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Abstract in French

Les maladies cardiovasculaires (MCV) restent la première cause de décès dans le monde.

La fibrillation auriculaire non valvulaire (FANV) et la thromboembolie veineuse (TEV), qui comprend la thrombose veineuse profonde (TVP) et l'embolie pulmonaire (EP), sont deux maladies cardiovasculaires courantes associées à une morbidité et une mortalité importantes.

Les patients atteints de ces maladies ont un risque plus élevé de présenter des événements thromboemboliques (ET) ou d'hémorragies majeures (HM) que les patients en bonne santé. Les antithrombotiques semblent être la pierre angulaire de la prise en charge de ces maladies cardiovasculaires, car ils réduisent le risque de décès et de blessures liés aux ET et aux HM.

Pour tenir compte de l'équilibre entre les bénéfices (c'est-à-dire un risque réduit de TE) et les risques (c'est-à-dire un risque accru de HM) dans les essais randomisés, le concept de paramètre de substitution, qui est un substitut qui pourrait remplacer le véritable critère de jugement, est ainsi attrayant comme critère de jugement potentiellement pertinent dans les essais cliniques, ce qui pourrait accélérer l'approbation de nouveaux médicaments ou changer les stratégies thérapeutiques.

Le premier objectif de ce projet était d'explorer la validité de l'utilisation du bénéfice clinique net (BNC), qui est la somme de HM et de ET comme paramètre de substitution pour la mortalité toutes causes (MTC) dans la prévention ou le traitement de la TVP et la FANV.

Les méthodes utilisées consistaient en une revue systématique et des méta-régressions pour tous les essais cliniques randomisés publiés enregistrés dans la base de données META-EMBOL. La corrélation entre le BCN et la MTC était très faible. De plus, aucune corrélation n'a été observée dans les essais de prévention. Pris ensemble, ces résultats ne supportent pas l'utilisation du BCN comme paramètre de substitution pour la MTC dans les essais concernant la FANV et la TVP.

Le deuxième objectif était d'évaluer la corrélation entre le risque relatif (RR) lié au traitement des HM, des ET et de la MTC dans les essais évaluant les antithrombotiques pour la FANV et la TVP aiguë à l'aide d'un modèle de méta-régression pondérée. Nos résultats ont montré une corrélation significative entre HM et MTC, et entre ET et MTC dans les essais portant sur la TVP aiguë. À l'inverse, aucune corrélation significative n'a été trouvée dans les essais portant sur la NVAF. Cette analyse centrée sur les essais suggère que l'association entre les effets liés au traitement sur la récidive des ET, les HM et la MTC diffère selon l'état de santé et les caractéristiques des patients, et la conception de l'étude.

Le troisième objectif visait à déterminer les approches méthodologiques pour la validation des critères de substitution rapportés dans les essais cliniques cardiovasculaires publiés et à évaluer la fiabilité des critères de substitution approuvés par les autorités réglementaires. Notre revue systématique a démontré l'hétérogénéité des méthodes statistiques utilisées pour l'évaluation des critères de substitution dans les essais cardiovasculaires rapportant des paramètres de substitution validés. Il convient de noter qu'aucune étude remplissant les conditions requises pour pouvoir valider un critère intermédiaire comme critère de substitution. Cette revue systématique n'a pas appuyé l'utilisation de paramètres intermédiaires dans les essais de phase II/III. Cette thèse a élargi nos connaissances sur le rapport bénéfice-risque des antithrombotiques et la possibilité d'utiliser des paramètres de substitution dans les maladies cardiovasculaires comme base pour un véritable remplacement des critères de jugement cliniques, ce qui pourrait être utile à la future politique de soins de santé et à l'approbation de nouveaux médicaments.

Abstract in English

Cardiovascular disease (CVD) remains the first cause of death worldwide. Non-valvular atrial fibrillation (NVAF) and venous thromboembolism (VTE), which includes deep vein thrombosis (DVT) and pulmonary embolism (PE), are two common CVD associated with significant morbidity and mortality. Patients with these diseases have a higher risk of thromboembolism events (TE) or major bleeding (MB) than healthy patients. Antithrombotics appear to be the cornerstone of the management of these CVD, as they reduce the risk of death and injury related to TE and MB. To take into account the balance between potential benefits (i.e. reduced risk of TE) and harms (i.e. increased risk of MB) in randomized trials, the concept of surrogate endpoint, which is a substitute that could replace the true outcome, have been so appealing as a potentially relevant outcome in clinical trials, which could accelerate the approval of new drugs or change the therapeutic strategies.

The first objective of this project was to explore the validity of the use of the net clinical benefit (NCB), which is the sum of MB and TE as a surrogate endpoint for all-cause mortality (ACM) in the prevention or treatment of VTE and NVAF. The methods used consisted of a systematic review and meta-regressions for all published randomized clinical trials registered in the META-EMBOL database. The correlation between the NCB and ACM was very weak. Additionally, no correlation was observed in prevention trials. Taken together, these results do not support the use of NCB as a surrogate endpoint for ACM in NVAF and VTE trials.

The second objective was to evaluate the correlation between treatment-related relative risk (RR) of MB, TE, and ACM in trials evaluating antithrombotics for NVAF and acute VTE using a weighted meta-regression model. Our results showed a significant correlation between MB and ACM, and TE and ACM in acute VTE trials. Conversely, no significant correlation was found in NVAF trials. This trial-level analysis suggests that the association between treatment-related effects on TE recurrence, MB, and ACM differs according to the the patients' medical condition and characteristics, and the design of the study.

The third objective aimed to determine the methodological approaches for the validation of surrogate endpoints reported in published cardiovascular clinical trials and evaluate the reliability of surrogate endpoints approved by the regulatory authorities. Our systematic review demonstrated the heterogeneity of statistical methods used for surrogacy evaluation in CV trials reporting validated surrogate endpoints. Of note, no study fulfilling the conditions required to be able to validate an intermediate endpoint as a surrogate endpoint. This systematic review did not support the use of intermediate endpoints in phase II/III trials. This dissertation extended our knowledge about the risk-benefit ratio for antithrombotics and the possibility of using surrogate endpoints in CVD as a basis for true clinical outcome replacement, which could be useful to future health care policy and new drugs approval.
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Introduction: Cardiovascular diseases

The cardiovascular system is a collective expression specifying the heart and the blood vessels. Cardiovascular disease (CVD) refers to a group of disorders or abnormal conditions of the cardiovascular system (arteries and veins) (1). Usually, CVD is associated with increasing fatty substances inside the arteries, damage to arteries in organs such as the heart, brain, and kidneys, and increased risk of blood clots. Furthermore, Virchow's triad described three factors that are critically important in the formation of thrombosis. These include endothelial injury, venous stasis, and hypercoagulability, which set patients at risk of thromboembolic diseases (2).

Some conditions might occur alone without any consequences, but sometimes, one circumstance might develop and lead to other conditions or sequences.

CVD is separated into several types of disorders (3):

1. Coronary heart disease (CHD): a disorder in the blood vessels reaching the heart muscle, which includes angina, myocardial infarction (MI), and/or heart failure (4).

2. Cerebrovascular disease (CVD): a disorder in the blood vessels reaching the brain, which includes stroke and transient ischemic attack (TIA) (5).

3. Peripheral artery disease (PAD): a disorder in the blood vessels reaching the arms and legs, which includes atherosclerosis (6).

4. Aortic atherosclerosis: a disorder in the aorta vessel, which includes thoracic and abdominal aneurysms (7).

5. Deep vein thrombosis (DVT) and pulmonary embolism (PE): blood clots in the veins (8).

Globally, the health and economic burdens caused by CVD are substantial. It remains the first cause of death worldwide, leading to 18.6 million people deaths in 2019. The percentage of deaths varied depending on age (9) (Figure 1.A). CHD was the leading cause of mortality (42%) followed by strokes (17%), hypertension (11%), heart failure (10%), diseases of the arteries (3%), and other cardiovascular conditions (17%) (Figure1.B) (10). Furthermore, in 2010, 1 in 4 deaths worldwide were caused by thromboembolic events (11). Several risk factors may increase CVD, including hypertension, diabetes, tobacco and alcohol use, abnormal levels of lipids and glucose, unhealthy diet, being overweight and physical inactivity (12). Globally, high systolic blood pressure and smoking are the first and second risk factors leading to early mortality, respectively (13). Gender plays an important role in the incidence of CVD as women tend to develop CVD 10 years later than men (14). Moreover, the American Heart Association (AHA) states that CVD may vary depending on age. The incidence of CVD was reported to be ~40% from 40-59 years, ~75% from 60-79 years, and ~86% in the population aged 80 and above (14).

The clinical presentation of CVD may range from asymptomatic outcomes such as silent angina to classic symptomatic outcomes such as heart attack, stroke, and DVT (15). To manage these diseases, several therapies to prevent and treat CVD can be applied depending on the condition and the subject. They include lipid-lowering, antiplatelet, anticoagulant, antihypertensive, and anti-inflammatory drugs, and surgery. Importantly, lifestyle changes such as smoking cessation, physical activity, and adopting a healthy diet are some of the essential strategies to reduce CVD (15). Paroxysmal AF: episodes of AF that terminate spontaneously within 7 days (most episodes last less than 24 hours).

Persistent AF: episodes of AF that last more than 7 days.

Long-standing persistent AF: AF that persists for more than 12 months.

Permanent AF: when both the patient and clinician have decided to abort any further restoration strategies after shared clinical decision-making.

Nonvalvular AF: AF in the absence of rheumatic valvular disease. 

Surgery.

Family history and genetic variants.

Race: white people are more likely to experience AF than African American people.

Increased C-reactive protein (CRP) and (B-type natriuretic peptide) BNP.

AF is usually diagnosed and confirmed by electrocardiography (ECG) (21). The diagnosis of AF can be based on several parameters (e.g. etiology, the prothrombotic state, and abnormal left atrial volume/function). ECG can record the rhythm and electrical activity of the heart.

Additional tests such as blood tests, echocardiography, and physical examination might be needed when the diagnosis is unclear. Unfortunately, no test is able to evaluate the mechanism underlying AF and determine the stage of the disease.

Moreover, AF can lead to serious complications if it is not detected and treated rapidly, including (22):

Stroke: this is the most common complication, which can be caused when blood supply to the brain is interrupted or reduced by a clot. AF patients are 5 to 7 times more likely to suffer from a stroke than the rest of the population (23). Conversely, AF itself is a risk factor for ischemic stroke and may provoke serious lifethreatening conditions and lead to death (24). Importantly, 15% to 20% of strokes might be caused by AF (25).

Blood clots: when the blood flows abnormally, clots may form in the heart.

Additionally, these clots may travel and block blood flow to different parts of the body such as the brain, lungs, intestines, kidneys, or veins causing VTE.

Cognitive impairment and dementia: this complication might be due to the blockage or reduction of blood flow to the brain.

Heart attack: the risk of developing this complication is highest during the first year of AF diagnosis.

Heart failure: this complication could be caused by an irregular heartbeat and irregular blood flow.

Sudden cardiac arrest. The AF prevalence ratio for males/females was 1.11 in 2017, meaning that it remained stable since 2007 (26). Accordingly, the overall prevalence rate was 2.9% (24). The incidence and prevalence of AF have been increasing linearly over the past 20 years (26).

The death rate of AF patients rises proportionally to age. The mortality rate of AF was 287,241 deaths in 2017 globally. A recent study has found that the mortality rate in females was higher than the mortality rate in males in 2017 (177,270 deaths in females compared to 109,971 deaths in males) (27). A nationwide population-based study demonstrated that patients with AF have a four-fold higher risk of all-cause mortality than the general population (28).

The EurObservational Research Programme-Atrial Fibrillation (EORP-AF) showed that asymptomatic patients are associated with an increased risk of mortality compared to symptomatic patients (29). Moreover, Fauchier et al. identified the causes of death in AF patients, heart failure being the first cause of cardiovascular death (29.2%), followed by infection, cancer, and ischemic stroke (17.6%, 11.8%, and 6.7%, respectively) (30). The real burden of AF-related deaths remains difficult to calculate because patients do not die directly from AF, but rather die following comorbidities and/or complications of AF.

Atrial fibrillation management

The management of AF depends on the classes of AF, the symptoms, and the causes of the heartbeat disorder. Recently, guidelines have recommended that health professionals take into account the concept of risk-benefit ratio to deliver an optimized treatment for each patient.

To determine and implement the diagnostic and therapeutic medical strategy, the European Society of Cardiology (ESC) and the European Heart Rhythm Association (EHRA) specified the level of evidence of the particular management options (31):

Level of evidence A: data derived from multiple randomized clinical trials or metaanalyses.

Level of evidence B: data derived from a single randomized clinical trial or large non-randomized studies.

Level of evidence C: consensus of the experts and/or small studies, retrospective studies, registries.

The main goals of AF management are to reduce the risk of stroke, to reduce AF symptoms, and to manage risk factors in AF patients. So far, there have been several ways to treat AF (20,21):

Medication to treat and prevent AF, including:

1) Beta-blockers, such as esmolol, propranolol, atenolol and metoprolol, which slow the heartbeat at rest and during physical activity.

2) Calcium channel blockers, such as diltiazem and verapamil, which control the heart rate.

3) Cardiac glycosides, such as digoxin, which control the heart rate just at rest. other and activate factor X, which transforms the prothrombin into thrombin and, through the action of thrombin, the fibrinogen into fibrin, a protein that binds platelets and other materials together in a stable clot (Figure 3) (34). After the formation of a clot, two types of thrombus can be produced. Arterial thrombi consist primarily of platelet aggregates held together by small amounts of fibrin that occlude arterial flow and lead to ischemia and infarction of tissues and organs. Venous thrombi are composed predominantly of fibrin and trapped red blood cells with a few platelets, which may lead to pulmonary embolism (35).

II. Vitamin K antagonist (VKA) therapy

The principal role of VKAs is to reduce clot formation by inhibiting vitamin K which is a necessary agent for the activation and synthesis of several clotting factors. For the past several years, warfarin has been the only mainstay for stroke prophylaxis in AF. A meta-analysis of randomized clinical trials (RCTs) showed that warfarin can reduce the risk of stroke by 64%

and the risk of mortality by 26% compared to placebo (36). VKAs interfere with the coagulation cascade and thus reduce the risk of thromboembolic events, but also, increase the risk of bleeding by the same process. Normally, VKAs are used in long-term management to prevent stroke in AF patients. A large case-control study showed that patients starting warfarin were associated with a 71% increased risk of stroke during the first 30 days compared with a longer period of treatment (37). Regarding the pharmacological characteristic of VKAs, warfarin has an indirect mechanism of action (Figure 3), thus a slow onset (2 to 7 days, depending on the dose) and offset (up to 5 days after treatment is discontinued) of the anticoagulant effect.

Moreover, VKAs have a narrow therapeutic index and require regular coagulation monitoring to maintain an INR range between 2.0 and 3.0. When the INR <2.0 and >3.0, 57% of thromboembolic events and 42% of hemorrhagic events occurred, respectively. A metaanalysis and meta-regression study demonstrated that patients spent 61% of their time within the therapeutic window, whereas patients spent 25% and 14% below and above this window, respectively (38). Another limitation of VKAs is that warfarin has a lot of food and drug interactions (39) and therefore, its use requires more caution. The complex pharmacokinetics and pharmacodynamics of VKAs make their prescription more complicated, hence, adjusting medication dose for each patient to balance the benefits and risks of VKAs is needed (40).

Recently, direct oral anticoagulants (DOACs) have marked a pivotal change in the prospects for oral anticoagulation in AF patients.

III. Direct oral anticoagulant therapy

In 2010, the US Food and Drug Administration (FDA) approved the first novel direct anticoagulant "dabigatran", followed by rivaroxaban, apixaban, edoxaban, and betrixaban.

Unlike VKAs, DOACs directly act on specific clotting factors and are classified into two categories: oral direct factor Xa inhibitors (i.e. rivaroxaban, apixaban, edoxaban, and betrixaban) and direct thrombin inhibitors (i.e. dabigatran) (Figure 3). These agents have several advantages compared with VKAs: less monitoring required, less frequent follow-up, fewer drug and food interactions, and more rapid onset and offset effects [START_REF] Ashley | Direct Oral Anticoagulant Use: A Practical Guide to Common Clinical Challenges[END_REF]. Four pivotal clinical trials compared DOACs versus (vs.) warfarin for stroke prevention in NVAF:

1. The ARISTOTLE trial compared apixaban vs. warfarin and showed that apixaban is significantly superior to warfarin for the efficacy outcome (ischemic, hemorrhagic stroke, or systemic embolism) and the safety outcome (major bleeding), in addition to the superiority for all-cause mortality (42).

2. The RE-LY trial compared dabigatran (110 mg and 150 mg) vs. warfarin and showed that dabigatran at a dose of 110 mg twice daily was associated with similar rates of stroke and systemic embolism and lower rates of major bleeding compared with warfarin, while dabigatran at a dose of 150 mg twice daily demonstrated lower rates of ischemic stroke but no significant difference in major bleeding compared with warfarin (43).

3. The ENGAGE AF-TIMI 48 trial compared edoxaban (60 mg and 30 mg) vs. warfarin and showed that once-daily of both regimens of edoxaban was non-inferior to warfarin regarding the prevention of stroke or systemic embolism. Additionally, both regimens were significantly associated with a lower risk of major bleeding compared with warfarin (44).

4. The ROCKET-AF trial compared rivaroxaban vs. warfarin and showed that rivaroxaban was non-inferior to warfarin for the prevention of stroke or systemic embolism. Regarding the rates of major bleeding, no significant difference between both drugs was found, although intracranial and fatal bleeding occurred less frequently in the rivaroxaban arm in secondary analyses [START_REF] Patel | Rivaroxaban versus warfarin in nonvalvular atrial fibrillation[END_REF].

By taking together all the clinical trials data regarding NVAF, DOACs were as effective as

VKAs in reducing the risk of ischemic stroke and systemic embolism with a decreased risk of intracranial bleeding, although the magnitude and direction of the treatment effects are heterogeneous according to the outcomes.

IV. Antiplatelet therapy

Antiplatelet drugs have been used for a long time to prevent arterial thrombosis. Their action is concentrated by inhibiting platelet aggregation by targeting specific receptors (Figure 3). Aspirin and clopidogrel are the antiplatelet medicines most prescribed to prevent ischemic stroke. The randomized clinical trial, ACTIVE W, tried to compare the non-inferiority of clopidogrel plus aspirin to VKAs for NVAF patients and showed that the dual antiplatelets are less effective than VKAs for prevention of vascular events with a similar rate of major bleeding [START_REF]Clopidogrel plus aspirin versus oral anticoagulation for atrial fibrillation in the Atrial fibrillation Clopidogrel Trial with Irbesartan for prevention of Vascular Events (ACTIVE W): a randomised controlled trial[END_REF]. Moreover, the ACTIVE-A trial compared the addition of clopidogrel to aspirin with aspirin alone in patients unsuitable for anticoagulation and found that this combination reduced the thromboembolic events, but with a significantly increased risk of major bleeding [START_REF]Effect of Clopidogrel Added to Aspirin in Patients with Atrial Fibrillation[END_REF].

According to the ESC 2020 guidelines, antiplatelet therapy alone is ineffective and should not be used for stroke prevention in NVAF (especially in elderly patients) (31). 

Acute Venous Thromboembolism (VTE)

Venous thromboembolism background

Worldwide, VTE is the third most prevalent vascular disease, affecting millions of persons annually after cardiac ischemic syndromes and strokes [START_REF] Adelborg | Arterial cardiovascular events and mortality following venous thromboembolism[END_REF]. VTE is a disease of the venous circulation and encompasses both deep vein thrombosis (DVT) and pulmonary embolism (PE). DVT is the formation of a blood clot (thrombus) or multiple blood clots (thrombi) in a large vein, typically in the leg, but can also occur in the upper extremity or other veins. DVT may occur when there is a lack of blood flow in the deep veins, when something damages the blood vessel lining, or when the makeup of the blood itself changes (49). As for PE, it forms when the thrombi migrate through the heart and travel to pulmonary arteries [START_REF] Haley | Overview of Venous Thromboembolism[END_REF].

Patients can recover from DVT or PE spontaneously if the clot is small, and with appropriate treatment. Nevertheless, PE could be life-threatening or fatal if the thrombus partially or completely blocks the pulmonary artery or one of its segmental branches [START_REF] Cdc | What is Venous Thromboembolism?[END_REF].

Sometimes, VTE occurs without any obvious symptoms in its asymptomatic form.

Otherwise, symptoms of DVT may appear clinically as swelling, pain, or redness due to a loss of circulation in the vein [START_REF]Venous Thromboembolism[END_REF]. PE can manifest with a wide array of symptoms: shortness of breath, pain with deep breathing, and tachycardia, while patients with massive PE may experience syncope, hemodynamic instability, or shock [START_REF]Venous Thromboembolism[END_REF]. 1. VTE provoked by a major transient risk factor: surgery >30 min, confined to bed in hospital for at least 3 days with an acute illness, and cesarean section.

2. VTE provoked by a minor transient risk factor: surgery <30 min, confined to bed out of hospital for at least 3 days with an acute illness, admission to hospital for less than 3

days with an acute illness, estrogen therapy, pregnancy or puerperium, and leg injury associated with reduced mobility for at least 3 days.

3. VTE provoked by a persistent risk factor: active cancer and inflammatory bowel disease.

In addition to the provoking factors mentioned above, the AHA reported as independent VTE 4) [START_REF] Goldhaber | Pulmonary embolism and deep vein thrombosis[END_REF]. In a few cases, computed tomography venography (CTV), magnetic resonance venography (MRV), and scintigraphy ventilationperfusion are necessary. Unfortunately, undiagnosed and untreated PE leads to a high mortality rate (≈30%) [START_REF] Tarbox | Pulmonary embolism[END_REF].

Figure 4 Typical pathway for the diagnosis of deep vein thrombosis or pulmonary embolism (from Goldhaber & Bounameaux, Lancet. 2012 (56)). CUS=compression ultrasonography. MDTCA=multidetection CT angiography.

A significant complication after suffering from acute PE may develop and lead to chronic thromboembolic pulmonary hypertension, which can result in severe dyspnea and sometimes heart failure in 1% of cases [START_REF] Goldhaber | Pulmonary embolism and deep vein thrombosis[END_REF]. In addition, 30-50% of patients with DVT will have long-term complications called post-thrombotic syndrome (PTS), where the quality of life metrics continue to worsen four months after the event (49). Importantly, since the early 2000s, there has been an interest in establishing whether both diseases (DVT and PE) cause one another or have similar mechanisms. A systematic review of 28 studies showed that 30% of patients with symptomatic proximal DVT have a silent pulmonary embolism [START_REF] Stein | Silent pulmonary embolism in patients with deep venous thrombosis: a systematic review[END_REF]. On the other hand, a noninferiority randomized trial regarding PE based on clinical assessment found that about 40% of patients with symptomatic pulmonary embolism have proximal DVT and 25% have only distal DVT (59).

Venous thromboembolism burden

Every year, there are approximately 10 million cases of VTE worldwide [START_REF] Jha | The global burden of unsafe medical care: analytic modelling of observational studies[END_REF]. The annual incidence rate of DVT ranges from 53 to 162 per 100,000 population, while the incidence rate of PE ranges from 39 to 115 per 100,000 population [START_REF] Konstantinides | ESC Guidelines for the diagnosis and management of acute pulmonary embolism developed in collaboration with the European Respiratory Society (ERS): The Task Force for the diagnosis and management of acute pulmonary embolism of the European Society of Cardiology (ESC)[END_REF]. The overall incidence rate of VTE is around 25% higher with the addition of PE events [START_REF] Kakkos | Editor's Choice -European Society for Vascular Surgery (ESVS) 2021 Clinical Practice Guidelines on the Management of Venous Thrombosis[END_REF]. The incidence rate of VTE is higher among black populations and lower among Asian, Asian American, and Native American populations (11). VTE is mainly a disease of the elderly, reflected by incidence rates ranging from 10-to 100-times greater among those >80 years of age, compared to middle-aged and young adults [START_REF] Heit | Epidemiology of venous thromboembolism[END_REF]. Nevertheless, at least 1 in 12 middle-aged adults will develop either DVT and/or PE in their remaining lifetime [START_REF] Kakkos | Editor's Choice -European Society for Vascular Surgery (ESVS) 2021 Clinical Practice Guidelines on the Management of Venous Thrombosis[END_REF]. Regarding the incidence of VTE in men and women, the rates are modified depending on age. Women aged <55 and >80 years have higher rates of VTE than men due to premenopause and the effect of estrogen as a risk factor, in addition to the longer life expectancy of women (11). Additionally, the increasing prevalence of VTErelated risk factors such as cancer, surgery and obesity may have participated in the persistent incidence of VTE where until 60% of VTE cases occur during or after hospitalization [START_REF] Konstantinides | ESC Guidelines for the diagnosis and management of acute pulmonary embolism developed in collaboration with the European Respiratory Society (ERS): The Task Force for the diagnosis and management of acute pulmonary embolism of the European Society of Cardiology (ESC)[END_REF]. A meta-analysis of 18 studies reporting symptomatic recurrent VTE in patients with a first unprovoked VTE event showed that the rates of recurrent VTE in the first year, at two years, and 10 years were 10%, 25%, and 36%, respectively [START_REF] Khan | Long term risk of symptomatic recurrent venous thromboembolism after discontinuation of anticoagulant treatment for first unprovoked venous thromboembolism event: systematic review and metaanalysis[END_REF].

Among all VTE patients, 10%-30% died within 30 days and the majority of VTE deaths were PE, and 20%-25% of all PE cases presented as sudden death [START_REF] Cushman | Deep vein thrombosis and pulmonary embolism in two cohorts: the longitudinal investigation of thromboembolism etiology[END_REF] 

Venous thromboembolism management

The history of VTE medical treatment dates back to more than 700 years ago and at the end of the 19th century, VTE surgical treatment became widely used [START_REF] Galanaud | The history and historical treatments of deep vein thrombosis[END_REF]. The distinction between provoked and unprovoked VTE has important implications when it comes to treatment decision. However, the standard treatment used for the management of VTE is anticoagulants (the details of the mechanism of action for each class are mentioned above).

I. General considerations for the treatment of venous thromboembolism

The anticoagulant treatment strategy for DVT and PE is divided into three distinct phases: prevent and reduce the risk of recurrent VTE [START_REF] Mazzolai | Diagnosis and management of acute deep vein thrombosis: a joint consensus document from the European Society of Cardiology working groups of aorta and peripheral vascular diseases and pulmonary circulation and right ventricular function[END_REF], the decision of this phase depending on the risk-benefit ratio of anticoagulation therapy. Despite that DVT and PE are manifestations of the same disease, it is unclear why some patients are likely to have symptomatic PE as opposed to symptomatic DVT alone and vice versa. Importantly, the mortality rate of VTE is mainly related to PE occurrence and its consequences. Thus, patients with PE should be given anticoagulants even in the case of suspected PE and before the diagnosis is confirmed [START_REF] Hong | Updated recommendations for the treatment of venous thromboembolism[END_REF]. However, a special strategy for the management of PE patients should be stratified according to the prognosis and severity index into (70):

1. High-risk patients: they represent about 5% of all symptomatic patients with hypotension, syncope, bradycardia, or the inability to maintain adequate oxygenation, with about 15% short-term mortality. The ESC guidelines recommend that high-risk patients should be treated directly with thrombolytic drugs, or surgical or catheter embolectomy followed by anticoagulation treatment (61).

2. Intermediate-risk patients: they represent about 30% of all symptomatic patients with endorgan damage, but they are hemodynamically stable. These patients should be admitted to the hospital and benefit from initial anticoagulation treatment. To treat the first episode of VTE, using DOACs (dabigatran, rivaroxaban, apixaban, or edoxaban) over VKAs is now recommended by the American College of Chest Physicians and the 2019 ESC guidelines [START_REF] Konstantinides | ESC Guidelines for the diagnosis and management of acute pulmonary embolism developed in collaboration with the European Respiratory Society (ERS): The Task Force for the diagnosis and management of acute pulmonary embolism of the European Society of Cardiology (ESC)[END_REF][START_REF] Stevens | Executive Summary: Antithrombotic Therapy for VTE Disease: Second Update of the CHEST Guideline and Expert Panel Report[END_REF]. Additionally, the 2020 ASH guidelines do not suggest one class of DOACs over another [START_REF] Ortel | American Society of Hematology 2020 guidelines for management of venous thromboembolism: treatment of deep vein thrombosis and pulmonary embolism[END_REF]. Some situations such as obesity, severe renal impairment, or the presence of antiphospholipid syndrome favor treatment with VKAs (72). Thus, patientspecific factors and drug properties should be taken into account when choosing anticoagulant therapy. A systematic review of nine network meta-analyses tried to evaluate the efficacy and safety of DOACs in the acute treatment of VTE (DVT, PE, or both). Overall, no significant differences were found between apixaban and other anticoagulants for intracranial bleeding, recurrent/symptomatic VTE, non-fatal DVT, non-fatal PE, or all-cause mortality, while there was a significant reduction in MB with apixaban compared with other drugs [START_REF] Cohen | Anticoagulant selection for patients with VTE-Evidence from a systematic literature review of network meta-analyses[END_REF].

There is a higher risk of VTE reccurence for patients after the first episode of VTE and upon completion of the treatment period. The risk of recurrence of PE was 3.1-fold greater in patients initially presenting PE than in patients with proximal DVT (HR, 3.1; 95% CI, 1.9-5.1) [START_REF] Baglin | Does the clinical presentation and extent of venous thrombosis predict likelihood and type of recurrence? A patient-level meta-analysis[END_REF]. A patient-level meta-analysis in patients at low and high risk of recurrent VTE who had first VTE showed that the rate of recurrent VTE after 5 years was 11.4% in patients initially presenting DVT and 10.6% in patients initially presenting PE [START_REF] Baglin | Does the clinical presentation and extent of venous thrombosis predict likelihood and type of recurrence? A patient-level meta-analysis[END_REF]. The summary of recommendations for treatments in VTE is shown in Figure (5).

II. General consideration for the prevention of venous thromboembolism

Thromboprophylaxis is the most important strategy to reduce VTE-related morbidity and mortality in patients who have a higher risk of occurring VTE events such as patients hospitalized for medical, surgical, and other reasons than the normal population [START_REF] Spyropoulos | Rivaroxaban for Thromboprophylaxis after Hospitalization for Medical Illness[END_REF][START_REF] Fisher | Extended venous thromboembolism prophylaxis in patients undergoing hip fracture surgery -the SAVE-HIP3 study[END_REF][START_REF] Haas | Low-molecular-weight heparin versus placebo for the prevention of venous thromboembolism in metastatic breast cancer or stage III/IV lung cancer[END_REF]. The length of prevention of anticoagulation depends generally on the presence of risk factors in hospitalized patients such as advanced age, patients who have already sustained VTE events, patients with active cancer, major surgery, acute infectious diseases, and chronic respiratory diseases [START_REF] Alikhan | Risk Factors for Venous Thromboembolism in Hospitalized Patients With Acute Medical Illness: Analysis of the MEDENOX Study[END_REF]. Using anticoagulants for the prevention of VTE is predicated on a favorable riskbenefit ratio. The ASH guidelines recommend using LMWH over unfractionated heparin (UFH) and DOACs for VTE prophylaxis in acutely or critically ill hospitalized medical patients [START_REF] Schünemann | American Society of Hematology 2018 guidelines for management of venous thromboembolism: prophylaxis for hospitalized and nonhospitalized medical patients[END_REF]. For patients undergoing major surgery, the ASH guidelines recommend using extended prophylaxis (range between 19-42 days) over short-term strategy treatment with a preference for using acetylsalicylic acid (ASA) or DOACs over LMWH or warfarin [START_REF] Schünemann | American Society of Hematology 2018 guidelines for management of venous thromboembolism: prophylaxis for hospitalized and nonhospitalized medical patients[END_REF]. 

Outcomes in atrial fibrillation and venous thromboembolism 2.1 Thrombotic events (TE)

The lack of therapeutic effect of anticoagulants may cause thrombotic events, which may increase morbidity and mortality, especially in NVAF and VTE patients. In NVAF patients, the risk of stroke is 5-fold greater than in the healthy population [START_REF] Ding | Stroke and Bleeding Risk Assessments in Patients With Atrial Fibrillation: Concepts and Controversies[END_REF].

A meta-analysis including the main AF trials ( Additionally, a network meta-analysis confirmed that the rate of recurrent VTE after the first episode of DVT or PE is significantly reduced by using the extended therapy of DOACs (75% relative risk reduction) and standard dose of VKA (80% relative risk reduction) (87).

Major bleeding (MB)

The ISTH defined MB as fatal bleeding; symptomatic bleeding in a critical area or organ such as intracranial, intraspinal, intraocular resulting in vision changes, retroperitoneal, intraarticular, pericardial, or intramuscular with compartment syndrome; bleeding causing a fall in hemoglobin level of 2g/dL or more; and/or bleeding leading to transfusion of 2 or more units of whole blood or red cells [START_REF] Seto | Definition of major bleeding used by US anticoagulation clinics[END_REF].

A prespecified meta-analysis of the four main clinical trials in AF ( 

Surrogate endpoints

The goal of clinical trials is to demonstrate that the new drug or new technology will deliver a positive risk-benefit ratio, such as survival and health-related quality of life.

Nevertheless, to evaluate the efficacy and the safety of the new product, regulatory agencies impose a long process for licensing a new drug, which can sometimes take up to 10 years.

Recently, the FDA and the European Medicines Agency (EMA) started to accelerate the approval of new medicines by developing an alternative outcome such as a substitute or surrogate endpoint that could replace the true outcome [START_REF] Van Norman | Drugs, Devices, and the FDA: Part 1: An Overview of Approval Processes for Drugs[END_REF]. A surrogate endpoint is a laboratory measurement, a physiological sign, an imaging result, or another replacement endpoint used as a substitute for a direct measure of how a patient feels, functions, or survives [START_REF] Plourde | Validation of Surrogate Endpoints for Clinical Trials[END_REF]. Not so long ago, it has been so appealing to use surrogate endpoints in clinical research for several reasons (97):

1. Potentially reduce trial duration by getting results faster.

2. Allow reduced trial costs with fewer patients.

3. Ensure faster access to new therapies.

4. Develop emerging treatments for serious epidemiologic conditions.

5. Overcome the difficulty of studying the true outcome (i.e. death).

The qualification of a surrogate endpoint can be explained in the setting of CVD for which the most common final patient-relevant outcomes are mortality and major cardiovascular morbidity. Interestingly, the surrogate endpoint could be used for diagnosis, staging, or monitoring of disease progression [START_REF] Fleming | Biomarkers and Surrogate Endpoints In Clinical Trials[END_REF] 6). Therefore, a new concept, the so-called "surrogate threshold effect" (STE) has been created to validate the prediction of the surrogate endpoint on the true outcome and give a graded certainty of results. STE is defined as the minimum value of treatment effect on the surrogate endpoint, for which the 95% prediction interval of the corresponding effect on the true endpoint would be significantly different from 0 (104). An interesting feature of the STE is its natural interpretation from a clinical point of view. A large STE value would point to the need for observing a large treatment effect on the surrogate endpoint to conclude that there is a non-zero effect on the true endpoint (104). If such an STE is not available, an effect on the patientrelevant endpoint is not proven. Using STE as a method to evaluate blood pressure reduction as a potential surrogate endpoint for stroke prevention is a good example (105). In this study, a correlation between the systolic blood pressure difference and stroke relative risk reduction was found. Furthermore, the STE was calculated to validate this correlation (STE= 7.1). This means that the systolic blood pressure difference of 7.1 is needed to predict a minimal stroke benefit (Figure 7). 8) (97):

1. Establish which level of evidence was used to assess the correlation between the surrogate and the true outcome (level 1: multiple RCTs; level 2: 1 RCT: level 3: cohort or retrospective studies).

2. Assess the strength of the association: several meta-regression and meta-analytic approaches evaluate the strength of the correlation between the surrogate endpoint and the true outcome by using patient-level/ trial-level data.

3. Quantify the relationship between the surrogate and the true outcome: by applying the STE. Sometimes, a surrogate endpoint may not completely capture the true clinical effects, and the correlation between therapeutic levels of a surrogate endpoint and risks of outcome is not consistent across various classes of interventions and populations, which makes the validation of a surrogate endpoint arduous. To date, few surrogate endpoints have been approved by the FDA in different fields, especially in oncology (106). Unfortunately, some drugs were approved based on a false positive surrogate endpoint and lately were removed from the market or their prescription restricted in their product monograph because of safety concerns [START_REF] Plourde | Validation of Surrogate Endpoints for Clinical Trials[END_REF]. A systematic review in the CV field found that several positive surrogate endpoint trials had related negative subsequent clinical outcomes trials (107). As an example, aliskiren, a renin inhibitor, increased the risk of stroke and death despite that it had obtained marketing authorization for its effects on lowering blood pressure (108).

Several explanations for the failure of the surrogate endpoint may be considered (Figure 9): 1) a failure to lie in the same pathophysiological process that results in the true clinical outcome; 2) the treatment may only affect the pathway mediated through the surrogate endpoint; or 3) only pathway independent of the surrogate endpoint; 4) the surrogate endpoint may have been in the causal pathway but targeted by a treatment that had coexisting off-target effects (109). Unfortunately, even though regulatory authorities have generally agreed on valid conditions for using a surrogate endpoint, there is a great debate about the acceptance of valid surrogates endpoints in CVD (110).

Figure 9 Explanation for the potential failure of the surrogate endpoint

Net clinical benefit

While there is clear evidence of the benefits of antithrombotic drugs for the treatment of AF as well as the treatment and prevention of VTE, the risk of these medications is also well identified. During anticoagulation therapy, a deficient inhibition of coagulation (thrombosis) or the occurrence of bleeding due to excessive doses of antithrombotics can occur. These consequences may result in minor side effects, or serious fatal events, such as major intracranial or gastrointestinal (GI) bleeding leading to death or serious disability. Achieving the perfect ratio between the potential benefits (reduced thrombosis events) and harms (increased risk of major bleeding) of antithrombotics have been areas of key clinical interest and is still critical in the field of anticoagulation. Indeed, AF is a chronic disease that requires long-term oral anticoagulant treatment, in contrast to VTE, which is an acute disease and therefore can be treated over shorter durations. However, both diseases require a strict strategy to reach the best risk-benefit ratio. Thus, physicians should be aware of choosing the appropriate drug, dosage, and duration of treatment that fits the severity of the clinical case and the patient's Notably, no guideline is available for risk-benefit ratio modeling. In fact, the clinical weight of thrombotic (e.g. massive pulmonary embolism vs asymptomatic DVT) and bleeding (severe intracranial bleeding vs occult GI bleeding) is heterogeneous. A current manner for modeling is the addition of TE and MB in VTE [START_REF] Investigators | Edoxaban versus warfarin for the treatment of symptomatic venous thromboembolism[END_REF]111).

To take into account the balance between the prospective benefits and harms, the concept of NCB, which is the sum of MB and TE, has recently emerged and can be nominated to be a surrogate endpoint in CV trials evaluating antithrombotics. Indeed, due to the high mortality in the settings of NVAF and VTE and according to the mechanism of action of these diseases, a relationship between the surrogate endpoint (NCB) and the true outcome (ACM) may exist.

The assessment of the risk-benefit ratio is particularly challenging when benefit measures are based on surrogate endpoints.

Currently, no concept of assessing NCB as a surrogate endpoint in the antithrombotic field has been generally accepted (112). The combination of both risks of TE and MB will provide a more quantitatively informed basis for using antithrombotics.

Aim of the thesis

The specific aims of the thesis were:

1. To explore the validity of the use of the net clinical benefit (NCB), which is the sum of major bleeding (MB) and thrombotic events (TE) as a surrogate endpoint for all-cause that assessed a surrogate endpoint in CVD to determine the statistical method used to validate the surrogate endpoint and whether it is used in current research. 

Results

5

Introduction

Non-valvular atrial fibrillation (NVAF) and venous thromboembolism (VTE), which includes deep vein thrombosis (DVT) and pulmonary embolism (PE), are two common diseases associated with significant morbidity and mortality 1 . Furthermore, patients hospitalized for medical illness, undergoing surgery, and cancer patients have a higher risk of venous thromboembolism or bleeding events than the general population 2-4 . As they reduce the risk of death and injury related to thrombotic events, anticoagulants are the cornerstone of the management of these cardiovascular d iseases 5 .

Since their discovery, the use of vitamin K antagonists (VKA) has been shown to reduce the mortality related to cardiovascular diseases 6 . However, due to their narrow therapeutic index, bleeding events are the most important complications related to the use of VKA, and the incidence of major bleeding ranges from 1.4 to 3.4% in NVAF patients 7,8 and from 0 to 4.3% in VTE p atients 9 . More recently, direct oral anticoagulants (DOAC) have been shown to be non-inferior to VKA in preventing thrombotic events while being associated with a reduction of major bleedings, and thus became the standard therapy and preventive treatment for VTE and N VAF 10,11 .

The positive impact of anticoagulants on cardiovascular mortality is presumably a result of the reduced amount of thrombotic events. However, major bleeding is also associated with significant morbidity and mortality 12,13 . To take into account the balance between potential benefits (i.e. reduced risk of thromboembolism) and harm (i.e. increased risk of major bleeding) in randomized trials, the concept of net clinical benefit (NCB), which is the sum of major bleeding and thrombotic events, appeared recently as a potentially relevant outcome in phase III clinical trials evaluating antithrombotics 14 . These measurable events lie within the pathophysiological spectrum of NVAF and VTE, allowing the summarization of treatment effects and increasing the number of total events, thus increasing the study power. Technically, to evaluate the value of NCB as a surrogate endpoint in clinical trials, a linear correlation between the treatment effects on the surrogate and on the final outcome needs to be established for each indication separately, and its strength has to be checked in advance with several statistics analytic m ethods 15 . However, direct evidence of the association between the treatment effects of anticoagulation on the NCB and cardiovascular mortality in the setting of clinical trials is lacking.

The present study aimed to explore the validity of the NCB as a potential surrogate for all-cause mortality in trials testing antithrombotics for the prevention and treatment of VTE and NVAF.

Materials and methods

The present study was conducted according to the PRISMA s tatement 16 .

Search strategy and study identification. First, all published randomized controlled trials registered in the META-EMBOL database (Silvy Laporte, University of Saint-Etienne, PHRC 2008) were investigated. This database collected the results of trials assessing the efficacy of antithrombotics in the prevention or treatment of VTE and NVAF 17 .

Additional studies were searched for on electronic databases such as MEDLINE, the Cochrane Library databases, and EMBASE from 1990 to December 2020, in English and non-English languages by using sensitive keywords to detect all the studies (see online supplement).

Hand searching through medical journals, reviews, and bibliography of each selected article was carried out to identify additional studies that were not reported in those electronic databases and META-EMBOL.

Study selection. The database was screened by two authors (R.K and R.A) independently to identify studies that potentially met the eligibility criteria. These were: randomized controlled trials, parallel groups, open or double-blind design evaluating antithrombotics compared to placebo or control treatment for (1) VTE, (2) thromboprophylaxis in hospitalized patients for medical conditions, major orthopedic, and/or abdominal surgery, (3) thromboprophylaxis in cancer patients, and/or (4) NVAF. Also, for inclusion studies needed to report the three outcomes of interest: thrombosis, major bleeding, and all-cause mortality. Disagreements about inclusion were resolved by consensus or by consulting a third author (J.-C.L.).

Definition of outcomes.

The net clinical benefit (NCB) was computed in each arm by adding major bleeding events and thrombosis events retrospectively in each study. The major bleeding in non-surgical patients was defined according to the International Society on Thrombosis and Haemostasis (ISTH) criteria 18 , i.e. fatal bleeding, bleeding manifest in a critical organ such as intracranial bleeding, and/or explicit bleeding correlated with a decrease of hemoglobin level of 20 g/L or more, or necessitating a transfusion of at least two units of red cells or whole blood. Major bleeding for surgical patients was defined according to the European Agency for the Evaluation of Medical Products definition, i.e. bleeding detected at the surgical site and conducting to reoperation or any special medical intervention, in addition to the criteria mentioned above.The effects of the assessed treatments on thrombotic events were evaluated from the main pre-specified efficacy outcome of each trial. All-cause mortality was used irrespective of its relationship with the cardiovascular event.

Data extraction. When a trial met the eligibility criteria, two authors separately extracted the following data in addition to thrombotic and bleeding events: name of the first author and year(s) of publication, study acronym, study design, disease, treatment regimens, class of comparison, and study size.

Statistical analysis.

For each condition (acute treatment of VTE, treatment of NVAF, and VTE prevention in medical, surgical, and cancer patients), a meta-analysis was conducted and forest plots were generated and computed using the random-effects model to estimate the relative risk (RR) for all-cause mortality (standard outcome) and NCB (surrogate outcome), as well as the corresponding 95% confidence intervals (CI) in patients treated (in the experimental anticoagulation group) compared to patients in control groups. Additional metaanalysis and forest plots were generated for each class of medicine separately (Antiplatelet, VKA, DOAC, and LMWH) and calculated the RR for all-cause mortality and NCB. Adjusted continuity corrections of 0.5 were used for any study with no event 19 .

To validate NCB as a surrogate of all-cause mortality, the method reported by Buyse et al. 20 was used. A linear regression model was therefore used to assess the association between the RR for NCB and the RR for all-cause mortality by calculating the coefficient of determination (R 2 trial). The percentile bootstrapping method (resampling 1000 times) was applied in order to obtain a high accuracy to compute the 95% confidence interval for R 2 trial in addition to the prediction interval. The validity of the surrogate endpoints depends on the strength of the association with the ultimate endpoint. Indeed, the coefficient of determination R 2 trial should be more than 0.65 and close to 1 21 . In practice, an R 2 trial with an upper limit of the 95% confidence interval (95% CI) ≤ 0.7 (i.e. limited correlation) confirms the lack of validity of the surrogate endpoint, whereas an R 2 trial with a lower limit of the 95% confidence interval ≥ 0.85 supports the validity of the surrogate. In case of intermediate correlation (0.7 < Rtrial < 0.85), the validation of the surrogate endpoints remains u nclear 15 .

The surrogate threshold effect (STE) can also be assessed to estimate the minimal treatment effect on the surrogate endpoint predicting a significantly nonzero effect on the true e ndpoint 22,23 . To compute the STE, the linear regression model was calculated and the 95% prediction intervals were plotted. The value of the STE is the value on the xaxis (log RR of NCB) for which the lower limit of the prediction interval meets a point corresponding to 1 (zero effect on the true endpoint) on the y-axis (log RR of all-cause mortality). Furthermore, two sensitivity analyses were performed to assess the robustness of the results. The first analysis included only studies with a double-blind design, whereas the second one was applied to studies that included only the new direct oral anticoagulants (except ximelagatran) in the experimental arm.

The association between the mortality rate and the relative risk reduction was explored using linear regression for all indications together. The linear regression models were performed using the statistical software R, version 3.5.2 24 with the META, METAFOR, and GGPLOT 25 packages.

Results

Search results and characteristics of studies.

The primary META-EMBOL database and the additional literature search identified 264 trials for review. Among them, there were 25 duplicated studies, 41 studies were excluded as they did not meet the year of publication criterion, and 73 articles were excluded after full-text review. Finally, a total of 125 eligible studies were included for data extraction (Fig. 1).

Among those included studies, 27 studies were conducted in the field of NVAF (114,689 patients), 27 focused on acute treatment of VTE (55,216 patients), 25 on thromboprophylaxis in patients hospitalized for medical conditions (69,022 patients), and 38 on major orthopedic and abdominal surgery (70,982 patients). Additionally, 8 studies (6372 patients) assessed thromboprophylaxis in cancer patients. A total of 79 studies were double-blind randomized controlled trials, 28 were open-label with blind adjudication, and 18 had an open-label design.

Treatments assessed in experimental arms were apixaban (k = 8), acenocoumarol (k = 2), betrixaban (k = 2), dabigatran (k = 8), rivaroxaban (k = 12), dalteparin (k = 4), edoxaban (k = 2), AZD0837 (k = 1), idrabiotaparinux (k = 2), fondaparinux (k = 10), aspirin (k = 5), dipyridamole (k = 2), nadroparin (k = 11), ximelagatran (k = 4), enoxaparin (k = 19), reviparin (k = 2), bemiparin (k = 1), semuloparin (k = 6), indobufen (k = 1), UFH (k = 2), tinzaparin (k = 1), other LMWH (k = 2), certoparin (k = 5), gemcitabine + dalteparin (k = 1), fraxiparin (k = 1), ardeparin (k = 2), and warfarin with/without aspirin (k = 9; Table 1).

Surrogacy evaluation by clinical indication. Summary of the meta-analysis and forest plot for all indications are shown in Fig. 2, while the results of meta-analysis and forest plot for each disease separately are presented in Appendix A. The results are presented according to drug classes in Appendix C.

The coefficient of determination of the treatment effects was the highest for NVAF studies (R 2 trial = 0.41, 95% CI [0.03; 0.48]; Fig. 3). For acute VTE studies, the coefficient of determination was R 2 trial = 0.30 (95% CI [0.04; 0.84]; Fig. 4). Thus, in both NVAF and acute VTE studies, the correlation between NCB and all-cause mortality was weak.

Regarding the coefficient of determination for studies investigating the prevention of VTE, there was no correlation between NCB and all-cause mortality for medical patients (R 2 trial = 0.12, 95% CI [0.00; 0.36]; Fig. 5), neither for surgical patients (R 2 trial = 0.05, 95% CI [0.00; 0.23]; Fig. 6), nor for cancer patients (R 2 trial = 0.006, 95% CI [0.00; 1.00]; Fig. 7).

Surrogate threshold effect (STE).

Considering the lower limit of the prediction interval of the treatment effect on the surrogate endpoint in the prevention of VTE, treatment of VTE, and treatment of NVAF, the STE could not be determined and calculated for all the indications previously mentioned.

Sensitivity and post-hoc analyses. The coefficients of determination for double-blind clinical trials only and for those evaluating DOAC for the acute treatment of VTE only were higher than the primary analysis, but their wide confidence intervals did not support significant differences (Results of primary and sensitivity analysis are shown in details in Table 2). Similarly, the linear regression found no significant correlation between the overall death rate and the relative risk reduction of all-cause mortality (Figures of forest plot and GGPLOT are shown in Appendix B).

Discussion

The objective of this study was to describe the relation between NCB and all-cause mortality to validate this outcome as a surrogate endpoint in NVAF and VTE trials using meta-regression. While the coefficient of determination R 2 trial was low for acute VTE and NVAF studies, the correlation between the NCB and all cause-mortality was very weak. Additionally, no correlation was observed in prevention studies for which the R 2 trial were negligible. These results were also consistent irrespective of experimental treatments and study design. Taken together, these results do not support the use of NCB as a surrogate endpoint for all-cause mortality in NVAF and VTE trials.

The limited association between NCB and all-cause mortality reduction may be explained by several factors. First, major bleeding and thrombosis may not lead systematically to death even though they are morbid outcomes. Indeed, in a post-hoc analysis of the ROCKET-AF trial comparing rivaroxaban and warfarin in NVAF 26 , only 1 in 10 deaths has been related to MB and ischemic stroke. In addition, a meta-analysis that analyzed the causes of death in patients receiving DOAC or warfarin in NVAF has reported that ischemic strokes and fatal bleedings were responsible for a minority (6%) of all death, while the main cause of death in NVAF appeared to be related to sudden cardiac death, heart failure, and myocardial infarction rather than outcomes targeted by study protocols 27 . Thus, anticoagulants have limited impacts on events ultimately leading to deaths among NVAF patients. Indeed, the low incidence of VTE and bleeding might be due to the improvement in patient management strategy 28 . Of note, the results herein did not show a relationship between the crude mortality rate and mortality risk reduction related to anticoagulant exposure. Thus, a lack of power related to low event incidence is unlikely.

Similarly, cancer has been found to be the most common cause of death (42%) in a meta-analysis of seven randomized trials evaluating DOAC for the treatment of VTE 29 , whereas recurrent VTE and fatal bleeding have been estimated to be responsible for only 20% and 6% of deaths, respectively. Furthermore, a study combining the results of ACTIVE and RE-LY trials 30,31 has calculated the NCB according to the relative weights of different events, and has reported that the clinical importance of major bleeding events, except hemorrhagic stroke, was less than that of ischemic stroke. Indeed, the adjusted hazard ratio of death after a hemorrhagic stroke, ischemic stroke, subdural hemorrhage, and major extracranial bleeding were highly different one from another (26.92, 8.33, 6.89, and 5.23, respectively). Hemorrhagic stroke has been reported to increase the risk of death by 3.29-fold per 100 patient-years compared to ischemic stroke 30 . Consequently, the relative importance and the clinical impact of major bleeding and thrombotic events are not similar and do not have the same weight and incidence 32 . The European network for Health Technology Assessment does not recommend the use of a composite endpoint as a principal outcome measure when a suitable single primary endpoint is available, especially when the combined primary outcomes have different weights 33 . Therefore, the limited correlation between NCB and all-cause mortality found herein and the absence of a recommendation from the regulatory agencies regarding the use of NCB in NVAF and VTE studies argue against the use of NCB as a primary outcome in randomized control trials. Some limitations of the present study need to be noted. First, one trial identified in the database META EMBOL was not published and therefore not included in the present study, but it is unlikely that the inclusion of this trial would change the correlation between NCB and overall mortality found herein. Second, the number of patients, the experimental designs, the experimental and control groups, and the definitions of outcomes were variable between studies, which might have affected the statistical results. Additionally, only studies that measured the three outcomes (MB, recurrent ischemic/thrombotic event, and all-cause mortality) were included, without the composite or other outcomes, and so, the number of studies included was reduced. Finally, NCB was estimated in the present study by the sum of MB and thrombosis for all patients within each study, and not for each patient individually. This alternative calculation may have led to different results.

Author, year

Study acronym

Conclusion

A weak correlation between NCB and all cause-mortality was found in studies investigating NVAF and acute VTE, whereas no correlation was observed in clinical situations where the mortality rate was low. Therefore, using the NCB should not be considered as a validated surrogate outcome of all-cause mortality in NVAF, acute VTE, and VTE prevention trials. Each study is represented by a circle. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval. The red dashed lines represent the upper and lower limits of the 95% prediction interval. RR, relative risk. The corresponding linear regression model was "Log RRDeath = 0.6 × Log RRNCB + 0.15". Each study is represented by a circle. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval. The red dashed lines represent the upper and lower limits of the 95% prediction interval. RR, relative risk.

Figure 5. Trial-level association between treatment effects on net clinical benefit (NCB)

and all-cause mortality in the treatment of the prevention of VTE in medical patients. Cor = 0.32 and the linear regression model was "Log RRDeath = 0.26 × Log RRNCB + 0.05". Each study is represented by a circle. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval. The red dashed lines represent the upper and lower limits of the 95% prediction interval. RR, relative risk.

Figure 6.

Trial-level association between treatment effects on net clinical benefit (NCB) and all-cause mortality in the treatment of the major orthopedic and abdominal surgery. Cor = 0.24 with the linear regression model "Log RRDeath = 0.49 × Log RRNCB -0.05". Each study is represented by a circle. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval. The red dashed lines represent the upper and lower limits of the 95% prediction interval. RR, relative risk.

Figure 7.

Trial-level association between treatment effects on net clinical benefit (NCB) and all-cause mortality in the treatment of the other prevention in cancer patients. Cor = 0.41 and the linear regression model: "Log RRDeath = -0.05 × Log RRNCB + 0.01". Each study is represented by a circle. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval. The red dashed lines represent the upper and lower limits of the 95% prediction interval. RR, relative risk. 

ABSTRACT Background

The failure in preventing thrombotic recurrence and major bleeding (MB) related to anticoagulants in non-valvular atrial fibrillation (NVAF) and acute venous thromboembolism (VTE) may be conducive to fatal outcomes. However, the relation between these outcomes is complex and poorly evaluated. This study aimed to estimate the correlation between risk reduction of MB, thrombotic events (TE), and all-cause mortality (ACM) in randomized controlled trials (RCTs) assessing antithrombotics.

Methods

RCTs comparing antithrombotics with placebo or standard treatment in acute VTE and NVAF were extracted from 1990 to December 2020. A weighted linear regression model was performed to quantify the trial-level coefficient of determination (R²trial) between the relative risk (RR) of MB or TE and ACM.

Results

Sixty-five eligible studies totaling 174,173 patients were included. In the 37 NVAF studies, treatment-related effects on ACM, TE and MB did not correlate, with R²trial for ACM-TE and ACM-MB of 0.00 (95%CI 0.00-0.45, p=0.74) and 0.04 (95%CI 0.00-0.35, p=0.34),

INTRODUCTION

Cardiovascular diseases are the leading cause of mortality worldwide (1). Non-valvular atrial fibrillation (NVAF) is a common cardiovascular pathology (2), and a major cause of ischemic stroke and systemic embolism (3). Ischemic strokes secondary to NVAF are characterized by greater mortality and morbidity and a higher cost of medical care compared to those without NVAF (4). Venous thromboembolism (VTE), including deep vein thrombosis (DVT) and pulmonary embolism (PE), is also the third CVD leading to death after myocardial infarction and stroke (5). Over the years, antithrombotic drugs, which include antiplatelets and anticoagulants, appeared to be the fundamental strategy to treat and prevent NVAF-related strokes and VTE recurrence (6). Vitamin k antagonists (VKA) have been used for decades for the treatment of NVAF and VTE despite the increased risk of major bleeding (MB), including fatal and intracranial events (7). In the last decade, several trials have shown that direct oral anticoagulants (DOAC) have globally similar efficacy in preventing stroke, systemic embolic events, and VTE recurrence with favorable safety compared to VKA in NVAF and VTE (8)(9)(10)(11). However, the relation between bleeding, thrombosis occurrence, and mortality in patients receiving antithrombotic therapies is complex since the risk factors for bleeding and thrombosis largely overlap and a significant proportion deaths may be independent of thrombotic and bleeding events in frail patients.

Meta-regression using randomized controlled trials (RCTs) is a useful approach for modeling the relationship between major events, notably by the control of confusion bias using randomization (12,13). Unfortunately, no study has evaluated the direct correlation between the outcomes of interest. The present study aimed to evaluate the association between treatment-related relative risk (RR) of major bleeding (MB), thrombotic events (TE), and allcause mortality (ACM) in RCTs evaluating antithrombotic therapies for NVAF and VTE.

MATERIALS AND METHODS

Search strategy and study identification

This systematic review and meta-analysis are reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses PRISMA guidelines (14). All RCTs testing oral antithrombotic therapies for NVAF and VTE from 1990 to December 2020 and registered in the META-EMBOL database (Silvy Laporte, University of Saint-Etienne, PHRC 2008) were screened. The search was not limited to the English language (15). Furthermore, PubMed was searched and a manual search through the bibliography of eligible articles was performedto identify additional studies that were not reported in META-EMBOL database.

Study selection and data extraction

Two independent authors (R.K and R.A) reviewed the potential articles to identify the qualification studies depending on the eligibility criteria: i) RCTs including (both open-label or double-blind design), (ii) assessment of oral antithrombotic therapies compared to placebo or standard treatment, (iii) patients with acute VTE or NVAF, (iv) reporting TE and/or MB and ACM. Disagreements were resolved by consulting a third author (J.-C.L.). When a study met the eligibility criteria, both authors (R.K. and R.A.) independently extracted the following data: name of the first author and year of publication, study acronym, study design, disease, treatment regimens, class of comparison, and the number of patients.

Definition of outcomes

The efficacy and safety outcomes of interest were the risk of TE (stroke and systemic embolism in NVAF and recurrent events in VTE), MB, and ACM. The definition of TE occurrence is used in the pre-specified efficacy outcomes in each study. The definition of MB in non surgical patients was determined by the International Society on Thrombosis and Haemostasis criteria (i.e. fatal bleeding, bleeding that manifests in a critical organ such as intracranial bleeding, intraspinal, intraocular, retroperitoneal, intra articular, or pericardial, or intramuscular with compartment syndrome and/or explicit bleeding correlated with a decline in hemoglobin levels of 2g.L -1 or more, or that necessitates a transfusion at least 2 units of red cells or whole blood) (16). ACM is defined as death from any cause including cardiovascular and non-cardiovascular deaths.

Statistical analysis

We performed a weighted linear regression model to quantify the relationship between RR of ACM, MB, and TE for the treatment of acute VTE and NVAF. The coefficient of determination (R²trial) was then calculated to measure the association between the log RR of MB and ACM, and between the log RR of TE and ACM. The percentile bootstrapping method (resampling 1000 times) was calculated to compute the 95% confidence intervals for R²trial with high accuracy. Furthermore, the meta-analysis was performed and the forest plot was generated for each disease and each outcome separately. The RR and the confidence intervals (95%CI) for ACM, MB, and TE were computed using random-effects models in patients treated with antithrombotic therapies compared with the reference groups. The pooled cumulative incidence and its 95%CI were calculated for each event by using arcsine transformation to help deal with percentages that are close to either one or zero (17). The I² test was computed to assess heterogeneity between studies (18). Adjusted continuity corrections of 0.5 were used in the arms with zero events (19). Moreover, we performed two sensitivity analyses to assess the robustness of the primary analysis for all indications. The first included studies that evaluated DOAC vs other drugs and the second included trials using double-blind design vs open design. The pairwise meta-analysis, the linear regression model, and all the plots were performed by using the software R, version 3.6.1 with the META, METAFOR, and GGPLOT packages (20). The level of statistical significance was set at p<0.05.

RESULTS

Literature search and study characteristics

The initial META-EMBOL database and the additional literature search identified 161 potentially eligible articles. After screening, 96 articles were excluded for the following reasons: duplicated studies, unpublished articles, year of publication, and not relevant to the purpose of this meta-regression (i.e. lack of outcome reports). A total of 65 eligible studies were included for data extraction (Figure 1). The included studies are described in Table 1. 

Amongst

Regression analysis in NVAF

In NVAF, the pooled cumulative incidence of TE, MB and ACM was 3.2% (95%CI 2.2-4.2%, I²=97%), 2.7% (95%CI 2.3-3.7%, I²=97%) and 6.5% (95%CI 5.6-8.3%, I²=99%), respectively.

The coefficient of determination evaluating the association between the treatment-related effect on the the RR for ACM-MB and ACM-TE were R²trial= 0.00 (95%CI 0.00-0.45, p=0.74 (Figure 2A) and R²trial= 0.04 (95%CI 0.00-0.35, p=0.34) (Figure 2B), respectively. The sensitivity analyses, however, suggested a potential association between ACM and MB in only double-blind studies (Table 2).

Regression analysis in acute VTE

In acute VTE, pooled cumulative incidence of TE, MB and ACM was 3.2% (95%CI 2.3-3.3%, I²=89%), 1.4% (95%CI 0.1-1.5%, I²=74%) and 3.1% (95%CI 2.8-3.4%, I²=94%), respectively. The coefficient of determination evaluating the association between the treatment-related effect on the the RR for ACM-MB and ACM-TE were R²trial= 0.25 (95%CI 0.06-0.67, p<0.0001) (Figure 3A) and R²trial= 0.19 (95%CI 0.00-0.58, p=0.02) (Figure 3B), respectively. The sensitivity analyses suggested these associations were predominantly driven by double-blind studies and studies evaluating DOACs (Table 2).

DISCUSSION

The present study showed a significant correlation between MB and ACM, and TE and ACM in acute VTE trials. Conversely, no significant correlation was found in NVAF trials.

The results of the sensibility analyses showed a significant correlation in only double-blind trials for NVAF and VTE, suggesting a potential effect of performance bias in the adjudication or detection of outcomes.

The correlation between MB, TE, and subsequent ACM in acute VTE has been assessed

in the COMMAND VTE study, which is a register that included patient-level observational trials (21). However, it is still uncertain whether MB and TE were the direct causes of subsequent mortality, and this is because of the low occurrence of events (8% for MB and 6%

for TE) or/and comorbidities (21). Likewise, 2 systematic reviews showed that only 6% and 4% of deaths were due to MB and TE, respectively, amongst patients treated with antithrombotic treatment for VTE (22,23). Moreover, the RIETE registry reported that the occurrence of MB increased the risk of death when compared with the occurrence of no MB event (24). In this setting, the likelihood of death was increased in gastrointestinal bleeding and the elapsed period <2 months until VTE diagnosis in a cohort analysis (25).

Interestingly, the existence weak correlation in acute VTE might be influenced by the fact that MB and TE could be situated on the causal pathway and affected by the treatment therapy; nevertheless, the excess of death may not be directly related to the events.

Consistently, the RIETE registry confirmed that the main causes of death in VTE were cancer (28%), heart/or respiratory failure (16%) and infections (9%), whereas PE and fatal bleeding were responsible for death in only 12% and 3% of the cases, respectively (23). The multiple non-thrombotic causes of death, the underlying confounding factors (such as comorbidities and frail patients) as well their consequences on the subsequent anticoagulation decision making (such as discontinuation of antithrombotics or changing the therapeutic class/dosage) may partially explain the discrepancies between the reduction of outcomes and the occurrence of mortality (26). The potential pathway between acute VTE, the confounding factors, and the mortality outcome is presented in Figure 4A.

With regard to NVAF, MB and TE might be situated on the causal pathway but targeted by treatments that had coexisting off-target effects (Figure 4B). This is also supported by the fact that NVAF most commonly occurs in the context of significant comorbid conditions that may contribute to excess mortality. At least two comorbidities were observed in three out of five patients at the time of NVAF diagnosis, where the circulatory and digestive system, metabolic disorders, and infection in addition to the advanced age are important conditions that may increase mortality (27). A meta-analysis including 4 RCTs similarly found that most deaths were related to sudden cardiac deaths/dysrhythmia, heart failure, and myocardial infarction (46% of all-cause death), while MB and ischemic strokes totalized 6% of deaths (28). On the other hand, when bleeds occurred in NVAF patients (as for acute VTE patients), the site of bleeding such as intracranial and extracranial bleeding was associated with a 27and 5-fold increased risk of mortality compared to patients without bleeds, respectively (29).

Moreover, the scores allowing risk stratification for bleeding (e.g. HAS-BLED) and TE (e.g. CHA2DS2-VASC) largely overlap for the prediction of both outcomes and death (30)(31)(32).

The limited association between MB, TE, and ACM is in contradiction with the major impact of TE and MB on subsequent outcomes for individual patients, where capturing the relationship between MB, TE, and ACM by using the net clinical benefit (NCB), i.e. sum of MB and TE, is of limited value (33). Taken together, these results suggested direct (e.g. reduction in fatal events) and indirect (e.g. association between these events and fragility) interrelationship between antithrombotic effect and mortality reduction in NVAF and VTE.

Finally, our results suggested a negative effect of open design on the relationship between risk reduction of ACM-MB and ACM-TE. Importantly, a lack of blind design may lead to a 17% over-estimation of treatment effects by for subjective outcomes, such as vascular events (34). Conversely, ACM, which is an objective outcome, was not affected by the openlabel design in a large meta-epidemiological study (34). Furthermore, a meta-analysis in 13 NVAF phase II and III trials estimated a significant 67% enhancement of treatment effects in open-label trials compared with double-blinded trials for risk reduction of hemorrhagic stroke (35). Taken together, these results suggest the effect of performance or detection bias on the relation between risk reduction of ACM-MB in VTE and NVAF.

Several potential limitations of the present study need to be considered. First, the causes of death were not mentioned in almost all of the studies. Second, the heterogeneity in patient characteristics, class of treatment comparison, and duration dose of treatment may influence the results. Third, the difference between the sensitivity and primary analyses in VTE and NVAF might be due to the lack of power. Fourth, the results derived from meta-regression are observational and are subject to false-positive results (36). Unfortunately, our study did not use individuals data, which may prompt further future studies to evaluate the association between the outcomes.

CONCLUSION

In trials comparing antithrombotic therapies, the magnitude of reduction of MB and thrombotic recurrence correlates to the ACM in VTE, but not in to NVAF. This trial-level analysis suggests that the association between treatment-related effects on MB, TE recurrence, and ACM differs according to the medical condition and the design of the study. To validate an intermediate endpoint as a surrogate, three criteria that an intermediate criterion must satisfy to be considered a surrogate were defined (6)(7)(8). The first requirement is that the surrogate endpoint should be strongly correlated with the true outcome. The second is that the treatment effects on the surrogate endpoint should fully capture its net effects on the true outcome. The third is that the treatment effects on the surrogate endpoint should predict the overall treatment effect on the true outcome (5). Moreover, a new concept called surrogate threshold effect (STE), has been created to quantify the prediction of the treatment effects. The STE is the minimum treatment effect on the surrogate endpoint necessary to predict a non-zero effect on the definitive true outcome (7).

FIGURES

The use of surrogate measures for regulatory approval has been a matter of substantial debate in the cardiovascular field. Unfortunately, some drugs were approved based on a nonvalidated surrogate endpoint and have lately been removed from the market either due to a lack of efficacy or increased toxicity on the true outcome (9). Therefore, before the validation of a surrogate endpoint, an exhaustive clinical and statistical analysis must be conducted to ensure the reliability of this surrogate endpoint. Yet, there has been no quantitative assessment in cardiovascular studies that evaluate the validity of surrogate endpoints.

This systematic review aimed to assess the methodological approaches to the validation of surrogate endpoints reported in published cardiovascular clinical trials and evaluate the reliability of surrogate endpoints approved by the FDA.

METHODS

Study identification and search strategy

This systematic review is reported according to the Preferred Reporting Items for Systematic

Reviews PRISMA 2020 guidelines (10). The electronic MEDLINE database was searched for relevant articles in the cardiovascular field. Additionally, related articles were manually searched from the references of the included studies. Furthermore, the list of acceptable surrogacy by the FDA was explored (11). The search strategy included the terms:

"Randomized" AND "(cardiovascular OR coronary heart disease OR cerebrovascular disease OR peripheral arterial disease OR deep vein thrombosis OR pulmonary embolism)" AND "surrogate". The bibliography search was limited to the English language from 1990 to December 2021.

outcome should be assessed by the meta-analytic approach using the coefficient of determination R², where the R² should be more than 0.6 and close to 1 (15). A high correlation (lower limit of the 95% confidence interval) R ≥ 0.85 of the effects on the surrogate endpoint and the true outcome can be concluded as proof of validity. A low correlation (upper limit of the 95% confidence interval) R ≤ 0.7 results in proof of the lack of validity of the surrogate endpoint. If the correlation is medium (R < 0.85 to > 0.7) the validity of the surrogate endpoint remains unclear (16). Furthermore, Burzykowski et al. proposed using the 95% prediction interval of the regression line to obtain the value of STE (7). The other methods used to validate a surrogate endpoint were considered invalid.

RESULTS

Characteristics of eligible studies

The initial MEDLINE database and the additional literature search identified 1248 potentially eligible articles. After screening, 1236 articles were excluded for the following reasons: duplicated studies, non-English, editorial, commentary, treatments or interventions not assessed, not RCTs, CVD not assessed, surrogate endpoint not assessed, and studies based on individual data. The remaining 11 eligible studies from the electronic database and 3 surrogacy from the FDA table were included for data extraction (Figure 1). Among the 11 surrogate endpoints, 3 (28%) were evaluated in peripheral arterial disease, 2 (18%) in coronary artery disease, 2 (18%) in cerebrovascular disease, 2 (18%) in hypercoagulable states, and 2 (18%) in diabetes disease. No studies reported a preexisting protocol. Seven studies (64%) reported patient age, and all studies reported patient disease characteristics. The median follow-up duration was noted in 9 (81%) studies. A summary of the included studies is found in Table 2. Could serve as a surrogate AF: Atrial fibrillation; B: beta; CIMT: carotid intima-media thickness; CRNMB: clinically relevant non-major bleeding; CV: cardiovascular; DBP: diastolic blood pressure; HbA1c: Hemoglobin A1c; HDL-C: high-density lipoprotein cholesterol; HR: hazard ratio; MACE: major adverse cardiac events; MI: myocardial infarction; MRI: magnetic resonance imaging; OR: odds ratio R²: coefficient of determination; RR: relative risk; r: coefficient of correlation; SBP: systolic blood pressure; VTE: venous thromboembolism.

CV*: myocardial infarction, stroke, revascularization procedures, or fatal CVD. Coronary events §: non-fatal myocardial infarction or cardiac death.

Using regression line prediction interval (19%)

Using regression line confidence interval 0 (0%)

Method not specified (81%)

Reporting of additional analyses

Any sensitivity analysis (81%)

Any subgroup analysis 1 (9%)

Discussion and prospectives

The objective of our first study aimed to explore the validity of using the net clinical benefit (NCB), i.e. the sum of MB and TE, as a potential surrogate endpoint for all-cause mortality in clinical trials assessing anticoagulants in NVAF and VTE, by using a metaregression model. We found that the coefficient of determination R²trial was low for acute VTE and NVAF studies. Additionally, no correlation was observed in prevention studies for which the R²trial was negligible. Taken together, these results do not support the use of NCB as a surrogate endpoint for ACM in NVAF and VTE trials. The failure of NCB to be a surrogate endpoint might be due to several reasons. First, MB and TE may not systematically lead to death even though they are morbid outcomes. A post-hoc analysis of the ROCKET-AF trial showed that only 1 in 10 deaths was related to MB and ischemic stroke (114). Second, a metaanalysis of seven randomized trials evaluating DOACs for the treatment of VTE (115) showed that recurrent VTE and fatal bleeding have been estimated to be responsible for only 20% and 6% of deaths, respectively, while the most common cause of death was cancer (42%). Third, a study combining the results of the ACTIVE and RE-LY trials demonstrated that the relative importance and the clinical impact of MB and TE are not similar and do not have the same weight and incidence (MB events, except hemorrhagic stroke, were less important than those of ischemic stroke) (112,116). The main limitations of this study need to be noted. First, only studies that measured the three relevant outcomes (MB, recurrent ischemic/thrombotic events, ACM) were included, without the composite or other outcomes. Consequently, the number of studies included was reduced. Second, NCB was estimated in the present study by the sum of MB and TE for all patients within each study, and not for each patient individually. This alternative calculation may have led to different results.

Since NCB was a composite outcome, it was not clear which event (MB or TE) affected the correlation with ACM. Thus, the objective of our second study was to evaluate the correlation between treatment-related relative risk (RR) of MB, TE, and ACM in trials evaluating antithrombotic drugs for NVAF and acute VTE using a weighted meta-regression model. Our results showed a significant correlation between MB and ACM, and TE and ACM in acute VTE trials. Conversely, no significant correlation was found in NVAF trials.

Importantly, the weak correlation in acute VTE might be influenced by the fact that MB and TE could be situated on the causal pathway and affected by the treatment therapy; nevertheless, the excess of death may not be directly related to the events. This result was also confirmed by the COMMAND VTE study (117). The discrepancies between the risk reduction of outcomes and the occurrence of mortality may partially be explained by the low occurrence rate of MB (8%) and TE (6%) in acute VTE and NVAF patients, the site of bleeding (intracranial and extracranial bleeding was associated with a 27-and 5-fold increased risk of mortality compared to patients without bleeds, respectively (118)), and the existence of underlying confounding factors (such as comorbidities and frail patients) as well as their consequences on the subsequent anticoagulation decision making. Taken together, these results suggested both, direct (e.g. reduction of fatal events) and indirect (e.g. association between these events and fragility) interrelationship between antithrombotic effect and mortality reduction in NVAF and VTE. The main limitations in this study were i) the causes of death were not mentioned in almost all of the studies; ii) the studies included were quite heterogeneous in terms of the study design, class of treatment comparison, and patient characteristics, which may reduce the certainty of the results; iii) our study was restricted to trial-level data analyses which may be considered less accurate and reliable than individual-level data.

Ultimately, due to a lack of information about surrogate endpoints in CVD and their contradictory validity, our third work summarized all existing surrogate endpoints and assessed the statistical methods used to validate these surrogate endpoints. Our systematic review demonstrated heterogeneity of statistical methods used for surrogacy evaluation in CV trials reporting assessment of intermediate endpoints. Of note, no study fulfilling the conditions required to be able to validate an intermediate endpoint as a surrogate endpoint. Additionally, the validity of LDL-C as a surrogate endpoint is questionable despite its use by the FDA. Some endpoints used as surrogates have been shown to provide false positive predictions of the treatment effect that impacts clinical endpoints. This was the case for encainide and flecainide, two anti-arrhythmic drugs that were approved by the FDA for use in patients with lifethreatening or severe symptomatic arrhythmias, that were found to triple the death rate (120).

Indeed, the validity of a surrogate endpoint could not be based only on the correlation between the surrogate endpoint and the true outcome but should be proven with further statistical tests.

The validity of surrogate endpoints has rarely been rigorously established. Our study showed the overall low quality of surrogacy analysis in CVD. Understanding the disease mechanism of action as well as evaluating individual patient data remain the optimal approaches that help investigators and pharmaceutical companies determine a reliable surrogate endpoint and allow faster access to new health drugs. To date, the FDA has validated intermediate endpoints as surrogates without specifying the classes of drugs, the disease states, and the true clinical outcome, which may not help investigators and pharmaceutical companies to determine a reliable surrogate endpoint.

Our thesis calls into question the risk-benefit ratio for antithrombotics and the possibility of using surrogate endpoints in CVD as a basis for replacing the true clinical outcome. Thus, some considerations should be kept in mind for health technology assessment or drug prescription:

1. The balance between benefit (reducing the risk of thromboembolism) and harm (increasing the risk of MB) should take into account by making individualized treatment decisions, especially in patients for whom the risk-benefit ratio of anticoagulation is not clear. However, no tool is available to evaluate the risk-benefit ratio in daily clinical pratice. Further studies are needed to assess the clinical weight and prognosis of thrombotic and hemorrhagic events in VTE and NVAF. Notably, the use of pooled individual data from randomized trials may be of considerale value to estimate the relationship between each event and death.

2. Composite surrogate endpoints have been mainly used in clinical trials to increase the statistical power by increasing the number of events such as NCB (sum of MB and TE) and MACE (composite of cardiovascular death, stroke, or myocardial infarction).

Unfortunately, the interpretability of composite outcomes is extremely complicated and is greatly influenced by whether each component of the composite outcome has similar clinical importance and the same weight compared to the other component. 
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 11 Figure 1. Global burden of cardiovascular disease in 2019. A: Age of cardiovascular deaths worldwide; B: Causes of cardiovascular deaths worldwide. CHD: Coronary heart disease

Figure 3

 3 Figure 3 Coagulation cascade and mechanism of action of antithrombotic drugs. ADP: adenosine diphosphate, Ca: calcium, PL: phospholipids, TXA2: thromboxane A2, VKAs: vitamin k antagonists.

  VTE can be provoked or unprovoked, depending on the existence of risk factors. Strong transient provoking risk factors account for approximately 20% of all VTE episodes (53). The International Society on Thrombosis and Haemostasis (ISTH) classified risk factors as being major or minor and transient or persistent (54):

1 )

 1 an initial treatment (5-21 days following diagnosis) either with low molecular weight heparin (LMWH) or fondaparinux, which are transited to VKAs or high-dose DOACs to prevent the development of DVT and PE; 2) a long-term treatment (first 3-6 months) with VKAs or DOACs to maintain the therapeutic index; 3) an extended treatment (beyond the first 3-6 months) to

Figure 5

 5 Figure 5 Summary of recommendations for treatments in venous thromboembolism (from Fernandes et al., SAGE journals, 2019 (81)). IV: intravenous; LMWH: low-molecular-weight heparin; VTE: venous thromboembolism.
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 6 Figure 6 Potential condition for the surrogate endpoint to be valid.
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 8 Figure 8 Framework for validation of the surrogate endpoint (from Ciani et al. Nature, 2016 (97))

  comorbidities. A frequentist network meta-analysis of trials evaluating anticoagulation for VTE showed that the effects of the drug vary with different doses and according to the class of anticoagulant (i.e. a standard dose of VKAs reduced the rate of recurrent VTE more than a low dose of VKAs and ASA; DOACs reduced the risk of MB more than VKAs)[START_REF] Mai | Extended anticoagulation for the secondary prevention of venous thromboembolic events: An updated network meta-analysis[END_REF]. RCTs regarding NVAF and VTE evaluated the efficacy and safety of antithrombotics (VKAs and DOACs) compared with the standard treatment/ placebo and classified them depending on the outcomes of interest.
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 23 mortality (ACM) in randomized clinical trials (RCTs) assessing antithrombotics in the prevention or treatment of VTE and NVAF. The methods used in the first article consisted of a systematic review and meta-regressions for all published RCTs registered in the META-EMBOL database (Silvy Laporte, University of Saint-Etienne, PHRC 2008). A linear meta-regression model using the coefficient of determination (R²trial)was calculated to assess the association between the relative risk (RR) for NCB and the RR for ACM as well as the STE. To assess the correlation between risk reduction of MB, TE, and ACM in RCTs assessing antithrombotics in the treatment of VTE and NVAF. The methods used in the second article consisted of a systematic review and meta-regressions for all RCTs testing antithrombotic drugs registered in the META-EMBOL and electronic databases using a weighted linear regression model. To evaluate the validity of all the surrogate endpoints in previously published RCTs in the CV field. The method used in the third article was the systematic review of all trials
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 1 Paper 1: Meta-regression of randomized control trials with antithrombotics: weak correlation between net clinical benefit and allcause mortality OPEN Meta--regression of randomized control trials with antithrombotics: weak correlation between net clinical benefit and all cause-mortality Roubi Kilo 1,5,12 , Silvy Laporte 2,3 , Rama Arab 5 , Sabine Mainbourg 4,5 , Steeve Provencher 6 , Guillaume Grenet 7 , Laurent Bertoletti 8,9 , Laurent Villeneuve 10,11 , Michel Cucherat 5 & Jean-Christophe Lega 4,5 & META-EMBOL Group This study aimed to explore the validity of the use of the net clinical benefit (NCB), i.e. the sum of major bleeding and thrombotic events, as a potential surrogate for all-cause mortality in clinical trials assessing antithrombotics. Published randomized controlled trials testing anticoagulants in the prevention or treatment of venous thromboembolism (VTE) and non-valvular atrial fibrillation (NVAF) were systematically reviewed. The validity of NCB as a surrogate endpoint was estimated by calculating the strength of correlation of determination (R 2 ) and its 95% confidence interval (CI) between the relative risks of NCB and allcause mortality. Amongst the 125 trials retrieved, the highest R 2 trial values were estimated for NVAF (R 2 trial = 0.41, 95% CI [0.03; 0.48]), and acute VTE (R 2 trial = 0.30, 95% CI [0.04; 0.84]). Conversely, the NCB did not correlate with all-cause mortality in prevention studies with medical (
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 1 Figure 1. PRISMA flowchart. NCB, net clinical benefit.

Figure 2 .

 2 Figure 2. Summary of the meta-analysis and forest plot for all indications. Forest plot of treatment effects on all-cause mortality and net clinical benefit (NCB). The horizontal error bars show the 95% confidence interval (CI) of each relative risk (RR) based on the random-effect model. The square represents the RR. An RR of < 1 favors the experimental group, an RR = 1 indicates no difference in treatment effects, and an RR of > 1 indicates a harmful effect of the control group. AF = Atrial fibrillation, K = number of NCB in AF
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 3 Figure 3. Trial-level association between treatment effects on net clinical benefit (NCB) and all-cause mortality in the treatment of non-valvular atrial fibrillation. The correlation was (Cor) = 0.62 with the linear regression model: "Log RRDeath = 0.44 × Log RRNCB -0.11".Each study is represented by a circle. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval. The red dashed lines represent the upper and lower limits of the 95% prediction interval. RR, relative risk.
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 4 Figure 4. Trial-level association between treatment effects on net clinical benefit (NCB) and all-cause mortality in the treatment of acute venous thromboembolism. Cor = 0.24.The corresponding linear regression model was "Log RRDeath = 0.6 × Log RRNCB + 0.15". Each study is represented by a circle. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval. The red dashed lines represent the upper and lower limits of the 95% prediction interval. RR, relative risk.
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 12 Figure 1. PRISMA flowchart of database search and study identification
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 3 Figure 3. Correlation between outcomes in the treatment of acute venous thromboembolism3A. Correlation between all-cause mortality and major bleeding (MB)

Figure 4 .

 4 Figure 4. Potential pathway between diseases, confounding factors, and mortality outcome 4A. Pathway in acute VTE
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 1 Figure 1. PRISMA 2020 flow diagram of database search and study identification
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 3 The positive correlation between an intermediate endpoint and the true outcome is not sufficient to validate a surrogate endpoint where a correlate does not validate a surrogate. 4. A rigorous evidence-based justification should be provided in any setting where the use of surrogate endpoints is proposed. Meta-analyses of individual-level clinical data are the highest form of evidence that surrogate endpoints can predict the overall treatment effects regarding true outcomes for new therapies or new treatment strategies. International guidelines from regulatory agencies for evidence-based
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  Depending on symptoms, signs, and other risk factors, several clinical tests are known to diagnose VTE. The Wells DVT and PE scores are a clinical prediction pretest that are categorized into high, intermediate, and low probability (55). Furthermore, the laboratory test, D-dimer is indispensable to detect clotting activity. Additionally, imaging tests, mainly compression ultrasonography for DVT and CT pulmonary angiography for PE, are needed to validate the diagnosis of DVT or/and PE (Figure

risk factors: increasing age, obesity, family history or personal history of thrombosis, indwelling central venous catheter or transvenous pacemaker, prior superficial vein thrombosis, infection, autoimmune disease, inherited or acquired thrombophilia, kidney disease, AF, neurological disease with leg paresis, sickle cell anemia and sickle cell trait, and long-distance travel

(10)

.

  . In the first year, the case-fatality rate was approximately 21-26% for DVT and 23-32% for PE. A cohort of 67,354 definite and 35,123 probable cases of VTE showed that the fatality rate in men after any VTE had a higher case fatality rate at 30 days (age-adjusted RR 1.27; 95% CI, 1.22-1.32) and 1-year (age-adjusted RR 1.17; 95% CI, 1.14-1.20)[START_REF] Tagalakis | Incidence of and mortality from venous thromboembolism in a real-world population: the Q-VTE Study Cohort[END_REF]. A population-based study demonstrated that the fatality rate in VTE patients with cancer is higher than in patients without cancer (19.1% vs. 3.6%, RR 3.8, 95% CI, 1.6-9.2) (66).

  RR 0.92; 95%CI 0.83-1.02, p=0.10)[START_REF] Ruff | Comparison of the efficacy and safety of new oral anticoagulants with warfarin in patients with atrial fibrillation: a meta-analysis of randomised trials[END_REF]. The ESC guidelines confirmed that post-marketing observational data on DOACs were consistent with the pivotal RCTs(31).

	A meta-analysis of 34 real-world studies including 2.2 million NVAF patients showed
	that DOACs significantly reduced the risk of stroke (HR 0.77; 95%CI 0.69 to 0.87; p<
	0.01) compared with warfarin (84). When comparing DOACs, edoxaban was the most effective
	drug in reducing the risk of stroke (HR 0.67; 95%CI 0.60-0.76; p< 0.01) compared with other
	drugs (84).
	In the HOKUSAI study, edoxaban was non-inferior to warfarin for recurrent symptomatic
	VTE (HR 0.98; 95%CI 0.70-1.13; p<0.001) (85). A systematic review and pairwise network

ARISTOTLE, RE-LY, ENGAGE AF-TIMI 48, and ROCKET AF) showed that apixaban, dabigatran, edoxaban, and rivaroxaban significantly reduced stroke or systemic embolic events by 19% compared with warfarin (RR 0•81; 95%CI 0•73-0•91; p<0•0001)

[START_REF] Ruff | Comparison of the efficacy and safety of new oral anticoagulants with warfarin in patients with atrial fibrillation: a meta-analysis of randomised trials[END_REF]

. DOACs were similar to warfarin in the prevention of ischemic stroke (meta-analysis of 10 RCTs referred that DOACs had similar effects of reducing recurrent VTE compared with warfarin for acute VTE patients (OR 0.96; 95%CI 0.82-1.11; p=0.66)

[START_REF] Su | Comparative efficacy and safety of oral anticoagulants for the treatment of venous thromboembolism in the patients with different renal functions: a systematic review, pairwise and network meta-analysis[END_REF]

.

  the rivaroxaban and warfarin group (3.6% and 3.4%, respectively; p=0.58) only in the ROCKET AF trial[START_REF] Patel | Rivaroxaban versus warfarin in nonvalvular atrial fibrillation[END_REF].

	The bleeding risk seems to vary within the class of DOACs and compared to VKAs and
	antiplatelets in interventional and observational studies. The GARFIELD-AF worldwide
	prospective registry assessed the risk of bleeding in anticoagulated NVAF patients and showed
	that the incidence rate of MB after 1 year of follow-up was 1.31 (95 % CI 1.21-1.41) per 100
	patient-years (89). In real-world anticoagulated NVAF patients, apixaban and dabigatran (HR
	0.53; 95 % CI 0.39-0.71) had a significantly lower risk of MB compared with warfarin (HR
	Regarding the occurrence of MB during the initial treatment of VTE, Gomez, et al.
	demonstrated that the rate of MB was lower with DOACs compared with standard treatment
	(1.8%/yr vs 3.1%/yr; RR, 0.62; 95%CI 0.45-0.85; p=0.003) (93). Among DOACs, apixaban 10

ARISTOTLE, RE-LY, ENGAGE AF-TIMI 48, and ROCKET AF) found that pooled DOACs reduced MB compared with warfarin (RR 0.48; 95%CI 0.39-0.59; p<0.0001)

[START_REF] Ruff | Comparison of the efficacy and safety of new oral anticoagulants with warfarin in patients with atrial fibrillation: a meta-analysis of randomised trials[END_REF]

. Of note, the rate of MB was similar in 0.69; 95 % CI 0.50-0.96)

[START_REF] Lip | Real-world comparison of major bleeding risk among non-valvular atrial fibrillation patients initiated on apixaban, dabigatran, rivaroxaban, or warfarin[END_REF]

. When DOACs were compared, rivaroxaban had a significantly higher risk of MB, particularly in GI hemorrhage, compared with apixaban (HR 1.82; 95 % CI 1.36-2.43)

[START_REF] Lip | Real-world comparison of major bleeding risk among non-valvular atrial fibrillation patients initiated on apixaban, dabigatran, rivaroxaban, or warfarin[END_REF]

. Concerning intracranial hemorrhage (ICH) in NVAF patients, DOACs had a 40% lower risk compared to VKAs, more precisely, a 25% lower risk for rivaroxaban, and 52% for dabigatran

[START_REF] Van Den Ham | Major bleeding in users of direct oral anticoagulants in atrial fibrillation: A pooled analysis of results from multiple population-based cohort studies[END_REF]

. Additionally, younger patients treated with DOACs (<75 years old) tend to have a lower risk of MB compared with VKAs

[START_REF] Van Den Ham | Major bleeding in users of direct oral anticoagulants in atrial fibrillation: A pooled analysis of results from multiple population-based cohort studies[END_REF]

.

As for the extended treatment of VTE, a meta-analysis of RCTs in VTE patients receiving extended anticoagulants (>3 to 6 months) showed that the incidence rate of MB was 1.74 (95%CI 1.34-2.20 events) per 100 person-years with VKAs and 1.12 (95%CI 0.72-1.62 events) per 100 person-years with DOACs

[START_REF] Khan | Long-Term Risk for Major Bleeding During Extended Oral Anticoagulant Therapy for First Unprovoked Venous Thromboembolism[END_REF]

. DOACs have a tendency to be related to a decreased risk of MB compared to VKA, apixaban 5 mg (89%) and 2.5 mg (79%) having the highest probability of being the best-extended treatments of VTE

[START_REF] Mai | Extended anticoagulation for the secondary prevention of venous thromboembolic events: An updated network meta-analysis[END_REF]

. mg BID and then 5 mg BID has significantly reduced the risk of MB compared with LMWH-dabigatran 150 mg BID, LMWH-edoxaban 60 mg or 30 mg once daily (OD), and fondaparinux-VKA combination

[START_REF] Cohen | Anticoagulant selection for patients with VTE-Evidence from a systematic literature review of network meta-analyses[END_REF]

.

Table 1 .

 1 Studies characteristics and main antithrombotics for all the studied diseases.

			Design Disease	Studied treatment	Comparison(s)	No. of patients
	Merli, 2001 /	PROBE	DVT, PE	Enoxaparin 1 mg/kg bid or	UFH	900
					1.5 mg/kg od		
	Prandoni,	GALILEI	PROBE	DVT, PE	Nadroparin 80 U/kg bid	UFH 4000 U + 12,500 U	720
	2004						
	Prandoni et	/	Open	DVT	Nadroparin 0.5 ml bid	UFH Bolus 100 IU/kg then	170
	al., 1992					35000 IU od	
	Schulman,	RE-COVER	DB	DVT, PE	Dabigatran 150 mg bid	Warfarin INR 2-3	2539
	2009						
	Schulman,	RE-COVER II	DB	DVT, PE	Dabigatran 150 mg bid	Warfarin INR 2-3	2568
	2013						
	Schulman,	RE-MEDY	DB	DVT, PE	Dabigatran 150 mg bid	Warfarin INR 2-3	2866
	2013						
	Simonneau,	THÉSÉE	PROBE	PE	Tinzaparin IU/kg od	UFH Bolus 50 IU/kg then 500	612
	1997					IU/kg od	
	Büller, 2007 VAN GOGH EXT	PROBE	DVT, PE	Idraparinux 2.5 mg ow	Placebo	1215
	Eriksson,	THRIVE I	PROBE	DVT	Enoxaparin 24 mg bid	Dalteparin 200U/kg + Warfarin	141
	2003					INR 2-3	
	Fiessinger,	THRIVE	DB	DVT + / -PE	Ximelagatran 36 mg bid	Warfarin INR 2-3	2528
	2005						
	Leizorovicz,	PREVENT	DB	CHF	Dalteparin 5000 IU od	Placebo	3706
	2004						
	Lederle,	/	DB	MP	Enoxaparin 4000 IU od	Placebo	280
	2006						
	Samama,	MEDENOX	DB	CHF	Enoxaparin 4000 IU od	Placebo	738
	1999						
	Fraisse,	/	DB	PD	Nadroparin 3800-5700 IU	Placebo	223
	2000						
	Mahe, 2005		DB	AMI	Nadroparin 2850 IU	Placebo	2474
	Diener, 2006 PROTECT	DB	AIS	Certoparin 3000 IU od	UFH 5000 IU × 3	545

AF atrial fibrillation, VTE venous thromboembolism, DVT deep vein thrombosis, PE pulmonary embolism, CHF congestive heart failure, MP medical patients, PD pulmonary disease, AMI acute medical illness, AIS acute ischemic stroke, SRD severe respiratory disease, TKR total knee replacement, THR total hip replacement, MKS major knee surgery, HFS hip fracture surgery, MAS major abdominal surgery, MCS major colorectal surgery, ML major laparotomy, CP cancer patients, DB double-blind, PROBE prospective, randomized, open, blinded-endpoint.

Primary outcomes Sensitivity analysis (only DB) Sensitivity analysis (only DOAC) RR (95% CI) R 2 (95% CI) p Value RR (95% CI) R 2 (95% CI) p Value RR (95% CI) R 2 (95% CI) p Value

  

		NCB	0.66			0.61			0.66		
	NVAF	ACM	(0.53; 0.83) 0.78 (0.68; 0.89)	0.41 (0.03; 0.48)	0.0003	(0.45; 0.83) 0.89 (0.86; 0.93)	0.30 (0.0002, 0.71)	0.08	[0.47; 0.94) 0.37 (0.007, 0.88) 0.79 (061; 1.02)	0.1
		NCB	0.73			0.63			0.74		
	Acute VTE	ACM	(0.63; 0.85) 0.98 (088; 1.10)	0.30 (0.04; 0.84)	0.003	(0.48; 0.83) 0.89 (0.75; 1.05)	0.75 (0.006 ; 0.98)	0.0002	(0.61; 0.90) 0.50 (0.02 ; 0.91) 1.04 (0.94; 1.15)	0.001
		NCB	0.77			0.81			0.87		
	Thrombop. in		(0.66; 0.90)	0.12		(0.67;0.98)	0.11		(0.69; 1.09) 0.04	
	medical patients	ACM	0.97 (0.91; 1.03)	(0.0005; 0.36)	0.08	0.98 (0.91;1.06)	(0.0003, 0.46)	0.17	0.97 (0.88; 1.06)	(0.0002, 0.70)	0.59
	Thrombop. in major orthopedic surgery	NCB ACM	0.66 (0.58; 0.76) 0.97 (0.80; 1.16)	0.05 (0.0002; 0.23)	0.16	0.65 (0.56; 0.76) 0.95 (0.77; 1.17)	0.07 (0.0003, 0.28)	0.16	0.66 (0.55; 0.79) 0.08 (0.0004, 0.3) 0.98 (0.81; 1.22)	0.15
		NCB	0.98			0.75			/		
	Thrombop. in cancer patients	ACM	(0.67; 1.44) (0.92; 1.04) 0.98	0.006 (0.0001; 1)	0.84	(0.56; 1.01) (0.93; 1.06) 0.99	0.26 (0.0000; 1.00)	0.30	/	/	/

Table 2 .

 2 Primary and sensitivity analysis for all the studied diseases. ACM all-cause mortality, CI confidence interval, DB double-blind, DOAC direct oral anticoagulants, NCB net clinical benefit, NVAF non-valvular atrial fibrillation, Thrombop. thromboprophylaxis, RR relative risk, R 2 coefficient of determination, VTE venous thromboembolism. licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
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Table 1 : Study characteristics and main antithrombotics for all the diseases

 1 

	Author, year	Study acronym	Design Disease Studied treatment Comparison(s)	No. of patients
	BÜller, 2008	AMADEUS	Open	NVAF	Idraparinux 2.5mg od Warfarin INR 2-3	4576
	Chung, 2010 Chung	Open	NVAF	Edoxaban 30/60mg	Warfarin	
	Connolly, 2006	ACTIVE W	Open	NVAF	Clopidogrel 75mg Aspirin 75-100mg +	2-3 VKA adj stand INR	6706
	Connolly, 2011	AVERROES	DB	NVAF	Apixaban 5mg bid	Aspirin 81 to 324m g	5599
	Connolly, 1991	CAFA	DB	NVAF	Warfarin adj stand INR 2-3	Placebo	
	Connolly,	EXPLORE-Xa	DB	NVAF	Betrixaban 40, 60, 80	Warfarin INR 2-3	
	2013				mg od		
	Connolly,	RE-LY	Open	NVAF	Dabigatran	Warfarin INR 2-3	18113
	2009				110/150mg bid		
				NVAF	Aspirin 25mg bid,		
					Dipyridamole 200mg		
	Diener, 1996 ESPS-2	DB		+ Aspirin 25mg bid,	Placebo	6602
					Dipy ridamole 200mg		
					bid		
	Ezekowitz,	SPINAF	DB	NVAF	Warfarin adj stand	Placebo	
	1992				INR 1.4-2.8		
	Edvardsson, 2003	SAFT	Open	NVAF	Warfarin fixed + 75mg/day Aspirin 1.25mg/ day +	No treatment	
	FFAACS, 2001 /	DB	NVAF	Fluindione + aspirin	fluindione plus plac ebo	
	Giugliano,	ENGAGE AF-	DB	NVAF	Edoxaban 30/60mg	Warfarin INR 2-3	21105
	2013	TIMI			od		
	Granger,	ARISTOTLE	DB	NVAF	Apixaban 5mg bid	Warfarin INR 2-3	18201
	2011						
				NVAF	Aspirin 300mg od,	Warfarin adj	
	Gullov, 1998 AFASAK II	Open		Asprin 300mg od, Warfarin 1.25 mg +	stand I NR 2-3	
					warfarin		
	Halperin,	SPORTIF V	DB	NVAF	Ximelagatran 36mg	Warfarin INR 2-3	3922
	2005				bid		
	Hellemons,	PATAF	Open	NVAF	Aspirin 150mg od	Acenocoumarol	
	1999						
	Hori, 2012	J-ROCKET AF	DB	NVAF	Rivaroxaban 15mg od Warfarin INR 2-3	1280
	Kistler, 1990 BAATAF	Open	NVAF	Warfarin adj stand	No treatment	
					INR 1.5-2.7		
	Koudstaal, 1993	EAFT	Open	NVAF	Warfarin adj stand 300mg INR 2.5-4.0, Aspirin	Placebo	1007
	Lip, 2009	NCT00684307 Open	NVAF	AZD0837 300mg od	Warfarin INR 2-3	

Table 2 : Comparison of the coefficient of determination for primary and sensitivity analyses for all indications

 2 Clinical research plays a key role in determining the safety and efficacy of treatment regimens intended for humans and to improve the quality of patients' lives at a reasonable cost(1). Nevertheless, the phase of the industrial development process may take at least ten years to develop a new drug(2). Thus, regulatory agencies may accelerate the development phases and approve drugs based on an alternative outcome such as a surrogate endpoint that could replace the final clinical outcome(3). A surrogate endpoint is an intermediate endpoint allowing the direct measure of how a patient feels, functions, or survives (4). Generally, surrogate endpoints are not events, but rather measurements (physiological, laboratory, or imaging tests) that predict events. The advantage of surrogates is that studies based on surrogate endpoints can be reduced

			Primary analysis	Sensibility analysis Only new DOAC	Sensibility analysis Only non-DOACs	Sensibility analysis Only DB	Sensibility analysis Only open
			R² [95% CI]	P-val ue	R² [95% CI]	P-value	R² [95% CI]	P-value	R² [95% CI]	P-value	R² [95% CI]	P-value
	NVAF	ACM-MB	0.003 0.45] [0.01;	0.74	0.05 0.59] [0.00;	0.54	0.004 0.67] [0.00;	0.82	0.42 0.74] [0.00;	0.01	0.05 0.41] [0.00;	0.32
		ACM-TE	0.04 0.35] [0.00;	0.34	0.03 0.80] [0.02;	0.65	0.26 0.90] [0.00;	0.18	0.27 0.86] [0.00;	0.15	0.00 0.54] [0.00;	0.97
	VTE	ACM-MB ACM-TE	0.25 [0.06; 0.67] 0.19 0.58] [0.00;	<0.0 001 0.02	0.55 [0.30; 0.83] 0.21 0.74] [0.00;	<0.00 01 0.051	0.09 [0.00; 0.78] 0.60 0.92] [0.00;	0.40 0.55	0.56 [0.07; 0.90] 0.15 0.90] [0.06;	<0.000 1 0.02	0.02 [0.00;0.68] 0.14 0.65] [0.00;	0.57 0.14
	ACM: All-cause mortality; CI: Confidence interval; DB: Double-blind; DOACs: Direct oral
	anticoagulants; MB: Major bleeding; NVAF: Non-valvular atrial fibrillation; TE: Thrombotic
	events; VTE: Venous thromboembolism						

in duration, with much fewer resources used, and lead to earlier decision making than studies based on final clinical outcomes

(5)

. For this reason, biomedical researchers, particularly in the pharmaceutical industry, have a great interest in using surrogate endpoints, especially in the cardiovascular field, where the primary endpoint (i.e. mortality) takes years to manifest.

Recently, 45% of new drugs based on a surrogate endpoint have been approved in various disciplines by the Food and Drug Administration (FDA) (3).

Table 1 : Reporting of surrogacy outcome Author, year

 1 

					Conclusion of
		Potential	True clinical		authors on the
		surrogate	endpoint	Surrogacy analysis	validity of the
		endpoint			surrogate
					endpoint
		CRNMB in		1) R²=0.69 (95% CI	
		1)		0.34-0.93)	
	Laporte et al. 2017 (23)	orthopedic surgery 2)	Major bleeding	2) R²= 0.28 (95% CI 0.01-0.80)	No
		acute VTE		3) R²= 0.59 (95% CI	
		3) AF		0.15-0.82)	
	d'Ascenzo et al. 2013 (26)	Coronary plaque volume	1) MI 2) repeat revascularization 3) MACE	1) B=6.33 2) B=6.33 3) B=0.42	Yes for MI and repeat revascularization No for MACE
	Hull et al. 2005 (18)	Clot-burden change	Recurrent VTE	r= 0.81	Yes
	Hourcade-				
	Potelleret et al.	HDL-C	Coronary events § R²= 0.02	No
	2015 (22)				
	Lassere et al. 2012 (21)	1) SBP 2) DBP	Stroke prevention	1) R²= 0.37 2) R²= 0.58	Yes
	Ambrosi, et al. 2020 (17)	HbA1c	MACE	r=0.88 (95% CI 0.67-0.96)	Yes
	BejanAngoulvant et al. 2015 (19)	HbA1c	1) Overall mortality 2) CV mortality	1) Coef (SE)=0.22 (0.231) (0.16) Coef (SE)=0.36	No
	Lorenz, et al. 2012 (20)	CIMT	CV risk*	HR=0.97 (95% r= 0.38 CI 0•94-1•00)	No
	Reardon, et al., 2010 (27)	CIMT	Nonfatal MI	OR=0.82 (95% CI 0.69-0.96)	Yes with caution in using CIMT
	P. Willeit et al. 2020 (24)	CIMT	CV risk*	RR=0.92 (95% CI 0.87-0.97)	Yes
	Cho et al. 2017 (25)	MRI ischemia	Periprocedural risk	RR=0.30 (95% CI 0.26-0.34)	

A relative risk (RR) > 1 mean that the experimental arm was associated with more mortality than the control arm
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A.2. Atrial fibrillation, outcome: Net clinical benefit

A relative risk (RR) > 1 mean that the experimental arm was associated with more NCB than the control arm

A weak correlation between NCB and all cause-mortality was found in NVAF and acute VTE, whereas no correlation was observed in clinical situations where the mortality rate was low. Consequently, NCB should not be considered a surrogate outcome for all cause-mortality in anticoagulation trials.
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Results

Eleven eligible studies were identified. The validity of seven intermediate endpoints including clot-burden change, systolic and diastolic blood pressure, hemoglobin A1c, magnetic resonance imaging ischemia, coronary plaque volume, carotid intima-media thickness, and low-density lipoprotein cholesterol, were evaluated. No study fulfilling the conditions required to be able to validate an intermediate endpoint as a surrogate endpoint.

Conclusion

The majority of surrogacy analyses did not use acceptable methods in the field of CVD. This systematic review did not support the use of intermediate endpoints in phase II/III trials. (12). Articles were excluded if they did not meet the inclusion criteria.

Keywords

Data synthesis

Baseline characteristics of the included studies were summarized using tables and descriptive statistics. Our search and data extraction was based on the recommendation for reporting a surrogate endpoint proposed by Xie et al. (13). The validity of a surrogate endpoint was evaluated depending on the statistical meta-analytic approach developed by Prentice, Buyse, Burzykowski et al. (7,14). A strong correlation between the surrogate endpoint and the true

Reporting of trial-level surrogacy

Seven studies (64%) reported the correlation between endpoints, 6 (55%) of which calculated the confidence interval for the correlation between endpoints. Among these 7 studies, 4 (34%) used the correlation coefficient (r) (17)(18)(19)(20), and 3 (28%) calculated the coefficient of determination (R²) (21-23): 2 used a weighted regression model with sample size and the other one used an inverse variance weighted method. Two (19%) studies reported the surrogate threshold effect (STE). Nine studies (81%) performed an additional sensitivity analysis, while one other study (9%) carried out an additional subgroup analysis. The other studies used relative risk (k=2) (24,25), slope of regression (k=1) (26), hazard ratio (k=1) (20), and odds ratio (k=1) (27) as tests to validate an intermediate endpoint as a surrogate (Table 2).

Study results

In our systematic search, seven studies claimed the validation of surrogacy (systolic and diastolic blood pressure (21), clot-burden change (18), hemoglobin A1c (HBA1c) (17), carotid intima-media thickness for cardiovascular risks (24), coronary plaque volume for myocardial infarction and repeat revascularization (26), magnetic resonance imaging ischemia (25), and carotid intima-media thickness for nonfatal myocardial infarction ( 27)). Reporting of surrogacy outcomes is found in Table 1.

FDA table of surrogate endpoints

The FDA validated three surrogate endpoints in the field of CVD: low-density lipoprotein cholesterol (LDL-C) in homozygous or heterozygous familial hypercholesterolemia, blood pressure in hypertension, and HbA1c in type 2 diabetes mellitus. These surrogate endpoints were classified as potentially suitable for the traditional approval of a new drug.

DISCUSSION

The present systematic search demonstrated the heterogeneity of the statistical methods for surrogacy evaluation in cardiovascular trials reporting validated surrogate endpoints. No study fulfilling the conditions required to be able to validate an intermediate endpoint as a surrogate endpoint.

A survey targeting various stakeholder groups (i.e. regulatory agencies, the pharmaceutical industry, and relevant public sector organizations) was in accordance with our results. Indeed, according to stakeholders in drug development, they did not perceive currently accepted surrogates as well as novel surrogates for cardiovascular as valid. (28).

Concerning the other endpoints, the validity of LDL-C as a surrogate endpoint is questionable despite its use by the FDA (29). Notably, only 10% of patients who have a cardiovascular event also have abnormal serum cholesterol concentration in non-familial hypercholesterolemia (30). Moreover, the recent approval of inclisiran, a new molecular lipid lowering drug, based on the surrogate LDL-C was scientifically invalid (31,32). As for HbA1c, the regulatory agencies, in addition to observational studies, had approved it as a surrogate endpoint for major adverse cardiac events (17,33,34). No study in diabetes used the method proposed by Prentice, Buyse, Burzykowski et al. (correlation, prediction, and capture) to validate HbA1C as a surrogate endpoint. Simultaneously, two meta-analyses and one metaregression affirmed that lowering HbA1c did not translate into clinical benefit for any cardiac events (19,(35)(36)(37). Notably, the use of an intermediate endpoint in diabetes is questionable in regard to the example of rosiglitazone that increased the risk of myocardial infarction and the risk of death from cardiovascular causes (38). Importantly, none of the validated surrogates measures evaluated individual-level correlations, which is highly recommended (14).

Due to the lack of methods for reporting surrogate endpoints, a systematic review conducted in the field of oncology provided evidence-based recommendations about the importance of reporting the definition of surrogacy criteria, and the specification of the methods used to estimate individual/trial-level correlation, and stating the statistical model to calculate the correlation coefficient or the R-squared value (13).

The validity of surrogate endpoints has rarely been rigorously established (39). Our studies showed the overall low quality of surrogacy analysis in CVD. In the majority of trials reporting validated surrogate endpoints, the threshold limits that determine acceptable surrogate endpoints are not specified, and the decision has been left to the researcher's discretion.

Consequently, the results cannot be reliable and reproducible. In addition, the risk of false positive results related to post-hoc analysis is uncontrolled.

Beyond the methods used in trial-level analyses, several recommendations to validate a surrogate endpoint have been issued by the European network for Health Technology Assessment and pointed out additional requirements (40): i) the validity of a surrogate endpoint should be assessed for different stages in a specific disease; ii) the surrogate endpoint should be justified for different populations (age, gender, and comorbidities); and iii) the validity of a surrogate endpoint should be evaluated for each pharmaceutical class separately (40). To date, the FDA has validated intermediate endpoints as surrogates without specifying the classes of drugs, the disease states, and the true clinical outcome, which may not help investigators and pharmaceutical companies determine a reliable surrogate endpoint.

CONCLUSION

The majority of surrogacy analyses did not use acceptable methods in the field of CVD. This systematic review did not support the use of intermediate endpoints in phase II/III trials. 

Appendix B B.1. Forestplot for all-cause-mortality for all conditions

A relative risk (RR) > 1 mean that the experimental arm was associated with more mortality than the control arm 130 131

B.2. GGPLOT between mortality rate and relative risk of all-cause mortality

Trial-level association between the mortality rate and relative risk for all-cause mortality for all diseases. A log scale was used for the x-axis and y-axis. The solid blue line represents the regression line and the grey area represents the 95% confidence interval.

Appendix C -Forest plot of relative risks (RR) for all-cause mortality and net clinical benefit (NCB) for antiplatelet, vitamin k antagonist (VKA), direct oral anticoagulants (DOAC), and Low-molecular-weight heparin (LMWH)

C.1. Antiplatelet, outcome: All-cause mortality

A relative risk (RR) > 1 mean that the experimental arm was associated with more mortality than the control arm

C.3. VKA, outcome: All-cause mortality

A relative risk (RR) > 1 mean that the experimental arm was associated with more mortality than the control arm

C.4. VKA, outcome: NCB

A relative risk (RR) > 1 mean that the experimental arm was associated with more mortality than the control arm 
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