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The difficult balance between thrombosis and bleeding after transcatheter aortic valve replacement: A translational review Le difficile équilibre entre thrombose et saignement après remplacement valvulaire

Transcatheter aortic valve replacement (TAVR) has emerged as the treatment of choice for patients with severe aortic stenosis deemed at high or intermediate risk for cardiac surgery. In light of the latest literature advances, TAVR will undoubtedly concern a growing number of patients because of the progressive extension of its indications. Whereas significant efforts have been made to reduce the burden of periprocedural complications, TAVR still exposes patients to a sizeable number of adverse outcomes, including thrombotic and bleeding events. Although contradictory, these two phenomena are closely related to pathophysiological processes inherent to flow disturbances induced by aortic stenosis itself, but also to a complex interaction between bioprosthetic valves and native tissues in frail patients clustering various co-morbidities. Reinforcing this paradigm, multiple TAVR studies have emphasized the view that both thrombosis and bleeding events have a deleterious effect on patient outcomes. Therefore, we sought to perform a comprehensive translational review of the current literature addressing the pathophysiological mechanisms leading to thrombosis and bleeding after TAVR, and underline innovative strategies aimed at reducing these complications.

Résumé

Le remplacement valvulaire aortique percutané (TAVI) est le traitement de référence pour les patients atteints de rétrécissement aortique sévère a risque opératoire intermédiaire ou élevé. Aux vues des dernières données de la littérature, cette stratégie va concerner une population croissante de patients du fait de l'extension progressive de ses indications. En dépit d'une diminution importante de la mortalité et des complications périprocedurales, le TAVI expose les patients a un certain nombre d'évènements indésirables résiduels. Parmi ces derniers, les évènements thrombotiques et les saignements font partie des plus fréquents. Bien que contradictoires, ces deux phénomènes sont liés a des processus physiopathologiques inhérents au rétrécissement aortique lui-même et a son interaction avec l'implantation d'une bioprothèse par voie percutanée chez des patients le plus souvent âgés avec de nombreuses comorbidités et dans un environnement antithrombotique important après l'intervention. De plus, les thromboses et saignements impactent significativement le pronostic des patients. Dans ce cadre, nous avons réalisé une revue translationnelle de la littérature afin d'exposer les différents mécanismes physiopathologiques aboutissant aux thromboses et aux

saignements après un TAVI afin de permettre d'envisager des stratégies de prévention et de traitements de ces complications. 
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Background

Since its first description by [START_REF] Cribier | Percutaneous transcatheter implantation of an aortic valve prosthesis for calcific aortic stenosis: first human case description[END_REF] [START_REF] Cribier | Percutaneous transcatheter implantation of an aortic valve prosthesis for calcific aortic stenosis: first human case description[END_REF], transcatheter aortic valve replacement (TAVR) has undergone considerable development. Initially considered as a compassionate procedure, its indications have gradually expanded to reach patients with severe aortic stenosis deemed at high or intermediate surgical risk [START_REF] Baumgartner | ESC/EACTS Guidelines for the management of valvular heart disease[END_REF][START_REF] Nishimura | AHA/ACC Focused Update of the 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines[END_REF]. The latest data from large-scale randomized clinical trials even indicate an expansion to lower-risk patients [START_REF] Mack | Transcatheter Aortic-Valve Replacement with a Balloon-Expandable Valve in Low-Risk Patients[END_REF][START_REF] Popma | Transcatheter Aortic-Valve Replacement with a Self-Expanding Valve in Low-Risk Patients[END_REF]. The success of TAVR relies on a mini-invasive approach, initially designed to fit frail patients, which has been shown to continuously reduce periprocedural morbidity and mortality over time. Remaining postprocedural complications significantly affect short-, mid-and long-term prognoses. Among the most common, thrombosis and bleeding are favoured by predisposing factors, including patient frailty, antithrombotic regimen and complex pathophysiological processes related to the aortic stenosis itself and the interaction between the implanted bioprosthesis and native aortic valves and tissues. We sought to perform a comprehensive translational review of the current literature addressing the pathophysiological mechanisms underlying these two complications that occur frequently after TAVR, and better depict the scope of optimal strategies enabling prevention and treatment of the thrombotic and bleeding burden.

Thrombosis

As a result of the implantation of thrombogenic material within the cardiovascular system and physiopathological changes favouring thrombosis onset, thrombotic events, including bioprosthetic valve thrombosis (BPVT) and cerebrovascular events, are still seen in a sizeable proportion of patients undergoing TAVR. Epidemiological data on thrombotic events recorded in the main TAVR trials are summarized in Table 1.

BPVT

BPVT is a pathological process defined by the formation of a thrombus on the valve surface, potentially causing several severe complications, such as valve dysfunction and peripheral embolism [START_REF] Baumgartner | ESC/EACTS Guidelines for the management of valvular heart disease[END_REF]. Originally described after surgical aortic valve replacement (SAVR), the incidence of BPVT appears to be extremely variable, and is probably dramatically underestimated because of the lack of systematic imaging by cardiac contrast-enhanced multidetector computed tomography (MDCT) [START_REF] Dangas | Prosthetic Heart Valve Thrombosis[END_REF]. Indeed, routine imaging after aortic valve replacement is mainly based on transthoracic echocardiography, which can reliably assess transvalvular gradient, but lacks the capability to facilitate detailed assessment of prosthetic leaflet structure and motion. This can be done more accurately by transoesophageal echocardiography (TOE), although the evaluation can be hampered by prosthesisrelated shadowing. A meta-analysis of 5837 patients undergoing SAVR reported an annual BPVT rate of 0.03% and an annual peripheral thromboembolism rate of 0.87% [START_REF] Puvimanasinghe | Prognosis after aortic valve replacement with a bioprosthesis: predictions based on meta-analysis and microsimulation[END_REF]. Contrasting with these apparent low rates of events, a study on SAVR found a reduced risk of thromboembolic events and cardiovascular death in patients treated with 6 months of oral anticoagulant (OAC) therapy [START_REF] Merie | Association of warfarin therapy duration after bioprosthetic aortic valve replacement with risk of mortality, thromboembolic complications, and bleeding[END_REF].

In a recent report by Chakravarty et al., after systematic MDCT follow-up, with a median time of 83 days, BPVT appeared significantly more common and severe after TAVR (13%) than SAVR (4%), independent of baseline coagulation status [START_REF] Chakravarty | Subclinical leaflet thrombosis in surgical and transcatheter bioprosthetic aortic valves: an observational study[END_REF]. By contrast, no case of valve thrombosis was detected in a 2-year echocardiographic follow-up analysis of the PARTNER study [START_REF] Kodali | Two-year outcomes after transcatheter or surgical aortic-valve replacement[END_REF], but 11.2% of the patients experienced a cerebrovascular event during follow-up. In a large multicentre study involving 4266 patients, valve thrombosis was observed in 0.61% after an echocardiographic and MDTC median follow-up of 181 days [START_REF] Latib | Treatment and clinical outcomes of transcatheter heart valve thrombosis[END_REF]. More recently, in a single-centre cohort of 642 patients, Jose et al.

reported an overall BPVT rate of 2.8% after a median time to diagnosis of valve thrombosis by transthoracic echocardiography, TOE and MDCT of 181 days [START_REF] Jose | Clinical Bioprosthetic Heart Valve Thrombosis After Transcatheter Aortic Valve Replacement: Incidence, Characteristics, and Treatment Outcomes[END_REF]. Altogether, the risk of BPVT and peripheral embolism reaches its highest level in the first 3 months after TAVR, and progressively decreases thereafter, reaching a similar age-matched general population risk after 1 year [START_REF] Stortecky | Stroke: an infrequent but devastating complication in cardiovascular interventions[END_REF].

This initial extra risk after TAVR is consistent with that observed after SAVR, and largely substantiates recommendations for enhanced antithrombotic treatment during the first 3-6 months after surgical or percutaneous aortic valve replacement [START_REF] Baumgartner | ESC/EACTS Guidelines for the management of valvular heart disease[END_REF][START_REF] Nishimura | AHA/ACC Focused Update of the 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines[END_REF].

BPVT can be viewed as a continuum, starting with subclinical leaflet thrombosis (SLT) revealed by cardiac MDCT, and leading to clinically meaningful valvular dysfunction and peripheral thromboembolism [START_REF] Sellers | Transcatheter Aortic Heart Valves: Histological Analysis Providing Insight to Leaflet Thickening and Structural Valve Degeneration[END_REF][START_REF] Vranckx | Thrombo-embolic prevention after transcatheter aortic valve implantation[END_REF]. Although total and symptomatic BPVT is rare (incidence < 1%) [START_REF] Latib | Treatment and clinical outcomes of transcatheter heart valve thrombosis[END_REF][START_REF] De Marchena | Thrombus formation following transcatheter aortic valve replacement[END_REF],

SLT could be seen in up to 15% of patients after TAVR [START_REF] Hansson | Transcatheter Aortic Valve Thrombosis: Incidence, Predisposing Factors, and Clinical Implications[END_REF][START_REF] Jimenez | Impact of Antithrombotic Regimen and Platelet Inhibition Extent on Leaflet Thrombosis Detected by Cardiac MDCT after Transcatheter Aortic Valve Replacement[END_REF][START_REF] Pache | Early hypo-attenuated leaflet thickening in balloonexpandable transcatheter aortic heart valves[END_REF]. The first insight stressing the high prevalence of SLT after TAVR was provided by Makkar et al. in 2015 [20], who analysed MDCT data obtained from patients undergoing TAVR or SAVR enrolled in the PORTICO-IDE study and the SAVORY and RESOLVE registries. Reduced leaflet motion on MDCT was seen in up to 40% of patients in the PORTICO-IDE trial and in 13% of patients in the two registries. Importantly, reduced leaflet motion mainly coexists with normal transthoracic echocardiography transvalvular gradients, and was only detectable by MDCT and TOE.

Hypoattenuation affecting motion has been proposed as a surrogate marker of SLT, and is characterized by hypoattenuated leaflet thickening concomitant with reduced leaflet motion [START_REF] Jilaihawi | Systematic CT Methodology for the Evaluation of Subclinical Leaflet Thrombosis[END_REF]. The thrombotic origin of this phenomenon was substantiated by: (1) histological analysis performed during autopsy or surgical explantation [START_REF] Sellers | Transcatheter Aortic Heart Valves: Histological Analysis Providing Insight to Leaflet Thickening and Structural Valve Degeneration[END_REF]; (2) lower prevalence of hypoattenuation affecting motion in patients under anticoagulant therapy [START_REF] Makkar | Possible Subclinical Leaflet Thrombosis in Bioprosthetic Aortic Valves[END_REF]; and (3) its disappearance in patients in whom anticoagulant therapy was introduced [START_REF] Makkar | Possible Subclinical Leaflet Thrombosis in Bioprosthetic Aortic Valves[END_REF]. Finally, normalization of leaflet movement after anticoagulant treatment highlights that thrombus formation is the primary effector of reduced leaflet motion, and does not substantiate the view that reduction in valve movement might be the initial trigger for thrombus formation. The largest study on valve thrombosis occurrence following TAVR, documented by MDCT and TOE, was recently reported by Hansson et al.; in this study, the incidence of valve thrombosis was 7%, and the lack of anticoagulation was seen as a major determinant of transcatheter heart valve thrombosis [START_REF] Hansson | Transcatheter Aortic Valve Thrombosis: Incidence, Predisposing Factors, and Clinical Implications[END_REF].

Cerebrovascular events

Despite recent significant advances in the reduction of TAVR periprocedural complications, improvement in neurological injuries is still considered modest, with a 30-day perioperative stroke rate ranging from 1.4% to 4%, and up to 7% at 1 year [START_REF] Vranckx | Thrombo-embolic prevention after transcatheter aortic valve implantation[END_REF][START_REF] Tchetche | Cerebrovascular events post-transcatheter aortic valve replacement in a large cohort of patients: a FRANCE-2 registry substudy[END_REF]. From a pathophysiological point of view, the majority of neurological events after TAVR rely on debris embolization from either the aortic valve leaflets or the aortic wall, and are in line with the peak of stroke observed in the first 48 hours after the procedural [START_REF] Stortecky | Cerebrovascular accidents complicating transcatheter aortic valve implantation: frequency, timing and impact on outcomes[END_REF]. Consistent with this view, a recent histopathological study analysing debris captured by a neurological protection filter device during TAVR demonstrated that debris mainly consists of fibrin and calcified material, but also parts of the native valve [START_REF] Van Mieghem | Histopathology of embolic debris captured during transcatheter aortic valve replacement[END_REF]. Numerous potential predictors of early neurological events have been underlined by multiple reviews, and a few dedicated studies identified independent risk factors that appear to differ from one study to another. Contrasting with periprocedural strokes (< 48 hours), strokes occurring between day 2 and day 30 appear to be mainly related to vascular complications, highlighting the paradoxical link between bleeds and thrombosis [START_REF] Bosmans | The Incidence and Predictors of Early-and Mid-Term Clinically Relevant Neurological Events After Transcatheter Aortic Valve Replacement in Real-World Patients[END_REF]. Late strokes are supposed to be of thromboembolic origin, and occur as a consequence of valve thrombosis or thrombus formation within the cardiac cavities favoured by supraventricular arrhythmias, typically atrial fibrillation. Besides the devastating effects of clinically relevant stroke, several reports have emphasized that in three-quarters of cases, a cerebrovascular event occurs without clinical translation, and is named a silent cerebrovascular event. The prognosis of silent cerebrovascular events is unknown, but some reports have questioned their role, because of a potential deleterious long-term impact and an increased risk of dementia and early cognitive impairment [START_REF] Nombela-Franco | Timing, predictive factors, and prognostic value of cerebrovascular events in a large cohort of patients undergoing transcatheter aortic valve implantation[END_REF].

Natural history

After TAVR, a process of neointimal tissue proliferation and endothelialization gradually develops, enabling the covering of the prosthetic valve surface and its isolation from the blood environment and clotting mechanisms. An anatomopathological study performed with CoreValve™-type valves (Medtronic Inc., Minneapolis, MN, USA) revealed that this phenomenon could be completed 3 months after valve implantation [START_REF] Noble | Anatomo-pathological analysis after CoreValve Revalving system implantation[END_REF]. Valve endothelialization is delayed in areas with turbulent blood flow and in areas with increased activation of inflammatory mechanisms, linked to direct valve implantation.

In contrast to the healthy endothelium, which has several physiological mechanisms that inhibit thrombus formation [START_REF] Yau | Endothelial cell control of thrombosis[END_REF], prosthetic surfaces are at high risk of thrombosis because of series of interconnected phenomena [START_REF] Dangas | Prosthetic Heart Valve Thrombosis[END_REF]. When an artificial surface is exposed to blood, rapid adsorption of plasma proteins occurs on the surface. The first proteins to be deposited on the bioprosthesis are fibrinogen, von Willebrand factor (vWF) and fibronectin. These proteins, once bound to the surface, activate platelet adhesion, aggregation and activation, and then release adenosine diphosphate (ADP) and generate thromboxane A2, allowing the recruitment of other platelets. Adsorbed fibrinogen also activates various components of the coagulation contact pathway (factor XII, factor XI, high-molecular weight-kininogen and prekallicrein).

All of these phenomena lead to thrombin formation and, ultimately, to the formation of a network of fibrin and platelets on the bioprosthesis surface [START_REF] Turbill | Proteins involved in the Vroman effect during exposure of human blood plasma to glass and polyethylene[END_REF]. As discussed above, 3 months after bioprosthetic valve implantation, this fibrinoplatelet coat is replaced by a neointima complex composed of smooth muscle cells, extracellular matrix and endothelial cells [START_REF] Noble | Anatomo-pathological analysis after CoreValve Revalving system implantation[END_REF]. In addition, the role of the native valve (which is left in place) in the activation of the extrinsic coagulation pathway by exposure of active tissue factor is discussed below.

Once formed, BPVT has a continuous spectrum of paraclinical and clinical expressions that ranges from visualization of hypoattenuated leaflet thickening by cardiac MDCT to valve dysfunction with heart failure. Recent insights by Del Trigo et al. [START_REF] Del Trigo | Impact of anticoagulation therapy on valve haemodynamic deterioration following transcatheter aortic valve replacement[END_REF] have pointed out a possible relationship between anticoagulant therapy and haemodynamic valve deterioration. In this analysis, including nearly 2000 patients undergoing TAVR, a slight but significant increase in the mean transprosthetic gradient could be seen at 1-year follow-up in patients who did not receive anticoagulant therapy.

Accordingly, haemodynamic valve deterioration, defined as an increase of at least 10 mmHg in the mean gradient compared with hospital discharge after TAVR [START_REF] Baumgartner | ESC/EACTS Guidelines for the management of valvular heart disease[END_REF], was more prevalent in the group without anticoagulant therapy. Altogether, these findings suggest that anticoagulant therapy could prevent valve dysfunction.

Transcatheter aortic valve durability remains one of the major concerns after TAVR, which explains why this treatment has not yet been extended to young patients. According to Valve Academic Research Consortium-2 (VARC-2) criteria [START_REF] Kappetein | Updated standardized endpoint definitions for transcatheter aortic valve implantation: the Valve Academic Research Consortium-2 consensus document[END_REF], prosthetic valve dysfunction can be divided in prosthetic aortic valve stenosis, prosthesis-patient mismatch and prosthetic aortic valve regurgitation. While prosthesis-patient mismatch and prosthetic aortic valve regurgitation are clearly and closely related to thrombosis and bleeding pathophysiology, the factor that links bioprosthesis aortic valve degeneration to the "thrombobleeding" field is thrombosis-related stenosis, defined by TOE as an increase in mean gradient > 20 mmHg.

According to the paradigm raised by Doris and Dweck [START_REF] Doris | Is bioprosthetic leaflet thrombosis a trigger to valve degeneration?[END_REF], transcatheter aortic valve dysfunction could be the outcome of an ongoing mechanism starting with subclinical thrombosis, through a phenomenon of thrombus-mediated valve calcification. One of their main arguments is the parallel with the physiopathology of aortic stenosis itself, during which intraleaflet haemorrhage is associated with more rapid progression of calcification and narrowing of the native valve [START_REF] Akahori | Intraleaflet haemorrhage is associated with rapid progression of degenerative aortic valve stenosis[END_REF]. As with intraleaflet haemorrhage, accumulation of fibrin, haemoglobin and iron overload could trigger oxidative stress mechanisms, leading to progressive leaflet calcification and ultimately resulting in progressive restriction of valvular motion, leading to BPVT. Histological and imaging studies will undoubtedly be required to clarify this phenomenon. In addition, BPVT can cause peripheral embolism in different arterial territories (cerebral, coronary, mesenteric, renal and limb). Finally, BPVT may promote pannus development and infectious endocarditis [START_REF] Dangas | Prosthetic Heart Valve Thrombosis[END_REF].

Pathophysiological mechanisms

Thrombus formation during TAVR is the result of a complex interplay, involving calcifications, native anatomy, haemodynamics, flow stasis, haemostatic factors, procedural factors and valve type. In a pioneering review of prosthetic heart valve thrombosis, Dangas et al. separated physiopathological determinants of valve thrombosis into surface, haemodynamic and haemostatic factors [START_REF] Dangas | Prosthetic Heart Valve Thrombosis[END_REF]. With respect to SAVR, one of the main specificities of TAVR relies on the fact that the native valve remains in place, and may contribute to coagulation activation. Taking into consideration this specificity, the mechanisms of TAVR BPVT are classified into three groups: patient-related factors; bioprosthesisrelated factors; and native valve-related factors.

Patient-related factors

Haemodynamic status is potentially the first prothrombogenic factor, as low cardiac output promotes BPVT by reducing blood wash and thus increasing the concentration of coagulation factors on the surface of the bioprosthetic valve. Such a mechanism has been described in severe heart failure [START_REF] Freudenberger | Risk of thromboembolism in heart failure: an analysis from the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT)[END_REF].

In addition, possible prothrombotic factors include impaired platelet inhibition, atrial fibrillation, atrial dilatation, chronic renal failure, anaemia, smoking and obesity.

Two recent studies have investigated the impact of impaired platelet inhibition on SLT as detected by cardiac MDCT. In our experience, no impact of impaired platelet inhibition by thienopyridines, evaluated either by platelet reactivity index with vasodilator-stimulated phosphoprotein (PRI-VASP) or by ADP closure time, could be seen [START_REF] Jimenez | Impact of Antithrombotic Regimen and Platelet Inhibition Extent on Leaflet Thrombosis Detected by Cardiac MDCT after Transcatheter Aortic Valve Replacement[END_REF]. Accordingly, in the work presented by Nuhrenberg et al. no significant association between the occurrence of hypoattenuated leaflet thickening and impaired platelet inhibition, as detected by platelet ADP aggregometry, could be established [START_REF] Nuhrenberg | Impact of On-Clopidogrel Platelet Reactivity on Incidence of Hypoattenuated Leaflet Thickening After Transcatheter Aortic Valve Replacement[END_REF]. These two studies emphasize the view that the development of BPVT is mainly platelet independent, consistent with a primary role for contact phase, and is more likely to be efficiently targeted by OACs. Atrial fibrillation, by its frequency and thrombogenic potential, constitutes one of the main thrombotic risk factors after TAVR. Atrial fibrillation history was present in 30-50% of patients undergoing the TAVR procedure, whereas new-onset atrial fibrillation was present in 10-15%.

New-onset atrial fibrillation has been identified as one of the primary predictors of 30-day cerebrovascular events after TAVR [START_REF] Amat-Santos | Incidence, predictive factors, and prognostic value of new-onset atrial fibrillation following transcatheter aortic valve implantation[END_REF].

Finally, some factors have been investigated as determinants of the prothrombotic tendency, regardless of valve type, and should be therefore taken into consideration after TAVR: antiphospholipid syndrome; heparin-induced thrombocytopenia; erythrocytosis; and hypereosinophilia [START_REF] Sachdev | Bioprosthetic Valve Thrombosis[END_REF].

Bioprosthesis-related factors

Turbulent blood flow on the bioprosthesis surface promotes platelet adhesion and delays endothelialization, resulting in the acquisition of an acquired prothrombotic phenotype [START_REF] Dangas | Prosthetic Heart Valve Thrombosis[END_REF]. These turbulent blood flows occur particularly in the event of valve malposition, favouring the development of a zone of stasis between the metal stent and native paravalvular tissues [START_REF] Ranasinghe | Thromboembolic and Bleeding Complications in Transcatheter Aortic Valve Implantation: Insights on Mechanisms, Prophylaxis and Therapy[END_REF]. Most thrombi are visualized on the aortic side of the valve, between the leaflet and the metal stent [START_REF] Ranasinghe | Thromboembolic and Bleeding Complications in Transcatheter Aortic Valve Implantation: Insights on Mechanisms, Prophylaxis and Therapy[END_REF]. Indeed, the deployment of the valve causes compression of the native aortic sinus between the stent and the aortic walls, and the formation of an area between the leaflet and the stent that is particularly vulnerable to thrombosis, called the "neosinus" [START_REF] Ranasinghe | Thromboembolic and Bleeding Complications in Transcatheter Aortic Valve Implantation: Insights on Mechanisms, Prophylaxis and Therapy[END_REF]. Recently, prosthesis-patient mismatch has been recognized as a contributing factor for BPVT after TAVR [START_REF] Yanagisawa | Early and Late Leaflet Thrombosis After Transcatheter Aortic Valve Replacement[END_REF].

Besides the role of blood flow, the native valve and neosinus formation in the onset of thrombotic events, other authors have emphasized the possible role of the immune-allergic phenomenon. In Kounis syndrome, acute release of inflammation mediators (histamine, leukotriene, prostaglandin and proteases) by cardiac mastocytes in response to an allergen exposure is likely to trigger genuine intracoronary thrombosis and myocardial infarction [START_REF] Kounis | Clinical and subclinical leaflet thrombosis in bioprosthetic aortic valves: A manifestation of Kounis syndrome?[END_REF]. The parallel with BPVT after TAVR was first drawn by Toggweiler et al. in 2016 [41]. According to this view, it is likely that the stent composition of the TAVR bioprosthesis could play a significant role in thrombosis onset. CoreValve™ and Portico™ (Abbott, Abbott Park, IL, USA) valves consist of porcine and bovine pericardium valve, respectively, both attached to a stent containing nitinol (nickel and titanium alloy). SAPIEN™ valves (Edwards Lifesciences, Irvine, CA, USA) combine a bovine pericardial valve, a polyethylene terephthalate skirt and a cobalt chromium stent [START_REF] Mangieri | Thrombotic Versus Bleeding Risk After Transcatheter Aortic Valve Replacement: JACC Review Topic of the Week[END_REF]. These metals and polymers are known to cause sensitization, with production of specific immunoglobulin E antibodies in a significant proportion of the population, possibly leading to valve thrombosis in three phases: (1) the acute phase during the first few minutes after implantation; (2) the late phase a few hours to a few days after the procedure; and (3) the chronic phase lasting for several years because of the persistent exposure to allergens. To the best of our knowledge, no study has compared the thrombogenicity level of the different bioprostheses according to different components. Another experimental report on coronary stents has highlighted that nitinol, compared with stainless steel, is characterized by better haemocompatibility and a lower thrombogenicity level [START_REF] Thierry | Nitinol versus stainless steel stents: acute thrombogenicity study in an ex vivo porcine model[END_REF].

Native valve-related factors

With respect to SAVR, one of the specificities of TAVR is to leave the native valve in place. It is likely that the native valve participates in the thrombotic burden by two different mechanisms, including the exposure of potent activators of the coagulation cascade contained in the native tissue and the creation of a neosinus and its related flow stasis [START_REF] Ranasinghe | Thromboembolic and Bleeding Complications in Transcatheter Aortic Valve Implantation: Insights on Mechanisms, Prophylaxis and Therapy[END_REF]. In the setting of aortic stenosis, previous studies have underlined that prothrombotic potential is associated with the release of procoagulant and proinflammatory microparticles of platelet-leukocyte or endothelial origin, significant correlation between microparticle levels and a mean gradient being established [START_REF] Diehl | Increased levels of circulating microparticles in patients with severe aortic valve stenosis[END_REF]. Microparticles correspond to cell fragments of 0.1-1 μm released by cells after specific activation or apoptosis [START_REF] Diehl | Increased levels of circulating microparticles in patients with severe aortic valve stenosis[END_REF]. Microparticles expose in the blood flow tissue factor and phosphatidylserine, and provide an efficient catalytic surface, enabling the formation of tenase and prothrombinase complexes, ultimately leading to thrombin generation and platelet activation [START_REF] Owens | Microparticles in hemostasis and thrombosis[END_REF]. Moreover, recent insights have underlined that microparticles can alter endothelial function and induce endothelial senescence characterized by enhanced oxidative stress, reduced nitric oxide bioavailability and enhanced tissue factor expression and procoagulant microparticle release [START_REF] Abbas | Endothelial Microparticles From Acute Coronary Syndrome Patients Induce Premature Coronary Artery Endothelial Cell Aging and Thrombogenicity: Role of the Ang II/AT1 Receptor/NADPH Oxidase-Mediated Activation of MAPKs and PI3-Kinase Pathways[END_REF]. In line with this paradigm, both platelet activation and thrombin generation are increased in the presence of severe aortic stenosis, and the mean transaortic gradient has been determined as an independent predictor of this prothrombotic state [START_REF] Dimitrow | Effect of aortic valve stenosis on haemostasis is independent from vascular atherosclerotic burden[END_REF]. Whereas the origin of microparticles during aortic stenosis has not yet been fully characterized, it is likely that native aortic valves constitute a potent reservoir of trapped microparticles, exposed to blood flow upon valvuloplasty and subsequent tissue damage. The question of whether native valves contain significant amounts of tissue factor and procoagulant microparticles deserves further investigation.

It is likely that the formation of a neosinus (the region between the native and the transcatheter aortic valve leaflet) favouring blood stasis would provide an ideal reservoir for thrombus formation. As pointed out by Midha et al., a supra-annular position of the neosinus may reduce the thrombotic potential because of the reduction in blood stasis [START_REF] Midha | The Fluid Mechanics of Transcatheter Heart Valve Leaflet Thrombosis in the Neosinus[END_REF]. Of importance, we recently demonstrated that circulating microparticles could only induce endothelial senescence and the acquisition of a prothrombotic potential under low shear stress [START_REF] Abbas | Endothelial Microparticles From Acute Coronary Syndrome Patients Induce Premature Coronary Artery Endothelial Cell Aging and Thrombogenicity: Role of the Ang II/AT1 Receptor/NADPH Oxidase-Mediated Activation of MAPKs and PI3-Kinase Pathways[END_REF]. Another important factor relies on the underexpansion of the prosthesis. In an autopsy study by Mangione et al., which detected four cases of BPVT after TAVR, three cases were associated with incomplete expansion or asymmetry of the bioprosthetic valve [START_REF] Mangione | Leaflet Thrombosis in Surgically Explanted or Post-Mortem TAVR Valves[END_REF].

The crucial issue relies on the clinical impact of valve thrombosis on thromboembolic events. In the original work by Chakravarty et al., SLT was associated with increased rates of transient ischaemic attack [START_REF] Chakravarty | Subclinical leaflet thrombosis in surgical and transcatheter bioprosthetic aortic valves: an observational study[END_REF]. By contrast, in a recent large German registry of 754 patients, including 120 patients with leaflet thrombosis, no differences in overall mortality and stroke/transient ischaemic attack rates could be demonstrated. However, the rates of stroke/transient ischaemic attack were extremely low (< 2.0%) [START_REF] Ruile | Medium-Term Follow-Up of Early Leaflet Thrombosis After Transcatheter Aortic Valve Replacement[END_REF]. Conversely, insights from the United States Food and Drug Administration MAUDE database have emphasized that leaflet thrombosis is associated with serious adverse outcomes, including stroke (10.0%), cardiogenic shock (6.7%) and death (30.0%), among 30 patients undergoing TAVR with structural valve dysfunction as a result of leaflet thrombosis [START_REF] Hafiz | Clinical or Symptomatic Leaflet Thrombosis Following Transcatheter Aortic Valve Replacement: Insights from the U.S. FDA MAUDE Database[END_REF]. The difference between these studies may be explained by a different population in the MAUDE registry, which included patients with structural valve dysfunction caused by leaflet thrombosis, and not only SLT. The lower frequency of events in the German study probably reflects the German policy that is characterized by a more liberal use of TAVR implantation, including lower-risk patients.

Bleeding Definition and epidemiology

Bleeding constitutes one of the main early, but also late, complications occurring after TAVR [START_REF] Dangas | Bleeding After Aortic Valve Replacement Matters: Important Mortality Risk[END_REF], and significantly outweighs the deleterious impact of ischaemic events, including stroke. Although it occurs significantly less frequently than after SAVR [START_REF] Genereux | Bleeding complications after surgical aortic valve replacement compared with transcatheter aortic valve replacement: insights from the PARTNER I Trial (Placement of Aortic Transcatheter Valve)[END_REF], bleeding affects one in four patients, and its occurrence has a significant impact on patient prognosis [START_REF] Rodes-Cabau | Antithrombotic treatment in transcatheter aortic valve implantation: insights for cerebrovascular and bleeding events[END_REF]. Bleeding rates observed in the main TAVR trials are reported in Table 1.

According to the VARC-2 classification (see Table A.1), bleeding complications are classified according to their severity as life-threatening, major and minor events [START_REF] Kappetein | Updated standardized endpoint definitions for transcatheter aortic valve implantation: the Valve Academic Research Consortium-2 consensus document[END_REF]. Because determinants are different, it is also standard to discriminate early bleeding (within 30 days after the procedure) from late bleeding (after 30 days), and access site-related bleeding from non-access site-related bleeding.

As depicted by Piccolo et al. [START_REF] Piccolo | Frequency, Timing, and Impact of Access-Site and Non-Access-Site Bleeding on Mortality Among Patients Undergoing Transcatheter Aortic Valve Replacement[END_REF] in a monocentric study of nearly 1000 patients undergoing TAVR, access site-related and non-access site-related bleeding were equally distributed. Access site-related bleeding appears mainly as an early event, whereas the vast majority of non-access site-related bleedings arise later. Non-access site-related bleeding, frequently involving gastrointestinal bleeding, significantly increases patient mortality. Likewise, in the analysis of patients enrolled in the PARTNER-I study, Genereux et al. identified major bleeding occurring within 30 days after TAVR as an independent predictor of 1-year mortality [START_REF] Genereux | Bleeding complications after surgical aortic valve replacement compared with transcatheter aortic valve replacement: insights from the PARTNER I Trial (Placement of Aortic Transcatheter Valve)[END_REF].

Early bleeding is one of the most common complications encountered within 30 days after TAVR.

In a meta-analysis of 16 studies, enrolling 3519 patients [START_REF] Genereux | Clinical outcomes after transcatheter aortic valve replacement using valve academic research consortium definitions: a weighted metaanalysis of 3,519 patients from 16 studies[END_REF], the 30-day life-threatening bleeding rate was 15.6% and the major bleeding rate was 22.3%. A transfusion of at least 1 unit was required in 42.6% of patients. In the PARTNER I study, 11.3% of patients experienced major bleeding within 30 days after TAVR [START_REF] Genereux | Bleeding complications after surgical aortic valve replacement compared with transcatheter aortic valve replacement: insights from the PARTNER I Trial (Placement of Aortic Transcatheter Valve)[END_REF]. Beyond the periprocedural time frame, three recent studies focusing on late bleeding after TAVR emphasized its harmful impact on mortality. In the analysis of the PARTNER trial by Genereux et al., major late bleeding of mainly gastrointestinal (41%) and neurological (15%) origin was seen in nearly 6% of patients [START_REF] Genereux | Incidence, predictors, and prognostic impact of late bleeding complications after transcatheter aortic valve replacement[END_REF]. In the PARTNER trial, major late bleeding complications were associated with a 4-fold increase in late mortality. In the Bern registry, drawn from a sizeable TAVR population (n = 926), 24% of patients experienced major or life-threatening bleeding events after an average follow-up of 3 years [START_REF] Piccolo | Frequency, Timing, and Impact of Access-Site and Non-Access-Site Bleeding on Mortality Among Patients Undergoing Transcatheter Aortic Valve Replacement[END_REF]. Whereas 80% of these complications occurred within 30 days, and were (as expected) mostly access site-related bleedings, late events (20%) were mainly non-access site-related bleedings. In this report, non-access site-related bleeding resulted in a more than 1.5-fold higher risk of death compared with access site-related bleeding. In our experience, based on a real-life registry, major/life threatening bleeding, mainly of gastrointestinal origin (42.8%), could be identified in a sizeable proportion of the cohort (11.8%) after a median follow-up of 383 days, and had a dramatic impact on overall mortality (hazard ratio 5.6), cardiac mortality (hazard ratio 11.6), transfusion rates and rehospitalization rates [START_REF] Kibler | Primary Hemostatic Disorders and Late Major Bleeding After Transcatheter Aortic Valve Replacement[END_REF].

Predisposing factors

Early bleeding is related to vascular complications at the access site and cardiac injuries during the procedure (e.g. pericardial tamponade) [START_REF] Genereux | Bleeding complications after surgical aortic valve replacement compared with transcatheter aortic valve replacement: insights from the PARTNER I Trial (Placement of Aortic Transcatheter Valve)[END_REF]. Predictive factors for early bleeding have been identified in several studies: vascular complications; major procedural complications; female sex; and low baseline haemoglobin level [START_REF] Genereux | Bleeding complications after surgical aortic valve replacement compared with transcatheter aortic valve replacement: insights from the PARTNER I Trial (Placement of Aortic Transcatheter Valve)[END_REF][START_REF] Van Mieghem | Prevalence and prognostic implications of baseline anaemia in patients undergoing transcatheter aortic valve implantation[END_REF]. Early bleeding is also favoured by an aggressive antithrombotic environment assumed during the periprocedural period to prevent thrombosis. In line with this view, we have recently demonstrated that the extent of P2Y12 inhibition by clopidogrel is a major determinant of periprocedural bleeding in patients undergoing TAVR [START_REF] Matsushita | P2Y12 Inhibition by Clopidogrel Increases Periprocedural Bleeds in Patients Undergoing Transcatheter Aortic Valve Replacement[END_REF].

Whereas with early, mainly access site-related bleeding, anatomical and technical factors prevail, late bleeding is likely to reflect the patient's risk profile, including coexisting co-morbidities, inherent risk associated with oral antithrombotic therapy and ongoing primary haemostasis disorders, such as acquired von Willebrand syndrome 2A [START_REF] Piccolo | Frequency, Timing, and Impact of Access-Site and Non-Access-Site Bleeding on Mortality Among Patients Undergoing Transcatheter Aortic Valve Replacement[END_REF][START_REF] Genereux | Incidence, predictors, and prognostic impact of late bleeding complications after transcatheter aortic valve replacement[END_REF]. The first hint suggesting that paravalvular leak could increase bleeding events was given by Genereux et al. [START_REF] Genereux | Incidence, predictors, and prognostic impact of late bleeding complications after transcatheter aortic valve replacement[END_REF]. In the PARTNER studies, paravalvular leak was demonstrated to be the strongest predictor of bleeding events between 30 days and 1 year after successful TAVR. According to the paradigm developed by Genereux et al., in patients with aortic regurgitation, persistent increased flow turbulence and shear stress may favour high-molecularweight defects and predispose patients to late bleeding events.

Impact of vWF

vWF is a very large multimeric glycoprotein, formed by 270 kDa dimer repeating units polymerized by disulphide bridges; it is synthesized in endothelial cells and megakaryocytes via subunits stored in Weibel-Palade bodies, and secreted into plasma after physiological stimulation. Cleavage of the propeptide leads to the release of multimers present in folded forms. Progressive modification of the structure into an elongated form will occur under the effect of shear forces. This elongation exposes functional domains of each monomer. Elongation also allows physiological cleavage of the protein by a protease called ADAMTS13. Once formed, vWF binds to glycoprotein Ib platelet receptor and subendothelial structures, such as collagen, bridging platelets and the subendothelium of the injured vessels; it also acts as a bridge between adjacent platelets in vessels in high wall shear stress condition, such as arterioles, forming small platelet aggregates [START_REF] Meyer | von Willebrand factor to the rescue[END_REF][START_REF] Van Belle | von Willebrand Factor and Management of Heart Valve Disease: JACC Review Topic of the Week[END_REF].

The presence of gastrointestinal angiodysplasia in patients with aortic stenosis and abnormal vWF multimers is widely known as Heyde's syndrome, and represents an acquired von Willebrand syndrome [START_REF] Loscalzo | From clinical observation to mechanism--Heyde's syndrome[END_REF]. Indeed, severe aortic stenosis induces very turbulent blood flow in the vicinity of the aortic valve, causing high shear stress that promotes deployment and cleavage of vWF's highmolecular-weight multimers. In the case of digestive angiodysplasia, primary haemostasis disorders associated with high-molecular-weight vWF defect could favour bleeds. Another recent analysis has suggested that vWF could also contribute to abnormal angiogenesis, and may contribute to angiodysplasia onset. Several groups, including ours, have demonstrated that TAVR can efficiently resolve high-molecular-weight multimer defects within minutes and normalize primary haemostasis dysfunction [START_REF] Caspar | Effects of transcutaneous aortic valve implantation on aortic valve disease-related hemostatic disorders involving von Willebrand factor[END_REF]. We have recently demonstrated that prolonged ADP closure time (> 180 seconds), a surrogate marker of high-molecular-weight vWF defect, as measured during the course of the procedure, allows very accurate identification of paravalvular leak in patients undergoing TAVR, and is a major predictor of early, but also late, bleedings [START_REF] Kibler | Primary Hemostatic Disorders and Late Major Bleeding After Transcatheter Aortic Valve Replacement[END_REF][START_REF] Kibler | CT-ADP Point-of-Care Assay Predicts 30-Day Paravalvular Aortic Regurgitation and Bleeding Events following Transcatheter Aortic Valve Replacement[END_REF]. However, the actual impact of paravalvular leak as a significant determinant of early and late bleeding has to be re-examined in light of the lower rates of paravalvular leaks observed in contemporary practice.

Blood oozing

In many cases, the source of bleeding cannot be clearly identified. Up to 39% of patients transfused after TAVR did not have any identified bleeding source [START_REF] Tarantini | Transcatheter aortic valve implantation and bleeding: focus on Valve Academic Research Consortium-2 classification[END_REF]. According to Tarantini et al. [START_REF] Tarantini | Blood oozing: A cause of lifethreatening bleeding without overt source after transcatheter aortic valve replacement[END_REF], it is likely that hidden bleeding would be related to a "blood oozing" phenomenon occurring after TAVR.

Blood oozing is clinically silent bleeding from capillary diffusion, usually located in the splanchnic vessels or parenchymal organs. Ultimately, this diffusion causes the formation of large haematomas, typically at intra-abdominal locations, revealed by imaging, and requiring transfusions and invasive procedures. The possible interplay between blood oozing and acquired type 2A von Willebrand syndrome requires further investigation.

Therapeutic strategy

Current practice

The definition of optimal antithrombotic therapies following TAVR is a matter of significant controversy.

The actual periprocedural regimen is summarized in Fig. 1 [START_REF] Baumgartner | ESC/EACTS Guidelines for the management of valvular heart disease[END_REF][START_REF] Nishimura | AHA/ACC Focused Update of the 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines[END_REF][START_REF] Holmes | ACCF/AATS/SCAI/STS expert consensus document on transcatheter aortic valve replacement[END_REF]. Whereas current American Heart Association/American College of Cardiology guidelines recommend 3 months of anticoagulation after TAVR in patients at low bleeding risk, the European Society of Cardiology guidelines still advocate dual antiplatelet therapy (DAPT) for the first 3-6 months [START_REF] Baumgartner | ESC/EACTS Guidelines for the management of valvular heart disease[END_REF][START_REF] Nishimura | AHA/ACC Focused Update of the 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines[END_REF]. Whereas the frequency of SLT and the possible link between SLT and valve deterioration advocate for liberal use of OACs, safety concerns and the assessment of bleeding events remain key issues when prescribing OACs. Several groups, including ours, have recently underlined the paramount importance of bleeding events that significantly outweigh ischaemic concerns.

Preprocedural strategy

There are no routine recommendations regarding a specific antithrombotic regimen to initiate before the procedure. By extrapolation to percutaneous coronary intervention practice, DAPT, consisting of aspirin (75-100 mg) combined with clopidogrel loading (300 mg in clopidogrel-naive patients) the day before TAVR, was first experienced in the PARTNER study [START_REF] Leon | Transcatheter aortic-valve implantation for aortic stenosis in patients who cannot undergo surgery[END_REF], and has been replicated extensively in daily practice. Similar therapeutic regimens have been used in different registries. Nevertheless, pretreatments are currently abandoned by many centres, particularly in light of the OCEAN (Optimized transCathEter vAlvular interventioN) registry results. In this study, DAPT significantly increased bleeding risk without providing efficient reduction in thrombotic events compared with single antiplatelet therapy or even the absence of antithrombotic pretreatment [START_REF] Hioki | Pre-procedural dual antiplatelet therapy in patients undergoing transcatheter aortic valve implantation increases risk of bleeding[END_REF]. Likewise, in the randomized ARTE trial, DAPT was associated with an increased risk of bleeding events [START_REF] Rodes-Cabau | Aspirin Versus Aspirin Plus Clopidogrel as Antithrombotic Treatment Following Transcatheter Aortic Valve Replacement With a Balloon-Expandable Valve: The ARTE (Aspirin Versus Aspirin + Clopidogrel Following Transcatheter Aortic Valve Implantation) Randomized Clinical Trial[END_REF]. In our experience [START_REF] Matsushita | P2Y12 Inhibition by Clopidogrel Increases Periprocedural Bleeds in Patients Undergoing Transcatheter Aortic Valve Replacement[END_REF], the incidence of periprocedural major bleeding was higher in patients undergoing TAVR who were responders to clopidogrel (PRI-VASP < 50%) compared with low-responder patients and patients without clopidogrel pretreatment (20%, 9% and 7%, respectively; P < 0.05). In this observational registry, being a responder to clopidogrel (odds ratio 2.19, 95% confidence interval 1.05-4.55; P = 0.04) and logistic EuroSCORE were identified as the sole independent predictors of major periprocedural bleeding events.

Perprocedural strategy

Adjunctive and perprocedural antithrombotic therapy consists of weight-based intravenous unfractionated heparin (UFH) with a targeted activated clotting time > 300 seconds throughout the procedure, and subsequent reversal using protamine sulphate at the end of the procedure [START_REF] Holmes | ACCF/AATS/SCAI/STS expert consensus document on transcatheter aortic valve replacement[END_REF].

The use of UFH results from the well-known percutaneous coronary intervention experience, which shares similarities in terms of the intervention process and related thrombotic complications.

UFH has emerged as the anticoagulant of choice in TAVR as a result of close monitoring (activated clotting time) and immediate reversal ability with protamine.

The BRAVO 2/3 trial studied the use of bivalirudin during TAVR [START_REF] Dangas | Bivalirudin Versus Heparin Anticoagulation in Transcatheter Aortic Valve Replacement: The Randomized BRAVO-3 Trial[END_REF]. Superiority of bivalirudin versus UFH was not demonstrated, although non-inferiority criteria were met. As a result of its higher cost and the lack of a reversal agent, bivalirudin is currently used when UFH is contraindicated, especially in case of known heparin-induced thrombocytopenia.

Postprocedural strategy

Current guidelines, based on small studies and expert consensus, are largely derived from antithrombotic regiments used after SAVR and percutaneous coronary intervention; they are summarized in Table 2 [START_REF] Baumgartner | ESC/EACTS Guidelines for the management of valvular heart disease[END_REF][START_REF] Nishimura | AHA/ACC Focused Update of the 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines[END_REF][START_REF] Mehta | Canadian Cardiovascular Society/Canadian Association of Interventional Cardiology Focused Update of the Guidelines for the Use of Antiplatelet Therapy[END_REF][START_REF] Nishimura | AHA/ACC guideline for the management of patients with valvular heart disease: executive summary: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines[END_REF][START_REF] Vahanian | Guidelines on the management of valvular heart disease (version 2012): The Joint Task Force on the Management of Valvular Heart Disease of the European Society of Cardiology and the European Association for Cardio-Thoracic Surgery[END_REF][START_REF] Whitlock | Antithrombotic and thrombolytic therapy for valvular disease: Antithrombotic Therapy and Prevention of Thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines[END_REF].

As stated previously, inherent specific characteristic of TAVR includes the procedural approach, metal stent implantation and persistence of native calcified valve. These elements may capture a gap in evidence, and lead to a more nuanced look at current evidence and practice. Postprocedural antithrombotic therapy deserves extended and robust data to build accurate and uniform guidelines.

Future directions

Two antithrombotic treatment strategies can be distinguished after TAVR: the antiplatelet strategy and the antithrombin strategy [START_REF] Vranckx | Thrombo-embolic prevention after transcatheter aortic valve implantation[END_REF]. As the two phenomena are probably intertwined, data indicating the respective importance of these two pathways are urgently warranted. Until now, important criticisms of routine DAPT as the gold standard rely on the following: (1) DAPT is associated with increased bleeding events without providing any benefit in the reduction of ischaemic events; (2) the extent of platelet inhibition by thienopyridines does not reduce the rate of SLT; (3) clopidogrel "resistance" or high on-treatment platelet reactivity can be seen in the vast majority of patients undergoing TAVR; and (4) appropriate platelet inhibition by thienopyridines is associated with increased rates of periprocedural bleeding [START_REF] Jimenez | Impact of Antithrombotic Regimen and Platelet Inhibition Extent on Leaflet Thrombosis Detected by Cardiac MDCT after Transcatheter Aortic Valve Replacement[END_REF][START_REF] Matsushita | P2Y12 Inhibition by Clopidogrel Increases Periprocedural Bleeds in Patients Undergoing Transcatheter Aortic Valve Replacement[END_REF]. The recent demonstration that the development of BPVT is mainly platelet independent emphasizes a primary role for contact phase, and is more likely to be efficiently targeted by OACs [START_REF] Jimenez | Impact of Antithrombotic Regimen and Platelet Inhibition Extent on Leaflet Thrombosis Detected by Cardiac MDCT after Transcatheter Aortic Valve Replacement[END_REF][START_REF] Nuhrenberg | Impact of On-Clopidogrel Platelet Reactivity on Incidence of Hypoattenuated Leaflet Thickening After Transcatheter Aortic Valve Replacement[END_REF]. Consistent with this view, numerous studies have demonstrated a reduction in leaflet thrombosis under OACs or after OAC initiation in patients previously treated by DAPT [START_REF] Jimenez | Impact of Antithrombotic Regimen and Platelet Inhibition Extent on Leaflet Thrombosis Detected by Cardiac MDCT after Transcatheter Aortic Valve Replacement[END_REF][START_REF] Nuhrenberg | Impact of On-Clopidogrel Platelet Reactivity on Incidence of Hypoattenuated Leaflet Thickening After Transcatheter Aortic Valve Replacement[END_REF]. Ongoing fundamental research seeks to investigate the possible role of microparticles and tissue factor trapped within the native valve and potentially exposed to blood flow in the initiation of the thrombotic process. As a result, the antithrombin strategy using anticoagulant treatment appears to be reasonable, and the 2017 American Heart Association updated guidelines propose the use of vitamin K antagonists (VKAs) for at least 3 months in patients at low bleeding risk. This practice is also supported by results of the FRANCE-TAVI registry, in which anticoagulant treatment was associated with a lower rate of bioprosthesis dysfunction [START_REF] Overtchouk | Long-Term Mortality and Early Valve Dysfunction According to Anticoagulation Use: The FRANCE TAVI Registry[END_REF]. In line with this view, registry data from a cohort of 1521 patients undergoing TAVR in North America have suggested that the rate of valve deterioration could be lower among OAC-treated patients [START_REF] Del Trigo | Impact of anticoagulation therapy on valve haemodynamic deterioration following transcatheter aortic valve replacement[END_REF]. These two registries face similar limitations, inherent to observational registries. The contribution of confounding factors is difficult to delineate, as OAC is mainly given in atrial fibrillation. Atrial fibrillation is commonly associated with gradient underestimation, and could subsequently underestimate valve deterioration in OAC-treated patients. Because of their rapid onset of action and favourable safety and efficacy profiles in comparison with VKAs, as demonstrated previously in atrial fibrillation settings, OACs seem of particular interest. As a result, several trials are currently ongoing, testing whether OACs are the optimal antithrombotic therapy after TAVR, even in patients in sinus rhythm (Table 3).

Initial enthusiasm for the liberal use of OACs was damped by the early discontinuation of the GALILEO trial. In this trial, an efficacy and tolerance evaluation of rivaroxaban 10 mg/day combined with aspirin 75 mg/day for 3 months compared with conventional DAPT for 3 months showed an increase in all-cause mortality and thromboembolic and bleeding events in the rivaroxaban group [START_REF] Dangas | A Controlled Trial of Rivaroxaban after Transcatheter Aortic-Valve Replacement[END_REF].

Interestingly, in a substudy of GALILEO, the rivaroxaban strategy showed better prevention of SLT (2.1% vs 10.9%; P = 0.01) [START_REF] Backer | Reduced Leaflet Motion after Transcatheter Aortic-Valve Replacement[END_REF]. Although the cause of harm in the rivaroxaban group remains to be established, several hypotheses can be proposed. By analogy to previous data derived from mechanical valve studies, the metallic structure of TAVR stents could mainly activate contact pathway and thrombus onset. Therefore, Xa and IIa inhibitors do not prevent thrombus formation [START_REF] Chan | Anticoagulation for Mechanical Heart Valves: Will Oral Factor Xa Inhibitors Be Effective?[END_REF].

However, clinical studies have demonstrated a comparable reduction of leaflet thrombosis under VKAs or direct inhibitors, and do not substantiate this hypothesis. On the other hand, the possible negative impact of rivaroxaban on bleeding events in this frail population remains to be established. In accordance with this view, a recent systematic review and meta-analysis has suggested that users of rivaroxaban, but not other OACs, faced a 39% increased risk of major gastrointestinal bleeding [START_REF] Gu | Risk of Major Gastrointestinal Bleeding With New vs Conventional Oral Anticoagulants: A Systematic Review and Meta-analysis[END_REF].

In recent years, deeper insight into and understanding of the coagulation cascade have renewed interest in the different actors and actions involved in the thrombus generation process. Thrombus onset and growth is now considered as a highly dynamic phenomenon. The move towards an ideal antithrombotic agent that is as effective and safe as heparin, with an oral formulation, predictable pharmacokinetics and a lack of significant toxicities, is still under consideration. Key strategies targeting specific haemostatic actors to reduce thrombosis without subsequent increased bleeding risk will undoubtedly shape tomorrow's TAVR research. Current developments aim to reduce thrombus propagation without inhibiting platelet adhesion (phosphoinositide 3-kinase β inhibitor, PAR4 antagonist, glycoprotein IIb/IIIa outside-in signalling, conformation specific targeting of glycoprotein IIb/IIIa, activated platelet-targeted CD39 therapy and competitive inhibitor of platelet glycoprotein VI).

Other strategies are designed to target specific coagulation factors, resulting in significant reduction in functional activity levels and subsequent reduced bleeding events (anti-factor IIa antibodies, factor XI inhibitor and inhibitor of protein disulphide isomerase) [START_REF] Mcfadyen | Novel Antithrombotic Drugs on the Horizon: The Ultimate Promise to Prevent Clotting While Avoiding Bleeding[END_REF][START_REF] Mcfadyen | Current and future antiplatelet therapies: emphasis on preserving haemostasis[END_REF].

Besides the pharmacological approach, complementary strategies have been evaluated to reduce bleeding or thrombotic burden. As a large proportion of thromboembolic events occur at an early stage during TAVR procedures, neuroprotection devices acting as filters and placed on arteries supplying brain territories represent an attractive tool. A recent meta-analysis has established that neuroprotection devices can efficiently reduce cerebrovascular event size and number; nevertheless, their clinical impact remains uncertain [START_REF] Pagnesi | Silent cerebral injury after transcatheter aortic valve implantation and the preventive role of embolic protection devices: A systematic review and meta-analysis[END_REF]. Similarly, in case of severe aortic stenosis associated with atrial fibrillation at very high thromboembolic risk and contraindication to anticoagulant therapy or very high bleeding risk, the combination of TAVR with left atrial appendage closure appears to be a feasible option [START_REF] Attinger-Toller | One-Stop Shop": Safety of Combining Transcatheter Aortic Valve Replacement and Left Atrial Appendage Occlusion[END_REF].

As a result of the wide expansion of its indications, TAVR will concern a growing and heterogeneous population of patients in terms of bleeding and thrombotic risk, as recently highlighted by Mangieri et al. in an important review [START_REF] Mangieri | Thrombotic Versus Bleeding Risk After Transcatheter Aortic Valve Replacement: JACC Review Topic of the Week[END_REF]. As a result, it is unlikely that a uniform antithrombotic strategy will fit every type of patient. One of the remaining challenges will therefore be to tailor the antithrombotic strategy on an individual basis, depending on the tight homeostasis balance.

Conclusions

TAVR has become the treatment of choice for aortic stenosis, and will concern a growing number of patients because of the continuous expansion of its indications. Although impressive reductions in complication rates have been achieved during the last decade, thrombotic and bleeding events still affect a sizeable proportion of patients undergoing TAVR. Taking a pragmatic approach, bleeding events significantly outweigh ischaemic complications, and strategies aimed to reduce early and late bleedings events constitute an important area for improved care. Because of the tight homeostasis 20 balance, a tailored approach based on individual assessment of bleeding and thrombotic risk is warranted. a According to Vranckx et al. [START_REF] Vranckx | Thrombo-embolic prevention after transcatheter aortic valve implantation[END_REF], rates of events presented as the number of events divided by the number of total patients with available data in the SURTAVI, PARTNER-2 and US CoreValve High Risk studies; systemic embolisms were not measured. 
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 1 Figure 1. Summary of current guidelines regarding antithrombotic therapy before, during and after transcatheter aortic valve replacement (TAVR). According to current guidelines [2, 3, 68], oral anticoagulation includes both vitamin K antagonists (VKAs) and direct oral anticoagulants. ACT: activated clotting time; UFH: unfractionated heparin.
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 31 antiplatelet therapy; INR: international normalized ratio; NR: non-randomized; SAPT: single antiplatelet therapy; VKA: vitamin K antagonist. Main ongoing randomized trials evaluating antithrombotic strategy after transcatheter aortic valve replacement, and results of the GALILEO study. fibrillation; DAPT: dual antiplatelet therapy; OAC: oral anticoagulant; SAPT: single antiplatelet therapy; TAVR: transcatheter aortic valve replacement; VKA: Valve Academic Research Consortium-2 (VARC-2) classification according to the VARC-2 document[START_REF] Kappetein | Updated standardized endpoint definitions for transcatheter aortic valve implantation: the Valve Academic Research Consortium-2 consensus document[END_REF]. Type of bleeding Description Life-threatening or disabling bleeding Fatal bleeding OR Bleeding in a critical organ, such as intracranial, intraspinal, intraocular or pericardial, necessitating pericardiocentesis, or intramuscular with compartment syndrome OR Bleeding causing hypovolemic shock or severe hypotension requiring vasopressors or surgery OR Overt source of bleeding with drop in haemoglobin 5 g/dL or whole blood or packed RBC transfusion (4 units) Major bleeding Overt bleeding either associated with a drop in the haemoglobin level of at least 3.0 g/dL or requiring transfusion of 2 or 3 units of whole blood/RBCs or causing hospitalization or permanent injury or requiring surgery AND Does not meet criteria of life-threatening or disabling bleeding Minor bleeding Any bleeding worthy of clinical mention (e.g. access site haematoma) that does not qualify as life-threatening, disabling or major RBC: red blood cell.
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