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HF Heart Failure.

HFpEF HF with preserved Ejection Fraction.

HFrEF HF with

LŠobjectif de cette thèse est de comprendre, par des calculs dŠanalyse de Mécanique des Fluides Numérique (MFN), lŠinĆuence des caractéristiques de la CA, en particulier son angulation, sur le risque de thrombose, en tenant compte de lŠinĆuence de la forme du ventricule gauche. Notre but est de développer un marqueur de potentiel thrombogène personnalisé, capable dŠévaluer le risque de thrombose associé à chaque angulation de la CA, pour des caractéristiques spéciĄques du VG. Il sŠagit dŠune première étape vers lŠobjectif ambitieux de développer un système dŠaide à la décision clinique capable de prédire lŠangulation optimale du CA ayant le plus faible potentiel thrombogène. Par conséquent, une méthodologie dŠaide à la décision facile à utiliser, nécessitant des calculs relativement rapides et une mise en oeuvre aisée est nécessaire.

Contexte clinique

LŠIC est un état clinique dans lequel le coeur est incapable de répondre aux besoins de lŠorganisme. Il peut se produire lorsque le ventricule gauche se raidit et se rempli dŠune quantité insuffisante de sang ou sŠaffaiblit et devient incapable dŠéjecter une quantité suffisante de sang. Ce syndrome clinique peut apparaître soudainement (aigu) ou progressivement (chronique). En France, on compte 165000 dŠhospitalisations annuelles dues à lŠIC dont 45% de ré-hospitalisations et 29% de décès dans lŠannée [START_REF] Tuppin | Two-year outcome of patients after a Ąrst hospitalization for heart failure: A national observational study[END_REF]. Sa gravité dépend de la capacité du coeur à pomper le plexes qui ne sont pas entièrement compris. Plusieurs questions restent en suspens car les résultats sont préliminaires, voire contradictoires. La nécessité de développer un marqueur capable de prédire le risque de thrombose reste une question ouverte.

Parmi les caractéristiques de la CA, les effets de son angulation sur le Ćux sanguin à lŠintérieur du coeur est le principal objet de notre étude. Contrairement à sa forme et sa longueur qui dépendent de la conception de la DAVG, une déviation de la CA vers le septum peut se produire à un moment donné de la procédure chirurgicale.

De plus, étant donné que certains types de DAVG proposent deux longueurs de CA différentes, celle-ci sera également étudiée dans notre travail.

La Figure 2 Cette approche a été utilisée pour étudier lŠangulation sur un large intervalle et différentes longueurs de la CA pour deux formes de ventricule différentes.
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Pour les deux cas, les résultats ont permis dŠidentiĄer les mêmes tendances dans les comportements des QI concernant les caractéristiques de la CA. Ces comportements ont identiĄé la formation de vortex qui ont mis en évidence la nécessité de combiner certains QI, notamment la vitesse et le colorant virtuel qui évalue lŠévacuation du sang du ventricule, avec les vortex pour permettre une meilleure compréhension de la stagnation du sang. LŠanalyse du colorant virtuel a permis de distinguer trois plages dŠangulations de la CA où le comportement des QI diffère (Figure 4). 

Conclusion

Ces travaux de thèse se sont concentrés sur le risque de thrombose associé à lŠimplantation dŠun DAVG pour les patients atteints dŠIC. En utilisant le calcul MFN, notre objectif était double : i) mieux comprendre le comportement de plusieurs QI en ce qui concerne lŠinĆuence de certaines caractéristiques du CA (longueur et angulation) et

ii) développer un marqueur de potentiel thrombogène personnalisé capable dŠévaluer le risque de thrombose associé aux caractéristiques du CA, en particulier son angulation.

A notre connaissance, il sŠagit du premier travail où le modèle proposé est paramétré avec les données du patient et les données surveillées (rapport anatomique du VG, angulation clinique du CA et le débit de la pompe). Cet aspect personnalisé est accentué avec le MPTP proposé en considérant lŠindice de sphéricité ventriculaire pendant les phases diastoliques et systoliques. Ce marqueur absolu a la capacité dŠévaluer le risque de thrombose lié à une conĄguration spéciĄque sans nécessiter une conĄguration comparative. Sa déĄnition a le potentiel dŠêtre adaptée à différents niveaux de complexité selon lŠintérêt de lŠutilisateur (2D, 3D ou 2D-3D). Toutefois, cette approche necessitera le recourt à une infra-structure de calcul plus conséquente tels que un cluster et un Cloud. Il serait également intéressant dŠenvisager des simulations prenant en compte les battements de coeur. Bien que les patients souffrant de IC aient une contractilité réduite du VG, il reste intéressant de réaliser des simulations de coeur battant, aĄn dŠétudier lŠinĆuence des mouvements de la paroi sur les événements de succion et la stagnation du sang, en particulier au niveau de lŠapex.

Introduction

Heart Failure (HF) is a long-term condition where the heart muscle is unable to pump blood efficiently, thus, fails to meet the needs of the body in oxygen and nutriments.

It may occur when the Left Ventricle (LV) either stiffens and is Ąlled with insufficient amount of blood or weakens and is not able to eject a sufficient amount of blood. This clinical syndrome may appear suddenly (acute) or progressively (chronic). There are 165, 000 annual hospitalizations due to HF in France with 45% re-hospitalizations and 29% death within one year [START_REF] Tuppin | Two-year outcome of patients after a Ąrst hospitalization for heart failure: A national observational study[END_REF].

A LVAD could be implanted temporarily, as a bridge to transplantation or permanently as a destination therapy, especially for patients that are ineligible for HT. These devices allow a better mobility for patients and enhance their life quality. To date, LVAD implantation rate is growing. However, the incidence of LVAD related complications is also growing as LVAD implanted patients have an admission rate of 64% in emergency department [START_REF] Tainter | Emergency department visits among patients with left ventricular assist devices[END_REF]. The main LVAD related complications are thromboembolic events such as thrombus formation, pump thrombosis, strokes, . . . . They are considerable complications as they could signiĄcantly impair the health of 1 the patient, its quality of life and may even be life-threatening.

For LVAD patients, thrombus formation could be triggered by the presence of the foreign material of the IC and the change of Ćow Ąeld distribution that the IC causes within the LV. Depending on IC angulation, the Ćow Ąeld distribution of the blood varies. It is recommended to have an apical implantation of the IC, where the IC is along the LV long axis, facing the Mitral Valve (MV). Nevertheless, this hypothetical ideal IC angulation, is not guaranteed as during LVAD implantation, an IC angulation can occur. A preoperative virtual positioning of the device may reveal that the intrathoracic space of the patient is not sufficient to implant the LVAD and the surgeon may be constrained to deviate the IC. During the LVAD implantation, the surgeon relies on his professional experience and habits to insert the IC. After placing the pump in the intra-thoracic space and while closing the chest, the IC may deviate at one point of the procedure toward the inter-ventricular septum.

Anecdotal evidence tends to suggest that IC angulation enhances thrombosis, however, this suggestion remain unproved scientiĄcally as thrombus formation is a complex phenomenon. It is associated with coagulation and platelet aggregation which are two intertwined processes that are strongly affected by blood dynamics in ways not fully understood [START_REF] Carrascal | Numerical study of blood clots inĆuence on the Ćow pattern and platelet activation on a stented bifurcation model[END_REF]. Due to its complexity, factors involved in thrombus formation can be studied through multiple discipline. Today, the knowledge involving these factors and the way they interact are also not fully grasped, making the thrombosis risk evaluation challenging as it does not have a proper definition yet and remains under investigation. Recent works have investigated the link between IC angulation and thrombosis risk based on Computational Fluid Dynamics (CFD) analysis. They attempted to evaluate thrombosis risk based on platelet activation and blood stagnation. The evaluation of these features differs from one study to another even if they are mainly expressed through shear stress, time exposure and velocity. These investigations were also conducted on limited IC angulations and LV shapes. Obtained results were preliminary and never compared to existent clinical cases.

Developing a marker able to evaluate the thrombosis risk of a patient related to an IC angulation is interesting as it would help to aware the surgeons of an eventual thrombosis risk for postoperative use and help decision makings of the least thrombogenic IC angulation for preoperative use.

The objective of this work is to assess, through CFD computations, the inĆuence of IC features, especially IC angulation, on thrombogenic potential taking into account the inĆuence of LV shape. It aims to develop a Personalised Thrombogenic Potential Marker (PTPM) able to evaluate the thrombogenic potential associated with each IC angulation for speciĄc LV features. It is a Ąrst step to the ambitious objective of developing a clinical decision support system able to predict the optimal IC angula-tion with the least thrombogenic potential. Therefore, user-friendly decision-support methodology with a relatively fast computation and an easy implementation is required.

This PhD dissertation is composed as follows:

Chapter 1 introduces the clinical context of this dissertation. In this chapter, an overview of the cardiovascular system, heart anatomy and functioning are presented. Then, the heart failure pathology, symptoms as well as diagnosis and associated medical treatments are introduced. Among these treatments, the focus is put on MCS devices and surgical procedures are detailed alongside with post-operative complications, especially thromboembolic events.

Chapter 2 gives an overview of the state of the art regarding MCS devices related complications, especially LVAD devices. First the impact of the interaction between LVAD implant and the anatomical structure. Afterward, anatomical, mechanical, and Ćuid constrains are detailed. Gradually the focus is put on research related to LVAD devices generally and IC features (angulation and length) especially. Among these researches, thrombogenic potential related to IC features using CFD simulations is presented. Quantities Of Interest (QOI) and model limitations analysis are carried out. Finally, the positioning of our contribution towards the state of art is highlighted.

Chapter 3 presents a simliĄed CFD model to investigate the inĆuence of IC features, especially IC angulation, on the LV haemodynamic. Beforehand the 2D assumption is investigated. Finally, analysis aiming to understand the inĆuence of IC features on LV haemodynamic are carried out.

Chapter 4 proposes a personalised thrombogenic potential marker able to evaluate the thrombogenic potential related to a speciĄc ventricular shape and IC features.

This chapter is a Ąrst step to develop a preoperative decision-support methodology able to help clinician to predict the optimal IC angulation with the least the thrombogenic potential.

Chapter 1

Clinical Context

This Ąrst chapter introduces the clinical context of Left Ventricular Assist Device (LVAD) implantation. First, the cardiovascular system anatomy and functioning is introduced. Second, the Heart Failure (HF) pathology, diagnosis and treatments are detailed. Then, Mechanical Circulatory Support (MCS) devices are presented. Finally, the surgical procedure of the implantation and associated complications are detailed.

Cardiovascular system

Cardiovascular system supplies body tissues with oxygen and nutriment and removes metabolic wastes. It is composed of a heart and a closed system of vessels.

The heart pumps blood and maintains the Ćow, while vessels carry blood throughout the entire body.

Blood circulation

The human body is composed of two circulatory systems: the systemic circulation and the pulmonary circulation. The former connects the heart to the body while the latter connects the heart to the lungs (Figure 1.1).

The systemic circulation is a high-pressure system. It is composed of vessels with several types, diameters, and functions. The arteries are large vessels with thick and elastic walls; they are composed of three layers; their function is to carry oxygenated blood from the heart to the organs. In contrast to the arteries, veins carry deoxygenated blood toward the heart. The blood capillaries are extremely thin and numerous vessels; they connect venules and arterioles; thus, they loop the blood circulation system and ensure the distribution of nutrients and the evacuation of waste products as they interact closely with tissues.

In contrast, the pulmonary circulation is a low-pressure system, where arteries carry deoxygenated blood away from the heart and veins carry oxygenated blood toward the heart. 

Heart anatomy

The heart is lodged in the thoracic region (chest). It is located on the lungs median line known as the mediastinum, slightly offset to the left so that two thirds of its mass is located on the left side. This is the normal position known as levocardia.

Congenital heart defect can place it on the right side (dextrocardia) or in the middle (mesocardia). The heart is contained within the pericardial cavity and is surrounded by the lungs, the thoracic diaphragm at the bottom, the sternum at the front, the oesophagus at the back and the arterial trunks (aorta and pulmonary artery) at the top (Figure 1.2).

The heart is a muscle shaped as an upside-down triangular pyramid with its top oriented in anterior-inferior direction. It is divided by four chambers separated by two main grooves composed mainly of fat and main branches of the coronary vessels.

Inter-ventricular grooves are composed of the anterior and posterior inter-ventricular sulci. They separate the left side of the heart from the right side. They run vertically
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Chapter 1 Clinical Context The heart wall can be divided into three different layers:

1.1. Cardiovascular system [START_REF] Inamdar | Heart failure: Diagnosis, management and utilization[END_REF].

HF is mainly an elderly disease; however, recent studies have pointed out that the HF burden in young people may increase [START_REF] Groenewegen | Epidemiology of heart failure[END_REF]. Available data on worldwide prevalence is shown in Figure 1.10. 

Pathology and symptoms

When the heart is unable to supply enough blood to the body, as a Ąrst measure, it tries to compensate by: Ů Pumping faster in order to increase the cardiac output.

Ů Enlarging the concerned cavity (stretch) in order to contract more strongly to keep up with the pumping blood demands. Over time the heart becomes enlarged.

Ů Developing muscular mass as the myocardial cells get bigger. It helps the cavity to pump more strongly, at least initially.

More indirect ways are attempted to meet the body requirement such as narrowing the blood vessels to maintain the blood pressure up and vital selection, where the 5. Source [START_REF] Groenewegen | Epidemiology of heart failure[END_REF] 1.2. Heart Failure body diverts blood away from non-vital tissues and organs. However, these temporary measures hide the HF symptoms without curing it. The HF condition continues and worsens till the efficiency of these compensating processes ceases and symptoms (fatigue and shortness of breath) appear. These mechanisms are the reason why HF is diagnosed only after the heart has already begun its declining.

HF patients suffer from an impaired life quality, especially when the symptoms are untreated which may increase clinical events (emergency department visits, hospitalisations, long term mortality. . . ) which may impact these patients not only physically but also emotionally, socially and in the spiritual aspects of suffering [START_REF] Alpert | Symptom burden in heart failure: assessment, impact on outcomes, and management[END_REF]. Many Conditions may lead to HF. Two major risk factors are Coronary disease and high blood pressure [START_REF] Velagaleti | Heart failure in the twenty-Ąrst century: Is it a coronary artery disease or hypertension problem?[END_REF]. The Ąrst one may damage the heart muscles in case of Şheart attackŤ or may also contribute to a high blood pressure. IV (Severe)

Patients with cardiac disease resulting in the inability to carry on any physical activity without discomfort. Symptoms of heart failure or the anginal syndrome may be present even at rest. If any physical activity is undertaken, discomfort is increased. increases the transferred blood pressure to the lungs, ultimately damaging the right side of the heart. When the right ventricle fails to pump, blood regurgitates to the veins causing swelling in the legs, ankles or within the abdomen.

There are two types of HF:

Ů HF with reduced Ejection Fraction (HFrEF) or systolic heart failure. The LV is dilated which reduces its contracting ability to push enough blood into the body. Most of HF patients are with reduced ejection fraction.

Ů HF with preserved Ejection Fraction (HFpEF) or diastolic heart failure. The LV has become stiff which reduces its relaxing ability preventing it from properly being Ąlled with blood.

Diagnosis and treatments

The mortality rate of HF patients differs according to age, gender, race and condi- As HF damages the heart and is usually diagnosed at an advanced stage, for most cases, it cannot be cured. The aims of HF therapy are to:

Ů Reduce symptoms and improve life quality;

Ů Slow the pathology progression;

Ů Reduce emergency and hospitalization rate;

Ů Increase patientsŠ lifespan.

The treatment choice depends on the type, cause, symptoms, and severity of the pathology. Usually, many treatments are used at once. Since HF results from underlying conditions (coronary disease, diabetes, anaemia, arrhythmia, . . . ), treating these factors is essential. Treatment also involves lifestyle change such as weight loss, healthy diet low in salt and fat, limitation or interdiction of alcohol consumption, quit smoking and avoid exposure to second-hand smoke, avoid caffeine intake, reduce daily activities in order to avoid stressing the heart; however once the symptoms are stable, a physical rehabilitation program might be recommended. For medication treatment, several classes are available depending on whether the heart requires being strengthened or relaxed. It improves the functioning of the heart muscle by controlling the blood pressure and the heart pumping. Unfortunately, sometimes these treatments might not be sufficient, and a surgical procedure might be required.

Depending on the clinical condition, several procedures may be performed [START_REF] Agnetti | New insights in the diagnosis and treatment of heart failure[END_REF][START_REF] Walter | Surgical treatment concepts for heart failure[END_REF] Ů Ventricular reconstruction: the purpose of this surgery is to reshape the dilated ventricle from its elliptical shape to a spherical shape in order to improve its functioning. It is usually performed with coronary revascularization operation or MV repair.

Ů Intra-Cardiac Device (ICD) implantation: these devices deliver electrical stimulations to monitor the heart pulse enabling it to pump blood more efficiently.

The most known devices are pacemakers (speed the heart rate) and deĄbrillators (control heart rhythm especially if it reaches dangerous ranges). DeĄbrillators could also be used as a pacemaker.

Ů Heart transplant: it consists in replacing the failing heart with a healthy one 

End-stage heart failure

The Ąrst human HT was performed in 1967 in South Africa with 18 days survival [START_REF] Brink | The Ąrst human heart transplant and further advances in cardiac transplantation at groote schuur hospital and the university of cape town[END_REF]. According to Global Observatory on Donation and Transplantation (GODT), there were 2269 HT in Europe in 2019 and 8311 HT globally in 2018; Figure 1.13 presents the HT activity in 2018 worldwide. Between 2011 and 2013, adults who underwent HT have a 1-year survival rate of 90.3%, a 3-year survival rate of 84.7% and a 5-year survival rate of 79.6% [START_REF] Colvin | Optn/srtr 2018 annual data report: Heart[END_REF].

According to the International Society of heart and Lung Transplant (ISHLT), the number of HT has increased over this century (Figure 1.14). However, it is greatly outweighed by the increase of the waiting list candidates as shown in Figure 1.15.

where, the number of candidates was calculated by adding the patients remaining on the waiting list on January 1 of each year with the new registered ones, then by subtracting deaths and those who left the waiting list during the year. support prior transplant had a Left Ventricular Assist Device (LVAD) [START_REF] Colvin | Optn/srtr 2018 annual data report: Heart[END_REF]. LVAD have aroused a lot of interest and have been proven to be a sustainable alternative to HT.

11. Source [START_REF] Khush | The international thoracic organ transplant registry of the international society for heart and lung transplantation: Thirty-sixth adult heart transplantation report Ů 2019; focus theme: Donor and recipient size match[END_REF] 1.2. Heart Failure MCS devices have four different functions [START_REF] Stewart | Mechanical circulatory support for advanced heart failure: Patients and technology in evolution[END_REF]:

Ů Bridge To Transplant (BTT): when the failing heart reaches the last stage and the patient is still waiting for a graft. The device is implanted temporarily to stabilize and maintain the patient condition in order to remain eligible for HT.

This strategy may also be used to improve the health of an ineligible patient in order to become eligible.

Ů Bridge To Recovery (BTR): it is a strategy used rarely when the ventricle, once supported by the VAD for a period of time, is likely to recover and becomes able to function efficiently with only medications. The VAD is then explanted if the pump design allows it, otherwise the pump is deactivated which presents a controversial issue among clinicians and institutions as it may promote important complications.

Ů Destination Therapy (DT): when the patient is ineligible for HT (age older than 70 years or inadequate health conditions) [START_REF] Flécher | Assistance circulatoire mécanique de longue durée en 2014: Une alternative à la transplantation cardiaque?[END_REF]. The only remaining alternative is to support the failing heart using MCS devices. In these cases, the device is implanted permanently.

Ů Bridge to Decision (BTD): the device is implanted temporarily till the clinicians decide of a deĄnitive treatment strategy. MCS are mostly used as DT, a use that is increasing every year, since they represent the only alternative to HT for non-eligible candidates (Figure 1.17). Thanks to MCS devices, 79% of DT patients had their condition improved form NYHA class III or IV to class I or II within 24 months [START_REF] Rogers | Continuous Ćow left ventricular assist device improves functional capacity and quality of life of advanced heart failure patients[END_REF].

Depending on the heart condition, MCS can be divided into two categories: Total Ar-tiĄcial Heart (TAH) and Ventricular Assist Device (VAD). TAH is a transplantation 13. Source [START_REF] Teuteberg | The society of thoracic surgeons intermacs 2019 annual report: The changing landscape of devices and indications[END_REF] 1.3. Mechanical Circulatory Support (MCS) devices of a mechanical heart able to fulĄl the heart native functions. While TAH require the removal of the failing heart, VADs are cannulated to the failing ventricle in order to assist its functioning.

MCS devices could also be divided into long-term mechanical support and shortterm mechanical support (days or few weeks). As examples of short-term MCS devices, one can cite: extra-corporeal membrane oxygenation, intra-aortic balloon pump, Impella device, Tandem heart, . . . . They are, however, beyond the scope of this thesis.

Total Artificial Heart (TAH)

TAH pump is a prosthetic heart that is bio-compatible as its external wall is made of titanium, plastic or ceramic. The pump is intra-thoracic, and it replaces the lower native chambers of the heart (RV and LV). These artiĄcial ventricles can be Ąxed or independent from each other (Figure 1.18). Each is composed of two mechanical valves: an inĆow and an outĆow valves. They control the blood Ćow direction: in and out of the ventricle respectively and connect the artiĄcial ventricle to the native heart atrium and the corresponding artery (pulmonary artery for RV and aorta for LV). The monitor-driven pumping system can be hydraulic or pneumatic. Once the TAH is connected, the heart action is duplicated which restores normal blood Ćow through the body. The Ąrst attempt to implant a TAH was performed into an animal (dog) in 1957 with a 90 minutes survival by Kloff and Akutsu [START_REF] Akutsu | Permanent substitutes for valves and hearts[END_REF]. This marked the beginning of the developing of a TAH fully implantable for long-term support [START_REF] Cohn | Total artiĄcial hearts: Past, present, and future[END_REF][START_REF] Sunagawa | Future prospects for the total artiĄcial heart[END_REF]. Recently, a french TAH, CARMAT received FDA approval and was performed its Ąrst human implant on July 2021 in the United State. Appendix A presents the nine principal TAH developed.

Four did not receive FDA approval, three received it and two future prototypes.

Ventricular Assist Devices (VAD)

As the name suggests, VADs are devices that assist the ventricle(s) when failing. They can assist the RV (Right Ventricular Assist Device (RVAD)), the LV (LVAD) or both (Bi-Ventricular Assist Device (BiVAD)). For mono-ventricular assistance, the device is composed of a pump, an InĆow Canula (IC) for the blood inlet, an OutĆow Canula (OC) for blood outlet and a drive-line (Figure 1.19). The IC is anastomosed directly to the atrium or at to the ventricular apex while the OC is commonly anastomosed to the main artery of the failing ventricle (pulmonary artery /Aorta). The Bi-ventricular device is a combination of a RVAD and a LVAD. VADs can be divided into three categories as shown in Figure 1.20 [START_REF] Cuttone | LŠassistance ventriculaire mécanique[END_REF] Ů Extra-corporeal pump: the pump is external to the body. The blood inlet and outlet are performed via long IC and OC tubes respectively. This device may be connected to an oxygenator.

Ů Para-corporeal pump: the pump is also external to the body, but the IC and OC tubes are short resulting in a device being in contact with the patient.

Ů Intra-corporeal pump: the pump is placed in the body (inside the thorax) near the heart. It is also known as intra-thoracic pump. Medical therapy has shown to be more efficient than CFVAD implantation on patients with HF classiĄed III NYHA. Indeed, the survival rate at 2 years for medical therapy and CFVAD implantation were 70 -80% and 58% respectively [START_REF] Stewart | Keeping left ventricular assist device acceleration on track[END_REF] which explains why, to date, only patients classiĄed IV on NYHA are recommended as candidates to MCS. However, patients with blood clotting disorders, severe organ disease or infections that cannot be treated with antibiotics are contraindicated for MCS implantation. Alongside with patient condition, psychological distress is also considered in patient management as after MCS implantation, patient experience relatively high levels of psychological distress and they ought to be capable of undergoing it since psychological outcomes have a considerable effect on the treatment efficiency.

Mechanical Circulatory Support (MCS) devices

Once the decision of a device implantation is made; depending on the expected time for MCS support and the patient condition, the choice of the appropriate type of MCS (TAH, BiVAD, LVAD or RVAD) is then made. The choice of the speciĄc device is less conventional as it is ruled by physical parameters, clinical current practices, and habits.

Surgical procedure

The surgical intervention to implant MCS device require 3 to 6 hours. The surgical process varies depending on the patient and the surgeon. Below, the main steps of the surgical procedure are brieĆy presented:

Patient preparation: The surgical intervention is performed under general anaesthesia. The medicine is delivered by the anaesthesiologist via monitored intravenous lines. The patient is then put on a mechanical ventilator connected to a breathing tube that goes down the patient throat moving the air in and out of the lungs. The surgical site is afterward sterilized, and the patient is Ąnally ready for surgery.

Thoracic incision:

In order for the heart and the aorta to be accessible, a thoracic incision has to be made. The incision could be done as a median sternotomy or a thoracotomy. The Ąrst is the conventional incision that could be performed for all MCS devices (TAH, VADs). It is an invasive approach consisting in sawing surgically the entire sternum (Figure 1.21). The latter is a minimally invasive approach where the incision is made into the chest wall and could be used for VADs devices implantations (Figure 1.22). Even though several thoracotomies where performed in the literature [START_REF] Hanke | Minimallyinvasive lvad implantation: State of the art[END_REF], sternotomy remains the most commonly used [START_REF] Feldman | The 2013 international society for heart and lung transplantation guidelines for mechanical circulatory support: Executive summary[END_REF].

Extra-Corporal Circulation: Right after the incision, an Extra-Corporeal Circulation (ECC) is performed with a heart-lung machine also known as cardiopulmonary tering the heart into the machine where the blood is Ąltered and oxygenated then redistributed to the body via a cannula anastomosed to the ascending aorta or the femoral artery. Once the blood circulation is fully insured by the ECC, the heart is then stopped in order to implant the VAD when associated with further surgical procedure such as aortic valve replacement or to implant the TAH. Otherwise (VAD implantation only), for sternotomy opening, a cardiopulmonary bypass with a beating heart is frequently performed. For thoracotomy opening, the VAD is implanted with a beating heart without cardiopulmonary bypass.

MCS device implantation:

The MCS device insertion process depends on the type of device implanted. For a TAH implantation (Figure 1.24-1.), the RV is initially incised along the right atrioventricular groove. The incision is carried circumferentially around the RV base ensuring to leave the tricuspid annulus intact. The residual muscle of the ventricle should be thin and 1 cm wide. The same procedure is then performed for the left side of the heart. Afterward, the aorta and the pulmonary arteries are transected just above their respective valves (Figure 1.25-a). Each quick connect Device adjustment and patient closure: Once the device is implanted and connected to the controller, a purge is performed. The device is turned on and begins to gradually take over the blood circulation till its speed is adjusted to anatomical and physiological parameters. The procedure ends with the removal of the heart-lung machine followed by the closure of the chest. having MCS device implantation were registered [START_REF] Kirklin | Interagency registry for mechanically assisted circulatory support (intermacs) quarterly statistical report 2017 q2. implant and event dates[END_REF]. According to the results, these devices improve the quality of life of the patients as it impacts his ŞUsual ActivitiesŤ and ŞSelf-careŤ. Once some of the HF symptoms are relieved 15. Source [START_REF] Chung | Total artiĄcial heart: Surgical technique in the patient with normal cardiac anatomy[END_REF] 28

MCS implantation

Post-operative follow-up and eventual complications

Chapter 1 Clinical Context years respectively; however it still come with signiĄcant postoperative adverse event [START_REF] Copeland | Experience with more than 100 total artiĄcial heart implants[END_REF].

Bleeding was the major postoperative complication (26.7%) between 2012 and 2014 [START_REF] Kirklin | Seventh intermacs annual report: 15,000 patients and counting[END_REF]. The bleeding might be immediate (chest bleeding) or later (internal bleeding). Infections come in second place with a percentage of 24.9%. They are usually encountered weeks or months after implantation; nevertheless, they may occur at any time during support; empirical antibiotic treatment is required. Frail patients (immunosuppressed, diabetic, . . . ) tend to develop infections which may in-Ćuence the choice of the implanted device [START_REF] Givertz | Ventricular assist devices: Important information for patients and families[END_REF]. Cardiac arrhythmia is a common side effect to MCS implant with a rate of 13.9%. HF promotes atrial arrhythmia, and its prevalence increases with the severity of the disease. Patient with NYHA classiĄcation I and II, have a 4% risk factor of developing atrial arrhythmia; however, this risk is nearly 50% once the class IV is reached. Once the LVAD is implanted, patients may present ventricular arrhythmia likely after 30 days. This complication would increase the mortality rate for 9% to 54% [START_REF] Kadado | Arrhythmias after left ventricular assist device implantation: Incidence and management[END_REF]. Right HF is the least likely complication to occur (1.7%). In most cases, this side effect is treated with short-term medication support but for patients that present a severe form, a HT or RVAD is added as a BTT. Right HF complication is rare as prior to LVAD implantation, clinicians assess whether the patient should be implanted with an LVAD or BiVAD / TAH. Their decision is made on the calculation of a Şrisk scoreŤ based on clinical and haemodynamic predictors. Other adverse events may also appear such 16. Source [START_REF] Beyersdorf | Implantation of the heartmate 3Ůdescription of the surgical technique[END_REF] 1.4. MCS implantation

as device malfunctioning which used to be a principal cause of hospitalization and mortality with PFVAD. Nevertheless, this risk was reduced to 3.25% with CFVADs.

Malfunctions that are likely to happen are usually minor and pointed with alarms.

Rarely, VAD replacement is required.

Thromboembolic events are the main complications associated with MCS devices, in the short and long term. they are the main concern of clinicians. They can appear due to high blood pressure, bleeding into the brain or blood clots formed in the LV or the pump and thrown in the aorta. According to INTERMACS data, patients who suffered a stroke within 1 month, 6 months and 1 year are 4%, 9% and 14% , and the incidence of Ąrst ischemic stroke within 6 months, 1 year and 2 years are 5%, 8% and 11% respectively [START_REF] Kirklin | Quantifying the impact from stroke during support with continuous Ćow ventricular assist devices: An sts intermacs analysis[END_REF]. Even though, the stroke rate seems to have decreased with CFVAD along with the administration of anticoagulant, the ongoing risk remains. Thrombosis formation remains a subject to investigations especially since its aftermaths may deteriorate greatly the life quality of the patients and could even be life-threatening.

Summary

Although HT remains the best treatment for HF patients, MCS implantation presents a considerable alternative to graft shortage and transplantation ineligibility. MCS implantation is proven to have improved the condition and survival rate of the patients.

Nevertheless, it is associated with adverse events that may be life threatening or heavily impacting the patient quality of life. Some complications, such as thromboembolic events remain a critical issues. These issues are sometimes inevitable especially when their factors remain unknown [START_REF] Zhang | Relationship of left ventricular thrombus formation and adverse outcomes in acute anterior myocardial infarction in patients treated with primary percutaneous coronary intervention[END_REF]. Next chapter presents the positioning of our work in relation to the state of the art related to LVAD implantation and associated complications.
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This chapter provides an overview of the researches issues related to the LVAD implantation, especially to the IC. The Ąrst section presents the interaction between LVAD implant and anatomical structure. The second and third sections address the resulting morphological and Ćuidic constraints, respectively. The fourth section focuses on reported works using Computational Fluid Dynamics (CFD) computation where an overview of the exploit Quantities Of Interest (QOI) and models limitations is presented. The Ąfth section summarizes the state of the art and highlights the positioning and objectives of our work.

Device-structure interactions

Although LVAD implantation is of therapeutic interest to patients, it signiĄcantly impacts their anatomy and physiology. Indeed, the implant affects the blood Ćow, geometry, behaviour, and properties of many anatomical structures. The interaction between the device and the surrounded anatomical structures (Figure 2.1) may deteriorate the device efficiency or lead to adverse events. The LVAD may rub against the thoracic wall resulting in chest pains to the patient or the pump itself may compress the RV affecting its shape and volume. This may promote geometrical modiĄcation and alter RV functioning. The anastomosis of the outĆow tract to the ascending aorta may be positioned in front of the right cavity thus interfering with its normal function. In these cases, patients are more likely to develop right heart failure.

The OC anastomosis has several possible conĄgurations for LVAD implantation. During surgery, the surgeon cuts the outĆow graft to the length necessary for reaching the aorta making it an inĆuencing parameter of Wall Shear Stress (WSS) and blood velocity. However, this inĆuence has not yet been investigated, and no clinical guidelines have been stated. In fact, the OC could be anastomosed in two distinct sites: the ascending and the descending aorta. The anastomosis site choice depends on the type of surgery performed: when the LVAD implantation is performed through a thoracotomy, the OC is grafted to the descending aorta since accessing the ascending aorta is difficult. During a sternotomy, the OC is grafted to the ascending aorta. [START_REF] Litwak | Ascending aorta outĆow graft location and pulsatile ventricular assist provide optimal hemodynamic support in an adult mock circulation[END_REF] observed that a descending aorta anastomosis results in a reduced Ćow within the aorta arch. Likewise, [START_REF] Mazzitelli | Three-dimensional numerical simulations of the aortic Ćow in presence of a left ventricle assist device with two outĆow graft placements[END_REF] concluded that ascending aorta graft contributes better in upper arteries. However, [START_REF] Bonnemain | Numerical simulation of left ventricular assist device implantations: Comparing the ascending and the descending aorta cannulations[END_REF] obtained similar Ćow rates for both conĄgurations.

The IC of the LVAD may be sutured to two distinct heart structures: in the left ventricle or the left atrium. Current clinical recommendations promote the LV suture despite its drawbacks. The IC suturing puts the apical region under important stress, the intra-thoracic pump speed may be so important that the IC distal end may suck the LV wall (suction event). In this case, a decrease in the pump speed is recommended.

Furthermore, the left ventricle is depleted with the device start-up. The decrease in LV volume decreases LV work; the pressure and volume overload are lowered, which reduces LV wall stress and may contribute to reverse modelling [START_REF] Jhun | Continuous Ćow left ventricular pump support and its effect on regional left ventricular wall stress: Ąnite element analysis study[END_REF].

LV remodelling also draws the ventricular wall closer to the distal point of the IC which may promote suction events that may enhance device dysfunction and even right heart failure.

IC insertion within the LV impacts also the distribution of blood Ćow within the ventricle and aorta. Blood Ćow disorders and turbulence have been found within the aorta. The most important alteration consists in the presence of reverse Ćow that compromises haemodynamics and may harm the Aortic Valve (AoV) [START_REF] Alonazi | Simulation of aortic valve dynamics during ventricular support[END_REF]. The LV apex has been pointed out as a region favourable to thromboembolic complications [START_REF] May-Newman | The effect of inĆow cannula length on the intraventricular Ćow Ąeld: An in vitro Ćow visualization study using the evaheart left ventricular assist device[END_REF]. Moreover, IC obstruction and suction events momentarily alter blood circulation and pump functioning.

In this context, vortices, blood stagnation and recirculation have been also identi-Ąed within the ventricle. Vortices lessen ventricular work, ease the LV Ąlling, and contribute to LV washout. They also contribute to suction events (Kheradvar et 

2007

). Blood stagnation and recirculation are likely to contribute to thrombi formation [START_REF] Quaini | Numerical characterization of hemodynamics conditions near aortic valve after implantation of left ventricular assist device[END_REF]. Blood recirculation may affect the efficiency of the rotor and in worst cases breaks it. A blood clot may also be responsible for an embolic event that may migrate to the brain. Formerly, it was recommended to close the aortic valve to force blood down to the IC. Nevertheless, this approach enhanced thrombus formation around the AoV region [START_REF] John | Aortic valve pathophysiology during left ventricular assist device support[END_REF]. The closing of the AoV may also put the patient in a dramatic and fatal condition if the device is damaged as the LV would no longer be able to eject blood in the aorta. Therefore, current recommendations preconize to maintain the aortic valve functioning. However, no recommendation concerning its opening frequency have been explicitly stated to date.

In conclusion, LVAD implants entail various physiological changes that cause postoperative complications. Two distinct types of interactions between the LVAD and anatomical structure may be identiĄed: morphological constraints and Ćuidic modi-Ącations that may result in mechanical repercussions. The following presents different factors that can potentially impact the morphological properties of the LV.

Morphological constraints

LVAD implantation results in morphological alterations that consist of anatomical and geometrical constraints that may lead to chest pain, alterations in blood Ćow, and even a right HF. Although pre-operative and per-operative recommendations are stated, surgeons continually face morphological constraints. The following presents the main difficulties and the solutions proposed in the literature.

Anatomical constraints

Due to atherosclerosis, HF patients tend to suffer from aortic calciĄcations. For LVAD implantation, OC must be anastomosed to an area free from calciĄcation. Otherwise, a different implantation site must be considered [START_REF] Ahmed | Left ventricular assist device outĆow graft: alternative sites[END_REF]. Investigating the location of the areas of calciĄcation ahead could be helpful to anticipate preoperatively the site of OC graft which may guide the surgeon and reduces the exploration time during the intervention.

Throughout the surgery, the heart continues its beating. These movements may hinder IC anastomosis resulting in IC malpositioning such as IC apical insertion site, angular deviation or even both. Clinical diagnosis tends to claim that in addition to suction events, these modiĄcations may promote blood stagnation and thrombus formation.

For MCS implantation in general, several signiĄcant issues arise from the intra-thoracic space as surgeons may encounter difficulties closing the chest wall at the end of the device implantation. Due to the consequent size, the implanted device could be larger

Morphological constraints

than the existing intra-thoracic space. The neighbouring organs as well as the chest wall could be compressed or dislodged. For LVAD, the dislodgement enhances potentially the compression of the right ventricle and favours the IC angular deviation.

A relationship between IC angular deviation and pump thrombosis have been reported.

While LVAD pumps the blood from the ventricle, the pressure on the LV is reduced, resulting in an important size reduction. The change in LV volume depends on the amount of support provided through the pump speed. Another issue consists of the different motions like ventricular depletion, heart motion and lungs inĆation and deĆation within the intra-thoracic space. These motions change the volume available within the chest wall that may impact the position of the device and its interactions with the surrounding organs. The choice of a compatible device according to the patient intra-thoracic space is a fundamental step to be performed pre-operatively.

Overview of the literature

Several methods have been developed over previous decades to investigate device compatibility to the patient anatomy [START_REF] Affeld | The use of computer graphics to Ąnd an optimal Ąt for a human total artiĄcial heart[END_REF]). In the following, reported work related to the intra-thoracic space issue for MCS devices (TAH and LVAD) is presented. Many methods have been attempted, such as implantation on animals, cadavers, measuring the intra-thoracic space on chest radiographs or 3D medical images . . . . The latter is usually used in the context of intra-thoracic space or cardiovascular system to illustrate structural or functional information which enables the investigation of the relevant pathology within real conditions and organs interactions.

Few works investigated the compatibility of MCS devices with available intra-thoracic space relying on pre-operative images. Figure 2.2 illustrates research that focused on such matter, where three purposes are highlighted: Device design, compatibility and implantation planning. The Ąrst purpose is to optimize the MCS design (for industrial use). The second purpose is to develop quantifying criteria based on the patient anatomy to deĄne device compatibility. The third purpose is pre-operative planning to prepare and anticipate the device implantation (for clinical use). For that, except for [START_REF] Fujimoto | Anatomical considerations in the design of a long-term implantable human left ventricle assist system[END_REF] and [START_REF] Dickstein | Esc guidelines for the diagnosis and treatment of acute and chronic heart failure 2008: The task force for the diagnosis and treatment of acute and chronic heart failure 2008 of the european society of cardiology. developed in collaboration with the heart failure association of the esc (hfa) and endorsed by the european society of intensive care medicine (esicm)[END_REF], who used a general model and an MRI respectively, all other researchers have represented several chest structures based on CT volumes and segmentation.

For MCS designs optimization, [START_REF] Fujimoto | Anatomical considerations in the design of a long-term implantable human left ventricle assist system[END_REF] measured a restriction size and shape TAH criterion for a model with general morphology while [START_REF] Komoda | Study of anatomic constraints using three dimensionally reconstructed images for total artiĄcial heart implantation[END_REF] have investigated the same issue but for six healthy subjects. [START_REF] Noecker | The cleveland clinic pedipump: anatomic modeling and virtual Ątting studies in a lamb model[END_REF] evaluated a new VAD pump based on eleven CT while [START_REF] Fritschi | Image based evaluation of mediastinal constraints for the development of a pulsatile total artiĄcial heart[END_REF] also used CT images to study the interactions between TAH and mediastinum. (Drum- models also based on CT. Finally, [START_REF] Affeld | The use of computer graphics to Ąnd an optimal Ąt for a human total artiĄcial heart[END_REF] mentioned the idea of testing the compatibility of a TAH pre-operatively. Only [START_REF] Noecker | The cleveland clinic pedipump: anatomic modeling and virtual Ątting studies in a lamb model[END_REF] referred to the possibility of clinicians to pre-operatively discuss the developed paediatric VAD.

For device compatibility, studies attempted to evaluate the eligibility of patients to TAH implantation as it requires more intra-thoracic space: [START_REF] Chatel | Criteria for anatomical compatibility of the total artiĄcial heart: computerized three-dimensional modeling of the cardiovascular anatomy[END_REF] developed a 3D model of the cardiovascular structures from which they deĄne the shape and intra-thoracic space to measure volume and geometry parameters. [START_REF] Moore | Virtual implantation evaluation of the total artiĄcial heart and compatibility: Beyond standard Ąt criteria[END_REF] applied Ąt criteria developed by [START_REF] Copeland | Arizona experience with cardiowest total artiĄcial heart bridge to transplantation[END_REF] to test its reliability on three clinical cases virtually implanted. Then, they compared two TAH designs for paediatric and small patient use [START_REF] Moore | Virtual implantation of the 50cc syncardia total artiĄcial heart[END_REF]. Only [START_REF] Ryan | Virtual implantation of the infant jarvik 2015 for eligibility criteria establishment[END_REF] investigated LVAD implantation virtual Ąt. They virtually implanted small patient and evaluated the minimum size required for paediatric patients for a given device.

For implantation planning, four articles discussed a pre-operative MCS virtual implant to anticipate its Ątting with patient anatomy. [START_REF] Zhang | Three-dimensional thoracic modeling for an anatomical compatibility study of the implantable total artiĄcial heart[END_REF][START_REF] Zhang | Noninvasive assessment method to determine the anatomic compatibility of an implantable artiĄcial heart system[END_REF] established a prototype of environment simulation for TAH implant aiming to optimize the TAH design as well as evaluate its anatomical Ąt. Similarly, [START_REF] Warriner | Virtual anatomical three-dimensional Ąt trial for intra-thoracically implanted medical devices[END_REF] proved that implementing a rapid screening method based on an anatomical Ąt was feasible. This method could be used pre-operatively as a decision-making tool of candidates for an intra-thoracic mechanical device. As far as we know, [START_REF] Park | Total artiĄcial heart in the pediatric patient with biventricular heart failure[END_REF] is the only research that speciĄcally focused on planning device implantation by proposing a 3D model based on clinical cases to assess whether the TAH device would Ąt in the intra-thoracic space using quantitative criteria.

Morphological constraints

Investigations dealing with intra-thoracic space did not consider the thoracic motions (beating heart and breathing). Most of the research aiming for implantation planning focused on TAH devices and the few of them that took an interest in VAD devices, did not consider the compatibility of the patient anatomy with the IC insertion. (Anselmi et al., 2016a) developed a computer simulation tool that uses CT scan of candidates for LVAD implantation. This tool considers an aligned IC, coaxial to the MV and paralel to Inter Ventricular Septum (IVS), and suggests LVAD and IC implan-tationŠs sites in the intra-thoracic space and LV coring location, respectively. Then, the tool illustrates overlap between the device and the chest wall after closure (for clinical use). In another work, [START_REF] Anselmi | Virtual implantation and patient-speciĄc simulation for optimization of outcomes in ventricular assist device recipients[END_REF] To conclude, researches attempted to develop device implantation planning tools and compatibility criteria related to the intra-thoracic space. Depending on the patient, the available intra-thoracic space might require to relocate the IC implantation site or during chest closure, the IC may deviate from an hypothetical ideal IC angulation.

This angulation of the IC, may inĆuence the haemodynamic within the ventricle. In the following, an overview of how the LV haemodynamic issues are addressed in the literature is presented.

Mechanical and Fluid issues

IC implantation inĆuences the Ćow within the ventricle. First, the different means available for haemodynamic analysis are presented. Then, a state of the art of works focusing on haemodynamic inĆuencing factors (LVAD pump and IC features) is held.

Overview

Clinical methods have been considered to measure physiological data on patients.

Cardiac output before and after physical efforts can provide signiĄcant information about the efficiency of the pump and the health of patients [START_REF] Aymami | Rest and exercise adaptation of the right ventricular function in longterm left ventricular assist device patients: A prospective, pilot study[END_REF].
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Similarly, medical imaging is often used for retrospective studies. Doppler echocardiography is helpful in LVAD therapy [START_REF] Estep | The role of echocardiography and other imaging modalities in patients with left ventricular assist devices[END_REF] and is easily available in daily life use to optimise the pump speed, assess MV regurgitation or myocardium recovery. It is more generally used to measure the haemodynamics of both ventricles in patients suffering from cardiovascular disease [START_REF] Porter | Guidelines for the use of echocardiography as a monitor for therapeutic intervention in adults: A report from the american society of echocardiography[END_REF]. Echocardiography allows the evaluation of different parameters in the ventricle such as chamber dimensions, the velocities of the mitral Ćow during systolic and diastolic phases, stroke volume, cardiac output, and pressure. Although this technique has the advantage of being non-invasive and provides several measurements, it depends though heavily on the operator. For LVAD patients, echocardiography remains challenging as patients often have poor echogenicity.

Animal experimentation have signiĄcantly contributed to the understanding of cardiovascular diseases over the years [START_REF] Chorro | Modelos animales de enfermedad cardiovascular[END_REF] by providing information on aetiology, pathophysiology or medications efficiency and mechanism [START_REF] Leong | Animal models in cardiovascular research: Hypertension and atherosclerosis[END_REF]. In-vivo studies are less subject to environmental variations, easier to manage than human studies. Although they are valuable as the anatomy and physiology are similar to humans, obtained results might be unsuitable or too diverse to be compared with humans LVAD. Apart from ethical concerns, experimentation requires major time and resources investment.

In-vitro models are less strict; thus, more eligible for new technologies development, not suited for living beings. Compared to in-vivo model, variable control is greater and experimental time and cost are lower [START_REF] Ryan | Towards 3d in vitro models for the study of cardiovascular tissues and disease[END_REF]. Although the use of biomaterials has signiĄcantly developed in-vitro models, it is often necessary to resort to simpliĄed models, that may not always reĆect the natural progression of multiple pathologies, especially for cardiovascular system due to its complexity. In the context of LVAD investigations, a mock circulatory loop is usually used.

Different from experimentation, computational methods have more and more been used over the last years. Virtual models are fast, thrifty and avoid high-risk prototyping [START_REF] Morris | Computational Ćuid dynamics modelling in cardiovascular medicine[END_REF]. Consequently, these approaches were also operated in the cardiovascular Ąeld (HF, congenital heart diseases, valve prosthesis, VAD, etc. . . ).

They may be valuable for designing devices, clinical trials and improvement of treatment strategies [START_REF] Taylor | Experimental and computational methods in cardiovascular Ćuid mechanics[END_REF]. Even though, the prediction of surgical outcomes remains challenging, two techniques are distinguished: CFD modelling and Lumped Parameter Model (LPM). The latter, also known as a zero-dimensional computational model, simpliĄes a complex physical system into discrete entities using differential equations to describe the components system behaviour. However, it cannot afford three-dimensional information, for example, Ćow Ąeld visualisation. In opposition, CFD modelling provides temporal and special resolutions that may not be easily obtained with experimentation, such as constrain visualisation. In the con- and considered all VAD components (IC, OC, pump, connector, cabling and percutaneous line). They recorded 294 adverse events that were associated with the IC and the pump in 56% and 39% of cases, respectively. In the following, an overview of works in the literature related to the inĆuence of the pump and IC on LV haemodynamic.

Pumps type and setting: Few studies focused on the impact of continuous vs pulsatile support on LV haemodynamic. A computational model study reported that PF-VAD provides higher LV unloading than CFVAD [START_REF] Gohean | VeriĄcation of a computational cardiovascular system model comparing the hemodynamics of a continuous Ćow to a synchronous valveless pulsatile Ćow left ventricular assist device[END_REF]. The research, however, did not include Ćow patterns investigation. Pump speed also impacts the haemodynamic of the ventricle and the pumping efficiency alongside the anatomical conĄguration. [START_REF] Addetia | 3d morphological changes in lv and rv during lvad ramp studies[END_REF] demonstrated that the pump speed modiĄes the geometry of both ventricles (LV and RV) based on 31 echocardiography images.

They observed that increasing pump speed impacts the IVS by reshaping the LV less spherically and more conically. These anatomical modiĄcations result in increasing RV volume while decreasing the LV volume, which enhances the occurrence of suction events. On the one hand, [START_REF] Li | Simulation study of the hemopump as a cardiac assist device[END_REF] proved using numerical simulation that the pump loses its efficiency when the support is too important. On the other hand, the increment of the pump speed, reduces the blood stagnation volume [START_REF] Fraser | Computational Ćuid dynamics analysis of thrombosis potential in left ventricular assist device drainage cannulae[END_REF]. Further investigations are thus needed to deĄne the appropriate balance between these effects.

IC anastomosis:

The anastomosis of the inĆow cannula impacts the Ćow Ąeld of blood. As already mentioned, clinical guidelines recommend the insertion of the IC at the LV apex. Only few research investigated the impact of IC anastomosis in different sites. [START_REF] Korakianitis | Numerical comparison of hemodynamics with atrium to aorta and ventricular apex to aorta vad support[END_REF] and [START_REF] Hsu | In-series versus in-parallel mechanical circulatory support for the right heart: A simulation study[END_REF] used numerical methods to look into the haemodynamic impact for two distinct anastomosis sites : LV atrium and LV apex. The obtained results agreed with clinical recommendations favouring apical insertion that reduces ventricular wall tension and dilation suitable for LV recovery. [START_REF] Klotz | Proposing a novel technique to exclude the left ventricle with an assist device: Insights from 4-dimensional Ćow magnetic resonance imaging[END_REF] conducted an ex-vivo experiment on the same matter using a mock porcine suffering from HF. An analysis of Ćow patterns and enzyme activation location was also performed. Results tended to favour apical insertion of IC as it reduces potential side effects such as intra-cavity clotting and its aftermath.

IC features: Different research focused on different aspects of IC feature and their impact on LV haemodynamic. One of these features is the inĆuence of IC tips. Using an in-vitro study, [START_REF] Laumen | Flow analysis of ventricular assist device inĆow and outĆow cannula positioning using a naturally shaped ventricle and aortic branch[END_REF] [START_REF] Fraser | Computational Ćuid dynamics analysis of thrombosis potential in left ventricular assist device drainage cannulae[END_REF], [START_REF] Entezari | Numerical investigation of the effects of cannula geometry on hydraulic blood Ćow to prevent the risk of thrombosis[END_REF], used CFD simulation to investigated the inĆuence of the number and size of holes in one of the venous cannula previously simulated by [START_REF] Fraser | Computational Ćuid dynamics analysis of thrombosis potential in left ventricular assist device drainage cannulae[END_REF] To summarise, several IC features issues remain present as and further investigations are required as the results in the literature are controversial. Even though IC is rigid and not adjustable while performing surgery, its diameter and length vary depending on the LVAD brand. It is possible to consider that a speciĄc length or radius of the IC may be recommended depending on the LV anatomy and shape. Such studies may inĆuence surgeons in the choice of the device to be implanted.

IC angulation: IC angulation is used to designate the angular deviation of the IC axis from the LV long axis, toward the IVS (Figure 2.3). The terms IC malposition, IC orientation, IC angular deviation, IC angle and angled IC are also used in the literature. An aligned IC is when the IC long axis is aligned with the LV long axis and directed toward the MV (IC = 0°). IC angulation is susceptible to inĆuence pump efficiency and promote suction events and thrombogenic potential, while an aligned IC is an hypothetical ideal angulation assumed to favour blood washout via the IC as well as to limit the suction events. They suggested that IC angulation tends to decrease regional Ćow, pulsatility and vortex energy, which may increase thrombosis. Using radiographic images, [START_REF] Aigner | Pump position and thrombosis in ventricular assist devices: Correlation of radiographs and ct data[END_REF] focused on the correlation between pump thrombosis and IC angulation using chest X-rays and CT scans for patients implanted with HM2 and HeartWare Ventricular Assist Device (HVAD); the study was carried out for 33 patients. There was no correlation between pump thrombosis and IC angulation for HM2 patients.

However, IC angulation was associated with pump thrombosis for HVAD patients. [START_REF] Imamura | Optimal cannula positioning of heartmate 3 left ventricular assist device[END_REF] and [START_REF] Schlöglhofer | InĆow cannula position as risk factor for stroke in patients with heartmate 3 left ventricular assist devices[END_REF]) also carried out the same researches on 64 and 42 patients, respectively, implanted with HeartMate 3 (HM3).

While the former observed that small IC angulation (≤ 28°) presented improved cardiac unloading (lower central venous pressure, lower pulmonary capillary, wedge pressure, smaller LV and RV sizes and better RV functioning) and lower incidence of death or heart failure readmission, the latter, concluded that a small IC angulation (< 10°) serves as a risk factor of ischemic stroke and worse survival. Using CFD computations, [START_REF] Chiu | Ventricular assist device implantation conĄgurations impact overall mechanical circulatory support system thrombogenic potential[END_REF] To summarise, pump settings, IC implantation site and especially, IC features (length, angulation, tip shape) seemingly impact pump efficiency and blood Ćow pattern.

Reported work focus mainly on the IC as an inĆuencing factor of anatomical and physiological modiĄcations that may occur during LVAD support. 

Computational modelling

CFD simulations enable evaluating and visualizing complex physiological entities (such as Ćow Ąeld and constraints distribution) that clinical methodologies may be unable to measure. Its non-invasive character and low cost allow various settings and analysis. Nowadays, in-silico models are exploited for decision support purposes. For CFD simulations, deĄning the appropriate boundary conditions may present several difficulties due to data sparsity. This section aims to give an overview of the inĆuence of LVAD implantation on LV haemodynamic through CFD computation. QOI, results

and model limitations from the literature are presented.

Computational modelling

Quantities of interest: In order to investigate the inĆuence of LVAD implantation on LV haemodynamic, research considered several QOI. Only one study considered a simpliĄed version of the chemical aspect alongside with blood stagnation and platelet activation [START_REF] Rojano | Multi-constituent simulation of thrombus formation at lvad inlet cannula connection: Importance of vir-chowŠs triad[END_REF]. Results revealed that the thrombosis occurring at the long-term of LVAD implantation, was likely associated with the mechanical factors: blood stagnation and platelet activation.

Focusing on IC angulation, reported work attempted to assess these notions by considering different QOI. [START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF] tried to evaluate blood stagnation by introducing a virtual ink. [START_REF] Chivukula | Left ventricular assist device inĆow cannula angle and thrombosis risk[END_REF] qualiĄed the blood stagnation based on the velocity path-line and attempted to develop a TP score based on mass-less platelet accumulated shear stress and RT. [START_REF] Ghodrati | The inĆuence of left ventricular assist device inĆow cannula position on thrombosis risk[END_REF] restricted their interest to the apical region. They qualiĄed LV washout through velocity path-lines and investigated low velocity magnitude and low/high WSS areas seeking to evaluate blood stagnation and platelet activation, respectively.

The evaluation of blood stagnation, platelet activation and thrombosis risk, remains a challenge and although the main QOI involved in their evaluation are more or less known, how to exploit and combine them to develop a thrombosis marker remains an open issue.

Limitations: Despite being of real interest, CFD models still have limitations. The main limitations reported in the literature are presented in Table 2.2, where the Ąrst column presents the main limitations, the second column enunciates the associated consequences and the third column present the scientiĄc justiĄcations for these assumptions.

Most of the investigations held used 3D models. However, 3D models remain complex and are associated with an imposing computation time. Indeed, all the researches carried out had limited conĄgurations and LV models except for [START_REF] Ghodrati | The inĆuence of left ventricular assist device inĆow cannula position on thrombosis risk[END_REF] and [START_REF] Liao | Ventricular Ćow dynamics with varying lvad inĆow cannula lengths: In-silico evaluation in a multiscale model[END_REF] Suction events [START_REF] Ong | Fluid structure interaction simulation of left ventricular Ćow dynamics under left ventricular assist device support[END_REF] Suction events promote the alteration of vortex patterns Thrombogenesis [START_REF] Rojano | Multi-constituent simulation of thrombus formation at lvad inlet cannula connection: Importance of vir-chowŠs triad[END_REF] The platelets were activated at the cannula tip mainly and slightly at the apex. Thrombin production is more trigged by blood coagulation (stagnation) rather than mechanical platelet activation (WSS). 

Summary and Work positioning

In the context of MCS implantation, VAD is cannulated to the ventricle to assist its functioning. The most commonly implanted VAD are the LVAD. LVAD implantation implies morphological, Ćuid and mechanical changes. These physiological changes are caused by the interaction of the device with the ventricular and arteries haemodynamics and the surrounding organs. It should be noted that if our analysis focuses on LVAD, the same logic can be applied on RVAD and BiVAD as well.

In the literature, the inĆuence of LVAD devices on blood Ćow considered three main topics: i) the impact of inĆow cannula insertion on ventricular haemodynamic, ii) the impact of outĆow cannula insertion on the arteries haemodynamic, iii) the pump ef-Ąciency. We focus on the IC since related works are limited and surgeons have less information about this part of the device. The interaction of IC features (tip, angulation and length) with the ventricle, may alter LV haemodynamic. Reported works, attempted to link this ventricular alteration to thromboembolic complications. Hence, Researches took interest in the impact of IC features on the LV haemodynamic and attempted to evaluate the associated thrombosis risk.

Thrombus formation is a complex phenomenon involving blood stagnation and platelet activation, not fully understood. Using CFD computation, reported work considered several QOI to analyse the inĆuence of IC features on LV haemodynamic and attempted to assess blood stagnation, platelet activation and thrombosis risk.

Yet, their evaluations and the impact of IC angulation on LV haemodynamic remain challenging; the question to how should these QOI be exploited to evaluate thrombosis risk, remain unanswered.

Among IC features, IC angulation is the main focus of our investigation. Unlike IC tip and IC length that depend on the LVAD design, a deviation of the IC toward the IVS may occur at one point of the surgical procedure. Since some LVAD brands propose two different IC lengths, IC length will also be considered in our work.

Summary and Work positioning

This Ph.D. dissertation aims to understand the haemodynamic changes that occur due to IC features (angulation and length) and to develop a thrombogenic marker able to evaluate thrombosis risk related to a speciĄc conĄguration. Our work positioning is depicted in Figure 2.6. Chapter 3

Model deĄnition for haemodynamics analysis

In this chapter, a simpliĄed CFD model is proposed to investigate the inĆuence of IC features (IC angulation and length) on LV haemodynamic aiming to identify the main factors involved with thrombosis.

The chapter is composed of three sections. In the Ąrst section, a 3D approach is held as a reference to the 2D approach introduced in the second section. In the third section, a 2D model is proposed and used to investigate the inĆuence of different IC features on the LV haemodynamic.

3D approach

The main purpose of the 3D approach is to be used as a Ąrst step and a reference to the elaboration of the proposed model.

Model Presentation

In order to evaluate the inĆuence of IC angulation on LV haemodynamic, blood stagnation, platelet activation and thrombosis risk, a simpliĄed 3D model is developed and implemented. The geometrical, numerical models and the QOI are presented in the following.

Geometrical Model: This 3D approach focuses on the haemodynamics changes that occur within the LV due to IC angulation. A generic 3D approach is considered.

When investigating the ventricular haemodynamic, reported studies did not represent the AoV or considered it closed [START_REF] Chivukula | Left ventricular assist device inĆow cannula insertion depth inĆuences thrombosis risk[END_REF][START_REF] Chivukula | Left ventricular assist device inĆow cannula angle and thrombosis risk[END_REF][START_REF] Fraser | Computational Ćuid dynamics analysis of thrombosis potential in left ventricular assist device drainage cannulae[END_REF][START_REF] Liu | Numerical simulation of lvad inĆow cannulas with different tip[END_REF][START_REF] Mccormick | Simulating left ventricular Ćuid-solid mechanics through the cardiac cycle under lvad support[END_REF][START_REF] Ong | Numerical investigation of the effect of cannula placement on thrombosis[END_REF][START_REF] Rojano | Multi-constituent simulation of thrombus formation at lvad inlet cannula connection: Importance of vir-chowŠs triad[END_REF][START_REF] Sonntag | Virtual Ątting and hemodynamic simulation of the evaheart 2 left ventricular assist device and double-cuff tipless inĆow cannula[END_REF]. Since most HF patients are diagnosed with reduced ejection fraction HF, the amount of blood ejected from the LV through the AoV is reduced. In this model, the AoV is not represented and a simpliĄed representation of the regions of interest (MV, LV and IC) is considered. Since the LV geometry is simpliĄed, and mechanical valves prostheses have a circular shape, the MV was represented by a circle.

The proposed geometrical model is deĄned as follows (Figure 3.1). The LV is depicted as a prolate ellipsoid of revolution, the MV as a circle and the IC as a cylinder. For the LV geometrical model, two cases (C3 and C14) are considered (Table 3.1).

These cases are selected based on their LV features. Both ventricles are not dilated For the IC geometrical model, we considered the IC of the HM2 LVAD (Table 3.2).

For each investigated case, two IC angulations are considered: Ů IC20: where the IC has a 20°deviation from the MV toward the IVS (IC-AD

= 20°

). This is a plausible deviation that is likely to occur during LVAD implantation.

Pump IC-D (mm) IC-L (mm) HM2 18 20 Numerical model: Once the geometry is designed then meshed, the following step consists of deĄning the boundary conditions and the physiological parameters. The IC wall is considered a rigid material. Analyses of LV wall motion conĄrm minimal changes in typical patients with LVAD devices suffering from severe systolic dysfunction and markedly impaired contractile reserve [START_REF] Chivukula | Left ventricular assist device inĆow cannula angle and thrombosis risk[END_REF]. Hence, the LV wall is assumed to be a rigid material. A uniform velocity inlet is prescribed at the MV (corresponding to a constant Q L.min -1 ; mathematical details are available in Appendix C). A constant static pressure (0 Pa) outlet is set at the IC surface. Blood is modelled as a Newtonian Ćuid with a density of 1060 kg.m -3 and a viscosity of 0.004 kg.m -1 .s -1 [START_REF] Herman | Physics of the human body[END_REF].

The Ćow within the ventricle is known to be turbulent. Since a turbulent Ćow is not obvious to simulate, most recent works considered the laminar assumption [START_REF] Chivukula | Left ventricular assist device inĆow cannula insertion depth inĆuences thrombosis risk[END_REF][START_REF] Entezari | Numerical investigation of the effects of cannula geometry on hydraulic blood Ćow to prevent the risk of thrombosis[END_REF][START_REF] Ghodrati | The inĆuence of left ventricular assist device inĆow cannula position on thrombosis risk[END_REF][START_REF] Liao | Ventricular Ćow dynamics with varying lvad inĆow cannula lengths: In-silico evaluation in a multiscale model[END_REF][START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF]. In this context, [START_REF] Ghodrati | Validation of numerically simulated ventricular Ćow patterns during left ventricular assist device support[END_REF] took interest in the Ćow pattern within the ventricle during LVAD support. They compared experimental measures of the intraventricular Ćow patterns using particle image velocimetry, with CFD simulation results of laminar and different turbulent Ćow regimes. Although all simulations results under-predicted the velocity variations over time, the laminar Ćow regime showed the most similar behaviour to experimental measures. In our work, the Ćow is assumed laminar.

We introduced a virtual blood dye within the ventricle as an indicator of LV washout. This technique consists in Ąlling completely the LV volume with a virtual ink that dyes the blood. The dye is washed-out from the LV volume during a speciĄc period, the remaining dye is expressed via a variable called Remaining Ink Concentration (RIC). In CFD simulation, the transport of virtual ink is described via a passive scalar with zero Ćux at the walls. It is governed by the underlying blood Ćow patterns and does not inĆuence the blood Ćow. The diffusion of the virtual ink is disabled, so that its clearance is determined purely by advection [START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF]. The dying technique is divided into 3 phases (Figure 3.2):

3.1. 3D approach Ů Initialization phase (Ip): is a Ąxed time-period during which the ventricle is Ąlled with blood. This phase aims to guarantee a fully developed Ćow Ąeld.

Ů Filling phase (Fp): This phase aims to Ąll the ventricle with the virtual ink till its concentration reaches 1, meaning that the LV volume is 100% Ąlled with dyed blood. This time-period depends on the LV shape and boundary conditions.

Ů Clearing phase (Cp): This phase aims to washout the virtual dye from the ventricle. Depending on the investigation interest, the choice of this time-period can be Ąxed at a given value or a value proportional to the Fp. For virtual ink phases, Ip is set empirically to 13 s. In this section, as RIC is used to compare ventricular washout between two IC angulations (IC0 and IC20), Cp is empirically set to a Ąxed value of 4 s.

In CFD simulations, the Navier-Stockes equations are solved at each iteration. The number of iterations is set by the Time step (Ts) as one iteration represents one increment of Ts. The choice of the time step is crucial as it directly inĆuences the computation time: the lower the time step, the higher the computation time. Ts value depends on the size of the mesh elements: the Ąner the mesh, the higher the time step. The time step is set according to the Courant-Friedrichs-Lewy (CFL) condition:

c = v∆t ∆x ≤ 1 (3.1)
where c is called the courant number, v is the velocity magnitude, ∆t is the Ts and ∆x is the cells size.

Before deĄning Ts, a mesh independence study was performed. It is held to ensure that the simulation results are independent of the underlying mesh. Progressively Ąner mesh of 22 k, 32 k and 155 k polyhedral cells corresponding to meshes with elements sizes of 3 mm, 2 mm and 1 mm respectively, were investigated. The used metrics were the max and mean values of velocity magnitude as velocity is a main feature to evaluate Ćow within the LV. According to the study results, the analysis had indicated that the mesh independence was reached for a mesh with 2 mm ele-
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Chapter 3 Model definition for haemodynamics analysis ment size with a Ts of 10 -5 s, according to CFL condition. The mesh independence study is detailed in Appendix D.

The CFD simulation is performed using a second order implicit transient formulation, and a Pressure Implicit with Splitting of Operators (PISO) solver with a pressurevelocity coupling. A second order spatial discretization is set for the pressure, momentum, and continuity equations. Convergence was achieved in each time-step, when the residuals are below 10 -6 for continuity, x, y, z velocities and the virtual ink as required by the pressure-based solver. Figure 3.3 summarizes all the numerical settings of the CFD simulation. Simulations were performed using ANSYS FLUENT 2021 R2. Thrombogenic analysis: CFD simulations are used to analyse the inĆuence of IC angulation on LV haemodynamic. This analysis is performed through Quantities Of Interest (QOI) likely to be involved in the risk of thrombosis.

In the following, we propose an analysis grid of thrombogenic factors, where QOI used to evaluate blood stagnation and platelet activation are based on previously reported work. Table 3.3 illustrates the analysis grid for interpreting the QOI with regard to the risk of thrombosis. It is composed of QOI coloured in red or in green according to their potential to favour (+) or not (-) blood stagnation and platelet activation. The grid is illustrated for previously presented conĄgurations (LV shapes and IC angulations).

Blood stagnation is identiĄed by low velocity regions with high RIC. Velocity path- velocity threshold is deĄned in the literature. It could be deĄned by considering a threshold relative to the maximal value to take into account the variability between different ventricles. A relative value of 5% is considered. RIC is assessed by its distribution, qualiĄed as local or wide, and its maximal values considered high when it is equal to or higher than 50% of its initial concentration (RIC ≥ 0.5) as advocated by [START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF].

Platelet activation is stimulated via Von Willebrand Factor (vWF) multimers under a high shear stress: τ ≥ 3.5 -5[Pa] [START_REF] Hellmuth | Analysis of shear-induced platelet aggregation and breakup[END_REF]. WSS is assessed by its maximal value and distribution. In the analysis grid, WSS maximal value could be note with (+) or (++) signs when its maximal value is within or above the platelet activation interval ([3.5 -5]Pa), respectively. When WSS is above the platelet activation range, activated platelet might aggregate and the size of the aggregated platelet is regulated through shear intensity [START_REF] Hellmuth | Analysis of shear-induced platelet aggregation and breakup[END_REF]. The distribution of the WSS is also noted with (+) and (++) signs depending on whether the high values of the WSS are found around blood stagnation regions or not, as stagnation regions enhances activated platelet deposition and accumulation. For both cases, the velocity proĄle is laminar at the centre of the LV. The highest velocity is found within the cannula tip. The velocity is slightly higher when the IC is deviated (IC20). Outside the central jet, low velocity and recirculating Ćow are observed where the blood spirals slowly around the inĆow cannula before exiting the ventricle, especially for IC20, this characterises low velocity regions.

Results

RIC is located at the apex and along LV wall, for C14 both IC angulations, especially for IC20. For C3, RIC is high for IC0, it is located at the apex and especially along LV wall where low velocity regions are formed. In this conĄguration, low velocity regions with high RIC are considered blood stagnation regions, as deĄned previously. For IC20, RIC is low and is located mainly along the LV wall. For both cases, IC20 has a better washout than IC0.

WSS is located at the MV, the IC wall and the LV wall around the IC region. For both cases, it reaches locally high values. For C14, WSS is within the platelet activation interval for both IC angulations. For IC0, high values of WSS are observed around the MV. WSS is low around apical region. For IC20, areas where the WSS is high are observed around the MV and the IC tip. For C3, high values WSS, above the platelet activation interval, are located around the MV and the IC tip. For IC0, WSS reaches higher values than for IC20. These high values are located at the IC tip, around blood stagnation region. This might enhance activated platelet deposition and accumulation. For IC20, areas where WSS is high are located especially around the IC tip.

A summary of the QOI analysis for C3 and C14, respectively, is illustrated in Table 3.4 and Table 3.5. For C14, IC angulation inĆuences velocity path-lines and WSS distribution. Velocity path-lines become spiraling around the IC before exiting the LV which may have enhanced the constraints at the IC tip. For C3, IC angulation inĆuences velocity path-lines, RIC and WSS distribution. Although velocity path-lines are spiralling around the IC for IC20, the ventricle has a better washout of the virtual ink.

This reĆects a lower residence time of blood particles within the ventricle, thus less exposure time to high constraints at the IC tip.

Discussion

The inĆuence of IC angulation on LV haemodynamic can be analysed by considering several QOI. In this preliminary study, we noticed that the inĆuence of IC on ventricular haemodynamic was more signiĄcant for C3 than for C14. For C3, QOI analysis suggested that IC0 conĄguration enhanced blood stagnation regions. These regions were also exposed to high shear stress which might favour activated platelet deposition and accumulation. For IC20, no such regions were iden-tiĄed and RIC results suggested a better ventricular washout. For C14, blood stagnation analysis revealed no speciĄc region where blood is likely to stagnate for both angulations and platelet activation analysis tended to favour IC0 as no high WSS values were observed around the apical region which is claimed to be a stagnation region.

3D approach

The grid analysis showed differences between the conĄgurations. At this level of analysis, it would be interesting to study several QOI, especially as they seem inĆuenced by IC angulations. Since this inĆuence provides additional information, their analysis is relevant and might help to understand LV haemodynamic which is the main interest of this chapter. Nevertheless, this grid is not sufficient to evaluate thrombosis risk, as the distributions of the QOI were sensitive to qualify resulting in a subjective qualitative score.

Despite limitations, obtained results allowed to observe the inĆuence of IC angulation on LV haemodynamic by considering several QOI. Yet, this inĆuence did not affect the ventricular haemodynamic within both investigated LV shapes (C3 and C14) equally. IC angulation inĆuenced differently the QOI for both ventricular shapes that resulted in favouring different IC angulations. LV shape appears to be an inĆuenc-IC0 IC20 ing factor of LV haemodynamic that ought to be considered while investigating the inĆuence of IC angulation. Although results allowed to observe that IC angulation does inĆuence the QOI behaviour, only two angulations are not sufficient to understand the behavior and evolution of the QOI according to IC angulations as well as their impact on LV haemodynamic. The main limitation comes from the 3D models that require high resources and computation time (around 21 days with an Intel(R) Xeon(R) Gold 5220 CPU @ 2.20 GHz and 2.19 GHz , respectively (2 processors), RAM: 64 Gb and NVIDIA Quadro P400) which prevents the investigation of a wide range of IC angulations and LV shapes. In the next section, the assumption of using 2D models to investigate LV haemodynamic is carried out.

2D assumption

Although they have limitations, 2D models have the potential to reduce the complexity of the analysis. They also have the advantage of an easy implementation and a fast computation time, allowing a wide ranging investigations. This may allow a better understanding of the inĆuence of the IC angulation on the LV haemodynamic and on the QOI behaviour.

2D approach might be interesting, the assumption that a 2D model is able to grasp the impact of IC angulation on ventricular haemodynamic ought to be checked. This is the focus of this section. This investigation consists in proposing a 2D geometry, then, analysing whether the evolution of QOI regarding IC angulation have the same tendency for 2D compared to 3D models.

Model presentation

In the following, a 2D model is presented. The geometrical model details the developed geometry and the investigated cases while the numerical model details the

2D assumption

settings and boundary conditions of the CFD simulation. To evaluate LV haemodynamics, we used the QOI deĄned in the previous section: velocity path-lines, velocity magnitude, RIC and WSS.

Geometrical Model:

The proposed 2D geometry is a simpliĄed representation of the anatomical regions of interest. It is obtained at the centre plan of the 3D geometry (Figure 3.5). The LV is represented by an ellipse cropped by the MV and the IC is represented by a rectangle (Figure 3.6). The LV is deĄned by its short axis (LV-D)

and its long axis (LV-H). The MV is deĄned by its long diameter (MV-D). The IC is deĄned by its diameter (IC-D), length (IC-L), angular deviation from the LV long axis (IC-AD) and its IC surface. Although, named IC surface, it is deĄned by a segment at the upper short side of the rectangle, where blood exits the LV and enters the IC. More details will be presented in the following.

Both LV and IC properties as deĄned in (Table 3.1) and (Table 3.2) are adapted to the 2D model deĄnition. For each investigated case (C3 and C14), two IC angulations were also considered (IC0 and IC20). Regarding the simulation parameters, the time step used in the simulation is 10 -3 s which ensured CFL < 1 condition. A mesh independence study was performed on a progressively Ąner mesh of 0.8k, 1.8k and 7k, 27k nodes corresponding to a mesh with elements sizes of 3 mm, 2 mm, 1 mm and 0.5 mm, respectively. As for the previous mesh independence study, the investigated metrics are the max and mean velocity magnitude. This study indicated that a mesh with elements size of 2 mm is considered sufficient to achieve a balance between accuracy and computational cost.

The mesh independence study is detailed in Appendix E.

For 2D simulations, the software imposes a deĄnition of the model thickness to achieve computations (speciĄc to the software) such as areas and Ćow rate computations.

Since the IC is the main focus of this study, we deĄned a thickness that allows to reproduce the IC cross-section surface in order to approach a more realistic output Ćow rate. It is important to note that even if a thickness is speciĄed, the simulation remains two dimensional. More details concerning the thickness choice and deĄnition are presented in Appendix F.

A second order implicit transient formulation, and a PISO solver with a pressurevelocity coupling is also chosen. A second order spatial discretization is performed for the pressure, momentum, and continuity equations. Convergence was achieved in each time-step (10 -3 s) when the residuals are below 10 -6 for continuity, x, y velocities and the virtual ink as required by the pressure-based solver. Figure 3.7 summarizes all the numerical setting of the CFD simulation. nitude reaches its maximum around the IC. The velocity is slightly higher for IC20 (+0.02 m.s -1 ). Vortices along LV wall till the apex are observed, on both sides of the IC. In these vortices, blood hits the apex and then Ćows upward along the ventricular wall (surrounding the IC for IC20) for 3D simulations. This phenomenon is absent in 2D simulation due to the lack of depth. Nevertheless, these vortices are still present on both side of IC for 2D models. The same low velocity regions (recirculation regions with low velocity) could also be observed in 3D and 2D models. They are located at the apex and along LV wall. These regions may be formed due to the central jet that prevent blood within these regions from being drawn into the IC.

2D assumption

Results and discussion

For 3D and 2D simulations, the RIC is located at the apex and within the LV walls.

However, its concentration is more present close to the LV walls for 3D simulations and at the apex for the 2D simulations. This could be explained by the lack of depth (the 3 rd dimension) that prevents the virtual ink from being distributed and Ćow upward along the LV wall, hence the virtual ink tends to concentrate in the apical region due to its narrowness. One can observe that at a reduced scale, similarities could be observed in RIC distribution between 3D and 2D models. Concerning RIC maximal values, although maximal values are reduced for 2D models, RIC behaviour regarding IC angulation have the same tendency as 3D models where the RIC is higher for IC0 for C3 and for IC20 for C14. High RIC values are located within low velocity

2D assumption

regions where blood eventually stagnates. These regions are present in 3D and 2D models, where the apical region represent a common region prone to stagnation for 2D and 3D models, except for C3 with IC20 in 3D model. These observations are consistent with results found in the literature [START_REF] Ghodrati | The inĆuence of left ventricular assist device inĆow cannula position on thrombosis risk[END_REF][START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF].

WSS distribution in 2D simulations is similar to the one obtained in 3D simulations for a reduced scale. WSS is located at the MV, the IC tip and the LV wall, especially around the IC. Higher values of WSS present in 3D model could be explained by the Ćow constraints: the Ćow is enclosed within the ventricle for 3D models.

2D models tend to underestimate WSS. Nevertheless, the WSS distribution has the same tendency for 3D and 2D models. For instance, for C14, WSS distribution between both angulations, especially at the cannula tip is coherent between both models.

Conclusion

In order to investigate the 2D assumption, we compared the QOI behaviour regarding IC angulation for two 3D models and their corresponding 2D models.

Although 2D models have limitations, the behaviour of the QOI obtained for both IC angulations show similar trends for 2D and 3D simulations. The use of 2D models is interesting as analysing the behaviour of QOI regarding a wide range of IC angulation may allow a better understanding of the LV haemodynamic. The advantage of a fast computation, allows to expend the investigations to another feature such as IC length. In the next section, the inĆuence of IC features (IC angulation and length) are investigated using 2D models.

2D proposed approach

The focus of this study is the inĆuence of IC angulation and length on LV haemodynamic. This analysis considers a wide range of IC angulation and IC length combined with a slight angulation for two ventricular shapes. For that a straightforward analysis of QOI is performed. Since our main focus is the IC, an adaptation of the boundary conditions of the 2D model is proposed to more accurately represent the interaction of the device with the ventricle.

Numerical model: inlet / outlet

The numerical model presented in the following is applied to the 2D geometrical model proposed in the previous section. Blood is considered as a Newtonian Ćuid with a density of 1060 kg.m -3 and a viscosity of 0.004 kg.m -1 .s -1 ), the Ćow is laminar, and LV and IC walls are considered rigid. Concerning the virtual ink phases, Ip is empirically set to 13 s and Cp is set to 12 s as proposed by [START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF]. In
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m [kg.m -2 .s -1 ] = φ × Q 60 × 1000 × s (3.2)
where φ is the blood density kg.m -3 , Q is the Ćow rate of the pump L.min -1 and s is the surface of the IC output m 2 .

The solver settings remain unchanged. The time step is 10 -3 s. A second order implicit transient formulation, a PISO solver with a pressure-velocity coupling were also chosen. A second order spatial discretization was performed for the pressure, momentum, and continuity equations. Convergence was achieved in each time-step when the residuals were below 10 -6 for continuity, x, y velocities and the virtual ink. Figure 3.11 summarizes all the numerical settings of the CFD simulation. This proposed 2D approach is used from this point onward.

Influence of inflow cannula angulation

The aim of this section is to have a better understanding of the inĆuence of IC angulation on LV haemodynamic. A wide range of IC angulation is considered: [0°, 90°] where the IC is progressively deviated toward the IVS with a step of 10°. This investigation is held on two distinct cases (C3 and C14), previously presented in Table 3.1. where the velocity magnitude within the ventricle is higher for C14 than for C3. For both LV shapes, as the IC angulation increases, the maximum velocity within the ventricle, especially close to the IC, increases. We can notice that the region, where the Ćow is drawn into the IC and the velocity reaches its peak, extends and the velocity within increases as the IC angulation increases. An example of this region is represented by a dashed circle in Figure 3.12. Vortices of reduced velocity (< 5%V max ) are identiĄed on both sides of IC for all conĄgurations and the extent of these vortices also increases with the increase of IC angulation. RIC is high and decreases as the IC angulation increases suggesting that LV washout is enhanced by the IC angulation. For IVS angulations range, RIC is low and continues to decrease with the increase of IC angulation, continuing to suggest that LV washout is enhanced with IC angulation . These results are due to vortices that are extended over larger areas (observed previously). The dye remaining in these low velocity vortices is distributed over the entire surface of the vortex which reduces its concentration. In fact, when analysing velocity streamlines and RIC Ągures of each case, one can notice that areas, where the dye remains, coincide with areas of vortices with reduced velocity. When RIC is high, these low velocity regions can be considered as potential stagnation regions.

2D proposed approach

For apical angulations range, potential stagnation regions are likely to increase with IC angulation, while for IVS angulations range, the potential stagnation regions are likely to decrease with IC angulations. Although these results seems quite surprising, Ąnding a higher ink concentration for 0°than for 90°is aligned with the ink concentration results obtained by [START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF].

WSS increases as the IC angulation increases(Table 3.6). For all conĄgurations, WSS is under the interval where platelet activation is stimulated [3.5; 5] Pa [START_REF] Hellmuth | Analysis of shear-induced platelet aggregation and breakup[END_REF]. Nevertheless, for 80°and 90°for both cases the maximal value of WSS closely approaches the interval of platelet activation (3.31 Pa and 3.36 Pa for C3 and 3.35 Pa and 3.45 Pa for C14, respectively). We can also notice that WSS increases consequently starting from intermediate angulations range: 50°for C3 and 60°for C14 (Figure 3.17).

2D proposed approach

Max WSS (Pa) In summary, simulating a wide range of IC angulations allowed to identify vortices formation within the ventricle, not explicitly observed in 3D models. These vortices highlighted that the analysis of low velocity magnitude and RIC within vortices allowed a better understanding of LV haemodynamic. Same tendencies in QOI behaviour (including WSS) between both LV shapes were observed.

Influence of inflow cannula length

In this section, the inĆuence of IC length on LV haemodynamic is investigated on two distinct cases (C3 and C14), previously presented in Table 3. As the IC length decreases, the RIC decreases signiĄcantly. This could be explained by the decrease of low velocity vortices around the inĆow cannula region due to IC length decrease. Hence, a long IC may promote blood likely to stagnate within the LV apex. Nevertheless, it should be noted that a reduced IC-L may lead the unclipping of the IC from the ventricle. 

2D proposed approach

Conclusion

The aim of this chapter was to propose a simpliĄed model able to give a better understanding of the inĆuence of IC features, especially IC angulation on LV haemodynamic and to identiĄed the relevant QOI.

A 3D approach concluded that investigating several QOI is relevant and a wide ranging investigations would allow a better understanding of LV haemodynamic and QOI behaviour regarding IC angulation. Since the time computation of 3D models is high, the analysis of 2D models was considered and the 2D assumption was veriĄed. Despite limitations, 2D models was able to grasp the same QOI tendencies regarding IC angulation. 2D models revealed to be interesting as their analysis was more simple and QOI analysis seemed relevant. 2D approach was proposed and used to investigate a wide range of IC angulations and length for two different LV shapes.

Conclusion

Results allowed to identify same tendencies in QOI behaviours regarding IC features for both cases. These behaviours identiĄed vortices formation that highlighted the need to combine some QOI (velocity and RIC) with vortices to allow a better understanding of blood stagnation. However, a straightforward analysis of the different QOI is not sufficient to be used and interpreted directly for clinical decision-support.

A marker able to evaluate the thrombosis risk associated with a speciĄc conĄguration (LV shape and IC feature) is required. In the next chapter, a Personalised Thrombogenic Potential Marker is proposed.

Chapter 3 Model definition for haemodynamics analysis

Chapter 4

A personalised thrombogenic potential marker

The Ćow analysis revealed that QOI are able to evaluate blood stagnation and platelet activation. In this chapter, the combination of these QOI (velocity, vortices, RIC, WSS and LV shape) allowed to deĄne a digital marker able to estimate the thrombogenic potential related to a speciĄc LV and IC conĄguration.

In the Ąrst section, blood stagnation and thrombus formation inĆuencing factors are presented. In the second section, available methods for vortices identiĄcation and quantiĄcation are presented. In the third section, the personalised thrombogenic potential marker or PTPM is deĄned and a pipeline is proposed. In the fourth section, a study on clinical cases is carried out to deĄne the Personalised Thrombogenic Potential Marker (PTPM) settings. Once fully deĄned, the PTPM is then used to investigate the impact of different features (IC angulation, IC length, LV diameter) on thrombogenic potential. Finally, a limitation study of the pipeline is held.

Blood stagnation and thrombus formation

As already pointed out, thrombus formation is a complex phenomenon that is not fully understood. It is associated with coagulation and platelet aggregation which are two intertwined processes that are strongly affected by blood dynamics in ways that are yet not fully understood [START_REF] Carrascal | Numerical study of blood clots inĆuence on the Ćow pattern and platelet activation on a stented bifurcation model[END_REF]. As a matter of fact, hemostasis (thrombus formation factor according to VirchowŠs triad) occurs in two phases: the primary hemostasis consists of activated platelet forming a static plug and the secondary phase consists of a stabilization of this plug through coagulation cascade [START_REF] Saad | Physiology, Platelet Activation[END_REF]. Platelet activation can be induced either chemically through the combined effect of Adenosine DiPhosphate (ADP), thrombin, and thromboxane A2, or mechanically, through exposure to high level shear stress [START_REF] Rojano | Multi-constituent simulation of thrombus formation at lvad inlet cannula connection: Importance of vir-chowŠs triad[END_REF].

Moreover, the multimers of vWF present in the plasma are activated instantaneously under high shear stress (τ ≥ 3.5-5 [Pa]) and bind to platelet GPIbα receptor leading to platelet activation, then adhesion and Ąnally aggregation [START_REF] Peyvandi | Role of von willebrand factor in the haemostasis[END_REF].

The size of the aggregated platelet are regulated through the shear intensity [START_REF] Hellmuth | Analysis of shear-induced platelet aggregation and breakup[END_REF].

A recent study [START_REF] Rojano | Multi-constituent simulation of thrombus formation at lvad inlet cannula connection: Importance of vir-chowŠs triad[END_REF] attempted to simulate thrombus formation. It included platelet activity and simpliĄed coagulation reactions, due to the computational cost. They applied the numerical model proposed by [START_REF] Wu | Multi-constituent simulation of thrombus deposition[END_REF] for blood vessel on LVAD patient. Authors concluded that thrombin production is more triggered by blood coagulation, hence, blood stagnation rather than mechanical platelet activation (WSS) which is concordant with criteria used in previous CFD studies. Moreover, they observed that the main source of thrombin formation is the tissue damage associated with early stage of VAD implantation. Their results explain thromboembolic events associated with LVAD implantation in the short-term due to the surgical procedure but not long-term complications due to LVAD implantation.

In the light of their Ąndings, we consider only mechanical triggers of platelet activation (high WSS) and blood stagnation involved with thrombus formation in this chapter.

Apart from chemical aspect, thrombus formation may be inĆuenced by haemodynamic features such as Ćuid stresses, residence time in stagnation zones, and blood Ćow rate [START_REF] Sukavaneshvar | Enhancement of stentinduced thromboembolism by residual stenoses: Contribution of hemodynamics[END_REF]. Based on the obtained results in the literature and simulations in the previous chapter, blood stagnation zones are recirculating areas with low velocity. Theses re-circulation areas are vortices formed within the ventricle. Vortices have a major role in LV haemodynamic and washout. However, their formation within the LV during diastole signiĄcantly contributes to the efficiency of the blood pumping function, while altered vortex formation has been associated with ventricular pathologies [START_REF] Elbaz | Vortex Ćow during early and late left ventricular Ąlling in normal subjects: Quantitative characterization using retrospectively-gated 4d Ćow cardiovascular magnetic resonance and three-dimensional vortex core analysis[END_REF][START_REF] Kheradvar | Vortex Formation in the Cardiovascular System[END_REF]. Indeed, the global diastolic function of LV can be revealed by the intra-ventricular vortices formed by the morphology and function of the cardiovascular system [START_REF] Zhou | Relationship between the abnormal diastolic vortex structure and impaired left ventricle Ąlling in patients with hyperthyroidism[END_REF]. Previous studies qualiĄed vortices formation to evaluate LV haemodynamic, washout and blood stagnation. As a matter of fact, [START_REF] Mccormick | Simulating left ventricular Ćuid-solid mechanics through the cardiac cycle under lvad support[END_REF] simulated a healthy heart implanted with BerlinHeart LVAD and observed that the presence of IC resulted in a more complex vortex structure. In this sense, [START_REF] Ong | Numerical investigation of the effect of cannula placement on thrombosis[END_REF] simulated a 2D ellipsoid for three different IC lengths and noticed obvious changes in the vortices distributions and intensity when the primary vortex ring comes into contact with the cannula. (May-Newman et al., 2019a) and[START_REF] May-Newman | Reducing regional Ćow stasis and improving intraventricular hemodynamics with a tipless inĆow cannula design: An in vitro Ćow visualization study using the evaheart lvad[END_REF] held an in vitro mock loop of a dilated ventricle of a HF patient to investigate the effect of inĆow cannula angle and length, respectively, on thrombus formation for two pump speeds. Their analysis of thrombogenic potential was mainly based on observations of vortices formation and circulation. [START_REF] Töger | Vortex ring formation in the left ventricle of the heart: Analysis by 4d Ćow mri and lagrangian coherent structures[END_REF] studied vor-tices based on MRI images and Lagrangian coherent structures and concluded that vortex ring accounted for 51% of diastolic ventricular volume for healthy patients vs.

21% for patients suffering from ischemic cardiomyopathy. [START_REF] Carlhäll | Passing strange Ćow in the failing ventricle[END_REF] carried out multidimensional Ćow-based investigations of HF using dynamic 4D images. They observed that in HF, vertical structures are persistent and that vortical extend may indicate a dysfunctional heart. [START_REF] Evin | Left ventricle vortex detection by 3d + t phase contrast mri: a feasibility study[END_REF] reported that focusing on coherent structure detection in cardio-vascular systems reliably detects abnormal or inefficient Ćow patterns compared to normal ones as well as Ćow conditions that may lead to secondary pathological processes that are thought to play a critical role in avoiding stasis by washing out the left ventricle.

Vortices formed within the ventricle are a signiĄcant indicator of blood stagnation.

Quantitative measurements of vortices attributes may provide additional understanding to diastolic function and dysfunction.

To develop a personalised thrombogenic potential marker, we will rely on platelet activation, blood stagnation and LV shape, as inĆuencing features of LV haemodynamic. Platelet activation is evaluated based on high shear stress. Blood stagnation is evaluated based on vortices formation, through velocity magnitude and RIC as a high concentration ink level reĆects a low blood clearance (washout) thus a high residence time of blood particles within the ventricle. However, vortices are complex to deĄne, and their identiĄcation may be challenging. In the next section, vortices deĄnition and different identiĄcation methods are presented.

Vortices definitions and identification

Although the concept of a vortex is known to all from its presence in nature, it is challenging to Ąnd a clear and a precise mathematical deĄnition. A vortex can be described as a group of Ćuid particles with a swirling motion around a common axis. Among all the existing types of vortices, vortex rings (also known as toroidal vortices) are abundant in nature due to their compactness and stability (a tornado or a siphon). However, there is no consensus to mark out the extent of a vortex from its rotation centre. Due to viscosity, it is difficult to deĄne a beginning or an end to the structure. Even though vortices are usually associated with turbulent Ćow, they also occur in laminar Ćow. Since observing these turbulent structures, several mathematical methods have been developed based on velocity Ąelds to identify them.

A few of them are detailed in the next section.

Coherent structures

As for vortices, coherent structures also do not have a strict deĄnition. A coherent structure represents any shape or pattern that can affect the movement of a Ćuid.

Vortices definitions and identification

Originally, the notion of the coherent structure was introduced during the discussion on turbulence. For a given velocity Ąeld, coherent structure identiĄes the zones where the ĆuidŠs mixing or movement is less important than expected, meaning that a portion of the Ćuid roughly stays together (coherent) while moving through the Ćuid. The signiĄcant difference between a vortex and a coherent structure is that the former requires vortical motions while the latter does not. Therefore, a vortex is a coherent structure; however, a coherent structure does not necessarily imply a vortex [START_REF] Jeong | On the identiĄcation of a vortex[END_REF][START_REF] Shadden | DeĄnition and properties of lagrangian coherent structures from Ąnite-time lyapunov exponents in twodimensional aperiodic Ćows[END_REF].

The deĄnition of coherent structures aims to classify the movement of the Ćuid, of chaotic appearance, into a multitude of elementary movements which will persist spatially and temporally. Several deĄnitions have been proposed in the literature, linking vortices and coherent structures to identify them.

Vorticity

Fluid vorticity may be directly obtained from the rotational of the velocity Ąelds ( -→ rot(u)), where -→ rot is the rotational or curl vector operator used to describe the in-Ąnitesimal circulation of a vector Ąeld in an Euclidian space. This approach is suited to visualize vortices but is not sufficient to identify them [START_REF] Kida | IdentiĄcation and analysis of vortical structures[END_REF][START_REF] Moin | The structure of the vorticity Ąeld in turbulent channel Ćow. part 1. analysis of instantaneous Ąelds and statistical correlations[END_REF]. Vorticity is unable to differentiate between pure shearing motions and actual swirling motion of vortices [START_REF] Kida | IdentiĄcation and analysis of vortical structures[END_REF]). Local methods (point by point) are developed to decompose vorticity into two parts of distinct nature, known as shear and residual which is a direct measure of the vortical swirling motion [START_REF] Kolář | Vortex identiĄcation: New requirements and limitations[END_REF]. This decomposition methods are called vortices identiĄcation methods. Different methods are proposed, among them, we will focus on vortices identiĄcation methods based on the velocity Ąeld gradient tensor.

Vortices identification methods

In 3 dimensions, the gradient ∇u of the velocity Ąeld u is a second-order Cartesian tensor A deĄned according to the orientations i, j, k of an orthonormal basis:

A =         δu i δx i δu i δx j δu i δx k δu j δx i δu j δx j δu j δx k δu k δx i δu k δx j δu k δx k         (4.1)
where u i is a velocity component and δx i is the distance along the orthogonal axis i, respectively. This Cartesian tensor can be divided into a symmetric part S and an anti-symmetric part Ω (also referred as skew-symmetric):
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A = S + Ω (4.2)
S and Ω are respectively known as the rate of strain and vorticity tensors. Using their symmetric properties, they can be deĄned using A as such:

S = 1 2 (A + A T ) (4.3) Ω = 1 2 (A -A T ) (4.4)
Since A is a 3 × 3 matrix, the Cayley Hamilton theorem can be used to express it as a characteristic polynomial of third-degree. The characteristic polynomial for the velocity Ąeld gradient is given by (4.5), where P , Q and R are its three invariants. These invariants are then decomposed into symmetric and anti-symmetric parts (4.6), (4.7) and (4.8).

λ 3 + P λ 2 + Qλ + R = 0 (4.5) P = -Tr ¶A♢ (4.6) Q = 1 2 (Tr ¶A♢ 2 -Tr ¶A 2 ♢) = 1 2 (♣♣Ω♣♣ 2 F -♣♣S♣♣ 2 F ) (4.7) R = -det(A) (4.8)
when the Ćow is considered incompressible, the invariant P = 0. The vortices iden-tiĄcation methods are based on these notions and rely on the study of the remaining invariants and tensors. Those methods are presented below.

Q-criterion:

In this method, a vortex is deĄned as a "connected fluid region with a positive second invariant of ∇u" [START_REF] Kolář | Vortex identiĄcation: New requirements and limitations[END_REF]. A positive value of Q means that the vorticity tensor overcomes the strain tensor, ensuring a vortex structure. An important value of Q reĆects an important difference between the internal vorticity and the deformation rate within a vortex [START_REF] Zhang | A review of methods for vortex iden-tiĄcation in hydroturbines[END_REF]. Therefore, a normalized Q-criterion (4.9) is usually used where Q max is the maximum value of Q.

Vortices definitions and identification

Q n = Q Q max (4.9)
This identiĄcation method is suitable for large-scale vortices in turbulent Ćow and incompressible Ćuid.

∆-criterion:

This criterion deĄnes a vortex as Şthe regions in which the eigenvalues of ∇u are complex, and the streamline pattern is spiralling or closedŤ [START_REF] Kolář | Vortex identiĄcation: New requirements and limitations[END_REF]. In order to obtain complex conjugated eigenvalues, the discriminant of the characteristic equation must be positive (4.10).

∆ = Q 3 3 + R 2 2 > 0 (4.10)
This identiĄcation method is only valid when the Ćow is incompressible (P = 0).

A high value ∆ reĆects a strong spiralling within the vortex region. However, this criterion is less restrictive than the

Q-criterion. Indeed, since R 2  2 is always positive, then, a positive Q implies a positive discriminant (∆ > 0), while a negative Q does not necessarily imply a negative discriminant (i.e., in case R 2  2 > Q 3  3
).

λ 2 -criterion: In a vortex, the pressure tends to have a local minimum on the axis of a circular motion. However, the proposed criterion [START_REF] Jeong | On the identiĄcation of a vortex[END_REF] neglects two effects that inĆuence vortex detection: the Ąrst is the unstable Ćow strain which can create a minimum of pressure without causing a vortex or swirling movement, the second is the viscous effect which can eliminate this pressure minimum that occurs in Ćows with a vortex motion. The gradient of the Navier-Stokes equation is expressed as follows:

a i,j = - 1 φ p i,j + vu i,jkk (4.11)
where a i,j is the acceleration gradient and p i,j is the local pressure extremum. Since p i,j is symmetric, the acceleration gradient can also be decomposed into symmetric and anti-symmetric components. While the anti-symmetric part is known as the transport equation, the symmetric part is expressed as follows:

DS i,j Dt -vS ij,kk + Ω ik Ω jk + S ik S kj = - 1 φ p i,j (4.12)
The Ąrst term of this equation (4.12) refers to the unsteady irrotational straining, while the second term refers to the viscous effects. Therefore, only the terms S 2 + Ω 2 will be taken into account to assess the existence of a local pressure minimum. A
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Chapter 4 A personalised thrombogenic potential marker vortex core is deĄned as "a connected region with two negative eigenvalues of S 2 + Ω 2 ".

Knowing that S 2 + Ω 2 being symmetric allows real eigenvalues only. If λ 1 ≤ λ 2 ≤ λ 3 , the criterion requires that λ 2 < 0 . However, the vortex core lines identiĄed by this criterion may not be continuous since the lines deĄne a set of segments of the vortex core.

The Swirling Strength criterion: The swirling strength criterion relies on the imaginary eigenvalues of the velocity gradient to identify a vortex region. It considers that the velocity gradient tensor can be expressed in Cartesian coordinates as follows:

∇u =  vr vcr vci          λ r 0 0 0 λ cr λ ci 0 -λ ci λ cr                 vr vcr vci         (4.13)
where λ r is the real eigenvalue associated with the eigenvector vr and the complex conjugate pair of complex eigenvalues ( λ cr ±iλ ci ) is associated with the corresponding eigenvectors (v cr ±iv ci ). When the local streamlines are expressed in a coordinate system generated by the eigenvectors, the Ąrst eigenvector vr indicates whether the local Ćow is compressed or stretched along the axis (v r ) while the plan deĄned by vcr and vci indicates whether the Ćow is locally swirling [START_REF] Zhou | Mechanisms for generating coherent packets of hairpin vortices in channel Ćow[END_REF].

The distinctive characteristic of this criterion is its ability to identify and quantify the vortex. Indeed, the local swirling strength rate inside a vortex is given by λ ci and the strength of the compression or stretching of the vortex is measured by λ r . The threshold for λ ci is not clearly deĄned. Theoretically, it is supposed to be Ąxed at zero; however, the obtained results were smoother when the threshold (ϵ) was Ąxed at a positive value (Zhou et al., 1999) (4.14). The time-period for completing one revolution of the streamline is given by (4.15).

λ ci ≥ ϵ > 0 (4.14) 2π λ ci (4.15)
The Enhanced Swirling Strength criterion: The swirling strength criterion is based on a local analysis of ∇u. However, a vortex is deĄned as a coherent structure.

This deĄnition implies the concept of small and bounded Ćow regions where the vorticity varies spatially, and the Ćuid motion remains temporally and spatially coherent. These concepts suggest a non-local aspect of vortical structures. Hence, the

Vortices definitions and identification

Enhanced Swirling Strength criterion is based on the idea to subset a local swirling region for which a non-local criterion is veriĄed. This non-local criterion is inspired by [START_REF] Cucitore | On the effectiveness and limitations of local criteria for the identiĄcation of a vortex[END_REF] analysis. The introduced deĄnition is the inverse spiralling compactness λcr λ ci . This ratio, also called the local orbital compactness in a vortex, measures the spatial extent of the local spiraling motion. For an incompressible Ćow, the orbital compactness could be ensured on the vortex plane and along the vortex axis only if these requirements are respected:

(i) λ ci ≥ ϵ > 0 (ii) -κ ≥ λ cr λ ci ≥ δ (4.16)
where ϵ is the swirling strength threshold that ensures smooth results, κ is a positive value that ensures the orbital compactness in the vortex plane, and δ is a positive value that ensures the orbital compactness along the vortex axis [START_REF] Chakraborty | On the relationships between local vortex identiĄcation schemes[END_REF]. Moreover, orbital compactness also describes the circulation of the vortex spiralling path in the plane as follows:

(i) λ cr λ ci < 0 : inward (ii) λ cr λ ci = 0 : perfect circular (iii) λ cr λ ci > 0 : outward (4.17)
To conclude, different methods are available to identify vortices. Within these methods only two are able to identify and quantify vortices. These methods are the swirling strength criterion and the enhanced swirling strength criterion. The latter, as its name suggests, is complementary to the former and propose a more global deĄnition of vortices. Moreover, the enhanced swirling strength criterion considers vortices strength and extension within the vortical plane, and the third dimension assesses whether the vortex is stretched or compressed. Hence, this method is suitable for 2D and 3D applications.

Personalised Thrombogenic Potential Marker: A Novel Digital Marker

In this section, a Personalised Thrombogenic Potential Marker is proposed. It is a digital marker able to estimate the TP related to a deĄned conĄguration. This estimation aims to determine the optimal conĄguration, especially IC angulation related to a speciĄc LV shape that suggests the least thrombosis risk for LVAD implanted patient. This section consists in deĄning the marker where each of its components are detailed, proposing a pipeline of simulation.

Personalised Thrombogenic Potential Marker: definition

As mentioned before, thrombus formation is a multi-factorial phenomenon involving a complex cascade of reactions triggered chemically and mechanically. Its main factor is the platelet activation and aggregation that might be triggered then enhanced by Ćuid properties. These properties are likely to be high shear stress, RT, blood stagnation and LV dynamics expressed through vortices. Another crucial factor is LV anatomy since it greatly inĆuences LV haemodynamics.

We propose a new marker that not only considers but also combines these 3 identiĄed 

Platelet Activation Potential

Several studies have evaluated the thrombogenic risk via shear stress [START_REF] Chivukula | Left ventricular assist device inĆow cannula insertion depth inĆuences thrombosis risk[END_REF][START_REF] Chivukula | Left ventricular assist device inĆow cannula angle and thrombosis risk[END_REF][START_REF] Entezari | Numerical investigation of the effects of cannula geometry on hydraulic blood Ćow to prevent the risk of thrombosis[END_REF][START_REF] Fraser | Computational Ćuid dynamics analysis of thrombosis potential in left ventricular assist device drainage cannulae[END_REF][START_REF] Hellmuth | Analysis of shear-induced platelet aggregation and breakup[END_REF][START_REF] Ong | Numerical investigation of the effect of cannula placement on thrombosis[END_REF][START_REF] Ruggeri | Activation-independent platelet adhesion and aggregation under elevated shear stress[END_REF]. Indeed, a high shear stress ([3.5, 5] Pa) applied to the blood particles can lead to platelet activation then aggregation via vWF [START_REF] Hellmuth | Analysis of shear-induced platelet aggregation and breakup[END_REF]. The platelet activation potential (P WSS ) is estimated by evaluating the For extreme cases where P WSS is null, PTPM could not be also null as the TP within a ventricle could not be non-existent. Indeed, suppose that for an extreme case, the platelet activation potential is null and blood stagnation areas are presents within the ventricle, a chemical platelet activation may still occur due to coagulation factors and stasis areas may promote their aggregation enhancing even slightly the thrombosis risk. Therefore, a condition ought to be added to the P WSS computation without inĆuencing the Ąnal score, this condition is formulated as follows:

Algorithm 1 Pseudo-code for P WSS computation 1: if P WSS = 0 then 2:

P WSS = 1 3: end if

Blood Stagnation score

Blood Stagnation score (s B ) evaluates blood stasis and residence time within the ventricle through its clearing ability. Furthermore, vortices are a signiĄcant indicator to the efficiency of the blood pumping function. Depending on vortices properties such as swirling motion and extend, they are recirculating areas where the blood is likely to remain the longest in the ventricle. Blood stagnation score is evaluated within vortices. Thus, vortices identiĄcation is required.

Vortices identiĄcation was performed based on the enhanced swirling strength criterion. It is the only criterion based on velocity gradient tensor that is able to identify and quantify vortices through their orbital compactness and their swirling motion, respectively. Depending on vortices swirling strength, velocity magnitude and clearing ability, vortices might be considered as stagnation areas [START_REF] Ben Abid | A CFD based analysis of the inĆuence of IC angulation on blood stagnation for Left Ventricular Assist Device implantation[END_REF].

The clearing ability is expressed via the RIC, which reĆects the time residence of blood in the ventricle.

The blood stagnation score is deĄned as follows:

s B = 1 N N n=1 a T p n (4.19)
where N is the number of vortices present within the ventricle, a is the weight vector, and p n is the blood stagnation risk vector associated with the n -th vortex. 

n = n + 1 p n =  p SW i p RIC i p V i  T 6:
end if N = n 8: end for where p C i , p SW i , p RIC i and p V i are the attributes of the stagnation risk vector p at the potential vortical region i, X is the number of potential vortical regions identiĄed, N is the number of identiĄed vortices, n and i are increment variables.

Blood Stagnation risk vector p n : attributes

The blood stagnation risk vector attributes deĄned as follows:

Orbital Compactness attribute (p C ): As mentioned before, the orbital compactness map is used to deĄne stagnation regions. Therefore, a segmentation is required.

The orbital compactness map values and their respective coordinates are extracted. According to the enhanced swirling strength criterion, vortices with high values of orbital compactness could not be considered as vortices. In order to exclude noncompact vortices from compact vortices as required by the criterion (4.20), two thresholds κ and δ are empirically applied to the data. Their values are deĄned through observations to 10 and -10 respectively and are deemed sufficient for a Ąrst criteria proposal. After thresholding, the orbital compactness matrix is converted to a greyscale image then binarized using the OtsuŠs method [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF] as an automated threshold selection method. In short, the threshold value is selected to maximize the separability of the resultant classes in grey level. After that, region boundaries of the binary image are detected according to Moore-Neighbour tracing algorithm modi-Ąed by JacobŠs stopping criteria [START_REF] Gonzalez | Digital Image Processing Using MATLAB[END_REF]. Boundaries coordinates are used to create a polygon in order to deĄne regions (boundaries points are then excluded from the obtained regions). These regions are deĄned as potential vortical regions

-10 ≤ λ cr λ ci ≤ 10 (4.20)
Once the potential vortical regions are obtained, the orbital compactness of each vortex is transcribed to a compactness attributed (p C ) via a transfer function deĄned in 

Swirling Strength attribute (p SW ):

Once the potential vortical regions are identi-Ąed, the swirling strength of these regions is evaluated. The vortex swirling strength (λ ci ) is used for both vortices identiĄcation and quantiĄcation. As seen in equation (4.14), smoother results are obtained when a non-zero threshold is applied to λ ci [START_REF] Zhou | Mechanisms for generating coherent packets of hairpin vortices in channel Ćow[END_REF]. However, the choice of the threshold could be quite challenging and different threshold values were proposed. A quite recent research investigated the choice of the swirling strength threshold for 2D applications and concluded that a value of 1.5 s -1 is deemed appropriate regardless of the application [START_REF] Chen | Comparison of swirling strengths derived from two-and three-dimensional velocity Ąelds in channel Ćow[END_REF]. Since we are also proposing a 2D model, the value of 1.5 s -1 is selected for the swirling strength threshold (4.21). 

Anatomical Correction Factor

The anatomical factor of the ventricle is crucial to consider since it inĆuences LV haemodynamics. The anatomical factor is usually taken into account by the ventricle geometry simulated in its diastolic phase (often in a static state). Nevertheless, no further information concerning the LV systolic state are considered. Yet, depending on its contractility during systolic phase, the LV may help ejecting blood stagnation areas (often at the apex) from LV which may reduce platelet activation (by reducing RT), deposition (in stasis areas) and aggregation reducing thus TP.

Therefore LV geometries in diastolic and systolic phases are compared to estimate LV contractility. This concept is known as Left Ventricular Sphericity Index (LVSI). It is often used by clinicians as a marker of left ventricular remodelling. LVSI deĄnition differs in the literature. Thus, the deĄnition used in this marker was derived from a recent research [START_REF] Khanna | Left ventricular sphericity index is a reproducible bedside echocardiographic measure of geometric change between acute phase takotsuboŠs syndrome and acute anterior myocardial infarction[END_REF].

Before that, a Sphericity Index (SI) evaluating the LV geometry during a speciĄc phase (diastolic or systolic phase) is needed. The required measures are obtained from standard echocardiographic images. The SI computation is deĄned as follows:

SI = 1 N N n=1 LVD(n) LVL(n) (4.22)
where LVD is the greater cross-sectional diameter of the left ventricle, LVL is the longitudinal length of the left ventricle (Figure 4.5), and N is the number of measurements. Clinicians perform several measurements of LVD and LVL in both the apical 4/2-chamber views during a speciĄc phase (diastole or systole).

To capture the ventricular remodelling, the SI is computed during diastolic and systolic phases for two cardiac cycles each (SI ED and SI ES , respectively). Afterward, the LVSI , used as a geometrical correction factor, is calculated to grasp the mean geometrical change of the ventricle during both phases. This correction factor (LVSI) is called the Anatomical Correction Factor (F AC ) and is deĄned as follows: 

F AC = SI ED + SI ES 2 (4.23)

Proposed Pipeline

The PTPM is obtained by going through different steps. The proposed pipeline is depicted below. space into a regular grid-shaped workspace on MATLAB. This operation is done by interpolating CFD data using natural neighbour methods [START_REF] Amidror | Scattered data interpolation methods for electronic imaging systems: a survey[END_REF]). It is a local approach based on the Voronoï tessellation of a scattered point set. According to the tessellation, the plane is partitioned into areas deĄned through an exhaustive and separated set of polygons that encloses each one of the point set. Two points of the set are considered natural neighbours when their respective areas have a common edge or contact point. This is a robust interpolation method that is weighted depending on the area of inĆuence of the surrounding scatter point resulting in a Ąrst regular grid deĄnition. Nevertheless, some artefact can be detected outside the model due to the limitation of the interpolation as the scattered point set used for Voronoï tessellation are deĄned only within the geometry (not outside). To be consistent with the simulation, a mask image is created from the modelled geometry Ąle and applied to isolate the geometry-related data.

Some of CFD output data are converted to the new workspace and used to evaluate blood stagnation regions. PTPM is obtained by combining the F AC , the P WSS and s B obtained from the previous steps.

Personalised Thrombogenic Potential Marker: settings

The 
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Chapter 4 A personalised thrombogenic potential marker uates the performance of the marker [START_REF] Kamarudin | Time-dependent roc curve analysis in medical research: current methods and applications[END_REF]. A higher AUC indicates a better performance [START_REF] Hajian-Tilaki | Receiver Operating Characteristic (ROC) Curve Analysis for Medical Diagnostic Test Evaluation[END_REF][START_REF] Mandrekar | Receiver operating characteristic curve in diagnostic test assessment[END_REF]. ROC curves related to each conĄguration were plotted for HM2 implanted patients (14 patients).

Parameters definition

Results are illustrated in Figure 4.11. We can observe that the AUC is the highest for Set 1. To obtain the best performance for PTPM, Set 1 (Ąlling: 100% VL / clearing: 12 is adopted. decision-making tool [START_REF] Zhou | Statistical Methods in Diagnostic Medicine[END_REF]. YI also evaluates the performance of the marker. A value of 1 reĆects a perfect marker while a value of 0 reĆect the inability of the marker to discriminate between the diseased and non-diseased patients [START_REF] Bantis | Construction of conĄdence intervals for the maximum of the youden index and the corresponding cutoff point of a continuous biomarker[END_REF]. YI is deĄned as follows: YI = max(J)

with J = Sensitivity + SpeciĄcity -1 (4.24) Table 4.4 illustrates J computation for each threshold of the HM2 implanted patients.

We conclude that the optimal thrombogenic threshold is set to 0.5 (YI = 1). It is highlighted on the ROC curve through a red circle (Figure 4.12). 

PTPM: Influence of IC angulation

The inĆuence of IC angulation on the thrombogenic potential is investigated. The aim is to deĄne the optimal IC angulation, associated with the least thrombogenic potential. Different IC angulations were considered for each patient (HM2 and HM3 patients). The maximum IC-AD recorded was chosen as the limit for the angulations range (4.25). ICAD = 10.i; i = 0, .., 6 (4.25) When necessary, PTPM values are compared at the order 10 -6 to deĄne the IC angulation associated with the highest or the least thrombogenic potential.

Looking into the obtained results, IC angulation does inĆuence the thrombogenic potential. The mean PTPM is above the thrombogenic threshold for patients with LVAD related complications (PTPM ≥ 0.5) while the mean value is under the thrombogenic threshold for patients without LVAD related complications (PTPM < 0.5). This suggest that we could categorise patients according to whether they have a thrombogenic or non-thrombogenic proĄle.

We notice that some non-complicated patients, such as P3, P8, P20 and P23, have a very low mean value, and their PTPM is slightly inĆuenced by the IC PTPM is high for all angulations, its variation regarding IC angulation is signiĄcant between the highest and lowest PTPM. For P2, PTPM varies from 0.52 to 0.67 (+31%) for 10°and 60°angulations respectively and for P10, PTPM varies from 0.51 to 0.68 (+33%) for 60°and 20°angulations, respectively. If taking into account before LVAD implantation, the thrombogenic potential may be minimized.

For some patients, IC angulation may be a crucial factor. Indeed, some patients with a non-thrombogenic proĄle might suffer from LVAD related complications, when the IC is implanted in a speciĄc angulation range. This is the case when the IC implanted angle is beyond 40°, for P12, or slightly deviated: [0°, 10°] for P13 and [0°, 20°] for P18.

When comparing only 0°and 10°results most patients (13 out of 19 patients) have a PTPM lower for 0°angulation than 10°. Although these observations are true on a reduced scale, when looking at a wider range of angulation, it could be noticed 4.5. PTPM: applications for decision support an aligned IC is not systematically the least thrombogenic angulation. From these results, two main observations are concluded. Apical implantation with a perfectly aligned IC along the LV long axis, may not always be the ideal conĄguration and no IC speciĄc angulation range is found to be the least thrombogenic for all patients. The IC angulation does inĆuence the thrombogenic potential and this inĆuence tightly depends on LV anatomy. Hence, conducting a preoperative study is mandatory to deĄne the recommended IC angulation speciĄc for each patient.

In the next section, the inĆuence of IC insertion on of LV anatomy, especially LV diameter and its impact on thrombogenic potential is investigated. 

PTPM: LV diameter

Depending on the LV diameter (LV-D), the geometry of the implanted IC may impact the LV haemodynamic, thus, thrombosis risk. This is a valuable information that may inĆuence the cliniciansŠ choice of the implanted LVAD, when investigated beforehand. These analyses were performed considering a slight IC angulation (0°, 10°), likely to occur during the surgical procedure.

For the same pump, a variation (±20%) of ventricular diameter is investigated and PTPM is considered for each conĄguration. Table 4.8 presents the variation set performed on LV-D and the resulting ventricular shapes are illustrated in Figure 4.13.

These analyses are carried out on P14 (VL = 71.9 mm; Q = 5.2 L.min -1 ) for two different IC angulations [0°, 10°]. For F AC computation, the sphericity index in the systolic phase was considered the same for all cases (SI ES = 0.493).

Table 4.9 illustrates the impact of LV-D on PTPM. Results are coloured according to the thrombogenic threshold as mentioned previously. Arrows in red and green point toward the directions where the PTPM increases and decreases, respectively.

Overall, PTPM increases when the LV diameter is too small (80% and 90%) or too large (120%) which is consistent with clinical observations. We can also notice that for extreme cases, when the ventricle is relatively too small (80%) or especially, too large (120%), PTPM is higher when the IC angulation is slightly deviated (10° median cases, PTPM is slightly lower when the IC is deviated at 10°. This observation would reĆect that a small angulation of the IC might enhance the haemodynamics within the ventricle and reduces stagnation within these regions. The analysis was carried out for two cases. These cases are P3 and P14. anatomy as between an insertion length of 10 mm and 34 mm, PTPM increases 3 and 1.5 times for P3 and P14, respectively. The thrombogenic potential is mainly higher for 10°angulation.

So far PTPM seems to be able to recognise thrombogenic proĄles and conĄgurations.

It was observed that IC features (angulation, length) do inĆuence the thrombogenic potential related to LVAD implantation. Nevertheless, the anatomical factor seems to be the most determining factor of the extend of this inĆuence on thrombogenic potential. Considering the simpliĄed geometry of our model, the limitations and perspectives of PTPM are investigated.

PTPM: limitation and perspective

The objective is to analyse the main limitation of our model and to open some perspectives. Simulations of a 3D patient-speciĄc geometrical model are used to analyse the inĆuence of the shape approximation and the in-plan deĄnition of the marker.

3D patient-specific model: Model presentation

The Geometrical model used in this section was developed previously by our team [START_REF] Collin | Preoperative planning and simulation for artificial heart implantation surgery[END_REF]. The model generation steps are illustrated in Figure 4.14. The 3D model of the Left Ventricle (LV) was generated from a preoperative contrast-enhanced CT scan of an LVAD implanted patient. Subsequently, the CT scan was segmented using the multi-atlas segmentation method [START_REF] Kirişli | Evaluation of a multi-atlas based method for segmentation of cardiac cta data: a large-scale, multicenter, and multivendor study[END_REF]. The obtained result (3D mesh of LV endocardium, left atrium and aorta) was built with ITK-Snap software [START_REF] Yushkevich | User-guided 3d active contour segmentation of anatomical structures: SigniĄcantly improved efficiency and reliability[END_REF]. The MV was determined by the mid-plane of the contact area between the LV and left atrial meshes, while the aortic valve was determined with the LV and aortic meshes. A smoothing step was then conducted on FLUENT to improve the quality of the mesh. This Ąnal mesh is characterized by a minimum and maximum cell size of 0.5 to 2 mm. The selected patient was implanted with a HM II pump. The 3D geometry of the IC pump (HM II) has been designed as a cylinder 100
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PTPM limitation: shape approximation

This analysis aims to evaluate how the PTPM is impacted by the 2D assumption on ventricular shape and haemodynamic. For that, two models are considered: the proposed 2D model and its corresponding 3D patient-speciĄc model, presented above.

For both models, two extreme IC angulations are studied: Apical and IVS conĄgurations. PTPM is applied on both 2D models and their corresponding plans in the 3D models (Figure 4.17), results are compared between different conĄgurations and confronted to the clinical outcome.

Table 4.11 illustrates the obtained results. As already mentioned, PTPM values are also presented with a scale of 10 -3 . 2D results are coloured according to the thrombogenic threshold.

PTPM values are much higher for 3D models than for 2D models. This result is expected as the WSS in 3D simulations is signiĄcantly higher than 2D simulations and 102
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For both models, PTPM results present the same tendency as the thrombogenic potential is higher for IVS conĄguration. PTPM results are also coherent with clinical outcomes. Since the PTPM of 2D models is above the thrombogenic threshold for both angulations, this patient may have thrombogenic proĄle.

PTPM limitation: analysis plan definition

For this analysis, PTPM is evaluated within a plan and its evaluation considers a 3D ventricular haemodynamic. The 3D model presented previously with its two IC con-Ągurations is investigated. Several plans are considered: at the centre of the cannula, for coaxial and IVS conĄgurations, and at a distant plan from the IC area. These plans are considered for each Cartesian axis (Figure 4.18). We can notice that for both con-Ągurations, the distant plan is in the middle of the ventricle in the xy plan while in the other plans, it is rather on the edge of the ventricle.

For each plan, PTPM results for coaxial and IVS conĄgurations are presented in Table 4.12 and Table 4.13, respectively. The average value of PTPM at the IC centre plans, along cartesian axis, is coloured in blue and the average value of PTPM at the distant plans, along cartesian axis, is coloured in light orange for both conĄgurations.

4.6. PTPM: limitation and perspective Overall, PTPM, whether per plan or per location, is higher for IVS than for coaxial conĄgurations. The average values of PTPM for longitudinal plans (yz and xz) are close for both conĄgurations. This suggests that considering one longitudinal plan might be sufficient to evaluate PTPM within the LV long axis. For distant plans, thrombogenic potential is considerably more important within yz and xz planes than within xy plan for both conĄgurations. These results are coherent as yz and xz distant plans are located close to the LV wall which is known to be a stagnation region. In average, having a higher PTPM value (at distant plans) for IVS conĄguration, suggests that stagnation risk is higher for IVS conĄguration. For the IC centre plans, PTPM is almost three times higher for IVS than coaxial conĄgurations. This difference might be explained by the higher WSS (not shown), especially around the IC for IVS con-Ąguration. Thrombogenic potential is signiĄcantly higher for IVS than for coaxial conĄgurations regardless of the analysis plan. PTPM, as currently deĄned, seem able to compare thrombogenic potential associated with several 3D conĄgurations. Considering one plan is deemed sufficient to identify the most and the least thrombogenic conĄgurations. Nevertheless, for a thorough investigation, two plans could be used: an IC centre plan and a longitudinal-distant plan to provide insight into blood stagnation and WSS, respectively.

The proposed 2D-PTPM seems coherent and relevant with 3D models. It should be noticed that these results are preliminary and that at this level of 3D analysis, the marker is used as a relative thrombogenic potential, capable to compare two given conĄgurations. To obtain an absolute marker for 3D applications, more cases should be investigated to adjust the thrombogenic threshold. Another advantage of this marker is that PTPM deĄnition have the ability to be extended to a 3D-PTPM by developing the vortices segmentation process, but at the cost of a higher computation time. This could be useful for further research and analysis.

Summary and conclusion

In this chapter, the Personalised Thrombogenic Potential Marker (PTPM) was proposed. It is a vortices-based marker that considers patientsŠ clinical conditions such as LV morphology (geometry, ventricular shape in diastolic and systolic phases), IC speciĄc features (geometry, implanted angle) and monitored data (pump Ćow rate).

PTPM is an absolute marker that does not require a comparative conĄguration and is coherent with clinical outcomes. Our results showed that IC angulation does inĆuence the thrombosis risk and this inĆuence depends greatly on LV anatomy. Indeed, no speciĄc IC angulation was neither optimal nor recommended for all patients. We noticed that the mean value of PTPM obtained for a wide range of simulated angulations could characterise the thrombogenic proĄle of the patient. These proĄles reĆect the tendency of LVAD related complications to occur. Results of the LV-D in-Ćuence showed that for a LV rather small or relatively dilated, the thrombosis risk increases which is coherent with clinical observations. Results of the inĆuence of IC 4.7. Summary and conclusion length showed that thrombosis risk increases with IC length, especially when the IC is deviated. Finally, we confronted PTPM results of a 2D model with a 3D patient-speciĄc model for two conĄgurations. Preliminary results on the 3D model had the same tendency with those obtained with the 2D model.
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Conclusion and perspectives

Heart Failure (HF) is a clinical condition where the heart fails to sustain the body needs. Its severity depends on the ability of the heart to pump blood and is classiĄed into four stages. Once the end-stage is reached a Heart Transplant (HT) is required.

However, facing heart graft shortage, Mechanical Circulatory Support (MCS) devices implantation are the only alternative. Depending on the condition of the patient, these devices could be used as a bridge to transplant or a destination therapy for patients that are ineligible for HT. Although MCS implantation has proven to be a sustainable therapy for HF patients, it is associated with adverse events, especially in the long-term consisting of thromboembolic events and pump dysfunction associated with thrombus formation.

In the literature, research took interest in the interaction of MCS devices with patients anatomy and physiology. Two main issues arose: morphological and Ćuid issues. The morphological constraints are mainly related to the available intra-thoracic space for MCS implantation and chest closure. In the case of Left Ventricular Assist Device (LVAD) implantation, this issue may result in InĆow Canula (IC) angulation which inĆuences the haemodynamic within the ventricle. This brings to the second issue related to Ćuid constraints. Some reported works assumed that thrombosis would be related to IC features (tip, length and angulation). They investigated the inĆuence of these features on Left Ventricle (LV) haemodynamic and attempted to evaluate the thrombosis risk through different means. In particular, Computational Fluid Dynamics (CFD) approaches have been used to analyse different Quantities Of Interest (QOI) in sought to asses blood stagnation, platelet activation and thrombosis risk as they are complex phenomena not fully grasped. Several issues remain unanswered since results are preliminary and even contradictory. The need to develop a marker able to predict thrombosis risk is still an open issue.

In this context, our work focused on thrombosis associated with LVAD implantation for HF patients. Using CFD computation, our aim was twofold: i) to better understand the behaviour of several QOI regarding the inĆuence of some IC features (length and angulation) and ii) to develop a personalised thrombogenic potential marker able to evaluate the thrombosis risk associated with IC features, especially IC angulation.

For the haemodynamic analysis, a generic 3D model was used as a reference to verify the 2D assumption where the same tendencies regarding IC angulation were found.

A simpliĄed 2D model that takes into account LV anatomy ratio and IC Ćow rate However, this work presents some limitations. Since the number of implanted devices remains limited, the number of clinical cases used to investigate the PTPM is reduced. Acquiring more clinical data from neighbouring hospitals would allow to validate the PTPM on more cases. The Aortic Valve (AoV) is not taken into account and could be represented in the 2D model. In practice, the measurements of the long AoV diameter of each patient and its associated ejection fraction could be collected and considered in the CFD simulations. It would be interesting to analyse the inĆuence of the AoV opening on the LV haemodynamic and its impact on the PTPM. A 3D approach of the marker could also be developed to deepen its use on 3D models. However, it should be taken into account that calculations are time-consuming and that a traditional computing machine is not a suitable solution for wide ranging investigations. Innovative solutions such as the Cloud or computing clusters may signiĄcantly reduce computation time. It would also be interesting to consider simulations taking into account heartbeats. Although HF patients have a reduced LV contractility, it remain interesting to perform heart-beating simulations, to investigate the inĆuence of wall motions on suction events and blood stagnation, especially at the apex.

This work is a promising lead towards the ambitious objective of developing a clinical decision support system able to predict the optimal IC angulation associated with the least thrombosis risk. A wide range of IC angulation is investigated and obtained results reveal that the proposed marker seems able to recognise thrombogenic configurations and highlighted thrombogenic profiles. While IC features do influence the thrombosis risk, simulations also suggest that the ventricular anatomy seems to be a determining factor of the extent of this influence. The proposed pipeline of simulation is a promising lead towards the development of a clinical decision support system.
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  xxi sang. Elle est classée en quatre stades. Lorsque le stade Ąnal est atteint, une Transplantation Cardiaque (TC) est nécessaire. Face à la pénurie de coeur disponible à la transplantation, lŠimplantation des dispositifs de ACM est la seule alternative. En fonction de lŠétat du patient, ces dispositifs peuvent être utilisés comme un pont vers la transplantation ou comme une thérapie de destination pour les patients qui ne sont pas éligibles pour la TC. Les dispositifs dŠACM peuvent être divisés en deux catégories : ceux qui consistent à transplanter un coeur mécanique (on parle de Transplantation Totale du Coeur (TTC)) et les Dispositifs dŠAssistance Ventriculaire (DAV) qui consistent à aider le ventricule dans son fonctionnement, en implantant une CA à lŠapex du ventricule et une canule dŠéjection dans lŠaorte (Figure 1). Bien que lŠimplantation des dispositifs ACM se soit avérée être une thérapie durable et bénéĄque pour les patients atteints dŠIC, elle est associée à des complications, surtout à long terme, à savoir des maladies thromboemboliques et un dysfonctionnement de la pompe associés à la formation de thrombus.
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 1 Figure 1 : Dispositif dŠassistance ventriculaire gauche.
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 2 Figure 2 : Contexte et positionnement de la thèse.

Figure 3 :

 3 Figure 3 : Approche 2D proposée.

  Cependant, une analyse simple et directe des différentes QI nŠest pas suffisante pour être utilisée et interprétée directement pour lŠaide à la décision clinique. Un marqueur capable dŠévaluer le risque de thrombose associé à une conĄguration spéci-Ąque (forme du VG et caractéristique de la CA) est nécessaire. Dans le chapitre suivant, un marqueur du potentiel thrombogène personnalisé est proposé.

Figure 4 :

 4 Figure 4 : Différentes plage dŠangulation de la CA.

  Heart Transplant (HT) is required for patients that reached an advanced stage of HF and that are resistant to medical treatment. Due to insufficient donor supply alongside with ineligible patients for HT, Mechanical Circulatory Support (MCS) currently represents the only alternative. These devices could be used to totally replace the heart (Total ArtiĄcial Heart (TAH)) or to assist the ventricle (Ventricular Assist Device (VAD)). VAD is an intra-thoracic pump connected to the assisted ventricle through a cannula. As indicated by its name, VAD assists the failing ventricle (left, right or both) to supply a sufficient cardiac output into the corresponding artery. It is composed of an intra-thoracic pump, an InĆow Canula (IC) anastomosed to the ventricle apex, an OutĆow Canula (OC) anastomosed to the artery (pulmonary artery / aorta depending on the assisted ventricle) and a drive-line connected to an extra-corporal battery. The most implanted VAD is the Left Ventricular Assist Device (LVAD).
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 11 Figure 1.1: Blood circulation.
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 12 Figure 1.2: Heart Location.
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 13 Figure 1.3: SuperĄcial heart anatomy (Anterior).
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 14 Figure 1.4: Heart anatomy and circulation.
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 151 Figure 1.5: Cardiac cycle. 1
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 1 Figure 1.6: P-V Loop of cardiac cycle. 2
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 17 Figure 1.7: Cardiac conduction system. 3
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 18 Figure 1.8: PQRST wave. 4
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 19 Figure 1.9: Heart beat: electrical/mechanical coupling.
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 110 Figure 1.10: Prevalence of hearth failure in population-based studies around the world, in percentage, per region. 5
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 111 Figure 1.11: Differences in mortality rate of heart failure patients according to age, gender, race and condition. CV -Cardio-Vascular; DD -Diastolic Dysfunction; EF -Ejection Fraction. 6

  Interagency registry for Mechanically Assisted Circulatory Support (INTERMACS) classiĄcation (Figure1.12) where proĄle 7 represents a less advanced stage of congestive HF (included in class III) while proĄle 1 represents a refractory cardiogenic shock (part of class IV).

Figure 1 .

 1 Figure 1.12: INTERMACS classiĄcation system compared to NYHA classiĄcation. 9

  implantation: these devices are implanted into the chest or abdomen of the patient to assist the heart into pumping blood efficiently. Once the end-stage of HF is reached and no alternative treatments are possible, MCS devices are used for patients in need of a Heart Transplant (HT). These patients could be in the waiting list or ineligible for heart transplantation.
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 113 Figure 1.13: Heart transplant Activities in 2018. 10 10. Source (European Directorate for the Quality of Medicines and Healthcare (EDQM), 2020)
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 114 Figure 1.14: Number of heart transplants (adult and pediatric) by year (transplants: 1988Ű2017) and geographic region. 11
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 115 Figure 1.15: Number of waiting list candidates compared to the number of trans-plantations by year, in France. 12
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 116 Figure 1.16: Mechanical circulatory support components; example of left ventricular assist device.12. Source (Agence de la biomédecine 2017 : Greffe cardiaque)
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 117 Figure1.17: Implant strategies by year.13 
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 118 Figure1.18: Normal structure and location of the heart (A) vs total artiĄcial heart, including the tubes that exit the body and connect to a machine that powers and controls the total artiĄcial heart (B).14 
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 119 Figure 1.19: Ventricular assist device pump: example of left ventricular assist device (HeartMate 3 -Thoratec Inc., pleasanton, CA).
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 1201 Figure 1.20: Ventricular assist devices categories.

Figure 1 . 21 :

 121 Figure 1.21: Conventional incision -sternotomy.
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 122 Figure 1.22: Minimal invasive incision -thoracotomy.
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 1 Figure 1.23: Extra-Corporeal Circulation (ECC).

Figure 1 . 24 :

 124 Figure 1.24: Mechanical circulatory support implantation -Surgical captures: 1. Total artiĄcial heart implantation (example: Syncardia Total ArtiĄcial Heart); 2. Left ventricular assist device implantation with a) insertion of apical cuff, b) insertion of left ventricular assist device within intrathoracic space (example: HM2).
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 125 Figure 1.25: Total artiĄcial heart implantation -Surgical steps. 15

An

  INTERMACS study have shown that MCS use have multiple advantages for patients. This prospective analysis is based on data collected from[START_REF] Kirklin | Interagency registry for mechanically assisted circulatory support (intermacs) quarterly statistical report 2017 q2. implant and event dates[END_REF][START_REF] Kirklin | Interagency registry for mechanically assisted circulatory support (intermacs) quarterly statistical report 2017 q2. implant and event dates[END_REF]. In 2017, 168 hospitals participated in INTERMACS and 20,212 patients 
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 126 Figure 1.26: Left ventricular assist device implantation -Surgical steps (example of HM3). 16
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 21 Figure 2.1: Different anatomical structures interacting with the LVAD device. 1
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 22 Figure 2.2: State of the art of MCS numerical approaches.°LVAD issues;* TAH issues

  apex that may lead to thrombus formation.[START_REF] May-Newman | The effect of inĆow cannula length on the intraventricular Ćow Ąeld: An in vitro Ćow visualization study using the evaheart left ventricular assist device[END_REF] used a mock circulatory loop to demonstrate that Ćow alteration arises the further the IC is inserted into the LV.[START_REF] Liao | Ventricular Ćow dynamics with varying lvad inĆow cannula lengths: In-silico evaluation in a multiscale model[END_REF] coupled CFD and LPM models to consider LV motions for four different IC lengths. They observed that a longer IC promotes LV washout and reduces Residence Time (RT), a short IC disturbed vortices near the IC, diminished vortical structure and lowered the peak in kinetic energy, while the same low pulsatility regions and the Ćuctuation of stagnation regions during the cardiac cycle, were observed regardless of the IC length. They concluded that that optimal IC length depends on LV morphology.[START_REF] Sonntag | Virtual Ątting and hemodynamic simulation of the evaheart 2 left ventricular assist device and double-cuff tipless inĆow cannula[END_REF] simulated three different IC lengths of the EVAHEART pump. They deduced that IC length does not inĆuence the pumping or the systemic blood Ćow and a decrease of IC length reduces IC malpositioning risks and increases kinetic energy, the interaction with intra-ventricular vortices and thrombosis risk.[START_REF] Motomura | Preclinical evaluation of the evaheart 2 centrifugal left ventricular assist device in bovines[END_REF] experimented on eight bovines implanted with the EVAHEART 2 pump, which has a short IC length. They showed that the short IC tolerates better inĆow malposition and may mitigate the risk of thrombus formation and ventricular wall suction. However,[START_REF] Chivukula | Left ventricular assist device inĆow cannula insertion depth inĆuences thrombosis risk[END_REF] used a CFD approach. They considered RT and shear stress of launched particles to deĄne a High Thrombogenicity (HTh) zone and quantify Thrombogenic Potential (TP) score by simulating a small-sized ventricle suffering from HF. They, concluded that a long IC increases the proportion of particles in the HTh zone and the TP score.[START_REF] Entezari | Numerical investigation of the effects of cannula geometry on hydraulic blood Ćow to prevent the risk of thrombosis[END_REF] also took interest in IC length, using CFD simulation. They observed that increasing IC length increases stagnation and reduces thrombosis risk, platelet activation and hemolysis. However, due to LV motion, IC length increases vorticity which enhances thrombosis risk. They Ąnally concluded that the IC standard geometry in average showed better functioning conditions.

  Figure 2.4 presents two postoperative radiography images of LVAD implantation showing two different IC angulations. Few studies have focused on the impact of the IC angulation on the factors of stagnation and the thrombosis risk within the LV. Using in-vitro models, (Laumen et al., 2010) realised a beating mock ventricle. The LV geometry was extracted from MRI images of a dilated LV at end systole and the study investigated an extreme IC angulation, bend toward the outĆow tract. They noticed that IC angulation leads to more vortices, resulting in a better washout. (May-Newman et al., 2019a) investigated, through a mock circulatory loop, the impact of two different IC orientations.

  identiĄed two other angulations present in some LVAD devices. They used CFD simulation to investigate different elbow and circumferential IC angles and evaluated TP through accumulated stress of virtual platelets.[START_REF] Prisco | Impact of lvad implantation site on ventricular blood stagnation[END_REF] compared blood stagnation by introducing a virtual ink for two extreme IC implantations. However, little differences were observed between both conĄgurations.[START_REF] Chivukula | Left ventricular assist device inĆow cannula angle and thrombosis risk[END_REF] evaluated IC angulation by deĄning a TP score based on platelet shear stress history and residence time; the proposed score was, however, unable to assess the risk of thrombosis for IC angulations greater than ±14°.[START_REF] Ghodrati | The inĆuence of left ventricular assist device inĆow cannula position on thrombosis risk[END_REF] simulated two LVAD implanted LV geometries based on CT scans. They simulated two models of two ventricles with different IC angulations implanted at the apex. Their analysis put the focus on the distance of the IC to the lateral and septal wall, rather than the angle of the IC with respect to MVŰIC axis. They concluded that the model with central implantation and higher IC angu-2.3. Mechanical and Fluid issues lation had higher blood washout and lower stagnation. Only one study focused on thrombus formation mechanism due to IC insertion.[START_REF] Rojano | Multi-constituent simulation of thrombus formation at lvad inlet cannula connection: Importance of vir-chowŠs triad[END_REF] simulated, a dilated LV and introduced a simpliĄed biochemical scheme for thrombin formation.They concluded that platelet activated mechanically predominate the chemical platelet activation. This mechanical activation promote accumulation along the circumference of the inner rim of the IC was coherent with thrombus deposition observed clinically and that the biochemical scheme resulting in a concentration of thrombin occurs in regions with low shear stress and poor wash-out. These regions are due to coagulation reaction of tissue damage rather than mechanical platelet activation, which explains thrombus formed at early stage of LVAD implantation due to surgical procedure but not at the long-term.
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 2324 Figure 2.3: IC insertion: aligned IC vs. angled IC

Figure 2 .

 2 Figure 2.5 summarises pump and IC inĆuential features and associated anatomical and Ćuid consequences. Research investigated the inĆuence of IC features on ventricular haemodynamic and attempted to link blood Ćow alterations with the risk of thrombosis. Nowadays, CFD computation analysis are becoming more used in the research Ąeld as they are affordable and allow complex investigations. In the following, we will concentrate on research that investigated the inĆuence of mechanical and Ćuid alterations of LVAD on ventricular haemodynamic using CFD computation.

Figure 2 . 5 :

 25 Figure 2.5: Summary of IC inĆuential features and related consequences.

Figure 2 . 6 :

 26 Figure 2.6: Work positioning.

  The LV is deĄned by the short axis, Left Ventricle -Diameter (LV-D) and the long axis, Left Ventricle -Height (LV-H). The MV is deĄned by the Mitral Valve long Diameter (MV-D). The IC is deĄned by the InĆow Canula Diameter (IC-D), the InĆow Canula Length (IC-L), the InĆow Canula Angular Deviation (IC-AD) from the LV long axis and the IC surface, an IC tip at the cross-section, where the blood exits the LV and enters the IC. Thereafter, we will use the term IC angulation to refer to IC-AD.

Figure 3 . 1 :

 31 Figure 3.1: Model deĄnition, with LV features (A) and IC features (B).

(

  LV-D < 55 mm). Both ventricular shapes (LV-D/LV-H ratio) are similar (≃ 0.58) and the Flow Rate (Q) of both pumps are similar and considered average Q used for LVAD patients. The main difference between these two cases lies in a signiĄcant volume difference (almost doubled).Case LV-D (mm) LV-H (mm) VM-D (mm) LV volume (10 -5 m 3 ) Q (L.min -1 )

ŮChapter 3

 3 IC0: where the IC is facing the MV as recommended by the clinical guidelines 50 Model definition for haemodynamics analysis (IC-AD = 0°).

Figure 3 . 2 :

 32 Figure 3.2: Phases of virtual ink technique.

Figure 3 . 3 :

 33 Figure 3.3: 3D approach: Numerical Model.

  lines and magnitude are used to identify low velocity regions. They are considered as low velocity re-circulation regions with low velocity magnitude. No explicit low

Figure 3 .

 3 Figure 3.4 presents the simulation results for C3 and C14 for both IC angulations.

Figure 3 . 4 :

 34 Figure 3.4: CFD simulation results for C3 (top) and C14 (bottom) for both IC angulation 0°(IC0) and 20°(IC20).

Figure 3 . 5 :Chapter 3

 353 Figure 3.5: Relationship between 2D and 3D models.

Figure 3 . 6 :

 36 Figure 3.6: Model deĄnition with LV features (A) and IC features (B).

Figure 3 . 7 :

 37 Figure 3.7: 2D assumption: Numerical model.

Figure 3 . 8 :

 38 Figure 3.8: Simulation results for C3 in 3D (top) and 2D (bottom).

Figure 3 .Chapter 3

 33 Figure 3.8 and Figure 3.9 illustrate the comparison between the 3D and 2D resultsfor both conĄgurations (IC0 and IC20) for C3 and C14 respectively. For 2D and 3D simulations, the velocity proĄle is laminar with a mean velocity of 34 m.s -1 in the central jet and a reduced velocity within the LV wall and apex. The velocity mag-

Figure 3 . 9 :

 39 Figure 3.9: Simulation results for C14 in 3D (top) and 2D (bottom).

Figure 3 .

 3 Figure 3.10: 2D model: Input / output.

Figure 3 .

 3 Figure 3.11: Proposed Numerical Model.

Figure 3 .

 3 Figure 3.12 and Figure 3.13 present the velocity path-lines for C3 and C14 respectively

Figure 3 .

 3 Figure 3.14 and Figure 3.15 present the RIC for C3 and C14 respectively where the RIC maxima are overall higher (RIC ≥ 0.5) for C3 than for C14. Wide ranging investigation allowed to distinguish three angulations ranges for both LV shapes (Ben Abid et al., 2019). These ranges are illustrated in Figure 3.16 and divided as follows: -Apical angulations [0°, 40°] -Inter-Ventricular Septum (IVS) angulations [70°, 90°]. -Intermediate angulations [50°, 60°].For apical angulations range, RIC is high and increases with IC angulation suggesting that LV washout is enhanced with an aligned IC (0°). For intermediate angulations range, RIC behaviour regarding IC angulation changes.

Figure 3 . 14 :

 314 Figure 3.14: IC angulation: RIC for case C3. Areas coloured in red when the RIC is 50% of the initial red ink concentration or more.
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 33 Figure 3.15: IC angulation: RIC for case C14. Areas coloured in red when the RIC is 50% of the initial red ink concentration or more.

Figure 3 . 16 :

 316 Figure 3.16: Angulation ranges based on the RIC distribution.

Figure 3 . 17 :

 317 Figure 3.17: WSS max as a function of IC angulations, for C3 and C14.

  6. Three IC lengths are considered: Ů IC-L: 34 mm corresponding to the IC length of Berlin INCOR LVAD: Long Ů IC-L: 20 mm corresponding to the IC length of HM2 and HM3 Ů IC-L: 10 mm which is an empirical value for analysis purpose.

Figure 3 .Chapter 3

 33 Figure 3.18 and Figure 3.19 illustrate the inĆuence of IC length on LV haemodynamic, considering two IC angulations [0°, 10°] for C3 and C14, respectively. For both cases, the laminar proĄle located at the central jet is equivalent for the different IC lengths.The maximum velocities are similar with a slight increase when the IC the IC angulation is 10°. One can observe that the increase of IC length, increases the extend of

Figure 3 . 18 :

 318 Figure 3.18: IC length: Velocity pathlines for case C3.

Figure 3 .

 3 Figure 3.19: IC length: Velocity pathlines for case C14.

Figure 3 .

 3 Figure 3.20 and Figure 3.21 illustrate the impact of IC length combined with IC angulation on RIC for both C3 and C14, respectively. RIC is slightly higher for conĄgurations with an IC angulation of 10°.

Figure 3 . 20 :

 320 Figure 3.20: IC length: RIC for case C3. Areas coloured in red when the RIC is 50% of the initial red ink concentration or more.

Figure 3 .Chapter 3

 33 Figure 3.21: IC length: RIC for case C14. Areas coloured in red when the RIC is 50% of the initial red ink concentration or more.

  factors of thrombogenic potential: the platelet activation which is the main factor of thrombus formation. The blood stagnation which considers factors enhancing platelet deposition and accumulation, these factors consist of blood stasis and RT of blood particles. Finally, the anatomical factor which is proper to each patient, reĆects the condition of the failing ventricle and impacts LV haemodynamic.The proposed PTPM is deĄned as follows:PTPM = P WSS .s B .F AC (4.18)where P WSS is the platelet activation potential, s B is the blood stagnation score, and F AC is the anatomical correction factor. The marker is dimensionless, positive and does not exceed 1.

Figure 4 . 1 :

 41 Figure 4.1: Transfer function of the Platelet Activation Potential (PWSS).

4. 3 .

 3 Personalised Thrombogenic Potential Marker: A Novel Digital Marker mean value of the WSS within the ventricle to the activation interval [3.5, 5] Pa using a transfer function deĄned in Figure 4.1.

Blood

  Stagnation risk vector p: Definition Blood stagnation risk vector quantiĄes stagnation within each vortex formed in the ventricle. Vortices are identiĄed based on the enhanced swirling strength criterion. Each identiĄed vortex is delimited according to its orbital compactness map, governed by the orbital compactness equation (4.16-(ii)). Once the boundary of each vortex is obtained, potential vortical regions are deĄned. These regions are evaluated based on the swirling strength map governed by the swirling strength equation (4.16-(i)). Potential vortical regions with a sufficient orbital compactness (p C ) and swirling strength are vortical regions. Once these regions are identiĄed, each one of them is quantiĄed based on the weighted average values of swirling strength, velocity magnitude, and RIC to evaluate blood stagnation regions within the ventricle. The main steps to evaluate the blood stagnation regions are summarised in Figure 4.2.Swirling Strength (p SW ), Velocity Magnitude (p V ) and RIC (p RIC ) are the attributes of the blood stagnation risk vector (p). According to the literature, none of these attributes seems to have a more signiĄcant impact on blood stagnation, thus, these attributes are equally weighted (a = 1 3 ). To summarise, vortical region are identiĄed according to the enhanced swirling strength criterion governed by equation (4.16). This equation is transcribed through p C and p SW attributes. Finally, the number of vortices identiĄed (N ) and their associated blood risk vectors (p n ) are evaluated according to the following algorithm: Algorithm 2 Pseudo-code for blood stagnation regions evaluations n = 0 2: for i ← 1, X do if p c i ̸ = 0 and p SW i ̸ = 0 then 4:

4. 3 .

 3 Personalised Thrombogenic Potential Marker: A Novel Digital Marker

Figure 4 . 2 :

 42 Figure 4.2: Summary of the main steps to evaluate blood stagnation regions.

Figure

  Figure 4.4-(a).

  regions that satisfy the second condition of the enhanced swirling strength criterion (4.21) are vortical regions. These regions are transposed on the swirling strength, RIC and velocity magnitude images in order to quantify the stagnation risk within each vortical region (Figure 4.3).

Figure 4 . 3 :

 43 Figure 4.3: Image segmentation process based on vortices identiĄcation. * deĄne the maximum values positions of each region. Since the swirling strength is also used for vortices quantiĄcation, the mean value of the swirling strength is attributed to (p SW ) via a transfer function deĄned in Figure 4.4-(b) where p SW is considered maximal starting from 10 s -1 .

Figure 4 . 4 :

 44 Figure 4.4: Transfer functions associated with the blood stagnation attributes.

Figure 4 . 5 :

 45 Figure 4.5: Representation of the sphericity index computation of the left ventricle. LV is the left ventricle at a speciĄc phase (diastole/systole); A is LVD and B is LVL.

Figure 4 . 6 :

 46 Figure 4.6: Personalised Thrombogenic Potential Marker pipeline.

  proposed PTPM depends on different parameters. While most of them are intrinsic and proper to the investigated case such as LV geometry and IC Ćow rate (Q) as well as CFD simulation results (velocity magnitude, its derivatives and WSS), RIC settings (Ąlling and clearing phases) are extrinsic and might be an inĆuencing parameter of the marker. The inĆuence of RIC settings on the PTPM performance is investigated and a thrombogenic threshold of the PTPM is then deĄned. The Ąnal PTPM is used for conĄgurations of two different clinical data sets (patients implanted with HM2 and HM3) and obtained results are compared with clinical outcome.4.4.1 Clinical databaseIn the university hospital of Rennes, 88 patients were implanted with either LVAD or a total artiĄcial heart between 2007 and 2021. Patients implanted with HM2 and HM3 were selected since they are the most implanted devices, 38 patients and 22 patients for HM2 and HM3, respectively. Due to the bad echogenicity of most HF patients (Figure4.7) and the lack of data for others (after LVAD implantation, the follow up of some patients was performed in other hospitals), the number of patients selected for the study was 14 for HM2 and 5 for HM3.Given the user-dependent nature of measurements made on ultrasound images, data measures were performed by two clinical experts. Ventricle features were clinically obtained from ultrasound images (Figure4.8). For the geometry creation, LV-D was 4.4. Personalised Thrombogenic Potential Marker: settings measured from a long axis parasternal view while MV-D and LV-H were measured from apical four-chamber view (LV-H being the distance for MV plan to LV apex) during the diastole phase. For F AC attribute computation, LV-D and LV-H were measured from apical 4/2-chamber views during diastolic and systolic phases during two consecutive cardiac cycles (Figure4.7). IC measurements were obtained from Abbott laboratories and IC implanted angulation (IC-AD) related to each patient was measured from CT-Scans (Figure4.10). To the extent of possible, all clinical data related to each patient (LV measures, IC angulation and Ćow rate (Q) were measured around the same time-period for two reasons. First, the Ćow rate varies throughout the implantation which may impact LV shape and second, to prevent an eventual evolution of the pathology that may exacerbate the ventricular remodelling. Table 4.1 and Table 4.2 present the patientsŠ conditions and outcomes as well as the clinical information related to the LV and IC features with HM2 and HM3 respectively. In both tables, IC implanted angle column represent the IC-AD measured for each patient. These measures are user-dependent (Figure 4.10), hence, IC-AD angles were rounded to the nearest 5°for CFD simulations. For conĄdentiality purpose, Patients ID matches those within the clinical data base. According to clinician, a ventricle is considered dilated when its diameter is superior to 55 mm (LV-D> 55).

Figure 4 . 7 :

 47 Figure 4.7: Ultrasound images in long axis parasternal (above: A/B) and 4-chamber (below: C/D) views during diastolic phase for patients with bad (right: B/D) vs. good (left: A/C) echogenicity.

Figure 4 . 8 :

 48 Figure 4.8: LV measures in diastolic phase from Ultrasound images of LV-D measure in long axis parasternal view (A) and measures of LV-H and VM-D in 4-chamber view (B and C, respectively).

Figure 4 . 9 :

 49 Figure 4.9: Ultrasound images during diastolic (A) and systolic (B) phases of LV-D and LV-H measures (for the same left ventricle) in 4-chamber view.

Filling

  and clearing settings: As explained previously, different settings of RIC are possible: for the Ąlling phase, the Left ventricle Volume (VL) could be Ąlled partially or totally and for the clearing phase, the clearing could be proportional to the Filling Time (FT) or Ąxed. The impact of different RIC settings on the PTPM performance is investigated (Table 4.3). Area Under Curve (AUC) of the Receiver Operating Characteristic (ROC) curve eval-92 Chapter 4 A personalised thrombogenic potential marker

Figure 4 . 10 :

 410 Figure 4.10: Measure of IC implantation angle on CT-scan.

Figure 4 . 11 :

 411 Figure 4.11: ROC curve of different Ąlling and clearing phases for HM2 patients.

Figure 4 . 12 :

 412 Figure 4.12: Youden Index identiĄcation on the ROC curve.

  4.4.3 PTPM: comparison to clinical outcomePTPM is applied to conĄgurations of two set of clinical data: HM2 implanted patients (

Figure 4 . 13 :

 413 Figure 4.13: InĆuence of LV-D variation on ventricular shape.

Figure 4 . 14 :

 414 Figure 4.14: Illustration of the different geometry elaboration steps. 1

  Figure 4.15 summarizes the numerical model. It should be noticed that except for the Large Eddy Simulation (LES) Ćow assumption, the numerical model is the same as the proposed 2D models. The turbulent Ćow assumption was tested with this model to enhance vortices formation.

Figure 4 . 15 :

 415 Figure 4.15: Numerical model of the CFD simulation.1. Source[START_REF] Collin | Preoperative planning and simulation for artificial heart implantation surgery[END_REF] 

Figure 4 . 16 :

 416 Figure 4.16: Investigated Cases: Apical (0°) and IVS (90°) conĄgurations.

Figure 4 .

 4 Figure 4.17: 2D proposed model and their corresponding 3D planes.

Figure 4 .

 4 Figure 4.18: PTPM: investigated plans.

Chapter 4

 4 was proposed. This model was used to investigate the inĆuence of a wide range of IC angulations and different IC lengths on the haemodynamic for two distinct LV shapes based on several QOI: velocity path-lines, Remaining Ink Concentration (RIC) and Wall Shear Stress (WSS). The 2D analysis emphasised the interest of considering the vortices formed within the ventricle. Indeed, IC angulation analysis highlighted that to pursue low velocity and RIC within vortices would allow a better understanding of LV haemodynamic. we distinguished three angulation ranges where QOI behaviour was different. IC length analysis concluded that IC angulation increases the impact of the IC length on LV haemodynamic.Investigating QOI behaviour on a wide range allowed a better understanding of LV haemodynamic regarding IC features. Although the straightforward analysis of different QOI separately, allowed a considerable insight into blood stagnation and platelet activation, it could not be of immediate use for clinical decision support.A Personalised Thrombogenic Potential Marker (PTPM) was proposed to predict the thrombosis risk. It considers platelet activation through WSS, Anatomical Correction Factor (F AC ) through Left Ventricular Sphericity Index (LVSI) during diastolic and systolic phases and blood stagnation through low velocity, high RIC and swirling strength within vortical regions. By combining the 2D model and PTPM a pipeline of simulation adapted to clinical cases was proposed. This pipeline was applied to several clinical cases (19 patients implanted with HeartMate 2 (HM2) and Heart-Mate 3 (HM3)) to assess the marker settings, thrombogenic threshold (both for HM2 patients) and efficiency by confronting the marker results to the clinical outcome (for HM2 and HM3 patients). A wide range of IC angulations was investigated and we observed that PTPM seemed able to recognise thrombogenic conĄgurations and highlight thrombogenic proĄles. Our results also showed that the least thrombogenic IC angulation depends tightly on the LV anatomy. The inĆuence of IC length on the PTPM for two IC angulations was also investigated and we noticed that the increase of IC length increases thrombosis risk. The increase of this risk is enhanced with IC angulation and its extent depends on the LV anatomy. Additional results showed that the PTPM obtained for a 2D model was coherent with the PTPM obtained for a 3D patient-speciĄc model.To the best of our knowledge, this is the Ąrst work where the proposed model is parameterised with patient and monitoring data (LV anatomical ratio, IC clinical an-108 Conclusion and perspectives gulation and pump Flow Rate (Q)). This personalised aspect is emphasised with the proposed PTPM by considering the LVSI during diastolic and systolic phases. This absolute marker has the ability to evaluate the thrombosis risk related to a speciĄc conĄguration without requiring a comparative conĄguration. Its deĄnition has the potential to be adapted to different complexity levels according to the user interest (2D, 3D or 2D-3D).
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 1 Figure A.1: TAH without FDA approval

Figure A. 2 :

 2 Figure A.2: TAH with FDA approval

Figure A. 3 :

 3 Figure A.3: TAH prototypes.

Figure C. 1 :

 1 Figure C.1: Analytical velocity proĄle.

Figure C. 2 :

 2 Figure C.2: Average velocity proĄle.

Title:

  In silico thrombosis risk analysis for left ventricular assist device implantation Keywords: LVAD implantation, CFD analysis, Personalised Thrombogenic Marker Abstract: In the context of end stage heart failure, implantation of a Left Ventricular Assist Device (LVAD) is associated with serious complications. The aim of this thesis is to investigate the influence of IC features (length and angulation) on thrombosis risk by considering ventricular anatomy through a Computational Fluids Dynamics (CFD) approach. We propose a simplified model. The 2D assumption is first verified by comparing a 3D model and its corresponding 2D model, same haemodynamic tendencies were found. The proposed model is then used to analyse the influence of IC features on LV haemodynamic which allowed proposing a Personolised Thrombogenic Potential Marker (PTPM) based on vortices formation and ventricular morphology. To assess the marker effi-ciency, several clinical cases are investigated (19 patients implanted with HM2 & HM3). PTPM results are compared to clinical outcome. The marker seems able to accurately distinguish between patients with and without LVAD related complications.

  

  

  

  

  

  

  Cependant, ce travail présente certaines limites. Comme le nombre de dispositifs implantés reste limité, le nombre de cas cliniques utilisés pour étudier le MPTP est réduit. LŠacquisition de plus de données cliniques provenant de plusieurs centres cliniques permettrait de valider le marqueur sur un plus grand nombre de cas. La Valve Aortique (VAo) nŠest pas prise en compte et pourrait être représenté dans le modèle 2D. En pratique, les mesures du long diamètre de la VAo de chaque patient ainsi que de la fraction dŠéjection associée pourraient être collectées et prises en compte dans les simulations MFN. Il serait intéressant dŠanalyser lŠinĆuence de lŠouverture de la VAo sur lŠhémodynamique du VG et son impact sur le MPTP. Une approche 3D du marqueur pourrait également être développée pour approfondir son intérêt.
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 1 

  To investigate the impact of LVAD implantation on ventricular Ćow, these different means were used to study the inĆuence of the pump and IC features.

	2.3.2 Issues related to LV haemodynamic
	LVAD support changes blood Ćow and properties within the ventricle. These changes
	are due to blood pumping and presence of IC (McCormick et al., 2013) and may lead
	to thrombosis related complications. (Litwak et al., 2008) performed a retrospective
	analysis on 141 VAD implanted calves for up to 200 days to analyse adverse events as-
	sociated with VAD implantation. They investigated different implantation sites (LV

2.3. Mechanical and Fluid issues

text of LVAD, these different methods have been considered for LV haemodynamic analysis. apex vs. atrium), with eleven different VAD brands and types (CFVAD vs. PFVAD)

  considered a mock loop of a beating ventricle inserted with two commercialised IC with different tips and evaluated the impact of IC tip geometry on the dynamics Ćow using Particle Image Velocimetry (PIV) measurements. They concluded that IC tip geometry had small inĆuence on ventricular

Ćow.

[START_REF] Bachman | In vitro evaluation of ventricular cannulation for rotodynamic cardiac assist devices[END_REF] 

concentrated on the degree of ventricular decompression and collapse for two different IC forms, using a mock loop of a non-beating bovine heart. They concluded that IC tip geometry may greatly affects suction events which enhances myocardial trauma. Using CFD simulations,

[START_REF] Fraser | Computational Ćuid dynamics analysis of thrombosis potential in left ventricular assist device drainage cannulae[END_REF] 

studied three available venous cannulas sizes of a commercial paediatric VAD. They observed Ćow Ąeld and shear rate to identify potential stagnation and thrombosis regions, respectively within each cannula.

[START_REF] Tsukiya | Computational Ćuid dynamic analysis of the Ćow Ąeld in the newly developed inĆow cannula for a bridge-to-decision mechanical circulatory support[END_REF] 

conducted a numerical Ćow analysis for a lantern-like IC tip designed for short-term use. They considered pressure loss, velocity vectors and shear stress to assess hydraulic resistance, potential stagnation and thrombus formation, respectively. Using a generic LV model,

[START_REF] Liu | Numerical simulation of lvad inĆow cannulas with different tip[END_REF] 

focused on the inĆuence of tip shape on LV haemodynamic and suction event aiming to design an IC suitable for long-term use. They observed the Ćow Ąeld, static pressure and WSS in four different IC tips to identify potential stagnation and thrombosis regions. Inspired by

  Mechanical and Fluid issues et al., 2008) carried out a retrospective analysis on 2016 patients and observed that 3.8% of patients implanted with a long IC had thromboembolic events versus 23.3% of patients implanted with a short IC. however,[START_REF] Laumen | Flow analysis of ventricular assist device inĆow and outĆow cannula positioning using a naturally shaped ventricle and aortic branch[END_REF]) used a beating mock ventricle and concluded that IC length highly impacts blood Ćow, thus, ventricular washout.[START_REF] Ong | Numerical investigation of the effect of cannula placement on thrombosis[END_REF] noticed, through CFD simulations, that the increase of the IC length increases vortices intensities and blood stagnation at the

	due to wall motion, which enhances thrombosis risk. They Ąnally concluded that the
	standard IC geometry presented, in average better results. Even though investigating
	the effect of IC tip remains interesting, currently commercialized LVAD have an IC
	commonly shaped as a cylinder.
	Another feature is the impact of the IC length. A long IC may damage the functioning

by considering LV wall motion. They considered velocity, vorticity and shear rate to attempt to evaluate thrombosis. They observed that the increase of the size or number of holes decreases blood stasis and thrombosis risk and increases hemolysis and platelet activation. However, the increase in size or number of holes, increases also vorticity, of the MV and AoV since the pressure induced by the aspiration of the LVAD is too important on the leaĆets of the valve and chordae. The more the IC is long, the more it is likely to interact with the LV wall which may promote suction events. (Schmid 2.3.

  Table 2.1 presents research carried out on factors impacting the ventricular haemodynamic. The Ąrst column of the table presents the different subjects of interest, the second column enunciates the inĆuencing factor, and the third column presents the investigated QOI and main results.Depending on the research interest, several QOI are investigated. They consist mainly in Pressure, Velocity, RT, Shear Stress and Vorticity. While Pressure is used in assessing suction events, the remaining QOI are used to analyse LV haemodynamic, through the risk of thrombosis. Thrombus formation is a complex combination of blood stagnation, platelet activation and chemical reactions, all not fully understood.

Table 2 . 1 :

 21 Literature summarizing the factors inĆuencing physiological modiĄcations of the hemodynamic in the left ventricle.

	P°= Pressure; MV = Mitral Valve;VAo: Aortic Valve; RT = Residence Time; WSS = Wall Shear Stress;
	LV = Left Ventricle; V = Volume
	2.4. Computational modelling

Table 2 .

 2 

2: Overview of the main CFD models limitations encountered in the literature. LV = Left Ventricle; AoV = Aortic Valve; IC = InĆow Cannula; VAD = Ventricular Assist Device; LVAD = Left Ventricular Assist Device

Table 3 .

 3 

1: Investigated cases.

Table 3

 3 

	.2: HM2 pump properties.

Table 3 . 3 :

 33 QOI reading grid for thrombogenic analysis.

  . Its maximal values are low for

					IC0 IC20
				Velocity pathlines	-	+
		Thrombogenic factors	Blood Stagnation	Low velocity regions Maximal Value RIC Distribution	+ + +	+ --
			Platelet Activation	WSS maximal value WSS distribution	++ ++ ++ +
			Qualitative score		+	+
		Table 3.4: QOI reading grid of both IC angulations for C3.	
	54	Chapter 3 Model definition for haemodynamics analysis		

Table 3 . 6 :

 36 Impact of IC angulation on WSS maximal value for both cases.

		0°10°20°30°40°50°60°70°80°90°C		
	3	1.72 1.73 1.74 1.75 1.86 2.21 2.84 3.23 3.31 3.36
	C14	1.86 1.88 1.89 1.89 1.92 1.95	2	2.9 3.35 3.45

Table 3 .

 3 7 illustrates the inĆuence of IC length on WSS maximal values. WSS is low for all conĄgurations. The variation of WSS in regard to IC angulation is more signiĄcant for the longest IC (34 mm). When IC-AD = 0°, WSS decreases as IC length increases. However, when IC-AD = 10°, WSS increases as the IC length increases. For IC lengths of 10 mm and 20 mm, WSS maximal values are close for both angulations.To summarise , IC length inĆuences LV haemodynamic, this inĆuence is enhanced with IC angulations. The inĆuence on QOI behaviour, especially WSS is greater as the IC length increases. As for IC angulation, Same tendencies in QOI behaviour were identiĄed for both LV shapes.

	Max WSS (Pa)	C3	C14
		0°10°0°10°I	
	C-L	1.69 1.77 1.84 1.97
	34mm		
	IC-L	1.72 1.73 1.86 1.88
	20mm		
	IC-L	1.71 1.73 1.87 1.89
	10mm		

Table 3 .7: Impact

 3 of IC angulation on WSS maximal value for both cases.

Table 4 . 1 :

 41 Patient conditions and HM2 LVAD implantation features.

	Patient ID	Ventricular Features	LVAD Features	Complication occurred after
	LV			LVAD implantation

Condition VD (mm) VL (mm) MV (mm) F LVSI IC Implanted Angle (°) Q (L/min)

  

	P2	Not Dilated	45	62.9	29.5	0.700	25	5.3	stroke
									8 months
	P18	Dilated	61	73	36.7	0.800	31	6	None
									3 years
	P19	Not Dilated	53.7	60	31.6	0.785	21.	3.6	None
									1.5 years
	P20	Dilated	59.5	70.1	33	0.645	16.4	4.8	None
									3 years
	P23	Dilated	56.4	86.9	34.4	0.788	15	4.4	None
									3.5 years

Table 4 . 2 :

 42 Patient conditions and HM3 LVAD implantation features.

4.4. Personalised Thrombogenic Potential Marker: settings

Table 4 .

 4 

3: Filling and clearing phases investigated conĄgurations.

Table 4 .

 4 

4: Youden Index identiĄcation.

Table 4

 4 

.1) used for PTPM settings (RIC setting and thrombogenic threshold) and HM3 implanted patients (Table

4

.2) used to check the performance of PTPM when a pump change occurs. Results are compared to clinical outcome.
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Table 4 .

 4 5 and Table4.6 illustrate obtained results for HM2 and HM3 implanted patients, respectively. In the Ąrst column, patients IDs are coloured according to their clinical outcome: those coloured in red are patients that presented LVAD related complications (stroke or pump thrombosis) and those in green are patients that did not present any LVAD related complications. In the third column, PTPM results are coloured according to thrombogenic threshold: those coloured in light red and light green are considered as cases associated with high and low thrombogenic potential, respectively. It should be noted that from this point onward, PTPM results are presented with a scale of 10 -3 . For both data sets (HM2 and HM3), the marker is coherent with clinical outcome as it seems able to accurately distinguish between patients with and without LVAD related complications.

	Patients IDs IC implanted angle (°) PTPM (10 -3 )
	P1	60	0.50
	P3	45	0.33
	P4	30	0.57
	P5	30	0.57
	P8	20	0.20
	P9	50	0.47
	P10	65	0.67
	P11	20	0.41
	P12	0	0.45
	P13	30	0.39
	P14	0	0.46
	P15	35	0.33
	P16	15	0.34
	P22	0	0.22

Table 4 . 5 :

 45 PTPM obtained for HM2 implanted patients.

	4.5 PTPM: applications for decision support

PTPM is used to investigate the inĆuence of IC and LV features on the thrombosis risk. Three features are considered: IC angulation, IC length and LV diameter. 4.5. PTPM: applications for decision support

Table 4

 4 

.7 illustrates PTPM associated with each IC angulation and the mean obtained for each patient (19 patients). As already mentioned, the patients ID column is coloured according to clinical outcome: in red are patients that presented LVAD related complications and in green are patients that did not present any LVAD related complications. PTPM results are also coloured according to thrombogenic threshold: light red and light green are considered as cases associated with high and low thrombogenic potential, respectively. For each patient, values written in bold highlights the IC angulation associated with the highest PTPM while values written in bold and underlined highlights the IC angulation associated with the least PTPM.

Table 4 .7: PTPM

 4 

	angulation, es-

: inĆuence of IC angulation.

Table 4 . 9 :

 49 InĆuence of LV-D on PTPM.

Table 4 .

 4 10 illustrates the obtained results. The red arrow points toward the direction where the PTPM increases. For all the investigated conĄgurations, PTPM is un-

	99

der the thrombogenic threshold, which is coherent with previous observations as both patients (P3 and P14) have non-thrombogenic proĄles. For both patients, PTPM increases proportionally to the IC length. This increase differs depending on the 4.5. PTPM: applications for decision support

Table 4 .

 4 10: PTPM: inĆuence of IC length combined with IC angulation for two patients.

Table 4 .

 4 

11: Investigated Cases.

Table 4 .

 4 

	Coaxial	Coaxial	IVS	Distant	Average
	conĄguration	Centre plane	Centre plane	plane	per Plane
	xy	3	3.6	2.3	3.0
	yz	2.7	2.2	5	3.3
	xz	1.6	2.9	5.8	3.4
	Average per location	4.2	2.9	4.4	Total average: 3.2

12: PTPM applied on different planes of the Coaxial conĄguration.
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Table 4 .

 4 13: PTPM applied on different planes of the IVS conĄguration.

  Mot clés: Implantation DAVG, Analyse MFN, Marqueur Thrombogène Personnalisé Résumé: L'implantation d'un dispositif d'assistance ventriculaire gauche (DAVG) est envisagée au stade final de l'insuffisance cardiaque. Elle peut cependant entraîner des complications. L'objectif de cette thèse est d'étudier l'influence des caractéristiques (longueur et angulation) de la Canule Apicale (CA) sur le risque de thrombose en considérant l'anatomie ventriculaire par une approche de la Mécanique des Fluides Numérique (MFN). Nous proposons, un modèle simplifié. L'hypothèse 2D est d'abord vérifiée en comparant un modèle 3D et son modèle 2D correspondant, les mêmes tendances hémodynamiques ont été trouvées. Le modèle proposé est ensuite utilisé pour analyser l'hémodynamique ventriculaire en fonction des caractéristiques de la CA et construire un Marqueur du Potentiel Thrombogène Personalisé (MPTP) sur la base de la formation de vortex et de la mor-phologie ventriculaire. Pour évaluer l'efficacité du marqueur, plusieurs cas cliniques sont étudiés (19 patients implantés avec HM2 & HM3). Les résultats sont comparés aux résultats cliniques. Le marqueur semble capable de distinguer avec précision les patients avec et sans complications pour les deux types pompes. Un large intervalle d'angulations de la CA est étudié et les résultats obtenus révèlent que le marqueur proposé semble capable de mettre en évidence des configurations et des profils thrombogènes. Si les caractéristiques de la CA influencent le risque de thrombose, les simulations suggèrent également que l'anatomie ventriculaire semble être un facteur déterminant de l'étendue de cette influence. Le pipeline de simulation proposé est une piste prometteuse vers le développement d'un système d'aide à la décision clinique.

Source[START_REF] Klabunde | Cv physiology | ventricular pressure-volume relationship[END_REF] 

Source (School of Health Sciences, 2009) 1.1. Cardiovascular system

1.4. MCS implantation

Chapter 2 State of the art and Work positioning

Chapter 3 Model definition for haemodynamics analysis
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4.3. Personalised Thrombogenic Potential Marker: A Novel Digital Marker

Second generation VADs: Third generation VADs: Unit conversion: Knowing that:

and:

Then:

Velocity conversion: The Ćow rate, within a section area (S), is computed as the following:

Within a pipeline, all the particles do not travel at the same velocity. Indeed, for a laminar Ćow, the velocity proĄle across a section has a parabolic shape (Figure C.1).

This velocity distribution is caused by the friction forces at the section wall.

Mesh independence: 3D model

For mesh independence study, three different meshes with elements sizes of 1 mm, 2 mm and 3 mm were investigated. Data is exported every 0.5 s during 3 s and mean and max velocity magnitude is used as metrics for this study. The CFD simulation was performed using a second order implicit transient formulation, and Pressure

Implicit with Splitting of Operators (PISO) with a pressure-velocity coupling. A second order spatial discretization was set for the pressure, momentum, and continuity equations. Convergence was achieved in each time-step (10 -5 s) when the residuals were below 10 -6 for continuity, x, y, z. Mass imbalance did not exceed 10 -13 order.

One can observe that simulation results for meshes with elements sizes of 1 mm and 2 mm are identical for max and mean values of velocity magnitude (Figure D.1). However, results obtained with a mesh with elements size of 3 mm are different. To conclude, a mesh with elements size of 2 mm leads to simulation results that are independent of the underlying mesh. A mesh with elements size of 2 mm has been selected to perform all the simulations. 

Appendix E

Mesh independence: 2D model

For mesh independence study, four different meshes with elements sizes of 0.5 mm, 1 mm, 2 mm and 3 mm were investigated. Data is exported every 1 s during 13 s and mean and max velocity magnitude were used as metrics for this study. The CFD simulation was performed using a second order implicit transient formulation, and a PISO pressure-velocity coupling. A second order spatial discretization was set for the pressure, momentum, and continuity equations. A time-step of 10 -3 s was used for meshes with elements sizes of 2 mm and 3 mm, and a time-step of 10 -4 s was used for meshes with elements sizes of 0.5 mm and 1 mm. For each mesh, these timestep ensured the Courant-Friedrichs-Lewy (CFL)< 1 condition. Convergence was achieved in each time-step when the residuals were below 10 -6 for continuity, x, y as required by the pressure-based solver.

Looking to Figure E.1, one can observe that mesh independence is reached for a mesh with elements size of 1 mm. However, 1 mm requires a time step of 10 -4 s set according to the CFL condition which results in a high computation time (Table E.1).

The relative error of the obtained results for mesh with elements sizes of 2 mm and 3 mm compared to the results obtained for a mesh with element size of 1 mm is investigated. The relative error for a mesh with elements size of 2 mm is around 3% and 5.5% for mean and max velocity magnitude respectively (Figure E.2). These relative errors are considered within a tolerable range. Moreover, taking into account the time computation, residual convergences and mass imbalance which was under 1%, a mesh with size of 2 mm is considered sufficient to achieve a balance between accuracy and computational cost.
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