contains the complete description of the method and the analysis of the quantities listed above.

To evaluate the current local stress state during the bulge inflation under the microscope in the observed region of the ATAA specimen. To estimate it until to rupture, achieved under the microscope.

We could reach the objective by performing in sequence (i) the experimental characterization by 3D Stereo Digital Image Correlation and (ii) the microstructural imaging analysis. The specimens were first inflated up to the maximum physiological pressure value to collect the data for the local, but macroscopic, mechanical characterization. Then, a second inflation was performed under the microscope up to the specimen rupture. The estimation of the macroscopic stress state in the supraphysiological range up to rupture was obtained with a numerical reconstruction methodology.

As a result, a fundamental objective could be achieved: specimens could be fully described in terms of mechanical states and microstructure quantitative descriptors of collagen and also elastin, in a wide range of load states.

To examine the phenomena which occur at the scale of the microscopic fibrous structure of collagen and elastin in relation to the macroscopic mechanical state when rupture manifests.

Due to the heterogeneous properties of the specimens, position and moment of the rupture were unpredictable. In order to observe the rupture phenomena at the microstructural scale we had to: (i) ensure that the rupture manifests in the region of microscopic observation; (ii) track the region of microscopic observation by means of fast acquisition tools.

These last objectives are addressed in Chapter 6, and the results represent advanced and relevant insights in understanding of ATAA deformation and rupture.

In the final analysis, Chapter 7 proposes a general discussion on the basis of the principal achievements presented in this manuscript.

To analyze the relationship between the microscopic fibrous structure of collagen and elastin and the macroscopic mechanical response of ascending thoracic aortic aneurysms, from unloaded state to extremely high load state. Pour cela, une nouvelle approche expérimentale basée sur un test de gonflement couplé avec une observation au microscope confocale multi-photon a été développée. Cette méthode permet d'étudier les micro-mécanismes de déformation dans les tissus artériels soumis à une pression, en observant au cours du gonflement la même région spécifique.

Ce test de gonflement est une technique qui permet d'étudier le comportement mécanique biaxial d'un échantillon, avec des conditions de chargement proches des conditions in vivo des anévrismes. Le microscope confocale multi-photon permet d'observer la microarchitecture 3D de la protéine structurelle qui contribue le plus à la résistance mécanique à de fortes déformations de la paroi aortique : le collagène (bien que l'élastine puisse être imagée, elle n'a pas été étudiée ici).

Cette nouvelle approche expérimentale a été conçue pour garantir une grande stabilité sous le microscope, et a été complétée avec des étapes de post-traitement innovantes pour compenser certains artefacts et les mouvements non-désirés dans la direction du rayon laser. En effet, pour un tissu mou épais observé à cette échelle, tout type de mouvement peut entrainer des distorsions importantes dans l'acquisition 3D. Pour fiabiliser l'acquisition des données 3D, une période de stabilisation a été définie entre le gonflement du tissu et l'acquisition des données. En outre, différents types d'acquisitions ont été combinées avec des méthodes de traitement spécifiques pour obtenir une analyse tridimensionnelle automatique stable de la microstructure des fibres de collagène au sein de ces tissus aortiques épais. 5 échantillons porcins, 3 échantillons humains normaux et 6 échantillons humains anévrismaux ont été utilisés au cours de l'étude. L'approche présentée précédemment a permis d'analyser leur microstructure et de quantifier automatiquement l'orientation planaire et la rectitude des fibres de collagène soumises à un test de gonflement.

Les résultats montrent l'existence de 3 orientations prédominantes des fibres de collagène à pression nulle et à pression croissante (45/135/90°). Aucune tendance évidente de réorientation des fibres n'a été rapportée. L'analyse de la distribution de l'orientation révèle le déploiement et le redressage progressif des faisceaux de collagène initialement ondulés, ainsi que la diminution de la dispersion des orientations de ces faisceaux.

De plus, cette étude a permis d'observer différents états initiaux et différentes évolutions dans les aortes humaines et porcines, notamment dans les cas anévrismaux. En effet, un état d'ondulation (crimping en anglais) initial plus marqué des fibres non-anévrismales porcines mène à un redressage de plus grande amplitude à haute pression, comparé aux spécimens anévrismaux qui montrent des changements moins prononcés. Ces résultats permettent de mieux comprendre les changements micro-architecturaux à l'intérieur de la paroi artérielle et encouragent la comparaison des tissus anévrismaux et non anévrismaux.
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Abstract

Disorders in the wall microstructure underlie all forms of vascular disease, such as the aortic aneurysm, the rupture of which is necessarily triggered at the microscopic level. In this context, we developed an original experimental approach (Figure 3.1), coupling a bulge inflation test to multiphoton confocal microscopy, for visualizing the 3D micro-structure of porcine, human nonaneurysmal and aneurysmal aortic adventitial collagen under increasing pressurization. The experiment complexity on such tissues led to deeply address the acquisition major hurdles. The important innovative features of the methodology are presented, especially regarding region-ofinterest tracking, definition of a stabilization period prior to imaging and correction of z-motion, z being the objective's axis. Such corrections ensured consistent 3D qualitative and quantitative analyses without z-motion. Qualitative analyses of the stable 3D images showed dense undulated collagen fiber bundles in the unloaded state which tended to progressive straightening and separation into a network of thinner bundles at high pressures. Quantitative analyses were made using a combination of weighted 2D structure tensors and fitting of 4 independent Gaussian functions to measure parameters related to straightening and orientation of the fibers. They denoted 3 principal fibers directions, approximately 45°, 135° and 90° with respect to the circumferential axis in the circumferential-axial plane without any evident re-orientation of the fibers under pressurization. Results also showed that fibers at zeropressure state were straighter and less dispersed in orientation for human samples -especially aneurysms -than for pigs. Progressive straightening and decrease in dispersion were quantified during the inflation. These findings provide further insight into the micro-architectural changes within the arterial wall. Chapter 3
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Introduction

The aortic wall is a composite structure, made up of three different layers of heterogeneous natureadventitia, media and intima-which enables its fundamental physiological functions. The mechanical properties of this tissue have strong associations with the morphological properties of the underlying fibrous network [START_REF] Gasser | Hyperelastic modelling of arterial layers with distributed collagen fibre orientations[END_REF][START_REF] Hemmasizadeh | Correlations between transmural mechanical and morphological properties in porcine thoracic descending aorta[END_REF][START_REF] Holzapfel | A New Constitutive Framework for Arterial Wall Mechanics and a Comparative Study of Material Models[END_REF].

An extensive amount of works available in the literature proves the increased interest of researchers on the bio-mechanical characterization of arterial tissue, particularly in the cause of traumatic aortic injuries and diseases, e.g., aneurysms and dissections. If on the one hand we can find many phenomenological constitutive models for modeling arterial wall mechanics, on the other hand there are other models based on various assumptions on deformation micro-mechanisms. These assumptions are often not fully verified and therefore controversial. An example is the typical question on affine or non-affine re-orientation of fiber bundles in arterial soft tissues [START_REF] Chandran | Affine versus non-affine fibril kinematics in collagen networks: theoretical studies of network behavior[END_REF]. The same problem and same open question should arise for rupture mechanisms that are triggered at the local scale. It is known that aneurysm formation is associated with a degeneration of the aortic extracellular matrix composition and architecture (Iliopoulos et al., 2009b(Iliopoulos et al., , 2009a;;[START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF] but there are, so far, incomplete information, though they represent crucial information to understand aneurysm rupture and guide the decision-making in clinical diagnosis and treatment.

This context justifies the need to develop new experimental techniques which will pave the way for future research. These approaches should be dedicated to local scale observations and descriptions of the microstructure of vascular tissues. Among such experimental approaches, it is recognized that the correlation between mechanical function and microstructure of arteries can only be understood in the context of the three-dimensional imaging [START_REF] O'connell | The threedimensional micro-and nanostructure of the aortic medial lamellar unit measured using 3D confocal and electron microscopy imaging[END_REF]. X-ray computed microtomography is an interesting tool that can be used to obtain intermediate scale observations [START_REF] Walton | Morphological Characterisation of Unstained and Intact Tissue Micro-architecture by X-ray Computed Micro-and Nano-Tomography[END_REF] and could be coupled with in situ mechanical testing [START_REF] Helfenstein-Didier | Tensile rupture of medial arterial tissue studied by X-ray micro-tomography on stained samples[END_REF]. However, it requires the use of contrast agents which may alter the mechanical behavior of the sample and certain precautions against radiation damage effects are needed.

For more refined, more local characterization and the least destructive effects, multi-photon confocal microscopy (MCM) is currently the most promising technique. This high resolution imaging technique allows a detailed observation of microstructural components which are thought to be most relevant for the mechanics of the tissue, namely collagen and elastin. Collagen is a source of second-harmonic generation (SHG) and intrinsic two photon fluorescence (TPF) signals; elastin is a significant source of extracellular matrix TPF [START_REF] Koch | A custom image-based analysis tool for quantifying elastin and collagen micro-architecture in the wall of the human aorta from multi-photon microscopy[END_REF]. The coupling of the two signals constitutes the potential of MCM as a non-invasive technique for the characterization of arterial tissues. Multi-photon microscopy offers the advantage of being able to penetrate through the tissue depth displaying collagen and elastin separately without the necessity of tissue-preprocessing. It was applied in different experimental studies presented in recent years. The main concern was to describe the microstructure of the arterial wall [START_REF] Niestrawska | Microstructure and mechanics of healthy and aneurysmatic abdominal aortas: experimental analysis and modelling[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF]Schriefl et al., 2012a) as well as describing some microstructural deformation mechanisms and fiber kinematics [START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF][START_REF] Spronck | A method for threedimensional quantification of vascular smooth muscle orientation: application in viable murine carotid arteries[END_REF][START_REF] Sugita | Multiphoton microscopy observations of 3D elastin and collagen fiber microstructure changes during pressurization in aortic media[END_REF]. Though they demonstrated the potential of the technique, only a very limited number of specimens were studied in these pioneering works. Additionally, in thick specimens like human arteries and without any chemical or mechanical modifications, the main drawback of the microscopy technique is that the limited depth of observation only permits imaging of the adventitial layer. Thesis in Mechanics and Engineering Cristina Cavinato

Taking advantage of this limitation, the present work will focus on deformation mechanisms of the adventitial layer which is known to be the last barrier to overstretching and rupture [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]Iliopoulos et al., 2009a), hence a fundamental role in arterial mechanics. Accordingly, the goal of the present study is to develop a new experimental approach based on a bulge inflation test to study deformation micro-mechanisms in pressurized arterial (aneurysmal) tissues. A bulge inflation test is a technique that allows the study of biaxial mechanical behavior, which has already been used recently for investigations of porcine and human aortae [START_REF] Marra | Elastic and rupture properties of porcine aortic tissue measured using inflation testing[END_REF][START_REF] Mohan | Failure properties of passive human aortic tissue. II--Biaxial tension tests[END_REF], also in the case of aortic aneurysms [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF][START_REF] Trabelsi | Patient specific stress and rupture analysis of ascending thoracic aneurysms[END_REF]. It is an alternative method of planar biaxial loading that provides a closer mimicking of the in vivo loading states. Moreover, the obtained results are less dependent on the method to clamp the specimens. The main objective of this approach was to provide biaxial loading conditions close to in vivo conditions for aneurysms, and to track a specific region of interest (ROI) during deformation.

In this paper, we present the details of the technique and its developments, based on histologically and clinically measurable data, and characterize morphological descriptors of the adventitial fibrous structure and their evolution.

Materials

Specimens preparation

Three different types of specimen were included in this study.

Porcine whole aortae (n = 9) were collected at a local slaughterhouse from domestic pigs aged 6-12 months. They were extracted carefully, removing surrounding connective tissue around the segments, within 12 h after the death. Before dissecting, the external diameter of the aorta was measured in different zones using a digital caliper. Aortae were cut open along the longitudinal direction, following the line of the intercostal arteries. 45-mm-square specimens were cut. The edges were parallel to the longitudinal and circumferential direction of the aortic tube.

Fresh non-aneurysmal human aortae (n = 2) were collected through the French voluntary body donation program from the Department of Anatomy of the University of Saint-Etienne. Under the same procedure used with porcine specimens, human specimens were dissected, within 12 h after the death.

Unruptured human ascending thoracic aortic aneurysms (ATAA) (n = 6) were collected from patients undergoing elective surgery to replace the segment with a graft, and underwent the same procedure again. The collections and the experiments on the specimens are done in accordance with a protocol approved by the Institutional Review Board of the University Hospital Center of Saint Etienne. Specimens (Figure 3.2) were classified as segments of ascending thoracic part (AT) or descending thoracic part (DT). The thickness of each specimen was measured in 5 different positions using the digital caliper. Two plastic plates were used as external supports for the measurement. Table 3.1 gives the details of all tested specimens. After excision, the specimens were placed in PBS and refrigerated at 4°C during a maximum period of 12 h.
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Thesis in Mechanics and Engineering 61 Specimens were clamped by gluing with ethyl cyanoacrylate the external edges of the adventitial side on a 30-mm-diameter PVC support, appendage of the inflation device. For the purpose of ROI tracking under the microscope during inflation, the center position of the mounted specimen was marked with a fluorescent micro particle. The dot consisted of a water-insoluble compound of Picro Sirius Red staining 1% w/v (50%) and ethyl cyanoacrylate (50%) which was placed by using a microneedle. The maximum radius in the axial-circumferential plane was about 300 µm and in the radial direction, the particle was confined to the outermost part of the tissue, corresponding to a single layer of imaged collagen fibers at the most. 

Bulge inflation testing protocol

Clamping was achieved by aligning and gluing the intimal side of the specimen to a second PVC support and assembling and tightening the device. In this way the adventitial surface was exposed and a hermetic closure was ensured on the intimal surface (Figure 3.3). The circular exposed area of the adventitial surface was covered with PBS and remained immersed throughout the test duration. Inflation of the specimen was performed with an automatic water pumping system (WPI®, NE-501 Multi-Phaser) and a program developed in LabVIEW which controlled the injected volume at a constant rate. Pressure values were recorded simultaneously by a pressure transducer (Omega®). The inflation was performed injecting water at a constant rate of 2 mL/min. Then it was stopped, and the volume was kept constant, when specific levels of pressure showed in Table 3.1 were reached.

A preliminary study of relaxation-related behavior of the inflated sample was performed outside the MCM environment. Other porcine specimens (n = 4) were inflated similarly to the protocol detailed above, but using a constant rate of 30 mL/min and stopping at levels of 50, 150, 250, 350 and 500 mmHg. For each pressure level, the water volume was kept constant for at least 1 h, while pressure was recorded to assess stability of the sample configuration and decide when MCM acquisition should be performed. For this purpose, each relaxation curve was fitted with a curve exponential decay equation, used to determine the necessary stabilization period prior to MCM imaging:
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𝑃(𝑡) = 𝑃 0 𝑒𝑥𝑝{-𝑡/𝜏} (3.1)
P is the generic state of pressure as function of time, P0 is the initial pressure and τ is the mean lifetime of the exponential decay. We specifically examined the value of the mean lifetime (Equation (3.1)), useful as it can be interpreted as the time needed to reach a decay of 63% of the initial pressure.

The specific inflation pressures inside the MCM environment of 200 and 450 mmHg have been chosen for the purposes of evaluating a wall stress state (~120 mmHg) close to diastolic-systolic conditions and a second state beyond the physiological range. In fact, using the Laplace law and assuming as first reasonable approximations a hemispherical shape for both the aneurysm in vivo and the in situ specimen during the inflation, as well as a cylindrical shape for the normal vessel, the following equations shall apply:

𝑃 𝑎 = 𝑃 𝑠 𝑅 𝑠 𝑅 𝑎 , 𝑃 𝑣 = 𝑃 𝑠 𝑅 𝑠 2 𝑅 𝑣 (3.2)
where 𝑃 𝑠 and 𝑅 𝑠 are the transmural pressure and the radius of the inflated specimens, and 𝑃 𝑎 , 𝑅 𝑎 , 𝑃 𝑣 , 𝑅 𝑣 are the transmural pressure and the radius of the aneurysm (a) and the normal vessel (v). This calculation is based on the assumption of a pure membrane behavior of the studied tissue during the inflation process, previously verified by Romo et al. [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF].

Given that 𝑅 𝑠 is close to 18 mm during the experiment and assuming an aneurysm radius of 30 mm and a normal vessel radius of 15 mm, inflation pressures of 200 and 450 mmHg correspond to in vivo pressures of 120 and 270 mmHg. The diastolic and systolic pressures of a healthy aorta are 80 and 120mmHg [START_REF] Länne | Diameter and compliance in the male human abdominal aorta: Influence of age and aortic aneurysm[END_REF].

Multi-photon confocal microscopy protocol

Multiphoton microscopy images of the inflating specimens have been carried out with a LEICA TCS SP2 upright confocal microscopy system equipped with a water immersion objective (HCX APO L UVI ×20 NA0.5). The laser source was a Ti:Sapphire femtosecond laser Chameleon Vision I from COHERENT, Inc. The excitation wavelength was set to 830 nm providing the best compromise between SHG signal and TPF signal on this setup. The detector dedicated to the SHG signal collected light between 375 and 425 nm. The detector dedicated to the TPF signal collected light between 560 and 700 nm. These conditions are similar to those found in other studies on comparable specimens [START_REF] Boulesteix | Micrometer scale ex vivo multiphoton imaging of unstained arterial wall structure[END_REF]. The scanned volume was 750 × 750 × dz μm 3 . The z-dimension dz could vary with the permeability of the sample to the pulsed laser beam approximately between 100 and 500 µm. All the specimens were used for the inflation bulge test coupled with the MCM imaging. At each pressure level, two scans were performed, after stabilization (see section 3.2.2), to obtain one stack of images 750 µm away from the fluorescent marker and one adjacent stack 1.4 mm away from it. This allowed obtaining images of a wider area. Each MCM scan had a 1024 × 1024 pixels numerical resolution, a 12 bit-dynamic range and a z-step of 1 μm, with 2-lines averaging at each z-step (meaning that each line was scanned 2 times and the 2 scans of each pixel were averaged).

To finely correct a part of the remaining z-motion due to possible small motions during acquisition of MCM stacks (lasting 15-30 min), two quasi-instantaneous scans (QI scans) with a z-step of 15 μm (5 s with only 10 slices) were performed immediately before and immediately after each principal scan.
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The goal of these QI scans was to provide data to determine the z-correction balancing possible zmotion during the acquisition of the normal scan. A custom MATLAB program based on image correlation was developed for this purpose (see section 3.2.5.1). Then inflation was resumed up to the next threshold. A continuous time-imaging was adopted during the time intervals in which the inflated volume changed and during the stabilization periods. A group of fibers lying on the same focal plane was followed during the entire acquisition, thereby allowing to double check that the same ROI was tracked under the microscope.

Histology

Histological cross-sections of aortic specimens were prepared for the purpose of global morphological measurements and to assess structural effects of the tracking technique with ethyl cyanoacrylate and Picro Sirius Red. Two specimens of human aorta were dissected from remaining tissue of specimen no. 11. The overall dimensions were 10 mm × 20 mm. An axial line of Picro Sirius Red staining 1% w/v and ethyl cyanoacrylate was drawn with the tip of a needle on the adventitia surface of one of the human specimen which was left exposed at the compound for 2 h at 4°C. Then the two specimens were fixed with formaldehyde for 48 h, dehydrated in acetone for 48 h, embedded in methyl methacrylate (MMA) and sectioned in 9 µm slices in the circumferential-radial plane. Threedimensional images of the slices were acquired with the multi-photon confocal microscope with a magnification of 40x.

Images processing and analysis

In addition to qualitative observations, a set of quantitative data was extracted from the obtained images. The steps performed are described below. To start processing the multi-photon images of elastin and collagen, a custom MATLAB tool was developed. Information for SHG was saved in channel 0 and information for TPF was saved in channel 1.

Z-motion correction

Because the image quality requires an acquisition time that cannot be neglected and, furthermore because some data were analyzed as a function of the z-coordinate, a precise correction of possible mechanical movements within the 3D stack of images in this direction was essential. For each normal stack of images, two quasi-instantaneous (QI) stacks were available. The interslice distance of the QI stacks was considered unalterable, since the acquisition time was minimized and the movement of the tissue during these acquisitions could be neglected. A set of operations based on the calculation of intercorrelation coefficients between each image of each pair of stacks was used for comparing the three stacks and establishing the corrected value of the interslice distance in the normal stack. The details and a schematic of this method are presented in Appendix A (a successful validation study of the method was performed using both virtual images and actual images (results not shown here)). The percentage change between the estimated interslice distance of each normal stack and the theoretical interslice distance, corresponding to the z-step of 1 µm, was thus computed.
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Planar orientation assessment of collagen fibers

In order to assess structural evolutions of the fibrous structure of adventitia under bulge inflation, it was decided to focus on the orientation distribution of the collagen fibrous network in the axialcircumferential plane. Taking into account previous observations of our stacks in the radial direction (results not shown here), fiber exhibited practically planar orientation in the axial-circumferential plane, in good agreement with other studies [START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF], Thus, the planar orientation distribution function of the collagen fibers was estimated using the OrientationJ plugin for ImageJ software. This plugin is based on the computation of grey scale gradients and their related weighted 2D structure tensors at each pixel of a given slice, as described in Rezakhaniha et al (Rezakhaniha et al., 2012). The structure tensor was computed with a Gaussian window of 3 pixels using a finite difference interpolation [START_REF] Püspöki | Transforms and Operators for Directional Bioimage Analysis: A Survey[END_REF]. Two isotropic properties resulting from the structure tensor, namely energy and coherency, were used to separate significant and negligible oriented area. Such a distinction was made by taking into consideration pixels which had at least 3% and 15% of normalized energy and coherency, respectively, which provided a good compromise between an adequate number of usable pixels and the neglect of insignificant information in our images. A weighted orientation histogram was built for each slice, discarding pixels below these thresholds. A representation of the orientation as a function of the depth z was proposed to assess orientation characteristic changes through the thickness of the specimen at different pressures. The histogram was created after dividing all distribution values by the maximum value within the stack.

The average orientation was also calculated for each pressure level in a specimen by averaging all individual histograms and then averaging the result of the two adjacent stacks. The resultant histogram was normalized with respect to the total area, and then the relative distribution was used to fit 4 independent Gaussian functions, which were found to be appropriate for our data:

y(θ) = y b + ∑ y 𝑖 (θ) 4 i=1 = y b + ∑ y p i 4 i=1 exp {- (θ-θ m i ) 2 2 σ i 2 }, 0°≤ θ < 180° (3.3)
where y b is the base value, y 𝑖 (θ) is the contribution of each family, θ m is its mean orientation, with standard deviation σ and maximum peak y p (Figure 3.4). The data-fitting was computed with a nonlinear least-squares solver, taking into account the continuity between 180° and 0°. Two indices characterizing the morphology of the fibrous structure were derived for each stack from the function y(θ):

Alignment Index (AI) = ∑ y pi σi 4 i=1 (3.4) Dispersion index % (DI) = 180 y b ∫ y( 180 0 θ)dθ 100 (3.5)
The Alignment index characterizes the straightness of fibers, considering the dispersion of the families' orientation around their mean values 𝜃 𝑚 𝑖 . The narrower the orientation peaks, the higher the index. The Dispersion index denotes the contribution of the base value to the total distribution, hence the extent to which the fibers are evenly spread over the orientation range.
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The four orientation families in a stack were ranked by calculating their respective contribution to the global distribution, computed as the ratio between the area under the individual curve yi(θ) and the area under the curve y(θ). The variation of these values during pressure increase was considered. TPF signal was not used for elastin orientation assessment because qualitative observations demonstrated low proportion of elastin, resulting in signal mostly from the low auto-fluorescence of collagen [START_REF] Voytik-Harbin | Three-dimensional imaging of extracellular matrix and extracellular matrix-cell interactions[END_REF]. 

Results

Protocol adjustment

Figure 3.5 shows two cross-section images of a histological slice of human descending segment observed with MCM and optical microscope to assess the influence of our marking technique. In the second case the adventitia surface was covered with a layer of the compound of Picro Sirius Red staining and ethyl cyanoacrylate 2 h before the histological process. The marked region was not recognizable in the images. In fact, no consistent difference with the previous observation was found in thickness of adventitia and structural appearance of fibers compared to areas far from the marked surface. It was considered that this marking technique is suitable for our purpose.

As a second adjustment of our protocol, four porcine specimens were used to evaluate the relaxation behavior of these tissues in bulge inflation conditions. After five volume increments, reaching initial pressure levels comparable with those which have been chosen for MCM observations, pressure-time curves were recorded. All curves show a common trend that was described as exponential decays (Figure 3.6). The average and standard deviation of the lifetime parameters of the 4 specimens for each initial pressure level are reported in Table 3.2. They were used as guidelines for the bulge inflation protocol in the MCM.
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3D visualization in aortic adventitia

Following the previous results, the stabilization period imposed between the inflation and the 3D scans with the MCM was set at 15-20 min.

The post processing slice matching program through 2D inter-correlation (see subsection 3.2.5.1) permitted then to quantify the motion along the radial direction (or z direction) of each 3D stack, and correct the interslice distances. The average percentage change between the estimated interslice distance and the z-step of the 3D acquisition for all specimens independently of the category were: 16.4 ± 26.5 % at 0 mmHg (25 stacks, 14 specimens), -12.6 ± 19.3 % at 200 mmHg (21 stacks, 13 specimens), and -1.5 ± 18.9 % at 450 mmHg (12 stacks, 7 specimens). A positive value indicates an increase of the interslice distance after the correction. Some stacks are missing because their intercorrelation coefficients were below the quality threshold.

On the basis of this additional information, the thickness of all the stacks was revised prior to further analysis. Figure 3.7 a, b and c show the 3D representation of three representative specimens in two different pressure states.

In a qualitative analysis we note that the typical collagen dense network architecture in the adventitia with undulated collagen fiber bundles was highly distinctive in the unloaded state. A feature of most of the observed porcine collagen architectures was that they exhibited a more marked degree of fiber crimping compared to human specimens. Inflation led to the uncrimping of the fibers, which was nearly complete at 200 mmHg and no longer created ripples at 450 mmHg. Collagen fibers were organized in thick bundles at 0 mmHg which tended to separate into a network of thinner bundles at high pressures. Direction and shape of the collagen fibers were often difficult to distinguish when unloaded fibers are crimped. On the other hand, collagen fibers produced stronger SHG signals when pressure and uncrimping increased, so their direction was more apparent. In this state, we could recognize in almost all specimens collagen fibers in a diagonal direction, as well as in the axial direction. Fibers in circumferential direction were seen less frequently.

Elastin fibers were rarely present in images. When they were present, their conformation varied less than collagen during the inflation, as they appeared to be less crimped at 0 mmHg. The TPF signal originated mainly from fluorescent dust present on the surface and collagen fibers. Figure 3.8 shows the orientations of families with a contribution exceeding 20%. Initially, most collagen fibers were mainly oriented at approximately 45° and 135° with respect to the axialcircumferential plane. Some components were aligned along the axial direction (approximately 90°).

Continuous planar orientation of collagen fibers

Moreover, results at 200 mmHg and 450 mmHg did not yield to any evident re-orientation of the fibers under stretching. Similar results were obtained in all three categories of tissues. This trend is very different from the pronounced fiber alignment commonly observed during uni-axial tests [START_REF] Hill | A theoretical and non-destructive experimental approach for direct inclusion of measured collagen orientation and recruitment into mechanical models of the artery wall[END_REF] and likely to be due to the biaxial loading in this experiment. It suggests that re-orientation is marginal in aneurysmal conditions.

In addition, the AI and DI exhibited clear trends: The average initial values at 0 mmHg of AI (multiplied by factor 10 -3 ) are 3.6 ± 1.4, 3.8 ± 0.8 and 4.2 ± 2.2 and of DI are 38.1 ± 20.9, 39.5 ± 1.0 and 18.3 ± 9.1, respectively, in porcine, non-aneurysmal human and human ATAA specimens. With increasing pressure AI had an increasing trend and the DI has a decreasing trend. Table 3.3 gives a summary of the variation of these indices with respect to the values at 0 mmHg. The evolution of AI is probably linked to the progressive uncrimping and straightening of collagen fibers during the inflation. Besides, there is a reduction of the dispersion in fiber orientation indicated by the negative Thesis in Mechanics and Engineering Cristina Cavinato evolution of DI; in fact, a high base area means fibers spread evenly across the orientation range. Initial values of AI suggest that, at zero-pressure state, adventitia fibers were generally straighter in humansespecially in ATAAthan in pigs. Taking also into account the variation with the pressure, the initial more marked crimping of porcine fibers and non-aneurysmal human fibers has led to a sharper straightening at high pressures compared to what happens in ATAA specimens. The percentage differences between pressurized states and zero pressure were indeed much less for ATAA specimens than non-aneurysmal and porcine specimens.

The Dispersion Index values suggest that fiber orientations were also less dispersed in human aneurysm wall tissue. In addition, its percentage difference shows that this trend was more marked when the specimens were inflated. In brief, the evolution of the two indices and the absence of evidence of re-orientation of the main mean angles indicate that fibers tended to tense in the directions in which they were initially oriented.

In addition to the assessment and quantification of the average orientation distribution of the entire stack, also the local collagen fiber orientations in each slice were available. Moreover, the z-motion balancing was applied to the analyzed stacks to have a reliable value of the radial positions data. Threedimensional intensity plots of the orientations (Figure 3.9) confirm the resulting average orientations of approx. 45/90/135° and offer further proof that no re-orientation has clearly taken place during the inflation test. In addition, it is possible to observe that without any applied pressure thin individual fiber bundles were present on the surface of the adventitia. These fibers were disorganized, and took up a large portion of the observable volume. With the increasing pressure, visible fibers got nearer to each other, since the same orientation peaks were less spread out in the z axis at higher pressures. The straightening increased and the dispersion decreased with the pressure, since the orientation peaks are more isolated (clearly visible in Figure 3.9, 200mmHg), with higher values, and lower surrounding values. From the results of all specimens (not shown here) no specific orientation order was found through the thickness. It can be noticed that histograms of deepest slices showed a tendency to detect orientations at 45° and 135° whereas no orientation was recognizable by eye. It was checked that these contributions in the distribution were at least 50% lower than peaks due to recognizable structures and never caused a wrong interpretation of the mean values of orientation. Thesis in Mechanics and Engineering Cristina Cavinato 

Take-home message  Effects of bulge inflation equi-biaxial loading regardless of the type of aortic tissue:

No evidence of collagen bundles re-orientation; Progressive uncrimping, straightening and decreasing dispersion of orientation of collagen bundles; High variability between specimens in microstructural parameters.

 Collagen fibers in ATAA compared to non-aneurysmal human and pig (healthy and young) arterial tissue are in average: Straighter and less dispersed at the unloaded state; Less reactive to load in term of straightening and more reactive to load in term of dispersion.
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Discussion

This paper introduces an original experimental method to provide biaxial loading conditions close to in vivo conditions, involving a bulge inflation test coupled with multi-photon confocal microscopy to investigate the 3D microarchitecture of the principal structural proteins of the aortic wall. Only few previous studies have presented a combination of a bulge inflation test with a MCM technique. They were performed on tissues different from ours, i.e. on liver membrane [START_REF] Bircher | Microstructure based prediction of the deformation behavior of soft collagenous membranes[END_REF][START_REF] Jayyosi | Characterizing liver capsule microstructure via in situ bulge test coupled with multiphoton imaging[END_REF] and corneal tissue [START_REF] Benoit | Simultaneous microstructural and mechanical characterization of human corneas at increasing pressure[END_REF]. In addition, the samples used in these studies were smaller than aortic specimens and the applied pressure did not reach the level of typical aortic pressures. Moreover, the thin thickness of the cornea and liver membrane allowed imaging the whole thickness of the specimens, which was impossible to achieve with the porcine and human aortic tissues. The presented experimental approach has been designed to permit a high degree of stability under the MCM and was completed by innovative post-processing steps necessary to compensate artefacts or motions in the laser beam direction. Indeed, for a thick soft tissue at this scale and this pressure magnitude, any kind of motion may produce important distortions in the 3D acquisitions. We combined different acquisition and processing methods to obtain a stable automatic three-dimensional analysis of the collagen fiber microstructure of thick aortic adventitial tissues.

In the first instance we observed a significant decay of the pressure of the system during the inflation, even if no evidence of water losses has been recorded through the hermetic structure and no evidence of microstructural deformation could be observed on the images. We verified that this situation was associated with a visible motion of the tissue, particularly in the z axis. Such behavior could depend on the conjunction of several factors, linked to the inflation device or due to the viscoelasticity of the inflated tissue. In the first case, a relaxation of the water pipe should for example be considered. In the latter case, the hypothesis of an effect of internal fluid flow and long-term stress relaxation of the tissue could be made, confirming observations on biological tissues made by other groups [START_REF] Mauri | Time-dependent mechanical behavior of human amnion: macroscopic and microscopic characterization[END_REF]. To the best of our knowledge, no other study that coupled mechanical tests and microscopic 3D imaging reported a correction technique. As a consequence, in this context, 3D imaging techniques such as MCM cannot really give reliable 3D images. Hence 2D projections are most often used [START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF]. To address this issue, we proposed a three-step procedure: the definition of a stabilization period, a compound image acquisition and a post-processing z correction through 2D image correlation. A Fourier method was chosen since these methods for image registration are robust in case of correlated noise and frequency dependent noise. It allowed to get a reliable corrected interslice distance in the majority of cases, even in the presence of small water leakages. In fact, the resulted estimated interslice distances generally indicated widely varying movements of the tissue, in both magnitude and direction.

The morphology of the observed tissues is complex and heterogeneous because of the thickness and microstructural variability within the porcine and human aortic tissues, especially in the case of conditions such as thoracic aortic aneurysms. There is a relatively high number of experimental studies in the literature which report the collagen content and architecture in human aorta and in case of aortic aneurysms and dissections under polarized light (de Figueiredo [START_REF] De Figueiredo Borges | Collagen is reduced and disrupted in human aneurysms and dissections of ascending aorta[END_REF][START_REF] Gasser | Spatial orientation of collagen fibers in the abdominal aortic aneurysm's wall and its relation to wall mechanics[END_REF] or MCM [START_REF] Tsamis | Extracellular matrix fiber microarchitecture is region-specific in bicuspid aortic valveassociated ascending aortopathy[END_REF]. They reported ribbon-like collagen in healthy adventitial layer and, in general, disturbances or absence of the normal collagen fibril organization when the tissue is associated with the mentioned arteropathies [START_REF] Lindeman | Distinct defects in collagen microarchitecture underlie vessel-wall failure in advanced abdominal aneurysms and aneurysms in Marfan syndrome[END_REF][START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF]. Currently, only few of these studies were conducted to ascertain the 3D microstructure of adventitial fibers. In Chapter 3 74 Thesis in Mechanics and Engineering Cristina Cavinato the latter case, they often involved fixed and embedded tissues or tissues undergoing optical clearing under a transmural pressure (Schriefl et al., 2012a). However, all studies carried out on this subject presented results based only on few specimens, with a small field of view.

Using the proposed method, we could analyze the 3D structure and automatically quantify collagen fiber planar orientation and straightness of 5 porcine, 3 human normal, and 6 human aneurysm specimens under bulge inflation. From the experimental data, we used a generic convolution of Gaussian functions describing 4 families of fibers in which parameters can be used to evaluate the mean angles of the fibers and identify two indices of alignment and dispersion. Our finding of orientation confirmed the similarity between human and porcine morphology, in agreement with the qualitative observations. Quantification of the orientations as a ranking of the parameters indicated in most cases 3 principal angles 45/135/90°. At zero pressure state, fiber alignment is more pronounced in human specimens than in porcine specimens and fiber dispersion in the entire orientation field, which indicates the extent of isotropy, is less pronounced in aneurysmal adventitia. No measurable reorientation could be acknowledged during this inflation test. Our data lead to propose that alignment and anisotropy increase during pressurization similarly for the three categories of tissues but fiber bundles do not exhibit the same level of crimping at zero pressure state, with the porcine ones being more undulated. This observation may be due to a difference between species or age (pigs were young and human donors old). Unfortunately, no specimen was available to make paired comparison on age and confirm this hypothesis.

Previous studies of collagen fibers orientation in adventitia of aorta and other vessels showed controversial results, due to differences in the mechanical boundary conditions, but we found a good agreement with many recent reports. Rezakhaniha et al. studied the orientation and the waviness of collagen in adventitia of cut-open fresh rabbit carotid arteries [START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF]. They reported four mean directions of 0°, 90°, 47° and 137° with respect to the circumferential axis of the vessel. [START_REF] Sugita | Multiphoton microscopy observations of 3D elastin and collagen fiber microstructure changes during pressurization in aortic media[END_REF] found a prominent number of fibers oriented along the longitudinal direction in the external layer of fresh rabbit and mouse aortae. For tubular segments of aorta pressurized under MCM, they observed an organization which had our trends of alignment and dispersion during the pressurization. Schriefl et al. investigated the collagen architecture in fixed tubular human aorta (Schriefl et al., 2012b[START_REF] Schriefl | An automated approach for three-dimensional quantification of fibrillar structures in optically cleared soft biological tissues[END_REF]. Two fiber families were observed at approximately 45° and -45° in adventitia, and a preferred longitudinal orientation in the deeper part of the adventitia was reported. [START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF] reported changes in alignment similar to what we observed in inflated rabbit carotid artery segments and a symmetrical distribution around the axial direction at approximately ± 70°. Two families with diagonal orientations were described also by Nierenberger et al. in jugular porcine vein adventitia [START_REF] Nierenberger | Evolution of the three-dimensional collagen structure in vascular walls during deformation: an in situ mechanical testing under multiphoton microscopy observation[END_REF].

The orientation maps through the z direction of the stacks after the application of the z-motion correction permitted to also evaluate the 3D disposition of the fibers along the thickness. They confirmed what we observed through the use of the average orientations, with a significant interspecimen variability and no specific intra-specimen variability over the thickness of the specimens.

An innovative aspect of the present study was the capacity to follow continuously the same set of fibers during all the protocol of pressurization and stabilization and then report the evolution of the orientation distribution without any dependence of different regions. The proposed methodology has also the advantage to be completely automated: quantitative analysis could be computed for each acquired slice and no bias and no rough sampling due to manual measurements was possible. Including the corrected interslice values, these 3D images could be exploited more effectively, calculating not Chapter 3
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Thesis in Mechanics and Engineering 75 only planar parameters but using the radial information to investigate 3D parameters, which will be further investigated in the future. Additionally, this setup is suitable and will be used, in the future, for analysis of the adventitial structure submitted to over pressurization in order to study pre-rupture states.

Some limitations in the method of the present study should be acknowledged.

Although the bulge inflation testing method has many advantages over uniaxial and planar biaxial tests, it does not preserve the native geometry of the specimens, which could lead to microarchitecture alterations. On the other hand, compared to whole-body inflation tests of arterial segments, this method does not require long aortae segments, which are particularly difficult to obtain from aneurysm repair.

The MCM results were obtained for a limited surface area of about 1.1 mm 2 . Two adjacent regions were taken into consideration for each specimen, and the analyses of the histograms reveal low variability between the neighboring fibers. This remains one of the main limitations of MCM techniques. We also have to consider the limited number of specimens and especially human nonaneurysmal specimens which, at present, limit our conclusions on those.

We analyzed the planar collagen fiber orientation using only the 2D data, assuming that the fibers are mainly lying in the circumferential-longitudinal plane. This choice facilitated the calculation but in the future out-of-plane contribution should be considered. Moreover, it was noted from the orientation maps through the thickness that OrientationJ, used with MCM images with the chosen set of parameters (see Subsections 3.2.3 and 3.2.5.2), had a tendency to find orientation peaks at 45° and 135° when there was no defined shape in a slice. These peaks were, however, significantly low in all intensity plots and their weight did not allow establishing main mean orientations in the stacks.

Conclusions

This study presents a stable automatic 3D analysis of human and porcine adventitial collagen microstructure under biaxial loads that closely mimicked physiologic loading conditions. The reliability of 3D data was ensured by definition of a stabilization period coupled with an innovative zmotion correction method. Continuous 3D observations allowed ROI tracking all along the test. The results showed the existence of 3 predominant collagen fibers orientations at zero-pressure load and increasing inflation pressure. No evident re-orientation trend of the fibers was reported. The analysis of the orientation distribution revealed the progressive uncrimping and straightening of collagen bundles, and their decreasing dispersion of orientation. Moreover, it permitted to observe different initial states and evolutions in porcine and human aortae, especially in ATAA. In fact, an initial more marked crimping of porcine and non-aneurysmal fibers led to a sharper straightening at high pressures compared to ATAA specimens which showed less pronounced changes. These findings provide further insight into the micro-architectural changes within the arterial wall and encourage to further comparison of aneurysmal and non-aneurysmal tissues.
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Experimental characterization of adventitial collagen fiber kinematics using second harmonic generation confocal microscopy: similarities and differences across arteries, species and testing conditions

Caractérisation expérimentale de la cinématique des fibres de collagène au moyen de la microscopie confocale multiphoton : similitudes et différences entre artères, espèces et conditions de test.

This chapter contains the combined work of our group at CIS in coupling mechanical loading and multi-photon imaging to analyze, across arteries, species and testing conditions, the interesting behavior of collagen fibers in response to mechanical loading. It binds the study materials of the two PhD candidates Cristina Cavinato and Witold Krasny and presents a unified analysis approach capable of comparing observations and quantitative analyses in different loading scenarios. It is under publication as a book chapter in "Multi-Scale Extracellular Matrix Mechanics and Mechanobiology", part of the book series "Studies in Mechanobiology, Tissue Engineering and Biomaterials". 

Abstract

Fibrous collagen networks are well known to play a central role in the passive biomechanical response of soft connective tissues to applied loads. In the current chapter we focus on vascular tissues and share our extensive experience in coupling mechanical loading and multi-photon imaging to investigate, across arteries, species and testing conditions, how collagen fibers move in response to mechanical loading. More specifically, we assess the deformations of collagen networks in rabbit, porcine or human arteries under different loading scenarios: uniaxial tension on flat samples, tensioninflation on tubular samples, bulge inflation on flat samples. We always observe that collagen fibers exhibit a wavy or crimped shape in load-free conditions, and tend to uncrimp when loads are applied, engaging sequentially to become the main load-bearing component. This sequential engagement, which is responsible for the nonlinear mechanical behaviour, is essential for an artery to function normally and appears to be less pronounced for arteries in elderly and aneurysmal patients. Although uncrimping of collagen fibers is a universal mechanism, we also observe large fiber rotations specific to tensile loading, with significant realignment along the loading axis. A unified approach is proposed to compare observations and quantitative analyses as the type of image processing may affect significantly the estimation of collagen fiber deformations. In summary, this chapter makes an important review of the basic roles of arterial microstructure and its deformations on the global mechanical response. Eventually, directions for future studies combining mechanical loading and multi-photon imaging are suggested, with the aim of addressing open questions related to tissue adaptation and rupture.
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Introduction

The passive biomechanical response of soft connective tissues to applied loads is well known to depend on their structure as well as on their composition [START_REF] Abrahams | Mechanical behaviour of tendon in vitro; a preliminary report[END_REF][START_REF] Goulam Houssen | Monitoring micrometer-scale collagen organization in rat-tail tendon upon mechanical strain using second harmonic microscopy[END_REF][START_REF] Lynch | A novel microstructural interpretation for the biomechanics of mouse skin derived from multiscale characterization[END_REF][START_REF] Morin | Multiscale mechanical behavior of large arteries[END_REF][START_REF] O'rourke | Mechanical principles in arterial disease[END_REF][START_REF] Thorpe | The role of the non-collagenous matrix in tendon function[END_REF][START_REF] Wells | Determinants of mechanical properties in the developing avine thoracic aorta[END_REF].

Various proteins, like elastin and collagen, typically assemble together to form fibrils, fibers, and bundles of these fibers, thus creating a structural support for the extracellular matrix (ECM) of soft tissue [START_REF] Brodsky | Characterization of fibrous forms of collagen[END_REF]. The architecture and particular composition of this structural support is believed to respond to specific mechanical demands of each tissue [START_REF] Akhtar | Characterizing the elastic properties of tissues[END_REF][START_REF] Gasser | Spatial orientation of collagen fibers in the abdominal aortic aneurysm's wall and its relation to wall mechanics[END_REF][START_REF] Niestrawska | Microstructure and mechanics of healthy and aneurysmatic abdominal aortas: experimental analysis and modelling[END_REF][START_REF] Wagenseil | Vascular extracellular matrix and arterial mechanics[END_REF]).

Among such tissues, arterial tissue has been very much focused on due its essential role in human physiology. Arteries are made up of three concentric layers, with the medial one being the most important in healthy and normal physiological conditions [START_REF] Clark | Transmural organization of the arterial media. The lamellar unit revisited[END_REF][START_REF] Dingemans | Extracellular matrix of the human aortic media: an ultrastructural histochemical and immunohistochemical study of the adult aortic media[END_REF][START_REF] O'connell | The threedimensional micro-and nanostructure of the aortic medial lamellar unit measured using 3D confocal and electron microscopy imaging[END_REF][START_REF] Ratz | Mechanics of Vascular Smooth Muscle[END_REF]. The adventitia, the outermost layer, plays a crucial role in over-distention events or in pathological and aged tissues where its main component, collagen, is organized to act as a mechanically protective barrier [START_REF] Humphrey | Mechanics, mechanobiology, and modeling of human abdominal aorta and aneurysms[END_REF][START_REF] Rizzo | Collagen types and matrix protein content in human abdominal aortic aneurysms[END_REF]. More precisely, adventitial collagen comes in the form of thick fiber bundles, organized to form a net. Those bundles are undulated at no or very low loads (the load being then born by medial tissue), and progressive uncrimping and possible re-orientation put them at play at increasing loads (a process generally referred to as fiber recruitment or fiber engagement) [START_REF] Chen | The layered structure of coronary adventitia under mechanical load[END_REF](Chen et al., , 2013;;[START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Hill | A theoretical and non-destructive experimental approach for direct inclusion of measured collagen orientation and recruitment into mechanical models of the artery wall[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF]. This sequential engagement of collagen becoming the main load-bearing component explains the typical non-linear stress-strain curve observed in these tissues [START_REF] Genovese | An improved panoramic digital image correlation method for vascular strain analysis and material characterization[END_REF][START_REF] Sutton | Strain field measurements on mouse carotid arteries using microscopic three-dimensional digital image correlation[END_REF][START_REF] Tower | Fiber Alignment Imaging During Mechanical Testing of Soft Tissues[END_REF]Wang et al., 2013a). Though this qualitative structural response of collagen network is understood and commonly accepted, structure-to-mechanics relationships in arterial collagenous networks remain to be fully elucidated and quantified as they are involved in biological processes like fluid transport throughout the ECM [START_REF] Ehret | Inverse poroelasticity as a fundamental mechanism in biomechanics and mechanobiology[END_REF], mechanical stimuli provided from their environment to cells [START_REF] Faury | Function--structure relationship of elastic arteries in evolution: from microfibrils to elastin and elastic fibres[END_REF][START_REF] Faury | Developmental adaptation of the mouse cardiovascular system to elastin haploinsufficiency[END_REF][START_REF] Humphrey | Mechanisms of arterial remodeling in hypertension[END_REF], and they may help in many clinically-relevant situations where mechanical function is impaired and requires accurate diagnosis for improved medical management.

For this reason, microstructural observations are needed, with the specific requirement of dynamically imaging loaded tissues. The latter prevents from using the most common techniques based on staining and/or histology, which are destructive or affect the mechanics of the tissue [START_REF] Canham | Measurements from light and polarised light microscopy of human coronary arteries fixed at distending pressure[END_REF][START_REF] Dahl | Mechanical properties and compositions of tissue engineered and native arteries[END_REF][START_REF] Sáez | Microstructural quantification of collagen fiber orientations and its integration in constitutive modeling of the porcine carotid artery[END_REF]Schriefl et al., 2012c;[START_REF] Wolinsky | Structural Basis for the Static Mechanical Properties of the Aortic Media[END_REF]. Though several other techniques may be appropriate for specific purposes, like OCT (optical coherence tomography) and X-ray micro-tomography (Acosta [START_REF] Santamaría | Three-Dimensional Full-Field Strain Measurements across a Whole Porcine Aorta Subjected to Tensile Loading Using Optical Coherence Tomography-Digital Volume Correlation[END_REF][START_REF] Fujimoto | High resolution in vivo intra-arterial imaging with optical coherence tomography[END_REF] for instance, one of the most suitable to perform studies at the scale of collagenous structures in arteries is second harmonic generation (SHG) imaging [START_REF] Campagnola | Second harmonic generation microscopy: Principles and applications to disease diagnosis[END_REF][START_REF] Koch | A custom image-based analysis tool for quantifying elastin and collagen micro-architecture in the wall of the human aorta from multi-photon microscopy[END_REF][START_REF] Rouède | Determination of extracellular matrix collagen fibril architectures and pathological remodeling by polarization dependent second harmonic microscopy[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF][START_REF] Williams | Interpreting second-harmonic generation images of collagen I fibrils[END_REF][START_REF] Zipfel | Live tissue intrinsic emission microscopy using multiphoton-excited native fluorescence and second harmonic generation[END_REF][START_REF] Zoumi | Imaging coronary artery microstructure using second-harmonic and two-photon fluorescence microscopy[END_REF] which is very specific of collagen [START_REF] Chen | Second harmonic generation microscopy for quantitative analysis of collagen fibrillar structure[END_REF]. SHG is a complex physical phenomenon arising from the interactions of photons with matter. This phenomenon occurs in SHG-capable components (i.e. being a non-centrosymmetric medium), when two photons with the same energy simultaneously interact with the matter and combine into a single photon re-emitted at exactly double energy. To practically reach the high-intensity conditions required for SHG at a given point in a volume, a pulsed Chapter 4 82 Thesis in Mechanics and Engineering Cristina Cavinato laser source, like a femtosecond laser, has to be focused at that point [START_REF] Campagnola | Second harmonic generation microscopy: Principles and applications to disease diagnosis[END_REF][START_REF] Chen | Second harmonic generation microscopy for quantitative analysis of collagen fibrillar structure[END_REF][START_REF] Freund | Connective tissue polarity. Optical second-harmonic microscopy, crossed-beam summation, and small-angle scattering in rat-tail tendon[END_REF][START_REF] Gannaway | Second-harmonic imaging in the scanning optical microscope[END_REF]. As a consequence, a complete 3D image of a volume requires a scanning procedure. For this reason, SHG microscopy is intrinsically a technique that allows sectioning the imaged volume, which may explain why it is sometimes referred to as confocal microscopy [START_REF] Semwogerere | Confocal Microscopy[END_REF] by mistake. SHG microscopy provides excellent in-plane resolution and allows through-depth imaging typically reaching one to two hundred microns in arterial tissue. Though this is a very attractive property, it is important to note that this depth is not sufficient to scan the whole thickness of human large arteries. It is also worth mentioning that the axial resolution of this technique is much smaller than its in-plane resolution, which prevents accurate out-of-plane geometrical measurements [START_REF] Semwogerere | Confocal Microscopy[END_REF].

Irradiation with such a laser source will also generate two-photon fluorescence in sensitive components (called the fluorophores), which is the property used in two-photon microscopy [START_REF] Denk | Two-photon laser scanning fluorescence microscopy[END_REF][START_REF] Zipfel | Live tissue intrinsic emission microscopy using multiphoton-excited native fluorescence and second harmonic generation[END_REF][START_REF] Zoumi | Imaging cells and extracellular matrix in vivo by using second-harmonic generation and two-photon excited fluorescence[END_REF]. However, the light is re-emitted at a different wavelength and can be easily separated from the SHG signal; for instance, for an excitation wavelength of 830 nm, the SHG signal was emitted at a wavelength of 415 nm, whereas the autofluorescence signal was collected with a filter between 560 and 700 nm. In the present context, the advantage of the technique is that collagen is a structure that is intrinsically capable of SHG, unlike the other components of the ECM, which allows specific and non-destructive observation of this component within the arterial wall.

SHG microscopic imaging has focused for at least 2 decades on visualizing collagen fibers in a variety of connective tissues (e.g., skin [START_REF] Bancelin | Ex vivo multiscale quantitation of skin biomechanics in wild-type and genetically-modified mice using multiphoton microscopy[END_REF][START_REF] Lynch | A novel microstructural interpretation for the biomechanics of mouse skin derived from multiscale characterization[END_REF], bone [START_REF] Ambekar | Quantitative second-harmonic generation microscopy for imaging porcine cortical bone: Comparison to SEM and its potential to investigate age-related changes[END_REF][START_REF] Chen | Second harmonic generation microscopy for quantitative analysis of collagen fibrillar structure[END_REF], tendon [START_REF] Freund | Connective tissue polarity. Optical second-harmonic microscopy, crossed-beam summation, and small-angle scattering in rat-tail tendon[END_REF][START_REF] Goulam Houssen | Monitoring micrometer-scale collagen organization in rat-tail tendon upon mechanical strain using second harmonic microscopy[END_REF][START_REF] Gusachenko | Polarization-resolved second-harmonic generation in tendon upon mechanical stretching[END_REF], blood vessels [START_REF] Chow | Changes in the mechanical and biochemical properties of aortic tissue due to cold storage[END_REF][START_REF] Morin | Inverse problems in the mechanical characterization of elastic arteries[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF][START_REF] Zeinali-Davarani | Characterization of biaxial mechanical behavior of porcine aorta under gradual elastin degradation[END_REF], 2015;[START_REF] Zoumi | Imaging cells and extracellular matrix in vivo by using second-harmonic generation and two-photon excited fluorescence[END_REF][START_REF] Zoumi | Imaging coronary artery microstructure using second-harmonic and two-photon fluorescence microscopy[END_REF], and cornea [START_REF] Park | Second harmonic generation imaging analysis of collagen arrangement in human cornea[END_REF]) and internal organs (e.g., cervix [START_REF] Narice | Second Harmonic Generation microscopy reveals collagen fibres are more organised in the cervix of postmenopausal women[END_REF], liver [START_REF] Jayyosi | Characterizing liver capsule microstructure via in situ bulge test coupled with multiphoton imaging[END_REF], kidney [START_REF] Olson | Multiphoton microscopy with clearing for three dimensional histology of kidney biopsies[END_REF], and lung [START_REF] Pena | Three-Dimensional Investigation and Scoring of Extracellular Matrix Remodeling During Lung Fibrosis Using Multiphoton Microscopy[END_REF][START_REF] Wang | Differentiation of normal and cancerous lung tissues by multiphoton imaging[END_REF]), see [START_REF] Campa | Elastin degradation in abdominal aortic aneurysms[END_REF] for a detailed review on this topic. This has permitted unprecedented imaging for the detection of collagenous fibrosis (with possible application for medical diagnosis) or for the quantification of extracellular matrix remodeling by comparing the arrangement of collagen at different physiological stages of a tissue or an organ. More recently, since 2012 and several pioneering studies, SHG microscopic imaging has been used to capture almost real time changes to the collagen structure during uniaxial or biaxial deformation in soft tissues [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF][START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Hill | A theoretical and non-destructive experimental approach for direct inclusion of measured collagen orientation and recruitment into mechanical models of the artery wall[END_REF][START_REF] Jayyosi | Characterizing liver capsule microstructure via in situ bulge test coupled with multiphoton imaging[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF]. This has provided new quantitative evidence on the sequential engagement of collagen bundles and collagen fibers in response to mechanical loading.

In the current chapter we share our extensive experience in coupling mechanical loading and SHG imaging to demonstrate, across arteries, species, and testing conditions, the interesting sequential engagement of collagen fibers in response to mechanical loading, which is essential for an artery to function normally. More specifically, we analyze morphological changes of the microstructure of rabbit carotid arteries under loading, and investigate how the underlying microscopic mechanisms governing fiber reorientation compare with the same mechanisms in aortic tissues from porcine and human origin (healthy or aneurysmal). A unified analysis approach is proposed in order to compare observations and quantitative analyses in different loading scenarios: uniaxial tension on flat samples, tension-inflation on tubular samples, bulge-inflation on flat samples. 

Specimen storage and preparation

Within 12 hours after excision, each sample underwent careful removal of surrounding tissue by a trained operator, and was conserved in a PBS (phosphate buffered saline) solution at 5°C until testing within the next 12 to 36 hours maximum, except the samples dedicated to uniaxial tension, which were kept frozen after preparation. From the collected tissue samples, several samples were prepared, according to the following protocols:
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 for uniaxial tension, 10-mm-long cylindrical segments were cut from the carotids and longitudinally cut open; rectangular strips were then cut into dogbone shapes [START_REF] Hill | A theoretical and non-destructive experimental approach for direct inclusion of measured collagen orientation and recruitment into mechanical models of the artery wall[END_REF] aligned along the three following in-plane directions: circumferential (circ.), longitudinal (long.), and along the first bisector of the circumferential-longitudinal plane, referred to in the sequel as the diagonal (diag.) direction;  for tension-inflation, a 15±1-mm-long cylindrical segment was cut from each carotid sample;  for bulge-inflation, aortae were cut open along the longitudinal direction, following the line of the intercostal arteries; 45-mm-square samples were cut, with edges parallel to the longitudinal and circumferential directions of the aortic tube.

Specimen measurement in the reference configuration

For stress and stretch measurement, the reference configuration was defined as the configuration of the sample after preconditioning (see section 4.2.2 for a more precise description of the preconditioning). Besides, the thickness of each sample was measured in different positions with either a digital caliper and two rigid plastic plates for large samples (bulge-inflation testing) or using a macro objective camera (Nikon® D7200 equipped with Nikon® AF-S VR Micro-Nikkor optical 105 mm f/2.8G IF-ED lens) for small ring samples (tension and tension-inflation). Noticeably, in tensioninflation tests, the measurement of the arterial diameter showed a limited variability along the sample length (standard deviations being as low as 2% of the measured mean diameters).

Mechanical testing benches and protocols

All mechanical tests were performed under quasi-static conditions, at an ambient temperature of 20-24°C with samples immerged in PBS. For all tests, five cycles of preconditioning were performed prior to the mechanical test itself; in uniaxial tensile tests and tension-inflation tests, the preconditioning was performed up to 80 mmHg, whereas in the bulge-inflation tests it was extended up to the maximum load applied during the test itself. The mechanical tests consisted in increasing the mechanical load until predefined thresholds. At these thresholds, a stack of second harmonic generation microscopy images was acquired. In the following section, we give details about the characteristics of each of these mechanical tests (see Figure 4.2).

Uniaxial tension and tension-inflation testing

A screw-driven high precision tensile machine (Deben® Microtest tension/compression stage) with a 0.01 N precision load cell was used for uniaxial tensile loading. Both crossheads of the tensile machine moved in opposite directions, allowing the operator to identify and keep track of a motionless central region of interest to be imaged under the microscope.

Inflation loading was applied by a syringe pump (Harvard Apparatus®) equipped with a ± 300 mmHg pressure transducer (FISO® optical fiber connected to the fluid network at the sample inlet) which infused PBS into the needles which were cannulated onto the sample. The setup enabled pressure control under constant or cyclic conditions, and was connected to the previously described tensile machine [START_REF] Humphrey | Cardiovascular Solid Mechanics: Cells, Tissues, and Organs[END_REF][START_REF] Keyes | Adaptation of a planar microbiaxial optomechanical device for the tubular biaxial microstructural and macroscopic characterization of small vascular tissues[END_REF].
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Cristina Cavinato Thesis in Mechanics and Engineering 107 The following testing protocols were used:  For uniaxial tensile tests, a displacement was imposed at a rate of 0.5 mm.min -1 , corresponding to a stretch rate of 0.2 min -1 . Images were acquired at fixed loads, the maximum force being equal to 1 N (i.e. a maximum stress of about 2 MPa) (see Figure 4.2, left).  For tension-inflation tests, two loading scenarii were considered in agreement with wellestablished tension-inflation protocols for arteries [START_REF] Humphrey | Cardiovascular Solid Mechanics: Cells, Tissues, and Organs[END_REF][START_REF] Keyes | Adaptation of a planar microbiaxial optomechanical device for the tubular biaxial microstructural and macroscopic characterization of small vascular tissues[END_REF], namely: axial tension under a 100 mmHg pressure (corresponding to the rabbit average carotid pressure) and inflation under a 1.6 axial stretch (in vivo axial stretch of rabbit carotids). Few tests were also performed by maintaining either a 20 or a 140 mmHg pressure or a 1.3 or 1.8 axial stretch (see samples no 39, 41, 42, and 44). Inflation was applied by steps of 20 mmHg every 30 s, and the applied pressure was maintained during image acquisition. Axial tension was applied at a rate of 2 mm/min (i.e. an axial strain rate of 0.2 min -1 ) and the applied axial stretch was maintained constant for image acquisition, (see Figure 4.2, middle). Note that for each test, after preconditioning, a first cycle was performed to acquire macroscopic data using the optical camera, followed by a cycle to acquire microscopic images.

For both uniaxial tension and tension-inflation, the samples were not fully unloaded, a small (but nonzero) loading was maintained to avoid buckling of the sample. For the exact characteristics of these tests, please refer to [START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF].
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Bulge inflation testing

Aortic samples were clamped by gluing the adventitial side to a 30-mm-diameter PVC (Polyvinyl chloride) support and the intimal side to a second PVC support. The adventitial surface always faced outwards, while a hermetic closure was ensured on the intimal surface. An automatic water pumping system (WPI®, NE-501 Multi-Phaser) injected PBS at a constant rate of 2 mL/min to inflate the sample. Pressure values were recorded simultaneously by a pressure transducer (Omega®). For image acquisition, inflation was stopped, and the volume was kept constant (see Figure 4.2, right). For the exact characteristics of the bulge-inflation tests, please refer to [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF].

Image acquisition

Description of the microscopes

Two multi-photon microscopy setups were used in these studies to image the collagen networks. A multiphoton microscope (NIKON, A1R MP PLUS®) of the IVTV platform (Engineering and Ageing of Living Tissues Platform, ANR-10-EQPX-06-01) was used for rabbit samples. A LEICA TCS SP2 upright microscope (HCX APO L UVI ×20 NA0.5 with a Ti:Sapphire femtosecond laser source Chameleon Vision I from COHERENT, Inc) equipped with a water immersion objective was used for the other samples. The scanning volumes were respectively of 512x512 µm 2 and 750x750 µm 2 and depth of view ranged up to 90 µm for rabbit samples or up to 200 µm for human samples, depending on sample transparency. All technical details of microscope settings and specific adjustments for acquisition are available in [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF].

All microscopic investigations were performed such that the same region of interest was tracked during each test.

Choice of mechanical configurations for microstructure imaging

During uniaxial tensile tests, two to four microscopic configurations were acquired, corresponding to the zero-stress and the maximum imposed stress levels as well as stresses in the zone of large changes of the stress-stretch slope. The latter zone is the closest to the in vivo configuration.

During tensile tests under constant pressure, three configurations were acquired, at stretches of 1.3, 1.6, and 1.8, while during inflation tests at constant axial stretch, the three configurations were acquired at pressures of 20, 100, and 140 mmHg. In both cases, the three configurations correspond respectively to a low stress state with a sufficient decrimping degree, the in vivo axial stretch of rabbit carotids, and a stress state beyond the physiological range.

Finally, during bulge-inflation tests, three configurations were acquired: a zero pressure level was first imaged, corresponding to the reference configuration; then, a pressure level of 200 mmHg was chosen as it induced a wall stress close to diastolic-systolic loading conditions (equivalent to average in vivo pressure of ~120 mmHg [START_REF] Länne | Diameter and compliance in the male human abdominal aorta: Influence of age and aortic aneurysm[END_REF]); finally, a third pressure level of 450 mmHg state was sometimes reached as it induced a stress corresponding to over-pressurization beyond the physiological range. The conversion between in vivo pressure levels and applied pressures assumed hemispherical membranes for both the in situ sample [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF] and the in vivo aneurysm (or cylindrical shape for healthy vessels) and the use of the Laplace law (see [START_REF] Humphrey | Cardiovascular Solid Mechanics: Cells, Tissues, and Organs[END_REF] for details on the conversion process).
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All imaged configurations are summarized in the last column of Table 4.1.

Post-processing

For all tested samples, preliminary observations in the radial direction showed the nearly planar orientation in the longitudinal-circumferential plane of the adventitial collagen network, in good agreement with other studies [START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF][START_REF] Roy | Experimental characterization of the distribution of collagen fiber recruitment[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF]. It was also shown that the most relevant morphological changes in the adventitial collagen network occur in this same plane. As a consequence, only planar orientation distributions of collagen fibers in the axial-circumferential plane were estimated by means of several of the methods available in the literature (see Table 4.2). 

Density of transversely oriented segments

Custom image skeletonization

Medial elastin, medial collagen Custom (Matlab) [START_REF] Koch | A custom image-based analysis tool for quantifying elastin and collagen micro-architecture in the wall of the human aorta from multi-photon microscopy[END_REF] Chapter 4
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Extraction of collagen fiber orientations

Before further analysis and discussion, it is proposed here to compare two commonly used methods, namely a structure tensor-based approach (OrientationJ, plugin available in ImageJ software) and a Fast Fourier Transform approach.

On the one hand, the structure tensor-based approach is based on the computation of intensity gradients and their related weighted 2D structure tensors at each pixel of a given slice, as described in [START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF]. In the present post-processing method, inspired from [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF], the structure tensor was computed with a user-specified observation weighting window of 3 pixels using a Gaussian gradient interpolation. Two isotropic properties resulting from the structure tensor, namely energy and coherency, were used to separate significant and negligible oriented area. Such a distinction was made by considering pixels which had at least 3% and 15% of normalized energy and coherency, respectively, which provided a good trade-off between adequate number of usable pixels and elimination of insignificant information in the images. A weighted orientation histogram was built for each slice, discarding pixels below these thresholds and the average histogram within the stack was calculated for the subsequent analysis.

On the other hand, the Fast Fourier Transform method consists in performing a 2D discrete Fourier transform of each slice of the stack. The latter are then converted to a power spectrum, eventually integrated by means of a wedge-shape sum approach, to create a fiber orientation distribution of the fiber network [START_REF] Ayres | Measuring fiber alignment in electrospun scaffolds: a user's guide to the 2D fast Fourier transform approach[END_REF]Schriefl et al., 2012a[START_REF] Schriefl | An automated approach for three-dimensional quantification of fibrillar structures in optically cleared soft biological tissues[END_REF]. The whole procedure is shown in Figure 4.3.

In the sequel, all resultant histograms were normalized with respect to their total area and only a qualitative comparison between the different methods is proposed. Each Gaussian function 𝑦 𝑖 defines a family of fiber orientations; the resulting four families of orientations were first ranked by calculating their respective contribution to the global distribution, defined by the ratio between the area under the respective Gaussian curve and the area under the whole histogram: the principal fiber orientations within the observed region were defined as the mean orientation of the families whose area outweighed 25% of the cumulative area.

Then, an alignment index and a dispersion index were defined to separately quantify the decrimping and reorientation mechanisms. They were computed as:  The alignment index (AI), which characterizes the straightness of fibers, considers the dispersion of fiber orientations around their mean values:

The narrower the orientation peaks, the higher the alignment index.

 The dispersion index (DI), which denotes the contribution of the base value to the total distribution, hence the extent to which the fibers are evenly spread over the orientation range, was computed as:

For each family, principal orientations, alignment and dispersion indexes, were calculated in each different configuration of the mechanical tests at which images were acquired, and their variations due

𝐴𝐼 = ∑ 𝑦 𝑝𝑖 𝜎 𝑚𝑖 4 𝑖=1 (4.1) 𝐷𝐼 = 180𝑦 𝑏 ∫ 𝑦(𝜃)𝑑𝜃 180 0 (4.2)
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Kinematical affinity assessment

The affine or non-affine nature of kinematical transformations observed in soft tissues has seldom been questioned [START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF]. This aspect was addressed using the uniaxial tension and tension-inflation data because re-orientations were too small in bulge-inflation tests to be assessed accurately.

In previously published papers [START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF], we analyzed the transformations of the collagen network by developing a custom algorithm for the extraction of local density maxima with their related dispersions. The corresponding orientations were used in a theoretical calculation yielding their affine re-orientation. More precisely, local density maxima were determined by a standard peak detection algorithm and the related dispersions were evaluated by determining the angles at which the density threshold that represented 80% of total fiber angles extracted from the image, was reached. We here propose an extended methodology that focuses not only on the changes of the peaks but also of the whole histogram. Adventitial collagen fibers were highly crimped in the unloaded configuration, which led to a difficult determination of global fiber orientations. Accordingly:  For uniaxial tensile tests, we chose to apply the affine kinematics calculation taking the diagonally-loaded configuration as reference and applying the loading in two consecutive steps: first unloading along the diagonal direction with a diagonal stretch of 𝜆 𝑑𝑖𝑎𝑔 = 1 1.9 ⁄ , and with a transverse stretch of 𝜆 𝑡𝑟 = 1 0.92 ⁄ , then loading along either circumferential or the longitudinal direction, with, respectively, 𝜆 𝑐𝑖𝑟𝑐 = 1.7 and 𝜆 𝑙𝑜𝑛𝑔 = 2.1, and, for each load direction, a transverse stretch of 𝜆 𝑡𝑟 = 0.9 (all numerical values correspond to experiments). For tensile tests under constant inner pressure, the chosen reference configuration was a partially loaded configuration, defined as: 𝜆 𝑙𝑜𝑛𝑔 = 1.3 and 𝑝 = 100 mmHg; the longitudinal applied stretch amounts to 𝜆 𝑙𝑜𝑛𝑔 = 1.8/1.3, while the inner pressure leads to a transverse contraction evaluated to 𝜆 𝑐𝑖𝑟𝑐 = 1 -0.65. 𝜆 𝑙𝑜𝑛𝑔 .  For inflation at a fixed axial stretch, the reference configuration corresponds to 𝜆 𝑙𝑜𝑛𝑔 = 1.6 and 𝑝 = 20 mmHg; the maximum applied pressure corresponds to a circumferentially measured stretch of 𝜆 𝑐𝑖𝑟𝑐 = 1.37.

For quantitative comparison between the affinely-transformed histograms and the experimentallydetermined histograms, we compared the peak locations. To this aim, the different experimentallydetermined histograms were fitted by the sum of a constant function and two Gaussian functions, similarly to the methodology described in section 4.2.4.2. The mean angle of each Gaussian function θ exp was then compared to the affinely-transformed mean angle θ aff of the reference configuration (while θ ref stands for the mean angle of the reference configuration); the error between the affine prediction and the experimental observations was computed as:

𝑒 = 𝜃 𝑎𝑓𝑓 -𝜃 𝑒𝑥𝑝 𝜃 𝑟𝑒𝑓 -𝜃 𝑒𝑥𝑝 (4.3)
For all cases where only one peak was visible, only the mean angles of the highest peaks were compared.
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Results

Comparison of image processing methods to derive fiber orientations

The comparison of image processing methods was performed on one sample of each type of specimen origin and of mechanical test. Figure 4.5 reports the comparison between the structure tensor approach and the mean and max intensity projection algorithms.

The choice of a mean or max intensity projection algorithm leads to almost the same orientation histograms, whether the fiber network was highly crimped (as it is the case for the lowest curves in each plot) or progressively stretched, as well as whatever the species or the healthy/aneurysmal state.

In particular, the peaks were always located at the same angles. The comparison between the intensity projection algorithms and the structure tensor approach was more delicate: in general, when the tissue was under mechanical loading, i.e. when the fibers are (at least partially) uncrimped, the histograms showed a high similarity, and the peaks were at the same angles with comparable widths; in the crimped situation, however, the peak locations may be located at different angles, underlining the difficulty to assess a precise fiber orientation in this case. The fiber network has an impressive ability to decrimp and align along any load direction. This is especially remarkable, since the results of Krasny et al. [START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF] showed that both adventitial and medial elastin networks, along with medial collagen, do not display such reorientation abilities. However, a different scheme is observed when subjecting the arterial tissue to tension-inflation, as shown in Figure 4.6 b: in the case of cylindrical samples, axial tension again provokes large reorientations (as observed on the horizontal line of images), but inflation only provokes very limited reorientations (as observed on the vertical line of images). Finally, when the artery is subjected to bulge-inflation (see Figure 4.6 c), fiber reorientations appear to be negligible for all tested tissues (as observed on all three vertical lines of images).

Fiber re-orientation under mechanical loading

Fiber orientation with different methods: Similar results in case of uncrimped fibers, difficult assessment with crimped fibers.
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Evolution of the principal orientations of collagen fibers for the different loading cases

We here use the principal orientations of fibers, as extracted by the method described in section 4.2.4.2, i.e. the mean orientations of the Gaussian fits whose area outweighed 25% of the cumulative area.

In the unloaded configuration, it is interesting to note that whatever the tissue under consideration, and although the tissue has been subjected to preconditioning cycles before acquiring images, the orientation peaks are distributed over the entire range of angles, as shown in 

Evolution of the alignment index (AI) for the different loading cases

In this section, we focus on the alignment index, defined by Eq. (4.1) for all tested samples. Figure 4.10 reports the evolution of the alignment index for zero and increasing loads. Looking only at values corresponding to unloaded configurations, the alignment index remains small, characterizing a spreading of the fiber orientations around the detected principal orientations. Still, the alignment index of human tissues (either healthy or aneurysmal) exhibited a slightly higher index, which is in good agreement with the previous qualitative observations: namely, the human samples, stemming in general from old individuals, and the aneurysmal samples are less crimped in the zero-load configuration (compare for instance the left and middle images of the bottom line of equivalent physiological state), followed by a much larger increase at high stretches. Regarding tensile tests under a fixed internal pressure (see Figure 4.10 b), for a low internal pressure of 20 mmHg, the observations are very similar to the previous results, i.e. stable AI up to a stretch of 1.6, followed by a rapid increase between 1.6 and 1.8 stretch. For higher internal pressures (of 100 and 140 mmHg), the initial AI was higher, reflecting fiber stretching due to the internal pressure; as a result, only very limited variations of AI were observed during axial tension of the sample.

For all (bulge-) inflation tests (see Figure 4.10 c-d), the major increase of AI takes place during the first part of the load, i.e. for mechanical states being lower than the in vivo, physiological state (corresponding to 200 mmHg for human and porcine samples, and to 100 mmHg for rabbit samples), while over-pressurizing the sample does not lead to a further large increase of AI. Concerning the bulge inflation tests (Figure 4.10 d), this phenomenon is very much pronounced for healthy and aneurysmal human samples, but is reduced for porcine samples. Two hypotheses may here be discussed: either the degradation of the sample microstructure (due to ageing or pathology) or the absence of a preferred fiber orientation. A very particular effect occurs for the inflation tests on rabbit sample (Figure 4.10 c): applying first an axial stretch of 1.8 induces a large alignment of the fiber, which the inflation test tends to disorganize, as revealed by the decreasing AI index, a phenomenon which was not observed for smaller axial stretches. 

Evolution of the dispersion index (DI) for the different loading cases

Now we analyze the evolution of the dispersion index (DI) during the different mechanical load cases under consideration.

For all analyzed tests, the dispersion index tends to decrease while the load is increased. This is clearly visible from the uniaxial tensile tests ( 

Assessment of kinematic affinity

The comparison between affine predictions and experimental observations is shown in Figure 4.12 for uniaxial tension, Figure 4.13 left column for tensile tests at a fixed inner pressure, and Figure 4.13 right column for inflation tests at a fixed axial stretch. For all tests, the error between the affine prediction and the experimental observations, as computed by Equation (4.3) is reported in Table 4.3. ), as predicted by affine transformation (Aff.), and as measured in the reference configuration (Ref.), and the associated error. For uniaxial tensile test, only one peak was visible, while two peaks were measured in the tension-inflation tests. For uniaxial test, the sample number given in the second column corresponds to the one of Figure 4.12, while the one given in the third column as well as the ones of the tension-inflation tests refer to the numbering of close to 0/180°, 90°, and 45/135° for tests performed in the longitudinal, circumferential, and diagonal directions respectively). The affine rule would require a much larger stretch to reach such a reorientation, and consequently it strongly underestimates the observed fiber rotations, with an averaged error of 59% (compare the location of the solid line and of the circles with same color on each plot of Figure 4.12, and see Table 4.3 for quantitative details). Very similar results were obtained for the samples subjected to tensile tests on cylindrical samples subjected to constant pressure, confirming the previous results (see left column of Figure 4.13, with initial experimental peaks located close to the circumferential direction and moving towards the longitudinal direction during axial tension). Once again, the collagen network showed a dramatic ability to reorient under mechanical loading. Again, the affine rule underestimates the real fiber reorientation by about 61% (compare, for instance, the blue circles with the blue solid line on all plots of the left column in Figure 4.13). The response is however quite different during the inflation tests at fixed axial stretch (see Figure 4.13, right column). In these tests, the fiber reorientation is very limited (as noticed by the superimposition of the two circle curves and their proximity to the reference configurations plotted with black circles), and although the deviation between affine predictions and actual measurements is reduced here, the affine rule does not reproduce well this limited reorientation either (as seen by errors being larger than 100% or being negative), see [START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF] for more details.

Discussion

This chapter gathers observations and analyses made from in situ multiphoton microscopic imaging during several mechanical tests performed on specimens from several different species. It shows that collagen fiber networks in arterial walls share common patterns but one has to be cautious as the type of loading or even the image processing method may affect significantly the observations.

Influence of the post-processing method

Two methods, OrientationJa structure tensor-based method [START_REF] Bigun | Recognition by symmetry derivatives and the generalized structure tensor[END_REF][START_REF] Jähne | Spatio-temporal image processing: theory and scientific applications[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF]-and 2D FFT-based method [START_REF] Ayres | Modulation of anisotropy in electrospun tissue-engineering scaffolds: analysis of fiber alignment by the fast {{\F}}ourier transform[END_REF][START_REF] Morrill | A validated software application to measure fiber organization in soft tissue[END_REF][START_REF] Polzer | Automatic identification and validation of planar collagen organization in the aorta wall with application to abdominal aortic aneurysm[END_REF][START_REF] Sander | Comparison of 2D fiber network orientation measurement methods[END_REF]Schriefl et al., 2012c), were compared on a large dataset of second harmonic generation microscopy images obtained from various arterial tissues. The nature of these images is such that automatic analysis and extraction of relevant data is most often limited. The two methods of interest in this chapter are currently among the most commonly used in previous research about arterial microstructure characterization focusing on fiber orientations, see [START_REF] Chen | The layered structure of coronary adventitia under mechanical load[END_REF][START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Keyes | Comparisons of planar and tubular biaxial tensile testing protocols of the same porcine coronary arteries[END_REF][START_REF] Morin | Multiscale mechanical behavior of large arteries[END_REF][START_REF] Wan | Constitutive modeling of mouse carotid arteries using experimentally measured microstructural parameters[END_REF]Wang et al., 2013a) and references therein, justifying the need for a detailed comparative assessment.

Overall, both methods are comparable and provide close results. This is especially true when analyzing non-unloaded tissue, where correlations between both methods' results (peaks in fiber angle distribution and their widths) are excellent. The case of unloaded tissue is more complex and the results presented in this contribution demonstrate the difficulty of analyzing global fiber orientations in such configuration which is, however, the easiest one from an experimental point of view. In particular, peaks may be found at different angles in those complex images. Indeed, loaded tissues show mainly linear fiber bundles which are well handled by any algorithm, whereas the configuration of unloaded tissues reveals highly entangled and crimped structures. In that case, fiber orientation is Chapter 4

106 Thesis in Mechanics and Engineering Cristina Cavinato characterized by two scales, which may distort the results of the presented algorithms, as also noted in [START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF]. The largest scale is that of the whole fiber or bundle (at least its visible portion in the image), and the smallest scale is that of undulations of these fibers/bundles. The presence of these two scales in the images renders the analysis inaccurate when using local algorithms as those presented here. This should be kept in consideration and carefully managed. Currently, this issue raises the need for more robust methods based on either non-local algorithms (such as fiber tracking method, which follows the evolution of the global orientation of the fibers during the loading [START_REF] Pourdeyhimi | Imaging and image analysis applications for plastics[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF] or algorithms combining various approaches. An example could be to use inverse methods in which the morphological parameters of synthetic images would be sought to match the true image with highest confidence.

Comparison with existing state of the art on arterial microstructure

Despite these limitations in analysis of fibrous orientations, several trends could be observed and quantified with confidence along this work. In the following, the authors highlight and discuss the main findings about the microstructural characterization of collagen networks and microstructure-tomechanics relationships that could be evidenced thanks to these observations in various adventitial tissues.

First, the microstructural arrangement of collagen fiber bundles was observed and analyzed in unloaded tissues. Overall, adventitial collagen networks are characterized by a very low alignment of fibers (i.e. they are widely spread around preferred directions, if any) and a large dispersion of preferred orientations, in good agreement with, e.g., [START_REF] Niestrawska | Microstructure and mechanics of healthy and aneurysmatic abdominal aortas: experimental analysis and modelling[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF][START_REF] Zeinali-Davarani | Contribution of collagen fiber undulation to regional biomechanical properties along porcine thoracic aorta[END_REF]. This translates into very smooth orientation histograms as shown in the present results, for all examined tissues and species. Similarly to [START_REF] Chen | The layered structure of coronary adventitia under mechanical load[END_REF][START_REF] Chen | Bio-mimetic mechanisms of natural hierarchical materials: a review[END_REF][START_REF] Niestrawska | Microstructure and mechanics of healthy and aneurysmatic abdominal aortas: experimental analysis and modelling[END_REF], a slightly higher occurrence of the 90° (longitudinal) orientation was observed (see Fig. 8) and should be mentioned, but no definitive conclusion about the orientations of collagen bundles in adventitial tissue could be drawn from this study. This highdispersion trend was especially marked in animal (healthy and young) tissues. Looking more into details, an interesting difference could be observed from human aneurysmal tissues which showed more aligned fibers and less dispersed orientation distributions. It is hypothesized that this observable trend results from tissue remodeling in which collagen bundle arrangements may be affected [START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF]. Nevertheless, it is important to note that such remodeling could be the result of either normal aging or pathological remodeling. Unfortunately access to healthy tissue is very difficult and limited, which prevents from drawing any conclusions on that specific aspect. Also, aged and/or aneurysmal tissues are known to be stiffer and less extensible [START_REF] Brüel | Changes in biomechanical properties, composition of collagen and elastin, and advanced glycation endproducts of the rat aorta in relation to age[END_REF][START_REF] Cox | Age-related changes in arterial wall mechanics and composition of NIA Fischer rats[END_REF][START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF][START_REF] Farzaneh | Inverse identification of local stiffness across ascending thoracic aortic aneurysms[END_REF][START_REF] Fornieri | Role of the extracellular matrix in age-related modifications of the rat aorta. Ultrastructural, morphometric, and enzymatic evaluations[END_REF][START_REF] Gasser | Spatial orientation of collagen fibers in the abdominal aortic aneurysm's wall and its relation to wall mechanics[END_REF][START_REF] Valenta | Age related constitutive laws and stress distribution in human main coronary arteries with reference to residual strain[END_REF], suggesting a reduced stretch difference between load and no load states compared to young healthy tissue. This is especially true for calcified tissue, and could explain that fibers are less crimped, almost straight and oriented like in loaded configurations, even at no load.

The second focus of the present chapter was to compare re-orientation of fibers along with various loading scenarii. Obviously, re-orientation depends on the loading scenario, but it was interestingly observed that the nature of the load influenced the extent or inclination of fiber bundles to re-orient. First, uniaxial tension was the loading case which induced most remarkable reorientation. The different loading directions (i.e. longitudinal or circumferential) behaved similarly and the general Chapter 4

Cristina Cavinato Thesis in Mechanics and Engineering 107 trend of orienting towards the loading direction as stress increases was strongly marked in those uniaxial tests; these observations made on rabbit carotids were similar to the ones made on porcine coronary adventitia in [START_REF] Chen | The layered structure of coronary adventitia under mechanical load[END_REF]. In this phenomenon, it is important to mention that the collagen reorientation response seems to be different in the media, as detailed in [START_REF] Chen | The layered structure of coronary adventitia under mechanical load[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Sokolis | A structural basis for the aortic stress-strain relation in uniaxial tension[END_REF] related to both rabbit carotids and porcine coronaries, underlining the likely effect of neighboring components, morphological arrangements and interactions with them. In addition to this global behavior of reorienting towards the loading direction, we showed that the proposed fiber alignment index followed a non-linear evolution with imposed stretch, remarkably similar to the evolution of stress. This confirms that the characteristic J-curve response of such tissue is due to underlying mechanisms of progressive straightening of fiber bundles which govern their recruitment for load bearing [START_REF] Roy | Experimental characterization of the distribution of collagen fiber recruitment[END_REF]. This hypothesis was formulated long time ago [START_REF] Roy | Experimental characterization of the distribution of collagen fiber recruitment[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF]Schriefl et al., 2012c;[START_REF] Wolinsky | Structural Basis for the Static Mechanical Properties of the Aortic Media[END_REF] and was recently confirmed in other similar experimental studies on soft connective tissues like skin for instance [START_REF] Bancelin | Ex vivo multiscale quantitation of skin biomechanics in wild-type and genetically-modified mice using multiphoton microscopy[END_REF][START_REF] Lynch | A novel microstructural interpretation for the biomechanics of mouse skin derived from multiscale characterization[END_REF]. Our results do not only confirm this uncrimping phenomenon, but they also specify that fibers and/or bundles tend to be more and more parallel to each other during this process. When considering combined longitudinal tension and inflation of tubular vessels, other observations could be made which emphasize the complexity of re-orientation mechanisms. Two distinct responses were indeed evidenced. In tests where pressure is maintained at a fixed value, the longitudinal tension produced reorientations characterized by an increase, respectively decrease, in indexes of alignment and dispersion of fiber bundles. This response is similar to that observed in uniaxial tension tests with, however, slight differences to be noticed depending on the initial pressure load. Indeed, the pressure level dictates an initial state of the micro-structure from which the dynamics of re-orientation may slightly vary (see also (Chen et al., 2013) for similar results). Specifically, at low pressure, the response is similar to that observed in uniaxial tests with marked changes in dispersion and alignment indexes, along with large re-orientation angles. At higher pressures, alignment and dispersion indexes were already respectively at higher and lower than relaxed levels before applying tension. For this reason, their variations were smaller when applying tension, which also combined with smaller reorientation angles. The case of inflation at a given stretch value revealed different responses, mainly characterized by limited changes of alignment and dispersion metrics (as also noted in [START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF], where only uncrimping occurs but no reorientation).

In that testing configuration, the competition between longitudinal tension effects and inflationinduced circumferential stretch seems to explain the observations. The higher the initial stretch, the lower the influence of the pressure load, up to a point where its effect would invert. Interestingly, at such high imposed stretch, the effect of the additional pressure load was rather to slightly disperse and de-align fibers. That effect was marginal and looked rather like a perturbation of the already installed tension-driven morphology. Of course, the influence of boundary conditions during these tests has to be discussed. In fixed pressure tensile tests, a circumferential Poisson's effect is allowed which is in favor of fiber rotation towards the longitudinal traction direction. On the opposite, pressurization at fixed longitudinal stretch, or tensile tests at fixed circumferential stretch (as imposed by (Chen et al., 2013)) does not allow longitudinal Poisson's effect. In addition, the pressure boundary condition, unlike displacement boundary conditions, did not enforce as large circumferential stretch due to the stiffening of the tissue. These reasons are likely to explain the limited effects of pressurization observed in our experiments.

Last, we addressed bulge-inflation testing. In this test, when material anisotropy is low or negligible, tissue inflates in a rotational symmetry shape, inducing an equi-biaxial stretch test at the top of the Chapter 4 106 Thesis in Mechanics and Engineering Cristina Cavinato bulged test (where our image acquisitions were made). In such conditions, it is sensible to expect low or null reorientation. Our observations and associated analyses fully confirm that response of the microstructure. The relationship between the main orientations of bundles at 200 mmHg and their corresponding orientation at 450 mmHg remarkably supports this conclusion (Fig. 9). We also quantified fiber parallel alignment and orientation dispersion. This analysis revealed clear trends in which alignment increased and dispersion of orientation decreased (see also [START_REF] Sugita | Multiphoton microscopy observations of 3D elastin and collagen fiber microstructure changes during pressurization in aortic media[END_REF]). This observation is valid for all species, with an interesting distinction that could be evidenced between human (elderly) specimens and (young) pig specimens, with the latter exhibiting much higher variations in both indexes. This observation is probably related to higher decrimping arising from differences in the tissue itself as observed from unloaded images (human fibers were already at a higher alignment that pig ones). This also suggests a possibly higher fiber bundle mobility.

Unfortunately, this specific aspect cannot be individually assessed from these tests, but it would deserve further investigations as it may constitute one key effects of aging.

Structure-to-mechanics and implications

The previous discussion emphasizes the role of the micro-structure and its kinematic response in the global mechanical response of arterial tissue. In addition to the previous discussion which detailed the progressive uncrimping and alignment of fibers/bundles, additional elements were brought to the description of kinematics in these fibrous structures thanks to the analysis testing the hypothesis of affine kinematics.

These results confirm that the kinematics of fiber bundles does not obey affine transformation rules [START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Morin | Non-affine fiber kinematics in arterial mechanics: a continuum micromechanical investigation[END_REF]. This means that, under given boundary conditions, these fibrous structures do not behave like a simple network of wires would. Interactions of the fibrous components with their neighboring components like other solid components, cells, or liquids impact their kinematic behavior, hence the global mechanical response. A complete understanding of these coupling phenomena remains to be provided but, already, hypotheses have been made to explain them. In this context, multi-scale homogenization models taking into account the micro-structural content and morphology succeeded at reproducing this non-affine response [START_REF] Bancelin | Ex vivo multiscale quantitation of skin biomechanics in wild-type and genetically-modified mice using multiphoton microscopy[END_REF]. In these models, the non-affinity is due to shear interactions between fibers and their surrounding matrix, model of the interstitial fluid. This supports the importance of mechanical interactions between fibers and interstitial fluid as a first order mechanism in the deformation of these soft tissues. Furthermore, a very relevant study by Ehret et al. [START_REF] Ehret | Inverse poroelasticity as a fundamental mechanism in biomechanics and mechanobiology[END_REF] recently demonstrated the essential role of interstitial fluid mobility in the mechanical properties of soft tissues, governed by so-called inverse poro-elasticity. Inverse poro-elasticity induces chemo-mechanical coupling, such that tensile forces are modulated by the chemical potential of the interstitial fluid, so being coupled to the osmotic pressure. They concluded that water mobility would determine the tissue's ability to adapt to deformation through compaction and dilation of the collagen fiber network.

These conclusions confirm that mechanical and chemo-mechanical interactions between the fibrous structure and its neighborhood have significant role in the mechanics of soft collagenous tissues. Accordingly, they raise a number of questions related to cellular sensing and interactions coming into play when tissue undergoes deformation. Without going into the details of such interactions, the present work also suggests that these interactions would dramatically change with aging of tissues. We showed that aged and diseased tissues presented very limited fiber movements, including Chapter 4
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uncrimping and alignment phenomena, compared to young tissue. It is sensible to hypothesize that this loss of deformation-induced mobility in the fibrous structure would impact interactions with the environment, limiting water mobility for instance, and affecting cell mechano-sensing. As a cause or a consequence, remodeling of tissues, within the processes of either aging or disease, would be impacted as well. Similarly, fiber volume fractions have direct mechanical impact on these interactions. Differences in fiber volume fraction were visible in our different samples, and raise the question of possible evolution with aging. This phenomenon is also probably an additional element involved in the cascade of tissue degeneration and/or remodeling. Our analyses did not make it possible to accurately estimate fiber volume fraction, but this should be investigated in future work as another piece of the complex understanding of soft tissue mechanics and its evolution.

Conclusion and future work

In the current chapter we shared our extensive experience in coupling mechanical loading and multiphoton imaging to demonstrate, across arteries, species and testing conditions, the interesting sequential engagement of collagen fibers in response to mechanical loading, which is essential for an artery to function normally. More specifically, we gathered observations and analyses to show that collagen fiber networks in arterial walls share common patterns: applying a mechanical loading on an arterial sample provokes large movements of the adventitial collagen network, which, first, uncrimps and stretches, and eventually, depending on the principal strain directions, reorient to stiffen the arterial wall in these directions and prevent over distension. As a consequence, while the uncrimping process is observed for all species and all tested samples, the reorientation process is more pronounced in uniaxial tension, which generally produces larger stretches than inflation, while all planar directions are equivalently principal strain directions during bulge inflation test, leading to no reorientation.

Regarding the fiber orientation distribution, the uncrimping process leads to a less dispersed fiber orientation, i.e. a lowering of the base value of the orientation profile, while the reorientation of the fibers, if any, leads to more pronounced, i.e. narrower and higher peaks. This seems to be true whatever the investigated species and samples. Despite the very limited number of human healthy samples, aneurysmal and healthy but old human samples seemed to exhibit almost no crimping, with fibers already stretched and with less mobility as compared to young porcine or rabbit samples. This study also evidences the particular role of the nearly physiological configuration, which is generally situated at the slope change of the mechanical response, but which also corresponds to the point where the majority of the fibers are uncrimped and where reorientation starts to play a major role. This was clearly visible in the change of variation of both the alignment and dispersion indexes. However, our study also has severe limitations: first, one has to be cautious as the type of loading or even the image processing method may affect significantly the observations; second more tests should be made to be able to really compare the fibrous structure among the different species and tissues, in the in vivo configuration as well as during the application of the load; last but not least, our study does not allow to differentiate between samples stemming from old individuals and aneurysmal samples: a study dedicated to how fiber kinematics is affected by disease should be undertaken. Still, all these results emphasize the role of the microstructure and its kinematical response in the global mechanical response of arterial tissue. ce chapitre propose de travailler à une échelle plus élevée, celle de l'anévrisme, afin de mieux déterminer l'état mécanique macroscopique des tissus.

La rupture du tissu intervient lorsque les contraintes mécaniques excèdent localement la résistance du tissu, celui-ci étant potentiellement affecté par le remodelage local du vaisseau [START_REF] Humphrey | Dysfunctional Mechanosensing in Aneurysms[END_REF], caractérisé par des changements microstructuraux. Différents groupes de recherche ont observé ces changements [START_REF] Pasta | Constitutive modeling of ascending thoracic aortic aneurysms using microstructural parameters[END_REF][START_REF] Phillippi | Mechanism of Aortic Medial Matrix Remodeling is Distinct in Bicuspid Aortic Valve Patients[END_REF] mais souvent avec des résultats discordants [START_REF] Tang | Hyperplastic Cellular Remodeling of the Media in Ascending Thoracic Aortic Aneurysms[END_REF]. Ceci est dû à une grande variabilité intra-et inter-patients présente dans l'architecture microstructurale du collagène des patients sains et ATAA [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF]. Cette variabilité a une conséquence directe sur la localisation des contraintes et des déformations de la paroi du vaisseau, et logiquement sur le risque de rupture [START_REF] Vorp | Biomechanics of abdominal aortic aneurysm[END_REF]. Dans ce contexte, l'analyse mécanique spécifique au patient devrait être en mesure de fournir des distributions précises, à la même échelle que les hétérogénéités locales de la paroi, avant de pouvoir déterminer des indicateurs de risque de rupture pertinents en pratique clinique. Les chercheurs ont commencé à se concentrer sur les hétérogénéités locales du comportement biaxial ex vivo d'échantillons d'ATAA [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF]Shahmansouri et al., 2016a), mais l'épaisseur des échantillons était une estimation moyenne de multiples mesures ex vivo. L'hétérogénéité de l'épaisseur est une question d'actualité selon des articles les plus récents [START_REF] Davis | Local mechanical properties of human ascending thoracic aneurysms[END_REF][START_REF] Farotto | The role of biomechanics in aortic aneurysm management: requirements, open problems and future prospects[END_REF] 

Abstract

Ascending thoracic aortic aneurysm (ATAA) ruptures are life threatening phenomena which occur in local weaker regions of the diseased aortic wall. As ATAAs are evolving pathologies, their growth represents a significant local remodeling and degradation of the microstructural architecture and thus their mechanical properties. To address the need for deeper study of ATAAs and their failure, it is required to analyze the mechanical behavior at the sub-millimeter scale by making use of accurate geometrical and kinematical measurements during their deformation.

For this purpose, the proposed methodology combined a very accurate tool for thickness distribution measurement of the arterial wall, digital image correlation to assess local strain fields and bulge inflation to characterize the physiological and failure response of flat unruptured human ATAA specimens. The analysis of the heterogeneity of the local thickness and local physiological stress and strain was carried out for each investigated subject. At the subject level, our results state the presence of a non-consistent relationship between the local wall thickness and the local physiological strain field and high heterogeneity of the variables. At the inter-subject level, thickness, physiological strain and stress, load at rupture and primary clinical data were combined in a comparative and correlation analysis. The rupture pressure and the physiological stress of ATAA tissue were correlated with neither the average thickness nor the lowest thickness of the specimens. Our results confirm that intrinsic material strength (hence structure) differs a lot from a subject to another and even with the same subject. They were found, however, to correlate with the in vivo aortic diameter, partly supporting the current diameter-based management of ATAA. In addition, no evident correlation was found between maximum principal stress or strain values in physiological conditions and the rupture pressure of individual specimens, confirming that local strength and structure of tissue are the key determinants of rupture. Other correlation analyses were also carried out with the described data.

Introduction

Aneurysm rupture involving thoracic aorta is one of the principal causes of vascular disease-related death, accounting for an annual age-and sex-adjusted incidence of 3.5 per 100,000 individuals. Anatomically, these aneurysms are ascending thoracic aortic aneurysm (ATAA) in 85% of the cases [START_REF] Clouse | Acute aortic dissection: population-based incidence compared with degenerative aortic aneurysm rupture[END_REF]. Mortality rate from thoracic aortic rupture is extremely high, i.e., 97% to 100% [START_REF] Johansson | Ruptured thoracic aortic aneurysms: a study of incidence and mortality rates[END_REF] and surgical repair by the resection with a prosthetic graft is the current therapy for this pathology. At present, there is no critical trigger factor that permits to predict impending rupture. Therefore most operative interventions are usually done when ATAA orthogonal diameter surpasses 55 mm [START_REF] Svensson | Aortic valve and ascending aorta guidelines for management and quality measures[END_REF], when the rate of growth increases more than 0.5 cm/year [START_REF] Boodhwani | Canadian Cardiovascular Society position statement on the management of thoracic aortic disease[END_REF] and/or when serious aneurysm-associated symptoms occur [START_REF] Lobato | Predictive factors for rupture of thoracoabdominal aortic aneurysm[END_REF][START_REF] Ramanath | Acute aortic syndromes and thoracic aortic aneurysm[END_REF]. Thoracic aneurysms are more common in men. According to a study published by Olsson et al. with 14000 subjects during a 16-year period, individuals diagnosed with thoracic aortic aneurysm or dissection are about 62% men and 38% women with a mean age at diagnosis of 70 ± 12 years [START_REF] Olsson | Thoracic aortic aneurysm and dissection: increasing prevalence and improved outcomes reported in a nationwide population-based study of more than 14,000 cases from 1987 to 2002[END_REF]. However, prognosis of thoracic aneurysms is more problematic in women because they Chapter 5
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Thesis in Mechanics and Engineering 113 are more likely to experience dissection or rupture, and particularly at smaller aneurysm sizes [START_REF] Pape | Aortic diameter >or = 5.5 cm is not a good predictor of type A aortic dissection: observations from the International Registry of Acute Aortic Dissection (IRAD)[END_REF] independently from the body size [START_REF] Davies | Novel measurement of relative aortic size predicts rupture of thoracic aortic aneurysms[END_REF]. In fact, the aneurysmal growth rate seems similar in men and women among the heritable thoracic aneurysm but female sex is strongly associated to a greater aneurysm growth rate among the degenerative aneurysms [START_REF] Cheung | Thoracic Aortic Aneurysm Growth: Role of Sex and Aneurysm Etiology[END_REF]. At the same time, it should be underlined that there is a high incidence of aortic dilatation, aneurysm and dissection in patients with bicuspid aortic valve (BAV), a congenital anomaly affecting 1 to 2% of the population, more than all other congenital cardiac disease combined [START_REF] Fedak | Clinical and pathophysiological implications of a bicuspid aortic valve[END_REF][START_REF] Ward | Clinical significance of the bicuspid aortic valve[END_REF]. The presence of a BAV, in fact, increases the risk of developing an ATAA at least 10-15 years earlier than the more common cases of tricuspid valve (TAV) [START_REF] Phillippi | Mechanism of Aortic Medial Matrix Remodeling is Distinct in Bicuspid Aortic Valve Patients[END_REF]. Aneurysm and dilatation of the ascending thoracic aorta were found in 10-35% of patients with BAV undergoing surgical operations or necropsy [START_REF] Cecconi | Aortic dilatation in patients with bicuspid aortic valve[END_REF]. This conducts to the fact that since ATAA wall is exposed to the complex patient-specific hemodynamics created in the left ventricle outflow tract it demonstrates a complex solid mechanical behavior. Aortic mechanical strength stems from the content and architecture of cellular and matrix constituents, i.e. vascular smooth muscle cells (SMC), elastin, collagen, and ground substance, which vary greatly within the thickness of the wall [START_REF] Schriefl | Selective enzymatic removal of elastin and collagen from human abdominal aortas: uniaxial mechanical response and constitutive modeling[END_REF][START_REF] Weisbecker | The role of elastin and collagen in the softening behavior of the human thoracic aortic media[END_REF] and locally [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF]. Rupture of ATAAs can be considered as the effect of excessive mechanical stresses or strains on a localized point of a diseased wall which is affected by abnormal microstructural remodeling of the vessel [START_REF] Humphrey | Dysfunctional Mechanosensing in Aneurysms[END_REF]: disorganized distribution of collagen fibers [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF][START_REF] Tang | Hyperplastic Cellular Remodeling of the Media in Ascending Thoracic Aortic Aneurysms[END_REF] and fragmented elastin network in ATAAs [START_REF] Pasta | Constitutive modeling of ascending thoracic aortic aneurysms using microstructural parameters[END_REF][START_REF] Phillippi | Mechanism of Aortic Medial Matrix Remodeling is Distinct in Bicuspid Aortic Valve Patients[END_REF] with a decreased amount of elastin (Iliopoulos et al., 2009b;[START_REF] Lindeman | Distinct defects in collagen microarchitecture underlie vessel-wall failure in advanced abdominal aneurysms and aneurysms in Marfan syndrome[END_REF] and SMC loss. For instance, the spatial variation of collagen and elastin fibers has a direct consequence on the evolution of the vessel wall stress and strain localization, which are relevant aspects in understanding the degeneration process and assessing aneurysm rupture risk [START_REF] Vorp | Biomechanics of abdominal aortic aneurysm[END_REF]. In light of this background, patient-specific mechanical analysis should be able to provide accurate wall elastic properties distributions at the spatial scale of the local heterogeneities of the wall before making assumption in finding rupture risk indicators. Researchers started to focus on the local heterogeneities of the ex vivo biaxial behavior in ATAA specimens [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF]Shahmansouri et al., 2016a). However, as commonly achieved, the specimen thickness was an average estimation of multiple ex vivo measurements which can induce important discrepancies in the estimated stress fields. Thickness heterogeneity is a critical issue according to the most recent articles [START_REF] Davis | Local mechanical properties of human ascending thoracic aneurysms[END_REF][START_REF] Farotto | The role of biomechanics in aortic aneurysm management: requirements, open problems and future prospects[END_REF]. In particular, it has a central role in properly assessing the local stress field in the ATAA wall. Within this context, the goal of this study is to propose an original experimental methodology, which combines for the first time both a highly accurate method to map the local initial thickness of the tissue and a method to reconstruct the distribution with a submillimetric spatial resolution of the mechanical stress-strain state of arterial tissues pressurized ex vivo. The method was applied to the analysis of local mechanical characteristics of human ATAA specimens, and we correlate them with the heterogeneous clinical data, individual thickness local characteristics and ex vivo rupture pressure.
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Materials

Specimen preparation

Unruptured ATAA tissues (patients = 19, specimens = 20) were collected from consenting patients undergoing surgical replacement of the enlarged tranche with Institutional Review Board approval.

Previously measured values for the in vivo diameter of each ATAA at its point of maximum dilatation were derived from CT dynamic scanner examination performed the day before the surgery (Figure 5.1 a). Patient clinical data are reported in Table 5.1. A disc-shaped wall specimen with a diameter of about 45 mm was cut from the central part of the outer curvature of each ATAA (Figure 5.1 b). One ATAA samples with a particularly large size have been separated in multiple specimens. The same specimen orientation with respect to the experimental set up was employed for all the tests. After excision, the specimens were stored in PBS at 4°C and manipulated within 24 hours of the operation. Specimens were clamped between two 30-mm-inner-diameter PVC supports, appendage of the inflation device, being held together until the end of all measurements and tests. This step permitted to mount them on the thickness measurement set-up and sequentially on the bulge inflation set-up (Figure 5.1 c and d, respectively) while ensuring the inalterability of the specimen region of interest and orientation. Details of the specimen preparation were reported in an earlier publication [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF].

Thickness measurements were performed for all the 20 specimens, while only 12 out of 20 could successfully be analyzed using the mechanical inflation test. Four additional specimens -2 of which were analyzed using the mechanical testextracted from one patient are presented in Appendix C as a stand-alone study because of their particularities. +- 

Thickness measurement protocol

The thickness measurement set-up, presented in Figure 5.2 a, was made up of two high spatial resolution line laser triangulation sensors (optoNCDT 1700BL, Micro-Epsilon Messtechnik GmbH & Co. KG, Germany), headed toward each other in a horizontal line, and a central body midway between the sensors. The central body was given by an iron holder and a linear translation stage (MFA-PPD, NewPort, CA, USA) designed to move along the vertical direction the PVC supports fastening the specimen. Blue light (λ = 405 nm) sensors were chosen because soft tissues as human skin reflected these wavelengths without significant light absorption and blur, as demonstrated for skin [START_REF] Boyer | Assessment of the in-plane biomechanical properties of human skin using a finite element model updating approach combined with an optical full-field measurement on a new tensile device[END_REF]. The scanner exposure time was 1 ms and the measurement field was 1280 x 768 pixels. A program developed in LabVIEW (National Instruments, Austin, USA) allowed recording the position profiles of both exposed surfaces of the specimen with a vertical step of 50 μm and a lateral resolution of 20 μm. To adjust the alignment error between the two laser sensors, a former calibration procedure was carried out using 4 gage blocks, with thicknesses from 1 to 2.5 mm. Results showed a bias error on the thickness of 9 µm and a standard deviation of 12 µm. Measurements on each ATAA specimen were made two consecutive times over a period of about 3 minutes. Thickness was estimated with a Matlab® program, (i) by mapping one surface onto the other, (ii) by defining the vector normal 𝑛 ⃗ to the mean surface and (iii) by calculating the thickness as the normal projection of the out-of-plane
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Cristina Cavinato Thesis in Mechanics and Engineering 117 was used to compute the stress field on the mesh [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF]. Briefly, by considering an arbitrary dividing surface determined by vector position 𝑥 ⃑(ξ 1 , ξ 2 ) where ξ α are the curvilinear coordinates (α =1,2 are the 2 directions tangential to the surface) at each point of the surface, a pair of independent covariant tangential basis vectors were defined as 𝑔 α = ∂𝑥 ⃗ ⃗⃑ ∂ξ α . The contravariant tangential basis vectors 𝑔 α were then defined with the following condition: 𝑔 α • 𝑔 β = 𝛿 𝛼 𝛽 (β = 1,2), 𝛿 𝛼 𝛽 being the symmetric unit tensor. If we define as 𝐺 α and 𝐺 β the covariant and contravariant metric vectors in the undeformed configuration, the deformation gradient tensor on the surface of the specimen can be defined as 𝑭 = 𝑔 𝛼 ⊗ 𝐺 α . Consequently, the Green-Lagrangian strain tensor was computed as follows:

𝑬 = 1 2 (𝑭 𝑇 𝑭 -𝑰) = 1 2 (𝑔 α • 𝑔 β -𝐺 α • 𝐺 β )𝐺 α ⊗ 𝐺 β (5.1)
Under the pure membrane assumption, the Cauchy membrane stress tensor σ was computed from the static equilibrium problem [START_REF] Lu | Inverse method of stress analysis for cerebral aneurysms[END_REF].

1 √ 𝑔 ∂( √ 𝑔 ℎ 𝜎 𝛽𝛼 𝑔 ⃗ 𝛼 ) ∂ξ 𝛽 + 𝑝𝑛 ⃗ = 0 ⃗ (5.2)
where g = det(𝑔 α • 𝑔 β ), p is the applied bulge pressure, 𝑛 ⃗ is the unit vector normal to the surface in the current configuration. Equation (5.2) was solved for the centroids of the mesh elements. Then the system was completed with boundary condition equations which balance the applied pressure; only the in-plane tension and no shear were permitted along the boundaries. A more complete description of the determination of the stress field and a finite element validation study is given by Romo et al. [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF].

The actual thickness ℎ of each element was also calculated for each deformed configuration using the initial thickness ℎ 0 (measured) and the incompressibility assumption:

ℎ = ℎ 0 𝐹 11 𝐹 22 -𝐹 21 𝐹 12 (5.3)
where 𝐹 𝑖𝑗 are the components of F in (𝑔 1 , 𝑔 2 ).

For comparative purposes, Equation (5.2) was solved a second time using a constant thickness for all mesh nodes, denoted as ℎ ̅ 0 , average of the specimen initial thickness field. In this way, the method proposed by Romo el al. and based on a constant thickness value was reproduced by using an optical technique instead of an average of caliper measurements.

From this stress reconstruction method, the fields of the maximum principal strain E* and the maximum principal stress σ* were analyzed more precisely in the following. Their values were extracted at different relevant points, namely the points of their maximum and minimum values, the points of maximum and minimum thicknesses and the point at the top of the inflated specimen. Their average values were also considered.
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In vivo pressure calculation

In order to compare the mechanical fields of different specimens at a physiologically-meaningful specific load, the pressure measured in the inflation test was converted to an equivalent pressure in vivo, denote as pvivo. In fact, it is important to point out that the blood pressure should not be considered equal to the applied pressure in the inflation test due to the change of shape between the ATAA in vivo and the inflation system. Therefore, the proposed methodology consisted in (i) fitting a sphere with a diameter dfit to the deformed coordinates of the inflated specimens and (ii) using Laplace's law to find the equivalent pressure in vivo. The sphere fitting was performed with an iterative Gauss-Newton algorithm. Under the membrane theory assumption previously verified [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF] and modeling the ATAA wall as a hemispherical membrane, the pressure in vivo for each inflation step can be written as:

𝑝 𝑣𝑖𝑣𝑜 = 𝑝 𝑑 𝑓𝑖𝑡 𝑑 𝑣𝑖𝑣𝑜 (5.4)
Where 𝑝 is the applied pressure, 𝑑 𝑓𝑖𝑡 is the radius of curvature of the fitted sphere and 𝑑 𝑣𝑖𝑣𝑜 is the in vivo diameter of the specimens from pre-surgical CT scans (Table 5.1). The purpose of this approach is to take into account the conditions in vivo of the tissues to permit the analysis of the stress and strain fields at a comparable load among specimens which have different in vivo diameters.

Statistical analysis and correlation to clinical data

The repeatability in the thickness measurements was assessed by performing a non-parametric paired Wilcoxon signed-rank test [START_REF] Lowry | Wilcoxon Signed-Rank Test[END_REF] of the thickness dataset and its repetition. Clinical data of available population were analyzed. The Grubbs' test [START_REF] Grubbs | Extension of Sample Sizes and Percentage Points for Significance Tests of Outlying Observations[END_REF] was used to facilitate the identification of significant outliers in the datasets and the decision-making in defining the study population: outliers were excluded in the case of clinical relevant reasons and analyzed individually (Appendix C). Following this, the first thickness dataset was used of the analysis and basic statistic values of the thickness maps were calculated. Since there were multiple specimens supplied from single patients, both patient and specimen statistics were determined. Using all datasets, the intra-patient variability was defined as the square root of the average of the single patient variances. The inter-patient variability was calculated as the standard deviation of the single patient averages.

Comparative and correlation statistics were performed on the study population in accordance with the amount and the characteristics of the data (qualitative or quantitative, independent or paired, normal distribution or not).

To analyze the linear correlation between the thickness, the mechanical state metrics, and the clinical data, a non-parametric Spearman rank order test [START_REF] Student | An Experimental Determination of the Probable Error of Dr Spearman's Correlation Coefficients[END_REF] was computed (the correlation coefficient is referred to as ρ), pursuant to a Shapiro-Wilk normality test [START_REF] Shapiro | An Analysis of Variance Test for Normality (Complete Samples)[END_REF], which rejected the hypothesis of normality of much of the data. For assuming the linear regression, the normality assumption of the residuals, their mean equal to zero and their constant standard deviation were verified. The statistical comparison between two sets of data, i.e. male/female and BAV/TAV subjects was done following the two-sided Wilcoxon-Mann Whitney test with continuity correction [START_REF] Zar | Biostatistical Analysis[END_REF].
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All the considered statistical tests were performed using a threshold of 0.05 on the significance indicated as p-value.

Results

Thickness characterization

Local thickness variability -Figure 5.3 a shows a representative example of thickness measurements obtained from ATAA specimens. The spatial variability is highlighted by the color scale which ranged between 0.1 and 5.2 mm in this specific specimen. In a first instance, the repeatability analysis estimated by a Wilcoxon signed-rank test for paired variables showed no difference (p-value < 0.05) between the first and second measurement of all the specimens. The thickness measurements were thus considered as repeatable. In Table 5.1, the averages (over all measurement points) of the thickness measurements for each specimen are shown. For the 20 patients, the mean thickness was 3.10 mm and there were an intra-patient variability of 0. There is evidence of a large intra-specimen variability, which was particularly emphasized in some specimens where a greater fibrotic and calcified appearance of the surfaces manifested by a higher number of outliers (e.g. in specimens no 14 and 17). Considering male and female groups, the mean tissue thickness was significantly different with female aortas which were thinner than male ones, i.e. 3.23 ± 0.47 and 2.73 ± 0.41 mm, respectively, with pvalue = 0.04. Considering BAV and TAV groups, there was only a weaker presumption of statistical difference in the aneurysm thickness; i.e. 3.30 ± 0.53 and 2.92 ± 0.53 mm, with p-value = 0.09. The proportion of female subjects in BAV and TAV groups were 1:9 and 4:10, respectively. Thus, considering separately male BAV and TAV thickness the statistics were 3.37 ± 0.53 and 3.04 ± 0.33 mm and not significantly different (p-value = 0.14). Female TAV thickness statistics was 2.73 ± 0.47 mm but as there was only one female BAV patient (2.75 mm) no assumption could be made. Patient thicknesses were then compared in a bivariate correlation analysis with patient ages and ATAA diameters (Figure 5.4 a and b). Between ages and thickness, a significant negative correlation was found (ρ = -0.61, p-value = 0.01). Thickness and diameter correlated significantly and positively (ρ = 0.52, p-value = 0.02).

Inter-patient analysis: thickness correlated to clinical data -

The other clinical data were also considered to verify potential dependences. Male and female diameter in vivo were not significantly different, i.e. 53.6 ± 4.6 and 55.7 ± 6.8 mm (p-value = 1), but a significant difference was found in the ages, i.e. 78.4 ± 4.9 and 64.6 ± 11.9 years (p-value = 0.01).

Bicuspid and tricuspid valves treated as separate groups did not show any significant difference in aneurysm diameter in vivo (53.96 ± 5.04 and 54.36 ± 5.45 mm, with p-value = 0.74) but BAV and TAV ages were statistically different (61.0 ± 13.2 and 74.7 ± 6.3 years, with p-value = 0.01). In this context, the dependence between sex, valve type and age affected clearly the results.

The hypothesis of correlation between the variables age and diameter was rejected (ρ = 0.03, p-value = 0.90) (Figure 5.4 c).

Figure 5.4 Relationships between mean ex vivo thickness of ATAA specimens, age of donors (a) and in vivo diameter (b) and relationship between age and in vivo diameter (c). Linear regressions were traced in case of significant correlation.

Mechanical analysis

The bulge inflation test was considered successful when the rupture of the tissue occurred far from the clamps. For this reason, only 12 specimens out of the 19 were considered in the following mechanical analysis.

Mechanical analysis at physiological load

The maximum principal values of the Cauchy membrane stress tensor σ* and of the Green Lagrange tensor E* were computed at all nodes of the mesh of the deformed surface of the 12 specimens and analyzed at an equivalent in vivo pressure of 150 mmHg. This pressure value was chosen also because it was the highest pressurization point at which the full mechanical data reconstruction of all specimens was possible. The analysis was limited to a region of interest (ROI) of 10 mm diameter from the center of the inflated surface. This permitted to have the complete mechanical field reconstruction for all specimens and to avoid inaccuracy at the borders due to the imposed boundary conditions in the stress reconstruction method [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF]. Pointwise correlation between thickness and mechanical state -It can be observed in Figure 5.6 that σ* at THIN nodes were rationally higher than the values at THIC nodes in all AOUT and IOUT Chapter 5

122 Thesis in Mechanics and Engineering Cristina Cavinato specimens, in average of +29% and +41%, respectively. Instead, considering E* at THIN and THIC nodes (Figure 5.6), no clear relationship was observed between the strain values and the initial thickness: in AOUT, E* was higher in the thinnest than in the thickest points for 3 specimens but for 4 specimens it had an opposite behavior; in IOUT, 4 specimens had a higher E* in the thinnest than in the thickest points and 1 showed the opposite. No statistical difference was found in the variation between the two nodes of the two groups for both E* and σ* (p-value > 0.20). Nodes THIN and THIC behaviors followed the relationship between σ* and E* of each node and the node initial thickness. For all specimens, σ* and thickness were significantly negatively correlated, whereas the relationship between E* and initial thickness were uncertain, as summarized from the correlation coefficients in 

Mechanical analysis at rupture

All measured rupture pressure values and their equivalent in vivo values are listed in The two specimens from the same patient inflated with adventitia outwards (no 19 a) and intima outwards (no 19 b) permitted to have comparative results on a same donor. The inflation of the left specimen of the ATAA with the adventitia outwards ruptured at an in vivo pressure of 433.08 mmHg while the right part of the ATAA with the intima layer outwards ruptured at 365.80 mmHg, i.e. a -16% difference.

Qualitative observations were also made on the way the specimens inflated and ruptured:  In all AOUT tests, drops of water appeared to pass through the ATAA wall and be visible since the early stages of the inflation test. This permeability appeared to increase until complete wall rupture in the form of a crack line at a single location (specimens no 1 and 3) or more frequently as a rupture of intima and media at a first location, followed by adventitial delamination and rupture at a second different location.  On the contrary, IOUT tests did not show any passage of water before rupture and ruptured in the form of a single crack line. For four out of the five tested specimens, the partially intact adventitial layer was visible behind the broken intima-medial layer, containing only part of the water flow. Some image examples of breaking specimens are presented in Appendix C: Taking into account the position of the rupture in relation with thickness and physiological mechanical maps, all specimens showed behaviors similar to the one of the specimen no 3, independently from the observed surface (Figure 5.5 d): the identified rupture nodes did not seem to correspond to either a zone of thickness variation or a zone where concentration of E* or σ* could be visualized on the color maps. An exception is the patient discussed in the stand-alone study in Appendix C. 

Inter-patient analysis: correlation between thickness and mechanical data

Searching any potential correlation between physiological mechanical values and mean and minimum thickness of the specimens were investigated taking into account the definitions of paragraph 5.3.2 (Table 5.4). AOUT and IOUT groups were considered together in this analysis. However, as the behavior in terms of strain was statistically different in AOUT and IOUT, the distinction between the two groups was preserved in the figures afterwards. As a result, no significant correlation was found between σ* (the average or the value in any of the considered nodes) and mean or minimum thickness. On the other hand, E* values were significantly and positively correlated only to the mean thickness ℎ ̅ 0 when E* at MAX nodes were considered (Figure 5.9). Taking into account the rupture mechanical values, no significant linear correlation was found between the in vivo rupture pressure values and the mean or the minimum thickness of the specimens (p-value > 0.45). paragraph. No significant correlation was identified between the in vivo rupture pressure and the σ* values previously considered (p-value > 0.23). However, a linear correlation was found between the E* value at MAX nodes and the in vivo rupture pressure. Table 5.5 and Table 5.6 indicate the results in term of correlation coefficients.

Additional inter-patient analysis and correlations

Relations between mechanical parameters -

Relations between mechanical parameters and clinical data -

A significant positive correlation was found between ATAA in vivo diameters and the average σ*. No other significant correlations with σ* were found. The E* values were negatively correlated to the patient age in MAX nodes and for the average E* (Table 5.5 andTable 5.6). Figure 5.10 shows the concerned relationships. Regarding the rupture mechanics, a strong negative correlation between in vivo rupture pressure and diameter was found (ρ = -0.72, p-value = 0.01). Also in vivo rupture pressure and age showed a The statistical comparison based on sex and valve type resulted in accepting the hypothesis of separation between in vivo rupture pressure of male and female groups (p-value = 0.01) and the in vivo rupture pressure of TAV and BAV groups (p-value = 0.04). The representations in Figure 5.11 permit to observe the different clinical groups. As it was pointed out and can be seen in the figure, the dependence between valve type, sex and age had an influence on the results. 

Discussion

The present paper introduced an experimental approach to the local analysis of ATAA tissue mechanics during bulge inflation up to rupture. The main novelty lies in a very accurate measurement of the thickness distribution over the specimens, which was essential and relevant in the subsequent mechanical analysis. Among the main results, it is important to note that the rupture pressure of ATAA tissue was not found to be correlated with either the average thickness or the lowest thickness of the samples. This shows that intrinsic material strength (hence its structure) differs a lot from one patient to another because thickness differences alone do not explain different rupture pressure values observed. The latter was found, however, to correlate with the in vivo diameter, partly supporting the current diameter-based management of ATAA. In addition, no evident correlation was found between maximum principal stress or strain values and the rupture pressure value of individual specimens, confirming that the micromechanical behavior and the microstructure of arterial tissues are the key determinants of their rupture.

Other comments on the results of this study are brought in the following paragraphs. We address specifically results linked to thickness map measurements and those linked to the reconstructed mechanical state of specimens, indicating possible study limitations and, when possible, relating the results to the literature.

Thickness measurements and correlation with clinical data

A key point of this study was the measurement of local thickness fields instead of a homogeneous value thanks to the development of a novel methodology allowing thickness estimates with a high spatial resolution. This aspect was motivated by the large number of experimental and computational studies having previously shown evidences of regional differences in the elastic and failure mechanical properties of arterial tissue as well as non-uniform distribution of tissue thickness, which were proven to reduce the accuracy of aortic computational models [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF][START_REF] Davis | Pointwise characterization of the elastic properties of planar soft tissues: application to ascending thoracic aneurysms[END_REF][START_REF] Ferraro | Should We Ignore What We Cannot Measure? How Non-Uniform Stretch, Non-Uniform Wall Thickness and Minor Side Branches Affect Computational Aortic Biomechanics in Mice[END_REF][START_REF] Genovese | Multimodal optical measurement in vitro of surface deformations and wall thickness of the pressurized aortic arch[END_REF]Iliopoulos et al., 2009b;[START_REF] Kim | Circumferential variations of mechanical behavior of the porcine thoracic aorta during the inflation test[END_REF][START_REF] Raaz | Segmental aortic stiffening contributes to experimental abdominal aortic aneurysm development[END_REF][START_REF] Shang | Impact of wall thickness and saccular geometry on the computational wall stress of descending thoracic aortic aneurysms[END_REF]. The proposed optical technique has the assets of rapidity, specimen preservation, reproducibility with a good accuracy and a high spatial resolution that common methods of measuring specimen thickness do not allow [START_REF] Lee | Thickness measurement of soft tissue biomaterials: a comparison of five methods[END_REF][START_REF] O'leary | Comparison of methods used to measure the thickness of soft tissues and their influence on the evaluation of tensile stress[END_REF]. The feasibility of the technique was established here with specimens of unruptured human ATAA wall but this set-up is suitable for other kinds of thin specimens.

The mean thickness which was measured with this setup, of about 3.10 mm, was higher than previous measurements of human unruptured ATAA with similar clinical characteristics. Indeed, multiple measurements conducted with a digital caliper for entire ATAA wall specimens resulted in an average and standard deviation of 1.89 ± 0.28 mm [START_REF] Romo | Biomechanical characterization of the ascending thoracic aortic aneurysms[END_REF], 1.90 ± 0.20 mm [START_REF] Vorp | Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta[END_REF] and similar values in other studies [START_REF] Forsell | Biomechanical properties of the thoracic aneurysmal wall: differences between bicuspid aortic valve and tricuspid aortic valve patients[END_REF]. As evidence of this, methods using calipers proved not reliably accurate and the results could be associated with an uncontrolled compression exerted by the user (O' Leary et al., 2013). Using histological histological slides, Tang et al recorded values of 2.60 ± 0.21 mm [START_REF] Tang | Hyperplastic Cellular Remodeling of the Media in Ascending Thoracic Aortic Aneurysms[END_REF]. Iliopoulos et al. carried out both histology and laser micrometry on fresh specimens resulting in 1.63 ± 0.47 mm in fixed specimens but importantly higher (no average reported) in fresh specimens because of fixation and histologic preparation effects which usually are the tissue shrinkage (Iliopoulos et al., 2009b). In agreement with the latter, Smoljkić et al. reported 1.22 and 1.50 mm (intima-media thickness without adventitia), at systole and diastole respectively, using echocardiography, 1.44 ± 0.28 mm (intima-media thickness without adventitia) through histology and 2.72 ± 0.44 mm (full thickness) via an optical method by placing the specimen between two calibrated metal plates [START_REF] Smoljkić | Biomechanical Characterization of Ascending Aortic Aneurysms[END_REF]. Still using an echocardiographic technique, another study indicated a whole thickness of 1.70 mm at early systole pressure in the proximal ATAA [START_REF] Nathan | Increased ascending aortic wall stress in patients with bicuspid aortic valves[END_REF], whereas Koullias et al. measured 2.45 ± 0.19 mm at the end of systole and 2.52 ± 0.17 mm at the end of diastole [START_REF] Koullias | Mechanical deterioration underlies malignant behavior of aneurysmal human ascending aorta[END_REF]. The variability within the aforementioned results could be due the fact that it reached only a small portion of the wall and to the unsatisfying resolution and image quality of the echo technique. Unlike earlier techniques, the presented one allowed a userindependent measurement without any applied load on the specimen with exception of the gravity (assumed negligible), with no contact on both specimen sides, and hence without compression or alteration in the thickness direction.

Unlike earlier techniques, the presented one allows a user-independent thickness measurement without any applied load on the specimen, with no contact on both specimen sides, and hence without compression or alteration in the thickness direction. These assets enabled unprecedented and reliable assessment of thickness variability. Hence, inter-patient variability was found to be higher compared to the standard deviations presented in the previous studies mentioned above. Interestingly, the intraspecimen variability was higher than the inter-specimen one, underlining the heterogeneity of this tissue and providing new evidence to better understand arterial diseases. Though their causes were not of interest in this study, such heterogeneities are known to be induced by several pathologies, e.g. atherosclerosis (intimal hyperplasia, calcification, fat deposition) or cystic medial necrosis (disruption of elastin and smooth muscle cells).

The measurement of the wall thickness of multiple specimens obtained from patient 19 showed no marked regional difference between left and right side of the outer curvature, which is consistent with Chapter 5
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ATAA thicknesses were statistically lower in female specimens than in male ones. This may be explained by the higher age of the women included in the study. On this aspect, the distribution of patients undergoing elective surgery can be explained by the fact that the study population of ATAAs could be degenerative or hereditable [START_REF] Cheung | Thoracic Aortic Aneurysm Growth: Role of Sex and Aneurysm Etiology[END_REF]. Hereditable ATAA patients are younger, with low tendency to hypertension and their growth is similar in men and women. On the contrary, degenerative ATAA are found in older patients, where hypertension is the principal risk factor predisposing to dilatation [START_REF] Goldfinger | Thoracic Aortic Aneurysm and Dissection[END_REF] and present a higher growth rate in female ATAAs compared to male ATAAs. Moreover, it was reported that hypertension is a chronic condition more prevalent in older women than men [START_REF] Cheung | Thoracic Aortic Aneurysm Growth: Role of Sex and Aneurysm Etiology[END_REF].

Our analysis showed that BAV tissue was thicker than TAV tissue if male and female groups were merged but the thickness was non-significantly different, above all if the sex groups were considered separately. A general observation among previous studies was that there were no statistical differences between BAV and TAV groups in the total thickness [START_REF] Nathan | Increased ascending aortic wall stress in patients with bicuspid aortic valves[END_REF][START_REF] Sokolis | Effects of aneurysm on the directional, regional, and layer distribution of residual strains in ascending thoracic aorta[END_REF] and in the medial thickness [START_REF] H859 | Morphometric analysis of aortic media in patients with bicuspid and tricuspid aortic valve[END_REF]. Other studies reported that BAV wall is significantly thinner than TAV wall but with a significant variance in the thickness of bicuspid tissue as in our outcomes [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF][START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF], probably showing a highly heterogeneous thickness in BAV ATAAs.

A significant negative linear correlation was found between ATAA mean thickness and age. In contrast, Pham et al. mentioned a non-significant positive trend between the two parameters [START_REF] Pham | Biomechanical characterization of ascending aortic aneurysm with concomitant bicuspid aortic valve and bovine aortic arch[END_REF] but, to the best of our knowledge, there was no other study looking into this correlation.

A significant positive correlation was found between the diameter and mean thickness. A thickening with increasing diameter trend was observed, as also reported by Choudhury et al. [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF] and with a significant correlation for BAV specimens by [START_REF] Pham | Biomechanical characterization of ascending aortic aneurysm with concomitant bicuspid aortic valve and bovine aortic arch[END_REF]. This suggests that the wall increases in thickness to ensure the tensile support in the aneurysmal artery. This scenario was reported in previous studies affirming that the disease in aneurysmal aortas tends to thicken the wall with an increase or invariance of the adventitial layer, an intima thickening and a media thinning that does not compensate the total increase (Iliopoulos et al., 2009b;[START_REF] Tang | Hyperplastic Cellular Remodeling of the Media in Ascending Thoracic Aortic Aneurysms[END_REF]. Tang et al. also found that the medial mass increases because of SMC hyperplasia, hypothesizing that this phenomenon can be an initial adaptive response to the mechanical strain. On the other hand, others studies found a slight negative trend between thickness and diameter [START_REF] Okamoto | The influence of mechanical properties on wall stress and distensibility of the dilated ascending aorta[END_REF].

Mechanical analysis and correlation with thickness

Mechanical analysis at physiological loading

The maximum principal values σ* and E* of the Cauchy membrane stress tensor and of the Green Lagrange tensor, respectively, were analyzed and compared at key nodal locations of the specimens at an in vivo pressure of 150 mmHg. The pressure was chosen to represent an elevated systolic aortic pressure, addressing slight (frequent) hypertension. It is in fact known that 60% of people older than 65 years are hypertensive [START_REF] Zieman | Mechanisms, pathophysiology, and therapy of arterial stiffness[END_REF] and that hypertension is frequently associated to Chapter 5

132 Thesis in Mechanics and Engineering Cristina Cavinato aneurysm formation [START_REF] Hameed | Aortic Aneurysms[END_REF]. The inflation methods with adventitia and intima outwards were compared. It resulted that both methods led to similar stresses but the corresponding strains were statistically different. In particular, the minimum strains were statistically lower when adventitia was outwards, suggesting that intima surface had a narrower strain distribution range than adventitia surface.

Concerning the average behavior at an in vivo pressure of 150 mmHg, the mean maximum principal stress σ* was 0.18 MPa and the mean maximum principal strain E* was 0.39. Previous studies on bulge inflation of ATAAs did not report corresponding pressure values but their coupled Green strain-Cauchy stress values in both circumferential and axial directions at the center of the specimens matched with ours [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]. Planar biaxial tests of ATAA specimens showed Green strain values in line with our results at same Cauchy stress values. Okamoto et al. reported Green's strain values of about 0.45 and 0.25, respectively for a 65-year-old TAV patient and a 49-year-old BAV patient, corresponding to circumferential and axial stress of about 0.23 MPa [START_REF] Okamoto | Mechanical Properties of Dilated Human Ascending Aorta[END_REF][START_REF] Okamoto | The influence of mechanical properties on wall stress and distensibility of the dilated ascending aorta[END_REF]. Matsumoto et al. reported a Cauchy stress of 0.23 MPa when the Green's strain was about 0.15 in a 67 year old male ATAA, 0.10 in a 74 year old male TAA in the circumferential (stiffer) direction of their biaxial tests [START_REF] Matsumoto | Biaxial Tensile Properties of Thoracic Aortic Aneurysm Tissues[END_REF]. A large range of values is thus given in the literature.

Our findings are sufficiently in accordance with it and, constitute an additional contribution to the knowledge of the mechanical state with local information.

High heterogeneity and local thickness

Looking at the local heterogeneity within each specimen, maximum principal stress at a physiological in vivo pressure of 150 mmHg was in an intra-specimen average range between 0.12 and 0.25 MPa and maximum principal strain ranged between 0.12 and 0.95. This denotes the impressive local heterogeneity of the mechanical properties of a given arterial tissue. Previous studies already underlined this point with similar experiments on ATAAs [START_REF] Davis | Pointwise characterization of the elastic properties of planar soft tissues: application to ascending thoracic aneurysms[END_REF][START_REF] Davis | Local mechanical properties of human ascending thoracic aneurysms[END_REF][START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF][START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF][START_REF] Trabelsi | Patient specific stress and rupture analysis of ascending thoracic aneurysms[END_REF] or other biaxial tests on aortic tissue [START_REF] Bersi | Novel Methodology for Characterizing Regional Variations in the Material Properties of Murine Aortas[END_REF][START_REF] Peña | Over length quantification of the multiaxial mechanical properties of the ascending, descending and abdominal aorta using Digital Image Correlation[END_REF]. However, the major limitation of the aforementioned studies was to assume a homogeneous wall thickness, which could alter the calculation of stresses as clearly emphasized from Figure 7. Indeed, carrying out the same analysis using a homogeneous (average) thickness instead of the local thickness measurements, we demonstrated that the maximum principal stress range clearly flattened out. In particular, the initial thinnest nodes experienced the largest stress underestimation. In the eventuality that ATAAs failure is associated to a local thickness particularity, or is stress-driven, the contribution of thickness information at high spatial resolution could be a major step forward.

In the other hand, within the tested specimens we found different trends of the local mechanical metrics at a physiological loading state as a function of local initial thicknesses. While the maximum principal stress was negatively correlated to the intra-specimen thickness as expected, the maximum principal strain showed either positive or negative, most often significant, correlation. This inconsistent strain response was also observed when comparing two specimens extracted from the same aneurysm. These results imply that the local mechanical variations are most likely linked to the nature and the organization of the microstructural components within the multilayered structure of the arterial wall. These features are not observable with only external imaging. Thickness heterogeneity is a topical discussion [START_REF] Davis | Local mechanical properties of human ascending thoracic aneurysms[END_REF][START_REF] Farotto | The role of biomechanics in aortic aneurysm management: requirements, open problems and future prospects[END_REF] and has important practical implications concerning the clinics. Indeed, because our results showed that local thickness is not decisive in mechanically assessing the severity of a single aneurysmal case, computational diagnosis methods [START_REF] Gasser | Biomechanical Rupture Risk Assessment: A Consistent and Objective Decision-Making Tool for Abdominal Aortic Aneurysm Patients[END_REF] Chapter 5
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Thesis in Mechanics and Engineering 133 focused on computing case-specific wall stress would not benefit from improved imaging techniques providing accurate thickness measurement. With this study, the accurate local thickness measurement was a benefit in providing such detailed mechanical analyses of pressurized ATAA tissue, but a better knowledge on the microscopic origin of thickness variations is needed.

Rupture pressure

When increasing the pressure up to the arterial wall rupture, the mean measured rupture pressure for all specimens was 1014.47 mmHg, which was equivalent to an in vivo rupture pressure of 742.73 mmHg. These rupture pressures are much higher than the highest physiological aortic pressure reached during the rest cardiac cycle of about 120 mmHg [START_REF] Michal | Cardiovascular Surgery[END_REF]. However, such levels of pressure may be reached in certain physiological circumstances. Early investigations of Kroell et al.

were about the mechanical response to impact on cadaver thoraces with initially pressurized aortas [START_REF] Kroell | Impact Tolerance and Response of the Human Thorax II[END_REF]. They recorded intravascular pressures over 2500 mmHgand in the two cases of resulting traumatic rupture of the aorta, both at the level of the aortic arch, the rupture pressures were over 1500 mmHg. A similar study of impact test reported no injuries to no-aneurysmal thoracic aortas, even reaching a maximum intravascular pressure of 1300 mmHg [START_REF] Forman | Posterior acceleration as a mechanism of blunt traumatic injury of the aorta[END_REF]. Still on the subjects of traumatic false aneurysms, it was shown that an existing blunt thoracic aortic tear could be delayed in patients for whom the in vivo intravascular pressure was maintained lower than 140 mmHg [START_REF] Pate | Traumatic rupture of the aortic isthmus: an emergency?[END_REF]. This suggest that considering the intra-aortic pressure is fundamental to determine the risk of rupture when the wall strength is altered, e.g. in case of diseased tissue [START_REF] Vorp | Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta[END_REF]. However, considering the intra-aortic pressure is fundamental to determine the risk of rupture when the normal state is lost. Unfortunately, there is a lack of data on rupture intravascular pressure values in ATAA subjects. Ex vivo, the rupturing pressure and the mechanical properties of entire tubular aortic segments are very difficult to get because of complicated boundary conditions. Bulge inflation testing up to rupture using excised flat strips was designed as best compromise firstly by [START_REF] Mohan | Failure properties of passive human aortic tissue. II--Biaxial tension tests[END_REF] who studied human descending aortic tissue but without reporting values of rupture pressure of their tests. A similar test was performed on porcine aortas by Marra et al. [START_REF] Marra | Elastic and rupture properties of porcine aortic tissue measured using inflation testing[END_REF] who reported a rupture pressure of 1500 mmHg in one representative porcine specimen. However, these data may not be extrapolated to human ATAA, owing to variances between the two species. Tests of bulge inflation using specimens of human non-aneurysmal ATAAs with intima outwards were then carried out by [START_REF] Kim | Experimental characterization of rupture in human aortic aneurysms using a full-field measurement technique[END_REF] followed by Romo el al. [START_REF] Romo | Biomechanical characterization of the ascending thoracic aortic aneurysms[END_REF][START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF]. Romo et al. indicated for 23 specimens of 11 patients a mean measured rupture pressure of 731 ± 309 mmHg. Their values were lower than the presented ones and this may be partly due to their inflation technique with the intima layer outwards. We have, in fact, showed that lower rupture pressure values were reached with the intima layer outwards, according to the average of the two groups and to the results of specimens of the same donor inflated in opposite direction. In addition, the inflation rates used in the studies are not possible to compare but, if different, they inevitably affect differently the failure strength.

Our qualitative observations on inflated and ruptured specimens with adventitia or intima outwards showed how the rupture propagation phenomenon occurs in a different way in the inner and outer layers of ATAAs. We can state that generally specimen rupture initiates in the inner layers and ends with the adventitia failure or slippage due to delamination. This mechanism is similar to those reported for uniaxial failure tests of ATAAs (Iliopoulos et al., 2009a) and bulge inflation tests [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF] and is also the typical mechanism of aortic dissection [START_REF] Criado | Aortic dissection: a 250-year perspective[END_REF] and rupture of ATAA in Chapter 5

134 Thesis in Mechanics and Engineering Cristina Cavinato vivo [START_REF] Elefteriades | Thoracic aortic aneurysm: reading the enemy's playbook[END_REF]. Moreover, a generally different and higher outflow of water was observed when ATAA specimens were inflated with adventitia outwards compared to opposite case. At in vivo loading conditions, the stress-induced intramural fluid flow should be neglected [START_REF] Gasser | Physical processes in the vessel[END_REF] but alterations of ECM components are expected to alter the interstitial fluid pressure, the vessel permeability, porosity and hydration of the interstitium and this alteration can instigate the process of aortic aneurysm and dissection [START_REF] Mallat | Role of Microvascular Tone and Extracellular Matrix Contraction in the Regulation of Interstitial Fluid: Implications for Aortic Dissection[END_REF]. Our outcomes may be linked to these alterations.

To the authors' knowledge alterations in the intramural fluid flow has never been reported for tensile tests of ATAAs and such a result will need a more accurate assessment with targeted studies.

Inter-patient analysis: correlation between thickness and mechanical data

Regarding the relationship between the physiological mechanical parameters and the thickness of the specimens, a global positive trend was found between the strain and both mean and minimum thicknesses; moreover, a significant correlation was found between the maximum strain value and the mean thickness. No clear correlation was found between the physiological stress or the in vivo rupture pressure and the thickness values within the study population. These results concerning the study population, in addition to the heterogeneity of the local strain suggest once again that a study on microscopic origin of thickness variations is needed.

With respect to the rupture, no significant correlation was found between the in vivo rupture pressure and the specimen mean or minimum thicknesses. As a consequence, these observations suggest that the arterial wall strength, elongation at rupture, and hence microstructure may differ a lot from a patient to another, because neither the thickness alone, the stress or the strain could be used as relevant markers of the rupture location. Consistently, in uniaxial tensile tests, some authors did not find significant correlation between ultimate wall strength and mean thickness of the strips [START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF]; on the contrary, other authors reported a trend toward a significant negative correlation [START_REF] Forsell | Biomechanical properties of the thoracic aneurysmal wall: differences between bicuspid aortic valve and tricuspid aortic valve patients[END_REF]Iliopoulos et al., 2009a;[START_REF] Khanafer | Determination of the elastic modulus of ascending thoracic aortic aneurysm at different ranges Bibliography Cristina Cavinato Thesis in Mechanics and Engineering 205 of pressure using uniaxial tensile testing[END_REF].

Additional analysis and correlations

Correlation between clinical data

The hypothesis of correlation between age and ATAA diameter was not strong but a weak age-related increasing trend was present. This was also described by Morrison et al. on ATAA patients in vivo, using a ECG-gated tomography technique [START_REF] Morrison | Circumferential and longitudinal cyclic strain of the human thoracic aorta: age-related changes[END_REF]. Similarly, a MRI study conducted on a large number of non-aneurysmal subjects demonstrated that non-pathological ascending thoracic aorta diameter increased normally with age [START_REF] Turkbey | Determinants and normal values of ascending aortic diameter by age, gender, and race/ethnicity in the Multi-Ethnic Study of Atherosclerosis (MESA)[END_REF]. Consequently, our findings provide further evidences concerning this relationship.

Correlation between mechanical parameters

The physiological maximum principal stresses did not show any significant correlation with the in vivo rupture pressure; only a weak negative trend between the average stresses and the increasing rupture pressure was seen. However, it is interesting to underline the significant positive correlation found between the highest physiological maximum principal strains of the specimens and their in vivo rupture pressure. These observations could be meaningful if one considers that ATAA ruptures often occur in a moment of extreme physical or emotional effort [START_REF] De Virgilio | Ascending aortic dissection in weight lifters with cystic medial degeneration[END_REF] [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF].

Correlation between mechanical parameters and clinical data

The analysis of physiological maximum principal stresses versus diameters showed a positive correlation, in line with the Laplace's law. Instead, physiological maximum principal strains and diameters did not present any clear trend. In other studies, a positive trend was found between the physiologic stress level in the circumferential direction and the in vivo diameter. This is in good agreement with our findings but no significant correlation was reached [START_REF] Azadani | Biomechanical properties of human ascending thoracic aortic aneurysms[END_REF]. The authors also analyzed the tissue stiffness and found a significant positive correlation with the diameter, which could explain also our results. Regarding the relationship between in vivo rupture pressures and diameters, we found a significant negative correlation. This suggests that, in the light of the clinical practice for assessing the risk of rupture, it is reasonable to take into account the maximum in vivo diameter of the aneurysm. Uniaxial tests presented in literature conducted, however, to different conflicting findings: a weak negative correlation between the ultimate stress and the diameter independently from the direction (Iliopoulos et al., 2009a), a weak positive correlation in the axial and nonexistent correlation in the circumferential direction [START_REF] Khanafer | Determination of the elastic modulus of ascending thoracic aortic aneurysm at different ranges Bibliography Cristina Cavinato Thesis in Mechanics and Engineering 205 of pressure using uniaxial tensile testing[END_REF] and no significant correlation [START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF][START_REF] Smoljkić | Biomechanical Characterization of Ascending Aortic Aneurysms[END_REF]. Precedent bulge inflation tests with intima outwards reported no significant correlation between ultimate stresses and diameters [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]. In this unclear scenario, our findings gear toward a more defined association between the aortic diameter and the stress state.

The relationship between physiological maximum principal stresses and ages did not reveal any significant trend. In contrast, physiological maximum principal strains were significantly and negatively correlated with ages. In a review of the literature of ex vivo studies, authors seem to be oriented towards stiffness incrementing with age and this may clarify our finding. In fact, Babu et al. reported lower mean Green's strains in older patients (>50 year old) compared to a younger group [START_REF] Babu | Biomechanical Properties of Human Ascending Thoracic Aortic Dissections[END_REF] at a fixed Cauchy stress of 0.1 MPa that belongs to the collagen-dominated part of the mechanical response in a biaxial test. Moreover, Okamoto et al. showed a significant positive correlation between stresses relative to equi-biaxial strains of 0.25 and 0.35 and age of patients. This relationship appeared to be exponential, with a strong increase of stress after 50 years [START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF]. Also Duprey et al. described significant differences in circumferential stiffness due to the age, finding a higher stiffness in patients over 55 [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]. Taking into account that the in vivo rupture pressures of our study were negatively correlated to the ages, patient age is evidenced as a key factor. Many previous studies based on uniaxial tests are consistent with this finding. In particular, tests of both non-aneurysmal (García-Herrera et al., 2012) and aneurysmal ATAA tissues [START_REF] Ferrara | Human dilated ascending aorta: Mechanical characterization via uniaxial tensile tests[END_REF][START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF][START_REF] Okamoto | Mechanical Properties of Dilated Human Ascending Aorta[END_REF][START_REF] Pham | Biomechanical characterization of ascending aortic aneurysm with concomitant bicuspid aortic valve and bovine aortic arch[END_REF] reported lower ultimate tensile strengths or stresses when ages were higher and a significant negative correlation. Moreover, bulge inflation tests carried out only with intima outwards showed consistent failure stresses decreasing with higher age [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]. Differently, others (Iliopoulos et al., 2009a;[START_REF] Khanafer | Determination of the elastic modulus of ascending thoracic aortic aneurysm at different ranges Bibliography Cristina Cavinato Thesis in Mechanics and Engineering 205 of pressure using uniaxial tensile testing[END_REF] in their uniaxial tests did not observe a significant correlation between ultimate strength or stress and age for ATAAs in either axial or circumferential directions.

Significantly higher in vivo rupture pressures have been observed in males compare to females in our analysis, but the higher female mean age did not permit to state that there is a difference in a general
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way. Looking at the literature on the subject, only a few articles on uniaxial tests reported sex analysis of rupture mechanics. Two studies [START_REF] Ferrara | Human dilated ascending aorta: Mechanical characterization via uniaxial tensile tests[END_REF][START_REF] Sokolis | Impaired mechanics and matrix metalloproteinases/inhibitors expression in female ascending thoracic aortic aneurysms[END_REF]) had a larger variance in female subjects age, then no significant difference in the age of the two groups. Their results were consistent with ours as they reported that both circumferential and longitudinal ultimate tensile strengths were higher for males than females, even if the difference was significant only for the circumferential direction in both studies. An important complementary observation done by Sokolis and Iliopoulos specifies a more general extracellular matrix breakdown and significantly different activity of tissue mediators witnessed in females. Concerning the differences between TAV and BAV, the in vivo rupture pressure was significantly higher in BAV specimens. As for the sex analysis, the age is a confounding factor. In good agreement, uniaxial tests up to failure resulted in ultimate tensile strengths higher in BAV than in TAV ATAA specimens in both axial and circumferential directions [START_REF] Pichamuthu | Differential Tensile Strength and Collagen Composition in Ascending Aortic Aneurysms by Aortic Valve Phenotype[END_REF] and in a first Piola-Kirchhoff stress higher in BAV than in TAV (circumferentially oriented) [START_REF] Forsell | Biomechanical properties of the thoracic aneurysmal wall: differences between bicuspid aortic valve and tricuspid aortic valve patients[END_REF]. Also, Ferrara et al. found a uniaxial ultimate tensile strength statistically higher in BAV but they reported, as us, an age discrepancy between BAV and TAV that could influence the results [START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF]. Only one study, with analogue tests, reported no statistical difference in ultimate tensile strength between the two groups [START_REF] Iliopoulos | Biomechanical Properties of Ascending Thoracic Aortic Aneurysms and Mathematical Characterization[END_REF]. It becomes therefore important to investigate the reasons behind the aneurysmal conditions and ruptures in BAV patients, which are frequent even if the tissue seems resistant. This aspect was studied at a microscopic scale [START_REF] Collins | Variation in the histopathological features of patients with ascending aortic aneurysms: a study of 111 surgically excised cases[END_REF][START_REF] Pichamuthu | Differential Tensile Strength and Collagen Composition in Ascending Aortic Aneurysms by Aortic Valve Phenotype[END_REF][START_REF] Tsamis | Extracellular matrix fiber microarchitecture is region-specific in bicuspid aortic valveassociated ascending aortopathy[END_REF] but there is still a lack of certainty in the results.

The following improvements are required and planned in the continuing of this experimental campaign to confirm, reinforce and extend our findings:  Human ATAA tissues are not easy to analyze statistically, as the old age and many potential comorbidities can be confounding factors. A higher number of specimens and a more normal distribution of the population clinical data are needed to provide additional robustness to the presented statistical results.  The study should be extended to include non-aneurysmal specimens, in order to better analyze the effects of the pathology over the ageing effects.

 The behavior of the principal microstructural constituents of the ATAA wall should be investigated in the process of inflation and rupture of the tissue. An ongoing work seeks to quantify the microstructural dynamic mechanics in our experimental tests and analyze the relationship with all presented parameters.

Limitations and conclusions

Understanding the links between the heterogeneous thickness and the microstructure of ATAAs and their mechanical behavior up to failure is a topical subject The most original and remarkable outcome of this study is the absence of a clear link between the local wall thickness and the stress-strain state in ATAAs at physiological and rupture pressures. The analyses we carried out at both the subject and the population levels suggest that the unique knowledge of the wall thicknesseven if measured at a high spatial resolutionis insufficient to properly describe of the physiological and extreme
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Cristina Cavinato Thesis in Mechanics and Engineering 137 mechanical states. The need for the investigation of the microstructure of the aneurysmal arterial wall in the dynamic mechanical state is recognized as a primary necessity.

Take-home message

 The local wall thickness alone, while fundamental in determining the exact parietal mechanical stresses, is not the only missing element for establishing a rupture risk index based on the analysis of the parietal stresses.  The need for investigations of the aneurysmal microstructural phenomena in the dynamic mechanical state is exacerbated.
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In situ and multi-scale experimental characterization of aneurysmal aortic tissue rupture using bulge inflation test and multiphoton confocal microscopy

Caractérisation expérimentale multi-échelle et multimodale de la rupture du tissu d'anévrisme aortique sous une charge de gonflement

In this chapter we use previous micro and macro-scale methods and combine them for a cross analysis of microstructural and macro-mechanical properties obtained simultaneously during the bulge inflation of ATAAs, from zero-load to the rupture of the tissue.

Authors: Cristina Cavinato, Laurent Orgéas, Sabine Rolland du Roscoat, Salvatore Campisi and Pierre Badel. Contributions: CC in all parts; SC in data collection; PB, LO and SRR in study design, analysis, interpretation, and revision; all authors in final approval. 
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Préambule

Comme vu tout au long de ce manuscrit, la complexité de la microstructure de l'aorte thoracique ascendante joue un rôle majeur dans la détermination de son comportement mécanique. Plusieurs travaux ont déjà été montré que les changements dans la microstructure des artères induisent des modifications des propriétés macro-mécaniques des artères [START_REF] Holzapfel | Determination of layer-specific mechanical properties of human coronary arteries with nonatherosclerotic intimal thickening and related constitutive modeling[END_REF][START_REF] Sugita | Multiphoton microscopy observations of 3D elastin and collagen fiber microstructure changes during pressurization in aortic media[END_REF]. D'une part, des études sur les effets microstructuraux de l'ATAA, par rapport à l'ATA saine, ont indiqué que le processus de remodelage lié à la maladie consiste en une hétérogénéité anormale des constituent et une désorganisation de cette structure (de Figueiredo [START_REF] De Figueiredo Borges | Collagen is reduced and disrupted in human aneurysms and dissections of ascending aorta[END_REF][START_REF] Halushka | Consensus statement on surgical pathology of the aorta from the Society for Cardiovascular Pathology and the Association For European Cardiovascular Pathology: II. Noninflammatory degenerative diseasesnomenclature and diagnostic criteria[END_REF][START_REF] Humphrey | Possible mechanical roles of glycosaminoglycans in thoracic aortic dissection and associations with dysregulated transforming growth factor-β[END_REF][START_REF] Nakashima | Dissecting aneurysm: a clinicopathologic and histopathologic study of 111 autopsied cases[END_REF]Sokolis et al., 2012a). D'autre part, des altérations des propriétés mécaniques macroscopiques observées dans les ATAAs par rapport aux ATA ont également été décrites dans de nombreux groupes [START_REF] Azadani | Biomechanical properties of human ascending thoracic aortic aneurysms[END_REF][START_REF] Chung | Energy loss, a novel biomechanical parameter, correlates with aortic aneurysm size and histopathologic findings[END_REF]Iliopoulos et al., 2009b;[START_REF] Vorp | Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta[END_REF].

Bien que la caractérisation macro-mécanique soit une étape fondamentale dans la compréhension de la pathologie anévrismale, les mécanismes microstructuraux qui déclenchent localement la rupture représentent une question fondamentale qui reste encore totalement ouverte. Jusqu'à présent, très peu d'études ont ciblé l'observation et l'analyse microscopiques des tissus artériels pendant le chargement [START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF][START_REF] Sugita | Multiphoton microscopy observations of 3D elastin and collagen fiber microstructure changes during pressurization in aortic media[END_REF]. À l'exception de notre publication précédente [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF], aucune n'a porté sur les tissus humains sains ou non, et encore moins pour des charges élevées voire jusqu'à rupture [START_REF] Sugita | Local distribution of collagen fibers determines crack initiation site and its propagation direction during aortic rupture[END_REF]. Les mécanismes sous-jacents à la rupture ou à la dissection de la paroi anévrismale demeurent ainsi très méconnus. On a vu que, dans les dissections, le délaminage commence à partir d'une déchirure de l'intima et se propage dans la media dans un plan quasi tangentiel par cisaillement entre fibres de collagène [START_REF] Haslach | Fracture mechanics of shear crack propagation and dissection in the healthy bovine descending aortic media[END_REF]. La rupture complète se termine donc dans la couche adventitia, particulièrement riche en fibres de collagène, ces dernières étant considérées comme des éléments de renforcement de la paroi sous charge extrême. L'adventitia de l'ATAA est ainsi souvent considérée comme la dernière barrière avant la rupture des tissus. Il a par ailleurs été montré que celleci présentait des signes d'augmentation de sa perméabilité bien avant la rupture complète (Duprey et al., 2016); Cavinato et al. en chapitre 5) suggérant une défaillance de la média en premier lieu.

Ainsi, vers une meilleure compréhension du mécanisme de déformation et de rupture catastrophique de l'ATAA, nous proposons dans la présente étude une analyse combinée des propriétés microstructurales et macro-mécaniques obtenues simultanément pendant le gonflement d'ATAA, de la charge nulle jusqu'à la rupture des tissus.

Ainsi, la couche adventitia et ses changements microstructuraux ont été observés in situ et de manière continue dans la région de contrainte maximale pendant la charge de gonflement. L'approche proposée a été conçue afin de déterminer simultanément l'état mécanique macroscopique (contrainte pariétale) et l'état microstructural dans la zone d'observation au microscope. Plus précisément, elle garantit que la région de contrainte maximale, la région de rupture, et celle d'observation sous le microscope coïncident. Pour cela, une procédure permettant de réaliser un défaut intimal de "localisation" contrôlé, avant l'essai mécanique, a été mise au point. De là, deux essais de gonflement successifs ont été réalisés, l'un avec mesures optiques par stéréo corrélation d'images et mesures de champs cinématiques, l'autre sous microscope confocale multi-photons. L'état macro-mécanique mésoscopique, c'est-à-dire à l'échelle du point de la mécanique des milieux continus de l'ingénieur ou du praticien, a été quantifié à partir de (i) du premier essai, réalisé sous chargement physiologique, Chapter 6

142 Thesis in Mechanics and Engineering Cristina Cavinato associé aux mesures et reconstructions de contraintes présentées en chapitre 5 et (ii) une méthode numérique permettant d'extrapoler l'état mécanique sous chargement supra-physiologique. Les détails de cette dernière sont présentés dans ce chapitre. L'état microstructural a été quantifié à partir du second essai de gonflement réalisé jusqu'à rupture. Enfin, pour une analyse exploratoire complète, nous avons comparé les paramètres microstructuraux et macro-mécaniques aux paramètres cliniques d'âge, de sexe et de comorbidités courantes, et aux paramètres morphométriques de diamètre in vivo de l'anévrisme et d'épaisseur de sa paroi.

Nos résultats confirment le processus de recrutement du collagène adventitiel et de l'élastine sous des charges physiologiques, et montrent la complexité et l'hétérogénéité du comportement microstructural et micromécanique à des charges plus élevées. Nos observations ont permis, pour la première fois, de qualifier l'état de la microstructure proche de sa rupture : le collagène adventitiel montre un réarrangement ultime avec décohésion des faisceaux de fibres avant la rupture de l'anévrisme; l'élastine devient plus dispersée, d'apparence floue ou fragmentée, ce qui a conduit à l'hypothèse d'une perte d'intégrité; une porosité structurelle accrue bien avant la rupture suggère également la propagation de la rupture à partir des couches médiales inférieures. De plus, l'âge du patient, l'épaisseur de la paroi, le sexe, le type de valve, la présence d'hypertension ainsi que le diamètre de l'anévrisme ont montré des associations globalement similaires avec les paramètres de microstructure.

Abstract

The wall of the ascending thoracic aorta shall withstand, absorb and transform massive systolic ejection energy at each cardiac cycle. To fulfill this role, it retains a complex heterogeneous microstructural organization. Ascending thoracic aortic aneurysms (ATAAs) are associated with a degenerative remodeling process of this microstructure, which results in an altered mechanical behavior. The deformation micromechanisms which drive the macro-mechanical response and can potentially trigger a localized rupture in ATAAs represent an extremely relevant issue that is currently unidentified. Towards an improved understanding, a novel analysis which combined representative mechanical tests on human ATAA specimens and 3D in situ observations of their fibrous microstructure and deformation micromechanisms during loading was carried out. Bulge inflation tests were performed with thirteen ATAA specimens following two steps: (i) from unloaded to systolic states, targeting the macro-mechanical elastic characterization through stereo digital image correlation analysis and inverse identification of the specimens mechanical properties; (ii) from unloaded to rupture state, with the goal of obtaining a 3D in situ microstructural characterization of the adventitial fibrous structures through multiphoton confocal microscopy and quantitative image analysis. Adventitial collagen end elastic fibers within the adventitia were continuously observed and the evolution of their straightness and orientation dispersion indexes during loading was assessed. Furthermore, microstructural and macro-mechanical parameters were compared to clinical, i.e. age, gender and common comorbid conditions, and morphometrical parameters, i.e. aneurysm diameter and wall thickness.

Our results confirm the recruitment process of adventitial collagen and elastin fibers at physiological loads. They also emphasize the complexity and heterogeneity of the deformation mechanisms at higher loads. Collagen fibers showed an ultimate resistive rearrangement before the aneurysm burst. Also, elastin fibers became less straight and more dispersed, leading to the hypothesis of loss of integrity.

In addition, the nucleation and growth of pores long before the rupture suggests the potential Chapter 6
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Introduction

The ascending thoracic aorta (ATA) is the initial fundamental segment of the aorta, a drive chain of our body: at each cardiac cycle, this segment is the first that has to deal with the systolic ejected blood volume. In this respect, it is deformed, stores elastic energy and releases it in a way which maintains the flow towards the whole systemic circulation.

The complexity of the heterogeneous microstructure of its arterial wall plays a major role in determining its macroscopic mechanical behavior and function. Any changes in the microstructure in the ATA wall alter the ATA macro-mechanical properties [START_REF] Holzapfel | Determination of layer-specific mechanical properties of human coronary arteries with nonatherosclerotic intimal thickening and related constitutive modeling[END_REF][START_REF] Sugita | Multiphoton microscopy observations of 3D elastin and collagen fiber microstructure changes during pressurization in aortic media[END_REF]. These changes can be due to normal aging or to pathological conditions such as the ascending thoracic aortic aneurysm (ATAA).

ATAAs are irreversible localized dilatations of the first segment of the aorta with a geometrical size which progressively expands over years and which is regularly monitored to evaluate the necessity for an elective surgical intervention.

Studies on the microstructures of ATAAs indicate that the remodeling process related to the disease consists in an abnormal heterogeneity and disorganization of collagen fibrous networks, fragmented and rarefied elastin fibrous architecture, smooth muscle cell loss, proteoglycan deposition and mucoid extracellular matrix accumulation (de Figueiredo [START_REF] De Figueiredo Borges | Collagen is reduced and disrupted in human aneurysms and dissections of ascending aorta[END_REF][START_REF] Halushka | Consensus statement on surgical pathology of the aorta from the Society for Cardiovascular Pathology and the Association For European Cardiovascular Pathology: II. Noninflammatory degenerative diseasesnomenclature and diagnostic criteria[END_REF][START_REF] Humphrey | Possible mechanical roles of glycosaminoglycans in thoracic aortic dissection and associations with dysregulated transforming growth factor-β[END_REF][START_REF] Nakashima | Dissecting aneurysm: a clinicopathologic and histopathologic study of 111 autopsied cases[END_REF]Sokolis et al., 2012a). In addition, alterations of macroscopic mechanical properties in ATAAs, compared to non-aneurysmal ATAs, have been highlighted by numerous groups. with higher stiffness at physiological and rupture stress levels [START_REF] Azadani | Biomechanical properties of human ascending thoracic aortic aneurysms[END_REF][START_REF] Chung | Energy loss, a novel biomechanical parameter, correlates with aortic aneurysm size and histopathologic findings[END_REF]Iliopoulos et al., 2009b;[START_REF] Vorp | Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta[END_REF], lower rupture strain and equal or lower rupture stress (Iliopoulos et al., 2009b;[START_REF] Vorp | Biomechanics of abdominal aortic aneurysm[END_REF].

Being asymptomatic, ATAAs remain, in many cases, undetected and keep growing until complications at high risk of death such as rupture and dissection [START_REF] Ziganshin | Guilt by association: a paradigm for detection of silent aortic disease[END_REF].

In other cases, ATAAs fail before reaching elective surgical decision recommendations [START_REF] Coady | What is the appropriate size criterion for resection of thoracic aortic aneurysms?[END_REF][START_REF] Erbel | ESC Guidelines on the diagnosis and treatment of aortic diseases: Document covering acute and chronic aortic diseases of the thoracic and abdominal aorta of the adult. The Task Force for the Diagnosis and Treatment of Aortic Diseases of the European Society of Cardiology (ESC)[END_REF]. The aneurysm rupture phenomenon occurs when the wall stress exceeds the local strength of the arterial wall. The macro-mechanical behavior of this tissue up to its rupture load is an actual issue, under investigation with different approaches, like uniaxial [START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF][START_REF] Forsell | Biomechanical properties of the thoracic aneurysmal wall: differences between bicuspid aortic valve and tricuspid aortic valve patients[END_REF][START_REF] García-Herrera | Mechanical behaviour and rupture of normal and pathological human ascending aortic wall[END_REF][START_REF] Iliopoulos | Biomechanical Properties of Ascending Thoracic Aortic Aneurysms and Mathematical Characterization[END_REF][START_REF] Pichamuthu | Differential Tensile Strength and Collagen Composition in Ascending Aortic Aneurysms by Aortic Valve Phenotype[END_REF][START_REF] Smoljkić | Biomechanical Characterization of Ascending Aortic Aneurysms[END_REF]Sokolis et al., 2012b;[START_REF] Sommer | Mechanical strength of aneurysmatic and dissected human thoracic aortas at different shear loading modes[END_REF] or equi-biaxial tensile tests [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF][START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF][START_REF] Trabelsi | Patient specific stress and rupture analysis of ascending thoracic aneurysms[END_REF], which are still facing problems of the considerable heterogeneity within the tested specimens.

If the macro-mechanical characterization is a fundamental step in understanding ATAA fatal conditions, the investigation of deformation micromechanisms simultaneously occurring at the scale of the microstructure of the arterial wall is of primary importance but still represents a relevant and fully open question. So far, very few studies focused on this fundamental issue [START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF][START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF][START_REF] Sugita | Multiphoton microscopy observations of 3D elastin and collagen fiber microstructure changes during pressurization in aortic media[END_REF], none of them, except our previous publication, was performed on human non aneurysmal ATA or ATAA tissues [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF], and even fewer at high and rupture loads [START_REF] Sugita | Local distribution of collagen fibers determines crack initiation site and its propagation direction during aortic rupture[END_REF]. The mechanisms underlying rupture and dissection of the aneurysmal wall remain unclear. They are indeed influenced Chapter 6

144 Thesis in Mechanics and Engineering Cristina Cavinato by the aortic microstructure. It was seen that the delamination occurring in dissections begins from an intimal tear and propagates through the media in a nearly circumferential-longitudinal plane due to shear between collagen fibers [START_REF] Haslach | Fracture mechanics of shear crack propagation and dissection in the healthy bovine descending aortic media[END_REF]. The complete rupture, thus, ends in the adventitial layer which is particularly rich in collagen fibers, the latter being considered as strengthening elements in the wall under loading. ATAA adventitia is often considered to be the last barrier before rupture, and it was also shown the it presented signs of increased permeability long before the complete rupture [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]. Thus, towards an improved understanding of deformation and rupture mechanisms of ATAA, we developed a methodology to characterize simultaneously the microstructures and the macroscale mechanical states in ATAA specimens combining bulge inflation test and multiphoton confocal microscopy. The adventitial layer and its micro-structural evolution from zero-load to the rupture of the tissue were continuously observed in the region of maximum stress during inflation loading. The proposed approach ensures that the region of maximum stress, the region of rupture, and that of observation under the microscope coincide. For this, a procedure to achieve a controlled intimal defect, before the mechanical test, was developed. Then, two successive bulge tests were carried out per tested specimen, one with optical measurements using s-DIC, the other under the multi-photon confocal microscope. The macromechanical state was quantified from (i) the first test, performed under physiological loading, associated with the measurements and stress reconstruction method presented in Ch. 5 and (ii) a numerical method to extrapolate the mechanical state under supra-physiological loading. The microstructural state was quantified from the second bulging test performed up to failure. Eventually, for a complete exploratory analysis, we compared microstructural and macro-mechanical parameters to clinical, i.e. age, gender and common comorbid conditions, and morphometrical parameters, i.e. aneurysm diameter and wall thickness.

Materials and methods

The experimental campaign on bulge inflation of human ATAAs is an extension of the protocol presented in chapters 3 and 4, additional specific methods. Only the key points of the previous experimental approach are re-exposed, while the original parts of the method are fully detailed. The schematic in Figure 6.1 represents a graphic summary.
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Clinical data

Thirteen non-dissected human ascending thoracic aortic aneurysms were collected from patients undergoing elective surgery for the substitution of the dilated segment with an implant. The conservation was in a PBS media at 5°C until the test. The use of human specimens was approved by the Institutional Review Board of the University Hospital Center of Saint-Etienne and the informed consent was obtained from patients. The study population was chosen on the basis of the elective repair decision. Monitored clinical and morphometrical data (age, maximum preoperative ATAA diameter, gender, aortic valve type (bicuspid or tricuspid), presence of hypertension, obesity, and diabetes) were collected from clinical charts. Data are summarized in Table 6.1. No patient was found to have recognized genetic connective diseases.

Specimen preparation

The experimental procedure was finalized within 12 to 36 hours after the harvesting, in PBS media at room temperature; it was carried out according to a standard protocol by the same operator. The main specificity of the procedure, detailed below, lies in properly removing a small portional tissue, in order to ensure the highest macroscopic stress inside the region of microscopy observations. Prior to the mechanical test itself, a flat 45-mm-side square segment was cut from the center of the dilated zone corresponding to the outer curvature of the ascending thoracic aorta; successively, it was clamped between two ring-shaped PVC supports characterized by an inner diameter of 30 mm which formed an aggregate with the specimen until the end of the analysis. The orientation was recorded with regard to the arterial axis and kept constant through dedicated references on the supports.
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Then, the acquisition of the local thickness of the specimens was performed following the procedure described in detail in chapter 3. The supports-specimen aggregate was then placed in a custom-made bulge inflation test set-up, while simultaneously keeping the reference orientation and the intima surface of the specimen pointing outwards. A water pumping system inflated at a 10 mL/min rate the hermetic cavity created between the adventitia surface and the structure of the inflation system, while pressure was recorded by a pressure transducer. A 3D-printed appendix of the inflation device mounted over the specimen surface was designed to allow the cut of a hemisphere-like portion of the intima surface with a diameter of about 2.98 ± 0.54 mm and a maximum depth of about 0.41 ± 0.15 mm. To ensure a reproducible cut, all specimens were loaded up to the same pressure of 80 mmHg. Then the volume of tissue which exceeded the hole at the appendix center was cut with a steel blade lying on the horizontal plane of the appendix. The specimens were then unloaded; the supports-specimen aggregate was mounted again on the stage of the optical thickness measuring device and a new full-specimen acquisition of the thickness was made. Thickness data from the first acquisition is included as morphometrical data in Table 6.1; the last acquisition enable to verify the reproducibility of the cut and measure the extent reported above. The supports-specimen aggregate was finally placed again in the bulge inflation device for standard inflation testing, while keeping the same reference orientation, and with the intact adventitia surface pointing outwards to ensure physiological direction of loading. A speckle pattern was created on the 30-mm-diameter exposed surface by using an aerosol of graphite.

The setup was positioned and fixed in front of two high-resolution cameras (GOM, 5M LT) set for the 3D Stereo Digital Image Correlation (s-DIC) analysis with Aramis® software. A water pumping system at a 10 mL/min rate inflated the hermetic cavity created between the intima surface and the structure of the inflation system, while pressure was recorded by a pressure transducer. Image and pressure acquisitions were triggered together to get simultaneous measures every second. A preconditioning program was first performed through five loading-unloading cycles up to 50 mmHg at the same inflation rate. Sequentially, the last loading-unloading cycle was carried out up to a calculated final pressure. The final (highest) pressures 𝑃 𝑠 have been chosen to permit the evaluation of the mechanical state of the arterial wall in systolic conditions, taking into account an in vivo systolic pressure 𝑃 𝑣 = 120 mmHg. For that purpose, we first assumed that the tested specimens behaved as a pure membrane [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF]. We also assumed as a first reasonable approximation that the shapes of the aneurysm in vivo and the specimen inflated during the in situ bulge test could be seen as hemispheres of radii 𝑅 𝑣 (see Table 6.1) and 𝑅 𝑠 , respectively. The latter was found to be in average 19 mm at a pressure analogue to the sought pressure condition, carrying out a sphere fitting procedure on the deformed coordinates as described in paragraph 5.2.5. Therewith, 𝑃 𝑠 was adjusted following the Laplace law, i.e. 𝑃 𝑠 𝑅 𝑠 = 𝑃 𝑣 𝑅 𝑣 .

The spatial coordinates of the speckled surface were measured for each image by s-DIC. The measured initial coordinates were interpolated on a discrete mesh of 1203 elements, as well as the corresponding displacements to compute the in-plane deformation gradient F, followed by the Green-Lagrange tensor 𝑬 = (𝑭𝑭 𝑇 -𝕀)/2. An analogue interpolation procedure was used to determine the thickness h of each element using the previously measured thickness map. Under the pure membrane and incompressibility assumptions, the Cauchy membrane stress tensor σ was computed from the elastostatics equilibrium problem detailed in chapter 3, by using the discretized tensor E and local thickness h [START_REF] Romo | In vitro analysis of localized aneurysm rupture[END_REF]. From the resulting fields, the maximum principal values of σ were extracted in a Region of Interest (ROI) limited to the 5-mm-radius circumference around the geometric center of the specimen in the unloaded configuration, i.e. the area corresponding to the microstructural characterization and a limited neighborhood.

Supra-physiological and rupture mechanical characterization

Because it was not possible to perform the same s-DIC-based stress assessment up to rupture (this loading condition was used for microscopy observations), a numerical model was developed to extrapolate the macroscopic stress state beyond systolic pressure, and up to the rupture pressure. The material properties of this model were identified from the reference unloaded configuration up to systolic pressure, based on available experimental data. Then, the overpressure range was simulated numerically.

Hence, a 30-mm-diameter Finite Element model was built in the Abaqus software using membrane elements. It was characterized by specimen-specific geometric and material properties for each of the thirteen analyzed specimens. The specimen-specific geometry was given by the definition of initial element thickness and node positions from the full-specimen local thickness measurements and the Chapter 6

148 Thesis in Mechanics and Engineering Cristina Cavinato unloaded 3D coordinates measured by s-DIC. The specimen-specific material properties were then obtained by an inverse identification procedure. For this purpose, the material behavior was modeled by an isotropic exponential hyperelastic constitutive model. Isotropy was assumed as a first reasonable approximation for equi-biaxial loadings, based on literature data [START_REF] Azadani | Biomechanical properties of human ascending thoracic aortic aneurysms[END_REF][START_REF] Babu | Biomechanical Properties of Human Ascending Thoracic Aortic Dissections[END_REF][START_REF] Shahmansouri | Investigation on the Regional Loss Factor and Its Anisotropy for Aortic Aneurysms[END_REF] and in order to have the least possible number of parameters. The strain energy function was hence defined as:

𝑊 𝑓 = 𝜇 𝑓 2 (𝐼 ̃1 -3) + 𝑘 𝑓𝑣 2 (𝐽 2 -1 -2 ln 𝐽) + 𝑘 1 2𝑘 2 ∑ {𝑒 𝑘 2 ( 𝐼 ̃1-3 3 ) 2 -1} 2 𝛼=1 (6.1)
where 𝐼 ̃1 = 𝑡𝑟(𝑪 ̃), 𝑪 ̃= 𝑑𝑒𝑡𝐽 -2/3 , 𝑪 is the volume preserving part of the right Cauchy-Green strain tensor C and J is the deformation Jacobian. The initial shear stiffness 𝜇 𝑓 was assumed to have low influence on the high pressure response sought here and set to 2•10 -3 MPa. The initial bulk modulus 𝑘 𝑓𝑣 was set to 2•10 -8 MPa to ensure incompressibility. The parameters to be identified were the constitutive parameter 𝑘 1 (stress-like) and 𝑘 2 (dimensionless). The identification process was based on an optimization algorithm aimed at minimizing the model-to-experiment difference between two metrics obtained from directly measured data:

 the radius of the sphere which best fitted the ROI, r;  the maximum elevation of the surface, Zmax.

The optimization was implemented with a genetic algorithm on the objective function

𝑞 = ∑ (|𝑟 𝑚𝑜𝑑 -𝑟 𝑒𝑥𝑝 | 𝑖 + |𝑍𝑚𝑎𝑥 𝑚𝑜𝑑 -𝑍𝑚𝑎𝑥 𝑒𝑥𝑝 | 𝑖 ) 𝑖
, where 𝑚𝑜𝑑 and 𝑒𝑥𝑝 stand for model and experiment, respectively, and i indicates each inflation pressure step applied for the physiological mechanical characterization using s-DIC.

In terms of boundary conditions, the translations were pinned at the edge nodes of the model in order to simulate specimen clamping to the two ring-shaped PVC supports; the inflation was applied as a uniform pressure onto the internal surface in one static step, its maximum value corresponding to the measured inflation pressure of the specimen at the last s-DIC acquisition.

Once the parameters 𝑘 1 and 𝑘 2 were identified, the specimen-specific model was subjected to an inflation pressure equal to the measured rupture pressure of the specimen, obtained during the microscopy observations described below (paragraph 6.2.3.3.1). The macro-stress state was then extrapolated numerically. Then the maximum principal stress values in the ROI could be considered, as was done for the physiological mechanical characterization, for the supra-physiological pressure range not reached from the latter. A validation study was performed and added as supplementary data to this chapter.

Microstructure characterization

Image acquisition

The bulge inflation device with the specimen in the unloaded configuration was mounted on the stage of a LEICA TCS SP2 upright confocal microscopy system equipped with a water immersion objective (HCX APO L UVI ×20 NA 0.5) and a Ti:Sapphire femtosecond laser source (Chameleon Vision I, COHERENT, Inc). To enable the proper use of the objective and to maintain an appropriate hydration, Chapter 6
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the system with the specimen was fully immersed in PBS. The acquired signals were SHG and TPF signals at defined wavelengths and resulting images had a voxel size of 0.73x0.73x1.00 μm 3 . Microscope and acquisition parameters were previously detailed in Chapter 4. The center of the outwards adventitial surface was aligned with the objective. The volume-controlled inflation was reactivated with the previous settings and stopped three times at predefined pressure values, and ultimately, forced up to specimen rupture.

Two types of acquisition were repeated in sequence: (i) a set of adjacent xyz-mode acquisitions (total in-plane area of 1.1 mm 2 ) at each static state, i.e. one unloaded state and three loaded states, (ii) highspeed xyt-mode acquisitions during inflation, including the ultimate state of specimen rupture. The xyz acquisitions (with a dimension of 1024x1024xdz voxels, where dz ranges between about 200 and 500 pixels) traced the signals of the same fibers at different load states allowed by the tracking of these fibers in the xyt acquisition sequences (with a dimension of 512x512xdt voxels, where dt has an order of magnitude of 15-20 min). The three loaded states corresponded to the inflation of the specimens at the equivalent in vivo systole pressure 𝑃 𝑣 of about 120 mmHg, and at the measured pressure of 450 mmHg and 600 mmHg, respectively.

Quantitative image analysis: orientation-based parameters

While xyt acquisitions were used only for a qualitative analysis, xyz acquisitions were post-processed to extract the in-plane fiber local orientation from collagen and elastin signals. The method consisted in computing the structure tensor at each pixel of each xyz slice using the ImageJ plug-in OrientationJ [START_REF] Cavinato | Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test[END_REF][START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF], with user-specified parameters previously detailed in Chapter 4. Two weighted in-plane orientation histograms were drawn for each slice of all xyz acquisitions, for collagen and elastin signal, respectively. The ROI-averaged collagen and elastin histograms were then computed at each load state.

Collagen and elastic fibers own crimping and orientation dispersion properties which are functions of both the loaded state and the considered specimen. To better highlight these features, each average histogram was fitted with a function made of four independent Gaussian distributions and a constant function 𝑦 𝑏 corresponding to the base value. Each Gaussian distribution was characterized by a peak height 𝑦 𝑝𝑖 , a mean orientation 𝜃 𝑚𝑖 and a standard deviation 𝜎 𝑚𝑖 , (𝑖 ∈ {1, … , 4}) (see the complete formulation in Equation (3.3), p. 64). From this function, two orientation-based parameters were defined: a straightness index (SI, which corresponds to the alignment index AI in the previous chapters) and a dispersion index (DI).

SI was, at the same time, a measure of straightness of individual fibers/bundles and parallelism of fibers/bundles. As the fibers were straighter and more parallel aligned, SI was higher. DI denoted the contribution of the base value to the total distribution, hence the extent to which the fibers were evenly In addition, to better understand the evolution of the fiber orientation during the bulge test, we reported the percentage variation ∆𝑆𝐼 and ∆𝐷𝐼 between the given loaded states and the unloaded configuration. 

Data analysis

To sum it up, three data fields for each specimen were available for data analysis:  macro-mechanical state, i.e., the stress state in the ROI at physiological, supra-physiological load and rupture states;  microstructural properties, i.e., orientation-derived indexes at unload, physiological and supra-physiological load states;  clinical and morphometrical properties of the specimens.

Before any data analysis, the normality of the distribution of the considered data was tested with the Shapiro-Wilk test [START_REF] Shapiro | An Analysis of Variance Test for Normality (Complete Samples)[END_REF]. Some of the variables were not normally distributed. Non-parametric tests were then chosen in the statistical comparative (i) and correlation (ii) analysis between the mechanical and microstructural data and each of them with the clinical and morphometrical data:

 (i) The Wilcoxon-Mann-Whitney test [START_REF] Zar | Biostatistical Analysis[END_REF] was used for comparative analyses in mechanical and microstructural parameters, categorized in two independent groups according to the categorical clinical data; the latter were: gender, type of aortic valve, AH, obesity or diabetes.  (ii) The Spearman's rank correlation coefficient [START_REF] Student | An Experimental Determination of the Probable Error of Dr Spearman's Correlation Coefficients[END_REF] was used for correlation analyses between mechanical and microstructural parameters, in first instance, and each of them with quantitative clinical and morphological parameters, secondarily. The latter were: age, diameter, mean thickness.

The statistical significance was assumed for a p value less than 0.05. Also some details about the trends and the corresponding significance levels were reported in case of significances close to but not lower than the threshold. All statistical analyses were performed using IBM SPSS Statistics v.25. With supra-physiological load increments, changes in collagen fibers became less evident: fibers slightly continued their uncrimping, while at the last load state some collagen bundles seemed to open up mildly in sunburst configurations (an example is given in Figure 6.5). Elastin appeared to be in single straight fibers in the unloaded state and not to undergo evident uncrimping phenomena with the load. Its signal was gradually more scattered with the increment of the load. However, it is interesting to note that most of the elastic fibers follow the texture of the collagen ones. 

Quantitative analysis -

The values of maximum principal stress and microstructural parameters at each load state are summarized in Table 6.2.

The resulting ΔSI and ΔDI of collagen fibers between zero-load and the three load states and averaged for the 13 specimens are represented in Figure 6.5. In average, the collagen ΔSI was increasing in the stress range of the microscopic acquisitions. The strong increase from the unloaded configuration to the systolic one was followed by slight increases at higher load states, indicating an almost complete fiber straightening at a systolic stress. The variation of collagen DIs was in average strongly negative between zero and systolic pressures, which means that collagen fibers decreased their dispersion, i.e. tended to parallel align. Under higher loads the dispersion tended to increase again when compared to the systole load state, stating a slight scattered collagen re-orientation in reaction to load. In addition, it is interesting to note that when mechanical and microstructural values of single specimens were considered instead of their average, no significant correlation was found between them and the stress state at each load state. However, some weak trends were observed and detailed hereafter.

Regarding collagen fiber SI and ΔSI, there was a weak but constant positive trend between SI in the unloaded configuration and the stress at each load state (0.28 < p < 0.42). The same was observed between SI in the systole state and the stress at each load state (0.16 < p < 0.21). Another interesting relationship was the negative trend between ΔSI at 450 and 600 mmHg load state and the stress at the same load state (p-value = 0.29 and p-value = 0.09, respectively). No clear trend was found for DI and ΔDI of collagen fibers.

Regarding elastin fiber SI and ΔSI; a positive trend between ΔSI 0-systole and the corresponding stress at systole state (p-value = 0.11) and a negative trend between ΔSI 0-600 mmHg and the stress at 600 mmHg load state (p-value = 0.09) were found. DI and ΔDI of elastin fibers showed no interesting trend.

In summary, specimens which reached higher stress at given load states tend to have straighter collagen fibers at zero-load and systolic state. Moreover, the rate of uncrimping of these fibers at supra-physiological loads was lower and cancelled the difference with the other specimens at these loads.

Elastin tended to be straighter in specimens which reached higher stresses at physiological state; at 600 mmHg the situation was reversed: elastin tended to be straighter in specimens which reached at this load a lower stress.

It should be noted that collagen fibers did not show any evident principal orientation (referring to the definition in Paragraph 3.2.5.2 and 4.2.4.1) and revealed negligible re-orentations under systolic and supra-physiological load increments. Results are not showed here but are similar to those presented in Paragraph 0 and 4.3.3 and regarding comparable ATAA specimens subjected to bulge inflation. Elastin fibers, mostly following the same texture of collagen fibers, showed principal orientations similar to those of the latter and no evident re-orientation under equal load.

Microstructure state at rupture

Qualitative observations -The rupture was reached in the ROI and recorded with xyt acquisitions in 7 over the 13 tested specimens. All of the 7 specimens presented similar behavior prior to the rupture: adventitial collagen and elastic fibers followed in the ROI were stabilized at a high straight configuration and did not undergo any evident movement along the midplane of the specimens. The common characteristic of all observed ruptures was the emergence in the ROI of air bubbles coming from the inner part of the setup (since they were unavoidably introduced in the hermetic cavity during the specimen mounting procedure) and crossing the specimen thickness to reach the specimen external surface. These bubbles passed through 3D spaces in the adventitial fibrous network of collagen and elastin fibers, which appeared to be as structural discontinuities in the ROI. Doing so, the bubbles induced spherical shadows as exemplified in Figure 6.8. As also emphasized in this figure, fluctuations in the stress/time curve were Chapter 6
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Besides, collagen DI at the zero-load had almost no trend if related to the rupture stress. The trend became positive for DI at loaded states, principally at systole state (p-value = 0.15) (Figure 6.10) but with a small significance at higher load states. Collagen ΔDI 0-systole had a weak positive trend in function of the rupture stress (p-value = 0.21), which became weaker at higher load states. With respect to elastin fibers, SI had no evident trend in relation to the rupture stress except a weakly negative trend at 450 mmHg (p-value = 0.22). Elastin ΔSI with the application of the systole load was in a positive relationship with the rupture stress (p-value = 0.10), and assumed a negative trend with the application of 450 mmHg (p-value = 0.09) which became weaker at 600 mmHg (p-value = 0.38).

Furthermore, in relation to the rupture stress, elastin DI at the zero-state had a weak negative trend (pvalue = 0.27) but the trend became positive at the supra-physiological states (p-value = 0.15 and p = 0.34 at 450 and 600 mmHg). The values of ΔDI at supra-physiological loads had a negative trend, significant in the case of 450 mmHg (p-value = 0.04, while p = 0.35 at 600 mmHg).

Regarding collagen fibers, specimens which reached a higher rupture stress were those with higher initial fiber straightness; however, when loaded, specimens lost this difference in straightness. Then, in specimens with higher rupture stress the dispersion was reduced more slowly with the load and this resulted in more dispersed collagen fibers at loaded states in these specimens.

Regarding elastin fibers, in specimens which reached higher stress at rupture, fibers were less dispersed at zero-load and were those that straightened more, reaching the systole load. By further increasing the load to supra-physiological levels, in specimens with higher rupture stress, elastin fibers were less straight and more dispersed compared to elastin in other specimens.

Relationship between mechanics and clinical and morphometric data

Correlation results

The observed stress states have been studied in relation with the characteristics of the specimens reported in Table 6.1. As a first result, the stress state at systole, 450 mmHg, 600 mmHg and the stress state at rupture showed a significant positive correlation with patient ages (respectively, p = 0.04, p = 0.003, p = 0.003 and p = 0.03). Also, a positive trend was found between the stress and the diameter but far from being significant (p-value > 0.63). Lastly, the stress states at systole, 450 mmHg, 600 

Comparative results

 Loading. No significant difference was found with respect to the gender. Only a tendency to higher stresses was observed in women at all pressures, in particular at 450 and 600 mmHg loaded states (p-value = 0.12). In these last cases, average stresses in women were +25% and +22% compared to men. Far from the significance was the difference for the category valve type, AH and diabetes. For the category obesity, the stress at systole was significantly higher in the non-obese group (p-value = 0.02), but the significance was lost at higher load states.

 Rupture. No significant difference was found for rupture stress with any of the analyzed categories of gender, type of aortic valve, AH, obesity or diabetes.

It was also noted a difference near to the significance (p-value = 0.07) for the valve type, with the lowest average rupture stress in the BAV group (in average, +36%).

Relationship between microstructure and clinical and morphometric data

Correlation results

 Age

Regarding collagen fibers, we observed a weak positive trend between SI at the unloaded state and age (p-value = 0.08 and p = 0.10) (Figure 6.11 a). At supra-physiological states, the configuration was seen to change much less in older than in younger patients, leading to positive but gradually weaker trends for SI compared to precedent states (p-value > 0.45). At these states, in fact, ΔSI was significantly lower in older patients (p-value = 0.03 between zero and 450 mmHg states and p = 0.01 between zero and 600 mmHg states).

In parallel, collagen DI at zero-load tended to be lower (p-value = 0.11) in older specimens (Figure 6.11 b) but no clear trend was found for DI and ΔDI in all loaded states. Regarding elastin fibers, microstructural parameters did not show any significant correlation with the age but the trend suggested that SI was marginally lower in older patients at all unloaded and loaded states (p-value > 0.59). With supra-physiological load increments, ΔSI was lower in older patients (p-value = 0.23 at 600 mmHg state). No evident trend was found for DI and ΔDI of elastin fibers.

In summary, in old patients compared to young patients, unloaded collagen fibers were more uncrimped and aligned, and the straightening rate was importantly lower at all loading levels.

In older patients, elastin average straightness was lower and, at the highest load state observed, it tended to increase less or even decrease compared to the no-load state. This observed trend may be linked to fragmentation of elastin fibers in older patients.

 Diameter

Regarding collagen fibers, SI trend in function of the diameter was negligible at zero-load and systole states, but became weakly negative at supra-physiological load states (p-value = 0.27 at 600 mmHg). ΔSI had no relevant trend.

With respect to ATAA diameter, collagen DI has a negative tendency at all unloaded and load states (p-value = 0.23, p < 0.01, p = 0.23, p = 0.31 respectively at 0, systole, 450 and 600 mmHg states) (Figure 6.12 a) and ΔDI has negative tendency as well (p-value < 0.01, p = 0.04, p = 0.09 respectively 0-systole, 0-450 mmHg, 0-600 mmHg) (Figure 6.12 b). For elastin fibers, SI as a function of the diameter had a negative trend at unloaded (p-value = 0.03) (Figure 6.13) which became weaker at loaded states (p-value = 0.29 at systole load, then p > 0.60). No clear tendency was seen for ΔSI, DI and ΔDI. Thus, in larger ATAAs compared to the others, collagen fibers were already more accumulated in preferential directions at an unloaded state and this characteristic remained prevalent during load; moreover, in those ATAAs, collagen was less straight at the highest analyzed load.

Then, a lower straightness level in elastin fibers of larger ATAAs was present prior to loading.

 Thickness

Rearding collagen fibers, a persistent negative trend was found between specimen mean thickness and collagen SI at all unloaded and loaded states (p-value = 0.25, 0.12, 0.43, 0.64 at zero, systole, 450 mmHg and 600 mmHg, respectively). However, with the application of supra-physiological load, ΔSIs were higher in thicker specimens (p-value = 0.12 and 0.09 for zero-450 and zero-600 mmHg, respectively). The trend between mean thickness and DI was not relevant. ΔDI tended to be lower in thicker specimens at all loads (p-value = 0.38, 0.53, 0.29 for zero-systole, zero-450 mmHg and zero-600 mmHg, respectively).

Turning to elastic fibers, there was no relevant trend between SI and the mean thickness. ΔSI trends in relation to thickness were initially negative between zero and systole (p-value = 0.01), and became weakly positive between zero and supra-physiological pressures (p-value = 0.23 and 0.35 at 450 and 600 mmHg). Thesewas no clear trend between DI and the mean thickness. ΔDI trend with the mean thickness was positive between zero and systole (p-value = 0.18) and become negative but gradually weaker then (p-value = 0.18 and 0.57 at 450 and 600 mmHg).

Regarding collagen fibers, the scenario suggests that: (i) collagen fibers were straighter in thinner specimens; (ii) collagen in thinner specimens had the least ability to uncrimp and group in favorite directions in response to high loads.

Regarding elastin fibers, the observations may be summarized by an inversion in the behavior in relation to thickness between physiological and supra-physiological loading. In thinner specimens there was: higher straightness rate and lower dispersion rate of elastic fibers at systolic state; lower straightness rate and higher dispersion rate at supra-physiological states.

This inversion could be due to elastin damage as a consequence of high load in thinner specimens. 

Comparative results

No significant difference was found for all analyzed categories in the parameters SI and DI and their percentage change from the unloaded state to each of the observed loaded states. However, there were in some cases evident trends regarding the averages, which are reported below.  For the category gender, collagen SI averages were higher in women at all unloaded and loaded states (in average, +25%) (0.27 ≤ p-value ≤ 0.81). However, collagen ΔSI was at all loaded states lower in female specimens (in average, -46%) (0.10 ≤ p-value ≤ 0.76). Collagen DI averages were lower in women at all unloaded and loaded states (in average, -33%) (0.38 ≤ p-value ≤ 1).  For the category valve type, Collagen SI averages were lower in the BAV group at all unloaded and loaded states (in average, -36%) (0.14 ≤ p-value ≤ 0.38). Elastin SI averages were also lower in the BAV group at all unloaded and loaded states (in average, -41%) (0.07 ≤ p-value ≤ 0.79).  For the category AH, collagen SI and DI averages were constantly lower and higher, respectively, in the hypertensive group (-27% and +80%, respectively) (0.10 ≤ p-value ≤ 0.83) and similar findings were found for elastin (-45% and +64%, respectively) (0.07 ≤ p-value ≤ 1).

Discussion

Definition of microstructural orientation-based parameters

Two microstructural parameters were defined and assessed from the in-plane local fiber orientation histograms. The might of the first one, the straightness index, lied in the detection of narrow peaks in the histogram when the fibers were straight and parallel aligned. The second one, the dispersion index, was used to quantify how much fibers were spread in all the orientation range, hence their dispersion.

They were derived from one signal and, then, unsurprisingly, they were dependent parameters; e.g. when fibers became straighter with the application of the load, the straightness index increased and the dispersion index decreased accordingly. In the other hand, other cases emphasized the fact that both parameters had independent responses and could be distinguished. For example, highly crimped but lowly dispersed fibers might become highly straight and highly dispersed under supraphysiological loads. Some examples which illustrate the analysis can be found in Appendix B.

In analyzing the microstructural changes due to the application of the load within a group, average values and percentage change average values of these parameters have been considered. The two items, in fact, were independent because of the averaging. Another point must be stressed. Comparing the microstructural parameters resulting from collagen signal to those resulting from elastin signal is meaningless. Indeed, the two signals originate in two different structures, acquired by two different channels for which imaging settings were different.

Microstructural changing under increasing load

The microstructure of collagen and elastin in the physiological range appears to corroborate the sequential engagement of these two proteins in response to mechanical loading [START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF][START_REF] Turcotte | Molecular Order of Arterial Collagen Using Circular Polarization Second-Harmonic Generation Imaging[END_REF], in which elastic fibers contribute at lower load states and collagen are gradually recruited at higher load states [START_REF] Burton | Relation of Structure to Function of the Tissues of the Wall of Blood Vessels[END_REF]. A few papers have been published about changes in collagen and elastin uncrimping during comparable loading in animal arteries but none in human arteries.
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Chen et al. studied porcine carotid arteries under several initial axial stretches followed by increasing circumferential stretches and reported values of waviness (i.e. crimping) of collagen and elastin. In response to equi-biaxial stretches which corresponded to physiological or slightly supra-physiological conditions (stretches of 1.3 and 1.5), collagen waviness reduced with the stretch application, while elastin was already in a straight conformation and did not undergo evident waviness's modifications (Chen et al., 2013). They did not increase further the stretch in an equi-biaxial way. Also from the observations of Chow at al. on equi-biaxially loaded porcine aortas, some comparisons on collagen fibers could be made [START_REF] Chow | Arterial Extracellular Matrix: A Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen[END_REF]. In terms of straightness, they described an initial lack of structural change until a stretch of 1.2, followed by an evident decrease in fiber waviness from 1.2 to 1.3 of stretch, and a lower decrease from 1.3 to 1.4 of stretch. Also in this case the stretch state was limited to a low range but their observations on the strong straightening which decreased at high stretches were in accordance with part of our findings; however, they reported a delay in the collagen recruitment which we did not quantify, as it corresponded to a low load range compared to the physiological state (our first analyzed loaded state). Schrauwen et al. applied a constant initial stretch of 1.4 and a gradual inflation up to 140 mmHg to rabbit carotid arteries [START_REF] Schrauwen | A method for the quantification of the pressure dependent 3D collagen configuration in the arterial adventitia[END_REF]. Their results exhibited a first gradual uncrimping during the inflation which reached a stabilization around 80-100 mmHg. From this state up to 140 mmHg, fibers waviness changed only barely. Krasny et al. obtained similar results, also on rabbit carotid arteries, submitted to inflation up to 140 mmHg after applying an initial stretch of 1.6. They observed that adventitial collagen fibers first straightened and successively kept their orientation constant [START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF].

To the author's knowledge, our study was the first which (i) analyzed these phenomena in human and aneurysmal arteries and (ii) reached high supra-physiological and rupture biaxial loads.

We observed that collagen fibers, initially organized in crimped bundles when unloaded (refer to Paragraph 0 for further analysis of unloaded collagen in ATAAs), straightened and less dispersed under the application of any equi-biaxial load. This phenomenon was stronger in the first increment from no load to systolic load and progressively weaker with increments at supra-physiological load. This microstructural evolution in function of the stress reminds typical J-bend stress-strain curves in soft tissues when moving from the low strain to the high strain range. A surprising and noticeable exception was the increase of collagen dispersion at high supra-physiological load increments, while the straightness was still increasing. At such a stress statewhich was slightly more than half of the rupture stress statealready straight collagen fibers started to slightly reorient to better bear high quasi-isotropic load, via a mechanism looking like bundle decohesion. However, no variation in the fiber principal orientations was observed. From the observations, the fundamental mechanism consisted in the gradual unbundling and sunburst arrangement of fibers until it became quantifiable with the dispersion index. From the last xyz acquisition to the rupture, the xyt acquisitions suggested that the collagen was stabilized in the same sunburst configuration until the rupture.

Unloaded elastin was seen to be organized in thin, separate fibers, which were relatively straight compared to those of collagen but followed the same texture of the latter. Elastin fibers showed a distinctive average reaction to load: (i) a slight straightening and decreasing dispersion from zero to systole load and (ii) constant straightness and constant or increased dispersion from zero to supraphysiological load increments. The fragmentation or the damage due to the load of the elastic fibers are potential mechanisms underlying this result, which remains to be demonstrated.
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Furthermore, this investigation included a higher number of specimens with complete microscopic and mechanical characterizations (as well as complete clinico-morphometric characterization, discussed below) with respect to precedent comparable studies. This enabled to analyze the relationship between the microstructural and the mechanical properties in the study population. It was found that, only at a systolic pressure, collagen and elastin straightening were found to be slightly positive correlated with the stress state reached by the specimens at this load. At higher loads this was not the case, likely due to the low magnitude of changes. Furthermore, specimens that reached the highest stresses at comparable pressure loading were characterized by pre-straightened collagen and elastic fibers at zero and physiological load, which is totally sensible: the structure was already close to a tight straight configuration at zero-load. However, not surprisingly, they showed limited extension abilities, as at higher load states they were as straight as or less straight than the fibers of other specimens.

Although a more effective confirmation can be achieved by expanding the study population, these first outcomes pointed out (i) the complexity within the microstructure behavior, and (ii) especially the changes in (aged) diseased tissue considered.

Microstructure state at rupture

We found that ATAA specimens which exhibited a rupture at a lower stress state tended to show higher crimping of their adventitial collagen fibers in the unloaded state. However, their collagen fibers were less dispersed at a physiological load state; then, reaching supra-physiological loads, straightness and dispersion became more similar to the specimens with higher rupture stress. This can be associated with structural changes of other components which we could not observe but that are directly involved with collagen and elastin fibers, i.e. the glycosaminoglycans [START_REF] Dingemans | Extracellular matrix of the human aortic media: an ultrastructural histochemical and immunohistochemical study of the adult aortic media[END_REF]. In ATAAs, it is known that glycosaminoglycans tend to be accumulated in higher quantities, in particular in the medial layer, when compared to normal ascending aortas [START_REF] Humphrey | Possible mechanical roles of glycosaminoglycans in thoracic aortic dissection and associations with dysregulated transforming growth factor-β[END_REF]. More recently, Matson et al. found that the presence of glycosaminoglycans results in wavier adventitial collagen at unloaded state compared to collagen without glycosaminoglycans [START_REF] Mattson | Glycosaminoglycans contribute to extracellular matrix fiber recruitment and arterial wall mechanics[END_REF]. The given interpretation was the crimping effect of glycosaminoglycan which inflated because of electrical charge effects. Moreover, the authors reported that under the same increasing biaxial load (up to 40% strain), the straightening of the collagen fibers became gradually equal, regardless of presence of glycosaminoglycans. Thus, it is possible that ATAAs which failed at lower stress levels in the present study showed more crimped unloaded collagen because of higher glycosaminoglycan amount in their tissues.

To the knowledge of the authors, only the group of Sugita et al. has observed the microstructure of arterial tissues biaxially stretched until rupture, with MCM images before testing and after rupture. Porcine aortic 25-µm-thick sublayer specimens were conducted to rupture with the aim of observing the characteristics of the rupture. In terms of collagen behavior, authors reported that collagen straightness in the rupture zone did not show any evident difference compared to other zones [START_REF] Sugita | Local distribution of collagen fibers determines crack initiation site and its propagation direction during aortic rupture[END_REF]. However, they observed the rupture at a later stage, thus no information on the mechanism of rupture was given. The behavior of elastin fibers was in part different from that of collagen fibers. We found that elastin fiber orientations of specimens with a rupture at lower stresses were more dispersed in the unloaded configuration but straighter and less dispersed at supra-physiological states. In addition, in specimens which ruptured at higher stresses, elastic fibers were actually less straight and more dispersed than Chapter 6
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From our microstructural observations before rupture, we can hypothesize that adventitial fibers acted as ultimate barrier before the aneurysm burst, the sunburst disposition of collagen fibers corresponding to an ultimate resistive rearrangement. In addition, the transit of air bubbles across the spaces between collagen fibers indicated the structural porosity and possibly rupture of the inner medial layers. Indeed, we reported in previous investigations (Chapter 5.4.2.2) that the same ATAA inflation test (with the adventitia exposed to air instead of PBS) presented a phenomenon of fluid outflow from the tissue, much before final rupture, suggesting permeability of sublayers in the media. This phenomenon was then confirmed and deeper explored in the present investigation. What now becomes the next study target is the better understanding of the rupture mechanisms of the medial layer and addressing permeability as hypothesized from the present work. Age. Higher age in ATAA seems related to collagen fibers that are (i) straighter and less dispersed at the unloaded state and (ii) subjected to lower straightening under loading. Aging in ATAA seems also linked to elastin fibers (i) less straight at the unloaded state and (ii) lower straightening under loading, leading to the hypothesis of fragmentation and/or damage at high loads.

Microstructure, clinical and morphological parameters

In good agreement, it has been reported that the remodeling in ascending aorta due to aging, and especially when associated to calcification, is related to elastin fragmentation and loss of cross-links 
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Chapter 6 166 Thesis in Mechanics and Engineering Cristina Cavinato [START_REF] Spina | Age-related chemical changes in human elastins from nonatherosclerotic areas of thoracic aorta[END_REF][START_REF] Toda | Morphometrical analysis of the aging process in human arteries and aorta[END_REF][START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF]. This scenario is related to the mechanical fatigue as well as the chemical degradation due to matrix metalloproteases, regardless of the presence of the aneurysm [START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF]. Aneurysm presence seems to exacerbate the condition, locally decreasing the elastin concentration and increasing the fragmentation of remaining elastin in case of thoracic dissections [START_REF] Borges | Tissue diffusion and retention of metalloproteinases in ascending aortic aneurysms and dissections[END_REF][START_REF] Cattell | Increased elastin content and decreased elastin concentration may be predisposing factors in dissecting aneurysms of human thoracic aorta[END_REF][START_REF] Pichamuthu | Differential Tensile Strength and Collagen Composition in Ascending Aortic Aneurysms by Aortic Valve Phenotype[END_REF][START_REF] Whittle | Collagen in dissecting aneurysms of the human thoracic aorta. Increased collagen content and decreased collagen concentration may be predisposing factors in dissecting aneurysms[END_REF]. Collagen in aged thoracic aorta was seen to increase in content in adventitia, become more irregularly arranged, unstructured, forming cloudy spaces rather than crimped bundles in particular in media, as its cross-link density increase [START_REF] O'connell | The threedimensional micro-and nanostructure of the aortic medial lamellar unit measured using 3D confocal and electron microscopy imaging[END_REF][START_REF] Toda | Morphometrical analysis of the aging process in human arteries and aorta[END_REF][START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF].

Diameter. Larger in vivo diameter in ATAAs seems to be related to collagen fibers (i) with lower dispersion, which decreases more when loaded and (ii) that are less straight at high loads. It showed also links with lower straightness of elastin fibers, above all when no load was applied.

It is commonly accepted that a possible cause of the aneurysmal diameter increase in vivo is the partial release of the arterial compressive pre-stress because of a risen degradation of elastin. As a result, collagen behavior was reported to be significantly affected, with a sharper engagement during arterial load [START_REF] Fonck | Effect of elastin degradation on carotid wall mechanics as assessed by a constituent-based biomechanical model[END_REF]. Our outcomes for elastin and collagen microstructure in relation with the diameter show potential consistency when compared with this possible scenario.

Thickness. For thinner ATAAs, (i) collagen fibers are straighter at the unloaded state but it they seem to straighten less than other ATAAs in response to high loads; (ii) elastin fibers straighten and align more efficiently at a physiological level, but the behavior is reversed at high loads, perhaps because of a more acute elastin damage due to the load.

Gender. Principal gender differences that we observed are the higher straightening and lower dispersion in collagen fibers of women compared to men, in unloaded as well as loaded states. However, the extent of the collagen uncrimping in response to loads was higher in men.

To the knowledge of the authors, there is no literature reporting gender-related differences in ATAA microstructure to compare to our outcomes. This is the first results on the relationship between the aneurysm thickness or the patient gender and the microstructural properties of collagen and elastin.

Valve type. In average, collagen and elastin are less straight in BAV patients than in TAV, in all unloaded and loaded states. Elastin fibers are more scattered in BAV when loaded, suggesting the hypothesis of higher damage in elastin of BAV specimens. In possible accordance, Pichamuthu et al. reported a disproportionate collagen distribution among both BAV and TAV aneurysmal unloaded histological specimens with more disrupted collagen in BAV ATAAs and less collagen but aligned in orientation in TAV ATAAs [START_REF] Pichamuthu | Differential Tensile Strength and Collagen Composition in Ascending Aortic Aneurysms by Aortic Valve Phenotype[END_REF]. Still on unloaded histological specimens, Collins et al. observed in BAV patients fewer changes in elastin fragmentation and loss and better preservation in media compared to TAV patients. They found many BAV cases with abnormal and collapsed medial elastic laminae but they did not report particularities about the adventitial layer [START_REF] Collins | Variation in the histopathological features of patients with ascending aortic aneurysms: a study of 111 surgically excised cases[END_REF].

Hypertension. Hypertension is a common co-morbid condition suggested to have important effects on aneurysm and dissections, as it generally induces matrix remodeling to normalize tensile forces in the artery [START_REF] Nakashima | Dissecting aneurysm: a clinicopathologic and histopathologic study of 111 autopsied cases[END_REF]. Based on our results, hypertensive cases presented less straight and more dispersed collagen and elastin fibers than normotensive cases, at unloaded and loaded states. Our findings could be in line on the ground that hypertension causes the accumulation of disorganized Chapter 6
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Mechanics, clinical and morphological parameters

Age. Specimens from older patients exhibited higher stresses if compared to specimens from younger patients.

In our previous study (see Chapter 5) we found that maximum principal stresses in a physiological inflation state, differently from what we report here, were not significantly correlated to age but maximum principal strains were negatively correlated to it. Other authors suggested a positive trend between age and stiffness of the ATAA tissue which could be a clarification of our results; Duprey et al., by making use of similar bulge inflation tests on ATAAs, described significant differences in circumferential stiffness due to the age, finding higher stiffness in patients over 55 [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]. Okamoto et al. showed an exponential relationship between age of patients and stresses relative to equi-biaxial strains of 0.25 and 0.35, with a strong stress increase in patients over the age of 50 years [START_REF] Okamoto | Mechanical Properties of Dilated Human Ascending Aorta[END_REF]. In other equi-biaxial tests, Babu et al. found non-statistically lower strains in specimens from patients over 50 compared to others at a fixed Cauchy stress of 0.1 MPa [START_REF] Babu | Biomechanical Properties of Human Ascending Thoracic Aortic Dissections[END_REF]. On the other hand, one must consider that the average patient age in our study was 70 years, with no patient younger than 50 and only 2 patients younger than 55.

We also observed that the rupture stress was significantly positively correlated to age. Regarding this aspect, the literature contains contradictory results. On similar tests, Duprey et al. described significant higher rupture stresses in patient younger than 55. However, looking at the rupture stresses in relation to the age (Figure 4a in their paper), there was no visible trend for patients over 50 [START_REF] Duprey | Biaxial rupture properties of ascending thoracic aortic aneurysms[END_REF]. However, it is worth mentioning that their test was performed with intima outwards, hence a non-physiological condition. Other previous studies based on uniaxial tests reported significantly lower ultimate stress at higher age in non-aneurysmal tissues [START_REF] García-Herrera | Mechanical behaviour and rupture of normal and pathological human ascending aortic wall[END_REF], and aneurysmal ATAA tissues [START_REF] Ferrara | Human dilated ascending aorta: Mechanical characterization via uniaxial tensile tests[END_REF][START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF][START_REF] Okamoto | Mechanical Properties of Dilated Human Ascending Aorta[END_REF][START_REF] Pham | Biomechanical characterization of ascending aortic aneurysm with concomitant bicuspid aortic valve and bovine aortic arch[END_REF].

However, for all tests, results obtained from patients younger than 50 were leading the tendency. Differently, other studies with uniaxial tests of ATAAs reported no significant correlation between ultimate stress and age for ATAAs (Iliopoulos et al., 2009a;[START_REF] Khanafer | Determination of the elastic modulus of ascending thoracic aortic aneurysm at different ranges Bibliography Cristina Cavinato Thesis in Mechanics and Engineering 205 of pressure using uniaxial tensile testing[END_REF] (the first had an age range similar to ours, and the second a different range of 39-75 years). Our results are, thus, diverging from the previous findings but the fact that an older study population is considered and that rupture was purposely initiated on the intimal surface could be among the reasons of the difference.

Diameter. We did not find any correlation between the maximum principal stresses at each load state and the diameter of the ATAA in vivo. In our previous study on tissues without any intimal cut a significant positive correlation was found between stresses at physiological load state and diameter.

Taking in consideration the results of other studies, a non-significant positive trend was found by Azadani et al. with biaxial tests between the physiologic stress level in the circumferential direction and the diameter [START_REF] Azadani | Biomechanical properties of human ascending thoracic aortic aneurysms[END_REF].

Concerning the relationship between the rupture stress and the diameter, we only found a weak negative trend. Previous bulge inflation tests with intima outwards led to no significant correlation between ultimate stresses and diameters. In our previous report, we did not analyze the rupture stress but we described a significant negative correlation between the rupture pressure and the diameter.

Uniaxial tests of literature conducted to different conflicting findings: a negative correlation between Chapter 6
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No significant difference was found, then, for stresses at all load states in the analyzed categories of gender, type of aortic valve, AH, obesity and diabetes. The only consistent tendency was the higher stress in the female group at all load states. This observation could be supported by the high physiological stiffness observed in uniaxial specimen of female ATAAs [START_REF] Sokolis | Impaired mechanics and matrix metalloproteinases/inhibitors expression in female ascending thoracic aortic aneurysms[END_REF]. In partial agreement, Ferrara et al. reported no significant correlation in mechanical properties of uniaxial ATAA specimens when grouped by gender, presence of diabetes or genetic diseases [START_REF] Ferrara | Effects of clinico-pathological risk factors on in-vitro mechanical properties of human dilated ascending aorta[END_REF]; they also reported a higher stress at low load state in BAV than in TAV group which we did not observe.

We did not find significant difference even for rupture stresses in all categories and only a not significantly low rupture stress in the BAV group was observed. In our previous study we reported, differently, a significant higher rupture pressure in BAV group and in male group. However, the points that are worth highlighting are:

 Applied pressure and actual stress are two different metrics, the second being more representative of the actual load inside the tissue.  The presence of the intimal cut enforces higher load in the adventitia. Therefore, as wanted in this study's objective, the trends observed are supposed to rather reveal the response of adventitia than the complete wall, explaining possible differences with other similar studies mentioned here.

Conclusions

This investigation represents an initial step towards the knowledge of deformation micromechanisms which are involved during the mechanical loading, up to their rupture, of human aneurysmal arteries. For the first time, a key microstructural section of the human aneurysmal ascending aorta was analyzed: (a) in its evolution under equi-biaxial loads which range from zero to rupture loads; (b) in relation to the actual wall stress state; (c) in relation with some major clinical and morphometrical properties for which the link with the disease is often discussed. The resulting data can be helpful in developing and validating multiscale models of the aneurysmal aorta and to better revaluate the risk of ATAA rupture or dissection. In particular, our results confirm the recruitment process of adventitial collagen and elastin at physiological loads and also show the complexity and heterogeneity of the microstructural behavior at higher loads, suggesting potential critical conditions of rupture. Adventitial collagen fibers displayed an ultimate resistive rearrangement before the aneurysm burst. Moreover, the relations between specific properties of the tissues and patient data (not exclusively the aneurysm diameter) demonstrated consistent convergence, thus improving the understanding of the disease severity.
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General discussion

Discussion générale

Main results and findings

This summary briefly recalls the major novel advances resulting from this work and some consistent scenarios we developed from them.

Experimental techniques

 An innovative methodology was developed comprising (a) a bulge inflation test bench, (b) a thickness measurement bench, (c) a multiphoton confocal microscopy bench and (d) a full-field displacement measurement bench, as well as the techniques which permitted their well-regulated and consistent coupling.  Both the bulge inflation testing bench and the thickness measurement bench together with their relative custom programs allowed stable control and possible uses in combination with other different experimental techniques. Moreover, they are suitable for testing many other soft and living membrane-like tissues, as was recently the case with porcine dura mater.  The multiphoton microscopic 3D imaging technology was adapted for the purpose of in situ mechanical testing with a set of techniques ensuring consistence in the quantitative analysis.  The novel quantitative automated analysis of the fiber orientation provided a relevant descriptor for assessing microstructure evolution of mechanically loaded tissues, as well as for comparison between tissues.  The combination of stereo digital image correlation, statics equilibrium problem resolution and finite element simulation offers a local and specimen-specific analysis of the mechanical state of specimens tested in the microscopy environment to better link this mechanical loading to the evolving microstructure of the arterial wall.  The developed tools and procedure ensured the highest wall stress in the region of microscopy observations and the observation of the rupture in this specific region. Thesis in Mechanics and Engineering Cristina Cavinato

Remarkable intra-and inter-patient mechanical variability

 A high local heterogeneity of wall stress and strain at physiological loading state was found in each examined tissue undergoing bulge inflation test and this denotes a marked local heterogeneity of the intra-patient mechanical properties.  Inconsistent wall strain response in relation to the local wall thickness suggested that the local mechanical variations are most likely linked to the microstructures of the arterial wall, which are not observable only with external imaging.  Also at inter-patient level, the relationships between physiological and rupture mechanical response and wall thickness suggested that the material strength (hence structure) may differ a lot from a patient to another, since thickness alone could not explain the observed variability.

Adventitial fibers engagement, re-orientation and kinematics during loading

 The bulge inflation test was chosen as it is close to loading conditions of in vivo ATAA. Besides, when material anisotropy is low or negligible, tissue inflates in a rotational symmetry shape, inducing an equi-biaxial stretch test at the top of the bulged test, namely the region microscopically targeted in the study. Our findings about collagen fibers in adventitia at physiological and supra-physiological pressurization stages demonstrated low or null fiber reorientation in this context.

 The microstructural arrangement of collagen fibers in unloaded ATAA tissues were characterized by relatively low fiber straightness and relatively high orientation dispersion if compared to those of loaded ATAA tissues. No definitive conclusion about any preferential orientations of collagen fibers in unloaded adventitial tissue could therefore be drawn.  The bulge inflation loading scenario leads to adventitia collagen progressive engagement in ATAA tissues from unloaded to supra-physiological load states, supported by observations and associated analysis of increased straightening and decreased dispersion. Moreover, no evident reorientation, i.e. change in principal orientations, of adventitia collagen fibers was observed in the case of this loading scenario. The straightness and dispersion indexes showed a non-linear relationship with the wall stress state which is consistent with the J-bend stress-strain curves observed at the upper scale when moving from the low strain to the high strain range. A noticeable exception was the increase of collagen dispersion at a supra-physiological stress state (slightly more than half of the rupture stress state), while the straightness was still increasing: already straight collagen fibers started to slightly reorient to counteract the high quasi-isotropic load, via a mechanism looking like bundle decohesion.  In the bulge inflation loading scenario, ATAA adventitial elastic fibers showed a different general response compared to collagen fibers. A slight straightening and decreasing dispersion from zero to systolic load and constant straightness and constant or increased dispersion from zero to supraphysiological load increments were recorded. The fragmentation or the damage due to the load of the elastic fibers are potential underlying mechanisms, which remains to be demonstrated.  ATAA tissues showed straighter and less dispersed collagen fibers at the unloaded state if compared to animal (healthy and young) arterial tissues but also less reactivity to bulge inflation in term of these microstructure features. It was hypothesized that this resulted from tissue Chapter 7

Cristina Cavinato Thesis in Mechanics and Engineering 171 remodeling in which collagen bundle arrangements may be affected in their architecture and mobility. However, such differences could not be clearly distinguished between ATAA and aged non-aneurysmal tissues and consequently they might be associated to both pathological and aging tissue remodeling.  The re-orientation response of adventitial collagen fibers was demonstrated to strongly depend on the loading scenario, and the nature of the load influenced the extent or inclination of fiber bundles to re-orient. The application of our analysis method to loading scenarios different from that implemented here led to important findings about the micro-structural characterization of collagen networks and microstructure-to-mechanics relationships. Among the principal results: a) Uniaxial tension induces the highest re-orientation, showing a clear trend of orienting toward the loading direction, similarly for different directions.

The straightness index followed a non-linear evolution with imposed stretch, particularly similar to the J-curve stress-stretch response. An association is thus present between the mechanical state and the mechanisms of progressive straightening of fiber bundles which govern their recruitment for load bearing. Besides, the process whereby fibers and/or bundles tend to be more and more parallel to each other during this scenario was quantified. b) Combined longitudinal extension and pressurization of tubular arteries induces two distinct responses. When the inflation pressure is fixed, the longitudinal tension produced pressure-dependent re-orientations characterized by a general increase in straightness and decrease in dispersion. When the stretch is imposed, the inflation revealed different responses; a competition between longitudinal tension effects and inflation-induced circumferential stretch seems to sharp up and limit the changes of straightness and dispersion. The limited effects of pressurization at fixed longitudinal stretch were potentially associated to a stalled longitudinal Poisson's effect while a circumferential Poisson's effect enabled by the fixed pressure extension could promote fiber rotation.  Collagen fiber bundles do not obey affine transformation rules [START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF][START_REF] Morin | Non-affine fiber kinematics in arterial mechanics: a continuum micromechanical investigation[END_REF] thus the interactions of the fibrous components with their neighboring components like other solid components, cells, or liquids impact their kinematic behavior, hence the global mechanical response. In particular, the role of the interstitial fluid mobility could be essential in tissue adaptation to deformation through compaction and dilation of the collagen fiber network [START_REF] Ehret | Inverse poroelasticity as a fundamental mechanism in biomechanics and mechanobiology[END_REF].

Adventitial fibers behavior at rupture

 Adventitial fibers appeared to be an ultimate barrier before the aneurysm burst, the sunburst disposition of collagen fibers corresponding to an ultimate resistive rearrangement. In addition, the transit of air bubbles across the spaces between collagen fibers indicated the occurrence of porosity, and possibly damage/rupture of the inner medial layers.  Patient-specific adventitial fibers straightness and dispersion showed interesting tendencies in response to the relative rupture wall stress state. For instance, ATAA specimens which failed at a lower stress state if compared to the other specimens showed unloaded adventitial collagen fibers more crimped with a lower dispersion when physiologically loaded. In its turn, elastin fibers of Thesis in Mechanics and Engineering Cristina Cavinato specimens which failed at lower stresses were more dispersed when unloaded but straighter and less dispersed at supra-physiological loads compared to those of the other specimens. These tendencies helped in understanding the morphology underlying different rupture cases.

Limitations

Some of the principal limitations arising from the proposed study are listed hereafter:

 Our observations were restricted to adventitial microscopic phenomena by reason of the penetration depth limitations and no conclusion can be drawn from our investigation regarding the inner layers of the aortic tissue. The medial layers are reported to be importantly remodeled because of the aneurysmal pathology and aging [START_REF] Halushka | Consensus statement on surgical pathology of the aorta from the Society for Cardiovascular Pathology and the Association For European Cardiovascular Pathology: II. Noninflammatory degenerative diseasesnomenclature and diagnostic criteria[END_REF][START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF] andas we suggested by our observationsthey are concerned by the propagation of the rupture to the adventitia. There is therefore the need to investigate these aortic parts in mechanical conditions similar to those we implemented with a higher-penetration imaging technique (i.e. X-ray microtomography [START_REF] Helfenstein-Didier | Tensile rupture of medial arterial tissue studied by X-ray micro-tomography on stained samples[END_REF]) or separating the adventitia layer from the rest of the tissue.  The quantitative microstructural descriptors concerned in the analysis were orientation-derived quantities where the term orientation denotes the orientation of the fibers in the midplane of the artery. We first focused on such fiber orientation without making any distinction between the two different scales which characterized the orientation distribution: a first scale of the whole fiber or bundle portion observed and a second scale of undulations of the fibers. Then, this result was reinterpreted to obtain three separated quantities reliant on both scales, i.e. the principal orientations, the straightness and the dispersion. While the proposed method boasts for the first time short computation time and complete automaticity in obtaining easily comparable information in all adventitia depth, it clearly shows some lacks. First, the scales of orientation should be accurately discriminated for a more accurate analysis. Then, other independent measurements which are relevant with regard to the observed volume should be investigated, e.g. transmural orientation, waviness and volume fraction (considering the nonlinear signal attenuation along the objective's axis which is intrinsic to the imaging technique).  The important microstructural differences which we reported between human and healthy animal arterial adventitial collagen fibers could be associated to underlying remodeling phenomena. Such phenomena could be either due to aneurysmal conditions or aging, as we reported similar observations in aneurysmal and old non-aneurysmal human aortic tissues. Unfortunately, no discrimination could be made between these conditions because of the lack of control human young specimens. Access to human healthy tissue is very limited but we should seek for it.  Because of the limited availability of ATAA tissues and the complexity of the experimental design, a limited number of specimens could be evaluated. In some cases, this limitation resulted in hypothetical statements which need a more expanded experimental campaign to be corroborated.
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Prospects

A final outlook for further development is drawn in the following:

 Ongoing experimental campaign. The continuity of the experimental campaign will allow the increase of the study population in order to improve the statistical analysis presented in this manuscript and corroborate our observations.  A first step towards modeling. All three-dimensional images acquired within this study should be further processed and analyzed in order to extract other morphological information about the microscopic constituents. In a PhD project subsequent to the present one, the discussed orientation-based descriptors and other stochastic descriptors (e.g. fiber size, volume fraction) are going to be utilized in an inverse random sampling technique for computational network reconstruction of the adventitial layer. The model will help to observe the microscopic mechanical phenomena in the simulation of the mechanical test. The results of such an analysis will be the development of probabilistic rupture prediction tools, which will link the scale of aortic aneurysm rupture at the macroscopic level to mechanical descriptors at the level of the fibrous microstructure. A preliminary implementation of the project is the recent investigation of Ayyalasomayajula et al. on the more basic rabbit carotid adventitial collagen fibers under uniaxial tension (Ayyalasomayajula et al., submitted).  Imaging physics. It is important not to omit that the three-dimensional images at issue in their original form do not provide for all sought morphological descriptors. A number of technique limitations and artefacts have been recognized, i.e. the limited penetration and signal attenuation in the thickness of the tissue thickness, the presence of "shadows" in the images created by the overlapping of high-fluorescence fibers and disrupting the images, further movement artefacts which could not be corrected with the procedures developed in this investigation. Correcting the acquisition physics is a relevant perspective to improve quantitative analyses.  Parallel experimental pathways. Some experimental campaigns can be imagined to move forward and contribute to the better understanding of the rupture mechanisms. a) X-ray micro-tomography was used in combination with mechanical testing in order to investigate the mechanisms underlying the rupture and dissection of aortic tissues. Uniaxial tests were performed in situ on aortic medial layers and conducted to interesting observations of the damage initiation at the meso-scale level of the collagen fibers [START_REF] Helfenstein-Didier | Tensile rupture of medial arterial tissue studied by X-ray micro-tomography on stained samples[END_REF]. Moreover, based on these experiments, a finite element model was developed considering separate medial layers, having their own elastic and damage properties. The model successfully reproduced gradual medial delamination comparable with the experimental observations and provided intrinsic mechanical damage parameters [START_REF] Brunet | A combined experimental-numerical meso-scale approach of tensile rupture in arterial medial tissue using X-ray tomography[END_REF]. It is expected that this approach will provide important information on the medial rupture and dissection mechanisms which will complement our findings on adventitial mechanisms. b) Optical coherence tomography is another imaging technology that has recently been integrated in our laboratory in combination with the digital volume correlation technique. An early investigation of Acosta Santamaria et al. focused on the full-field strain measurement of porcine aorta subjected to uniaxial tension (Acosta [START_REF] Santamaría | Three-Dimensional Full-Field Strain Measurements across a Whole Porcine Aorta Subjected to Tensile Loading Using Optical Coherence Tomography-Digital Volume Correlation[END_REF]. The analysis could be done on the complete thickness and revealed high strain Thesis in Mechanics and Engineering Cristina Cavinato heterogeneities among the different aortic layers. This technique has potential in future analysis of the deformation and rupture of human aortic tissues.

Conclusion générale

Conclusion générale

General conclusion

(English readers will find most of the information summed up herein in Chapter 7) D'importantes étapes ont été franchies dans la connaissance de l'anévrisme de l'aorte ascendante et de sa rupture, tout au long du travail de doctorat présenté ici.

Sur le plan experimental, ce projet a permis de mettre en place un couplage de differents bancs d'essais et d'analyses quantitatives automatisées. Ainsi, une caractérisation simultanée et spécifique à chaque échantillon de la microstructure et de la mécanique des parois du tissu aortique thoracique ascendant humain ex vivo a pu être réalisée. Cette étude constitue une approche innovante et unique de combinaison de ces différentes techniques et méthodes. De plus, les techniques expérimentales développées conviennent à l'analyse de nombreux autres tissus mous vivants en forme de membrane.

Parmi les principaux résultats obtenus, on notera la grande hétérogénéité locale de l'épaisseur et des propriétés mécaniques de la paroi de l'anévrysme aortique. Il a ainsi été démontré que la connaissance plus précise de l'épaisseur locale de la paroi est un élément insuffisant pour expliquer, par calcul de contrainte, la localisation de la rupture de l'anévrisme et donc pour aider à établir un indice de risque de ce phénomène. Un passage au niveau microscopique a donc été réalisé pour mieux interpréter les résultats mécaniques. L'analyse s'est donc concentrée sur les phénomènes microstructuraux sous-jacents à la déformation et à la rupture, sous un état mécanique de chargement quasi-équibiaxiale. L'accent a été mis sur la structure microscopique de l'adventitia et, en son sein, sur l'évolution de la structure des fibres de collagène et d'élastine, et a mené aux conclusions principales suivantes.

La disposition des faisceaux de fibres de collagène dans les tissus anévrismaux non chargés est caractérisée par une rectitude relativement faible des fibres et une dispersion d'orientation relativement élevée, sans aucune orientation préférentielle, comparativement à celles des mêmes tissus sous charge. Le scénario de chargement jusqu'à un état de charge supra-physiologique produit un engagement progressif du collagène adventitiel, associé à un redressement des fibres (qui deviennent rectilignes) et une dispersion réduite de leur orientation. Les indices de rectitude et de dispersion ont montré une relation non linéaire avec l'état de contrainte de la paroi qui rappelle les courbes de contraintedéformation en traction uniaxiale lorsque l'on passe d'une contrainte faible à une contrainte élevée. Une exception notable est l'augmentation de la dispersion d'orientation du collagène à un état de Thesis in Mechanics and Engineering Cristina Cavinato contrainte fortement supra-physiologique alors que la rectitude augmente encore : les faisceaux de fibres de collagène déjà droites montrent une perte de cohésion dans laquelle de multiples faisceaux de taille inférieurs, ou fibres, commencent à se réorienter individuellement pour compenser la charge élevée.

Les fibres élastiques adventitielles anévrismales montrent un comportement généralement différent par rapport aux fibres de collagène : elles présentent des évolutions de faible amplitude entre charge nulle et systolique puis une rectitude constante et une dispersion constante ou croissante à des charges plus élevées. Des phénomènes de fragmentation ou d'endommagement dus à la charge des fibres élastiques sont des mécanismes sous-jacents possibles, qui restent à démontrer.

Relativement à des tissus artériels animaux (sains et jeunes), les tissus anévrismaux humains ont montré aussi des fibres de collagène plus rectilignes et moins dispersées en orientation à l'état déchargé, mais une moindre réactivité au chargement en ce qui concerne ces paramètres. Ce point suggère l'hypothèse d'un remodelage tissulaire qui affecte l'architecture et la mobilité de faisceaux de collagène. Cependant, ces différences n'ont pas pu être clairement distinguées entre les tissus anévrismaux et non anévrismaux âgés et, par conséquent, elles pourraient être associées à la fois au remodelage pathologique et au vieillissement des tissus.

L'application de notre méthode d'analyse à des chemins de chargement différents a démontré que la réponse en réorientation des fibres de collagène adventitielles dépend fortement du scénario de chargement. En outre, les faisceaux de fibres de collagène n'obéissent pas aux règles de transformation affine, suggérant que les interactions des composants fibreux avec leurs composants voisins (entre autres, le fluide interstitiel) ont un impact sur leur comportement cinématique, d'où la réponse mécanique globale.

Au moment de la rupture, les fibres adventitielles se sont révélées être une barrière ultime avant la rupture de l'anévrisme, la disposition en faisceaux divergents des fibres de collagène correspondant à un dernier réarrangement résistif. Le passage de bulles d'air à travers les espaces entre les fibres de collagène a révélé la porosité structurelle et l'endommagement probable des couches inférieures, telles que la media. De plus, la rectitude et la dispersion des fibres adventitielles ont montré des corrélations appariées intéressantes avec les contraintes à rupture. Ces tendances ont aidé à comprendre la morphologie sous-jacente aux différents cas de rupture.

Un certain nombre d'autres projets sont en cours ou prévus dans un avenir proche pour tenter de surmonter les limites techniques et poursuivre le développement de ce travail.
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Comments

The ATAA specimen presented in this case study has been identified as the largest and thinnest aneurysm of the oldest patient reported in this thesis. It was found to be an outlier for all clinical, thickness and mechanical analyses. Moreover, we observed with this outlier a particular qualitative way to inflate and rupture when compared with the previous study presented in Chapter 5. More precisely, the distal and posterior region of the specimen demonstrated to be most likely to an abrupt and early rupture.

Local thickness. Wall thickness of multiple specimens showed no marked regional difference between left and right side of the outer curvature, which is consistent with observations reported in Chapter 5 and other reports [START_REF] Choudhury | Local mechanical and structural properties of healthy and diseased human ascending aorta tissue[END_REF]Iliopoulos et al., 2009b). Along the axial direction, patient no 20 was subjected to a thickness decrease in the distal direction. To the knowledge of the authors, only Sokolis et al. reported ATAA wall thicknesses at different axial positions and observed, an increase in the distal direction in non-aneurysmal and aneurysmal ATAA fresh tissues measured from digitized photographs which is contrary to what observed here [START_REF] Sokolis | Effects of aneurysm on the directional, regional, and layer distribution of residual strains in ascending thoracic aorta[END_REF].

Mechanical state. The bulge inflation test with adventitia outwards on the two specimens permitted to observe the behaviour at physiological and rupture states of the tissue regionally. The specimens originated from the distal and thinnest region of the aneurysm. Interestingly, even if they had an equal thickness in average and intra-specimen variation, the right (then posterior) side of the aneurysm presented higher physiological stresses and ruptured at lower in vivo burst pressure. Other authors reported regional variation in the mechanical properties of ATAAs at failure. By means of several studies, marked heterogeneities were observed. With uniaxial tests, Iliopoulos et al. reported nonsignificant regional differences in failure stress in the circumferential direction but a significant lower failure stress in the longitudinal direction of the center of the outer curvature compared to the lateral sides and the inner curvature (Iliopoulos et al., 2009a). Indeed, it was found most of the time that the outer curvature rather than the inner curvature was affected by dilatations and dissections [START_REF] Chung | Loss of mechanical directional dependency of the ascending aorta with severe medial degeneration[END_REF]. But regarding the rest of the aortic circumference, other authors described the right lateral wall as the most common site of through and through rupture in dissections, also corresponding to the contact site of the blood ejected from the aortic valve [START_REF] Roberts | Aortic dissection: anatomy, consequences, and causes[END_REF]. This is in accordance with what observed in patient no 20.

C.2 Measured rupture pressure

The two specimens from patient no 19 were tested in opposite directions. The inflation of the right specimen with the intima layer outwards led to the rupture at 613.62 mmHg, while the left specimen with the adventitia outwards broke at 700.41 mmHg. The measured burst pressures were significantly and negatively correlated to the ATAA in vivo diameters (ρ = -0.64, p-value = 0.02) and significantly and negatively correlated to the ages of the donors (ρ = -0.68, p-value = 0.02). The measured burst pressure value and the mean thickness had no statically relevant linear correlation (p-value = 0.77) and the same result was obtained with the minimum thickness (p-value = 0.89).

The measured pressure values of female and male groups were significantly different (p-value = 0.01) and lower in females; the measured pressure values of TAV and BAV groups were not significantly different (p-value = 0.13) but in average lower in TAV specimens. Their behavior can be observed in List of figures The objective of this doctoral investigation is to address the following hypothesis: the phenomena which occur at the microscopic fibrous structure of collagen and elastin are involved or even responsible for the macroscopic mechanical response of ascending thoracic aortic aneurysms, in particular when close to rupture. Towards an improved understanding of this structure-tomechanics relationship, a dedicated experimental methodology enabled the consistent coupling of several test benches: a mechanical bulge inflation test, an optical device for the high resolution measurement of the specimen thickness, a digital image correlation set-up for full-field displacement measurements and a confocal two-photon microscopy bench. Through the combination of these facilities, patient-specific analyses were conducted on ex vivo specimens of animal and human thoracic aortae, in particular human ascending thoracic aortic aneurysms, from an unloaded configuration to rupture. The analyses focus on the relationship between the local mechanical state and the microstructural morphology of the principal fibrous components of the outer aortic layer, the adventitia, usually considered to the ultimate resistive barrier before rupture. Moreover, the connection between these data and fundamental specific information inherent to the clinics or the morphometry are analysed. The resulting contribution consists of advanced observations of the fibrous progressive recruitment and reactions to the loading scenario and quantitative links with mechanics and clinics. 
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Figure 2 . 3

 23 Figure 2.3 Classification of aortic aneurysm dissections and surgery. Modified from Goldfinger et al.([START_REF] Goldfinger | Thoracic Aortic Aneurysm and Dissection[END_REF].

  3 cm/yr, coarctation, hypertension (2014 ESC)) > 4.5 cm and undergoing surgery for symptomatic severe aortic stenosis or regurgitation: ≥ 5.0 cm (2016 ACC/AHA) Cross-sectional area/height ratio > 10 (2016 ACC/AHA), > 2.75 cm/m (2014 ESC) MFS ≥ 5.0 cm ascending aorta, unless family history of dissection > 5.0 cm or growth > 0.5 cm/yr or ≥ 4.0 cm and expecting pregnancy (2010 ACC/AHA) > 4.5 cm with risk factors (family history, > 0.3 cm/yr, sever aortic or mitral regurgitation, expecting pregnancy) (2014 ESC) Expecting aortic valve repair/replacement > 4 (2010 ACC/AHA)

Figure 2 . 4

 24 Figure 2.4 Hierarchical structure of collagen (modified from[START_REF] Scarr | Helical tensegrity as a structural mechanism in human anatomy[END_REF]).

Figure 2 . 5

 25 Figure2.5 Elastic fibers behavior: when subjected to a stretching force the elastic fibers elongate but remain attached to each other and to microfibrils. In the absence of stretching force the structure recoils[START_REF] Yokoyama | Reconstruction of Elastic Fibers in Three-Dimensional Smooth Muscle Cells[END_REF].

Figure 2 . 8

 28 Figure 2.8 Healthy young aorta. Histological transversal section (50x). The horizontal axis indicates the circumferential direction of the aorta. (a) H&E dye stains nuclei in blue/purple. (b) Movat's pentachrome highlights elastic fibers in black, collagen in yellow and mucopolysaccharides in green/blue. The tunica adventitia is mostly collagen fibrous tissue (bottom).The tunica media consists in lines of muscoloelastic fascicles (i.e. elastin and smooth muscle cells) and the tunica intima is a distinct pale layer than the media (top). Modified from[START_REF] Halushka | Consensus statement on surgical pathology of the aorta from the Society for Cardiovascular Pathology and the Association For European Cardiovascular Pathology: II. Noninflammatory degenerative diseasesnomenclature and diagnostic criteria[END_REF].

Figure 2 . 9

 29 Figure 2.9 Cross sectional representations of the normal (a) and the aged (b) aorta. Modified from a figure of (Xu et al., 2017).

  Microstructure: thin, scattered Orientation: LONG in intima, CIRC in media, aligned with both axes in adventitia Content and concentration =; Cross-links ↑; Undulation: ↓ Microstructure: disorganized, not coherent network, thin parallel fibers in adventitia Content: type III ↑, type I ↓ Content and concentration: type III and type I ↓, type IV ↑ Content and concentration: type III and type I ↓, type IV ↑ Concentration ↓ ; Elastin cross-links = Microstructure: thin, scattered, with fibrosis Content: type I and III ↑ ; Structure: increased type I in interlaminar space, type IV defected, axial sheets, type I and III highly expressed in intimal plaque Content: type I and III ↑ ; Structure: fibrosis, type I and III distorted in media, type IV not present over the intimal plaque, no separation between media and intima Content and concentration: type I and III ↑ ; Structure: types I and III axial bundles thicker than axial sheets of type IV, interlaminar types I and III, areas missing collagen, discontinuous irregular structure Content: type I and III ↑ ; Structure: type IV collagen not expressed around medial cells, but at subendothelial basement membrane Content: type I and III ↑ ; Structure: type IV irregular and fragmented Thesis in Mechanics and Engineering Cristina Cavinato

Figure 2 .

 2 Figure 2.11 Events over the cardiac cycle, showing the relationship between pressures at different points and other measurements (modified from (Themes, 2016)).

Figure 2 .

 2 Figure 2.12 Representation of the Windkessel function of aorta in a normal condition (a) and in case of decreased arterial distensibility. BP: blood pressure (London and Guerin, 1999).

Figure 2 .

 2 Figure 2.15 Optical coherence tomography 3D rendering of porcine aortas immersed in water (a) and in a solution with the clearing agent propylene glycol (b). Optical coherence tomography 2D radial slices in air of human control ATA (c) and human ATAA with abnormalities in the media layer indicated with the white arrows (d).

Figure 2 .

 2 Figure 2.16 Multiphoton microscopy 2D planar (axial-circumferential plane) slices of rabbit carotid arteries. Acquisitions in an unloaded (a) and a uniaxial tensile loaded (circumferential direction) (b) states. The first row indicates adventitia structures, the second row indicates media structures and, for each of them, filtered SHG signal of collagen fibers is the gray channel and autofluorescence signal of elastic fibers is the red channel (Krasny et al., 2017).

  Chargement biaxial de tissues artériels avec observations 3D in situ de la microstructure fibreuse adventitielle : une méthode de couplage de microscope confocale multi-photon et test de gonflement.This chapter presents the development and first application of a stable automatic three-dimensional analysis of adventitial collagen microstructure under loads that closely mimicked physiologic loading conditions. It was published as original research article in the Journal of the Mechanical Behavior of Biomedical Materials (Volume 74, October 2017, Pages 488-498). Authors: Cavinato C., Helfenstein-Didier C., Olivier T., Rolland du Roscoat S., Laroche N. and Badel P. Contributions: CC in all parts; HDC, OT and BP in design of the study; LN in histological design and preparation; RRS in image analysis; RRS and BP in writing and revision; all authors in final approval. Contents Préambule .................................................................................................................................preparation .............................................................................................. 3.2.2 Bulge inflation testing protocol ................................................................................. 3.2.3 Multi-photon confocal microscopy protocol ............................................................. 3.2.4 Histology ................................................................................................................... 3.2.5 Images processing and analysis ................................................................................ 3.3 Results ................................................................................................................................ 3.3.1 Protocol adjustment ................................................................................................... 3.3.2 3D visualization in aortic adventitia ......................................................................... 3.3.3 Continuous planar orientation of collagen fibers ...................................................... 3.4 Discussion ........................................................................................................................... 3.5 Conclusions ........................................................................................................................ constitué d'une étude menée sur des échantillons d'aortes humaines et porcines afin d'observer les mécanismes de déformation de l'adventitia, à des niveaux de chargement physiologiques et (modérément) supra-physiologiques.
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 31 Figure 3.1 Graphical abstract of chapter 3.

Figure 3

 3 Figure 3.2 (a) Classification in four different segments: ascending thoracic part (AT) and descending thoracic part (DT). (b) Example of a segment classified as AT, cut open in order to section the depicted 45-mm-square.

Figure 3 . 3

 33 Figure 3.3 Experimental setup used to associate the bulge inflation testing device to the MCM for visualizing the 3D microstructure at different pressures. The bulge inflation device is shown in a disaggregated configuration.

Figure 3 . 4

 34 Figure 3.4 Representative normalized orientation histogram and relative fit with a Gaussian function y representing 4 families of fibers, y1-4. From the fitting, specific parameters denote the basic characteristics of each family of fiber: average orientation θm, peak height yp, standard deviation σ, and the base value yb of the distribution.

Figure 3 . 5

 35 Figure 3.5 Matrix architecture of two specimens of human descending thoracic aorta at the interface between adventitia and media. Representative MCM projections in the circumferential-radial plane. The unmodified specimen (a) and the specimen that has been marked with the Picro Sirius Red compound (b). Collagen and elastin are indicated in pale blue and red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Figure 3 . 6

 36 Figure 3.6 Quantification of the pressure relaxation behavior. Representative curves of one out of four tested porcine aortic segments inflated over a range of 0-500 mmHg. Each curve was fitted with an exponential decay equation.

Figure 3 .

 3 Figure3.7 d, e and f show representative average orientation histograms calculated by using OrientationJ. Then, quantification of the orientation of the fibers was made by fitting the histograms with the 4-family fitting procedure. These families were ranked according to their contribution to the global distribution for each specimen.

Figure 3 . 8

 38 Figure 3.8 Mean value of orientation (θm) of the families whose contribution is larger than 20% found in all the scanned 3D images. The orientations 0° and 90° indicate the circumferential and axial directions of the aorta. (a) Results of porcine specimens and (b) results of non-aneurysmal human (triangular markers) and ATAA specimens (circular markers) at different inflated pressure.

Figure 3 . 9

 39 Figure 3.9 Intensity plots of the orientation of a set of collagen fibers through the acquired thickness at 0 (a), 200 (b) and 450 mmHg (c). Vertical and horizontal axes indicate the z position and the orientation, respectively. The color map indicates the distribution of orientation calculated for each slice, with global division by the maximum value within the stack. Representative results of aneurysmal human aorta, 61-yearold female, thoracic ascending part.
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 42 Figure 4.2 Schematic and pictures of the three mechanical testing benches coupled with the two multi-photon confocal microscopy setup. From the left to the right: uniaxial tension, tension-inflation and bulge inflation devices.
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 43 Figure 4.3 Fast Fourier Transform approach. Flowchart and illustration of different steps to derive fiber orientations from raw multiphoton images.
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 44 Figure 4.4 Example of a normalized histogram of fiber orientations and relative fit with a sum of four independent Gaussian distributions yi, i ∈ {1,…,4}. yb stands for a constant function representing the base value. The identified parameters were used in evaluating the changes in fiber microstructure.

Figure 4 .

 4 Figure4.6 reports projected SHG images of adventitial collagen in different load configurations. First, Figure4.6 a shows how the adventitial collagen network, as observed in the unloaded configuration (bottom left), evolved when the tissue was subjected to a uniaxial tensile test either in the circumferential direction (bottom right), in the diagonal direction (top right), or in the longitudinal direction (top left). The fiber network has an impressive ability to decrimp and align along any load direction. This is especially remarkable, since the results of Krasny et al.[START_REF] Krasny | A comprehensive study of layer-specific morphological changes in the microstructure of carotid arteries under uniaxial load[END_REF][START_REF] Krasny | Kinematics of collagen fibers in carotid arteries under tension-inflation loading[END_REF] showed that both adventitial and medial elastin networks, along with medial collagen, do not display such reorientation abilities. However, a different scheme is observed when subjecting the arterial tissue to tension-inflation, as shown in Figure4.6 b: in the case of cylindrical samples, axial tension again provokes large reorientations (as observed on the horizontal line of images), but inflation only provokes very limited reorientations (as observed on the vertical line of images). Finally, when the artery is subjected to bulge-inflation (see Figure4.6 c), fiber reorientations appear to be negligible for all tested tissues (as observed on all three vertical lines of images).

Figure 4 . 5

 45 Figure 4.5 Distributions of orientation angles of adventitial collagen fibers as obtained from 2D FFT (red circles and black squares) or from OrientationJ (blue crosses) on different types of tissues and for different types of tests, together with the corresponding projected images.

Figure 4 . 6

 46 Figure 4.6 Multiphoton images obtained during: (a) uniaxial tension in the circumferential, longitudinal and diagonal directions on rabbit carotids (samples no 26-28); (b) tension-inflation on rabbit carotids (samples no 35-36); (c) bulge inflation on porcine (P, no 6), human non-aneurysmal (H, no 11) and ascending thoracic aortic aneurysmal (ATAA, no14) samples. Scale bars correspond to 50 μm.

Figure

  very good alignment of all points along the first bisector of Figure4.9 (which results from the post-processing of all human and porcine samples subjected to an inflation up to 450 mmHg).

Figure 4 . 9

 49 Figure 4.9 Bivariate relationship between principal orientations of collagen fibers at 200 mmHg and at 450 mmHg for human and porcine samples subjected to bulge-inflation tests up to 450 mmHg. The dashed line represents the hypothesis of non-reorientation of collagen fibers.

  Figure 4.6 c to the bottom right image of Figure 4.6 c and to the bottom left image of Figure 4.6 a).Regarding the evolution of the alignment index for increasing loads, Figure4.10 a focuses on the samples subjected to uniaxial tension (with microstructure imaged for more than two loaded configurations, i.e. samples no 23, 24, 25, 27), and with a normalized stress-stretch curve. Interestingly, AI followed the same profile as the stress-stretch curve, i.e. a slight increase at low stretches (i.e. until reaching the  Fiber orientation at the unloaded state: large dispersion, no evident preferential orientation except the longitudinal one.  Re-orientation under different loading scenarios: high in uniaxial tensile tests, at low stress and towards the tension axis; high in tensile tests under constant pressure, progressively towards the tension axis; limited in pressurization test under constant stretch, in particular if higher stretch are applied; none in bulge inflation tests.

Figure 4 .

 4 Figure 4.10 Evolution of the alignment index (AI) with the applied load. (a) AI as a function of the applied uniaxial stretch for four of the tested samples. Superimposed to it, the evolution of the normalized stress with respect to the normalized applied uniaxial stretch for the same samples (solid lines); (b) AI as a function of the applied longitudinal stretch for different applied inner pressure on samples no 42-44; (c) AI as a function of the applied inner pressure for different applied longitudinal stretch on samples no 39-41; (d) AI as a function of the applied pressure for all porcine, healthy and aneurysmal human samples pressurized up to 450 mmHg.

  Figure 4.11 a), as well as from the bulge-inflation tests(Figure 4.11 d). Regarding the bulge-inflation tests, one should note that the strongest variation in the DI happens for the porcine samples. Going more into details, the largest changes in the dispersion index occurs during the first part of the test, between the zero-load configuration and the physiological one, when decrimping occurs. The same was also observed during inflation tests performed at a low or physiological axial stretch (Figure4.11 c). Regarding the inflation test at a high level of axial stretch, the large axial tension already uncrimped and realigned the fibers along the axial direction; consequently, inflating the sample leads to a small reorientation of the fibers towards the circumferential direction, which tends to slightly increase the dispersion index all along the loading path. The same conclusion can also be drawn for the tensile test at a fixed internal pressure of 100 and 140 mmHg (Figure4.11 b): these pressure levels allowed the decrimping of the collagen fibers as well as their reorientation, and the axial tension tends to disorient the fibers, leading to the increase of the dispersion index. The tensile test at an internal pressure of 20 mmHg exhibits the same trend as the uniaxial tensile test of Figure4.11 a: fibers are crimped in the initial configuration, explaining the large dispersion index, and their progressive decrimping and reorientation along the axial direction leads to the final strong decrease of the dispersion index.

Figure 4 .

 4 Figure 4.11 Evolution of the dispersion index (DI) with the applied load. (a) DI as a function of the applied uniaxial stretch for four of the tested samples. Superimposed to it, the evolution of the normalized stress with respect to the normalized applied uniaxial stress with respect to the normalized applied uniaxial stretch for the same samples (solid lines); (b) DI as a function of the applied longitudinal stretch for different applied inner pressure on samples no 42-44; (c) DI as a function of the applied inner pressure for different applied longitudinal stretch on samples no 39-41; (d) DI as a function of the applied pressure for all porcine, healthy and aneurysmal human samples pressurized up to 450 mmHg.

Figure 4 .

 4 Figure 4.12 Comparison between affine predictions (solid lines) and experimental observations (circles) for uniaxial tension tests for the four tested samples. Curves in black, blue, and magenta refer respectively to the diagonal, circumferential, and longitudinal directions. Samples no 1-4 correspond respectively to the three directions of samples no23-34 ofTable 4.3, see Table 4.1for the exact correspondence.

Figure 4 .

 4 Figure 4.13 Comparison between affine predictions and experimental observations for tension inflation tests: left column: axial tension at fixed internal pressure; right column: inflation at fixed axial stretch. The different configurations are displayed with different colors: black: reference, red: intermediate, blue: final; circles: experimental observations, solid lines: affine prediction of the intermediate and final states.

Figure 5

 5 Figure 5.1 (a) CT dynamic scanner image and adopted position references D = distal, P = proximal, L = left, R = right. ATAA specimen preparation and test steps: entire cut ATAA (b), specimen positioned into the iron holder for the thickness measurement (c) specimen covered with graphite dots and inflated at a pressure of 250 mmHg. Its deformed shape was captured by one high-resolution camera during the mechanical test (d).

  88 mm and an interpatient variability of 0.50 mm. The case of multiple specimens sourced from the same patient no 19 showed an inter-specimen variability of 0.03 mm. The two specimens of patient no 19 represent the left (a) and the right (b) side of the outer curvature of the ATAA where the left/right labels indicate the anatomical position (Figure 5.1 a). The left specimen was slightly thicker than the right one (+1%, which is almost the range of error of the device). Complementary statistical information given in Figure 5.3, i.e. medians, principal percentiles and outliers, illustrate the intra-specimen variability in all specimens.

Figure 5

 5 Figure 5.3 (a) Example of thickness measurement from patient no 16. (b) Box plot of all specimen thicknesses showing complementary statistics: median (red line), 25th and 75th percentiles (blue lines), most extreme data points not considered outliers (black lines) and outliers (red crosses).

  Principal characteristics of the available population from the clinical data were: 19 ATAAs, 14 males and 5 females, 9 BAV and 10 TAV, age of 68.2 ± 12.1 years, in vivo diameter 54.2 ± 5.1 mm.

Figure 5 .

 5 5 a, b and c show typical local maps of initial thickness ℎ 0 , σ*, E* within the ROI of specimen no. 3 and 19 b. The high spatial resolution in the measurements results in well-defined distributions. It transpires from the maps that the three fields are highly heterogeneous within the ROI, showing unpredictable distributions. For each analyzed specimen, the local values were considered at five different nodal locations of the reconstructed ROI in order to facilitate the analysis: the top (TOP) of the inflated shape, the initial thickest (THIC) and the initial thinnest (THIN) locations, the maximum (MAX) and the minimum (MIN) values locations. Moreover, the all-node average values (AVG) were considered. Results are displayed in Figure 5.6 and Figure 5.7:  Taking into consideration σ*, comparable values indicated above of AOUT and IOUT had no statistical differences (p-value > 0.27). The maximum σ* was in average 2.3 times and 1.8 times the minimum σ* in AOUT and IOUT, respectively. Variations of σ* were not statistically different in the two groups (p-value = 0.34).  Concerning E*, AOUT specimens were significantly less strained than IOUT ones in AVG and TOP (both with p-value = 0.02). Taking into account AVG, E* in AOUT was -39% than in IOUT. AOUT specimens were non-significantly less strained than IOUT ones in all other considered nodes except in MAX, in which they had similar values. The maximum E* were in average 11.2 and 3.7 times higher than the minimum E* in AOUT and IOUT, respectively. These ranges of E* were statistically different in the two groups (p-value = 0.003).

Figure 5 . 5

 55 Figure 5.5 Geometrical mechanical and kinematical fields for specimen no 3 (i) and no 19b (ii). Color maps of (a) the initial thickness ℎ 0 , (b) the maximum principal Cauchy membrane stress tensor σ* at 150 mmHg, (c) the maximum principal Green Lagrange tensor E* at 150 mmHg. (d) Rupture location on the adventitia (in red) within the ROI mesh (in gray).

Figure 5 . 8

 58 Figure 5.8 Local maximum principal membrane stress σ* reported in four of the defined characteristic points within the ROI of several specimens with adventitia outwards (a) and with intima outwards (b). Values calculated using local thickness measurements are represented as gray shadows for each histogram column, while those calculated with constant average thickness are in color.

  Figure C.5 a and b show AOUT specimens with distinguishable drops of water on their surfaces, while Figure C.5 c and d show IOUT specimens and the characteristic rupture of the intima and media layers in an earlier stage and the unruptured adventitia still inflating under them.

Figure 5 . 9

 59 Figure 5.9 Illustration of the significant bivariate relationship between maximum principal component of the membrane Green Lagrange strain at 150 mmHg at the node MAX and mean thickness ℎ ̅ 0 . The resulted regression is traced.

  The relation between mechanical values at 150 mmHg and in vivo rupture pressures were analyzed in a similar way to what was done in the previous0

Figure 5 .

 5 Figure 5.10 Statistically significant bivariate relationships between mechanical parameters and between mechanical parameters and clinical parameters. The maximum principal component of the membrane Cauchy stress at 150 mmHg σ* and the maximum principal component of the Green Lagrange strain at 150 mmHg E* at specific nodes were evaluated in function of ATAA in vivo diameter (a) patient age (b), rupture in vivo pressure. The resulted regressions are traced.

  (ρ = -0.68, p-value = 0.01). Figure5.11 depicts the results of each ATAA specimen.

Figure 5 .

 5 Figure 5.11 Illustration of the bivariate relationship between in vivo rupture pressure values and in vivo diameters (a) and age of donors (b). The resulted regressions are traced.
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Figure 6 . 1

 61 Figure 6.1 Main steps and features of the method.

  orientation range. Their meaning is illustrated with typical test images in Figure6.2.

Figure 6 . 2

 62 Figure 6.2 Graphical description of the two orientation-based parameters SI, straightening index, and DI, dispersion index.

  underwent a strong uncrimping after the first load increment up to the systolic state.

Figure 6 . 4

 64 Figure 6.4 Two-dimensional SHG section from the three-dimensional images at inflation pressure equivalent to in vivo systole (a) and 600 mmHg (b) during bulge inflation test of specimen no. 1 (illustrated in the previous figure). Green color represents the collagen signal. They show a sort of decohesion in selected fiber bundles due to suvra-physiological loads.

Figure 6 .

 6 Figure 6.10 Relationship between the rupture stress and the collagen DI at systole load state.

  were significantly or nearly significantly and negatively correlated to the mean thickness (p-value = 0.10 at systole, p = 0.01 otherwise), as expected because intrinsic to the calculation.

Figure 6 .

 6 Figure 6.11 Principal correlations between collagen microstructure indexes SI (a) and DI (b) and patient ages.

Figure 6 .

 6 Figure 6.12 Principal correlations found between microstructure indexes of collagen and ATAA diameter: DI at systole load (a) and ΔDI zero-systole (b).

Figure 6 .

 6 Figure 6.13 Principal correlations found between microstructure indexes of elastin SI at zero-load and ATAA diameter.

Figure

  

Figure C. 4

 4 Figure C.4 Bivariate relationship of measured burst pressure values with in vivo diameter and age of donors.The resulted regression is traced.

Figure C. 5

 5 Figure C.5 ATAA specimens at the nearest recorded instant to rupture. (a), (b) and had adventitia outwards, (d) and (e) had intima outwards.
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 2122232425262728292229222222223842526266 Figure 2.1 Representation of the principal systemic arteries (a) (modified from[START_REF] Premkumar | The Massage Connection: Anatomy and Physiology[END_REF] and volume-rendered anterior (b) and lateral (c) view using computed tomography of the superior mediastinum showing in particular the thoracic segment of the aorta. In the first image, some structures as the venous channels, the pulmonary trunk and the heart are removed for the purpose of showing the aorta[START_REF] Drake | Gray's Anatomy for Students International Edition: With STUDENT CONSULT Online Access[END_REF]. ............................................................................................... 12Figure 2.2 Normal diameter in thoracic aorta. Variations due to sex and imaging modalities are considered. F = female; M = male; CMR = cardiac magnetic resonance; Echo = echocardiography (Goldfinger et al., 2014). .......................................................... 13 Figure 2.3 Classification of aortic aneurysm dissections and surgery. Modified from Goldfinger et al. (Goldfinger et al., 2014). ............................................................ 15 Figure 2.4 Hierarchical structure of collagen (modified from (Scarr, 2011)). ........................ 18 Figure 2.5 Elastic fibers behavior: when subjected to a stretching force the elastic fibers elongate but remain attached to each other and to microfibrils. In the absence of stretching force the structure recoils (Yokoyama and Ishikawa, 2014). ................ 20 Figure 2.6 Proteoglycans regularly positioned along collagen fibrils in tunica media (7•10 5 x) (Dingemans et al., 2000). ....................................................................................... 21 Figure 2.7 Idealized architecture of a healthy elastic artery as the aorta, composed of intima, media and adventitia. Modified from (Gasser et al., 2006) with thickness values obtained from histology (Humphrey and Holzapfel, 2012). .................................. 21 Figure 2.8 Healthy young aorta. Histological transversal section (50x). The horizontal axis indicates the circumferential direction of the aorta. (a) H&E dye stains nuclei in blue/purple. (b) Movat's pentachrome highlights elastic fibers in black, collagen in yellow and mucopolysaccharides in green/blue. The tunica adventitia is mostly collagen fibrous tissue (bottom). The tunica media consists in lines of muscoloelastic fascicles (i.e. elastin and smooth muscle cells) and the tunica intima is a distinct pale layer than the media (top). Modified from (Halushka et al., 2016). ..................................................................................................................... 22 Figure 2.9 Cross sectional representations of the normal (a) and the aged (b) aorta. Modified from a figure of (Xu et al., 2017). .......................................................................... 25 Figure 2.10 Histological sections demonstrating the effects of ATAA of the microstructrure, well recognizable if compared to the healthy sections in Figure 2.8. The horizontal
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  -mécanismes de déformation et de rupture de la paroi d'anévrisme aortique Spécialité : Mécanique et Ingénierie Mots clefs : Anévrisme de l'aorte ascendante, Rupture, Phénomènes microstructuraux, Réponse mécanique locale Résumé :La paroi de l'aorte thoracique ascendante présente une microstructure complexe et hétérogène qui peut être sujette à la pathologie d'anévrisme, une dilatation irréversible associée à un remodelage dégénératif de la microstructure. Ce dernier entraîne une modification du comportement mécanique du tissu, dont les conséquences les plus graves sont la rupture ou la dissection.L'objectif de cette thèse est d'aborder l'hypothèse scientifique suivante : les phénomènes qui se produisent au niveau de la structure fibreuse microscopique de collagène et d'élastine sont impliqués ou même responsables de la réponse mécanique macroscopique des anévrismes de l'aorte thoracique ascendante, notamment proche de la rupture. Une méthodologie expérimentale a permis d'allier, en une approche unifiée, un essai mécanique de gonflement ex vivo, un dispositif optique de mesure haute résolution de l'épaisseur des échantillons, un dispositif de corrélation d'images numériques pour la mesure de champs de déplacement, un microscope confocal biphotonique. Des analyses spécifiques aux patients ont été réalisées sur des échantillons d'aorte animale et humaine, en particulier des anévrismes de l'aorte thoracique ascendante humaine, d'un état non chargé jusqu'à rupture. Les relations entre l'état mécanique local et la morphologie microstructurale des composants fibreux de la couche aortique externe, l'adventitia généralement considérée comme la barrière ultime avant rupture, ont été étudiées. Les contributions majeures consistent en des observations des structures fibreuses en réponse au scénario de chargement, jusqu'à rupture, et des liens quantitatifs avec l'état mécanique et les données cliniques.

  

  

  

  

  

Table 2 .

 2 

2 Principal recommended thresholds for surgery of ATAAs based on the aortic diameter by practice guidelines. From 2014 ESC

Microstructure and remodeling: normality and pathology

  At the microscopic level, the wall of the aorta is a composite material with different constituents, architecture and interconnections which provide insight into the function of this root artery (O'Connell
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Table 2 .

 2 4 Overcomes of published studies on elastin and collagen properties in ATAAs and ATAA associated to other conditions. Table modified from[START_REF] Tsamis | Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review[END_REF]; refer to the article for relative references.

	Elastin

Table 2 .

 2 5 Summary of mechanical tests on ATAA and control ATA reported in literature. The different type of stress and strain as well as the calculated elastic modulus used by the authors is reported. Values indicated with ~ are taken from figures. Symbols σ: Cauchy stress, 1PK and 2PK: first and second Piola-Kirchhoff stress, s: engineering stress, T: membrane tension, E: Green's strain, ε: engineering strain, ϵ : true (logarithmic) strain, λ: stretch, TAV: tricuspid valve, BAV: bicuspid valve, MAF: Marfan syndrome. (*): these authors analyzed also averages and statistical differences of TAV vs BAV, anterior vs posterior, greater vs lower curvature, young vs old, normal vs hypertensive, gender, body mass index, diameter, aortic size index, smokers, diabetes, MFS.

	Test	Reference Specimens	Age	Diameter	Precond.	Loading or strain rate	Stress measure	Elastic modulus (kPa)	Ultimate tensile strength (kPa)

Table 2 .

 2 6 Principal structure descriptors of arterial tissue found in literature.

	Descriptor	Method	Implementation	Reference(s)
			OrientationJ and	(Rezakhaniha et
		Structure tensor	Directionality plug-in	al., 2012; Tonar et
			ImageJ and Fiji	al., 2015)
	Local 2D/3D fiber orientation	Fast Fourier transform	Automatic, e.g. Oval Profile Plot and Directionality plug-in in ImageJ and Fiji	(Schriefl et al., 2012a; Sugita and Matsumoto, 2017)
		Pseudo diffusion tensor (Inversion of the Hessian of the intensities)	Semi-automatic, then DTI software vIST/e	(Schrauwen et al., 2012)
		Gradient of the intensities	Custom Matlab tool	(Hill et al., 2012)
	Fiber transmural angle	Fiber angle in the radial direction	Manual	(Schrauwen et al., 2012)
		Fiber angle between axial		
	Fiber helical angle	direction and projection of the fiber vector in the axial-	Manual	(Schrauwen et al., 2012)
		circumferential plane		
				(Chow et al.,
	Fiber waviness or straightness parameter or tortuosity	Ratio between the Euclidean length and the whole fiber length	Manual or automatic with filament function in Imaris or a custom Matlab tool	2014; Hill et al., 2012; Koch et al., 2014; Rezakhaniha et al., 2012; Schrauwen
				et al., 2012)
		Whole fiber/bundle length;		
	Length, thickness, size of fibers or bundle	mean fiber/bundle thickness; size defined as length	Manual	(Rezakhaniha et al., 2012)
		multiplied by thickness		
	Density of intersections	Custom skeletonization	Custom Matlab tool	(Koch et al., 2014)
	Volume fraction or concentration	Custom skeletonization	Custom Matlab tool	(Koch et al., 2014; O'Connell et al., 2008)
		Take-home message	
	 Pending question: how ATAA microstructural constituents behave in a dynamic state, in
		the course of their mechanical tasks and near rupture?	
	The answer lies in characterizing the tissue structure with suitable 3D imaging techniques.
	 Choice of the technique: a trade-off between resolution, scale, the ability to be
		quantitative, functional and non-destructive.	
	 Structural descriptors can be quantified from 3D images; among the principal
		descriptors there is the local fiber orientation.	

Table 3

 3 

	No. specimen	Tissu e type	Anatomical position	Sex/ age	Ex vivo segment diameter [mm]	Ex vivo thickness [mm]	Inflation pressure level [mmHg]
	1	P	DT	NA	19.9	1.94	50/150/250/350/500
	2	P	DT	NA	27.3	2.02	50/150/250/350/500
	3	P	DT	NA	21.9	1.88	50/150/250/350/500
	4	P	DT	NA	21.7	1.81	0/200/450
	5	P	DT	NA	25.6	1.95	0/200
	6	P	DT	NA	20.3	1.62	0/200/450
	7	P	DT	NA	28.5	1.97	0/200/450
	8	P	DT	NA	19.7	1.48	0/200/450
	9	P	DT	NA	23.9	2.21	0/200
	10	H	DT	F/92	22.2	2.27	0/200/450
	11 12	H	DT DT	M/71	21.0 19.7	2.23 2.08	0/200 0/200/450
	13	AH	AT	M/69	52.1	2.11	0/200/450
	14	AH	AT	M/51	57.6	1.94	0/200/450

.1 Data from collected specimens. Abbreviations: P=porcine, H=non-aneurysmal human, AH=aneurysmal human.

Table 3 .

 3 2 Quantified relaxation lifetime given as average and standard deviation with n=4 at 5 pressure steps.

	Initial pressure P0 (mmHg)	50	150	250	350	500

Mean lifetime τ (s)

577 ± 41 818 ± 68 1021 ± 151 1064 ± 196 1146 ± 249 Chapter 3 68 Thesis in Mechanics and Engineering Cristina Cavinato

Table 3 .

 3 3 Percentage differences between initial values at 0 mmHg of AI and DI and the values at 200 mmHg and 450 mmHg. The three categories of tissue have been distinguished.

		Porcine specimens (n = 5)	
		Δ AI %	Δ DI %
	200mmHg	66.9 ± 63.1	-29.0 ± 31.3
	450mmHg	105.4 ± 86.1	-44.8 ± 30.3
	Non-aneurysmal human specimens (n = 3)
		Δ AI %	Δ DI %
	200mmHg	78.8 ± 79.2	-24.9 ± 16.3
	450mmHg	97.2 ± 116.6	-25.3 ± 19.5
		Human ATAA specimens (n = 6)	
		Δ AI %	Δ DI %
	200mmHg	10.6 ± 19.5	-41.7 ± 18.1
	450mmHg	24.2 ± 29.6	-63.0 ± 23.3

  Comme nous l'avons vu dans le second chapitre de ce manuscrit, la réponse biomécanique passive des tissus conjonctifs mous aux charges appliquées dépend de leur structure et de leur composition. En particulier, la configuration du collagène est importante pour comprendre la fonction biomécanique des artères (voir le chapitre 2 pour les détails et liens qualitatifs entre microstructure et réponse mécanique), notamment en vue de créer des modèles mathématiques de la mécanique de la paroi artérielle.Malgré des liens essentiels et évidents entre la micro-structure de collagène et les propriétés mécaniques macroscopiques des artères, les données décrivant les changements dans la structure de tissus sous chargement sont rares en raison de l'absence d'une méthode simple et fiable pour quantifier cette structure pendant des essais mécaniques.Parmi les techniques d'imagerie permettant une observation interne non-destructive et non-invasive, la microscopie par fluorescence est un des outils les mieux établis et les plus précieux pour observer la microstructure des tissus biologiques mous. En particulier, avec l'utilisation d'un microscope confocal multi-photons permet d'observer les fibres de collagène et d'élastine, et de les distinguer, comme nous l'avons fait dans le chapitre précédent.
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Les images 3D ainsi obtenues doivent être traitées à l'aide d'outils d'analyse d'image appropriés pour obtenir des caractéristiques micro-architecturales d'intérêt. Si différentes méthodes ont été mis en oeuvre dans ce but, elles n'ont pas encore permis d'obtenir une description complète des réseaux de fibres, car elles étaient principalement axées sur l'information d'orientation, comme nous l'avons fait précédemment. Des approches plus avancées sont en cours d'élaboration pour la reconstruction complète de l'architecture fibreuse de ces tissus, mais ne font pas l'objet de ce manuscrit.

Dans le présent chapitre, nous partageons l'expérience de notre groupe dans le couplage du chargement mécanique et de l'imagerie par microscopie confocale multi-photons pour démontrer, sur différentes artères, espèces et conditions d'essai, l'engagement séquentiel des fibres de collagène en réponse au chargement mécanique. Plus spécifiquement, nous analysons et comparons les changements morphologiques de la microstructure d'artères carotides de lapin et d'aortes d'origine porcine et humaine (saines ou anévrismales). Une approche d'analyse unifiée est proposée afin de comparer les observations et les analyses quantitatives dans différents scénarios de chargement : tension uni-axiale sur éprouvettes plates, tension-gonflement sur éprouvettes tubulaires, tests de gonflement sur éprouvettes plates. L'analyse et la discussion portent sur la cinématique, en particulier la réorientation, des fibres de collagène adventitiel et les différences inhérentes aux types d'artères et aux scénarios de chargements.

Table 4 .

 4 1 Characteristics of all tested specimens analyzed in this chapter.

	No. specimen	Tissue type	Anatomical	itio	Sex/age	In vivo	diameter (mm)	In vivo axial	stretch	Ex vivo thickness	(mm)	Load direction	Load levels for imaging
	1	P	DT		NA	25.9	NA	1.55	Bulge inflation	0/200	(mmHg)
	2	P	DT		NA	20.5	NA	2.01	Bulge inflation	0/200	(mmHg)
	3	P	DT		NA	21.7	NA	1.81	Bulge inflation	0/200/450	(mmHg)
	4	P	DT		NA	25.6	NA	1.95	Bulge inflation	0/200	(mmHg)
	5	P	DT		NA	20.3	NA	1.62	Bulge inflation	0/200/450	(mmHg)
	6	P	DT		NA	28.5	NA	1.97	Bulge inflation	0/200/450	(mmHg)
	7	P	DT		NA	19.7	NA	1.48	Bulge inflation	0/200/450	(mmHg)
	8	P	DT		NA	23.9	NA	2.21	Bulge inflation	0/200	(mmHg)
	9	H	DT		F/92	22.2	NA	2.27	Bulge inflation	0/200/450	(mmHg)
		H	DT M/71	21.0 19.7	NA NA	2.23 2.08	Bulge inflation Bulge inflation	0/200 0/200/450	(mmHg) (mmHg)
		ATAA AT M/69	52.1	NA	2.11	Bulge inflation	0/200/450	(mmHg)
		ATAA AT M/51	57.6	NA	1.94	Bulge inflation	0/200/450	(mmHg)
		ATAA AT		F/55	55.7	NA	1.91	Bulge inflation	0/200/450	(mmHg)
		ATAA AT M/44	57.1	NA	1.95	Bulge inflation	0/200	(mmHg)
		ATAA AT M/48	49.2	NA	2.57	Bulge inflation	0/200	(mmHg)
		ATAA AT		F/61	51.2	NA	1.81	Bulge inflation	0/200	(mmHg)
		ATAA AT M/65	50	NA	3.20	Bulge inflation	0/200	(mmHg)
		ATAA AT M/69	44.3	NA	2.87	Bulge inflation	0/200	(mmHg)
		ATAA AT M/76	57.7	NA	3.56	Bulge inflation	0/200	(mmHg)
		ATAA AT M/50	57.3	NA	3.40	Bulge inflation	0/200	(mmHg)
		ATAA AT M/79	54.3	NA	2.84	Bulge inflation	0/200	(mmHg)
		R	C	R no 1 C no 1	NA	1.6	0.16	1D-circ 1D-long	0/0.2/0.6/1.2/ 2.0 0/0.3/0.9	(MPa) (MPa)
												1D-diag		(MPa)
												1D-circ	0/0.7	(MPa)
		R	C	R no 2 C no 1	NA	1.7	0.18	1D-long	0/0.1/0.3/0.9	(MPa)
												1D-diag	0/1.7	(MPa)
		R	C	R no 3 C no 1	NA	1.6	0.18	1D-circ 1D-long	0/1.2 0/1.8	(MPa) (MPa)

Table 4 .

 4 2 Review of different methods to process multiphoton micrograph for characterizing collagen fibers in arteries.

		Quantification technique	Applicability	Software tool	References
		Structure tensor method	All fiber networks	Custom or OrientationJ (ImageJ)	(Bigun et al., 2004; Jähne, 1993)
	Fiber angle densities	Fast Fourier transform	All fiber networks	Custom (Matlab, Fortran); "Oval profile plot and plugin (ImageJ) directionality"	(Ayres et al., 2008; Schriefl et al., 2012c)
	Fiber waviness	Semi-automatic tracking	Wavy fibers (crimped collagen)	Custom, NeuronJ (ImageJ)	(Chow et al., 2014; Phillippi et al., 2014)
	Fiber diameter	Custom image skeletonization	All fiber networks	Custom	(D'Amore et al., 2010; Phillippi et al., 2014)
	Fiber lengths	Custom image skeletonization	All fiber networks	Custom	(D'Amore et al., 2010; Rezakhaniha et al., 2012)
	Fiber volume fractions	Image thresholding	All fiber networks	Custom, ImageJ	(O'Connell et al., 2008; Tonar et al., 2003)
	Fiber tortuosity	Custom image skeletonization	Medial elastin, medial collagen	Custom (Matlab)	(Koch et al., 2014)
	Node connectivity	Custom image skeletonization	Medial elastin, medial collagen	Custom (Matlab)	(D'Amore et al., 2010; Koch et al., 2014)
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.3 Peak angle as measured experimentally (Exp.

  Table 4.1. Unloaded configuration: higher fiber AI in human tissues than in animal tissue; lower DI in ATAAs than animal and non-aneurysmal tissues  Evolution of AI and DI with the load:in uniaxial tensile tests, AI increases following the same profile of the stress as a function of the stretch, and DI gradually decreases; in tensile tests under constant internal pressure or in pressurization test under constant stretch, the evolution is similar to the previous one but become more complex when the imposed pressure or the imposed stretch are high; in bulge inflation test, the behavior is reversed compared to the previous result.

	 Chapter 4									
		Test / Sample	Exp.	Peak 1 Aff. Ref.	Error	Exp.	Peak 2 Aff. Ref.	Error
		no 1	Circ no Long no 175.4 168.5 145.7 82.3 139.3 145.7	89.9 23.2			
	Uniaxial tension	no 2 no 3	Circ no Long no Circ no Long no	89.6 165 81 176	110.6 147.7 96.1 114.2 117.2 105.1 130 52.0 130 49.4 117.2 41.7		-	
		no 4	Circ no Long no 171.9 151.4 85.4 113.5	133 133	59.0 52.7			
		no 35	Tension 110.5 125.7 143.9	45.5	67.1	26.3	15.6	79.2
	Tension-inflation	no 37	Tension 114.7 140.6	157	61.2	72.9	39.4	24.8	69.6
		no 43	Tension	58.3	27.9	17	73.6	67	57.2	40.2	36.6
		no 36	Inflation	134	170.5 167.6 108.6	27.1	2.9	4.3	106.1
	Tension-inflation	no 38	Inflation	33.5	29.5	38.2	-85.1 135.6 122.8	NA
		no 40	Inflation 131.7 130.8 122.7	10.0	17.4	5.8	8.2	126.1
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.3, see Table

4

.1for the exact correspondence.

  de paroi et la contrainte physiologique locales, avec des résultats de corrélation souvent contradictoires et une grande hétérogénéité des variables. Au niveau inter-sujets, nos résultats montrent que la pression de rupture et la contrainte physiologique du tissu ATAA ne sont pas corrélées à l'épaisseur moyenne ou à l'épaisseur minimale des échantillons. Nos résultats confirment donc que la résistance intrinsèque du matériau (donc sa structure) diffère beaucoup d'un sujet à l'autre et même pour un même sujet. Il a toutefois été constaté qu'ils étaient en corrélation avec le diamètre in vivo, ce qui nourrit en partie les critères décisionnels opératoires actuels fondés sur le diamètre. De plus, aucune corrélation évidente n'a été trouvée entre les valeurs maximales de contrainte ou de déformation principale dans les conditions physiologiques et la pression de rupture des échantillons individuels, confirmant que la

	Chapter 5		
	index du risque de rupture basé sur l'analyse des contraintes pariétales. D'autres analyses de
	corrélation ont également été effectuées avec les données décrites.	
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et a évidemment un rôle central dans l'évaluation du champ local des contraintes des parois.

L'objectif de cette étude est de prendre en compte la distribution d'épaisseurs dans un tissu donné afin de rendre fiables pertinentes les analyses mécaniques associées. La méthodologie proposée combine un outil de mesure à haute résolution spatiale de la distribution de l'épaisseur, une méthode de corrélation d'images numériques et notre test de gonflement pour caractériser la réponse mécanique d'échantillons humains non rompus d'ATAA, via la distribution de l'état mécanique du tissu à une résolution sub-millimétrique. Elle a été appliquée à l'analyse d'échantillons humains d'ATAA, et permet de mettre en corrélation l'état mécanique local avec les données cliniques associées, les caractéristiques locales d'épaisseur et la pression de rupture ex vivo. Au niveau intra-sujet, l'analyse de l'hétérogénéité de l'épaisseur locale et des contraintes/déformations physiologiques locales a été effectuée. Au niveau inter-sujet, l'épaisseur, la contrainte et la déformation physiologique, la charge à la rupture et les données cliniques primaires ont été combinés dans l'analyse comparative et l'analyse de corrélation.

Au niveau intra-sujet, nos résultats indiquent l'absence d'une relation évidente entre l'épaisseur résistance locale et la structure du tissu sont les principaux déterminants de la rupture. De manière très courte, l'épaisseur, bien que fondamentale pour déterminer précisément les contraintes mécaniques pariétales, ne constitue donc pas l'unique élément manquant aux travaux précédentes pour établir un
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			.1 Clinical information for collected ATAA specimens
	Subject/	Sex	Age (years) Aortic valve	Ex vivo thickness

Table 5 .

 5 The table shows also that multiple specimens of the same donor 19 and belonging, respectively, to AOUT group and IOUT group had opposite trends.Specimens no 19a and no19b reached the same σ* of 0.24 MPa at TOP. In the first case, values ranged in the interval [0.25; 0.14], in the second case the range was [0.24; 0.13]. The strain expressed as E* was higher in 19b, whereby it ranged in [0.60; 0.25], compared to 19a in which it varied in[0.52; 0.16]. This was in line with what is reported above about the statistical differences between E* in AOUT and in IOUT.
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	Subject/	Correlation coefficient ρ (p-value)
	specimen	σ*	E*
	1		-0.38 (< 0.05)	0.03 (0.31)
	2		-0.23 (< 0.05)	0.04 (0.32)
	3		-0.18 (< 0.05)	0.15 (< 0.05)
	4		-0.46 (< 0.05)	-0.02 (0.73)
	5		-0.51 (< 0.05)	-0.56 (< 0.05)
	6		-0.55 (< 0.05)	0.17 (< 0.05)
	7		-0.42 (< 0.05)	-0.53 (< 0.05)
	8		-0.29 (< 0.05)	0.49 (< 0.05)
	9		-0.77 (< 0.05)	-0.82 (< 0.05)
	17		-0.39 (< 0.05)	0.46 (< 0.05)
	19	a	-0.83 (< 0.05)	0.08 (0.08)
	19	b	-0.87 (< 0.05)	-0.21 (< 0.05)

 

between the mechanical values σ* and E* and the initial thickness h0 at all the nodal locations of each specimen. A p-value < 0.05 indicates a significant correlation.
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	.3. The
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 5 3 Measured and corresponding in vivo rupture pressure values.

	Test type	Subject/ Specimen	Rupture pressure (mmHg) Measured In vivo
				1		1335.11	1081.66
	ADVENTITIA	OUTWARDS		3 4 5 8 18		1263.55 1053.61 1232.72 1041.46 816.29	1078.51 750.51 869.84 781.71 622.10
			19		a	700.41	433.08
	INTIMA	OUTWARDS	19	2 6 7 9	b	969.90 1139.34 1118.19 890.47 613.62	639.13 813.37 842.09 635.68 365.80

Table 5 .

 5 4 Coefficients resulted from the correlation test between the mean thickness and the values of σ* at 150 mmHg, in average and at the defined nodal locations. Values with the asterisk correspond to an accepted hypothesis of correlation (p-value < 0.05).

	Correlation	AVG	TOP	THIC	THIN	MAX	MIN
	coefficient			σ*			
	Mean thickness	0.37	0.16	-0.01	0.39	0.45	0.10
	Minimum thickness	0.26	0.05	0.15	-0.08	0.11	0.39
				E*			
	Mean thickness	0.27	0.27	0.04	0.27	0.51*	0.07
	Minimum thickness	0.38	0.28	0.23	0.34	0.37	0.22

Table 5 .

 5 5 Coefficients resulted from the correlation test between the mechanical and clinical parameters and the values of σ* at 150 mmHg in average and at the defined nodal locations. Asterisks correspond to an accepted hypothesis of correlation, with p-value < 0.05 (*).

	Correlation coefficient			σ*			
		AVG	TOP	THIC	THIN	MAX	MIN
	Rupture pressure in vivo	-0.16	0.06	0.24	-0.13	-0.04	-0.08
	Diameter	0.50*	0.24	-0.01	0.39	0.30	0.01
	Age	-0.07	0.07	-0.16	-0.33	-0.26	0.18

Table 5 .

 5 6 Coefficients resulted from the correlation test between the mechanical and clinical parameters and the values of E* at 150 mmHg in average and at the defined nodal locations. Asterisks correspond to an accepted hypothesis of correlation with p-value < 0.05 or p-value < 0.01 (**).

	Correlation coefficient			E*			
		AVG	TOP	THIC	THIN	MAX	MIN
	Rupture pressure in vivo	0.08	0.01	0.18	-0.02	0.50*	-0.24
	Diameter	0.07	0.14	-0.20	0.19	-0.12	0.18
	Age	-0.51*	-0.39	-0.33	-0.42	-0.68**	-0.21

  prone to rupture if more compliant. Hence, ours findings corroborates the definition of Duprey et al. of a rupture criterion based of the extensibility of the ATAAs in bulge inflations
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Table 6 .

 6 1 Specimen clinical and morphometrical data. Symbols indicate: AH, arterial hypertension; O, obesity; D, diabetes; F and M, female and male; TAV and BAV, tricuspid and bicuspid aortic valve; Y and N, yes and no; The last line corresponds to basic statistics data: average and standard deviation in case of quantitative properties, specimen number per group in case of categorical properties.

	No	Gender	Aortic valve	AH	O	D	Age	Diameter	Average Thickness
	1	F	TAV	N	N	N	81	52	2.42
	2	F	BAV	N	Y	N	70	50	2.76
	3	F	TAV	Y	N	Y	81	54	2.38
	4	M	TAV	Y	N	Y	67	46	3.50
	5	M	BAV	Y	Y	Y	53	54.7	3.94
	6	M	BAV	Y	N	N	73	49.7	2.33
	7	M	TAV	Y	Y	N	71	54.5	3.11
	8	M	TAV	N	Y	N	70	54	2.55
	9	M	TAV	N	N	N	65	50	3.20
	10	M	BAV	Y	Y	N	69	44.3	2.87
	11	M	BAV	Y	N	N	76	57.7	3.56
	12	M	BAV	N	N	N	50	57.3	3.40
	13	M	TAV	Y	N	Y	79	54.3	2.84
	Total 13	3 F 10 M	7 TAV 6 BAV	5 Y 8 N	5 Y 8 N	4 Y 9 N	70 ± 10	52.2 ± 4.0	2.99

Table 6 .

 6 3 outlines graphically the trends resulted in this study and further discussed below.

Table 6 .

 6 3 Trends observed in the microstructure of collagen and elastin in adventitia, and mechanical stress states and rupture stress in respect to some of the analyzed clinical and morphometrical properties. Other properties showed less relevant trends.

Table C .

 C 2 Burst pressure values of the tested specimens of patient no 20.
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Appendixes

Complements

Compléments This chapter presents complementary information which are relevant for the understanding of the methodologies or add secondary results to the previous chapters. Appendix A was published as a complement to original research article "Biaxial loading of arterial tissues with 3D in situ observations of adventitia fibrous microstructure: A method coupling multi-photon confocal microscopy and bulge inflation test" in the Journal of the Mechanical Behavior of Biomedical Materials (Volume 74, October 2017, Pages 488-498).

Authors and contributions are listed on the frontpage of the relative chapters. The acquisition of each normal stack took in general 15-30 min and possible motion effects had to be addressed on the basis of the relaxation related behavior analysis described in Paragraph 3.2.5.1. The quantification and correction of mechanical rigid motions within the 3D stack of images in the direction of the z-coordinate was performed according to the following.

Contents

Regarding the experimental acquisition protocol, one quasi-instantaneous (QI) stack was recorded immediately before each normal stack and another QI stack was recorded immediately after each normal stack. The distance between the slices of the QI stack was 15 µm and it was considered unaffected since the instrument acquisition time was set to a minimum (total duration of less than 30 s).

Regarding the post-processing correction, we considered one QI stack and one channel at a time. The z-motion correction method was structured as follow:

 All scanned slicesquasi-instantaneous and normalwere standardized by subtraction of the mean grey level of the image and division by its standard deviation.

 The 2D Fast Fourier Transforms of each QI slice were calculated and multiplied by the 2D Fast Fourier Transform of each normal slice. The maximum of the inverse Fast Fourier Transform of the product was taken as Intercorrelation Coefficient (IC). The IC indicated a measure of similarity between one QI slice and one normal slice.

 The highest IC of each QI slice indicated the best matching normal slice. The index of this normal slice within the normal stack was recorded as Intercorrelation Index (II).

 The overall maximum IC value was multiplied by 0.8 and used as quality threshold: only the combinations with a coefficient greater than or equal to this threshold were considered in the Thesis in Mechanics and Engineering Cristina Cavinato

following. The quality threshold value was chosen so as to ensure a number of slice combinations sufficient for the calculation.

 When this condition was fulfilled, the differences between the corresponding sequential II in seamless sequences were calculated: these differences indicated the distance in µm between 2 planes in the normal stack which were, in reality, 15 µm far from each other in the QI stack. The resulting values were averaged and the standard deviation was calculated.

This process was repeated for both stacks of channel 0 and channel 1, and for both the previous and subsequent QI scans. Then the estimated interslice distance 𝛥𝑧 was calculated as a weighted average of all obtained results:

Appendix C Annex to Chapter 5

C.1 Case study: patient no 20

Patient no 20 has already been indicated as outlier for its ATAA in vivo diameter and mean ex vivo thickness. The distinctive data were due to the fact that the patient was not a monitored case chosen for elective surgeryas the study population examined in Chapter 5but an emergency case and the ATAA was recognized and replaced in a short window of time. In view of the above, patient no 20 was not included in the study population and is presented as case study.

Four specimens were collected from the ATAA sample and underwent thickness measurements. The mechanical test was consistent and the mechanical analysis was carried out for two specimens. Both specimens could be classified as AOUT, i.e. they were inflated with the adventitia outwards. Table C.1 shows the specimens data. 

Analysis of the thickness

The mean thickness over the sample was significantly lower than the thicknesses reported for the study population in Chapter 5 (p-value = 0.03) solely because of the particular thin specimens 20a and 20b (Figure C.1). The intra-patient variability was 0.91, then slightly higher (+3%) than the total intraspecimen variability of the previous study. 

Appendix D Validation of the methodology of Chapter 6 above the supra-physiological mechanical state D.1 Validation method

The method described in paragraph 6.2.3.2, targeted at providing the supra-physiological and rupture macro-mechanical states with a specimen-specific identification of the material properties was previously validated with three separated analysis. Three ATAA specimens with similar characteristic to those of the study population were characterized with the procedure described in subsection 6.2.3.1 up to highest achievable state before the specimen rupture. No microscopic observation was performed for those specimens. A FE model was created as described in subsection 6.2.3.2 for each of them and the identification process was performed only for the inflation pressure range corresponding to an in vivo pressure range (calculated using Equation (6.1)) between 0 and 120 mmHg. From the resulting optimized model, the values of maximum principal stress in the 5-mm-radius area around the center of the model, as well as the values r and Zmax were compared with the equivalent values calculated from the experimental data.

D.2 Results

The comparisons between the results calculated from the experimental data and those obtained from the models are showed in D.1. From the graphs it could be observed that the maximum principal stresses found with the model approaches those obtained with the s-DIC-based procedure but remains steadily underestimated. 
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