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versus 76% [70-80], p<0.05 for 50, 150 and 300 ng/mL edoxaban, respectively).

Conclusions

Edoxaban in vitro effect are comparable in children and adults except in the <2year-old group.

Introduction

Anticoagulant therapy in pediatric patients remains an issue and safer therapies, such as direct oral anticoagulants could overcome the limitations of conventional anticoagulant treatments in this population. Edoxaban, a factor Xa inhibitor, is used for the prevention and treatment of venous thromboembolism. Due to its pharmacokinetic characteristics, edoxaban is a promising candidate molecule for children. This study compared edoxaban in vitro effect in children and adults.

Materials and Methods

Blood samples were prospectively collected from 87 adults and 97 children (n=12: <2 year-old; n=8: 2-4 year-old; n=9: 5-7 year-old; n=14: 8-9 year-old; n=10: 10-13 year-old; n=15: 14-15 year-old; and n=29: 16-18 year-old). Plasma samples were supplemented in vitro with edoxaban to a final concentration of 50, 150 or 300 ng/mL, and then edoxaban effect on prothrombin time (PT), activated partial thromboplastin time (aPTT), fibrinogen (Clauss assay), specific anti-factor Xa activity and thrombin generation assay (TGA) (with 5pM tissue factor and 4nM phospholipids) was evaluated.

Results

PT, aPTT, and specific anti-Xa activity exhibited similar dose-dependent responses to edoxaban in the different age groups. The reduction of thrombin peak, the most edoxaban-sensitive TGA parameter, was similar in adults and children, but for the youngest group (<2 year-old) where the peak value reduction (median [Q1-Q3]) was higher than in adults (51% [44-59] versus 40% [32-46], p<0.01; 74% [63-80] versus 65%

Introduction

The incidence of venous thromboembolism (VTE) in hospitalized children has strongly increased during the last decades, regardless of their age class. [START_REF] Raffini | Dramatic increase in venous thromboembolism in children's hospitals in the United States from 2001 to 2007[END_REF][START_REF] Boulet | Trends in venous thromboembolism-related hospitalizations, 1994-2009[END_REF] The most common anticoagulant therapies used in this population are multi-target compounds, such as unfractionated heparin (UFH), low molecular weight heparins (LMWH) and vitamin K antagonists (VKA). [3][START_REF] Young | How I treat pediatric venous thromboembolism[END_REF][START_REF] Monagle | Antithrombotic therapy in neonates and children: Antithrombotic Therapy and Prevention of Thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines[END_REF] However, their use is associated with important drawbacks, particularly in pediatric populations. VKA management requires strict monitoring [START_REF] Ageno | Oral anticoagulant therapy: Antithrombotic Therapy and Prevention of Thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines[END_REF] and the availability of a liquid formulation. UFH treatment requires injections and monitoring because of the variable pharmacokinetic profile. Similarly, LMWH are not available in oral formulation and require a regular follow-up in pediatric populations. Their effect cannot be easily reversed with protamine. 7,[START_REF] Malec | Treatment of Venous Thromboembolism in Pediatric Patients[END_REF] The concept of developmental hemostasis should be integrated when an anticoagulant is required in pediatric patients. Several studies have shown that vitamin K-dependent factors (factor II, VII, IX and X) and contact-phase factors tend to gradually increase from birth and reach adult values around 6 months of age.

Conversely, fibrinogen and factor V, VIII and XIII levels at birth are comparable with the adult levels. At birth, the levels of protein C, protein S and antithrombin are lower, whereas those of alpha-2-macroglobulin are higher compared with adults. [START_REF] Andrew | Development of the human coagulation system in the full-term infant[END_REF][START_REF] Attard | Developmental hemostasis: age-specific differences in the levels of hemostatic proteins[END_REF][START_REF] Monagle | Developmental haemostasis: secondary haemostasis[END_REF][START_REF] Andrew | Maturation of the hemostatic system during childhood[END_REF][START_REF] Toulon | Age dependency for coagulation parameters in paediatric populations. Results of a multicentre study aimed at defining the age-specific reference ranges[END_REF][START_REF] Kuhle | Developmental hemostasis: pro-and anticoagulant systems during childhood[END_REF][START_REF] Flanders | Pediatric reference intervals for seven common coagulation assays[END_REF][START_REF] Sosothikul | Pediatric reference values for molecular markers in hemostasis[END_REF] These proteins reach adult levels after few months or few years. Despite these differences in the concentration of coagulation factors, there is no evidence that children are more susceptible to coagulation abnormalities, such as bleeding or thrombosis. [START_REF] Monagle | Developmental haemostasis. Impact for clinical haemostasis laboratories[END_REF] However, the effects of anticoagulant drugs on hemostasis are affected by these developmental differences, [START_REF] Ignjatovic | The coagulation system in children: developmental and pathophysiological considerations[END_REF] and this could lead to variable and potentially dangerous responses in pediatric populations. Importantly, these pharmacodynamic changes could be overlooked because monitoring is done using tests based on adult data that do not take into account these developmental differences.

Edoxaban tosylate (edoxaban) is a direct oral anticoagulant that inhibits factor Xa. In adults, edoxaban is indicated for reducing the risk of stroke and systemic embolism in patients with non-valvular atrial fibrillation [START_REF] Giugliano | Edoxaban versus warfarin in patients with atrial fibrillation[END_REF] and for the prevention or treatment of deep vein thrombosis and pulmonary embolism after parenteral anticoagulants for 5-10 days. [START_REF] Investigators | Edoxaban versus warfarin for the treatment of symptomatic venous thromboembolism[END_REF] Edoxaban is currently not approved for anticoagulation in patients younger than 18 years of age. However, its oral administration route, interaction with few drugs and food, and antithrombin level-independent anti-Xa inhibition are interesting features for pediatric use.

Here, we compared the hemostatic response and coagulation assay results in plasma samples from adults and children (different age classes) spiked in vitro with specific concentrations of edoxaban.

Materials and Methods

Pediatric and adult populations

For this study, 87 adults (>18 years of age) and 97 children (≤18 years of age) were prospectively enrolled at Clermont-Ferrand University Hospital between January 2016 and November 2017. This study was approved by the local ethics committee (AU765, Sud-Est VI France). Exclusion criteria for adults and children were: ongoing antiplatelet or anticoagulant therapy, personal history of bleeding or VTE, and coagulation disorders [fibrinogen <2 g/L, prothrombin time (PT) >17s, activated partial thromboplastin time (aPTT) >50s]. Children were separated in different age groups to take into account the developmental coagulation changes: <2 years, 2-4 years, 5-7 years, 8-9 years, 10-13 years, 14-15 years and 16-18 years of age.

Blood sampling and plasma preparation

Blood was collected by venipuncture in 0.109 M citrate tubes (Beckton Dickinson, le Pont de Claix, France) after discarding the first few milliliters of blood. Corn trypsin inhibitor, an inhibitor of contact phase was not added because coagulation in the thrombin generation assay (TGA) was initiated by addition of 5pM tissue factor, a concentration that makes irrelevant the inhibition of contact phase. [START_REF] Van Veen | Corn trypsin inhibitor in fluorogenic thrombin-generation measurements is only necessary at low tissue factor concentrations and influences the relationship between factor VIII coagulant activity and thrombogram parameters[END_REF] Platelet-poor plasma (PPP) required for TGA was obtained by centrifuging the blood samples twice (2500 g at 20°C for 15min/each) with an intermediate decantation, according to the guidelines of the International Society on Thrombosis and Haemostasis (ISTH). [START_REF]Subcommittee on Control of Anticoagulation of the SSC of the ISTH. Towards a recommendation for the standardization of the measurement of plateletdependent thrombin generation[END_REF] Samples were stored at -80 °C until testing.

Then, frozen plasma samples were thawed in a water bath at 37 °C for 5 minutes.

Edoxaban stock solution (1.0 mg/ml in dimethyl sulfoxide) was diluted with phosphate buffered saline (PBS) to 5000 ng/ml, 15000 ng/ml and 30000 ng/mL working solutions that were added to the plasma samples to reach the target concentrations (50, 150 and 300 ng/mL) with a constant 1/100 dilution. An equivalent volume of PBS was added to baseline samples (0 ng/ml).

Coagulation assays

Coagulation assays were performed with a STA-R Max coagulometer (Stago, Asnièressur-Seine, France) using the following reagents (all from Stago): Neoplastin CI+ ® for PT, PTT-A ® for aPTT, and STA-Fibrinogen ® for fibrinogen (Clauss method). Edoxaban levels in plasma were measured using an anti-factor Xa activity assay (STA®-Liquid Anti-Xa, Stago) and the STA®-Edoxaban Calibrator and STA®-Edoxaban Control on a STA®-R analyzer (Stago).

TGAs were performed using the CAT method [START_REF] Hemker | The calibrated automated thrombogram (CAT): a universal routine test for hyper-and hypocoagulability[END_REF] with a fluorometer (Fluoroscan Ascent, ThermoLab Systems, Franklin, USA) equipped with a dispenser. Coagulation was initiated with 5 pM tissue factor in the presence of 4 µM procoagulant phospholipids (PPP reagent ® , Stago). For each sample, calibration was performed with the Thrombin calibrator ® (Stago).

All plates (Immulon 2HB, Waltham, USA) were incubated at 37 °C for 10 minutes before adding the fluorogenic substrate and CaCl2 (FluCa-kit ® , Thrombinoscope BV). All tests were performed in duplicate with a <10% difference between endogenous thrombin potential (ETP) results. Raw data were analyzed using Thrombinoscope TM . For each assay, ETP (nM.min) and thrombin peak (nM) were the primary endpoints. The first represents the whole thrombin generated in a plasma sample, and the second the highest thrombin concentration that can be generated and that is particularly affected by edoxaban. Edoxaban effect on ETP and thrombin peak was also expressed as percent inhibition that corresponded for each patient to ( Statistical analysis was performed using the Prism software, version 6 (GraphPad software, Inc., La Jolla, USA). Tests were two-sided, with a type I error set at α = 0.05. Continuous data were presented as medians [Q1-Q3]. Independent groups were compared using ANOVA, or the Kruskal-Wallis test when the ANOVA conditions were not met (normality and homoscedasticity verified with the Bartlett test). Dependent groups were compared using ANOVA or the Friedman test, followed by the appropriate multiplecomparison post-hoc, Tukey-Kramer, or Dunn test. 1.

Results

Eighty

Routine coagulation and specific anti-Xa assays

Overall (pediatric and adult samples together), the impact of edoxaban on clotting times increased in a dose-dependent manner. PT (n=56) increased from 13.3s [12.7-13.9] to values showed a linear response to edoxaban, they were relatively insensitive to the increasing concentrations of edoxaban, as indicated by their 1.6-fold and 1.4-fold increase, respectively, from baseline to 300 ng/mL edoxaban. Conversely, edoxaban had no effect on fibrin clot formation (fibrinogen assay) (n=50) with fibrinogen concentrations of 3.2 g/L [2.7-4.0], 3.3 g/L [3.0-3.9], 3.3 g/L [2.9-3.9], and 3.2 g/L [2.7-3.9] for vehicle, 50, 150 and 300 ng/mL edoxaban, respectively. When these results were compared in the different age groups, PT, aPTT and fibrinogen concentration were comparable in the adult and pediatric populations before and after edoxaban addition and for all the drug concentrations (Table 2 and Figure 1; available online).

When edoxaban level in plasma samples was measured using a specific anti-factor Xa assay, the concentrations were comparable to those expected on the basis of the in vitro spiking, without any age-related difference (Figure 2; available online).

Thrombin generation assay

Overall (pediatric and adult samples together), edoxaban led to major changes in thrombin generation profile in a dose-dependent manner. The lag time, which corresponds to the time required to generate the first thrombin traces, gradually increased with edoxaban concentration. Lag time was sensitive to edoxaban anticoagulant effect, as indicated by the 3-fold increase for 300 ng/mL edoxaban compared with baseline. Similarly, time to peak significantly increased in a dose-dependent manner. ETP (maximum decrease of 40% at 300 ng/mL) and particularly thrombin peak (reduction by 80% at 300 ng/m) also were affected by edoxaban in a dose-dependent manner. The thrombin generation curve was altered by in vitro addition of edoxaban with a delay in the initiation phase, and a flattening of the curve leading to a plateau, especially from 150 ng/mL of edoxaban, due to the significant decrease in thrombin peak (Figure 3). ETP was significantly and linearly affected by edoxaban concentration, whereas the thrombin peak decreased sharply at 50 ng/mL (approximately by 50%) and then less markedly (Figure 4).

In the different age groups, at baseline, lag time ranged from 3.0min [2.7-3.7] 3).

In vitro addition of edoxaban, irrespectively of the concentration, did not differentially affect lag time and time to peak in the different age groups. Overall, for all age groups, including adults, lag time increased by 1.7-fold, 2.3-fold and 3.0-fold, and time to peak by 1.7-fold, 2.6-fold and 3.1-fold, upon addition of 50, 150 and 300 ng/mL edoxaban, respectively.

Lower ETP values during the first years of life were observed also after in vitro addition of edoxaban. Upon addition of 50 ng/mL edoxaban, ETP was 1296 nM.min [1144-1466] Thrombin peak also was significantly lower in the <2-year age group after in vitro addition of edoxaban (Table 3 and Figure 4).

Edoxaban-mediated thrombin-generation inhibition was relatively stable in the different age groups. The percentage of ETP inhibition varied between 8 and 13% according to the age group (p = 0.73) for 50 ng/mL, between 25 and 35% (p = 0.29) for 150 ng/mL, and between 37 and 54% (p = 0.08) for 300 ng/mL edoxaban. The percentage of thrombin peak inhibition by edoxaban was similar between adults and children, but for the <2-year age group where edoxaban-mediated inhibition was more pronounced than in adults 150 and 300 ng/mL edoxaban respectively) (Figure 5). These results indicate that edoxaban affects ETP evenly across the different age groups, but has a stronger inhibition effect on the thrombin peak in young children.

Discussion

The present study investigated for the first time the in vitro effect of edoxaban, a direct and reversible factor Xa inhibitor, in different pediatric age groups and in adults. PT, aPTT, and the specific anti-Xa anticoagulant activity showed a similar dose-dependent response to edoxaban in the different age groups. Inhibition of thrombin peak, the most edoxaban-sensitive TGA parameter, was similar between adults and children, except for the youngest age group (<2 years).

The recommended edoxaban dose in adults for prevention or treatment of deep vein thrombosis and pulmonary embolism (i.e., 60 mg/daily) should give a maximum plasma concentration between 152 and 302 ng/mL, and trough plasma concentrations that rarely exceed 50 ng/mL. [START_REF] Ogata | Clinical safety, tolerability, pharmacokinetics, and pharmacodynamics of the novel factor Xa inhibitor edoxaban in healthy volunteers[END_REF] Therefore, the plasma concentrations used in our study (i.e., 50, 150 and 300 ng/mL) were adequate to the expected exposure in patients treated with the usual dose. Our results showed similar coagulation times in the different age groups for the classical coagulation tests (PT, aPTT and fibrinogen assay). These data are consistent with previous findings, [START_REF] Andrew | Maturation of the hemostatic system during childhood[END_REF][START_REF] Flanders | Pediatric reference intervals for seven common coagulation assays[END_REF][START_REF] Sosothikul | Pediatric reference values for molecular markers in hemostasis[END_REF] although some studies found a variable lengthening according to age. [START_REF] Andrew | Development of the human coagulation system in the full-term infant[END_REF][START_REF] Toulon | Age dependency for coagulation parameters in paediatric populations. Results of a multicentre study aimed at defining the age-specific reference ranges[END_REF][START_REF] Kuhle | Developmental hemostasis: pro-and anticoagulant systems during childhood[END_REF] When we used conventional coagulation tests, edoxaban spiking led to PT increase in both adult and pediatric plasma samples in a concentrationdependent and linear manner, with low sensitivity (particularly at low concentrations). This effect could vary depending on the thromboplastin used. Similar results were obtained for aPTT. These data are comparable with edoxaban effects in adults [START_REF] Douxfils | Laboratory testing in patients treated with direct oral anticoagulants: a practical guide for clinicians[END_REF][START_REF] Morishima | Laboratory measurements of the oral direct factor Xa inhibitor edoxaban: comparison of prothrombin time, activated partial thromboplastin time, and thrombin generation assay[END_REF][START_REF] Samuelson | Laboratory Assessment of the Anticoagulant Activity of Direct Oral Anticoagulants: A Systematic Review[END_REF] Therefore, conventional assays, such as PT or aPTT, do not seem to be adapted to monitor the hemostasis changes during development. On the other hand, TGA is considered to be an innovative way to understand coagulation globally, especially when it is disturbed by complex changes that alter the coagulation balance, for instance in developmental hemostasis. Several studies indicate that TGA is a relevant tool to identify prothrombotic or hypocoagulable conditions [START_REF] Dieri | The thrombogram in rare inherited coagulation disorders: its relation to clinical bleeding[END_REF][START_REF] Castoldi | Thrombin generation tests[END_REF][START_REF] Hemker | Thrombin generation, a function test of the haemostatic-thrombotic system[END_REF][START_REF] Hron | Identification of patients at low risk for recurrent venous thromboembolism by measuring thrombin generation[END_REF] TGA allowed highlighting the baseline decrease in thrombin generation in pediatric plasma samples, particularly the lower ETP and thrombin peak in children younger than 8 years of age. These data are consistent with several studies that reported a marked reduction in thrombin generation in children, including an inverse correlation between age and ETP or thrombin peak. [START_REF] Monagle | Developmental haemostasis. Impact for clinical haemostasis laboratories[END_REF][START_REF] Haidl | Age-dependency of thrombin generation measured by means of calibrated automated thrombography (CAT)[END_REF][START_REF] Kremers | Low paediatric thrombin generation is caused by an attenuation of prothrombin conversion[END_REF][START_REF] Orhon | Evaluation of indirect microparticle activity and parameters of thrombin generation test in healthy infants[END_REF] Edoxaban inhibited thrombin generation in a dose-dependent manner. The thrombin peak appeared to be the most sensitive parameter with 50% inhibition with 50 ng/mL edoxaban, followed by a plateau at 150 ng/mL, while ETP inhibition was more linear. These findings are consistent with literature data on TGA in adults. [START_REF] Douxfils | Edoxaban: Impact on routine and specific coagulation assays. A practical laboratory guide[END_REF][START_REF] Samama | In vitro study of the anticoagulant effects of edoxaban and its effect on thrombin generation in comparison to fondaparinux[END_REF] ETP was inhibited by edoxaban uniformly in all age groups. Conversely thrombin peak was the most age-sensitive parameter. Indeed, whatever the concentration, edoxaban anticoagulant effect was significantly higher in the <2-year age group compared with adults. Therefore, in addition to basically generating less thrombin, these patients would be more sensitive to factor Xa inhibition than adults. Kremers et al. [START_REF] Kremers | Low paediatric thrombin generation is caused by an attenuation of prothrombin conversion[END_REF] showed in children a reduction in prothrombin conversion and a concomitant decrease in conversion rates with lower generation of prothrombinase complexes than in adults. Edoxaban may have a synergistic effect because it inhibits both free factor Xa and within the prothrombinase complex. These data should be taken into account for the definition of edoxaban doses in children.

One of the limitations of this study is the impact of alpha2-macroglobulin, the concentration of which is higher in neonates. Ignjatovic et al. [START_REF] Ignjatovic | Thrombin generation: the functional role of alpha-2-macroglobulin and influence of developmental haemostasis[END_REF] showed that in most methods used to measure ETP, the substrates could be cleaved also by alpha2-macroglobulin-bound thrombin, which is inactive in vivo, and this could induce a bias in the comparison of adults and children. To overcome this limitation we used the method described by Hemker in which the alpha2-macroglobulin-bound thrombin fraction is estimated and subtracted from the signal. [START_REF] Hemker | The contribution of alpha(2)-macroglobulin thrombin to the endogenous thrombin potential[END_REF] Only children and adults not requiring anticoagulant therapy were included in our study. Edoxaban effect should also be studied in patients with potentially prothrombotic disorders who are likely to receive anticoagulant therapy. An in vivo clinical study is needed to evaluate edoxaban efficacy and safety, particularly in children younger than 2 years. The number of samples for the different age groups, especially for the youngest children, was small. This is explained by the limited availability of volunteers who matched the inclusion criteria (healthy subject, without anticoagulant therapy), and the difficulty of obtaining blood samples from young children and in sufficient volume for the different tests. Nevertheless, edoxaban response was different in <2-yar-old children and it is known that coagulation changes are more important close to birth. A study specifically on this age group would be interesting.

Edoxaban anti-factor Xa activity accurately reflects plasma levels in both children and adults, and its in vitro effects are similar at all ages, with the exception of children younger than 2 years of age in whom the anticoagulant effect is increased. 

  1-(ETP in the presence of edoxaban divided by the patient's baseline ETP)) x100. Statistical analysis Sample size was estimated according to (i) the CONSORT 2010 statement, extension to randomized pilot and feasibility trials and (ii) Cohen's recommendations, which define effect-size bounds as follows: small (ES: 0.2), medium (ES: 0.5) and large (ES: 0.8, "grossly perceptible and therefore large"). More precisely, an effect size greater than 1.2 (accordind to pilot data) could be highlighted for a two-sided type I error at 0.001 (correction due to multiple comparisons) and a statistical power greater than 80%, with at least 75 adults and 15 children by group. Effect-size of the difference between children and adults are expressed by coefficient of Hedges g [95% confidence interval].

  -seven adults and 97 children (<2 years of age: n=12; 2-4 years: n=8; 5-7 years: n=9; 8-9 years: n=14; 10-13 years: n=10; 14-15 years: n=15; and 16-18 years: n=29) were included in the study. Their demographic characteristics are summarized in Table

  14.2s[13.5-15.3], 17.0s[16.4-18.5] and 21.7s [20.1-23.0] for vehicle, 50, 150 and 300 ng/mL edoxaban, respectively, and aPTT (n=59) from 35.5s [32.6-39.8] to 38.8s [34.7-43.4], 44.2s [39.5-50.3] and 50.3s [43.7-56.1], respectively. Although, the PT and aPTT

  in adults, 979 nM.min [760-1099] in the <2-year (p<0.001, g=-1.7[-2.5;-0.8] compared with adults), 976 nM.min [878-1239] in the 2 to 4-year (p<0.05, g=-1.3[-2.1;-0.3]), and 964 nM.min [873-1083] in the 5 to 7-year age group (p<0.01, g=-1.5[-2.3;-0.6]). After addition of 150 ng/mL edoxaban, ETP was 1108 nM.min [933-1225] in adults, 750 nM.min [496-946] in the <2-year (p<0.001, g=-1.6[-2.4;-0.8]), 815 nM.min [585-1027] in the 2 to 4-year (p<0.05, g=-1.2[-2.1;-0.3]), and 861 nM.min [761-949] in the 5 to 7-year age group (p<0.05, g=-1.1[-1.8;-0.2]). Finally, upon addition of 300 ng/mL edoxaban, ETP values ranged from 928 nM.min [692-1079] in adults to 572 nM.min [333-735] in the <2-year (p<0.001, g=-1.5[-2.2;-0.7]), 660 nM.min [490-823] in the 2 to 4-year (p<0.05, g=-1.1[-2.0;-0.2]), and 702 nM.min [611-814] in the 5 to 7-year age group (p=0.23, g=-0.8[-1.6;-0.1]).

(

  51% [44-59] vs 40% [32-46], p<0.01, g=1.0[0.3;1.7]; 74% [63-80] vs 65% [58-70], p<0.05, g=0.4[0.2;1.1]; and 84% [73-88] vs 76% [70-80], p<0.05, g=0.8[0.1;1.4], for 50,
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