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Preface

Advances in our understanding of the mechanisms of pathogenesis of venous thromboemb‐
olism, acute coronary syndromes, cerebral vascular ischemia, and diseases associated with
thrombotic events have provided critical insight for the development of various therapeutic
approaches to control these pathogenic events. Although numerous parenteral anticoagu‐
lants have been available, the vitamin K antagonists have been the only orally active antico‐
agulant drugs until recently. The last few years have seen the arrival of new drug classes,
the orally active direct thrombin inhibitors, and factor Xa antagonists. These drugs do not
require frequent monitoring or dose adjustment and have minimal food/drug interactions,
but they are not without important drawbacks. Despite their well-documented benefits, an‐
ticoagulants continue to be associated with significant morbidity and mortality. Anticoagu‐
lant Therapy is written in an easy-to-follow format and with many illustrations to aid clarity
and assimilation of information. Each chapter is written by established authorities in their
fields who are also experienced in explaining often complex concepts. The result is a unique
book which is not only comprehensive but also clear and useful for busy medical practition‐
ers. The editors are deeply indebted to the authors for their efforts toward the completion of
this comprehensive work.

Özcan Başaran, MD
Cardiology Department,

Muğla Sıtkı Koçman University Education and Research Hospital,
Turkey

Murat Biteker, Associate Professor
Cardiology Department,

Muğla Sıtkı Koçman University Faculty of Medicine,
Turkey





Chapter 1

Biochemistry and Stereochemistry of Anticoagulants

Ioana-Daria Tiuca

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64417

Abstract

The spatial conformation of a molecule, in general, is closely connected to its interac‐
tion with the human body, meaning bioreceptors, metabolizing enzymes, transport‐
ing proteins, etc. This chapter provides useful information regarding the importance of
spatial conformation(s) of anticoagulant molecules in their pharmacological activity. It
is divided in several sections: firstly, a short introduction is made into the world of
stereochemistry, and the importance of this field to the pharmacotherapy is highlight‐
ed. Then, each anticoagulant class is treated regarding their spatial orientations and
their significance linked to the mechanism of action, anticoagulant activity, potency, etc.

Keywords: stereochemistry, biochemistry, spatial conformation, enantiomer

1. Introduction

The mechanism of action of anticoagulants is very complex, involving many biochemical
reactions. The coagulation cascade which is finally blocked and the formation of a clot is
stopped in a direct (e.g. direct Xa factor inhibitors) or indirect way (e.g. vitamin K antago‐
nists)  assume many reactions,  which involve the activation of  factors,  cofactors  and en‐
zymes. The coagulation cascade involves a series of protein conformation changes, which are
called “activations” and which are dependent one to each other leading to this cascade series
of reactions. Most of these reactions are calcium-dependent, and some of them are vitamin K-
dependent (also known as the anti-haemorrhagic vitamin). The coagulation cascade ends with
the formation of a fibrin clot, and it can be stopped by interruption by natural ways, such as
genetic disorders (e.g. haemophilia A, B or C) or by extrinsic ways, when administering
anticoagulants. As well known, when it comes about natural-occurring compounds, these
reactions  are  very  specific,  but  when  it  comes  about  external  synthetic  derivatives,  the

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



receptors can be “tricked” in different ways. One cause could be the stereochemistry of these
compounds, which is also important for these specific interactions.

Stereochemistry can be named the chemistry of 3D compounds and shows the relationship
between a spatial orientation of a molecule and its physical and chemical properties. Very
often, when a drug molecule can adopt different spatial shapes and forms, its reactivity with
the biomolecules can change. Taking into consideration that from its introduction to the human
organism until its excretion, a drug will meet tens, hundreds or even more types of biomole‐
cules, its reactivity is translated into its pharmacological effects, but its toxicity is expected to
depend also on its spatial orientation.

The aim of this chapter is to highlight the importance of stereochemistry in anticoagulation
therapy, following each subclass of anticoagulants. For this purpose, we present basic notions
of stereochemistry with details about the importance of spatial conformations of drug
molecules related to the biochemistry of these drugs, and in the end of the chapter, we will
find out whether the 3D structure of anticoagulants should be thought of in an anticoagulation
treatment plan.

2. Basics of stereochemistry

Stereochemistry is defined as chemistry of spatial isomers. When one refers to stereoisomers,
generally they are divided into two categories: firstly, there are the enantiomers, which are given
by the asymmetry of a certain compound, and secondly, there are the diastereomers, which
include all other conformational isomers which are not enantiomers.

In living organisms, the isometry given by enantiomers, also called chirality, is very important.
As mentioned before, they are defined by asymmetry. The asymmetry of a molecule can come
in two ways:

• When a carbon atom has four different substituents; in this case, the carbon atom is
represented by a centre of asymmetry and is called asymmetrical carbon atom; in this case,
one can talk about planar chirality; there are other types of atoms, such as N or P, which can
confer asymmetry to a molecule, but these cases are rarer.

• Usually, in case of macromolecules, such as polypeptides, proteins, DNA, etc., the whole
molecule presents a conformational asymmetry; in this case, one can talk about intrinsic or
helicoidal chirality. We can say that even the human body, if it were regarded as one molecule,
has intrinsic chirality, on the inside and also on the outside, as we are not perfectly sym‐
metrical.

The enantiomers of a molecule are represented as the object and its self-mirror-image
(Figure 1), which are not superimposable.

Under physical and chemical aspects, the two enantiomers of a pair present the same physical
properties (same melting point, same boiling point, same density, etc.) and, unlike diaster‐
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eomers, have the same chemical properties in non-chiral environment. Their properties differ
only in chiral environment.

Figure 1. Pair of enantiomers—(S)-enantiomer in the left and (R)-enantiomer in the right—represented as object and its
self-mirror-image.

Another different property of enantiomers is their behaviour in polarized light. In one pair of
enantiomer, one enantiomer will rotate the plan of polarized light towards the left with a
certain angle, while the other one will rotate the plan of polarized light with the same angle
but in the other direction. The first enantiomer will be called levogyre and is noted (−) or l, and
the other one is called dextrogyre and is noted (+) or d. The equimolar mixture of the two
enantiomers is called racemic mixture, is noted with ± and does not affect the plan of polarized
light.

Another internationally accepted nomenclature of enantiomers is the Cahn-Ingold-Prelog
nomenclature. This uses the absolute configuration of the molecules, which involves the
position of the four groups surrounding the asymmetrical carbon atom. They are numbered
from the lightest atom directly bonded to the asymmetrical carbon to the heaviest. If the order
of reading is towards the right side (or clockwise), the enantiomer is called R (or rectus); if the
order of reading is towards the left side (or counterclockwise), the enantiomer is called S (or
sinister) (Figure 1). Conventional D or L nomenclature is used for amino acids and saccharides.
This should not be confused with the d or l nomenclature. For this reason, to indicate whether
an enantiomer is levogyre or dextrogyre, the (+) or (−) notation is preferred.

One molecule will always have a number of 2n−1 pairs of enantiomers, where n represents the
number of centres of asymmetry of the molecule. For example, the coumarinic anticoagulant
warfarin (see Figure 5) has one centre of asymmetry represented by one asymmetrical carbon
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atom; thus, the molecule will have two enantiomers or one pair of enantiomers. The optical
isomers of the molecule which are not enantiomers (one with each other) are called diaster‐
eomers. In case of a symmetrical molecule where one chiral centre compensates the effect of
another one, the enantiomers are practically identical, and they are called mesomers.

There are other types of stereoisomerism, where molecules can adopt different spatial
conformations. The conformational isomerism of saccharides is worth mentioning. For
example, D-glucose can adopt a chair or a boat conformation, a function of the display of the
carbon atoms in the hexa-atomic cycle in space. The helicoidal chirality of proteins and other
macromolecules should not be left behind.

2.1. Importance of chirality in human life

The reaction between a drug and its receptor is usually a specific reaction between the target
molecule and a protein which acts as receptor. As macromolecules, the protein receptors are
almost always chiral, so one can expect in case of chiral drugs to meet an enantioselective drug-
receptor interaction, which could lead to different effects translated in the pharmacological
activity of the molecule.

When it comes about chiral drugs, there can be five cases in which the two enantiomers of a
drug can react with the receptors of the human body, translated in their pharmacological or
toxicological activities [1]:

• The most common case is when the two enantiomers have the same pharmacological
activities. At first sight, the use of a single enantiomer would not be necessary. However,
there are many substances which have one enantiomer (eutomer) 5, 10 up to 60 times more
active than the other one (distomer). This is the case of adrenaline, omeprazole or coumarinic
anticoagulants. In case of omeprazole, it is long time since the eutomer, (S)-(−)-omeprazole,
has been introduced on the pharmaceutical market as the single enantiomer (Nexium®). The
case of coumarinic anticoagulants will be discussed in Section 4.

• There can be the case when only one of the enantiomer is pharmacologically active, while
the other one is inactive. In this case, a separation of the two enantiomers is not strictly
necessary. However, in some cases, when the two enantiomers have different metabolic
pathways, a chiral separation could prevent some drug-drug interactions.

• When the eutomer and the distomer have totally opposite pharmacodynamic effects, a chiral
separation would be necessary. However, in many cases, the racemic mixture is used in
therapy, preserving the effect of the most potent enantiomer.

• Another example is the well-known case of thalidomide, in which the eutomer is responsible
for the pharmacological activity, while the distomer is responsible for the adverse effects.
In this case, the separation of the two enantiomers is mandatory.

• There are cases when using the racemic mixture is more beneficial, compared to the use of
the single enantiomers.

Anticoagulation Therapy4
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As it can be seen, there are some cases when the use of the single enantiomer in drug therapy
is mandatory. Moreover, even in other cases, this choice may have many benefits compared
to the classical use of the racemic mixture. For these reasons, some drugs which were previ‐
ously used as racemic mixtures have been “rediscovered” and have been reintroduced in
pharmaceutical formulations as their single enantiomer form. This phenomenon is called chiral
switch, and one of the most recent examples is represented by dexlansoprazole, the eutomer
of lansoprazole, commercialized under the name of Dexilant® [2].

All these above-mentioned indicate clearly that the spatial conformation of an active molecule
is very important for its pharmacological activity and, moreover, for its possible toxicological
effects to the human body.

3. Heparin and related compounds

Heparin is a natural linear polysaccharide, which belongs to the class of glycosaminoglycans,
formed of glucosamine units alternating with glucuronic acid and iduronic acid units, bearing
N-sulphate, O-sulphate and N-acetyl groups. It acts as an anticoagulant by binding to
antithrombin III and changing its conformation, leading to its activation. It is biosynthesized
by enzymatic cleavage of the macromolecular heparin, a proteoglycan. Its composition can be
very heterogeneous, depending on the type of tissue where it is extracted from and of the
species. A very similar polysaccharidic structure is represented by heparan sulphate.

A specific pentasaccharide sequence (Figure 2), formed of glucuronic and iduronic sulphated
units, has been identified as the active site of heparin for antithrombin III [3].

Figure 2. Sequence of the specific pentasaccharide in heparin, which runs as active site for antithrombin III (As, D-
glucosamine-N-sulphate; G, α-D-glucuronic acid; As*, D-glucosamine-N-6-disulphate; Is, α-D-iduronic acid).

The conformational studies of the pentasaccharide sequence of heparin realized by 1H-RMN
and mechanical calculations [4] have shown that this sequence is formed of a rigid trisaccharide
and a more flexible disaccharide. The rigid trisaccharide is based on a glucuronic acid unit,
and it is supposed to be responsible for the direct bonding to the active site of antithrombin
III, while the flexible disaccharide is based on an iduronic acid unit, it can take several
conformations due to the iduronic acid flexibility, which can show different ring conforma‐
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tions, and the “choice” of a certain conformation can decide the bonding to other sites of the
antithrombin III molecule. NMR and molecular modelling studies have shown that the
iduronate residue in the pentasaccharide sequence can adopt several conformations of the
pyranose ring. Results have shown that the most stable conformations in terms of lowest
calculated energies are two chair conformations—1C4 and 4C1—and a twisted conformation,
so-called skew-boat conformation, noted 2S0, and in the heparin polymer, the iduronate unit
is found as a mixture of these three conformations. Studies have shown these conformations
are interconvertible [4–6] (Figure 3).

Figure 3. Structures of heparin determined by NMR studies, shown with the iduronic acid unit in the chair 1C4 confor‐
mation (left) and in the skew-boat 2S0 conformation (right). Reproduced from Mulloy and Forster [6] with permission
of Oxford University Press.

We can notice that the spatial conformation is very important in case of heparin starting even
from its mechanism of action. Jin et al. [7] have elucidated the mechanism of interaction
between the heparin-active pentasaccharide and antithrombin III. The mechanistic study
revealed that the antithrombin molecule suffers several conformation rearrangements which
allow the pentasaccharide to enter the active site. More specific, the α-helix rearranges allowing
the formation of hydrogen bonds with the sulphate groups in the pentasaccharide; the α-sheet
is closing, while residues in the active loop are partially expulsed, and the D-helix is extended
by one-and-a-half turns (Figure 4).
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Figure 4. Comparison between free antithrombin III conformation (left) and antithrombin-pentasaccharide complex
conformation (right). α-Sheet is closed (magenta), D-helix is extended (blue), and residues in active loop are expulsed
(black and green dots). Reproduced from Jin et al. [7] with permission of National Academy of Sciences of the USA.

Thus, the active site loop is partially inserted into the α-sheet, until the antithrombin molecule
forms the complex with the pentasaccharide of the heparin polymer. Consequently, the
antithrombin-pentasaccharide complex formation and activation model could be extended to
the whole heparin polymer. Moreover, by elaborating this model, the authors [7] have
demonstrated the importance of conformation changes which take place in antithrombin
molecule. A valuable example is the case of natural mutations of antithrombin, which lead to
thromboembolic syndrome. Any replacement of any amino acid in the active site of the
antithrombin molecule will lead to its inactivity by incapacity of conformation change, because
of incomplete or lack of binding sites to the pentasaccharide.

In addition to the conformational change of antithrombin, Verli and Guimarães [8] have
described the conformational change of the pentasaccharide, when forming the complex with
antithrombin, thus leading to an induced fit mechanism of reaction. A change in the dihedral
angles between the glucosamine and iduronic acid unit and, respectively, between glucosa‐
mine and glucuronic acid unit, from 20 to 30° was observed, even if the pentasaccharide was
in skew-boat 2S0 conformation or in chair 1C4 conformation. This gives a new perspective to
the mechanism of interaction between heparin and antithrombin, where the conformational
flexibility is important on both sides, the ligand and the substrate. Taking a deeper view into
the induced fit mechanism of interaction between heparin and antithrombin, it is worth
mentioning that there is a need of 7 up to 30 hydrogen bonds for the complex to get formed.
This information is essential for the drug development and design for new anticoagulant
structures, heparin-related [8]. For example, the highly sulphated saccharidic polymer of
heparin was replaced by a highly sulphated lignin, to obtain a new anticoagulant potential
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drug [9], with reduced bleeding side effects compared to the low-molecular-weight heparin
derivative, enoxaparin.

As the activation of antithrombin was understood as an interaction between certain oligosac‐
charides and the substrate, thus understanding that not the entire polymer of heparin partic‐
ipates in the activation of the antithrombin, other similar pentasaccharides or other
oligosaccharides with potential anticoagulant activity have also been synthesized. In the same
time, heparin was fractionated to lower-molecular-weight polymers, which were not as
heterogeneous in composition as the original heparin.

The chirality (asymmetry) of heparin has also been used in chiral separations, where heparin
has been utilized as a chiral selector. For example, Jin and Stalcup [10] have used heparin as
chiral additive to the background electrolyte in capillary electrophoresis (CE), for the separa‐
tion of several antihistaminic chiral drugs, such as pheniramine, chlorpheniramine, bromphe‐
niramine, carbinoxamine and doxylamine. The mechanism of enantioseparation was proposed
as being a combination between inclusion complex formation and electrostatic interaction.

4. Coumarinic anticoagulants (vitamin K antagonists)

Unlike heparin and related derivatives, coumarinic anticoagulants have relatively small
molecules, and their anticoagulant mechanism of action is totally different. They act by
inhibiting the epoxide reductase which is involved in the recovery of vitamin K, after its
oxidation.

Warfarin is the most prescribed coumarinic anticoagulant in the USA and UK. Besides
warfarin, in other European countries, acenocoumarol and phenprocoumon are used as
vitamin K antagonists (Figure 5). In all three cases, they present chiral structures as they contain
a chiral carbon atom in their molecule, leading to the existence of two enantiomers in each
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In all three cases, there is a difference in the anticoagulant activity between the two enantiomers
of the substance. In case of warfarin and phenprocoumon, their (S)-(−)-enantiomers are two
up to five times more active than their optical isomers, (R)-(+)-phenprocoumon, and (R)-(+)-
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warfarin, respectively. In case of acenocoumarol, the (R)-(+)-antipode is around five times more
active than the (S)-(−)-enantiomer [11].

It is worth mentioning that the difference of only one nitro group between warfarin and
acenocoumarol structures leads to the reversal of potency of anticoagulant activity between
the two enantiomers; in consequence, (R)-(+)-warfarin and (S)-(−)-acenocoumarol are the more
potent ones.

This difference of anticoagulant activity between the enantiomers of coumarinic anticoagu‐
lants comes from two directions. Firstly, there are the genetic determinants, and secondly, the
different metabolic pathways can explain these differences.

To understand the two types of differences, one should understand the mechanism of action
of these anticoagulants. Briefly, they act by interfering in vitamin K-dependent reactions in the
organism [11]. Vitamin K, also known as coagulation vitamin or anti-haemorrhagic vitamin,
is required for the liver synthesis of some coagulation factors (II, VII, IX and X), protein C and
protein S. On the one hand, the above-mentioned molecules become active in γ-carboxylation
reaction vitamin K-dependent. Inactive proteins cannot pass through the coagulation cascade.
On the other hand, during these reactions, vitamin K suffers an oxidation to a 2,3-epoxide form,
which is inactive. The vitamin K 2,3-epoxide reductase (VKOR) is the enzyme which brings
vitamin K to its initial active form.

The coumarinic anticoagulants act by inhibiting the 2,3-epoxide reductase. Consequently,
vitamin K remains inactive, and so factors II, VII, IX and X remain inactive, and the coagulation
cascade is stopped.

Several studies [12–15] reveal that the main genetic polymorphisms responsible for the inter-
patient variability are for the VKOR enzyme, under its different VKORC1 haplotypes and the
cytochrome P450 2C9 isoenzyme (CYP2C9), involved in the metabolism of these coumarinic
anticoagulants. However, a more recent study [16] has proven the significant relationship
between VKORC1 genotypes and differences in pharmacodynamics of warfarin enantiomers.
The authors have shown that patients with TT genotype of VKORC1 are more sensitive to (S)-
warfarin and relatively more sensitive to (R)-warfarin. They have proven a clear anticoagulant
contribution of (R)-(+)-warfarin to the racemic mixture, even if the (S)-warfarin is the more
potent one. However, when administering the racemic in polytherapy, drug-drug interactions
may also occur because of (R)-warfarin; likewise, when administering an inhibitor of (R)-
warfarin, such as cimetidine, an increase in the anticoagulant effect is likely to appear. As these
interactions do not appear in all populations, it is likely to notice a relationship between (R)-
warfarin contribution to drug-drug interactions and the VKORC1 genotype [16].

The genotypes of the CYP2C9 isoenzyme are closely related to the anticoagulant activity of
these three molecules and their enantiomers. As this isoenzyme of CYP450 is the main route
of metabolism for all three drugs, there is a very close relationship between the pharmacoge‐
netics, pharmacokinetics and in the end pharmacodynamics of the molecule. Thijssen and
Ritzen [17] have proven the influence of CYP2C9 polymorphism on the different pharmaco‐
kinetics of the two enantiomers of acenocoumarol. The study results revealed that the plasma
concentrations of (S)-acenocoumarol at 7 hours after administration of racemic were higher
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for patients who presented the CYP2C9*2 or CYP2C9*3 alleles, compared to the control group
of CYP2C9*1/*1. In contrast, for (R)-acenocoumarol, it was not observed any significant
influence of the CYP2C9 polymorphism over its plasma concentration, when determined at 7
hours or at 24 hours after administration. For (S)-acenocoumarol, the plasma concentration at
24 hours was not detectable (see Table 1). These results show the importance of optical
conformation of a drug in vivo. In addition to all these data, in some cases, the presence of
other CYP2C9 alleles, such as *4, *5 or *6, should be taken in consideration [17]. In case of
warfarin and phenprocoumon, there is not such a distinct difference of clearance between the
two enantiomers, as can be seen in Figure 6.

Genotype (S)-acenocoumarol (ng/mL) (R)-acenocoumarol (ng/mL)

4 hours after
intake

7 hours after
intake

4 hours after
intake

7 hours after
intake

24 hours after
intake

*1/*1 (n = 9) 34.9 ± 18.1 5.1 ± 4.2 219 ± 48 146 ± 21 34.5 ± 5.3

*1/*2 (n = 7) 26.3 ± 12.5 9.9 ± 4.9 199 ± 40 135 ± 31 31.7 ± 5.9

*1/*3 (n = 6) 47.7 ± 18.7 14.6 ± 6.6 226 ± 31 151 ± 35 30.7 ± 16.9

*2/*3 (n = 3) 33.2 ± 8.0 16.6 ± 5.0 163 ± 27 136 ± 36 33.9 ± 0.6

*2/*2 (n = 1) 59.6 25.8 180 167 ND

ND, not determined; n, number of patients. Reproduced from Thijssen and Ritzen [17] with permission of John Wiley
and Sons, Inc.

Table 1. Plasma (R)- and (S)-acenocoumarol concentrations after oral intake of 8 mg racemic acenocoumarol: effect of
CYP2C9 polymorphism.

Figure 6. Intrinsic clearances of (a) (S)-acenocoumarol and (R)-acenocoumarol, (b) (S)-warfarin and (R)-warfarin and
(c) (S)-phenprocoumon and (R)-phenprocoumon, as calculated from Thijssen et al. [18, 19] and Ufer et al. [20].

As could be seen, the genetic polymorphism leads to a difference in pharmacokinetics of the
two enantiomers. In case of acenocoumarol, as it can be seen in Table 1, the half-life of (S)-
enantiomer is much shorter than of the (R)-enantiomer. In case of CYP2C9*1/*3, the half-life
of (S)-acenocoumarol may be even doubled, up to 4 hours, which may lead to an increase in
anticoagulant activity. However, even if (S)-acenocoumarol is one of the most potent
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anticoagulants in the 4-hydroxycoumarin class [18], its half-life seems to be too short for the
(S)-acenocoumarol to interfere in the vitamin K-dependent reactions and to stop the coagu‐
lation cascade. Consequently, we can say that generally the effect of the racemic mixture is
given by the (R)-acenocoumarol.

Another difference of pharmacokinetics between the two acenocoumarol enantiomers is given
by the isoenzymes responsible for their metabolism. While CYP2C9 [18] seems to be the main
enzyme to transform (S)-acenocoumarol to its 6- and 7-hydroxy-metabolites, in case of (R)-
acenocoumarol, there are several enzymes involved in this process, which can explain the
difference in their resulting in vivo half-life. (R)-acenocoumarol is 7-hydroxylated by CYP2C9,
but the 6-hydroxylation is mediated, partially by other CYP450 isoenzymes, such as CYP1A2
and CYP2C19. For these enzymes, other drug-drug interactions in polytherapy cases should
be predicted.

Phenprocoumon [12] seems to be less affected by CYP2C9, but its metabolism is realized
mainly by CYP3A4. Moreover, a significant quantity of this anticoagulant is eliminated under
untransformed form, while acenocoumarol and warfarin are almost totally metabolized
through hydroxylation. CYP4F2 and CYP2C18 have also been mentioned to participate in the
metabolism of coumarinic anticoagulants. Genetic polymorphism should be taken in consid‐
eration in this case, too. At the same time, different genetic variants of enzymes involved in
the chain of reactions on which the anticoagulant mechanism of these molecules is based
should be considered. For example, the different genotypes of epoxide-hydrolase (EPHX1) and
γ-glutamyl carboxylase (GGCX) can lead to different anticoagulant potencies [20–22].

Taking all these in consideration, it remains one question: is it worth to introduce the single
enantiomer use in therapy for these drugs? The answer is that in all cases, it should at least be
reflected about. The different routes of metabolism for the two pair-enantiomers, influenced
partially by pharmacogenetic factors as seen, give them not only different half-lives but also
different anticoagulant potencies. In addition to these, one should consider that in most cases,
these drugs come in polytherapy, exposing the patient to many drug-drug interactions. When
eliminating one of the two enantiomers, at least some of these metabolic pathways which lead
to drug-drug interactions can be eliminated. In this case, also food-drug interactions should
be considered, which can be partially eliminated, and by reducing the dose, the toxicity and
probably some of the adverse effects should decrease. So, as in other drug cases (e.g. omepra‐
zole and lansoprazole), a chiral switch may be considered for these coumarinic anticoagulants.
However, in case of acenocoumarol, even if the most anticoagulant active enantiomer seems
to be (S)-acenocoumarol, its short half-life makes it almost unusable, while the other enan‐
tiomer, (R)-acenocoumarol, which could be kept, presents many metabolic pathways which
anyways could not be avoided. In this case, other factors, such as economic elements, may be
considered, when having a chiral separation or chiral synthesis for the single enantiomer use.

There have been numerous chiral separation methods developed for the separation of these
three chiral drugs. These separations can be realized by high-performance liquid chromatog‐
raphy (HPLC), coupled with UV [23, 24] or mass spectrometer (MS) [25] detectors or by
capillary electrophoresis (CE) [26, 27]. However, in case of drug control analysis or chiral purity
analysis, there is not necessarily the need to effectively separate the two enantiomers but to
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know the enantiomeric ratio. For this purpose, p-tert-butylcalix[6]arene derivative has been
used as chiral selector for the chiral enantiorecognition of warfarin [28] in a UV-spectral study
coupled with the multivariate analysis of the spectral data. The results showed a good capacity
of enantiorecognition of the achiral molecule of calixarene towards the enantiomers of
warfarin, being able to determine the ratio of one enantiomer when this was in a proportion
of up to 5 % in the mixture. The impact of this study relies not only in the determination of the
enantiomeric ratio but in the fact that with the aid of multivariate analysis, which can interpret
seemingly messy and complicated data, the different behaviour of enantiomers can be
discovered even in achiral media, as achiral structures were used as chiral selectors.

5. Direct Xa factor and thrombin inhibitors

As this type of anticoagulants represents recently discovered molecules, their chirality has
been already explored in the preclinical phase studies, as regulators in the field (Food and
Drug Administration) demand it. To highlight once again the importance of chirality in
medical and pharmacological field, it is worth mentioning that among these substances, all
which are chiral, are used under their single enantiomer form (Figure 7).

Figure 7. Molecular structures of some direct Xa factor inhibitors: (a) rivaroxaban and (b) R1663, with indication of
chiral centre(s).

For example, the (S)-enantiomer of rivaroxaban is used in therapy, as it has a 10,000 times
higher affinity towards the active site of Xa factor compared to its pair enantiomer or its
diastereomers [29]. In contrast, the (R,R)-enantiomer of otamixaban is preferred as anticoagu‐
lant agent [30] as it fits better into the active site of Xa factor. In a similar way, the (R,R)-
enantiomer of a novel molecule, (3R,4R)-1-(2,2-difluoro-ethyl)-pyrrolidine-3,4-dicarboxylic
acid 3-[(5-chloro-pyridin-2-yl)-amide] 4-{[2-fluoro-4-(2-oxo-2H-pyridin-1-yl)-phenyl]-amide},
named R1663, has already passed phase 1 clinical study for its introduction on the drug market
[31]. Edoxaban is another inhibitor of Xa factor used as the single enantiomer in therapy, while
it has three asymmetrical carbon atoms in its molecule.
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All these differences in spatial conformation actually exhibit a higher anticoagulant potency
or activity by a better interaction with the active site of the target substrate. The interaction
with the Xa factor must be seen like a “hand-glove” acceptance, where only one “hand” is most
suitable for the “glove”.

In a similar way, in case of chiral molecules used in therapy as thrombin inhibitors, one should
expect to see a difference in affinity towards the substrate, with a higher anticoagulant activity
of one enantiomer compared to the other one. Thus, the thrombin inhibitor argatroban
(Figure 8) is used in its single enantiomer form as (R,R)-enantiomer [32].

Figure 8. Molecular chiral structure of argatroban, with indication of all chiral centres (C*).

6. Proteic anticoagulants

Proteins, by their nature of macromolecules, are very dependent on their spatial conformation.
All natural proteins and polypeptides are formed of natural L-amino acids. The spatial
conformation of proteins is crucial for their activity as enzymes, drug receptors, etc.

Thrombin and antithrombin, as it could be seen previously, are two proteins involved in the
cascade of coagulation. There are several polypeptidic and proteic anticoagulants used in
therapy, which generally target these two molecules. It is worth mentioning the first intro‐
duction in therapy, in 2009, of recombinant human antithrombin-α obtained from transgenic
goats’ milk [33].

Another protein that has given very good results as anticoagulant in deep vein thrombosis is
batroxobin, a toxin extracted from Bothrops atrox and Bothrops moojeni venom [34]. Results
showed successful limb salvage for all patients taken in study after they were administered
batroxobin, due to anticoagulant and fibrinolytic mechanism of this molecule.

Hirudin is an antithrombin-like protein which possesses anticoagulant effects. It is a smaller
proteic molecule which binds to thrombin into its active site. Mengwasser et al. [35] have
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studied the hirudin-thrombin complex, in terms of stability, affinity one to each other and
conformation. Results showed a higher affinity of hirudin towards the fast (F) allosteric form
of thrombin, compared to the slow (S) form. There are common residues responsible for both
complex formations, but there are seven residues which are responsible for the more than 10
times higher affinity of hirudin towards the F form of thrombin. The residues Asp221 and
Asp222 do not interact directly with hirudin, the effect being probably a stabilization of the S
form by Na+ binding. The same effect could be for Gly-193. The other four residues—Lys36,
Leu65, Thr74 and Arg75—do interact directly with hirudin. The preference towards the F form
stays probably due to the different spatial orientation of these residues, leading to a better
“match” with hirudin in the F form (Figure 9).

Figure 9. Model of binding of hirudin (marine sticks) to the F (red) and S (green) forms of thrombin. The higher affinity
of hirudin towards F thrombin is indicated through the seven residues. The important residue Lys224, which makes an
important contribution to hirudin binding, is spotted in yellow. Reproduced from Mengwasser et al. [35] with permis‐
sion of the American Society for Biochemistry and Molecular Biology.

7. Concluding remarks

Taking all the above-mentioned in consideration, one can say that stereochemistry and the
spatial conformations play a key role in the life of a drug molecule, in general, and of an
anticoagulant, in special, in terms of pharmacogenetics, pharmacokinetics, pharmacotoxicol‐
ogy and/or pharmacodynamics. When talking about macromolecules, we cannot separate
them from their spatial conformation, which is an essential factor which influences their
activity. In case of small molecules, the existence of one or more pairs of enantiomers gives
them the possibility to act differently with the chiral receptors of the organism, with possible
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different effects to be observed. As already seen, these reactions depend also on the flexibility
of both the target molecule and the receptor macromolecule, but they usually take place
following a “hand-glove” model. Stereochemistry of anticoagulants is important in all aspects
and should be considered before establishing a treatment plan.
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Abstract

Vitamin K antagonists (VKA) are used in human medicine as well as for the manage‐
ment  of  rodent  populations.  In  both  cases,  we  have  to  deal  with  inter-individual
resistances.  Many mechanisms of resistances are common in humans and rodents.
Moreover,  with  the  large  use  of  vitamin  K  antagonist  rodenticides,  the  resistant
phenotype  is  overrepresented  in  some  rodent  populations.  Consequently,  some
resistance mechanisms with a low prevalence in the human population have a higher
prevalence in rodent population; thus, they can be more studied in rodents. The aim of
this chapter is to cross knowledge coming from human medicine and rodent research
in order to better understand each resistance mechanism. After an overview of the
essential knowledge for the understanding of the VKA action, this chapter presents the
different  methods  of  VKA  resistance  studying  and  then  it  assesses  the  current
knowledge on VKA resistance in humans and rodents.

Keywords: vitamin K antagonists, warfarin, comparative biology, pharmacogenomics

1. Introduction

Vitamin K antagonists  (VKA) are  inhibitors  of  the regeneration cycle  of  vitamin K.  The
diminution of the available and usable vitamin K in the body induced by VKA leads indirectly
to a hypocoagulable status of the blood. The use of VKA in humans and rodents pursues this
status. Nevertheless, the final aim is different for each. In the human case, VKA anticoagu‐
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lants are used to prevent venous and arterial thrombotic event. In spite of the increasing use
of  new oral  anticoagulants,  VKA and,  more precisely,  warfarin are  the most  commonly
prescribed  anticoagulants  [1].  Considering  rodents,  VKA  are  used  in  pest  population
management. In this case, death resulting from hemorrhages is pursued. VKA are currently
the most used and one of the best rodenticides for two reasons. First, the delay between VKA
administration and death is of several days, which avoids association between bait and death
by the other rodents. Second, conversely to other rodenticides, VKA have an antidote: the
vitamin K, which increases their safety for the human population and nontarget species.

In humans, VKA anticoagulants have a narrow therapeutic range [2]. Under- and overdoses
can have serious consequences by the lack of efficacy or adverse event. Warfarin has been
ranked number 9 among primary suspect drugs having serious outcomes in the United States
during the beginning of the 2000’s decade [3]. Indeed, the VKA dose has to be modulated,
reflecting the genotype of patients more than other common drugs. Thus, it is necessary to
identify and characterize each gene and mutation which may influence the VKA dose. In this
task, the VKA research on pest management can be helpful. Indeed, management of rodent
population has to deal with VKA resistances as well as in human medicine. Many mechanisms
of resistances are common in humans and rodents. Moreover, with the large use of vitamin K
antagonist rodenticides, the resistant phenotype is over-represented in some rodent popula‐
tions. Consequently, some resistance mechanisms with a low prevalence in the human
population have a higher prevalence in rodent population; thus, they can be more studied in
rodents.

After a rapid presentation of the basis of vitamin K and VKA mechanisms, this chapter presents
the different methods to assess VKA resistance mechanisms. Then, an assessment of the VKA-
resistant pathways described in humans and in different rodent species is performed.

2. Basis of vitamin K metabolism

2.1. Vitamin K

The name “vitamin K” gathers a great number of molecules. All vitamin K are based on a
naphthoquinone core and are sorted in three classes, numbered from 1 to 3. The substitution
on the carbon 3 of the core determinates the class of the vitamin K. Vitamin K1 is composed
of only one molecule, the phylloquinone, where the carbon 3 is substituted by a phytyl moiety.
It was the first vitamin K described in 1935 by Dam [4], and chemically identified and synthe‐
sized by Doisy [5]. Vitamin K2 regroups the menaquinones. The substitute is a chain of prenyl,
and the number of prenyls is indicated in the name. For example, the menaquinone 4 side chain
is composed of 4 prenyl. Finally, vitamin K3 or menadione is only constituted by the naph‐
thoquinone core (Figure 1).

Phylloquinone is synthesized by plants [6]. Menaquinones are synthesized from phylloqui‐
none. The number of prenyls of the synthesized menaquinone depends on the bacteria, fungi,
and animals which synthesize them. Mammals are only able to synthesize menaquinone 4 with
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the help of the UBIAD1 gene [7, 8]. Consequently, other menaquinone forms come mainly from
fermented alimentation or gut microbial synthesis [9, 10].

Figure 1. Examples of vitamin K: (A) menadione; (B) phylloquinone; (C) menaquinone 4; (D) menaquinone 7.

As many other fat-soluble vitamins, vitamin K’s absorption increases with fatty intake [11].
The absorption of vitamin K occurs in the gut, nevertheless its mechanism has been unclear
during many years [12]. Recently, a study suggested that the cholesterol transporter, the
Niemann-Pick C1-like 1 protein, would be responsible for the vitamin K’s absorption [13].

2.2. Vitamin K roles

The name of the vitamin K comes from the German word “koagulation.” Indeed, when vitamin
K was discovered, its deficiency involved bleeding [4]. Nevertheless, it is only in the 1970s that
we began to understand the vitamin K’s mechanism of action. Vitamin K is a cofactor of a post-
transcriptional gamma-carboxylation which activates vitamin-K dependent proteins (VKDP)
[14]. Four clotting factors of the coagulation cascade are the VKDPs, factors II, VII, IX, and X,
which explain the bleeding issues observed in case of deficiency. Proteins C, S, and Z are also
VKDPs involved in coagulation, but they have an antithrombotic effect. Nevertheless, the main
effect of VKA is anticoagulation, even though the rapid decrease of these antithrombotic
molecules can lead to a transient hypercoagulable state at the beginning or at the end of
treatment with possible adverse events [15, 16].
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The second great role of vitamin K is bone regulation with two VKDPs: osteocalcin and matrix
GLA protein [17, 18]. This last protein is also involved in the protection against tissue calcifi‐
cation [19]. Vitamin K is involved in many other biological functions which are reviewed in
Refs. [20, 21].

2.3. Vitamin K regeneration cycle

2.3.1. Vitamin K cycle

In spite of the low vitamin K level in food, vitamin K deficiency is rare [22]. Indeed, vitamin
K is recycled by cells. The cycle is composed of two great steps: the use of vitamin K hydro‐
quinone by the GGCX enzyme to activate VKDPs and the regeneration of the vitamin K
hydroquinone from the epoxide form by VKORC1 (Figure 2).

Figure 2. Vitamin K regeneration cycle.

In order to chelate calcium and to be active, the glutamate residues (Glu) of VKDPs have to be
carboxylated to carboxyglutamic acid (Gla). This reaction is mediated by gamma-glutamyl
carboxylase (GGCX). GGCX recognizes the VKDPs with the the help of their propeptide [23,
24]. Then, GGCX removes the gamma-hydrogen of Glu residues and adds CO2; the oxidation
of vitamin K hydroquinone (KH2) to vitamin K epoxide (K > 0) provides the required energy
[25]. This reaction is performed in the endoplasmic reticulum [26].

2.3.2. VKORC1 structure

The VKORC1 gene was located in 1969 on the chromosome 1 of rat by discovering a link
between the coat color heritage and the resistance to warfarin [27]. Then it was located on the
chromosome 7 of mice in 1976 [28] and on the human chromosome 16 in 2002 [29]. The first
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characterization of the VKORC1 activity was performed in 1974; nevertheless, at this time the
responsible protein of this activity was unknown [30]. The identification of the VKORC1 coding
gene has only been performed in 2004 by two teams: one used short interference RNA
functional screening [31] and the other used interspecies genetic linkage analysis [32]. Once
identified and sequenced, the VKORC1’s structure and function study begun.

A complete review of the current knowledge on the VKORC1 structure has been recently done
[33]. VKORC1 is a membrane protein of the endoplasmic reticulum. The activity of VKORC1
seems to be due to CXXC patterns. VKORC1 presents two CXXC patterns, with cysteines
positioned at Cys43, Cys51, Cys132, and Cys135 in human VKORC1. These cysteines are
widely conserved through species, which might indicate that they have a key role in VKOR
activity [34]. Cys132 and Cys135 are located in a transmembrane domain. They seem to be
essential for the VKORC1 activity and might lead the nucleophilic attack supposed by a
biochemical model of the VKOR reaction [34, 35]. Mutation of one of them to serine abolishes
the enzymatic VKOR activity [36]. To reduce vitamin K, VKORC1 needs to be itself reduced
by aphysiological partner. This partner and its mechanism of action are currently unknown.
Schulman et al. proposed that the partner might reduce the loop cysteines (Cys43 and Cys51).
Then the loop cysteines would transfer the reducing power to Cys132 and Cys135 of the active
site [37]. However, other studies have reported that the mutation of one of these cysteines to
serine has no consequence on the VKORC1 activity [38–40]. Moreover, the conformation of
VKORC1 is still under debate between a topology with three transmembrane domains or four
[41]. This last point is determining for the comprehension of the possible role of the loop
cysteines. Indeed, they are either in the cytosol for the three transmembrane model or in the
endoplasmic reticulum’s lumen for the other model.

VKORC1 presents a strong homology between rodents and humans, allowing to compare the
mutation between them. Mammals and bacterial VKORs are homologs, but their conformation
and reaction seem different [42].

Mammals have another enzyme able to reduce the vitamin K epoxide, the VKORC1L1. It is
mainly expressed in the extrahepatic tissues [43–45] and has a great similarity with VKORC1
[46]. Its inhibition by VKA is lower than its homolog [43]. Nevertheless, due to its low hepatic
expression, its influence on the anticoagulant resistance is negligible. However, it might
explain that the other vitamin K functions are not significantly impacted by VKA treatments.

2.4. Vitamin K antagonists

First VKA has been discovered in 1941 and then isolated in spoiled sweet clover by Hueber
and Link [47]. Sweet clover (Melilotus officinalis) contains coumarin. In a poorly preserved silage
or hay, this coumarin can be changed to dicoumarol by Penicillium species commonly present
in soil [48, 49]. The dicoumarol contained in spoiled forage causes a hemorrhagic condition
called sweet clover disease. Some years after this discovery, Coumadin, a synthetic VKA also
called warfarin, was synthesized [50]. This last molecule is still the most commonly prescribed
anticoagulant. Concerning rodents, many new VKA have been developed to reply to resistance
emergence.
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Three VKA families are used: the 4-hydroxycoumarin derivatives, the 4-hydroxy-thiocoumar‐
in derivatives, and the indane-1,3-dione derivatives (Figure 3). All derivatives are used against
rodents. Conversely, in human medicine, only the 4-hydroxycoumarin derivatives (for
instance, warfarin) and the indane-1,3-dione derivatives (for instance, fluindione) are used.
Moreover, in order to deal with rodent resistances, second generation of 4-hydroxycoumarin
derivatives and of 4-hydroxy-thiocoumarin derivatives have been designed with complex
radicals (Figure 3C and D).

Figure 3. Examples of some VKA: (A) warfarin; (B) fluindione; (C) difethialone; (D) brodifacoum.

2.4.1. Mechanism of VKA action

Vitamin K antagonists stop the vitamin K recycling by performing noncompetitive inhibition
of the VKORC1 enzyme [51, 52]. Nevertheless, the binding of VKA with VKORC1 enzyme is
still a gray area. The reversibility of the binding is presently unknown [52–54], as well as the
binding site. First, the binding site has been located at the level of the TYA motif (residues 138–
140 in human VKORC1) close to the CXXC active site. Indeed, the mutation of the 139 tyrosine
of this motif is associated with warfarin resistance in humans and rodents [55, 56], and by
analogy the dicoumarol’s binding site on NQO1 is also a TYA motif [57]. However, these
mutations are moderately susceptible to second generation VKAs in rats [55, 58], which can
suggest that other amino acids might be involved in this binding. Recently, Czogalla et al. have
proposed a model involving three binding interfaces between warfarin and human VKORC1
[59].

2.4.2. VKA elimination pathway

The VKA treatments are established on the long term. Consequently, their elimination is a key
factor which determines their liver concentration and finally their efficiency. The elimination
pathway seems to depend on the molecule and on its enantiomeric form. Indeed, enantiomers
of warfarin are eliminated differently. The (S)-enantiomer is metabolized exclusively by the
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hepatic cytochrome P450 isoform 2C9 (CYP2C9), while (R)-enantiomer is metabolized by
isoforms CYP1A2, CYP2C19, CYP3A, and hepatic ketoreductase [60, 61]. Although the (R)-
enantiomer has a longer half-life, it is less efficient, and the modulation of its elimination has
no significant impact on the coagulation [62–64]. However, the activity of CYP2C9 is critical
in the determination of the warfarin dose. Indeed, CYP2C9 activity is influenced by many drug
interactions [65–68], and polymorphism of CYP2C9 can also modulate the sensitivity to
warfarin.

3. Assess the resistances

Since the discovery of rats that are resistant to warfarin in 1960 by Boyle [69], the assessment
and the study of resistance mechanisms have become a key issue for the rodent population
management and in human medicine. Many methods have been developed to study these
resistance mechanisms. Their purpose is to isolate the possible origins of the resistance in a
standardized model and to evaluate if the induced resistance factor is of the same order as that
one observed in vivo. The resistance factor is the factor by which the dose or concentration of
VKA required for a susceptible population must be multiplied to achieve the same effect within
a resistant population. We present below the main methods, and for each we pinpoint its
advantages and limits.

3.1. In vivo animal studies

In vivo studies were commonly used in rodent VKA research in order to evaluate the efficiency
of an anticoagulant or the consequences of VKORC1 mutations. The first resistance case in
rodents was assessed by Boyle. He fed suspected resistant with containing VKA food and
control rats during 5 days. Then, the death rate between the two groups was compared [69].
This kind of survival challenge is efficient to qualify a resistance state and remains the gold
standard to test commercial rodenticides. Nevertheless, these tests are long and have many
shortcomings concerning animal welfare and the repeatability. Moreover, it is difficult with
this test to compare two VKAs and to assess the dose–response law.

Later, new methods based on blood clotting test have been developed [70–72]. They were
standardized by the Rodenticide Resistance Action Committee in order to obtain a discrimi‐
nating dose for each VKA [73]. These doses of anticoagulants, called effective doses 50 (ED50),
were determined to quantify the susceptibility of rats to anticoagulants. ED50 is the dose
leading to 50% of animals tested with a fivefold increase of the international normalized ratio
24 h after the administration of anticoagulants. This technique is more precise and rapid.
Nevertheless, this method gives few information on the mechanism of resistance.

The origins of resistances in wild strain can be multifactorial. For example, they can involve
VKORC1-linked resistance and cytochrome-linked resistance. It is possible to refine in vivo
methods by introgressing the studied wild mutation in laboratory stain. With this method, it
is possible to isolate the resistant mutation in a susceptible genetic background [55].
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If the animal in vivo studies are still the gold standard to the understanding of the complex
effect of VKAs and of resistant mutations, they are expensive and laborious in the preparation
and care of the strain and in the realization of experiments. Moreover, it may be interesting to
study more precisely each mechanism by in vitro methods [74].

3.2. In vitro enzymatic study

The VKOR activity can be reproduced in vitro. These methods are based on the kinetics of
vitamin K quinone production by an enzyme system from vitamin K > O. To perform this
reaction, the substrate (vitamin K > O) is beforehand synthesized according to the method
described by Tishler et al. [75]. The evaluated enzyme can come from animal tissues or
heterologous expression culture (cell, bacteria, yeast, etc.). Finally, dithiothreitol (DTT) is
commonly used to transfer the reduction power to the enzyme. The studied VKOR-specific
activity and the Michaelis constant are calculated [76]. It is also possible to add VKA to study
its inhibition efficiency. In this case, an inhibition constant can be obtained for each couple of
enzymatic system and VKA. Methods to perform these experiments are described in Refs. [43,
58, 76].

This simple experiment pattern allows us to assess the efficiency of large origins of enzymatic
system. As the VKOR proteins are located in the membrane of the endoplasmic reticulum, they
are present in the microsomal fraction of tissues. The commonly used microsomal preparation
methods are described in Ref. [76]. Microsomes are prepared from other cell components by
differential centrifugation. Microsomal enzymatic activity evaluates the enzymatic efficiency
of whole microsomal VKOR activity and not only of the VKORC1 enzyme activity. Indeed,
Hammed et al. have pinpointed that a modeling with two enzymes (VKORC1L1 and VKORC1)
is necessary to explain the inhibition of the testis microsomal activity by warfarin [43].
Moreover, as for in vivo experiment, the strains with interesting mutations have to be selected
and preserved.

To isolate the activity of one enzyme or to perform enzymatic activity with human-like enzyme
or mutated enzyme, it is possible to perform a heterologous expression in yeast (Pichia
pastoris) of VKOR enzymes and then extract the yeast’s microsomes. The method is described
in Ref. [58]. Yeast has neither endogenous VKORC1 nor VKORC1L1. Thus, this method allows
the study of the influence of VKORC1 and/or VKORC1L1 mutation on their respective specific
activities and VKA resistance without interaction. The yeast model has been validated for some
mutations as Y139F for which the resistance rate of rat’s liver microsomes is the same as that
of yeast microsomes. Moreover, it is also possible to test some hypothetic mutations. The yeast
expression method is more focused on the enzyme activity than tissue microsomes and opens
many experimental opportunities. However, the studied activity is still the microsome activity.
With the previous methods, enzymes are in their microsomal environment. In order to study
more precisely VKORC1-linked resistances, it would be interesting to purify VKORC1.

The purification of VKORC1 was for many years a big business [77, 78]. Indeed, this enzyme
loses its activity during the solubilization. It was only in 2006 than Chu et al. have purified the
recombinant human VKORC1 produced from a baculovirus in insect cells which was still
active after purification [79]. In this experiment, microsomes were washed from non-VKORC1
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proteins. The artificial membrane inclusion of VKORC1 after heterologous expression in
Escherichia coli, its extraction, and its purification have recently been described [80]. Briefly, the
hVKORC1 gene has been expressed in E. coli BL21(DE3) in a KSI–hVKORC1–His6 construct
[81]. The ketosteroid isomerase (KSI) part promotes the expression of the protein in insoluble
inclusion bodies. KSI part was linked with hVKORC1 by a formic acid cleavage site. Finally,
the construct was hexahistidine-tagged. After the expression, proteins were preserved under
denaturing conditions and purified with a HisTrap Ni-NTA column. Then the KSI part is
removed with formic acid. The refolding of hVKORC1 was performed with pulsated renatu‐
ration and “artificial chaperone.” Then the proteins were incorporated in a lipid layer to form
a liposome. Jaeneke reported that the obtained hVKORC1 liposome had only 10% of the
specific activity of the enzyme obtained with HEK293 cell [80]. These new purification methods
are not currently used in the resistance study and need improvement. Nevertheless, they open
the way for a better understanding of the VKORC1 topology and the influence of mutations
on VKOR activity.

The enzymology studies are the basis of our current understanding of VKORC1 mutations and
interaction with VKA. It is currently the technique with the best reproducibility and more
reliability. Nevertheless, some issues are still pending with these methods. The major issue
comes from the DTT which gives the reducing power to VKORC1 in experiments. DTT is a
powerful reductor which might bypass some dysfunctional mechanisms of mutated enzyme
by directly activating the active site [37]. Moreover, high concentration of DTT (>1 mM) add a
background level. To limit it, Krettler et al. proposed the use of tris(3-hydroxypropyl)phos‐
phine instead of DTT [82]. Nevertheless, there is not enough knowledge currently on this new
methods and its VKORC1 interaction to change the method. Moreover, tris(3-hydroxyprop‐
yl)phosphine is less efficient in VKORC1 enzyme reduction than DTT at usual concentration.

Another issue might be that these methods study only the impact of VKA and resistant
VKORC1 enzyme on the vitamin K regeneration cycle and not on the vitamin K-dependent
protein gamma carboxylation. The required lipid environment and detergents are different for
the activity between GGCX and VKORC1. Thus, it is currently difficult to study the interaction
between both enzymes in an in vitro enzymatic assay [83]. These discrepancies imply that
enzymology results have to be analyzed in view of the in vivo results.

3.3. In vitro cell study

In order to evaluate the complete reaction from vitamin K reduction to gamma-carboxylation
and to solve some enzymatic study issues, the functional study of the vitamin K cycle in
mammalian cells has been recently developed by Tie et al. [83], which was then adapted by
other teams [84, 85]. In these studies, the production of a complete carboxylated protein by cell
culture was assessed. The cells were HEK 293 cells transfected with the studied VKORC1 gene
and a VKDP. Then, cells were cultured in an environment containing vitamin K epoxide and
the studied VKA. All methods have followed the gamma-carboxylation of factor IX gla domain
by its monoclonal antibodies recognition [86] or by measuring its activity (only for complete
factor IX). Three different vitamin K-dependent proteins have been used: the simple factor IX
protein (FIX) [59, 84, 87]; the chimeric protein FactIXGLA, which was protein C with its gla
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domain replaced by the factor IX gla domain [40, 83]; the chimeric protein FIXgla-PRGP2, as
previously the gla domain of the proline-rich gla protein was replaced by FIXgla domain [85].
Concerning the method using FIX [84, 87], the gamma-carboxylation was assessed by meas‐
uring the clotting activity of the concentrated culture medium mixed with factor IX-depleted
plasma. For the FIXgla-PC method [40, 83], quantification is performed on the culture medium
by an enzyme-linked immunosorbent assay (ELISA) with anti-FIXgla domain antibodies as
coating antibodies. Although Jamil also used a chimeric protein transformed with a FIXgla
domain for its quantification, in this case, it was the membrane protein, the proline-rich Gla
protein 2, which was used. With this modification, carboxylated protein gla domains were
presented at the surface of the cell, then recognized by monoclonal antibody conjugated to
allophycocyanin and quantified by flow cytometer [85].

This new method is not standardized yet, and there is still a gray area in the interpretation of
the obtained results. Indeed, some discrepancies exist between enzymatic assay and cell assay
results [84, 88] and even between cell assay results [40, 59]. The origin of these discrepancies
might be the interference of the cell’s endogenous enzymes, in particular VKORC1L1, which
is naturally more resistant than the wild VKORC1 enzyme [43]. In this way, standard cell assays
have showed that all tested mutations were resistant [59, 84]. Tie et al. have dealt with this by
knocking out endogenous VKORC1 and VKORC1L1 genes, using the transcription activator-
like effector nuclease technology [40]. Thus, Tie et al. have confirmed the interaction of the
endogenous enzyme in the cell assay, and they have showed that some mutations previously
classed as resistant by Czogalla et al. [59] are in fact not resistant [40].

The second issue for the interpretation of cell assay is the lack of knowledge and control on it.
This kind of assay is more complex than simple enzymatic activity; it involves many mecha‐
nisms that are currently uncontrolled or unknown: the level of the recombinant VKORC1
enzymes and the recombinant VKDP; the quantity and the efficiency of the physiological
partner of VKOR enzymes, which are still unknown; the level of the endogenous GGCX
protein; finally, the possible other mechanisms currently undescribed. All these elements
determine if the studied enzymes are not bypassed and if the vitamin K reduction is the limiting
reaction. These two conditions have to be fulfilled to validate completely the cell assay.
However, some studies have pinpointed that the limiting reaction might be the VKORC1
enzyme reduction by its physiological partner and not the vitamin K reduction [89–91].

Although cell assays are recent and still have a gray area in the interpretation of their results,
there is no doubt that they will become a key element of the study of VKA resistance mecha‐
nisms.

3.4. Pharmacogenomics study

The pharmacogenomics studies are the main source of in vivo information on the VKA
resistance in humans. These studies assess the correlation between some genetic parameters
and the warfarin dose, which allows to keep the patient’s INR in the target zone. Among these
parameters, the VKORC1 and the CYP2C9 polymorphisms are keys. But many other param‐
eters, which might influence the VKA susceptibility, are unknown and cannot be evaluated
by these studies. Pharmacogenomics studies assess the epidemiology of the mutations linked
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to resistance and can help in the determination of the treatment’s starting dose by taking in
account of patient’s genome. But, their contribution to the study of the resistance pathway is
limited to the confirmation or not of the results obtained with other methods.

4. Resistance pathways

4.1. VKOR-linked resistances

4.1.1. VKORC1 human genotypes

The pharmacogenomic studies and the reports of warfarin treatment failures have pinpointed
two kinds of polymorphisms linked to VKORC1 which influence the warfarin dose require‐
ments. The first is linked to the polymorphism in the noncoding region and the second is linked
to missense mutations.

The polymorphism in the noncoding region is the origin of the majority of VKA dose variations
[92–95]. Indeed, the noncoding region influences the transcription level of VKORC1 [94].
Nevertheless, these variations are minor, few milligrams of increase or decrease. So, it is not
really resistance to VKA, but rather a slight modulation of VKA sensibility.

Conversely, the VKORC1 coding mutations are rare, and some involve a real resistance to
VKA. They are characterized by a dose to stabilize the anticoagulation, which is higher than
the high-dose threshold defined by Watzka: phenprocoumon 3.0 mg/day, acenocoumarol 3.5
mg/day, warfarin (W) 7.1 mg/day, and fluindione 19.8 mg/day, for mean age patients [56].
Please note that the definition of warfarin resistance is not well-defined. Currently, there are
more than 27 mutations that have been described in patients with high requirements of VKA
dose. They are summarized in Table 1.

Mutation  Number of patients Molecule  Dose (mg /day)  Stable
anticoa-
gulation 

Ref. Confirmation of
resistance by
in vitro method†

A26P 1 W
F

20
100

No
No

[106] Yes [88]

A26T 1 W 6 No [56] No [88]

L27V 1 W
F

7
60

Yes
No

[107] No [88]

H28Q 1 P 10 yes [56] No [88]

V29L 2 W
P

14
26

?
Yes

[32, 56]

A34P 1 W 27 Yes [108]

D36Y 31 W
F

16.1 [3–36]*

45
~
No

[56, 96, 105,
106, 109

No [88]
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Mutation  Number of patients Molecule  Dose (mg /day)  Stable
anticoa-
gulation 

Ref. Confirmation of
resistance by
in vitro method†

A
P

7
7 [6.9–7.1]

No
Yes

–112]

D36G 1 W 20 Yes [56] No [88]

A41S 1 W 16 ? [94] No [88]

V45A 1 W 45 No [32] No [88]

S52L 1 P 9 No [113] Yes [40]

S52W 1 P 10 Yes [56] No [40]

V54L 2 W
F
A

21 [10–32]
60
8

~
No
No

[105, 106] Yes [88]

S56F 1 P 15 No [56] No [88]

R58G 1 W 34 ? [32] No [88]

W59R 3 A
P

9.3 [8–12]
9

No
No

[113, 114] Yes [40]

W59C 1 P 11 No [56] No [88]

W59L 1 P 15 No [56] Yes [40]

V66M 15 W
P

31.5 [20–42]**

9.5 [9–10]
Yes
~

[56, 103, 105,
106, 108]

No [40]

V66G 1 P 8 Yes [56] No [40]

H68Y 1 – – – [115] Yes [88]

G71A 1 P 6 No [56] No [40]

N77S 1 P 9 No [56] Yes [40]

N77Y 1 W 25 Yes [56] No [40]

I123N 1 P 21 No [56] Yes [88]

L128R 16 W
F
A
P

44
80
13
30

No
No
No
No

[32, 105,
106, 116]

Yes [40]

Y139H 1 P 9 No [56] Yes [88]

Adapted and completed with permission from Ref. [88].
* A case report, which includes a 2-year-old girl, is not included [117].
** A report of two cases was not used due to its imprecision on the doses [118].
† Results of the Oldenburg’s team are not reported [59, 84].
? no data are present on the stabilization of the anticoagulation in study.
~ only some patients have a stabilization of their anticoagulation.

Table 1. Genetic variations in the coding sequence of human VKORC1 in patients requiring high dose of a vitamin K
antagonist.
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Conversely, another mutation has been described by Rost in two Libyan families, the R98W
mutation. Homozygous patients with this mutation have a combined deficiency of vitamin-
K-dependent clotting factor type 2 which causes bleeding [32]. This deficiency can be treated
by a daily dose of vitamin K. Rost et al. have shown in enzymatic assays that R98W-muted
VKORC1, which was expressed in HEK cell, has a VKOR activity diminished of 90% [32].

Some mutations have a higher prevalence in some populations. Thus, the D36Y mutation is
relatively well represented in some African populations [96]. The Ethiopian population and
the Ashkenazi Jews population have a D36Y allele frequency of respectively 15% and 4% [97–
99], while this mutation is absent in South African or in Chinese populations [100, 101].
Concerning the V66M mutation, it has been described in African and African-descent popu‐
lations [102–104]. Finally, the L128R mutation has been described in different families [32, 105].

Nevertheless, the other reported mutations have been described only one time and sometimes
on patient with unstabilized anticoagulation. These elements reduce the possibilities to
determine a resistance factor for each. Moreover, the mutations have been often described as
fortuitous events of pharmacogenomics studies [94]. Finally, the interactions with other
mutations on cytochromes, GGCX, or noncoding part of VKORC1 genes can also modulate the
warfarin dose and enhance or reduce the resistance. Thus, the assessment of these mutations
only from case report entails a lot of bias.

In order to deal with the described bias, the in vitro results can be useful. The in vitro results
from enzymology [88] and cell assays [40] have been reported in Table 1. Nevertheless, all
mutations do not seem to be associated with resistance in in vitro assays. Only Oldenburg have
found that all the VKORC1 coding mutations were resistant with a cell method assay; his
results are not reported in the table [59, 84]. This discrepancy between assays might be due to
the VKORC1L1 gene as afore-explained in the description of the cell assays. Moreover,
enzymology assay pinpoints that some mutations drastically diminish the VKOR activity of
the enzyme [88], whereas cell assays do not [40]. The study of the paralog mutations in rodents
may help to understand the real impact of these mutations on the resistance.

4.1.2. VKORC1 rodent genotypes

Resistances have evolved differently in rodents according to their species. Indeed, the
anticoagulant pressure is exerted differently on each. These differences depend on the behavior
of the rodents, and more particularly the feeding behavior. Thus, some rodents feed prefer‐
entially on one food source (rat), while others feed on many sources (house mice). Thus, rats
eat a lot of poisoned grains, whereas mice eat few poisoned baits and dilute them with other
food sources.

Resistances have been largely described in house mice (Mus musculus) and in Norway rat
(Rattus norvegicus). VKORC1-linked resistances are due to missense mutations. They have been
detected whereupon rodenticide treatment fails. Due to the purpose of the VKA rodenticides,
their doses used for management of rodents are important. Consequently, only huge resis‐
tances have been pinpointed and then isolated by introgressing the concerned genes in
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laboratory strains. Thus, the noncoding mutations, which are involved in the modulation of
VKA dose in humans, have not been described in rodents.

Concerning the Norway rat, it has been the first target of the VKA rodenticides and the first
to develop resistances [69]. The first description occurred in Scotland, and rapidly the resist‐
ance spread all over Great Britain [119, 120]. Denmark has been the second country with
warfarin-resistant rats [121]. Entrapments have pinpointed that 24.2% of Denmark’s rats were
resistant in the 1960s [122]. Since then, resistances have been brought to light from all around
the world [123, 124].

Currently, 25 mutations have been described in Norway rats [125]. Nevertheless, only few
mutations are widely present and linked with important resistances. The five main mutations
in Europe are L120Q, L128Q, Y139C, Y139F, and Y139S [126]. These mutations have different
frequencies depending on the geographical areas. Thus, Y139C is the main mutation in
Germany and Denmark [126, 127], and Y139F in France [128]. Concerning Great Britain,
important discrepancies on the frequencies of mutations have been pinpointed between
counties [126, 129, 130]. The frequencies of rat mutations are disproportionate comparatively
to human coding mutation frequency. Thus, Y139F mutation is detected in 21% of the French
rats [128], but less than 1% of the world human population carries one coding mutation.
Moreover, in some areas, the prevalence of the resistant rats is of 100% [131].

Concerning the house mice, their mutations have been described in 1961 in many countries
[132]. Currently, more than 10 VKORC1 mutations have been described [133]. Moreover, 80%
of the trapped mice carried at least one VKORC1 mutation in a study in Germany, Switzerland,
and Azores [133]. Finally, some population of house mice have multiple mutations, Arg12Trp/
Ala26Ser/Ala48Thr/Arg61Leu, which involve VKA resistance [133]. This mutation may come
from an interspecific hybridization with Mus spretus. But, only little information is available
on Mus spretus’s resistance to VKA [133].

4.1.3. Overall approach of human and rodent mutations

The presence of VKORC1 mutations in humans with very low frequency (<1%) and the fast
emergence of resistance in rodents indicate that the mutations were present in rodents well
before the use of VKA as rodenticide. The large use of these molecules has selected the resistant
mutations of VKORC1 and increased their prevalence in rodent populations. Moreover, the
use of excessive dose of VKA has selected the mutations leading to the most severe resistance,
especially in Rattus norvegicus populations. Indeed, in Europe, while more than 20 mutations
were published, only three mutations seem now widely spread. As the roof rat population is
less exposed to VKA than brown rats, the prevalence of their VKORC1 mutations might be
close to human prevalence. The roof rat resistance linked to VKORC1 mutation has not been
widely explored. Recently, Goulois has characterized the Y25F mutation in roof rats [134].

Five amino acid positions of the VKORC1 enzyme carry a described mutation in both humans
and rodents. They are the positions A26, R58, W59, L128, and Y139. Nevertheless, only the
mutations A26T, R58G, and W59R are identical. These three mutations are not common in
humans, and the reported cases did not have a stable anticoagulation. The A26T mutation does
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not seem to enhance the resistance in the rat [125]. These results were obtained with rat
VKORC1 cell expression, and they agree with the results obtained with human VKORC1 [88].
Moreover, the frequency of this mutation is low in rats which might suggest that the resistance
linked to this mutation is insufficient to be selected by the VKA rodenticide pressure. Con‐
cerning the W59R mutation, it diminishes considerably the VKOR activity of the enzyme in
rats conversely to in humans [40, 125]. Finally, R58G mutation is described both in humans
and mice. This mutation does not seem to involve resistance in mice, and as the W59R mutation
in rat, it diminishes the VKOR activity [125]. Thus, the results obtained with VKORC1 enzyme
of rodents are in accordance with the in vitro results with human VKORC1 gene or VKORC1
enzyme.

The mutations at positions L128 and Y139 are the major mutations of the Norway rat. More‐
over, the studies on the Y139F mutations have shown that the resistance factor of this mutation
is conserved between in vivo and in vitro assays [55, 58]. In rats, these mutations involve
resistance factors against warfarin, which are of 8 for the L128Q mutation and greater than 200
for the Y139 mutations [58]. Moreover, in rats, L128Q does not seem to diminish the VKOR
activity while Y139F does it. Conversely, in humans, the L128R mutation conducts to a
reduction of more than 90% of the VKOR activity in enzymatic assay, with the VKORC1
enzyme produced in yeasts or HEK cells [32, 88]. But, this mutation does not modify the level
of gamma-carboxylation in cell assay [40, 84]. Possible origins of these discrepancies are argued
in Section 3.3. Consequently, it is currently difficult to conclude on the possible resistance
linked with the L128R mutation in humans.

As aforementioned, some mutations decrease the efficiency of the VKOR activity. Matagrin
has studied the origins of this loss of efficiency for the Y139 mutation [135]. He showed that
Y139 mutations involve a diminution of the VKOR activity and the creation of inactive vitamin
K metabolites (3-OH vitamin K) which are eliminated. This induces an increase of the food
requirements of vitamin K in rodents carrying these mutations [136, 137]. In humans, the
influence of coding mutations on nutritional requirement of vitamin K has not been well
studied [22]. However, by analogy with rodent mutations, human mutations might be
involved in cardiovascular diseases without VKA treatment [138]. Thus, the rodents carrying
these mutations might be use to model and to better understand the possible consequences of
these mutations on the human health.

4.2. Cytochrome-linked resistances

Cytochromes are essential elements in the elimination of xenobiotics. Thus, it would be
expected that their polymorphism might result in an origin of resistances. But in human
medicine, the cytochrome polymorphism is associated with an increase in the patient’s VKA
sensibility [93, 97]. Moreover, the polymorphism of CYP2C9 is a key element in the prediction
of the VKA treatment dose [97]. Thus, no VKA resistance linked to cytochrome has been
described in human medicine.

In rodents, expression profiles of cytochromes are different between sensitive and resistant
rats carrying a Y139C mutation on VKORC1 [139]. Nevertheless, it is difficult to identify the
part of the resistance due to VKORC1 mutation and the one due to the expression profiles of
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cytochromes. Nevertheless, one example of warfarin resistance linked to cytochrome has been
described without association with VKORC1 mutation in roof rats from Tokyo [140, 141]. This
rat population overexpresses the cytochrome 3A2. Thus, the concentration of blood warfar‐
in 1 h after the warfarin administration is eightfold lower in resistant rats. However, it is
currently the only reported case of cytochrome-linked resistance.

5. Conclusion

The assessment and the comprehension of the resistance mechanisms are essential in the safety
and the efficiency of VKA treatments and in the rodent population management. However,
the complexity of the mechanisms and the interactions between them prevent the use of only
one studying method. The understanding of the VKA actions and their interaction with
individual variability can only be achieved by a multiscale approach which combines humans,
rodents, and in vitro and in vivo knowledge.
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Abstract

This chapter presents new views on thrombogenic risk factors, thrombophilia, and
thrombotic state of readiness preceding the thrombus formation. The modern methods
of laboratory diagnostics of thrombotic state of readiness are considered to initiate
thromboprophylaxis in patients irrespective of the presence of thrombophilia, as well
as certain thrombogenic risk factors.

Keywords: venous thromboembolism, thrombogenic risk factors, thrombophilia, hep‐
arin prophylaxis

1. Introduction

One of the most important problems in modern medicine, which has interdisciplinary signifi‐
cance is venous thromboembolism prophylaxis or VTE (deep vein thrombosis, DVT, and
pulmonary embolism, PE). This problem is associated with the high incidence of VTE around
the world, with a direct connection of this pathology to the disablement and mortality of people,
including those who underwent different invasive interventions and injuries (trauma, sur‐
gery, delivery) [1–7].

The association of tendency to thrombus formation with pregnancy complications and fetal
death syndrome is equally significant [8, 9]. This phase of women’s life is characterized with
blood coagulation activation related to physiological pregnancy and it progresses through
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gestation. Its rationale is associated with the need to reduce blood loss during delivery.
However, carrying of a pregnancy and the postpartum period are determined as confirmed
risk factors for venous thrombosis and pulmonary embolism with the incidence being 4–50
times higher than in non-pregnant women [10–12].

Besides the reduction of the survival rate of VTE and concomitant post-thrombotic syndrome,
it significantly shortens quality of life. The risk increases by 17 times after suffering from
venous thrombosis [13]. However, a 20-year cumulative incidence of post-thrombotic syn‐
drome after proximal deep vein thrombosis are about 40%.

Given the grandness of VTE for patients’ life, many researchers aimed not only at improving
methods of diagnostics and treatment of VTE (which is very crucial) but also at their antici‐
patory prophylaxis, prevention of primary or recurrent thrombotic events which is evidenced
by the international study, ENDORSE (Epidemiologic International Day for the Evaluation of
Patients at Risk of Venous Thrombosis in Acute Hospital Care Setting) [14].

Issues relating to thromboprophylaxis are represented in a number of national or international
guidelines on the prevention and treatment of VTE based on the intercenter research and
defining a standard tactic for thromboprophylaxis in obstetrics, oncology, cardiology,
traumatology and orthopedics, neurosurgery, urology, thermal injury, and also in patients at
high thrombogenic risk [15–21].

These are important, many-sided consolidated documents, which determine the modern level
of knowledge on this issue. However, their structure involves such risk factors as peculiarities
of scheduled operation and the type of anesthesia, a history of thrombosis, and inherited or
acquired likelihood to thrombosis for specific laboratory parameters. Anyway, these features
discussed in the documents, from the standpoint of evidence-based medicine, are relatively
significant for the prediction of risk for thrombosis and do not always answer the following
important questions: the rationale behind the prescription of anticoagulants in a specific
patient, optimal dosage, and the required duration of their use.

The modern practice of anticoagulant prescription still consider low molecular weight heparin
(LMWH) as a “gold standard” for the prevention of thrombosis in pregnancy, cancer, and
postoperative thromboprophylaxis [17, 22] even though the whole group of new oral
anticoagulants is used more often. Along with it, the discussion on the rationale behind
laboratory monitoring of anticoagulant effects from the stand point of safety of used doses is
continued and the determination of the effectiveness of the performed treatment that is
presented in the review by Hassouna [23].

Besides, there is an equivocal interpretation of concepts directly related to VTE, such as
thrombogenic risk factor, thrombophilia, and hypercoagulable state/syndrome, which
disorient clinicians who wish to understand the problem.

The objective of this chapter is to find the perspective approaches for diagnostic and consul‐
tative assistance of patients with VTE. These approaches will involve the definition of throm‐
bophilia and thrombogenic risk factors, as well as the state of thrombotic readiness when
considering the advisability of heparin prophylaxis from the view point of personalized
medicine.
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Most people, who are permanent or temporary carriers or are at risk of thrombosis, do not
suffer from thrombosis throughout their life, although they are likely to develop this disease
[24, 25]. However, the presence of thrombogenic risk factors is often compared with throm‐
bophilia, which leads to the over diagnosis of thrombophilia, especially during pregnancy and
concomitant polypragmasy.

2. Modern perspective on thrombophilia

The attention of many researchers has always been on the possible causes and conditions in
which thrombosis occurred. The risk of thrombosis is associated with trauma and surgical
routines in the area of large venous lines (hip surgery, pelvic organ surgery), with other types
of pathology and conditions which are predisposed to venous thrombosis (malignant tumors,
obesity, diabetes, heart failure, prolonged immobilization, etc.) accompanied by the activation
of blood coagulation. Taking this into consideration, in 1884, Rudolf Virchow reported that
venous thrombosis are the result of the presence of, at least, one of the three basic factors,
including (1) stasis of blood in lower extremity veins, (2) increased ability of blood to thrombus
formation—we understand it as thrombotic state of readiness, and (3) damaged vessel walls
[26]. It was determined that all the risk factors for venous thrombosis are carried out by these
important pathophysiological processes and that VTE, in their absence, does not usually
develop. In 1995, 30 years after the message of Egeberg (1965) [27] about the hereditary
deficiency of antithrombin III, the World Health Organization and the International Society
on Thrombosis and Hemostasis (ISTH) introduced the concept of thrombophilia as a state with
an unusual tendency to result in thrombosis with early age onset, burden family history,
severity of the thrombosis disproportionate to the known causal factors, and the presence of
thrombosis recurrence [28]. The emphasis was made on the types of congenital thrombophilia
associated with antithrombin III deficiency, factor V Leiden mutation (1691 G>A), prothrombin
mutation (20210 G>A), and decreased levels of protein C and S. On the other hand, only the
carriage of antiphospholipid antibodies in antiphospholipid syndrome (APS) associated with
both arterial and venous thrombosis as well as with a miscarriage is considered to be an
acquired thrombophilia.

In 2008, the version of the clinical practice recommended by the American College of Chest
Physicians (ACCP) on antithrombotic and thrombolytic therapy was published, it identified
thrombophilia as the presence of one or more of the following features, which included
antithrombin deficiency, protein C or S deficiency, APS resistance (factor Va resistance to
inactivate protein C), factor V Leiden mutation, prothrombin mutation (G20210A), hyperho‐
mocysteinemia, homozygous carriers of heat-labile variant of methylenetetrahydrofolate
reductase (MTHFR), the presence of antiphospholipid antibodies (aPL; lupus anticoagulant,
β2-glycoprotein I antibodies, or anticardiolipin antibodies) the increase in activity of factor VIII,
a reduced level of protein Z [29].

In 2013, the International Consensus Statement, Prevention and Treatment of Venous Throm‐
boembolism (guidelines according to scientific evidence) was published [15], where throm‐
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bophilia was determined as inherited or acquired state which shifts hemostatic balance toward
hypercoagulation, characterized by the predisposition to the first episode of VTE and high risk
of recurrence (Table 1).

Inherited thrombophilia  Acquired thrombophilia  Thrombophilia of mixed or unknown origin

Antithrombin deficiency
Protein C deficiency
Protein S deficiency
Factor V Leiden
Prothrombin 20210A
Disfibrinogenemia
Factor XIII 34val
Fibrinogen (G) 10034T
Non-O blood type
JAK 2
Factor IX Padua

Acquired deficiency of
natural coagulation inhibitors
Antiphospholipid syndrome
Myeloproliferative disease and
the presence of mutation JAK2V617F
Paroxysmal nocturnal hemoglobinuria 

High levels of factor VIII
High levels of factor IX
High levels of factor XI
High levels of fibrinogen
High levels of TAFI
Low levels of TFPI
Factor V resistance to APC in the absence of FVL
Hyperhomocysteinemia
High levels of PCI (PAI-3)

Notes: TAFI—thrombin activated fibrinolysis inhibitor, TFPI—tissue factor pathway inhibitor, PCI—protein C
inhibitor, PAI-3—plasminogen-activator inhibitor-3, FVL—Factor V Leiden, JAK 2—Janus kinase 2.

Table 1. Classification of hemostatic disorders associated with VTE according to their origin.

Risk factors Odds ratio 95% CI

Increases body mass index (BMI) by 15 kg/m2 1.08 1.05–1.11

Major surgery 18.95 9.22–38.97

Hospitalization for medical emergency 5.07 3.12–8.23

Trauma or fracture 4.56 2.46–8.46

Active malignancy 14.64 7.73–27.73

Neurological disease with the significant decrease in mobility 6.10 1.97–18.89

Pregnancy and postpartum period 4.24 1.30–13.84

Estrogen oral contraceptives 4.03 1.83–8.89

Hormonal replacement therapy in women 1.81 1.06–3.09

Note: CI—confidential interval.Data from Ref. [12].

Table 2. Independent risk factors for deep vein thrombosis and pulmonary embolism.

It is evident that peculiarities and clinical types of pathology mentioned in the table do not
involve many other causes predisposing to thrombosis, which also promote the development
of VTE—age, family or individual thrombotic history (e.g., after splenectomy), obesity,
dislipidemy, the use of venous catheter, pregnancy, the postpartum period, administration of
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contraceptives containing estrogen, severe injury or surgery, hypodynamia, physical and
psychological stress, active cancer, infection, autoimmune disorders, chronic heart failure,
diabetes mellitus, varicose disease of the lower extremities, dehydration, and many others.
These causes and their significance for the development of VTE were considerably described
in the fundamental work by Heit [12], based on the earlier work of the author [30], as well as
on the research by Barsoum et al. [31] (Table 2).

Considering this question, attention can be paid to the determination of clinical significance
of some risk factors predisposing VTE, in accordance with recent guidelines of the European
Society of Cardiology [17] (Table 3).

No Measure of significance Conditions promoting thromboembolism

1. Significant risk factors
(OR > 10)

Clot detachment; the first 3 months after
hospitalization with HF/AF; prosthetics
of lower extremities, a heavy injury,
the first 3 months after MI; prior
venous thromboembolic complications

2. Moderate risk factors
(OR = 2–9)

Arthroscopic surgery; autoimmune diseases;
hemotransfusion; chemotherapy; congestive
HF/PHD; HRT; malignant tumor;
oral contraceptives; thrombophilia;
stroke in anamnesis

3. Weak risk factors
(OR < 2)

Bed rest > 3 days;
diabetes; arterial hypertension;
long travel; age;
laparoscopic surgery; obesity;
pregnancy; varicose vein disease

Notes: OR—odds ratio, HF—heart failure, AF—atrial fibrillation, MI—myocardial infarction, PHD—pulmonary heart
disease, HRT—hormone replacement therapy.

Table 3. Gradation of the risk factors for venous thromboembolic complications in cardiac patients.

Thus, it can be observed that there are no significant differences between thrombogenic risk
factors and thrombophilia in modern guidelines and recommendations.

3. The question about the definition of “thrombogenic risk factor” and
“thrombophilia”

It is believed that thrombophilia precedes and accompanies thrombosis and fetal loss syn‐
drome [11, 32–34]. However, some clinicians deny the importance of genetic predisposition to
the development of thrombosis, observed in Table 1, which is explained by the fact that the
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connection between these phenomena is not always seen [35]. Indeed, the direct association
might be questionable, as evidenced by a number of publications, including a retrospective
family cohort study involving 723 first- and second-degree relatives of 150 patients with
venous thrombosis. The collected data in this study present interesting information about the
importance of thrombotic risk in patients with inherited defects in the physiological anticoa‐
gulation system, developability of which is relatively small. Thus, the cumulative lifetime
likelihood of thrombosis occurrence (penetrance) among the carriers of the most common
family thrombophilia (factor V Leiden mutation) is only about 10%.

It is also pointed out that the factor V Leiden mutation is not necessarily manifested by the
increased levels of D-dimer, polymorphism genes involved in the methionine metabolism by
hyperhomocysteinemia, and rare homozygote gene of plasminogen activator inhibitor type 1
(PAI-1), by the increased activity of PAI-1 and suppression of fibrinolytic reactions. These
thrombotic events are made possible in the presence of some mentioned gene polymorphisms,
but when and how far, cannot be predicted and it depends on additional risk factors in certain
cases, for example, dehydration, distress, or pregnancy. In this regard, there is a view that
thrombosis are multifactorial (complex) disease that occurs when a person with identified
thrombophilia is exposed to additional risk factors associated with the disease, due to personal
characteristics, or due to the external environment [12]. Thus, in accordance with the published
data, the risk of VTE among carriers of the factor V Leiden mutation increases with in particular
age; most cases occur at the age of 50–55 years [36–38]. The carriers of homozygous factor V
Leiden mutation might have a higher risk under the influence of the environment or other
genetic risk factors. The penetrance of thrombosis phenotype increases among patients with
multiple genetic defects (e.g., concomitant deficiency of antithrombin, protein C or S). The
same indicator depends on the clinical effects of acquired risk factors, such as the use of
combined oral contraceptives, pregnancy, or surgery. In particular, the relative risk of the VTE
among the carriers of heterozygous factor V Leiden mutation with estrogen contraceptives
increases by 30 times [38, 39].

In general, the presence of inherited thrombophilia increases the risk of VTE by seven times
[40]. At the same time, as earlier mentioned (see Table 2), a number of acquired thrombogenic
risk factors (major surgery, endoprosthesis replacement of large joints, hospitalization due to
medical emergency, active cancer, etc.) without combination with inherited thrombophilia
have no less prognostic value for VTE occurrence.

Despite this important and interesting information, it is still not clear—the difference between
thrombogenic risk factors and thrombophilia.

From our point of view to avoid confusion, separation of terms “thrombogenic risk factors”
and “thrombophilia” can be based (in a similar way) on the example referring APS to throm‐
bophilia.

According to the recommendations of the ISTH, adopted in Sapporo (1998) and Sydney (2006)
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of special laboratory tests (effects of lupus anticoagulant, antiphospholipid antibodies in the
diagnostic titer; Table 4).

Clinical criteria   Laboratory criteria

1. Vascular thrombosis

- One or more cases of arterial and/or
venous thrombosis or thrombosis of small
vessels in any organ or tissue.

- Thrombosis must be confirmed by
Doppler examination or histologically.

- There should be morphologically symptoms of
thrombosis without significant inflammation of
vessel walls.

2. Pregnancy failure

- Three or more unexplained cases of miscarriage up
to 10 weeks of gestation excluding anatomic,
genetic, hormonal causes and chromosomal
abnormalities;

- One or more cases of intrauterine death of a normal
fetus after 10 weeks of gestation;

- One or more cases of premature birth of a fetus after
less than 34 weeks of gestation occurring with
evident fetoplacental insufficiency or severe gestosis

  

1. Anticardiolipin antibodies

- The presence of isotypes IgG and IgM in high titers in
two or more studies with an interval of not less than 12
weeks.

- Identifying antibodies IgG, IgM to β2-glycoprotein I
by a standardized ELISA test.

2. Lupus anticoagulant

- It is found in two or more consecutive tests with an
interval of not less than 12 weeks

Table 4. Diagnostic criteria for diagnosis of antiphospholipid syndrome.

We suggest an extension of this approach (involving the combination of certain thrombogenic
risk factors with thrombosis or fetal loss syndrome) to the methodology of thrombophilia
diagnostics. The presence of certain causes predisposing to thrombosis in patients without
their clinical realization cannot be referred to as thrombophilia (Figure 1).

We consider that thrombophilia is essentially not a disease, but it is a pathological condition
caused by a combination of risk factors, realized by the development of thrombosis (thrombo‐
ses), which can be obtained according to the individual medical history. It may be inherited
or associated with the disease (e.g., cancer), drug intake (e.g., oral contraceptives, erythropoi‐
esis stimulating agents), or state of health (e.g., pregnancy, postpartum period). It is very
important to understand and accept this position because susceptibility to the disease does not
imply the presence of indications for primary or secondary prophylaxis or treatment [12].
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In addition to APS, according to the same criteria, Trousseau’s syndrome (migrating venous
thrombosis in the presence of cancer procoagulant), Moschkowitz’s syndrome (arterial
microthrombosis on the background of circulation of large multimers of von Willebrand factor
in blood, in the presence of metalloproteinase ADAMTS-13 deficiency), heparin-induced
thrombocytopenia of 2 type—HIT-2 (subcutaneous and systemic venous thrombosis in the
presence of antiheparin antibodies) and warfarin necrosis or Legg’s disease on the background
of inherited protein C deficiency can be referred to as thrombophilia. We consider that this list
is not complete.

Thus, it is suggested:

1. Syndromic approach to the diagnostics of thrombophilia.

2. Identification of all causes promoting the development of VTE (including known states
identified as thrombophilia) as thrombogenic risk factors.

Figure 1. Hypothesis about the interaction of thrombogenic risk factors, thrombotic readiness, and thrombophilia in
the development of thrombosis and fetal loss syndrome.

Presently, there are more than 100 variants of thrombophilia and various thrombogenic risk
factors described, which are capable in their combination to lead to a vascular catastrophe [12,
42, 43]. However, it is believed as insufficient to divide them into hereditary (congenital) and
acquired. From the point of view of personalized thromboprophylaxis, the classification of
thrombogenic risk factors should be based on the duration of exposure to a human body and
controllability by the patient or by means of modern medicine, to reduce the probability of
VTE.
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Uncontrollable risk factors, such as age, sex, family and personal thrombotic history, the
carriage of thrombogenic mutations, non-O blood group, and several others, are not amenable
to correction and accompany the person for life. The temporary and controllable risk factors
are much more numerous, which, in turn, can be divided into, associated with lifestyle (e.g.,
bad habits, obesity, hypodynamia (including long flight), mental distress and physical
overload, as well as dehydration during sporting activities), individual characteristics
(pregnancy, postpartum period), caused by a disease (trauma, cancer, sepsis, myocardial
infraction and stroke, diabetes, atherosclerosis, arterial hypertension, cardiac rhythm disor‐
ders, HIV infection), and iatrogenic—caused by surgery and prescription of some medicine
with estrogen therapy, progesterone therapy, selective estrogen receptor modulators, chemo‐
therapy, erythropoietin administration, in some cases with usage of heparin or coumarins.

Controllability of these risk factors is different and might be considered individually in all
cases, from the point of view of both etiology and pathogenesis of thrombosis. If modern
possibilities of medicine are limited to radical correction of risk factors existing for life or
permanently, then, for example, substitution of deficiency of physiological anticoagulants,
heparin prophylaxis, usage of folic acid with correction of elevated levels of homocysteine in
blood, blood viscosity reduction during dehydration or erythrocytosis, and other types of
pathogenetic therapy allow the modification of identified thrombogenic risk factors and a
reduction in the probability of clinical manifestation of VTE.

Nowadays, the mentioned recommendations do not show the association between the
presence of “thrombophilia”, “thrombogenic risk factors”, and blood coagulation activation
for known laboratory markers. However, it can be suggested that blood coagulation activation
is the main condition for thrombus formation and a prerequisite for heparin prophylaxis.

4. Thrombotic readiness

The terms “thrombophilia” and “hypercoagulability” are often considered by many authors
as synonyms, but in real sense, these notions are different. Hypercoagulation or “hypercoa‐
gulation syndrome/state” is a laboratory phenomenon by which “in vitro” with the help of
special methods of hemostasis system analysis platelet activation and the process of fibrin
formation, and in some cases, inhibition of fibrinolytic reactions are recognized. Hypercoagu‐
lation can be promoted by drugs commonly used to treat bleeding in hemophilia, sepsis,
inflammation, surgery, hemostasis, and atherosclerosis as well as by many other factors and
conditions. However, it can appear in the analysis of hemostatic parameters—in the case of
warfarin skin necrosis, associated with congenital protein C deficiency due to treatment with
coumarins, heparin-induced thrombocytopenia with heparin prescription, and effects of lupus
anticoagulant peculiar to antiphospholipid syndrome. Consequently, the notions such as
“hypercoagulation syndrome” and “hypercoagulation state” do not meet the essence of the
pathological process and should therefore be considered obsolete.

We proposed an alternative, a clinically justifiable notion of “the state of thrombotic readiness”,
which can combine laboratory detected hypercoagulation or hypocoagulation (in cases of APS,
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HIT-2, warfarin necrosis, and others), increased levels of intravascular coagulation markers
due to the excessive thrombin generation, and also a number of clinical signs of prethrombosis.
Accordingly, a realization of this readiness with the continued risk factors and their multipli‐
cation (e.g., surgery, injury, inflammation, emergency, immobilization, heart failure, dehy‐
dration, distress, intake of estrogens, etc.) is manifested by the vascular catastrophe in
Figure 1. Thus, the state of thrombotic readiness might be formed by cooperation of various
thrombogenic risk factors and directly precedes thrombosis, and also accompanies it in its
absence or the low efficiency of antithrombotic prophylaxis and therapy.

Based on the study of their functional activity (in an aggregometer or platelet function analyzer,
PFA-100/PFA-200) or by increased expression of β-thrombomodulin, as well as III and IV
platelet factors, platelet activation can be attributed to the laboratory markers of the state of
thrombotic readiness. No less significant indicator of such readiness is the increase in concen‐
trations of some coagulation activation markers and fibrinolysis —tissue factor (TF), activated
factor VII, thrombin-antithrombin (TAT) complex, prothrombin fragment 1 + 2, fibrinopeptide
A, soluble fibrin-monomer complexes, and D-dimers. The latter plays a special role, consid‐
ering the experience of their wide use in clinical practice for the diagnosis of VTE and for
monitoring the efficiency of anticoagulant use.

D-dimers are known to be as a result of the sequential influence of thrombin, activated factor
XIII, and plasmin on fibrinogen [44–46]. The increase of D-dimer concentration is widely used
in the diagnostics as a laboratory criterion for activation of hypercoagulation and fibrinolysis,
under such human pathologies, as disseminated intravascular coagulation [47, 48], as well as
deep vein thrombosis of the lower extremity and pulmonary embolism [49, 50]. This parameter
is widely studied as a very effective step in the diagnostic algorithm for patients with suspected
first episode of PE or DVT [51]. There are many publications on the specificity and sensitivity
of this marker of hemostatic reactions for the diagnostics of VTE [52]. It should be noted that
the negative value of D-dimer allows the exclusion of VTE due to its high sensitivity of about
95% [53].

Recent studies in this field involve diagnostic use of age-adjusted D-dimer cutoff levels in adult
patients [17, 54]. To provide the most accurate diagnostics of VTE, besides D-dimer identifi‐
cation, it is suggested to take into account genetic susceptibility, inflammation, immune
characteristics, hemodynamic factors, as well as epigenetics profile or circulating levels of
microRNA [55–58]. In this regard, the role of biomarkers such as C-reactive protein, soluble
P-selectin, coagulation factor VIII activity, microvesicle containing tissue factor and white
blood cells as prospective candidates is considered [53, 59, 60]. The rationale behind the use
of these markers to diagnose VTE (except, D-dimers) remains unclear.

However, in this work, we were interested in a different, but no less important question, which
is not devoted to the diagnostics, but to the prevention of venous thrombosis—whose blood
coagulation activation marker is more acceptable for decision making to initiate heparin
prophylaxis and are used in case of confirmed VTE therapeutic doses of heparin. To find such
methodological approach, we suggest a return to the mechanism of anticoagulant action of
heparin and low molecular weight heparin (LMWH) analogues. Thrombin is a key enzyme of
the blood coagulation system; it is also a vitamin K-dependent protein related to the serine
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protease class. In the liver, there is a synthesis of its precursor—prothrombin, which is further
present in plasma and can be converted into α-thrombin by blood coagulation activation. This
transformation occurs in composition of factors Xa, Va, and II on the surface of activated blood
cell membranes and endothelium [61, 62]. LMWH is known to inhibit factors Xa and IIa
(thrombin) with plasma antithrombin, as well as to promote TFPI expression [63]. The total
result of these reactions is considered to be the decrease of high initial rate of thrombin
generation, which should be achieved in patients with thrombotic state of readiness.

An excessive thrombin generation can be determined, for example, by calibrated automated
thrombography (thrombin generation test, TGT) suggested by Hemker et al. [64, 65], which
allows measuring the dynamics of the formation and inactivation of thrombin with improved
accuracy. During thrombin generation test (with the use of fluorimeter and computer data
processing), the area under the curve and the peak rate are measured having an ascending
part, the area of achieving the maximum, and the descending part, which characterizes the
inactivation of the enzyme. This test captures the end result of a complex array of enzymatic
interactions involved in blood coagulation and reacts on any trend toward coagulation
activation in blood plasma, as a result, it has integrated nature. According to the opinion of a
number of authors [66–68], measurement of an individual’s capacity to generate thrombin,
which occur under the action of TF in vitro, may be a better indicator of blood coagulation
activation, compared to tests designed to study fibrin clot formation or determine potential
biomarkers—prothrombin fragment 1 + 2, fibrinopeptide A, TAT complex, and D-dimers.

Based on the opinion of other authors, we consider that excessive (related to reference interval)
thrombin generation can be accepted not only for the identification of blood coagulation
activation but also as an objective prerequisite for the prescription of prophylactic LMWH in
certain cases. At the same time, according to the recent International Consensus Statement [15],
prophylaxis of VTE in women with thrombophilia depends on the type of thrombophilia, and
also on other risk factors, such as age 35 years or more, personal or family history of VTE,
obesity, immobilization during pregnancy, multiparity, or gemellarity. Prophylaxis consist of
clinical surveillance, elastic compression stockings, and/or LMWH administration. It is often
decided on an individual basis, because randomized studies in this regard were not performed.

In contrast, to decide whether to use LMWH as thromboprophylaxis during pregnancy, we
consider the possible use of objective laboratory criteria. For this purpose, in our center
reference intervals, the dynamics of thrombin generation parameters were determined in the
blood plasma of 301 women during physiological pregnancy (full text of the article is presented
in the publication of 2016). This parameter was studied by means of flatbed fluorometer
Fluoroskan Ascent (ThermoFisher SCIENTIFIC). Tissue factor was used as an activator of
coagulation in a concentration of 5 pmol/l. Women were examined in a non-pregnant state, at
different stages of physiological pregnancy (6–8, 12–13, 22–24, 34–36 weeks of gestation) and
2–3 days after vaginal delivery.

As a result, during pregnancy, the acceleration of a parameter time to reach peak thrombin
(ttPeak) was determined in blood plasma, as well as changes of two other parameters used for
the assessment of thrombin generation intensity–peak thrombin and endogenous thrombin
potential (ETP, Figure 2). Since early pregnancy (6–8 weeks), the latter two parameters were
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on the increase (in comparison with pregravid period for peak thrombin by 55.1% and ETP by
39.6%) and correlated well with each other throughout pregnancy (Spearman correlation
coefficient 0.80; p < 0.001).

Figure 2. Box plots of reference intervals in pregravid period, at different stages of pregnancy, and in 2–3 days after
spontaneous labor for (a) time to reach peak thrombin, (b) peak thrombin, and (c) endogenous thrombin potential. In
figures, box plots represent the range of data from the 25th to 75th percentiles, while the bar in the middle of each box
plot represents the median value obtained excluding outliers. Circles indicate outliers (1.5 × the interquartile range)
and extreme values (3.0 × the interquartile range) outside the central box, respectively.
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In our opinion, exceeding the upper values of peak thrombin and/or ETP at different stages of
pregnancy can be considered as an objective prerequisite for the prescription of LMWHs,
irrespective of the causes or known personal thrombogenic risk factors (carriage of factor V
Leiden mutation, prothrombin mutation, deficiency of physiological anticoagulants, throm‐
botic history, and others). This approach was used for the initiation of heparin prophylaxis in
women who conceived after in vitro fertilization cycle, as an extension of the study published
earlier [69]. Another perspective research method for the assessment of thrombotic state of
readiness is the assessment of spatial fibrin clot growth (thrombodynamics). This integrated
method designed to study hemostatic system is based on the initiation of coagulation by means
of plasma contact with immobilized TF and monitoring fibrin clot spreading from activating
surface [70]. This method was widely used to study hemophilia, mechanisms of action of
antihemophilic drugs, and the development of new ones [71, 72]. There are some data about
the use of this method in pharmacology, such as the development of thrombin inhibitors [73],
a study of their antidotes [74], or study of the procoagulant activity of microparticles [75].
Clinical studies of the capacity of thrombodynamics to identify the development of procoa‐
gulant states are presented by the studies of patients with sepsis [76]. Further development of
this method (with the tentative title thrombodynamics 4D) has been presented in a number of
studies [77, 78]. The approach, based on videomicroscopy of fluorescence, produced by
thrombin-sensitive substrate, followed by a solution of an inverse reaction-diffusion problem,
allows not only observation of spatial clot growth but also the determination of thrombin as a
function of time and distance from the activator.

The appearance of these integrated methods represents undeniable progress in the field of
diagnostic improvement of a wide range of hemostatic disorders. They can be used in the
selection of risk group patients according to thrombotic and hemorrhagic complications, but
it is necessary to consider that, as a rule, only platelet-, erythrocyte-, and leukocyte-poor plasma
can be analyzed, which eliminates the influence of a blood cell component on the obtained
results.

5. Conclusion

In conclusion of this chapter, the following summary can be made. Nowadays, highlighted
thrombogenic risk factors in their prognostic value are often equal to different types of
thrombophilia; based on this, their separation loses its sense. We consider that any cause
promoting thrombus formation can be referred to as thrombogenic risk factors, which can
manifest itself or not, by thrombosis in patients throughout life. We suggest referring those
pathological states or syndromes, which manifested themselves as thrombotic events (e.g.,
antiphospholipid syndrome) to thrombophilia. It allows for a reduction in hyperdiagnostics
of thrombophilia and identifying patients with thrombophilia and patients in need of secon‐
dary thromboprophylaxis, taking into account their identified thrombogenic risk factors. We
consider that the presence of some thrombogenic risk factors, which have not manifested
themselves by thrombosis, is not a safe prerequisite for medicamental thromboprophylaxis.
From the point of view of personalized medicine, controllable risk factors should be identified

The Risk Factors of Thrombogenic, Thrombophilia, and the Principle for Heparin Prophylaxis in Personalized Medicine
http://dx.doi.org/10.5772/64118

59



in patients with the aim of elimination or modification, thereby reducing the likelihood of
thrombosis. On the other hand, the presence of enhanced thrombin generation or excessive
fibrin formation (in thrombodynamics test) among the manifestations of thrombotic state of
readiness can be referred to as objective reasons for the prescription of anticoagulants.

We hope that a consideration of the proposed approaches to the diagnostics of thrombophilia
and thromboprophylaxis will promote further development of preventative direction in this
field of medicine.
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Abstract

The number of patients requiring cardiovascular implantable electronic device (CIED,
e.g., pacemaker and defibrillator) surgery is increasing rapidly and at least a quarter of
them are using chronic oral anticoagulation (OAC). Recently, the traditional approach
of withholding anticoagulation and using heparin bridging has been challenged by
studies showing safety of performing CIED surgery under anticoagulation with vitamin
K antagonists. Bridging with heparin is associated with incremental healthcare costs,
prolonged hospital  admission, and also with an augmented relative risk of pocket
hematoma. The risk of embolic events seems to be low and similar with the use of two
strategies  (heparin bridging and continuous warfarin).  Experience with novel  oral
anticoagulants is limited. Few studies suggest that withholding 48–72 hours before
surgery and performing the procedure under anticoagulation are safe alternatives.
However, larger randomized clinical trials are needed before definitive conclusions. In
this chapter, we review the management of anticoagulation around cardiac implanta‐
ble electronic device surgery under new conditions.

Keywords: cardiac resynchronization therapy, implantable cardiac defibrillator, unin‐
terrupted warfarin

1. Introduction

Each year, around 1.25 million pacemakers and 410,000 implantable cardioverter defibrillators
(ICDs) are implanted worldwide. It is estimated that 25–35% of patients undergoing cardiac
implantable electronic device (CIED) surgery receive long-term oral anticoagulation (OAC).

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Many patients are also receiving oral antiplatelet therapy for primary or secondary cardio‐
vascular events [1] and are exposed to an increased risk of bleeding during the perioperative
period.

Pocket hematoma formation is the most common complication of CIED implantation [2].
Although benign in most cases, it can have serious consequences, such as prolongation of
hospitalization, need for further surgery, and an increased risk of infection.

The periprocedural management of OAC poses a challenge, particularly in patients with
moderate or higher risk (>5%/y) of arterial thromboembolic events (ATEs). Subtherapeutic
anticoagulation exposes patients with atrial fibrillation (AF) to potential thromboembolic
complications, with a calculated daily risk ranging from 0.01 to 0.05% [3]. Heparin is expected
to reduce venous and arterial thromboembolism by 66–80% [4], but is associated with an
increased risk of pocket hematoma.

Conversely, subtherapeutic anticoagulation exposes patients with AF to potential throm‐
boembolic complications, with a calculated daily risk ranging from 0.01 to 0.05% [3]. This
dilemma led some centers to perform this type of procedure without interrupting the OAC in
patients deemed to be at a high risk for thromboembolic events.

2. Strategies for management of anticoagulation around CIED surgery

There are three perioperative anticoagulation strategies that can be employed:

1. Uninterrupted warfarin.

2. Withholding warfarin without bridging.

3. Withholding warfarin with perioperative bridging using heparin.

Theoretically, each strategy has its own advantages and limitations. The traditional strategy
is to withhold warfarin with perioperative bridging using heparin in high-risk patients. This
approach was linked to potential complications: a high risk of hematoma (between 17 and
31%), increased duration and costs of hospital stays, and increased risk of reoperation [5].

In a meta-analysis, we compared uninterrupted warfarin versus bridging using heparin.
Maintenance of OAC, when compared to heparin bridge with unfractionated heparin or
enoxaparin, had a lower risk of perioperative bleeding (OR = 0.25, 95% CI 0.17–0.36, P < 0.00001)
(Figure 1). The risk of ATE was very low in our study, with only three events occurring in the
group that received uninterrupted warfarin and one event in the group that received heparin
bridging (OR = 1.86; 95% CI, 0.29–12.17; P = 0.57) [6].

Particularly, in the BRUISE study, thromboembolic events occurred in patients who were
under OAC, but with INRs below the therapeutic range at the time of the event. Therefore,
risk is probably more related to the adequacy of the anticoagulation control rather than the
strategy applied.
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Importantly, device pocket hematomas can necessitate prolonged cessation of anticoagulation
with the attendant risk of ATE [6, 7]; they can significantly increase the duration and cost of
hospitalization; and sometimes reoperation is required. Uslan et al. [8] have also highlighted
the strong link between pocket hematoma and reintervention, the latter is an independent
predictor of ICD infections.

Proietti et al. [9] found similar results in a meta-analysis with similar design that included 15
studies. Heparin bridging was associated with an increased risk of bleeding (OR = 4.47; 95%
CI, 3.216.23; P < 0.00001), and prolonged hospital stay (9.13 ± 1.9 days vs. 5.11 ± 1.39 days; P <
0.00001). Adding heparin decreased the risk of ATE when compared with no anticoagulation
(0.50% vs. 1.07%, P = 0.02), but there was no difference when heparin was compared with
continuous OAC (P = 0.83). Results from this study discourage adoption of a strategy of OAC
suspension with no heparin bridging.

Figure 1. Risk of pocket hematoma in patients with oral anticoagulation continuation versus heparin bridging therapy,
according to study design. Random effect model.

The BRIDGE study was a large randomized trial that compared bridging with low-molecular-
weight heparin or placebo in patients anticoagulated with warfarin undergoing different types
of surgeries [10]. Warfarin treatment was stopped 5 days before the procedure and was
resumed within 24 hours after the procedure. During these periods, patients received low-
molecular-weight heparin or placebo. Both groups had a similar low risk of ATE (0.4% in the
no-bridging group and 0.3% in the bridging group). The incidence of major bleeding, however,
was lower in the no-bridging group (relative risk, 0.41; 95% CI, 0.20–0.78; P = 0.005 for
superiority).

This study included patients with low- to moderate-risk ATE—with a mean CHADS2 score
of 2.3 and no mechanical heart valves. Studies during the perioperative period of CIED surgery
included patients with moderate- to high-risk ATE. Also, CIED surgery represents a different
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scenario in which bleeding rarely is life threatening and is simple to diagnose. Therefore, we
do not believe that results from BRIDGE should be applied to CIED surgery with the possible
exception of patients with low risk of ATE.

The increased risk of bleeding related to heparin bridging has multiple causes. Feng et al. [11]
hypothesize that the variations on the accuracy of monitoring of warfarin compared with
heparin can partially explain differences in the observed risk of bleeding. Activated partial
thromboplastin time (APTT) levels of 1.5–2.5 time control do not correlate well with the
intensity of anticoagulation and have not been validated by randomized studies [12]. More‐
over, heparin has antiplatelet effects that may last longer than the measurable effect of heparin
and APTT [13]. Meanwhile, the evidence to maintain a therapeutic INR during the procedure
is based on more consistent data of cohorts and randomized trials [14, 15]. Performing surgery
under anticoagulation can facilitate the detection of small bleedings during the procedure [16].
This allows surgeons to make the necessary interventions at the time of the procedure and
potentially reduce the risk of hematoma in the postoperative period. This phenomenon has
been referred to as an “anticoagulation stress test.”

Figure 2 shows a simplified guide for management of patients using OAC with vitamin K
antagonists and requiring CIED surgery.

Figure 2. Guide for management of patients using OAC with vitamin K antagonists and requiring CIED surgery.

2.1. Role of novel anticoagulants

The use of novel anticoagulants (NOACs) has increased dramatically since its introduction
with about 1/3 of patients with AF using them for stroke prophylaxis [17]. They represent a
safe and efficacious alternative to warfarin. However, unlike warfarin, NOACs have a
predictable dose-response curve. When prescribing these drugs, there is no need to monitor
the INR levels to achieve therapeutic doses.
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All NOACs are at least noninferior to warfarin in terms of efficacy for prevention of stroke in
patients with nonvalvular AF [18–20]. In the same population, they are also at least as safe as
warfarin in terms of major bleeding. NOACs are also at least as effective and as safe as warfarin
for the treatment of venous thromboembolism [21, 22]. In patients with mechanical heart
valves, dabigatran was inferior to warfarin in terms of stroke prevention and bleeding risk [23];
therefore, the use of NOAC was contraindicated in this population.

However, recommendations for periprocedural use of NOAC are not well established as they
pose particular challenges:

1. Number of agents available on the market—dabigatran, rivaroxaban, apixaban, and
edoxaban—each one with a unique pharmacokinetic profile.

2. Unavailability of an efficacious and widespread antidote in the case of urgent need to
reverse anticoagulation.

3. Unavailability of a reliable laboratory test to measure the anticoagulation effect.

Some authors recommend that in patients with an annual risk of ATE (>5%), NOAC could be
resumed 24 hours after surgery. In patients with a lower risk of ATE (<5%), it would seem
reasonable to wait for >48 hours after surgery [24, 25].

Randomized trials like the planned BRUISE CONTROL-2 trial, which will compare continued
vs. interrupted novel oral anticoagulant (dabigatran, rivaroxaban, or apixaban) at the time of
device surgery [23], will bring more definitive answers.

In cases of clinical significant bleeding and need of urgent reversal of anticoagulation, several
strategies have been studied and proposed in this setting. Mar et al. [26] suggest that if criteria
for activated charcoal or hemodialysis use are not met, the use of four-factor prothrombin
complex concentrate (25 U/kg, maximum dose of 2500 U) may be attempted to reverse
dabigatran, as well as rivaroxaban and apixaban. Recently, a novel recombinant human factor
Xa, andexanet alfa (AnXa), that binds with high affinity to apixaban and rivaroxaban has
showed promising results in phase 3 studies [27].

Until more conclusive results are published, we recommend withholding NOAC four half-
lives before elective procedures and restart the drug as soon as the risk of bleeding is mini‐
mized.

2.2. Cost-effectiveness

Bridging therapy is associated with increased costs due to increased need for hospitalization
and the high price of LMWH [27]. In the BRUISE CONTROL STUDY, the overall cost of
continued warfarin therapy was dramatically lower than heparin bridging therapy, primarily
due to lower costs for medication and hospitalizations [28]. From the perspective of the
Canadian healthcare system, continued warfarin therapy, when compared with heparin
bridging, showed a cost saving of $1800 per patient.

Management of Anticoagulation Around Cardiac Implantable Electronic Device Surgery
http://dx.doi.org/10.5772/64684

73



2.3. Antithrombotic therapy in patients undergoing cardiac rhythm device implantation

Optimal management of antiplatelet therapy (AT) around CIED implantation is also chal‐
lenging. Medications used as AT (e.g., aspirin and clopidogrel) have long half-lives and no
efficient antidote; therefore, planning is essential to minimize the risk of bleeding while
keeping a low risk of thrombotic complication.

Tompkins et al. reported that dual antiplatelet therapy in patients undergoing pacemaker
implantation significantly increased frequency and severity of hemorrhagic complications,
compared with the use of aspirin alone [29]. Other authors found no increased risk of bleeding
complication in patients receiving clopidogrel or DAPT [30, 31].

ACC/AHA guidelines support continuing low-dose aspirin monotherapy for noncardiac
surgical procedures, noting only a small increase in procedure-related bleeding (relative risk
1.5). Management of dual AT or clopidogrel use is still a matter of debate. Yang et al. per‐
formed a meta-analysis to evaluate the effects of different antiplatelet combinations in pa‐
tients undergoing CIED surgery [1]. Dual antiplatelet therapy increased the risk of bleeding
largely during CIED implantations compared with control group (OR = 6.84, 95% CI 4.16–
11.25, P < 0.00001). Single antiplatelet therapy did not increase the risk of bleeding during
CIED implantations (OR = 1.52, 95% CI 0.93–2.46, P = 0.09). Single antiplatelet therapy with
clopidogrel increases the risk of hemorrhage when compared with aspirin (OR = 2.91, 95%
CI 1.27–6.69, P = 0.01).

Abbreviations

AF atrial fibrillation

ATE arterial thromboembolic events

APTT activated partial thromboplastin time

CIED cardiac implantable electronic device

OAC oral anticoagulation

NOAC novel anticoagulant
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Abstract

Prothrombin complex concentrate (PCC) is used for the rapid reversal of vitamin K
antagonist (VKA) anticoagulation. PCC is also applicable in situations requiring rapid
reversal of anticoagulation by non-vitamin K antagonist direct thrombin and factor Xa
inhibitor oral anticoagulants (NOACs), thereby making PCC a general antidote for oral
anticoagulation. In this chapter, the composition of different PCC brands is reviewed
and a negative effect of heparin supplement in some products is recognized. Mode of
action of anticoagulation reversal by PCC is explained. Dosage and clinical efficacy, two
closely related issues, are discussed and based on reviewed data recommendations are
given that may prohibit too low PCC dosing, especially in NOAC anticoagulation. Use
of unsuitable laboratory assays has raised needless controversy as to the applicability
of PCC to reverse anticoagulation by NOACs, in particular dabigatran. In this chapter,
various laboratory assays are evaluated for their applicability in monitoring reversal of
anticoagulation.

Keywords: vitamin K antagonists, rivaroxaban, dabigatran, direct oral anticoagulants,
prothrombin complex concentrate

1. Introduction

Fluidity of circulating blood is maintained by a delicate balance between procoagulant and
anticoagulant  processes.  A complex mechanism involving the  vessel  wall,  platelets,  and
proteins in plasma (clotting factors) safeguards a normal blood flow by the formation of a
blood clot at sites of vessel damage [1–3]. Upon vessel damage, platelets rapidly deposit at
the site of vascular injury. Tissue factor that is normally sequestered from circulating blood,
now triggers a cascade of biochemical reactions among coagulation proteins resulting in the
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formation of thrombin, the enzyme that converts fibrinogen into fibrin (Figure 1). A blood
clot consists of a mesh of fibrin threads, aggregated platelets, leukocytes, and erythrocytes.
Thrombosis is the formation of blood clots or thrombi inside the blood vessel or on surgical
implants. Clots can cause partial or complete blockade of the blood flow. A serious compli‐
cation that can arise from thrombosis is embolism, which refers to a condition in which a
portion of the blood clot breaks loose and travels in the bloodstream. Emboli can obstruct
vessels in other parts of the body. Vessel occlusion can lead to severe tissue damage. Throm‐
bosis is clearly one of the most common causes of death. A measure to prevent thrombosis is
the use of anticoagulant drugs [4]. Classic oral anticoagulant drugs, the vitamin K antago‐

Figure 1. Pathways involved in thrombin generation and fibrin clot formation. Extrinsic coagulation starts with the
binding of factor VII and activated factor VII (VIIa) to tissue factor (TF) on the outer layer of the lipid membrane of
perivascular cells exposed to blood upon vessel wall damage. Factor VIIa bound to TF is able to proteolytically activate
the coagulation factors IX and X. Additional factor X activation occurs by activated factor IX (IXa) when assembled
with its active cofactor factor VIIIa on a negatively charged phospholipid surface (PL), e.g. the surface of an activated
blood platelet. Subsequently, factor Xa assembles on a PL surface with its active cofactor, factor Va, as such able to
proteolytically activate prothrombin (II). Without the respective active cofactors Va and VIIIa, factor IXa and factor Xa
display very poor enzymatic activity. Formation of thrombin (IIa) is accelerated by feedback activation of factor V and
VIII as well as factor VII by initially formed small amounts of factor Xa and thrombin. Another feedback loop involves
the activation of factor XI by thrombin that facilitates additional factor IX activation. Note that reactions that require
PL are calcium-ion (Ca++) dependent. Intrinsic coagulation (contact activation) is triggered by the conversion of factor
XII into its enzymatic active form (XIIa) that occurs on negatively charged polyphosphates such as RNA, DNA, and
inorganic polyphosphate that are released during cell damage and infection. Intrinsic coagulation is not regarded as
the physiological pathway. Thrombin generation is under control of several inhibitory pathways. Tissue factor path‐
way inhibitor (TFPI) blocks the TF/VIIa complex when assembled with factor Xa. Protein C, once activated (APC) by
thrombin when bound to thrombomodulin on the vessel wall, proteolytically inactivates the cofactors Va and VIIIa.
Both processes are enhanced in the presence of protein S. Antithrombin inactivates thrombin, factor IXa, Xa, XIa, as
well as factor VIIa bound to TF. The anticoagulant function of antithrombin is significantly enhanced by heparin-like
structures on the vessel wall.
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nists (VKAs), inhibit the essential modification of newly synthesized vitamin K-dependent
coagulation factors in the liver. Other, more recently developed non-vitamin K antagonist oral
anticoagulants  (NOACs)  only  target  specific  clotting  factors  in  their  enzymatic  active
configuration. A significant side effect of (oral) anticoagulation therapy is the increased risk
of bleeding [5–7].  Rapid reversal  of  anticoagulation might be required in anticoagulated
patients presenting with major bleeding or requiring urgent surgery or invasive intervention.

To date, fresh frozen plasma (FFP) is still being used for the treatment of hemorrhages
associated with the use of oral VKA anticoagulant drugs that interfere in the synthesis of
vitamin K-dependent clotting factors in the liver. This is despite the availability of much more
effective prothrombin complex concentrate or PCC [8–12]. Major disadvantages associated
with FFP therapy include the risk of transfusion-related acute lung injury (TRALI), the need
to consider blood group compatibility, and the large volume of intravenously administered
plasma needed to stop bleeding episodes with concomitant risk of systemic volume overload
[13]. In the late 1950s and much of the 1960s, FFP was the mainstay of treatment of bleeding
associated with coagulation factor deficiencies like hemophilia A (congenital factor VIII
deficiency) and hemophilia B (congenital factor IX deficiency). Hemophilia treatment im‐
proved in the late 1960s by the introduction of partly purified, human plasma-derived
concentrates of either factor VIII or factor IX. Factor IX belongs to the group of vitamin K-
dependent proteins, including, among others, the procoagulant factors II (prothrombin), VII,
IX, and X. Due to the presence of the other vitamin K-dependent coagulation factors in partly
purified factor IX concentrates, its use was also recognized for the treatment of congenital
factor VII and factor X deficiencies, as well as for acquired deficiencies in vitamin K-dependent
coagulation factors due to liver disease [14]. And last but not least, partly purified factor IX
concentrates appeared extremely useful in rapid reversal of anticoagulation by vitamin K
antagonists like warfarin [15, 16]. Nowadays, partly purified factor IX concentrate is referred
to as prothrombin complex concentrate (PCC). An old abbreviation still being used is PPSB
(prothrombin, proconvertin, Stuart-Prower-factor, Christmas factor/Factor B).

2. Prothrombin complex concentrate and indications of its clinical use

2.1. Reversal of vitamin K antagonists

Three different types of PCCs are commercially available for clinical use (Table 1): four-factor
(4F) PCC, three-factor (3F) PCC, and activated PCC. The functional procoagulant components
in 4F-PCC are the vitamin K-dependent coagulation factors II (prothrombin), VII, IX, and X.
Brand names, among others, are Beriplex® (Kcentra™ in the USA), Octaplex®, Prothrom‐
plex®, and Cofact®. 3F-PCC, in contrast to its 4F counterpart, does not contain significant
levels of factor VII. Brand names include Profilnine® and Bebulin®. Activated PCC (Feiba®)
contains the proenzymes prothrombin (factor II), factor IX, and factor X as in 3F-PCC and 4F-
PCC, but in addition contains factor VII in its activated form (VIIa) (see Figure 2). Of these
PCCs, 4F-PCC is approved as reversal agent for VKAs. In the US, approval is granted by the
Food and Drug Administration (FDA) for urgent reversal of acquired coagulation factor
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deficiency induced by VKA therapy in patients with acute major bleeding only. In various
countries outside the US, 4F-PCC is indicated for emergency as well as prophylactic reversal
of VKA anticoagulation and for replacement therapy in patients with congenital or acquired
factor deficiencies. Given their composition, 4F-PCCs may provide an off-label alternative for
treatment of acute bleeds in patients with liver disease and in patients with trauma-induced
coagulopathy [17]. 3F-PCC is approved in several countries including the US for hemophilia
B treatment. Clinical studies indicate that 3F-PCC can also be used for the reversal of antico‐
agulation by vitamin K antagonists, albeit less effective than 4F-PCC [18–21]. Activated PCC
is indicated in situations where a factor VIII or IX inhibitor bypassing procoagulant drug is
required. Its off-label use as reversal agent for VKA-induced coagulopathy seems obvious
because of its composition (presence of all procoagulant vitamin K-dependent factors, with
factor VII in its activated form). The clinical usefulness of activated PCC in emergency reversal
of vitamin K antagonists has been demonstrated in a limited number of clinical studies [10, 22].

Figure 2. Vitamin K-dependent coagulation proteins. Vitamin K-dependent procoagulant factors (VII, IX, X, prothrom‐
bin) and vitamin K-dependent anticoagulant proteins (C and S) are depicted as bars illustrating their different domains
as well as globular structures based on current knowledge of their three dimensional configuration [55–65]. Vitamin K-
dependent clotting factors consist of a so-called Gla domain, one or more EGF or Kringle domains, and a catalytic do‐
main (CD). Protein S does not contain a catalytic domain and instead contains a so-called SHBG domain. The Gla
domain is essential for binding to negatively charged phospholipids, e.g. present in the outer layer of the membrane of
activated platelets. The enzymatic activity of vitamin K-dependent clotting factors resides in the catalytic domain. In
pro-enzymes, the site that is responsible for the proteolytic activity is masked. The active site becomes exposed upon
proteolytic cleavage of the so-called activation peptide (AP). In factor VIIa and thrombin, the cleaved activation pep‐
tide remains attached. In factor IXa, factor Xa, and activated protein C, the activation peptide is cleaved out. Thrombin
has lost its Kringle domains and its Gla domain and therefore is not able to bind to negatively charged phospholipids.
Thrombin, in most cases, exerts its activity in solution and independent of a phospholipid membrane. Protein S does
not contain an activation peptide and catalytic domain, and therefore cannot exhibit enzymatic activity.
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Concentrate Major functional
component(s)

Indications* Off-label use/remark

4F-PCC  Coagulation
factors II, VII, IX,
X 

Treatment and perioperative
prophylaxis of bleeding
– in acquired deficiency of PCC
factors, such as deficiency caused
by treatment with vitamin K
antagonists
– in congenital deficiency of the
vitamin K-dependent coagulation
factors when purified specific
coagulation factor products
are not available 

Treatment of trauma-induced coagulopathy
Treatment of bleeds in patients with liver
disease
Reversal of anticoagulation by direct factor Xa
and thrombin-inhibiting oral anticoagulants
(evidence based on several bleeding models in
animals and human volunteers; substantial
clinical evidence is lacking) 

3F-PCC  Coagulation
factors II, IX, X 

Prevention and control of
bleeding in hemophilia B
patients 

Anticoagulant reversal agent
– for vitamin K antagonists (4F-PCC is superior
to 3F-PCC)
– for direct oral thrombin and factor Xa
inhibitors (evidence based on a few bleeding
models in animals; substantial clinical evidence
is lacking) 

Activated-
PCC 

Coagulation
factors II, IX, X,
VII-activated
form 

Treatment and prophylaxis of
bleeding in patients
(hemophilia A and B as
well as non-hemophiliacs) with
inhibitors to
factors VIII or IX 

Anticoagulant reversal agent
– for vitamin K antagonists (evidence based on a
limited number of clinical studies)
– for direct oral thrombin and factor Xa
inhibitors (evidence based on bleeding models in
animals; substantial clinical evidence is
lacking) 

Factor VIIa  Coagulation factor
VII-activated
form 

Treatment and perioperative
prophylaxis of bleeding
– in hemophilia patients with
acquired inhibitors to factors VIII
or IX
– in patients with congenital
factor VII deficiency 

Treatment of intracranial hemorrhage and
control of bleeding in trauma and during
surgery
Anticoagulant reversal agent
– for vitamin K antagonists (lacking substantial
clinical evidence; may require co-administration
of FFP or 3F-PCC)
– for direct oral thrombin and factor Xa
inhibitors (evidence based on bleeding models in
animals; substantial clinical evidence is
lacking) 

Factor VIII  Coagulation factor
VIII 

Treatment and prophylaxis of
bleeding in patients with
hemophilia A 

Not to be used as anticoagulant reversal agent 

Factor IX  Coagulation factor
IX 

Treatment and prophylaxis of
bleeding in patients with
hemophilia B 

Not to be used as anticoagulant reversal agent 

*According to summary of product characteristics (SPC).

Table 1. Clotting factor concentrates; indications and off-label use.
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In this context, we should also mention recombinant activated factor VII (VIIa) concentrate
(NovoSeven®). This factor concentrate was originally developed for the treatment of bleeding
in patients with hemophilia who developed antibodies to factor VIII. Off-label use of recombi‐
nant factor VIIa has been documented in a number of bleeding conditions including cardio‐
vascular surgery, trauma, and intracranial hemorrhage [23]. Some case-control studies have
suggested a beneficial effect of a factor VIIa concentrate in the treatment of VKA-associated
bleeds [24–27]. Off-label use of recombinant factor VIIa as VKA antidote is usually in combi‐
nation with FFP therapy. A recent report outlined the successful use of a combination of
recombinant factor VIIa and 3F-PCC in the treatment of VKA-associated intracranial hemor‐
rhage [28]. The idea behind the treatment of hemorrhages with recombinant factor VIIa is the
delivery of a sufficient amount of already activated factor VII to exposed tissue factor at sites
of vessel injury (Figure 1). In an alternative model, recombinant factor VIIa interacts with the
GPIb-IX-V complex on platelets and this interaction enhances tissue factor-independent
thrombin generation mediated by recombinant factor VIIa on the activated platelet surface
[29]. When employing recombinant factor VIIa concentrate, one should keep in mind that
sufficient plasma levels of other essential vitamin K-dependent coagulation factors are still
needed (Figure 1). In VKA-anticoagulated subjects, levels of functional vitamin K-dependent
clotting factors may be too low to support recombinant factor VIIa treatment in the absence of
FFP or 3F-PCC. This notion is underscored by the absence of a significant correcting effect of
recombinant factor VIIa concentrate in carefully controlled bleeding models in rats (tail injury),
mice (tail injury), and human volunteers (punch biopsy) subjected to VKA anticoagulation [30–
32]. Interestingly, correction of bleeding did occur in incomplete anticoagulated rats [30]. On
the other hand, two studies reported recombinant factor VIIa to be effective in reducing VKA-
associated experimental intracerebral hemorrhage in mice [33, 34]. Co-administration of FFP
or 3F-PCC was omitted in all referred model studies. Thus, although data are inconclusive on
this matter, effective emergency reversal of VKA anticoagulation by recombinant factor VIIa
may require the co-administration of FFP or 3F-PCC.

2.2. Reversal of direct thrombin and factor Xa inhibitors

NOACs are the new generation oral anticoagulants that directly inhibit thrombin (factor IIa)
or activated factor X (Xa). A treatment algorithm for NOAC-associated bleeds has been
developed that includes the use of PCC [35]. Studies employing bleeding models in animals
and healthy human volunteers have revealed that all PCCs as well as recombinant factor VIIa
are potentially applicable in the treatment of NOAC-associated bleeds [36]. Most well studied
is the reversal of NOAC anticoagulation by 4F-PCC, with seven out of eight studies show‐
ing partial to complete bleeding cessation in coagulopathy induced by direct factor Xa
inhibitors (apixaban 2/2, edoxaban 2/2, rivaroxaban 3/4) and 5/6 in that induced by the direct
thrombin inhibitor dabigatran [32, 37–49]. 3F-PCC was successfully explored in the reversal
of dabigatran-induced hemorrhage in rat [48]. Activated PCC was shown to reduce dabiga‐
tran- as well as rivaroxaban-associated bleeds in various bleeding models [32, 45, 48, 50].
Results with factor VIIa concentrate were less conclusive, showing positive outcome in about
half of the reported bleeding models [32, 43–49]. Several reasons may underlie the variabili‐
ty in study outcome, including the bleeding model used, plasma concentration of the NOAC
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at the time of intervention, and the type and dosage of reversal agent administered. The
composition of the PCC, that differs from brand to brand, may also be of influence. Case
reports and clinical registries have described multiple interventions in the treatment of
NOAC-associated emergency bleeds, including the use of 4F-PCC, activated PCC, and
recombinant factor VIIa [51–54]. There is currently no strong clinical evidence (e.g. random‐
ized controlled trials) to support the choice of one of the hemostatic agents.

3. What is in the vial?

3.1. Vitamin K-dependent coagulation proteins

PCC is a mixture of partly purified vitamin K-dependent coagulation proteins (Figure 2). PCCs
are prepared from human plasma and are supplied as freeze-dried products. Dosage indicated
on the label and package insert of 3F- and 4F-PCC is based on the factor IX content and is given
in international activity units (IU) factor IX as assayed according the prescriptions in the
European Pharmacopeia. In contrast, the potency of activated PCC (Feiba®) is expressed in
arbitrary units defined as that amount able to shorten the clotting time of factor VIII inhibitor
reference plasma to 50% of normal.

Some of the earlier PCCs available until the mid-1990s were associated with an increased risk
of thrombosis [66]. Data published by Grundman et al. suggest that prothrombin overload
caused by an imbalance of coagulation factors in PCC is the major thrombogenic trigger during
PCC therapy [67]. An appropriate balance in the levels of coagulation factors may therefore
have significant influence on the safety of PCC [68]. Most desirable are relative clotting factor
quantities similar to that in plasma. In Figure 3, molar quantities of the different clotting factors

Figure 3. Vitamin K-dependent plasma proteins in plasma and in 4F-PCC. See legend Table 2 for analytical details.
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relative to factor IX are shown for some of the currently available PCCs. As can be appreciated,
relative quantities of all procoagulant vitamin K-dependent clotting factors in PCC are almost
identical to that in plasma. This is also true for the vitamin K-dependent coagulation inhibitor
protein C. For protein S, however, levels are considerably lower than in plasma. Prothrombin
is the most abundant vitamin K-dependent coagulation factor, while only trace amounts of
factor VII are present in both plasma and PCC.

3.2. Other plasma protein constituents

PCCs not only contain vitamin K-dependent coagulation proteins. Mass spectrometric analysis
revealed the presence of a variety of common plasma proteins such as fibrinogen, vitronectin,
inter-alpha-trypsin inhibitor, complement, albumin, ceruloplasmin, C4b-binding protein, and
apolipoprotein [69, 70]. The amount of co-purified plasma constituents may vary between the
different PCC brands. Copper-containing ceruloplasmin is responsible for the bluish colour of
some PCCs.

Biochemical characteristics PCC product
Cofact Beriplex Octaplex Prothromplex

Specific activity  IU factor IX/mg total protein 1.7
(1.1) 

4.8
(3.3) 

0.9
(1.0) 

1.7
(1.5) 

Vitamin K-dependent coagulation
proteins 

mg, % of total protein  22
(23) 

59
(42) 

12
(14) 

24
(-) 

Antithrombin  IU/IU factor IX  0.01
(0.01) 

0.02
(0.02) 

0.004
(0.003–0.004) 

0.03
(0.03–0.06) 

Heparin supplement  IU/IU factor IX  <0.01
(<0.01) 

0.03
(0.02–0.03) 

0.25
(0.15–0.88) 

0.38
(0.15–0.72) 

Thrombin generation  ETP, % of control plasma  217  162  71  18 

From each product, a single lot was analyzed at Sanquin laboratories. Factor IX activity (clotting assay) was
determined against the European Pharmacopoeia reference standard for factor IX concentrates. Prothrombin, factor
VII, factor X, protein C, antithrombin (all chromogenic assays), and protein S (total antigen) were calculated against
WHO calibrated normal plasma. IU was recalculated to mg based on reference plasma quantities as listed in the
corresponding ISTH-SSC subcommittee communication [72]. Total protein was determined according to Bradford [71].
Heparin was determined against the 6th international standard for unfractionated heparin [73]. Thrombin generation
(CAT method) in normal plasma supplemented with 1 IU/ml PCC was performed as described using a tissue factor
concentration of 5 pM [73]. ETP values (extrinsic thrombin generation, area under the thrombin generation cure) are
expressed as % of those obtained in normal plasma supplemented with saline instead of PCC. Content may vary from
lot to lot. Data obtained are in good agreement with values from the literature, as can be appreciated from the data
between parentheses that were taken directly from reports by Kalina et al., Sadeghi et al. and Grottke et al. or that were
calculated from the reported values [74–76]. -, no literature data available.

Table 2. Biochemical characterization of 4F-PCC.

Specific activity is a measure of purity. Specific activity of 3F- and 4F-PCC is the amount of
factor IX activity (in IU) over the total amount of all proteins (in mg) present in the product.
Total protein is determined spectrophotometrically employing a protein dye and the levels are
calculated using a calibration curve of an albumin solution with known protein content [71].
Specific activities of some currently available PCCs are listed in Table 2. Dissimilar specific
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activities of the different PCCs are indicative for differences in composition and purity. Specific
activity based on factor IX coagulant activity, however, does not take into account therapeutic
vitamin K-dependent coagulation factors other than factor IX. In Table 2, the sum of mg
quantities of the factors II, VII, IX, X, protein C, and protein S in 4F-PCC is expressed as
percentage of total protein. This calculation reveals a purity that varies between 12 and 59%.

3.3. Heparin and antithrombin supplement: its influence on PCCs procoagulant potential

In the early days of PCC utilization, clinicians were facing an increased incidence of thrombosis
in PCC-treated patients [66]. To minimize thrombogenicity, heparin and antithrombin were
advised as supplements in PCC [68]. With the inclusion of coagulation inhibitors and other
manufacturing improvements and the implementation of thrombogenicity release tests,
today’s PCCs can be considered safer than earlier products [77]. The rationale behind heparin
and antithrombin supplementation is to inactivate any activated coagulation factor in the final
PCC product. Levels of heparin and antithrombin supplement, however, vary considerably
between different PCC brands (Table 2). The ability of heparin and antithrombin supplement
to inhibit any active coagulation factor in PCC can be demonstrated, e.g. by mixing PCC with
active thrombin. The level of antithrombin appeared to have greater impact on thrombin
inhibition than either heparin content or the ratio of antithrombin to heparin [74].

The presence of antithrombin and heparin supplement may have influence on the procoagu‐
lant potential of the PCC, i.e. the ability to reverse oral anticoagulation. A negative effect of
anticoagulant supplement can be easily demonstrated in the so-called thrombin generation
test. In this test, thrombin generation in a plasma sample is initiated by the addition of calcium-
ions and a trigger of coagulation, usually tissue factor. A fluorogenic, thrombin-sensitive
substrate is present in the incubation mixture, allowing to monitor in time the generation and
subsequent inhibition of thrombin [78]. The area under the thrombin generation curve
(endogenous thrombin potential, ETP), one of the parameters that can be derived from the
curve, is frequently used as a measure for the amount of thrombin generated. When PCC is
added to normal plasma, an increase in ETP is to be expected because of an increase in level
of all essential coagulation factors. An increase in ETP can indeed be observed with Cofact®
and to a lesser extent with Beriplex®, PCCs that contain no or little heparin (Table 2). Octa‐
plex® and Prothromplex®, PCCs with a considerable amount of heparin supplement, show
inhibition of coagulation with this test (Table 2). A correlation between ETP and the quantity
of antithrombin supplement seems absent.

Several reports have pointed to a potential negative effect of heparin supplement on the
procoagulant efficacy of PCC [73, 76, 79–81]; though all of these are in vitro studies, a clinical
effect should not be ruled out. Let us envision a patient on rivaroxaban anticoagulation treated
for an emergency bleed with the advised dose of PCC of 50 IU factor IX/kg body weight (bw),
infused at a generally practiced flow rate of 2.5 IU factor IX/kg bw per min [82]. This means
that, depending on the PCC administered (see Table 2), in total up to 36 IU heparin/kg bw at
a rate of 1.8 IU heparin/kg bw per min (108 IU heparin/kg bw per h) is infused. Clinicians thus
should be aware of the possibility that during PCC infusions and depending on the PCC brand
administered, levels of co-administered heparin may be within the heparin therapeutic
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window [83]. PCC infusion, however, is temporary (±25 min for 50 IU/kg) and the half-life of
heparin (30–60 min) is relatively short as compared to that of factor II (45–66 h), factor VII (4–
7 h), factor IX (14–68 h) and factor X (24–41 h) [83, 84]. It is therefore to be expected that co-
infused heparin may only transiently counteract the prohemostatic efficacy of administered
clotting factor concentrate. Additional complicating aspect when treating emergency bleeds
in patient on rivaroxaban or any other NOAC, is the fact that co-infused heparin supplement
will enhance the anticoagulant effect of the NOAC (see Figure 4 and reference [73]). Thus, an
inhibitory effect of heparin during and shortly after infusion of heparin-containing PCC should
be taken into account, especially when treating emergency bleeds associated with NOAC
anticoagulation. PCC brands containing no or low heparin do not have this side effect.

Figure 4. Heparin intensifies NOAC anticoagulation. Coagulation enzymes are inhibited by antithrombin (AT), a proc‐
ess significantly enhanced by heparin. Rivaroxaban, apixaban, and edoxaban are direct Xa inhibitors. Dabigatran is a
direct thrombin inhibitor. Heparin supplement present in some PCCs and direct Xa and thrombin inhibitors (NOACs)
act synergistically to depress coagulation [73]. It would therefore be more beneficial to treat emergency bleeds in
NOAC-anticoagulated individuals with PCCs containing no or low dose heparin than with PCCs containing high dose
heparin. (Coagulation cofactors are not depicted in this schematic representation.)

3.4. Activated coagulation factors and release tests

Release tests for manufactured PCC should comply with European Pharmacopoeia mono‐
graphs [85]. Release tests, among others, include solubility, sterility, bacterial endotoxins,
coagulation factor II, VII, IX, X, and activated coagulation factors. Heparin, if present in the
PCC, must be neutralized when performing coagulation factor and activated coagulation
factor release tests. Thrombin is measured by mixing prescribed volumes of PCC and fibrino‐
gen solution. If thrombin is present, fibrin will be formed. PCC batches only pass this test if
fibrin formation is absent in one test tube kept at 37°C for 6 h and in another tube kept at room
temperature for 24 h. For comparison, coagulation occurs within 30 s in a reference tube
containing a prescribed mixture of fibrinogen and thrombin instead of PCC. The absence of
thrombin in currently available PCCs was recently confirmed by immunological techniques
[75]. A second test for activated clotting factors that must be performed according to the
European Pharmacopoeia is the so-called non-activated partial thromboplastin time (NAPTT).
Prescribed dilutions of PCC, phospholipids (blood platelet substitute), and calcium chloride
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are added to plasma anticoagulated with citrate and the time to clot formation is recorded. The
test is valid when clotting time in the reference sample (with buffer instead of PCC) ranges
between 200 and 350 s. PCC batches pass this test when clotting times are not less than 150 s.
The NAPTT is extremely sensitive to activated factor IX (IXa). Release tests do not focus on
activated factor VII (VIIa) and activated factor X (Xa). While 3F- and 4F-PCCs are virtually
devoid of factor Xa, they do contain some factor VIIa [86]. Thrombotic complications, however,
are a rare side effect of activated PCC (Feiba®) that contain substantial amounts of factor VIIa
[87].

4. Mode of action

4.1. Vitamin K antagonists and reversal of anticoagulation by 4F-PCC

VKA anticoagulant coumarins like warfarin and phenprocoumon act by inhibiting the enzyme
vitamin K reductase [88]. This enzymes shuffles vitamin K back into its active form. This
“reactivated” vitamin K is needed to support the enzyme glutamylcarboxylase that converts
glutamic acid residues into gamma glutamic acid (Gla) residues. During this process, vitamin
K loses its activity again. Gla residues bind calcium-ions and this is essential for vitamin K-
dependent coagulation factors to bind to negatively charged phospholipids and to partake in
coagulation [89]. As a result of VKA therapy, fewer Gla residues are incorporated. The
consequence of this is that circulating vitamin K-dependent coagulation factors are less
functional. Upon triggering of the coagulation system, less prothrombin will be converted to

Figure 5. Anticoagulation targets and reversal of anticoagulation by 4F-PCC. Filled orange boxes indicate the vitamin
K-dependent coagulation factors, targets for VKA therapy (vitamin K-dependent anticoagulant protein S and C are not
depicted). Due to VKA therapy, vitamin K-dependent coagulation factors are synthesized with reduced procoagulant
activity. Reversal of VKA anticoagulation by 4F-PCC infusion is accomplished by prompt replenishment of functional
vitamin K-dependent coagulation factors. Red boxes indicate the NOAC targets. In NOAC-treated individuals, normal
levels of fully functional clotting factors are to be expected. PCC infusion will increase the concentration of vitamin K-
dependent coagulation factors above normal and more factor Xa and thrombin will be generated that escapes from
NOAC inhibition, resulting in increased feedback amplification of the coagulation processes (see Figure 1). Similar
mechanisms for VKA and NOAC reversal also apply to 3F-PCC (contains no factor VII) and activated PCC (contains
factor VIIa instead of factor VII).
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thrombin and time to clot formation will be markedly increased. Due to lower obtained levels
of thrombin, also less thrombin-activatable fibrinolysis inhibitor (TAFI) will be activated. This
inhibitor, once activated by thrombin, retards the clot lysis process. Thus, VKA therapy not
only downscales clot formation but also enhances clot degradation [90].

Reversal of VKA anticoagulation can be done by cessation of VKA therapy together with the
administration of vitamin K that boosts the synthesis of functional, Gla-domain-containing
vitamin K-dependent coagulation factors [91, 92]. This “de novo” synthesis of coagulation
factors, that takes place in the liver, may take too long. For immediate emergency reversal,
replenishment of functional vitamin K-dependent clotting factors seems more appropriate.
This can be achieved by intravenous administration of 4F-PCC (Figure 5).

4.2. Direct thrombin and factor Xa inhibitors and reversal of their anticoagulant action by
4F-PCC

Vitamin K-dependent coagulation factors circulate in plasma in their pro-enzymatic, inactive
form. Enzymatic activity resides in their active center that is located in the catalytic domain
(see Figure 2). In their pro-enzymatic form, the active center is shielded from interaction with
target proteins. Direct thrombin and factor Xa inhibitor non-vitamin K oral anticoagulants
(NOACs) are designed to target the respective active sites. Vitamin K administration is
standard treatment to support VKA reversal by PCC. Obviously, in NOAC-treated individuals
clotting factors are processed properly (normal posttranslational Gla residue incorporation)
and hence vitamin K administration is usually not required. Cessation of NOAC therapy is
one approach to reverse anticoagulation in NOAC-treated individuals. Due to the half-life of
NOACs (5–17 h) [93], additional reversal measures may be needed in emergency situations.

4F-PCC can be used in situations requiring immediate reversal of anticoagulation by NOACs.
Mechanism of action of PCC in NOAC reversal differs from that in VKA reversal (Figure 5).
With respect to VKA reversal, PCC replenishes the level of functional vitamin K-dependent
clotting factors. With regard to NOAC reversal, normal levels of fully functional clotting factors
already are present in the circulation. The idea behind 4F-PCC as reversal agent for NOACs
is that by increasing the concentration of vitamin K-dependent procoagulant factors, slightly
more factor Xa and thrombin will be generated that escapes from inhibition by either a direct
Xa or direct thrombin inhibitor resulting in increased feedback amplification of the coagulation
processes [94]. This latter mechanism also underscores the general applicability of PCCs as an
antidote for current and future direct oral anticoagulants.

5. Dosage, efficacy, and safety

5.1. PCC dosing for reversal of vitamin K antagonists

Despite decades of clinical experience with PCC, dosing is still a matter of debate [95]. The
international normalized ratio or INR is a frequently used laboratory parameter to guide PCC
dosing. This parameter is derived from the prothrombin time (PT) test. In this test, a plasma
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sample (citrate anticoagulated) is mixed with calcium-ions, tissue factor, and phospholipids
and the time to clot formation is measured. The INR aims to harmonize PT results obtained
with VKA-anticoagulated plasma regardless of the reagents and instrument used [4]. It should
be noted, however, that PT to INR correction factors used for VKA-anticoagulated plasma do
not apply for NOAC-anticoagulated plasma [96, 97]. INR values in normal individuals range
between 0.8 and 1.2. The target level INR for people on VKA anticoagulation is usually between
2 and 3 [4]. In the “real world”, INR values of 7 or higher can be observed as well. Target INR
values for emergency reversal of anticoagulation vary between institutional protocols. A target
INR of 1.3 or 1.5 is most often used [95].

PCC dosing strategies usually take into account the INR at presentation and the body weight
of the patient. For example, 25 IU per kg body weight for a baseline INR < 4, 35 IU per kg for
an INR between 4 and 6 and 50 IU per kg for an INR > 6. Other strategies also take into account
the reason for which reversal by PCC is required [98, 99]. For example, a target INR of 2.1 for
small urgent interventions and minor bleedings and a target INR of 1.5 for major bleeding [98].
More simplified regimens are also practiced, namely a fixed dose per individual (usually 1000
IU), a fixed dose per kg body weight (depending on the protocol ranging from 8 to 50 IU/kg),
and a dose based on the clinical experience of the doctor. Relatively good INR outcomes were
reported with the use of any treatment protocol while INR outcome in general was less
satisfactory when a predefined protocol was missing (doctor strategy). Lowest PCC dosages
will be infused in the fixed dose strategy [95].

Major advantage of a fixed dose per individual is a shorter time to infusion (median 130 min)
as compared to strategies that require dosing calculation based on body weight and INR at
presentation (median 160 min, p=0.015) [100]. One should also take into account that time is
wasted between the first and, if clinically required, subsequent PCC infusions that may range
between 1.5 and 8 hours [101]. In vitro spiking of plasma samples taken from VKA-treated
individuals with increasing PCC dose has revealed INR normalization by 0.5 IU PCC per ml
plasma, irrespective of the initial INR [101]. This value recalculates to a fixed dose of 20 IU/kg
body weight or 1500 IU for a man with an average weight of 75 kg.

5.2. 4F-PCC versus plasma for rapid INR correction in VKA-anticoagulated individuals

Prospective studies in VKA-anticoagulated individuals have shown almost immediate INR
correction after PCC infusion (6–83 IU/kg) and reached INR levels remained stable for at least
6 hours irrespective of the dosing regimen used [9, 11, 12, 98, 99, 102–105]. Infusion time of
PCC is relatively low (7–75 min). This is in contrast to FFP, for which infusion times up to 900
min have been reported (Table 3) [11, 104, 105]. Importantly, infusion volume of PCC (25–320
ml) is considerably lower than that of FFP (350–1525 ml) [11, 12, 99, 102, 104]. Comparative
prospective studies have revealed rapid INR reduction (INR ≤ 1.3 at 1 hour after start of the
infusion) in 54–69% of individuals treated with PCC versus no patients in the plasma group
[11, 12]. At the end of infusion, 55–100% of the patients treated with PCC had an INR of 1.3 or
lower compared with no more than 10% of the patients treated with plasma instead (Table 3).
Rapid INR reduction associated with the use of PCC, alone or as an adjunct to FFP, translates
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to a significant shorter time to invasive intervention in VKA patients requiring urgent surgery
as compared to patients receiving FFP only [12, 106–109].

PCC FFP
Reversal agent infusion
- volume administered, ml 25-320 [11, 12, 99, 102, 104, 105] 353-1525 [11, 12]
- time to end of infusion, min 7-75 [11, 104, 105] 26-928 [11]
Clinical efficacy, % of study population
- INR at target 1 hour after start infusion 54-69 [11, 12] 0 [11, 12]
- INR at target at end of infusion 55-100 [9, 11, 12, 99, 102–105] 0-10 [9, 11, 12]
- hemostatic efficacy, good or excellent 72-100 [11, 12, 99, 103, 105] 65-75 [11, 12]
Adverse events, % of study
population(treatment related)
- volume overload 0-5 [11, 12, 13] 7-13 [11-13]
- thromboembolic complications 2-8 (2-3) [102, 104, 105, 110] 8 (3) [110]
- mortality 1-19 (0-2) [99, 102–105, 110] 13 (2) [110]

Table 3. Comparison of FFP with 4F-PCC for the reversal of warfarin anticoagulation.

5.3. INR versus clinical efficacy

The INR is the outcome of standardized laboratory testing and is a tool to monitor VKA
treatment and to guide reversal by PCC. Effective hemostasis or clinical efficacy is usually
defined as a rating of excellent or good as judged by the attending physician and is confirmed
when no additional measures are needed to maintain normal hemostasis in patients needing
urgent surgical or invasive interventions, or when visual bleeding has stopped, no further
decrease in hemoglobin is observed, blood pressure is normalized, and no further PCC or blood
transfusion (plasma or red blood cells) is required in patients presenting with major bleeding.
INR at end point and clinical efficacy, thus, are different albeit related parameters. It should
be noted that the choice of a target INR is arbitrary, with no clear clinical proof for the
advantage of a low target INR. Obviously, choosing a high INR target will result in a higher
relative number of individuals reaching this target. For example, a study among 103 PCC-
treated VKA patients revealed that 86 patients (83.5%) had an excellent clinical response
(control of bleeding, no additional hemostatic measures required) while only 50 patients
(48.5%) had a final INR response of ≤ 1.5. On the other hand, 95 patients (92.2%) were on target
when an INR of 2.0 was considered [111]. Thus, clinical efficacy may serve as a more reliable
measure for the usefulness of PCC in VKA reversal than the percentage of individuals reaching
a certain INR target. It is worth mentioning that the INR is neither a reliable predictor of
hemorrhage nor an appropriate guide for PCC dosing strategies [101, 112–114]. Nevertheless,
the INR remains a useful tool to monitor VKA treatment and reversal of anticoagulation [114].

5.4. Clinical efficacy of 4F-PCC for rapid VKA reversal: influence of dosing regimen

The question seems relevant whether different dosing regimens result in different clinical
outcomes. Using initial INR and body weight-guided dosing regimen (25, 35, and 50 IU/kg for
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to a significant shorter time to invasive intervention in VKA patients requiring urgent surgery
as compared to patients receiving FFP only [12, 106–109].

PCC FFP
Reversal agent infusion
- volume administered, ml 25-320 [11, 12, 99, 102, 104, 105] 353-1525 [11, 12]
- time to end of infusion, min 7-75 [11, 104, 105] 26-928 [11]
Clinical efficacy, % of study population
- INR at target 1 hour after start infusion 54-69 [11, 12] 0 [11, 12]
- INR at target at end of infusion 55-100 [9, 11, 12, 99, 102–105] 0-10 [9, 11, 12]
- hemostatic efficacy, good or excellent 72-100 [11, 12, 99, 103, 105] 65-75 [11, 12]
Adverse events, % of study
population(treatment related)
- volume overload 0-5 [11, 12, 13] 7-13 [11-13]
- thromboembolic complications 2-8 (2-3) [102, 104, 105, 110] 8 (3) [110]
- mortality 1-19 (0-2) [99, 102–105, 110] 13 (2) [110]

Table 3. Comparison of FFP with 4F-PCC for the reversal of warfarin anticoagulation.
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The question seems relevant whether different dosing regimens result in different clinical
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baseline INR of 2–3, 4–6, or > 6 respectively), good to excellent hemostasis was observed in 72–
100% of the included individuals [11, 12, 102, 104, 105]. Studies with dosing regimens also
including the target INR show similar clinical outcome [98, 100]. An observational, prospec‐
tive, two-cohort Dutch comparison of a fixed 1000 IU versus variable dosing strategy (dosing
based on patient body weight, baseline INR and target INR) revealed a successful clinical
outcome in 96 and 88% of the included patients, respectively. This study thus shows a slight
albeit significant (p=0.015) beneficial effect of a fixed dose of 1000 IU over variable dosing [100].
In a recent retrospective Canadian study, a total of 103 patients requiring urgent warfarin
reversal were treated with PCC at a single fixed dose of 1000 IU. Excellent clinical response
was observed in 83% of treated patients [111]. Based on higher expected patient weight, a US
trauma center used a fixed dose of 1500 IU with a successful clinical outcome of 80% [115]. A
systematic review including 27 studies revealed no clear evidence that one dosing strategy is
superior [95]. Studies so far performed on clinical outcome have disregarded compositional
differences between PCC products (see Table 2). Whether heparin-free PCC is of clinical
benefit thus remains to be established. Differences between clinical outcome and cause of
required VKA reversal, either a major bleeding or the need for urgent surgical intervention,
are not reported. Given the shorter time to PCC infusion when using a fixed dose regimen
compared to variable dosing, fixed dosing of 1000–1500 IU 4F-PCC may be preferred. Con‐
current laboratory testing on patient’s baseline plasma sample could then be used to guide
additional PCC treatment.

5.5. 4F-PCC dosing for effective reversal of direct thrombin and factor Xa inhibitors

Clinical experience regarding the effectiveness and implementation of 4F-PCC in the treatment
of NOAC-associated bleeds is limited. Though there have been several studies of NOAC
reversal in healthy volunteers that focus on normalization of certain in vitro laboratory
parameters [38, 116–119], well-designed randomized controlled clinical trials aiming at
bleeding cessation measurements are difficult to perform in this setting. Most studies on the
hemostatic effectiveness of PCC in NOAC reversal therefore have been performed in animal
bleeding models (Table 4). One elegant double-blind, randomized, placebo-controlled study
has explored the reversal of edoxaban by 4F-PCC in human volunteers using the punch biopsy
bleeding model [38]. A total of 110 subjects were treated. Intravenous administration of 4F-
PCC at a dose of 50, 25, or 10 IU/kg following administration of edoxaban (60 mg) dose-
dependently reversed edoxaban’s effects on bleeding duration, with complete reversal at 50
IU/kg. A similar dose-dependent reversal of edoxaban-associated bleeding by 4F-PCC was
observed in rabbits following kidney incision [39]. The same bleeding model was used to
demonstrate successful reversal of apixaban- as well as rivaroxaban-associated bleeds [37,
40]. In the aforementioned study, reversal by PCC was examined at different rivaroxaban
concentrations. Low dose rivaroxaban (0.15 mg/kg) was almost completely reversed by low
dose 4F-PCC (25 IU/kg). Intermediate rivaroxaban dose (0.30 mg/kg) required four times as
much PCC (100 IU/kg) to obtain a similar reversal effect, while high dose rivaroxaban (0.45
mg/kg) could not be reversed [40]. This observation clearly illustrates a NOAC concentration
dependent reversal by PCC. Two studies showed unsuccessful reversal of apixaban and
rivaroxaban anticoagulation, that may relate to the bleeding model used (poly trauma) as well
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as to the NOAC and PCC dose administered [43, 44]. Dabigatran has been examined in six
different animal bleeding models (Table 4). One study using PCC at a dose of 14 IU/kg did
not reveal any improvement in dabigatran-associated hemorrhage [32]. The 5 other studies
however showed partial to complete correction of dabigatran-associated bleeds [41, 42, 46, 48,
49]. The general consensus emerging from these studies is that a PCC dose ≤ 25 IU/kg is too
low to be successful. Almost complete to complete correction of NOAC-associated bleeds
requires a PCC dose of at least 50 IU/kg.

Study  Bleeding
model 

NOAC  PCC, IU/kg    Correction of blood loss (BL)/
bleeding time (BT) 

[43]  Rabbit, poly
trauma 

Apixaban 0.4 mg/kg single
bolus iv + 0.6 mg/kg.h
continuous infusion iv 

Kanokad  100  no / partial 

[37]  Rabbit,
kidney
incision 

Apixaban 1.2 mg/kg single
dose iv 

Beriplex  100
25
6 

almost complete
almost complete
partial 

[38]  Human, skin
biopsy 

Edoxaban 60 mg single dose
orally 

Beriplex  50
25
10 

complete
partial
no 

[39]  Rabbit,
kidney
incision 

Edoxaban 1.2 mg/kg single
dose iv 

Beriplex  75
50
25 

almost complete
partial
no 

[44]  Rabbit, poly
trauma 

Rivaroxaban 5 mg/kg single
dose iv 

Kaskadil  40  no 

[45]  Rat, small
artery incision 

Rivaroxaban 2 mg/kg single
dose iv 

Beriplex  50
25 

almost complete (no BL data)
no (no BL data) 

[40]  Rabbit,
kidney
incision 

Rivaroxaban
single dose iv 

0.45 mg/kg
0.30 mg/kg
0.30 mg/kg
0.30 mg/kg
0.15 mg/kg 

Beriplex  100
100
50
25
25 

no
almost complete
partial
no
almost complete 

[47]  Mouse,
intracerebral
hemorrhage 

Rivaroxaban 30 mg/kg single
dose orally 

Beriplex  100  almost complete (no BT data) 

[46]  Mouse, tail
bleeding and
intracerebral
hemorrhage 

Dabigatran etexilate
9 mg/kg single dose ip 

Beriplex  100
50
25 

almost complete
partial
partial 

[32]  Mouse, tail
bleeding 

Dabigatran etexilate 60 mg/kg
single dose orally 

Octaplex  14  no 

[41]  Rabbit,
kidney
incision 

Dabigatran 0.4 mg/kg single
dose iv 

Beriplex  50
20 

complete/almost complete
partial 

[48]  Rat, tail
bleeding 

Dabigatran etexilate 30 mg/kg
single dose orally 

Beriplex  50
20 

almost complete (no BL data)
partial (no BL data) 

[42]  Pig, poly
trauma 

Dabigatran etexilate 30 mg/kg
bid (3d) orally + dabigatran
0.5 mg/kg iv prior trauma 

Beriplex  100
50
25 

yes* (no BT data)
yes* (no BT data)
no (no BT data) 

[49]  Mouse,
saphenous
vein incision 

Dabigatran 0.015 mg/kg single
iv dose 

Beriplex  50
25 

complete (no BL data)
no (no BL data) 

*Data on bleeding tendency in normal, not NOAC treated animals was not provided in the study report. iv,
intravenous. ip, intraperitoneal.

Table 4. NOAC reversal by 4F-PCC in vivo: effect on bleeding diathesis.
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vein incision 
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complete (no BL data)
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Table 4. NOAC reversal by 4F-PCC in vivo: effect on bleeding diathesis.
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5.6. Safety profile of PCC

PCCs may have a better safety profile than FFP. Freeze-dried 4F-PCC products can be
reconstituted in a small volume of diluent. Due to the small volume of the reconstituted
product, PCCs can be administered in shorter infusion times with lower risk of volume
overload than FFP [13]. Importantly, there is minimal risk of transfusion-related acute lung
injury as PCCs lack anti-human leukocyte antigen/anti-granulocyte antibodies [120]. PCCs
carry a negligible risk for viral transmission due to the incorporation of viral reduction steps
in the manufacturing process. PCCs in contrast to FFP do not need AB0 typing. Adverse events
associated with the use of PCC may include heparin-induced thrombocytopenia type II for
those brands that contain heparin [121]. One retrospective study reported a slight increased
risk of acute kidney injury associated with PCC as compared to FFP [122]. Mortality and
thrombogenic events such as stroke, myocardial infarction, pulmonary embolism, dissemi‐
nated intravascular coagulation, and deep vein thrombosis in cohorts treated with either FFP
or PCC are similar (Table 3).

Figure 6. Coagulation assay methods. Global coagulation assays are either based on the measurement of thrombin or
on the measurement of fibrin. aPTT is triggered by a negatively charged surface like kaolin, as such facilitating the
contact activation pathway (intrinsic coagulation). Kaolin, silica, or ellagic acid triggering can also be used in TGA and
TEG/ROTEM. Tissue factor (TF) triggering facilitates the extrinsic coagulation pathway. PT/INR is triggered by high
TF concentrations, a condition that also can be used in TGA and TEG/ROTEM. Low TF concentration improves sensi‐
tivity, a condition frequently applied in TGA and TEG/ROTEM. The ecarin clotting time (ECT) is triggered by the ven‐
om from viper Echis carinatus. The thrombin time (TT) and direct thrombin inhibitor test (DTI) are both triggered by
thrombin.
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6. Reversal assessment by laboratory coagulation assays

6.1. Global coagulation tests

Global coagulation assays are most suited for the assessment of reversal of anticoagulation
[114]. Global coagulation tests do not pinpoint any specific coagulation factor but instead
generate data on the coagulation potential of a plasma sample as a whole. Global coagulation
tests focus either on the generation of thrombin (thrombin generation assay, TGA) or on the
generation of fibrin clots (PT, aPTT, ROTEM, TEG). PT and aPTT are clotting time based assays,
while ROTEM (rotational thromboelastometry) and TEG (thromboelastograpy) also generate
data on kinetics of clot formation, clot strength, and clot stability. Sensitivity of global assays
for certain coagulation factors is determined by the choice and concentration of the coagulation
trigger used (see Figure 6 and reference [114]).

6.2. Monitoring PCC treatment in VKA-anticoagulated individuals

The contact activation-triggered aPTT in general is less sensitive to VKA treatment than the
TF-triggered PT test [114]. This is probably due to the fact that the aPTT does not detect
variations in factor VII, the most significant vitamin K-dependent clotting factor in determin‐
ing the PT outcome in VKA-anticoagulated plasma [123]. The PT with its derived international
normalized ratio (INR) is worldwide the most commonly used assay to monitor VKA treat‐
ment and reversal of anticoagulation by PCC. TF-triggered TEG/ROTEM and TGA also show
good sensitivity to assess VKA anticoagulation and reversal thereof [101, 114].

6.3. Monitoring PCC treatment in NOAC-anticoagulated individuals

NOACs may affect any assay that depends on factor Xa or IIa (thrombin) activity, including
the PT, aPTT, TGA, and TEG/TEM (see Figure 6 and reference [114]). Two other clotting time
based tests, the thrombin time (TT) and ecarin clotting time (ECT) are affected in particular by
direct thrombin inhibitors. Sensitivity of a certain test to NOACs, however, does not directly
mean that the test is suitable to assess reversal of anticoagulation by PCC. For example, clotting
in the TT test is triggered by adding excess thrombin to a plasma sample, as such overruling
the complete coagulation cascade (see Figure 6). As a consequence, dabigatran in the plasma
sample will inhibit the added thrombin without being affected by increased clotting factor
levels due to PCC administration. Likewise, PCC administration will be unnoticed in the ECT
test in which coagulation in a sample is triggered by snake venom that completely converts
prothrombin into thrombin [114]. Similarly, assays that are triggered by the addition of excess
factor Xa (e.g. anti-Xa assays designed for rivaroxaban determinations) will not reveal reversal
of anticoagulation by clotting factor concentrates.

The most promising assay parameter to reveal reversal of NOAC anticoagulation by PCC
infusion is the area under the thrombin generation curve (TGA-AUC or ETP). The PT is less
sensitive while the aPTT is insensitive in this respect [94, 114, 124]. Zahir et al. have explored
the reversal of edoxaban by 4F-PCC in human volunteers using the punch biopsy bleeding
model [38]. The effect of 4F-PCC on TGA-ETP was similar to the effects on bleeding duration
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and bleeding volume, suggesting that TGA-ETP is an appropriate surrogate biomarker for
assessing the effect on bleeding. Several studies on NOAC reversal by PCC in healthy human
volunteers have used the TGA-AUC as outcome measure, showing partial to complete
normalization 30 min post dose (Table 5). Of note is the observed overcorrection of TGA-AUC
24 hours post dose that can be explained by a relative short half-life of NOACs as compared
to PCC.

Study  NOAC  PCC, IU/kg  Correction of TGA-AUC 

        30 min
Post dose 

24 hour
Post dose 

[118]  Apixaban
10 mg bid, 2.5 days 

Cofact  37
25 

Partial
Partial 

Overcorrection
Overcorrection 

[38]  Edoxaban
60 mg single dose 

Beriplex  50
25
10 

Complete
Partial
No 

Overcorrection
Overcorrection
No 

[116]  Rivaroxaban
20 mg bid, 2.5 days 

Cofact  50  Complete  Overcorrection 

[119]  Rivaroxaban
15 mg bid, 2.5 days 

Cofact  37
25 

Partial
Partial 

Overcorrection
Complete 

[117]  Rivaroxaban
20 mg bid, 5.5 days 

Beriplex
Profilnine 

50
50 

Partial
Partial 

Overcorrection
Overcorrection 

Effect on ex vivo thrombin generation in healthy human volunteers.

Table 5. NOAC reversal by PCC in vivo.

7. Concluding remarks

Clinical emergency situations may require rapid reversal of anticoagulation. 4F-PCC seems
very suitable to reverse VKA as well as NOAC anticoagulation. Activated PCC can also be
used. 3F-PCC seems less effective in the reversal of VKA anticoagulation. Several laboratory
assays are suited for monitoring VKA reversal, including the INR as well as other global assays
such as thrombin generation and thromboelastography. As to NOAC reversal monitoring, one
should be aware of the fact that several laboratory assays including direct thrombin and direct
factor Xa inhibitor assay do not reveal an increase in procoagulant potential upon PCC
infusion. The ETP seems an appropriate biomarker for assessing the effect of PCC adminis‐
tration on NOAC anticoagulation. In contrast, PT is less sensitive and the aPTT is insensitive
in this respect.

Clinically effective reversal of VKA anticoagulation can be obtained with the use of any
treatment protocol. Time till PCC infusion and consequently time till follow up treatment can
be shorted by prompt infusion of a fixed dose of 1000–1500 IU 4F-PCC per individual,
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irrespective of INR at presentation, target INR, and body weight. For NOAC reversal, at least
50 IU/kg or 4000 IU for a body weight of 80 kg seems required. Its non-specific nature is a major
advantage of PCC over specific agents that block NOACs. PCCs can readily be infused, while
specific NOAC antidotes require the need for laborious anticoagulant identification prior to
antidote selection and administration. PCCs also are probably cheaper and more widely
available in general hospitals than specific NOAC antidotes. Some PCCs are supplemented
with heparin that may counteract the prohemostatic effect of the PCC. Safety profile of PCC
is similar to that of FFP.
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Abstract

Atrial fibrillation (AF) is a very common clinically significant arrhythmia noted in
clinical practice. Its incidence increases with age and along with advanced age, other
risk factors such hypertension, vascular disease, heart failure, diabetes, prior stroke and
female sex determine the associated stroke risk with AF. For over 40 years warfarin has
been the drug of choice used to reduce this stroke risk associated with AF. However,
the  narrow  therapeutic  range,  dietary  restrictions,  and  chronic  monitoring  with
warfarin  led  to  the  development  of  novel  oral  anticoagulants  (NOACs)  such  as
dabigatran, rivaroxaban, apixaban, and edoxaban. The purpose of this chapter is to
elucidate pharmacology and the clinical performance of these NOACs in the setting of
non-valvular atrial fibrillation (NVAF).

Keywords: novel oral anticoagulants, non-valvular atrial fibrillation, dabigatran, ri‐
varoxaban, apixaban, edoxaban, stroke prevention, atrial fibrilation

1. Introduction

Atrial fibrillation (AF) is one of the most common arrhythmias in clinical practice affecting
approximately 2.3 million people in the United States and 4.5 million people in Europe. The
incidence increases with age and the prevalence being 9% between the ages of 80 and 90 [1].
Other risk factors include hypertension, coronary artery disease, chronic obstructive pulmo‐
nary disease, valvular heart diseases or surgeries, hyperthyroidism and chronic alcoholism.
The mortality rate in AF is twice that of age-matched individuals in normal sinus rhythm, and
stroke risk is increased approximately fivefold in patients with non-valvular atrial fibrilla‐
tion (NVAF) [2].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Over the last five decades, vitamin K antagonists (VKAs) such as warfarin have been the only
oral anticoagulants available for use as a long-term treatment to prevent strokes in patients
with AF. Aspirin (ASA) may be used for patients with NVAF who cannot take warfarin for
one reason or another, but ASA is much less effective than warfarin and is therefore recom‐
mended only for NVAF patients at low risk of stroke (CHA2DS2-VASc score of 0 or 1) in the
American College of Chest Physicians (ACCP) guidelines [2–4]. The CHA2DS2-VASc score is
an improvement on the CHADS2 score which has been widely used in clinical practice to risk
stratify patients with NVAF for stroke. The CHA2DS2-VASc added three risk factors, namely
age 65–74, female sex, and history of vascular disease [5]. However, the clinical trials for novel
oral anticoagulants (NOACs) were conducted prior to widespread implementation of the
CHA2DS2-VASc score, and thus, the risk stratification used in the trials is CHADS2.

Several historical placebo-controlled trials in subjects with AF were conducted with warfarin
between 1989 and 1999. A meta-analysis of these historical trials using a fixed effects model
showed that the relative risk reduction of stroke by warfarin was 62% (95% CI: 0.48, 0.72) with
an absolute risk reduction of 2.7% for primary prevention and 8.4% for secondary prevention
per year [2].

Although warfarin has been proven to be highly effective in preventing strokes, there have
been multiple issues such as periodic monitoring, dietary restrictions, medication restrictions
or interactions, and concerns for bleeding which render many patients with NVAF ineligible
to receive warfarin therapy. For example, a registry of patients discharged from hospital
revealed that only 54% of eligible AF patients received warfarin [6]. Likewise, surveys have
indicated that many patients with AF cannot or will not take warfarin. Only 10% of patients
with known AF who presented with an acute ischemic stroke had a therapeutic INR on
admission, and even in those AF patients with a prior history of stroke or transient ischemic
attack (TIA), only 18% had a therapeutic INR on admission [7]. Furthermore, studies show that
the risk of intracranial hemorrhage was more than twice that of patients taking aspirin [2].
Thus, there was a need to develop an anticoagulant that would have similar or better efficacy
as compared with warfarin along with better safety and more convenient management.
Dabigatran, rivaroxaban, apixaban, and edoxaban have been approved over the past five years
to satisfy this need.

2. Pharmacology

2.1. Mechanism of action

Dabigatran acts as a competitive reversible direct inhibitor of thrombin thereby preventing the
thrombin-dependent conversion of fibrinogen to fibrin in the coagulation cascade. Rivaroxa‐
ban, apixaban, and edoxaban are direct competitive inhibitors of factor Xa, thereby inhibiting
the formation of thrombin from prothrombin and downstream formation of fibrin from

Anticoagulation Therapy112



Over the last five decades, vitamin K antagonists (VKAs) such as warfarin have been the only
oral anticoagulants available for use as a long-term treatment to prevent strokes in patients
with AF. Aspirin (ASA) may be used for patients with NVAF who cannot take warfarin for
one reason or another, but ASA is much less effective than warfarin and is therefore recom‐
mended only for NVAF patients at low risk of stroke (CHA2DS2-VASc score of 0 or 1) in the
American College of Chest Physicians (ACCP) guidelines [2–4]. The CHA2DS2-VASc score is
an improvement on the CHADS2 score which has been widely used in clinical practice to risk
stratify patients with NVAF for stroke. The CHA2DS2-VASc added three risk factors, namely
age 65–74, female sex, and history of vascular disease [5]. However, the clinical trials for novel
oral anticoagulants (NOACs) were conducted prior to widespread implementation of the
CHA2DS2-VASc score, and thus, the risk stratification used in the trials is CHADS2.

Several historical placebo-controlled trials in subjects with AF were conducted with warfarin
between 1989 and 1999. A meta-analysis of these historical trials using a fixed effects model
showed that the relative risk reduction of stroke by warfarin was 62% (95% CI: 0.48, 0.72) with
an absolute risk reduction of 2.7% for primary prevention and 8.4% for secondary prevention
per year [2].

Although warfarin has been proven to be highly effective in preventing strokes, there have
been multiple issues such as periodic monitoring, dietary restrictions, medication restrictions
or interactions, and concerns for bleeding which render many patients with NVAF ineligible
to receive warfarin therapy. For example, a registry of patients discharged from hospital
revealed that only 54% of eligible AF patients received warfarin [6]. Likewise, surveys have
indicated that many patients with AF cannot or will not take warfarin. Only 10% of patients
with known AF who presented with an acute ischemic stroke had a therapeutic INR on
admission, and even in those AF patients with a prior history of stroke or transient ischemic
attack (TIA), only 18% had a therapeutic INR on admission [7]. Furthermore, studies show that
the risk of intracranial hemorrhage was more than twice that of patients taking aspirin [2].
Thus, there was a need to develop an anticoagulant that would have similar or better efficacy
as compared with warfarin along with better safety and more convenient management.
Dabigatran, rivaroxaban, apixaban, and edoxaban have been approved over the past five years
to satisfy this need.

2. Pharmacology

2.1. Mechanism of action

Dabigatran acts as a competitive reversible direct inhibitor of thrombin thereby preventing the
thrombin-dependent conversion of fibrinogen to fibrin in the coagulation cascade. Rivaroxa‐
ban, apixaban, and edoxaban are direct competitive inhibitors of factor Xa, thereby inhibiting
the formation of thrombin from prothrombin and downstream formation of fibrin from

Anticoagulation Therapy112

fibrinogen. And since factor Xa is located at the top of the final common coagulation pathway,
rivaroxaban, apixaban, and edoxaban can affect both the intrinsic and extrinsic coagulation
cascades. These target coagulation factors and other pharmacological parameters for each drug
are summarized in Table 1.

Characteristic Dabigatran Rivaroxaban Apixaban Edoxaban

Target Factor IIa Factor Xa Factor Xa Factor Xa

Molecular weight (Dal) 724 436 460 738

Ki (nmol/l) 4.6 0.4 0.08 0.56

Concentration to double PT
(μmol/l)

0.8 0.23 0.08 0.26

Concentration to double PTT
(μmol/l)

0.23 0.69 7.4 0.51

Reversible binding Yes Yes Yes Yes

Reversal of antithrombotic effect Specific antidote:
Idarucizumab
May consider PCC,
APCC, rFVIIa

May consider PCC,
APCC, rFVIIa

May consider
PCC, APCC,
rFVIIa

May consider PCC,
APCC, rFVIIa

Half-life (h) 12–17 5–9 12 10–14

Cmax (h) 1 2–4 3–4 1–2

Volume of distribution (l) 50–70 ~50 21 107

Protein binding 35% 92–95% 87% 55%

Renal excretion 80% 66% 27% 50%

Accumulation None None None None

Age effect None None Yes§ None

Sex effect None None None None

Body weight effect None None Yes Yes

Effect of food Yes* Yes None None

Primary hepatic clearance
pathway

No CYP3A4 CYP3A4 No

Pregnancy category C C B C

* Increases Cmax to 2 h but does not affect bioavailability.
§ Dosage reduction recommended if two of the following three risk factors present: body weight <60 kg, age >80 years
or serum creatinine >1.5 mg/dl.

Table 1. Pharmacokinetics and pharmacodynamics.

2.2. Absorption

Dabigatran itself is not absorbed via the oral route; however, its prodrug dabigatran etexilate
is rapidly absorbed (bioavailability 3–7%) via the oral route and is converted to the active
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ingredient by esterase-mediated hydrolysis in the liver. The absorption increases significantly
when the capsules are broken, and thus, the capsules should not be broken or chewed or
opened prior to administration. Additionally, when taken concomitantly with highly fatty
food, the time to maximal concentration (Cmax) increases from 1 to 2 h but the bioavailability
is not affected [8]. Rivaroxaban is rapidly absorbed in the proximal intestine with maximum
concentrations (Cmax) appearing 2–4 h after tablet intake with the absolute bioavailability of
80% for the 10 mg dose and 66% for the 20 mg dose. The bioavailability is decreased when the
drug is absorbed in the distal intestine or ascending colon [9]. This is an important consider‐
ation for patients with gastric bypass or other GI conditions that cause rapid transit. When
taken with food, both the Cmax and the bioavailability of rivaroxaban (for both 15 and 20 mg
doses) increases by 39 and 76%, respectively [9]. Thus, it is recommended that rivaroxaban be
taken with a large meal (ideally dinner) and not a light meal in order to slow down the transit
time.

Unlike the first two, apixaban is absorbed throughout the gastrointestinal tract, and therefore,
the drug displays a prolonged absorption which is not affected by food intake. The absolute
bioavailability of apixaban is 50% for doses up to 10 mg with a Cmax of 3–4 h. The distal small
bowel and ascending colon account for 55% of the absorption of apixaban. Thereby, making
it a better choice for patients with gastric bypass or other gastrointestinal conditions which
lead to rapid transit, whereas in patients with colectomies or Crohn’s disease, etc., apixaban’s
absorption may be altered and the drug may not be as readily available.

Edoxaban is also absorbed predominantly by the upper gastrointestinal tract with Cmax of 1–
2 h and bioavailability of 62%. The colon only accounts for 12% of absorption, thereby
rendering the absorption of the drug susceptible to conditions that cause rapid transit, similar
to rivaroxaban [10]. However unlike rivaroxaban, the absorption of edoxaban is not signifi‐
cantly affected by food intake.

2.3. P-glycoprotein transporter, cytochrome P-450 (CYP) enzymes, and drug interactions

The pro-drug dabigatran etexilate is a substrate for the efflux transporter P-glycoprotein (p-
GP) transporter. And even though it neither induces nor inhibits p-GP, potential co-adminis‐
tration of other drugs that inhibit or induce P-GP can affect its bioavailability. The
pharmacokinetics of dabigatran were not altered by another p-GP substrate digoxin, but an
inhibitor like pantoprazole decreased the bioavailability by 30% [11]. Since H2 blocker
ranitidine has no effect on the p-GP transporter, there was no effect on the area under the curve
(AUC) when dabigatran was co-administered. For other p-GP inhibitors such as dronedarone
or systemic ketoconazole, dosage adjustment was required in patients with reduced creatinine
clearance (30–50 ml/min) [8]. Other p-GP inhibitors such as amiodarone and verapamil only
modestly increased plasma concentrations (13 and 20%, respectively), and dose adjustment is
not required for these medications [11]. On the other hand, potent p-GP inducers such as such
as rifampin significantly reduced the AUC and Cmax of dabigatran and concomitant use
should therefore be avoided. Dabigatran is neither a substrate, nor an inducer or inhibitor of
CYP enzymes [8].
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Rivaroxaban is a substrate for p-GP transporter, CYP3A4/5 enzymes, and other transporters
such as ATP-binding cassette G2 [9]. Approximately 51% of orally administered rivaroxaban
is metabolized by the CYP enzymes 3A4 and 3A5. Thus, inhibition or induction of these
proteins can lead to changes in the bioavailability of the drug. When studied with rifampin or
phenytoin (p-GP and strong CYP3A4 inducers), the exposure to rivaroxaban decreased by
50%. Similarly, other combined strong p-GP, CYP3A4 inducers such as carbamazepine,
phenytoin, rifampin, and St. John’s wort should be avoided in patients taking rivaroxaban. For
drugs that are combined p-GP and CYP3A4 inhibitors (ketoconazole, ritonavir, clarithromycin,
and erythromycin) or a moderate CYP3A4 inhibitor (fluconazole), studies showed increases
in rivaroxaban exposure [9]. A dosage adjustment to 15 mg is required when taking these
medications concomitantly in patients with decreased creatinine clearance (CrCl 15–50 ml/
min). Additionally, rivaroxaban also has a low inhibitory effect on the p-GP transporter.
Regardless, there were no significant interactions with 7.5 mg single dose of midazolam
(substrate of CYP3A4), 0.375 mg once-daily dose of digoxin (substrate of p-GP), and 20 mg
once-daily dose of atorvastatin (substrate of CYP3A4 and p-GP) in healthy volunteers [12].
This is interesting because although neither dabigatran nor rivaroxaban has significant
interactions with digoxin, rivaroxaban may be a better choice for patients with severe ischemic
cardiomyopathy and NVAF because of an increased incidence of myocardial infarctions seen
with dabigatran (discussed later).

Like dabigatran, apixaban is also a substrate for p-GP efflux transporter but unlike dabigatran,
inhibition of p-GP transporter by itself does not affect the bioavailability. The drug is also
metabolized by CYP3A4 and co-administration with drugs that are strong inducers and
inhibitors for both p-GP and CYP3A4 increases the exposure to apixaban and raises the risk
of bleeding. Rifampin, carbamazepine, phenytoin, and St. John’s wort are strong combined
inducers of p-GP and CYP34A and thus concomitant use should be avoided due to reduced
exposure to apixaban. Ketoconazole, itraconazole, ritonavir, clarithromycin are strong dual
inhibitors of p-GP and CYP3A4 and thus can increase exposure to apixaban [13]. Dose
adjustment to 2.5 mg is recommended when apixaban is taken concomitantly with these
medications. If the patient is already on the reduced dose (2.5 mg) of apixaban for other reasons,
concomitant use of these medications is contraindicated [13]. Apixaban does not inhibit or
induce p-GP and its potential to inhibit or induce CYP enzymes is minimal and as such the
ability of apixaban to alter the exposure of co-administered drugs that are metabolites for these
enzymes is minimal.

Unlike rivaroxaban and apixaban, CYP enzymes only account for 4% of the exposure to
edoxaban. However, the intestinal p-GP transporter plays a significant role in clearance of the
drug and thus inhibition of the transporter leads to increased exposure. Clinical interaction
studies showed exposure to edoxaban increased by 87, 77, 53, 85, 73, 40, and 85% when used
concomitantly with ketoconazole, quinidine, verapamil, erythromycin, cyclosporine, amio‐
darone, and dronedarone, respectively [10]. Subsequently in ENGAGE trial, the edoxaban was
halved to 30 mg in patients who were taking verapamil, quinidine, or dronedarone [14]. And
in the HOKUSAI VTE study, the dose was reduced for patients taking verapamil, quinidine,
azithromycin, clarithromycin, erythromycin, itraconazole, or ketoconazole [15]. The use of
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edoxaban should be avoided when taking a potent p-GP inducer like rifampin, phenytoin,
carbamazepine, and St. John’s wort [16].

2.4. Elimination

In the phases II and III of the RE-LY trial, dabigatran was administered in oral, intramuscular,
and intravenous formulations. After oral administration of radiolabeled dabigatran, 82.6–
88.6% of radioactivity was recovered in the feces and 7% was recovered in the urine, the
remaining was attributed to incomplete absorption of dabigatran. Renal clearance of intrave‐
nous dabigatran was approximately 80%. After infusion, the total clearance of dabigatran was
found to be 92–141 ml/min, and the renal clearance was 81–106 ml/min showing that dabiga‐
tran is almost exclusively excreted via glomerular filtration and there was no secretion or
reabsorption further down the tubule [7, 13]. The terminal half-life was 12–17 h in healthy
individuals. The half-life was confounded by renal impairment and was increased to 15, 18,
and 27.2 h, respectively, in mild (50–80 ml/min), moderate (30–50 ml/min), and severe (15–30)
renal insufficiency. The total exposure (or AUC) also increased by approximately 1.5-, 3.2-, and
6.3-fold in mild, moderate, and severe renal impairment, respectively, when compared to
normal renal function. It is thus recommended that the dose of dabigatran for atrial fibrillation
be halved to 75 mg when the creatinine clearance (CrCl) is between 15 and 30 ml/min for and
the use of dabigatran should be avoided in patients with CrCl less than 15 ml/min or those on
dialysis [8]. Administration of dabigatran in patients with moderate (Child-Pugh class B) liver
impairment showed large inter-subject variability, but no evidence of a consistent change in
exposure or pharmacodynamics because the primary elimination pathway for dabigatran is
via the kidneys [8].

Off the orally administered radiolabeled rivaroxaban, 66% was recovered in the urine (36%
unchanged) and 28% was recovered in the feces (7%). The renal excretion of rivaroxaban is
primarily driven by active tubular secretion and secondarily by glomerular filtration in a 5:1
ratio. The terminal half-life is 5–9 h in healthy young individuals [9, 12]. Like dabigatran, the
exposure to rivaroxaban also increases by 44% for mild, 52% for moderate, and 66% for severe
renal impairment. As such, it is recommended that the dose of rivaroxaban for stroke preven‐
tion in NVAF be reduced to 15 mg orally with dinner in patients with moderate-to-severe renal
impairment (CrCl 15–50 ml/min) due to increased exposure and rivaroxaban should be
avoided in patients with CrCl <15 ml/min or those on dialysis. Rivaroxaban was not studied
in patients with severe (Child-Pugh class C) hepatic impairment, and exposure to rivaroxaban
increased by 15 and 127% in patients with Child-Pugh class A and B hepatic impairment [9].

Unlike dabigatran and rivaroxaban, apixaban is excreted in both urine and feces. Renal
excretion accounts for 27% of total clearance and biliary, and direct intestinal excretion
accounts towards the fecal elimination of apixaban. The terminal half-life is 12 h, and the
exposure is not significantly affected (<1.5× normal) for any level of renal impairment including
end-stage renal disease. Thus, no dosing adjustment is recommended kidney disease alone.
However, a dosage reduction of apixaban to 2.5 mg is recommended in patients that meet
another one of the following two risk factors: age >80 years or body weight <60 kg [13].
However, it should be noted that patients with end-stage renal disease (CrCl <15 ml/min) were
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not studied in the clinical efficacy and safety trials [16]. The recommendation for no dosage
adjustment is based on pharmacokinetic data showing a modest 17% increase in apixaban
exposure in patients receiving hemodialysis with an elimination via dialysis of 18 ml/min
reducing exposure of the drug by 14% postdialysis as compared to off dialysis period.
Similarly, in patients with mild (Child-Pugh A) and moderate (Child-Pugh B) hepatic impair‐
ment, the area under the curve or exposure did not change significantly as compared to normal
individuals and no dose adjustment is necessary in patients with Child-Pugh class A hepatic
impairment. However, since patients who have Child-Pugh class B hepatic impairment may
have intrinsic coagulation abnormalities, a recommendation on dosing cannot be made due to
limited clinical experience. Like the others, use of apixaban is not recommended in patients
with severe (Child-Pugh class C) hepatic impairment [13].

Edoxaban is excreted as unchanged drug in the urine with renal clearance accounting for 50%
of total clearance. Metabolism as well as biliary and intestinal excretion accounts for the
remaining clearance. The terminal half-life is 10–14 h. In a pharmacokinetic study, the total
systemic exposure to edoxaban increased by 32, 74, and 72% in patients with mild (50–80 ml/
min), moderate (30–50 ml/min), severe (15–30 ml/min) renal impairment, and by 93% in
patients receiving dialysis. Thus, a reduction in dose to 30 mg daily is recommended in patients
with CrCl 15–50 ml/min for stroke prevention in non-valvular atrial fibrillation [10, 16].
Interestingly, the incidence of stroke was higher in patients receiving edoxaban who had a
CrCl >95 ml/min as compared to warfarin in the clinical trial and the use of edoxaban is not
recommended in these patients [10, 14]. There were no significant differences for edoxaban in
patients with mild or moderate (Child-Pugh class A or B) hepatic impairment. A dose
adjustment is not necessary for Class A patients; however, once again due to the intrinsic
coagulation abnormalities in patients with class B hepatic impairment, the use of edoxaban is
not recommended [16].

2.5. Special populations

The pharmacokinetics and pharmacodynamics of both dabigatran and rivaroxaban are not
affected by age, gender, or body weight. There is no effect of ethnicity on the pharmacology
of dabigatran either, but rivaroxaban did have 20–40% higher exposure in patients of Japanese
ethnicity as compared to other ethnicities including Chinese [9]. This exposure was reduced
when it was corrected for body weight, but further studies may be required to assess clinical
implications to the use of rivaroxaban in the Japanese population specifically. Although
individually aged over 80 years and body weight <60 kg only modestly increased the exposure
to apixaban (<1.5× normal individuals), the combination of the two risk factors was deemed
to have a significant increase in the exposure of the drug. Thus, a reduced dose of 2.5 mg was
used in ARISTOTLE for patients who had two of the following three risk factors: age older
than 80 years, body weight <60 kg, and creatinine >1.5 mg/dl [13, 17]. Age is not a risk factor
for increased exposure of edoxaban but a phase II open-label study done in Japan revealed
that patients with total body weight <60 kg had double the bleeding risk as compared to
patients with total body weight >60 kg. Thus, in the phase III clinical trial, the dose of edoxaban
was reduced to 30 mg daily in patients with total body weight <60 kg [14, 16].
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Dabigatran, rivaroxaban, and edoxaban are all under category C for pregnancy. Animal studies
showed increased maternal bleeding and increased fetal mortality with all three drugs. There
was decreased fetal implantation with dabigatran, and increased post-implantation loss, and
decreased fetal weight with rivaroxaban and edoxaban [8, 9, 16]. Additionally, there was
decrease in gall bladder size or absence of the organ with the use of edoxaban in animal studies.
Ten pregnancies were reported during the HOKUSAI VTE study, from which there were four
full-term births, two preterm births, one spontaneous abortion in the first trimester, and three
elective terminations during the study [15, 16]. In comparison, animal studies with apixaban
did not cause an increase in fetal toxicity, malformations, or mortality. There was an increase
in the rate of maternal bleeding at the rate of 19, 4, and 1 times, respectively, for mice, rats, and
rabbits with apixaban. As a result, the use of apixaban is under category B for pregnancy [13].
None of the NOACs are recommended for mothers who are breastfeeding, and the use of these
drugs has not been studied in the pediatric population.

3. Clinical trials

3.1. Trial designs

The Randomized Evaluation of Long-term Anticoagulation Therapy (RE-LY) trial was
designed as a non-inferiority trial to compare dabigatran to warfarin in 18, 113 patients from
951 clinical centers in 44 countries. Two doses of dabigatran; 110 and 150 mg were administered
in a double-blinded fashion [18]. We will discuss the data for the 150 mg dose of dabigatran
as FDA approval was only obtained for 150 and 75 mg (not studied) doses. The warfarin arm
was not blinded because the patients taking it needed regular follow-ups for INR control. The
semi-blinded design of RE-LY could leave the trial open to reporter bias. Thus, the authors of
the trial tried to minimize this bias by assigning two independent investigators who were
unaware of the treatment assignments, to adjudicate each event. In addition, all hospital
records were reviewed to ensure that all events were detected and correctly documented [18].
In contrast, the other three trials were designed in a double-blinded double dummy random‐
ized fashion to avoid reporter bias.

The Rivaroxaban Once-Daily Oral Direct Factor Xa Inhibition Compared with Vitamin K
Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation (ROCKET-AF)
trial studied Warfarin in comparison with 20 mg of rivaroxaban in 14,264 patients from 1178
centers in 45 countries [19]. Similarly, the apixaban for Reduction in Stroke and Other Throm‐
boembolic Events in Atrial Fibrillation (ARISTOTLE) study enrolled 18,201 patients at 1034
sites in 39 countries and Effective Anticoagulation with Factor Xa Next Generation in Atrial
Fibrillation-Thrombolysis in Myocardial Infarction 48 (ENGAGE AF-TIMI 48) enrolled 21,105
patients from 1393 centers in 46 countries to study apixaban 5 mg and edoxaban 60 mg to
warfarin, respectively [14, 17].

Lower doses of NOACs were studied in ROCKET, ARISTOTLE, and ENGAGE. Rivaroxaban
15 mg was used for patients with creatinine clearance 15–50 ml/min [19]. For ARISTOTLE,
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apixaban dose was reduced to 2.5 mg twice daily if the patient had two of the following three
risk factors for increased bleeding: age ≥80 years, body weight ≤60 kg, or a serum creatinine
level ≥1.5 mg per deciliter [17]. In ENGAGE, randomization was done in 1:1:1 fashion for
warfarin, edoxaban 60 mg, and edoxaban 30 mg. The doses of edoxaban were further halved
to 30 and 15 mg for patients who either had a creatinine clearance 30–50 ml/min or body weight
≤60 kg thereby allowing a range of doses from 15 to 60 mg to be used in the study [14]. However,
the results of the study were more promising from the 60 mg dose with reduction to 30 mg for
specific patients leading to FDA approval. Thus, for the scope of this chapter, only the results
pertaining edoxaban 60 mg daily dose will be discussed.

Additionally, ROCKET-AF used both intention-to-treat and on-treatment analyses, and the
outcomes listed as number of events per 100 patient-years (instead of percent per year) [19].
To facilitate comparisons between trials, only the intention-to-treat analyses are reported in
this chapter. Similarly, ENGAGE also had a prespecified intention-to-treat analysis to assess
superiority to warfarin which was not statistically significant and thus will not be discussed
for the purposes of this chapter.

3.2. Patient populations

All four trials used similar criteria for enrolling and following patients with subtle differences
as listed in Table 2. However, these subtle differences may affect decision-making in different
clinical scenarios. For example, only ENGAGE included patients with prior bioprosthetic valve
or valve repair and as such edoxaban may be the preferred agent for stroke prevention in these
patients. Similarly, for newly diagnosed strokes, ARISTOTLE excluded patients with strokes
within 7 days of randomization. RE-LY, ROCKET, and ENGAGE excluded patients with
strokes within 6, 3, and 1 month, respectively. RE-LY and ROCKET also excluded patients with
transient ischemic attack (TIA) within 14 days and thus if a patient has had a stroke more than
7 days prior to and within 1 month of planned anticoagulation, apixaban may be the preferred
agent. ARISTOTLE also included patients with creatinine clearance less than 30 ml/min and
had the most patients in this category. As such in the absence of other risk factors for bleeding
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Characteristic RE-LY ROCKET ARISTOTLE ENGAGE

Drug Dabigatran Rivaroxaban Apixaban Edoxaban

Dosing 150 mg BID (75 mg) 20 mg daily (15 mg) 5 mg BID (2.5 mg)60 mg daily (30
mg)

Total population
(N)

18,113 14,266 18,206 21,105

Design PROBE Double blinded Double blinded Double blinded

Primary efficacy
endpoint

Stroke or systemic
embolism

Stroke or systemic
embolism

Stroke or
systemic
embolism

Stroke or
systemic
embolism

Primary safety
endpoint

Major bleeding Major bleeding or
clinically relevant non-
major Bleeding

Major bleeding Major bleeding

VKA naïve 50% 38% 43% 41%

Mean TTR for INR
during study

64 55 62 68

Inclusion criteria

AF criteria AF at screening or
within 6 months

AF recorded in 30 days
prior to randomization
and within 1 year

2 episodes of AF
or flutter
recorded 2 weeks
apart within 1
year

AF recorded
within 1 year

LVEF 40% or less 35% or less 40% or less NA

Exclusion criteria

Valve disease Hemodynamically
significant or prosthetic

Hemodynamically
significant or prosthetic

Moderate-severe
mitral stenosis or
prosthetic

Moderate-
severe mitral
stenosis or
mechanical§

Stroke Severe w/in 6 months
or TIA w/in 14 days

Severe w/in 3 months or
TIA w/in 14 days

Stroke w/in 7days Stroke w/in 30
days

Bleeding Surgery w/in 30 days,
GI bleed w/in 12
months, any
intracranial bleed,
severe hypertension

Surgery w/in 30 days, GI
bleed w/in 6mo, active
internal bleeding, any
intracranial bleed, dual
antiplatelet therapy,
severe hypertension,
platelet ≤90,000

Any intracranial
bleed, dual
antiplatelet
therapy, severe
hypertension

High risk for
bleeding, dual
antiplatelet
therapy

Patient demographics

Age (yrs) 71 71 70 72
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Characteristic RE-LY ROCKET ARISTOTLE ENGAGE

Male gender (%) 63.2 60.3 64.5 61.9

Type of atrial fibrillation (%)

Paroxysmal 32.6 17.5 15.1 25.4

Persistent/
permanent

67.4 82.5 84.9 74.6

CHADS2score (%)

I 32.2 0 34 0

II 35.2 13 35.8 46.8

III–VI 32.6 87 30.2 53.2

Comorbidities (%)

Hypertension 78.9 74 87.3 93.6

Previous TIA 20.3 54.9 19.2 28.3

Diabetes 23.1 40.4 25 36.2

Heart failure 31.8 62.6 35.5 57.5

Prior MI, CAD,
CABG

28 17.3 14.5 33.3

Medications (%)

ACE or ARB 66.7 55.1 70.9 65.9

Beta-blockers 63.7 65.1 63.6 66.3

Digoxin 28.7 38.8 32 30

Amiodarone 10.9 NA 11.1 11.8

Statins 43.9 42.9 45 47.8

Gastric antacids 17.9* NA 18.5 NA

NSAIDS 1.4 NA 8.2 1.1

Aspirin 38.7 36.3 31.3 29.3

Thienopyridine 5.5 NA 1.9 2.3

Creatinine clearance (%)

>80 ml/min 32 32.2 41.2 37.2

>50–80 ml/min 47.4 46.7 41.9 43

>30–50 ml/min 19.7 21.1 15 18.4

<30 ml/min 0.005 NA 1.5 0.76

* Total of proton pump inhibitors 13.9% and H2 antagonists 4%.
§ Bioprosthetic valves or valve repair patients were included.

Table 2. Study design and patient demographics.
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3.3. INR control

INR control is probably the most important factor in determining the non-inferiority of
NOACs. All trials used the Rosendaal method of total time in therapeutic range (TTR, reflecting
the percent of time the patient had an INR between 2 and 3) [20]. Overall, the TTR was 64% in
the RE-LY trial, 55% in ROCKET, 62% for ARISTOTLE, and 68% for ENGAGE. These numbers
clearly reflect that ROCKET had the least robust INR control in the warfarin arm leading to
significant criticism of the trial.

Although these data were not analyzed further in the primary publications, the heterogeneity
of INR management in the other trials appeared to impact clinical outcomes. In RE-LY, the
INR control in east and South-East Asia was worse than centers in Europe and North America.
The hazard ratio for major bleeding with dabigatran 150 mg was 1.24 (p = 0.03) when the TTR
was 68% or more [11]. Additionally, higher rates of both thromboembolic events and major
bleeds were seen with warfarin in centers with TTR <57%, even after adjusting for multiple
other potential confounding variables [21]. The inadequacy of INR control in Asia may explain
the more robust performance of dabigatran in those centers. Dabigatran 150 mg also performed
better than warfarin for a composite of stroke, systemic embolism, pulmonary embolism,
myocardial infarction, and cardiovascular death with a hazard ratio of 0.64 for TTR <57.1 and
hazard ratio of 1.19 for TTR 72.6 (p = 0.006). This trend was mirrored in the mortality rate where
dabigatran had an advantage at the centers with poor INR control (HR 0.67 vs 1.08, p = 0.052)
[21].

Similar to dabigatran, edoxaban also had lower efficacy in patients with higher TTR. The
hazard ratio for edoxaban 60 mg vs warfarin in TTR <57.7 was 0.8 compared to hazard ratio
of 1.07 for patients with TTR >73.9. TTR [10]. A different issue was noted in ROCKET-AF, the
TTR was low for the trial overall trial, and the resultant bleeding risks were equivalent between
rivaroxaban and warfarin. However, the centers in the USA where TTR was around 64%,
patients taking rivaroxaban suffered 2.5–3.7 more bleeds per stroke prevented as compared to
those taking warfarin [12]. Overall in patients with excellent INR control, warfarin may still
be the drug of choice for stroke prevention in atrial fibrillation.

3.4. Results and discussion

The primary outcome in all four trials was stroke or systemic embolism, and the primary safety
endpoint was major bleeding (RE-LY, ARISTOTLE, and ENGAGE), or combined major and
clinically important non-major bleeding events (ROCKET). As illustrated in Table 3, patients
randomized to the 150 mg dose of dabigatran in RE-LY had a reduction in the primary outcome,
experienced fewer ischemic as well as hemorrhagic strokes, and had a strong trend toward
lower all-cause mortality in spite of experiencing higher rates of myocardial infarction [18].
This trend for higher myocardial infarction leads to several meta-analyses which showed
approximately 30–40% increase in the rates of myocardial infarction with the use of dabigatran
as compared to control arms including enoxaparin, placebo, and warfarin [22, 23]. However,
in a post market analysis of 134,000 Medicare patients over 65 years of age done by the FDA
did not show any difference between the incidence of myocardial infarction between Dabiga‐
tran (15.7 per 1000 person years) and warfarin (16.9 per 1000 person years, p 0.92) [24]. None
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of the other NOAC had any signal towards myocardial infarction in their respective trials and
the choice of using an alternative agent to dabigatran in the setting of known coronary artery
disease should be individualized based on the clinical setting and physician discretion. There
was no difference in overall major bleeding, where a significant reduction in intracranial
hemorrhage was offset by a significantly higher rate of gastrointestinal bleeding.

For the intention-to-treat analyses in ROCKET-AF, rivaroxaban was noted to be non-inferior
(but not superior) to warfarin in reducing the primary endpoint [19]. The reduction in ischemic
stroke was not statistically significant as compared to the warfarin group and the outcomes
were driven by a significant reduction in hemorrhagic stroke by rivaroxaban which may be
reflective of the poor INR control in the trial. There was a trend toward reducing all-cause
mortality in ROCKET, and like RE-LY, an equivalent bleeding endpoint was driven by a
significant reduction of intracranial hemorrhage in the setting higher rates of gastrointestinal
bleeds. In comparison, apixaban was the only drug to show statistically significant reduction
in primary outcome compared to warfarin in both non-inferiority and superiority analyses.
And, like the other trials, the reduction in the primary outcome was driven by a significant
reduction of hemorrhagic strokes [17]. ENGAGE did show non-inferiority to warfarin in the
reduction of primary outcomes, but in the prespecified superiority analysis, the difference was
not statistically significant [14]. Unlike the prior studies of dabigatran and rivaroxaban, both
ARISTOTLE and ENGAGE demonstrated a statistically significant reduction in all-cause
mortality and major bleeding with the study drugs in comparison to warfarin [14, 17].
However, only apixaban showed no significant increase in gastrointestinal bleeding among
all NOACs and it should be considered as the agent of choice in patients with prior (or at high
risk for) gastrointestinal bleeding.

4. Conclusion

The approval of NOACs for stroke prevention in patients with NVAF has ushered a new era
in this field with a multitude of options available for practitioners. Warfarin still may be the
drug of choice in several clinical situations such as compliant patients with good INR control
or those with valvular heart disease, etc. However, patient preference and the ease of use have
made NOACs the preferred initial agent for stroke prevention in patients with NVAF. The
subtle differences between the NOACs described throughout this chapter are aimed at
providing an improved understanding of the intricacies with which these medications perform
in the human body and thereby help guide decision-making.

5. Conflicts of interest and source of funding

No grant or other financial support was used for writing this chapter. Dr. Mehdirad has been
a speaker for Apixaban.
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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in clinical
practice and is associated with a higher risk of thromboembolic events. CHA2DS2VASc
score enables  identification of  those patients  with AF who will  most  benefit  from
anticoagulation therapy and low-risk patients with AF who do not need any antith‐
rombotic therapy. Antithrombotic drugs especially oral anticoagulants (OACs) are the
mainstay  of  therapy  to  prevent  stroke  in  patients  with  AF.  Although  vitamin  K
antagonists  (VKAs)  were  the  only  available  drugs  for  decades,  numerous  non–
vitamin K antagonist oral anticoagulants (NOACs) have been developed and market‐
ed for stroke prevention in recent years. The risk of stroke was reported to decline up
to 68 % with OAC therapy, associated with good anticoagulation control with VKAs,
assessed by time in therapeutic range (TTR). In low TTR values, VKAs were found to
be  associated  with  severe  complications,  and a  minimum TTR of  58 % should  be
achieved to expect a net benefit from being on OAC therapy. Narrow therapeutic index,
drug-drug interactions, and the need for close monitoring are the main disadvantages
of VKAs, and management of patients have dramatically improved after the introduc‐
tion of NOACs. NOACs have a more predictable anticoagulant affect which allows a
fixed-dose regimen. The efficacy and safety of NOACs have been shown not only in
large randomized controlled clinical trials but also in observational studies. The main
advantages  of  NOACS  such  as  “fixed-dose  regimen”  and  “no  need  for  regular
anticoagulant therapy monitoring” may also be the Achilles heel of the use of these
agents. Fixed-dose regimen may not be appropriate for elderly, for patients with chronic
kidney disease, and for patients using interacting drugs. Adherence to NOAC therapy
is another concern as it may be as low as 50 % in the chronic use of cardiovascular drugs,
especially if the drug has no apparent affect to the patient. Thus, appropriate use of
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OACs among non-valvular AF (NVAF) patients is essential for stroke prophylaxis. We
intended to review the use of OAC therapy among (NVAF) patients.

Keywords: Oral anticoagulants, Atrial fibrillation, Stroke prophylaxis

1. Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in clinical practice and
is associated with a higher risk of thromboembolic events [1]. The most devastating complica‐
tion of AF is ischemic stroke. AF is the most frequent cause of cardioembolic stroke and nearly
20 % of all stroke events. Cardioembolic stroke has a greater morbidity and mortality compar‐
ing other stroke subtypes. Nevertheless, oral anticoagulant (OAC) drugs offer an effective stroke
prevention strategy [2]. Recent guidelines recommend to start an OAC drug for patients who
have AF and high risk of stroke assessed by stroke risk schemes [3]. The most recommended
risk scheme is known by the acronym CHA2DS2VASc (congestive heart failure, hypertension,
age ≥75, diabetes, stroke history, vascular disease, ages 65–74, and sex), and patients with a
score ≥2 should be anticoagulated. The discovery and development of anticoagulants are some
of the most interesting in pharmaceutical history and started with the discovery of heparin in
1916 (Figure 1). Studies on anticoagulant drugs led to the commercialization of dicoumarol in
1941, and efforts to develop an effective rodenticide resulted in synthesis of warfarin (Wiscon‐
sin Alumni Research Foundation), which was approved for medical use in 1954. For decades,
vitamin K antagonists (VKAs) were the only available oral anticoagulants. The risk of stroke
was reported to decline up to 68 % with OAC therapy, associated with good anticoagulation
control with VKAs, assessed by time in therapeutic range (TTR). In low TTR values VKAs were
found to be associated with severe complications, and a minimum TTR of 58 % should be achieved
to expect a net benefit from being on OAC therapy [4]. The use of VKAs can also be challeng‐
ing due to narrow therapeutic index, drug-drug interactions, and the need for close monitor‐
ing. Over the last years, non–vitamin K antagonist oral anticoagulants (NOACs) have been
developed, including direct thrombin inhibitors (dabigatran) and factor Xa inhibitors (rivarox‐

Figure 1. Developmental history of anticoagulants.
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aban, apixaban, and edoxaban) which have a more predictable anticoagulant affect allowing a
fixed-dose regimen. Their therapeutic use for prevention of cardioembolic complications was
validated in large phase III trials, demonstrating their non-inferiority and even superiority, in
some cases, to warfarin [5–8]. Therefore, the use of NOACs is currently recommended by
guidelines,  along with  VKAs,  for  stroke  prevention  in  patients  with  non-valvular  atrial
fibrillation (NVAF). The risk of hemorrhage should also be assessed prior to starting an OAC
drug. One of the validated risk scores is hypertension, renal or liver failure, stroke history,
bleeding history, labile international normalized ratio (INR), age > 65 years, drugs predispos‐
ing to bleeding, and alcohol use (HAS-BLED). Bleeding risk assessment with HAS-BLED should
not be used as an excuse not to prescribe OAC but rather to highlight those patients in whom
caution with such treatment and regular review is warranted. Both VKA and NOACs have
specific targets in the coagulation cascade (Figure 2). The INR is widely used for the measure‐
ment of anticoagulant effect of VKAs. However, the anticoagulant effect of NOACs cannot be
measured with routine coagulation assays. While activated partial thromboplastin time (aPTT)
is elevated in patients taking dabigatran and edoxaban, it is not correlated with the dose of the
drug. Ecarin-clotting time (ECT), thrombin time (TT), and dilute thrombin time (dTT) assays

Figure 2. The coagulation cascade. VKA, vitamin K antagonist.
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might be used for dabigatran’s anticoagulant effect and anti-factor Xa assays for rivaroxaban
and apixaban. However, these assays are not commercially available that restricts their use in
most institutions. Although NOACs have clear advantages comparing warfarin, it may not be
convenient for some patients. They were not studied in patients with severe renal failure
(estimated glomerular filtration rate (GFR) <30 mL/min), and a dose reduction is recommend‐
ed for patients with moderate renal failure (GFR: 30–50 mL/min). The use of NOACs in patients
with mechanical heart valves is contraindicated. The RE-ALIGN (randomized, phase II study
to evaluate the safety and pharmacokinetics of oral dabigatran etexilate in patients after heart
valve replacement) study showed that dabigatran was neither effective nor safe in patients with
mechanical heart valves [8]. However, it was safe and effective in other types of valvular diseases
such as mitral regurgitation, aortic regurgitation, aortic stenosis, tricuspid regurgitation, and
mild mitral stenosis [9]. Thus the term “valvular AF” defines patients with mechanical heart
valves and patients with mitral stenosis (mostly rheumatic) [10]. In this chapter, we will review
the clinical use, real-world data, and reversal of anticoagulant effect of NOACs for stroke
prevention in patients with NVAF as well as discuss the limitations of the new agents.

2. Direct thrombin inhibitors

Direct thrombin inhibitors act by inhibiting thrombin which converts fibrinogen to fibrin and
activates platelets (Figure 2). Ximelagatran was the first-studied direct thrombin inhibitor for
stroke prophylaxis in NVAF patients, but it was withdrawn from market because of safety
concerns about hepatotoxicity.

2.1. Dabigatran

Dabigatran was the first-introduced NOAC into clinical practice. It was predominantly
eliminated by kidneys; thus, a dose reduction was proposed for patients with renal failure [3].
The European Medical Agency (EMA) has approved two doses (110 and 150 mg) of dabigatran
with a recommendation of dose reduction in older patients with renal failure. However, Food
and Drug Administration (FDA) did not approve the 110 mg bid and approved 75 mg bid for
patients with renal failure. FDA recommended the higher dose (150 mg bid) for most of the
patients. Though it remains a controversial issue, FDA did not change its recommendations
after a mini-sentinel [11]; however, a post hoc analysis of RE-LY trial showed better outcomes
if European label was used [12]. Nevertheless, with the available data for both doses, dabiga‐
tran is an attractive alternative to warfarin in patients with NVAF. A meta-analysis of real-
world data also showed similar efficacy compared to warfarin with less intracranial bleeding
[13]. The authors concluded dabigatran should be used cautiously in older patients with a
history of gastrointestinal bleeding.

Although dabigatran was well tolerated, prevalence of dyspepsia was increased compared to
warfarin (11.8 % with 110 mg bid, 11.3 % with 150 mg bid, 5.8 % with warfarin). This side effect
has been attributed to tartaric acid component in dabigatran etexilate capsule [14]. Although
dabigatran has lower rates of drug-drug interaction, it has significant interaction with p-
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glycoprotein inhibitors (e.g., ketoconazole, amiodarone, verapamil) and inducers (rifampin).
A dose reduction was proposed for patients taking concomitant verapamil.

3. Factor Xa inhibitors

Factor Xa has an important role in the coagulation cascade (Figure 2). Currently there are three
approved factor Xa inhibitors—rivaroxaban, apixaban, and edoxaban—and one under
investigation betrixaban.

3.1. Rivaroxaban

Rivaroxaban was the first-approved factor Xa inhibitor for stroke prophylaxis in NVAF.
Rivaroxaban 15 mg od was given for patients with creatinine clearance 30–50 mL/min. It was
found as effective as warfarin for stroke or systemic embolism prevention without an increase
in major bleeding [7]. In addition, it was associated with less intracranial bleeding. Real-world
analysis of rivaroxaban also revealed comparable bleeding rates with phase III trial with a
significant heterogeneity in bleeding rates across studies [15]. A real-world analysis of
rivaroxaban showed similar results comparing warfarin for safety and efficacy; however,
venous thromboembolism (VTE) events were fewer in rivaroxaban patients [16]. Another real-
world analysis showed that rivaroxaban may even be better in terms of hemorrhagic compli‐
cations or at least as safe as warfarin [17]. Coleman et al. showed that rivaroxaban may be
better for stroke prophylaxis in a German medical record study [18]. In conclusion, rivaroxaban
was shown to be as effective and safe as warfarin in real-world data.

3.2. Apixaban

Apixaban is a factor Xa inhibitor that has been approved for stroke prophylaxis in patients
with NVAF. The risk of gastrointestinal bleeding was comparable between apixaban and
warfarin, and apixaban showed a reduction in mortality rates [6]. Apixaban was also evalu‐
ated in patients who could not take warfarin in apixaban versus acetylsalicylic acid to pre‐
vent stroke (AVERROES) trial [19]. Apixaban was more effective and as safe as aspirin in stroke
prophylaxis; thus, the study was prematurely terminated because of clear advantage of apix‐
aban. The benefits of apixaban were consistent regardless of age with a greater absolute risk
reduction in the elderly [20].

3.3. Edoxaban

Edoxaban is a factor Xa inhibitor that has been approved for stroke prophylaxis recently. It
has been tested in two different doses (30 and 60 mg) against warfarin [5]. The high dose of
edoxaban was associated with a trend toward better efficacy versus warfarin for stroke and
systemic embolism prophylaxis. A real-world modeling analysis also showed edoxaban 60 mg
od might be superior to warfarin and 30 mg od dose [21]. The efficacy of edoxaban was
decreased in patients with a creatine clearance <95 mL/min. Thus it is not recommended in
these patients.
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3.4. Betrixaban

Betrixaban is a factor Xa inhibitor with minimal renal excretion and a long half-life. It has
minimal hepatic metabolism. Thus it could be used for patients with renal and hepatic
impairment. The anticoagulant effect and safety of betrixaban were compared against warfarin
in NVAF patients in a phase II study (EXPLORE-Xa) [22]. Betrixaban was well tolerated, and
bleeding was lowest in betrixaban 40 mg group compared warfarin or betrixaban 60–80 mg.
The study was primarily designed to assess safety of betrixaban, and it does not provide an
information for the efficacy. The pharmacometric modeling suggests that 80 mg daily betrix‐
aban has comparable anticoagulant effect to warfarin. The ongoing phase III trial (APEX) is
currently investigating the protective effect of betrixaban in venous thromboembolism (VTE)
against enoxaparin in acute medically ill patients. The topline results of the study showed
betrixaban given once daily at a dose of 80 mg for 35–47 days was more effective than injectable
enoxaparin given at a dose of 40 mg for 6–14 days [23]. There was no increase in major bleeding
rates.

4. Comparison of real-world data and phase III trials

Large phase III trials showed a comparable effect and better safety profile of NOACs for stroke
thromboprophylaxis. However, these studies included highly selected patients without severe
comorbidities with strict follow-up procedures. In addition all the patients in these trials were
OAC indicated. However, observational studies showed OAC use was 60–80 % in real-world
settings [24–27]. Another concern regarding OAC therapy is the appropriate use. Inappropri‐
ate use might be up to 87 % in warfarin and 47 % in NOACs [28, 29]. The efficacy and safety
of NOACs were confirmed in observational studies. Danish registry compared the safety and
efficacy of dabigatran against warfarin [30]. Both 110 and 150 mg bid doses of dabigatran were
as effective as warfarin for stroke prophylaxis, and 110 mg bid but not 150 mg bid was
associated with lower rates of gastrointestinal bleeding. A recent meta-analysis also showed
similar stroke rates with dabigatran comparing warfarin and lower intracranial bleeding with
an elevated risk for gastrointestinal bleeding [24]. Xarelto® on prevention of stroke and non-
central nervous system systemic embolism in patients with non-valvular atrial fibrillation
(XANTUS) trial with rivaroxaban showed better efficacy and safety profile in a real-world
dataset [31]. A propensity score-matched study also showed the efficacy and safety of
rivaroxaban in real-world data [32]. These observations showed NOACs are safe and effective
treatment options for stroke prevention in NVAF patients. However, a recent real-world
database study from the USA revealed a 4.4-fold increase in the use of reduced dose of apixaban
comparing ARISTOTLE trial [33].

5. Reversal agents

One of the main difficulties with NOACs is the lack of specific reversal agents. Despite the
lower rates of hemorrhage with NOACs comparing warfarin, a hemorrhagic complication that
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needs medical support may occur with NOACs. While a minor bleeding might be solved with
supportive care, specific medications should be used for major bleedings. Perioperative
management for patients on NOAC may also be challenging especially in emergency situa‐
tions. Activated charcoal should be administered if the drug has recently been taken. Hemo‐
dialysis is an option for patients on dabigatran. Tranexamic acid and aminocaproic acid are
also nonspecific agents that can be used to control bleeding. Fresh frozen plasma is not an
option; however, prothrombin plasma concentrates (PCC) especially four-factor PCC are more
useful. However, there has been an unmet need for specific reversal agents until idarucizu‐
mab’s FDA approval. Idarucizumab is a monoclonal antibody that was approved for reversal
of dabigatran’s anticoagulant effect. Andexanet alfa is a specific antidote of factor Xa inhibitors,
and ciraparantag is a universal reversal agent.

5.1. Idarucizumab

Idarucizumab is a monoclonal antibody fragment that specifically binds to dabigatran and
antagonizes its effect at a 1:1 ratio. Its half-life is 45 min and thus it may require repeat infusion.
The effect of idarucizumab was shown by measuring dTT and ECT which are specific for
dabigatran activity. The efficacy and safety of idarucizumab were evaluated in RE-VERSE AD
(a study of the reversal effects of idarucizumab on active dabigatran) phase III trial, and a 5 g
intravenous infusion was found safe and effective [34]. In 35 patients with major bleeding,
hemostasis was restored at a median of 11.4 h, and in 36 patients who underwent urgent
procedure, normal hemostasis was reported in 33, mildly abnormal in 2, and moderately
abnormal in 1 patient. Idarucizumab was approved by FDA for the reversal of dabigatran’s
anticoagulant effect. It does not have prolonged effect, and dabigatran can be restarted after
24 h.

5.2. Andexanet alfa

Andexanet alfa is a recombinant factor Xa inhibitor antidote. It specifically binds to factor Xa
inhibitors thus reduces their unbound concentrations. It has been studied in animal and hu‐
man studies and reversed anticoagulant effect of rivaroxaban, apixaban, and edoxaban [35,
36]. The effect of andexanet alfa disappears in the absence of a maintenance infusion. Consis‐
tent with the half-life of andexanet alfa, the anticoagulant effect reversal was comparable with
placebo after 2 h cessation of infusion. Levels of D-dimer and prothrombin fragments 1 and 2
were elevated in patients receiving andexanet alfa; however, this was not associated with
clinical thrombotic events [36]. Andexanet alfa is a potential universal antidote for factor Xa
inhibitors.

5.3. Ciraparantag

Ciraparantag is a small molecule that binds unfractionated and low-molecular-weight heparin.
It binds to endogenous targets of anticoagulants that prevent their anticoagulant effect. It also
binds to dabigatran and factor Xa inhibitors; thus, it has a wide range of action. The first human
study with this drug reported effective and safe reversal of anticoagulant effect of edoxaban
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within 10–30 min [37]. Ciraparantag is a promising universal reversal agent of anticoagulant
effect.

6. Conclusion

The risk of ischemic stroke is increased in patients with AF. Recent guidelines for the evaluation
of AF recommend OAC therapy for AF patients who had moderate to high risk of stroke.
Although NOACs have clear advantages over warfarin, there are some concerns such as the
lack of specific antidote, older patients, lower creatinine clearance, risk of gastrointestinal
hemorrhage, and cost. Specific antidotes are under development—idarucizumab has already
been approved—and lower doses of the drugs might be a solution for high-bleeding-risk-
group patients. The phase III trials and real-world data indicated NOACs were as safe and
effective as warfarin, while some studies showed better net clinical benefit with NOACs. The
introduction of NOACs has led to an improvement in the management of patients with NVAF;
however, there is need for great effort for the optimization of stroke prevention strategies in
AF.
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