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ii RÉSUMÉ EN FRANÇAIS Les maladies cardiovasculaires (MCV) constituent une grande famille de maladies affectant le coeur et / ou les vaisseaux sanguins, qui constituent le système circulatoire cardiovasculaire. Les maladies cardiovasculaires sont la principale cause de décès dans le monde. En 1990, les maladies cardiovasculaires représentaient 12,3 millions (25,8% de tous les décès dans le monde). En 2015, le nombre de décès était de 17,9 millions dans le monde (32,1% de tous les décès dans le monde) [START_REF] Naghavi | Global, regional, and national age-sex specific all-cause and causespecific mortality for 240 causes of death, 1990-2013: A systematic analysis for the Global Burden of Disease Study 2013[END_REF]. Les décès dus aux MCV augmentent donc en nombre et en proportion.

Les maladies cardiovasculaires comprennent plusieurs classes de maladies telles que l'hypertension, la maladie coronarienne (y compris l'infarctus du myocarde), les troubles du rythme cardiaque, les accidents vasculaires cérébraux, l'insuffisance cardiaque, etc. Cette thèse de doctorat porte sur la gestion des troubles du rythme cardiaque (GRC).

Les troubles du rythme cardiaque sont également souvent appelés tachyarythmie. Ils sont subdivisés en quatre classes principales en fonction de la nature du trouble et de la région du coeur dans lesquelles ils apparaissent. Ces quatre classes sont : les contractions prématurées, la bradyarythmie, la tachyarythmie supraventriculaire et la tachyarythmie ventriculaire. Les troubles du rythme cardiaque sont généralement traités avec une combinaison de médicaments antiarythmiques, de chirurgie par cathéter (c.-à-d. Ablation) ou d'implantation chronique de dispositifs électroniques implantables cardiaques (DEIC) tels que des stimulateurs cardiaques, des dispositifs de thérapie de resynchronisation cardiaque ou des défibrillateurs implantables.

La mort cardiaque subite est la cessation soudaine de la circulation dans le système circulatoire cardiovasculaire, provoquée par l'incapacité du coeur à pomper efficacement. La MCS représente environ la moitié des décès par MCV, ce qui représente environ 15 à 20% de tous les décès annuels dans le monde. Par conséquent, la MCS représente probablement le risque majeur de mort, à l'échelle individuelle.

Les tachyarythmies ventriculaires sont responsables d'environ 80% des décès par MCS. Les tachyarythmies ventriculaires représentent les troubles du rythme cardiaque les plus dangereux.

Pour cette raison, les tachyarythmies ventriculaires sont traitées par l'administration immédiate d'un choc de défibrillation à haute énergie. Il en existe deux types principaux : la tachycardie ventriculaire (TV) et la fibrillation ventriculaire (FV).

La TV est caractérisée par un rythme de repos ventriculaire rapide (c'est-à-dire supérieur à 120 bpm) et régulier, provenant d'un ou de plusieurs foyers dans les ventricules. Un épisode de TV peut être ou ne pas être toléré hémodynamiquement. Si le taux de TV est trop élevé, les ventricules sont incapables de se remplir complètement et de se contracter efficacement. Dans de tels cas, la TV n'est pas tolérée sur le plan hémodynamique et une cardioversion immédiate est requise. Si le rythme n'est pas trop rapide, cependant, la perfusion de la circulation, bien que dégradée, sera toujours suffisante. Dans de tels cas, la TV est tolérée hémodynamiquement et la cardioversion iii n'est pas nécessaire. Bien que certaines TV puissent revenir spontanément au rythme sinusal normal (RSN), elles peuvent également évoluer vers une fibrillation ventriculaire.

La fibrillation ventriculaire (FV) se caractérise par un rythme et une morphologie ventriculaires rapides (c'est-à-dire supérieurs à 150 bpm) et irréguliers. La FV représente le type de trouble du rythme cardiaque le plus dangereux. Il est produit par un schéma rapide et désorganisé de dépolarisation. La FV entraîne un frémissement inefficace des ventricules, qui ne pompent pas le sang hors du coeur et ne produisent donc pas de pouls. Contrairement à la TV, la FV n'est jamais tolérée sur le plan hémodynamique et peut entraîner une MCS en quelques minutes. Le taux de survie des FV serait d'environ 17% lorsqu'il est produit à l'extérieur de l'hôpital et 46% lorsqu'il est produit à l'hôpital. La FV nécessite donc une cardioversion immédiate.

Les patients présentant un risque de tachyarythmie ventriculaire sont indiqués pour l'implantation d'un défibrillateur automatique implantable (DAI). Le DAI est un type spécifique de CIED, similaire au stimulateur cardiaque, qui administre un choc de défibrillation en réponse à une TV / FV détectée dans le but de le terminer. La DAI, comme la plupart des DIEC, repose sur la surveillance de l'activité cardiaque via l'enregistrement de signaux électrophysiologiques cardiaques tels que l'électrogramme (EGM).

Le DAI comporte divers éléments implantés dans le coeur. Celles-ci sont constituées de câbles ou conduits transveineux fixés aux parois internes du ventricule droit et souvent aussi à l'oreillette droite. Ces dérivations intracardiaques représentent les points faibles du système. Ils peuvent provoquer une infection systémique, une occlusion veineuse. Ils se fracturent aussi souvent après plusieurs années. Leur explantation est une procédure très traumatisante avec un risque de décès important. Les développements récents dans le domaine ont éliminé tous les éléments intracardiaques de la DAI et ont produit un défibrillateur entièrement sous-cutané (c'est-à-dire sous la peau) connu sous le nom de défibrillateur cardioverteur implantable sous-cutané (S-DAI).

Cela a introduit de nouveaux défis, notamment en ce qui concerne la surveillance sous-cutanée de l'activité cardiaque.

Ces difficultés découlent de la difficulté supplémentaire d'effectuer une analyse de précision lorsque les signaux sont enregistrés dans l'espace sous-cutané plutôt que dans le coeur. Une surdétection due aux ondes T de l'électrocardiogramme (qui ne sont pas présentes dans les EGM intracardiaques), à une tachyarythmie supraventriculaire ne nécessitant pas de choc ou à une perturbation par des myopotentiels pendant l'exercice peut entraîner des détections de positif TV / FV . Une telle détection de faux positif TV / FV entraînerait un choc de défibrillation traumatique inapproprié. Une procédure de dépistage préimplantatoire est utilisée pour disqualifier les patients à risque élevé de surdétection (à partir des ondes T). Cependant, l'incidence de ces chocs inappropriés est encore trop élevée dans le S-DAI actuel (jusqu'à 15%).

Un S-DAI idéal permettrait de surmonter ces difficultés de détection et aurait une spécificité de détection de TV / FV parfaite, de sorte que le nombre de chocs inappropriés soit égal à zéro. De iv plus, un S-DAI idéal n'écarterait aucun patient qui pourraient en bénéficier, et éliminerait la nécessité d'une procédure de dépistage pré-implantatoire coûteuse.

L'objectif principal de cette thèse de doctorat est donc de développer des capteurs et des algorithmes améliorés pour faciliter ce contrôle sous-cutané de l'activité cardiaque afin d'améliorer la spécificité de la détection de TV / FV dans un S-DAI et de ne pas écarter les patients susceptibles d'en bénéficier.

Les résultats obtenus dans le cadre de cette thèse ont été présentés en trois chapitres, et un chapitre de validation finale du travail. Le chapitre 2 décrit la surveillance sous-cutanée de la fonction électrophysiologique cardiaque et le chapitre 3 analyse la surveillance sous-cutanée de la performance hémodynamique cardiaque. Ces deux schémas de surveillance cardiaque ont été combinés pour développer un schéma de détection TV / FV qui devrait, en théorie, améliorer la spécificité de détection en fournissant de nouvelles perspectives de la fonction cardiaque. Au chapitre 4, la surveillance sous-cutanée du comportement respiratoire à l'aide des mêmes capteurs que ceux du chapitre 3 est décrite. Les résultats de la recherche et les conclusions de ces quatre chapitres sont résumés ci-dessous.

Le chapitre 2 commence par la présentation de l'application envisagée dans ce travail: le S-DAI.

Un aperçu général du S-DAI a été donné, suivi d'un examen approfondi du système de détection du système. Cette présentation comprend une description des signaux électrophysiologiques généralement enregistrés par le S-DAI, ainsi que les différentes étapes de l'algorithme de traitement du signal utilisé pour les interpréter et décider de délivrer un choc ou non. L'examen se termine par un résumé des limites et des pièges typiques en matière de détection du S-DAI, dont en particulier, la nécessité d'un dépistage préimplantatoire qui disqualifie 7 à 8% des patients indiqués, et les détections de TV / FV faussement positives produites par la surdétection de l'onde T et les myopotentiels entraînant des chocs inappropriés. Au lieu de développer des algorithmes VT / FV plus intelligents à partir de référentiels ECG, ce chapitre s'est concentré sur l'identification de meilleurs dipôles ECG qui réduiraient, en théorie, le nombre de détections de TV / FV faussement positives, et compatibles avec l'actuel S -DAI. À cette fin, une cartographie de dipôles ECG courts a été réalisée en disposant des réseaux d'électrodes personnalisées le long de la disposition anatomique typique de la sonde S-DAI, chez quatre volontaires en bonne santé.

Cela a permis d'identifier un dipôle court, de 10 à 20 mm de long placé au-dessus de l'entaille cardiaque, minimisant le rapport d'onde R à T, réduisant ainsi hypothétiquement le risque de surdétection de l'onde T. Ce dipôle court a été caractérisé en profondeur par plusieurs mesures de la qualité du signal, notamment le rapport d'onde R / T et le rapport signal sur bruit, au cours de différentes postures de base et d'enregistrements d'activités physiques variées. Comparé aux dipôles utilisés actuellement dans le S-DAI, le dipôle court a montré un meilleur rapport onde R / T et un meilleur rapport signal sur bruit, tant au niveau des enregistrements de base que de l'activité physique. En fait, le dipôle court a eu des performances exceptionnelles lors de l'activité physique et s'est révélé remarquablement résistant à la perturbation par les myopotentiels. Cette v performance supérieure du dipôle court devrait permettre à augmenter le nombre de patients qualifiés à la suite du dépistage pré-implantatoire, ainsi qu'à réduire le nombre de détections de TV / FV faussement positives. Suite à ces résultats prometteurs, le dipôle court a été utilisé au cours de plusieurs épisodes TV / FV induits chez six patients différents subissant des modifications du dispositif DAI ou CRT-D. Les signaux enregistrés ont montré des morphologies TV / FV clairement identifiables similaires à celles des dipôles S-DAI actuels, permettant ainsi leur détection dans un tel système. En utilisant ces signaux enregistrés, des efforts préliminaires ont été faits pour adapter les algorithmes de détection MicroPort CRM TV / FV actuels aux signaux fournis par les dipôles courts. Enfin, une chaîne complète de détection électrophysiologique cardiaque, destinée à la détection des épisodes TV / FV à partir des signaux dipôles courts, a été proposée.

Les signaux électrophysiologiques cardiaques restent le meilleur choix en matière de signaux pour les DIEC tels que le S-DAI. Cependant, les signaux hémodynamiques cardiaques peuvent offrir une évaluation directe de la fonction de pompage mécanique du coeur, ce qui est finalement plus utile. Ainsi, si les signaux hémodynamiques cardiaques sont pris en compte en plus des signaux électrophysiologiques cardiaques, une évaluation approfondie de la performance cardiaque peut être obtenue. Pour cette raison, le chapitre 3 est consacré à la surveillance sous-cutanée de l'activité hémodynamique cardiaque. Le chapitre a commencé par une introduction aux paramètres hémodynamiques cardiaques standard tels que la pression artérielle, le volume systolique et la contractilité du myocarde. Différents capteurs couramment utilisés pour mesurer ou estimer ces paramètres ont été examinés et leur aptitude à être mise en oeuvre dans un dispositif médical sous-cutané implanté de façon chronique a été évaluée. En fin de compte, le choix a été fait de rechercher les signaux de vibration cardiaque enregistrés à partir d'accéléromètres souscutanés. Il a été démontré que ces signaux de vibration cardiaque sont extrêmement riches en informations hémodynamiques cardiaques. En outre, ils sont invariants vis-à-vis de l'encapsulation qui se produit invariablement dans le temps et peuvent être enregistrés avec une technologie similaire au capteur SonR ™ de MicroPort CRM. Une expérience animale préliminaire impliquant l'implantation sous-cutanée du capteur SonR ™ a mis en évidence l'importance de l'orientation des axes de mesure et a motivé le développement de deux capteurs prototypes d'accéléromètre S-DAI tri-axiaux, comme ci-après la sonde 3D et le boitier 3D. Ces deux capteurs prototypes, ainsi que plusieurs autres capteurs, ont été implantés chez trois animaux : un chien et deux cochons. Cela a permis de caractériser en profondeur les signaux de vibration cardiaque sous-cutanés enregistrés par les capteurs et de comparer les signaux sous-cutanés à leurs équivalents intracardiaques et de surface. Sur la base de ces résultats, plusieurs hypothèses ont été présentées concernant la relation entre les signaux de vibration cardiaque enregistrés et la masse du capteur, la distance au coeur et le tissu d'implantation. De plus, à partir de ces trois expériences sur l'animal, les signaux de vibration cardiaque enregistrés ont été validés physiologiquement en les corrélant avec la contractilité du myocarde. Sur la base des résultats de la caractérisation et de la validation physiologique des signaux de vibration cardiaque des vi différents capteurs, le mode de réalisation sous forme de boitier 3D du capteur prototype S-DAI a été abandonné au profit de la sonde 3D. Les signaux de vibration cardiaque de la sonde 3D ont été filtrés à l'aide d'un filtre passe bande entre 10 à 55Hz. Cette bande a été optimisée par analyse de distributions spectrales des signaux. À l'aide des composants d'accélération multiaxiale de la sonde 3D, une méthode simple a été développée pour identifier un référentiel physiologique et spécifique à chaque patient, défini comme l'axe mécanique systolique cardiaque, existant dans le plan transverse. Ce référentiel personnalisé a permis de répondre à l'anisotropie observée des signaux de vibration cardiaque. La projection des composants d'accélération multiaxiale le long de cet axe de référence a permis d'optimiser le signal et d'obtenir une invariance des signaux visà-vis de l'orientation d'implantation du capteur. Cette projection a servi de base à l'algorithme de détection de FV proposé, basé sur l'opérateur TKEO (Teager-Kaiser Energy Operator). , qui s'est avéré comme particulièrement pertinent pour augmenter le rapport signal sur bruit de la détection, et a grandement facilité l'évaluation indépendante des performances hémodynamiques cardiaques.

Le TKEO a été utilisé pour développer le premier algorithme au monde, au moment de la rédaction, pour la détection de la FV exclusivement à partir de signaux de vibration cardiaque.

Cet algorithme a fonctionné de manière harmonieuse avec la projection de l'axe mécanique systolique cardiaque, qui en a augmenté l'efficacité en termes de rapport signal sur bruit de la détection. En utilisant ces deux méthodes combinées, le schéma de détection électrophysiologique de TV / FV du chapitre 2 a été étendu pour inclure un schéma de détection de FV hémodynamique parallèle. Les deux branches parallèles de ce schéma de détection combiné TV / FV reposent sur des principes de détection sous-jacents complètement différents et produisent deux décisions de traitement indépendantes. Ceux-ci sont comparés et combinés pour prendre la décision finale. La différence entre les principes de détection sous-jacents garantit que chaque schéma est protégé des pièges de l'autre. Ainsi, un tel schéma combiné est, en théorie, plus robuste aux détections de faux positifs.

Les nouvelles générations de dispositifs de gestion du rythme cardiaque incluent la fonctionnalité permettant de surveiller la respiration, et en particulier l'apnée du sommeil. L'apnée du sommeil est une comorbidité courante d'un large éventail de maladies cardiovasculaires, y compris les TV / FV, et sa prévalence pourrait atteindre 65% chez les patients porteurs de dispositifs de gestion du rythme cardiaque implantés de manière chronique. Son suivi peut fournir des informations sur la progression de telles maladies cardiovasculaires, ou sa réduction peut même servir de cible clinique. La surveillance respiratoire dans les appareils actuels est effectuée via des mesures d'impédance transthoracique. Cependant, de telles mesures nécessitent la présence d'électrodes intracardiaques et on ne voit donc pas comment elles peuvent être effectuées dans des systèmes entièrement sous-cutanés tels que le S-DAI. Au chapitre 4, les mêmes capteurs prototypes d'accéléromètrie tri-axiale que ceux utilisés au chapitre 3, sont exploités pour surveiller la respiration et détecter l'apnée du sommeil. En filtrant passe-bas le signal d'accélération fournis par le capteur prototype, les signaux de vibration cardiaque examinés au chapitre 3 ont été éliminés, révélant des signaux à basse fréquence correspondant aux accélérations thoraciques vii dues à la ventilation. Au cours de l'expérience animale sur le porc no. 2, les paramètres respiratoires du volume de ventilation et de la fréquence respiratoire ont été modifiés. Cela a permis de valider physiologiquement les signaux d'accélération thoracique enregistrés en corrélant leurs amplitudes et leurs intervalles mesurés aux volumes de ventilation et aux fréquences respiratoires imposés par le ventilateur pneumatique externe. Une apnée a été induite en arrêtant la ventilation pendant quelques secondes, ce qui a été clairement observé dans les signaux d'accélération thoracique enregistrés, permettant ainsi sa détection. De telles observations préliminaires encouragent l'utilisation d'accéléromètres pour la surveillance de la respiration et la détection de l'apnée du sommeil dans des dispositifs médicaux entièrement souscutanés à implantation chronique. Une relation intéressante a été observée entre les accélérations respiratoires mesurées projetées le long de l'axe mécanique systolique cardiaque du chapitre 3 et les accélérations projetées le long de l'axe perpendiculaire à celui-ci. Plus précisément, nous avons observé que la projection le long de l'axe mécanique minimise l'accélération respiratoire et la projection le long de l'axe perpendiculaire la maximise. Finalement, les méthodes proposées sont très attrayantes car elles ne supposent aucun coût matériel ni énergétique supplémentaire pour le système, si les accéléromètres sont déjà présents pour la surveillance de l'activité hémodynamique cardiaque.

En résumé, les méthodes présentées dans cette thèse permettent une évaluation cardiorespiratoire extrêmement complète en utilisant seulement une paire d'électrodes pour enregistrer le dipôle court et un accéléromètre bi-axial pour enregistrer les signaux de vibration cardiaque et d'accélération respiratoire. En outre, les algorithmes de traitement du signal utilisés pour cette évaluation sont économe en ressources calculatoires et peuvent donc être mis en oeuvre dans des dispositifs médicaux à implantation chronique tels que le S-DAI.

En guise de validation finale, un prototype de sonde sous-cutanée composé de trois électrodes, dont deux paires enregistrent le dipôle court, et d'un accéléromètre tri-axial, a été développé à l'aide de composants de sonde DAI standard et d'un accéléromètre commercial. Cette nouvelle sonde a été pré-validée en l'implantant chez un quatrième et dernier animal, où elle a pu enregistrer par voie sous-cutanée l'ECG, les vibrations cardiaques et l'accélération respiratoire.

Des travaux supplémentaires sont encore nécessaires pour constituer un système de surveillance sous-cutané finalisé. Le prototype de sonde sous-cutanée doit être testé sur davantage d'animaux, dans une plus grande variété de conditions. Finalement, des expériences chroniques doivent également être effectuées pour analyser les conditions enregistrées lors des activités quotidiennes qui introduisent du bruit dans les signaux. Davantage de signaux de vibration cardiaque et ECG sont nécessaires pour finaliser le schéma de détection TV / FV proposé. À cette fin, divers centres en France ont été identifiés pour recruter environ 350 patients. Ce sont des patients qui subiront diverses procédures, notamment des implantations de dispositifs DAI et des ablations de TV où des TV / FV sont systématiquement induites, ainsi que des tests d'effort pour l'enregistrement de la TVS. Les centres devraient commencer à recruter des patients en milieu d'année 2020. CERTIFICATION STAGE [START_REF]Boston Scientific EMBLEM TM MRI S-ICD System[END_REF]. 57 1.1 Clinical Motivation: Ventricular Tachyarrhythmia and Sudden

Cardiac Death

Cardiovascular Diseases (CVD) define a large family of diseases affecting the heart and/or the circulation. CVD are the global leading cause of death [1]. In 1990 alone, CVD accounted for 12.3 million (25.8% of all annual global deaths) [START_REF] Wang | Global, regional, and national life expectancy, all-cause mortality, and cause-specific mortality for 249 causes of death, 1980-2015: a systematic analysis for the Global Burden of Disease Study 2015[END_REF]. In 2015 alone, this number was 17.9 million global deaths (32.1% of all annual global deaths) [START_REF] Naghavi | Global, regional, and national age-sex specific all-cause and causespecific mortality for 240 causes of death, 1990-2013: A systematic analysis for the Global Burden of Disease Study 2013[END_REF]. Deaths due to CVD are therefore increasing both in number and proportion.

CVD comprise various pathologies such as hypertension, coronary artery disease (including myocardial infarction), heart rhythm disorders, stroke, heart failure, etc. This doctoral thesis deals with the management of ventricular tachyarrhythmia, a specific family of heart rhythm disorders.

Heart rhythm disorders, also referred to as arrhythmia, vary in type and severity. They can be classified into four main types depending on their nature and cardiac origin [4]. These four types are: premature contractions (from atrial or ventricular origin), bradyarrhythmia, supraventricular tachyarrhythmia, and ventricular tachyarrhythmia. Heart rhythm disorders may be treated with antiarrhythmic medication, catheter surgery (i.e. ablation), or the chronic implantation of Cardiac Implantable Electronic Devices (CIEDs) such as pacemakers, cardiac resynchronisation therapy devices, or implantable cardioverter-defibrillators. These therapies may be used individually, or in combination.

Sudden cardiac death (SCD) is the sudden cessation of circulation through the cardiovascular circulatory system produced by the inability of the heart to pump effectively. SCD is responsible for about half of all CVD deaths [5] and 15-20% of all global annual deaths [6]. Ventricular tachyarrhythmia are responsible for about 80% of SCD [6].

In certain patients at risk of ventricular tachyarrhythmia, implantation of an Implantable Cardioverter-Defibrillator (ICD) is proposed for immediate detection of ventricular tachyarrhythmia and subsequent delivery of a defibrillation shock to prevent SCD.

The ICD is a specific type of CIED, similar to the pacemaker, which administers a defibrillation shock in response to a detected ventricular tachyarrhythmia in an attempt to terminate it.

An ICD is composed of a subcutaneous can and one or several transvenous leads. These transvenous leads are fixed inside the heart. In order to avoid vascular complications (thrombosis, infection, displacement, etc.), entirely subcutaneous systems (i.e. under the skin but extrathoracic) have recently been developed. These devices have created new challenges, particularly regarding the accurate monitoring of cardiac activity from the subcutaneous space. The primary focus of this doctoral thesis is the development of improved sensors and algorithms to facilitate this new way of cardiac monitoring.

Basic Cardiac Functioning: Anatomy and Physiology

The heart is the muscular organ responsible for the regular and effective pumping of the blood in the cardiovascular circulatory system. Correct functioning of the heart is critical to address the functional needs of the entire body and therefore for life.

The Anatomy of the Heart

The heart is located in the thoracic cavity as shown in Figure 1.1. It lays above the diaphragm, and between the lungs, in a space referred to as the mediastinum.

The heart effectively hangs in the mediastinum from a series of large blood vessels, and is tilted such that the apex, at its bottom, points towards the left (from the subject's perspective).

The heart consists of four chambers: two smaller atria and two larger ventricles, as shown in Venous blood arrives to the right atrium from the superior and inferior vena cava, which collect deoxygenated blood after consumption (cellular respiration) by peripheral tissue. The blood then flows to the right ventricle, which pumps the deoxygenated blood into the pulmonary artery leading to the nearby lungs for reoxygenation. This circuit functions at low pressure and has a high capacity. The large vessels of the heart have already been listed and are: the two vena cavae (superior and inferior), the pulmonary artery (which immediately divides into a right and left branch), the four pulmonary veins, and the aorta.

Following the direction of circulation, the aorta splits into an increasing number of smaller vessels known as arteries that divide into smaller arterioles, which become the smallest vessels known as the capillaries.

Capillaries are small and thin vessels that enable the exchange of respiratory gases (oxygen and carbon dioxide) between blood and tissues. This process is known as perfusion.

The large number of capillaries and their small size result in an increased surface area responsible for an increased resistance to blood flow. This is shown by a great pressure drop across the capillaries. This great resistance induces a significant slowing-down of the blood flow, which allows sufficient time for the perfusion of the peripheral tissues. Following the perfusion of the systemic tissue, the capillaries converge to create larger venules, which will merge to form the largest vessels of the circulatory system: the veins. The veins form part of the right circulation and therefore are at low-pressure. They have great compliant capacities. Finally, the veins converge to the superior and inferior venae cavae that return the deoxygenated blood to the right atrium of the heart.

These considerations of the evolution of surface area and blood velocity along the systemic circulation are illustrated in Figure 1.4. Despite these variations in surface area and blood velocity, the total blood flow (given by the integral product of these two) remains constant along the systemic circulation. If this were not the case, it would mean that blood is pooling or is being lost somewhere along the circulation. The same considerations are true for the pulmonary circulation, which is detailed further in Chapter 4.

As stated previously, the heart itself is predominantly a muscle. It is composed of three different layers of tissues. The first layer, the endocardium, is in contact with the blood and is composed of non-contractile cells. The second and middle layer, the myocardium, is composed of contractile cells known as the cardiomyocytes. It is these cardiomyocytes that contract following their activation by specialised "electrical" tissue, although a cardiomyocyte may also be activated by its adjacent neighbours. The "electrical tissue" will be detailed in the following subsection. The third and outer layer is the epicardium and serves as a protective barrier from the other organs of the mediastinum.

Since the heart is predominantly a muscle, it requires its own perfusion. This is achieved by the coronary arteries. There are two main coronary arteries (right and left), both of which originate from the aorta. These coronary arteries diverge in the same way as the other arteries of the systemic circulation to become capillaries, which perfuse the tissue of the myocardium. These capillaries then converge to cardiac veins that finally form the coronary sinus vein terminating in the right atrium. An impairment of heart's perfusion leads to ischemia, which often manifests as chest pain. In the case of total and definitive ischemia due to coronary artery thrombosis, the cells of the heart die. This is commonly known as myocardial infarction. Acute or chronic ischemia may trigger atrial or ventricular tachyarrhythmia.

Normal Heart Function

For effective cardiac pumping in normal sinus rhythm (NSR), a precise sequence of controlled contractions is required in the different chambers of the heart. This sequence is referred to as the heart cycle, and is illustrated in Figure 1.5.

The heart cycle has two phases: filling and ejection, also referred to as (ventricular) diastole and (ventricular) systole, respectively. Systole results from the contraction of the ventricles. Diastole corresponds to the phase of relaxation for ventricular filling, which is enhanced by atrial contraction (atrial systole). Atria relax when ventricles contract: they are in opposition of phase.

As stated previously, electrical activation of cardiomyocytes is necessary for their contraction.

This electrical activation is assured by specialised electrically-conductive tissue. These conductive cells are able to rhythmically trigger electrical impulses known as action potentials, which activate cardiomyocytes. Electrically, this activation takes the form of a sudden positive shift in the normally negative cellular membrane potential. This phenomenon is referred to as depolarisation. Action potentials of the specialised conductive cells are transmitted to other specialised conductive cells as well as to cardiomyocytes. The depolarisation of a particular cardiomyocyte results both in its contraction, via a process known as excitation-contraction coupling [7], as well as the triggering of depolarisation in the cardiomyocytes adjacent to it.

However, this direct cardiomyocyte to cardiomyocyte transmission is slower than specialised conductive tissue transmission. The combination of both types of transmissions results in the spread of the depolarisation across the cardiac mass, in a propagating wave-like fashion. It is the controlled spread of this depolarisation resulting in the contraction of a specific sequence of cardiomyocytes that realises the pumping of the blood by the heart. The depolarisation (activation) from the atria is then slowed-down and transmitted to the ventricles by a unique electrical conduit known as the atrioventricular (AV) node, shown in Figure 1.5.B. This gives time for the atria to finish their contraction and thus optimise ventricular filling.

This delay is reflected in the ECG by a flat isoelectric segment known as the PQ or PR segment.

From the AV node, the electrical depolarisation is dispatched to the ventricular cardiomyocytes via a specialised tissue of the His-Purkinje system. This system starts with the His bundle, which rapidly splits into two branches, left and right. These branches then diverge into thousands of ramifications, which together form the Purkinje network that transmits the activation to the cardiomyocytes for their contraction. The transmission of this depolarisation to the myocardium starts on the right side of the septum. On the ECG, this is reflected by an initial negative depolarisation known as the q wave, as shown in Figure 1.5.C.

Next, the ventricles are activated. This is reflected on the ECG by the R wave, which is normally the largest peak of the signal, and smaller S wave, as shown in Figure 1 

Heart Rhythm Disorders

As stated previously in Section 1.1, heart rhythm disorders can be classified into four main types: premature contractions, bradyarrhythmia, supraventricular tachyarrhythmia, and ventricular tachyarrhythmia.

Premature Contractions

Premature contractions may come either from the atria or ventricles. They are spontaneous depolarisations not initiated from the SA node. Premature contractions may be symptomatic but are benign and carry no long-term complications. Depolarisation coming from an atrial ectopic location (i.e. not the SA node) creates a premature atrial contraction (PAC) that will be transmitted to the AV node, and, further, to ventricles. The QRS complex of a PAC therefore closely resembles that of an NSR cycle and hence PACs are usually hemodynamically tolerated. An ECG with a PAC is shown in Figure 1 

Bradyarrhythmia

Bradyarrhythmia, also called bradycardia, represent slow resting heart rhythms (i.e. under 60bpm) that may be regular or irregular. They often result from the impairment of the SA node or AV node. The implantation of a pacemaker is mandatory in high-degree atrioventricular block, and is proposed in sinus node dysfunction in order to improve of quality of life.

Supraventricular Tachyarrhythmia

Supraventricular tachyarrhythmias (SVTs) are a class of fast and frequently irregular heart rhythms initiated upstream of the His bundle: in the atria (right and/or left) and, less frequently, in the AV node. They do not represent a short-term danger, except in patients with low ejection fraction, and may spontaneously revert back to NSR on their own. However, they are frequently highly symptomatic and are therefore one of the most frequent causes of emergency physician consultations [START_REF] Delacrétaz | Clinical practice. Supraventricular tachycardia[END_REF]. The three most common types are atrial tachycardia, atrial flutter, and atrial fibrillation. In such cases, the VT is not hemodynamically tolerated and immediate cardioversion is required.

If the rate is not too fast and left ventricular function is sufficient however, perfusion of the circulation, although impaired, will still be sufficient. In such cases, the VT is hemodynamically tolerated and cardioversion is not immediately necessary, giving time for other options, but remains as a backup solution. Alternative treatments may be attempted to terminate a hemodynamically tolerated VT without cardioversion. These include drug injection and Anti Figure 1.9 -ECG rhythm strips during (A) supraventricular tachycardia, and (B) atrial fibrillation [START_REF] Winter | Atrial Rhythms[END_REF] .

Tachycardia Pacing (ATP). Sometimes, it is not clear how long the VT will remain tolerated. VT may deteriorate into a VF. However, a VF may also initiate spontaneously due to, for example, an acute myocardial ischemia or an electrolyte impairment. In most cases, a VF will arise due to the pre-existing arrhythmic substrate of an underlying cardiopathology. Regardless, VF results in an ineffective quivering of the ventricles, which no longer eject blood out of the heart and thus do not produce a pulse. Unlike VT, VF is never tolerated hemodynamically. In the absence of treatment, VF will lead to SCD within minutes. VF survival rates have been reported to be about 17% when occurring outside of the hospital [START_REF] Berdowski | Global incidences of outof-hospital cardiac arrest and survival rates: Systematic review of 67 prospective studies[END_REF], and 46% when occurring in the intensive care units of hospitals [START_REF] Baldzizhar | Ventricular Tachycardias: Characteristics and Management[END_REF] (due to their prompt treatment by cardioversion). Patients at high risk of VFs are highly indicated for the implantation of ICDs.

Congestive Heart Failure

Strictly speaking, congestive heart failure (CHF) is not a heart rhythm disorder. It is an impairment of the ventricles' ability to effectively contract and pump blood according to the body's functional needs. There exist two main types of CHF: with preserved ejection fraction and with reduced ejection fraction. CHF with reduced ejection is the terminal evolution of all cardiopathies (if the patient does not die before from another cause). It creates electrical, and therefore, mechanical dyssynchrony that are worsened further by themselves. Sometimes, the dyssynchrony can occur before heart failure. For example, a block in the conduction pathway of the left His bundle, known as a left-bundle-branch-block (LBBB), will prevent the transmission of depolarisation arriving from the His bundle to the left ventricle. Instead, the right ventricle will depolarise first, from its normal conduction pathway, and this depolarisation will then spread to the left ventricle via the cardiomyocytes, with an interventricular delay. It will result in a dyssynchrony of the contraction within the left ventricle, which significantly reduces the efficacy and efficiency of the contraction. Later, the heart dilates, changes shape, and becomes inefficient. This is called remodelling. Patients suffering from dyssynchrony with CHF are strongly indicated for the implantation of a cardiac resynchronisation therapy (CRT) device.

Chronically Implanted CIEDs

Three different chronic CIEDs for the management of heart rhythm disorders (or CHF), have been mentioned thus far: the pacemaker, the CRT device, and the ICD. All three of them are based on the same operational principle: the monitoring of intracardiac electrophysiological signals, and the delivery of appropriate stimulation to the heart using transvenous wires, or 'leads', fixed to the walls of the different chambers of the heart. These three traditional and chronically implanted systems are collectively referred to here as transvenous CIEDs.

Transvenous CIEDs

Of the three transvenous CIEDs, only the ICD is concerned with the detection and subsequent treatment of ventricular tachyarrhythmia at risk of producing sudden cardiac death. Thus, only the ICD is discussed here to illustrate the different elements of a transvenous CIED and their operation. The ICD is shown implanted in Figure 1.11.

The complete ICD system consists of one or two transvenous leads connected to a generator, also referred to as the device can, which houses the electronics.

Figure 1.11 -The implantable cardioverter-defibrillator (ICD) system [START_REF]Pacemakers: PACE Cardiology[END_REF].

The generator is typically implanted subcutaneously in a pre-pectoral pocket. It contains the batteries that power the system, the capacitors used to store the defibrillation shock, and the microprocessor used to interpret the recorded electrophysiological signals and decide whether or not to deliver a shock.

The transvenous leads are hermetically connected to the generator via a header or connector.

Standardised connectors allow the use of devices and transvenous leads from different manufacturers.

A transvenous lead in the right ventricle will always exist in a standard ICD. This lead will feature several small ring electrodes at its tip. Bipolar recordings performed between these electrodes produce an electrogram (EGM): a near-field cardiac electrophysiological signal. The EGM differs from the ECG in the fact that it captures local depolarisation, which depends on the precise location of the lead tip. It is not a spatial summation capturing a complete perspective of all the heart chambers like the ECG. Thus, an EGM recorded in the ventricle will typically not show atrial depolarisations, and an EGM recorded in the atria will typically not show ventricular depolarisations. The amplitude of the EGM will also typically be one order of magnitude greater than the ECG. A typical right atrial and right ventricular EGM are shown in Figure 1.12.

The transvenous lead in the right ventricle will also feature at least one defibrillation coil. A shock vector created between this coil and the device can, or between one or more coils, will deliver a high voltage defibrillation shock in response to a detected VT/VF.

A second transvenous lead may also exist in the right atrium. In this case, the ICD is called dual chamber. This atrial lead does not feature a defibrillation coil. It is used for the measurement of the right atrial EGM to better discriminate VT/VFs from SVTs. It is also used for atrial pacing when necessary. Transvenous CIEDs have existed for 60 years (i.e. pacemakers). They represent an effective and validated technology, which is continuously being developed and improved. These advancements were iterative and have included a reduction in size, an increase in longevity, the incorporation of additional sensors, and the development of smarter algorithms. However, the core concept has not changed: one or more transvenous leads connected to a subcutaneous generator.

The transvenous leads represent the weakest elements of traditional (i.e. transvenous) CIEDs such as the ICD [START_REF] Maisel | Transvenous implantable cardioverter-defibrillator leads: The weakest link[END_REF]. Transvenous leads are subject to permanent strains due to the periodic beating of the heart and the cyclical pressures due to the blood circulating in the heart chambers and veins they course. Quite frequently, some models of leads fracture. Moreover, myocardial long-term fibrosis at the site of lead implantation increases stimulation thresholds. Thus, transvenous leads carry an inherent lifetime. Lead lifetime is also influenced by numerous factors depending on the patient, their lifestyle, and the mechanical properties of the lead, which vary between models and manufacturers. Several studies considering thousands of right ventricle ICD leads showed 10year failure rates between 15 and 20% [START_REF] Maisel | Transvenous implantable cardioverter-defibrillator leads: The weakest link[END_REF][14] [START_REF] Kleemann | Annual rate of transvenous defibrillation lead defects in implantable cardioverter-defibrillators over a period of >10 years[END_REF]. A fractured lead impairs the effective recording of EGM signals and/or compromises the effective delivery of a defibrillation shock.

Additionally, transvenous leads can act as foci or targets for systemic infection. If not managed correctly, such infections can result in death, via, for example, septicaemia and/or endocarditis.

Antibiotic treatment is mandatory. Extraction of the material (leads and can) is, in most cases, necessary. However, mortality rates are still high: up to 20% after 1 year [START_REF] Tarakji | Risk factors for 1-year mortality among patients with cardiac implantable electronic device infection undergoing transvenous lead extraction: The impact of the infection type and the presence of vegetation on survival[END_REF]. It is difficult to provide accurate infection rates, as different studies considered different time spans and used different definitions of infection [START_REF] Tarakji | Cardiac implantable electronic device infection in patients at risk[END_REF]. Nevertheless, reporting of infection rate is increasing faster than the rate of implantation of transvenous CRM systems [START_REF] Greenspon | 16-Year trends in the infection burden for pacemakers and implantable cardioverter-defibrillators in the United States: 1993 to 2008[END_REF][19] [START_REF] Voigt | Continued rise in rates of cardiovascular implantable electronic device infections in the United States: Temporal trends and causative insights[END_REF]. For example, one study reported a 12% increase in the number of transvenous CRM system implantations, from 2004 to 2006, compared to a 57% increase in infections within the same time period [START_REF] Voigt | Continued rise in rates of cardiovascular implantable electronic device infections in the United States: Temporal trends and causative insights[END_REF]. Anyhow, systemic infection is a growing problem for transvenous CIEDs.

An infected transvenous lead that cannot be treated with antibiotics alone must be removed in a process known as lead extraction. There exist several techniques for the extraction of transvenous leads. However, these are all associated with significant peri-operative and post-operative morbidity and mortality. Major peri-operative complications were reported in 258 (2.3%) of 11304 transvenous ICD lead extraction procedures [START_REF] Sood | Incidence and Predictors of Perioperative Complications with Transvenous Lead Extractions: Real-World Experience with National Cardiovascular Data Registry[END_REF]. Of these, 14 (5%) resulted in death during the surgery. Another study considering 965 transvenous lead extraction procedures reported cumulative postoperative mortalities of 2.1% at 30 days, 4.2% at 3 months, 8.4% and 1 year, and 46.8% at 10 years [START_REF] Maytin | Long-term mortality after transvenous lead extraction[END_REF].

To obviate the significant morbidity and mortality associated with transvenous lead extraction procedures it is preferable to disconnect a fractured (but not infected) lead from its generator and implant a new lead adjacent to the old one. However, transvenous leads take up space in the venous lumen. This can result in venous occlusion, as the leads obstruct the flow of blood in the subclavian vein and superior vena cava. There is therefore a limit to the number of transvenous leads that can be implanted. This limit will depend on patient vasculature dimensions and lead size, and represents an important concern for young patients who can expect to undergo several lead replacements throughout their lives.

In order to obviate these important limitations of transvenous CIEDs, solutions have been found that effectively do without the leads.

One solution is the leadless pacemaker: a small capsule device containing all the elements of a pacemaker, and implanted entirely inside the heart [START_REF] Bhatia | Leadless pacemakers: A contemporary review[END_REF]. Currently, only one such leadless pacemaker is commercialised: the Micra™ (Medtronic). The Micra™ exists as a single capsule that is implanted in the right ventricle to treat bradyarrhythmia. There are no transvenous leads, and therefore their associated risks and limitations are mitigated. However, with a single-chamber system like the Micra™, less than 10% of CRM patients can be treated [START_REF] Jackson | Leadless Devices: Who Should Receive One?[END_REF]. The introduction of a multi-chamber leadless pacemaker system, with various capsules in different heart chambers, introduces new unique challenges. For example, the different capsules will require a secure and efficient form of wireless communication in order to synchronise therapy.

This doctoral thesis was carried out as a part of the European Commission-funded Innovative

Training Network WiBEC (Wireless in-Body Environment Communication). WiBEC addressed the challenges arising from solutions deviating from the traditional transvenous CIEDs [START_REF]Wireless in-body Environment Communication (WiBEC)[END_REF], like the leadless pacemaker. A brief summary of the WiBEC project is given in Appendix 1.1.

Another possible solution to the risks and limitations associated with transvenous CIEDs is the implantation of entirely subcutaneous (i.e. under the skin) systems with no transvenous or intracardiac elements that therefore leave the heart and vasculature completely untouched. Unlike the leadless pacemakers, such entirely subcutaneous systems pose no threat of systemic infection and can be easily extracted with little traumatism and very low risk of mortality. Currently, there are two such commercialised subcutaneous CIEDs: the implantable loop recorder and the subcutaneous implantable cardioverter-defibrillator.

Subcutaneous CIEDs

The implantable loop recorder (ILR), also known as the insertable cardiac monitor, is a small USB drive-size device that is implanted in the subcutaneous space of the chest. ILRs are currently commercialised by three manufacturers: Medtronic, Biotronik, and St. Jude Medical. A generic implanted ILR is shown in Figure 1.13.A. The ILR records a subcutaneous ECG between two electrodes, and stores it in a circular memory that is continuously overwriting itself. It is used to record infrequent tachyarrhythmias that are difficult to capture during a hospital visit of a few hours, or even at home with a Holter monitor being worn for several days. The ILR can save specific events in its permanent memory for their subsequent analysis by a physician. These events can either be can be saved manually by the patient when they present symptoms, or automatically by the ILR, based on a pre-programmed consideration of heart rate.

The ILR is intended only for semi-chronic implantation however: once the suspected episodes have been recorded, analysed, and identified, the ILR is extracted. It acts only as a monitor of cardiac electrophysiological activity for diagnostic purposes and does not stimulate the heart or deliver therapy in any form.

The subcutaneous implantable cardioverter-defibrillator (S-ICD) is an ICD implanted subcutaneously in its entirety. A single subcutaneous lead runs parasternally on the left and is connected to a generator that is implanted in a sub-axillary position as shown in Figure 1.13.B.

The lead allows for the recording of cardiac signals similar to the ECG, and for defibrillation of the heart in response to a detected VT/VF. The S-ICD cannot pace the heart in case of bradyarrhythmia. In those patients, S-ICD is contra-indicated. However, it is particularly attractive for young patients that do not require pacing and therefore transvenous leads.

The primary application platform for the research presented in this doctoral thesis is the S-ICD, which is presented in detail in Chapter 2. More precisely, the principal aim of this work is to improve the specificity of VT/VF detection in S-ICD systems. However, the presented research could also, in theory, be applied to other subcutaneous systems like the ILR.

The monitoring of subcutaneous cardiac activity in the ILR or S-ICD presents new challenges that did not exist for transvenous or intracardiac systems.

In general, subcutaneous cardiac signals are more prone to contamination from extra-cardiac noise and demonstrate smaller signal-to-noise ratios. The heart can be viewed, to an extent, as a closed conductive surface acting similarly to a Faraday cage. Signals recorded inside the heart are inherently somewhat protected from external electromagnetic interference. Further, the large and elastic vessels from which the heart hangs from protect it from mechanical disturbances or vibrations transmitted throughout the body during locomotion, coughing, or speaking. Cardiac signals recorded from the subcutaneous space however do not benefit from such protections and are therefore more susceptible to contamination. Moreover, subcutaneous cardiac signals are more influenced by changes in posture that alter the relative distance and projection between a subcutaneous CIED and the heart.

To understand how the different possible sources of noise might contaminate recorded subcutaneous cardiac signals, as well as how the local tissues and anatomical placement of subcutaneous sensors might affect these signals, the subcutaneous thoracic space must first be understood.

1. 4 The Subcutaneous Thoracic Space

The subcutaneous space, the hypodermis, is the third and deepest layer of the integumentary system comprising the skin, although it is itself not considered as part of the skin. It sits beneath the dermis and above the skeletal muscles, as shown in Figure 1.14. It connects the skin to the skeletal muscles. Subcutaneous tissue consists mostly of fat cells (adipocytes). They store the majority of bodily fat. The hypodermis also holds the blood vessels that supply the integumentary system, as well as nerve endings known as Pacinian corpuscles that sense pressure. The skeletal muscles beneath the subcutaneous space are also innervated by sensory and motor neurons.

Neural action potentials originating from the premotor and motor cortex of the brain are transmitted down motor neurons to the skeletal muscles. At the neuromuscular junction connecting the neurons to the skeletal muscles, the action potentials result in the activation of the skeletal muscles' myocytes via excitation-contraction coupling. This activation of the skeletal muscles is reflected by the presence of myopotentials. These are electrical potentials generated by the depolarisation of the skeletal muscle myocytes resulting in the generation or maintenance of muscular tone. Both the nervous activity and the myopotentials can be recorded using the same electrodes used to record the surface ECG, and thus they represent a possible source of noise.

Depending on the exact anatomical site, beneath the skeletal muscles there may also be bones that comprise the skeletal system. These are highlighted for the thorax in Figure 1.15 The space between the ribs is referred to as the intercostal space. Although not shown in Figure 1.15, the intercostal space consists of the intercostal (skeletal) muscles, the intercostal vasculature, and the intercostal nerves. The intercostal muscles, in addition to the diaphragm, produce the thoracic deformation required for breathing. Thus, the subcutaneous space of the thorax will move according to breathing. This is explored further in Chapter 4.

The cardiac notch is an indentation of the left lung, which provides space for the heart. It defines the only window between the subcutaneous space and heart that is not obscured by the lung mass.

The subcutaneous thoracic space can therefore be seen to be comprised of various different elements that may possibly influence recorded subcutaneous physiological signals. This notion is premonitory to the importance of sensor location for the recording of such signals, as seen further in Chapter 2 and Chapter 3.

Research Aims and Layout of the Doctoral Thesis

Two different but related cardiac sensing modalities were used to achieve the principal aim of this doctoral thesis (i.e. the improvement of VT/VF detection specificity in the S-ICD). These were electrophysiological and hemodynamic cardiac monitoring. In theory, the combination of these sensing modalities should increase the specificity of VT/VF detection in an S-ICD. A third and bonus sensing modality indirectly related to the principal aim was also investigated: respiratory monitoring. These three sensing modalities are described in this doctoral thesis by three separate research chapters. Each of these chapters begins with a more specific and detailed introduction to provide the relevant clinical and technological background. Chapter 2 is concerned with subcutaneous cardiac electrophysiological monitoring. This form of monitoring represents the traditional cardiac sensing modality used in virtually all CIEDs to record the ECG or EGM. In the S-ICD, oversensing from T waves, SVTs, or myopotentials, result in an erroneously-high detected heart rate similar to that of a VT/VF. This effectively tricks the S-ICD algorithm, which concludes there is a VT/VF and thus results in a false-positive detection and an inappropriate shock. Various signal processing methods have already been reported in the literature for the processing of the ECG to protect against T wave, SVT, and myopotential oversensing. However, not all of these are suitable for implementation within the strict computational capabilities of the a CIED. Regardless, the focus of Chapter 2 was not the development of advanced signal processing methods for the ECG. Instead, the principal hypothesis of Chapter 2 was that there existed an ECG dipole that produced signals that were intrinsically protected from T wave oversensing (i.e. due to a large R/T ratio). This passive protection should, in theory, reduce the risk of false-positive VT/VF detections without incurring any computational cost. Of course, some extent of (feasible) signal processing must later be applied to these ECG signals, but this lay outside the scope of this work. The main objectives of this chapter are the following:

1. Identification of a specific ECG dipole compatible with the S-ICD that inherently minimises the T wave and therefore protects against its oversensing.

2. Characterisation of the ECG recorded along this specific dipole during various representative conditions including exercise introducing myopotentials. with the onset and occurrence of VT/VFs. They are currently monitored in various CIEDs and their reduction has been suggested as a therapeutic target for CVD. Some have even referred to ignoring sleep breathing disorders in CVD as medical malpractice. The principal hypothesis of this chapter was that the sensor prototypes of Chapter 3 originally intended for the recording of cardiac vibrations could also be used to record thoracic respiratory deformations. Therefore, the main objectives of this chapter were the following:

Adaptation of current

1. Physiological validation of the suspected respiratory signals recorded with the sensor prototypes of Chapter 3 developed originally for the recording of cardiac vibrations. Data and figures that could not be included in the body of the doctoral thesis due to space restrictions are provided in the appendices at the end of the document.

SUBCUTANEOUS CARDIAC ELECTROPHYSIOLOGICAL MONITORING

This chapter covers the subcutaneous monitoring of cardiac electrophysiological activity. First, the subcutaneous implantable cardioverter-defibrillator (S-ICD) is introduced in detail. This device represents the primary application platform for the work presented in this doctoral thesis. An overview of the system, its history, and its sensing scheme, are examined. The main challenges of this sensing scheme are also presented. These are the occurrence of inappropriate defibrillation shocks due to oversensing primarily due to T waves, supraventricular tachycardia and myopotentials, and the costly pre-implantation screening procedure that disqualifies an important number of patients in order to reduce this risk.

In response to these challenges, a short ECG dipole mapping was carried out to identify a specific ECG derivation, referred to simply as the short dipole, that was compatible with the S-ICD and that maximised R/T ratio in order to, in theory, passively reduce the risk of T wave oversensing.

This should then, in theory, reduce the rate of false-positive ventricular tachycardia (VT) and ventricular fibrillation (VF)f detections in an S-ICD without incurring any computational cost.

The methods and results of this mapping exercise are reported and discussed. Then, this short dipole was recorded in a new set of healthy volunteers during several different conditions reflecting normal day-to-day activity. The methods of this characterisation are presented and its results are compared to those of the longer dipoles currently used in the S-ICD. The short dipole demonstrated significantly improved R/T ratio and signal-to-noise ratio compared to the current S-ICD dipoles, especially during exercise. Thus, it should, in theory, be considerably less susceptible to oversensing from these sources. The short dipole was also recorded during VT/VFs (i.e. the episodes an S-ICD is ultimately intended to detect) in six patients undergoing various surgical procedures. VT/VF rates and morphologies were clearly identifiable in the short dipole ECG and are presented here. Based on these, preliminary efforts were carried out regarding the adaptation of current MicroPort CRM VT/VF detection algorithms for use with the short dipole ECG. These are reported here. Finally, a preliminary sensing scheme for the detection of VT/VFs based on ECGs recorded along the short dipole and the adapted MicroPort CRM detection algorithms is proposed. The benefits of a subcutaneous CIED over a transvenous CIED were covered in detail in Chapter 1, but are briefly listed again here for completeness.

Compared to a transvenous ICD, the S-ICD: eliminates the risk of vascular injury during implantation, significantly reduces the risk of systemic infection, preserves venous access (should the patient require a transvenous device in the future), and eliminates the morbidity and risk of mortality associated with transvenous lead extraction procedures. These make the S-ICD particularly attractive for young patients with an active lifestyle and long life expectancy, patients with acquired stenosis or obstruction of the central veins, patients that previously suffered systemic infection from a transvenous ICD, and patients with prosthetic heart valves whose risk of infection would increase in the presence of a transvalvular lead [START_REF] Cappelli | The Subcutaneous Defibrillator: Who Stands to Benefit[END_REF].

These benefits come with several drawbacks. Due to the absence of intracardiac leads, the S-ICD does not allow for sustained ventricular pacing. Transthoracic pacing is possible immediately following a shock. However, it requires a large current (200mA) and is highly painful [START_REF] Verma | Abstract 11818: Post-shock Pacing With the Subcutaneous Implantable Cardioverter-Defibrillator (S-ICD): Results From the IDE Trial[END_REF].

Consequently, it is only performed for up to 30 seconds. Functionalities such as Anti-Tachycardia Pacing (ATP) used to treat monomorphic VTs without the need of defibrillation are thus not possible in the current S-ICD. Such patients are therefore contraindicated for its implantation as they would benefit more from a transvenous ICD with ATP capability. Also, any patients requiring pacing of the atria or ventricles are contraindicated too. Further, the S-ICD operational defibrillation energies are significantly higher than those of typical transvenous ICDs (80J vs 40J) [START_REF] Aydin | Shock efficacy of subcutaneous implantable cardioverter-defibrillator for prevention of sudden cardiac death: Initial multicenter experience[END_REF]. This requires large charge-storage capacitors, which account for the large size of the device that often produces discomfort and cosmetic concerns in patients. Finally, the absence of intracardiac electrodes and sensors introduces new sensing challenges in the S-ICD system. transvenous ICDs where the atrial depolarisation complex is absent in the right ventricular EGM and the ventricular repolarisation and depolarisation complexes can easily be separated from one another due to their non-overlapping spectral bandwidths. Although P wave oversensing is rare, it can still occur [START_REF] Mulder | Inappropriate shock caused by P wave oversensing in an entirely subcutaneous ICD[END_REF]. SVTs such as atrial tachycardia or fibrillation can also produce fast ventricular rhythms that are well-tolerated and do not require defibrillation yet produce inappropriate shocks.

Early S-ICD studies reported inappropriate shock rates as high as 13-15% [33][34]. Various improvements to the sensing scheme, described below, decreased this inappropriate shock rate to 5-7% [26][35]. The majority of these inappropriate shocks are produced by T wave oversensing, SVTs, and extracardiac phenomena such as myopotentials. Given the various different versions of the S-ICD system and its sensing scheme, it is difficult to directly compare the rates of each of these sources of inappropriate shocks across studies. However, a pooled analysis of two studies considering the first generation of the system reported 39%, 25%, and 8% of inappropriate shock rates due to T wave oversensing, SVTs, and extracardiac phenomena such as myopotentials, respectively [START_REF] Burke | Safety and efficacy of the totally subcutaneous implantable defibrillator: 2-year results from a pooled analysis of the IDE study and EFFORTLESS registry[END_REF]. Thus, T wave oversensing was the primary cause of inappropriate shocks.

The details of the VT/VF detection algorithm currently used by Boston Scientific in the EMBLEM™ S-ICD have not been publicly disclosed. However, useful information regarding important aspects considered by the algorithm can be gained from the S-ICD website [START_REF]Boston Scientific EMBLEM TM MRI S-ICD System[END_REF] and user manual [START_REF]Emblem TM S-ICD, EMBLEM TM MRI S-ICD User Manual[END_REF].

The entire sensing scheme, from detection to delivery of therapy, is divided into three phases: detection, certification and therapy decision, as illustrated in Figure 2.4.

In the detection phase, the device uses a sensing threshold to detect events, which ideally correspond to QRS complexes. The detection threshold is adaptive: it is continually and automatically adjusted based on the amplitudes and rates of recently detected (and later certified) events. Once an event is detected, it passes to the certification phase. In the certification phase, the detected events are analysed for their discrimination between QRS complexes, over-sensed P or T waves, or over-sensed myopotentials. Four successive algorithms, shown in Figure 2.5, are used to prevent such misdetections, although no further details are given regarding these in the website or manual. These four algorithms are static template analysis, wide complex analysis, interval analysis, and alternating morphology analysis.

The certification of detected events is of major importance to the system due to the high noise conditions typically experienced by the S-ICD. Such extensive certification is not necessary in transvenous ICDs. Only certified/non-suspect detected events are passed to the third and final phase: therapy decision.

In the therapy decision phase, a decision whether to shock or not is made based on the detected and certified events. The main parameter considered for the detection of VT/VFs is heart rate, as determined from the RR-intervals of the detected and certified events. Three different heart rate zones determine the therapy decision-making process. These are shown in Figure 2.6.A, and, in order of increasing heart rate, are the normal sinus rhythm (NSR) zone, the conditional shock zone, and the shock zone.

The limits of these zones are programmed a priori by the physician. In the NSR zone, no action is taken. In the shock zone, the patient is shocked without further analysis. In the conditional shock zone between these, however, an SVT discrimination algorithm known as INSIGHT™ (Boston Scientific) is activated [START_REF]EMBLEM TM MRI S-ICD System Insight Technology[END_REF]. Three different SVT discriminators based on morphological features are considered for the detection of VT/VFs: static morphology, dynamic morphology, and QRS width. These are represented in Figure 2.6.B. For the static morphology analysis, each detected and certified event is compared to a stored NSR template. If the event is similar enough to this template, it is not considered as a VT/VF as it is likely an SVT. Figure 2.5 -Four algorithms of the Boston Scientific S-ICD algorithm's certification stage [START_REF]Boston Scientific EMBLEM TM MRI S-ICD System[END_REF].

For the dynamic morphology analysis, each detected and certified event is compared to a certain number of previous events. If the event is similar enough to these, it demonstrates monomorphology, as in an SVT, and no shock is delivered. Although VTs can also be monomorphic, these were previously stated as being better treated via ATP from a transvenous ICD, and thus correctly-selected S-ICD patients should not suffer such episodes. Finally, for the QRS width analysis, the width of the current detected certified event is compared to a particular threshold associated with a QRS of atrial origin. If the current event's width is below this threshold, it is suspected as an SVT, and the event is not considered as a VT/VF.

Although the INSIGHT™ algorithm protects against false-positive SVT episodes, it cannot exclude P wave and T wave oversensing. For this, Boston Scientific implemented two separate measures in addition to the algorithms of the certification phase: an additional digital filter known as the SMART Pass, and a strict and costly pre-implantation screening procedure.

The SMART Pass filter consists of a first-order high-pass digital filter with corner frequency between 8 and 9Hz and roll-off rate of 20 dB/dec [START_REF] Theuns | Prospective blinded evaluation of a novel sensing methodology designed to reduce inappropriate shocks by the subcutaneous implantable cardioverterdefibrillator[END_REF]. It was incorporated into the second- The pre-implantation screening procedure consists of a test performed before the implantation of the S-ICD to assess the candidacy of an indicated patient. The test determines whether the ECG morphologies of the three S-ICD sensing vectors (i.e., primary, secondary and alternate) comply within specific limits, to minimise T wave oversensing. Conventional ECG electrodes are attached to the skin of the patient, at sites that are equivalent to the S-ICD lead electrodes and can, shown previously in Figure 2.2. More precisely, these are: between the mid and anterior axillary lines at the height of the 5 th intercostal space (can), 10mm to the left of the xiphoid process (proximal electrode), and 140mm cranial to this (distal electrode). Screening waveforms for the three vectors are then recorded, initially in the supine position, for 10 seconds and at different amplification gains. This process is then repeated in the standing position. Screening templates corresponding to the different gains, shown in Figure 2.8.A, are then superimposed on the three waveforms to assess the patient's candidacy.

A patient is considered suitable for S-ICD implantation if at least one of their three vector waveforms fits entirely within the limits defined by any one particular template in both positions, as in Figure 2.8.B. Originally, this screening was performed only at rest. However, inappropriate shocks due to T wave oversensing during exercise have led to various centres incorporating exercise into the screening procedure or shortly after implantation [START_REF] Maria | The Entirely Subcutaneous Defibrillator (S-ICD): State of the Art and Selection of the Ideal Candidate[END_REF][42] [START_REF] Ishibashi | Importance of exercise testing shortly after subcutaneous implantable cardioverter-defibrillator implantation in patients with Brugada syndrome -The first case of associated inappropriate shock in Japan[END_REF].

Around 7-15% of patients fail the pre-implantation screening [44][45]. These patients require a transvenous ICD instead. Further, of the eligible patients, 84% were eligible with the primary vector, 83% with the secondary vector, and 53% with the alternate vector [START_REF] Randles | How many patients fulfil the surface electrocardiogram criteria for subcutaneous implantable cardioverter-defibrillator implantation?[END_REF], demonstrating the importance of recording along a suitable sensing dipole. 

Improving on the S-ICD Sensing

It is clear thus far that several measures (including non-trivial signal processing) are currently taken in the S-ICD to protect against oversensing of any origin that may produce false-positive VT/VF detections resulting in inappropriate shocks. Defibrillation is painful, can be emotionally traumatic, and inappropriate shocks impact quality of life and increase mortality [START_REF] Ruwald | Mortality reduction in relation to implantable cardioverter defibrillator programming in the multicenter automatic defibrillator implantation trialreduce inappropriate therapy (MADIT-RIT)[END_REF]. During a (non-tolerated) VT/VF, a patient typically loses consciousness and is thus not aware of the defibrillation shock. This is not the case for an inappropriate shock during, for example, exercise.

Patients should not need to worry about receiving inappropriate shocks and should not have to limit their activities out of fear.

An ideal S-ICD would overcome the sensing challenges described previously and should protect from oversensing of any kind. It would have a perfect VT/VF detection specificity in order to reduce the number of inappropriate shocks to zero. Moreover, an ideal S-ICD would not require a costly pre-implantation screening procedure to disqualify any candidate patients to guarantee this perfect specificity.

To this end, an ideal S-ICD is envisioned where cardiac performance is monitored from several different sensing perspectives or modalities. If one given sensing modality proves to be unsuitable or susceptible to contamination from extracardiac noise, the remaining modalities will compensate. Thus, the specificity of VT/VF detection could be guaranteed in all patients that stand to benefit from such a system. This concept is analysed in greater detail in Chapter 3.

ECG Signal Processing Methods

From the perspective of a purely electrophysiological sensing modality like in the current S-ICD, a perfect VT/VF detection specificity could, in theory, be achieved using advanced signal processing methods. 

Denoising

In addition to myopotentials, common types of extra-cardiac ECG noise include power-line interference and baseline wander. Denoising represents the pre-processing of ECGs to supress the noise and artefacts produced by these sources from contaminating the ECG. Numerous denoising methods have been reported. These include wavelet analysis, often via the discrete wavelet transform [START_REF] Donoho | De-Noising by Soft-Thresholding[END_REF][48] [START_REF] Zhang | Enhancement of ECG signals by multi-resolution sub-band filter[END_REF][50], adaptive filtering [START_REF] Thakor | Applications of Adaptive Filtering to ECG Analysis: Noise Cancellation and Arrhythmia Detection[END_REF], Kalman filtering [START_REF] Sayadi | ECG denoising and compression using a modified extended Kalman filter structure[END_REF], non-linear Bayesian filtering [START_REF] Sameni | A nonlinear Bayesian filtering framework for ECG denoising[END_REF], single value decomposition [START_REF] Ouali | SVD-based method for ECG denoising[END_REF], empirical mode decomposition [START_REF] Chacko | Denoising of ECG signals using Empirical Mode Decomposition based technique[END_REF], and independent component analysis [START_REF] Barhatte | Noise analysis of ECG signal using fast ICA[END_REF].

QRS Detection

Once denoised, the feature(s) of interest in the ECG can be detected. Most commonly, this is the QRS complex. Many automatic QRS detectors have been reported over the years. These methods have varied from thresholding, neural networks, hidden Markov models, matched filters, zerocrossings, and more. An excellent review and comparative of these methods (as well as of denoising methods) was recently performed by Elgendi et. al [START_REF] Elgendi | Revisiting QRS detection methodologies for portable, wearable, battery-operated, and wireless ECG systems[END_REF]. However, only a few of these methods gained widespread adoption. Perhaps, the most popular (and one of the oldest) is the Pan-Tompkins algorithm [START_REF] Pan | A Real-Time QRS Detection Algorithm[END_REF], which is based on the slope, amplitude, and width of the signal and operates using an adaptive threshold. Other common QRS detectors include the Hamilton-Tompkins algorithm [START_REF] Hamilton | Quantitative Investigation of QRS Detection Rules Using the MIT/BIH Arrhythmia Database[END_REF] and the Phasor transform [START_REF] Martínez | Application of the phasor transform for automatic delineation of single-lead ECG fiducial points[END_REF].

VT/VF Classification

Ultimately, the aim of the S-ICD is the detection of VT/VFs for their subsequent defibrillation.

The detection of VT/VF patterns is more application-specific than the detection of QRS complexes, which is ubiquitous in electrocardiography. Nevertheless, some VT/VF detection methods have been reported. These were based on support vector machines [START_REF] Li | Ventricular fibrillation and tachycardia classification using a machine learning approach[END_REF][62] [START_REF] Alonso-Atienza | Combination of ECG parameters with support vector machines for the detection of life-threatening arrhythmias[END_REF], wavelets [START_REF] Balasundaram | Wavelet-based features for characterizing ventricular arrhythmias in optimizing treatment options[END_REF][65], the discrete cosine transform [START_REF] Martis | Characterization of ECG beats from cardiac arrhythmia using discrete cosine transform in PCA framework[END_REF], and zero-crossing rates [START_REF] Prabhakararao | Efficient and robust ventricular tachycardia and fibrillation detection method for wearable cardiac health monitoring devices[END_REF].

The application of the above methods to the ECG recorded along the Boston Scientific vectors or other dipoles is a valid strategy for the reduction of false-positive VT/VFs in the S-ICD. However, only a few of these methods would likely comply with the strict computational capabilities of CIEDs like the S-ICD. Further, care must be taken that in an attempt to supress noise and robustly detect QRS complexes, VT/VF patterns (with their characteristic morphology and spectral bandwidth) are not also supressed and their detection becomes impaired.

Regardless, the application of (CIED-feasible) advanced signal processing techniques for the detection of VT/VFs in an S-ICD was not the main objective of this chapter and lay outside the scope of this doctoral thesis. Instead, a different and simpler strategy was pursued to reduce the risk of false-positive VT/VF detections: the identification of a specific ECG dipole that minimised the T wave. In this way, by consequence of the position of the electrodes in a S-ICD lead, the primary cause of inappropriate shocks (T wave oversensing) could be passively minimised without incurring any computational cost.

Some extent of signal processing will still be necessary regardless of the advantages of such an optimal ECG dipole. To this end, in Section 2.5 at the end of this chapter, two current MicroPort CRM signal-processing algorithms for the detection of VT/VFs were adapted and proposed for operation with such an optimal ECG dipole.

Nevertheless, the principal hypothesis of this chapter was that there exists an optimal ECG dipole that is compatible with the current S-ICD and that is defined by a maximal R/T ratio that intrinsically protects from T wave oversensing. The first objective was therefore to identify this specific dipole.

Electrophysiological Mapping of Short Dipoles

The market pioneers Cameron Health, and later Boston Scientific, invested significant resources for the widespread adoption of the S-ICD in clinical practice. In order to capitalise on this experience and save considerable time and resources it was therefore desirable to stray as little as possible from the established concept.

A non-invasive explorative electrophysiological mapping was therefore performed on the thorax using a multi-electrode array placed in the position corresponding to the placement of Boston Scientific's S-ICD lead. ECGs were recorded between adjacent electrodes of the multi-electrode array. These ECG dipoles were considerably shorter than those used in the current Boston Scientific S-ICD (i.e. the primary, secondary and alternate). A short ECG dipole should, in theory, emphasize local cardiac electrical depolarisation. Thus, the principal hypothesis was that if a short dipole were placed above the ventricles, it should emphasize the QRS complex and therefore maximise the R/T ratio and reduce the risk of T wave oversensing. Alternately, if placed above the atria it should emphasize the P wave.

Similar and more complete body surface ECG mappings have been reported in the literature for more general diagnostic purposes [START_REF] Summers | Myocardial ischaemia in patients with coronary endothelial dysfunction: Insights from body surface ECG mapping and implications for invasive evaluation of chronic chest pain[END_REF] and to estimate the spread of depolarisation on the surface of the heart (inverse ECG problem) [START_REF] Shah | Body Surface Electrocardiographic Mapping for Non-invasive Identification of Arrhythmic Sources[END_REF][70].

Methods

Four L-shaped multi-electrode arrays consisting of 28 electrodes were created by repurposing conventional solid-gel carbon electrodes, and attached to the chest of four volunteers as shown in Figure 2.9. The electrode arrays were composed of a vertical segment with an inter-electrode distance of approximately 10mm, and a horizontal segment with an inter-electrode distance of approximately 20mm. All volunteers were all male, ranged from 23 to 36 years of age and reported no known history of cardiopathy. Recordings were made in the sitting position.

A crucial assumption of this mapping, and this entire chapter, is that subcutaneous ECG derivations can be substituted by their supercutaneous equivalents. This assumption was considered valid for anatomical and practical reasons. First, it is unlikely that the few millimetres of dermis and epidermis separating the subcutaneous tissue from the surface of the skin have a The ECG signals were all exported to Matlab™ (Mathworks) for their offline characterisation.

The peak-to-trough amplitude of the P, R, and T waves, as well as the R/P and R/T ratios, were calculated for each cycle. The median averages of these across cycles were then calculated for each ECG derivation. The precise methods employed to calculate these are described below.

The ECG signals were left as unprocessed as possible, and thus no filtering was performed on them. The R-waves of the signals were detected using a Pan-Tompkins scheme [START_REF] Pan | A Real-Time QRS Detection Algorithm[END_REF]. The maximum and minimum points inside a 100ms window centred on these detected R-waves identified the R-peaks and R-troughs respectively. The P wave and T wave peaks and troughs were similarly identified as the maxima and minima inside windows before the R-peak (for the P wave) and after the R-Peak (for the T wave). The positions of these windows were modulated by that cycle's current RR interval, and thus were adaptive to heart rate. Exemplary P, R, and T wave fiducial markers are labelled in Figure 2.11 for the Par3 dipole signal of the same volunteer. With these P, R, and T wave identified peaks and troughs, the peak-to-trough amplitudes were calculated for the P, R, and T waves of all cycles. The R/P wave ratio was then calculated by dividing the R wave peak-to-trough amplitude of a particular cycle by its corresponding P wave peak-to-trough amplitude. Similarly, the R/T wave ratio was calculated by dividing the R wave peak-to-trough amplitude of a particular cycle by its corresponding T wave peak-to-trough amplitude. The median values of these peak-to-trough amplitudes and ratios were calculated for each recorded ECG dipole.

To minimise the risk of P wave and T wave oversensing, large R/P and R/T wave ratios are desired, respectively. This would ensure that calculated RR intervals faithfully reflect the ventricular rhythm, and thus allow for the accurate detection of VT/VFs. The asterisks (*) correspond to the P wave, the exes (x) correspond to the R wave, and the crosses (+) correspond to the T wave. Red symbols denote peaks, and blue symbols denote troughs.

Results and Discussion

The results of the parallel mapping exercise are given in Table 2.1 for the median peak-to-trough amplitudes of the P, R and T waves, and in Table 2.2 for the median ratios of the R wave peakto-trough amplitudes relative to these. The mean of these median amplitudes and their ratios across volunteers are also given in both tables. A colour scale is used to visualize the magnitudes of the peak-to-trough amplitudes and their ratios. The colour intensity of a particular cell indicates the magnitude of that particular volunteer's P, R or T wave relative to that of the other dipoles.

From Table 2.1, there were significant variations in median peak-to-trough amplitudes along the electrode array and between volunteers. The amplitudes of the longer dipoles (i.e. ECG I and the Boston Scientific vectors) tended to be greater than the Par short dipoles'. This was likely because the longer dipoles captured electrical depolarization from a greater surface area of the heart.

Median peak-to-trough amplitudes of the P wave increased towards the distal end of the electrode array (i.e. towards decreasing Par dipole indices). Moreover, from Table 2.2, this increase in P wave amplitude was accompanied by a decrease in the median R/P ratio. Minimum R/P ratios were typically registered at the most distal dipoles of the multi-electrode array. This was likely related to the closeness of this site to the atria and long distance to the ventricles. These observations seemed to support the theory that short dipoles emphasize local electrical depolarizations. However, this ratio was always greater than 1. Consequently, the R wave was still larger than the P wave, although such a site would not be recommended for use in an S-ICD due to the elevated risk of P wave oversensing.

Table 2.1 -Median peak-to-trough amplitudes (in mV) for the P wave (yellow), R wave (blue), and T wave (red) of the ECG I, parallel (Par) short dipoles, and Boston Scientific primary, secondary and alternate vectors recorded in four healthy volunteers. Colour intensity indicates P wave, R wave or T wave peak-to-trough amplitude magnitude relative to all the recorded ECG derivations of that volunteer. The P wave and T waves of Volunteer no. 3's Par3 recording could not be detected due to high-levels of noise. Median R/T ratio also tended to decrease towards the distal end of the multi-electrode array, as the distance to the ventricles increased. It is not clear why this was the case given that both the R wave and T wave are of ventricular origin. One explanation is that since tissue behaves as a lowpass filter to the transmission of electrical signals [START_REF] Gygi | Low-pass filter effect in the measurement of surface EMG[END_REF][72], the R wave, which is of higher spectral frequency than the T wave, is attenuated more than the T wave, and thus R/T ratio decreases.

Given these observations, the distal end of the S-ICD lead did not seem suitable for the detection of the R wave from a short dipole ECG as the small R/P and R/T ratios would increase the risk of oversensing of these complexes.

Conversely, from Table 2.1, median R wave peak-to-trough amplitudes were greatest along Par10 and Par11. Further, from Table 2.2, median R/P and R/T ratios were also greatest here. These sites lay directly above the ventricles and approximately correspond to the cardiac notch. As seen previously in Chapter 1, the cardiac notch is the indentation on the surface of the left lung that allows space for the heart. There is no lung mass between these dipoles and the heart. Although other short dipoles (approximately Par3 through Par9) also lay above the cardiac notch, it may be the combined effect of the presence of this cardiac notch and the proximity to the ventricles that minimises attenuation of the R waves, thus resulting in large R/P and R/T ratios. Hence, again, these observations seem to support the theory that short dipoles emphasize local electrical depolarizations. Alternatively, it may also be due to the parallel orientation of these dipoles to the electrophysiological cardiac axis [START_REF] Kashou | Electrical Axis (Normal, Right Axis Deviation, and Left Axis Deviation[END_REF]. Regardless, independent R wave detection using a shortdipole was best along Par10 and Par11, as the risk of P and T wave oversensing was minimised. Further, Par10 and Par11 typically achieved greater R/P ratios and R/T ratios compared to the best of the three Boston Scientific vectors (i.e. typically the primary). Increasing R/T ratio may result in reduced T wave oversensing and therefore less patients disqualified for S-ICD implantation during the pre-implantation screening procedure.

R/P R/R R/T R/P R/R R/T R/P R/R R/T R/P R/R R/T R/P R/R
The same analysis was performed on the short dipoles perpendicular to the direction of the S-ICD lead: Perp1-Perp15. Similar results were observed: amplitude was greater for the long derivations than for the short dipoles, R/P and R/T ratios were smallest towards the distal end of the array and largest at Perp12 and Perp13 (i.e. at equivalent sites to Par10 and Par11). These ratios were significantly smaller, however, than at Par10 and Par11, and often smaller than those of the three Boston Scientific vectors. Ultimately, the parallel short dipoles showed greater R/P and R/T ratios than the perpendicular short dipoles. Further, acquisition of the short dipoles is easier to realise with the current S-ICD lead concept than for the perpendicular dipoles. Consequently, a dipole of 10-20mm in length between Par11 and Par12 was selected as the short dipole to be used for the detection of R-waves in the present project. Hereafter, this dipole was referred to simply as the short dipole.

A more precise identification of the short dipole in terms of anatomical location and optimal length could not be provided using the described methodology. However, given that both Par11

and Par12 achieved excellent R/T ratios, that the total length defined by these dipoles was 40mm, and that the final selected short dipole was defined as 10-20mm at the centre of these, the described methodology should be sufficient for the first order identification of this optimal short dipole. A more precise identification of the optimal short dipole with respect to anatomical landmarks could be achieved in an intraoperative context with the aid of X-Ray imaging.

The use of such a short dipole also allows for complete freedom of the can position as, unlike the Boston Scientific primary and secondary vectors, it does not depend on the can electrode. This is an important advantage as the can is sometimes implanted inter-muscularly and posteriorly for comfort and/or cosmetic reasons [START_REF] Ferrari | Intermuscular pocket for subcutaneous implantable cardioverter defibrillator: Single-center experience[END_REF].

Characterisation of the Short Dipole

The identification of the short dipole and its preliminary characterisation described above was performed entirely in the sitting position. For an evaluation more representative of daily-life activities, the short dipole had to be recorded and characterised for different postures and forms of exercise. However, such a characterisation could not be performed with the same acquisition setup as described above. A portable system such as a Holter monitor was more suitable.

Materials

A Holter monitor is a small, portable, battery-powered, ambulatory ECG-recording device.

MicroPort CRM currently offers such a device under the name Spiderview™ (MicroPort CRM).

The Spiderview™ Holter monitor, shown in Figure 2.12, consists of a cable connected to a plastic casing. The casing holds the electronics, microprocessor, batteries and memory card to which the recorded ECG signals are saved. The cable consists of a number of isolated conductive wires that terminate in coloured connectors that snap on to conventional ECG electrodes. The number of conductive wires in the cable depends on the desired number of ECG derivations to be recorded.

However, the Spiderview™ Holter monitor was originally designed to record conventional ECG derivations and not the short dipole and three Boston Scientific ECG derivations. Consequently, the system had to be modified. These modifications are shown in Figure 2.13. The short dipole was recorded in the inverse sense compared to the previous section. Therefore, its R wave became positive. Further, the primary and alternate dipoles had to be altered slightly from their original vectors as they share a common electrode with the short dipole on the modified Spiderview™ cable (that of the white connector). Thus, primary became shorter, and alternate was no longer vertical but slightly diagonal.

Methods: Experimental Protocol

Five volunteers (two males and three females aged between 23 and 41) with no history of CVD were selected for the recording and characterisation of the short dipole and three Boston Scientific Baselines were defined as recordings where no movement or physical activity was performed.

The different baseline postures were: sitting down, standing up, supine, right lateral recumbent, and left lateral recumbent. The various forms of physical activity consisted of a combination of raising and lowering arms, bending over and touching toes, push-ups, isometric pectoral contractions, planking (i.e. maintaining the body horizontal above the floor whilst resting on the elbows), walking, going up and down stairs, riding a stationary bicycle, or riding an elliptical machine. The particular physical activity performed varied between volunteers and depended on the experimental circumstances and the volunteer's physical ability. Thus, the total number of analysed conditions varied between volunteers.

Methods: Signal Acquisition and Processing

The was 20% shorter or longer than the median RR interval of the previous seven cycles.

Methods: Characterisation Metrics

For a particular baseline or physical activity, the four recorded ECGs were characterised in terms of their average R wave absolute amplitude 𝑅𝑅 � , average R/P ratio 𝑅𝑅/𝑃𝑃 ������ , average R/T ratio 𝑅𝑅/𝑇𝑇, ������ average signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and average spectral distribution.

R Wave Absolute Amplitude R wave absolute amplitude was considered rather than R wave peak-to-trough amplitude as computed previously in the electrophysiological mapping of Section 2.2. Although this is less physiological, it is more representative of a CIED, which typically considers rectified signals. For each cycle, R wave absolute amplitude was defined as the absolute amplitude of either the identified R-peak or R-trough, depending on which was greater. Average absolute R wave amplitude 𝑅𝑅 � was calculated by computing the mean absolute R wave amplitude across cycles.

The number of cycles varied between recordings and volunteers but ranged from 60-100.

R/P and R/T Ratios

The 𝑅𝑅/𝑃𝑃 ������ and 𝑅𝑅/𝑇𝑇 ����� average ratios were calculated by taking the ratio between the R wave absolute amplitude and the similarly-computed P wave and T wave absolute amplitudes, respectively, for each cycle. The means of these were then calculated across the cycles to obtain the average ratios.

Signal-to-noise Ratio

For a given heart cycle b, the signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏 was calculated by taking the ratio between the square of the signal-of-interest (defined as the R wave absolute amplitude 𝑅𝑅 𝑏𝑏 ) and the mean square value of the noise 𝐧𝐧 𝑏𝑏 . This noise was in turn defined as the entire cycle except its QRS complex (i.e. the 100ms centred about the detected R-peak). This is expressed in Equation 2.

1
where i refers to a particular sample of the total I samples making up a given cycle b''s noise signal 𝐧𝐧 𝑏𝑏 .

Equation 2.1

𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏 = 𝑅𝑅 𝑏𝑏 2 1 𝐼𝐼 ∑ 𝐧𝐧 𝑏𝑏 2 (𝑚𝑚) 𝐼𝐼 𝑖𝑖=1
The average signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was then calculated by computing the mean 𝑠𝑠𝑠𝑠𝑠𝑠 across the total B cycles. This metric represents the ease of detecting the R-wave. It is a general measure that is affected by several phenomena. For example, a bi-phasic R wave, a large P wave, a large T wave, or myopotentials from local muscles, might all act to lower 𝑠𝑠𝑠𝑠𝑠𝑠 �����. Given the large dynamic range of the calculated 𝑠𝑠𝑠𝑠𝑠𝑠 ����� values, it was expressed in dB.

Spectral Distribution

Average spectral distribution described how the spectral content of the ECG derivations were distributed across four non-overlapping frequency bands spanning from 0.5 to 100Hz. These bands were 0.5-5Hz, 5-12.5Hz, 12.5-25Hz, and 25-100Hz and were chosen according to the spectral contents of the P wave, QRS complex, and T wave of conventional ECG derivations [START_REF] Theis | Biomedical signal analysis: Contemporary methods and applications[END_REF].

0.5-5Hz captures the P wave and T wave, 5-25Hz captures the QRS complex, and over 25Hz corresponds to ultra-cardiac phenomena such as myopotentials. Average spectral distribution was only calculated for baselines, and not physical activities.

To compute the average spectral distribution, first, the PQRST segments of all cycles were extracted. This was done by calculating the average PR and RT intervals of that ECG derivation using the previously identified P, R and T-wave markers. This allowed to define a PQRST window starting from slightly before the P wave (i. 𝐩𝐩𝐩𝐩𝐩𝐩 ����� was then numerically integrated using a trapezoidal approximation method along the limits defined by the four frequency bands. These power integrals were normalized by the total power across the entire 0.5-100Hz bandwidth to give the spectral distribution: the percentage of each frequency band's power relative to the total bandwidth's power. By taking the mean of these spectral distributions across the different baselines of a volunteer, the average spectral distribution was obtained.

Results

Significant variation in the metrics was observed across conditions and volunteers.

The average R wave absolute amplitudes 𝑅𝑅 � for each volunteer's baseline and physical activity are given in Table 2. The dominant red and orange hues of the first column of Table 2.3 showed how the short dipole ECG 𝑅𝑅 � values were almost always smaller than those of the Boston Scientific vectors ECGs. The short dipole ECG often produced the smallest 𝑅𝑅 � across all four ECG derivations. This is consistent with the results of the short dipole mapping seen previously in Section 2.2. Further, the short dipole ECG 𝑅𝑅 � was always smallest when the volunteers lay in left lateral recumbency.

For volunteers 1, 2, and 5, the alternate vector ECG often also displayed small 𝑅𝑅 � . This was largely because it was biphasic rather than monophasic. The vectors producing the largest 𝑅𝑅 � were typically either the primary or the secondary. The electrodes defining these vectors capture a large surface area of the heart, whilst at the same time remaining close to it, thereby reducing attenuation from tissue along the transmission pathway.

The average R/T ratios 𝑅𝑅/𝑇𝑇 ����� for each volunteer's baseline and physical activity are given in Table 2.4. The dominant green hues of the first column of this table demonstrate how the short dipole ECG typically achieved greater 𝑅𝑅/𝑇𝑇 ����� values compared to the three Boston Scientific vectors ECGs. Further, the alternate vector ECG typically produced the lowest 𝑅𝑅/𝑇𝑇 ����� values (except in volunteer 4), usually due to a biphasic R wave and/or a large T wave. These results are also consistent with the observations of the short dipole mapping of Section 2.2.

For brevity, the average R/P ratios 𝑅𝑅/𝑃𝑃 ������ for each volunteer's baseline and physical activity are not shown here; they are provided in Appendix 2. 4. 𝑅𝑅/𝑃𝑃 ������ values tended to be greater than 𝑅𝑅/𝑇𝑇 ����� values. This is consistent with the previous observations of the short dipole mapping of Section 2.2 and with the fact that P wave oversensing is typically not as common in the S-ICD as T wave oversensing. The alternate vector ECG clearly showed the lowest 𝑅𝑅/𝑃𝑃 ������ values across analysed conditions. There was no obvious difference in 𝑅𝑅/𝑃𝑃 ������ between the baselines of the short dipole ECG and the primary and secondary vectors ECGs. During the physical activities however, 𝑅𝑅/𝑃𝑃 ������ values decreased in all ECG derivations, although the short dipole ECG typically performed better than the Boston Scientific vectors ECGs. This was also influenced, however, by the presence of myopotentials in the four ECGs during the physical activities.

The average signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 ����� for each volunteer's baseline and physical activity are given in Table 2.5. Several important observations can be made from this table. First, physical activity tended to decrease 𝑠𝑠𝑠𝑠𝑠𝑠 ����� compared to its baseline values. This was either due to movement of the electrodes that corrupted the signal with low-frequency movement artefacts and/or due to myopotentials from local exercising muscles that introduced high-frequency noise. Second, from the dominant green hues of the cells of the first column it can be seen how the short dipole ECG clearly outperformed the three Boston Scientific vectors ECGs during both baselines and physical activities. It suffered during left lateral recumbency, however, due to the reduced 𝑅𝑅 � seen previously in Table 2.3.

The short dipole tended to produce a good, if not the best, 𝑠𝑠𝑠𝑠𝑠𝑠 ����� out of the four ECG derivations, during physical activity. This is particularly useful, as it would, in theory, reduce false-positive VT/VF detections resulting from myopotential contamination during exercise.

Table 2.5 -Average signal-to-noise-ratio 𝑠𝑠𝑠𝑠𝑠𝑠 ����� for each baseline and physical activity of all five volunteers. A colour scale reflects relative 𝑠𝑠𝑠𝑠𝑠𝑠 ����� across the four ECG derivations for that volunteer's particular analysed condition. Green indicates maximal 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and red indicated minimal 𝑠𝑠𝑠𝑠𝑠𝑠 ����� for that volunteer's baseline or physical activity. Yellow indicates the mid-point between maximal and minimal values. Lime green and orange hues indicates values along the colour scale defined by these three points. 'Lat. Rec.' refers to lateral recumbent. 'Isom. Pec. Con.' refers to isometric pectoral contraction. The average spectral distribution calculated across all the baselines of each volunteer are shown in Figure 2.15 in the form of a stacked bar chart. The same analysis was performed for the rightventricular EGM of a pig that underwent an experimental protocol described later in Chapter 3.

Condition

𝑠𝑠𝑠𝑠𝑠𝑠 ����� (dB)

Short

Its average spectral distribution is also shown in this stacked bar chart for comparison purposes.

The individual spectral distributions for each baseline that were used to compute the average values illustrated in the stacked bar charts are given in the table of Appendix 2.5.

There were minor variations in the average spectral distribution of a particular ECG derivation across volunteers, although the alternate vector ECG showed the largest variation. More importantly, there were no significant differences between the average spectral distribution of the short dipole ECG and the three Boston Scientific vector ECGs. There was a significant difference, however, between the four recorded ECG derivations and the EGM, which, as is common knowledge in the field, is of higher frequency than the spatially-summed ECG.

Discussion

Going up and down stairs introduced too much noise to permit the analysis of these recordings in two volunteers (no. 1 and no. 4). This noise was likely related to the acquisition itself rather than any physiological phenomena. In volunteer no. 1, the Holter cable was not taped to the chest and the weight of the cable likely affected the quality of the contact of the electrode. In volunteer no.

4, a semi-rigid bra support was believed to interfere with the electrode contact.

As in the short dipole mapping of Section 2.2, the short dipole ECG 𝑅𝑅 � was again significantly smaller than that of the larger Boston Scientific vectors ECGs. The same explanation was proposed: the short dipole captured only a small surface area of the heart. However, the especially small 𝑅𝑅 � of the short dipole during left lateral recumbency suggested a sensitivity to postural changes. This sensitivity to postural changes was supported further by the consideration of (normalised) mean standard deviations of the different 𝑅𝑅 � in Table 2.3 across the different baseline postures. These mean standard deviations were greatest for the short dipole ECG (mean of 26% across volunteers), when compared to those of the Boston Scientific vectors ECGs (means of 25%, 16%, and 16% for the primary, secondary, and alternate, respectively, across volunteers).

One proposed explanation is that posture changes might induce changes in impedance between the heart and electrodes, possibly due to a change in the area of contact between heart and the local thoracic tissue. This impedance change would be more marked for a short dipole above the ventricles, relative to its baseline impedance, than for a large dipole capturing more tissue and therefore with a larger baseline impedance.

The large 𝑅𝑅/𝑇𝑇 ����� of the short dipole ECG compared to the Boston Scientific vectors' ECGs was also seen previously in the short dipole mapping of Section 2.2. It was the primary criteria that led to the selection of this specific short dipole. In theory, this improved 𝑅𝑅/𝑇𝑇 ����� should reduce the risk of T wave oversensing.

The improved 𝑠𝑠𝑠𝑠𝑠𝑠 ����� of the short dipole ECG compared to the Boston Scientific vectors ECGs during the different forms oh physical activity should, in theory, reduce oversensing from myopotentials. This observation was not expected. The relevant major thoracic muscles that might introduce myopotentials in the four recorded ECG derivations are highlighted in Figure 2.16.

Physical activities such as raising and lowering arms, and, to a lesser extent, planking, utilize the latissimus dorsi and serratus anterior muscles. Consequently, ECG derivations obtained with electrodes placed above these muscles, such as the primary and secondary, will record their myopotentials and 𝑠𝑠𝑠𝑠𝑠𝑠 ����� will decrease. The electrodes used to record the short dipole are not above these muscles and thus were not affected. However, physical activities such as push-ups and isometric pectoral contraction use the pectoralis major muscle, which is close to the electrodes of the short dipole. Despite this, the short dipole achieved good 𝑠𝑠𝑠𝑠𝑠𝑠 ����� during these physical activities. The similarity between the spectral distributions of the short dipole ECG and the Boston Scientific vectors' ECGs, as well as the stark contrast between these four signals and the pig's EGM, showed that the short dipole remains an ECG. Despite the short length of the short dipole, it is still a farfield signal that captures spatially-summed electrophysiological cardiac phenomena rather than near-field ventricular activity as with the right ventricular EGM.

The results of this section represent a characterisation and comparison of un-processed (or minimally-processed) ECGs recorded along four different dipoles. Processing these signals (e.g. via aggressive filtering or cancellation methods) may significantly affect these results and therefore the extent of improvement of the short dipole ECG with respect to the Boston Scientific vectors ECGs. However, as stated previously, the processing of these signals was not the objective of this chapter. In theory, the short dipole provides passive protection against T-wave and myopotential oversensing at no added computational cost, which is highly attractive for computationally-limited systems like the S-ICD. Although some processing will invariably be necessary, the extent of this processing may, in theory, be minimised with the use of the short dipole for a given level of protection against T-wave and myopotential oversensing. 

Acquisition of VT/VF Recordings

In the previous section, the short dipole ECG was characterised in depth under a variety of different representative every-day conditions. It showed improved R/T ratio and signal-to-noise ratio compared to the three Boston Scientific vectors' ECGs. This may, in theory, reduce the risk of T wave and myopotential oversensing and thus of false-positive VT/VF detections. The next step was to record the short dipole ECG during VT/VFs: the episodes it was intended to detect.

As discussed previously in Chapter 1, VT/VFs represent the most dangerous forms of heart rhythm disorders. If left untreated, VT/VFs may result in sudden cardiac death after only a few minutes. Consequently, the acquisition of the short dipole ECG during such episodes had to be performed in a highly controlled environment where defibrillation could be delivered quickly.

Two different standard surgical procedures were identified as suitable scenarios for such a preliminary acquisition: VT ablation procedures and ICD or CRT-D device change procedures.

There currently exist three treatment options for patients with recurrent VT episodes: implantation of an ICD, antiarrhythmic medication, or catheter ablation [START_REF] Mittnacht | Ventricular Tachycardia Ablation: A Comprehensive Review for Anesthesiologists[END_REF]. Although ICDs are an effective solution for the termination of VT/VFs, they do not prevent or minimise their occurrence as is the case with antiarrhythmic medication or catheter ablation. Antiarrhythmic medication, however, is not effective in all patients and can produce side effects such as toxicity to the vital organs and in some cases can even be proarrhythmic [START_REF] Ross | Proarrhythmic effects of antiarrhythmic drugs[END_REF]. Consequently, catheter ablation is a good option for many patients. The ablation procedure consists of inserting an ablation catheter into the ventricles of the heart via a femoral vascular access. Here, bipolar EGMs recorded on the tip of the ablation catheter perform a three-dimensional electrophysiological mapping of the internal cardiac surface to identify suspected arrhythmogenic substrates. These are then stimulated to attempt to induce a VT episode and thus verify their arrhythmogenicity. The induced VT episodes either revert spontaneously back to NSR or, if they last for too long, they are terminated via a defibrillation shock. Once the suspected arrhythmogenic sites have been identified and verified, the ablation is performed. The exact technique used for the ablation varies between centres but it most commonly takes the form of radiofrequency AC current delivery to the target tissue. This burns the arrhythmogenic tissues so that they can no longer generate VTs. The sites are then stimulated again to attempt to verify this. If a new VT cannot be initiated, the ablation procedure is deemed successful.

Ablation procedures represented a good opportunity for the acquisition of ECGs along the derivations of the short dipole and Boston Scientific vectors during VTs in a highly controlled and safe environment where such episodes are routinely induced and terminated.

ICDs have a fixed longevity determined by their batteries. Once these run out, the devices must be explanted from the patient so that a new device can be re-implanted. As explained previously in Chapter 1, the old cardiac pacing leads are usually not explanted due to the risk this supposes.

Instead, they are re-connected to the new device. This is referred to as a device change procedure.

During such a device change procedure, the new system is sometimes tested for its efficacy. This test consists of the induction of a VF episode and, after a few seconds, its termination via an internal shock administered by the newly implanted device. If the device successfully terminates the induced VF, the test is considered as passed. If after several shocks the induced VF persists, an external defibrillator is used instead and the test is considered a failure, although such cases are rare. A new ICD lead is then implanted and tested. The method of VF induction varies between manufacturers and models, but, in general, they all consist of stimulating the ventricles in a specific manner using the newly implanted device via the implanted right ventricular lead. This stimulation might take the form of AC stimulation (between 20-50Hz depending on the manufacturer), DC current injection [START_REF] Euler | Low voltage direct current delivered through unipolar transvenous leads: an alternate method for the induction of ventricular fibrillation[END_REF], or T wave shock delivery [START_REF] Sharma | Shock on T Versus Direct Current Voltage for Induction of Ventricular Fibrillation: A Randomized Prospective Comparison[END_REF]. CRT devices with defibrillation functionality (CRT-Ds) also commonly undergo similar tests and were therefore also considered in addition to ICDs.

Device change procedures represented a good opportunity for the acquisition of ECGs along the derivations of the short dipole and Boston Scientific vectors during VFs in a highly controlled and safe environment where such episodes are routinely induced and terminated.

VT/VFs were therefore recorded during VT ablations and device change procedures performed on six different patients at the Hôpital Charles-Nicolle in Rouen (France). All patients consented verbally. All patients were males between the ages of 57 and 79 years. Five of these patients underwent device change procedures, and one underwent a VT ablation. Of the five changed devices, two devices were single-chamber (i.e. VR) ICDs and three were CRT-Ds. The patients had their ventricles paced intermittently throughout the procedure even though this was not representative of S-ICD conditions. The induction method of the episodes varied between the patients according to the manufacturer of their newly implanted device.

The same modified Spiderview™ Holter monitor presented previously in Section 2.3 was again used here to record the induced VT/VFs. The system cable was modified further to incorporate 47kΩ resistors in series along each wire to act as a precautionary protection for the system in case of an emergency external defibrillation shock. No such emergency external defibrillation was ever required.

A summary of the patients, the procedure they underwent, the type of device they had implanted, and the number of VTs or VFs induced, is given in Table 2.6. The system is shown in Interestingly, the NSR morphologies observed along the short dipole and three Boston Scientific vectors sometimes differed from those observed in the healthy volunteers in previous sections. In the healthy volunteers, the short dipole was always characterised by a monophasic and positive QRS complex and a small T wave. However, in the VT/VF recordings of this section, some patients demonstrated an almost biphasic short dipole (patient no. 2), or a large T wave (patient no. 4) along their short dipole.

Two possible reasons are proposed for this disparity: the natural dyssynchrony of the ventricles in CRT-D patients, or the pacing of the ventricles resulting in the obviation of the natural conduction pathways. Dyssynchrony and ventricular pacing both alter the QRS complex (and often also the T wave). However, the conventional S-ICD population would not normally include patients with ventricular dysynchrony (as these would benefit from a CRT-D instead), or with paced ventricles (as this would require transvenous leads). Thus, similar future acquisitions should take into account the patient population more carefully: CRT-D patients should ideally not be considered and ICDs should be programmed so that they do not pace the ventricles (i.e. OOO mode or VVI mode at low rate).

Only patient no. 2 and patient no. 6 were truly representative of the desired patient population (whenever their ventricles weren't paced). A quantitative characterisation of the short dipole ECG of these patients was not performed as was described in Section 2.3 for the healthy volunteers.

Nevertheless, a visual inspection of these patient's short dipole ECGs (given previously in Figure 2.19 and Figure 2.22 for patient no. 2 and patient no. 6, respectively) allowed to qualitatively appreciate that R/T ratio was still largest along the short dipole.

VT/VF Detection Algorithms

In total, 20 VT/VFs were induced in the previous section. This was not sufficient in number or variety, to develop, train, and test a complete VT/VF detection algorithm. But, as stated previously, this was not the objective of this chapter. Nevertheless, some preliminary work could still be performed towards this aim, particularly regarding the adaptation of current MicroPort CRM VT/VF detection algorithms for use with the short dipole ECG. Various different ECG processing and VT/VF detection methods were previously listed in Section 2.1. However, rather than attempting to develop a VT/VF detection algorithm based on these methods and suitable for implementation in an S-ICD, it was asked whether it was possible to reutilise, or easily modify, current MicroPort CRM algorithms for use with the short dipole.

To this end, two MicroPort CRM algorithms intended for use on the current Platinium™ ICD [START_REF] Microport | PLATINIUM 4LV SonR CRT-D[END_REF] were simulated in Matlab™. This allowed to test the recorded short dipole VT/VF ECGs presented in the previous section on the two MicroPort CRM algorithms without ever having implanted it in these patients. Further, the Matlab™ simulations allowed to easily modify the two MicroPort CRM algorithms to assess whether the current technology could be adapted for use with ECG signals like those of the S-ICD.

These Matlab™ simulations were not identical line-by-line copies of the Platinium™ ICD embedded algorithms in the system's microprocessor. Instead, the Matlab™ simulations were developed to functionally replicate their respective microprocessor-embedded algorithms. The Matlab™ simulations would produce the same output as the Platinium™ ICD microprocessorembedded algorithms for the same ECG input. Aspects such as the Platinium™ ICD amplifier limits, sampling frequency, and bit resolutions, were hard-coded in the Matlab™ simulations.

Platinium™ ICD Sensing Scheme

The first MicroPort CRM algorithm simulated in Matlab™ comprised the Platinium™ ICD sensing chain: from the raw EGM input to the calculation of the RR-interval in order to suspect the presence of a VT/VF. The precise workings of the Platinium™ sensing scheme represent confidential and proprietary information and therefore cannot be disclosed. Hence, the Platinium™ sensing scheme, and its Matlab™ simulation will not be detailed here. Instead, some considerations regarding its modifications, and how these would be beneficial for use with ECG signals rather than EGM signals, will be briefly outlined instead.

Normally, the Platinium™ sensing scheme performs an identification of the R-waves of (right) ventricular EGMs. Based on the RR-intervals of these, it suspects whether or not the patient is undergoing a VT/VF. As seen previously in Chapter 1, and in the spectral distribution comparison of Figure 2.15, EGMs differ significantly from ECGs. The EGM is of significantly greater amplitude and higher frequency compared to the ECG. This allows for more aggressive filtering of the EGM to eliminate the ventricular repolarisation complex, myopotentials, or other noise that may impair the detection process. Thus, the Platinium™ algorithm does not typically have to operate using high-noise signals and is intrinsically more protected from false-positive detections that may result in inappropriate shocks. If the same EGM filters were applied to an ECG however;

the QRS complex would be filtered out. Therefore, the filter bandwidths had to be lowered on the Platinium™ sensing scheme Matlab™ simulation. Further, the Platinium™ sensing scheme was designed to operate on EGM signals, which typically show amplitudes of at least 1.5mV, and up to 10mV. However, as seen previously in Table 2.1 and Table 2.3, the short dipole showed amplitudes of about 0.5mV. Hence, to maintain an equivalent resolution across the dynamic range, the gain in the Platinium™ Matlab™ simulator amplification stage was multiplied by 20.

The short dipole ECG during the induced VT of Patient no. 6 shown previously in Section 2.4

was passed through the modified Platinium™ sensing scheme Matlab™ simulation. It is shown along with the final detected events in Appendix 2.10, where it can be seen to successfully detect the elevated rhythms of the induced VT correctly.

Spatial Projection of Tachycardia (SPOT)

The second MicroPort CRM algorithm simulated in Matlab™ was the Spatial Projection of Tachycardia (SPOT) algorithm [START_REF] Bouchet | Spatial projection of Tachycardia electrograms for morphology discrimination in implantable cardioverter defibrillators[END_REF]. The SPOT algorithm was developed for use in transvenous single-chamber (VR) ICDs. The SPOT algorithm discriminates between VTs and SVTs, the latter of which frequently produces false-positives in VR ICDs. Normally, the SPOT algorithm plots the near-field EGM recorded from the shock coil to the tip electrode of the right ventricular ICD lead against the far-field signal created between this same shock coil and the can implanted in the subcutaneous pre-pectoral pocket. This creates a two-dimensional curve. If the RR-interval of the detected event is lower than a particular threshold suggesting a VT/VF, the SPOT algorithm is launched and the two-dimensional SPOT curve of the detected event is produced. If the detected event's SPOT curve sufficiently matches that of an NSR reference the event is labelled an SVT (i.e. a false positive VT/VT detection) and no action is taken.

The same principle could also be applied in an S-ICD system with, for example, the short dipole, and a longer dipole similar to the Boston Scientific alternate vector. Although these are both farfield ECG signals, they are essentially orthogonal to one another and offer very different perspectives of the electrophysiological activity of the heart. As seen previously in Appendix 2.

4 and Table 2.4, the alternate vector produced the lowest 𝑅𝑅/𝑃𝑃 ������ and 𝑅𝑅/𝑇𝑇 ����� values of the four signals,

whereas the short dipole produced the best. Further, the alternate vector typically demonstrated a biphasic QRS complex, whereas the short dipole demonstrated a positive and monophasic QRS complex. Considering these two very different ECG signals provides two very different perspectives that, if considered simultaneously as in the SPOT sensing scheme, may allow for a more robust detection of VT/VFs and their discrimination from SVTs.

Moreover, the SPOT representation of a detected event could also be used to provide some protection against myopotentials or other forms of noise in a similar fashion to the certification phase implemented by Boston Scientific in the current S-ICD sensing scheme. For example, the number of times the two-dimensional SPOT curve changes direction could serve as an indicator of noise. If this number is above a certain threshold, it is associated with noise and not considered further. Even though the short dipole inherently serves as a protection against noise due to its small size and position, a similar certification stage will likely still be necessary as additional protection, especially if longer ECG dipoles susceptible to myopotential contamination are also considered. The SPOT algorithm can, in theory, integrate such a certification stage and it therefore represents a good candidate for the detection of VT/VFs in an S-ICD.

The same short dipole ECG during the induced VT in patient no. 6 of the previous section was passed through the SPOT algorithm. The corresponding two-dimensional SPOT curves during NSR and the VT are shown in Appendix 2.11, where they can be seen to be considerably different.

Proposed Preliminary Electrophysiological VT/VF Detection Scheme Regardless of the particular algorithm(s) that will finally be implemented, the proposed preliminary S-ICD electrophysiological sensing chain, from the acquisition of the signals along the short dipole to the decision whether or not to shock, is given in Figure 2.23.

ECGs are recorded along the short dipole as well as along a "long" dipole, which might take the form of, for example, Boston Scientific's alternate vector, which is orthogonal to the short dipole.

The "long" dipole signal is not immediately used, however. Instead, it is stored in a loop memory.

An R wave detection is performed on the short dipole ECG. In response to these challenges and limitations, an electrophysiological mapping was performed to identify a short dipole ECG derivation that maximised R/T ratio and thus minimised the risk of T wave oversensing -the primary cause of false positive VT/VF detections. Custom-developed multi-electrode arrays were used to record short dipole ECGs parallel (and perpendicular) to the direction of the Boston Scientific S-ICD lead in four healthy volunteers. This mapping resulted in the identification of a single short dipole located approximately above the ventricles and cardiac notch, which demonstrated the desired properties. Further, unlike the primary or secondary vectors of the S-ICD, this short dipole was invariant to the implantation site of the device casing. Finally, preliminary efforts regarding the adaptation of current MicroPort CRM algorithms for the detection of the VT/VFs using the short dipole ECG were examined. A complete preliminary electrophysiological VT/VF detection scheme, from the acquisition of the ECG along the short dipole to the decision whether or not to shock, was proposed.

From the work presented in this chapter, two patents were submitted to the French patent office in July of 2019. One covered the implementation of the short dipole in an S-ICD lead, as envisioned in the final subcutaneous prototype lead of Chapter 5, as well as described the advantageous properties of the signal [START_REF] Cordero Álvarez | Système de défibrillation cardiaque implantable sous cutané[END_REF] The current S-ICD relies solely on electrophysiological signals to determine whether or not to defibrillate a patient. The short dipole presented in this chapter builds upon this concept to attempt to, in theory, reduce the number of inappropriate shocks due to T wave or myopotential oversensing at no added computational cost. However, the system is still limited to the interpretation of cardiac activity from electrophysiological signals alone. To further improve the specificity of VT/VF detection, completely different modalities of cardiac monitoring are desirable in addition to the electrophysiological monitoring. Ideally, such different modalities will be inherently protected from the detection pitfalls plaguing the other. The following chapter examines the use of hemodynamic sensors to quantify the mechanical performance of the heart in order to further improve the detection specificity of VT/VFs in an S-ICD.

SUBCUTANEOUS CARDIAC HEMODYNAMIC MONITORING

This chapter covers the subcutaneous monitoring of cardiac hemodynamic performance.

The overall aim of this chapter was to develop a hemodynamic sensing scheme to complement the electrophysiological sensing scheme of Chapter 2. Such a combined sensing scheme would, to project multi-axial cardiac vibrations is motivated. The selected reference frame, referred to as the cardiac systolic mechanical axis, and the method used to identify it, are detailed. The improvement this projection has on signal quality is reported. Potentially useful hemodynamic information described by the mechanical axis is also suggested. The world's first ventricularfibrillation-detection algorithm operating exclusively on cardiac vibrations is reported. Finally, the proposed hemodynamic sensing scheme making use of the selected subcutaneous sensor embodiment, its suggested cardiac vibration signal bandwidth, its mechanical axis projection, and the ventricular-fibrillation-detection algorithm, is described. A combined use of an electrophysiological and hemodynamic monitoring scheme may also possibly reduce the rejection rate of candidates during the pre-implantation screening procedure.

If this rate is reduced to zero, the procedure may even be obviated, thereby significantly reducing time and cost.

To realise such a cardiac hemodynamic monitoring scheme, the appropriate cardiac hemodynamic parameters must first be identified so that they may then be extracted from a particular cardiac hemodynamic signal.

Cardiac Hemodynamic Parameters

There exist numerous interrelated parameters for the quantitative assessment of cardiac hemodynamic function. Blood pressure, stroke volume, and myocardial contractility are among the most descriptive of these, and therefore represent standard parameters used in clinical practice. Myocardial contractility is the intrinsic ability of the cardiac muscle to generate force and contract, independently from the preload and afterload. Various techniques are used to measure myocardial contractility. However, these are usually highly invasive and therefore this parameter is not routinely measured to the same extent as blood pressure or stroke volume. Myocardial contractility is commonly reported in units of mmHg/s and is greater in the left ventricle than in the right ventricle due to the great pressures required to drive the systemic circulation. A value above 1200mmHg/s is considered normal for peak left ventricular myocardial contractility [START_REF] Dec | Heart failure[END_REF].

Blood pressure was described previously in

During (non-tolerated) VT/VFs, myocardial contractility is severely impaired due to the abnormal conduction and exceedingly fast rhythms of a VT, or the anarchic quivering of a VF. 

Cardiac Hemodynamic Sensors and Signals

To realise a cardiac hemodynamic monitoring scheme capable of extracting blood pressure, stroke volume or myocardial contractility, an appropriate sensor must be selected. There exist several different hemodynamic sensors with their own advantages and drawbacks. In general, invasive intracardiac sensors produce the most robust and precise measures but are not suitable for subcutaneous implementation. Only sensors relevant for the present work, or with potential for implementation in an S-ICD, were included in the present review. From these sensors, and their corresponding signals, one was selected for further research. The ring electrodes allow the estimation of the volume of blood in the left ventricle [89][90]. A high-frequency, low-amplitude AC current is passed via the outer electrodes of the catheter to create an electric field. Measures of voltage between adjacent inner electrode pairs allow to infer the conductance of the medium in the plane between them. This conductance is related to the amount of blood in that plane. By summing the conductance of all the planes between all the inner electrode pairs, the total volume of blood in the left ventricle can be estimated. This volume varies with the heart cycle, thereby allowing to determine estimates of end-diastolic volume, endsystolic volume, stroke volume, ejection fraction, and cardiac output.

Pressure-Volume Catheter

With LV pressure and volume recorded simultaneously as above, it is possible to create PV loops of the left ventricle, as shown in Figure 3.3.B. These visual representations allow for an immediate and rich assessment of cardiac hemodynamic performance.

Despite the completeness of the hemodynamic assessment of the PV catheter, it has significant drawbacks. The PV catheter remains an invasive intracardiac sensor. Consequently, LV catheterization is only performed acutely and under local or general anaesthesia as a form of perioperative monitoring. If such a foreign body were to be implanted chronically, endothelial tissue would form on the surface of the catheter in a process known as endothelialisation. This reduces the sensitivity of the pressure sensor and promotes the formation of thrombi in the left ventricle that may potentially cause a stroke. For these reasons, PV catheters are incompatible with a chronic endovascular implantation. Also, as it is highly invasive, it will not function when implanted subcutaneously because the pressure sensor would not be in contact with the blood.

Echocardiography

An echocardiogram is essentially a sonocardiographic evaluation of heart anatomy and mechanical function. It is a standard non-invasive technique with no known side effects. A probe containing dozens of ultrasonic transducers is applied against the chest of a patient at different positions. This produces images or videos of the heart chambers from different views. Depending on the modalities programmed on the transducer, an echocardiogram can provide indirect measures of cardiac hemodynamic parameters including myocardial contractility, stroke volume, cardiac output, and ejection fraction. For this reason, as well as its low cost, echocardiography is the primary diagnostic reference for almost all cardiopathies.

Echocardiography is not without its limitations, however. Echocardiograms are performed by trained physicians or cardiac sonographers. Their acquisition and interpretation are operatordependent and show non-negligible intra-operator and inter-operator variability, raising questions about their reproducibility. To be implemented in a CIED, the acquisition and interpretation must be fully automated and quantitatively reproducible. Although recent advances have been made in this respect, especially regarding the use of machine learning approaches [START_REF] Furiasse | Automated Algorithmic Software in Echocardiography Artificial Intelligence?[END_REF][92] [START_REF] Zhang | Fully automated echocardiogram interpretation in clinical practice: Feasibility and diagnostic accuracy[END_REF], it is unclear how these could be implemented in real-time in an implanted device.

Further, echocardiography systems comprise large machines consisting of various elements including the transducer, central processing unit, disk storage, controls, display and printer. By removing several of these elements, miniaturised, battery-operated and handheld echocardiography systems have been developed and commercialised [START_REF] Chamsi-Pasha | Handheld Echocardiography: Current State and Future Perspectives[END_REF]. There even exist several portable echocardiography probes designed to interface with and run on conventional Smartphones [95][96]. Nevertheless, in their current state, even these miniaturized probes are too large to be implanted subcutaneously and too costly to operate within the strict power requirements of a CIED. Further, the complex algorithms required to interpret the acquired images and/or videos exceed the capabilities of such systems. For these reasons, echocardiography in its current state is incompatible with the chronic subcutaneous monitoring of cardiac hemodynamic performance.

Photoplethysmography

A Photoplethysmogram (PPG) is a non-invasive optical measure of changes in blood volume in the peripheral microvascular bed of tissue [START_REF] Allen | Photoplethysmography and its application in clinical physiological measurement[END_REF]. It is a surrogate measure of blood pressure. A pulse oximeter is pressed against the skin to illuminate the dermis and hypodermis with red or parameters such as arterial blood pressure [START_REF] Imholz | Fifteen years experience with finger arterial pressure monitoring[END_REF], and stroke volume [START_REF] Bogert | Non-invasive pulsatile arterial pressure and stroke volume changes from the human finger[END_REF][100] can be estimated.

PPG technology is low-power and small in size. This has led to its widespread adoption in the wearable medical device market, most famously perhaps in the new Apple watch [START_REF] Inc | Using Apple Watch for Arrhythmia Detection[END_REF]. In theory, photoplethysmography could be implemented in a subcutaneous CIED. There exist, however, significant drawbacks to photoplethysmography. Firstly, the PPG measures a peripheral, not cardiac, hemodynamic signal. Although cardiac hemodynamic parameters such as stroke volume can be estimated from this peripheral signal, it remains an indirect, and therefore often inaccurate, assessment of cardiac hemodynamic performance. The amplitude of the PPG signal can be influenced by various factors unrelated to the cardiac hemodynamic performance [102][103]. For example, postural constriction of the arterioles at (or leading to) the measurement site will reduce local perfusion and thus produce a reduced PPG amplitude. Similarly, peripheral vasoconstriction in response to cold or stress will also reduce peripheral perfusion and reduce the PPG amplitude. Ambient light may also contaminate the signal [START_REF] Swedlow | Ambient Light affects Pulse Oximeters[END_REF][105] [START_REF] Kim | Ambient Light Cancellation in Photoplethysmogram Application Using Alternating Sampling and Charge Redistribution Technique[END_REF]. Subcutaneous implantation will also introduce a serious problem for the chronic monitoring of hemodynamic signals: the encapsulation of the light source and photodetector as part of the foreign-body response. This will reduce the intensity of the emitted light, and/or the sensitivity of the photodetector, resulting in a progressive reduction in PPG signal amplitude. For these reasons, the PPG is not ideal for use in a chronically implanted CIED such as an S-ICD.

Cardiac Vibrations

As seen previously in Chapter 1, the cardiac cycle is essentially a controlled sequence of pressure changes produced by the contraction of cardiomyocytes in the various chambers of the heart, which causes (and maintains) the opening and closure of the different heart valves and thus the inflow and outflow of blood. These combined phenomena result in a series of vibrations, known as cardiac vibrations.

Cardiac vibrations have traditionally been measured via a process known as auscultation or phonocardiography since as far back as the Hippocratic period [START_REF] Hanna | A history of cardiac auscultation and some of its contributors[END_REF]. At first, auscultation was performed by pressing the ear to the chest, and since the 19th century using a stethoscope [START_REF] Roguin | Rene theophile hyacinthe laënnec (1781-1826): The man behind the stethoscope[END_REF].

The forces of contraction producing these vibrations are, as per Newton's second law, linearly proportional to an acceleration. Therefore, they can be measured with an accelerometer.

Such accelerometer-measured cardiac vibrations have been studied since the 1950s and are better analysed by considering four more specific research fields. In order of increasing obtrusiveness there is ballistocardiography, phonocardiography, and then seismocardiography. Then, in order of increasing invasiveness there is endocardial acceleration and epicardial acceleration.

Phonocardiography

As stated above, auscultation or phonocardiography is performed using a stethoscope. The stethoscope is pressed against the chest or abdomen to listen and interpret cardiac or respiratory vibrations for diagnostic purposes.

A stethoscope consists of two ear-tips connected via metallic binaurals or ear-tubes that converge and connect to a polymer tubing ending in the metallic chest-piece. The chest-piece is pressed against the thorax so that cardiac and respiratory vibrations can be transmitted down the polymer tubing, up the binaurals, and to the ear-tips, for the physician to interpret. Auscultation or phonocardiography used to be (and in some places still is) a routinely-practised technique that due to its simplicity and low cost, carries great diagnostic utility. In recent decades, it has been replaced by echocardiography, which provides a fuller and quantitative cardiac hemodynamic assessment.

Ballistocardiography

Ballistocardiography is the study of the human body's recoil in response to the ejection of blood into the vascular tree [START_REF] Inan | Ballistocardiography and Seismocardiography: A Review of Recent Advances[END_REF]. The field of ballistocardiography aims to monitor patient hemodynamic function at home during normal daily activities in a non-invasive and non-obtrusive way. Although a popular field of research, it has never been used in medical practice.

A Ballistocardiogram (BCG) can be measured as displacement, velocity, acceleration or force, using an accelerometer worn on the body or with a force sensor embedded into everyday objects in contact with the body. Examples of such everyday objects include weighing scales [START_REF] Inan | Non-invasive cardiac output trending during exercise recovery on a bathroom-scale-based ballistocardiograph[END_REF], chairs [START_REF] Koivistoinen | A new method for measuring the ballistocardiogram using EMFi sensors in a normal chair[END_REF], or beds [START_REF] Lydon | Robust heartbeat detection from in-home ballistocardiogram signals of older adults using a bed sensor[END_REF]. The BCG represents a peripheral hemodynamic signal and is commonly recorded along the three anatomical axes: the posterior-anterior axis, the medial-lateral axis, and the longitudinal axis, although most commonly it is recorded along this last axis. The BCG changes in morphology and amplitude with the orientation of the acceleration measurement axis, as well as with the site of the sensor. A typical longitudinal axis BCG waveform recorded using a modified weighing scale is shown in Figure 3.6, along with concurrent the ECG and tri-axial Seismocardiogram.

The peaks and troughs of this BCG are labelled H through L, as presented in Isaac Starr's seminal works in 1939 [START_REF] Starr | Studies on the estimation of cardiac output in man, and of abnormalities in cardiac function, from the heart's recoil and the blood's impacts; the ballistocardiogram[END_REF]. There is no clear consensus regarding the physiological relevance of these fiducial markers, although they are generally reproducible between subjects. Nevertheless, some groups have related the H peak to heart wall motion during systole and that the IJK complex to ventricular ejection and aortic flow [START_REF] Gubner | Ballistocardiography; an appraisal of technic, physiologic principles, and clinical value[END_REF]. Overall, it seems that metrics extracted from the BCG waveform are more related to stroke volume (Pearson correlation coefficient r=0.73) and the blood flow through the vascular tree rather than the blood pressure (r=0.26) [START_REF] Javaid | Elucidating the Hemodynamic Origin of Ballistocardiographic Forces: Toward Improved Monitoring of Cardiovascular Health at Home[END_REF].

Seismocardiography

The Seismocardiogram (SCG) is a specific type of BCG in which accelerometers are placed on the surface of the thorax.

The field of seismocardiography began in the 1960s with the pioneering works of the Soviet researchers B.S. Bozhenko, who coined the term, and later R.M. Baevskii [116][117]. Initial research efforts were intended for the use of the SCG for monitoring of cosmonaut's vital signs as part of the Soviet space program, not by its adoption in clinical practice. Consequently, the SCG had almost no exposure in the medical community, especially in the west. It was only until the 1990s when seismocardiography tried to enter into clinical practice via the commercialisation of SCG monitors by SeisMed Instruments [START_REF] Zanetti | Seismocardiography: a technique for recording precordial acceleration[END_REF]. However, due to the limited divulgation of the concept and the large size and obtrusive nature of the monitoring system, the SCG was never adopted. In 1993 SeisMed Instruments filed for bankruptcy. Approximately two decades later, the field of seismocardiography saw a renaissance in scientific research thanks to advancements in Micro Electro-Mechanical Systems (MEMS) and microcontroller technology.

These technological advancements allowed for the development of small and inexpensive accelerometers that could easily be placed on the body or worn in a minimally obtrusive fashion.

Since 2010 there has been a progressive and significant increase in the number of citations referencing seismocardiography, as is shown in the citation count plot of Figure 3.7. The extent of this increase was so great that, at the time of writing, seismocardiography represented an extremely popular research field with over 300 publications expected for 2019 alone.

Although the SCG is obtained by placing accelerometers on the thorax, there is no established consensus regarding their precise thoracic placement, which has been demonstrated to affect the signal [START_REF] Ashouri | Automatic detection of seismocardiogram sensor misplacement for robust pre-ejection period estimation in unsupervised settings[END_REF]. Thus far, accelerometers have been placed above: the clavicle [START_REF] Castiglioni | Wearable seismocardiography[END_REF], the apex of the heart [START_REF] Wick | A Trimodal System for the Acquisition of Synchronous[END_REF], the midpoint of the sternum [START_REF] Javaid | Quantifying and Reducing Motion Artifacts in Wearable Seismocardiogram Measurements during walking to assess Left Ventricular Health[END_REF], and, most commonly, the xiphoid process [START_REF] Tavakolian | Estimation of hemodynamic parameters from seismocardiogram[END_REF][124] [START_REF] Laurin | Accurate and consistent automatic seismocardiogram annotation without concurrent ECG[END_REF]. The methods used to fixate these accelerometers to the chest have also varied between studies. Reported fixation methods include adhesive tape [START_REF] Dinh | Design of a Seismocardiography Using Tri-Axial Accelerometer Embedded with Electrocardiogram[END_REF], stretchable bands [START_REF] Yang | Combined Seismo-and Gyro-Cardiography: A more comprehensive Evaluation of Heart-Induced Chest Vibrations[END_REF],

or weaving into t-shirts [START_REF] Castiglioni | Wearable seismocardiography[END_REF].

Traditionally SCGs were considered along the posterior-anterior axis, which served as the standard positive axis. However, as tri-axial accelerometers became smaller and less expensive, SCGs began to be recorded along all three anatomical axes. SCG amplitude and morphology have been shown to change significantly along these three anatomical axes, as was seen previously in the SCGs shown in Figure 3.6. This anisotropy of cardiac vibrations was examined in detail in this doctoral thesis as discussed later in Section 3.8. Regardless of the anatomical site of thoracic placement, method of fixation, or measurement axis, the healthy SCG consists of two main complexes: the S1 complex and the S2 complex, corresponding to the heart sound complexes of the same name in the PCG. In addition to these complexes there is also inter-complex and background noise.

Several peaks and troughs can be observed within the S1 and S2 complexes. In 1992 R.S. Crow et al. simultaneously recorded both the SCG and echocardiogram in 39 subjects (28 healthy and 11 cardiomyopathic) [START_REF] Crow | Relationship between Seismocardiogram and Echocardiogram for Events in the Cardiac Cycle[END_REF]. From the echocardiograms, the peaks and troughs of the S1 and S2

complexes were identified as the mitral valve closure (MC), aortic valve opening (AO), rapid ejection (RE), aortic valve closure (AC), mitral valve closure (MC), and rapid filling (RF).

Although these labels quickly gained acceptance, some groups questioned their accuracy due to their inability to reproduce them [129][130]. Reasons proposed by the authors of these studies for their inability to reproduce these labels included inter-subject SCG morphology variability and/or an insufficient echocardiograpic temporal accuracy of the original experiments by Crow et al. In an attempt to resolve this issue, a recent study was performed on 45 healthy subjects in which their ECG, SCG and echocardiograms were simultaneously recorded [START_REF] Sørensen | Definition of Fiducial Points in the Normal Seismocardiogram[END_REF]. The results of this study largely agreed with the original 1992 labels of Crow et al. and showed a mean difference of +4±11ms, -3±11ms and -5±12ms between the SCG labels and the echocardiography reference markers for the MC, AO and AC points respectively. Consequently, the labels are assumed hereafter to be accurate, at least for healthy subjects.

Various cardiac hemodynamic parameters can be extracted from the SCG amplitude, as well as the timings of the different SCG fiducial point labels.

SCG S1 amplitude has been shown to correlate to myocardial contractility given by LV dP/dt max in healthy pig models [START_REF] Bordachar | Validation of a new noninvasive device for the monitoring of peak endocardial acceleration in pigs: Implications for optimization of pacing site and configuration[END_REF] and CHF pig models [START_REF] Gemignani | Transthoracic sensor for noninvasive assessment of left ventricular contractility: Validation in a minipig model of chronic heart failure[END_REF]. In these experiments, dobutamine infusions were administered to the animals to increase myocardial contractility. Dobutamine is a positive cardiac inotrope known to increase heart rate and myocardial contractility [START_REF] Tuttle | Dobutamine. Development of a new catecholamine to selectively increase cardiac contractility[END_REF]. Various measures of SCG S1 amplitude have similarly been shown to correlate with stroke volume [120][123].

Based on the SCG fiducial point labels, systolic intervals can be extracted. Systolic intervals are valuable indicators of cardiac hemodynamic performance and are closely related to stroke volume and myocardial contractility. From the SCG, systolic intervals such as the isovolumic contraction period and left ventricular ejection time, introduced previously in Chapter 1, can be extracted.

Further, if combined with the ECG or EGM, the left ventricular pre-ejection period can also be extracted by measuring the Q-peak to AO interval. These three systolic intervals are shown in the SCG-appended Wiggers diagram of Figure 3.8. The left ventricular pre-ejection period is a particularly useful systolic interval that has been correlated to LV dP/dt max [START_REF] Tavakolian | Myocardial contractility: A seismocardiography approach[END_REF] and stroke volume [START_REF] Cybulski | Stroke volume and systolic time intervals: beat-to-beat comparison between echocardiography and ambulatory impedance cardiography in supine and tilted positions[END_REF], with shorter periods reflecting greater myocardial contractility and stroke volume.

Further, the ratio of left ventricular pre-ejection period to ejection time has also been demonstrated to correlate with ejection fraction [START_REF] Reant | Systolic time intervals as simple echocardiographic parameters of left ventricular systolic performance: Correlation with ejection fraction and longitudinal twodimensional strain[END_REF]. However, to extract the left ventricular pre-ejection period, an electrophysiological signal is required, making it an ECG-dependent or EGMdependent indicator of cardiac hemodynamic activity. If these electrophysiological signals are noisy and the Q-peak cannot be reliably detected, the calculated left ventricular pre-ejection period will be meaningless. In this regard, the amplitude-derived indicators of stroke volume and myocardial contractility are better for use in an independent cardiac hemodynamic monitoring scheme as proposed for the S-ICD.

Endocardial Acceleration

Endocardial Acceleration (EA) is measured using accelerometers inside the heart. It is an invasive technique intended for the monitoring of cardiac hemodynamic performance in transvenous CIEDs such as pacemakers and CRT devices.

More precisely, EA is measured using the MicroPort CRM proprietary SonR™ sensor (Clamart, France). The name was inspired by the sonar acoustic technology implemented in boats and submarines. The SonR™ sensor was originally developed by Sorin Biomedica (Saluggia, Italy) in the early 1990s, when it was referred to as the Biomechanical Endocardiac Sorin Transducer (BEST) sensor, and has seen some developments since.

In its current version, the SonR™ sensor consists of a piezoceramic transducer connected to a micro spring and seismic mass. It is housed in the distal end of an otherwise conventional transvenous pacing lead, as shown in Figure 3.9. The piezoceramic transducer has a flat frequency response from 10Hz to 1kHz and sensitivity of 55mV/g (where 1g = 9.82m/s²). Piezoceramic deformation is measured along a single axis perpendicular to the longitudinal direction of the lead.

Due to the design of this transducer, this deformation can be interpreted similarly to acceleration. Dobutamine was injected to increase myocardial contractility and the resulting changes in the peak-to-trough amplitude of the EA1 complex (PEA I) were measured. PEA I was measured by identifying the maximum (peak) and minimum (trough) points of a fixed window following every detected R-wave. These preliminary experiments were performed first in animals [START_REF] Ochetta | Preliminary experience with a new myocardial acceleration (MA) sensor during dobutamine infusion and exercise test (abstract)[END_REF][139] and then in humans [START_REF] Ochetta | Experience with a New Myocardial Acceleration Sensor during Dobutamine Infusion and Exercise Test[END_REF]. Their results demonstrated a sensitivity of PEA I to changes in adrenergic stimulation produced by dobutamine. Further, changes in heart rate that were not accompanied Given its demonstrated utility as a cardiac hemodynamic sensor, SonR™ has been used for various applications. These are: the adaptation of pacing rate to metabolic demands, the identification of optimal atrioventricular (AV) pacing interval, the identification of optimal interventricular pacing (VV) interval, and the cardiac hemodynamic assessment of different multi-chamber pacing configurations.

As an indicator of myocardial contractility, PEA I is also an indirect measure of the body's metabolic demand in response to stress or exercise. Increased metabolic demand produces an increase in myocardial contractility, which is in turn measured as an increase in PEA I by the SonR™ sensor. Consequently, the SonR™ sensor was used to adapt the pacing rate in pacemakers and CRT devices to meet metabolic demands via an algorithm that translated PEA I amplitudes into the appropriate pacing rates [START_REF] Greco | Clinical Evaluation of Peak Endocardial Acceleration as a Sensor for Rate Responsive Pacing[END_REF]. An implication of this was that, during normal sinus rhythm, PEA I also correlates with heart rate [START_REF] Clementy | Dual Chamber Rate Responsive Pacing System Driven by Contractility: Final Assessment After 1-Year Follow-up[END_REF]. The atria and ventricles of the healthy heart contract in a sequential and coordinated manner in order to maximise contractile efficiency. This ideal sequence of contraction is defined by an optimal Atrioventricular Interval (AVI), which optimises ventricular filling. An impairment of the conduction between the atria and ventricles will affect this ventricular filling. Depending on the severity of this conduction impairment, implantation of a dual-chamber pacemaker may be indicated to pace the atria and ventricles to prevent syncope. This pacing is performed with a programmable, and ideally optimal, AVI. By performing an AVI sweep and measuring PEA I from the SonR™ sensor, a reverse sigmoid characteristic is obtained that is specific to each patient. Thus, for a fixed myocardial contractility, PEA I varies with AVI. This is believed to be related to the degree of mitral valve openness, and thus transmitral flow and ventricular filling.

Studies with echocardiographic recordings suggested that specific points on these PEA I -AVI sigmoids could be used to identify optimal AVI, thus allowing to automatically maximise contractile efficiency [146][147].

Certain CHF patients suffer from an impairment of the inter-ventricular and/or intra-ventricular electrical conduction resulting in dyssynchrony. This results in the diminishing of contractile Thus, in summary, the SonR™ sensor has been used to automatically pace the heart according to metabolic demands, as well as identify optimal pacing configurations, optimal AVIs and optimal

VVIs for ventricular filling. This has allowed for patient-specific therapy that evolves and adjusts itself with the remodelling (or reverse remodelling) of the heart.

Epicardial Acceleration

Accelerometers sutured to the outer surface of the heart, usually above the ventricles, record Epicardial Acceleration (EpiA). This typically requires sternotomy. Thus, the recording of EpiA is extremely invasive and intended for the peri-operative and post-operative monitoring of cardiac hemodynamic performance during and after open-chest surgery procedures.

The field of EpiA monitoring began approximately 15 years ago and is, therefore, the newest of all the cardiac vibration fields [START_REF] Hoff | Measurements of heart motion using accelerometers[END_REF]. Consequentially, it is also the one with the smallest volume of published literature. It has been largely researched by a single group at the Oslo University Hospital, in Norway [START_REF] Halvorsen | Feasibility of a three-axis epicardial accelerometer in detecting myocardial ischemia in cardiac surgical patients[END_REF].

Like the PCG, SCG, and EA, the EpiA signal consists of a large S1 complex and a small S2 complex, as shown in Figure 3.12. EpiA is usually measured using multi-axial accelerometers, which, given the open-chest conditions, can be oriented along the cardiac axes (longitudinal, radial, and circumferential) rather than the anatomical axes. Unlike the other cardiac vibrations, the EpiA signal has often been integrated to consider epicardial velocity or displacement.

Thus far, metrics extracted from the EpiA signal, or its velocity and displacement integrals, have allowed for the detection of myocardial ischemia [START_REF] Halvorsen | Detection of myocardial ischaemia by epicardial accelerometers in the pig[END_REF] and have been correlated to local and global myocardial contractility [156][157].

Comparisons and Interrelations between Different Cardiac Vibrations

There are significant similarities between the PCG, BCG, SCG, EA, and EpiA, which are believed to be closely related. Cardiac hemodynamic parameters such as stroke volume, contractility, or systolic intervals can in principle be estimated from most or all of them (to varying extents).

As already stated, the SCG is a specific type of BCG recorded on the thorax. In fact, the SCG has been referred to as the sternal BCG [START_REF] Mckay | Sternal acceleration ballistocardiography and arterial pressure wave analysis to determine stroke volume[END_REF]. As the BCG sensor is placed further from the sternum, however, differences between the two signals increase, particularly if the sensor is placed offbody. In such cases, the underlying phenomena producing the signals differ. The BCG is a lowfrequency signal, typically considered between 1 -20Hz.

The PCG has been closely related to the SCG, although there is disagreement as to just how closely. Both signals are recorded from sensors placed on the chest. Although the underlying sensing mechanisms differ (i.e. the passive transmission of audible vibrations in a stethoscope vs an active accelerometer sensor), they record similar phenomena. The PCG is, by definition, an audible signal and thus is defined within the audible range of frequencies (i.e. 20-20,000Hz). In contrast, some groups believe that the SCG should reflect only the movements of the myocardial wall and heart valves, and thus only infrasonic frequencies below 20 or 25Hz should be considered [159][160]. These groups believe that audible frequencies above this threshold are generated by different, although related, phenomena such as the flow of blood through the heart chambers, and its turbulence following the closing of the mitral and aortic valves. Other groups believe that the audible frequencies should still be considered as high-frequency SCG components [START_REF] Castiglioni | Wearable seismocardiography[END_REF]. In the context of CIEDs, higher-frequency accelerations are likely more protected than lowerfrequency accelerations from contamination by movement artefacts. Further, as discussed later in Chapter 4, thoracic accelerometer signal components below 1Hz correspond to breathing and thus should be removed. However, higher frequencies require faster sampling in order to satisfy the Nyquist criterion, which is more costly. There is a trade-off. MicroPort CRM consider a bandwidth of 10-110Hz for the SonR™ sensor. The lower 10Hz limit is imposed by an intrinsic high-pass pole of the piezoceramic transducer [START_REF] Sacchi | Hemodynamic Sensor in Cardiac Implantable Electric Devices : The Endocardial Accelaration Technology[END_REF]. Various studies were also performed using an external/surface embodiment of the SonR™ sensor, which recorded the posterior-anterior SCG for the assessment of the feasibility of using systolic intervals for CRT optimisation [START_REF] Giorgis | Analysis of cardiac micro-acceleration signals for the estimation of systolic and diastolic time intervals in cardiac resynchronization therapy[END_REF][163] [START_REF]Endocardial acceleration (SonR) vs. ultrasound-derived time intervals in recipients of cardiac resynchronization therapy systems[END_REF]. These studies assumed that insights gained from the SCG could be extrapolated to the EA. Interestingly, an energy envelogram approach was used for the estimation of valve opening and closing times rather than the original fiducial markers of Crow et al [START_REF] Crow | Relationship between Seismocardiogram and Echocardiogram for Events in the Cardiac Cycle[END_REF]. The authors of the surface SonR™ studies did not agree with these original markers due to their inability to reproduce them. Two reasons are suggested for this disparity in this particular study. First, the SCG frequencies considered in these studies ranged either from 15-100Hz or 15-150Hz. These frequency bands are much closer to the SonR™ EA frequency band than to the typical frequency band that was used to identify the fiducial markers of the SCG signal. Most of the low-frequency power arising from movements of the myocardial wall were likely filtered out. Secondly, the fiducial markers defined by Crow et al., and later verified in recent years [START_REF] Sørensen | Definition of Fiducial Points in the Normal Seismocardiogram[END_REF], were largely extracted from healthy subjects, not CHF patients.

Desynchronised ventricles likely affected the SCG morphology.

EA has also been compared to the EpiA in one experiment in a single sheep [START_REF] Brancato | Biocompatible Packaging of an Epicardial Accelerometer for Real-time Assessment of Cardiac Motion[END_REF]. EA was not recorded using the SonR™ sensor, however. It was measured using a prototype sensor consisting of a tri-axial accelerometer in the right ventricular free wall that was implanted from an epicardial puncture access following a sternotomy. Similarly, EpiA was recorded using another prototype sensor consisting of the same accelerometer sutured to the outer right ventricular free wall. Both prototype sensors were implanted in close proximity to one another and with their three acceleration measurement axes parallel to the cardiac axes. Temporal and spectral analysis of the EA and EpiA signals during baseline conditions demonstrated greater S1 peak-to-trough amplitude and higher frequencies in the EA compared to the EpiA. No explanation was provided for these differences. However, since the EpiA prototype sensor was not in physical contact with the blood like the EA prototype sensor, it is likely that these observed differences were partly due to the absence of blood turbulence on the EpiA compared to the EA. In addition, the arrangement of myocardial muscular fibres differs between the endocardium and epicardium, thus enabling the rotation of the heart during its cycle. It is possible that this could also have affected the recorded cardiac vibrations. Despite these observed spectral differences, no bandwidth has been formally suggested for EpiA, either by this particular group or others. However, since EpiA is intended for the peri-operative or post-operative monitoring, little or no movement artefacts are expected.

Consequently, frequencies as low as 1Hz may be safely considered for the EpiA. More data is required to suggest an upper-frequency limit. However, based on the spectral analysis in the single sheep study, there seemed to be relatively little spectral power beyond 50-60Hz.

An indicative overview of the above discussion is provided in Figure 3 

Chapter Research Aims and Layout

This chapter is the largest of the doctoral thesis. Thus, for clarity, its aims and layout are clearly presented here.

The principal aims of the subcutaneous cardiac hemodynamic monitoring scheme presented in this chapter were the following:

1. The development of two hermetic tri-axial accelerometer prototype sensors compatible with the established S-ICD concept (Section 3.2).

2. The acute implantation of the two prototype sensors in three pre-clinical animal experiments (Section 3.3).

3. The characterisation of subcutaneous cardiac vibrations recorded using the prototype sensors and their comparison to the SCG and EA (Section 3.4).

4. The physiological validation of the recorded subcutaneous cardiac vibrations by means of their correlation to myocardial contractility (Section 3.5).

5. The optimization of the recorded subcutaneous cardiac vibrations by their filtering with preliminary optimal bandwidths (Section 3.7) and the projection of their tri-axial components along a patient-specific reference frame that accounts for the observed anisotropy of cardiac vibrations (Section 3.8).

6. The development of an autonomous algorithm for the detection of ventricular tachyarrhythmia exclusively from a subcutaneous accelerometer sensor (Section 3.9).

7. The proposition of a cardiac hemodynamic VT/VF detection scheme and its integration into the cardiac electrophysiological VT/VF detection scheme presented at the end of Chapter 2 (Section 3.9).

Development of Two Subcutaneous Cardiac Vibration Prototype Sensors

To record and then evaluate subcutaneous cardiac vibrations, suitable hermetic accelerometer sensors had to be developed. This section describes the preliminary implantation of conventional (i.e. intracardiac) SonR™ sensors in the subcutaneous space, and how this motivated and guided the development of two different tri-axial prototype sensor embodiments compatible with the established S-ICD concept. The experiment was performed on a single healthy dog (Golden Retriever, female, 2 years 27kg), at the Institut Mutualiste Montsouris de Recherche, in Paris, France. All procedures were approved by the local institutional ethics committee. A brief overview of the experiment is provided here. The detailed protocol is given in Appendix 3.1.

Preliminary Subcutaneous SonR™ Implantation

The animal was put under general anaesthesia, placed in the supine position, intubated, and ventilated at a fixed rate and tidal volume. Two SonR™ leads were implanted subcutaneously.

Although intended for intracardiac implantation, the SonR™ sensor nevertheless embodies a hermetic piezoceramic transducer and therefore it could also be implanted subcutaneously. The first SonR™ lead was implanted 20mm parasternally on the left such that the piezoceramic transducer lay at the height of the fourth intercostal space. Such a configuration resembled that of the current S-ICD lead and the fourth intercostal space achieved the shortest distance between the SonR™ sensor and the ventricles. The second SonR™ lead was implanted at the same height, on the midline of the sternum, and 20mm to the right of the first.

For each SonR™ lead, a small incision was performed approximately 150mm caudally to the final sensor site and a tunnel was created in the longitudinal sense using a pacemaker lead tunnelling tool. The tunnelling tool was removed, but the passing straw of the tool was left inside the tunnel so that the SonR™ leads could be advanced down its lumen. With the aid of radioscopy, the sensors were advanced until they lay at their desired sites. The passing straw tool was then pulled out, leaving the distal 150mm of the leads in the subcutaneous space. These subcutaneous SonR™ sensors were implanted with unknown orientations, and thus the alignment of their acceleration measurement axes on the transverse plane was not known.

A surface embodiment of the SonR™ sensor, as detailed in [START_REF] Mabo | Surface SonR signal: A new tool for non invasive estimation of systolic and diastolic time intervals in CRT patients[END_REF], was also attached to the chest of the animal using a conventional ECG electrode as an adhesive. This allowed to record the SCG along the posterior-anterior axis. The first ECG derivation was also simultaneously recorded.

The acquisition of all signals was performed using an MP35 (BIOPAC) ADC. All signals were A dobutamine infusion was also administered to the animal to observe whether the increase in myocardial contractility produced a corresponding change in S1 peak-to-trough amplitude, as with the SCG and EA. This infusion lasted for 10 minutes and was administered in increasing dosages, from 5 to 30μg/kg/min. The S1 peak-to-trough increased accordingly and resembled that seen previously in Figure 3.11.A. Although this preliminary observation supported the physiological relevance of subcutaneous cardiac vibrations, without a simultaneous measure of myocardial contractility such as LV dP/dt max no correlations could be quantified.

Overall, this preliminary recording of subcutaneous cardiac vibrations served its intended purpose. Practical experience implanting sensors in the subcutaneous space was gained and the following experimental concerns addressed in future experiments were identified:

• The suturing of the leads to the skin to prevent their rotation and/or movement.

• The need for LV pressure for quantifying the relation to myocardial contractility.

• The development of tri-axial sensors to assess the effect of measurement orientation. 

Development of tri-axial Subcutaneous Accelerometer Sensors

Based on these concerns, and the widespread use of tri-axial accelerometers in the various fields of cardiac vibrations reviewed previously in Section 3.1, two subcutaneous tri-axial accelerometer prototype sensors were developed.

A commercially available, MEMS tri-axial, analogue accelerometer was selected for this purpose:

the ADXL337 (Analog Devices). An analogue accelerometer was preferred over a digital one due to its ease of use and flexibility when interfacing with an ADC of variable sampling rate. This particular analogue accelerometer was chosen based on its small size (3 x 3 x 1.5mm), its low power (300μA), and its high sensitivity (300 mV/g, ± 3g). It is shown in In their off-the-shelf state, these capacitors had capacitances of 0.1μF, thus producing a corner frequency of 50Hz. This was well into the desired 10-110Hz preliminary bandwidth. These capacitors were therefore changed to 20nF capacitors to raise the corner frequency to 250Hz.

Unlike the SonR™ piezoceramic transducer, the ADXL337 was based on MEMS technology and thus did not feature an intrinsic high-pass pole like the SonR™ sensor has at 10Hz. This allowed to record low frequency respiratory accelerations as seen later in Chapter 4.

Two different subcutaneous prototype sensor embodiments were developed using the ADXL337 accelerometer: a Lead and a Can. These two particular embodiments were chosen as they both mimic elements of the established S-ICD concept and thus represent feasible embodiments where such a sensor might exist. Further, both prototype sensors differed significantly in mass. This allowed to evaluate the effect thereof on the recorded subcutaneous cardiac vibrations.

Subcutaneous Lead Prototype Sensor

For the subcutaneous Lead prototype sensor, the accelerometer was dismounted from its evaluation board and glued to the distal tip of a commercial cardiac pacing lead tip (Figure 3.16.A). Insulated copper wires were soldered to the accelerometer terminals, and wound around the cardiac pacing lead towards its proximal end. The accelerometer and lead were hermetically 

Subcutaneous Can Prototype Sensor

For the Can prototype sensor, an empty Platinium™ ICD (MicroPort CRM) casing was used. A scaffold intended to hold the ADXL337 evaluation board was designed on SolidWorks™ (Dassault Systèmes) and 3D-printed in acrylonitrile butadiene styrene. This scaffold was glued to the inside of the can. The evaluation board (with the accelerometer still mounted on it) was then fixed to the scaffold. Lead weights were then glued to the scaffold to recreate the worst-case scenario weight of a typical Platinium™ ICD (98g) [START_REF] Microport | PLATINIUM 4LV SonR CRT-D[END_REF]. Insulated copper wires were soldered to the evaluation board's pins corresponding to the power supply line, the ground line, and the three x, y, and z acceleration components. These were drawn out of the can via its feedthrough hole.

Signal read-outs were performed from 2mm pins attached on the proximal ends of these wires.

Two external 1.5V AA batteries were connected to these in order to power the sensor. The Can was then hermetically sealed using silicone gel. The Can prototype sensor is shown in various stages of construction in Figure 3.17.

Both prototype sensors were tested by taping them to the chest of a healthy volunteer at sites equivalent to those of an S-ICD. They were able to record cardiac vibrations with S1 and S2

complexes visible across all three axes to varying extents. 

Acute Animal Experimental Protocols

Two sets of acute animal experimental protocols were performed on a total of three animals to record subcutaneous cardiac vibrations from the two tri-axial prototype sensors introduced in the previous section, as well as from subcutaneously implanted SonR™ sensors. These two acute animal experimental protocols generated all the subcutaneous cardiac vibrations used towards the remaining research aims of this chapter. Thus, given their importance, they are described in detail in this section. Pressure-volume catheters were then implanted in the right and left ventricle using the same subclavian venous access and a femoral arterial access, respectively. Acquisition of LV pressure allowed to compute LV dP/dt max and thus estimate myocardial contractility.

At this point, two 150μg boluses of dobutamine were injected in the dog, with a brief recovery period between them. This provoked an increase in myocardial contractility that allowed for the quantification of the correlation between the various cardiac vibrations and LV dP/dt max. LBBB was then induced in the animal via radio-frequency ablation from an electrophysiological catheter temporarily advanced into the left ventricle. This drastically impaired cardiac hemodynamic performance as evidenced by a sharp drop in LV dP/dt max.

Next, the 3D prototype sensors were implanted in the same subcutaneous pocket of the left ventral-lateral surface. This particular site was chosen as it achieved a similar distance and projection to the heart as an S-ICD can would in a human patient. Both sensors were implanted the same pocket in order to examine the effect of the sensor mass on the recorded cardiac vibrations. First, the 3D Can was implanted. Its 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦 , and 𝐮𝐮 � �⃗ 𝑧𝑧 acceleration measurement axes lay parallel to the longitudinal axis, the anterior-posterior axis, and perpendicular to the surface of the thorax, respectively. Then, the 3D Lead was implanted immediately next to the 3D Can, with approximately the same acceleration measurement axes alignments.

At this point, all sensors were implanted as shown in the X-Ray of Figure 3.19.

Following several manipulations unrelated to the present work, the dog was sacrificed via a VF induction. This VF was induced by stimulating the ventricles with the RV SonR™ lead at 50Hz. Thus, subcutaneous cardiac vibrations during VF were also recorded. This was very relevant to the S-ICD application and allowed the development of the world's first and, at the time of writing, only VF detection algorithm operating solely on cardiac vibrations, discussed later in Section 3.9.

All physiological signals were sampled at 1kHz continuously throughout the experiment using a This main objective of this experimental protocol was the recording of subcutaneous cardiac vibrations. The experimental protocol was not shared with any other research groups.

Consequently, it was considerably simpler than that of the dog and the condition of the pigs was much more representative of those of an S-ICD patient.

The experimental protocols of both pigs were very similar, except in two points. At the beginning of the experiment, the animals were put under general anaesthesia, intubated, and ventilated at a fixed rate of 14-15 breaths per minute. As already stated, pig no. 2 underwent various additional respiratory manipulations that are discussed in detail in Chapter 4. ECG leads I, II and III, core body temperature, and respiratory gases were monitored continuously. Unlike in the dog, all the sensors of the two pig experiments were implanted at the start of the experiment. This greatly simplified the analysis and interpretation of the recorded signals.

First, a SonR™ sensor was implanted subcutaneously along the sternum midline in the same way as in the preliminary subcutaneous SonR™ implantation experiment presented previously in Section 7. It lay at the height of the 3 rd intercostal space, as close as possible to the ventricles. In pig no.1, the sensor was mistakenly implanted with unknown orientation. In pig no. 2, the sensor was implanted with its acceleration measurement axis aligned with the posterior-anterior axis.

The 3D Lead was then implanted 10-20mm parasternally to the left of the subcutaneous sternal SonR™ sensor. This was done by performing a small incision approximately 8cm caudally to the final sensor site, creating a subcutaneous tunnel with a pacemaker tunnelling tool, and carefully introducing distal end of the 3D Lead with forceps. The 3D Lead's 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦, and 𝐮𝐮 � �⃗ 𝑧𝑧 acceleration measurement axes lay parallel to the medial-lateral, longitudinal, and posterior-anterior axes, respectively. Due to a faulty connection in the ADXL337 evaluation board, no signal was recorded along the 𝐮𝐮 � �⃗ 𝑧𝑧 measurement axis for pig no. 1. To compensate for this, a SonR™ sensor was implanted immediately next to the 3D Lead, in the same subcutaneous tunnel, with its acceleration measurement axis parallel to the posterior-anterior axis.

Next, a surface embodiment of the SonR™ sensor was attached to the chest of the animal directly above the subcutaneous sternal SonR™ sensor using a conventional ECG electrode as adhesive.

The intracardiac sensors were then implanted. A SonR™ lead was implanted in the right ventricle from a subclavian venous access. It recorded RV EA. Using the same subclavian access, a commercial pacing lead was also implanted in the right ventricle to perform ventricular pacing.

In pig no. 2 a SonR™ lead was additionally implanted in the right atrium using the same subclavian access to record RA EA and pace the atria to simulate SVT.

A Ventricath™ (Millar) PV catheter was implanted in the left ventricle from a left carotid arterial access. However, it broke during implantation in pig no. 1 and was thus explanted. Hence, LV pressure was only recorded in pig no. 2. LV volume was not recorded from the catheter.

Finally, the 3D Can was implanted subcutaneously along the middle axillary line at the height of the 3 rd intercostal space. This was achieved by performing an incision along the anterior axillary line and creating a subcutaneous pocket manually. The 3D Can was inserted in this pocket with its 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦 , and 𝐮𝐮 � �⃗ 𝑧𝑧 acceleration measurement axes parallel to the longitudinal axis, the posterioranterior axis, and perpendicular to the surface of the thorax, respectively. The incision was sutured shut whilst allowing a small gap through which the sensor's connections could pass.

At this point, all sensors were implanted, and are shown in the X-Rays of Figure 3.21.

With the pigs in stable condition, three dobutamine boluses of varying doses were injected. These provoked an increase in myocardial contractility that could be correlated from the cardiac vibrations. The precise doses are given in Section 3.5, where LV dP/dt max correlations are calculated. Then, three dobutamine infusions of successively increasing doses were administered.

These doses are specified later in Section 3.8 and lasted for several minutes each.

For pig no. 2, various respiratory manipulations were performed at this point. Ventilation rate and tidal volume were altered and apnoea was simulated as detailed in Chapter 4.

Following a stabilisation period, several tachycardias were simulated. For pig no. 

Characterisation of Subcutaneous Cardiac vibrations

Without first understanding the subcutaneous cardiac vibrations by comparing them to other cardiac vibrations (i.e. the SCG and EA) and determining whether they hold any physiological value, it was pointless to attempt to use them for cardiac performance monitoring in a CIED.

Thus, in this section, the recorded subcutaneous cardiac vibrations are characterised according to four different signal-quality metrics. Then, in the next section, they are physiologically validated by computing their linear correlation to myocardial contractility as estimated by LV dP/dt max. Only recordings lasting 30-300 seconds during baseline conditions were considered for the characterisation of the cardiac vibrations. Baseline conditions were defined as those where the animal's cardiac hemodynamic state was resting and stable. In theory, this was defined as a resting average LV dP/dt max whose standard deviation that did not exceed 15%. In practice, this meant no SVT, no VT, no dobutamine, no respiratory manipulations, and no ventricular pacing. Ventricular pacing is known to change S1 morphology in EA signals and is also not representative of an S-ICD. Recordings where only the right atrium was paced below 120bpm, however, were considered as baselines. If the atrial pacing occurred at a rate of 120bpm or above, the recordings were instead considered as an SVT.

As stated in the previous section, the recorded signals were exported from their ADCs to Matlab™ for offline processing. No pre-processing was performed by the ADCs during the acquisition. Some pre-processing was performed on Matlab™ before the signals were characterised, however.

Methods: Pre-processing

As stated previously, the SonR™ piezoceramic transducers feature an intrinsic high-pass pole at 10Hz. Thus, it would not be valid to compare their cardiac vibrations below this frequency to those of the MEMS-based 3D prototype sensors where no such high-pass pole exists. Hence, all cardiac vibrations from all sensors were front-back filtered with a 2 nd order Butterworth bandpass filter with corner frequencies at 10 and 110Hz. This bandwidth corresponded to the traditional SonR EA™ bandwidth. The front-back filtering ensured no phase shift was introduced.

From the filtered x, y, and z acceleration components of the 3D prototype sensors, the tri-axial acceleration magnitude signal mag was calculated. This tri-axial acceleration magnitude is expressed in Equation 3.1 for the 3D Lead, in Equation 3.2 for the 3D Can. Calculating these magnitudes offered a measure of tri-axial acceleration that was invariant of acceleration measurement orientation and therefore of the sensor's implantation orientation. Tri-axial cardiac vibration magnitudes have already been considered in the past, as discussed later in detail Section 3.8. Since such tri-axial acceleration magnitudes are by definition all-positive signals, the notion of peak-to-trough amplitude is lost as it becomes merely amplitude. Therefore, mag amplitude was typically smaller than, for example, z peak-to-trough amplitude.

Equation 3.1

𝐦𝐦𝐦𝐦𝐞𝐞 𝑐𝑐𝑠𝑠𝑐𝑐𝑙𝑙 = �𝐱𝐱 𝑐𝑐𝑠𝑠𝑐𝑐𝑙𝑙 2 + 𝐲𝐲 𝑐𝑐𝑠𝑠𝑐𝑐𝑙𝑙 2 + 𝐳𝐳 𝑐𝑐𝑠𝑠𝑐𝑐𝑙𝑙 2 Equation 3.2 𝐦𝐦𝐦𝐦𝐞𝐞 𝑐𝑐𝑐𝑐𝑚𝑚 = �𝐱𝐱 𝑐𝑐𝑐𝑐𝑚𝑚 2 + 𝐲𝐲 𝑐𝑐𝑐𝑐𝑚𝑚 2 + 𝐳𝐳 𝑐𝑐𝑐𝑐𝑚𝑚 2
These magnitude signals, as well as all other cardiac vibration channels, were already shown previously in Figure 3.22 for a typical baseline recording of pig no. 2. The tri-axial acceleration magnitudes of the 3D prototype sensors were all-positive and their amplitude was smaller than the peak-to-trough amplitude of their largest constituent acceleration component, as expected.

Methods: Characterisation Metrics

Four signal-quality metrics were used to characterise the different cardiac vibrations:

• S1 peak-to-trough amplitude

• S1 signal-to-noise ratio

• Cycle-to-cycle morphological variability

• Spectral distribution

These metrics closely resembled those described in Chapter 2 of the same name. They were calculated as follows for the different cardiac vibrations of all recorded baselines.

First, the ensemble-average cardiac vibration cycle 𝐞𝐞̅ was calculated. The R-waves of the cleanest ECG derivation signal ecg were detected using a Pan-Tompkins scheme [START_REF] Pan | A Real-Time QRS Detection Algorithm[END_REF]. Detected R-waves were considered ectopic and discarded if their RR interval was 15% greater or smaller than the median RR interval of the previous five detected R-waves. These R-wave detections allowed to segment the cardiac vibrations into B (non-ectopic) cycles. This number B varied between baseline recordings. Next, the B cycles of the cardiac vibrations were cut down to the shortest cycle length of that baseline recording (i.e. the minimum non-ectopic RR-interval). The ensembleaverage cycle 𝐞𝐞̅ of each of the different cardiac vibrations was then calculated according to Equation 3.3, where i refers to a particular sample, 𝐞𝐞 𝑏𝑏 refers to a particular cycle b, and 𝑅𝑅𝑅𝑅 min is the minimum RR interval in samples.

Equation 3.3 𝐞𝐞̅ (𝑖𝑖) = 1 𝐵𝐵 ∑ 𝐞𝐞 𝑏𝑏 𝐵𝐵 𝑏𝑏=1 (𝑖𝑖) ∀ 𝑖𝑖 ∈ ℤ [1 𝑅𝑅𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚 ]
By plotting these ensemble average cycles on top of the B constituent cycles, the S1 and S2

components' start and end points were manually labelled as in Figure 3.23. These S1 and S2

windows were then applied on each of the B constituent cycles to then compute S1 peak-to-trough amplitude and S1 signal-to-noise ratio for each individual cycle. S1 peak-to-trough Amplitude Calculation S1 peak-to-trough amplitude 𝑠𝑠1 𝑏𝑏 of a particular cycle b was calculated by taking the difference between the maximum (peak) and minimum (trough) points within the manually-defined S1

windows. The mean S1 peak-to-trough amplitude 𝑠𝑠1 ��� was then calculated by computing the mean across the B cycles. S1 peak-to-trough amplitude standard deviation was also calculated.

S1 Signal-to-noise Ratio

As seen previously in Section 3.1, several systolic activity parameters can be extracted from the S1 complex. It was, therefore, this part of the cycle that was considered as the signal-of-interest and was denoted ς. The S2 component is not noise, however. Although it does not contain the same amount of systolic information as the S1 component, it is nevertheless of cardiac origin and cannot be considered noise. Consequently, for the calculation of the signal-to-noise ratio, the S2 components were removed from each cycle. The remaining parts of the signal (i.e. everything except S1 and S2) were defined as the (inter-complex) noise and denoted ρ. The signal-of-interest, removed S2, and noise of a 3D Lead z acceleration component cycle is labelled in Figure 3.24 for the same baseline of pig no. 2.

Signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 was calculated as the ratio of the mean-square values of ς and ρ, as in Equation 3.4, where Z is the total number of samples in ς, and P is the total number of samples l in ρ.

Equation 3.4

𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏 = 1 𝑍𝑍 ∑ 𝛓𝛓 𝑏𝑏 2 (𝑚𝑚) 𝑍𝑍 𝑖𝑖=1 1 𝑃𝑃 ∑ 𝛒𝛒 𝑏𝑏 2 (𝑚𝑚) 𝑃𝑃 𝑖𝑖=1
The mean signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was then computed by taking the mean of the B individual signal-to-noise-ratios in that particular baseline recording. The 𝑠𝑠𝑠𝑠𝑠𝑠 ����� represents the ease of detecting the S1 complex from the inter-complex noise. This is especially important for an independent cardiac hemodynamic assessment as desired in an S-ICD. 

Cycle-to-Cycle Morphological Variability

The calculation of the cycle-to-cycle morphological variability was based on the root-meansquare-error. For a particular cycle b, the normalised error signal 𝛆𝛆 � 𝑏𝑏 was calculated as in Equation 3.5. Normalisation by the S1 peak-to-trough amplitude 𝑠𝑠1 𝑏𝑏 allowed for meaningful comparisons of variability across cardiac vibrations channels with different S1 peak-to-trough amplitudes. The root-mean-square (RMS) was calculated for each cycle's normalised error to produce a series of normalised RMS errors for all the cycles of a particular baseline. The cycle-to-cycle morphological variability v was defined as the mean of such a series, as in Equation 3.6. A low variability was desirable as it demonstrated morphological stability, which should reflect the stable cardiac hemodynamic condition of a baseline.

Equation 3.5 𝛆𝛆 � 𝑏𝑏 = 𝐞𝐞 𝑏𝑏 -𝐞𝐞̅ 𝑠𝑠1 𝑏𝑏 Equation 3.6 𝑣𝑣 = 1 𝐵𝐵 ∑ RMS{𝛆𝛆 � 𝑏𝑏 } 𝐵𝐵 𝑏𝑏=1
Variability is inversely related to signal-to-noise ratio but they do not represent the same phenomenon. A signal may demonstrate a large signal-to-noise ratio and low variability if its S1 complex is large compared to the inter-complex noise but its morphology varies between cycles.

Spectral Distribution

Spectral distribution was computed for the entire cycle of the cardiac vibrations using identical methods to those presented previously in Chapter 2 for the PQRST segment of the ECG. However, both the total bandwidth and the number of frequency bands considered were different. Three frequency bands were considered spanning from 10-110Hz, the traditional SonR™ EA bandwidth. These three bands were: 10-40Hz, 40-80Hz, and 80-110Hz. They were defined semiarbitrarily to capture an approximately equal share of the total bandwidth.

As already stated, the healthy heart's typical cardiac vibration cycle consists of an S1 and S2 complex, as well as inter-complex and background noise. The entire cycle spectral distribution contains all of these phenomena. It was also interesting, however, to investigate the spectral distribution of the signal-of-interest (i.e. the S1 complex) only, without the effect of S2 or intercomplex noise. To this end, the short-term FFT was used to obtain the S1 spectral distribution.

The manually-defined S1 complexes of the B cycles were concatenated together to form a new artificial S1 signal. The short-term FFT of these S1 signals was calculated using a nonoverlapping window of width equal to the manually-defined S1 complex width. This allowed to produce an FFT magnitude spectrogram. The spectrogram consisted of 2D array represented as an image. The ordinate of these arrays represented frequency; the abscissa represented the cycle index. The colour of a particular cell represented the FFT magnitude at that frequency. Thus, the columns were essentially FFT magnitude functions for that cycle's S1 complex. An exemplary such S1 complex spectrogram is shown in Figure 3.25 for the same baseline of pig no. 2. Additional information could also be inferred from the amount of overlap between the areas under the entire cycle and S1 PSD functions. If the amount of overlap was great, the contribution of the S1 complex to the entire cycle was great, and thus so was the signal-to-noise ratio. Conversely, if the area under the S1 complex PSD function was much smaller than the area under the entire cycle PSD function, signal-to-noise ratio was poor. This is clearly exemplified in the 3D Can z component's entire cycle mean PSD function of Figure 3.26, which extended much further into higher frequencies than the other cardiac vibrations. However, its S1 complex mean PSD approached zero before 40Hz. Therefore, there is a significant difference between the overlap of the areas under both curves. This was premonitory of the poor signal-to-noise ratio of this particular cardiac vibration channel.

Results

44 baseline recordings comprising a total of 9225 cycles were analysed across the three animals of the two experimental protocols. The baseline recordings were evenly spread throughout their respective experimental protocols. 22 baseline recordings consisting of 2386 cycles were analysed for the dog. 10 of these baseline recordings corresponded to the baseline recordings before the LBBB was induced, and thus did not contain signals from the 3D prototype sensors as they hadn't been implanted yet. The remaining 12 baselines corresponded to the baseline recordings after LBBB was induced, and contained signals from the 3D prototype sensors. 9 baseline recordings consisting of 3233 cycles were analysed for pig no. 1, and 13 baseline recordings consisting of 3602 cycles were analysed for pig no. 2.

The results are presented in four coloured tables corresponding to each of the four different signal metrics. The values in the cells of these tables represent that particular cardiac vibration's signal metric and its standard deviation computed across all the baselines of that animal's experimental protocol.

These averages were calculated as weighted means. The weights reflected the number of cycles in the baseline relative to the total number of cycles from all the baselines of that animal.

The cells of the tables were coloured to reflect the magnitude of the average signal metric of that particular cardiac vibration compared to the average signal metrics of the other cardiac vibrations recorded in that animal. More precisely, the richer the colour of a particular cell, the greater the magnitude of that particular cardiac vibration's average signal metric compared to the other cardiac vibrations recorded in that animal.

In general, the average signal metrics varied significantly between animals. Therefore, interanimal comparisons were not made directly. Instead, intra-animal comparisons were first made between the different cardiac vibrations. Then these interrelations were compared across animals to identify patterns.

S1 peak-to-trough Amplitude

The average 𝑠𝑠1 ��� values are given in Table 3.1.

Average 𝑠𝑠1 ��� was greatest for the EA of the intracardiac SonR™ sensors. This was expected as these sensors were closest to the various physiological sources of the signal outlined previously in Section 3.1. Moreover, the RV SonR™ EA 𝑠𝑠1 ��� was always greater than RA SonR™ EA 𝑠𝑠1 ��� , possibly due to the effect of the right ventricular blood turbulence not present in the right atrium.

The SCG of the surface SonR sensor™ and cardiac vibrations of the subcutaneous sternal SonR™ sensor and parasternal sensors (SonR™ and 3D Lead) all demonstrated comparable average 𝑠𝑠1 ��� when compared along the posterior-anterior axis.

For the subcutaneous parasternal 3D Lead, average 𝑠𝑠1 ��� was always smallest for its y acceleration component (corresponding to the longitudinal axis).

Across all cardiac vibration channels, average 𝑠𝑠1 ��� was always smallest for the subcutaneous signals of the 3D Can. This was perhaps due to the combined effect of large distance between the sensor and the various physiological sources of the signal, and the large mass of the sensor. This hypothesis is examined further in the end of this subsection. In the dog, LBBB induction decreased average 𝑠𝑠1 ��� for all cardiac vibrations. This was expected as cardiac hemodynamic performance is impaired by LBBB. This observation already served as a preliminary physiological validation of the subcutaneous cardiac vibrations.

Signal-to-noise Ratio

The average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� values are given in Table 3.2.

Average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was greatest for the EA signal of the RV SonR™ sensor and the SCG of the surface SonR™ sensor. The RV SonR™ sensor's EA great average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� could be explained by its close proximity to the various physiological sources of the signal. The explanation for the great average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� of the surface SonR™ sensor's SCG however was less obvious. More so when considering how the nearby subcutaneous sternal and parasternal SonR™ sensors did not perform as well.

Two possible reasons are suggested for this disparity. First, in the surface embodiment of the SonR™ sensor, the sensor is encapsulated by a large polymer protection that weighs 8g compared to the 2g of the sensor itself. This protection might introduce additional mechanical filtering of the recorded cardiac vibrations. Second, the surface SonR™ sensor was attached to the chest by fixing it to a solid-gel ECG electrode on the chest. This is very different to inserting a sensor in a subcutaneous tunnel. Perhaps the difference in fixation influenced the recorded cardiac vibrations.

Table 3.2 -Average signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and its standard deviation for the different recorded cardiac vibrations of the two experimental protocols. (*) The acceleration measurement axis of the sternal SonR™ sensor was not known for pig no. 1. ( †) The 3D Lead magnitude of pig no. 1 was calculated from the x and y acceleration components only. ( ‡) Prior to LBBB induction in the dog, 5 baselines were considered for the 𝑠𝑠1 ��� calculation of the intracardiac sensors and 10 baselines were considered for the surface and subcutaneous SonR™ sensors. In two of the three animals, average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was greater for the cardiac vibrations of the subcutaneous parasternal sensors (SonR™ and 3D Lead) compared to those of the subcutaneous sternal SonR™, although both showed similar average 𝑠𝑠1 ��� . In the third animal (i.e. pig no. 2), average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was similar for both sensor sites.

For the subcutaneous parasternal 3D Lead, average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was always smallest for its y acceleration component (corresponding to the longitudinal axis), likely due to its small average 𝑠𝑠1 ��� .

Surprisingly, 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was quite poor for the EA signal of the RA SonR™ despite its close proximity to the various physiological sources of the signal. This does not seem to have an effect on its therapeutic value however for applications such as CRT-optimisation. However, this is likely related to the fact that the CRT-optimisation algorithm does not perform a cardiac hemodynamic performance on a cycle-per-cycle basis. Rather, it considers average values calculated from several cycles. This averaging serves as a form of protection against poor signal-to-noise ratio.

However, such a method is not suitable for a real-time application such as the S-ICD.

For the dog, LBBB decreased average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� for all cardiac vibrations.

Cycle-to-Cycle Morphological Variability

The average 𝑣𝑣 values are given in Table 3.3. Across all the recorded cardiac vibrations, average 𝑣𝑣 was greatest for the signals of the 3D Can.

This was likely related to the small average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� but also to the highly unstable morphology of the S1 complex in these particular cardiac vibrations.

The cardiac vibrations of the subcutaneous parasternal sensors' (SonR™ and 3D Lead) demonstrated smaller average 𝑣𝑣 than the cardiac vibrations of the subcutaneous sternal SonR™ sensor. This was more related to the average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� rather than an unstable S1 complex morphology.

Average 𝑣𝑣 was smallest for the EA of the RV SonR™ sensor, and the SCG of the surface embodiment of the SonR™ sensor. These signals demonstrated the largest average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and also highly stable S1 complex morphologies.

In the dog, LBBB induction increased average 𝑣𝑣 for all cardiac vibrations. LBBB induction was already seen to decrease average 𝑠𝑠1 ��� and 𝑠𝑠𝑠𝑠𝑠𝑠 ����� but the desynchronisation of the ventricles also introduced morphological instability in the S1 complex.

Spectral Distribution

Only the S1 average spectral distribution is presented here in Table 3.4. The entire cycle average spectral distribution is provided in Appendix 3.4. The cells of Table 3.4 are coloured following a different scheme to the previous tables. The richer colour of a particular cell, the greater the relative spectral power of that frequency band compared to the other two frequency bands (for that particular cardiac vibration).

No spectral distributions were calculated for the 3D prototype sensor's magnitudes as these are artificial and all-positive signals. It did not make sense to apply Fourier methods to them.

For all cardiac vibrations, the great majority of S1 spectral power was typically concentrated in the 10-40Hz frequency band. An exception to this was the EA of the RV SonR™ sensor, which often displayed significant power in the 40-80Hz band. A possible explanation for this is blood turbulence in the right ventricle following the closure of the (right) atrioventricular valve. This phenomenon is only present in the ventricles and produces high-frequency vibrations that are easily recorded by the RV SonR™ sensor. Such turbulence is not produced in the right atrium, where smaller pressures are generated. This may explain why the lower-frequency spectral distribution of the RA SonR™ EA, despite how both RA and RV sensors are close to each other.

The distribution of spectral power of the subcutaneous sternal SonR™ cardiac vibration was always shifted towards the higher bands compared to the cardiac vibrations of the parasternal sensors (SonR™ and 3D Lead) when considered along the posterior-anterior axis. This was likely related to the different implantation tissues of these sensors (bone for the sternal sensor vs. soft tissue for the parasternal sensors). This notion is analysed further at the end of this subsection.

Finally, S1 spectral distributions of the 3D Can cardiac vibrations were typically those most shifted towards the lower frequency band (10-40Hz).

Discussion

The subcutaneous sternal and parasternal sensors were implanted only a few centimetres from both the surface and intracardiac sensors. However, from the results presented above, the subcutaneous cardiac vibrations resemble more closely the SCG from the surface SonR™ sensor than the EA from the intracardiac SonR™ sensors. This was clearly seen when comparing their average 𝑠𝑠1 ��� . Average 𝑠𝑠1 ��� was very similar between subcutaneous cardiac vibrations and the SCG.

However, the average 𝑠𝑠1 ��� of the subcutaneous cardiac vibrations was one order of magnitude smaller than that of the RA and RV EA. Hence, to a first-order, subcutaneous cardiac vibrations can be approximated by their supercutaneous equivalents (i.e. SCGs).

The cardiac vibrations of the subcutaneous sternal SonR™ sensor and parasternal sensors (SonR™ and 3D Lead) were similar in terms of average 𝑠𝑠1 ��� when compared along the posterioranterior axis. However, they differed in average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and average 𝑣𝑣. The parasternal sensors produced greater average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and lower 𝑣𝑣 . This would facilitate an independent cardiac hemodynamic assessment, thus making a parasternal sensor embodiment the better candidate for an S-ICD lead application. Moreover, in this way, the lead of the S-ICD would not need to be repositioned above the sternum where it could generate discomfort and/or aesthetic concerns.

Possibly, the 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and 𝑣𝑣 of both the subcutaneous sensors' cardiac vibrations might even improve with time for a chronic implantation as the sensors become encapsulated and properly fixed inside the subcutaneous tissue.

For the parasternal 3D Lead, the y acceleration component corresponding to the longitudinal axis consistently performed worse than the x and z acceleration components in terms of 𝑠𝑠1 ��� , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣. This poor performance raises concerns regarding its utility. The notion of an ideal measurement axis derived from a tri-axial sensor is examined in detail in Section 3.8, where the concept of the systolic mechanical axis is presented.

The S1 spectral distributions for all subcutaneous signals were predominantly concentrated in the 10-40Hz frequency band. Hence, it is not evident that the traditional 10-110Hz EA SonR™ bandwidth is suitable for such cardiac vibrations. Such a bandwidth surpasses that of the signalof-interest, allowing for contamination from high-frequency noise. This concern is addressed further in Section 3.7 where ideal bandwidths are suggested for subcutaneous cardiac vibrations.

The cardiac vibrations of the subcutaneous 3D Can consistently performed the worst in terms of 𝑠𝑠1 ��� , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣 out of all the cardiac vibrations. Hence, for an S-ICD application where a real-time assessment of cardiac hemodynamic performance is required, the 3D Lead embodiment of a cardiac hemodynamic sensor seems preferable over a Can embodiment.

Finally, some preliminary hypotheses regarding the effects of sensor mass, sensor distance to the heart, and implantation tissue on the recorded cardiac vibrations are discussed.

Effect of Sensor Mass

The effect of the sensor mass is best examined by comparing the tri-axial acceleration magnitude average 𝑠𝑠1 ��� of the 3D Can and 3D Lead in the dog experiment. In this experiment, both sensors were implanted in the same subcutaneous pocket and thus were at the same distance from the physiological sources of these cardiac vibrations. By considering the tri-axial acceleration magnitudes rather than the constituent acceleration components, the comparison is protected from any possible misalignments of the tri-axial acceleration measurement axes. 

𝑀𝑀 thorax = 0.103 kg
Although this is a highly simplified model, it nevertheless serves as a possible explanation for the relation between the sensor mass and the measured 𝑠𝑠1 ��� , and highlights the role of 𝑀𝑀 thorax .

In summary, a smaller sensor mass is preferred as it will maximise the measured 𝑠𝑠1 ��� . However, as the distance between the sensor and the heart is increased, the influence of the sensor mass on the measured 𝑠𝑠1 ��� decreases as the mass of the various anatomical elements between the sensor and heart begin to dominate the total mass coefficient. This is consistent with the fact that in ballistocardiography, sensors integrated into chairs are still able to record cardiac vibrations.

Effect of Sensor Distance to the Heart

The effect of the sensor's distance to the heart is best illustrated by considering the average 𝑠𝑠1 ��� of the EA, subcutaneous cardiac vibrations, and SCG. As the sensor is moved away from the ventricles to the atria, 𝑠𝑠1 ��� decreases slightly. Then, as the sensor is moved out of the heart and into the subcutaneous tissue, 𝑠𝑠1 ��� decreases further. This time by a greater amount (one order of magnitude). There is no significant change, however, between the subcutaneous sternal and parasternal average 𝑠𝑠1 ��� , and the surface (i.e. SCG) average 𝑠𝑠1 ��� . This is probably because of the small difference in distance between these sensors and the heart.

The various physiological sources of the signal exist largely within the ventricles. Increasing the distance between the sensor and the ventricles increases the mass between these that must be accelerated to transmit the vibrations. Based on the effects of the mass of the various thoracic elements seen above, this would explain why 𝑠𝑠1 ��� decreases. Further, once the sensor is taken out the heart and inserted in the subcutaneous tissue, myocardial tissue continuity between the various physiological sources and the sensor is lost, thus resulting in a more pronounced 𝑠𝑠1 ��� decrease.

Effect of Sensor Implantation Tissue

The effect of the sensor implantation tissue is best examined by comparing the cardiac vibrations from the subcutaneous sternal SonR™ sensor to those of the subcutaneous parasternal sensors (SonR™ and 3D Lead) along the posterior-anterior axis.

The sternal and parasternal cardiac vibrations demonstrated similar average 𝑠𝑠1 ��� . Thus, sensor implantation tissue does not seem to have an effect on 𝑠𝑠1 ��� , which, based on the above discussions, depends on sensor mass and distance to the heart.

However, the sternal cardiac vibrations demonstrated a higher-frequency average S1 spectral distribution than the parasternal cardiac vibrations. This difference could be due to the difference in implantation tissue: bone for the sternal sensor vs soft tissue for the parasternal sensors.

Possibly, the sternum transmits cardiac vibrations in a way that the intercostal soft tissue does not. This produces high-frequency vibrations that essentially consist of background 'bone noise'.

These bone noise vibrations are recorded by the subcutaneous sternal sensor and might be the cause of the lower average 𝑠𝑠𝑠𝑠𝑠𝑠 ����� , greater average 𝑣𝑣, and higher-frequency average S1 spectral distribution compared to those of the parasternal sensors.

Physiological Validation of Subcutaneous Cardiac vibrations

As seen previously in Section 3.1, the first SonR™ experiments in the 1990s physiologically validated the EA. More precisely, they validated the peak-to-trough amplitude of the EA S1 complex (PEA I) by calculating linear correlation coefficients between it and LV dP/dt max during dobutamine challenges.

Similarly, linear correlation coefficients were calculated here between the S1 peak-to-trough amplitude of the subcutaneous cardiac vibrations and LV dP/dt max during the bolus injections of dobutamine. The same was done for the EA and SCG signals for comparison.

To perform these correlations, LV dP/dt max had first to be calculated. Thus, the first derivative of the LV pressure was computed and front-back bandpass filtered in the 0.5-50Hz range using a 2 nd order Butterworth filter. LV dP/dt max was considered as the maximum amplitude inside a 250ms window immediately following that cycle's detected ECG R-wave.

The linear correlation coefficients were calculated by considering peak-to-trough amplitudes of individual cycles rather than averages calculated from a number of cycles as has been performed

elsewhere [START_REF] Tavakolian | Myocardial contractility: A seismocardiography approach[END_REF]. Thus, for a particular dobutamine bolus, the S1 peak-to-trough amplitudes of all cycles were plotted against their corresponding LV dP/dt max and the linear correlation coefficient between these was calculated. Such an individual-cycle correlation is representative of real-time applications such as an S-ICD. In such an application, time is critical and a cardiac hemodynamic assessment must be performed on a cycle-per-cycle basis rather than on averages computed from several cycles.

As stated previously in Section 3.3, for the dog, two dobutamine boluses of 150μg were injected in before LBBB was induced (and thus before the 3D prototype sensors were implanted). For the two pigs, three dobutamine boluses, each of different dosage, were injected. For pig no.1, these were of 150μg, 225μg and 300μg. For the pig no.2, these were of 150μg, 200μg, and 250μg. This was true even for the different acceleration components of the same 3D prototype sensor.

Thus, sensitivity of S1 peak-to-trough amplitude to myocardial contractility varied between the cardiac vibration channels.

As stated previously in Section 3.3, the LV pressure catheter implanted in pig no.1 broke, and thus correlations to LV dP/dt max could not be calculated for this animal. Instead, the S1 peakto-trough amplitude evolution plots of the various cardiac vibrations are given in Appendix 3.5

for the animal's three dobutamine boluses. These all produced the expected S1 peak-to-trough amplitude responses.

A table of linear correlation coefficients of all the dobutamine boluses of the dog and pig no.2 is given in Table 3.5. All correlation coefficients were greater than 0.65 and achieved p<0.05 with one exception. These good correlations served as preliminary physiological validation for the recorded subcutaneous cardiac vibrations, which demonstrated equal or better coefficients to those of the SCG and EA. There one exception was the SCG of the surface SonR™ during the first dobutamine bolus of the dog. It is unclear why this was the case. The second bolus in the same animal did achieve a satisfactory correlation coefficient and p-value, however. Interestingly, the cardiac vibrations recorded by the 3D Can also managed to achieve good correlation coefficients despite their low 𝑠𝑠1 ��� and 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and large 𝑣𝑣, seen in the previous section.

However, dobutamine raises myocardial contractility and thus 𝑠𝑠1 ��� . It therefore also increases 𝑠𝑠𝑠𝑠𝑠𝑠 �����

and compensates for the poor quality of the 3D Can cardiac vibrations observed during baseline conditions. This highlights a limitation of dobutamine, or any other positive cardiac inotrope, for the physiological validation of the cardiac vibrations. A negative cardiac inotrope such as isoflurane may have been more appropriate, as it would decrease myocardial contractility, like during VT/VFs. However, its use in sedated animals (particularly pigs) is risky.

These good correlations of the 3D Can acceleration components do not imply that their S1 complexes are easy to detect independently in the first place. These are two separate matters.

Further, as contractility decreases during a VT/VFs, 𝑠𝑠1 ��� and thus 𝑠𝑠𝑠𝑠𝑠𝑠 ����� also decrease. If 𝑠𝑠𝑠𝑠𝑠𝑠 ����� drops below 1, a real-time assessment of the cardiac hemodynamic performance would no longer be possible. In an S-ICD application, this is of critical importance. Therefore, the good correlations of the 3D Can acceleration components do not compensate for their poor 𝑠𝑠𝑠𝑠𝑠𝑠 �����. As with PEA I in the EA, S1 peak-to-trough amplitude was considered as the metric estimating myocardial contractility. This may not necessarily be the best metric, and other groups have considered different ones such as systolic intervals [START_REF] Tavakolian | Myocardial contractility: A seismocardiography approach[END_REF], or root-mean-square S1 value [START_REF] Siejko | Feasibility of Heart Sounds Measurements from an Accelerometer within an ICD Pulse Generator[END_REF].

However, S1 peak-to-trough amplitude is attractive because it may be calculated independently of signals of electrophysiological cardiac activity like the ECG or EGM. This is not the case for certain systolic intervals. Further, it is not expensive from a computational perspective and may easily be calculated for each individual cycle in a CIED.

Similarly, the linear model used here to describe the relationship between S1 peak-to-trough amplitude and myocardial contractility likely does not capture the entire complexity of this relationship in reality. However, a linear model allows for a simple interpretation that lays within the capabilities of a CIED, as has been clinically demonstrated for the S1 peak-to-trough amplitude of the EA (PEA I) in CRT devices.

Nevertheless, further work is recommended from a scientific perspective to further elucidate the relationship between S1 peak-to-trough amplitude and myocardial contractility. An analysis of the residuals of the linear model could be performed to check the validity of such a model. In fact, some groups have considered second-order polynomials instead of linear models for the correlation of their considered cardiac vibration metrics to LV dP/dt max [START_REF] Calvo | Evaluation of Three-Dimensional Accelerometers for the Study of Left Ventricular Contractility[END_REF]. Similarly, agreement tests such as the Bland-Altman plot could be used to quantify the agreement between the considered cardiac vibration metric(s) and LV dP/dt max, and to compute the smallest detectable change relative to the expected physiological change. 

Lead vs Can

Three different embodiments of a subcutaneous cardiac hemodynamic sensor for an S-ICD have been considered thus far: a sternal Lead, a parasternal Lead, and a Can. Only one of these embodiments can be implemented in a final system. Thus, a decision had to be made.

Cardiac vibrations from all three embodiments achieved similar correlations to myocardial contractility, demonstrating their physiological relevance and potential clinical utility. Given the similarity of the observed correlations, the three embodiments could not be ranked in this sense.

From a practical perspective, the Can embodiment is far easier to implement than the Lead embodiments. In the Can, the accelerometer is integrated inside the device casing where there is far more space than in the Lead body. Further, in the Can, no connections have to be made from the accelerometer in the Lead body towards the casing. This frees up space in the already highly contested space of the Lead lumen and could reduce its risk of fracture, which sometimes occurs in intracardiac leads as seen previously in Chapter 1.

However, the signal-quality metrics computed in Section 3.4 clearly demonstrated that the Can embodiment was significantly inferior to the Lead embodiments. The Can's cardiac vibrations showed a signal-to-noise ratio too poor, and a cycle-to-cycle morphological variability too great, for the reliable real-time cardiac hemodynamic assessment required in an S-ICD. This is especially important during VT/VFs when cardiac hemodynamic performance is impaired and therefore S1 peak-to-trough amplitude and signal-to-noise ratio decrease. With the Can's signalto-noise ratios already so close to 1 during baseline NSR conditions, such signals cannot be relied on to perform an assessment of cardiac hemodynamic performance during VT/VFs. Thus, the Lead embodiments are significantly preferred over the Can embodiment.

The Can embodiment may still, however, be useful in other applications that are not real-time, and where ensemble averages that effectively raise signal-to-noise ratio may be considered. For example, Boston Scientific have recently reported on the use of accelerometers inside the Can of CRT-D devices [START_REF] Thakur | Haemodynamic monitoring of cardiac status using heart sounds from an implanted cardiac device[END_REF]. Ensemble averages of their recorded cardiac vibrations were used to measure the amplitude of the third heart sound (S3) to monitor CHF patients. However, even with such ensemble-averaging, the cardiac vibrations recorded from the Can embodiment would still remain far inferior in terms of signal-quality to the EA of the RA and RV SonR™ sensors.

The Lead embodiment is also not without important practical concerns. These are nevertheless necessary if a reliable cardiac hemodynamic assessment is to be performed subcutaneously in an S-ICD. Further, it should be noted that these practical concerns arise from practical experience with transvenous leads and may therefore not be so relevant for a subcutaneous lead. First, the S-ICD lead is not limited in diameter by vasculature, as is the case for transvenous leads. In fact, the current S-ICD lead is greater in diameter than current typical intracardiac ICD (shock) leads.

As long as patient comfort is not compromised, a larger diameter housing more connections is permissible. Secondly, the stresses and strains experienced by a subcutaneous lead are smaller than those experienced by a transvenous lead that is in constant contact with the blood and submitted to its cyclical pressures. Although at the time of writing there was no published data comparing S-ICD lead fracture rates to ICD lead fracture rates, these former are likely significantly smaller than the latter. Finally, as discussed previously in Chapter 1, even if the subcutaneous lead should fracture, its removal does not present the same risks as the removal of an intracardiac lead. Considering these three points, as well as the better signal-quality, the preference of a Lead embodiment over a Can embodiment is justified.

Between the two lead embodiments, the parasternal embodiment performed better in terms of signal-to-noise ratio and cycle-to-cycle morphological variability than the sternal embodiment.

Further, the parasternal embodiment is identical to the current concept of the S-ICD Lead, which would not have to be changed.

Consequently, the preferred embodiment for a subcutaneous accelerometer-based cardiac hemodynamic sensor is a parasternal lead. The remainder of this chapter will focus on this embodiment.

Optimisation of Subcutaneous Cardiac Vibration Signal

Bandwidths

As seen previously in Section 3.4, the spectral power of the subcutaneous parasternal 3D Lead's cardiac vibrations lay predominantly in the 10-40Hz frequency band. It was therefore asked whether it was appropriate to apply the traditional EA bandwidth of 10-110Hz. However, just because a spectral component is weak does not necessarily mean it is less physiologically relevant.

Perhaps high-frequency components produce better correlations to myocardial contractility despite their weak spectral power, and vice-versa for low-frequency components. To test this, a spectral correlation mapping was performed by applying different bandpass filters on the 3D Lead cardiac vibrations. These different bandpass filters captured different physiological phenomena as shown previously in Figure 3.13.

Ideal Bandwidth Identification

The same dobutamine boluses considered in section 3.5 for the physiological validation of the subcutaneous cardiac vibrations were considered again here. The spectral correlation mapping essentially consisted of the calculation of various linear correlation coefficients (i.e. r values) during a sweep in the bandpass filter bandwidth used to pre-process the subcutaneous cardiac vibrations.

The pre-processing bandpass filter bandwidth was defined by two frequencies: its low corner frequency fₗₒ (performing the high-pass filtering) and its high corner frequency fₕᵢ (performing the low-pass filtering). Thus, for the traditional EA bandwidth: fₗₒ=10Hz and fₕᵢ=110Hz. fₗₒ was swept from 5-120Hz in steps of 5Hz. fₕᵢ was swept from 10-125Hz, also in steps of 5Hz. For all combinations fₕᵢ > fₗₒ. This produced a total of 300 fₕᵢ and fₗₒ combinations, and thus 300 different pre-processing bandpass filters taking the form of 2 nd order Butterworth filters.

For a particular dobutamine bolus, the cardiac vibrations of the subcutaneous parasternal 3D Lead were front-back filtered using the 300 different pre-processing bandpass filters. The S1 peak-totrough amplitudes and the LV dP/dt max were calculated as described previously in Section 3. Along the diagonal, from low to high frequencies, r first varies abruptly between weak positive and even negative correlations. At fₗₒ = 15Hz and fₕᵢ = 25Hz: r=-0.82. It is not clear why this was the case. Then, at approximately 35Hz, r increases and then at approximately 60Hz it slowly decreases whilst remaining greater than 0.4 until the 125Hz limit. Hence, even the high-frequency spectral components correlate to LV dP/dt max despite their weak spectral power seen previously in Section 3.4.

Along fₗₒ = 5Hz, as fₕᵢ is increased, r again first varies abruptly between weak positive and negative correlations and then increases until, at approximately 50Hz, it reaches a stable plateau of r =0.9.

This plateau is maintained until the upper limit of fₕᵢ =125Hz. This plateau is a result of the weak spectral power of the high-frequency components seen previously in Section 3.4, which contribute little to the total spectral power compared to the low-frequency components.

Along fₕᵢ =125Hz, as fₗₒ is increased r decreases slightly but steadily from the r=0.9 high plateau.

r remains greater than r=0.4 up until fₗₒ=110Hz. Thus, no added value is obtained by considering the high-frequency components of these signals, which act to decrease the correlation coefficient.

The spectral correlation maps of the subcutaneous 3D Lead z acceleration component for the two remaining dobutamine boluses of pig no. 2 are shown in Appendix 3.6. These all demonstrated similar responses to the surface correlation map of Figure 3.29.

Similarly, the spectral correlation maps for the 3D Lead y and x components and the tri-axial acceleration magnitude mag are also given in Appendix 3.6. These demonstrated more stable (i.e.

flatter) surface correlation maps that always remained positive. The difference between these spectral correlation maps and that of the 3D Lead z component demonstrate a sensitivity of the correlation coefficient to acceleration measurement orientation (i.e. anisotropy).

The same bandwidth of 10-55Hz was suggested for the thee the acceleration components and triaxial acceleration magnitude of the 3D Lead. This bandwidth captures myocardial wall movements and valvular openings and closings, as well as, to a lesser extent, blood turbulence.

This bandwidth was selected based on the above observations: it achieves strong (positive) and stable correlations, and its relatively low upper-frequency limit allows for lower sampling rates.

A similar analysis was also carried out on the cardiac vibrations of the subcutaneous parasternal and sternal SonR™, and 3D Can. This yielded the suggested bandwidths of 10-55Hz and 10-30Hz

for the parasternal and sternal SonR™, and 3D Can respectively. The corresponding surface correlation maps of these sensor's signals are given in Appendix 3.7, Appendix 3.8, and Appendix 3.9, for the parasternal SonR™, sternal SonR™, and 3D Can, respectively.

These suggested bandwidths are not final. Only two animals were considered in their definition.

More animals are needed for a reliable spectral correlation mapping. Nevertheless, they serve to illustrate the need to reconsider the traditional EA bandwidth for subcutaneous cardiac vibrations.

The bandwidths should be considered as preliminary suggestions. Further practical considerations of a chronic application should also be taken into account for the final bandwidth specification.

For example, the typical frequencies of noise (e.g. speaking, coughing, movement) should also be considered to minimise the risk of signal contamination.

With these suggested bandwidths, the signals can be re-characterised in terms of the signal metrics of Section 3.4. This allows for a fairer comparison between the signals, at their best performance.

Spectral distribution was not computed again in this re-characterisation as it did not make sense to compare spectral distributions of signals that have been filtered differently.

Bandwidth-Optimised Re-characterisation

The same methods described in Section 3. In summary, filtering with the suggested bandwidths achieved a strong and stable correlation to LV dP/dt max whilst simultaneously increasing 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and decreasing 𝑣𝑣. This would facilitate the independent assessment of cardiac hemodynamic performance at the justifiable cost of a small 𝑠𝑠1 ��� decrease.

Despite these improvements, the relative 𝑠𝑠1 ��� , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣 of the different cardiac vibrations with respect to one another did not change after filtering with the suggested bandwidths. The observations and conclusions of Section 3.4 still held for these newly filtered cardiac vibrations.

The 3D Can cardiac vibrations still performed significantly worse than the other subcutaneous cardiac vibrations in terms of the three signal metrics. Similarly, the subcutaneous sternal SonR™ cardiac vibrations still performed worse than the subcutaneous parasternal sensor (SonR™ and 3D Lead) cardiac vibrations. Thus, even after filtering with the suggested bandwidths, the ideal S-ICD cardiac vibration sensor embodiment was still the subcutaneous parasternal lead.

The subcutaneous cardiac vibrations could be optimised further through the identification and projection along the cardiac systolic mechanical axis as described in the following section.

The Cardiac Systolic Mechanical Axis

Thus far in this chapter, the acceleration measurement axes of the subcutaneous cardiac vibration sensors were aligned with the three anatomical axes. In Section 3.4, the various signal metrics used to characterise the cardiac vibrations were seen to vary significantly between these three anatomical axes. In Section 3.5, the correlation coefficients used to physiologically validate the cardiac vibrations also varied between the three anatomical axes. Similar observations have been reported in the fields of ballistocardiography, seismocardiography and epicardial acceleration.

Traditionally, the BCG and SCG have been recorded using mono-axial sensors. These mono-axial sensors typically had their acceleration measurement axes aligned with the longitudinal and posterior-anterior axes for the BCG and SCG, respectively. A significant amount of inter-subject variation was reported in the SCG and BCG waveforms recorded along these standard axes [START_REF] Rehg | Inter-Subject Variability in Waveform Morphology[END_REF].

Additional intra-subject variation was reported further between the SCG and BCG waveforms recorded along the three anatomical axis when tri-axial sensors were introduced [START_REF] Migeotte | Three dimensional ballisto-and seismo-cardiography: HIJ wave amplitudes are poorly correlated to maximal systolic force vector[END_REF].

In the field of Epicardial Acceleration (EpiA) monitoring, it was more interesting to align the triaxial sensors along the cardiac long, circumferential and radial-axes rather than the anatomical axes. Achieving this alignment was not trivial surgically. Moreover, signal metrics of the EpiA, such as peak systolic velocity, were also shown to vary between these cardiac axes [START_REF] Halvorsen | Feasibility of a three-axis epicardial accelerometer in detecting myocardial ischemia in cardiac surgical patients[END_REF].

All these inter-axial variations demonstrate an anisotropic distribution of cardiac vibrations in three-dimensional space. At least outside of the heart.

The orientation of the heart as it sits in the chest can be defined by the cardiac long axis, which varies between individuals [START_REF] Foster | Determination of left ventricular long-axis orientation using MRI : changes during the respiratory and cardiac cycles in normal and diseased subjects[END_REF] and is likely partly responsible for this anisotropy. The anatomical axes do not vary between individuals however. If the measurement axes of cardiac vibration sensors are aligned with the anatomical axes rather than the cardiac axes, it is likely that their recorded signals will demonstrate greater variation between subjects.

If cardiac vibrations happen to be recorded along a measurement axis that produces poor-quality signals, any diagnoses or therapy reliant on these will be impaired. For an application such as the S-ICD, it is of critical importance that the cardiac vibrations used to detect VT/VFs are of the best possible quality. It is therefore evident that tri-axial sensors are invaluable for such an application, as well as for the complete assessment of cardiac hemodynamic performance in general. However, it is not yet clear how the tri-axial acceleration components must be simultaneously considered or combined to perform such an assessment.

Multi-Axial Acceleration Component Combination State-of-the-Art

A number of methods have already been reported for the identification of patient-specific reference frames or other forms of accounting for the anisotropy of cardiac vibrations. However, not all of the reported methods are suitable for implementation in a CIED such as an S-ICD.

Castiglioni et al. plotted tri-axial BCG acceleration trajectories in three-dimensional space. The maximum distance between any two points inside an S1 window was considered as the signal metric estimating cardiac hemodynamic performance [START_REF] Castiglioni | Wearable seismocardiography[END_REF]. This method was independent of any reference frame, as well as to any possible changes of the cardiac long axis with, for example, posture. However, it was not detailed how this maximum distance was identified, nor whether this distance had to be colinear with the tri-axial acceleration component origin. Further, due to poor signal-to-noise ratio, this metric was evaluated on an ensemble-average cycle trajectory computed from 60 cycles. This is not suitable for real-time applications like an S-ICD, where cardiac hemodynamic performance must be assessed for each individual cycle.

Some groups considered the tri-axial acceleration magnitude using similar methods as those previously described in Section 3.4 for the 3D prototype sensors.

Migeotte et al. multiplied this tri-axial BCG acceleration magnitude by the mass of the patient to obtain the tri-axial force magnitude and considered the systolic peak of this new signal [START_REF] Migeotte | Three dimensional ballisto-and seismo-cardiography: HIJ wave amplitudes are poorly correlated to maximal systolic force vector[END_REF].

Calvo et al. considered the peak of the tri-axial EpiA magnitude, as well as the peak (spectral) energy of this tri-axial EpiA magnitude (defined as the peak of its power spectral density) [START_REF] Calvo | Evaluation of Three-Dimensional Accelerometers for the Study of Left Ventricular Contractility[END_REF].

All of these methods, too, were independent of any reference frame, as well as posture changes.

Further, except the peak (spectral) energy, all of these methods are suitable for real-time applications like an S-ICD. However, using such methods, potentially valuable spatial information characterising the anisotropy, and described by the interrelation between the different acceleration components, was lost.

Other groups identified different physiological and patient-specific reference frames to project the tri-axial acceleration components along. This maintained some of the spatial information.

Paukkunen et al. plotted tri-axial SCG acceleration trajectories in three-dimensional space. The trajectories were projected along the straight line connecting the fiducial points identified with mitral valve closing (MC) and aortic valve opening (AO) [START_REF] Paukkunen | Unified frame of reference improves inter-subject variability of seismocardiograms[END_REF]. This significantly reduced intersubject waveform variation. However, the MC and AO points had to be labelled manually on an ensemble-average SCG waveform. It is unclear how the identification of such a reference frame could be automatically performed in a chronically implanted medical device.

Grymr et al. computed the integrals of tri-axial EpiA components to obtain the tri-axial epicardial

displacement components [172][156]. By plotting the resulting displacement trajectory in threedimensional space, a reference frame could be defined as the straight line joining the point along the displacement trajectory corresponding to the R-peak, to the point furthest away from this. The tri-axial displacements were projected along this line, and the resulting projection was then differentiated to obtain the velocity projection. Peak velocity in an S1 window was shown to correlate well to myocardial contractility, although not better than the (much simpler) tri-axial

EpiA magnitude [START_REF] Calvo | Evaluation of Three-Dimensional Accelerometers for the Study of Left Ventricular Contractility[END_REF]. Regardless, this method was intended for peri-operative cardiac monitoring via an external platform. Hence, its computational complexity likely exceeded that permissible in a CIED.

Two groups employed Principal Component Analysis (PCA) on tri-axial SCG acceleration components. PCA is a statistical analysis tool that can be used to convert the three acceleration components of a tri-axial SCG signal to a new set of three completely uncorrelated signals known as principal components. The first principal component is defined as that with the greatest variance. PCA was applied on tri-axial SCG signals for a variety of purposes including the classification of a particular SCG as healthy or ischemic [START_REF] Zakeri | Preliminary results on quantification of seismocardiogram morphological changes, using principal component analysis[END_REF] and for dimensionality-reduction [START_REF] Bui | A biometric modality based on the seismocardiogram (SCG)[END_REF]. Application of PCA to cardiac vibrations never gained widespread adoption, however.

Possibly due to the difficult physiological interpretation of the principal components (besides the first principal component).

A summary of all these different methods of accounting for the anisotropy of cardiac vibrations is provided in Table 3.6.

No method has yet been detailed to account for the anisotropy of cardiac vibrations that is suitable for real-time cardiac hemodynamic assessment in a CIED and retains the spatial information characterising the anisotropy. Further, very little work has been carried out regarding the physiological significance or clinical utility of the anisotropy itself.

A computationally-simple algorithm was therefore developed to identify a physiological and patient-specific reference frame along which to project multi-axial cardiac vibrations. This reference frame was defined to maximise 𝑠𝑠1 ��� and was referred to as the cardiac systolic mechanical axis. The hypothesis was that projection along this reference frame would optimise signal quality (i.e. in term of 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and 𝑣𝑣) and therefore facilitate the independent assessment of cardiac hemodynamic performance. Further, the identification of such a reference frame would provide invariance of the sensor's implantation orientation, as in the current S-ICD lead. Three research objectives were defined for the concise analysis of the proposed reference frame.

First, the rate of signal quality improvement obtained by projecting multi-axial cardiac vibrations along the cardiac systolic mechanical axis was quantified. Second, the extent of anisotropy of the cardiac vibrations was quantified and its physiological significance was hypothesised. Thirdly, the stability of the mechanical axis across a variety of different conditions was characterized in order to assess whether the axis needs to be recalculated periodically.

Methods: Experimental Protocols

The development of the algorithm to identify the cardiac systolic mechanical axis was restricted to the cardiac vibrations of the subcutaneous parasternal 3D Lead. The recorded cardiac vibrations of pig no. 2 were utilised for this. Those of pig no. 1 were not considered due to the inability to record the z acceleration component from the 3D Lead in this animal, as stated previously.

In order to assess the stability of the identified cardiac systolic mechanical axis, a total of 19 steady-state recordings were considered for a variety of everyday conditions in pig no. 2. Steadystate recordings are not necessarily the same as the baseline recordings considered previously in Section 3.4. Steady-state recordings were defined as recordings where the cardiac hemodynamic condition of the pig was stable but not necessarily in a resting state. More precisely, this was the case when LV dP/dt max standard deviation did not exceed 15% of the mean LV dP/dt max of that particular recording. Thus, the baseline recordings considered This only supposed data from one animal however. Further, from this data the effect of posture on the identified reference frame could not be assessed (as the pig's posture was never changed).

Hence, a new non-invasive protocol was designed and carried out on 10 human volunteers.

The developed algorithm is intended for subcutaneous systems. However, the characterisation results of Section 3.4 demonstrated that, to a first order, subcutaneous cardiac vibrations could be approximated by their supercutaneous equivalents (i.e. SCGs). This allowed to test the algorithm during everyday conditions such as posture change, speaking, and coughing.

Non-Invasive Experimental Protocol on 10 Healthy Volunteers

Between August 2018 and February 2019, 10 volunteers (6 male, 4 female), between the ages of 20 and 38 years, and mean weight of 64.7 ± 4.8kg gave their oral consent to undergo a noninvasive experimental protocol. The volunteers had no known history of heart disease, and reported a wide-ranging degree of physical activity in their daily lives.

For each volunteer, the 3D Lead was taped to the surface of their chests as shown in Figure 3 In 5 of the 10 volunteers, the 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 acceleration measurement axes were aligned with the left-medial-lateral and anterior-posterior axes, respectively, as in pig no. 2. In the remaining five volunteers, the 3D Lead was taped with a random transverse-plane orientation to show that projection along the mechanical axis would allow a surgeon to implant such a sensor invariantly of the transverse plane orientation, as is done with the current S-ICD lead.

Twelve steady-state recordings were acquired from each of the 10 volunteers, except in the first volunteer where only seven could be acquired. Thus, in total, 115 steady-state recordings were analysed across the 10 volunteers. These were (in non-chronological order): three sitting baselines, one standing baseline, one supine baseline, one left and one right lateral recumbent baselines, speaking, coughing, slow and deep breathing, apnoea (i.e. holding breath), and hyperventilation.

The steady state-recordings of both experimental protocols (i.e. volunteers and pig no. 2) lasted between thirty seconds and two minutes and therefore varied in the number of heart cycles. This range arose from the inability to maintain hyperventilation or apnoea for prolonged periods of time. Nevertheless, all steady-state recordings captured at least 2 respiratory cycles, which are known to modulate cardiac vibrations. The tri-axial accelerometer of the 3D Lead recorded three acceleration components corresponding to three orthogonal (Cartesian) axes. However, for the identification of the cardiac systolic mechanical axis only two of these three axes were considered.

The lumen of conventional defibrillation leads (intracardiac or subcutaneous) is a highly contested space. In addition to the accelerometer's three acceleration component signal lines, power supply, and ground lines, it must also hold lines corresponding to electrodes for electrophysiological sensing and defibrillation. It was therefore desirable to minimise the number of accelerometer lines. Reducing from three dimensions to two dimensions also greatly simplified the reference frame identification algorithm. Consequently, the acceleration component corresponding to the longitudinal axis was discarded. This axis was selected because, as seen in the characterisation results of Section 3.4, the acceleration component along it showed the smallest 𝑠𝑠1 ��� , and 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and greatest 𝑣𝑣, out of the three axes. Further, tri-axial acceleration BCG components recorded along this axis have been reported to correlate poorly to the force modulus peak computed from all three axes components [START_REF] Migeotte | Three dimensional ballisto-and seismo-cardiography: HIJ wave amplitudes are poorly correlated to maximal systolic force vector[END_REF]. The recorded cardiac vibrations were thus limited to the transverse plane. As before, the acceleration components were defined as x and z for the 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 axes, respectively.

The PowerLab 16/35 ADC used for pig no. 2 was also used for the 10 volunteers. The x and z acceleration components of the parasternal 3D Lead were sampled at a rate of 1kHz. Two ECG derivations were also recorded. The cleanest ECG derivation was denoted ecg, as before. All physiological signals were saved for offline processing on Matlab™.

The x and z acceleration components were front-back filtered using a 2 nd order Butterworth bandpass filter between 10 and 55Hz, as suggested in the Section 3.7.

Ensemble-average cycles of the ecg, and the x and z acceleration components, were computed for each steady-state recording following the same methods as in the characterisation of Section 3.4 (i.e. using Equation 3.3). This allowed to identify the ensemble-average S1 complexes of the x and z acceleration components, 𝐱𝐱 � 𝑠𝑠1 and 𝐳𝐳 � 𝑠𝑠1 , respectively, by manually labelling their start and end points. These are shown in Figure 3.31 for volunteer no. 1's sitting baseline recording.

The 𝐱𝐱 � 𝑠𝑠1 and 𝐳𝐳 � 𝑠𝑠1 ensemble-average S1 complexes were plotted against each other to obtain the S1 transverse plane acceleration trajectory t, as shown in Figure 3. According to this definition, the fixed width ∆θ essentially represents the angular resolution with which the silhouette s can be created, and hence with which the cardiac systolic mechanical axis can be determined. N was set to 1000 to give an angular resolution ∆θ of 0.0063 rad (or 0.36°), which was considered sufficient. The radii r of s were defined as the largest acceleration moduli computed from 𝐱𝐱 � 𝑠𝑠1 and 𝐳𝐳 � 𝑠𝑠1 in each of the N angular sectors of t.

This polar representation space is illustrated in Figure 3.33 relative to the original Cartesian space defined by 𝐮𝐮 � �⃗ x and 𝐮𝐮 � �⃗ z . In the polar representation space, the silhouette diameter Ø was calculated by computing the sum of the radii r and their polar opposites. This sum was performed only for the first half N/2 elements, as defined in Equation 3.14 for a particular element Ø(n) of Ø.

Equation 3.14

Ø(𝑠𝑠) = 𝐩𝐩(𝑠𝑠) + 𝐩𝐩 �𝑠𝑠 + 𝑁𝑁 2 � ∀ 𝑠𝑠 ∈ ℤ �1 𝑁𝑁 2 �
The cardiac systolic mechanical axis could then be defined by an angle 𝜃𝜃 𝑀𝑀𝑠𝑠𝑐𝑐ℎ given by the element nMech maximising the silhouette diameter Ø. This is defined mathematically in In the polar reference frame, a point is described by its radius r, and its polar angle θ relative to 𝐮𝐮 � �⃗ 𝑥𝑥 . The cardiac systolic mechanical axis could then also be defined back in the original Cartesian representation by a spatial unit vector 𝐮𝐮 � �⃗ 𝑚𝑚 according to Equation 3.16.

Equation 3.16 𝐮𝐮 � �⃗ 𝑚𝑚 = 𝐮𝐮 � �⃗ 𝑥𝑥 cos(𝜃𝜃 𝑀𝑀𝑠𝑠𝑐𝑐ℎ ) + 𝐮𝐮 � �⃗ z sin(𝜃𝜃 𝑀𝑀𝑠𝑠𝑐𝑐ℎ )

Hence, the cardiac systolic mechanical axis represents the axis in the transverse plane that maximises the S1 peak-to-peak amplitude as measured by a supercutaneous or subcutaneous parasternal accelerometer above the ventricles. According to Newton's second law of motion, a measured acceleration is the result of a proportional force acting along that same direction of that acceleration. Thus, the mechanical axis also corresponds to the axis of maximum contractile force imposed by the heart on the accelerometer. It is a spatial vector (defined here on the transverse plane) indicating the heart's (systolic) mechanical preferential direction with respect to the accelerometer. This is a similar concept to the electrical axis of the heart: the spatial vector (usually defined in the coronal plane) of net electrical depolarization during the QRS complex of the ECG [START_REF] Kashou | Electrical Axis (Normal, Right Axis Deviation, and Left Axis Deviation[END_REF]. Although possibly related, these two axes need not necessarily coincide.

An axis orthogonal to the mechanical axis could also be similarly defined by an angle 𝜃𝜃 𝑀𝑀𝑠𝑠𝑐𝑐ℎ + 𝜋𝜋/2. This axis was denoted the perpendicular axis and served as a comparison for the mechanical axis in order to assess the extent of anisotropy. It could also be represented in the original Cartesian space by a spatial unit vector 𝐮𝐮 � �⃗ 𝑝𝑝 according to Equation 3.17.

Equation 3.17

𝐮𝐮 � �⃗ 𝑝𝑝 = 𝐮𝐮 � �⃗ 𝑥𝑥 cos(𝜃𝜃 𝑀𝑀𝑠𝑠𝑐𝑐ℎ + π/2) + 𝐮𝐮 � �⃗ 𝑧𝑧 sin(𝜃𝜃 𝑀𝑀𝑠𝑠𝑐𝑐ℎ + π/2)
The original x and z acceleration components were projected along the mechanical axis 𝐮𝐮 � �⃗ 𝑚𝑚 and the perpendicular axis 𝐮𝐮 � �⃗ 𝑝𝑝 using Equation 3.18 to produce the mechanical axis projection m and the perpendicular axis projection p, respectively. Equation 3.18

� 𝐦𝐦 𝐩𝐩 � = � 𝐮𝐮 � �⃗ 𝑚𝑚 𝐮𝐮 � �⃗ 𝑝𝑝 � . � 𝐱𝐱 𝐳𝐳 �
The cardiac vibrations of the x and z components and the m and p projections are shown in Figure 3.35 for the same baseline.

A concise summary of the entire algorithm is presented in Algorithm 3.1.

The same signal quality metrics 𝑠𝑠1 ��� , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣 used previously in the characterisation of Section 3.4 were again calculated here to characterise and compare the m and p projections and the original x and z components.

Methods: Characterising the Cardiac Systolic Mechanical Axis Angle

The mean cardiac systolic mechanical axis angle 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ was calculated by computing the mean 𝜃𝜃 𝑀𝑀𝑠𝑠𝑐𝑐ℎ across all the steady-state recordings. Comparing 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ between volunteers allowed to assess if there was a general reproducibility across subjects that would suggest inter-subject anatomical similarity. 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ was not calculated for the 5 volunteers where the 3D Lead was attached with unknown orientation. The long-term stability of the mechanical axis angle was quantified by calculating the standard deviation σ of the θMech angles across each volunteers steady-state recordings. A small σ indicated a stable axis, which is desirable as it would not need to be calculated repeatedly for different conditions. σ was calculated for all 10 volunteers and pig no. 2.

The short-term stability of the mechanical axis was quantified by computing θMech for each individual cycle of a particular steady-state recording in order to then calculate its standard deviation across that recording. The mean standard deviation across all the steady-state recordings 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 served as an indicator of the short-term stability of θMech. 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 quantified the cycle-to-cycle variation of θMech with, for example, respiration.

This analysis was taken further to determine the mean speed of convergence 𝐵𝐵 � 𝐶𝐶𝑐𝑐𝑚𝑚𝐶𝐶 , defined as the mean number of cycles across all the steady-state recordings that must be considered to obtain a θMech that converges within one degree of the angle obtained if all the cycles of a particular recording were considered. A plot displaying the short-term stability and speed of convergence of θMech is shown in Figure 3.36.

Results

Of the 115 steady-state recordings analysed from the 10 volunteers, 20 (i.e. 17%) were too noisy for analysis. These corresponded to all the sustained coughing recordings, some hyperventilation recordings, some slow and deep breathing recordings, and one standing recording. Either noise in the ECG prevented the detection of the R-peaks and subsequent segmentation of the cardiac vibrations, or mechanical noise in the cardiac vibrations themselves prevented their analysis.

However, this 17% of noisy recordings does not mean that under normal (i.e. baseline) conditions 17% of the cycles will be too noisy for analysis. The conditions of these noisy recordings (i.e. coughing, hyperventilation, etc.) were deliberately sustained for long durations to test the method in extreme situations. In real life, these are infrequent and isolated phenomena. Table 3.7 -Gains between the projections along the cardiac systolic mechanical axis 𝐮𝐮 � �⃗ 𝑚𝑚 and the perpendicular axis 𝐮𝐮 � �⃗ 𝑝𝑝 for mean S1 peak-to-trough amplitude 𝑠𝑠1 ��� , mean signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 ����� , and variability 𝑣𝑣, across 12 steady-state conditions in 10 volunteers. Mean gain is also given for each volunteer. Grey cells represent noisy recordings that couldn't be analysed. Black cells represent recordings that could not be performed. Table 3.9 -Mean long-term stability, short-term stability, and convergence speed metrics for the cardiac systolic mechanical axis angle θMech for all 10 volunteers and pig no. 2. The mean mechanical axis 𝜃𝜃 ̅ 𝑀𝑀𝑠𝑠𝑐𝑐ℎ was calculated across all steady-state recordings for volunteers 1-5, and pig no. 2, where the 3D Lead was taped or implanted with 𝐮𝐮 � �⃗ 𝑥𝑥 parallel to the medial-lateral axis. The long-term stability was quantified by the standard deviation σ of θMech across the different steady-state recordings. The short-term stability was quantified by the mean cycle-to-cycle θMech standard deviation 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 . Convergence speed is quantified by the mean number of cycles 𝐵𝐵 � 𝐶𝐶𝑐𝑐𝑚𝑚𝐶𝐶 across the different steady-state recordings required in the calculation of θMech such that it converged within one degree of the value if all cycles were considered. Table 3.8 -Gains between the projections along the cardiac systolic mechanical axis 𝐮𝐮 � �⃗ 𝑚𝑚 and the perpendicular axis 𝐮𝐮 � �⃗ 𝑝𝑝 for mean S1 peak-to-trough amplitude 𝑠𝑠1 ��� , mean S1 signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and variability 𝑣𝑣, for pig no. 2 across 19 steady-state conditions. μg/kg/min refers to the infusion rates of dobutamine in micrograms per kilogram (of the animal's weight) per minute. ml and Br/Min refers to the ventilation parameters: ml is the tidal volume and Br/min is the ventilation rate in breaths per minute. SVT and VT refer to supraventricular and ventricular tachycardia respectively where 'bpm' is beats per minute. Mean gains across all conditions are also given. The short-term stability of θMech, as quantified by the mean cycle-to-cycle mechanical axis standard deviation 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 , also varied across the volunteers. More precisely, 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 ranged from 4.2⁰ to 21.8⁰. Mean average 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 across the volunteers was 14.1⁰, and in the pig it was 17.5⁰. This demonstrated moderate variation even during the same steady-state condition. A possible source of this variation is thoracic movements produced during breathing.

𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ

Feature

Gain (Mechanical

The mean convergence speed 𝐵𝐵 � 𝐶𝐶𝑐𝑐𝑚𝑚𝐶𝐶 also varied across volunteers. Nevertheless, these mean numbers of cycles were all less than 50 cycles in the volunteers, and less than 100 in pig no. 2.

For a resting heart rate of 60bpm, 50 cycles would elapse after 50 seconds and hence θMech could in theory be calculated in under one minute.

Discussion, Limitations and Further Work

The results above are discussed here according to the three original research objectives of this section, followed by an outline of the study limitations and suggestions for further work.

Rate of Signal Quality Improvement

Projection along the cardiac systolic mechanical axis always maximized S1 peak-to-peak amplitude (by definition), and tended to maximise signal-to-noise ratio (62% of volunteer recordings and 79% of pig recordings) and minimise variability (43% of volunteer recordings and 68% of pig recordings). These rates should be compared to a 25% rate representing a complete chance maximisation of any of the four tested cardiac vibrations (i.e. the two original cardiac vibration components and two mechanical and perpendicular axes projections). This optimisation of signal quality is important for any clinical application relying on cardiac vibrations for diagnosis, monitoring, or therapy guidance, Further, such an automatic method would allow for the invariance of the sensor's fixation/implantation orientation, which can simplify surgery.

Hence, the first research objective of this section was met. 

Quantification of Anisotropy

The gains in signal quality metrics between the mechanical and perpendicular axes projections shown previously in Table 3.7 and Table 3.8, quantified the cardiac vibration anisotropy and demonstrated a strong sensitivity to transverse plane orientations in the volunteers and in the pig.

Thus, the second research objective of this section was also answered.

From a practical perspective, this significant anisotropy suggests that a mono-axial accelerometer might be insufficient for cardiac hemodynamic assessment using cardiac vibrations. If the acceleration measurement axis lays parallel to 𝐮𝐮 � �⃗ 𝑝𝑝 , poor quality signals will be recorded, which will condition the performance of any diagnosis, monitoring, or therapy reliant on these.

From a physiological perspective, however, this anisotropy likely represents important hemodynamic information in itself. The ranges of the gains in signal quality metrics between the mechanical and perpendicular axes projections across volunteers were significant and demonstrated important variation in anisotropy across volunteers. Interestingly, volunteers with large gains in one metric also showed large gains in the other metrics, and vice-versa. One hypothesis is that these gains reflect the intrinsic mechanical directionality of the heart: the extent to which systolic contraction is oriented in a particular direction.

Lifestyle choices such as diet and exercise remodel the heart in order to maximize contractile efficacy and efficiency [175][176][177]. This possibly results in a greater directionality and would thus explain the observed range. Interestingly, the volunteer with the largest observed gain across the three metrics (i.e. no. 3) reported the greatest extent of regular exercise -track and field running at a competitive level. Conversely, the volunteer with the smallest observed gain across the metrics (i.e. no. 10) reported no regular exercise. This contrast is illustrated in Figure 3.39, where the transverse plane S1 acceleration silhouettes of these volunteers, as well as that of volunteer 1, shown previously in Figure 3.32.B., are compared. The cardiac systolic mechanical axis angle is indicated for each volunteer as θMech. Green and red lines represent the S1 peak-to-peak amplitudes of the ensemble-average mechanical and perpendicular axes projections, respectively. The gain between the green and red lines gives an indication of the anisotropy of the cardiac vibrations of these volunteers, as reported in Table 3.7, and thus the mechanical directionality of their hearts. Volunteer 3 regularly performed athletic field and track running at a competitive level, volunteer 1 reported a moderate level of weight training exercise, and volunteer 10 reported no exercise.

Various types of cardiomyopathy also remodel the heart, although in these cases to impair contractile efficacy and efficiency [START_REF] Galli | Postinfarct Left Ventricular Remodelling: A Prevailing Cause of Heart Failure[END_REF][179] [START_REF] Azevedo | Cardiac Remodeling: Concepts, Clinical Impact, Pathophysiological Mechanisms and Pharmacologic Treatment[END_REF]. Possibly, this would result in a reduced directionality as reflected by smaller gains in the signal quality metrics, or by other metrics of cardiac vibration anisotropy. Hence, the quantification of cardiac vibration anisotropy could possibly be useful for the long-term monitoring of cardiac remodelling progression in such patients, or the reverse remodelling progression in the same patients to assess the effectiveness of applied therapies. These are hypotheses that must be studied further.

Characterisation of the Cardiac Systolic Mechanical Axis Stability

As stated previously, the mean cardiac systolic mechanical axis angle 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ represents the heart's (systolic) mechanical preferential direction with respect to the accelerometer. The small range of the observed 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ across the volunteers (28.5-44.0°) demonstrated a certain extent of homogeneity, and thus suggested that perhaps a mono-axial sensor would suffice if it were implanted such that its measurement axis lay within this 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ range. However, this would no longer suppose a truly patient-specific reference frame and the gains relative to the perpendicular axis projection shown previously in Table 3.7 would suppose a maximum that in most cases would not be attained. Furthermore, it would complicate the implantation procedure as it would force the surgeon to implant the lead with a certain orientation. A multi-axial sensor would allow for the identification of a truly patient-specific axis that guarantees optimal signal quality whilst providing the surgeon with invariance of implantation orientation.

Certain parallels can be drawn between the mechanical axis angle 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ and the electrical axis of the heart obtained from a 12-lead ECG recording. The electrical axis is defined as the vector in space (usually on the coronal plane) of net electrical QRS depolarization [START_REF] Kashou | Electrical Axis (Normal, Right Axis Deviation, and Left Axis Deviation[END_REF]. Hence, the mechanical and electrical axes are not necessarily the same as they represent different phenomena.

Typically, the electrical axis is used to diagnose different electrophysiological conduction pathologies based on the deviation of this axis from its normal range (i.e. -30 -90° with respect to the medial-lateral axis on the coronal plane). With more data, a similar normal range could be proposed for the mechanical axis. Presumably, certain cardiopathies might produce a mechanical axis outside of this normal range, although this has yet to be tested. If this is the case, the mechanical axis could be used as an additional diagnostic metric or disease progression marker to complement the electrical axis. This could be particularly relevant for the follow-up monitoring of cardiac remodelling (or reverse-remodelling) in cardiomyopathy patients.

Regarding the long-term stability of θMech, its mean standard deviations across conditions σ in the volunteers (mean of 15.6⁰) and in the pig (17.8⁰) represented less than 10% of the total possible deviation range (180⁰). These observed mean standard deviations were small considering the extreme nature of conditions tested in the pig (i.e. dobutamine, SVT, and VT). Thus, if the mechanical axis is identified at baseline conditions and fixed at this value, a mean standard deviation of under 10% can be expected even for extreme conditions. For most applications, this is likely reasonable. Hence, the third research objective of this section was addressed.

Across the volunteers, the largest mean standard deviation σ was significant (42.0⁰) and corresponded to volunteer 10. Interestingly, this volunteer was the same that produced the smallest mean gains between the mechanical and perpendicular axes projections for the three signal metrics and thus demonstrated the least cardiac vibration anisotropy. This small anisotropy is likely what produced the large variation in 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ , which would more easily vary from one steady-state recording to another. In fact, across the volunteers, small m to p gains seemed to result in large σ, and vice-versa: mean 𝑠𝑠1 ��� gain correlated to σ with a linear correlation coefficient of r = -0.68 (p<0.05). This suggests that the value of θMech carries less significance in subjects with little cardiac vibration anisotropy and, therefore, both the mechanical axis angle and cardiac vibration anisotropy must be considered simultaneously to obtain a complete picture. This is likely particularly relevant for the suggested potential application of remodelling assessment in heart failure patients, whose heart's we hypothesized will present reduced anisotropy.

Limitations and Further Work

The results of this work were collected from 10 human volunteers and one pig. Only the pig underwent manipulations representing extreme conditions such as increased myocardial contractility, supraventricular tachycardia, and ventricular tachycardia. It would be desirable to repeat the experimental protocols described here, especially the pig's, in order to collect more data and attempt to reproduce the results presented here.

Certain conditions might impair the correct identification of the cardiac systolic mechanical axis.

For example, valvular insufficiencies resulting in systolic heart murmurs might introduce murmur artefacts in the S1 complex and corrupt the cardiac vibration acceleration components. The ensemble averaging used to identify the mechanical axis might protect against these artefacts to some extent (assuming these artefacts are not morphologically stable). Nevertheless, the existence of this potential source of contamination must be considered when using the proposed method.

As stated previously in Section 3.1, SCG morphology is affected by the anatomical site of the accelerometer. It is therefore likely that the recorded transverse plane acceleration silhouette, and thus the identified cardiac systolic mechanical axis angle and the gain between its m and p projections, will also be affected by the sensor site. The particular sensor site used here mimicked the position of an S-ICD lead and achieved a close proximity to the ventricles, which represent and contain the primary physiological sources of the cardiac vibrations. Further, as shown in Section 3.4, the tri-axial acceleration components recorded from this site demonstrated significantly lower S1 amplitudes along the longitudinal axis (i.e. 𝐮𝐮 � �⃗ 𝑦𝑦 ), thereby allowing to eliminate this component and greatly simplify the mechanical axis identification algorithm. This might not necessarily be the case however if the sensor is located elsewhere. Further work must be performed to properly assess the variability of the cardiac systolic mechanical axis angle and the signal metric gains between m and p quantifying the cardiac vibration anisotropy across different sensor sites.

It would also be interesting to investigate further the physiological significance of the cardiac systolic mechanical axis angle and the directionality characterizing the anisotropy of the cardiac vibrations. For example, the relationship between the mechanical axis angle computed from an accelerometer as described here could be compared to the transverse plane cardiac long axis angle computed from medical imaging. The mechanical axis angle and directionality could also be compared between healthy volunteers and patients with specific cardiomyopathies. Further, they could be calculated in these patients over a period of time such as during follow-up examinations, in order to examine their evolution and thus assess their potential use as a markers of disease progression.

The extent of directionality could also be related to standard indicators of contractile efficacy like ejection fraction.

Finally, a similar methodology could be investigated for the identification of a cardiac diastolic mechanical axis emphasizing the second, third and fourth heart sounds.

Relation to the First Principal Component

There are similarities between the cardiac systolic mechanical axis, which maximises S1 peak-totrough amplitude, and the eigenvector defining the first principal component obtained by considering the same transverse plane acceleration components. Similar parallels can be drawn between the perpendicular axis and the second principal component.

However, the first principal component maximises variance, not S1 peak-to-trough amplitude.

Although these two phenomena are likely closely related, maximising S1 peak-to-rough amplitude is not the same as maximising S1 variance.

A preliminary comparison between the cardiac systolic mechanical axis and the eigenvector defining the first principal component as calculated from the ensemble average S1 complexes of the x and z acceleration components, is provided in Table 3.10. This analysis was only performed on pig no. 2, which underwent a greater variety of steady-state recording conditions than the volunteers.

The mean absolute difference between the cardiac systolic mechanical axis θMech and the first principal component eigenvector θPC1 was 9.3⁰ across all steady-state recordings. However, if only the baselines were considered, this mean absolute difference dropped to 3.4⁰. Hence, although these mean differences are relatively small, it is evident that maximising S1 peak-to-trough amplitude and S1 variance are not exactly the same. S1 variance will be affected by S1 peak-totrough amplitude, but also by the general morphology of the S1 complex. Ultimately, it was the S1 peak-to-trough amplitude that was physiologically validated in this (and other) work(s) and not S1 variance. Consequently, the cardiac systolic mechanical axis projection was deemed more physiologically validated than the first principal component. Further work is necessary to elucidate the physiological significance of the first principal component.

3.9 Detection of Ventricular Fibrillation using the Teager-Kaiser

Energy Operator

Thus far in this chapter, subcutaneous cardiac vibrations have been characterised, physiologically validated, and then optimised via their filtering with suggested bandwidths and subsequent projection along a patient-specific reference frame that maximised signal quality. At this point, optimal subcutaneous cardiac vibrations could be used to develop an algorithm for the detection of VT/VFs, which is the ultimate purpose of an S-ICD. This detection has to be independent from electrophysiological signals such as the ECGs of Chapter 2. This independence ensures a completely autonomous therapy decision could be made that was unaffected by noise or other phenomena in the electrophysiological signals. By comparing this cardiac hemodynamic therapy decision to the equivalent electrophysiological therapy decision of Chapter 2, a more robust overall decision can be made that theoretically increases VT/VF detection specificity. 

3.4

Overall Mean

9.3

The first patent [START_REF] Gebhardt | Use of Acceleromter Signal to Augment Ventricular Arrhythmia Detection[END_REF] relates to the EA recorded from an intracardiac accelerometer in the left ventricle or coronary sinus. It is not explained in the patent how the risk associated with the chronic presence of a foreign body in the left ventricle is overcome. Nor how a hermetic accelerometer sensor can exist that is small enough to fit in the coronary sinus, which is 10mm in calibre [START_REF] Zabina | Morphological and morphometric study of coronary sinus in north Indian population[END_REF]. Regardless, the methods described in this patent essentially consist of the corroboration of a heart rate detected from an electrophysiological signal, such as an ECG or EGM, with the heart rate detected from the cardiac vibrations recorded from the accelerometer.

Thus, the detection of a possible ventricular tachyarrhythmia from the cardiac vibrations is not fully independent as it depends on the heart rate extracted from the electrophysiological signals.

Also, it is not clear how a heart rate can be extracted robustly from the cardiac vibrations considering how their S1 complexes typically demonstrate several peaks which may vary in number and morphology from one cycle to another.

The second patent [START_REF] Haefner | Subcutaneous Cardiac Signal Discrimination Employing Non-Electrophysiological Signal[END_REF] relates to subcutaneous cardiac vibrations recorded from an accelerometer embedded in the can of a system similar to the S-ICD. However, these subcutaneous cardiac vibrations are not directly used to detect the ventricular tachyarrhythmia.

Instead, they are used for blind source separation (BSS). BSS is the separation of a set of source signals from a set of mixed signals, without information (or with very little information) about the source signals or the mixing process [START_REF] Comon | Handbook of Blind Source Separation[END_REF]. A subcutaneous lead with several electrodes records several mixed electrophysiological signals from several sources. The cardiac vibrations recorded from the can are used as the correlation standard for the separated outputs of the BSS process performed on the mixed electrophysiological signals. Thus, the cardiac vibrations are used to select the best possible output of a series of electrophysiological signals. It is this BSS output signal that is used to detect ventricular tachyarrhythmia. Again, the detection of a possible ventricular tachyarrhythmia from the cardiac vibrations is not fully independent. Further, BSS processes often require some a priori knowledge of the signals they intend to separate, which can limit the robustness of the separation process and therefore the accuracy of the ventricular tachyarrhythmia detection. Finally, BSS processes are typically costly from a computational perspective and thus likely unsuitable for implementation in a CIED.

No method has yet been reported that is able to detect ventricular tachyarrhythmia exclusively from the cardiac vibrations recorded from an accelerometer (subcutaneous or elsewhere).

Subcutaneous Cardiac vibrations during Ventricular Fibrillation

To develop an algorithm for the detection of VF exclusively from cardiac vibrations, such signals were first examined during the induced VF episodes of the dog, pig no. 1, and pig no. These stark differences in amplitude and frequency between normal sinus rhythm and VF can be exploited for the detection of the VF episodes. Thus, time-frequency techniques appear to be good candidates for the desired ventricular tachyarrhythmia detection algorithms. In fact, wavelet theory has already been applied on several occasions to cardiac vibrations. 

Wavelets for Cardiac Vibrations

Wavelets are finite wave-like oscillations with specific properties that make them useful for the interpretation of signals. They are often used in time-frequency techniques. There exist a large variety of different wavelet morphologies that were intentionally designed to highlight different features of a signal. However, all wavelets begin at zero, increase in magnitude, and end at zero, such that their integral equals zero. A common wavelet is the Morlet wavelet shown in Figure 3.41. The Morlet wavelet consists of a Gaussian-modulated complex exponential. It can be seen to resemble the S1 complex of the SCG or the subcutaneous cardiac vibrations. Each wavelet is characterised by a specific range of spectral frequencies, defined by a centroidal frequency and the bandwidth around it. This bandwidth can be increased or decreased by "scaling" the wavelet in time. If the wavelet is stretched, its centroidal frequency shifts towards lower frequencies. In this way, the wavelet becomes less localised in time, as it spans a greater duration, but it becomes more localised in frequency, as its bandwidth narrows. Conversely, if the wavelet is compressed, its centroidal frequency shifts towards higher frequencies and becomes more localised in time, but less localised in frequency as its bandwidth widens. By performing a continuous scaling of the wavelet in this manner and computing the convolution of these scales with a second signal, a time-frequency wavelet analysis of this second signal can be performed. This is known as the small number of Morlet wavelets of similar scales. This Morlet power profile has a greater signalto-noise ratio and transforms the S1 complex into a single positive peak, as shown in Figure 3.42.

This Wavelet power profile representation allows to identify and localise the S1 complex easily.

Once identified, additional (significantly complex) methods were used to automatically label its fiducial points discussed previously in the introduction of Section 3.1. However, the physiological significance of such a Morlet power profile, or the amplitude of its S1 complex peak, is not evident.

Similar methods have also been used to determine heart rate from the SCG [START_REF] Xu | Detection of the seismocardiogram W complex based on multiscale edges[END_REF] and the nonobtrusive BCG [186][187] .

Wavelet decomposition is not without its limitations however, especially for implementation in a CIED. The computation of the scalogram likely exceeds the computational capabilities of such devices. However, hypothetically, the computational cost could be reduced by computing the scalogram once to identify the Morlet wavelet scale producing the greatest power, as above.

Implementation in real-time would therefore be reduced to a continuous convolution with the identified Morlet wavelet scale(s). This would still involve an s-point multiplication for every incoming sample (where s is the support, or duration, of the identified Morlet wavelet scale).

Although other, computationally simpler, wavelet methods such as the discrete wavelet transform exist and would be more suitable for implementation in a CIED, there is another important limitation of wavelet analysis of cardiac vibrations. Wavelet analysis makes significant a priori assumptions of the recorded cardiac vibrations regarding their morphology as well as their precise scale (i.e. frequency). If these change without a corresponding change in cardiac hemodynamic performance, the ability to detect S1 complexes will be impaired. Further, as stated previously, there is no clear physiological significance to the scalogram. Consequently, other simpler timefrequency methods were explored. 3.9.3 The Teager-Kaiser Energy Operator

The Teager-Kaiser Energy Operator (TKEO), also referred to simply as the Teager Energy

Operator, is a simple mathematical operator used to estimate the energy required to generate an input signal according to a single mass-spring oscillator model [188][189].

Mathematically, the TKEO is defined as in Equation 3. [START_REF] Cabell | Increasing rates of cardiac device infections among Medicare beneficiaries: 1990-1999[END_REF], where m is the cardiac vibration projection of the cardiac systolic mechanical axis introduced in the previous section , i refers to a particular sample, and 𝚿𝚿 is the real-time Teager-Kaiser energy of m.

Equation 3.19 𝚿𝚿(𝑖𝑖) = TKEO{𝐦𝐦(𝑖𝑖)} = 𝐦𝐦 2 (𝑖𝑖) -𝐦𝐦(𝑖𝑖 + 1) • 𝐦𝐦(𝑖𝑖 -1)
The TKEO can be easily derived as follows, according the methods of E. Kvedalen in his doctoral thesis [START_REF] Kvedalen | Signal processing using the Teager Energy Operator and other nonlinear operators[END_REF].

A mass-spring oscillator model is shown in For small 𝛀𝛀 (i.e. when the sampling frequency is several times greater than the highest frequency component of the input signal) sin(𝛀𝛀) can be approximated by 𝛀𝛀. Thus, Equation 3.27 reduces to the final form of the TKEO shown in Equation 3.28. This approximation will tend to underestimate sin(𝛀𝛀). The underestimation error will be greater for greater values of 𝛀𝛀. Hence, a small sampling frequency will result in a smaller influence of the frequency term on the Teager-Kaiser energy product. In practice, a 𝛀𝛀 less than π/4 (corresponding to a 𝑓𝑓 𝑠𝑠 > 8f ) will result in a 11% underestimation error.

Equation 3.28 TKEO{𝐩𝐩(𝑖𝑖)} = 𝐀𝐀(𝑖𝑖) 2 𝛀𝛀(𝑖𝑖) 2 = 𝐩𝐩 2 (𝑖𝑖) -𝐩𝐩(𝑖𝑖 -1) • 𝐩𝐩(𝑖𝑖 + 1)

The left-hand-side of Equation 3.28 is directly proportional to the total energy of the single massspring oscillator given previously in Equation 3.22. Thus, the local energy to produce a signal has been approximated using only three samples of the displacement signal in discrete time.

Total energy can therefore be approximated using an estimate of the product of the squares of In summary, the TKEO offered a computationally-simple time-frequency signal processing technique highly suitable for implementation in a CIED, and with great potential for the detection of ventricular tachyarrhythmia using cardiac vibrations. Essentially, application of the TKEO increased the S1 signal-to-noise ratio.

It was previously stated that, although the tri-axial magnitude is useful to an extent, it discards potentially useful information described by the anisotropy of multi-axial cardiac vibration recordings. It was instead decided to pursue the identification and projection along the cardiac systolic mechanical axis. Nevertheless, the TKEO was still applied to the tri-axial acceleration magnitude of the 3D Lead to illustrate the following concept. Application of the TKEO to the triaxial acceleration magnitude mag demonstrated negative values, which is awkward for an energy operator. This was because mag is an artificial and all-positive signal constructed from the three acceleration components: it cannot be modelled by a single mass-spring oscillator undergoing simple harmonic motion. Thus, it is not correct to apply the TKEO to the tri-axial acceleration magnitude or attempt to interpret its output. To precisely quantify the effect of the TKEO on signal-to-noise ratio, 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was computed for the subcutaneous parasternal 3D Lead cardiac vibrations of a baseline recording of pig no.2, before and after application of the TKEO. The same methods of Section 3.4 were again used. These two 𝑠𝑠𝑠𝑠𝑠𝑠 ����� results, as well as the gain (in dB) between them, are given in Table 3.11.

Application of the TKEO increased 𝑠𝑠𝑠𝑠𝑠𝑠 ����� in all 3D Lead cardiac vibrations. TKEO 𝑠𝑠𝑠𝑠𝑠𝑠 ����� was greatest for the cardiac systolic mechanical axis projection m and smallest for the perpendicular axis projection p. This was due to the maximised S1 peak-to-trough amplitude of m and small S1 peak-to-trough amplitude of p. It further motivates the identification of the cardiac systolic mechanical axis.

The 𝑠𝑠𝑠𝑠𝑠𝑠 ����� gain between the Teager-Kaiser energy and original signals ranged from 15.86 to 39.70dB. Thus, application of the TKEO to cardiac vibrations greatly increased 𝑠𝑠𝑠𝑠𝑠𝑠 ����� and should significantly facilitate the detection of S1 complexes. This is very useful for the independent assessment of cardiac hemodynamic performance, at least during normal sinus rhythm. During ventricular tachyarrhythmia however, the Teager-Kaiser energy representation of the cardiac vibrations drastically changes, which allows for their discrimination and detection.

Although not shown here, the TKEO was also applied on the cardiac vibrations of the 3D Can, for completeness. However, 𝑠𝑠𝑠𝑠𝑠𝑠 ����� barely increased and in some cases even decreased. The TKEO emphasised the product of amplitude and frequency. As seen previously in Section 3.4, the 3D Can signals were characterised by a small S1 peak-to-trough amplitude and low-frequency S1 spectral distribution, which was often lower-frequency than the noise. Thus, the cardiac vibrations recorded from the 3D Can were not suitable for the application of the TKEO. The spikes corresponding to the S1 complexes on the Teager-Kaiser energy representations disappear during VF and the signal becomes flat. In the original cardiac vibrations, some smallamplitude and periodic complexes are still visible during the VF. These are believed to correspond to the fourth heart-sound (S4), which is often larger during VF. Nevertheless, since these are of small amplitude and low frequency, they do not translate to TKEO spikes like the S1 complexes.

The TKEO output can also be optionally smoothed using, for example, a 50ms Hamming window.

This smoothing would possibly reduce the risk of double-detections, although it would also significantly raise the computational cost thus defeating the purpose of developing a computationally-simple algorithm. Otherwise, blanking windows could be used to ignore the double detections as is current practice for the EGMs of transvenous CIEDs.

Three computationally-simple VF detection algorithm variations were developed based on the TKEO. These algorithms took advantage of the striking difference between the Teager-Kaiser energy during NSR and VF, and were based on the same principle: the detection of the absence of S1 TKEO spikes via the use of a threshold. Although such a threshold could also, theoretically, be applied to the original cardiac vibrations (or their triaxial magnitude) without the need of the TKEO, the application of the TKEO greatly raises signal-to-noise ratio and protects against oversensing from low-frequency background noise or possible S4 complexes. The three proposed algorithms and can also be used on SCG and EA signals. Algorithm 2

This algorithm considers the number of S1 TKEO spikes in a moving windows of size w, and is illustrated in Figure 3.48. The value of w can be static or dynamic, and the window can "jump" (i.e. it can be calculated every j samples where j is an integer greater than one) or it can "slide" (i.e. it is calculated for each new sample such that j=1). The TKEO is only calculated (and possibly smoothed) for every new window. Thus, a jumping window is less computationally costly than a sliding window, however it also decreases the temporal resolution of VF detection. The TKEO output is then compared to a threshold inside these windows. Again, this threshold can be static or dynamic. The number of spikes crossing this threshold inside these windows Bw is compared to a specific peak number limit BVF Lim. If Bw ≥ BVF Lim, no action is taken. If Bw<BVF Lim, a VF has been detected and the flag is raised. As with the threshold, the BVF Lim value can be static or dynamic. This VF detection algorithm is slightly more flexible than algorithm 1. The three algorithms were able to successfully detect the three induced VF episodes of the three animals. Further, the three algorithms did not produce any false positive VT/VF detections during any of the other conditions tested in the three animals.

The three proposed algorithm variations offer preliminary but simple methods for the detection of VFs in a CIED exclusively from cardiac vibrations. They are the first of their kind and suppose a significant innovation. Nevertheless, more data is required to empirically define the precise values of the various parameters of these algorithms.

Additional data could also shed light on potential scenarios that might result in false negative (i.e. missed) VF detections. These would be scenarios where the patient is experiencing a VF (and has therefore lost consciousness) yet there is mechanical activity being recorded by the sensor that does not correspond to cardiac functioning. Three such scenarios are proposed as potential candidates for false negatives: chest compressions during cardio-pulmonary resuscitation, the vibrations or turbulences associated with vehicular traffic, or convulsive tachyarrhythmia.

If a patient experiences a VF on the street and collapses, a first responder might attempt cardiopulmonary resuscitation. Chest compressions during cardio-pulmonary resuscitation would introduce significant mechanical noise in the cardiac vibrations recorded from a subcutaneous accelerometer. The TKEO energy representation would no longer be flat during the VF thus potentially resulting in a false negative. However, it is unclear what the correct decision would be in this case. If a patient is receiving chest compressions, perhaps it is safer for the first responder applying the chest compressions that the delivery of the defibrillation shock is withheld so that they are not inappropriately shocked.

Vibrations or turbulence during train rides or aeroplane flights could similarly introduce mechanical artefacts in the recorded cardiac vibrations that would mask the otherwise flat TKEO energy representation of the VF.

A small minority of patients may experience convulsions during ventricular tachyarrhythmia such as VF. It is not clear exactly this percentage might be. Symptomatically, such convulsions have been related with epileptic seizures [191][192], although some have questioned this association and propose that such convulsions might occur in the absence of an epileptic frame [193][194].

Regardless of the potential source of the mechanical noise producing the hypothetical false negative, it was already previously stated in Section 3.7 that the 10-55Hz bandwidth suggested for subcutaneous parasternal cardiac vibrations was preliminary. This bandwidth must be refined with more data, including the conditions listed above. Potential mechanical noise frequencies can be identified and the suggested bandwidth can be refined to stay clear of these noise frequencies.

Challenges of Detecting Hemodynamically Non-tolerated VT

As presented in Chapter 1, VF represents the most dangerous heart rhythm disorder as they result in sudden cardiac death. VF is never tolerated hemodynamically and therefore must shocked indiscriminately and immediately.

However, as also discussed in Chapter 1, some VT may be hemodynamically tolerated. From an electrophysiological signal like the ECG alone, the tolerance of a VT cannot be assessed.

Conversely, a cardiac hemodynamic sensor such as the 3D Lead should, in theory, be able to assess the hemodynamic tolerance of a VT. Nevertheless, such an algorithm could not be developed in the scope of this doctoral thesis due to two reasons.

First, there is no single gold-standard method of quantitatively assessing the hemodynamic tolerance of a VT. In the operating theatre, a physician will decide whether or not a VT is tolerated hemodynamically or not based on the combination of several factors. Such factors might include heart rate, QRS morphology (width and mono-/poly-morphology), blood pressure, and neurological response. This neurological response may comprise complexion (i.e. if the patient turns pale), dizziness, or syncope (loss of consciousness). Based on these factors, the physician will determine the hemodynamic tolerance of the VT, or whether the VT will become nontolerated in the short term, and thus deliver or withhold a shock as appropriate. Without a single gold-standard quantitative metric to assess the hemodynamic tolerance of a VT, it is exceedingly complicated to train and evaluate a tolerance assessment algorithm.

The second reason is of a more practical nature. According to the physician present during the animal experiments, all induced VTs were hemodynamically tolerated. Thus, there were no subcutaneous cardiac vibrations during non-tolerated VTs to even attempt the development of a VT hemodynamic tolerance assessment algorithm.

Therefore, two things are necessary to expand the cardiac hemodynamic monitoring scheme to also assess hemodynamic tolerance of a VT: an accepted and quantitative definition of a cardiovascular surrogate of neurological tolerance, and the acquisition of cardiac vibrations during non-tolerated VTs.

3.9.7 Combined Cardiac Electrophysiological and Hemodynamic VT/VF Detection Scheme

The proposed TKEO algorithms for VF detection rely on the basic principle of detecting the absence of cardiac hemodynamic activity. This is very different to the VT/VF detection algorithm of the S-ICD that detects fast and regular rates and morphologies (VT), and fast and irregular rates and morphologies (polymorphic VT or VF), from an ECG. This contrast in underlying operational principle is highly useful for the development of a combined VT/VF detection scheme as each branch is protected from the others detection pitfalls.

In the traditional electrophysiological sensing scheme of the Boston Scientific S-ICD, SVTs and electrophysiological oversensing from T waves or myopotentials may lead to false-positive VT/VF detections. However, the proposed TKEO algorithms should not carry these same pitfalls.

Cardiac vibrations are mechanical signals that cannot be contaminated by electrophysiological phenomena such as T-waves and myopotentials, which will therefore not result in oversensing.

As seen in Chapter 1, SVTs such as atrial fibrillation are generally tolerated hemodynamically (except in patients with altered left ventricular function). Such patients, however, will typically benefit from a transvenous CIED such as a CRT device, and thus are contraindicated for S-ICD implantation. If the VF detection algorithm were to be expanded to also assess general hemodynamic tolerance, it may also protect against false-positive VT/VF detections from SVTs.

Further, mechanical oversensing of any kind, such as S2 oversensing, movement artefacts, or extra-physiological mechanical noise, should, in theory, not produce false-positive VF detections because the detection principle of the algorithms is to look for absence of cardiac vibrations. Even in an extreme case where the cardiac vibrations are completely contaminated by mechanical noise, the TKEO algorithms should not result in a false-positive detection. More data is still required, however, to ascertain this and quantify the rate of false-positives, as well as false-negatives.

The electrophysiological VT/VF detection scheme introduced in Chapter 2 was expanded to produce the preliminary combined electrophysiological-hemodynamic VT/VF detection scheme shown in Figure 3.50.

The electrophysiological branch of the combined scheme was already presented and discussed at the end of Chapter 2.

The hemodynamic branch of the combined scheme was based on the cardiac vibrations recorded from the two acceleration measurement axes of a subcutaneous parasternal accelerometer. These two acceleration measurement components, denoted x and z as before, are orthogonal to each other and exist on the transverse plane. They are first filtered and amplified in the analogue domain and then sampled digitally. Next, the components are filtered again in the digital domain (e.g. according to the preliminary 10-55Hz suggestion). The parameters of this digital filtering can always be easily reprogrammed later, if necessary. The cardiac systolic mechanical axis is then identified from x and z as described previously in Section 3.8. The mechanical axis projection m acts as the sole input for the subsequent TKEO-based VF detection algorithm, which will produce a decision of whether or not to shock.

Thus, in the combined electrophysiological-hemodynamic detection scheme, each branch produces its own independent shock decision. These decisions are then compared taking into account the nature of the suspected event when appropriate. For example, in its current state, the hemodynamic branch cannot assess the hemodynamic tolerance of a VT. Thus, if the electrophysiological branch detects a VT, the combined scheme will deliver a shock without any input from the hemodynamic branch. Once the hemodynamic branch is expanded to assess VT tolerance, the hemodynamic branch's shock decision could be considered during such episodes.

Further, different weightings could be applied to each branch's shock decision.

Based on the comparison of both independent branches' shock decisions, a therapy decision will be made. However, if the decisions do not agree, the detection algorithm parameters are adjusted until they do. This convergence process cannot last forever: if there is indeed a VT/VF that requires a shock, it cannot be left untreated for long. Thus, if the decisions do not converge after a specific time, which would have to be determined clinically, it is better to shock and risk a falsepositive than not shock and risk a false-negative. Theoretically, even with such a backup mechanism, the detection specificity would improve in combined electrophysiologicalhemodynamic scheme compared to the electrophysiological scheme alone.

Currently, cardiac vibrations are not understood or accepted to the same extent as ECGs, and they are therefore not as ubiquitous in medical practice. In the interest of clinical prudence, and to improve adoption of cardiac vibrations for VT/VF detection, it is recommended that a first commercial iteration of the combined electrophysiological-hemodynamical scheme favours the electrophysiological branch over the hemodynamic branch. This bias could be realised in the weightings of the different branches' shock decisions during the shock decision comparison stage.

Further, it is recommended that in this first commercial iteration, the hemodynamic branch would be implemented in a semi-independent fashion (e.g. once the electrophysiological branch suspects a VT/VF) and purely for the "black or white" detection of hemodynamically non-tolerated episodes such as VFs. Further research could elucidate hemodynamic tolerance assessment during VTs (or even SVTs) using cardiac vibrations. Based on the results of this research, the hemodynamic branch could be expanded for the discrimination of tolerated and non-tolerated VTs, and in the case of a tolerated VT, how long a no-shock decision can be maintained. With more pre-clinical validation and acceptance of cardiac vibrations, the weighting of the hemodynamic branch could be progressively increased to match the electrophysiological branch.

Summary, Conclusions, Research Output, and Further Work

At the beginning of this chapter, the concept of cardiac hemodynamic monitoring was introduced and compared to cardiac electrophysiological monitoring within the context of VT/VF detection in an S-ICD. The most common measured cardiac hemodynamic parameters, as well as the sensors used to measure them (in particular the SonR™ sensor) were examined. The choice of accelerometers for the monitoring of cardiac hemodynamic performance in CIEDs was justified.

In brief, accelerometers are small, low-power, and their cardiac vibrations are invariant to sensor encapsulation. The development of two tri-axial prototype sensors suitable for integration in an S-ICD (the 3D Lead and 3D Can) was described. These prototype sensors were implanted in three animals following two separate acute experimental protocols. These acute experimental protocols produced the totality of the in-vivo data of this chapter and were therefore appropriately detailed.

The subcutaneous cardiac vibrations recorded from these prototype sensors, as well as subcutaneously implanted SonR™ sensors, were characterised in depth according to four metrics of signal quality. This allowed to compare the subcutaneous signals to their synchronouslyrecorded EA and SCG equivalents. S1 peak-to-trough amplitude of the subcutaneous signals was comparable to that of the surface SCG. It lay in the range of 20-80mg, which was one order of magnitude smaller than the EA signals. Further, S1 peak-to-trough amplitude was greater in the 3D Lead compared to the 3D Can (approximately twice). It was hypothesised that this was due to the difference in mass of these sensors and their proximity to the heart. Signal-to-noise ratio of the subcutaneous sensors was up to approximately ten times better in the parasternal lead embodiments (SonR™ or 3D Lead) than in the 3D Can. The 3D Can showed the worst signal-tonoise ratio of all the recorded cardiac vibrations. This poor 3D Can signal-to-noise ratio was proposed to be due to the combined effect of the large sensor mass and great distance between this sensor and the heart. Signal-to-noise ratio was also better in the subcutaneous parasternal lead embodiments compared to the subcutaneous sternal lead embodiment, although to a smaller extent (up to approximately three times). This disparity was explained by the different implantation tissues of these sensors (bone for the sternal sensor vs soft tissue for the parasternal sensor). Cycleto-cycle morphological variability was greatest for the 3D Can, which was at least twice as The bandwidth of the subcutaneous parasternal 3D Lead cardiac vibrations was optimised following considerations of S1 spectral distribution, results of a spectral correlation mapping exercise, and practical considerations. The preliminary bandwidth of 10-55Hz was suggested.

The results of the characterisation demonstrated a strong anisotropy of cardiac vibrations recorded from the 3D Lead. Therefore, to further optimise the cardiac vibrations of the 3D Lead and produce the optimal signal that could be recorded from such a sensor, the cardiac systolic mechanical axis was identified in 10 healthy volunteers and one animal following a simple method. This mechanical axis was defined on the transverse plane. The longitudinal component of the 3D Lead was discarded due to its small S1 peak-to-trough amplitude, poor signal-to-noise ratio, and variable morphology. The mechanical axis was defined as the transverse plane axis maximising S1 peak-to-trough amplitude. Projection along this axis also tended to maximise signal-to-noise ratio (79% of times in pig no. 2) and minimise variability (68% in pig no. 2). Such a projection also allowed for invariance of the sensor implantation orientation. A significant difference was observed between these signal metrics along the mechanical axis projection and the projection perpendicular to it. Gains of up to 12.94dB and 21.72dB were observed between these orthogonal projections for the S1 peak-to-trough amplitude and signal-to-noise ratio respectively in the 10 volunteers. These large gains quantified the significant anisotropy and further motivated the identification of the mechanical axis. Further, quantification of this anisotropy was hypothesised as a possible indicator of heart directionality and contractile efficacy that should be investigated further.

With these fully-optimised 3D Lead cardiac vibrations, the world's first algorithm for the detection of VF episodes exclusively from cardiac vibrations was developed and tested on three VF episodes induced in the three animals. This computationally-simple algorithm was based on the Teager-Kaiser Energy Operator and worked harmoniously with the cardiac systolic mechanical axis projections. Three variations of such an algorithm were described. Further, this algorithm complemented the VT/VF detection scheme of an electrophysiological monitoring scheme and compensated for its typical detection pitfalls. Finally, a combined electrophysiological-hemodynamic VT/VF detection scheme was proposed that could, theoretically, increase detection specificity.

Research Output

From the work presented in this chapter, two conference proceeding articles were published, one journal research article was submitted, and one patent was submitted to the French patent office.

The first of these conference proceeding articles was presented in the 2018 13 th IEEE Annual Symposium on Medical Measurements and Applications (MeMeA) conference held in Rome,

Italy [START_REF] Cordero Álvarez | Cardiac Hemodynamic Monitoring in the Subcutaneous Space A pre-clinical proof-of-concept[END_REF]. The article discussed the characterisation and physiological validation of the subcutaneous cardiac vibrations of the dog experiment, and compared their results to those of the SCG and EA signals.

The journal research article was submitted to the Elsevier Biomedical Signal Processing and Control journal. It reviewed the identification of the cardiac systolic mechanical axis and the projection of multi-axial cardiac vibrations along it [START_REF] Cordero | The Cardiac Systolic Mechanical Axis : Optimizing Multi-Axial Cardiac Vibration Signals by projecting along a Physiological Reference Frame[END_REF]. At the time of writing, this article had been accepted for publication.

Finally, the submitted patent detailed the different embodiments of the VF detection algorithms based on the Teager-Kaiser energy operator, in the context of an S-ICD system [START_REF] Cordero | Dispositif et procédé de détection de fibrillation ventriculaire[END_REF].

Further Work

Further work still needs to be performed regarding the subcutaneous monitoring of cardiac vibrations. Firstly, the results presented here correspond to those extracted from only three animals as this was the number that lay within the scope and budget of such a doctoral thesis.

More animal experiments are necessary to replicate the characterisation and validation results as well as to define ideal filtering bandwidths, in particular during chronic conditions where the animals are conscious and perform normal activities. More data is also required for the cardiac systolic mechanical axis and its projection. The implications of this patient-specific projection and physiological significance of the cardiac anisotropy should also be investigated further as they may hold useful clinical information. Transverse plane cardiac vibrations and echocardiographic images could be recorded simultaneously to calculate correlations between measures of cardiac vibration anisotropy and indicators of contractile efficiency such as ejection fraction. The relation between cardiac vibration anisotropy and the remodelling or reverseremodelling that occurs in certain CHF patients should also be investigated.

More induced VF recordings are required in order to specify the parameters of the VF detection algorithm based on the Teager-Kaiser Energy Operator. Tolerated and non-tolerated VTs must also be recorded if an algorithm using cardiac vibrations is to be developed for the hemodynamic tolerance assessment of these episodes.

Thus far, in this doctoral thesis, sensors and methods have been presented for the subcutaneous electrophysiological and hemodynamic monitoring of cardiac function and the detection of VT/VFs in chronically implanted CIEDs like the S-ICD. These two different perspectives should allow for a highly complete assessment of cardiac performance that lays within the capabilities and limitations of a CIED. However, using the same accelerometer sensors as those intended for the recording of cardiac vibrations, another phenomenon was also recorded that has been closely associated with a wide range of cardiopathologies: respiration, or more precisely apnoea. The following chapter describes how this was done and physiologically validates the recorded respiratory signals.

SUBCUTANEOUS RESPIRATORY MONITORING

The 3D prototype sensors described in Chapter 3 utilised MEMS (Micro-Electromechanical Systems) accelerometers, which did not feature an intrinsic high-pass pole like the piezo-ceramic transducer of the SonR™ sensor. These MEMS accelerometers could therefore record low-frequency accelerations. MEMS accelerometers were deliberately selected for use in the 3D prototype sensors to determine whether it was possible to also record respiration. The chest cavity deforms during respiration as it expands and contracts periodically. This meant that MEMS accelerometers could record an associated respiratory acceleration signal when placed on the chest surface or implanted in the subcutaneous space of the chest. Oxygen concentration in the blood must be continuously maintained in order to supply the body's tissues and enable cellular respiration in these.

The circulation of gases in the lungs is achieved through cyclical changes in thoracic volume, which create corresponding cyclical pressure gradients. This process is known as ventilation and is shown in 

Oronasal Measurements

Sensors in nasal cannulas, oral mouthpieces, facemasks, or a combination of all of these, measure or estimate respiration from the air flowing through the system conduits. The precise type of sensors used varies between systems. Typical sensors include flow meters [START_REF] Worth | Integrating Flowmeter for Measuring Unimpaired Oral and Nasal Airflow[END_REF], thermistors [START_REF] Qudsi | Low-Cost, Thermistor Based Respiration Monitor[END_REF], and capnometers [START_REF] Long | Capnography in the Emergency Department: A Review of Uses, Waveforms, and Limitations[END_REF]. Flow meters directly measure the flow of air. Thermistors indirectly estimate airflow by measuring the temperature of the air flowing through the system's conduits. They rely on the principle that exhaled air is usually warmer than inhaled air.

Capnometers measure the partial pressure of carbon dioxide, which is higher in exhaled air than in inhaled air.

Whatever the sensors used, oronasal measurements are obtrusive for the patient. Further, nasal cannulation can prove to be an unpleasant process and, similarly, mouthpieces and facemasks can also be uncomfortable.

Inductive Plethysmography

Sinusoid coil transducers embedded in extendable bands are placed around the chest and abdomen, and connected to oscillators. Changes in thoracic and abdominal cross-sectional area produced during ventilation are accompanied by measurable changes in self-inductance of the transducers [START_REF] Reena | Chapter 14 -Evaluation and Monitoring of Respiratory Function[END_REF]. These changes serve as an indirect estimation of respiration. Inductive plethysmography requires frequent calibration. Further, slippage (i.e. displacement) of the transducer bands may result in measurement inaccuracies. Consequently, and as the transducers must be connected at all times to the oscillator, inductive plethysmography is highly restrictive.

Thoracic Movement Changes

Movement of the thoracic cage can be measured directly in various ways.

Piezoelectric transducers have been integrated into extendable belts that are placed around the chest. Changes in thoracic cross-sectional area during respiration result in the extension of the belt and the deformation the piezoelectric transducer. This deformation produces a signal.

Miniaturised accelerometers have also been attached to the chest, in a similar fashion to the SCG, to record respiratory acceleration [START_REF] Siqueira | Respiratory Waveform Estimation from Multiple Accelerometers: An Optimal Sensor Number and Placement Analysis[END_REF]. It is a known fact in the field of seismocardiography that S1 amplitude and morphology is modulated according to respiratory phase [START_REF] Pandia | A frequency domain analysis of respiratory variations in the seismocardiogram signal[END_REF]. Similar observations were also made in the subcutaneous cardiac vibrations and EA recorded previously in Chapter 3. However, if the acceleration signals recorded from accelerometers attached to the chest are low-pass filtered below 1Hz, cardiac vibrations are eliminated, leaving behind lowfrequency respiratory accelerations. These low-frequency components have been related to respiration rate [START_REF] Jarchi | Accelerometry-Based Estimation of Respiratory Rate for Post-Intensive Care Patient Monitoring[END_REF] and tidal volume [START_REF] Roshan Fekr | Tidal Volume Variability and Respiration Rate Estimation Using a Wearable Accelerometer Sensor[END_REF].

Although such methods are usually less restrictive than other techniques, they are sensitive to movement and (to some extent) posture, and therefore require the patient to be still. This limitation has focused their research for the detection of sleep apnoea [START_REF] Sánchez Morillo | An accelerometerbased device for sleep apnea screening[END_REF], where patients do not move.

The various methods described above are either, restrictive, uncomfortable or unpleasant for the patient. For these reasons, their use is limited to acute or semi-chronic applications. Other methods for respiratory monitoring have been used in CIEDs.

Chronic Respiratory Monitoring in CIEDs: State-of-the-Art

In the field of CIEDs such as pacemakers and CRT devices, respiration is of particular interest and is commonly monitored chronically via transthoracic impedance measurements [START_REF] Davidson | Measurement of tidal volume by using transthoracic impedance variations in rats[END_REF]. The chronic monitoring of respiration in CIEDs provides added physiological information to better asses patient's condition. There are two specific CIED applications, however, where the monitoring of respiration is of additional value: the real-time adjustment of pacing rate in response to patient activity, and the detection of sleep apnoea.

Rate-responsive pacemakers adjust pacing rate in response to increased patient activity. Activity sensors inside the can of pacemakers measure patient activity with accelerometers (that measure patient movement) and transthoracic impedance measurements that estimate minute volume [START_REF] Orto | Sensors for Rate Responsive Pacing[END_REF]. Physical activity increases the metabolic function and oxygen demand of tissues. The body attempts to meet this demand by increasing cardiac output (i.e. the product of stroke volume and heart rate) and minute volume. Patients with chronotropic incompetence cannot automatically increase their heart rate in response to physical exercise. However, their minute volume is increased. Thus, if a device with such respiratory monitoring functions is implanted, it is possible to drive a rate-response function that increase cardiac output appropriately to the demand [START_REF] Limousin | Automatic adaptation of the basic pacing rate in response to minute ventilation. Chorum French Investigational Group[END_REF].

Separately, respiration is monitored in some pacemakers and CRT devices, via transthoracic impedance measurements, in order to detect sleep apnoea. In general terms, sleep apnoea is a sleep breathing disorder characterised by repeated cessations in breathing and/or insufficient or shallow breathing. Sleep apnoea is an often undiagnosed comorbidity of various cardiopathies including systemic hypertension [START_REF] Hermann | Sleep-related breathing disorder is an independent risk factor for uncontrolled hypertension[END_REF], CHF [START_REF] Sin | Risk Factors for Central and Obstructive Sleep Apnea in 450 Men And Women with Congestive Heart Failure[END_REF], myocardial infarction [START_REF] Porto | Association between Obstructive Sleep Apnea and Myocardial Infarction: A Systematic Review[END_REF], and atrial and ventricular tachyarrhythmia (independently or as a result of the above cardiopathies) [START_REF] Fichter | Sleep-related breathing disorders are associated with ventricular arrhythmias in patients with an implantable cardioverter-defibrillator[END_REF]. The prevalence of sleep apnoea can be as high as 65% in CIED patients [START_REF] Garrigue | High prevalence of sleep apnea syndrome in patients with long-term pacing: The European multicenter polysomnographic study[END_REF][216] [START_REF] Shalaby | Feasibility of automated detection of advanced sleep disordered breathing utilizing an implantable pacemaker ventilation sensor[END_REF]. Its incidence has even been suggested as a major therapeutic target for tachyarrhythmia treatment [START_REF] Chan | Obstructive sleep apnea: Novel trigger and potential therapeutic target for cardiac arrhythmias[END_REF].

To monitor respiration via the measurement of transthoracic impedance, a current pulse is delivered between the subcutaneous can of a CIED and the electrode of an intracardiac pacing lead. Voltage, which is proportional to impedance, is then measured between the can and a separate intracardiac electrode. Transthoracic impedance varies with the respiratory cycle due to changes in volume, and air and water content, of/in the thorax during breathing. It rises with inspiration and falls with expiration. It also fluctuates with cardiac stroke, postural changes, and movement, however. Therefore, the recorded transthoracic impedance signal must be adequately filtered.

There are several limitations to the measurement of transthoracic impedance. Firstly, it requires at least two intracardiac electrodes and it is not clear whether transthoracic impedance measurements can be successfully performed in entirely subcutaneous systems. Secondly, transthoracic impedance measurements provide only indirect estimates of respiration. Finally, the current injected in the body (typically hundreds of μA) supposes an added energetic cost to the system. Alternative methods of respiratory monitoring had to be explored if the same functionality is to exist in an entirely subcutaneous CIED like the S-ICD.

Subcutaneous Measurement of Respiratory Accelerations

As stated previously, the use of accelerometers attached to the surface of the chest for the monitoring of respiratory accelerations has already been reported in the literature. The MEMS accelerometers utilised in the 3D prototype sensors previously described in Chapter 3 did not feature the intrinsic high-pass filter poles like the piezoceramic transducer of the SonR™ sensor.

Thus, theoretically, the MEMS accelerometers did not filter out any possible subcutaneous respiratory accelerations when they were implanted in the two pigs and should therefore be capable of recording thoracic cage movements.

To test this hypothesis, the recorded raw 3D Lead and 3D Can accelerations of pig no. 1 were analysed offline in Matlab™. Based on the promising preliminary results of this analysis, the experimental protocol of pig no. 2 was extended. This extension consisted of the inclusion of various respiratory manipulations intended to physiologically validate that pig's recorded 3D

Lead and 3D Can suspected respiratory acceleration signals.

Methods

As stated previously in Chapter 3, respiration in the anesthetised pigs was achieved by intubating the pigs and artificially ventilating their lungs using an external pneumatic ventilator. The elements of the experimental setup relevant to the analysis of respiratory accelerations are shown in Figure 4.4. The external pneumatic ventilator comprised part of a CareStation650™ (General Electric Company) anaesthesia platform. For pig no. 1, the ventilator ventilated at a constant tidal volume of 625ml and at a respiratory rate of 14 breaths per minute. In pig no. 2, ventilation volume and respiratory rate would be deliberately modified as described later.

To test whether respiratory phenomena were indeed present in the recorded accelerations, the raw components of both 3D prototype sensors for pig no. Respiratory Manipulations in Pig No. 2

A total of seven respiratory conditions were analysed in pig no. 2.

Two of these respiratory conditions corresponded to baseline respiratory conditions, defined as 625ml ventilation volume at a respiratory rate of 15 breaths per minute. These values represented normal resting breathing.

Four of these respiratory conditions corresponded to different combinations of ventilation volume and respiratory rate. More precisely, these were all the possible combinations between the ventilation volumes of 400ml and 800ml, and respiratory rates of 8 and 20 breaths per minute.

These particular volumes and rates were chosen in order to capture all extremes of ventilation volume and respiratory rate.

The last respiratory condition consisted of an apnoea episode that was simulated by stopping ventilation for 30 seconds. 

Signal Processing and Metric Extraction

All the raw acceleration components from the 3D Lead and 3D Can were 1Hz low-pass filtered in the same way as for pig no. 1. The resulting low-pass-filtered components were then decimated from 1kHz down to 10Hz to yield the final respiratory components. Low sampling-rates are desirable as they economise processing capabilities in the already strictly-limited CIED.

A simple adaptive-threshold algorithm was developed to detect the peaks and troughs of the respiratory acceleration components. For a given respiratory cycle, the threshold was calculated as the product of the previous cycle's amplitude and a constant scaling factor between 0 and 1 (typically 0.7). This threshold was maintained constant until it was decayed asymptotically towards a programmed minimum (arbitrarily set at 0.4mg). Peaks were defined as the maxima between threshold crossings. Troughs were defined as the minima between adjacent peaks. The asymptotic decay served two purposes: it ensured that low-amplitude peaks would still be detected following a large-amplitude peak; and it acted as a mechanism for apnoea detection. If a peak was not detected 10 seconds after the previous peak (i.e. 6 seconds after the decay process was initiated) an apnoea episode was flagged. The threshold evolution can be seen in Figure 4.7 The peak-to-trough amplitude estimated tidal volume, and the interval between adjacent peaks indicated the respiration interval. The algorithm was purposely designed to be as simple as possible in order to comply with the modest processing capabilities of a CIED.

For each respiratory condition, the mean peak-to-trough and mean peak-to-peak interval were calculated. For the simulated apnoea condition, the signal never exceeded the programmed minimum threshold and thus no peaks or troughs were detected. Consequently, mean amplitude could not be calculated as described above. Instead, mean amplitude was considered by calculating the root-mean-square value of the entire signal during the apnoea. Mean respiratory rate was not calculated during apnoea.

Without calibration of the respiratory signal peak-to-trough amplitudes, tidal volume can only be correlated, not calculated directly. This was not the case for the respiratory rate, which was calculated directly as the peak-to-peak interval. Mean peak-to-trough amplitudes of each respiratory condition were linearly correlated to the external pneumatic ventilator's programmed tidal volume.

For the ventilation rate, the absolute percentage errors between the calculated mean peak-to-peak intervals and the ventilator's programmed nominal ventilation intervals were determined. These errors were then used to calculate the percentage root-mean-square-deviations (RMSDs) between the nominal and measured values across the different respiratory conditions. The precise formula used to calculate the RMSD for a particular component is given in Equation 4.1, where T is the measured mean peak-to-peak interval, 𝑇𝑇 � is the programmed ventilation interval imposed by the pneumatic ventilator, and κ refers to the current respiratory condition (excluding apnoea). The RMSD was chosen as the difference metric as it allowed to quantify the mean error as well as its variation across the different respiratory conditions with a single measure. 

Results and Discussion

The mean respiratory peak-to-trough amplitudes of the seven respiratory conditions were plotted against their corresponding nominal ventilation volumes for each 3D prototype sensor respiratory acceleration component, as shown in Figure 4.8. The corresponding linear regression coefficients are also shown in Figure 4.8.

The 3D Lead respiratory signals demonstrated a peak-to-trough amplitude one order of magnitude larger than the 3D Can. In both prototype sensors this peak-to-trough amplitude was sensitive to orientation. Thus, like the cardiac vibrations, respiratory accelerations demonstrated an inherent anisotropy. In the 3D Lead, peak-to-trough amplitude was largest in the xresp component (i.e. the medial-lateral axis), and smallest in the z component (i.e. the posterior-anterior axis). In the 3D Can, peak-to-trough amplitude was largest in the z component (i.e. the medial-lateral axis), and smallest in the xresp component (i.e. the longitudinal axis), although the difference between xresp and zresp components was marginal.

The linear correlation coefficients (r) between the measured mean peak-to-trough acceleration amplitudes and the programmed nominal ventilation volumes were extremely high in both 3D prototype sensors. In the 3D Lead they were 0.99, 0.99, and 0.98 for the xresp, yresp, and zresp components respectively. In the 3D Can they were slightly smaller: 0.98, 0.96 and 0.96 for the xresp, yresp, and zresp components respectively. p<0.05 for all correlation coefficients. These correlation coefficients were comparable to those reported from transthoracic impedance measurements [START_REF] Davidson | Measurement of tidal volume by using transthoracic impedance variations in rats[END_REF]. Unlike the mean peak-to-trough amplitudes, the correlation coefficients were largely insensitive to orientation in both 3D prototype sensors. Following a calibration session, it should be possible to obtain a direct measure of tidal volume rather than just a correlate of it. Multiplying this direct estimate by respiration rate would yield the minute volume.

For the estimation of the ventilation rate, the calculated mean peak-to-peak intervals, and the absolute errors between these and the programmed nominal respiratory intervals, are given in Table 4.1 for all the respiratory acceleration components. The RMSDs across all respiratory conditions are also given for each component. These RSMDs were: 2.93%, 1.88% and 3.80% for the 3D Lead xresp, yresp, and zresp components respectively, and 10.70%, 5.50% and 3.58% for the 3D Can xresp, yresp, and zresp components respectively. Overall, the 3D Lead components showed smaller absolute errors and RMSDs than the 3D Can components. Furthermore, the RSMDs of the 3D Can were more sensitive to orientation than those of the 3D Lead. Overall, both 3D prototype sensors were able to successfully correlate tidal volume and calculate respiratory rate across a wide range of conditions, as well as detect a simulated apnoea episode. This experiment constituted the first account where this was achieved using subcutaneous accelerometers. Thus, using the same sensors, respiration can be monitored in addition to the cardiac vibrations seen previously in Chapter 3. The respiratory accelerations would only have to be separated from the cardiac vibrations using a simple low-pass filtering operation.

The preliminary results presented here show the 3D Can is more sensitive to orientation than the 3D Lead in terms of peak-to-trough amplitude and RMSD. Consequently, it may be desirable to implement a tri-axial sensor in a Can embodiment in order to account for this anisotropy. For the 3D Lead, respiratory acceleration peak-to-trough amplitude and RMSD were more similar to each other between the three axes. This would suggest that, for the monitoring of respiratory acceleration, a 1D sensor should suffice and could be implanted in any orientation in a parasternal lead embodiment. However, as shall be discussed in the following section, this is not completely accurate and a 2D sensor may indeed be desirable.

The Cardiac Systolic Mechanical Axis and Respiration

The cardiac systolic mechanical axis introduced previously in Chapter 3 was defined as the axis that maximised S1 peak-to-trough amplitude of cardiac vibrations recorded on the transverse plane. Three interesting relationships between the cardiac systolic mechanical axis and respiration were observed.

First, as seen previously in Figure 3.36, the mechanical axis angle changed slightly with each individual heart cycle. It was hypothesised that this change was due to respiration. Secondly, as shown previously in Figure 3.38, changes in respiratory parameters (ventilation volume and respiratory rate) produced moderate changes in the mechanical axis angle. More precisely, a mean difference of 19 degrees was observed between the four imposed respiratory combinations compared to their preceding baseline.

One possible explanation for these first two relationships is proposed. The calculated cardiac systolic mechanical axis angle depends on the positions and orientations of the 3D Lead accelerometer relative to the heart. However, during inspiration, the chest expands and the lungs inflate. The 3D Lead was implanted subcutaneously. Therefore, the distance the 3D Lead and the heart increases during inspiration. Simultaneously, the angle of the vector connecting the 3D Lead and the heart changes. Further, the heart itself can move caudally 8mm and rotate cranio-dorsally 3.5° with normal inspiration [START_REF] Shechter | Respiratory Motion of the Heart From Free Breathing Coronary Angiograms[END_REF]. Hence, the positions and orientations of both the 3D Lead and In the supine position (i.e. like pig no. 2), projection along the mechanical axis minimised respiratory acceleration peak-to-trough amplitude in 6 of the 10 volunteers. Conversely, projection along the perpendicular axis maximised respiratory acceleration peak-to-trough amplitude in 5 of the 10 volunteers. Further, in all 10 volunteers, respiratory acceleration peakto-trough amplitude along the mechanical axis was greater than that projected along the perpendicular axis.

The mean respiratory acceleration peak-to-trough amplitudes of the original xresp and zresp components, as well as the mresp and presp projections, for the 10 volunteers (in the supine position) and pig no. 2, are shown in Table 4.2. The gain between the mean respiratory acceleration peakto-trough amplitudes of presp and mresp is also given in this table for each volunteer and pig no. 2.

Like the m to p S1 peak-to-trough amplitude gain characterising cardiac vibration anisotropy seen previosuly in Chapter 3, this presp and mresp gain characterised respiratory acceleration anisotropy.

This gain was significantly larger in pig no. 2 than in the 10 volunteers. Two possible explanations are proposed. First, cardiothoracic anatomy is very different between pigs and humans. Second, in the human volunteers, breathing was not controlled and was therefore more variable than in pig no. 2. This could also explain why the gain varied between volunteers. Further, this gain varied significantly between volunteers and was often small. No obvious relationship was observed between this gain characterising respiratory anisotropy gain and the gains characterising cardiac vibration anisotropy seen previously in Chapter 3. Nevertheless, presp to mresp gain was always positive (i.e. respiratory peak-to-trough amplitude was always larger for presp than mresp). A reasonable hypothesis for this third relationship between the cardiac systolic mechanical axis and respiratory acceleration cannot be offered. Perhaps the geometry of the chest and lungs and how their deformation relates to the mechanical axis, play an important role. To gain more insights on this, a transverse plane chest MRI recording could be performed whilst simultaneously recording cardiac vibration and respiratory acceleration signals from the parsaternal 3D Lead.

Regardless, the small respiratory peak-to-trough acceleration amplitude along the mechanical axis does not support the conclusion that a 1D sensor might suffice for the monitoring of respiration in a parasternal lead sensor as proposed previously. A 2D sensor would account for this anisotropy and would therefore be a safer option. However, given that it was already concluded in Chapter 3 that a 2D sensor is necessary to optimise cardiac vibrations, the same sensor could be simultaneously used to record respiratory signals with no added cost. Further, the maximised respiratory acceleration along the perpendicular axis provides further support for the identification of the mechanical axis. With the mechanical axis identified, the perpendicular axis is also automatically obtained. Thus, both cardiac vibration and respiratory acceleration signals can be optimised simultaneously.

Conclusions, Research Output, and Further Work

At the beginning of this chapter, the basic physiology and mechanics of respiration were introduced. Common methods used for acute and chronic monitoring of respiration, and their limitations, were outlined. The relevance of respiratory monitoring to cardiac monitoring, and in particular the link between sleep apnoea and ventricular tachyarrhythmia, were highlighted.

Subcutaneous accelerations were proposed as suitable candidates for monitoring of respiration in an entirely subcutaneous CIED. Such acceleration signals recorded from the tri-axial prototype sensors of Chapter 3 were low-pass filtered and physiologically validated in two pigs. This validation took the form of a linear correlation to the imposed ventilation volumes (r>0.96, p<0.05 for all acceleration components of the 3D Lead and 3D Can). Further, respiratory rate could be estimated from the respiratory acceleration signal periods (RMSD<10.70% for all acceleration components of the 3D Lead and 3D Can). Finally, three interesting relationships between the respiratory acceleration signals and the cardiac systolic mechanical axis of Chapter 3 were described. Most notably, projection along the mechanical axis tended to minimise respiratory acceleration amplitude and projection along the perpendicular axis tended to maximise it.

The preliminary work presented in this chapter supports the potential use of subcutaneous accelerometers for the chronic monitoring of respiration in an entirely subcutaneous CIED such as the S-ICD. Further, no added hardware is necessary, as the same sensors intended for cardiac hemodynamic monitoring can be used. Thus, unlike transthoracic impedance measurements, they suppose no added energetic cost (as no current is injected into the body). On the other hand, as with external accelerometers, subcutaneous respiratory acceleration signals will likely be significantly polluted by movement artefacts. This may not suppose a problem for certain applications such as the detection of sleep apnoea, although it likely will for others, such as the detection of minute ventilation during exercise.

To implement or apply the results of this chapter in the S-ICD, the precise relationship between sleep apnoea and ventricular tachyarrhythmia must be studied further and properly elucidated. It has been proposed that sleep apnoea contributes to ventricular tachyarrhythmia via the activation of the sympathetic nervous system induced by the episodes of hypoxemia [START_REF] Fichter | Sleep-related breathing disorders are associated with ventricular arrhythmias in patients with an implantable cardioverter-defibrillator[END_REF]. Whatever the mechanism, respiratory monitoring in the S-ICD for detection of sleep apnoea could be used to stratify the risk of incidence of VT/VF in the near future. This risk stratification could be used (potentially along with other indicators) to warn the patient's physician of an increased risk.

From the work presented in this chapter, a conference proceedings article was published and presented in the 2019 13th International Symposium on Medical Information and Communication Technology (ISMICT) conference held in Oslo, Norway [START_REF] Cordero Álvarez | Subcutaneous Accelerometer-Based Monitoring of Respiration[END_REF]. The article covered the physiological validation of pig no. 2's respiratory acceleration signals.

A central assumption of this work is that the actual tidal volumes and respiratory rates were faithfully reflected by those programmed on the CareStation650™ anaesthesia platform. This is especially important when considering how no gold-standard methods of respiratory parameter measurement, such as spirometry or nasal cannulation, were used. The assumption was deemed valid given that the acceptance of the ventilation accuracy performance test results by the United States Food and Drug Administration were accepted [START_REF] Purohit-Sheth | [END_REF].

Regardless, the results presented here are preliminary and only represent one subcutaneous case with external ventilation and ten supercutaneous approximations. The results must first be replicated in more subcutaneous cases, especially for normal non-assisted breathing and, ideally, in humans.

Pig no. 1 was not considered for the analysis of subcutaneous respiratory acceleration because, as stated previously in Chapter 3, the z acceleration of the 3D Lead could not be recorded during its experiment.

CONCLUSIONS, S-ICD PROTOTYPE LEAD, AND FURTHER WORK

The main research results of the doctoral thesis are summarised in this chapter. In general, subcutaneous sensors were proven successful for the monitoring of cardiac electrophysiological and hemodynamic performance, as well as respiratory behaviour. The precise application of this monitoring was the detection of VT/VFs in an S-ICD. To this end, two independent cardiac electrophysiological and hemodynamic monitoring schemes were combined to, in theory, possibly augment VT/VF detection specificity.

In this chapter, the development of a single subcutaneous prototype lead capable of recording all these cardiac electrophysiological and hemodynamic signals, as well as respiratory signals, is described. Its preliminary evaluation via its implantation in a single animal is also outlined here.

Finally, necessary further work is suggested for the finalisation of the combined electrophysiological-hemodynamic VT/VF detection scheme, the exploration of further clinically-valuable hemodynamic information from cardiac vibrations, and the development of a final commercial S-ICD lead.

Summary of Research Results and Conclusions

The principal aim of this doctoral thesis was the development of novel sensors and algorithms for the improvement of subcutaneous detection of VT/VFs in an S-ICD. Chapter 2 described the subcutaneous monitoring of cardiac electrophysiological activity, and Chapter 3 analysed the subcutaneous monitoring of cardiac hemodynamic performance using cardiac vibrations. These two cardiac monitoring schemes were combined to develop a VT/VF detection scheme that may, in theory, improve VT/VF detection specificity, or at least treatment decision. In Chapter 4, the subcutaneous monitoring of respiratory behaviour using the same sensors as those of Chapter 3, and its relevance to the principal research aim, were described. The research results and conclusions of these three research chapters are summarised below.

Chapter 2 began with the presentation of the intended application of this doctoral thesis: the S-ICD. A general overview of the S-ICD was given, followed by an extensive review of the system's sensing scheme. This review included a description of the electrophysiological signals typically recorded by the S-ICD, as well as the various stages of the algorithm used to interpret them and decide whether to deliver a shock or not. The review ended with a summary of the S-ICD's typical sensing limitations and pitfalls. Namely: the need for a pre-implantation screening that disqualifies 7-8% of indicated patients, and the false-positive VT/VF detections produced by Twave oversensing (39%), SVTs (25%), and myopotentials (8% ) [START_REF] Burke | Safety and efficacy of the totally subcutaneous implantable defibrillator: 2-year results from a pooled analysis of the IDE study and EFFORTLESS registry[END_REF] resulting in inappropriate Chapter 3 began with an introduction to standard cardiac hemodynamic parameters such as blood pressure, stroke volume, and myocardial contractility, as well as the sensors commonly used to record them. Ultimately, cardiac vibrations recorded from subcutaneous accelerometers were selected as the signals and sensors for subcutaneous cardiac hemodynamic monitoring. Such cardiac vibrations were reported to be extremely rich in valuable hemodynamic information.

Further, cardiac vibrations are invariant to the encapsulation that invariably happens with time, and can be recorded with technology similar to the MicroPort CRM SonR™ sensor.

A preliminary acute animal experiment involving the subcutaneous implantation of the SonR™ sensor highlighted the importance of acceleration measurement axis orientation and motivated the development of two tri-axial S-ICD accelerometer prototype sensors: the 3D Lead and the 3D

Can. These two prototype sensors, in addition to several other sensors, were implanted in three animals: one dog, and two pigs.

The data recorded from these three animals allowed to characterise the sensors' recorded subcutaneous cardiac vibrations in-depth, and compare them to their intracardiac and supercutaneous equivalents. Based on these results, several hypotheses were presented regarding the relation between the recorded cardiac vibrations and sensor mass, distance to the heart, and implantation tissue. Also, from these three animal experiments, the recorded cardiac vibrations were physiologically validated by linearly correlating them to myocardial contractility. From the results of the characterisation and (preliminary) physiological validation of the different sensors' cardiac vibrations, the 3D Can embodiment of the S-ICD prototype sensor was abandoned in favour of the 3D Lead.

The cardiac vibrations of the 3D Lead were optimised via their filtering with a suggested 10-55Hz bandwidth which was derived following a spectral correlation mapping exercise and considerations of spectral distribution. Using the multi-axial acceleration components of the 3D Lead, a simple method was developed to identify a physiological and patient-specific reference frame, defined as the cardiac systolic mechanical axis, that exists on the transverse plane.

Projection of the multi-axial acceleration components along this reference frame accounted for the observed anisotropy of cardiac vibrations, maximised signal quality, and allowed for invariance of the sensor's implantation orientation.

The cardiac systolic mechanical axis projection served as input for the proposed VF detection algorithm that was based on the Teager-Kaiser Energy Operator (TKEO): a mathematical operator that estimates the local energy required to generate an input signal. This operator drastically increased signal-to-noise ratio and greatly facilitated the independent assessment of cardiac hemodynamic performance. The TKEO was used to develop the world's first, and at the time of writing only, algorithm for the detection of VF exclusively from cardiac vibrations. This algorithm worked harmoniously with the cardiac systolic mechanical axis projection, which served to maximise the signal-to-noise ratio improvement generated by application of the TKEO.

Using these two synergetic methods, the electrophysiological VT/VF detection scheme of Chapter 2 was extended to include a parallel hemodynamic VF detection scheme. The two parallel branches of this combined VT/VF detection scheme were based on completely different underlying detection principles, and produced two independent VT/VF therapy decisions. These were compared in order to make a final decision. The difference in the underlying detection principles ensured that each scheme was protected from the other's pitfalls. Thus, such a combined scheme was, in theory, more robust to false-positive VT/VF detections.

New generations of CIEDs include the functionality to monitor respiration, and in particular sleep apnoea. Sleep apnoea is a common comorbidity of a wide range of cardiovascular diseases, including VT/VFs, and its prevalence has been reported to be as high as 65% in patients with chronically implanted CIEDs. Its monitoring may provide insights into the progression of such cardiovascular diseases, or its reduction can even serve as a clinical target. Respiratory monitoring in current devices is performed via measurements of transthoracic impedance. Such measurements, however, require the presence of intracardiac electrodes, and thus it is not clear how they can be performed in entirely subcutaneous systems like the S-ICD.

In More precisely, projection along the mechanical axis minimised respiratory accelerations, and projection along the perpendicular axis maximised them. Regardless, the proposed methods are highly attractive as they suppose no added hardware or energetic cost to the system if the accelerometers are already present for the monitoring of cardiac hemodynamic activity.

In summary, the methods presented in this doctoral thesis allow for an in-depth cardiorespiratory assessment using only a pair of electrodes to record the short dipole, and a bi-axial accelerometer to record cardiac vibrations and respiratory acceleration signals. Further, the signal processing algorithms used for this assessment were all computationally simple and therefore suitable for implementation in chronically implanted medical devices such as the S-ICD.

As a final proof of concept, a subcutaneous prototype lead consisting of three electrodes, two pairs of which record the short dipole, and one bi-axial accelerometer, was developed using standard ICD Lead components and an off-the-shelf accelerometer. 

Design and Fabrication

The subcutaneous prototype lead consists of a suture ring on its distal tip, three electrodes, a triaxial analogue accelerometer, and a bifurcation where the lead body ends in two industry-standard device connectors. The suture ring consists of a metallic ring soldered perpendicularly to an isolated platinum-iridium cylinder on the distal end of the lead body. Silicone gel was injected to hermetically seal the distal end of the lead body.

The three electrodes consisted of platinum-iridium cylinders (2.65mm in diameter, 4mm in length) at 226mm, 243mm, and 425mm from the bifurcation. These were defined as eD, eSh1, and eSh2, respectively. The dipole between eSh1 and eSh2 constituted the short dipole described in Chapter 2 and measured 13mm. The dipole between eD and eSh2 represented something similar to the alternate dipole of the Boston Scientific S-ICD. The primary and secondary dipoles of the Boston Scientific S-ICD could also be created if a separate electrode, mimicking the can, were implanted along the mid-axillary line.

The lead body was repurposed from another commercially available ICD lead and consisted of a pellethane 2363 multi-lumen within a polyurethane tubing. The multi-lumen comprised six small lumina (0.37mm in diameter) around a single large lumen (0.98mm in diameter). A cross-section of the lead body is shown in Figure 5.1.B. Seven isolated micro-cables realised the connections between the electrodes and accelerometer, towards the two connectors at the proximal end of the prototype lead. These micro-cables occupied the seven different lumina of the lead body. In a final lead design, an eighth line would also be necessary for the defibrillator coil. It would likely not be realised with the same micro-cable as the other seven lines. Instead, a larger cable with greater electrical insulation would be used, and it would occupy the large central lumen.

The accelerometer consists of a small, off-the-shelf, analogue accelerometer: the Xtrinsic FXLN836XQ (NXP Semiconductors). This accelerometer was selected primarily due to its small size (3mm x 3mm x 1mm -smaller than the ADXL337 sensor used in the 3D prototype sensors of Chapter 3), as well as its satisfactory power requirements (1.71-3.6V supply voltage for a 180μA supply current -also smaller than the ADXL337) and sensitivity (114.5mV/g). It was mounted on top of the lead body, as shown in A polyurethane bifurcation split the lead body into two separate industry-standard connectors.

One of these connectors corresponded to all the lines of the electrophysiological sensing scheme and the other corresponded to all the lines of the hemodynamic sensing scheme. The electrophysiological monitoring connector was a DF-4 connector: the industry-standard connector used for ICD leads that transmit high voltage defibrillation shocks. In this case, there was no defibrillation coil, and thus one of the DF-4 connector read-outs was unused, although in a final design a defibrillator would, of course, be included. The remaining three lines consisted of simple connections to the three different electrodes. The hemodynamic connector was an IS-4

connector and corresponded to the four lines of the accelerometer (i.e. the x and z acceleration components, the supply voltage, and the ground).

A photograph of the complete realised subcutaneous prototype lead is given in Figure 5.3 with its elements labelled.

Pre-Validation Acute Pig Protocol

The subcutaneous prototype lead was implanted in a single pig (i.e. pig no. 3), at the University Hospital of Oslo, in Norway. The purpose of this implantation was to validate the prototype lead by replicating the results presented in this doctoral thesis derived from the other prototype sensors.

However, the experimental protocol was shared with another group and was not ideal for this prevalidation. A median sternotomy was performed on pig no. 3; the sternum was "cracked" along its midline and the pericardium was removed to provide direct access to the heart. Following various procedures under these open-chest conditions, unrelated to the present work, the chest was sutured closed and the subcutaneous prototype lead was implanted. This had a significant effect on the recorded subcutaneous signals as is explained later. The subcutaneous prototype lead was implanted using the same three-point incision technique used for the Boston Scientific S-ICD lead. A first incision was made on the left lateral thoracic surface, and a second incision was made 10mm to the left of the sternum midline. A pacemaker tunnelling tool was used to create a subcutaneous tunnel connecting these incisions, as shown in Figure 5.4. The distal end of the prototype lead was advanced through the tunnelling tool straw until the short dipole lay in its intended position, as determined with the aid of an X-Ray. The tunnelling tool straw was then removed, leaving the prototype lead behind in the subcutaneous tissue. A third incision was made approximately 120mm caudally from the second incision, and the same process was repeated such that the distal segment of the lead, including the accelerometer, lay in the subcutaneous tunnel connecting these two incisions. The accelerometer was implanted with unknown transverse plane orientation. However, projection along the cardiac systolic mechanical axis later corrected for this offline. In an S-ICD, this identification would be performed online and the identified reference frame would then be fixed. The prototype lead was then sutured to the subcutaneous tissue of the animal at the second incision, where a "bend" in the lead body was created, and at the third incision, via the suture ring.

Results

The subcutaneous prototype lead's signals were recorded from its connectors protruding from Thus, the anatomic equivalent of the short dipole on the pigs is not necessarily the best short dipole vector for that animal. Further, the sternotomy and removal of the pericardium likely affected this recorded subcutaneous ECG signal.

Cardiac vibrations recorded along 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 demonstrated clear S1 and S2 complexes, although visually, signal-to-noise ratio and cycle-to-cycle morphological variability were poorer than those observed in Chapter 3. This too was likely due to the sternotomy; a cracked sternum alters the propagation of cardiac vibrations. Nevertheless, the cardiac systolic mechanical axis was easily identified in the animal.

As part of the experimental protocol, a 250μg dobutamine bolus was injected into the pig. This allowed to calculate a linear correlation coefficient of r=0.77 between the S1 peak-to-peak amplitudes of the cardiac systolic mechanical axis projection, and LV dP/dt max.

Several VF inductions were attempted in the pig but none were succesful. Thus subcutaneous short dipole signals during the VF could not be obtained, and the cardiac vibration signal TKEO VF detection algorithm could not be tested.

Respiratory acceleration signals were also clearly observed, and their periods closely matched the imposed ventilation rate (20 breaths per minute). As in Chapter 4, respiratory peak-to-trough acceleration amplitude was largest along the perpendicular axis 𝐮𝐮 � �⃗ 𝑝𝑝 and smallest along the mechanical axis 𝐮𝐮 � �⃗ 𝑚𝑚 .

Conclusion

In summary, the subcutaneous prototype lead was able to record cardiac electrophysiological signals, cardiac hemodynamic signals, and respiratory signals. Although the sternotomy did not provide an ideal thoracic state for the recording of such signal, and a VF could not be induced to test the proposed TKEO VF detection algorithms, this acute experiment served as a preliminary validation of the sensor that motivates further tests. 

Further Work

More acute animal experiments must be performed with the subcutaneous prototype lead. These should be performed in suitable animal models: healthy Large White and Landrace pigs with an intact thorax. This breed of pigs has a thoracic anatomy that resembles humans more than other large mammals commonly used for cardiology experiments (e.g. dogs and sheep), as well as other breeds of pig. Ideally, such animal experiments would include inotropic stimulation with dobutamine, inotropic suppression with isoflurane, respiratory manipulations, SVT inductions, VT inductions, and VF inductions. The data generated from these experiments would allow for the complete validation of the subcutaneous lead prototype.

Finally, a second, more complete, version of subcutaneous prototype lead must be developed.

This should include a defibrillation coil, with its corresponding connection to the DF-4 connector, as well as a smaller accelerometer with a more robust housing. For this latter modification, a digital accelerometer should be considered, as there as typically smaller in size and consume less power (as low as 2μA) than their analogue counterparts. This would facilitate their incorporation into a suitable and robust housing along the lead body.

Chronic animal experiments must also be performed with the subcutaneous prototype lead in conscious animals to record real-life signals during normal daily-life conditions such as movement and exercise. This will allow to observe and characterise the signals and their algorithms under the conditions they would normally be expected to operate. It will also allow to more precisely specify suitable bandwidths for the cardiac electrophysiological and hemodynamic signals, as well as the respiratory acceleration signals, in relation to the everyday noise they will be expected to coexist with.

The cardiac systolic mechanical axis should be investigated further, either with the subcutaneous prototype lead, the 3D Lead prototype, or another multi-axial accelerometer sensor. The anisotropy of the recorded cardiac vibrations should be correlated to indicators of contractile efficiency such as ejection fraction to assess its clinical utility. This will require the synchronous recording of the multi-axial cardiac vibrations and left ventricular volume, either using a PV catheter or echocardiography. The evolution of this cardiac vibration anisotropy could also be investigated, for example, during CRT patient follow-ups, to assess its use as a marker of disease progression.

At the time of writing, clinical trials were under design for the acquisition of the short dipole ECG and surface SonR™ SCG during sinus tachycardia and induced VT/VFs. For this end, the Spiderview™ Holter system was modified further to incorporate the surface embodiment of the (mono-axial) SonR™ sensor. Various centres across France have been identified to enrol approximately 350 patients. These are patients that will undergo a variety of procedures where VT/VFs are routinely induced, as well as effort tests for the recording of sinus tachycardia. The centres are expected to begin enrolling patients in early-mid 2020. The data recorded from these experiments will allow to develop a final VT/VF detection scheme for the short dipole signal:

either the adaptation of current MicroPort CRM algorithms or the development of a completely novel scheme. It will also allow the finalisation of the TKEO VF-detection algorithm, even if the cardiac vibrations recorded in the patients will be limited to mono-axial recordings (due to the use of the SonR™ sensor) and therefore the cardiac systolic mechanical axis cannot be identified.

Closing Remarks

This doctoral thesis demonstrated that electrophysiological and hemodynamic cardiac behaviour, as well as respiratory behaviour, can be successfully monitored from the subcutaneous space using simple methods suitable for implementation in a subcutaneous CIED. The S-ICD was chosen as the main application platform of the works presented in this thesis and a final subcutaneous lead prototype was developed and validated towards this end. Three patents [START_REF] Cordero | Dispositif et procédé de détection de fibrillation ventriculaire[END_REF][82] [START_REF] Cordero Álvarez | Dispositif médical implantable sous cutané et procédé pour traiter des signaux d'un dispositif médical implantable sous cutané[END_REF], two conference proceedings articles [195][220], and one journal research article [START_REF] Cordero | The Cardiac Systolic Mechanical Axis : Optimizing Multi-Axial Cardiac Vibration Signals by projecting along a Physiological Reference Frame[END_REF], were published and/or accepted for publication from the works of this doctoral thesis.

This doctoral thesis was funded by the European Union's Horizon 2020: Marie Skłodowska-Curie

Actions Innovative Training Network program for the "Wireless In-body Environment

Communication -WiBEC" project under the grant agreement no. 675353.

One week prior, on December 1 st , a complete CRT-D system had been implanted in the animal.

The system consisted of a Platinium™ (MicroPort CRM) device connected to: a SonR™ (MicroPort CRM) lead implanted in the right atrium, an INVICTA™ (MicroPort CRM) lead implanted in the right ventricle, and a NAVIGO 4LV™ (MicroPort CRM) lead implanted in the coronary sinus. The experiment of December 9 th had as its main purpose the follow-up testing of the INVICTA™ lead. This lays beyond the scope of the thesis however, and it is therefore not discussed further here.

The ADC used during the December 9 th acute experiment was a BioPac M35, and was limited to four channels. This greatly complicated the experimental protocol as different types of signals had to be recorded on the same channel, at different moments. All channels were sampled at 10kHz, and consisted of: Each SonR™ lead was connected to the ADC via its own custom interface unit that powered the sensor and filtered its signals. Two outputs were produced from each SonR™ lead: an acceleration signal and an electrophysiological signal. The acceleration signal was recorded from the SonR™ sensor. The electrophysiological signal was recorded between the ring and tip electrodes flanking the SonR™ sensor. If the lead was implanted inside the heart, this signal represented an EGM. If the lead was implanted subcutaneously, it represented an ECG. Due to the limited number of available channels, the signals recorded from Channel 2 and 3 were first both subcutaneous acceleration signals, then both subcutaneous electrophysiological signals, and finally one of each.

•
First, the subcutaneous parasternal and sternal SonR™ acceleration signals of Channel 2 and 3 respectively were compared in real time, as they were recorded. The same comparison was then performed between the electrophysiological signals of these same subcutaneous SonR™ leads by changing their outputs connected to Channel 2 and 3. Based on immediate considerations of amplitude and signal quality of both these acceleration and electrophysiological signals, the parasternal lead was selected for further consideration and the subcutaneous sternal SonR™ lead was no longer considered. Consequently, and its custom interface unit was disconnected from the ADC so that Channel 2 and Channel 3 could instead be used to record the acceleration and electrophysiological signals of the parasternal lead.

Channel 4 was originally intended to record the right atrial SonR™ Endocardial Acceleration (EA) but, due a suspected error in its custom interface unit, this was not possible. A surface SonR™ Seismocardiogram (SCG) signal was recorded instead.

The parts of the experiment relevant to the doctoral thesis took place in the following order: 4.3.1. The pacemaker lead tunnelling tool was removed such that its passing straw, with both of its ends piercing the skin, remained implanted. 4.4. The SonR™ lead was advanced down the lumen of the passing straw and, with the aid of radioscopy, positioned such that its SonR™ sensor lay at its intended site: within the fourth intercostal space. 4.5. The passing straw was pulled out from its cranial end, leaving behind the subcutaneously-implanted parasternal SonR™ lead sensor. 4.6. The subcutaneously-implanted parasternal SonR™ lead was connected to the SonR™ lead custom interface unit of Channel 2. 5. Subcutaneous Implantation of Sternal SonR™ Sensor.

5.1. Using a scalpel, a hole was made on the sternum midline, and 150mm caudally of the 4th intercostal space. 5.2. Using a pacemaker tunnelling tool, a tunnel was created in a longitudinal sense, extending approximately 300mm. 5.3. Using a scalpel, the distal end of the pacemaker lead tunnelling tool was excised. 5.4. The pacemaker lead tunnelling tool was removed such that its passing straw, with both of its ends piercing the skin, remained implanted. 5.5. The SonR™ lead was advanced down the passing straw and, with the aid of radioscopy, positioned such that its SonR™ sensor lay at its intended site: above the sternum, level with the fourth intercostal space, and 20mm to the right of the subcutaneous parasternal SonR™ sensor. 5.6. The passing straw was pulled out from its cranial end, leaving behind the subcutaneously-implanted sternal SonR™ lead sensor. 5.7. The subcutaneously-implanted sternal SonR™ lead was connected to the SonR™ lead custom interface unit of Channel 3.

At this point all sensors were implanted as shown in the following X-Ray: 1.2. The animal was shaved to facilitate the placement of ECG electrodes.

ECG Preparation and Connection

2.1. ECG electrodes were attached to the shaved right wrist, left wrist, and left leg, in order to record ECG derivations, I, II, and III.

2.2. The attached ECG electrodes were connected to the ADC to achieve the above derivations.

3. Instrumentation I -Seven accelerometer-based cardiac hemodynamic sensors were implanted in, or attached to the skin of, the animal at different stages of the experimental procedure.

Five of these consisted of SonR™ sensors, and the remaining two consisted of the two triaxial, or '3D', Lead and Can prototype sensors.

3.1. Two of the five SonR™ sensors were first implanted subcutaneously. The first was implanted such that the SonR™ sensor lay on the sternum midline, at the height of the 6 th intercostal space. The second was implanted such that the SonR™ sensor lay less than 20mm to the left of this. Both of these SonR™ sensors had their measurement axes identified before the experiment and were implanted such that these were aligned with the posterior-anterior axis of the animals. The sensors were sutured to the skin to prevent their displacement and/or rotation.

3.2.

A third SonR™ sensor existing in its surface embodiment was attached to the chest of the dog (close to the subcutaneous SonR™ sensors) using a conventional ECG electrode as adhesive. 2. Pressure-volume catheters were implanted in the right ventricle, using the same subclavian venous access as the intracardiac SonR™ sensors, as well as in the left ventricle, from a femoral arterial access. This latter sensor allowed to record LV pressure and therefore estimate myocardial contractility from LV dP/dt max.

5.3.

A thin, quadripolar lead was implanted in the coronary sinus, above the left ventricle. This quadripolar lead, in addition to the two intracardiac SonR™ leads allowed to record right atrial, right ventricular, and left ventricular EGMs, as well as realise triple-chamber pacing configurations like in a CRT system.

6. Dobutamine Challenge I 6.1. The first 150μg dobutamine bolus was injected in the animal.

6.2. Recovery period of 5 minutes.

6.3. The second 150μg dobutamine bolus was injected in the animal. Although not explicitly indicated, several different single-, double-, and triple-chamber pacing configurations were tested intermittently throughout the experiment.

Exemplary cardiac vibrations (filtered in the 10-110Hz bandwidth) of the dog acute experimental protocol are shown below:

The ADC used for both pigs of the experimental protocol was a PowerLab® 16/35 (AD Instruments). It consisted of 16 channels. A total of 12 and 14 of these channels were used for the pig no.1 and pig no.2 experiments, respectively. All signals were sampled at 1kHz and saved for offline processing on Matlab™.

The experimental protocol is detailed as follows:

1. Animal Preparation 1.1. The animal was put under general anaesthesia in the supine position, intubated, and ventilated at 15 breaths per minute and 625ml tidal volume.

ECG Preparation and Connection

2.1. ECG electrodes were attached to the right wrist, left wrist, and left leg, in order to record ECG derivations, I, II and III.

2.2. The attached ECG electrodes were connected to the ADC to achieve the above derivations.

3. Instrumentation 3.1. A SonR™ sensor was implanted subcutaneously along the sternum midline at the height of the 3 rd intercostal space in the same way as in the preliminary subcutaneous SonR™ implantation experiment. It was connected to the ADC.

3.2. The 3D Lead was implanted 10-20mm parasternally to the left of the subcutaneous sternal SonR™ sensor by performing a small incision approximately 8cm caudally to the final sensor site, creating a subcutaneous tunnel with a pacemaker tunnelling tool, and carefully introducing the distal end of the 3D Lead with forceps. The 3D Lead was implanted such that its 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦, and 𝐮𝐮 � �⃗ 𝑧𝑧 acceleration measurement axes lay parallel to the medial-lateral, longitudinal, and posterior-anterior axes respectively. The three x, y, and z component outputs were connected to the ADC. The z acceleration component could not be recorded in pig no. 1 due to a short-circuit.

3.3. In pig no. 1, a SonR™ sensor was implanted immediately next to the 3D Lead, in the same subcutaneous tunnel, with its measurement axis parallel to the posterior-anterior axis of the animal. It was connected to the ADC. 3.4. A surface embodiment of the SonR™ sensor was attached to the chest of the pigs, directly above the subcutaneous sternal SonR™ sensor. It was connected to the ADC. A conventional ECG electrode was used as adhesive for the fixation. Abstract: The aim of this doctoral thesis was the development of sensors and algorithms for the improved monitoring of cardiac activity in the subcutaneous implantable cardioverter-defibrillator (S-ICD). More precisely, to improve the detection specificity of dangerous tachyarrhythmia such as ventricular tachycardia (VT) and ventricular fibrillation (VF). Two independent VT/VF detection schemes were developed for this: one electrophysiological in nature, and the other hemodynamic.

The electrophysiological sensing scheme relied on a special ECG that was recorded along a short dipole located above the lower left pectoralis major. This short dipole maximised R/T ratio and signal-to-noise ratio in a total of 9 healthy volunteers. In theory, it will reduce the risk of false positive VT/VF detections simply by consequence of the dipole size, location, and orientation and independently of any further signal processing methods.

The hemodynamic sensing scheme relied on cardiac vibrations recorded from two tri-axial accelerometer prototype sensors. These subcutaneous cardiac vibrations were characterised, physiologically validated, and optimised via their filtering along specific bandwidths and projection along a patient specific reference frame. The world's first independent cardiac vibration VF detection algorithm was developed operating on these optimised signals.

The same accelerometer prototypes were also shown to be able to record respiratory accelerations and detect apnoea.

A final subcutaneous lead prototype was developed capable of recording the short dipole ECG, cardiac vibrations, and respiratory accelerations. It consisted of three electrodes, a bi-axial accelerometer, and industry-standard device connectors. The prototype lead was implanted in a fourth and final animal.
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 16 FIGURE 1.6 -EINTHOVEN'S TRIANGLE PRODUCING ECG LEAD DERIVATIONS I, II, AND III.
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 17 FIGURE 1.7 -WIGGERS DIAGRAM DISPLAYING THE LEFT ATRIAL, LEFT VENTRICULAR, AND AORTIC PRESSURES, THE LEFT VENTRICULAR VOLUME, THE ECG, AND THE PHONOCARDIOGRAM, FOR TWO HEART CYCLES.
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 18 FIGURE 1.8 -ECG CAPTURING VARIOUS NORMAL SINUS RHYTHM (NSR) CYCLES, (A) A PREMATURE ATRIAL CONTRACTION PAC, (B) AND A PREMATURE VENTRICULAR CONTRACTION (PVC).
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 19 FIGURE 1.9 -ECG RHYTHM STRIPS DURING (A) SUPRAVENTRICULAR TACHYCARDIA, AND (B) ATRIAL FIBRILLATION.
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 1 FIGURE 1.10 -ECGS DEMONSTRATING (A) VENTRICULAR TACHYCARDIA, (B) VENTRICULAR FIBRILLATION.
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 1 FIGURE 1.11 -THE IMPLANTABLE CARDIOVERTER-DEFIBRILLATOR (ICD) SYSTEM.
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 1 FIGURE 1.13 -(A) IMPLANTABLE LOOP RECORDER. (B) SUBCUTANEOUS IMPLANTABLE CARDIOVERTER-DEFIBRILLATOR (S-ICD).
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 1 FIGURE 1.15 -LABELLED ANATOMY OF THE THORACIC CAVITY.
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 21 FIGURE 2.1 -(A) LAYOUT OF THE S-ICD COMPARED TO (B), THE LAYOUT OF THE TRANSVENOUSICD.
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 22 FIGURE 2.2 -THE THREE SENSING VECTORS (IN BLACK) OF THE S-ICD: PRIMARY, SECONDARY, AND ALTERNATE. THESE ARE CREATED BY THE TWO LEAD ELECTRODES AND CAN (IN BLUE) .
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 23 FIGURE 2.3 -FALSE-POSITIVE INAPPROPRIATE SHOCK IN THE S-ICD DUE TO T WAVE OVERSENSING. 'T' DENOTES A TACHYCARDIA CYCLE DETECTION, AND 'S' DENOTES A SINUS CYCLE DETECTION. THE LIGHTNING SYMBOL INDICATES THE DELIVERY OF A DEFIBRILLATION SHOCK.
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 2425 FIGURE 2.4 -THREE PHASES OF THE BOSTON SCIENTIFIC S-ICD VT/VF DETECTION ALGORITHM.
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 12 Figure 1.2. The ventricles are at the bottom of the heart and provide the pumping function. The atria are above the ventricles and collect the blood before subsequent ventricular filling. The heart is divided into the left and right halves. The right half is associated with the pulmonary circulation and the left half is associated with the systemic circulation (i.e. the circulation of the entire body except the lungs).
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 11 Figure 1.1 -Location of the heart in the thoracic cavity [223].
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 12 Figure 1.2 -Anatomy of the heart [224].

Figure 1 . 3 -

 13 Figure 1.3 -The valves of the heart [225].
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 14 Figure 1.4 -Evolution of collective surface area and blood velocity down the systemic circulation [226].
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 15 Figure 1.5 -The heart cycle with labelled phases and ECG.
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 16 Figure 1.6 -Einthoven's triangle producing ECG lead derivations I, II, and III.

  .5.D. Activation (and then contraction) of the ventricles start from the middle part of the heart and marks the start of systole.This contraction reduces intraventricular volume, thus increasing their blood pressure. Once ventricular blood pressure exceeds those of the right and left atria, the atrioventricular valves close and remain shut due to the ventricular contraction. This sudden closure of the atrioventricular valves, particularly the mitral valve, is associated with the first heart sound (S1). At this moment, the ventricles are completely sealed but continue to contract during what is referred to as the isovolumic contraction phase. During this phase, intraventricular blood pressure rises sharply until the pressures in the right and left ventricles exceeds those of the pulmonary artery and aorta respectively. This forces the opening of the pulmonary and aortic valves, respectively, and blood is ejected. This marks the end of the isovolumic contraction, and the beginning of ejection. These changes in cardiac volumes and pressure are hemodynamic phenomena, not electrophysiological phenomena, and cannot be appreciated on an ECG. This is an important limitation of cardiac electrophysiological monitoring and is discussed in length in Chapter 3. To illustrate these changes in hemodynamic phenomena, a Wiggers diagram is given in Figure1.7.The q, R, and S waves are together referred to as the QRS complex, after which occurs the isoelectric ST segment separating the QRS depolarisation from the repolarisation phase. It corresponds to the plateau phase of the individual cardiomyocytes action potentials. The ST segment is shown Figure 1.5.E Pressure in the ventricles still increases after the onset of ejection because the contractile force exceeds the aortic and pulmonary valve calibre capabilities. As long as blood is ejected from the ventricles, their volumes decrease and then, eventually, pressure too decreases until closure of the valves. During this time, the ventricular cells repolarise and their membrane potentials become negative again. Muscular tone is lost and ventricles relax. During repolarisation, no spreading phenomenon occurs like depolarisation. However, since adjacent cardiomyocytes were depolarised sequentially, it is likely they will repolarise with similar timings. The repolarisation of the ventricles is reflected in the ECG by the T wave, as shown in Figure 1.5.F Shortly after the T wave, blood pressures in the right and left ventricles fall below the pulmonary artery and aortic blood pressure, respectively, and the ejection valves of these large vessels close. The closure of these valves, particularly the aortic valve, is associated with the second heart sound (S2). This marks the end of ejection and systole, and the beginning of diastole. The ventricles continue to relax during a phase called isovolumic relaxation (as the ventricles are completely sealed). The ratio of ventricular volume at the end of ejection to the ventricular volume at the end of diastole is known as the ejection fraction. It is a marker of the efficiency of contraction. During the isovolumic relaxation phase, blood pressure drops. When pressure falls below right and left atria pressure, the atrioventricular valves open and blood begins to passively fill the ventricles again. The ventricles will continue to fill in this relaxed state until the next contraction.
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 17 Figure 1.7 -Wiggers diagram displaying the left atrial, left ventricular, and aortic pressures, the left ventricular volume, the ECG, and the Phonocardiogram, for two heart cycles.

  .8.A. A premature ventricular contraction (PVC) is due to a depolarisation from an ectopic ventricular location. Electrical activity then spreads through the Purkinje system, and directly from one cardiomyocyte to another, resulting in a very different QRS morphology from the NSR QRS. For example, a PVC originating from the right ventricle will activate the left ventricle with a certain delay, thus resulting in a wide QRS with a left-bundle-branch-block (LBBB) pattern. The delay creates dyssynchrony and contractile efficacy is lost, resulting in an insufficient ejection. It also generally induces a post-PVC pause, prolonging diastole. The next NSR cycle is then associated with a compensatory increase of stroke volume. The combination of irregularity, pause, and increased stroke volume, may not be hemodynamically tolerated. Although single PVCs are not considered as life-threatening arrhythmia, frequent PVCs (i.e. greater than 20%) may favour the development of arrhythmia-induced heart failure [8]. A typical PVC is shown in Figure 1.8.B.
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 18 Figure 1.8 -ECG capturing various normal sinus rhythm (NSR) cycles, (A) a premature atrial contraction PAC, (B) and a premature ventricular contraction (PVC) [227].
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 110 Figure 1.10 -ECGs demonstrating (A) ventricular tachycardia, (B) ventricular fibrillation [227].

Figure 1 . 12 -

 112 Figure 1.12 -Comparative of typical ECG, RA EGM and RV EGM.
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 1 Figure 1.13 -(A) Implantable Loop Recorder [229]. (B) Subcutaneous Implantable Cardioverterdefibrillator (S-ICD) [230].

Figure 1 . 14 -

 114 Figure 1.14 -The layers of the integumentary system [231].
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 115 Figure 1.15 -Labelled anatomy of the thoracic cavity [232].

2 .

 2 Development of a simple algorithm for the detection of sleep apnoea from the physiologically-validated respiratory signals. Finally, Chapter 5 serves as a summary of the main research conclusions of the three preceding chapters. It also includes the description and pre-validation of a final S-ICD lead prototype capable of performing the three forms of physiological monitoring described in Chapter 2, Chapter 3, and Chapter 4. Planned and recommended further work is also presented in this final chapter.

2. 1

 1 Introduction: The Subcutaneous Implantable Cardioverter-Defibrillator The Subcutaneous Implantable Cardioverter-Defibrillator (S-ICD) is an entirely subcutaneous Cardiac Implantable Electronic Device (CIED). It is intended for the detection and defibrillation of ventricular tachyarrhythmia such as ventricular tachycardia (VT) and ventricular fibrillation (VF). The S-ICD consists of two main elements: the can and the lead, shown in Figure 2.1.A. The can houses the microprocessor, defibrillation capacitors, and batteries. It is generally implanted between the mid and anterior axillary lines at the height of the 5th intercostal space. The lead is connected to the can and runs to the left of the sternum (parasternally). It contains a single defibrillation coil flanked by two sensing electrodes. Shocks are delivered between the defibrillation coil and the can. Three different sensing dipoles, or vectors, are realised between the two lead electrodes and the casing. These are the primary, secondary and alternate vectors, and are defined as in Figure 2.2.
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 21 Figure 2.1 -(A) Layout of the S-ICD compared to (B), the layout of the transvenous ICD [233].
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 22 Figure 2.2 -The three sensing vectors (in black) of the S-ICD: primary, secondary, and alternate. These are created by the two lead electrodes and can (in blue) [234].
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 23 Figure 2.3 -False-positive inappropriate shock in the S-ICD due to T wave oversensing. 'T' denotes a tachycardia cycle detection, and 'S' denotes a sinus cycle detection. The lightning symbol indicates the delivery of a defibrillation shock [235].

Figure 2 . 4 -

 24 Figure 2.4 -Three phases of the Boston Scientific S-ICD VT/VF detection algorithm [36].

  generation S-ICD via a software update. The SMART Pass filter was shown to reduce T wave oversensing by 82% in the first generation SQ-RX™ device, and by 71% in the second generation EMBLEM™ device [40]. Events were detected on this SMART Pass-filtered signal, although the certification and final rhythm discrimination of the therapy decision phase were performed on the original signals. This is illustrated in the simplified sensing chain of Figure 2.7.
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 26 Figure 2.6 -(A) The three heart rate zones of the therapy decision phase. (B) The three INSIGHT™ morphological SVT discriminators of the conditional shock zone: static morphology (black arrows), dynamic morphology (blue arrows), and QRS width (red arrows) [38].
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 27 Figure 2.7 -Simplified sensing chain of the S-ICD implementing the SMART (High) Pass filter [38].
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 28 Figure 2.8 -Pre-implantation screening procedure. (A) Selecting the correct gain, and (B) selecting the correct sensing vector [236].

  noticeable impact on recorded cardiac electrophysiological signals. Second, Boston Scientific already substitute subcutaneous ECGs with external ECGs during the pre-implantation screening procedure therefore assuming that both are equivalent. Finally, diagnoses are made from subcutaneous signals recorded by ILRs following identical considerations as if these signals were supercutaneous ECGs. Therefore, subcutaneous cardiac electrophysiological signals were substituted by their supercutaneous equivalents. An MP35™ (BIOPAC) analogue-digital converter platform (ADC) was used to record the signals, at a sampling rate of 1kHz, and save them for offline processing. Only four channels could be recorded at one time by the ADC. The first channel was used to record the ECG I derivation (i.e. right arm to left arm). The three remaining channels recorded signals along three adjacent 'short' dipoles of the multi-electrode array. The three Boston Scientific S-ICD derivations were also recorded separately for each volunteer. Each recording lasted approximately 1 minute. Two short-dipole acquisition patterns were performed: one of the short dipoles parallel to the sense of the lead (denoted 'Par'), and the other perpendicular to the sense of the lead (denoted 'Perp'). The short dipoles were labelled in ascending numerical order from distal to proximal end of the electrode array from the perspective of the S-ICD lead and as shown in Figure 2.10. Both the amplitude and morphology of the recorded short dipoles changed significantly along the length of the electrode array.

Figure 2 . 9 -

 29 Figure 2.9 -Multi-electrode mapping array attached to the chest of volunteer no. 1. The array consists of an 18-electrode vertical segment and a 10-electrode horizontal segment.

Figure 2 . 10 -

 210 Figure 2.10 -Electrode mapping array parallel (Par) acquisition of volunteer no. 1. Two cycles of ECG I (in red) and 14 short dipoles, labelled Par1 through to Par14, are shown. A 1mV scale bar and 1-second scale bar are also given and hold for all signals.

Figure 2 .

 2 Figure 2.11 -Labelled P, R and T wave peaks and troughs for the Par3 signal of volunteer no. 1.The asterisks (*) correspond to the P wave, the exes (x) correspond to the R wave, and the crosses (+) correspond to the T wave. Red symbols denote peaks, and blue symbols denote troughs.

  vectors' ECGs. The four ECG derivations were recorded during a series of baselines in different postures and different forms of physical activity, each lasting approximately one minute.

Figure 2 . 12 -

 212 Figure 2.12 -MicroPort CRM Spiderview™ Holter monitor. The system consists of a casing and a series of cables. Here, the simplest cable variant is shown, able to record three ECG derivations.

Figure 2 .

 2 Figure 2.13 -(A) Modified Spiderview™ Holter monitor. Four ECG derivations (primary, secondary, alternate and the short dipole), were recorded between four electrodes. The Spiderview™ electrode connectors are coloured to facilitate their placement. (B) Analogue front end of the modified Spiderview™. The equivalent S-ICD lead is shown with the electrodes labelled by their corresponding coloured connectors (denoted A through E). Instrumentation amplifiers perform bipolar recordings between electrodes A through D to record the four ECG derivations. Electrode E provided the electrical amplifier reference. Electrodes D and E were attached below the armpit, where the S-ICD can is normally.

  signals were sampled at 200Hz by the modified Spiderview™ and saved to the device's memory card. The commercial software package Synescope™ (Microport CRM) was used to read the signals on the memory card and export them to a standard ECG format known as ISHNE (International Society for Holter and Non-invasive Electrocardiology). The recorded ECG derivations in this ISHNE format were imported into Matlab™ where they were subsequently segmented into their constituent baselines and physical activities. Baselines were front-back filtered using a 2 nd order Butterworth high-pass filter with a corner frequency at 1Hz. Physical activity recordings were filtered using the same filter but with the corner frequency set at 2.5Hz. This filtering removed the DC-component wander. No other form of filtering was performed in order to keep the signals as unprocessed as possible. R, P, and T-waves were detected for each ECG derivation following the same methods as those described previously in Section 2.2 for the electrophysiological mapping. If a particular ECG derivation was too noisy, the R, P, and T-wave markers of one of the other cleaner signals were used instead. A heart cycle was considered as the signal between adjacent R-waves. A cycle was considered ectopic and discarded if its RR interval

  e. -1.5 times that cycle's PR interval) to slightly after the T wave (i.e. 1.5 times that cycle's RT interval). Example extracted PQRST segments and their computed mean PQRST segments are shown in Figure 2.14.A. The power spectral density (PSD) functions of all the extracted PQRST segments were then calculated by taking the square of their Fast-Fourier Transform (FFT) magnitudes (i.e. the periodogram estimate), as shown in Equation 2.2 for a particular cycle b, where 𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 𝑏𝑏 is the PQRST segment of cycle b. Equation 2.2 PSD{𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 𝑏𝑏 } = |FFT{𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 𝑏𝑏 }| 2 The mean of these individual cycle PSD functions for that recording was then calculated according to Equation 2.3 to obtain the average PSD 𝐩𝐩𝐩𝐩𝐩𝐩 ����� . average PSD functions are shown in Figure 2.14.B. The average PSD

  3. A colour scale was again used to give a relative indication of the 𝑅𝑅 � values for each volunteer's baseline and physical activity. For a given volunteer, a pure green cell indicated that cell's ECG derivation produced the largest 𝑅𝑅 � out of all four ECG derivations. Conversely, a pure red cell indicated that cells' ECG derivation produced the smallest 𝑅𝑅 � out of all four ECG

Figure 2 .

 2 Figure 2.14 -(A) Short dipole and Boston Scientific vectors' PQRST segments (red) and their calculated mean PQRST segment (black) for volunteer no. 1's sitting baseline. (B) Corresponding power spectral density curves (red) and their calculated mean power spectral density curve (shown in black).
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 215 Figure 2.15 -Average spectral distribution for the short dipole ECG and three Boston Scientific vectors ECGs in the five volunteers. The spectral distribution of a right ventricular EGM in a pig from the experimental protocol of pig no. 2, described in Chapter 3, is also given for comparison purposes.

  The three Boston Scientific vectors also span this muscle and are defined by electrodes placed above it. Yet, their 𝑠𝑠𝑠𝑠𝑠𝑠 ����� suffered considerably more than the short dipole's 𝑠𝑠𝑠𝑠𝑠𝑠 ����� during these physical activities. An example of the signals recorded during push-ups and a preceding baseline in the first volunteer is given in Figure2.17. Similar signals for the other volunteers' physical activities are given in Appendix 2.6, Appendix 2.7, and Appendix 2.8. Myopotentials in these signals completely obscured the Boston Scientific vector ECGs but not the short dipole ECG.

Figure 2 . 16 -

 216 Figure 2.16 -Major muscles (in yellow) introducing myopotentials in the four recorded signals [237].
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 217 Figure 2.17 -The short dipole and three Boston Scientific vectors' ECGs during a standing baseline and push-ups for the first volunteer.

Figure 2 . 18 connected

 218 to Patient no. 1.

  Patient no. 1's VF was induced via DC current injection, which obscured the signals during the episode. Consequently, induction via AC stimulation was used for the remaining patients. Patient no. 2 underwent a single and successful VF induction and is shown in Figure 2.19. Patient no. 3 also underwent a single and successful VF induction. However, no signals were visible on the short dipole channel; it lay completely flat due to a faulty short-circuit in the electronics that was later repaired. The episode is not shown here but in Appendix 2.9 instead. Patient no. 4 had three VTs induced. The first VT was induced mechanically during the electrophysiological mapping of the VT ablation procedure. It reverted back to NSR spontaneously and is shown in Figure 2.20. The remaining two VTs were purposely induced via electrical stimulation and also reverted spontaneously back to NSR.

Figure 2 . 19 -

 219 Figure 2.19 -Induction of a VF episode in Patient no. 2. Defibrillation occurred off the time scale shown but was successful and returned the patient to normal sinus rhythm.

Figure 2 . 18 -

 218 Figure 2.18 -Patient no. 1 undergoing a device (CRT-D) change procedure with the modified Spiderview™ system connected. The old device, prior to its explanation, is visible under the skin. Large external defibrillation electrodes were attached to the patient's chest in case the internal defibrillation shocks were unsuccessful. The Spiderview™ electrodes were attached as shown previously in Figure 2.13.
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 220 Figure 2.20 -Spontaneous reversion of a VT back to normal sinus rhythm in Patient no. 4.

Figure 2 .

 2 Figure 2.21 -A failed VF induction followed by a successful VF induction that is terminated by a defibrillation shock in Patient no. 5.

Figure 2 . 22 -

 222 Figure 2.22 -Induction and defibrillation of an induced fast VT (270 bpm) for Patient no. 6. The shock saturated the signals for a few seconds after which they reverted to normal sinus rhythm.

Figure 2 . 23 -

 223 Figure2.23 -Proposed preliminary electrophysiological sensing chain for an S-ICD utilising the short dipole, as well as at least one other "long" dipole similar to the Boston Scientific alternate vector. R-wave detection is performed on the ECG recorded along the short dipole, thus benefiting from its improved R/T ratio and signal-to-noise ratio. If the RR intervals calculated from the R-waves lay below a particular programmable VT/VF threshold, the signals from the "long" dipole are also considered and the VT/VF detection algorithm is launched. Based on both these electrophysiological signals and the VT/VF detection algorithm, a decision to shock or withhold is made.

  . The other patent covered an algorithm making use of subcutaneous ECGs, including those recorded along the short dipole, for the detection of VT/VFs and the discrimination of these from various forms of SVT and noise[START_REF] Cordero Álvarez | Dispositif médical implantable sous cutané et procédé pour traiter des signaux d'un dispositif médical implantable sous cutané[END_REF]. This algorithm comprised an adaptation of MicroPort CRM's SPOT algorithm for use with subcutaneous ECG signals such as the short dipole and a longer and orthogonal dipole similar to the Boston Scientific alternate vector.The small number of individuals considered for the testing of the short dipole ECG (9 healthy volunteers and 6 patients) and the little variety of observed cardiac rhythms represents the most important limitation of this chapter. Although this number falls within the realistic scope of a doctoral thesis, more data is needed to allow for a meaningful statistical comparison of the short dipole ECG to the Boston Scientific vectors ECGs, as well as to develop, train and test a complete electrophysiological VT/VF detection scheme. To this end, and as detailed further in Chapter 5, at the time of writing of this doctoral thesis a clinical trial was planned in approximately 350 patients for early 2020 across various centres in France. This clinical trial would record the short dipole ECG and the Boston Scientific vectors ECGs using similar methods to those described previously in Section 2.3 for a variety of different conditions and cardiac rhythms. Careful selection of the patient population will be necessary to ensure a faithful representation of the S-ICD population.

  in theory, improve ventricular tachyarrhythmia detection specificity in an S-ICD. At the beginning of this chapter the concept of cardiac hemodynamic monitoring is introduced and compared to cardiac electrophysiological monitoring. The most commonly-measured cardiac hemodynamic parameters, as well as the sensors used to measure them (in particular the SonR™ sensor) are examined. The choice of subcutaneous cardiac vibrations recorded from accelerometers is motivated and justified. Such signals were recorded using two tri-axial prototype sensors mimicking the lead and the can of an S-ICD. The development of these prototype sensors is described. Then, the two acute animal experimental protocols that generated all the subcutaneous cardiac vibrations used in this chapter are detailed. The recorded subcutaneous cardiac vibrations of these acute animal experiments were characterised in depth and physiologically validated by correlating them to myocardial contractility. Based on the results of the characterisation and physiological validation, a single subcutaneous sensor embodiment for use in an S-ICD was selected. The signals of this selected embodiment were then optimised via the application of a suggested filtering bandwidth derived following a spectral correlation mapping exercise. The need for a patient-specific and physiological reference frame along which

  Blood pressure, stroke volume, and myocardial contractility are all closely interrelated. In a simplified model: contractility increases stroke volume, which in turn due to increased cardiac output and venous return will raise blood pressure. This relation is illustrated in Figure3.1.

Figure 3 . 1 -

 31 Figure 3.1 -Relation between cardiac output, stroke volume, and (myocardial) contractility [238].

  A pressure-volume (PV) catheter consists of a thin catheter with a single pressure sensor, and various ring electrodes. When advanced into the left ventricle, as in Figure 3.2, it is able to perform direct measurements of pressure, and estimates of blood volume. By taking the first derivative of left ventricular pressure, LV dP/dt, a gold-standard indicator of myocardial contractility can be extracted: the maximum rate of left ventricular pressure increase, LV dP/dt max [87][88]. LV pressure and LV dP/dt signals are shown in Figure 3.3.A.
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 32 Figure 3.2 -PV Catheter with labelled electrodes and pressure sensor inside the left ventricle [239].

Figure 3 .

 3 Figure 3.3 -(A) Left ventricular pressure, dP/dt, and volume for three heart cycles. (B) Corresponding pressure-volume loop. Valve opening and closing times, as well as isovolumic moments are labelled.

  Figure 3.4.B. It represents a peripheral hemodynamic signal from which hemodynamic

Figure 3 .

 3 Figure 3.4 -(A) Transmissive and reflective finger pulse oximetry sensors. (B) Synchronous ECG, peripheral pulse PPG and blood pressure recordings. Three premature ventricular contractions (PVCs) can be seen to produce dips in both the blood pressure (BP) and Photoplethysmogram (PPG) signals.

  The visual representation of these auditory cardiac vibrations is known as the Phonocardiogram (PCG). A typical healthy PCG is shown in Figure3.5.A. The healthy PCG consists of two main complexes corresponding to the first heart-sound (S1), and the second heart sound (S2). S1 is associated with blood turbulence created by the closure of the atrioventricular valves: the mitral and tricuspid valves. It marks the beginning of systole. The aortic and pulmonary valves also open during S1, although this usually is not what produces the turbulence creating the sound. S2 is associated with the closure of the aortic and pulmonary valves, particularly the aortic valve, and marks the beginning of diastole. The third heart sound (S3) and fourth heart sound (S4) are diastolic sounds that may also be present but are usually much quieter than S1 and S2. S3 is associated with passive ventricular filling and is believed to be caused by the low-frequency oscillation of blood between the walls of the ventricles. A large S3 is indicative of an increased left atrial pressure or left ventricular systolic dysfunction. S4 is associated with active ventricular filling produced by the contraction of the atria. A large S4 indicates loss of ventricular compliance, which is often seen in ventricular hypertrophy and ischemic heart disease. Different points of auscultation on a patient's body, are used to emphasise different cardiac or respiratory phenomena in order to facilitate a diagnosis. These are illustrated in Figure 3.5.B.

Figure 3 .

 3 Figure 3.5 -(A) ECG and (phonocardiogram) PCG signals with labelled first (S1), second (S2), third (S3) and fourth (S4) heart sounds [240]. (B) Standard auscultation points of the heart [241].

Figure 3 . 6 -

 36 Figure 3.6 -Electrocardiogram (ECG), Ballistocardiogram (BCG), and tri-axial Seismocardiogram (SCG) in a human volunteer. For the SCG, the x, y, and z subscripts correspond to the medial-lateral, the cranialcaudal, and the posterior-anterior axes respectively. The S1 and S2 components, and their respective fiducial markers are shown labelled: MC = mitral valve closure, AO =aortic valve opening, RE = rapid ejection, AC = Aortic valve closing, MO = mitral valve opening and RF = rapid filling [109].
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 37 Figure 3.7 -Number of citations referencing seismocardiography per year, from 1991 to 2018 as sourced from the Web of Science Core Collection [242].

Figure 3 . 8 -

 38 Figure 3.8 -Seismocardiogram (SCG)-appended Wiggers diagram with labelled systolic intervals for the pre-ejection period (PEP), isovolumic contraction period (IVCP) and left ventricular ejection time (LVET). The S1 component and its fiducial markers are shown labelled: MC = mitral valve closure, AO =aortic valve opening, AC = Aortic valve closing [160].
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 39 Figure 3.9 -Labelled SonR™ cardiac hemodynamic sensor embedded on the tip of a pacing lead.

Figure 3 .

 3 Figure 3.10 -Electrocardiogram (ECG), Left Ventricular Blood pressure (LV BP), and Endocardial Acceleration (EA) for three normal heart cycles and a Premature Ventricular Contraction (PVC). The EA1 and EA2 complexes are labelled on one cycle, along with their peaks (PEA I and PEA II, respectively).

Figure 3 .

 3 Figure 3.11 -(A) -Evolution of LV dP/dt max and PEA I following the infusion of dobutamine. The start of the infusion is denoted by an upwards arrow [243]. (B) Linear regression correlation between changes in PEA I measured in the right atrium and changes in LV dP/dt max [143].

  efficiency and, with time may lead to remodelling. The implantation of a CRT device is often recommended in such patients to pace both ventricles simultaneously and resynchronise their contraction. Possible stimulation configurations consist of: right ventricular pacing, left ventricular pacing, and Biventricular (BiV) pacing. Studies recording PEA I and either echocardiograms or LV dP/dt max for the three stimulation configurations above suggested that the SonR™ sensor could be used to automatically select the optimal pacing configuration [148][149]. The BiV pacing configuration can be optimised further by modifying the Interventricular Pacing Interval (VVI) and observing the resulting PEA I changes [150][151][152].

Figure 3 .

 3 Figure 3.12 -Electrocardiogram (ECG) and circumferential Epicardial Acceleration (EpiA) for a single patient. S1 and S2 complexes are labelled [154].

The

  PCG has also been closely related to EA. Both signals overlap in the frequency domain, although EA starts in the infrasonic range and stops within the lower frequencies of audition. One study synchronously recorded right ventricular EA and the PCG of 10 patients implanted with dual chamber pacemakers [162]. Despite EA and the PCG being recorded at different sites, both signals correlated strongly to each other in terms of PEA I to PCG S1 amplitudes (r > 0.81) and timings (< 5ms mean difference) for different AVIs. It was therefore concluded that PEA I and the PCG S1 share the same origin and express the same phenomena.

  .[START_REF] Maisel | Transvenous implantable cardioverter-defibrillator leads: The weakest link[END_REF], where the invasiveness, obstructiveness, considered spectral frequency, and underlying physiological phenomena of each cardiac vibration signal are displayed for visual comparison. Subcutaneous cardiac vibrations are also included here with a preliminary suggested bandwidth of 10-100Hz. This preliminary suggested bandwidth was selected following the same rationale as for EA signals: to minimise contamination from movement artefacts, and economise sampling frequency.The findings of all these fields of cardiac vibration research demonstrate the important clinical utility of such signals, which are particularly suitable for chronic CIEDs. Accelerometers are small in size, therefore allowing for their subcutaneous implantation. Further, they consume little power, thus making them compatible with the operational limitations of chronically implanted systems. Finally, as exemplified by the SonR™ sensor, cardiac vibrations recorded from implanted accelerometers are invariant to encapsulation that will inevitably occur with time. All this, in addition to MicroPort CRM's history in the field motivated the decision to pursue accelerometers as subcutaneous cardiac hemodynamic sensors.

Figure 3 .

 3 Figure 3.13 -Invasiveness, physiological phenomena, and typical considered spectral bandwidth of the Phonocardiogram (PCG), Ballistocardiogram (BCG), Seismocardiogram (SCG), Endocardial Acceleration (EA) and Epicardial Acceleration (EpiA), as well as those proposed for subcutaneous cardiac vibrations. SCG spectral support is divided into two reflecting to the two schools of thought.

  Towards the start of this doctoral thesis, in December of 2016, one hour of an acute animal experiment was made available for the first subcutaneous implantations of cardiac vibration sensors. The main objective of the experiment involved the follow-up testing of a MicroPort CRM CRT-D system implanted in the animal one week prior. The hour made available for the recording of subcutaneous signals served as an opportunity to gain valuable insights and practical experience regarding the subcutaneous implantation of such sensors.

  sampled at 1kHz and saved for offline processing on Matlab™ (MathWorks). The cardiac vibrations from the three SonR™ sensors were front-back bandpass filtered from 10-110Hz using a 2 nd order Butterworth filter. Two seconds of the subcutaneous parasternal and sternal SonR™ cardiac vibrations, as well as the SCG of the surface embodiment of the SonR™ sensor, are shown in Figure 3.14. S1 and S2 complexes were visible in all cardiac vibrations. The cardiac vibrations of the subcutaneous parasternal SonR™ sensor demonstrated significantly larger S1 peak-to-trough amplitudes compared to those of the subcutaneous sternal SonR™ sensor and the surface SonR™ sensor: Similarly, the cardiac vibrations of the subcutaneous parasternal SonR™ demonstrated visibly greater signal-to-noise ratio compared to those of the subcutaneous sternal SonR™ and surface SonR™ sensors. The precise definitions of these metrics and the methods used to calculate them are not discussed here as they detailed later in Section 3.4. As part of the main objective of the acute animal experiment, the animal had to be rotated from its original supine position into a right lateral recumbent position. This posture change significantly decreased S1 peak-to-trough amplitude of the subcutaneous parasternal SonR™ signal from approximately 175mg to 50mg. The subcutaneous sternal SonR™ signal's S1 peakto-trough amplitude, however, increased slightly from approximately 50mg to 75mg. The cardiac hemodynamic condition of the animal remained constant during this posture change. The disparity in S1 peak-to-trough amplitude changes was therefore explained by a movement and/or rotation of the subcutaneous SonR™ leads during the posture change. Consequently, subcutaneous leads were hereafter sutured to the skin in future experiments. This observation highlighted the importance of measurement orientation on the recorded subcutaneous signals and motivated the development of tri-axial sensors to assess the effect of orientation.

Figure 3 .

 3 Figure 3.14 -ECG I, subcutaneous parasternal and sternal SonR™, and surface SonR™ (SCG) signals for the December 2016 acute animal experiment. S1 and S2 peaks are labelled with red circles and crosses respectively. S1 and S2 troughs are labelled with green circles and crosses respectively.

Figure 3 .

 3 [START_REF] Kleemann | Annual rate of transvenous defibrillation lead defects in implantable cardioverter-defibrillators over a period of >10 years[END_REF].A mounted on its original evaluation board. In addition to the accelerometer, the evaluation board held various pins for the power supply line, the ground line, and the read-outs of the x, y, and z tri-axial acceleration component signals, corresponding to the 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦, and 𝐮𝐮 � �⃗ 𝑧𝑧 tri-axial acceleration component measurement axis. The evaluation board also held various resistors and capacitors, which were arranged to make the RC low-pass filters shown in the schematic of Figure3.15.B.

Figure 3 .

 3 Figure 3.15 -(A) ADXL337 accelerometer (outlined in blue) mounted on its evaluation board. 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦, and 𝐮𝐮 � �⃗ 𝑧𝑧 tri-axial acceleration measurement axis are labelled. (B) Schematic of the evaluation board. The capacitors labelled Cx, Cy and Cz were changed to respect the desired bandwidth [244].

Figure 3 .

 3 Figure 3.16 -(A) ADXL337 accelerometer (outlined in blue) mounted on the distal tip of a cardiac pacing lead, with its 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦, and 𝐮𝐮 � �⃗ 𝑧𝑧 measurement axes labelled. Insulated copper wiring was wound around the lead towards its proximal end, where it was (B) soldered to the original terminals (outlined in red) on the evaluation board. (C) Plastic box housing the evaluation board and batteries. Signal read-outs were performed via several 10mm pins (highlighted in green) on the lid of the box.

  The first set of experiments was performed in May of 2017, on a single dog. The experimental protocol of this experiment was shared with another research group from another centre. The second set of experiments was performed in June and October of 2018, on two pigs. This second set of experimental protocols was the only one of the doctoral thesis designed exclusively for the purposes of the doctoral thesis.3.3.1 Dog Experimental ProtocolThe dog acute experimental protocol was carried out on the 19 th of May 2017, on a single dog (male, Golden Retriever, 4 years, 31kg), at the Institut Mutualiste Montsouris de Recherche, Paris, France. The experiment was performed in accordance with local ethical guidelines and regulations (European Guide for the care and use of laboratory animals).The acute experimental protocol was shared with another research group and thus the animal underwent various manipulations that were not ideal for the characterisation of subcutaneous cardiac vibrations. The main objective of the experiment was to expand current knowledge on the use of the intracardiac SonR™ sensor for CRT-optimisation. LBBB was induced in the animal to desynchronise the ventricles. This greatly influenced the recorded subcutaneous cardiac vibrations. A simplified overview of the experimental protocol considering only the stages relevant to the doctoral thesis is shown in Figure3.18 and is described here. A complete and detailed account of the experimental protocol is provided in Appendix 3.2.

Figure 3 .

 3 Figure3.17 -ADXL337 accelerometer (outlined in blue) on its evaluation board (outlined in red), mounted on an acrylonitrile butadiene styrene scaffold, glued to the inside of a Platinium™ ICD casing. Several insulated connections, from which signal read-outs are made, are drawn out from the evaluation board through the feedthrough hole. The 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦 and 𝐮𝐮 � �⃗ 𝑧𝑧 measurement axes are labelled.
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 318 Figure 3.18 -Simplified experimental protocol for the acute experiment performed on a single dog. 'Subc.' refers to a subcutaneously implanted sensor. 'Para.' Refers to parasternal. 'Surf.' refers to the surface sensor, and 'Intra.' refers to the intracardiac sensors implanted in the right atrium (RA) and right ventricle (RV). 'LBBB' refers to left-bundle-branch-block, 'VF' refers to ventricular fibrillation.

  custom multi-channel ADC and saved for offline processing on Matlab™. A total of 14 physiological signals relevant to the doctoral thesis were recorded: three ECG signals, four cardiac vibrations from the four different SonR™ sensors, six cardiac vibration acceleration components corresponding to the three measurement axes of the two 3D prototype sensors, and the LV pressure. Exemplary cardiac vibrations of the dog experiment recorded during baseline conditions are shown in Appendix 3. 3.
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 319 Figure 3.19 -Median plane X-Ray of the dog thorax with implanted cardiac sensors. Upward arrow 'H' points the direction of the head. Downward arrow 'T' points the direction of the tail. 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦, and 𝐮𝐮 � �⃗ 𝑧𝑧 , denote the acceleration measurement axes of the 3D Can and 3D Lead.

  First, two equipment failures during the experiment of pig no. 1 prevented the recording of all the desired physiological signals. Second, several respiratory manipulations, covered in detail in Chapter 4, were performed on pig no. 2 that were not performed for pig no. 1. A simplified overview of both pigs' experimental protocol is described here. It is illustrated in Figure 3.20. A complete and detailed account is provided in Appendix 3.3.
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 320 Figure 3.20 -Simplified pigs experimental protocol. 'Subc.' refers to the subcutaneously implanted sensors. 'Para.' Refers to parasternal, 'Surf.' refers to the surface sensor, 'Intra.' refers to the intracardiac sensors implanted in the right atrium (RA) and right ventricle (RV), and 'LV Pressure Cath.' refers to the left ventricular pressure catheter. 'SVT' is supraventricular tachycardia, 'VT' is ventricular tachycardia, and 'VF' is ventricular fibrillation. The subcutaneous parasternal SonR sensor, (marked ^), was only implanted for pig no. 1. Respiratory manipulations, SVT induction, and LV pressure catheter implantation, (marked *), were only performed for pig no. 2.

  2, three SVTs of approximately one minute in duration were simulated by pacing the right atrium at 120bpm, 150bpm, and 180bpm. In both pigs, three VTs of approximately one minute in duration were simulated by pacing the right ventricle at 120bpm, 150bpm and 180bpm. Finally, the pigs were sacrificed by pacing the right ventricle at 50Hz via the RV SonR™ lead and thus inducing a VF. All physiological signals were sampled at 1kHz using a PowerLab® 16/35 (AD Instruments) multi-channel ADC and saved for offline processing on Matlab™. Exemplary baseline cardiac vibrations of all recorded channels are provided in Appendix 3. 3 for pig no. 1, and in Figure 3.22 for pig no. 2.

Figure 3 .

 3 Figure 3.21 -Anterior-posterior view (A) and left lateral-medial view (B) of the implanted cardiac hemodynamic sensors for pig no 2. 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦, and 𝐮𝐮 � �⃗ 𝑧𝑧 , denote the measurement axes of the 3D Can and 3D Lead's x, y, and z acceleration components respectively.

Figure 3 .

 3 Figure 3.22 -10-110Hz bandpass-filtered cardiac vibrations, as well as the tri-axial acceleration magnitudes of the 3D prototype sensors for a baseline recording of pig no. 2. S1 and S2 complexes of the first cycle are labelled.
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 323 Figure 3.23 -Ensemble averages for the ECG, surface SonR™ SCG, subcutaneous parasternal 3D Lead z acceleration component, and RA SonR™ EA of a 105-cycle baseline recording of pig no. 2. Manuallydefined S1 and S2 start and end times are indicated by vertical green and red lines.
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 324 Figure 3.24 -Signal of interest ς, removed, and (inter-complex) noise ρ parts of a single cardiac vibration signal of the 3D Lead z acceleration component for the same baseline of pig no. 2.

123

  The mean FFT magnitude across the abscissa (i.e. across cycles) was computed to produce the mean S1 FFT magnitude function. This was squared to give the mean S1 Power Spectral Density (PSD) function (i.e. the periodogram method estimation), which was then numerically integrated along the three frequency bands. Normalisation of these spectral power integrals by the total bandwidth spectral power integral gave the S1 spectral distribution. Thus, spectral distributions were evaluated for the entire cycle and the S1 complex. Exemplary entire cycle and S1 mean PSD functions are shown in Figure3.26 for the same pig no. 2 baseline.

Figure 3 .

 3 Figure 3.25 -S1 spectrogram for the subcutaneous sternal SonR™ sensor signal for the same baseline of pig no. 2. S1 spectral distribution could be seen to remain stable throughout the recording and FFT amplitude peaked at around 30Hz.

Figure 3 .

 3 Figure 3.26 -Mean Power Spectral Density functions for the entire cycle and S1 complex of a selection of cardiac vibrations for the same baseline of pig no. 2.

The

  S1 peak-to-trough amplitude evolution of the 3D Lead z acceleration component during the 150μg dobutamine bolus of pig no.2 and its corresponding LV dP/dt max evolution plot are given in Figure 3.27.A. Both evolution plots were closely matched. Their corresponding linear correlation plot is shown in Figure 3.27.B and demonstrated a strong linear correlation (r=0.94, p<0.001). The linear correlation plots of all the recorded cardiac vibrations of the same 150μg dobutamine bolus of pig no. 2 are shown in Figure 3.28. The S1 peak-to-trough amplitudes of the different cardiac vibrations increased to varying extents, in relative terms, for the same dobutamine bolus.

Figure 3 .

 3 Figure 3.27 -(A) Pig no. 2's evolution of the subcutaneous parasternal 3D Lead z acceleration component's S1 peak-to-trough amplitude and LV dP/dt max during a 150μg bolus of dobutamine. (B) Corresponding linear correlation plot between S1 peak-to-trough amplitude and LV dP/dt max.

Figure 3 .

 3 Figure 3.28 -(A) Linear correlation plots for all the cardiac vibrations of pig no. 2 during the 150μg dobutamine bolus.

4 and

 4 Section 3.5, respectively, for each cycle. The linear correlation coefficients between these were then calculated. This allowed to produce three-dimensional spectral correlation surfaces as shown in Figure 3.29, for the 3D Lead z acceleration component of pig no. 2's 150μg dobutamine bolus. The height and colour of the 300 elements of these surfaces indicate their correlation coefficients. The abscissa and ordinate represent the fₗₒ and fₕᵢ corners of the bandpass filters, respectively. The near-half elements of the surface represent non-analysed conditions where fₗₒ > fₕᵢ, and thus their r values were arbitrarily set to zero. Elements near to the diagonal (i.e. the line where fₕᵢ = fₗₒ + 5) correspond to narrow-band bandpass filters, and elements far from the diagonal correspond to wide-band bandpass filters. From the spectral correlation map of Figure 3.29, several observations can be made by considering elements along three cross-sections: the diagonal, fₗₒ = 5Hz, and fₕᵢ = 125Hz.

Figure 3 .

 3 Figure 3.29 -3D Lead z acceleration component's spectral correlation map for pig no. 2's 150μg dobutamine bolus. Elements shaded in black correspond to correlations where p>0.05, and thus should not be considered. The traditional EA bandwidth (10-110Hz) achieved a good correlation coefficient (r=0.94). A 15-25Hz bandwidth achieved a negative correlation coefficient (r=-0.82).

  4 were used again here to re-characterise the newlyfiltered cardiac vibrations of the 3D Lead in terms of the 𝑠𝑠1 ��� , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣 metrics. The results of such a characterisation were already presented and discussed in detail for the original 10-110Hz bandwidth-filtered signals in Section 3.4. Thus, for brevity, the results of the re-characterisation are not shown here and are instead only summarised. The complete re-characterisation results are provided in the tables of Appendix 3.10, Appendix 3.11, and Appendix 3.12 for the 𝑠𝑠1 ��� , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣. The re-characterisation was performed on all the cardiac vibration channels according to their suggested bandwidths. However, the following discussion is only concerned with the subcutaneous parasternal 3D Lead cardiac vibrations. Compared to the original 10-110Hz bandwidth, filtering the 3D Lead cardiac vibrations with the newly suggested band-pass filters decreased 𝑠𝑠1 � , increased 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and decreased 𝑣𝑣. The percentage changes of these signal metrics following filtering with the new bandwidth are provided in Appendix 3.13, Appendix 3.14, and Appendix 3.15 for 𝑠𝑠1 � , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣, respectively.

in Section 3 . 4

 34 for the characterisation of the various cardiac vibrations represented a specific type of steady-state recording. The 19 steady-state recordings consisted of (in non-chronological order): 5 supine baselines, 3 dobutamine infusions of progressively increasing dosage (2.5, 5, and 7.5ug/kg/min), 5 respiratory manipulations including one simulated apnoea episode, 3 simulated SVTs, and 3 simulated VTs. The precise respiratory manipulations that were carried out are detailed later in Chapter 4.

  .[START_REF] Verma | Abstract 11818: Post-shock Pacing With the Subcutaneous Implantable Cardioverter-Defibrillator (S-ICD): Results From the IDE Trial[END_REF].A; that is, approximately 5mm to the left of the sternum, at the level of the fifth intercostal space. To ensure a good adhesion, special medical-grade tape, was used to securely tape the 3D Lead to the chest. Two ECG derivations were also simultaneously recorded. The 3D Lead implanted subcutaneously in pig no. 2 is also shown in Figure3.30.B for comparison. For clarity, the other sensors implanted in pig no. 2 are not shown in this figure.

Figure 3 . 30 -

 330 Figure 3.30 -Experimental setup of the non-invasive supercutaneous experiments performed on the 10 healthy volunteers (A), and the invasive subcutaneous experiments performed on pig no. 2 (B). Red circles highlight the tri-axial accelerometer on the distal tip of the 3D Lead. The dashed outline of the 3D Lead in (B) represents its subcutaneously implanted distal segment. 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦 and 𝐮𝐮 � �⃗ 𝑧𝑧 denote the acceleration measurement axes of the sensor. 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 represent the left-median-lateral and posterioranterior axes respectively in 5 of the 10 volunteers. In the remaining 5 volunteers the sensor was attached with a random transverse-plane orientation. ADC refers to the analogue-digital converter platform.

  32.A. The S1 transverse plane acceleration silhouette s was then extracted from the outline of t and is shown in Figure 3.32.B. s was defined in polar coordinates as in Equation 3.10, where r and θ represent the radii and polar angles (relative to 𝐮𝐮 � �⃗ 𝑥𝑥 ) of s, respectively. s, r, and θ were all indexed by n: a series of N elements expressed in Equation 3.11. Equation 3.10 𝐩𝐩 = 𝐩𝐩𝑒𝑒 𝑗𝑗θ Equation 3.11 𝑠𝑠 ∈ { 1, 2, 3, … , 𝑁𝑁} The polar angles θ were produced by the N elements as in Equation 3.12. ∆θ represents the fixed width of the angular sectors delimited by contiguous polar angles. ∆θ depends on the total number of elements or angular sectors N, as expressed in Equation 3.13. Equation 3.12 θ(𝑠𝑠) = ∆θ 𝑠𝑠 Equation 3.13 ∆θ = θ(𝑠𝑠 + 1) -θ(𝑠𝑠) = 2π 𝑁𝑁

Figure 3 .

 3 Figure 3.31 -Ensemble-average cycles of the ECG and transverse plane cardiac vibration acceleration components and their S1 complexes (𝐞𝐞𝐞𝐞𝐞𝐞 ����� 𝑠𝑠1 , 𝐱𝐱 � 𝑠𝑠1 and 𝐳𝐳 � 𝑠𝑠1 ) for volunteer no. 1's three-minute sitting baseline recording consisting of 241 heart cycles.

Figure 3 .

 3 Figure 3.32 -(A) S1 transverse plane acceleration trajectory t for volunteer no. 1's sitting baseline recording. α denotes the start of the S1 component and Ω the end. The arrows indicate the direction of time progression. (B) S1 transverse plane acceleration silhouette s and its mechanical axis angle θMech.

Equation 3 .Figure 3 . 33 -

 3333 Figure 3.33 -Cartesian and polar reference frames on the transverse plane. Both frames are centred on the 3D Lead's accelerometer. 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 denote the unit vectors defining the Cartesian reference frame.In the polar reference frame, a point is described by its radius r, and its polar angle θ relative to 𝐮𝐮 � �⃗ 𝑥𝑥 .

Figure 3 . 34 -

 334 Figure 3.34 -Evolution of the silhouette diameter Ø with increasing θ for volunteer no.1's three-minute sitting baseline recording. The angle θ is given directly in degrees rather than element or angular sector index. The mechanical axis angle θMech occurs at the peak of the Ø curve.

Figure 3 . 1 : 4 . 1 : Convert t to polar coordinates r and θ 4 . 2 : 4 . 3 : 5 . 7 .

 3141424357 Figure 3.35 -x and z acceleration components (in blue), and their projection signals m (green) and p (red) along the cardiac systolic mechanical axis 𝐮𝐮 � �⃗ 𝑚𝑚 and the perpendicular axis 𝐮𝐮 � �⃗ 𝑝𝑝 respectively, for a 5-second segment of the first volunteer's three-minute sitting baseline recording.

Figure 3 .

 3 Figure 3.36 -(Blue) -Cycle-to-cycle evolution of the cardiac systolic mechanical axis angle θMech for volunteer no.1's standing baseline recording. θMech can be seen to oscillate around an average value, providing an indication of its short-term stability. (Orange) -Cumulative mean evolution of the mechanical axis angle. θMech can be seen to converge towards its average value after 100 cycles.

Figure 3 .

 3 Figure 3.37 -(A) Mean S1 peak-to-trough amplitude 𝑠𝑠1 ��� , (B) mean S1 signal-to-noise-ratio 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and (C) variability 𝑣𝑣 for x, z, m and p signals of volunteer no.1's three-minute standing recording consisting of 152-cycles. The error bars correspond to the standard deviation for the recording.

  Stability𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 (°)

Figure 3 .

 3 Figure 3.38 -θMech (long-term) evolution across the pig's 19 steady-state conditions. The error bars denote the standard deviation for that particular recording ( 𝑖𝑖. 𝑒𝑒. 𝜎𝜎 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 ) . The mean of these (i.e. 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 ) infers the short-term stability of θMech. The dashed red line denotes the mean mechanical axis 𝜃𝜃 ̅ Mech obtained when considering all 19 recordings (i.e. 110.7⁰).
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 339 Figure 3.39 -S1 transverse plane acceleration silhouettes for volunteers 3, 1, and 10 in the sitting position.The cardiac systolic mechanical axis angle is indicated for each volunteer as θMech. Green and red lines represent the S1 peak-to-peak amplitudes of the ensemble-average mechanical and perpendicular axes projections, respectively. The gain between the green and red lines gives an indication of the anisotropy of the cardiac vibrations of these volunteers, as reported in Table3.7, and thus the mechanical directionality of their hearts. Volunteer 3 regularly performed athletic field and track running at a competitive level, volunteer 1 reported a moderate level of weight training exercise, and volunteer 10 reported no exercise.
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 91 Accelerometers for VT/VF Detection: State-of-the-Art Very little work has been published regarding the use of accelerometers for the detection of ventricular tachyarrhythmia. No scientific publications and only two patents were found relating to this task.

2 .

 2 The ECG and subcutaneous parasternal 3D lead z acceleration component during the induced VF episode of pig no. 2 are shown in Figure 3.40.A. The S1 complexes of the 3D Lead z acceleration component can be seen to disappear during the VF episode, whilst the background noise remains constant throughout. The corresponding spectrogram of the 3D Lead z acceleration component is shown in Figure 3.40.B. Prior to the VF, the S1 complexes exist as bursts of high-frequency power. During the VF, these high-frequency bursts disappear, revealing a low-frequency spectral power profile associated with the inter-complex and background noise.

aFigure 3 .

 3 Figure 3.40 -(A) ECG (red) and subcutaneous parasternal 3D Lead z acceleration component (blue) before and during the induced VF episode of pig no. 2. (B) The PSD spectrogram (512-point, 93.75% overlapping Hann window) and (C) Morlet wavelet magnitude scalogram of the 3D Lead z acceleration component signal.

  continuous wavelet transform and produces a scalogram. The corresponding magnitude scalogram for the 3D Lead z acceleration component during the VF episode of pig no. 2 is shown in Figure 3.40.C. The contrast between the magnitude scalogram's S1 complexes and the intercomplex and background noise can be clearly appreciated, allowing to highlight these complexes and discriminate them from the noise.Wavelet decomposition methods have been applied to the SCG to pre-process it and facilitate the independent detection of the S1 complex. Laurin et al. identified the Morlet wavelet scale that produced the maximum scalogram power in the 20-60Hz range[START_REF] Laurin | Accurate and consistent automatic seismocardiogram annotation without concurrent ECG[END_REF]. An all-positive SCG Morlet power profile was then computed as the mean power around this identified scaling. This was effectively the same as calculating the sum of the convolutions of the original SCG signal with a
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 341 Figure 3.41 -The Morlet wavelet for an arbitrary scale.

Figure 3 .

 3 Figure 3.42 -ECG, SCG, and SCG Morlet wavelet power profile [125].

Figure 3 . 43 . 2 1 2

 34321 It consists of a single spring, with spring constant k, connected rigidly to a single mass M. The dynamics of the model are governed by Equation 3.20, where t is time and d is the displacement of the mass from its equilibrium position. The total energy 𝛆𝛆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 of such a system is given as the sum of the potential energy and the kinetic energy, as shown in Equation 3.21 where 𝑙𝑙𝐩𝐩 𝑙𝑙𝑐𝑐 is the velocity of the oscillating mass. The solution to the differential equation of Equation 3.20 is d(t )=A(t )cos(ω(t ) + φ ), where A(t) is the real-time amplitude of oscillation, ω(t) is the real-time radial frequency of oscillation in radians per second, and φ is the initial phase of oscillation. By substituting this solution into Equation 3.21, the total energy can be described as in Equation 3.22. This total energy can be seen to equal the scaled product of the amplitude and frequency of the oscillation. Equation 3.22 𝛆𝛆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) = 𝑚𝑚𝐀𝐀(𝑡𝑡) 2 𝛚𝛚(𝑡𝑡) 2

Figure 3 .

 3 Figure 3.43 -Spring, mass oscillator model.

  real-time amplitude and frequency. Hence, the TKEO can alternatively be interpreted as an AM/FM demodulator. It provides insights into local oscillation frequency, as well as local oscillation amplitude, of a signal. If the input signal demonstrates no oscillations (i.e. a frequency tending to zero), the TKEO output will be zero whatever the DC amplitude of the input signal. This important distinction differentiates the TKEO from a simple definition of energy as the square of the input signal, which would emphasize DC offsets of the input signal. To illustrate this, several TKEO outputs for various different input test signals are shown in Figure 3.44.
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 94 The Teager-Kaiser Energy Operator for Cardiac VibrationsAs seen previously in the spectrogram and scalogram of Figure3.39, the S1 complexes of the subcutaneous cardiac vibrations demonstrated larger amplitude and higher frequency than the S2 complexes or the inter-complex and background noise. The TKEO estimates the local product of oscillation amplitude and frequency. Thus, its application to cardiac vibrations was expected to emphasise the S1 complexes. This was the indeed the case, as illustrated in Figure3.44 for the various signals of the subcutaneous parasternal 3D Lead of a baseline recording of pig no. 2.
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 345 Figure 3.45 -Various test signals and their corresponding Teager-Kaiser energy estimates.

Figure 3 . 44 -

 344 Figure 3.44 -Five seconds of the subcutaneous parasternal 3D Lead's x, y, and z tri-axial acceleration components, mechanical m and perpendicular p axes projections, tri-axial acceleration magnitude mag, and their TKEO outputs for a baseline recording of pig no.2.
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 95 Detection using the Teager-Kaiser Energy OperatorAs seen previously in Figure3.40, the VF episode was characterised by small amplitudes and low-frequencies resulting from the absence of the S1 complexes. Consequently, the application of the TKEO during these episodes resulted in a flat Teager-Kaiser energy representation. This is illustrated in Figure3.46 for the cardiac systolic mechanical axis projection of pig no. 2. The equivalent traces for the subcutaneous parasternal posterior-anterior cardiac vibrations of the VFs induced in the dog and pig no. 1 are provided in Appendix 3.16.

Figure 3 .

 3 Figure 3.46 -ECG, cardiac systolic mechanical axis projection m of the subcutaneous parasternal 3D Lead x and z components, and its Teager-Kaiser energy estimate for the induced VF episode of pig no. 2. VF is induced at 19 seconds.

Figure 3 . 47 -Figure 3 . 49 .

 347349 Figure 3.47 -Illustrated VF detection algorithm no. 1 applied on the TKEO output of the cardiac systolic mechanical axis projection m during the induced VF episode of pig no. 2. The green circles indicate detected S1 spikes. The dashed black line represents the (static) threshold thr. ∆t denotes the time elapsed since the last threshold crossing. tVF Lim is the specific time limit associated with a VF. The red arrow denotes the raising of the VF flag.

Figure 3 . 48 -

 348 Figure 3.48 -Illustrated VF detection algorithm no. 2 applied on the TKEO output of the cardiac systolic mechanical axis projection m during the induced VF episode of pig no. 2. The green circles indicate detected S1 spikes. The dashed black line represents the (static) threshold thr. w denotes the width of the moving window. Bw indicates the number of peaks in the window. j denotes the size of the window jump in samples. BVF Lim indicates the minimum number of peaks below which a VF is detected. The black arrow denotes the start of the VF episode, the red arrow denotes the raising of the VF flag.

Figure 3 . 49 -

 349 Figure 3.49 -Illustrated VF detection algorithm variation no. 3 applied on the TKEO output of the cardiac systolic mechanical axis projection m during the induced VF of pig no. 2. The green circles indicate detected S1 complexes. The dashed black line represents the (static) threshold thr. w denotes the width of the moving window. εw indicates the sum of TKEO S1 peak amplitudes in the window. j denotes the size of the window jump in samples. εVF Lim indicates the minimum energy below which a VF is considered. The black arrow denotes the start of the VF episode, the red arrow denotes the raising of the VF flag.

aFigure 3 . 50 -

 350 Figure 3.50 -Combined electrophysiological-hemodynamic VT/VF detection scheme. Each detection scheme produces an individual shock decision output. These are compared. If they agree, a shock is delivered or not. If they do not, the algorithm parameters are readjusted to attempt decision convergence decision. If after a certain time period these decisions still do not converge, a shock is delivered regardless.

  variable as the least-variable subcutaneous sensors (i.e. the parasternal lead embodiments). The RV SonR™ EA demonstrated the highest-frequency S1 spectral distribution: an approximately even distribution between the 10-40Hz and 40-80Hz bands. This was believed to be due to the effect of blood turbulence in the right ventricle that was not present in the other sensors. The subcutaneous SonR™ also demonstrated high-frequency S1 spectral distributions, possibly due to the effect of the sternum bone. The S1 complex of all other cardiac vibrations lay predominantly in the 10-40Hz frequency band.Next, the subcutaneous cardiac vibrations of the different sensors were validated physiologically by computing linear correlations to LV dP/dt max. All signals demonstrated strong correlations (r > 0.7, p < 0.05).A decision was made regarding what subcutaneous sensor embodiment to implement in an S-ICD. The parasternal lead was selected based on its improved signal-to-noise ratio and variability, and the similarity to the current and established Boston Scientific S-ICD lead concept.

  Respiration and circulation are part of the body's vital physiological functions. Although monitoring of respiration per se lays outside the scope of this thesis, respiration is today routinely measured in various transvenous Cardiac Implantable Electronic Devices (CIEDs). This is typically done to guide therapy and to detect the presence of sleep breathing disorders (which are closely linked to various cardiovascular diseases including ventricular tachyarrhythmia). It is not clear however, whether the methods used in these transvenous CIEDs can be implemented in entirely subcutaneous systems. It would be greatly desirable to allow for the monitoring of respiration in such subcutaneous systems. Consequently, monitoring of respiration using subcutaneous accelerometers was deemed sufficiently relevant to principal research aim of the doctoral thesis. This chapter begins by introducing the current respiratory monitoring state of the art: acute diagnostic methods used in the clinical setting as well as chronic monitoring methods used in CIEDs. Then, the methods used to obtain the respiratory acceleration signals and physiologically validate them are presented. These respiratory acceleration signals were obtained from both the 3D prototype sensors implanted in the two pigs described previously in Chapter 3. The results of the validation of the recorded respiratory acceleration signals are discussed, and the appropriate conclusions from these are drawn. Subsequently, the unexpected relation between the recorded respiratory acceleration signals and the cardiac systolic mechanical axis presented previously in Chapter 3, is discussed. Finally, the chapter ends by summarising and providing an overall conclusion of the feasibility, benefit and limitations of monitoring respiration using such methods, discussing its utility for the S-ICD, and suggesting further work.4.1 Introduction4.1.1 Basic Physiology and Mechanics of RespirationRespiration is the process of circulation of air in and out of the lungs to enable gas exchange between these and the blood, as illustrated in Figure4.1. It is divided into two phases: inhalation and exhalation. During inhalation, oxygen-rich air fills the alveoli of the lungs, which are perfused by the capillaries of the pulmonary circulation. Oxygen concentration is greater in the alveolar sac air than in the capillary blood. Consequently, oxygen dissolves down a concentration gradient, into the blood. Conversely, carbon dioxide concentration is greater in the capillaries than in the alveolar sacs and hence carbon dioxide dissolves from the blood into the air in the lungs. During exhalation, carbon dioxide-rich air is expelled from the lungs, and the cycle recommences.

Figure 4 . 2 .

 42 During inhalation, the diaphragm and intercostal muscles contract, thereby expanding the chest and increasing lung volume. According to Boyle's law of gases[198] this increase in volume must be accompanied by a proportional decrease in pressure. Consequently, a pressure gradient is created between atmospheric and pulmonary air, causing air to diffuse into the lungs until the atmospheric and pulmonary pressures equilibrate. During exhalation, the intercostal muscles and diaphragm relax. The elastic recoil of muscles and lung parenchyma tissue decreases pulmonary volume and increases pulmonary air pressure such that it is greater than atmospheric pressure. Air is therefore expelled from the lungs and back into the atmosphere so that the cycle can recommence.

Figure 4 . 1 -

 41 Figure 4.1 -Gas exchange in a single alveolus. Oxygen diffuses into the alveolar capillary and carbon dioxide diffuses into the alveolar sac [245].

Figure 4 . 2 -

 42 Figure 4.2 -The muscles and mechanics of respiration. During inhalation, lung volume increases forcing air to enter the lungs. During exhalation, lung volume decreases, forcing air out of the lungs [246].
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 43 Figure 4.3 -(Left) Oronasal measurements -Sensors measure or estimate respiration from the breathed air circulating through system conduits[START_REF] Satti | Thermistor Airflow Sensors[END_REF]. (Middle) Inductive Plethysmography -Respiration is estimated from changes in the self-inductance of sinusoid coils strapped to the chest and abdomen[START_REF] Coleman | Respiratory Effort Measurements During Polysomnography[END_REF]. (Right) Thoracic movement measurements (as measured using a respiration belt) -Piezoelectric transducers embedded in the belt measure deformation due to respiration[START_REF]Sensors and Accessories -Appendix to hardware manual: Respiration Sensor[END_REF].

  1 were front-back filtered with a 1Hz 2 nd order Butterworth low-pass filter. These low-pass-filtered signals were denoted xresp, yresp, and zresp to prevent confusion with the cardiac vibration components x, y, and z recorded along the same acceleration measurement axes. The 3D Lead yresp and 3D Can zresp are shown in Figure 4.5 along with their raw unfiltered acceleration components yraw and zraw. The raw acceleration components shown in Figure 4.5.A demonstrated visible S1 complexes that, due to the considered time scale, resembled spikes. However, the signals also featured a strong and stable, low-frequency component that ran constant throughout the entire recording.
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 44 Figure 4.4 -(A) Simplified experimental setup of the respiratory elements of pig no.1 and pig no. 2. The 3D Lead was implanted parasternally on the left, and the 3D Can was implanted at the same height, along the middle axillary line. Both sensors were connected to a PowerLab™ 16/35 Analogue-digital converter platform (ADC), which was in turn connected to a laptop computer. The animal was anesthetised and ventilated at a constant rate and tidal volume (14 breaths per minute and 625ml) using a General Electric CareStation650™. (B) Enlarged section showing the 3D sensor prototypes' three axes orientations.

Figure 4 .

 4 Figure 4.5 -(A) Raw 3D Lead y (longitudinal axis) and 3D Can z (medial-lateral axis) acceleration components during a 1-minute baseline recording of pig no. 1. The sharp spike-like complexes that occur approximately every second are the cardiac vibration S1 complexes. Simultaneously, large amplitude, lowfrequency components that were suspected to correspond to respiration can easily be discerned. (B) 1Hz low-pass filtered acceleration components. The components' period remained and was calculated to be 4.25s (corresponding to the imposed 14 breaths per minute ventilation interval).

Approximately 2

 2 minutes of each respiratory condition (except apnoea, which lasted 30 seconds) were analysed. All seven conditions are shown in Figure 4.6 in chronological order for the zresp components of the 3D Lead and 3D Can prototypes. From this figure, it is evident how both the amplitude and period of the zresp components changed with tidal volume and breathing rate.

Figure 4 . 6 -

 46 Figure 4.6 -Low-pass-filtered zresp components of the 3D Lead (i.e. posterior-anterior axis) and 3D Can (i.e.medial-lateral axis) for all seven respiratory conditions of the experimental protocol. The volumes expressed in ml correspond to the ventilation volumes imposed by the external pneumatic ventilator. Similarly, the rates in breaths per minute (br/min) correspond to the imposed respiration rates. Changes in signal amplitude and period are evident. The discontinuity in time (between 2 and 13 minutes) accounts for a physiological stabilisation period.
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 47 Figure 4.7 -(Top) 3D Lead zraw component during the simulated apnoea episode preceded by the 800ml tidal volume at 20 breaths per minute imposed respiratory condition. The raw acceleration is composed of a high-frequency cardiac vibration component as well as a low-frequency respiratory component. Ventilation is stopped at time 'A' to simulate apnoea. (Middle) -3D Lead zresp. Cardiac vibrations were completely removed. (Bottom) -3D Lead zresp with peaks, troughs and adaptive threshold as determined by the algorithm. The threshold can be seen to start decaying asymptotically towards its programmed minimum value 4 seconds after the last peak.
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 48 Figure 4.8 -Linear regression plots of mean peak-to-trough amplitude vs. programmed nominal (ventilation) tidal volume during the seven respiratory conditions for the 3D Lead (left) and the 3D Can (right). The linear correlation coefficients (r) are shown for each component as well as their standard deviation error bars.

  the heart, relative to each other, changed with the respiratory cycle and with respiratory parameters (increased tidal volume will result in increased sensor-heart distance and heart movement). This explains the observed mechanical axis variation on an individual cycle basis, as well as for different respiratory conditions. The third relationship was unexpected. Projecting the xresp and zresp respiratory acceleration components along the cardiac systolic mechanical axis minimised respiratory acceleration peakto-trough amplitude. Conversely, projecting the xresp and zresp respiratory acceleration components along the perpendicular axis maximised respiratory peak-to-trough acceleration amplitude. Exemplary 3D Lead respiratory acceleration and cardiac vibration projections along the mechanical and perpendicular axes are shown in Figure 4.9 for pig no. 2. mresp and presp are the respiratory acceleration projections along the cardiac systolic mechanical and perpendicular axes, respectively. Respiratory acceleration can be seen to almost disappear along the cardiac systolic mechanical axis. Conversely, respiratory acceleration was largest when projected along the perpendicular axis. The mean respiratory acceleration peak-to-trough amplitudes of the 3D Lead signals during the first respiratory baseline of pig no. 2 are shown in the bar chart of Figure 4.10. These respiratory acceleration peak-to-trough amplitudes were 1.13mg for mresp and 23.53mg for p resp, compared to 21.54mg and 10.17mg for xresp and zresp, respectively. These same relationships held for 18 of 21 steady state recordings of pig no. 2 analysed previously in Chapter 3. These 18 steady state recordings included all the respiratory manipulations described in this chapter. The three conditions where the relationships did not hold corresponded to three dobutamine infusions. Similar relations were also observed from the signals of the non-invasive cardiac systolic mechanical axis experiments performed on the 10 healthy volunteers described previously in Chapter 3, although to a lesser extent than in pig no. 2.
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 49 Figure 4.9 -Cardiac vibration components x and z (in blue), their cardiac systolic mechanical axis projection m (in green), and their perpendicular axis projection p (in red), as well as respiratory acceleration components xresp and zresp, their cardiac systolic mechanical axis projection mresp, and their perpendicular axis projection presp (all in orange) for the first respiratory baseline of pig no. 2.

Figure 4 . 10 -

 410 Figure 4.10 -Mean respiratory acceleration peak-to-trough amplitudes of the 3D Lead xresp and zresp components, as well as their cardiac systolic mechanical axis projection mresp and perpendicular axis projeciton presp, during the same first respiratory baseline of pig no. 2. The error bars represent the standard deviations across that baseline.

  scheme intended for the detection of VT/VFs via the use of current MicroPort CRM VT/VF detection algorithms adapted for the short dipole, was proposed.

Chapter 4 ,

 4 the same tri-axial accelerometer prototype sensors of Chapter 3 were proposed to monitor respiration and detect sleep apnoea. By low-pass filtering these prototype sensor's measured acceleration components, the cardiac vibrations examined in Chapter 3 were eliminated, revealing low-frequency signals that corresponded to thoracic accelerations due to ventilation.During the animal experiment of pig no. 2, the respiratory parameters of ventilation volume and respiratory rate were modified. This allowed to physiologically validate the recorded thoracic acceleration signals by correlating their measured amplitudes and intervals to the ventilation volumes and respiratory rates imposed by the external pneumatic ventilator. An apnoea was induced by stopping ventilation for a few seconds, which was clearly observed in the recorded thoracic acceleration signals, hence allowing for its detection. Such preliminary observations promote the use of accelerometers for the monitoring of respiration and detection of sleep apnoea in entirely subcutaneous chronically-implanted medical devices. An interesting relationship was observed between the measured respiratory accelerations projected along the cardiac systolic mechanical axis of Chapter 3 and the accelerations projected along the axis perpendicular to this.

5. 2

 2 Development and Pre-Validation of a Subcutaneous Prototype Lead The subcutaneous prototype lead design was based on the current Boston Scientific S-ICD lead described previously in Chapter 2. This was done deliberately to not deviate from the established concept and thus facilitate the adoption of the lead. A schematic of the lead with all relevant components and dimensions labelled is shown in Figure 5.1.A. Only the sensing aspect of the lead was designed; a defibrillation coil was not included.

Figure 5 . 1 -

 51 Figure 5.1 -(A) Schematic of the subcutaneous prototype lead. DF-4 and IS-4 refer to the two industrystandard device connectors. eD, eSh1, and eSh2 refer to the distal and two short dipole electrodes. 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 refer to the measurement axes of the FXLN836XQ accelerometer. (B) Close up isometric view of the FXNL83 accelerometer mounted on top of the lead body. Relevant dimensions are labelled.

  Figure 5.1.B. Only the 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 measurement axes were considered (i.e. the transverse plane axes). Thus, a total of four lines were realised for the accelerometer: the x and z acceleration components, the supply voltage, and the ground. A silicone tubing was fitted around the accelerometer to serve as protection. Silicone gel was injected into this tubing for hermetic sealing of the accelerometer and its connections. A microscope image of the accelerometer mounted on the lead body is given in Figure 5.2.

Figure 5 . 2 -

 52 Figure 5.2 -FXLN836XQ accelerometer with labelled acceleration measurement axes 𝐮𝐮 � �⃗ 𝑥𝑥 and 𝐮𝐮 � �⃗ 𝑧𝑧 .

Figure 5 . 3 -

 53 Figure 5.3 -Labelled subcutaneous prototype lead.

incision 1 .

 1 The accelerometer was powered via its corresponding pin on the IS-4 connector. Eight seconds of the short dipole ECG, the cardiac vibration projection of the cardiac systolic mechanical axis 𝐦𝐦, and respiratory acceleration projection of the perpendicular axis 𝐩𝐩 𝑐𝑐𝑠𝑠𝑠𝑠𝑝𝑝 , are shown in Figure5.5.The electrophysiological signals recorded along the short dipole demonstrated monophasic P, R and T waves. Visually, the R/P and R/T ratios of these signals were not identical to those observed in humans in Chapter 2. However, cardiothoracic anatomy is very different in pigs and humans.

Figure 5 . 4 -

 54 Figure 5.4 -Implantation of the subcutaneous prototype lead.

Figure 5 . 5 -

 55 Figure 5.5 -Eight seconds of the subcutaneous prototype lead's short dipole ECG (red), the cardiac vibration projection along the cardiac systolic mechanical axis m (blue), and the respiratory acceleration projection along the perpendicular axis presp (green), during a 15-minute baseline recording.

Channel 1 -

 1 Surface ECG I derivation • Channel 2 -Subcutaneous Parasternal SonR™ acceleration and ECG • Channel 3 -Subcutaneous Sternal SonR™ acceleration and ECG • Channel 4 -Right atrial SonR™ and Surface SonR™ The ECG I derivation of Channel 1 was recorded using a BioPac SS2L tripolar extension by creating a dipole form the right wrist to the left wrist, with a ground reference on the left leg.

1. Animal Preparation 1 . 1 .

 11 The animal was put under general anaesthesia, intubated, and ventilated at 15 breaths per minute and 200ml tidal volume. 1.2. The animal was shaved to facilitate the placement of ECG electrodes. 2. ECG Preparation and Connection 2.1. ECG electrodes were attached to the shaved right wrist, left wrist, and left leg, in order to record the first ECG derivation. 2.2. The attached ECG electrodes were connected to Channel 1 on the ADC using the SS2L BioPac tripolar ECG extension. 3. BioPac MP35 ADC Setup 3.1. Channel 2 on the ADC was connected to the acceleration output of a SonR™ lead custom interface unit. 3.2. Channel 3 on the ADC was connected to the acceleration output of another SonR™ lead custom interface unit. 3.3. Channel 4 on the ADC was connected to the acceleration output of another SonR™ lead custom interface unit. 4. Subcutaneous Implantation of Parasternal SonR™ Sensor 4.1. Using a scalpel, a hole was made approximately 20mm to the left of the midline, and 150mm caudally of the 4th intercostal space. 4.2. Using a pacemaker tunnelling tool, a tunnel was created in a longitudinal sense, extending approximately 300mm. 4.3. Using a scalpel, the distal end of the pacemaker lead tunnelling tool was excised.

6 .

 6 Subcutaneous SonR™ Lead Selection 6.1. Several minutes of the acceleration signals of both the subcutaneous SonR leads were recorded under baseline conditions. 6.2. The acceleration outputs of the subcutaneous SonR™ leads' custom interface units were disconnected from Channel 2 and Channel 3 of the ADC, and the electrophysiological outputs of these were connected to the same channels instead. 6.3. Several minutes of the electrophysiological signals of the subcutaneous SonR™ leads were recorded under baseline conditions. 6.4. Considering the amplitude and signal quality of both subcutaneous SonR™ leads' acceleration and electrophysiological signals, the parasternal lead was selected. 6.5. The subcutaneous sternal SonR™ lead's custom interface unit was disconnected from Channel 3 of the ADC. 6.6. The acceleration and electrophysiological outputs of the parasternal SonR™ lead's custom interface were connected to Channel 2 and Channel 3 of the ADC respectively.

7 .

 7 CRT-D Device Explantation and Right Atrial SonR™ Connection 7.1. The animal was turned from the supine to the right lateral recumbent position.

7. 2 .

 2 The CRT-D device was programmed to OOO mode, and explanted from its subcutaneous pocket. 7.3. The proximal end of the right atrial SonR™ lead was disconnected from the CRT-D device and cleaned. 7.4. The proximal end of the right atrial SonR™ lead was connected to the SonR™ lead custom interface unit of Channel 4 so that the EA signal could be recorded. No signal was observed due to a suspected faulty connection in the custom interface unit. The experimental protocol is detailed as follows: 1. Animal Preparation 1.1. The animal was put under general anaesthesia, intubated, and ventilated at 11-12 breaths per minute and 200ml tidal volume.

4. Posture Change 4 . 1 .

 41 The dog was turned from the supine position to the left lateral recumbent position 5. Instrumentation II 5.1. The last two SonR™ sensors were implanted inside the heart, from a subclavian venous access, where they recorded EA signals in the right atrium and in the apex of the right ventricle 5.

6. 4 . 8 . 3 .

 483 Dobutamine infusion at 2.5μg/kg/min. 7. Left-Bundle-Branch-Block (LBBB) Induction 7.1. LBBB was induced in the animal using RF ablation from an electrophysiological catheter advanced in the left ventricle. This drastically affected cardiac hemodynamic performance, as evidenced by a marked decrease in LV dP/dt max.8. Instrumentation III -The remaining two accelerometer-based cardiac hemodynamic sensors consisted of the 3D Lead and Can prototype sensors. This site was chosen as it achieved a similar distance and projection to the heart as an S-ICD device would in a human patient. The sensors were implanted in the same pocket in order to examine the effect of the sensor mass on the recorded cardiac vibrations. Both prototype sensors were inserted into the same subcutaneous pocket created from a single incision.8.1. The 3D Can was implanted. Its 𝐮𝐮 � �⃗ 𝑥𝑥 , 𝐮𝐮 � �⃗ 𝑦𝑦 , and 𝐮𝐮 � �⃗ 𝑧𝑧 acceleration measurement axes lay parallel to the longitudinal axis, the anterior-posterior axis, and perpendicular to the surface of the thorax, respectively. 8.2. The 3D Lead was implanted immediately next to the 3D Can, with the same measurement axes alignments. The opening of the pocket was sutured closed, leaving a small gap through which the 3D Can connections and body of the 3D Lead could pass through. 9. Atrial Fibrillation (AF) Induction 9.1. AF was then induced by rapidly pacing the right atrium via the RA SonR™ lead. After a few minutes, the AF was terminated via an external defibrillation shock. AF and heart failure predispose to each other and often coexist, increasing morbidity and mortality[START_REF] Batul | Atrial fibrillation in heart failure: A therapeutic challenge of our times[END_REF]. 10. Gelofusine Injection 10.1. 500ml of gelofusine, a blood plasma substitute commonly used as a volume expander, were injected intravenously into the animals to increase preload and simulate the ventricular dilation typical of congestive heart failure. 11. Ventricular Fibrillation (VF) Sacrifice 11.1. The dog was sacrificed via a VF induced by stimulating the ventricles through the RV SonR™ lead using a 50Hz signal.

3. 5 .

 5 A subclavian access was opened.

3. 6 .

 6 A SonR™ sensor was implanted inside the heart via this access. It was fixed to the apex of right ventricle where it recorded RV EA signals by connecting it to the ADC.3.7.A commercial pacing lead was also implanted in the right ventricle to enable ventricular pacing.3.8. In pig no. 2, an additional SonR™ sensor was also implanted in the right atrium, using the same subclavian access. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, FranceECOLE DOCTORALE N°575 Electrical, optical, bio-physics and engineering (EOBE) Titre : Détection sous-cutanée d'activité cardiaque pour les dispositifs médicaux implantés chroniques Mots clés : Défibrillateur implantable, biocapteur, microcapteur, accéléromètre, traitement du signal Résumé : L'objectif de cette thèse de doctorat est le développement de capteurs et d'algorithmes pour une meilleure surveillance de l'activité cardiaque dans un défibrillateur cardioverteur implantable sous-cutané (S-ICD), et plus précisément pour améliorer la spécificité de détection des tachyarythmies dangereuses telles que la tachycardie ventriculaire (TV) et la fibrillation ventriculaire (FV) dans le S-ICD. Deux schémas de détection TV/FV indépendants ont été développés dans ce but: l'un de nature électrophysiologique et l'autre hémodynamique. Le schéma de détection électrophysiologique repose sur un ECG spécial qui a été enregistré le long d'un dipôle «court» situé au-dessus du grand pectoral inférieur gauche. Ce dipôle court maximise le rapport R/T et le rapport signal/bruit chez 9 volontaires sains. En théorie, cela devrait réduire le risque de détections faussement positives de TV/ FV simplement en raison de la taille, de l'emplacement et de l'orientation du dipôle, indépendamment de toute autre méthode de traitement du signal. Le schéma de détection hémodynamique repose quant à lui sur les vibrations cardiaques enregistrées par deux prototypes de capteurs accéléromètres triaxiaux. Les vibrations cardiaques sous-cutanées mesurées ont été caractérisées, validées physiologiquement et optimisées via leur filtrage le long de bandes passantes spécifiques et leur projection le long d'un référentiel spécifique patient. Le premier algorithme au monde indépendant de détection de FV par vibration cardiaque a été développé en opérant sur ces signaux optimisés. Les mêmes prototypes d'accéléromètre se sont également avérés capables d'enregistrer des accélérations respiratoires et de détecter l'apnée. Enfin, un dernier prototype de sonde sous-cutanée composite, composé de trois électrodes, d'un accéléromètre bi-axial et de connecteurs d'appareil standard. Ce prototype est capable d'enregistrer l'ECG dipolaire court, les vibrations cardiaques et les accélérations respiratoires. Cette sonde prototype a été implantée dans un quatrième et dernier animal. Title: Subcutaneous Monitoring of Cardiac Activity for Chronically Implanted Medical Devices Keywords: Implantable defibrillator, biosensor, microsensor, accelerometer, signal processing

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  2.6 -(A) THE THREE HEART RATE ZONES OF THE THERAPY DECISION PHASE. (B) THE LABELLED P, R AND T WAVE PEAKS AND TROUGHS FOR THE PAR3 SIGNAL OF VOLUNTEER NO. 1. THE ASTERISKS (*) CORRESPOND TO THE P WAVE, THE EXES (X) CORRESPOND TO THE R WAVE, AND THE CROSSES (+) CORRESPOND TO THE T WAVE. RED THEIR CALCULATED MEAN PQRST SEGMENT (BLACK) FOR VOLUNTEER NO. 1'S SITTING BASELINE. (B) CORRESPONDING POWER SPECTRAL DENSITY CURVES (RED) AND THEIR CALCULATED MEAN POWER SPECTRAL DENSITY CURVE (SHOWN IN BLACK). 71 FIGURE 2.15 -AVERAGE SPECTRAL DISTRIBUTION FOR THE SHORT DIPOLE ECG AND THREE BOSTON SCIENTIFIC VECTORS ECGS IN THE FIVE VOLUNTEERS. THE SPECTRAL DISTRIBUTION OF A RIGHT VENTRICULAR EGM IN A PIG FROM THE EXPERIMENTAL PROTOCOL OF PIG NO. 2, DESCRIBED IN CHAPTER 3, IS ALSO GIVEN FOR COMPARISON PURPOSES. PATIENT NO. 1 UNDERGOING A DEVICE (CRT-D) CHANGE PROCEDURE WITH THE MODIFIED SPIDERVIEW™ SYSTEM CONNECTED. 80 FIGURE 2.19 -INDUCTION OF A VF EPISODE IN PATIENT NO. 2. DEFIBRILLATION OCCURRED OFF THE TIME SCALE SHOWN BUT WAS SUCCESSFUL AND RETURNED THE PATIENT TO NORMAL SINUS RHYTHM.

	THREE INSIGHT™ MORPHOLOGICAL SVT DISCRIMINATORS OF THE CONDITIONAL SHOCK
	ZONE: STATIC MORPHOLOGY (BLACK ARROWS), DYNAMIC MORPHOLOGY (BLUE ARROWS),
	AND QRS WIDTH (RED ARROWS) [239].	58
	FIGURE 2.7 -SIMPLIFIED SENSING CHAIN OF THE S-ICD IMPLEMENTING THE SMART (HIGH)
	PASS FILTER [38].	58
	FIGURE 2.8 -PRE-IMPLANTATION SCREENING PROCEDURE. (A) SELECTING THE CORRECT GAIN,
	AND (B) SELECTING THE CORRECT SENSING VECTOR [240].	59
	FIGURE 2.9 -MULTI-ELECTRODE MAPPING ARRAY ATTACHED TO THE CHEST OF VOLUNTEER NO.
	1. THE ARRAY CONSISTS OF AN 18-ELECTRODE VERTICAL SEGMENT AND A 10-ELECTRODE
	HORIZONTAL SEGMENT.	63
	FIGURE 2.10 -	

SYMBOLS DENOTE PEAKS, AND BLUE SYMBOLS DENOTE TROUGHS. 64 FIGURE 2.11 -ELECTRODE MAPPING ARRAY PARALLEL (PAR) ACQUISITION OF VOLUNTEER NO. 1. TWO CYCLES OF ECG I (IN RED) AND 14 SHORT DIPOLES, LABELLED PAR1 THROUGH TO PAR14, ARE SHOWN. A 1MV SCALE BAR AND 1-SECOND SCALE BAR ARE ALSO GIVEN AND HOLD FOR ALL SIGNALS. 64 FIGURE 2.12 -MICROPORT CRM SPIDERVIEW™ HOLTER MONITOR. THE SYSTEM CONSISTS OF A CASING AND A SERIES OF CABLES. HERE, THE SIMPLEST CABLE VARIANT IS SHOWN, ABLE TO RECORD THREE ECG DERIVATIONS. 68 FIGURE 2.13 -(A) MODIFIED SPIDERVIEW™ HOLTER MONITOR. (B) ANALOGUE FRONT END OF THE MODIFIED SPIDERVIEW™. 68 FIGURE 2.14 -(A) SHORT DIPOLE AND BOSTON SCIENTIFIC VECTORS' PQRST SEGMENTS (RED) AND 75 FIGURE 2.16 -MAJOR MUSCLES (IN YELLOW) INTRODUCING MYOPOTENTIALS IN THE FOUR RECORDED SIGNALS [241]. 76 FIGURE 2.17 -THE SHORT DIPOLE AND THREE BOSTON SCIENTIFIC VECTORS' ECGS DURING A STANDING BASELINE AND PUSH-UPS FOR THE FIRST VOLUNTEER. xvii FIGURE 2.18 -

  ENDOCARDIAL ACCELERATION (EA) FOR THREE NORMAL HEART CYCLES AND A PREMATURE VENTRICULAR CONTRACTION (PVC). THE EA1 AND EA2 COMPLEXES ARE LABELLED ON ONE CYCLE, ALONG WITH THEIR PEAKS (PEA I AND PEA II, RESPECTIVELY). 101 FIGURE 3.11 -(A) -EVOLUTION OF LV DP/DT MAX AND PEA I FOLLOWING THE INFUSION OF DOBUTAMINE. THE START OF THE INFUSION IS DENOTED BY AN UPWARDS ARROW [247]. (B) LINEAR REGRESSION CORRELATION BETWEEN CHANGES IN PEA I MEASURED IN THE RIGHT SCHEMATIC OF THE EVALUATION BOARD. THE CAPACITORS LABELLED CX, CY AND CZ WERE CHANGED TO RESPECT THE DESIRED BANDWIDTH [248]. 110 FIGURE 3.16 -(A) ADXL337 ACCELEROMETER (OUTLINED IN BLUE) MOUNTED ON THE DISTAL TIP OF A CARDIAC PACING LEAD, WITH ITS 𝐮𝐮𝑥𝑥, 𝐮𝐮𝑦𝑦, AND 𝐮𝐮𝑧𝑧 MEASUREMENT AXES LABELLED. INSULATED COPPER WIRING WAS WOUND AROUND THE LEAD TOWARDS ITS PROXIMAL END, WHERE IT WAS (B) SOLDERED TO THE ORIGINAL TERMINALS (OUTLINED IN RED) ON THE EVALUATION BOARD. (C) PLASTIC BOX HOUSING THE EVALUATION BOARD AND BATTERIES. SIGNAL READ-OUTS WERE PERFORMED VIA SEVERAL 10MM PINS (HIGHLIGHTED IN GREEN) MEDIAN PLANE X-RAY OF THE DOG THORAX WITH IMPLANTED CARDIAC SENSORS. UPWARD ARROW 'H' POINTS THE DIRECTION OF THE HEAD. DOWNWARD ARROW 'T' POINTS THE DIRECTION OF THE TAIL. 𝐮𝐮𝑥𝑥, 𝐮𝐮𝑦𝑦, AND 𝐮𝐮𝑧𝑧, DENOTE THE ACCELERATION MEASUREMENT 110HZ BANDPASS-FILTERED CARDIAC VIBRATIONS, AS WELL AS THE TRI-AXIAL ACCELERATION MAGNITUDES OF THE 3D PROTOTYPE SENSORS FOR A BASELINE RECORDING OF PIG NO. 2. S1 AND S2 COMPLEXES OF THE FIRST CYCLE ARE LABELLED. 118 FIGURE 3.23 -ENSEMBLE AVERAGES FOR THE ECG, SURFACE SONR™ SCG, SUBCUTANEOUS PARASTERNAL 3D LEAD Z ACCELERATION COMPONENT, AND RA SONR™ EA OF A 105-3.31 -(A) S1 TRANSVERSE PLANE ACCELERATION TRAJECTORY T FOR VOLUNTEER NO. 1'S SITTING BASELINE RECORDING. Α DENOTES THE START OF THE S1 COMPONENT AND Ω THE END. THE ARROWS INDICATE THE DIRECTION OF TIME PROGRESSION. (B) S1 TRANSVERSE PLANE ACCELERATION SILHOUETTE S AND ITS MECHANICAL AXIS ANGLE CARTESIAN AND POLAR REFERENCE FRAMES ON THE TRANSVERSE PLANE. BOTH FRAMES ARE CENTRED ON THE 3D LEAD'S ACCELEROMETER. 𝐮𝐮𝑥𝑥 AND 𝐮𝐮𝑧𝑧 DENOTE THE UNIT VECTORS DEFINING THE CARTESIAN REFERENCE FRAME. IN THE POLAR REFERENCE FRAME, A POINT IS DESCRIBED BY ITS RADIUS R, AND ITS POLAR ANGLE Θ RELATIVE TO 𝐮𝐮𝑥𝑥. 148 FIGURE 3.34 -EVOLUTION OF THE SILHOUETTE DIAMETER Ø WITH INCREASING Θ FOR VOLUNTEER NO.1'S THREE-MINUTE SITTING BASELINE RECORDING. THE ANGLE Θ IS GIVEN DIRECTLY IN DEGREES RATHER THAN ELEMENT OR ANGULAR SECTOR INDEX. THE ΘMECH (LONG-TERM) EVOLUTION ACROSS THE PIG'S 19 STEADY-STATE CONDITIONS. THE ERROR BARS DENOTE THE STANDARD DEVIATION FOR THAT PARTICULAR RECORDING (𝑖𝑖. 𝑒𝑒. 𝜎𝜎𝜎𝜎𝑦𝑦𝜎𝜎𝜎𝜎𝑒𝑒 𝑡𝑡𝑡𝑡 𝜎𝜎𝑦𝑦𝜎𝜎𝜎𝜎𝑒𝑒). THE MEAN OF THESE (I.E. 𝜎𝜎𝜎𝜎𝑦𝑦𝜎𝜎𝜎𝜎𝑒𝑒 𝑡𝑡𝑡𝑡 𝜎𝜎𝑦𝑦𝜎𝜎𝜎𝜎𝑒𝑒) INFERS THE SHORT-TERM STABILITY OF ΘMECH. THE DASHED RED LINE DENOTES THE MEAN MECHANICAL AXIS 𝜃𝜃MECH OBTAINED WHEN CONSIDERING ALL 19 RECORDINGS (I.E. 110.7⁰). ACCELERATION COMPONENT (BLUE) BEFORE AND DURING THE INDUCED VF EPISODE OF PIG NO. 2. (B) THE PSD SPECTROGRAM (512-POINT, 93.75% OVERLAPPING HANN WINDOW) AND (C) MORLET WAVELET MAGNITUDE SCALOGRAM OF THE 3D LEAD Z COMBINED ELECTROPHYSIOLOGICAL-HEMODYNAMIC VT/VF DETECTION SCHEME. EACH DETECTION SCHEME PRODUCES AN INDIVIDUAL SHOCK DECISION OUTPUT. THESE ARE COMPARED. IF THEY AGREE, A SHOCK IS DELIVERED OR NOT. IF THEY DO NOT, ORONASAL MEASUREMENTS -SENSORS MEASURE OR ESTIMATE RESPIRATION FROM THE BREATHED AIR CIRCULATING THROUGH SYSTEM CONDUITS [251]. (MIDDLE) INDUCTIVE PLETHYSMOGRAPHY -RESPIRATION IS ESTIMATED FROM CHANGES IN THE SELF-INDUCTANCE OF SINUSOID COILS STRAPPED TO THE CHEST AND ABDOMEN [252]. (RIGHT) THORACIC MOVEMENT MEASUREMENTS (AS MEASURED USING A RESPIRATION BELT) -PIEZOELECTRIC TRANSDUCERS EMBEDDED IN THE BELT MEASURE DEFORMATION DUE TO RESPIRATION [253]. 183 FIGURE 4.4 -(A) SIMPLIFIED EXPERIMENTAL SETUP OF THE RESPIRATORY ELEMENTS OF PIG NO.1 AND PIG NO. 2. THE 3D LEAD WAS IMPLANTED PARASTERNALLY ON THE LEFT, AND THE 3D CAN WAS IMPLANTED AT THE SAME HEIGHT, ALONG THE MIDDLE AXILLARY LINE. BOTH SENSORS WERE CONNECTED TO A POWERLAB™ 16/35 ANALOGUE-DIGITAL CONVERTER PLATFORM (ADC), WHICH WAS IN TURN CONNECTED TO A LAPTOP COMPUTER. THE ANIMAL WAS ANESTHETISED AND VENTILATED AT A CONSTANT RATE AND TIDAL VOLUME (14 BREATHS PER MINUTE AND 625ML) USING A GENERAL ELECTRIC CARESTATION650™. (B) ENLARGED SECTION SHOWING THE 3D SENSOR PROTOTYPES' THREE AXES ORIENTATIONS. AND Z (IN BLUE), THEIR CARDIAC SYSTOLIC MECHANICAL AXIS PROJECTION M (IN GREEN), AND THEIR PERPENDICULAR AXIS PROJECTION P (IN RED), AS WELL AS RESPIRATORY ACCELERATION COMPONENTS XRESP AND ZRESP, THEIR CARDIAC SYSTOLIC MECHANICAL AXIS PROJECTION MRESP, AND THEIR PERPENDICULAR AXIS PROJECTION PRESP (ALL IN ORANGE) FOR THE FIRST RESPIRATORY BASELINE OF PIG NO. 2. 194 FIGURE 4.10 -MEAN RESPIRATORY ACCELERATION PEAK-TO-TROUGH AMPLITUDES OF THE 3D LEAD XRESP AND ZRESP COMPONENTS, AS WELL AS THEIR CARDIAC SYSTOLIC MECHANICAL AXIS PROJECTION MRESP AND PERPENDICULAR AXIS PROJECITON PRESP, DURING THE SAME FIRST RESPIRATORY BASELINE OF PIG NO. 2. THE ERROR BARS REPRESENT THE STANDARD DEVIATIONS ACROSS THAT BASELINE. 194 FIGURE 5.1 -(A) SCHEMATIC OF THE SUBCUTANEOUS PROTOTYPE LEAD. DF-4 AND IS-4 REFER TO THE TWO INDUSTRY-STANDARD DEVICE CONNECTORS. ED, ESH1, AND ESH2 REFER TO THE DISTAL AND TWO SHORT DIPOLE ELECTRODES. 𝐮𝐮𝑥𝑥 AND 𝐮𝐮𝑧𝑧 REFER TO THE MEASUREMENT AXES OF THE FXLN836XQ ACCELEROMETER. (B) CLOSE UP ISOMETRIC VIEW OF THE FXNL83 ACCELEROMETER MOUNTED ON TOP OF THE LEAD BODY. RELEVANT DIMENSIONS

	FIGURE 3.18 -SIMPLIFIED EXPERIMENTAL PROTOCOL FOR THE ACUTE EXPERIMENT PERFORMED
	PACING LEAD. ON A SINGLE DOG.	101 113
	80 FIGURE 2.20 -A FAILED VF INDUCTION FOLLOWED BY A SUCCESSFUL VF INDUCTION THAT IS TERMINATED BY A DEFIBRILLATION SHOCK IN PATIENT NO. 5. 81 FIGURE 2.21 -SPONTANEOUS REVERSION OF A VT BACK TO NORMAL SINUS RHYTHM IN PATIENT NO. 4. 81 FIGURE 2.22 -INDUCTION AND DEFIBRILLATION OF AN INDUCED FAST VT (270 BPM) FOR PATIENT NO. 6. THE SHOCK SATURATED THE SIGNALS FOR A FEW SECONDS AFTER WHICH THEY REVERTED TO NORMAL SINUS RHYTHM. 82 FIGURE 2.23 -PROPOSED PRELIMINARY ELECTROPHYSIOLOGICAL SENSING CHAIN FOR AN S-ICD FIGURE 3.10 -ELECTROCARDIOGRAM (ECG), LEFT VENTRICULAR BLOOD PRESSURE (LV BP), ATRIUM AND CHANGES IN LV DP/DT MAX [143]. FIGURE 3.19 -AXES OF THE 3D CAN AND 3D LEAD. 114 FIGURE 3.20 -SIMPLIFIED PIGS EXPERIMENTAL PROTOCOL. 115 FIGURE 3.21 -ANTERIOR-POSTERIOR VIEW (A) AND LEFT LATERAL-MEDIAL VIEW (B) OF THE IMPLANTED CARDIAC HEMODYNAMIC SENSORS FOR PIG NO 2. 𝐮𝐮𝑥𝑥, 𝐮𝐮𝑦𝑦, AND 𝐮𝐮𝑧𝑧, DENOTE THE ΘMECH. 147 FIGURE 3.32 -ENSEMBLE-AVERAGE CYCLES OF THE ECG AND TRANSVERSE PLANE CARDIAC VIBRATION ACCELERATION COMPONENTS AND THEIR S1 COMPLEXES (𝐞𝐞𝐞𝐞𝐞𝐞𝑠𝑠1, 𝐱𝐱𝑠𝑠1 AND 𝐳𝐳𝑠𝑠1) FOR VOLUNTEER NO. 1'S THREE-MINUTE SITTING BASELINE RECORDING CONSISTING OF 241 HEART CYCLES. 147 163 FIGURE 3.41 -THE MORLET WAVELET FOR AN ARBITRARY SCALE. 164 FIGURE 3.42 -ECG, SCG, AND SCG MORLET WAVELET POWER PROFILE [125]. 165 FIGURE 3.43 -SPRING, MASS OSCILLATOR MODEL. 166 FIGURE 3.44 -FIVE SECONDS OF THE SUBCUTANEOUS PARASTERNAL 3D LEAD'S X, Y, AND Z TRI-FIGURE 3.33 -ACCELERATION COMPONENT SIGNAL. MEASUREMENT AXES OF THE 3D CAN AND 3D LEAD'S X, Y, AND Z ACCELERATION AXIAL ACCELERATION COMPONENTS, MECHANICAL M AND PERPENDICULAR P AXES 102 COMPONENTS RESPECTIVELY. 117 PROJECTIONS, TRI-AXIAL ACCELERATION MAGNITUDE MAG, AND THEIR TKEO OUTPUTS FIGURE 3.12 -ELECTROCARDIOGRAM (ECG) AND CIRCUMFERENTIAL EPICARDIAL ACCELERATION (EPIA) FOR A SINGLE PATIENT. S1 AND S2 COMPLEXES ARE LABELLED [154]. 104 FIGURE 3.13 -INVASIVENESS, PHYSIOLOGICAL PHENOMENA, AND TYPICAL CONSIDERED FOR A BASELINE RECORDING OF PIG NO.2. 168 FIGURE 3.44 -VARIOUS TEST SIGNALS AND THEIR CORRESPONDING TEAGER-KAISER ENERGY ESTIMATES. FIGURE 3.22 -10-121 ARE LABELLED.
	FIGURE 3.25 -S1 SPECTROGRAM FOR THE SUBCUTANEOUS STERNAL SONR™ SENSOR SIGNAL
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	FIGURE 3.26 -MEAN POWER SPECTRAL DENSITY FUNCTIONS FOR THE ENTIRE CYCLE AND S1
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  The hemodynamic tolerance of a VT is discussed further in Chapter 3. VTs may rarely spontaneously revert back to NSR. However, generally, VTs will deteriorate further into ventricular fibrillation.Ventricular fibrillation (VF) is characterised by a very fast and irregular ventricular rhythm and morphology. VF is the most dangerous type of heart rhythm disorder. As with AF, it is produced by a fast and disorganised pattern of depolarisation known as fibrillation, but in the ventricles and not in the atria. In the ECG, this is reflected by fast and irregular wide QRS complexes, as shown in the ECG of Figure1.10.B. The precise causes of VF are not always known. As stated above, a

Signal Median Peak-Trough Amplitude (mV)

  

			Volunteer 1		Volunteer 2		Volunteer 3		Volunteer 4		Mean
		P	R	T	P	R	T	P	R	T	P	R	T	P	R	T
	ECG I	0.051 0.455 0.132 0.101 0.604 0.253 0.079 0.676 0.230 0.10 0.77 0.31 0	

.082 0.626 0.232 Par1

  

0.023 0.188 0.020 0.029 0.187 0.052 0.021 0.188 0.049 0.04 0.10 0.07 0.

027 0.166 0.047

  

	Par2	0.024 0.204 0.018 0.029 0.301 0.099 0.024 0.127 0.053 0.03 0.20 0.11 0.027 0.208 0.071
	Par3	0.044 0.606 0.143 0.026 0.450 0.153	-0.080	-0.03 0.24 0.15 0.034 0.345 0.148
	Par4	0.014 0.223 0.027 0.024 0.553 0.182 0.021 0.121 0.040 0.04 0.44 0.21 0.024 0.334 0.114
	Par5	0.047 0.586 0.131 0.020 0.547 0.193 0.024 0.522 0.154 0.04 0.58 0.23 0.032 0.559 0.178
	Par6	0.027 0.252 0.032 0.024 0.445 0.136 0.015 0.249 0.081 0.04 0.62 0.20 0.027 0.392 0.112
	Par7	0.023 <0.114 0.037 0.017 0.630 0.082 0.020 0.278 0.063 0.04 0.58 0.15 0.024 0.496 0.083
	Par8	0.021 0.674 0.052 0.017 0.575 0.040 0.014 0.443 0.058 0.03 0.51 0.08 0.020 0.551 0.057
	Par9	0.014 0.160 0.037 0.018 0.758 0.113 0.015 0.504 0.056 0.03 0.48 0.14 0.019 0.476 0.086
	Par10	0.014 0.620 0.034 0.017 1.082 0.134 0.014 0.815 0.052 0.02 0.95 0.10 0.017 0.867 0.080
	Par11	0.012 0.813 0.053 0.015 0.967 0.105 0.015 0.911 0.076 0.02 1.00 0.12 0.016 0.924 0.089

Par12 0.006 0.578 0.061 0.017 0.507 0.092 0.015 0.403 0.069 0.01 0.72 0.10 0.013 0.551 0.080 Par13 0.012 0.348 0.046 0.018 0.476 0.108 0.021 0.446 0.121 0.02 0.51 0.12 0.017 0.444 0.098 Par14 0.011 0.208 0.018 0.018 0.508 0.125 0.024 0.412 0.124 0.03 0.52 0.12 0.020 0.412 0.096 Primary 0.056 2.393 0.171 0.363 2.650 0.669 0.040 2.541 0.343 0.069 2.866 0.458 0.132 2.612 0.410 Secondary 0.150 2.200 0.294 0.284 2.403 0.669 0.081 1.382 0.214 0.165 2.328 0.273 0.170 2.079 0.363 Alternate 0.157 0.847 0.142 0.110 2.203 0.766 0.053 0.716 0.223 0.177 2.293 0.887 0.124 1.515 0.504

Table 2 .

 2 2 -Median R/P (yellow), R/R (blue), and R/T(red) peak-to-trough amplitude ratios of ECG I, parallel (Par) short dipoles, and Boston Scientific primary, secondary and alternate vectors recorded in four healthy volunteers. Colour intensity indicates P wave, R wave or T wave ratio magnitude relative to all the recorded ECG derivations of that volunteer. The P wave and T waves of Volunteer no. 3's Par3 recording could not be detected due to high-levels of noise.

				Median Ratios (a.u.)		
	Signal	Volunteer 1	Volunteer 2	Volunteer 3	Volunteer 4	Mean

94 1.00 10.39 Par9 11

  .00 13.00 34.27 1.00 14.50 32.30 1.00 7.63 17.63 1.00 6.44 28.

					R/T
	ECG I	8.88 1.00 3.44 5.99 1.00 2.38 8.60 1.00 2.93 7.86 1.00 2.47 7.83 1.00	2.81
	Par1	8.20 1.00 9.46 6.45 1.00 3.60 9.11 1.00 3.84 2.81 1.00 1.53 6.64 1.00	4.61
	Par2	8.38 1.00 11.17 10.37 1.00 3.03 5.19 1.00 2.37 6.84 1.00 1.78 7.69 1.00	4.59
	Par3	13.69 1.00 4.22 17.35 1.00 2.94	NA 1.00	NA 7.57 1.00 1.66 12.87 1.00 2.94
	Par4	16.22 1.00 8.11 22.66 1.00 3.03 5.64 1.00 3.04 12.00 1.00 2.12 14.13 1.00	4.08
	Par5	12.39 1.00 4.47 27.58 1.00 2.83 21.38 1.00 3.39 16.61 1.00 2.48 19.49 1.00	3.29
	Par6	9.17 1.00 7.86 18.22 1.00 3.28 16.30 1.00 3.08 14.87 1.00 3.15 14.64 1.00	4.34
	Par7	<6.25 1.00 <3.08 37.55 1.00 7.65 14.00 1.00 4.44 16.52 1.00 3.88 22.69 1.00	5.32
	Par8	31.57 1		

.67 1.00 4.38 41.38 1.00 6.71 33.00 1.00 8.92 17.56 1.00 3.51 25.90 1.00 5.88 Par10 45.11 1.00 18.45 64.45 1.00 8.06 59.33 1.00 15.71 40.32 1.00 9.33 52.31 1.00 12.89 Par11 66.63 1.00 15.23 63.40 1.00 9.19 59.70 1.00 11.94 50.62 1.00 8.33 60.09 1.00 11.17 Par12 94.75 1.00 9.48 30.23 1.00 5.54 26.40 1.00 5.87 52.22 1.00 7.34 50.90 1.00 7.06 Par13 28.50 1.00 7.60 26.00 1.00 4.39 21.63 1.00 3.70 30.09 1.00 4.24 26.56 1.00 4.98 Par14 19.43 1.00 11.33 27.75 1.00 4.06 16.88 1.00 3.33 18.38 1.00 4.42 20.61 1.00 5.79 Primary 42.38 1.00 14.00 7.30 1.00 3.96 64.04 1.00 7.40 41.73 1.00 6.26 38.86 1.00 7.91 Secondary 14.71 1.00 7.47 8.47 1.00 3.59 17.09 1.00 6.47 14.13 1.00 8.53 13.60 1.00 6.51 Alternate 5.39 1.00 5.97 20.06 1.00 2.88 13.40 1.00 3.21 12.96 1.00 2.59 12.95 1.00 3.66

  The corresponding figure and results tables of the perpendicular mapping are provided in Appendix 2.1, Appendix 2.2, and Appendix 2.3, respectively.

Table 2 .

 2 3 -Average R-peak absolute amplitude 𝑅𝑅 � for each baseline and physical activity of all five volunteers. The colour scale reflects relative 𝑅𝑅 � values across the four ECG derivations for that volunteer's particular analysed condition. Green indicates maximal 𝑅𝑅 � , and red indicates minimal 𝑅𝑅 � for that volunteer's baseline or physical activity. Yellow indicates the mid-point between maximal and minimal values. Lime green and orange hues indicates 𝑅𝑅 � , values along the linear colour scale defined by these three points. 'Lat. Rec.' refers to lateral recumbent. 'Isom. Pec. Con.' refers to isometric pectoral contraction.

								𝑅𝑅 � (μV)							
	Condition		Short	Alternate			Primary				Secondary
				Volunteer	Volunteer			Volunteer				Volunteer
			1	2	3 4 5 1	2	3	4 5	1	2	3	4	5	1	2	3	4	5
		Sitting Down 655 735 747 506 591 462 983 1647 1623 754 1175 1671 1824 308 1171 1052 2286 1104 1937 983
	Baseline	Standing Up Supine	550 810 701 372 516 291 841 1904 1907 755 1234 1443 1892 428 1427 1129 2307 1099 2346 1046 549 1514 808 439 596 446 548 1760 1877 305 694 1178 1562 424 806 1210 1824 1123 2316 823
		Left Lat. Rec. 222 666 322 373 433 302 794 1276 1577 553 1590 2296 2506 1061 1400 1848 2694 1949 2644 1254
		Right Lat. Rec. 522 853 1004 552 586 302 1124 1907 1709 345 789 1416 2180 275 732 1146 2187 1215 1907 1035
		Raising arms 721 847 948 523 457 262 672 1870 1295 486 1063 1243 1812 255 1087 860 1915 1058 1521 609
		Touching toes 558 945 899 504 442 325 658 919 1460 287 1060 1593 2148 294 1042 1083 1866 1223 1707 750
	Physical Activity	Push-Ups Isom. Pec. Con. 616 750 895 534 455 130 701 1636 1400 518 1052 1375 1688 329 1018 1011 2077 927 1698 744 728 1070 1251 480 417 283 655 1862 1433 727 991 1450 2126 657 791 855 1638 945 2068 371 Plank 330 948 639 337 467 653 1687 1765 783 1411 1804 510 1222 2061 1318 2245 Stairs -745 724 --609 1627 --1338 1584 --1948 1059 -
		Elliptic		759		556			1539					2091	
		Cycling			869		1984				2415					1201
		Walking			414		1426			337				1860

Table 2 .

 2 4 -Average R/T wave ratio 𝑅𝑅/𝑇𝑇 ����� for each baseline and physical activity of all five volunteers. The colour scale reflects relative 𝑅𝑅/𝑇𝑇 ����� across the four ECG derivations for that volunteer's particular analysed condition. Green indicates maximal 𝑅𝑅/𝑇𝑇 ����� , and red indicated minimal 𝑅𝑅/𝑇𝑇 ����� for that volunteer's baseline or physical activity. Yellow indicates the mid-point between maximal and minimal values. Lime green and orange hues indicates values along the colour scale defined by these three points. 'Lat. Rec.' refers to lateral recumbent. 'Isom. Pec. Con.' refers to isometric pectoral contraction.

					𝑅𝑅/𝑇𝑇 ����� (a.u.)			
		Short		Alternate		Primary		Secondary	
	Condition								
		Volunteer		Volunteer		Volunteer		Volunteer	
		1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
	Baseline								
	Plank	7.7 11.1 10.5 5.2	4.8 5.6 3.8 10.2	3.4 3.9 6.0 2.3	5.7 6.2 5.9 7.0
	Stairs	-8.6 4.9	-	-4.4 3.1	-	-8.8 2.8	-	-7.6 3.2	-
	Elliptic	5.6		2.6		4.9		5.7	
	Cycling	7.7		2.7		4.2		5.8	
	Walking	5.5	8.7	2.5	8.5

Sitting Down 19.4 14.9 10.0 9.5 10.2 2.8 4.7 5.1 9.2 0.6 11.3 5.8 7.6 3.7 9.2 12.5 9.3 10.0 11.4 5.5 Standing Up 19.9 18.3 10.1 11.0 10.0 2.4 6.5 2.6 5.5 2.4 13.3 8.7 3.5 9.5 11.2 9.2 11.4 4.6 7.3 9.6 Supine 8.6 10.3 15.8 15.5 14.5 2.1 2.1 2.1 22.1 1.4 6.2 6.8 3.0 8.6 8.7 3.7 12.8 4.1 18.1 3.8 Left Lat. Rec. 6.4 5.6 2.6 17.2 12.4 2.5 6.8 2.0 17.2 1.2 7.9 13.7 10.3 14.0 12.6 5.7 9.6 3.8 15.8 6.2 Right Lat. Rec. 7.7 18.7 10.8 15.3 13.9 2.0 8.0 2.1 17.4 1.8 8.5 8.3 3.7 2.9 8.6 4.7 12.3 4.6 18.4 5.5 Physical Activity Raising arms 7.5 12.6 13.7 10.3 14.3 2.2 5.7 3.8 11.0 4.6 5.0 6.1 5.1 1.3 11.7 5.3 8.7 5.1 7.0 5.4

Touching toes 6.9 8.6 8.9 6.6 6.4 3.6 2.7 1.0 9.3 2.4 4.6 8.1 3.7 1.2 3.7 4.4 6.8 3.5 6.0 3.2 Push-Ups 5.7 9.3 6.6 6.4 3.6 0.8 3.0 2.8 5.9 4.8 2.6 3.4 3.8 2.6 4.2 2.5 5.7 4.4 5.5 1.0 Isom. Pec. Con. 8.2 16.1 7.9 11.0 15.6 0.3 6.1 3.2 15.9 9.1 3.7 7.8 4.6 3.3 11.9 3.2 22.8 6.3 10.3 6.9

  Supine 54.0 54.7 58.6 56.4 54.4 31.6 34.2 48.3 61.7 22.4 50.2 50.7 48.2 48.6 49.1 46.6 56.4 47.7 59.8 39.7 Left Lat. Rec. 48.4 45.1 34.7 55.6 54.9 32.5 47.1 43.6 58.6 32.5 52.6 55.9 55.8 55.5 54.5 50.6 54.8 51.1 58.0 47.9 Right Lat. Rec. 52.0 55.6 56.6 57.1 55.7 30.1 49.5 48.9 58.3 25.0 53.4 50.1 53.1 35.2 48.8 47.9 55.0 48.6 59.7 46.8

				Alternate	Primary	Secondary
			Volunteer	Volunteer	Volunteer	Volunteer
			1 2 3 4	5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
	Baseline				
		Raising arms	47.4 57.1 58.6 53.1 60.2 26.4 43.2 47.8 53.1 36.9 42.2 45.3 47.7 19.1 43.4 43.5 52.6 43.5 47.5 37.9
		Touching toes 48.0 45.0 51.4 47.0 47.7 38.7 31.8 35.4 54.9 28.8 41.3 42.9 48.4 20.2 42.7 41.8 44.7 40.1 45.7 38.6
	Physical Activity	Push-Ups Isom. Pec. Con. 50.1 48.6 49.2 50.4 51.8 7.5 40.5 45.6 57.6 37.8 38.6 44.4 48.0 32.1 39.8 37.6 51.4 47.6 55.0 35.4 43.0 44.5 44.4 42.6 28.4 17.8 29.7 43.6 42.8 28.4 34.9 41.4 47.1 29.2 31.0 32.5 41.9 35.3 47.1 16.0 Plank 44.2 46.1 57.5 37.4 37.6 36.7 44.9 51.7 34.8 39.3 47.2 27.0 42.9 45.7 45.8 51.1 Stairs -49.6 42.6 36.4 -0.9 50.5 42.0 52.2 38.4
		Elliptic	38.1	28.6	43.0	47.3
		Cycling	46.4	-5.0	48.6	42.8
		Walking	41.1	51.7	28.1	54.0

Sitting Down 59.4 54.3 54.2 49.4 60.2 32.7 41.3 43.8 54.3 36.9 56.1 49.7 48.3 33.8 43.4 54.0 54.5 52.7 55.6 37.9 Standing Up 57.3 55.3 54.1 50.2 53.3 28.4 47.3 49.2 50.4 38.3 57.8 50.2 51.1 43.2 55.1 51.2 54.1 46.0 52.9 49.7

Table 2 .

 2 6 -Description of each patient's procedure, device type, and number of VT/VFs induced.

	Patient ID.	Procedure	Device	No. VTs Induced No. VFs Induced
	1	Device Change	CRT-D	1
	2	Device Change	ICD (VR)	1
	3	Device Change	CRT-D	1
	4	VT Ablation	CRT-D	3
	5	Device Change	CRT-D	13
	6	Device Change	ICD (VR)	1

  The modified Platinium™ sensing scheme might be used for this. If the calculated RR-intervals fall below a programmed VT/VF threshold, the presence of such an episode is suspected and a specific VT/VF detection algorithm (e.g. the SPOT algorithm) is launched. This algorithm would integrate the long dipole ECG stored in loop memory and output a yes or no decision of whether to deliver a defibrillation shock.

2.6 Summary, Conclusions, Research Output, and Further Work

At the beginning of this chapter the S-ICD commercialised by Cameron Health, and later Boston Scientific, was introduced. The challenges and limitations of its VT/VF detection scheme were presented.

  3.1 IntroductionSignals such as the EGM or ECG of Chapter 2 reflect the electrophysiological activity of the heart. More precisely, they represent the spread of electrical depolarisation around the cardiac mass. From the nature of these electrophysiological signals, the mechanical or hemodynamic performance of the heart's pumping can only be inferred, but not directly assessed.

	A hemodynamic monitoring scheme could operate in parallel to the electrophysiological
	monitoring scheme presented previously in Chapter 2. The combination of these completely
	separate monitoring schemes, which are deliberately designed to be protected from each other's
	detection pitfalls, could, in theory, improve VT/VF detection specificity.

T-waves and myopotentials are electrophysiological phenomena that should not be detected by a hemodynamic sensor. Further, as seen previously in Chapter 1, SVT are generally well tolerated hemodynamically (if left ventricular function is normal). Thus, they should not produce falsepositive VT/VF detections in a hemodynamic monitoring scheme. Finally, a hemodynamic sensor may also help to discriminate tolerated from non-tolerated VTs, which may not require defibrillation despite their fast rates.

  Chapter 1. It is the pressure of the blood in the Stroke volume is the volume of blood ejected by the left ventricle during the contraction of a single heart cycle. It is measured in ml; normal stroke volume ranges from 60 to 100ml/cycle[START_REF] Maceira | Normalized left ventricular systolic and diastolic function by steady state free precession cardiovascular magnetic resonance[END_REF]. Stroke volume is dependent on several factors including preload, myocardial contractility, and afterload. Preload is the extent of stretching of the cardiomyocytes just before contraction and is related to end-diastolic volume at the end of ventricular filling. Myocardial contractility is described below. Afterload is the load against which the left ventricle must contract in order to eject blood and is determined by peripheral resistance. Not all the blood in the left ventricle is ejected during a single contraction. As seen previously in Chapter 1, the percentage of blood ejected during a single contraction over the total volume in the left ventricle is referred to as the ejection fraction. It is a surrogate of contractile efficiency. An ejection fraction greater than 55% is considered normal, whereas an ejection fraction below 40% is indicative of congestive heart failure (CHF) with systolic dysfunction[START_REF]Heart Failiure: Understanding Heart Failiure[END_REF]. Cardiac output is defined as the volume of blood

	circulation and can be acutely and non-invasively measured using a pressure cuff. It is reported
	in millimetres of mercury (mmHg). Blood pressure varies during the heart cycle: it is greater
	during systole (approximately 120mmHg in the left ventricle) and lower during diastole

(approximately 10-20mmHg in the left ventricle). Average blood pressure decreases down the systemic circulation from the arteries to the veins, where it becomes increasingly affected by other extra-cardiac phenomena such as posture and the elasticity of venous system. During (nontolerated) VT/VFs, blood pressure drops sharply. Therefore, the circulation is jeopardised.

ejected by the left ventricle in one minute and is typically quoted in L/min. It is computed as the product of stroke volume and heart rate in beats per minute. Given that both ventricles are in series and assuming normal conditions where there is no pooling or loss of blood, cardiac output is equal for the left and right ventricles. During (non-tolerated) VT/VFs, stroke volume, ejection fraction, and cardiac output, collapse as very little or no blood is ejected.

  3.3.2 Pigs Experimental ProtocolThe acute experimental protocol was carried out on two pigs on the 15 th of June 2018 (pig no. 1) and the 16 th of October 2018 (pig no. 2), at the Centre de Recherche BioMédicale of the Ecole Nationale Vétérinaire d'Alfort, in Alfort, France. The pigs' breeds, genders, ages and weights are listed in Appendix 3.3. Pigs were used due to their closer thoracic anatomical resemblance to humans compared to dogs. Their thoracic dimensions are more similar to humans and their skin is tighter than dogs'. The experiments were performed with the approval of all the appropriate local ethical institutions.

Table 3 .

 3 1 -Average S1 peak-to-trough amplitude 𝑠𝑠1 ��� and its standard deviation for the different recorded cardiac vibrations of the two experimental protocols. (*) The acceleration measurement axis of the sternal SonR™ sensor was not known for pig no. 1. (^) 3D magnitude amplitudes were regular amplitudes and not peak-totrough. ( †) The 3D Lead magnitude of pig no. 1 was calculated from the x and y acceleration components only. ( ‡) Prior to LBBB induction in the dog, 5 baselines were considered for the 𝑠𝑠1 ��� calculation of the intracardiac sensors and 10 baselines were considered for the surface and subcutaneous SonR™ sensors.

						Average 𝑠𝑠1 ��� (mg)
						Experimental Protocol
	Anatomical Site and Sensor	Measurement Axis		Dog	Pigs
					Pre LBBB	LBBB	No. 1	No. 2
	Surface (SCG)	SonR™	Posterior-Anterior	92.17 ± 5.67 62.32 ± 5.96	25.35 ± 7.25	51.80 ± 3.81
		Sternal SonR™	Posterior-Anterior	94.35 ± 10.8 60.78 ± 6.37	14.31* ± 4.04	48.30 ± 4.90
			SonR	Posterior-Anterior	62.64 ± 4.6	43.21 ± 3.75	32.16 ± 5.56
	Subcutaneous	Parasternal Left Ventral-Lateral	3D Lead x 3D Lead y 3D Lead z 3D Lead mag^ NA Medial-Lateral Longitudinal Posterior-Anterior 3D Lead x Longitudinal 3D Lead y Parallel to ribs 3D Lead z Perpendicular to chest 3D Lead mag^ NA 3D Can x Longitudinal 3D Can y Parallel to ribs 3D Can z Perpendicular to skin		50.61 ± 4.95 23.37 ± 2.88 68.00 ± 6.96 41.95 ± 4.77 11.69 ± 2.83 23.34 ± 3.30 46.43 ± 5.09	32.48 ± 3.55 15.26 ± 6.57 17.11 † ± 4.07 7.30 ± 4.64 15.69 ± 3.61 14.30 ± 2.96	35.11 ± 3.65 14.08 ± 2.73 50.61 ± 4.54 27.19 ± 4.76 15.45 ± 2.75 13.91 ± 2.87 18.39 ± 2.83
			3D Can mag^ NA		23.52 ± 6.78	9.93 ± 3.14	10.23 ± 2.01
	Intracardiac	Right Atrium SonR™ Unknown	315.21 ± 22.2 144.51 ± 18.90	721.07 ± 87.79
	(EA)	Right Ventricle SonR™ Unknown	488.07 ± 40.4 305.15 ± 41.14 326.92 ± 37.09	875.38 ± 104.14
	Baseline recordings considered		5 ‡,10	12	9	13
	Total number of cycles considered		519 ‡, 1181	1195	3233
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 3 

						Average 𝑣𝑣 (a.u)
						Experimental Protocol
	Anatomical Site and Sensor	Measurement Axis		Dog		Pigs
					Pre LBBB	LBBB	No. 1	No. 2
	Surface (SCG)	SonR		Posterior-Anterior	0.06 ± 0.02	0.07 ± 0.03	0.07 ± 0.03	0.04 ± 0.01
		Sternal SonR™	Posterior-Anterior	0.14 ± 0.02	0.19 ± 0.02	0.12* ± 0.03	0.06 ± 0.02
			SonR™	Posterior-Anterior	0.07 ± 0.01	0.10 ± 0.01	0.08 ± 0.03
		Parasternal	3D Lead x 3D Lead y 3D Lead z	Medial-Lateral Longitudinal Posterior-Anterior			0.09 ± 0.03 0.13 ± 0.02	0.07 ± 0.01 0.14 ± 0.02 0.05 ± 0.01
	Subcutaneous	Left Ventral-Lateral	3D Lead mag 3D Lead x 3D Lead y 3D Lead z 3D Lead mag 3D Can x 3D Can y 3D Can z	NA Longitudinal Parallel to ribs Perpendicular to skin NA Longitudinal Parallel to ribs Perpendicular to skin		0.18 ± 0.03 0.18 ± 0.04 0.16 ± 0.04 0.20 ± 0.05 0.22 ± 0.07 0.17 ± 0.05 0.20 ± 0.03	0.13 † ± 0.04 0.20 ± 0.10 0.08 ± 0.03 0.15 ± 0.02	0.07 ± 0.01 0.13 ± 0.03 0.15 ± 0.01 0.18 ± 0.01
			3D Can mag	NA		0.23 ± 0.11	0.16 ± 0.09	0.19^ ± 0.03
	Intracardiac	Right Atrium SonR™	Unknown	0.08 ± 0.01	0.12 ± 0.01		0.07 ± 0.02
	(EA)	Right Ventricle SonR™ Unknown	0.05 ± 0.02	0.06 ± 0.01	0.07 ± 0.01	0.05 ± 0.02
	Baseline recordings considered		5 ‡,10	12	9	13
	Total number of cycles considered		519 ‡, 1181 1195	3233	3602

3 -Average cycle-to-cycle morphological variability 𝑣𝑣 and its standard deviation for the different cardiac vibrations of the two experimental protocols. (*) The acceleration measurement axis of the sternal SonR™ sensor was not known for pig no.1. ( †) The 3D Lead magnitude of pig no.1 was calculated from the x and y acceleration components only. ( ‡) Prior to LBBB induction in the dog, 10 baselines were considered for the surface and subcutaneous SonR™ sensors, and 5 baselines were considered for the intracardiac sensors.

Table 3 .

 3 

										S1 Spectral Distribution
										Experimental Protocol
	Anatomical Site and Sensor	Measurement Axis	Pre LBBB	Dog	LBBB			No. 1	Pigs	No. 2
					10-40	40-80	80-120	10-40	40-80	80-120	10-40	40-80	80-120	10-40	40-80	80-120
					Hz	Hz	Hz		Hz	Hz	Hz	Hz	Hz	Hz	Hz	Hz	Hz
	Surface (SCG)	SonR™	Posterior-Anterior	0.80 0.19 0.01 0.79 0.19 0.00 0.98 0.02 0.00 0.69 0.31 0.00
		Sternal SonR™	Posterior-Anterior	0.46 0.52 0.02 0.59 0.34 0.07 0.92* 0.08 0.00 0.79 0.21 0.00
	Subcutaneous	Parasternal Left Ventral-Lateral	SonR™ 3D Lead x 3D Lead y 3D Lead z 3D Lead mag^ 3D Lead x 3D Lead y 3D Lead z 3D Lead mag^ NA Posterior-Anterior Longitudinal Parallel to ribs Perpendicular to skin 3D Can x Longitudinal 3D Can y Parallel to ribs 3D Can z Perpendicular to skin	0.82 0.18 0.00 0.90 0.09 0.00 0.97 0.03 0.00 0.96 0.04 0.00 0.71 0.28 0.01 0.98 0.02 0.01 0.78 0.21 0.01 0.92 0.08 0.00 0.88 0.12 0.00 0.98 0.02 0.00 0.91 0.09 0.00 0.93 0.07 0.00 0.95 0.05 0.00 0.98 0.02 0.00 1.00 0.00 0.00 0.85 0.01 0.14 0.86 0.14 0.00 0.89 0.11 0.00 0.98 0.02 0.00 0.94 0.05 0.01
			3D Can mag^ NA								
	Intracardiac	Right Atrium SonR™ Unknown	0.82 0.17 0.01 0.76 0.19 0.05		0.91 0.08 0.01
	(EA)	Right Ventricle SonR™ Unknown	0.28 0.62 0.10 0.22 0.55 0.23 0.59 0.35 0.06 0.55 0.40 0.05
	Baseline recordings considered			5 ‡,10				12			9	13
	Total number of cycles considered		519 ‡, 1181			1195			3233	3602

4 -Average S1 spectral distribution for the different cardiac vibrations of the two experimental protocols. (*) The measurement axis of the sternal SonR™ sensor was not known for pig no.1. (^) Spectral distributions were not calculated for the 3D prototype sensor magntiudes. ( ‡) Prior to LBBB induction in the dog, 5 baselines were considered for the 𝑠𝑠1 ��� calculation of the intracardiac sensors and 10 baselines were considered for the surface and subcutaneous SonR™ sensors.

  𝐟𝐟 𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚 is the contractile force of the heart, 𝑀𝑀 𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑐𝑐𝑐𝑐 is the mass of the sensor, and a is the cardiac vibration recorded by the sensor. 𝐟𝐟 contraction = (𝑀𝑀 sensor + 𝑀𝑀 thorax ) • 𝐦𝐦 This simple model can be reinterpreted as in Equation 3.9 to represent the linear correlation between myocardial contractility and 𝑠𝑠1 ��� . This relation was already reported for various cardiac vibrations in the introduction of Section 3.1, and is later presented for the recorded subcutaneous cardiac vibrations in the physiological validation of Section 3.5. 𝑀𝑀 thorax ) • 41.85 = (0.098 + 𝑀𝑀 thorax ) • 23.52

	The 3D Can mag average 𝑠𝑠1 ��� was 23.52 ± 6.78mg. The 3D Lead mag average 𝑠𝑠1 ��� was 41.85 ± 4.77mg, almost twice the value of the 3D Can mag. The 3D Lead tip mass was less than 10g, almost ten times smaller than the mass of the 3D Can -98g. Therefore, increased sensor mass decreased the measured 𝑠𝑠1 ��� . However, this relation is not linear as per the first application of Newton's second law shown in Equation 3.7. Equation 3.7 𝐶𝐶𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠𝑎𝑎𝜎𝜎𝑡𝑡𝑖𝑖𝜎𝜎𝑖𝑖𝑡𝑡𝑦𝑦 ∝ (𝑀𝑀 sensor + 𝑀𝑀 thorax ) • 𝑠𝑠1 ��� By substituting the 𝑠𝑠1 ��� values and the 3D Lead and 3D Can masses, the mass of the various elements of the thorax between the heart and sensor can be solved to 0.103kg. For a first-order estimate, this value seems reasonable: 𝐟𝐟 Equation 3.9 (0.01 +

𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚 = 𝑀𝑀 𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑐𝑐𝑐𝑐 • 𝐦𝐦 Perhaps, the mass of various elements of the thorax, between the heart and the sensor must also be considered in addition to the mass of the sensor itself, as in Equation

3

.8. 𝑀𝑀 thorax represents the mass of these various thoracic elements (e.g. lung, ribs and muscles, etc.) Equation 3.8
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 3 5 -Linear correlation coefficients (r) between S1 peak-to-trough amplitude and LV dP/dt max during the dobutamine boluses of the dog and pig no.2 experiments. p<0.05 for all r, except the surface SonR™ SCG during the first bolus (*).

		Linear Correlation Coefficient r	
	Dog		Pig no. 2	
		Dobutamine Bolus (μg)		
	150 (1)	150 (2)	150	200	250

Table 3 .

 3 6 -Summary of literature considering the combination of multi-axial acceleration components.

	Authors	Year	Cardiac Vibration Signal	Extracted Metric(s)	Suitable for cycle-per-cycle assessment in chronic device?	Independent of Reference Frame or New Spatial Projection?
	Castiglioni et. al.	2007 [120]	BCG	S1 window maximum distance between any two points along a tri-axial acceleration trajectory	No	Independent of Reference Frame
	Migeotte et. al.	2012 [169]	BCG	Peak tri-axial force magnitude	Yes	Independent of Reference Frame
	Calvo et al.	2018 [157]	EpiA	Peak tri-axial acceleration magnitude Peak tri-axial acceleration magnitude power spectral density	Yes No	Independent of Reference Frame Independent of Reference Frame
	Paukunnen et al.	2015 [171]	SCG	Projection along reference frame defined by straight line connecting AO-MC on tri-axial acceleration trajectory	Difficult	New Spatial Projection
	Grymyr et al.	2015 [172] 2015 [156]	EpiA EpiA	Peak S1 window velocity in projection reference frame defined by straight line connecting R-peak to point furthest away from it along a tri-axial displacement trajectory	Difficult	New Spatial Projection
	Zakeri et al. Bui et al.	2014 [173] 2015 [174]	SCG	Principal Components	Likely	New Spatial Projection

Axis/Perpendicular Axis) (dB)

  

		𝑠𝑠1 ���	𝑠𝑠𝑠𝑠𝑠𝑠 �����	𝑣𝑣	
		Baseline 1	6.67	10.80	-3.69
		Dobutamine Infusion 1-2.5μg/kg/min	2.63	1.26	-1.56
		Dobutamine Infusion 2 -5.0μg/kg/min	0.88	2.92	1.94
		Dobutamine Infusion 3 -7.5μg/kg/min	2.05	8.84	0.85
		Baseline 2	4.19	6.60	-1.67
		Respiration: 400ml at 8 Br/min	0.34	1.75	1.00
		Respiration: 800ml at 8 Br/min	0.77	-0.16	0.75
		Respiration: 400ml at 20 Br/min	2.81	3.13	-0.93
	Condition	Respiration: 800ml at 20 Br/min Respiration: Apnea Baseline 3	4.38 3.91 4.11	5.90 6.75 7.67	-3.33 -2.66 -2.75
		SVT: 120 bpm	4.42	1.61	-1.81
		SVT: 150 bpm	4.81	5.57	-1.14
		SVT: 180 bpm	5.56	5.73	-3.14
		Baseline 4	6.93	8.39	-5.44
		VT: 120 bpm	7.28	17.54	-8.53
		VT: 150 bpm	7.69	24.35	-7.88
		VT: 180 bpm	2.95	10.03	-1.86
		Baseline 5	7.85	14.30	-6.93
		Mean	4.22	7.53	-2.57

Table 3 .

 3 10 -Comparison between the cardiac systolic mechanical axis angle θMech and the first principal component eigenvector θPC1 for the different steady state recordings of pig no. 2. The absolute difference between these, and their mean across all steady state recordings and just the baselines is also provided.

	θMech	θPC1	Absolute Difference (⁰)

Table 3 .

 3 [START_REF] Berdowski | Global incidences of outof-hospital cardiac arrest and survival rates: Systematic review of 67 prospective studies[END_REF] -Mean S1 signal-to-noise ratio 𝑠𝑠𝑠𝑠𝑠𝑠 ����� for the original cardiac vibrations (filtered in their suggested bandwidths) and their Teager-Kaiser energy representations for a 367-cycle baseline recording of pig no. 2.

				𝑠𝑠𝑠𝑠𝑠𝑠 ����		
				Subcutaneous Parasternal 3D Lead	
		x	y	z	m	p
	Original (a.u)	24.55	4.83	47.36	51.93	15.81
	TKEO (a.u)	1375.00	30.00	3800.59	5009.82	496.50
	Gain (dB)	34.97	15.86	38.09	39.70	29.94

Table 4 .

 4 1 -Comparison of mean peak-to-peak intervals extracted from the 3D sensor prototypes' respiratory signals and the programmed nominal ventilation intervals. The absolute percentage error between these is shown for each axis of both 3D sensor prototypes and for each different ventilation condition (except apnoea). The root-mean-square deviations (RMSD) were calculated for each channel, across all respiratory conditions, and is given at the bottom of the table.

	Respiratory Condition		Mean Peak-to-Peak Interval (s)	Absolute Error (%)
	Nominal Ventilation	Nominal Ventilation	Nominal Tidal	3D Lead	3D Can	3D Lead	3D Can
	Rate (br/min)	Interval (s)	Volume (ml)	xresp yresp zresp xresp yresp zresp xresp yresp zresp xresp yresp zresp
			400	7.53 7.83 7.53 8.32 7.08 7.46 0.44 4.19 0.44 9.83 6.40 0.49
	8	7.5					
			800	8.01 7.41 8.01 7.46 7.42 7.32 6.83 1.19 6.32 0.47 7.95 2.51
			625 (I)	4.00 3.99 4.00 4.41 3.99 4.00 0.06 0.29 0.12 0.34 0.46 0.11
	15	4					
			625 (II)	4.00 3.97 4.26 4.25 3.96 3.97 0.00 0.84 6.02 5.88 7.41 0.74
			400	3.06 2.99 3.00 3.60 3.33 3.25 2.13 0.21 0.00 16.67 10.02 7.72
	20	3					
			800	3.00 3.00 3.00 3.14 3.15 3.00 0.00 0.08 0.00 4.55 4.65 0.00
					RMSD (%) 2		

.93 1.88 3.80 10.70 5.50 3.58

  

Table 4 .

 4 2 -Baseline mean respiratory peak-to-trough amplitudes of the 3D Lead xresp and zresp components, as well as their projections along the cardiac systolic mechanical axis mresp and the perpendicular axis presp, when implanted subcutaneously in pig no. 2 and attached on the skin of 10 healthy volunteers. The gain between presp and mresp is also given. Pig no.2 and the 10 volunteers lay supine for this analysis.

		Mean Respiratory Acceleration Peak-to-trough	
			amplitude (mg)		p/m
				3D Lead			Gain (dB)
		xresp	zresp	mresp	presp	
	Pig no. 2		21.50	13.93	1.13	23.53	26.37
		1	4.45	7.48	4.53	6.07	2.54
		2	4.70	3.48	2.53	4.97	5.86
		3	3.09	3.96	1.51	4.58	9.64
		4	2.04	1.82	1.62	2.28	2.97
	Volunteer	5 6	7.81 3.90	1.84 10.63	4.30 7.23	7.21 9.23	4.49 2.12
		7	6.33	5.17	5.07	6.77	2.51
		8	3.62	11.30	5.89	10.18	4.75
		9	4.76	3.56	1.79	6.37	11.03
		10	1.05	3.35	1.55	3.13	6.10

APPENDICES

APPENDIX 1

Skłodowska-Curie

The PhD was performed under a '

Further, in 90 of the 95 (95%) volunteer recordings and 15 of the 19 pig recordings (79%), variability was smaller in m than p. A bar chart displaying the 𝑣𝑣 values for the x, z, m, and p signals of the same exemplary standing baseline recording is shown in Figure 3.37.C.

Quantification of the Anisotropy: Comparison between Mechanical and Perpendicular Axes Projections

The improvement of the three signal metrics between m and the original x and z components depends largely on the transverse plane orientation of the sensor. If the sensor happened to be taped with its 𝐮𝐮 � �⃗ 𝑧𝑧 measurement axis close to 𝐮𝐮 � �⃗ 𝑚𝑚 , the improvement in the three signal metrics relative to the 𝐮𝐮 � �⃗ 𝑧𝑧 component would be minimal (but relative to the 𝐮𝐮 � �⃗ 𝑥𝑥 axis the improvement would be large). Hence, it is more meaningful to compare the improvement between m and p.

Further, such a comparison served as a means to quantify the anisotropy of the cardiac vibrations.

To this end, two tables containing the gain (in dB) of 𝑠𝑠1 ��� , 𝑠𝑠𝑠𝑠𝑠𝑠 �����, and 𝑣𝑣, between the m and p projections are given in Table 3.7 for the 10 volunteers, and in Table 3.8 for the pig. The gains varied across volunteers and conditions. The mean gain across all conditions is therefore also given to serve as an overall indicator for that volunteer or the pig.

The 𝑠𝑠1 ��� mean gains between m and p ranged from 4.99dB to 12.94dB across the 10 volunteer, and was 4.22dB in the pig. For the 𝑠𝑠𝑠𝑠𝑠𝑠 �����, the mean gains ranged from 6.44dB to 21.72dB across the 10 volunteers and was 7.53dB in the pig. For the variability 𝑣𝑣, the mean gains ranged from -1.37dB to -7.47dB across the 10 volunteers and was -2.57dB in the pig.

Characterisation of the Cardiac Systolic Mechanical Axis Angle Stability

In Table 3.9, the mean mechanical axes angles 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ are given for the five volunteers in which the 3D Lead was attached with known orientation and the pig. The metrics quantifying long-term stability σ, short-term stability 𝜎𝜎 � 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐𝑐𝑐 𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠 , and convergence speed 𝐵𝐵 � 𝐶𝐶𝑐𝑐𝑚𝑚𝐶𝐶 are also given for all volunteers and the pig. A plot showing the long-term evolution of θMech across the pig's different steady-state recordings is shown in Figure 3. [START_REF]EMBLEM TM MRI S-ICD System Insight Technology[END_REF]. θMech can be seen to remain close to 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ during baselines and to deviate moderately from it during the extreme conditions.

In the five volunteers in which the 3D Lead was attached with known orientation, 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ ranged from 28.5⁰ to 44.0⁰. 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ could take any value from 0-180⁰. In the pig, 𝜃𝜃 � 𝑀𝑀𝑠𝑠𝑐𝑐ℎ was 110.7⁰, which is very different from the 28.5 -44.0⁰ range in the human volunteers. This was due to the great cardiothoracic anatomical differences between humans and pigs, and thus these values should not be compared.

The long-term stability of θMech quantified by its mean standard deviation across different steadystate recordings σ varied significantly across the 10 volunteers. More precisely, across the 10 volunteers, σ ranged from 4.5⁰ to 42.0⁰. In the pig, σ was 17.8⁰. These values were not large considering the wide range and extreme nature of conditions tested. WiBEC (Wireless In-Body Environment) is an Innovative Training Network for 16 young researchers, who were recruited and trained in coordinated manner by academia, industry, and medical centres. WIBEC's main objective is to provide high quality and innovative doctoral training to develop the wireless technologies for novel implantable devices that will contribute to the improvement in quality and efficacy of healthcare. Two devices will be used as a focus for the individual researcher's projects; cardiovascular implants and gastroenterological capsules. These devices will enable medical professionals to have timely clinical information at the point of care. The medical motivation is to increase survival rates and improvement of health outcomes with easy and fast diagnosis and treatment. In this particular Innovative Training Network, intersectorial and multi-discipline work is essential, as the topic requires cooperation between medical and engineering institutions and industry. Thus, the WiBEC consortium is composed of 3 Universities, 2 hospitals, and 3 companies located in different countries (Spain, France, Germany, and Norway) in Europe. 

Partners:

25-100Hz

Volunteer 1

Sitting Down 0.30 0.45 0.23 0.02 0.52 0.27 0.19 0.02 0.23 0.43 0.32 0.02 0.25 0.39 0.32 0.03 Standing Up 0.32 0.42 0.24 0.03 0.44 0.30 0.25 0.02 0.24 0.41 0.32 0.02 0. L. Lat. Rec. 0.44 0.43 0.12 0.01 0.37 0.41 0.21 0.01 0.28 0.40 0.29 0.03 0.30 0.39 0.27 0.03 R. Lat. Rec 0.31 0.40 0.26 0.03 0.37 0.37 0.25 0.02 0.21 0.44 0.33 0.02 0.28 0.39 0. Sitting Down 0.32 0.38 0.25 0.05 0.22 0.48 0.28 0.02 0.33 0.39 0.26 0.03 0.28 0.47 0.23 0.02 Standing Up 0.33 0.37 0.25 0.05 0.22 0.49 0.26 0.02 0.39 0.34 0.25 0.03 0.33 0.44 0.21 0.02 Supine 0.32 0.38 0.26 0.05 0.32 0.42 0.24 0.01 0.35 0.37 0.26 0.02 0.31 0.46 0.22 0.02 L. Lat. Rec. 0.39 0.36 0.21 0.04 0.21 0.48 0.30 0.02 0.30 0.41 0.26 0.03 0.31 0.43 0.24 0.02 R. Lat. Rec 0.33 0.37 0.25 0.05 0.29 0.45 0.24 0.02 0.35 0.39 0.24 0.02 0.30 0.46 0. Sitting Down 0.38 0.43 0.17 0.02 0.56 0.34 0.11 0.00 0.45 0.42 0.13 0.00 0.25 0.41 0.32 0.02 Standing Up 0.39 0.42 0.17 0.02 0.55 0.33 0.12 0.00 0.45 0.41 0.13 0.00 0.22 0.41 0.34 0.03 Supine 0.37 0.42 0.19 0.02 0.55 0.33 0.11 0.00 0.46 0.41 0.12 0.00 0.24 0.42 0.32 0.02 L. Lat. Rec. 0.41 0.22 0.29 0.07 0.56 0.34 0.09 0.00 0.38 0.41 0.18 0.02 0.26 0.36 0.34 0.04 R. Lat. Rec 0.37 0.40 0.20 0.03 0.57 0.32 0.11 0.00 0.47 0.40 0.13 0.00 0.26 0.42 0. Sitting Down 0.35 0.42 0.21 0.02 0.19 0.43 0.36 0.03 0.45 0.38 0.17 0.01 0.25 0.43 0.30 0.02 Standing Up 0.37 0.41 0.21 0.02 0.28 0.41 0.29 0.03 0.47 0.35 0.17 0.01 0.31 0.41 0.26 0.02 Supine 0.33 0.43 0.23 0.02 0.18 0.42 0.38 0.02 0.39 0.43 0.17 0.01 0.23 0.43 0.33 0.02 L. Lat. Rec. 0.34 0.43 0.21 0.02 0.24 0.43 0.31 0.02 0.34 0.44 0.21 0.01 0.28 0.44 0.27 0.02 R. Lat. Rec 0.33 0.42 0.23 0.02 0.22 0.42 0.34 0.02 0.38 0.41 0.20 0.01 0.25 0.44 0. The short dipole and three Boston Scientific vectors' signals during a standing baseline and repeated bending over to touch toes, for the third volunteer. Myopotentials can be seen to moderately corrupt the primary and secondary Boston Scientific vector signals but not the short and alternate signals. The acute experiment took place on December 9 th 2016, at the Institut Mutualiste Montsouris de Recherche, in Paris, France. The experiment was performed on a single canine (golden retriever, female, 27kg). Only 60 minutes were made available for the recording of subcutaneous signals.

Appendix 3.2 Appendix 3. 2

Complete acute dog experimental protocol

The acute experimental protocol was carried out on the 19 th of May 2017, on a single dog, at the Institut Mutualiste Montsouris de Recherche, Paris, France. The dog was a male golden retriever of 4 years of age and weighed 31kg. The experiment was performed in accordance with local ethical guidelines and regulations (European Guide for the care and use of laboratory animals), and all procedures were approved by the local Institutional Ethics Committee.

The experimental protocol was shared with another research group, from Maastricht University (the Netherlands), and thus the animal underwent various manipulations that were not ideal for the characterisation of subcutaneous cardiac vibrations. The main purpose of the experiment was to expand current knowledge on the use of the SonR™ sensor for CRT-optimisation. Left-bundlebranch-block (LBBB) was induced in the animals to desynchronize the ventricles and simulate a failing heart. Intracardiac SonR™ sensor EA signals were then recorded during various different triple-chamber pacing configurations, and correlated to measures of myocardial contractility, estimated by LV dP/dt max, during cardiac inotropic challenges produced by dobutamine. The experimental protocol was thus considerably complex and greatly influenced the recorded subcutaneous cardiac vibrations. The detailed experimental protocol, including the parts not relevant to the doctoral thesis, is presented here.

The ADC was custom-developed and based on a 20-channel Maastricht Instruments system. Over 15 physiological signals were sampled at 1kHz. The precise number and order changed throughout the experiment according to the given circumstances.

A simplified overview of the experimental protocol was given in Chapter 3. An overview of the complete experimental protocol, including parts not relevant to the doctoral thesis, is illustrated below:

Complete experimental protocol for the acute experiment performed on a single dog. 'Subc. SonR' refers to the subcutaneously implanted SonR™ sensors (i.e. sternal and parasternal 'Para.'), 'Surf. SonR' refers to the surface embodiment of the SonR™ sensor, and 'Intra. SonR' refers to the intracardiac SonR™ sensors implanted in the right atrium (RA) and right ventricle (RV). 'LBBB' refers to left-bundle-branchblock, 'AF' refers to atrial fibrillation, and 'VF' refers to ventricular fibrillation. Triple-chamber pacing configurations were tested intermittently throughout, as soon as intracardiac leads were implanted. The main objective of the acute experimental protocol was the recording of subcutaneous cardiac vibrations. It was not shared with any other research groups. Consequently, the experimental protocol was considerably simpler than that of the dog, and the condition of the animals was much more representative of those of a typical S-ICD patient. The pigs were completely healthy and congestive heart failure was not simulated in any way.

The experimental protocols of both pigs were very similar, except in two points. First, several equipment failures during the experiment of pig no.1 did not allow to record all the desired physiological signals. Second, several respiratory manipulations were performed during the experiment of pig no.2 that were not performed for pig no. 1. A simplified overview of both pigs' experimental protocol was given in Chapter 3. Here, a more detailed overview is provided and illustrated below. Complete pigs experimental protocol. 'Subc.' refers to the subcutaneously implanted sensors. 'Para.' Refers to parasternal, 'Surf.' refers to the on-surface sensor, 'Intra.' refers to the intracardiac sensors implanted in the right atrium (RA) and right ventricle (RV), and 'LV Pressure Cath.' refers to the left ventricular pressure catheter. 'SVT' is supraventricular tachycardia, 'VT' is ventricular tachycardia, and 'VF' is ventricular fibrillation. The subcutaneously parasternal SonR™ sensor, (marked ^), was only implanted for pig no. 1. Respiratory manipulations, SVT induction, and LV pressure catheter implantation, (marked *), were only performed for pig no. 2.

6.3. The right atrium was paced via the RA SonR™ lead at 180bpm.