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Abstract 

Introduction: Over the last decade, the number of patients anticoagulated with direct oral 

anticoagulants is markedly increasing. Even though direct oral anticoagulants do not require 

routine monitoring, there are certain clinical situations, such as bleeding, thromboembolic 

complications, emergency surgery, or overdose, when current guidelines recommend the 

measurement of these direct oral anticoagulants’ plasma concentrations. For the quantitative 

analysis of direct factor Xa inhibitors (i.e. apixaban, edoxaban, and rivaroxaban) chromogenic 

anti-Xa activity assays with substance-specific calibrations for apixaban, edoxaban, and 

rivaroxaban are used in clinical routine. More recently a hybrid calibrator was developed for 

the Biophen® Heparin LRT assay, which only requires one calibrator set for the measurement 

of apixaban, edoxaban, and rivaroxaban. Therefore, the aim of this study was to perform an 

analytical evaluation of the Biophen® Heparin LRT assay using this novel hybrid calibrator 

set for the measurement of apixaban, edoxaban, and rivaroxaban plasma concentrations, as 

well as a method comparison study between the Biophen® Heparin LRT assay and the 

HemosIL® Liquid Anti-Xa assay, which is a well-established assay in the clinical routine.  

Materials and methods: All measurements of apixaban, edoxaban, rivaroxaban using the 

HemosIL® Liquid Anti-Xa assay as well as the Biophen® Heparin LRT were performed on 

the same ACL Top 750® analyser. The detection limit and the precision of the Biophen® 

Heparin LRT apixaban, edoxaban, and rivaroxaban assays were determined. For the method 

comparison study citrated plasma samples of 159 patients on anticoagulation treatment (n=80 

for apixaban, n=23 for edoxaban, and n=55 for rivaroxaban) were measured in parallel with 

the respective the Biophen® Heparin LRT and the HemosIL® Liquid Anti-Xa assays.  

Results: The detection limit for the Biophen® Heparin LRT apixaban, edoxaban, and 

rivaroxaban assays were 6.6 ng/ml, 7.5 ng/ml, and 9.7 ng/ml. Within-run and total coefficients 

of variation were ≤3.8% and ≤5.6% for the Biophen® Heparin LRT apixaban assay, ≤5.2% 

and ≤5.6% for the Biophen® Heparin LRT edoxaban assay, and ≤5.4% and ≤6.1% for the 

Biophen® Heparin LRT rivaroxaban assay. The method comparison study showed a very 

strong correlation between the Biophen® Heparin LRT and the HemosIL® Liquid Anti-Xa 

assays for apixaban (rs=0.996; p<0.001), edoxaban (rs=0.994; p<0.001), and rivaroxaban 

(rs=0.986; p<0.001). Passing and Bablok regression analyses revealed only a rather small 

constant bias as well as a proportional difference between the two methods.  
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Conclusion: The Biophen® Heparin LRT assay using the novel hybrid calibrator set for 

measurement of apixaban, edoxaban, and rivaroxaban meets the needs of quality 

specifications of laboratory medicine. Since the test results of the Biophen® Heparin LRT and 

the HemosIL® Liquid Anti-Xa assays were comparable for apixaban, edoxaban, and 

rivaroxaban, the tests can be considered as equivalent.  

 

Zusammenfassung 

Einleitung: In den letzten zehn Jahren hat die Anzahl an Patientinnen und Patienten, welche 

mit direkten oralen Antikoagulanzien behandelt werden, deutlich zugenommen. Obwohl 

deren Plasmakonzentration nicht regelmäßig überwacht werden muss, gibt es Indikationen, 

wie Blutungen, thromboembolische Komplikationen, Notfalloperationen oder 

Überdosierungen, für welche nach den aktuellen Guidelines die Messung der 

Plasmakonzentrationen von direkten oralen Antikoagulanzien empfohlen wird. Zur 

quantitativen Bestimmung von direkten Faktor Xa-Inhibitoren (Apixaban, Edoxaban und 

Rivaroxaban) werden chromogene Anti-Xa-Aktivitätsassays mit spezifischen Kalibratoren für 

die einzelnen Substanzen in der klinischen Routine eingesetzt. Unlängst wurde ein 

Hybridkalibrator für die Biophen® Heparin LRT Assays entwickelt, wodurch nur mehr ein 

Satz Kalibratoren für die Messung von Apixaban, Edoxaban und Rivaroxaban benötigt wird. 

Das Ziel dieser Studie war es, eine analytische Evaluierung des Biophen® Heparin LRT 

Assays mit diesem neuartigen Hybridkalibrator zur Messung von Apixaban-, Edoxaban- und 

Rivaroxaban-plasmakonzentrationen sowie eine Methodenvergleich zwischen den Biophen® 

Heparin LRT und den HemosIL® Liquid Anti-Xa-Assays, welcher bereits in der klinischen 

Routine etabliert ist. 

Material und Methoden: Alle Messungen von Apixaban, Edoxaban, Rivaroxaban wurden 

mittels HemosIL® Liquid Anti-Xa und Biophen® Heparin LRT Assays auf dem gleichen ACL 

Top 750®-Messgerät durchgeführt. Im Rahmen dieser Studie wurden die Nachweisgrenze und 

die Präzision der Biophen® Heparin LRT Apixaban-, Edoxaban- und Rivaroxaban-Assays 

bestimmt. Für den Methodenvergleich wurden Citratplasmaproben von 159 Patientinnen und 

Patienten unter laufender Antikoagulation (n=80 für Apixaban, n=23 für Edoxaban und n=55 

für Rivaroxaban) sowohl mit dem entsprechenden Biophen® Heparin LRT als auch 

HemosIL® Liquid anti-Xa-Assay vermessen. 

Resultate: Die Nachweisgrenzen für die Biophen® Heparin LRT Apixaban-, Edoxaban- und 

Rivaroxaban-Assays lagen bei 6,6 ng/ml, 7,5 ng/ml und 9,7 ng/ml. Die Serien- und 
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Gesamtvariationskoeffizienten waren ≤3,8% und ≤5,6% für den Biophen® Heparin LRT 

Apixaban Assay, ≤5,2% und ≤5,6% für den Biophen® Heparin LRT Edoxaban Assay und 

≤5,4% und ≤6,1% für den Biophen® Heparin LRT Rivaroxaban Assay. Der 

Methodenvergleich zeigte eine sehr starke Korrelation zwischen den Biophen® Heparin LRT 

und den HemosIL® Liquid Anti-Xa-Assays für Apixaban (rs=0,996; p<0,001), Edoxaban 

(rs=0,994; p<0,001) und Rivaroxaban (rs=0,986; p<0,001). Passing-Bablok-

Regressionsanalysen zeigten nur eine geringe, aber gleichbleibende Abweichung sowie einen 

proportionalen Unterschied zwischen den beiden Methoden. 

Schlussfolgerung: Der Biophen® Heparin LRT Assay mit dem neuartigen 

Hybridkalibratorsystem zur Messung von Apixaban, Edoxaban und Rivaroxaban erfüllt die 

Anforderungen der Qualitätsspezifikationen für Labormedizin. Da die Testergebnisse der 

Biophen® Heparin LRT und der HemosIL® Liquid Anti-Xa Assays für Apixaban, Edoxaban 

und Rivroxaban vergleichbar Resultate lieferten, können die Tests als gleichwertig angesehen 

werden.  
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 Introduction  

This chapter presents an abbreviated version of the background on hemostasis and 

anticoagulation, whereas chapters 2 to 4 provide a more detailed insight on these topics.  

 Hemostasis 

Hemostasis is the general term for the processes involved in the formation of blood clots at 

the site of injured vessels. In case of a disruption of a blood vessel wall, the hemostatic 

response is responsible for a fast and localised regulation to prevent bleeding or thrombosis. 

Therefore, the dysregulation of the hemostatic reaction often leads to these pathophysiological 

conditions.  

As shown in Figure 1, the formation of a clot is 

activated via two different mechanisms which 

both lead to a common pathway: 

❖ The intrinsic pathway is mediated by 

blood exposure to a negatively charged 

surface, for instance, celite, kaolin, or 

silica in the in vitro activated partial 

thromboplastin clotting time (aPTT). 

❖ The extrinsic pathway is mediated by the 

exposure of tissue factor (TF). The TF 

generation is triggered by the injury of 

endothelial tissue or TF-like material, 

such as thromboplastin, which is used for 

the measurement of the prothrombin 

clotting time (PT). 

❖ The convergence of both pathways happens through the activation of factor X, which 

subsequently contributes to the conversion of prothrombin to thrombin, and 

consequently the conversion of fibrinogen to the insoluble fibrin, which forms the 

cross-linked clot. This process is measured by the thrombin time (TT). 

Both pathways lead to the formation of thrombin-stimulated fibrin clots and subsequently to 

the plasmin-induced clot lysis (Lane et al., 2005).  Both processes are interlinked, and in case 

of correct regulation, they result in tissue remodelling, whereas flawed hemostatic processes, 

such as diminished thrombin generation (factor VIII deficiency), or enhanced clot lysis 

Figure 1 Overview of the coagulation 

pathways and involved factors (Diapharma) 
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(resulting from alpha-2-antiplasmin deficiency) may result in abnormal bleeding. On the other 

hand, excessive thrombin production, which might result from inherited thrombophilia, is 

associated with the formation of clots and, subsequently, thrombosis. 

 Anticoagulation 

Over the last few decades, the number of agents for the prevention and management of the 

thromboembolic disease has significantly increased. In addition to the already well 

established and well-proven anticoagulants such as antiplatelet agents, heparins, and vitamin 

K antagonists (VKAs), direct parenteral and oral anticoagulants (DOACs) which forthright 

target the enzymatic activity of thrombin and factor Xa have been developed. 

An overview of the coagulation cascade as well as the respective anticoagulant’s point of 

action is shown in Figure 2. 

 

 

The main hemostatic processes, which are addressed by anticoagulants include platelet 

activation, fibrin generation by activated coagulation factors, inhibition of procoagulant 

Figure 2 Schematic representation of the coagulation cascade with the sites of action of traditional 

and new anticoagulants (Lakatos et al., 2014) 
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factors to prevent excessive clot propagation, and fibrinolysis to dissolve the fibrin clot as the 

endothelial surface is repaired. These processes share numerous and substantial interlinkages, 

such as crosstalk between platelets, procoagulant factors, endogenous anticoagulant, and 

fibrinolytic factors, as well as the endothelium. Anticoagulants inhibit either one or multiple 

steps in the coagulation cascade and have a vast amount of mechanisms, such as direct 

enzymatic inhibition, indirect inhibition by antithrombin (AT) binding, and, by preventing 

their synthesis in the liver and/or modifying of their calcium-binding properties, 

antagonisation of vitamin K-dependent factors. Examples for anticoagulant agents are 

unfractionated and low molecular weight heparins (LMWHs), VKAs, direct thrombin 

inhibitors, as well as direct factor Xa inhibitors. The agents involved in anticoagulation are 

differentiated according to their respective target sites. 

❖ Antithrombotic agents mainly target platelets, for instance, acetylsalicylic acid or 

clopidogrel. 

❖ The thrombin inhibitors prevent fibrin production, which depends on thrombin 

generated from the proteolytic cleavage of prothrombin by factor Xa. Besides this 

function, thrombin activates numerous elements of the coagulation cascade, including 

factors V, VIII, XI, and XIII and platelets (Di Nisio et al., 2005). Thrombin’s active 

site is in a deep groove, which allows the enhancement of the enzyme’s specificity by 

the surrounding amino acids (Grütter et al., 1990, Rydel et al., 1990). This active site 

is either the sole or one out of two targets for the direct thrombin inhibitors (DTIs), 

with the other target site being the exosite I, which is a positively charged domain of 

the thrombin molecule, physically separated from the active site (Hirsh and Weitz, 

1999, Di Nisio et al., 2005). Furthermore, this exosite I is the interaction site of 

thrombin substrates, such as fibrinogen, factor V, protein C, thrombomodulin, and 

PAR1 and PAR4 on platelets (Grütter et al., 1990, Rydel et al., 1990, Sheehan and 

Sadler, 1994, Hall et al., 1999, Hirsh and Weitz, 1999). Unlike heparins, which can 

only inhibit thrombin in the fluid phase via AT, the DTIs can block thrombin in both 

circulating and clot-bound forms (Weitz et al., 1990, Berry et al., 1994, Lefkovits and 

Topol, 1994, Turpie, 2008). The only licensed DTI with an oral administration is 

dabigatran exilate (Pradaxa®), ximelagatran (Exanta®) was withdrawn in 2006 because 

of its hepatotoxicity and cardiovascular events (Laux et al., 2009); an example for a 

parenteral DTI is bivalirudin (Angiomax®), which is licensed for the anticoagulation 

of patients undergoing percutaneous coronary intervention (PCI) and heparin-induced 

thrombocytopenia (HIT) (Lehman and Chew, 2006, Serruys et al., 2006). 
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❖ The factor Xa inhibitors target the convergence point of the intrinsic and extrinsic 

coagulation pathways by binding the active site of factor Xa, which is generated by the 

proteolytic cleavage of factor X by one of two X-ases, resulting in the inhibition of the 

cleavage of prothrombin to thrombin. Unlike heparins, which can only inhibit factor 

Xa in the fluid phase, the direct factor Xa inhibitors can block factor Xa in both, 

circulating and clot-bound, forms (Roehrig et al., 2005, Laux et al., 2009, Samama, 

2011). Parenteral direct factor Xa inhibitors are not in use, but several oral direct 

factor Xa inhibitors are available, such as rivaroxaban (Xarelto®), apixaban (Eliquis®) 

and edoxaban (Lixiana®) as well as their respective generic products.  

Besides DOACs there are other acronyms, which are commonly used for oral DTI and direct 

factor Xa inhibitors, such as NOACs (novel oral anticoagulants) and TSOACs (target-specific 

oral anticoagulants) (Ansell et al., 2014a, Husted and Lip, 2014, Husted et al., 2014, Barnes et 

al., 2015). 

Since prolonged PT and aPTT are not considered reliable indicators of anticoagulant effect in 

case of direct factor Xa inhibitors, their activity is measured with chromogenic anti-Xa 

activity tests, which are calibrated for the respective substance. Although anti-Xa activity 

assays calibrated for a different factor Xa inhibitor may deliver results, these results provide 

only qualitative information and do not reflect real drug activities. Therefore, the 

measurement of direct factor X inhibitor plasma concentrations requires a specialised test for 

each substance, including the respective calibrators and controls. Because plasma 

concentration measurements of direct factor Xa inhibitors, as well as direct thrombin 

inhibitors, is recommended only under certain conditions, the test volume is rather small and 

thus, especially for smaller laboratories outside the clinical setting, the establishment of the 

currently established tests is laborious and unprofitable. Therefore, assays, such as the 

Biophen® Heparin LRT assay (CoaChrom Diagnostica), were further developed to allow 

direct factor Xa inhibitor measurements for apixaban, edoxaban, and rivaroxaban using only a 

single hybrid calibrator set for the measurement of all three  Xa inhibitors.   

Therefore, the aim of this study was to perform an analytical evaluation of the Biophen® 

Heparin LRT assay calibrated with this novel hybrid calibrator as well as an method 

comparison study with the clinically established and routinely used HemosIL® Liquid Anti-

Xa assay (Werfen) calibrated with three different substance-specific calibrator sets for 

apixaban, edoxaban, and rivaroxaban.  
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 Hemostasis 

Despite its dynamic and interwoven processing arrays, the hemostatic process can be divided 

into phases, which shall be discussed in this chapter (Furie and Furie, 2008). 

1. Injured endothelial tissue and formation of the platelet plug 

2. Enhancement of the clotting process by the coagulation cascade  

3. Antithrombotic control mechanisms leading to a stop of the clotting process 

4. Fibrinolysis and the subsequent clot removal 

 Platelet plug formation 

The initial and local hemostatic response is triggered by an injury of the vascular endothelial 

membrane and results in the formation of a platelet plug, which leads to diminished bleeding.  

Because of the injured endothelial membrane, the circulating blood gets exposed to 

subendothelial elements, which leads to endothelial cell activation, which subsequently 

promotes the recruitment of platelets along with other cell types, and procoagulant factors.  

The activation of the platelets is triggered by numerous physiological stimuli, such as 

adenosine diphosphate (ADP), epinephrine, thrombin, and collagen, and can be grouped in 

four different process phases: 

❖ Adhesion of the platelets on the subendothelial matrix 

❖ Aggregation which results in the cohesion of platelets 

❖ Secretion is the release of platelet granule proteins 

❖ Procoagulant activity which enhances the generation of thrombin  

While ADP and epinephrine have only a low impact on the platelet activation, collagen and 

thrombin pose the most potent platelet activators. Under physiological blood flow conditions, 

the start of the platelet activation is triggered by thrombin, which results in a core of platelets 

in the hemostatic plug. The subsequent steps are controlled by ADP, which activates loosely 

packed platelets overlying the core, and thromboxane, which activates further platelets in the 

newly formed shell region (Shen et al., 2017).  

As mentioned above, another factor involved in the platelet plug formation is collagen, which 

is present in the endothelial membrane, and prevents the platelet adherence in uninjured tissue 

by the production of nitric oxide (NO) and prostacyclin. In case of an intimal injury, these 

factors are extenuated, and microfibrils, laminin, and collagen (elements of the subendothelial 

membrane) are exposed and lead to platelet adherence as well as platelet activation and 

secretion. Significant influence has the group of platelet collagen receptors, namely the 
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integrins, a superfamily of adhesive protein receptors, which are expressed by a vast number 

of cell types. The most critical platelet adhesion and activation integrins are the 

glycoproteins GPIa/IIa and GPVI, respectively. Therefore, the deficiency of GPIa/IIa is 

associated with mild bleeding diathesis, whereas GPVI deficiency leads to severe bleeding 

(Watson, 1999). 

 Next in line for the platelet plug regulation process is thrombin. The activation of thrombin is 

controlled and mediated by G-protein coupled protease-activated receptors (PARs) (Coughlin, 

2000, Brass, 2003, Coughlin, 2005, Leger et al., 2006). The platelets have a dual receptor 

system for thrombin consisting of two distinct receptors, PAR-1, which is a high-affinity 

receptor mediating the effect of low concentrated thrombin, and PAR-4, which is a low-

affinity receptor, whose activation requires high thrombin concentrations (Coughlin, 2005). 

The receptor activation works through cleavage of the PAR’s amino-terminal exodomain, 

exposing a new amino-terminus, that serves as a tethered ligand binding intramolecularly to 

the receptor for the initiation of transmembrane signalling (Kahn et al., 1998). Since the PARs 

play an essential role in the platelet plug formation, they are also potential targets for 

antiplatelet agents, such as vorapaxar (Zontivity®) (Morrow et al., 2012, Tricoci et al., 2012). 

In animal models, the main route for platelet activation found was the TF-mediated thrombin 

generation pathway and not the collagen-induced GPVI-mediated pathway (Dubois et al., 

2007). 

After discussing the more potent platelet activators, the lower impact substances, ADP and 

epinephrine shall be discussed. ADP works by the binding of P2Y1 and P2Y12, two G-protein 

coupled purinergic receptors. While the activation of P2Y1 is involved in the mobilisation of 

calcium, platelet shape change, and rapidly reversible aggregation, P2Y12 activation leads to 

platelet secretion and stable aggregation (Hollopeter et al., 2001). The platelet activation 

process leads to the secretion of ADP, which results in the recruitment of platelets and 

amplification of platelet aggregation; this pathway is targeted by clopidogrel (Plavix®). 

 Platelet adhesion 

After the initial activation, the platelets experience shape changes, which results in an 

extremely adhesive nature of the platelets. The adhesion process is mediated by the 

interaction of the platelet surface receptor GPIb/IX/V complex with the von Willebrand factor 

(vWF) within the subendothelial matrix domain (Clemetson and Clemetson, 1995). Because 

this interaction is the main trigger for the adhesion process, a deficiency of either factor is 

associated with a congenital bleeding disorder, the Bernard-Soulier, and von Willebrand 
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disease, respectively (López et al., 1998). Another factor contributing to platelet adhesion is 

the interaction of the platelet collagen receptor GPIa/IIa to collagen fibrils in the 

subendothelial matrix (Sixma et al., 1997). 

 Platelet aggregation 

This step of the platelet activation is mediated by the exposure as well as conformational 

changes in the GPIIb/IIIa (integrin superfamily, like GPIa/IIa and GPVI) receptor on the 

platelet surface, which results in the binding of immobilised vWF and fibrinogen, which is a 

divalent symmetrical molecule bridging activated platelets (Bennett and Vilaire, 1979, Savage 

et al., 1992, Savage et al., 1996). The GPIIb/IIIa complex is the most frequent receptor 

present on the platelet surface (~80,000 complexes per platelet) and is involved in fibrinogen 

binding after platelet stimulation (for instance by thrombin, collagen, or ADP) because this 

stimulation triggers a conformational change of the GPIIb/IIIa and subsequently a conversion 

to a high-affinity fibrinogen receptor.  

Furthermore, the interaction of GPIIb/IIIa and vWF is accompanied by the 

GPIIb/IIIa complex binding of the platelet cytoskeleton, which leads to platelet spreading and 

clot retraction – this process is called `inside-out´ integrin signalling. This receptor-ligand 

interaction is typical for all platelet stimulation modes and marks the final common pathway 

for platelet aggregation (Shattil et al., 1998, Coller and Shattil, 2008).  

A deficiency in the GPIIb/IIIa receptor system leads to bleeding disorders in Glanzmann 

thrombasthenia. This disorder is usually associated with a gene mutation in the alpha IIb or 

the beta-3 subunit (Hodivala-Dilke et al., 1999). 

 Platelet secretion 

The secretion of platelets derives from two different granules types, namely the alpha and 

dense granules. Whereas the alpha granules contain an abundant number of proteins such as 

fibrinogen, vWF, thrombospondin, platelet-derived growth factor (PDGF), platelet factor 4, 

and P-selectin, the latter contain ADP, ATP, ionised calcium, histamine, and serotonin. 

Therefore, platelets can release a vast number of substances from their granules upon cell 

stimulation with many different effects. 
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❖ ADP and serotonin  

ADP causes the stimulation and recruitment of additional platelets (Kroll and Schafer, 

1989), whereas released serotonin usually causes vasodilation, but in the presence of 

injured or dysfunctional endothelial membrane tissue, it leads to vasoconstriction.  

ADP-activated platelets promote the number of expressed intercellular adhesion 

molecule 1 on the surface of endothelial cells (Gawaz et al., 1998). 

❖ Fibronectin and thrombospondin  

Adhesive proteins are leading to the reinforcement and stabilisation of platelet 

aggregates. 

❖ Fibrinogen  

Fibrinogen is secreted by alpha granules in the case of injured endothelial tissue 

(Harrison et al., 1990). 

❖ Thromboxane A2  

Thromboxane A2 is a prostaglandin metabolite promoting the vasoconstriction and 

enhances platelet aggregation. 

❖ PDGF  

The release of growth factors from platelets is caused by injured endothelial tissue and 

provides a mitogenic effect on smooth muscle cells. This effect might be involved in 

the mediation of physiological tissue repair and, in case of repeated 

injury/dysfunction, the development of atherosclerosis and coronary occlusion 

following angioplasty. 

❖ Thiol and protein disulfide isomerase  

Secreted at sites of endothelial tissue injury and are most likely involved in the 

activation of TF and enhancement of fibrin generation and platelet thrombus formation 

(Cho et al., 2008, Reinhardt et al., 2008). 

 Pro- and anticoagulant activity  

Platelet procoagulation involves the exposure of procoagulant phospholipids, primarily 

phosphatidylserine, as well as the formation of enzyme complexes involved in the clotting 

cascade on the platelet surface (Kojima et al., 1994). The close interaction between these 

enzyme complexes shows the close interlinkage of platelet and clotting cascade activation.  

Compared to the processes mentioned above, the anticoagulant activities associated with 

platelets are still less well studied and understood. One possible mechanism is the activity of 
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thrombospondin 5, an endogenous thrombin inhibitor involved in vascular regulation, which 

shall be further discussed in the chapter `Control mechanisms and termination of clotting.´  

 Clotting cascade and propagation of the clot 

The clotting cascade is mediated by the activation of a sequence of proenzymes of inactive 

precursor proteins, such as zymogens, to active enzymes, which lead to a sequentially 

amplified response. For instance, low numbers of factor VIIa molecules trigger the activation 

of a large amount factor X, which subsequently activates a vast number of thrombin 

molecules, leading to the conversion of fibrinogen to fibrin, which results in an inforced 

platelet plug. The primary enzymes involved in this section of the clotting cascade are the X-

ases (tenases), which activate factor X and the prothrombinase, which facilitates the 

conversion of prothrombin to thrombin. 

All procoagulant factors are synthesised in the liver; the exceptions are vWF and factor VIII, 

which is stabilised by vWF. The vWF is produced in megakaryocytes and endothelial cells, 

whereas the latter is synthesised in the lymphatics and renal glomeruli as well as in 

endothelial liver cells. Furthermore, both factors are co-expressed in postcapillary high 

endothelial venules (Everett et al., 2014, Fahs et al., 2014, Pan et al., 2016).  

A multitude of involved factors is subject to post-translational modification (Hansson and 

Stenflo, 2005). Best characterised are the modifications addressing the vitamin K-dependent 

procoagulants, such as prothrombin, factors VII, IX, and X, as well as anticoagulants, such as 

protein C and protein S. These factors are mediated by calcium-binding sites of the vitamin 

K-dependent carboxylated glutamic acid, which supports the formation of membrane-bound 

macromolecular procoagulant complexes (Furie et al., 1999). 

 Thrombin generation 

Although the differentiation in intrinsic and extrinsic pathways allows a reasonable 

interpretation of in vitro tests of the coagulation, for instance, PT and aPTT, it has been 

established that the physiological starting point of the clotting cascade is rather triggered by 

generated or exposed TF at the endothelial injury site and its interaction with activated factor 

VII(a) (Rapaport and Rao, 1995). As shown by Mann and colleagues, this initial process leads 

to the generation of small thrombin amounts, which, through a feedback loop with activated 

factor XI, results in an amplified number of newly generated thrombin molecules (Mann et 

al., 2006). 
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Most established clinical laboratory clotting tests focus on the initial fibrin clot formation, 

which is mainly mediated by factor X activation by TF or factor VIIa, which leads to low 

thrombin concentrations, which subsequently trigger the activation of factor V, factor VIII, 

factor XI, and platelets. Following their activation, the platelets support the formation of 

multi-component enzyme complexes, such as intrinsic X-ase and prothrombinase, by the 

exposure of the anionic phospholipid head group on the platelet surface (Camire and Bos, 

2009). Hence, the following amplification and propagation phases of the clotting cascade are 

triggered by these initially low thrombin concentrations. An overview of the steps of the 

clotting cascade as well as the involved factors are provided in Figure 3. 

 

 

For the initial thrombin generation phase, the activated platelets are crucial since they 

promote the formation of multi-component complexes, as well as the endothelial cells at the 

injury site, providing the coagulation factors’ and other procoagulant effects’ binding sites.  

In a mouse model investigating an arteriolar injury, it was shown that the endothelial cells 

play an even more prominent role than platelets concerning the thrombin generation process. 

The study used factors Xa and Va with a fluorescence label, which, near the initially formed 

Figure 3 Individual phases of the clotting cascade (Halter et al., 2017) 
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platelet plug (and injury site), bound to the endothelial membrane, but did not interact with 

the platelets. This finding was supported by the application of a platelet aggregation inhibitor 

(or knock-out mice lacking platelet thrombin receptor PAR4), which showed unaffected 

accumulation concentrations of factors Xa, Va, and fibrin proximate the endothelial injury, 

which might also explain the lack of tissue hematomas and joint bleeding in patients with 

severe thrombocytopenia or inherited platelet defects (Ivanciu et al., 2014).  

Multi-component complexes 

The mediation of the coagulation cascade is mediated by multi-component macromolecular 

complexes, three procoagulants (extrinsic and intrinsic X-ase and prothrombinase), and the 

protein C anticoagulant complex. Each of these complexes consists of the enzyme, the 

substrate, a cofactor, and requires calcium for correct functioning. 

❖ The extrinsic X-ase consists of factor VIIa (protease), factor X (substrate), and TF 

(cofactor) (Jesty et al., 1974, Baugh and Krishnaswamy, 1996, Butenas et al., 1997), 

and triggers the activation of factors IX and X (Osterud and Rapaport, 1977, Morrison 

and Jesty, 1984). 

❖ The intrinsic X-ase consists of factor IXa (protease), factor X (substrate), and factor 

VIIIa (cofactor). Factor IXa either derives from the extrinsic X-ase or the intrinsic 

pathway, triggered by thrombin-induced activation of factor XI (Rosing et al., 1985). 

❖ The prothrombinase consists of factor Xa (protease), prothrombin (factor II, substrate), 

and factor Va (cofactor). 

❖ The protein C anticoagulant complex consists of thrombin (factor IIa, protease), 

protein C (substrate), and thrombomodulin (TM) (cofactor). Furthermore, the 

endothelial protein C receptor (ECPR), which is mainly expressed on large vessel 

endothelial cell membranes, supports and enhances the activation of protein C by the 

thrombin/TM complex (Esmon, 2006). 

All factors whose activation is part of the clotting cascade are members of the trypsin-like 

serine protease family. Although all factors contain serine as a critical component in their 

catalytic site, they have a high substrate-specificity to their respective substrate due to the 

mediation of the enzyme-substrate complex formation by an exosite on the enzyme’s surface 

outside the catalytic domain (Krishnaswamy, 2013).  

As an example of this process, the prothrombinase complex, whose 3D crystal structure is 

shown in Figure 4, shall be described. The activation of platelets leads to the exposure of 

phosphatidylserine as well as other anionic lipids on the platelet surface, simultaneously 
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factor V is released from its storage in the platelet granules and binds to these anionic lipids. 

After the initial binding, 

factor V is activated (factor 

Va) by thrombin, which is 

generated by the TF-factor 

VIIa-interaction at the 

endothelial injury site in low 

concentrations. For the 

formation of the 

prothrombinase complex, 

which performs the cleavage 

of prothrombin to thrombin 

(factor II to factor IIa), the 

presence of a sufficient 

concentration of anionic 

membrane phospholipids and 

calcium is required. 

Compared to merely factor 

Xa- and prothrombin-

mediated thrombin 

generation, the 

prothrombinase complex is 

~300,000 times more efficient. A side effect of the prothrombinase complex reaction is the 

decay of factor Xa inhibition, which is facilitated by the factor Xa’s binding by factor Va 

(resulting in shielding from factor Xa inhibitors, such as antithrombin (AT)). 

Furthermore, thrombin generation is not only enhanced but regionally limited to endothelial 

injury sites. The importance of multi-component complexes for the platelet procoagulation 

process is delineated by the severity of congenital platelet function disorders, such as the Scott 

syndrome, an autosomal recessive disorder triggered by a mutation of TMEM16F, which is a 

protein involved in the lipid scramblase activity. This process results in the formation of a 

calcium-activated channel, promoting the disruption of the membrane gradient by transporting 

phosphatidylserine from the inner to the outer platelet plasma membrane layer. The presence 

of phosphatidylserine on the platelet surface then triggers the binding of factor Va, leading to 

the prothrombinase complex formation. Symptoms in patients with Scott syndrome include 

Figure 4 3D Crystal structure and domains of the prothrombinase 

complex (pro-pseutarin C, an intrinsically stable prothrombinase 

complex) (Lechtenberg et al., 2013) 
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deficient thrombin generation, significantly prolonged bleeding times as well as a reduced 

incidence rates for thrombotic events (Kojima et al., 1994, Sims, 1989 #51, Toti et al., 1996, 

Zhou et al., 1998, Suzuki et al., 2010, Yang et al., 2012). 

 Extrinsic pathway 

This subchapter will discuss the substances involved in the mediation of the extrinsic 

pathway. 

Tissue factor (TF) 

Injury of blood vessel endothelial membrane results in TF expression. This integral membrane 

glycoprotein is usually expressed on skin, organ surfaces, vascular adventitia as well as their 

corresponding neoplastic tissue formations, but not by vascular endothelial cells (Bächli, 

2000). Hence, exposure of TF to the blood flow only happens in case of endothelial injury 

(Mandal et al., 2006) and is either via direct exposure of the subendothelial matrix or 

cytokine-induced TF expression, by cytokine, such as interleukin 6 (IL-6), secretion by 

activated monocytes and endothelial cells (Levi et al., 2012). 

Under physiological conditions, the TF is inactive, but cell lysis or in vitro calcium ionophore 

stimulation leads to its activation (decryption) and, subsequently, the FVIIa binding and factor 

X activation. This decryption process might be associated with the linkage of free cysteine 

residues (Cys186 and Cys209) into a disulfide bond and an allosteric conformational change 

of the TF (Chen et al., 2006, Wong and Hogg, 2010). Most likely the mediation of this 

process is controlled by the protein disulfide isomerase (PDI), glutathione, and NO (Wong 

and Hogg, 2010), although the involvement of Cys186 and/or Cys209 in the TF’s activation is 

still researched (Bach and Monroe, 2009, Butenas et al., 2009, Kothari et al., 2010). 

Another theory suggests that the TF circulates through the blood vessels in association with 

microvesicles, deriving from the surface of stimulated monocytes/macrophages as well as 

influencing the coagulation initiation of activated platelets as well as in a soluble, but 

differently spliced form (Giesen et al., 1999, Bogdanov et al., 2003, Del Conde et al., 2005).  

Activation of factors VII, IX, and X 

Another critical aspect of the extrinsic pathway is the activation of factors VII, IX, and X. The 

activation of factor VII is directly interlinked with the TF, which serves as a cofactor for the 

generation of VIIa (Konigsberg et al., 2001, Morrissey, 2001). The resultant TF-factor VIIa 
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complex then triggers the activation of factors X and IX. The first is activated by the 

generation of an Arg52-Ile53 peptide bond in the factor X heavy chain, which leads to the 

formation of the Xa, a serine protease (Jesty et al., 1974, Baugh and Krishnaswamy, 1996, 

Butenas et al., 1997), whereas the latter’s active version forms a complex with its cofactor 

factor VIIIa (Osterud and Rapaport, 1977, Morrison and Jesty, 1984).   

Factor X activation is triggered by the intrinsic and the extrinsic pathway because of of the 

limited amount of TF as well as the activity of tissue factor pathway inhibitor (TFPI), which 

binds factor Xa and thereby inhibits the TF-factor VIIa complex’ activity, diminishing the 

intrinsic pathway’s stimulus (Broze, 1995). The extrinsic pathway mediates the activation of 

factor X with factor IX and its cofactor factor VIII and is amplified by the presence of 

thrombin as well as factor Xa (Pittman and Kaufman, 1988, Butenas et al., 1997), whereas the 

generation of factor IXa is enhanced by thrombin-induced activation of factor XI (Di Scipio et 

al., 1978, Gailani and Broze, 1991, Naito and Fujikawa, 1991, von dem Borne et al., 1995, 

Sun and Gailani, 1996). These both feedback-loops result in an increased amount of activated 

factor VIII and factor IX, which subsequently facilitates Xa and thrombin generation. Recent 

in vitro studies proved that the extrinsic TF-factor VIIa complex utilizes a feed-forward loop 

for the activation of factor VIII, an element of the intrinsic pathway, and thereby enhances the 

thrombin generation process as well (Kamikubo et al., 2017).  

 Intrinsic (contact activation) pathway 

The activation of the initial intrinsic pathway is mediated by plasma proteins, such as factor 

XII (Hageman factor), plasma prekallikrein (Fletcher factor), and high molecular weight 

kininogen (HMWK, Fitzgerald factor), which are activated by exposure to negatively charged 

surfaces. This exposure triggers the enhancement of factor XII’s auto-activation, which, in 

combination with HMWK, subsequently triggers the generation of factors XIa and 

successional IXa. The latter then forms a complex with factor VIIIa, the intrinsic X-ase, 

resulting in the activation of factor X, and after that, jointly with thrombin, triggers the earlier 

mentioned feedback loop of factor VIII (Pittman and Kaufman, 1988, Butenas et al., 1997), as 

well as an increased generation of factors XIa and IXa (Di Scipio et al., 1978, Naito and 

Fujikawa, 1991, von dem Borne et al., 1995, Sun and Gailani, 1996). Furthermore, factor XIIa 

triggers the conversion of plasma prekallikrein to kallikrein, resulting in the release of 

bradykinin, an inflammatory-mediating peptide, from HMWK as well as a feedback loop of 

activation, because kallikrein activates factor XII (Weidmann et al., 2017).  
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The further intrinsic pathway cascade already is part of the common pathway, mediated by 

factor V, prothrombin, and fibrinogen. 

Polyphosphate, a strongly anionic polymer of phosphoanhydride-linked orthophosphates, is a 

molecule with a varying number of orthophosphates utilised in a vast amount of organisms as 

well as cellular pathways. For instance, in bacteria polyphosphate is synthesised from ATP 

and functions as energy storage for the ATP synthesis during starvation periods (Kornberg et 

al., 1999), whereas in human platelets, the polyphosphate is smaller and consists of only sixty 

to hundred phosphate units, stored in dense granules and released during the platelet 

activation process (Ruiz et al., 2004). Because of its anionic nature, polyphosphate is a potent 

procoagulant and most likely functions as the required negatively charged surface triggering 

the intrinsic pathway. The polyphosphate in the intrinsic coagulation process might derive 

from either the injured endothelial tissue or microbial cells in the event of infections. 

Furthermore, polyphosphate is involved in the acceleration of factors V and XI activation, 

whereas the latter requires the additional presence of thrombin, the abrogation of TFPI 

activity, the enhancement of fibrin polymerisation, and fibrillary thickening. The efficacy of 

polyphosphate-mediated blood clotting is proportionally dependent on the number of 

phosphoanhydride-linked orthophosphates. Hence the presence of microbial polyphosphate 

triggers all of the process mentioned above, whereas platelet polyphosphate is less efficient in 

activating the intrinsic pathway and rather accelerates the blood clotting after its initiation 

(Morrissey et al., 2012). 

 Deficiencies of intrinsic pathway proteins 

The physiological importance of the initial complex of the intrinsic pathway’s components is 

still investigated, but the fact, that deficiencies in plasma prekallikrein, HMWK, and factor 

XII generation have no association with higher bleeding tendencies suggest that the initiation 

segment of the intrinsic pathway only plays a subordinate role for the in vivo coagulation 

cascade activation. Though particular factor XII mutations show an association with 

hereditary angioedema and normal C1 inhibitor concentrations, an autosomal dominant 

disease with recurrent attacks of upper respiratory tract oedema (Colman et al., 1975, Lämmle 

et al., 1991).  

On the other hand, factor XI deficiencies are associated with injury-related bleeding 

phenomena, which hints that factor XI fulfils an essential function for the hemostasis, 

unaffected by contact activation and factor XII (Asakai et al., 1991). These traits most likely 

derive from the fact that thrombin feedback in association with polyphosphate, released from 
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activated platelets or derived from injured endothelial tissue, serving as a cofactor activates 

factor XI, which subsequently leads to enhanced thrombin generation after the clot’s 

formation (Gailani and Broze, 1991, Naito and Fujikawa, 1991, von dem Borne et al., 1995, 

Choi et al., 2011). Study results in knockout mice also support the hypothesis that factor XII 

or factor XI deficiency are not associated with higher bleeding tendencies under physiological 

conditions. Furthermore, these mice showed a significantly lower number of arterial 

thrombosis in experimental thrombosis models (Rosen et al., 2002, Renné et al., 2005), while 

patients with severe deficiencies in factor XI (with less than 15% residual activity), exhibited 

a protection from ischemic stroke but not from myocardial infarction (Salomon et al., 2008). 

In another recent study, Büller and colleagues proved that an antisense therapy, which 

lowered factor XI activity to approximately 20% residual activity, reduced the incidence of 

venous thromboembolism (VTE) without increased bleeding tendency (Büller et al., 2015). 

Similar results were published for factor XII polymorphisms and thrombotic events (Tirado et 

al., 2004, Cochery-Nouvellon et al., 2007, Reuner et al., 2008), which suggests that the 

thrombin generation via the tertiary amplification pathway, involving factors XII or XI, might 

be more closely associated with the development of pathological thrombosis rather than 

physiological hemostasis. Hence, the association of more frequent bleeding in patients with 

factor XI deficiency might derive from increased fibrinolysis due to reduced activation of 

thrombin-activatable fibrinolysis inhibitor (TAFI) (von dem Borne et al., 1995, Von dem 

Borne et al., 1997, Minnema et al., 1998). Since the TAFI activation requires a high thrombin 

concentration within the clot, which seems to derive from thrombin-mediated factor XI 

activation after the initial clot formation, the absence of factor XI only allows for an 

insufficient TAFI generation resulting in the clot’s lysis. 

 Continuation of the coagulation cascade  

After the factor X activation and the convergence of both pathways, the coagulation cascade 

proceeds with the following factors: 

❖ Factor V is secreted from platelet alpha granules during platelet activation and 

activated by thrombin via a cleavage process subsequently binds factor Xa (Mann et 

al., 1981, Suzuki et al., 1982, Tracy et al., 1982, Mann et al., 1992). For the formation 

of the prothrombinase complex, platelet factor V seems more significant than 

circulating factor V (Tracy et al., 1984). The inactivation of factor Va is triggered by 

protein C and protein S and prevents excessive coagulation. 
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❖ Factor Xa, interlinked with factor Va, leads to the formation of the prothrombinase 

complex on the platelet surface. This complex is responsible for the conversion of 

prothrombin (factor II) to thrombin (factor IIa) as well as the simultaneous release of 

the prothrombin activation fragment F1 and F2 (Kane et al., 1980, Tracy et al., 1985). 

❖ Thrombin mediates the conversion of fibrinogen to fibrin (Mosesson, 1992) 

❖ Factor XIIIa is responsible for the stabilisation and crosslinking of overlapping fibrin 

stands (Pisano et al., 1968). In association with fibrinogen, it regulates the volume of 

red blood cells within the thrombus and thus the clot’s size. Knockout mice with either 

factor XIII deficiency or fibrinogen mutations associated with factor XIIIa binding 

abrogation show a much smaller clot size compared to wildtype mice, because of red 

blood cell extrusion during the clot retraction; these results are coherent with findings 

in patients with factor XIII-deficiency (Aleman et al., 2014). The generation of factor 

XIIIa is enhanced by a complex formation of thrombin, fibrin, and factor XIII 

(Greenberg et al., 1987).  

 Control mechanisms and termination of clotting 

The activated platelet and clotting cascade interaction lead to a fast hemostatic response, 

restricted to the endothelial injury site. Since an excessive clotting response might result in 

thrombosis, vascular inflammation, as well as tissue damage, the coagulation process is 

tightly modulated by numerous protection mechanisms, such as the procoagulants’ dilution in 

the blood flow, the limitation of activated factors through the reticuloendothelial system and 

of activated procoagulants and platelets by natural antithrombotic pathways, which are 

anchored on endothelial cells of the vascular system and therefore regulate and maintain the 

blood’s fluidity (Lane et al., 2005). 

 Clotting cascade inhibition  

Two major endogenous inhibitors, TFPI, which mediates the TF pathway and the C1 esterase 

inhibitor, which mediates the intrinsic pathway, achieve the inhibition of the endogenous 

coagulation pathway: 
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Tissue factor pathway inhibitor (TFPI) 

TFPI is a Kunitz-type protease inhibitor and circulates in the plasma at very low 

concentrations, unlike AT (Bajaj et al., 2001). Its primary function is the inhibition of the 

factor X activation process by directly inhibiting factor Xa as well as the formation of the 

TFPI-factor Xa complex, which subsequently inhibits TF and FVIIa and thereby the 

triggering of the extrinsic pathway (Broze et al., 1988, Jesty et al., 1994, Baugh et al., 1998). 

TFPI is mainly synthesised in the microvascular endothelium; afterwards, free TFPI (TFPI-α) 

and TFPI associated with low-density lipoproteins circulate in plasma, with the first 

accounting for 20% of the total plasma TFPI, whereas the latter accounts for 80% of total 

plasma TFPI and is generally associated with glycosaminoglycans on the surface of 

endothelial cells (TFPI-β) (Caplice et al., 2001). The administration of intravenous heparin 

leads to a vast increase of the TFPI plasma concentration, which might be responsible for the 

antithrombotic effects of heparin and low-molecular-weight heparin (LMWH) administration. 

Deficiencies in the TFPI gene were shown to result in intrauterine lethality in mice; in 

humans, no cases of TFPI deficiency have been reported (Huang et al., 1997). On the other 

hand, increased TFPI concentrations and activity are associated with inherited bleeding 

disorders involving factor V mutations, namely factor V Amsterdam and factor V East Texas. 

These mutations utilise alternative splicing for factor V, which results in the expression of a 

short form of factor V, which forms a complex with TFPI-α, and in a 10- fold increased 

concentration of circulating TFPI-α. Therefore, patients with factor V Amsterdam or factor V 

East Texas manifest an autosomal dominant bleeding disorder (Kuang et al., 2001, Vincent et 

al., 2013, Cunha et al., 2015).  

The potential of TFPI as an anticoagulant is still controversially discussed (Bajaj and Bajaj, 

1997). 

C1 esterase inhibitor 

The C1 esterase inhibitor is synthesised in the liver and belongs to the family of serine 

protease inhibitors (SERPINs). Its primary function is the inhibition of FXIIa and plasma 

prekallikrein as well as the complement proteases C1r, C1s, and FXIa. Deficiencies in the C1 

esterase inhibitor gene are associated with an angioedema syndrome known as C1INH-AAE 

(Abdulkareem et al., 2018). 
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 Regulation of the coagulation process’ termination phase 

This phase is mediated by another SERPIN, AT, and the protein C pathway, an inhibitory 

process initiated by the clotting. Furthermore, prostacyclin, thromboxane, and NO modulate 

vascular and platelet reactivity. 

The regulation of termination phase is crucial, since it controls the clot formation’s extent, 

with dysregulations resulting in either thrombotic or bleeding disorders, depending on 

whether the mutation leads to a decreased, such as AT, protein C, and protein S deficiencies, 

or increased activity, such as factor V and TM mutations.  

 Additional factors involved in the coagulation regulation process 

White blood cells 

Since activated macrophages and monocytes possess the ability to express TF either on the 

cell’s surface or embedded in microparticles, they are involved in maintaining physiologic 

hemostasis as well as pathologic thrombosis (Rak, 2014). A study by Perry and colleagues 

proposed that the TF messenger RNA concentration’s regulation is controlled by PARP-14, a 

poly-ADP-ribose-polymerase protein, that might prevent excessive thrombosis during 

inflammatory periods (Iqbal et al., 2014).     

Antithrombin (AT), heparin, heparan 

AT belongs to the SERPIN family and circulates in plasma, where it neutralises numerous 

enzymes regulating the clotting cascade, such as 

thrombin, factors Xa and IXa. Furthermore, by 

the formation of equimolar, irreversible 

complexes with factors XIIa and/or XIa, they 

are rendered inoperable as well. AT contains 

two active sites, the reactive centre, Arg393-

Ser394, as well as the heparin-binding site at the 

protein’s amino terminus (Perry, 1994). The activity of AT is enhanced by endogenous 

heparins, presented in Figure 5, and heparan sulfate, a glycosaminoglycan present on the 

surface of endothelial cells, which contain a pentasaccharide sequence mediating the binding 

to AT. This binding interaction leads to a conformational change of the AT, whereby it gets 

activated and amplifies the inactivation of clotting factors by 1000 - 4000 times (Marcum et 

Figure 5 Structure of heparin (Chemical 

Book, 2019) 
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al., 1984, Mammen, 1998, Weitz, 2003). The effect of this pentasaccharide sequence is 

pharmacologically mimicked by Fondaparinux®,  

a LMWH. 

An overview of the inactivation mechanisms of 

heparin, LMWH, and Fondaparinux® is provided 

in Figure 6. 

For the swift and rapid inactivation of circulating 

excessive thrombin, the luminal surface of the 

vascular system is covered by AT-coated 

endothelial cells, whose inactivation capabilities 

is even further enhanced by the 

microcirculation’s surface-to-volume geometry 

(1 ml blood is exposed to as much as 5000 

cm2 endothelial surface area). An overview of 

the factors involved in clotting termination and 

their interactions are shown in  Figure 7.  

 

Figure 7 Hemostatic control mechanisms and termination of clotting (Leung, 2019) 

Figure 6 Mechanisms of factor Xa 

inactivation by (A) heparin, (B) LMWH, and 

(C) fondaparinux (Jaffer, 2014)  
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Activated protein C (APC) and protein S 

With progressing clot formation, thrombin binds to thrombomodulin (TM), an integral 

membrane protein located on the surface of endothelial cells (Esmon et al., 1982), which 

results in a change in thrombin substrate specificity and the loss of its procoagulant functions, 

including platelet activation and fibrin clot formation. Instead, it acquires the ability to 

activate protein C, and thus gains an anticoagulant effect (Esmon, 1989, Esmon, 2003, Dutt 

and Toh, 2008). This transformation is assumed to depend on the interaction of TM with 

thrombin’s exosite I, which is the binding site for thrombin's procoagulant substrates, 

resulting in competitive inhibition of the thrombin (Fuentes-Prior et al., 2000). Protein C 

binds this complex and is subsequently cleaved and activated; in the presence of EPCR, this 

activation step is further enhanced (Esmon et al., 1999, Taylor et al., 2001, Saposnik et al., 

2004). In TM knockout mice an association with uncontrolled activation of the coagulation 

system and widespread thrombosis is found, whereas a naturally-occurring TM point mutation 

C1611A, which leads to the shedding of TM from the endothelial surface and subsequently to 

its circulation at very high plasma concentrations, shows an association with bleeding events 

(Isermann et al., 2001). 

In combination with protein S the TM triggers the proteolytic inactivation of factors Va and 

VIIIa on phospholipid surfaces, thus inactivating the prothrombinase and the intrinsic X-ase, 

respectively (Walker, 1981, Fulcher et al., 1984, Kalafatis et al., 1995, O'Brien et al., 2000). 

An overview of the termination of the clotting cascade is provided in Figure 8.  

The initial process is the cleavage of factor Va at Arg506 by TM, which subsequently triggers 

the exposure of Arg306 and Arg679, and afterwards, these two amino acids are cleaved by 

TM. Hence, factor V Leiden, caused by the factor V point mutation R506Q, is insusceptible to 

Figure 8 Protein C and S function in the termination of coagulation (Bunn and Bauer, 2011) 



 Hemostasis 

 

22 

the respective position’s cleavage by TM, resulting in its slower inactivation as well as a 

hypercoagulable state (Kalafatis et al., 1995). 

Furthermore, position 506 cleaved factor V might be a cofactor, which, in association with 

protein S, is involved in the degradation of factors Va and VIIIa by TM (Thorelli et al., 1999). 

Therefore, the shortage of this cleavage product leads to a decreased anticoagulant activity of 

TM, which results in further amplification of the hypercoagulable state in patients with factor 

V Leiden (Castoldi et al., 2004). 

The inactivation of factor VIIIa is mediated by TM (enhanced by protein S, decreased by 

factor IXa) cleaving at Arg336 and then Arg562. Furthermore, the process is enhanced by 

protein S,  whereas the effect decreases in the presence of factor IXa (O'Brien et al., 2000).  

The circulating protein S has two different forms. While the free form exerts the anticoagulant 

activity, the bound form is complexed to C4b binding protein of the complement system and 

exerts no hemostatic effect. Since C4b binding protein is an acute-phase protein, 

inflammatory conditions lead to its amplification, and thus, the number of free protein S is 

reduced, which results in an enhanced likelihood of thrombotic events (Amiral and 

Seghatchian, 2019). 

Prostacyclin and thromboxane  

Triggered by phospholipase A2, uninjured endothelium, adjacent to the disrupted endothelial 

membrane releases arachidonic acid from its cell membrane phospholipids. Subsequently, the 

arachidonic acid is converted into thromboxane A2, shown 

in Figure 9, which stimulates platelet aggregation and 

vasoconstriction, by cyclooxygenase-1 (COX-1) in 

platelets, whereas prostacyclin, delineated in Figure 10, via 

activation of adenylate 

cyclase, inhibits platelet 

aggregation and antagonises 

thromboxane A2-mediated 

vasoconstriction, derives from COX-2 and its production is 

stimulated by physiological and laminar blood flow (Smith, 

1989, Topper et al., 1996, Grosser et al., 2006).  

Therefore, the application of low-dose acetylsalicylic acid leads 

to the irreversible acetylation and inhibition of COX-1, whereas 

COX-2 is only mildly extenuated, which results in the inhibition 

Figure 10 Structure of 

prostacyclin (Chemical 

Book, 2017d)  

Figure 9 Structure of thrombo-

xane A2 (Chemical Book, 2016) 
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of thromboxane A2 for the entire platelet’s life (Phillips et al., 2005). On the other hand, the 

inhibition of the prostacyclin, as well as COX-1 and COX-2 production by endothelial cells, 

requires the administration of higher acetylsalicylic acid doses (Clarke et al., 1991b).   

Nitric oxide (NO) 

The production of NO, an endothelium-derived relaxing factor, which is generated by the 

catalytic reaction of L-arginine with the enzyme NO synthase and functions as vasodilator via 

soluble guanylate cyclase in smooth muscle cells of the vascular system, resulting in the 

production of cyclic guanosine monophosphate, thus triggering the vasodilatation effect.  

Furthermore, NO acts as a platelet adhesion and aggregation inhibitor (Moncada and Higgs, 

1993). Another production site of NO are platelets, whose synthesising activity is enhanced 

by platelet adhesion to fibrillar collagen under shear flow, which might provide negative 

feedback to prevent excessive platelet adhesion and vasoconstriction at sites of endothelial 

injury (Cozzi et al., 2015). 

Due to its ability to freely cross cell membranes, NO functions as a paracrine hormone with a 

short half-life, which is caused by its rapid degradation by haemoglobin present in adjacent 

erythrocytes. Therefore, the circulation of free haemoglobin, like during intravascular 

hemolysis, results in a significant decline of NO plasma concentrations.  

Intravenous administration of an arginine analogue inhibiting the NO production leads to a 

significantly increased blood pressure, which hints at a continuous release of NO for the 

regulation of the vascular tone (Qiu et al., 1998).  

Besides lifestyle factors, such as regular exercising, smoking, and high low-density 

lipoprotein concentrations, ageing, as well as vascular diseases, influence the NO plasma 

concentrations. Except for exercising, which is associated with upregulation, the mentioned 

factors are associated with endothelial dysfunction, thus resulting in lower NO concentrations 

(Vanhoutte et al., 2017). 

Thrombospondin 5  

Another regulator of the vascular tone is thrombospondin 5, also known as cartilage 

oligomeric matrix protein, which is expressed in cartilage and smooth muscle tissue cells. In a 

mouse model, it was found that platelets are an additional production site of thrombospondin 

5, which is released upon platelet activation, and subsequently inhibits thrombin-dependent 

platelet aggregation and serves as an anticoagulant, leading to a dose-dependent prolonged TT 

(Liang et al., 2015). 
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 Clot dissolution and fibrinolysis 

Following hemostasis, the reorganisation and removal of the clot by plasmin, a proteolytic 

enzyme, as well as wound healing and tissue remodelling are essential to restore the vessel’s 

patency. 

Plasmin 

Plsmin’s precursor molecule, plasminogen, binds tissue plasminogen activator, and fibrin. 

This complex then triggers the plasminogen’s conversion to the active, proteolytic plasmin 

(Collen, 1980, Hoylaerts et al., 1982). 

Plasmin has a broad substrate specificity and is capable of cleaving fibrin, fibrinogen, and a 

vast number of plasma proteins and clotting factors (Samis et al., 2000). The cleavage of 

polymerised fibrin takes place at multiples sites and results in fibrin degradation products, 

such as D-dimer, which consists of two D domains from adjacent fibrin monomers 

crosslinked by factor XIIIa. The latter is another cleavage target for plasmin, unlike factor 

XIII, which leads to a downregulation of fibrin crosslinking (Hur et al., 2015).   

The plasminogen/plasminogen-activator system is complex, paralleling the coagulation 

cascade. Serine protease plasminogen activators mediate the regulation of plasmin activity 

(tissue-type plasminogen activator and urokinase-type plasminogen activator) and 

plasminogen activator inhibitors (PAI-1 and PAI-2), which are secretory products of vascular 

endothelial cells (Kolev and Machovich, 2003). 

Tissue-type plasminogen activator (tPA) 

tPA is an enzyme deriving from endothelial cells, which gets released upon stimulation by 

various substances, such as thrombin, serotonin, bradykinin, cytokines, and epinephrine. In 

plasma, tPA is circulating complexed with its natural inhibitor PAI-1, and it is cleared swiftly 

by the liver (Yamamoto et al., 1994, Stein et al., 1998). 

The site for the plasmin generation by tPA, analogous to the prothrombin complex, is the 

fibrin clot’s surface, where tPA, as well as fibrinogen, form a complex with fibrin by binding 

lysine residues in the fibrin clot. Triggered by interacting with the fibrin as well as the 

resulting binding interaction, tPA and plasminogen are aligned on the fibrin surface (van 

Zonneveld et al., 1986), which leads to an increase of tPA’s catalytic efficiency by several 

hundred times (Hoylaerts et al., 1982). 
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Urokinase 

Urokinase is mainly found in high concentrations in urine, and like tPA, it is a physiologic 

plasminogen activator. But unlike tPA, which is mostly responsible for the initiation of 

intravascular fibrinolysis, urokinase is the primary fibrinolysis activator in the extravascular 

compartment. It is secreted as prourokinase, also known as a single-chain urokinase-type 

plasminogen activator, which is converted to urokinase by plasmin, though its amount of 

proteolytic activity depends on the urokinase’s exposure to fibrin (Bugge et al., 1996).  

Plasminogen activator inhibitors (PAIs) and alpha-2-antiplasmin  

First, the activity and synthesis of PAIs, which inhibit tPA, shall be described in this 

subchapter (Sprengers and Kluft, 1987, van Meijer and Pannekoek, 1995). PAI-1 is 

synthesised by endothelial cells and platelets, which also control the PAI-1 release during 

fibrinolysis. A possible theory for PAI-1 deficiencies’ association with surgery or trauma-

related bleeding diathesis, might be the activated platelet-mediated PAI-1 release’s influence 

on the relative resistance of platelet-rich arterial thrombi and the corresponding thrombolysis 

(Fay et al., 1992, Fay et al., 1997). PAI-2 is mainly synthesised in white blood cells as well as 

the placenta, which results in a significantly increased PAI concentration during pregnancy. 

Since PAI-2 is a less effective plasminogen inhibitor than those mentioned above, its 

importance for maintaining physiological conditions is still unknown (Schwartz, 1994), 

although was found to interact with alpha-2-antiplasmin, which is involved in the plasmin 

inhibition (Edelberg and Pizzo, 1992). Alpha-2-antiplasmin is synthesised and secreted by the 

liver and is found in platelets as well. Furthermore, it is crosslinked into the fibrin clot by 

factor XIIIa, leading to the thrombus’ resistance against plasmin by complexing with it. 

Hence circulating plasmin is swiftly inactivated by alpha-2-antiplasmin, although the fact that 

the alpha-2-antiplasmin’s concentration is lower than plasminogen plasma concentrations can 

result in the alpha-2-antiplasmin’s depletion, whereas plasmin is still generated (Favier et al., 

2001). 

Carboxypeptidase B2 (CPB2) 

CPB2 is a thrombin-activatable fibrinolysis inhibitor, which removes carboxy-terminal 

lysines in the partially disintegrated fibrin clot. These carboxy-terminal lysines are usually 

exposed due to the fibrin’s degradation to plasmin, which provides additional interaction sites 

in the clot for plasminogen and tPA incorporation and results in a positive feedback loop 
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enhancing the clot lysis. By the removal of the carboxy-terminal lysines, CPB2 weakens this 

clot lysis effect (Redlitz et al., 1995, Nesheim, 1998). 

The precursor molecule of the CPB2 is the plasma-circulating TAFI (pro-CPB2), which, 

similar to protein C, is a substrate for the thrombin-TM complex (Booth, 2001, Binette et al., 

2007). This complex increases the activation speed of pro-CPB2 about 1000 times compared 

to thrombin alone. After its activation, the CPB2 inhibits fibrinolysis by cleaving C-terminal 

lysines from partially digested fibrin, which leads to diminished plasminogen incorporation 

and activation, resulting in the clot lysis’ delay (Bajzar et al., 1996, Mosnier et al., 2001b). 

Premature plasmin degradation of the freshly formed fibrin clot is achieved by the 

crosslinking of CPB2 to fibrin by factor XIIIa, which might also enhance the activation of 

pro-CPB2 stabilise CPB2’s enzymatic activity and prevents enzyme degradation (Valnickova 

and Enghild, 1998).  

The activation of protein C, as well as pro-CPB2 by the thrombin-TM complex, is reasonable 

because it results in the depletion of the clotting cascade as well as the fibrin clot’s protection 

from premature degradation. Since the thrombin concentrations required for pro-CPB2 are 

significantly higher than those for fibrinogen clotting, the activation of CPB2 requires an 

enhanced and accelerated thrombin generation, which is achieved by a feedback loop of 

factors V, VIII, and XI as well as the small amount of initially generated thrombin.  

The reason for several acquired and congenital coagulation disorders is this necessity of high 

thrombin concentrations for pro-CPB2 activation: 

❖ Factor VIII deficiency, more commonly known as haemophilia A, results in bleeding 

diathesis, whereas factor XI deficiency is associated with extenuated pro-CPB2 

activation, which leads to enhanced and premature clot lysis (Broze and Higuchi, 

1996, Von dem Borne et al., 1997, Minnema et al., 1998, Mosnier et al., 2001a, 

Lisman et al., 2002, Foley and Nesheim, 2009). 

❖ The insufficient fibrinolysis in patients with chronic liver disease might be associated 

with the low concentrations of pro-CPB2 (Van Thiel et al., 2001). 

❖ The prothrombin mutation G20210A is associated with excessive thrombin 

generation, which might lead to higher pro-CPB2 activation concentrations and thus 

result in inhibited fibrinolysis and increased thrombotic risk (Colucci et al., 2004). 
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 Blood coagulation and the immune system 

The hemostatic process shows a multi-stage interaction between coagulation factors and the 

immune system, with the hemostatic factors supporting the defence as well as the immune 

mediators influencing the hemostasis (van der Poll and Levi, 2012, Engelmann and Massberg, 

2013, Vazquez-Garza et al., 2017). 

❖ For instance, platelets tested in patient samples from malaria-endemic regions showed 

interactions with several plasmodial species and the capability of killing the parasites; 

in vitro assays verified that the parasite killing effects were dependent on platelet 

factor 4 (Kho et al., 2018). 

❖ Besides its anticoagulant activity, TM was shown to exert the initiation of anti-

inflammatory and anti-apoptotic activities as well as the stabilisation of endothelial 

membranes. This effect is triggered by TM binding to EPCR and the subsequent 

cleavage of the endothelial PAR-1 and most likely coupling sequences with different 

G protein-coupled receptors. This signalling cascade and its effects are quite intriguing 

since the cleaving of endothelial PAR-1 by thrombin results in a prothrombotic effect 

and disruption of the endothelial barrier, which is the APC/EPCR-PAR-1 signalling 

effect’s opposite (Esmon, 2012). But unlike Thrombin, APC/EPCR cleaves PAR-1, 

preferably at Arg46 (rather than Arg41, which is cleaved by thrombin), which might 

be the reason for the different signalling programs compared to thrombin (Griffin et 

al., 2016). 

❖ The CPB2 is capable of the inactivation of activated complement components C3a and 

C5a, which are the complement activation’s main anaphylatoxins, as well as 

bradykinin. All three molecules are potent inflammatory mediators, which are 

inactivated by the removal of the carboxy-terminal arginine residue (Leung et al., 

2008). Therefore, the activation of protein C and pro-CPB2 might result in a negative 

feedback mechanism that downregulates thrombin's inflammatory activity (Leung and 

Morser, 2012). 

❖ Another trigger for the coagulation factor’s involvement in immunoactivity is the 

presence of pathogens like bacteria. While pathogen- or damage-associated molecular 

patterns are recognised by monocytes, which deliver tissue factor, and neutrophils, 

which activate factor XII and bind von Willebrand factor via neutrophil extracellular 

traps, the identification of bacterial virulence factors works as bacterial plasminogen 

activator for plasmin-mediated fibrinolysis, which leads to microbial dissemination 

(Degen et al., 2007, Engelmann and Massberg, 2013). 
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❖ Infectious and inflammatory conditions lead to a reduction of free protein S via 

complement protein C4b, an acute phase reactant, which leads to an enhanced clotting 

process.  

❖ Furthermore, factor V seems to have inflammatory capabilities besides its proteolytic 

activity against factors Va and VIIIa (Liang et al., 2018). 
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 Classic anticoagulants 

The decision, which anticoagulant is suitable for a patient, depends on the clinical setting, 

such as required dosing, monitoring, cost, and risks. Therefore, advantages, as well as 

disadvantages of each drug, should be considered and adjusted to fit the patient’s needs. The 

guidelines for each agent’s indication are mainly based on its efficacy and safety in the 

respective patient population. In the case of equivalency of two or more drugs, additional 

factors, like the physician’s familiarity with the respective agent, should be considered 

(Schulman and Crowther, 2012). 

 Antiplatelet agents 

The targets for antiplatelet agents are numerous platelet functions, such as aggregation, the 

release of granule contents, and platelet-mediated vascular constriction. The most common 

classification of these substances is based on their respective mechanisms of action.  

❖ Acetylsalicylic acid and non-steroidal anti-inflammatory drugs  

These compounds target the cyclooxygenase, which is involved in the prostaglandin 

G/H synthesis and mediates the biosynthesis of prostaglandins and thromboxanes from 

arachidonic acid. 

❖ Platelet P2Y12 inhibitors 

 This group comprises compounds like clopidogrel, ticagrelor, and cangrelor, which 

block the adenosine diphosphate’s binding to the specific platelet receptor P2Y12, 

leading to the inhibition of platelet activation. 

Furthermore, they target the irreversible 

degranulation, shape change, and aggregation of 

the platelets (Foster et al., 2001). These substances 

are usually administered as oral medications.  

❖ Vorapaxar  

Vorapaxar, depicted in Figure 11, targets the 

PAR1 receptor on the platelet surface and leads to 

the inhibition of thrombin-induced and thrombin 

receptor agonist peptide-induced platelet 

aggregation.  

  

Figure 11 Structure of vora-

paxar (Chemical Book, 2017e) 
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❖ Glycoprotein (GP) IIb/IIIa antibody and small molecule inhibitors 

These substances target the cross-bridging of platelets, which is mediated by 

fibrinogen binding to the GP IIb/IIIa receptor, thus inhibiting the final common 

pathway of platelet aggregation. These substances are only available as intravenous 

injections. 

Acetylsalicylic acid  

The indications for acetylsalicylic acid, presented in Figure 12, include cardiovascular 

disorders, for instance, primary and secondary prevention of 

coronary heart disease, transient ischemic attack, stroke, and in 

the acute therapy of patients with acute coronary syndrome. The 

first evidence for the benefit of acetylsalicylic acid administration 

was established by the Antithrombotic Trialists' Collaboration, 

which reviewed about 200,00 patients with antiplatelet therapy 

(Antithrombotic Trialists' Collaboration, 2002). Newer studies 

suggest the start of an acetylsalicylic acid therapy in non-ST 

elevation acute coronary syndrome with a loading dose of up to 

325 mg, followed by a maintenance (daily) dose of 100 mg for secondary prevention, while 

higher doses showed no benefit, but increased bleeding risk (Yusuf et al., 2001, Mehta et al., 

2010, Wright et al., 2011, Xian et al., 2015). 

P2Y12 inhibitors 

For the treatment of an acute ST-elevation myocardial infarction, acetylsalicylic acid should 

be administered with the dose above, with concomitant early application of a P2Y12 inhibitor, 

such as ticagrelor (Wallentin et al., 2009, Mahaffey et al., 2011). Depending on the dosage 

acetylsalicylic acid therapy might be associated with gastrointestinal bleeding or enhanced 

preexistent bleeding outside the gastrointestinal tract, in higher doses with dyspepsia and 

nausea, which is usually addressed by the administration of a proton pump inhibitor 

(Harrington et al., 2008). 

As mentioned above, in case of a non-ST elevated acute coronary syndrome, especially when 

undergoing percutaneous coronary intervention, a dual antiplatelet therapy, concomitant 

administration of P2Y12 inhibitors and acetylsalicylic acid, is indicated. These combination 

targets and inhibits the platelet adhesion and aggregation at the beginning of an occlusive 

coronary artery thrombotic event, which is essential in the long-term treatment of patients 

Figure 12 Structure of 

acetylsalicylic acid 

(Chemical Book, 2017a) 
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with coronary stents. The benefits of a dual antiplatelet therapy with P2Y12 inhibitors and 

acetylsalicylic acid were established in the CURE trial, which 

found that a treatment with acetylsalicylic acid and 

clopidogrel, depicted in Figure 13, resulted in significantly 

lower incidence rates of cardiovascular death, nonfatal 

myocardial infarct, or stroke, although the administration was 

associated with more frequent major bleeding, but not life-

threatening bleeding or hemorrhagic stroke. (Yusuf et al., 

2001). 

The reduced risk for thromboembolic events was found in low-, intermediate-, and high-risk 

patients (Mehta et al., 2001, Budaj et al., 2002, Steinhubl et al., 2002). More recent studies 

suggest the interchange of clopidogrel with ticagrelor, since it provided significantly lower 

incidence rates for cardiovascular death, nonfatal myocardial infarction, or nonfatal stroke, 

although it had higher rates of bleeding events compared to clopidogrel (Wiviott et al., 2007, 

Wiviott et al., 2008, Wallentin et al., 2009). In case of prasugrel, the incidence rates did not 

significantly differ compared to clopidogrel, but it was associated with a higher major 

bleeding risk, especially in patients with a history of stroke/transient ischemic attack, over 75 

years, and body weight below 60 kg (Antman et al., 2008).  

Therefore, ticagrelor is the recommended interchange option for clopidogrel, although 

patients with multiple comorbidities might benefit more from clopidogrel administration, due 

to its reduced bleeding risk. 

Glycoprotein IIb/IIIa inhibitors 

Usually, patients receiving dual antiplatelet therapy do not require glycoprotein IIb/IIIa 

inhibitor therapy, except for patients who might require urgent cardiac surgery following their 

coronary angiography. Other indications are the occurrence of ischemia during dual 

antiplatelet therapy, and patients with a risk for the formation of large thrombus, especially 

when prasugrel or ticagrelor have not been administered before. 

However, the role of GP IIb/IIIa inhibitors in treatment regimes of non-ST elevated acute 

coronary syndrome is not well studied, therefore it is not recommended as first-line therapy 

for this condition (Boersma et al., 2002). 

Figure 13 Structure of clopi-

dogrel (Chemical Book, 

2017c) 
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 Heparins 

Heparins are endogenously produced, linear polysaccharides consisting of pyranosyl-uronic 

acid and glucosamine residue units (Munoz and Linhardt, 2004, Masuko and Linhardt, 2012), 

with numerous indications: 

❖ VTE prophylaxis  ❖ Acute coronary syndrome treatment 

❖ Deep vein thrombosis treatment ❖ Stroke/transient ischemic attack treatment 

❖ Pulmonary embolism prophylaxis  ❖ Neuraxial anaesthesia  

❖ Myocardial infarction treatment ❖ Perioperative setting 

They are involved in numerous anticoagulant, anti-inflammatory, and possibly anti-

angiogenic effects (Grigas et al., 1978, Ceri et al., 1990, Fatma et al., 2000, Wijelath et al., 

2010, Masuko and Linhardt, 2012). While the commonly used heparin is isolated directly 

from animals and consists of about 45 saccharide units, the LMWHs derive from enzymatic or 

chemical depolymerisation of unfractionated heparin, resulting in a product of about 15 

saccharide units, whereas Fondaparinux® consists of only the smallest possible AT-binding 

region of heparin, containing only five saccharide units (Hirsh and Levine, 1992, Weitz, 1997, 

Prandoni, 2001, White and Ginsberg, 2003, Hirsh et al., 2008). Their mechanism of action is 

the binding of AT, which is mediated by a unique pentasaccharide sequence randomly 

distributed within the heparin (Choay et al., 1983, Hirsh et al., 2008). The AT’s heparin-

binding site is located at the amino terminus, and the binding triggers a conformational 

change of AT, which results in an enhanced and sped-up inactivation of coagulation factors 

(Marcum et al., 1984, Perry, 1994).  

Among the heparins, unfractionated heparin is the most potent thrombin inactivator, because 

the inactivation depends on the formation of a ternary complex between heparin, AT, and 

thrombin, which requires a heparin chain of at least 18 saccharide units (Danielsson et al., 

1986). Therefore, every heparin inhibits factor Xa, but only unfractionated heparin can 

inactivate thrombin (Jordan et al., 1980, Weitz, 1997). 

Unfractionated heparin 

Unfractionated heparin’s metabolisation takes place in the reticuloendothelial system and the 

liver, and it is excreted via urine. Effects of the renal function for the elimination of 

therapeutic doses are not described; thus, no dose adjustments are required in patients with 

renal insufficiency or renal failure, although the renal function might play a role in high-dose 

regimes (Cruickshank et al., 1991, Hull et al., 1992, Hirsh et al., 2008, Kearon et al., 2008, 
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Garcia et al., 2012). One advantage of heparin is its fast onset of action, which is 

instantaneous for intravenous administration and with plasma peak concentrations two to four 

hours after subcutaneous application. Its metabolism is dose-dependent with a half-life of 

about one hour (Baglin et al., 2006), while heparin’s bioavailability depends on the 

competitive inhibitory effect of AT, and thus the concentrations of plasma proteins, proteins 

secreted by platelets and endothelial cells (Turpie, 1998, Hirsh et al., 2008).  

Low-Molecular-Weight Heparin (LMWH) 

In comparison to unfractionated heparin, the renal clearance of LMWH contributes 10 – 40% 

to the heparin’s elimination. Therefore, a renal impairment leads to reduced LMWH 

excretion, resulting in slightly higher plasma concentrations, whereas renal insufficiency with 

a creatinine clearance rate below 30 millilitres per minute show significantly increased plasma 

concentrations, which makes dose adjustment in patients with renal failure necessary. Peak 

concentrations for LMWH following subcutaneous administration are three to five hours, 

whereas intravenous administration results in peak plasma concentrations after two hours, 

with a half-life ranging from three to seven hours (Garcia et al., 2012). 

For unfractionated as well as LMWH no placenta crossing or accumulation in breast milk are 

described. 

 Vitamin K antagonists (VKAs) 

VKAs, which are also termed coumarins, for instance, phenprocoumon (Marcoumar®), have a 

wide range of indications, such as:  

❖ Atrial fibrillation therapy ❖ Stroke prophylaxis 

❖ Acute coronary syndrome therapy ❖ Deep vein thrombosis treatment 

❖ Heart failure therapy ❖ Pulmonary embolism prophylaxis 

❖ Prosthetic heart valve therapy  ❖ Antiphospholipid syndrome treatment 

Although their management requires a close monitoring of coagulation parameters, such as 

the PT and/or international normalised ratio (INR), due the respective therapeutic range of 

coumarins is narrow and is affected by various factors such as genetic variation, hepatic, 

renal, and cardiac function, drug interactions, and dietary habits, coumarins are widely used 

because of the clinicians’ long experience with the agent and their effectiveness in the 

reduction of venous and arterial thromboembolic events. Increased PT, as well as INR levels, 

are associated with higher bleeding risks, whereas too low values only have an insufficient 
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effect and thus increase the risk of thromboembolic complications (Lefrere et al., 1986, 

Hallak et al., 1993, Hulse, 1996, Limdi et al., 2010). 

Advantages and disadvantages 

The main benefits of VKAs are the already mentioned large body of clinical experience and 

possibility of measuring and adjusting the dose (effect), the efficiency in patients with 

prosthetic heart valves, their low prices and good availability, as well as the possibility of 

antagonisation in case of bleeding events with vitamin K (Konakion®), fresh frozen plasma, 

or prothrombin complex concentrates.  

On the other hand, coumarins have disadvantages like higher incidence rates of 

thromboembolic and bleeding complications in patients with atrial fibrillation, the 

requirement of regular monitoring and the affection of the drug concentrations by illness, drug 

interactions, and dietary habits (Lefrere et al., 1986, Hallak et al., 1993, Hulse, 1996, Limdi et 

al., 2010). Despite the feasibility of influenced plasma concentrations by genetic variations, 

for instance, CYP2C9 and VKORC1 mutations, numerous multicentered studies showed no 

significant outcome difference for major bleeding events as well as overall bleeding incidence 

rates between a genotype-guided therapy regime group and a control group (Kimmel et al., 

2013, Pirmohamed et al., 2013, Verhoef et al., 2013, Gage et al., 2017). 

Monitoring 

While the first INR increases are detectable within two to three days, the deployment of the 

full anticoagulation effect takes about a week. The INR increase within the first few days 

reflects the diminishment of factor VII, with a half-life of only four to six hours, whereas the 

vitamin K-dependent factors, such as prothrombin, factors IX and X, have longer half-lives 

and their depletion takes about five days. Therefore, the initial time frame of coumarin 

therapy should be bridged with additional heparin administration. The usual therapeutic 

ranges for VKAs are between an INR of 2.0 - 3.0 for patients with VTE or 2.5 - 3.5 in patients 

with mechanical heart valves (Jones et al., 2005, Van Spall et al., 2012, Wallentin et al., 

2010).  

The monitoring frequency should be between four and six weeks for patients in the 

therapeutic range and once or twice weekly for patients outside the therapeutic range or if 

changes occur that might influence the coumarin absorption/metabolism such as intercurrent 

illness, new medication or a change of dietary habits. Only small deviations from the 
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therapeutic range should be re-monitored within a week without any dose adjustments (Rose 

et al., 2009, Van Spall et al., 2012)  

Another option besides the outpatient monitoring is the patient self-monitoring with a point-

of-care device and self-adjusted dosing in patients with suitable compliance and competence 

in self-testing (Siebenhofer et al., 2004, Fitzmaurice et al., 2005, Gardiner et al., 2005, 

Siebenhofer et al., 2008, Ryan et al., 2009, Verret et al., 2012, Nagler et al., 2013, Ward et al., 

2015, Witt et al., 2018). Studies suggested that appropriately trained patients using self-

monitoring and self-adjustment of VKA therapy had at least comparable results to patients 

managed in anticoagulation clinics (Heneghan et al., 2006, Connock et al., 2007, Garcia-

Alamino et al., 2010, Bloomfield et al., 2011, Heneghan et al., 2016). Regardless of the used 

management approach, studies have demonstrated that patient education and review of 

medication changes by clinicians resulted in less bleeding incidences as well as higher patient 

satisfaction (Chiquette et al., 1998, Anderson, 2004, Jowett et al., 2006, Connock et al., 2007, 

Gray et al., 2007, Metlay et al., 2008, Saokaew et al., 2010, Aziz et al., 2011, Jennings et al., 

2014).  

As already mentioned, VKAs are subject to numerous drug interactions with a variety of 

mechanisms (Delaney et al., 2007, Juurlink, 2007, Schelleman et al., 2010, Lopes et al., 2011, 

Vazquez, 2018), such as: 

❖ Alteration of the intestinal flora and subsequent intestinal  

vitamin K synthesis 

❖ Inhibition of hepatic CYP2C9, with a reduction of coumarin  

metabolism  

❖ Interruption of vitamin K recycling  

❖ Injured gastrointestinal mucosa plus acetylsalicylic acid and 

nonsteroidal anti-inflammatory drugs 

❖ Interference with platelet function 

❖ Induction of hepatic CYP2C9 and thus increased coumarin 

metabolism  

❖ High vitamin K intake 

Therefore, the determination of clinically relevant drug interactions is challenging, since often 

the evidence for a respective drug’s interaction is limited, or the effect’s magnitude is small, 

and patients are advised to disclose any new medication, herbal products or dietary 

supplement to the clinician in charge of the anticoagulation management (Holbrook et al., 

2005).  

Prolonged PT/Increased 

INR 

Increased bleeding risk 

independent of PT/INR 

Reduced anti-

coagulation 
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Another issue in coumarin management are non-responders, also termed patients with 

coumarin resistance. These patients require very high coumarin doses to attain therapeutic 

INR levels, and in some cases, there are patients that, despite having therapeutic INR levels, 

develop thromboembolic events. These cases require the administration of a different 

anticoagulant agent, which are mainly DOACs nowadays.  
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 Direct anticoagulants  

The direct anticoagulants consist of the direct thrombin and direct factor Xa inhibitors. Their 

administration is either via the parenteral or oral route. The first clinically available direct oral 

anticoagulant (DOAC) was dabigatran, an oral direct thrombin inhibitor approved in 2010 in 

the United States. The oral direct factor Xa inhibitors, such as apixaban (Eliquis®), edoxaban 

(Lixiana®) and rivaroxaban (Xarelto®), became available in subsequent years. While there are 

numerous approved parenteral direct thrombin inhibitors, such as bivalirudin, argatroban, and 

desirudin, no approved parenteral direct factor Xa inhibitor exists. A depiction of the DOACs’ 

point of action is presented in Figure 14.  

Since their market launch, several years have passed, yet reports showed that many clinicians 

are still unfamiliar with the appropriate dosing of these substances. In 2017, Trujillo-Santos 

and colleagues found that in over 1500 patients with VTE under DOAC treatment 14 – 46% 

of all patients had dose derivations from the recommended dose (mainly underdose regimes), 

the highest concentrations were found in dabigatran, the lowest in rivaroxaban. Although 

bleeding incidence and death rates for this group was similar to the patient group with the 

Figure 14 Coagulation cascade and action sites of direct thrombin and factor Xa inhibitors (Morales-

Vidal et al., 2012) 
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recommended doses, the patient group with divergent doses had higher rates of VTE 

recurrence (Trujillo-Santos et al., 2017).  

The renal system plays an important role in the metabolisation of DOACs, with the following 

renal metabolism rates: 

Dabigatran: 80 – 85% 

Edoxaban: ~35% 

Rivaroxaban: ~ 35% 

Apixaban: ~ 25% 

Therefore, some reservations about the application and dose management in renally impaired 

patients have arisen. Despite these concerns, a meta-analysis reported that the application of 

DOACs in mild-to-moderate chronic kidney disease proves significant benefits compared to 

VKA treatment regimes, without increased bleeding risk but improved survival rates, which is 

a result similar to patients’ groups without renal insufficiency (Ha et al., 2019). Yet the 

adjustment of DOAC doses in respect to the renal function seems like a viable option, in 

patients with severe renal impairment, with creatinine clearance rates below 30 ml/min, and 

require long-term anticoagulation, the application of dose-adjusted LMWH or VKAs are the 

preferred choices. For patients with creatinine clearance rates below 15 ml/min, the 

application of direct factor Xa inhibitors, as well as dabigatran, is not recommended by the 

manufacturer (FDA, 2015a, FDA, 2016a, FDA, 2016b, FDA, 2016c) 

For drug adherence maximation accompanied by minimal bleeding incidence numbers, 

Gladstone and colleagues have published a set of strategies, such as the evaluation of 

compliance, proper medication storage, conduct in case of missed intake, planning for 

surgical procedures, prevention of interactions with additional medication, especially in case 

of platelet inhibitors, renal function monitoring (Gladstone et al., 2015). In a meta-analysis 

investigating drug discontinuation rates in patients with VTE or atrial fibrillation and an 

anticoagulation of at least 12 weeks with either DOAC or a VKA, it was reported that DOAC 

patients missing the medication intake have a longer period during which they are not 

therapeutically anticoagulated compared to patients with VKAs (Chatterjee et al., 2014).  

On the other hand, DOACs seem to have a lower bleeding risk, especially for lethal 

intracranial bleedings, compared to VKAs (Chai-Adisaksopha et al., 2015), although the 

impact of meta-analytical studies suffer from differences in patient populations and clinical 

settings, as well as the combination of different doses of the same anticoagulant; thus a direct 

comparison of bleeding risk with different agents seems hardly feasible (Mannucci, 2013). 
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Unlike heparin and VKAs DOACs do not require frequent monitoring, whereas heparin and 

VKA require a regular check of the clotting times due to their narrow therapeutic window, as 

well as their variability of the dose-response relationship resulting from a variety of factors, 

such as bioavailability, diet, or acute illnesses (Eitzman et al., 1994, Hirsh et al., 2008). 

Therefore, patients burdened by frequent monitoring or experience difficulties in maintaining 

a therapeutic INR may benefit from DOACs. The latter is especially convenient for patients 

with the persistent need for antibiotics or numerous concomitant and variable medications, 

thus experiencing unavoidable drug-drug interactions. 

Furthermore, the possibility of heparin-induced thrombocytopenia, which induces an 

aggressive hypercoagulation, in heparin treatment regimen is absent in DOAC application, 

leaving it the more advantageous option for percutaneous cardiac interventions. Additionally, 

the incidence rates for osteoporotic fractures under anticoagulation seem lower for DOACs 

compared to VKAs (Lau et al., 2017a, Lau et al., 2017b, Sugiyama, 2017). 

On the other hand, for some conditions like a prosthetic heart valve or pregnancy heparins 

and/or VKAs are the preferred option. The reason direct thrombin inhibitors and direct factor 

Xa inhibitors are not applied in patients with prosthetic heart valves are due to their increased 

risk for valve thrombosis, as well as the increased bleeding risk in patients with 

gastrointestinal diseases and direct factor Xa inhibitor therapy. The administration of DOACs 

during pregnancy is usually avoided, since sufficient information is not available, thus making 

heparin the preferred option for anticoagulation in this setting. 

The anticoagulation of patients with renal insufficiency is usually conducted with heparin or 

VKAs since the latter's’ metabolism and excretion are not as dependent on the creatinine 

clearance as DOACs. Similar reasonings of physicians apply for severe liver diseases and the 

resulting reduced hepatic activity and metabolisation of DOACs. 

Anticoagulation in patients with the antiphospholipid syndrome is usually done with heparin 

because presently only a few data about the treatment of antiphospholipid syndrome with 

DOACs are published, but the setting is currently researched in an ongoing randomised trial 

comparing rivaroxaban with VKA treatment (ClinicalTrials, 2016). 

Moreover, patients with stable INR control and minimal bleeding risk most likely have no 

gain from a switch to a DOAC and the administration of DOACs requires sufficient 

compliance, since there is no routine monitoring and the short half-lives of the DOACs 

require a steady and sometimes more frequent intake to prevent insufficient anticoagulation. 

The indications, as well as the contraindications of DOACs, are presented in Table 1. 
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Table 1 Indications and contraindications of DOACs 

Indications VTE prophylaxis 

VTE therapy 

Atrial fibrillation therapy 

Acute coronary syndrome therapy 

Heparin-induced thrombocytopenia (HIT) therapy 

Contraindications Prosthetic heart valves 

Severe renal insufficiency  

Pregnancy 

Antiphospholipid syndrome 

 Direct thrombin inhibitors 

The parenteral, as well as the oral direct thrombin inhibitors, target and inactivate circulating 

as well as clot-bound thrombin (factor IIa), which seems to play a very significant role in 

patients with coronary thrombosis. Unlike heparin, which binds to platelet factor 4, leaving it 

unable to induce or react with the anti-heparin/platelet factor 4 antibodies causing heparin-

induced thrombocytopenia, parenteral direct thrombin inhibitors, such as bivalirudin, 

argatroban, and desirudin, can target these antibodies and thus preventing heparin-induced 

thrombocytopenia, making them feasible anticoagulants in patients with this condition. 

Lepirudin, another parenteral direct thrombin inhibitor, was discontinued in 2012 by the 

manufacturer, unrelated to safety concerns (Schiele et al., 1995, Greinacher et al., 1999). 

 Parenteral direct thrombin inhibitors 

Bivalirudin 

Bivalirudin (Angiomax®), depicted in Figure 15, consists of a synthetic 20 amino acid peptide 

and has a molecular weight of 2180.29 g/mol (Chemical Book, 2000). It is an analogue of 

hirudin and binds to the thrombin catalytic site and exosite I, which leads to reversible 

inhibition of thrombin’s enzymatic activity (Angiomax, 2013). The major metabolisation sites 

for bivalirudin are the kidney and the liver; thus, it can be treated with hemodialysis (Di Nisio 

et al., 2005). The most important indications for its application are heparin-induced 

thrombocytopenia (HIT) and percutaneous coronary interventions in high-risk patients for the 

development of HIT. For patients with HIT, the drug is administered as a bolus followed by 

continuous intravenous infusions. For renal impaired patients with creatine clearance rates 
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below 30 ml/minute, only the 

infusion rate has to be adjusted, 

whereas the bolus dose remains 

the same (Angiomax, 2013). The 

intravenous administration of 

bivalirudin procures an 

immediate, but short-termed 

(half-life of about 25 minutes) 

anticoagulant effect, which 

results in normal coagulation 

times within one hour after 

discontinuation (Warkentin et 

al., 2008). 

Two coagulation times are used for the monitoring of bivalirudin activity: the activated 

clotting time as well as the aPTT, whose target range is about two times the normal range, but 

depends on the measurement device.  

Argatroban  

Argatroban (Arganova®, Novastan®), shown in Figure 16, is a synthetic peptide, has a 

molecular weight of 508.63 g/mol and interacts with the 

active site of thrombin (Clarke et al., 1991a, Chemical Book, 

2005). Compared to bivalirudin, argatroban’s plasma half-life 

is about twice as long, with about 40 to 50 minutes, and its 

metabolisation is controlled by the hepatic system (Di Nisio et 

al., 2005). Therefore, dose adjustments are recommended in, 

while renal impairment is not an issue for argatroban 

application (Swan and Hursting, 2000). While the indications 

for argatroban are similar to bivalirudin, its administration 

differs, because argatroban is only applied as a continuous 

infusion without an initial bolus in HIT, whereas for PCI in 

high-risk patients for HIT the administration combines an initial bolus with continuous 

infusions, like with bivalirudin. The monitoring of argatroban activity is done by aPTT; the 

target range is about 2 to 3 times the normal range, but should not exceed 100 seconds 

(GSKsource, 2014). 

Figure 16 Structure of 

argatroban (Chemical Book, 

2005) 

Figure 15 Structure of bivalirudin (Chemical Book, 2000) 
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Since argatroban prolongs the PT and subsequently the INR, patients transitioning to VKAs 

require the usage of an adjusted INR during the overlap and after the argatroban’s 

discontinuation. 

Desirudin 

Desirudin (Iprivask®, Revasc®) (structure not shown due to its large dimension), has a 

molecular weight of 6963.4245 g/mol and is a recombinant derivative of hirudin, which 

targets and inhibits free and clot-bound thrombin (Chemical Book, 1998, Graetz et al., 2011). 

Compared to the parenteral direct thrombin inhibitors mentioned above, desirudin’s half-life 

is longer, with approximately two hours, and depends on the renal function. Desirudin is 

commonly used as prophylaxis for hip arthroplasty administered as a subcutaneous injection 

every 12 hours (Eriksson et al., 1997, Jove et al., 2014).  

For other properties of desirudin see the already described direct thrombin inhibitor 

substances. 

 Oral direct thrombin inhibitor(s) 

The sole licensed oral direct thrombin inhibitor for clinical use is dabigatran exilate 

(Pradaxa®), although other agents are currently under development (ClinicalTrials, 2019). Its 

application form is a prodrug, that is converted in the liver to dabigatran, presented in Figure 

17, which is a direct thrombin inhibitor inhibiting clot-bound as well as circulating thrombin, 

has a molecular weight of 471.5 g/mol and a 

half-life of about 12 to 15 hours, depending on 

the renal and hepatic function (Hauel et al., 

2002, Chemical Book, 2008).  

The indications, as well as the 

contraindications of dabigatran, are presented 

in the respective list for DOACs in Table 1. 

The dosing of dabigatran usually does not 

require regular monitoring but is prescribed at a fixed, appropriate dose to prevent 

underdosing. The peak value of the anticoagulant effect is reached 2 to 3 hours after ingestion 

(van Ryn et al., 2010), with the predominant elimination pathway via renal excretion of the 

mainly unchanged (about 80%) active substance (Blech et al., 2008, Stangier et al., 2010). 

Therefore, dose adjustments considering the patient’s renal function, the indication as well as 

drug interactions are recommended. 

Figure 17 Structure of dabigatran (Chemical 

Book, 2008) 
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Indications for oral direct thrombin inhibitors include VTE prophylaxis in surgical patients, 

VTE treatment as well as secondary prevention and stroke prevention in AF. 

Interactions 

Since the main metabolisation of dabigatran takes place in the kidney, a renal impairment 

results in an extended half-life of the substance of up to 34 hours in patients with severe 

chronic kidney disease (Stangier et al., 2010). Therefore, in patients with a low creatinine 

clearance below 30 ml/minute dose reductions are recommended to prevent drug 

accumulation and bleeding events (Gulseth et al., 2011). For patients with creatinine clearance 

rates below 30 ml/minute either the dose should be reduced to 75 mg (United States) twice-

daily or avoided completely (Canadian and European Medicines Agency) (CMA, 2019, EMA, 

2019, EMC, 2019).  

Possible drug interactions of dabigatran, which is a substrate for P-glycoprotein, and P-

glycoprotein inhibitors or inducers should also be considered in dose adjustments of 

dabigatran. While P-glycoprotein inducers, such as rifampin, lead to a reduced anticoagulant 

effect of dabigatran, thus a combination of these two substances should be avoided. On the 

other hand, a combination of dabigatran with P-glycoprotein inhibitors, such as ketoconazole, 

verapamil, results in an increased anticoagulant effect of dabigatran, which may result in a 

significantly increased bleeding risk, especially in patients with renal failure. For dabigatran, 

no interactions with the cytochrome p450 system are known; thus, no dose changes are 

required with concomitant administration of CYP inducers or inhibitors (Boehringer-

Ingelheim, 2014).  

Monitoring 

Before administration of dabigatran, the patient’s PT and aPTT should be measured to allow 

an assessment of the coagulation status before anticoagulation as well as the serum creatinine 

concentration to establish a baseline of the renal function. Aside from these initial tests, no 

regular coagulation monitoring is required for patients taking dabigatran, although the regular 

monitoring of dabigatran plasma concentrations might result in improved efficacy and safety. 

Especially cases of suspected dabigatran overdoses (and bleeding) or dabigatran patients 

requiring emergency surgery as well as absorption and drug adherence concerns seem to 

profit from the determination of the drug’s plasma concentration (Moore et al., 2014, Rao, 

2014, Reilly et al., 2014b, Reilly et al., 2014a, Powell, 2015, Chan et al., 2018). The expected 

peak concentrations, published by the International Council for Standardization in 
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Haematology, for dabigatran 150 mg twice-daily dose are approximately 157 ng/ml, with 25th 

to 75th percentile of 117 to 275 ng/ml and trough concentrations of approximately 60 to 91 

ng/ml, with 25th to 75th percentile 39 to 143 ng/ml (Gosselin et al., 2018).  

The bleeding risk can be estimated with the ecarin clotting time, whereas the dabigatran 

activity is commonly measured with other coagulation tests, such as the dilute TT, aPTT and 

activated clotting time, which show prolonged coagulation times. PT is not a reliable 

measurement tool for dabigatran activity. In studies, TT was found to have the highest 

sensitivity, although some clinicians seem to prefer the aPTT for dabigatran assessment 

(Dager et al., 2012, van Ryn et al., 2012).  

Bleeding and antagonisation 

For the antagonisation of dabigatran and to manage possible bleeding events, the antidote 

idarucizumab (Praxbind®) has been developed.  Idarucizumab is a monoclonal antibody 

fragment, which binds dabigatran and reverses its anticoagulant effect within minutes after 

intravenous injection. The injection dose is commonly 5 grams, and the reversion of the 

anticoagulant effect was achieved within 15 minutes and lasted for approximately 24 hours. 

(FDA, 2015b). The main indications are patients with dabigatran therapy, who require urgent 

surgery or have major bleeding, while only patients with relevant dabigatran concentrations 

and a prolonged TT should receive idarucizumab. The first positive results for idarucizumab 

treatment were found in the RE-VERSE AD study, which subsequently led to the drug’s 

approval (Pollack et al., 2015, Pollack et al., 2017). Idarucizumab antagonises dabigatran 

activity at nanomolar concentrations and no mimicry of thrombin function, such as binding to 

thrombin substrates, altering of clotting parameters, or independent platelet aggregation, was 

found in animal models, thus no anticoagulant or prothrombotic effect for idarucizumab is to 

be expected (Schiele et al., 1995). 

Further examples for anticoagulation antidotes  

❖ Clotting factor products 

These agents can be administered either in their activated or unactivated state. 

❖ Unactivated prothrombin complex concentrates (PCCs)  

PCCs contain purified human clotting factors: either factors II, IX, and X (3-factor 

PCCs) or factors II, IX, X, and VII (4-factor PCCs), both along protein C and S in 

their inactive/zymogen form. The most experience of PCCs is with VKA 

antagonisation, data regarding DOAC antagonisation efficacy is mainly limited to 
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observational studies, studies in healthy individuals, as well as animal models 

(Eerenberg et al., 2011, Dumkow et al., 2012, Godier et al., 2012, Lambourne et al., 

2012, Marlu et al., 2012, Pragst et al., 2012, Dager et al., 2013, Perzborn et al., 2013, 

Dickneite and Hoffman, 2014, Htun et al., 2014, Ross et al., 2014, Wong and Keeling, 

2014, Zahir et al., 2015, Majeed et al., 2017), but recently a systemic review on PCC 

administration in direct factor Xa inhibitor-associated major bleeding was published. 

Since no significant difference between bleeding management with PCC 

administration and only anticoagulant discontinuation was found, the authors 

recommended PCC administration only in case of life-threatening bleeding. Dose 

recommendations vary from 25 to 50 units of factor IX activity per kilogram. Unless 

the PCC therapy is followed by a hemostatic response, a readministration is not 

recommended; otherwise, the application should only be repeated in patients with an 

impaired renal function after 12 to 24 hours (Piran et al., 2019). 

❖ Activated prothrombin complex concentrates (aPCCs) 

aPCCs contain purified human clotting factors: either factors II, IX, and X (3-factor 

PCCs) or factors II, IX, X, and VII (4-factor PCCs) with at least one factor in its 

activated form, most commonly factor VII. Similar to PCCs, the data for aPCCs in 

DOAC associated major bleeding is scarce, although studies indicated correction of 

rivaroxaban-induced thrombin generation impairment with no increased risk of 

DOAC-associated intracerebral haemorrhage or thrombotic/hemorrhagic 

complications at the recommended dose (Marlu et al., 2012, Dibu et al., 2016, 

Honickel et al., 2016). The recommended initial dose is 50 units of factor IX activity 

per kilogram. Unless the aPCC therapy is followed by a hemostatic response, a 

readministration is not recommended; otherwise, the application should be only 

repeated in patients with an impaired renal function after 12 hours, but the daily dose 

should not exceed 200 units/kg(Gruber et al., 2009). 

For PCCs and aPCCs alike, the maximum dose in VKA antagonisation approved by 

the FDA is 5000 units, due to PCCs and aPCCs potentially prothrombotic nature. This 

dose cap is recommended, because the substances’ effect can be determined by 

measuring the PT and INR, allowing additional case-sensitive dosing, when the effect 

of VKAs has been incompletely reversed (FDA, 2018). On the other hand, the 

application of unactivated PCCs for the treatment of factor Xa inhibitor-associated 

bleeding is off-label, and there is a measurement to determine the PCCs’ effect on 

hemostasis and thus the need for additional administration. 
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❖ Recombinant activated factor VII 

The administration of recombinant activated factor VII is not recommended in DOAC-

associated bleeding treatment.  

❖ Pro-hemostatic therapies 

❖ This antidote group consists of antifibrinolytic agents, such as tranexamic acid and 

epsilon-aminocaproic acid, and desmopressin. Both substances are usually 

administered intravenously as a bolus and followed by a continuous infusion. Whereas 

the antifibrinolytic agents interfere with plasmin formation (from its precursor 

plasminogen) by plasminogen activators, thus inhibiting fibrinolysis, desmopressin 

targets platelets with impaired activity and restores their functionality. Studies found 

that pro-hemostatic therapeutics, specifically tranexamic acid, are not associated with 

an increased thrombosis risk, making these agents a possible antidote for DOAC-

associated bleeding (Chornenki et al., 2019). 

❖ Transfusions 

Available transfusion products include red blood cells, platelets or plasma, such as 

fresh frozen plasma.  

Risks and side effects 

Concerning the risks of dabigatran administration, it should be noted that it is accompanied by 

the risk of spinal or epidural hematoma in patients undergoing neuraxial anaesthesia or spinal 

puncture (Boehringer-Ingelheim, 2014). 

Numerous studies found that the bleeding risk for dabigatran is comparable to warfarin, 

although it seems like dabigatran is associated with slightly less intracranial haemorrhage and 

death, but a somewhat higher risk of gastrointestinal bleeding in high-dose regimes (Desai et 

al., 2013, Mannucci, 2013, Southworth et al., 2013). 

Another common side effect of dabigatran is the occurrence of non-bleeding gastrointestinal 

events, such as dyspepsia, dysmotility, gastrointestinal reflux, which was found to be twice as 

common for dabigatran compared to warfarin (Bytzer et al., 2013). On the other hand, 

dabigatran administration is not associated with an increased risk of severe liver injury, unlike 

its predecessor ximelagatran. It might be possible that the application of DOACs might even 

reduce the risk of severe liver injury, although this finding did not reach statistical 

significance in a study published by Douros and colleagues (Douros et al., 2018). 
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 Direct factor Xa inhibitors 

Direct factor Xa inhibitors target and inactivate circulating and clot-bound factor Xa. As 

mentioned above, there are no parenteral direct factor Xa inhibitors approved for clinical use - 

otamixaban was developed as an intravenous factor Xa inhibitor, but its development was 

discontinued, because of its increased risk of bleeding while there are numerous oral direct 

factor Xa inhibitors., but its development was discontinued because of an increased bleeding 

risk in patients with acute coronary syndromes (Guertin and Choi, 2007, Steg et al., 2013) – 

while there are numerous approved oral direct factor Xa inhibitors, such as apixaban 

(Eliquis®), edoxaban (Lixiana®) and rivaroxaban (Xarelto®). 

Interactions 

As mentioned before, the metabolisation of direct factor Xa inhibitors takes mainly place in 

the kidney and the liver, the allocation depends on the particular drug. Hence, a severe renal 

and/or hepatic impairment results in an accumulation of the substances, although it seems, 

that direct factor Xa inhibitors, similar to dabigatran, are not associated with hepatotoxicity, 

but rather have a liver protective effect, although not statistically significant (Douros et al., 

2018). For patients with a high body mass index, direct oral factor Xa inhibitors are 

commonly not recommended (Martin et al., 2016), although a recent study concluded that 

they could be administered to these patients without dose adjustments (Moore and Kröll, 

2017). Furthermore, dose adjustments considering the patient’s ethnicity were recently found 

to be inappropriate, since these dose adjustments would result in inferior efficacy (Cho et al., 

2018). 

Monitoring 

Like dabigatran, the oral direct factor Xa inhibitors are administered at a fixed dose without 

monitoring. Therefore, the correct dosing plays a critical role to prevent deviations from the 

recommended plasma concentrations. The anti-Xa activity, as well as the respective 

substance’s plasma concentration, can be measured in patients with potential interactions, 

either by other drugs or conditions which influence the drug absorption rate, for instance, 

altered gastrointestinal anatomy. Therefore, these measurements are applied for the detection 

of proper drug absorption and drug concentrations are not deviating. Since no established 

therapeutic ranges exist for these drugs, the recommended concentrations are mostly derived 

from data from clinical trials, and these measurements should not be used for the 
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determination of a target range (Garcia et al., 2013, Gosselin et al., 2018). When the anti-Xa 

activity is determined it should be considered that the assay is specifically calibrated for the 

respective agent since heparin-calibrated assays are not clinically validated for these 

measurements and might reflect significantly different values (Beyer et al., 2016). 

Bleeding and antagonisation 

For the management of major bleeding in patients with direct oral factor Xa inhibitor 

treatment, andexanet alfa was developed and approved in 2018 for life-threatening or 

uncontrolled bleeding associated with rivaroxaban and apixaban (FDA, 2018).  

Andexanet alfa is a recombinant, catalytically inactive form of factor Xa, which competitively 

binds to and inhibits these anticoagulants, which was proven in the ANNEXA-4 study for 

patients with factor Xa inhibitor therapy due to atrial fibrillation or VTE. Studies showed a 

significant reduction of the anti-Xa activity for apixaban, rivaroxaban, and enoxaparin, 

whereas thromboses and other adverse effects remained below the 10% threshold.  The 

number of thrombotic events associated with the antagonisation rather than the patient’s 

individual risk might be even lower since only 3% of the patients had a thrombosis within the 

first 5 days following antagonisation (Connolly et al., 2016, Connolly et al., 2019).  Control 

studies conducted in healthy individuals showed no thromboses or other significant adverse 

effects for andexanet alfa (Siegal et al., 2015, Siegal et al., 2017). Furthermore, it seems like 

andexanet alfa might reverse the anticoagulant effects of all direct factor Xa inhibitors, 

including LMWHs and fondaparinux, but this application is still researched (Lu et al., 2013).  

Andexanet alfa can be either administered in low dose, with an initial bolus of 400 mg given 

at 30 mg/minute, and subsequently followed by a continuous infusion of 4 mg/minute for up 

to 120 minutes, or as high dose, with an initial bolus of 800 mg given at 30 mg/minute, and 

subsequently followed by a continuous infusion of 8 mg/minute for up to 120 minutes. The 

low dose is administered for low concentrations of factor Xa inhibitor intake, for rivaroxaban 

below 10 mg or apixaban below 5 mg or if the period since the last intake is longer than 8 

hours. 

Further examples for anticoagulation antidotes  

Since the list of antidotes for antagonisation of direct factor Xa inhibitors and direct thrombin 

inhibitors comprises the same substances, the list will not be presented again. It is found in 

chapter 4.1.2, subchapter `Further examples for anticoagulation antidotes´.  
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 Rivaroxaban (Xarelto®) 

Rivaroxaban, shown in  Figure 18, has a molecular weight of 435.88 g/mol, a plasma half-life 

of 5 to 9 hours and is usually administered as 15 and 20 mg 

tablets, which should be taken with food (Chemical Book, 2011, 

FDA, 2013, Beyer-Westendorf and Siegert, 2015). The dose is 

adjusted according to the clinical indication (a complete list of 

DOAC indications and contraindications is presented in Table 1) 

and the patient's renal and hepatic function.   

❖ VTE prophylaxis in surgical patients  

10 mg daily for a duration of 12 to 35 days, depending on 

the type of surgery 

❖ Treatment of VTE/secondary prevention of VTE 

15 mg twice daily for 3 weeks, followed by 20 mg once-

daily, after six months another reduction to a daily dose of 

10 mg can be considered, depending on the patient's risk profile for VTE development 

(FDA, 2017a) 

❖ Stroke prophylaxis in atrial fibrillation 

15 to 20 mg in a once-daily dose in the evening, depending on the patient’s creatinine 

clearance rate (below or above 50 ml/minute) 

Since the metabolisation and elimination of rivaroxaban largely depend on the patient’s renal 

and hepatic functions, it is not recommended for VTE prophylaxis, treatment, or secondary 

prevention in patients with a creatinine clearance below 30 ml/minute or severe hepatic 

impairment (Poulsen et al., 2012).  

Interactions 

Since rivaroxaban shows a potent inhibitory interaction with of CYP-3A4 and P-glycoprotein, 

such as ketoconazole, itraconazole, voriconazole, posaconazole, its concurrent use is 

contraindicated (CMA, 2019). It seems like CYP-3A4 or P-glycoprotein inhibitors have no 

effect on rivaroxaban, whereas CYP-3A4 inducers, such as rifamycins, and carbamazepine, 

reduce rivaroxaban activity (Eikelboom and Weitz, 2011, Nutescu et al., 2011, Altena et al., 

2014). 

Figure 18 Structure of riva-

roxaban (Chemical Book, 

2011) 
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The parameters measured before the start of rivaroxaban administration should include PT, 

and aPTT to assess the coagulation status before anticoagulation as well as creatinine 

clearance rate and liver function tests to judge if dose adjustment is necessary. 

Monitoring 

Before administration of rivaroxaban, the patient’s PT and aPTT should be measured to allow 

an assessment of the coagulation status before anticoagulation as well as the serum creatinine 

concentration to establish a baseline of the renal function as well as liver function tests for a 

baseline of the hepatic function. 

Similar to other DOACs, no routine monitoring of coagulation times is done for rivaroxaban 

therapy, although it seems that a future establishment of therapeutic ranges, as well as regular 

measurements, might improve efficacy and safety (Powell, 2015, Chan et al., 2018). Instances 

for recommended measurement of anti-Xa activity in rivaroxaban patients include major 

bleeding events, suspected deviating plasma concentrations, emergency surgery, as well as 

suspected drug absorption or adherence issues. The expected peak concentrations for 

rivaroxaban, published by the International Council for Standardization in Haematology, are 

approximately 250 – 270 ng/ml for a 20 mg once-daily dose, and a trough concentration of 

approximately 26 – 44 ng/ml (Gosselin et al., 2018). As mentioned above, these 

concentrations are not intended for therapeutic target screening, but to prove sufficient drug 

absorption, and the corresponding anti-Xa activity should be measured with an assay 

specifically calibrated for rivaroxaban. It was found that in cases this specifically calibrated 

anti-Xa assay is not available, another anti-Xa assay calibrated to another anticoagulant, such 

as LMWH, are applicable, PT and aPTT however are not reliable (Siegal and Konkle, 2014).  

Risks and side effects 

Since hepatotoxic effects and liver injury associated with rivaroxaban administration were 

only reported for individual cases but were not seen in larger trials, the incidence rate of these 

complications is still unknown (Caldeira et al., 2014, Liakoni et al., 2014). 

Due to its anticoagulant nature, rivaroxaban, like all other anticoagulants, increases the 

bleeding risk, the product labelling warns explicitly about the possible occurrence of 

spinal/epidural hematoma caused by neuraxial anaesthesia or spinal puncture (Bayer AG, 

2011). 
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 Apixaban (Eliquis®) 

Apixaban, depicted in Figure 19, has a molecular weight of 459.504 g/mol, a plasma half-life 

of approximately 12 hours and is usually administered as 2.5 

and 5 mg tablets. The dose is adjusted according to the 

clinical indication (a complete list of DOAC indications and 

contraindications is provided in Table 1) and the patient's 

renal and hepatic function (Chemical Book, 2012, Agnelli et 

al., 2013).  

❖ VTE prophylaxis in surgical patients  

2.5 mg twice daily for a duration of 12 to 35 days, 

depending on the type of surgery 

❖ Treatment of VTE/secondary prevention of VTE 

10 mg twice daily for seven days, followed by 5 mg twice daily, after six months 

another reduction to a daily dose of 5 mg can be considered, depending on the patient's 

risk profile for VTE development  

❖ Stroke prophylaxis in atrial fibrillation 

2.5 to 5 mg twice-daily dose in the evening, depending on the patient’s creatinine 

clearance rate (below or above 50 ml/minute), high age, low body weight and serum 

creatinine above 1.5 mg/dL 

Interactions 

Dose adjustments for apixaban are recommended for patients with concomitant intake of  

CYP-3A4 and P-glycoprotein inhibitors (Pfizer, 2014). Among the direct factor, Xa inhibitors 

apixaban’s metabolisation is the least dependent on renal clearance, although apixaban 

administration is not recommended in patients with a creatinine clearance rate below 15 

ml/minute. Dose adjustments should be made based on creatinine clearance, body weight, and 

age. Apixaban administration is not recommended in patients with prosthetic heart valves or 

during pregnancy (FDA, 2016b, Pfizer, 2016).  

Monitoring 

Before administration of apixaban, the patient’s PT and aPTT should be measured to allow an 

assessment of the coagulation status before anticoagulation as well as the serum creatinine 

Figure 19 Structure of apixaban 

(Chemical Book, 2012) 
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concentration to establish a baseline of the renal function as well as liver function tests for a 

baseline of the hepatic function. 

Similar to other DOACs, no routine monitoring of coagulation times is done for apixaban 

therapy, although it seems that a future establishment of therapeutic ranges, as well as regular 

measurements, might improve efficacy and safety (Powell, 2015, Chan et al., 2018). Instances 

for recommended measurement of anti-Xa activity in apixaban patients include major 

bleeding events, suspected deviating plasma concentrations, emergency surgery as well as 

suspected drug absorption or adherence issues (Wong et al., 2008). The expected peak 

concentrations for apixaban, published by the International Council for Standardization in 

Haematology, are approximately 132 to 171 ng/ml for a 5 mg twice-daily dose, and a trough 

concentration of approximately 63 to 103 ng/ml (Gosselin et al., 2018). As mentioned above, 

these concentrations are not intended for therapeutic target screening, but to prove sufficient 

drug absorption, and the corresponding anti-Xa activity should be measured with an assay 

specifically calibrated for apixaban. It was found that in cases this specifically calibrated anti-

Xa assay is not available, another anti-Xa assay calibrated to another anticoagulant, such as 

LMWH, are applicable, PT and aPTT however are not reliable.  

Risks and side effects 

Due to its anticoagulant nature, apixaban, like all other anticoagulants, increases the bleeding 

risk, the product labelling warns explicitly about the possible occurrence of spinal/epidural 

hematoma caused by neuraxial anaesthesia or spinal puncture (Pfizer, 2014). 

 Edoxaban (Lixiana®) 

Edoxaban, presented in Figure 20, has a molecular weight of 548.065 g/mol, a plasma half-

life of 10 to 14 hours and is usually administered as 30 and 

60 mg tablets (Chemical Book, 2015). The dose is adjusted 

according to the clinical indication (a complete list of DOAC 

indications and contraindications is presented in Table 1) and 

the patient's renal and hepatic function.   

Recommended administration for edoxaban in VTE 

prophylaxis and stroke prophylaxis in atrial fibrillation is 30 

or 60 mg once-daily following parenteral anticoagulation for 

a duration of 5 to 10 days (Camm and Bounameaux, 2011, 

Figure 20 Structure of edoxaban 

(Chemical Book, 2015) 



 Direct anticoagulants 

 

53 

Daiichi-Sankyo, 2012, Dentali et al., 2012, Büller et al., 2013).  

Interactions 

Edoxaban is a substrate for P-glycoprotein, hence dose adjustments for edoxaban are 

recommended for patients with concomitant intake of  P-glycoprotein inhibitors (FDA, 

2016c). Dose adjustments should be made based on creatinine clearance, body weight, and 

age. Edoxaban administration is not recommended in patients with creatinine clearance rates 

above 95 or below 15 ml/minute (FDA, 2016c).   

Monitoring 

Before administration of edoxaban, the patient’s PT and aPTT should be measured to allow an 

assessment of the coagulation status before anticoagulation as well as the serum creatinine 

concentration to establish a baseline of the renal function as well as liver function tests for a 

baseline of the hepatic function. 

Similar to other DOACs, no routine monitoring of coagulation times is done for apixaban 

therapy, although it seems that a future establishment of therapeutic ranges, as well as regular 

measurements, might improve efficacy and safety (Powell, 2015). Instances for recommended 

measurement of anti-Xa activity in edoxaban patients include major bleeding events, 

suspected deviating plasma concentrations, emergency surgery as well as suspected drug 

absorption or adherence issues (Wong et al., 2008). The expected peak concentrations for 

edoxaban, published by the International Council for Standardization in Haematology, are 

approximately 170 to 234 ng/ml for a 60 mg once-daily dose, and a trough concentration of 

approximately 19 to 36 ng/ml (Gosselin et al., 2018). As mentioned before, these 

concentrations are not intended for therapeutic target screening, but to prove sufficient drug 

absorption, and the corresponding anti-Xa activity should be measured with an assay 

specifically calibrated for edoxaban. It was found that in cases this specifically calibrated anti-

Xa assay is not available, another anti-Xa assay calibrated to another anticoagulant, such as 

LMWH, are applicable, PT and aPTT however are not reliable (Siegal and Konkle, 2014).  

Risks and side effects 

Due to its anticoagulant nature, edoxaban, like all other anticoagulants, increases the bleeding 

risk, the product labelling warns explicitly about the possible occurrence of spinal/epidural 

hematoma caused by neuraxial anaesthesia or spinal puncture. Furthermore, it warns about a 
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reduced efficacy in nonvalvular atrial fibrillation in patients with a high clearance rate (FDA, 

2015c). 

 Betrixaban (Bevyxxa®) 

Betrixaban, shown in Figure 21, is currently only approved in the United States, not in 

Europe. Betrixaban has a molecular weight of 451.905 g/mol, a 

plasma half-life of 19 to 27 hours and is usually administered 

as 40, 80 and 160 mg tablets, which should be taken with food 

(Cohen et al., 2016, FDA, 2017b, Gibson et al., 2017, Chemical 

Book, 2017b). The dose is adjusted according to the clinical 

indication (a complete list of DOAC indications and 

contraindications is presented in Table 1) and the patient's renal 

and hepatic function. In the case of VTE prophylaxis, a dose of 

160 mg for the first day, followed by 80 mg once daily for a 

duration of 35 to 42 days is recommended (Cohen et al., 2016).  

Interactions 

Betrixaban is a substrate for P-glycoprotein, hence dose adjustments for betrixaban are 

recommended for patients with concomitant intake of  P-glycoprotein inhibitors, for instance, 

patients with a creatinine clearance below 15 ml/minute and concomitant P-glycoprotein 

inhibitor taking, a dose of 80 mg on the first day followed by 40 mg daily is recommended. 

Dose adjustments should be made based on creatinine clearance, body weight, and age. 

Betrixaban administration is not recommended in patients with prosthetic heart valves or 

during pregnancy (FDA, 2017b). 

Monitoring 

Since monitoring of betrixaban has the same essential recommendations and further advice is 

not published yet, see the respective factor Xa inhibitor’s monitoring subchapters. 

Risks and side effects 

Due to its anticoagulant nature, betrixaban, like all other anticoagulants, increases the 

bleeding risk, the product labelling warns explicitly about the possible occurrence of 

spinal/epidural hematoma caused by neuraxial anaesthesia or spinal puncture (FDA, 2017b).  

Figure 21 Strucure of betri-

xaban (Chemical Book, 2017b) 
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 Transitioning between anticoagulants 

During the transitioning period between anticoagulants, stable anticoagulation should be 

maintained. Therefore, when transitioning from DOAC to VKA, it is essential to maintain the 

anticoagulant effect from DOACs, because the onset of VKA takes a few days, even when the 

prolongation of PT/INR is detectable earlier (Cairns and Weitz, 2015, Granger et al., 2015). 

Similar, in a transition from VKA to DOAC, the VKA effect requires a few days to wear off. 

The transition recommendations by the American Society of Hematology are presented in 

Table 2 for DOAC to VKA, and Table 3 for VKA to DOAC. For a transition between two 

DOACs, it is recommended to start the first intake of the new DOAC when the next dose of 

the first DOAC would have been due, without overlapping (Witt et al., 2018). 

Table 2 DOAC to VKA transition recommendations by the American Society of Hematology (Witt et 

al., 2018) 

Switching from DOAC to VKA 

 

 

Dabigatran Overlap VKA and dabigatran for 3 or 1 to 2 

days for reduced renal activity. 

Overlap VKA and dabigatran until the INR 

is therapeutic on VKA. 

Apixaban Discontinuation of apixaban, start of 

parenteral VKA until the INR is therapeutic 

on VKA.  

Overlap VKA and apixaban until the INR is 

therapeutic on VKA, measurement right 

before the next apixaban. 

Edoxaban Halving of edoxaban dose and start of VKA 

until the INR is therapeutic on VKA, 

discontinuation of edoxaban. 

Discontinuation of edoxaban, start of 

parenteral VKA until the INR is therapeutic 

on VKA.  

Overlap VKA and edoxaban until the INR is 

therapeutic on VKA, measurement right 

before the next edoxaban. 

Rivaroxaban Discontinuation of rivaroxaban, start of 

parenteral VKA until the INR is therapeutic 

on VKA.  

Overlap VKA and rivaroxaban until the INR 

is therapeutic on VKA, measurement right 

before the next rivaroxaban. 
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Table 3 VKA to DOAC transition recommendations by the American Society of Hematology (Witt et 

al., 2018) 

Switching from VKA to DOAC  

Dabigatran Stop of VKA and subsequent monitoring of 

the PT/INR, start of dabigatran when INR is 

below 2. 

Apixaban Stop of VKA and subsequent monitoring of 

the PT/INR, start of apixaban when INR is 

below 2. 

Edoxaban Stop of VKA and subsequent monitoring of 

the PT/INR, start of edoxaban when INR is 

below 2.5. 

Rivaroxaban Stop of VKA and subsequent monitoring of 

the PT/INR, start of rivaroxaban when INR 

is below 3. 
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 Methods 

All coagulation tests used for data generation in this study were conducted on the ACL Top 

750®, utilising a chromogenic measurement of coagulation times and drug plasma 

concentrations. The quantification of coagulation times and drug concentrations is based on 

the optical attenuation based on the Beer-Lambert law, which is shown in [1] and explained in 

Table 4 (Mills et al., 1993). 

𝑨𝝀 = log
𝐼0

𝐼
= log

1

𝛕
= 𝛆𝝀 ∗ 𝐜 ∗ 𝐝 [1] 

Table 4 Beer-Lambert law 

 

 HemosIL® Liquid Anti-Xa assays 

The HemosIL® Liquid Anti-Xa kit is a one stage chromogenic assay based on a synthetic 

chromogenic substrate and factor Xa inactivation. This assay requires calibration with the 

respective HemosIL calibrator for the specific measurement of apixaban, edoxaban, and 

rivaroxaban on the ACL TOP® series. This assay measures the factor Xa neutralisation by 

apixaban, edoxaban or rivaroxaban. The residual Factor Xa hydrolyses a specific 

chromogenic substrate releasing paranitroaniline (pNA). The amount ofpNA released 

(measured by absorbance at 405nm) is inversely proportional to the concentration of heparin 

(or other anti-Xa products) present in plasma.  

Measurement range and detection limit of the HemosIL® Liquid Anti-Xa assays 

As claimed by the manufacturer and according to the package inserts the HemosiL® Liquid 

Anti-Xa apixaban assay has a measurement range of 15 – 1000 ng/ml, with a supposed limit 

of detection of 6 ng/ml, the HemosiL® Liquid Anti-Xa edoxaban assay has a measurement 

range of 20 – 400 ng/ml, with a supposed limit of detection of 20 ng/ml, while the HemosiL® 

Symbol Unit  

Aλ [1] Optical attenuation 

I0 [W/m2] Incident intensity 

I [W/m2] Transmitted intensity 

τ [1] Transmission factor 

ελ [m2/mol] Molar attenuation coefficient/ absorptivity of the attenuating species 

c [mol/L] Concentration of the attenuating species 

d [m] Optical path length 
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Liquid Anti-Xa rivaroxaban assay has a measurement range of 20 – 1000 ng/ml, with a 

supposed limit of detection of 10 ng/ml (Werfen GmbH, 2017). 

 Biophen® Heparin LRT assays 

Biophen® Heparin LRT is a chromogenic kinetics assay, which is based on the inhibition of a 

constant and an excess amount of Factor Xa. The residual Factor Xa hydrolyses a specific 

chromogenic substrate releasing pNA. The amount of pNA released (measured by absorbance 

at 405nm) is inversely proportional to the concentration of heparin (or other anti-Xa products) 

present in plasma. For this assay, plasma is diluted with physiological saline (reference 

buffer). To evaluate heparin inhibition in one stage chromogenic assay, specific direct factor 

Xa inhibitor calibrators and controls are used on the ACLTOP® family for measuring Anti-

Factor Xa activity of DiXaIs, such as apixaban, edoxaban, and rivaroxaban. 

Measurement Range and detection limit of the Biophen® Heparin LRT assays 

As claimed by the manufacturer the Biophen® Heparin LRT assays have a limit of detection 

of 10.0 ng/ml for rivaroxaban, 6.0 ng/ml for apixaban and 0.04 IU/ml for heparin, with a 

measurement range of 20.0 – 1000.0 ng/ml for rivaroxaban, and 15.0 – 1000.0 ng/ml for 

apixaban (CoaChrom Diagnostica GmbH, 2015). 

 Analytical evaluation of the Biophen® Heparin LRT apixaban, edoxaban, 

and rivaroxaban assays  

Calibration curves of the Biophen® Heparin LRT assays 

This subchapter will discuss the respective calibration curves of the Biophen® Heparin LRT 

assays. For the calibration of the 3 assays, only the measurement of a single hybrid calibrator 

set with 5 calibrators is required, since the apixaban and edoxaban assays are calibrated based 

on the data of the rivaroxaban calibration curve. For the Biophen® Heparin LRT assays, the 

interpolation applies a linear regression without an axis transformation within the range of 0 – 

100 ng/ml and a polynomial of second order with a logarithmic transformation above 100 

ng/ml based on the absorption rates. This necessity is based on the relatively low dilution 

range’s linear relation between concentrations and colour development (and therefore the 

absorption), which does not apply for higher concentration ranges. Therefore, the plasma 
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samples are diluted either 1:4 for edoxaban or 1:5 for apixaban and rivaroxaban assays for the 

interpolation.  

The Biophen® Heparin LRT calibration curve for apixaban is presented in Figure 22 and 

exerts a linear and a polynomial of second-order behaviour between the absorption rate and 

the concentration depending on the concentration range, similar to the HemosIL® Liquid 

Anti-Xa apixaban assay. 

 

The Biophen® Heparin LRT calibration curve for edoxaban is presented in Figure 23 and 

exerts a linear and a polynomial of second-order behaviour between the absorption rate and 

the concentration depending on the concentration range, which significantly differs from the 

HemosIL® Liquid Anti-Xa edoxaban assay. Therefore, we expected a difference between the 

HemosIL® Liquid Anti-Xa and Biophen® Heparin LRT assays in lower concentration ranges.  

The Biophen® Heparin LRT calibration curve for rivaroxaban is presented in Figure 24 and 

exerts a linear and a polynomial of second-order behaviour between the absorption rate and 

the concentration depending on the concentration range, similar to the HemosIL® Liquid 

Anti-Xa rivaroxaban assay. 

 

Figure 22 Biophen® Heparin LRT apixaban assay calibration curve 
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As aforementioned, the Biophen® Heparin LRT apixaban and edoxaban assays do not require 

an individual calibrator; rather their calibration curves are based on the interpolated data of 

the Biophen® Heparin LRT rivaroxaban calibration curve.  

Figure 23 Biophen® Heparin LRT edoxaban assay calibration curve 
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Figure 24 Biophen® Heparin LRT rivaroxaban assay calibration curve 
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Detection limit of the Biophen® Heparin LRT assays  

The detection limits for the Biophen® Heparin LRT assays for apixaban, edoxaban, and 

rivaroxaban measurements in our laboratory were determined by assaying a citrate plasma 

pool sample of healthy individuals without any anticoagulation therapy in replicates of 20 

samples and was calculated as 3 standard deviations (SD) added to the mean response of the 

citrate plasma pool sample. 

Precision study of the Biophen® Heparin LRT assays 

The evaluation of the precision of the Biophen® Heparin LRT assays for apixaban, edoxaban, 

and rivaroxaban tests in our laboratory was performed with a replication study according to 

the Clinical and Laboratory Standards Institute (CLSI; formerly NCCLS) guideline EP05-A3. 

Four different daily reconstituted controls (low, medium, high, and very high) were analysed 

in duplicate in one run per day for 20 days on a single ACL Top 750® analyser. Within-run 

and total analytical imprecision (CV) was calculated with the CLSI single-run precision 

evaluation test (Clinical and Laboratory Standards Institute, 2014). 

 Analytical method comparison of the Biophen® Heparin LRT assays with 

the HemosIL® Liquid Anti-Xa assays 

For the method comparison of the Biophen® Heparin LRT assays with the  HemosIL® Liquid 

Anti-Xa assays blood samples of 159 patients (52.2% male, 47.8% female) with an age of 

78.65 ± 10.63 years were analysed in this study. The distributions for the respective treatment 

groups were: 

❖ 80 patients (52.5% male, 47.5% female) with an age of 77.13 ± 11.59 years for 

apixaban 

❖ 23 patients (41.7% male, 58.3% female) with an age of 81.08 ± 8.48 years for 

edoxaban 

❖ 55 patients (56.4% male, 43.6% female) with an age of 77.13 ± 11.59 years for 

rivaroxaban 

After the measurement of the coagulation parameters, the routine samples were preserved and 

stored at -80°c. The samples were collected within the period from October 2017 until May 

2019 in the B&S Zentrallabor. The preservation and scientific utilisation of leftover blood 

samples were approved by the ethical review committee of the St. John of God Hospital in 

Linz, Austria. 
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The preparation of the citrate plasma samples for the measurements comprised thawing in a 

water quench for 10 minutes and centrifugation at 4500 rpm for 10 minutes at 4°c. 

Afterwards, the plasma was transferred into a test tube and loaded on the  ACL Top 750® for 

the measurement of anti-Xa activity with the respective assays. 

Statistical analysis was conducted with IBM SPSS Statistics, versions 23 and 24 (IBM 

Deutschland, Ehningen, Germany), GraphPad (GraphPad Software, Inc., California, United 

States) and MedCalc, version 17.2 (MedCalc Software, Ostend, Belgium).  

Passing and Bablok regression, as well as Bland-Altman plots and Spearman rank correlation, 

were used for the method comparison of the Biophen® Heparin LRT assays with the 

HemosIL® Liquid Anti-Xa assay as a comparative method (Spearman, 1904, Passing and 

Bablok, 1983, Bland and Altman, 1999). The Cusum test was performed to evaluate the 

linearity of the paired data (Brown et al., 1975). 
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 Results 

For a better outline of the evaluation of the assays, this chapter is subdivided into subchapters 

for each respective substance. 

 Apixaban 

 Detection limit and precision study for the Biophen® Heparin LRT apixaban 

assay 

The detection limit for the Biophen® Heparin LRT apixaban assay was 6.6 ng/ml. The 

Biophen® Heparin LRT apixaban assay had a within-run coefficient of variation (CV) of 3.8% 

and a total CV of 5.6% at a mean concentration of 24 ng/ml (low control), a within-run CV of 

2.3% and a total CV of 3.8% at a mean concentration of 72 ng/ml (medium control), a within-

run CVA of 1.8% and a total CV of 2.2% at a mean concentration of 194 ng/ml (high control) 

and a within-run CV of 1.7% and a total CV of 2.3% at a mean concentration of 412 ng/ml 

(very high control). An overview of the results is presented in Table 5. 

Table 5 Results of the within-run and total CVs for apixaban 

Apixaban Within-run CV Total CV 

Low [24 ng/ml] 3.8% 5.6% 

Medium [77 ng/ml] 2.3% 3.8% 

High [194 ng/ml] 1.8% 2.2% 

Very high [412 ng/ml] 1.7% 2.3% 

 Analytical method comparison of the apixaban assays 

The data on the 80 patient plasma samples with apixaban plasma concentrations measured 

with the HemosIL® Liquid Anti-Xa and the Biophen® Heparin LRT apixaban assays is shown 

in Table 6 and Figure 25. 

In the 80 patients on apixaban treatment, median apixaban plasma concentrations were 91 

ng/ml (range: 10 – 431 ng/ml; 25th – 75th percentiles: 56 – 143 ng/ml) as measured by the 

HemosIL® Liquid Anti-Xa apixaban assay and 77 ng/ml (range: 7 – 420 ng/ml, 25th – 75th 

percentiles: 35 – 121 ng/ml) by the Biophen® Heparin LRT apixaban assay. 
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Table 6 Data on the analytical assay comparison of the HemosIL® Liquid Anti-Xa and Biophen® 

Heparin LRT apixaban assay* 

Assay 

Lowest value 

Median value 

Highest value 

25th percentile value 

75th percentile value 

HemosIL® Liquid Anti-Xa 

10 ng/ml 

91 ng/ml 

431 ng/ml 

56 ng/ml 

143 ng/ml 

Biophen® Heparin LRT 

7 ng/ml 

77 ng/ml 

420 ng/ml 

35 ng/ml 

121 ng/ml 

* Plasma samples of 80 patients on apixaban treatment 

The method comparison graph for HemosIL® Liquid Anti-Xa apixaban and Biophen® 

Heparin LRT apixaban assays in the 80 patients, shown in Figure 25, displays the scatter 

diagrams with the regression line (solid line) and the confidence intervals for the regression 

line (dashed lines) according to Passing and Bablok. Non-parametric correlation analyses of 

the 80 patients revealed a Spearman´s coefficient of rank correlation of 0.993 (95% CI, 0.989-

0.995; p<0.001) between the HemosIL® Liquid Anti-Xa apixaban and the Biophen® Heparin 

LRT apixaban assays. 

y = 0.960 x - 11.916 

Figure 25 Passing and Bablok regression line and equations for HemosIL® Liquid Anti-Xa and 

Biophen® Heparin LRT apixaban assays 



 Results 

 

65 

The respective regression equation presented in [2] suggests a rather small constant bias as 

well as a proportional difference between the two methods.  

𝑦 = – 11.92 (95% 𝐶𝐼, −14.21 𝑡𝑜 − 9.19) +  0.96 (95% 𝐶𝐼, 0.93 𝑡𝑜 0.99) 𝑥  [2] 

The Cusum test showed no significant deviation from linearity (p=0.25). Bland-Altman 

difference plots are shown in Figure 26. 

 

 

 

 

 

 

 

 

 

 

 

 

 Edoxaban 

 Detection limit and precision study for the Biophen® Heparin LRT edoxaban 

assay 

The detection limit for the Biophen® Heparin LRT edoxaban assay was 7.5 ng/ml. The 

Biophen® Heparin LRT edoxaban assay had a CV of 5.2% and a total CV of 5.6% at a mean 

concentration of 25 ng/ml (low control), a within-run CV of 3.8% and a total CV of 6.0% at a 

mean concentration of 81 ng/ml (medium control), a within-run CV of 1.7% and a total CV of 

2.8% at a mean concentration of 150 ng/ml (high control) and a within-run CV of 1.3% and a 

total CV of 2.3% at a mean concentration of 290 ng/ml (very high control). An overview of 

the results is presented in Table 7. 

 

 

Figure 26 Bland–Altman plots for HemosIL® Liquid Anti-Xa and Biophen® Heparin LRT apixaban 

assays. Left: absolute deviations. Right: relative deviations. 
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Table 7 Results of the within-run and total CVs for edoxaban 

Apixaban Within-run CV Total CV 

Low [25 ng/ml] 5.2% 5.6% 

Medium [81 ng/ml] 3.8% 6.0% 

High [150 ng/ml] 1.7% 2.8% 

Very high [290 ng/ml] 1.3% 2.3% 

 Analytical method comparison of the edoxaban assays 

The data on the 23 patient plasma samples with edoxaban plasma concentrations measured 

with the HemosIL® Liquid Anti-Xa and the Biophen® Heparin LRT apixaban assays is shown 

in Table 8 and Figure 27. 

Table 8 Data on the analytical assay comparison of the HemosIL® Liquid Anti-Xa edoxaban assay and 

the Biophen® Heparin LRT edoxaban assay* 

Assay 

Lowest value 

Median value 

Highest value 

25th percentile value 

75th percentile value 

HemosIL® Liquid Anti-Xa 

9 ng/ml 

57 ng/ml 

347 ng/ml 

22 ng/ml 

142 ng/ml 

Biophen® Heparin LRT 

8 ng/ml 

44 ng/ml 

354 ng/ml 

18 ng/ml 

140 ng/ml 

* Plasma samples of 23 patients on edoxaban treatment 

In the 23 patients on edoxaban treatment, median edoxaban plasma concentrations were 57 

ng/ml (range: 9 – 347 ng/ml; 25th – 75th percentiles: 22 – 142 ng/ml) as measured by the 

HemosIL® Liquid Anti-Xa edoxaban assay and 44 ng/ml (range: 8 – 354 ng/ml, 25th – 75th 

percentiles: 18 – 140 ng/ml) by the Biophen® Heparin LRT edoxaban assay. 

The method comparison graph for HemosIL® Liquid Anti-Xa edoxaban and Biophen® 

Heparin LRT edoxaban assays in the 23 patients, shown in Figure 27, displays the scatter 

diagrams with the regression line (solid line) and the confidence intervals for the regression 

line (dashed lines) according to Passing and Bablok. Non-parametric correlation analyses of 

the 23 patients revealed a Spearman´s coefficient of rank correlation of 0.994 (95% CI: 0.985 
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– 0.995; p<0.001) between the HemosIL® Liquid Anti-Xa edoxaban and the Biophen® 

Heparin LRT edoxaban assay. 

The respective regression equation presented in [3] suggests a rather small constant bias as 

well as a proportional difference between the two methods. Thus, Passing and Bablok 

regression suggests, in addition to a rather small but significant constant bias, a high 

proportional difference between the two methods.  

𝑦 = – 3.89 (95% 𝐶𝐼, −6.31 𝑡𝑜 − 1.25) +  0.99 (95% 𝐶𝐼, 0.94 𝑡𝑜 1.03) 𝑥  [3] 

The Cusum test showed no significant deviation from linearity (p=0.78). Bland-Altman 

difference plots are shown in Figure 28. 

y = 0.994 x - 3.888 

Figure 27 Passing and Bablok regression line and equations for HemosIL® Liquid Anti-Xa and 

Biophen® Heparin LRT edoxaban assays 
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  Rivaroxaban 

 Detection limit and precision study for the Biophen® Heparin LRT 

rivaroxaban assay 

The detection limit for the Biophen® Heparin LRT rivaroxaban assay was 9.7 ng/ml. The 

Biophen® Heparin LRT rivaroxaban assay had a CV of 5.4% and a total CV of 6.1% at a 

mean concentration of 24 ng/ml (low control), a within-run CV of 3.8% and a total CV of 

4.9% at a mean concentration of 80 ng/ml (medium control), a within-run CV of 3.5% and a 

total CV of 3.3% at a mean concentration of 104 ng/ml (high control) and a within-run CV of 

1.8 % and a total CV of 2.9% at a mean concentration of 308 ng/ml (very high control). An 

overview of the results is presented in Table 9. 

Table 9 Results of the within-run and total CVs for rivaroxaban 

Apixaban Within-run CV Total CV 

Low [24 ng/ml] 5.4% 6.1% 

Medium [80 ng/ml] 3.8% 4.9% 

High [104 ng/ml] 3.5% 3.3% 

Very high [308 ng/ml] 1.8% 2.9% 

Figure 28 Bland–Altman plot for HemosIL® Liquid Anti-Xa and Biophen® Heparin LRT edoxaban 

assays. Left: absolute deviations. Right: relative deviations. 
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 Analytical method comparison of the rivaroxaban assays 

The data on the 55 patient plasma samples with rivaroxaban plasma concentrations measured 

with the HemosIL® Liquid Anti-Xa and the Biophen® Heparin LRT apixaban assays is shown 

in Table 10 and Figure 29. 

In the 55 patients on rivaroxaban treatment, median rivaroxaban plasma concentrations were 

69 ng/ml (range: 13 – 515 ng/ml; 25th – 75th percentiles: 43 – 131 ng/ml) as measured by the 

HemosIL® Liquid Anti-Xa rivaroxaban assay and 69 ng/ml (range: 11 – 627 ng/ml, 25th – 75th 

percentiles: 47 – 144 ng/ml) by the Biophen® Heparin LRT rivaroxaban assay. 

Table 10 Data on the analytical assay comparison of the HemosIL® Liquid Anti-Xa rivaroxaban assay 

and the Biophen® Heparin LRT rivaroxaban assay* 

Assay 

Lowest value 

Median value 

Highest value 

25th percentile value 

75th percentile value 

HemosIL® Liquid Anti-Xa 

13 ng/ml 

69 ng/ml 

515 ng/ml 

43 ng/ml 

131 ng/ml 

Biophen® Heparin LRT 

11 ng/ml 

69 ng/ml 

627 ng/ml 

47 ng/ml 

144 ng/ml 

* Plasma samples of 55 patients on rivaroxaban treatment 

The method comparison graph for HemosIL® Liquid Anti-Xa rivaroxaban and Biophen® 

Heparin LRT rivaroxaban assays in the 55 patients, shown in Figure 29, displays the scatter 

diagrams with the regression line (solid line) and the confidence intervals for the regression 

line (dashed lines) according to Passing and Bablok. Non-parametric correlation analyses of 

the 23 patients revealed a Spearman´s coefficient of rank correlation of 0.986 (95% CI, 0.977 

– 0.992, p<0.001) between the HemosIL® Liquid Anti-Xa rivaroxaban and the Biophen® 

Heparin LRT rivaroxaban assay. 
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The respective regression equation presented in [4] suggests a rather small constant bias as 

well as a proportional difference between the two methods.  

𝑦 = – 6.72 (95% 𝐶𝐼, −9.66 𝑡𝑜 − 4.24 )  +  1.19 (95% 𝐶𝐼, 1.14 𝑡𝑜 1.22) 𝑥  [4] 

The Cusum test showed no significant deviation from linearity (p=0.17). Bland-Altman 

difference plots are shown in Figure 30. 

 

  

y = 1.206 x - 10.808 

Figure 29 Passing and Bablok regression line and equations for HemosIL® Liquid Anti-Xa and 

Biophen® Heparin LRT rivaroxaban assays 

 

Figure 30 Bland–Altman plot for HemosIL® Liquid Anti-Xa and Biophen® Heparin LRT rivaroxaban 

assays. Left: absolute deviations. Right: relative deviations. 



 Discussion 

 

71 

 Discussion 

This study compared the Biophen® Heparin LRT and HemosIL® Liquid Anti-Xa assays for 

clinical routine samples of apixaban, edoxaban and rivaroxaban controls as well as patients on 

the respective anticoagulation treatment. The main question was if the respective assays show 

comparable results and are therefore equivalent in clinical routine use. Because the Biophen® 

Heparin LRT assays require only a single hybrid calibrator set, in comparison to the 

HemosIL® Liquid Anti-Xa assays, which requires a calibrator set for each respective 

substance, the establishment of the Biophen® Heparin LRT assays would reduce the number 

of required calibrators, making the direct factor Xa inhibitor concentration measurements 

more attractive for laboratories with smaller sample volumes. This reduction of necessary 

calibrator sets is achieved by the interpolation of the calibrated curve for compiling the 

calibration curves of apixaban and edoxaban. Since these curves are based on the interpolated 

data from another direct factor Xa inhibitor substance rather than their calibrators, they are 

called hybrid curves. Therefore, the measurement of the direct factor Xa inhibitor plasma 

concentration with the Biophen® Heparin LRT assays requires only one calibrator set 

(CoaChrom Diagnostica GmbH, 2015). 

The detection limits for all 3 Biophen® Heparin LRT assays were significantly below the 

clinically relevant concentration measurement threshold of 30 ng/ml (Margetic et al., 2020), 

allowing for an explicit determination of the absence of clinically relevant factor Xa inhibitor 

plasma concentrations, which supports well-founded therapeutic decision-making. The inter-

run, as well as the total CVs, were significantly below the recommended clinical measurement 

threshold of 10%, which proved the Biophen® Heparin LRT assays’ precision. Therefore, our 

study has shown good consistencies for the hybrid curve calibration system compared to the 

clinically established assays as well as that the Biophen® Heparin LRT assays measure up to 

the manufacturer’s claims regarding detection limits and precision, although our test results 

suggest a rather small constant bias as well as proportional difference between the two 

methods. Since the measurement of direct factor Xa inhibitor plasma concentrations is only 

indicated for a limited number of clinical conditions, such as patients requiring emergency 

surgery or with absorption and drug adherence concerns, the disparities between the 

HemosIL® Liquid Anti-Xa and Biophen® Heparin LRT assays were found to have no 

relevance for clinical decision-making.  

By exploiting the limited impact of the exact plasma concentration on therapeutic decision-

making, another study found that it is possible to measure relevant apixaban and rivaroxaban 
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plasma concentrations with the more commonly used LMWH antiXa activity assay instead 

of a drug-specific antiXa activity assay; rather than the exact drug plasma concentration 

values they investigated negative predictive values, which described the absence of apixaban 

and rivaroxaban (plasma concentrations below the measurement threshold of 30 ng/ml). For a 

negative predictive value of 100% for apixaban, the corresponding cut-off was 0.05 IU/ml, 

whereas for rivaroxaban the corresponding cut-off was 0.1 IU/ml, which allows the exclusion 

of clinically relevant direct factor Xa inhibitor drug concentrations even in the absence of 

drug-specifically calibrated chromogenic assays, therefore allowing the assessment of the 

necessity of reversal agent administration (Margetic et al., 2020). The low measurement 

threshold of the study by Margetic and colleagues was chosen according to the 

recommendations for reversal agent administration by the International Society on 

Thrombosis and Hemostasis at direct factor Xa inhibitor plasma concentrations above 30 

ng/ml in the perioperative setting as well as above 50 ng/ml in patients with bleeding (Levy et 

al., 2016). The fact that LMWHcalibrated antiXa activity assays can specifically detect the 

plasmatic absence of direct antiXa inhibitors, but not determine the inhibitor concentrations 

quantitatively was already confirmed by another study (Gosselin et al., 2015). Therefore, the 

application of LMWHcalibrated antiXa activity assays for the measurement of plasma 

concentrations - or rather the absence - of direct factor Xa inhibitor is only recommended for 

emergency assessments of the necessity of reversal agent administration in the absence of a 

drug-specifically calibrated assay. In the future this issue might be addressed by a „DaXa 

inhibition assay“, a single antiXa based laboratory assay for all directly and indirect factor 

Xa inhibitors, by reporting the inhibitory activity rather than drug concentrations, which 

would make drug-specific calibrations for antiXa substances obsolete (van Pelt et al., 2018).  

Besides the drug-specific calibrations requirement of the particular calibrator sets, heparin 

interference is a known disturbing factor for the measurement of plasma concentrations of 

direct factor Xa inhibitors. Therefore, a dedicated heparin neutralisation buffer was developed 

(CoaChrom Diagnostica), which is supposed to work in combination with the Biophen® 

Heparin LRT assays. Because the reduction of heparin interference may support clinical 

decision-making in anticoagulated patients (with DOACs), especially for the assessment of 

bridging necessity, the successful establishment of this heparin neutralisation buffer system 

might largely influence the decision on the used assay system, we propose an analytical 

method comparison of the Biophen® Heparin LRT assays plus the heparin neutralisation 

buffer with the sole assays as a follow-up project. First data for the successful application of 
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the heparin neutralisation buffer was reported on the ISTH 2019 for a company-internal 

experimental run conducted by Hyphen Biomed (Molton et al., 2019). 

Since the measurement of low direct factor Xa inhibitor concentrations requires the 

application of LC-MS/MS, this method is considered the gold standard for the measurement 

of direct factor Xa inhibitor plasma concentrations (Cuker and Siegal, 2015). Due to the long 

measurements times as well as labour-intensive preparation work for LC-MS/MS 

measurements, this method is commonly not applicable in the clinical setting. Therefore, the 

limitation of this study is the lack of LC-MS/MS measurements, since we compared the 

clinically approved Biophen® Heparin LRT and HemosIL® Liquid Anti-Xa assays. These 

assays were already compared to LC-MS/MS measurements by DiaChrom Diagnostica and 

Werfen at the respective assays’ market launch. 

In conclusion, our study suggests that the Biophen® Heparin LRT assays for measuring direct 

Xa inhibitor activity as well as anti-Xa concentrations are equivalent to the established 

HemosIL® Liquid Anti-Xa assays. However, it should be considered that the latter provides 

the advantage of only requiring a single calibrator set due to its hybrid curve technology, 

making it especially feasible for smaller, non-clinical laboratories. On the other hand, the 

application of the Biophen® Heparin LRT assays for coagulation tests on Werfen instruments, 

such as the ACL Top® family, which are widely used, introduce foreign reagents which 

require special setups and adjustments, therefore complicating the overall process of direct Xa 

inhibitor measurements.  
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 Outlook 

This chapter provides an overview of the anticoagulants as well as antidotes currently under 

development. 

 Anticoagulants under development 

Currently, numerous anticoagulant agents are under development, such as TFPI, factor VIII 

inhibitor, TM, factor IXa inhibitor, Factor XI inhibitor, factor XIIa inhibitor, protein disulfide 

isomerase inhibitors, and polyphosphate inhibitors. 

 Tissue factor pathway inhibitors (TFPI) 

These inhibitors are a recombinant form of the physiological TFPI, which targets the 

TF/factor VIIa complex, or individual TF and factor VIIa inhibitors (Stassens et al., 1996, Lee 

et al., 2001, Presta et al., 2001, Giugliano et al., 2007). 

 Factor VIII inhibitor 

TB-402, a human IgG4 monoclonal antibody, which partially inhibits factor VIII, was proven 

to be effective in preventing postoperative VTE in a randomised phase II trial. Since it has a 

half-life of approximately 3 weeks a single postoperative intravenous injection of TB-402 is 

as effective as 10 days of continuous LMW heparin administration (Verhamme et al., 2011) 

 Thrombomodulin (TM) 

ART-123 is a recombinant form of TM’s extracellular domain, which is involved in the 

protein C and subsequently thrombin activation, and its efficacy was shown for VTE 

prophylaxis in a phase II trial (Kearon et al., 2005, Carnemolla et al., 2012). Furthermore, it is 

already approved in Japan for the treatment of disseminated intravascular coagulation. Since it 

has a half-life of 2 to 3 days, anticoagulation maintenance only requires a subcutaneous 

injection every six days (Moll et al., 2004). 

 Factor IXa inhibitor 

REG1 contains an injectable RNA aptamer (pegnivacogin), which specifically inactivates 

factor IXa, and a complementary nucleotide (anivamersen), which neutralises anti-IXa 
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activity, thus functioning as an antidote as well. Randomised studies showed promising 

results in concomitant antiplatelet-therapy in coronary artery disease (Chan et al., 2008, 

Cohen et al., 2010), although a more recent study found more frequent allergic reactions and 

increased bleeding risk compared to bivalirudin administration, but reduced stent thrombosis 

risk (Lincoff et al., 2016). 

 Factor XI inhibitor 

FXI-ASO is a factor XI antisense oligonucleotide, which reduces the risk of VTE 

development at higher FXI-ASO doses compared to low FXI-ASO doses as well as LMWH 

enoxaparin, while no higher bleeding risk was found for higher FXI-ASO doses (Zhang et al., 

2010, Büller et al., 2015). This gave rise to the hypothesis that antithrombotic activity and 

normal hemostasis might be uncoupled, which would allow maximal anticoagulation without 

increased bleeding risk by targeting FXIa and inhibiting the tertiary amplification pathway. 

Another advantage is the long half-life of antisense therapies of up to 3 months, thus requiring 

fewer injections and available at lower potential costs (Flaumenhaft, 2015). 

 Factor XIIa inhibitor 

rHA-Infestin-4, a fusion protein of albumin and the Infestin-4 (factor XIIa inhibitor) was 

shown to prevent pathologic thrombus formation while not affecting hemostasis in animal 

models, making it a possible agent for the prevention and treatment of acute ischemic 

cardiovascular and cerebrovascular events (Hagedorn et al., 2010). 

 Protein disulfide isomerase (PDI) inhibitors 

PDI is an oxidoreductase enzyme catalysing redox protein folding, including coagulation 

factor XI and TF. Since PDI is located on the platelet surface, it is also involved in enhanced 

platelet aggregation via integrin activation (Wang and Essex, 2017). Therefore, the inhibition 

of PDI results in a diminished fibrin generation and platelet activation, as shown in preclinical 

studies with a PDI peptide inhibitor (Sousa et al., 2017). 

 Antidotes under development 

Currently, numerous antidotes are under development, and the most progress was made on 

small molecule antidotes and mutant forms of factor Xa. 
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 Small molecule antidotes 

For the small molecule antidote PER 977 preliminary studies showed its ability to specifically 

bind to direct thrombin inhibitors, factor Xa inhibitors, and heparins and their respective 

anticoagulant effects (Laulicht et al., 2013). Compared to edoxaban, which showed the fastest 

normalisation times among already approved DOACs with 12 to 15 hours, PER977  

normalised the clotting time within 10 minutes, without significant adverse effects (Ansell et 

al., 2014b) 

 Mutant form of factor Xa 

Factor XaI16L, which is a mutant form of factor Xa, interchanges isoleucine for leucine at 

position 16, and like PER 977 it might possess the ability to antagonise multiple anticoagulant 

agents, such as rivaroxaban and dabigatran. Instead of binding to the anticoagulant, factor 

XaI16L is circulating in a zymogen-like state; thus, it is insensitive to competitive inhibitors. Its 

activation is triggered by factor Va, which is present on damaged cellular surfaces, thereby 

selectively restoring hemostasis at the bleeding site (Thalji et al., 2016). 
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