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Abstract 

Background: Invasive endovascular procedures often require anticoagulation to prevent device-associated 
thrombosis. High doses of unfractionated heparin (UFH) are the gold standard. The efficacy of factor XII(a) 
and XI(a) inhibitors remains unexplored.  
Objectives: We aim to investigate, using a validated in vitro model of catheter-initiated thrombin 
generation (TG) in platelet-rich plasma (PRP), the effects of garadacimab, abelacimab, asundexian, 
milvexian, and commonly used anticoagulants apixaban, dabigatran, fondaparinux and heparins 
(enoxaparin, UFH).  
Methods: Anticoagulants were added to PRP at six concentrations and effects compared with UFH as a 
reference. The impact of adding anticoagulants into collection tubes before most preanalytical contact 
activation was also assessed. Concentrations achieving a 50% reduction in TG peak height (PH) were 
determined (IC50).  
Results: All anticoagulants prolonged lag time (LT) and reduced PH and endogenous thrombin potential, 
albeit to varying extents. UFH was the only anticoagulant able to suppress TG at clinically achieved 
concentrations (1 U/mL). The following IC50 were found: milvexian 2,400 ng/mL, apixaban and dabigatran 
175 ng/mL, fondaparinux 2.4 µg/mL, enoxaparin 0.5 U/mL and UFH 0.25 U/mL. Asundexian up to 5,000 
ng/mL failed to reduce TG PH by 50%. Adding garadacimab and abelacimab to collection tubes resulted in 
greater efficacy than when added to PRP: LT increased by 89% and 32%, respectively; IC50 were 25 and 
12.5 µg/mL, respectively.  
Conclusions: Heparins were by far the most effective anticoagulants in our in vitro model. Factor XIIa and 
XI(a) inhibitors did not adequately prevent coagulation on the studied artificial surface. DOACs and 
fondaparinux showed limited efficacy, aligning with clinical observations. 
 
Keywords: catheter; thrombin generation; anticoagulants; factor XIa inhibitors; heparin; direct oral 
anticoagulants. 
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Introduction 
Invasive medical procedures such as interventional radiology or cardiology procedures are 

increasingly widely used because of their better tolerability and faster recovery compared with 
conventional surgery (1, 2). They involve the introduction of plastic sheaths and metallic instruments via 
the arterial or venous route to reach the target organ and perform the procedure (e.g., cerebral aneurysm 
embolization, catheter ablation of atrial fibrillation (AF), vascular stenting…). The presence of foreign 
bodies in the bloodstream activates hemostasis, with a risk of potentially dramatic thromboembolic events 
(e.g., strokes) (3).  

To prevent this thrombotic risk, antithrombotic drugs, most often an anticoagulant, are 
administered in high doses for the duration of the procedure. The gold standard for anticoagulation during 
invasive procedures is unfractionated heparin (UFH). Direct oral anticoagulants have so far failed to get 
the same efficacy in preventing thromboembolism associated with foreign surfaces in the few contexts 
clinically studied (mechanical heart valves (MHV)) or in in vitro models (extracorporeal circuits, catheters) 
(4-9). However, the in vitro studies were performed with platelet-poor plasma (PPP), where the absence 
of platelets leads to an overestimation of the effect of UFH, seriously biasing the results (10-13). 

The development of a new class of anticoagulants, the inhibitors of (activated) factors XI or XII 
(FXI(a) or FXII(a)), seems promising in the context of thrombosis associated with foreign surfaces, initiated 
by the activation of factor XII, which activates in turn factor XI. This class comprises antisense 
oligonucleotides (degradation of factor XI mRNA (IONIS-FXIRx), small inhibitors that bind to factor XIa 
active site (asundexian, milvexian) (14-16), and an array of monoclonal antibodies directed against factor 
XIIa (garadacimab), factor XIa (xisomab, osocimab) or both factors XI and XIa (abelacimab). While factor 
XII(a) inhibitors have not yet been studied in humans as antithrombotic agents,  anticoagulants targeting 
FXI(a) were evaluated for thromboprophylaxis in nonvalvular AF (17, 18), postoperative 
thromboprophylaxis after major orthopaedic surgery (19-22), secondary prevention of stroke (23, 24) or 
acute myocardial infarction (25); their place in the prevention of thrombosis associated with foreign 
surfaces has not yet been studied in humans or in vitro with human blood, except small studies in end-
stage renal disease patients undergoing hemodialysis (26-28). 

The present study primarily aimed to compare the efficacy of the main classes of anticoagulants 
used clinically – low molecular weight heparins (LMWH), fondaparinux, direct oral anticoagulants (DOACs) 
and the new factor XI(a) or XII(a) inhibitors in mitigating in vitro thrombin generation in the presence of a 
medical device, i.e. an interventional cardiology catheter, and to compare their effect with that of UFH, 
the gold standard, using a previously validated catheter-initiated thrombin generation model (13). 
 
 
 
Methods 

This study was conducted at the CHU UCL Namur with the approval from the local Ethics 
Committee (NUB: B03920096633). Healthy volunteers were recruited from the healthcare staff. Exclusion 
criteria included any systemic disease, drugs, or substances that could interfere with haemostasis, 
including contraceptive pills. 
Garadacimab (supplied in a 100 mM proline-acetate buffer with 20 mM arginine), abelacimab (supplied in 
20 mM HEPES buffer with 150 mM NaCl and 240 mM sucrose), asundexian (supplied as powder, diluted 
to a 1 mg/mL stock solution in DMSO), milvexian (supplied as powder, diluted to a 1 mg/mL stock solution 
in DMSO), apixaban (supplied as powder, diluted to a 1 mg/mL stock solution in DMSO) and dabigatran 
(supplied as powder, diluted to a 1 mg/mL solution in DMSO with HCl 0.1 M) were purchased from 
MedChemExpress (Monmouth Junction, USA) and handled according to manufacturer’s 
recommendations. Stock solutions were aliquoted and frozen at -80°C until use. Aliquots were quickly 
thawed in a water bath at 37°C for 5 minutes. Further dilutions were performed in polyphosphate-buffered 
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saline when needed. Fondaparinux (supplied in water for injection with sodium chloride, chlorhydric acid 
and sodium hydroxyde) was purchased from Viatris (Canonsburg, USA). Enoxaparin (supplied in water for 
injection) was purchased from Sanofi Belgium (Machelen, Belgium). Unfractionated heparin (supplied in 
water for injection with benzyl alcohol, methyl parahydroxybenzoate, propyl parahydroxybenzoate, 
sodium citrate, sodium chloride, and pH adjusted with hydrochloric acid) was purchased from Leo Pharma 
(Lier, Belgium).  
 
 

(i) Effect of anticoagulant drugs on catheter- or ellagic acid-initiated thrombin generation. 
 
Blood was collected in the morning from four fasting volunteers who had not previously 

performed any strenuous physical effort or taken tobacco or coffee. Blood was collected by antecubital 
venipuncture into 109 mM citrate tubes (Vacuette, Greiner Bio-One, Vilvoorde, Belgium) after a first 
discarded priming tube. Blood was allowed to rest for 15 minutes before undergoing centrifugation at 
200g for 10 minutes at 20°C to prepare the platelet-rich plasma (PRP). PRP was carefully harvested and 
pooled, left unadjusted regarding platelet count, aliquoted and spiked with a solution containing the 
anticoagulant drug to be studied (1:19 v:v to minimize plasma dilution). A rest period of 15 minutes was 
observed after spiking anticoagulant solutions to ensure sufficient plasma incubation of the inhibitors. 

Each healthy volunteer was included on two days to assess the effect of several concentrations of 
a wide range of anticoagulants. On the first day, the effect of drugs acting on factor IIa and/or factor Xa 
(enoxaparin, fondaparinux, apixaban, dabigatran) was compared with that of UFH. On the second day, the 
effect of drugs acting on factor XI(a) or factor XIIa (asundexian, milvexian, abelacimab, garadacimab) was 
compared with that of UFH. Vitamin K antagonists were not studied since mere spiking cannot mimic their 
effect. The concentrations were chosen as multiples of the average maximum concentration (Cmax) 
observed in the thromboembolic prevention of AF (or of venous thromboembolism if not available), or 
equivalent: 0.5 U/mL for UFH (29), 1.0 U/mL for enoxaparin (30), 1.2 µg/mL (694 nM) for fondaparinux 
(31, 32), 175 ng/mL (381 and 371 nM) for apixaban and dabigatran (33), 600 ng/mL (1.01 and 0.96 µM) 
for asundexian and milvexian (34, 35), 50 μg/mL (346 nM) for abelacimab (36); as such data was not 
available for garadacimab in an antithrombotic setting, we used the same concentration as for abelacimab, 
i.e. 50 μg/mL (344 nM). Each drug was studied at six concentrations: 6*Cmax, 4*Cmax, 2*Cmax, 1*Cmax, 
0.5*Cmax, 0.25*Cmax; e.g., for UFH: 3, 2, 1, 0.5, 0.25, 0.125 U/mL. A condition without anticoagulant (vehicle) 
was also performed at each run. 

Thrombin generation initiated by catheter segments was studied using our previously validated 
model developed with the Calibrated Automated Thrombogram (CAT, Diagnostica Stago, Asnières-sur-
Seine, France)  (13). Briefly, interventional cardiology catheter segments (Launcher, Medtronic, 
Minneapolis, USA) were cut, flattened, and inserted circumferentially at the bottom of the wells in a multi-
well plate (Immulon 2 HB flat bottom microtiter plates, Thermofisher, Rochester, USA). In each well, 80 μL 
PRP was added, with 20 μL phosphate-buffered saline (PBS) or calibrator (Thrombin Calibrator, Diagnostica 
Stago) in the ad hoc wells. After a 10-minute incubation, 20 μL trigger reagent (FluCa, Diagnostica Stago) 
were added to the wells by the automated dispensing system before an automated stirring. The 
fluorescence signal was then monitored by a Fluoroskan FL (Thermo Scientific, Illkirch) for 60 minutes and 
converted into thrombin concentration. Each experimental condition was studied in triplicate. We also 
verified the effect of the drugs on thrombin generation initiated by a reference activator of the contact 
pathway, ellagic acid (MedChem Express, Monmouth Junction, USA; 20 µL of 1 µM solution added to the 
reaction well), as a reference condition. 

As primary endpoint, we assessed, for each anticoagulant separately, the ability of increasing 
concentrations to prolong the lag time (LT), decrease the peak height (PH) and the endogenous thrombin 
potential (ETP) using Friedman tests, treating each volunteer as a block to account for inter-individual 
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variability. The effect of the drugs was then compared with the reference anticoagulant, UFH, using linear 
mixed-effects models (lme4 package version 1.1-32),modelling an exponential PH decrease as drug 
concentration increased. Random intercepts were modelled to capture within-subject correlation. P-
values were calculated according to Satterthwaite’s method and residual diagnostics showed no major 
deviation. Statistical analyses were performed in R (version 4.2.3). 

As secondary endpoints, (i) we estimated, among the concentrations studied, the concentration 
that reduced by minimum 50 % the PH (IC50), except for dabigatran, were it was the concentration that 
minimum doubled the LT (37).  (ii) We explored a higher concentration range with the PRP of a single 
healthy volunteer for anticoagulants were the IC50 could not be determinated (weak TG inhibition). (iii) We 
calculated the concentration required to suppress thrombin generation at 60 min. (iv) We assessed inter-
individual variability in catheter-initiated thrombin generation.  
 
 

(ii) Assessment of the impact of pre-analytical contact pathway activation in assessing 
anticoagulant drugs effect in vitro. 

 
 We assessed whether contact pathway activation during the pre-analytical phase led to a significant 

bias in the evaluation of the effect of anticoagulants with our model. To do so, we compared thrombin 
generation initiated by the catheter after adding the anticoagulant either directly into the tube before 
blood collection or spiked into the PRP as previously described. Blood was collected and processed as 
described above from two healthy volunteers (given the low interindividual variability observed during the 
first part of the study). Sarstedt sodium citrate 109 mM tubes (Nümbrecht, Deutschland) were used in this 
experiment because they allow the vacuum to be created manually after the anticoagulant solution has 
been added to the tube. 

In the test group, the anticoagulant solution was added to the tubes before blood collection, and water 
for injection was added to the PRP before analysis (Figure 1). In the control group, the same volume of 
water for injection was added to the tubes before blood collection and the anticoagulant solution was 
added to the PRP before analysis. The concentrations of anticoagulant added to the tubes were estimated 
based on the last known hematocrit of healthy volunteers and assuming no entry into cells (red blood 
cells), to aim for the same plasma concentration as added above in PRP. For practical reasons, only one 
concentration, Cmax, was assessed for each anticoagulant. We measured the effect of garadacimab, 
abelacimab, asundexian, milvexian, apixaban, dabigatran, enoxaparin, UFH and corn trypsin inhibitor (CTI; 
40 µg/mL in PRP) a potent FXIIa inhibitor as a positive control (38). We also performed the experiment 
without any dedicated activator to measure the effect of the drugs on coagulation that is artefactually 
initiated during blood collection, in the collecting tube, or on the walls of the wells. Thrombin generation 
was studied on the same system after initiation by a catheter segment.  

To assess the difference between the test group and the control group, we calculated the reference 
change value (35). Based on the experimental variability observed during previous model validation 
(analytical coefficient of variation of 3.7% and intra-individual coefficient of variation of 10.4% for PH (13)), 
we estimate that a difference of more than 21% between the two conditions (i.e. anticoagulant added to 
the collection tube vs. to the PRP), for each of the two volunteers, would be clinically relevant. 

Finally, in case of better inhibition of catheter-initiated TG by the anticoagulant added into the tube 
compared with plasma, we repeated the experiment, this time spiking the entire concentration range 
studied into the collection tube. 
 
 

 
Results 
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(i) Effect of anticoagulant drugs on catheter- or ellagic acid-initiated thrombin generation. 

 
Four healthy volunteers (two men and two women, one premenopausal and one postmenopausal) 

aged 25 to 55 were included. Platelet counts ranged from 167 to 277.109/L in (EDTA) whole blood, and 
ranged from 209 to 345.109/L in citrated PRP. Standard coagulation tests (activated partial thromboplastin 
time, prothrombin time, Clauss fibrinogen) were within local reference ranges for all healthy volunteers. 
Interindividual variation in catheter-initiated thrombin generation among the four volunteers was 5.9 % 
for LT, 12.7 % for PH and 8.7 % for ETP (interindividual coefficient of variation) in the absence of added 
anticoagulant. 

Prolongations of LT and reductions of PH and ETP at each concentration studied are reported in 
Table 1. All anticoagulants mitigated catheter-initiated thrombin generation LT, PH and ETP (p<0.05 for all 
drugs and parameters; Figure 2) and ellagic acid-initiated thrombin generation (p<0.05 for all drugs and 
parameters; Figure S2). All anticoagulants studied were less effective than UFH at mitigating catheter-
initiated thrombin generation PH (p<0.001 for all), except enoxaparin (p=0.60).  The IC50 (the concentration 
studied that reduced by minimum 50 % the PH) was 0.5*Cmax for abelacimab (i.e. 25 µg/mL), UFH (i.e. 0.25 
U/mL) and enoxaparin (i.e. 0.5 U/mL), 1*Cmax for apixaban and dabigatran (i.e. 175 ng/mL, 2*Cmax for 
fondaparinux (2.4 µg/mL), and 4*Cmax for milvexian (2,400 ng/mL). For asundexian, even concentrations 
as high as 5,000 ng/mL could not decrease thrombin generation (PH) by 50% (Figure S1). With garadacimab, 
we observed a plateau: above 19 μg/mL, there was no longer any significant reduction in thrombin 
generation, which remained at the level observed in the absence of catheter segment and anticoagulant 
(Figure 3). UFH was the only anticoagulant capable of suppressing thrombin generation at concentrations 
compatible with clinical care (i.e., 1.0 U/mL). 

 
 

(ii) Analysis of the role of pre-analytical activation in assessing the effect of anticoagulant drugs 
on thrombin generation in vitro. 

 
Two volunteers, a man and a post-menopausal woman, were included. When CTI, garadacimab 

and abelacimab were added in the collecting tube, before most of the preanalytical activation of factor XII 
took place, the inhibition of thrombin generation was greater (LT +63%, +89% and +32%, and PH -37%, -
46% and -28%, respectively) than when it was added to the plasma after centrifugation (Table 2, Figure 4); 
these differences were greater than the predefined threshold of 21% for both healthy volunteers. However, 
the addition of the anticoagulant to the tube did not alter the ability of asundexian, milvexian, apixaban, 
dabigatran, fondaparinux, enoxaparin, and UFH to mitigate catheter-initiated thrombin generation, 
compared to their effect when added directly to the PRP.  The results for thrombin generation in the 
absence of a catheter are shown in Figure S3. 

Finally, we repeated the catheter-initiated thrombin generation measurement after addition of 
garadacimab and abelacimab directly into the collection tube (Figure 5). The IC50 was 0.5*Cmax for 
garadacimab (25 µg/mL) and less than 0.25*Cmax for abelacimab (< 12.5 µg/mL). However, neither drug 
was capable of suppressing thrombin generation at the maximum concentration tested (200 µg/mL). 
 
 
 
 
Discussion 

To our best knowledge, this is the first study to have compared the ability of such a large panel of 
anticoagulant drugs to inhibit coagulation activation at a foreign surface. Using our in vitro model, we 
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observed that factor XIIa and XI(a) inhibitors were less effective than heparins (UFH or LMWH) in mitigating 
catheter-initiated thrombin generation. We could also repeat in an in vitro model the clinical observations 
showing the lack of efficacy of DOACs in the prophylaxis of contact-initiated thrombosis, for example in 
the MHV setting (4, 5).  

UFH and enoxaparin were the most effective in our hands, abolishing catheter-initiated thrombin 
generation at concentrations of 1.0 U/mL and 2.0 U/mL respectively. In clinical studies, the UFH 
concentrations measured during interventional cardiology procedures ranged between 1.0 and 2.0 U/mL, 
which seems entirely consistent with our results (39). The concentrations of enoxaparin required to obtain 
a similar effect to UFH were just over twice as high. The anti-Xa/IIa activity ratio of enoxaparin is around 4 
(40), suggesting, as already demonstrated, that the effect of heparins is mainly driven by their action on 
thrombin (41, 42). Accordingly, fondaparinux, which does not inhibit thrombin, was unable to suppress 
catheter-initiated thrombin generation, even at high concentrations (6 times the average peak 
concentration observed in clinical practice for venous thromboembolism treatment), confirming a 
previous study performed in the absence of platelets (43). Fondaparinux effect seems closer to that of 
apixaban, a direct factor Xa inhibitor, than that of UFH or enoxaparin. In accordance, although more 
effective than heparin in limiting mortality and the occurrence of ischemic complications in acute coronary 
syndrome, fondaparinux use was associated with an increased incidence of catheter-associated 
thrombosis in a large randomized trial (44, 45). This suggests less effectiveness than UFH or LMWH in 
limiting thrombosis associated with medical devices. 

Regarding DOACs, apixaban could not suppress catheter-initiated thrombin generation at the 
concentrations studied (up to 1,000 ng/mL). At this concentration only, dabigatran could suppress 
thrombin generation in our model. Previous in vitro data demonstrated that supratherapeutic 
concentrations of apixaban and dabigatran were required to blunt MHV-initiated thrombin generation to 
a similar extent than warfarin (i.e., 210-396 ng/mL for apixaban and 254-488 ng/mL for dabigatran) (46, 
47). Another work concluded that 300 ng/mL of dabigatran was ineffective at preventing thrombus 
formation at the surface of MHV in a whole blood in vitro model under flow conditions, whereas 600 
ng/mL of dabigatran was as effective as UFH (~0.7 U/mL) and enoxaparin (1 U/mL) (48). Similarly, in ex 
vivo bypass models, very high concentrations of dabigatran (> 5,000 ng/mL) were required to avoid clot 
formation and fibrin deposition for two hours as effectively as UFH control (3 U/mL). Furthermore, two 
prospective randomized controlled multicenter trials comparing apixaban and dabigatran to vitamin K 
antagonists, the gold standard anticoagulant in thromboprophylaxis of MHV, identified a higher incidence 
of thromboembolic events with the DOACs (4, 5). Despite different models used in those studies, this 
suggests that, overall, DOACs are less effective at inhibiting thrombin generation initiated by the contact 
pathway, i.e. by activation of factor XII on foreign surfaces. 
 The three factor XIa inhibitors studied could delay and reduce catheter-initiated thrombin 
generation, although only at concentrations higher than those used in current phase III trials for 
asundexian. The difference observed between asundexian and milvexian is consistent with the 
pharmacological data from the phase I studies, which measured an almost 10-fold higher inhibition 
constant (Ki) for asundexian compared with milvexian (Ki ~ 1 nM vs 0.11 nM), as already pointed out (49). 
Besides, none of these agents could suppress thrombin generation in our model at the concentrations 
tested, contrary to UFH or LMWH. In the setting of contact activation, three other factor XI(a) inhibitors, 
osocimab, xisomab and the antisense oligonucleotide IONIS-FXIRx have been studied in patients with end-
stage renal disease undergoing haemodialysis. Among these, osocimab reduced dialysis circuit clotting 
compared to placebo in an exploratory analysis, but the studies performed with xisomab and IONIS-FXIRx 
were too small to draw any conclusions (26-28). However, it is unlikely that osocimab will perform better 
than abelacimab, as the former has 1,000 times less affinity for factor XIa than abelacimab (50, 51). 
 The effect of garadacimab, the only factor XIIa inhibitor studied, is a little more complex to study 
in vitro. In vitro, the auto-activation of factor XII on foreign surfaces is independent of calcium ions, as is 
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the activation of factor XI by factor XIIa (52); these two reactions can therefore take place in a citrated 
medium. Activation of factor IX and other downstream factors, on the opposite, requires calcium ions (53). 
During blood collection and tube processing, a small proportion of factor XII can be activated on the 
sampling system and the walls of the tube, activating a small amount of factor XI. This factor XIa generated 
during the preanalytic phase can no longer be inhibited by a factor XII(a) or a factor XI (non-activated) 
inhibitor. This phenomenon, well described for CTI, an inhibitor of factor XIIa (and to a lesser extent factor 
XIa) (54, 55), only becomes significant when the activating stimulus is weak, which is the case with our 
catheter model (56, 57). Consequently, the effect of garadacimab, a factor XIIa inhibitor, and to a lesser 
extent abelacimab, a factor XI (dissociation constant, KD 1.3 pM) and XIa (KD 4.7 pM) inhibitor (50), was 
underestimated in our in vitro model. Adding these two drugs to the collection tube, bypassing most of 
the preanalytical artefact, revealed their true potential, which however remains lower than that of 
heparins. The clinical implication is that these two anticoagulants will only express their maximum effect 
if they are administered before the contact of blood with the foreign material.  

Targeting the inactive zymogen rather than its activated protease could be a more efficient way to 
mitigate surface-driven thrombin generation. Abelacimab illustrates this approach: it targets the catalytic 
domain of both factor XI zymogen and its activated form, locking the protein in an inactive conformation 
(50). Nevertheless, abelacimab leaves the upstream contact system untouched. Once factor XII auto-
activates on a procoagulant surface, it produces plasma kallikrein, which can directly activate factor IX, 
bypassing FXIa and allowing some thrombin to be generated (58). A more effective blockade of contact 
activation could therefore require inhibition at the level of FXII zymogen itself, instead of activated factor 
XII or factor XI. 

In this study we were not able to test Ixodes ricinus contact phase inhibitor (Ir-CPI), a protein 
extracted from the tick Ixodes Ricinus, which specifically binds both factor XIIa and factor XIa. This drug 
has demonstrated a capacity in reducing thrombin generation in a previous model of catheter-induced 
thrombin generation performed with frozen-thaw PPP (59). A phase IIa trial with Ir-CPI in patients suffering 
from spontaneous intracerebral hemorrhage is ongoing. We also could not study vitamin K antagonists, as 
their effect cannot be reproduced in vitro by mere spiking. Studying them under our conditions would 
have meant working with fresh patient samples, implying considerable variability and methodological 
constraints. However, as UFH is the reference anticoagulant for the perioperative setting, the comparisons 
made in this study seem entirely sound. Finally, it might be worth investigating whether the combined use 
of a factor XII(a) or XI(a) inhibitor with heparin could provide effective and safer anticoagulation than with 
either class of drug alone. 
 This study has several limitations. First, it is an in vitro study using a simplified model. Several 
factors, such as the absence of endothelium, red blood cells or flow, represent important limitations to 
draw definitive conclusions. Nevertheless, thrombin generation is the most accurate model for the fine 
study of coagulation and our results correlate with the findings of large clinical phase III trials (60). Our 
model incorporates platelets, which enables the correct assessment of heparins (10-13) and 
pharmacological inhibitors of factors XI(a) and XII(a) effect. Indeed, activated platelets release factor XI 
and polyphosphates, which promote optimal factor XI activation (61, 62). Moreover, the presence of 
platelets is necessary for predicting the bleeding phenotype of patients with inherited factor XI deficiency 
using a thrombin generation assay (63, 64). Although working with platelets increases experimental 
variability, the platelet counts of all PRPs studied ranged between 209 to 345 109/L, which is within the 50 
– 400 109/L range where thrombin generation is considered independent of platelet count (65). We also 
studied fresh plasma, avoiding the artefacts associated with plasma freeze-thaw cycles (66). Second, the 
effect of dabigatran is slightly overestimated when measured with the thrombin generation assay due to 
the inhibition of the thrombin-alpha2-macroglobulin complex by this drug (and not by UFH or LMWH) (67, 
68). However, this should not alter the conclusions of this study, as, despite this, dabigatran failed to 
suppress thrombin generation at the concentrations used clinically. 
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 In conclusion, using our in vitro model in the presence of platelets, factor XIIa and XI(a) inhibitors 
failed to suppress thrombin generation initiated at the catheter surface, whereas heparins did. However, 
these findings should be confirmed in clinical trials. In line with clinical observations, DOACs appear limited 
in mitigating thrombin generation in this setting, at least at concentrations compatible with clinical use. 
Overall, these results call for caution in using factor XII(a) and XI(a) inhibitors in situations associated with 
a high risk of thrombosis on foreign surfaces, such as MHV or ECMO. 
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Figure captions 

Figure 1: Experimental design of the second part of the study comparing two time-points for addition of 

anticoagulants. In the control condition (left), a phosphate saline buffer (PBS) solution was added in the 

collection tube before blood sampling and the anticoagulant was added to platelet-rich plasma (PRP) after 

centrifugation (200g, 15 min, 20°C). In the test condition (right), the anticoagulant was added in  the 

collection tube before blood sampling, and PBS was added to PRP. Thrombin generation (TG) was 

measured after initiation with a catheter segment or in the absence of any added activator (= TG initiated 

during the preanalytical phase or by the wells’ wall). 

Figure 2: Effect on catheter-initiated thrombin generation of the nine anticoagulants. Thrombin generation 
(TG) was studied in triplicate with platelet-rich plasma (PRP) from four healthy volunteers. The tracings 
represent the mean thrombin generated over time from four volunteers. The black curve represents TG in 
the absence of anticoagulants, while the blue curves correspond to thrombin generation in the presence 
of anticoagulants, with lighter shades indicating higher concentrations. Garadacimab and abelacimab at 
50 µg/mL correspond to approximately 345 nM; asundexian and milvexian at 600 ng/mL correspond to 
approximatively 1 µM; apixaban and dabigatran at 175 ng/mL correspond to approximatively 375 nM; and 
fondaparinux at 1.2 µg/mL corresponds to approximatively 700 nM. Six concentrations were tested for 
each anticoagulant. 
UFH, unfractionated heparin. 
 
Figure 3: Assessment of the effect of an extended range of garadacimab concentrations on catheter-
initiated thrombin generation (TG) in platelet-rich plasma (PRP). The maximum possible concentration (i.e., 
900 μg/mL) was added to assess whether there was a plateau in the effect of the drug. A condition without 
anticoagulant (black line), and a condition without anticoagulant and without catheter (red line) were also 
used. The blue curves correspond to TG in the presence of garadacimab, with lighter shades indicating 
higher concentrations. Garadacimab at 50 µg/mL correspond to approximately 345 nM, based on an 
estimated molecular weight of 145 kDa. TG was studied in triplicate with a single healthy volunteer PRP. 
 
Figure 4: Analysis of the impact of preanalytical activation of the contact pathway on the estimation of the 
effect of the nine anticoagulants and corn trypsin inhibitor (CTI) on catheter-initiated thrombin generation 
(TG). Anticoagulants were added either to platelet-rich plasma (PRP) after centrifugation at Cmax (yellow 
lines; see Methods), or in the collection tube before blood collection (blue lines), aiming for the same Cmax 
in PRP (see Methods). An anticoagulant-free condition was also studied (grey lines). All TG experiments 
were performed in triplicate and the mean thrombin generated over time for two healthy subjects is 
shown. Please note that, for the curves that do not return to baseline (CTI, garadacimab, abelacimab, 
enoxaparin added to collection tubes), thrombin levels at all time points are slightly overestimated due to 
the impossibility of subtracting by the software the in vitro effect of the thrombin-α2-macroglobulin 
complex which has no activity against fibrinogen in vivo. 
CTI, corn trypsin inhibitor; UFH, unfractionated heparin. 
 
Figure 5: Effect of garadacimab and abelacimab added in the collection tube on catheter-initiated 
thrombin generation (TG). The experiment was performed in triplicate with platelet-rich plasma (PRP) 
from two healthy volunteers. The mean thrombin curves generated in PRP from two volunteers are 
represented. The black curve represents TG in the absence of anticoagulants, while the blue curves 
correspond to thrombin generation in the presence of anticoagulants, with lighter shades indicating higher 
concentrations. Garadacimab and abelacimab at 50 µg/mL correspond to approximately 345 nM, based 
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on an estimated molecular weight of 145 kDa. Please note that the curves that do not return to baseline 
(100 and 200 µg/mL for both drugs) are slightly overestimated due to the impossibility of subtracting the 
artefactual effect of the thrombin-α2-macroglobulin complex by the software. 
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 6*Cmax 4*Cmax 2*Cmax 1*Cmax 0.5*Cmax 0.25*Cmax C0 

Lag time (min) 

Apixaban 11.4 10.2 8.2 7.6 7.5 7.2 7.2 

Dabigatran > 25.0 23.8 21.8 16.0 13.1 10.8 7.2 

Enoxaparin - - > 32.2 18.3 12.9 9.9 7.2 

Fondaparinux 12.4 12.2 10.3 9.7 8.5 7.8 7.2 

UFH - - - 29.5 21.5 14.3 7.2 

Asundexian 12.0 11.0 9.3 7.7 7.7 7.7 8.0 

Milvexian 21.0 17.9 14.7 11.2 9.2 8.4 8.0 

Abelacimab 22.5 21.7 19.7 18.4 17.5 16.1 8.0 

Garadacimab 14.4 14.3 14.8 14.7 13.4 10.6 8.0 

Peak height (nM) 

Apixaban 32 42 50 68 90 115 134 

Dabigatran 2 7 57 94 113 121 134 

Enoxaparin 0 0 13 31 64 96 134 

Fondaparinux 34 40 61 74 102 118 134 

UFH 0 0 0 30 69 97 134 

Asundexian 97 106 121 132 135 138 146 

Milvexian 40 60 76 107 127 132 146 

Abelacimab 40 43 50 59 67 78 146 

Garadacimab 93 99 100 97 104 118 146 

Endogenous thrombin potential (nM*min) 

Apixaban < 712 < 951 1174 1355 1474 1539 1543 

Dabigatran n.c. n.c. 582 1077 1411 1626 1543 

Enoxaparin n.c. n.c. n.c. < 574 1037 1330 1543 

Fondaparinux 583 666 918 1084 1312 1389 1543 

UFH n.c. n.c. n.c. n.c. < 1059 1321 1739 

Asundexian 1512 1565 1672 1735 1764 1770 1739 

Milvexian 917 1176 1333 1508 1694 1658 1739 

Abelacimab < 807 < 836 1015 1128 1219 1341 1739 

Garadacimab 1396 1456 1500 1473 1521 1583 1739 

 
Table 1: Mean lag time (LT), peak height (PH) and endogenous thrombin potential (ETP) for catheter-
initiated thrombin generation measured in platelet-rich plasma from four healthy volunteers, for nine 
anticoagulants at six concentrations studied. C0 is the reference condition without anticoagulant. 
Estimated Cmax observed in the thromboembolic prevention of AF (or of venous thromboembolism if not 
available) are 50 µg/mL (~345 nM) for garadacimab and abelacimab, 600 ng/mL (~1 µM) for asundexian 
and milvexian, 175 ng/mL (~375 nM) for apixaban and dabigatran, 0.5 U/mL for unfractionated heparin, 
1.0 U/mL for enoxaparin, and 1.2 µg/mL (~700 nM) for fondaparinux. The mean thrombin generation 
parameters across the four volunteers are represented. As experiments with anticoagulants were 
separated on two different plates on two different days, the reference condition without anticoagulant (C0) 
is not the same for all the anticoagulants. 
UFH, unfractionated heparin; n.c., not calculable (no return of the thrombin generation tracing to baseline 
during the measurement period, precluding calculation of the area under the curve; in this setting, PH is 
likely to be overestimated as well). 
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Angle brackets are used when LT was > 60 min or when ETP was not calculable for only one or two 
volunteers. When a LT or an ETP was only available for one volunteer, we did not provide a value in the 
table. 
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 LT (min) PH (nM) ETP (nM*min) 

CTI  
(40 µg/mL) 

22.4 – 36.5 
(+63%) 

46 – 29 
(-37%) 

1143 – n.c. 

Garadacimab 
(50 µg/mL) 

22.4 – 42.3 
(+89%) 

50 - 27 
(-46%) 

1144 – n.c. 

Abelacimab 
(50 µg/mL) 

27.0 – 35.6 
(+32%) 

22 - 16 
(-28%) 

568 – n.c. 

Milvexian 
(600 ng/mL) 

19.6 – 18.9 
(-4%) 

39 – 44 
(+13%) 

856 – 870 
(+2%) 

Asundexian 
(600 ng/mL) 

10.9 – 9.6 
(-12%) 

100 – 121 
(+21%) 

1459 – 1441 
(-1%) 

Apixaban 
(175 ng/mL) 

12.2 – 11.0 
(-10%) 

59 – 56 
(-6%) 

1279 – 1329 
(+4%) 

Fondaparinux 
(1.2 µg/mL) 

16.4 – 15.1 
(-8%) 

29 – 25 
(-14%) 

654 – 565 
(-14%) 

Dabigatran 
(175 ng/mL) 

21.7 – 22.6 
(+4%) 

52 – 58 
(-7%) 

831 – 794 
(-4%) 

Enoxaparin 
(1.0 U/mL) 

25.0 – 28.4 
(+14%) 

19 – 13  
(-28%*) 

510 – n.c. 
 

UFH 
(0.5 U/mL) 

28.6 – 24.2 
(-15%) 

5 – 4 
(-20%) 

n.c. – n.c. 

No anticoagulant 9.4 100 1442 

 
Table 2: Effects of adding the anticoagulant in the collection tube (test condition) vs. to the plasma (control 
condition). Anticoagulant solutions were added to achieve Cmax in platelet-rich plasma (PRP), based on the 
last known hematocrit value of the volunteer and assuming no entry into cells (red blood cells). The 
catheter-initiated thrombin generation parameters (LT, PH and ETP) are presented as control condition – 
test condition followed by the difference expressed in percentage of control condition (in brackets). Each 
parameter represents the mean of results with PRP from two healthy volunteers. Bold numbers represent 
differences above the predefined threshold (21%; see Methods) for both volunteers. The asterisk indicates 
differences above the threshold for only one of the two volunteers (enoxaparin: PH from 18 to 16 nM (-
11%) for volunteer 1; 19 to 10 nM (-45%) for volunteer 2). Garadacimab and abelacimab at 50 µg/mL 
correspond to approximately 345 nM; asundexian and milvexian at 600 ng/mL correspond to 
approximatively 1 µM; apixaban and dabigatran at 175 ng/mL correspond to approximatively 375 nM; and 
fondaparinux at 1.2 µg/mL corresponds to approximatively 700 nM. 
LT, lag time; PH, peak height; ETP, endogenous thrombin potential; n.c., not calculable (no return of the 
thrombin generation tracing to baseline during the measurement period, precluding calculation of the 
area under the curve); UFH, unfractionated heparin. 
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