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«Se vi è l’impronta dev’esserci stato qualcosa di cui è l’impronta».  

«Ma diverso dall’impronta, mi dite». 
«Certo. Non sempre un’impronta ha la forma del corpo che l’ha 
impressa e non sempre nasce dalla pressione di un corpo. 
Talora […] è l’impronta di un’idea.  
L’idea è segno delle cose, e l’immagine è segno dell’idea, segno di 
un segno.  

Ma dall’immagine ricostruisco, se non il corpo, l’idea che altri ne 
aveva». !

Umberto Eco. Il nome della rosa 
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Introduction

Disseminated intravascular coagulation (DIC) is a syn-
drome characterized by the systemic activation of blood
coagulation, which generates intravascular fibrin, leading
to thrombosis of small and medium-sized vessels, and
eventually organ dysfunction [1]. DIC may occur as a
complication of infections, solid cancers, hematologic
malignancies, obstetric diseases, trauma, aneurysm, and
liver diseases, among others, and each type of DIC pre-
sents characteristic features related to the underlying dis-
order. The diagnosis and treatment of DIC must therefore
take into consideration these underlying etiologic features.
Patients with DIC resulting from sepsis, hematologic
malignancy or obstetric disease can be successfully treated
for DIC, whereas DIC associated with solid cancers may
not respond to standard treatments [2–5]. There were no
significant differences in outcome between solid cancer
patients with and without DIC [5]. Three guidelines for
DIC [2–4] have been published in the literature from the

British Committee for Standards in Haematology (BCSH),
the Japanese Society of Thrombosis and Hemostasis
(JSTH), and the Italian Society for Thrombosis and He-
mostasis (SISET). Although they are broadly similar,
there are variations in the recommendations (Tables 1
and 2). This communication is an attempt to harmonize
the three guidelines for DIC by the active members of
the subcommittee for DIC of the Scientific and Stan-
dardization Committee (SSC) of the ISTH. The quality
of the evidence and the definitions for recommendations
were evaluated by use of a modified GRADE system [6]
(Table 3), and agreed among all active members of the
ISTH/SSC subcommittee for DIC between 1 July 2011
and 10 December 2012. Drugs that are frequently used
in clinical practice were considered under the category of
‘Potential Recommendation’ in cases of disagreement
between the three guidelines or insufficient randomized
controlled trial (RCT) results. It needs to be stressed
that this harmonization may not be appropriate for all
patients, and individual patient circumstances may dic-
tate the selection of alternative approaches.

Diagnosis of DIC

Recommendations:
There is no gold standard for the diagnosis of DIC,

and no single test that is, by itself, capable of accurately
diagnosing DIC.
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DIC as “an acquired syndrome characterized by intravascular 
activation of coagulation with loss of localization arising from dif-
ferent causes. It can originate from and cause damage to the mi-
crovasculature, which if sufficiently severe, can produce organ 

dysfunction” [3]. This statement from collective experts in the 
field summarizes our understanding of the pathogenic concepts 
involved and shape our clinical considerations and management.

PATHOPHYSIOLOGICAL CONSIDERATIONS

As DIC is an intermediary mechanism of disease from condi-
tions such as sepsis, trauma, obstetrical calamities, or cancer, 
there will be disease-specific pathogenic factors that influence 
both coagulation activation and its functional consequences [4]. 
A major challenge in treating patients with DIC is in identifying 
the predominant mechanism among the heterogeneous over-
lapping effects, which can also vary with time. Key themes for 
the clinician to consider (Fig. 2) include. Fig. 1. Diverse and opposing effects of thrombin. 

Fig. 2. Pathophysiological considerations in the clinical presentation of DIC. Systemic activation of coagulation together with cellular activa-
tion (endothelial cells, neutrophils, and platelets) leads to excessive thrombin generation and its functional consequences. 
Abbreviations: FDP, fibrin degradation products; NETs, neutrophil extracellular traps; PAR, protease-activated receptor. 
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Summary 
Thrombin is the central protease in the coagulation cascade and one of 
the most extensively studied of all enzymes. In addition to its recog-
nised role in the coagulation cascade and haemostasis, thrombin is 
known to have multiple pleiotropic effects, which mostly have been 
shown only in in vitro studies: it plays a role in inflammation and cellu-
lar proliferation and displays a mitogen activity on smooth muscle cells 
and endothelial cells, predominantly by activation of angiogenesis. In 
vivo, thrombin effects were examined in animal models of intravenous 
or intraarterial thrombin infusion. An extensive literature search re-
garding in vivo data showed that i) thrombin administered as a bolus 
causes microembolism, ii) thrombin infused slowly at steady-state con-
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ditions (up to 1.6 U/kg/min) leads to bleeds but not to intravascular 
clotting, iii) large quantity of thrombin infused at low rates (0.05 U/kg/
min) does not have any measurable effect, and iv) thrombin increases 
vascular permeability leading to tissue damage. Although several dec-
ades of research on thrombin functions have provided a framework for 
understanding the biology of thrombin, animal and human studies with 
use of newer laboratory techniques are still needed to confirm the 
pleiotropic thrombin functions shown in in vitro studies.  
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Introduction 

Thrombin is the central protease in the coagulation cascade and one 
of the most extensively studied of all enzymes. Several decades of re-
search on thrombin have provided a framework for understanding 
its biology. Thrombin plays a role in arterial and venous thrombosis 
as wells as in the pathogenesis of multiple conditions, e.g. sepsis and 
disseminated intravascular coagulation (DIC), cancer, inflamma-
tory brain diseases, wound healing and atherosclerosis. Therefore, 
further research on thrombin functions and translation of these 
findings into therapeutic targets would have important clinical im-
plications. As thrombin has a very short half-life time (1–2 minutes, 
min), information regarding thrombin functions are mostly derived 
from in vitro studies. Animal and human studies concerning the in 
vivo functions of thrombin are scarce. In this review, we focused on 
the characterisation of in vitro and in vivo effects of thrombin.  

Thrombin: evolution, synthesis and structure 
Thrombin, described in 1892 by Alexander Schmidt, was first 
identified by Buchanan in 1845 (1). Thrombin diverged from the 
complement factors C1r, C1s or MASP2, and this was heralding the 

onset of further specialisation of defense mechanisms (2–4). As 
complement evolved from developmental proteases, thrombin 
most likely descended from growth factors. It pre-dated and pre-
sumably gave rise to the vitamin K-dependent proteases: factors 
VIIa, IXa and Xa and protein C (3, 5, 6). The sequence of the heavy 
chain of human thrombin is related to trypsin and chymotrypsin 
with 35% sequence identity and 49% sequence similarity (7, 8). 
Prothrombin (70 kDa), a glycoprotein with 579 amino acid resi-
dues, is produced in the liver parenchymal cells and secreted into 
the blood (9, 10). Prothrombin is converted to thrombin by the 
prothrombinase complex consisting of factor Xa, co-factor Va, an-
ionic phospholipids on the surface of activated platelets and cal-
cium ions (11–13). Factor Xa cleaves prothrombin to generate 
meizothrombin, which subsequently is cleaved to liberate throm-
bin (3, 14–16). Thrombin (37 kDa) is a heterodimer consisting of 
two polypeptide chains A and B. The light chain A consisting of 36 
residues is linked by a single disulfide bond to the heavy chain B 
with 259 residues that contains three intra-chain disulfide bonds 
(10). Thrombin is a sodium activated allosteric enzyme: sodium 
binding is required for cleavage of fibrinogen, and activation of 
factors V, VIII and XI (17, 18).  
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Thrombin functions in the coagulation  
cascade 
Thrombin has many functions in the coagulation cascade (!Table 
1, !Fig. 1). The major procoagulant effect, the conversion of fibri-
nogen to fibrin, is amplified by activation of factor XIII that coval-
ently stabilises the fibrin clot (19, 20). Following its activation, fac-
tor XIII induces soluble fibrin monomers to interact end-to-end 
and side-to-side, causing it to become a soluble cross-linked fibrin 
monomer (21–23). Also, the inhibition of fibrinolysis via acti-
vation of thrombin-activable fibrinolysis inhibitor (TAFI) and the 
proteolytic activation of factors V, VIII and XI contribute to the 
procoagulant activity of thrombin (!Fig. 1) (24, 25). Regarding 
thrombin function as anticoagulant, activation of protein C is 
highly important (26, 27). The activation depends on the binding 
to thrombomodulin, a membrane receptor on endothelial cells 
(28–30). In turn, thrombin is inhibited by thrombomodulin, pro-
tein C, heparin cofactor II and antithrombin III with the help of 
acidic carbohydrates (31–33).  

Thrombin functions described in in vitro 
studies 
In addition to its role in haemostasis, thrombin is known to have 
pleiotropic effects. However, most of the pleiotropic effects of 
thrombin were documented only in in vitro studies (!Table 2). 
Thrombin affects the activity of multiple cell types including blood 
platelets, endothelial cells, vascular smooth muscle cells, mono-
cytes, T lymphocytes and fibroblasts (34–38). Thrombin plays an 
important role in inflammation and cellular proliferation (!Table 
2, !Fig. 1) (39). Thrombin modulates multiple processes in the 
vascular system including vascular permeability, vascular tone, in-
flammation and neovessel formation (40–42). Thrombin also acti-
vates numerous cells involved in the inflammatory and reparative 
responses, including monocytes, T lymphocytes and mast cells, 
and endothelial cells (43). It affects leukocyte migration, oedema 
formation, and other processes related to tissue repair (44, 45).  

The protease activated receptors (PARs) are essential in many 
pleiotropic functions of thrombin (28). In the activation of pla-
telets and other cells via PARs, thrombin serves as a central effector 
(46). PARs are a family of seven-transmembrane G-protein-
coupled receptors (47). Four PARs are currently known. Thrombin 
activates PAR1, PAR3 and PAR4. PAR2 is not cleaved by thrombin 
but can be activated by trypsin-like serine proteases (47, 48). En-
dothelial cells are considered the main cells mediating vascular ef-
fects of PARs (42). PAR-1 is the major thrombin receptor express-
ed by endothelial cells, which is up-regulated by thrombin via 
kruppel-like transcription factor 2 (49). Endothelial cells also ex-
press PAR-2, PAR-3 and PAR-4. PARs contribute to the pro-inflam-
matory phenotype observed in endothelial dysfunction and their 
up-regulation in vascular smooth muscle cells seems to be an im-
portant element in the pathogenesis of atherosclerosis and reste-
nosis (42). The effect of PAR deficiency was examined in a mouse 
endotoxaemia model. Endotoxin-induced thrombocytopenia was 

not diminished in Par4 (-/-) mice, suggesting that a mechanism in-
dependent of platelet activation by thrombin was sufficient to 
cause thrombocytopenia (50). Thrombin is the most potent pla-
telet activator, producing an effect at concentrations lower than 
those required for activation of the coagulation cascade (51). 
Thrombin binds the PAR-1 receptor on the platelet surface, cleav-
ing the receptor, and exposing a tethered ligand, which binds and 
activates the receptor (52). At higher concentrations, thrombin 
also activates PAR-4 (53). Combined blockade of thrombin anion 
binding exosite-1 and PAR4 produces synergistic antiplatelet effect 
in human platelets (54). Signalling via PAR-4 is available for hae-
mostasis when very high levels of thrombin are generated, thereby 
providing a protective mechanism in situations where this pathway 
may contribute to arrest bleeding, such as trauma (51).  

Thrombin also binds to the GPIb on platelet surface (51, 55). 
Different experimental approaches conclude that both exosite I 
and exosite II of thrombin bind to GPIb (56). However, the patho-
physiological relevance of thrombin binding to platelet GPIb is still 
uncertain, and the key question whether thrombin binding to 
GPIb is prothrombotic or antithrombotic remains unanswered yet 
(56). 

Thrombin exhibits mitogen activity on smooth muscle cells 
and endothelial cells. Most of the cellular effects elicited by throm-
bin are mediated through activation and subsequent signal trans-
duction cascades of members of the PAR family. Thrombin acti-
vates angiogenesis, a process that is essential in tumour growth and 
metastasis (!Fig. 1, !Table 2). Thrombin decreases the ability of 
endothelial cells to attach to basement membrane proteins via cyc-
lic adenosine monophosphate (57). Thrombin also potentiates 
vascular endothelial growth factor (VEGF)-induced endothelial 
cell proliferation. This process is accompanied by up-regulation of 

Table 1: Thrombin functions in coagulation. 

 Thrombin functions in coagulation 
Procoagulant  
properties 

● cleavage of fibrinogen and liberation of fibrinopeptide 
A and B (10) 

● activation of factors: V (128), VIII (129), XI (130) and 
XIII (131) 

● induction of platelet aggregation, platelet secretion 
and platelet procoagulant activity (132) 

● release of adenosine diphosphate from platelets (132) 
● expression of P-selectin on endothelial cells (133, 134) 
● stimulation of expression of the platelet activating  

factor (PAF) 

Anticoagulant  
properties 

● binding to thrombomodulin (TM) and activation of  
protein C 

● decrease in the binding of von Willebrand factor (vWF) 
to glycoprotein (GP) Ib (135) 

● decrease in ristocetin-induced agglutination (135) 

Antifibrinolytic  
properties 

● activation of thrombin-activable fibrinolysis inhibitor 
(TAFI) (136) 

● release of the plasminogen activator inhibitor-1 (137) 

Fibrinolytic  
properties 

● release of the tissue plasminogen activator (138)
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Thrombin functions described in in vitro 
studies 
In addition to its role in haemostasis, thrombin is known to have 
pleiotropic effects. However, most of the pleiotropic effects of 
thrombin were documented only in in vitro studies (!Table 2). 
Thrombin affects the activity of multiple cell types including blood 
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cytes, T lymphocytes and fibroblasts (34–38). Thrombin plays an 
important role in inflammation and cellular proliferation (!Table 
2, !Fig. 1) (39). Thrombin modulates multiple processes in the 
vascular system including vascular permeability, vascular tone, in-
flammation and neovessel formation (40–42). Thrombin also acti-
vates numerous cells involved in the inflammatory and reparative 
responses, including monocytes, T lymphocytes and mast cells, 
and endothelial cells (43). It affects leukocyte migration, oedema 
formation, and other processes related to tissue repair (44, 45).  

The protease activated receptors (PARs) are essential in many 
pleiotropic functions of thrombin (28). In the activation of pla-
telets and other cells via PARs, thrombin serves as a central effector 
(46). PARs are a family of seven-transmembrane G-protein-
coupled receptors (47). Four PARs are currently known. Thrombin 
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press PAR-2, PAR-3 and PAR-4. PARs contribute to the pro-inflam-
matory phenotype observed in endothelial dysfunction and their 
up-regulation in vascular smooth muscle cells seems to be an im-
portant element in the pathogenesis of atherosclerosis and reste-
nosis (42). The effect of PAR deficiency was examined in a mouse 
endotoxaemia model. Endotoxin-induced thrombocytopenia was 

not diminished in Par4 (-/-) mice, suggesting that a mechanism in-
dependent of platelet activation by thrombin was sufficient to 
cause thrombocytopenia (50). Thrombin is the most potent pla-
telet activator, producing an effect at concentrations lower than 
those required for activation of the coagulation cascade (51). 
Thrombin binds the PAR-1 receptor on the platelet surface, cleav-
ing the receptor, and exposing a tethered ligand, which binds and 
activates the receptor (52). At higher concentrations, thrombin 
also activates PAR-4 (53). Combined blockade of thrombin anion 
binding exosite-1 and PAR4 produces synergistic antiplatelet effect 
in human platelets (54). Signalling via PAR-4 is available for hae-
mostasis when very high levels of thrombin are generated, thereby 
providing a protective mechanism in situations where this pathway 
may contribute to arrest bleeding, such as trauma (51).  

Thrombin also binds to the GPIb on platelet surface (51, 55). 
Different experimental approaches conclude that both exosite I 
and exosite II of thrombin bind to GPIb (56). However, the patho-
physiological relevance of thrombin binding to platelet GPIb is still 
uncertain, and the key question whether thrombin binding to 
GPIb is prothrombotic or antithrombotic remains unanswered yet 
(56). 

Thrombin exhibits mitogen activity on smooth muscle cells 
and endothelial cells. Most of the cellular effects elicited by throm-
bin are mediated through activation and subsequent signal trans-
duction cascades of members of the PAR family. Thrombin acti-
vates angiogenesis, a process that is essential in tumour growth and 
metastasis (!Fig. 1, !Table 2). Thrombin decreases the ability of 
endothelial cells to attach to basement membrane proteins via cyc-
lic adenosine monophosphate (57). Thrombin also potentiates 
vascular endothelial growth factor (VEGF)-induced endothelial 
cell proliferation. This process is accompanied by up-regulation of 
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● cleavage of fibrinogen and liberation of fibrinopeptide 
A and B (10) 

● activation of factors: V (128), VIII (129), XI (130) and 
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and platelet procoagulant activity (132) 
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Summary 
Thrombin is the central protease in the coagulation cascade and one of 
the most extensively studied of all enzymes. In addition to its recog-
nised role in the coagulation cascade and haemostasis, thrombin is 
known to have multiple pleiotropic effects, which mostly have been 
shown only in in vitro studies: it plays a role in inflammation and cellu-
lar proliferation and displays a mitogen activity on smooth muscle cells 
and endothelial cells, predominantly by activation of angiogenesis. In 
vivo, thrombin effects were examined in animal models of intravenous 
or intraarterial thrombin infusion. An extensive literature search re-
garding in vivo data showed that i) thrombin administered as a bolus 
causes microembolism, ii) thrombin infused slowly at steady-state con-
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ditions (up to 1.6 U/kg/min) leads to bleeds but not to intravascular 
clotting, iii) large quantity of thrombin infused at low rates (0.05 U/kg/
min) does not have any measurable effect, and iv) thrombin increases 
vascular permeability leading to tissue damage. Although several dec-
ades of research on thrombin functions have provided a framework for 
understanding the biology of thrombin, animal and human studies with 
use of newer laboratory techniques are still needed to confirm the 
pleiotropic thrombin functions shown in in vitro studies.  
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Introduction 

Thrombin is the central protease in the coagulation cascade and one 
of the most extensively studied of all enzymes. Several decades of re-
search on thrombin have provided a framework for understanding 
its biology. Thrombin plays a role in arterial and venous thrombosis 
as wells as in the pathogenesis of multiple conditions, e.g. sepsis and 
disseminated intravascular coagulation (DIC), cancer, inflamma-
tory brain diseases, wound healing and atherosclerosis. Therefore, 
further research on thrombin functions and translation of these 
findings into therapeutic targets would have important clinical im-
plications. As thrombin has a very short half-life time (1–2 minutes, 
min), information regarding thrombin functions are mostly derived 
from in vitro studies. Animal and human studies concerning the in 
vivo functions of thrombin are scarce. In this review, we focused on 
the characterisation of in vitro and in vivo effects of thrombin.  

Thrombin: evolution, synthesis and structure 
Thrombin, described in 1892 by Alexander Schmidt, was first 
identified by Buchanan in 1845 (1). Thrombin diverged from the 
complement factors C1r, C1s or MASP2, and this was heralding the 

onset of further specialisation of defense mechanisms (2–4). As 
complement evolved from developmental proteases, thrombin 
most likely descended from growth factors. It pre-dated and pre-
sumably gave rise to the vitamin K-dependent proteases: factors 
VIIa, IXa and Xa and protein C (3, 5, 6). The sequence of the heavy 
chain of human thrombin is related to trypsin and chymotrypsin 
with 35% sequence identity and 49% sequence similarity (7, 8). 
Prothrombin (70 kDa), a glycoprotein with 579 amino acid resi-
dues, is produced in the liver parenchymal cells and secreted into 
the blood (9, 10). Prothrombin is converted to thrombin by the 
prothrombinase complex consisting of factor Xa, co-factor Va, an-
ionic phospholipids on the surface of activated platelets and cal-
cium ions (11–13). Factor Xa cleaves prothrombin to generate 
meizothrombin, which subsequently is cleaved to liberate throm-
bin (3, 14–16). Thrombin (37 kDa) is a heterodimer consisting of 
two polypeptide chains A and B. The light chain A consisting of 36 
residues is linked by a single disulfide bond to the heavy chain B 
with 259 residues that contains three intra-chain disulfide bonds 
(10). Thrombin is a sodium activated allosteric enzyme: sodium 
binding is required for cleavage of fibrinogen, and activation of 
factors V, VIII and XI (17, 18).  
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Thrombin is the central protease in the coagulation cascade and one 
of the most extensively studied of all enzymes. Several decades of re-
search on thrombin have provided a framework for understanding 
its biology. Thrombin plays a role in arterial and venous thrombosis 
as wells as in the pathogenesis of multiple conditions, e.g. sepsis and 
disseminated intravascular coagulation (DIC), cancer, inflamma-
tory brain diseases, wound healing and atherosclerosis. Therefore, 
further research on thrombin functions and translation of these 
findings into therapeutic targets would have important clinical im-
plications. As thrombin has a very short half-life time (1–2 minutes, 
min), information regarding thrombin functions are mostly derived 
from in vitro studies. Animal and human studies concerning the in 
vivo functions of thrombin are scarce. In this review, we focused on 
the characterisation of in vitro and in vivo effects of thrombin.  

Thrombin: evolution, synthesis and structure 
Thrombin, described in 1892 by Alexander Schmidt, was first 
identified by Buchanan in 1845 (1). Thrombin diverged from the 
complement factors C1r, C1s or MASP2, and this was heralding the 

onset of further specialisation of defense mechanisms (2–4). As 
complement evolved from developmental proteases, thrombin 
most likely descended from growth factors. It pre-dated and pre-
sumably gave rise to the vitamin K-dependent proteases: factors 
VIIa, IXa and Xa and protein C (3, 5, 6). The sequence of the heavy 
chain of human thrombin is related to trypsin and chymotrypsin 
with 35% sequence identity and 49% sequence similarity (7, 8). 
Prothrombin (70 kDa), a glycoprotein with 579 amino acid resi-
dues, is produced in the liver parenchymal cells and secreted into 
the blood (9, 10). Prothrombin is converted to thrombin by the 
prothrombinase complex consisting of factor Xa, co-factor Va, an-
ionic phospholipids on the surface of activated platelets and cal-
cium ions (11–13). Factor Xa cleaves prothrombin to generate 
meizothrombin, which subsequently is cleaved to liberate throm-
bin (3, 14–16). Thrombin (37 kDa) is a heterodimer consisting of 
two polypeptide chains A and B. The light chain A consisting of 36 
residues is linked by a single disulfide bond to the heavy chain B 
with 259 residues that contains three intra-chain disulfide bonds 
(10). Thrombin is a sodium activated allosteric enzyme: sodium 
binding is required for cleavage of fibrinogen, and activation of 
factors V, VIII and XI (17, 18).  
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Thrombin functions in the coagulation  
cascade 
Thrombin has many functions in the coagulation cascade (!Table 
1, !Fig. 1). The major procoagulant effect, the conversion of fibri-
nogen to fibrin, is amplified by activation of factor XIII that coval-
ently stabilises the fibrin clot (19, 20). Following its activation, fac-
tor XIII induces soluble fibrin monomers to interact end-to-end 
and side-to-side, causing it to become a soluble cross-linked fibrin 
monomer (21–23). Also, the inhibition of fibrinolysis via acti-
vation of thrombin-activable fibrinolysis inhibitor (TAFI) and the 
proteolytic activation of factors V, VIII and XI contribute to the 
procoagulant activity of thrombin (!Fig. 1) (24, 25). Regarding 
thrombin function as anticoagulant, activation of protein C is 
highly important (26, 27). The activation depends on the binding 
to thrombomodulin, a membrane receptor on endothelial cells 
(28–30). In turn, thrombin is inhibited by thrombomodulin, pro-
tein C, heparin cofactor II and antithrombin III with the help of 
acidic carbohydrates (31–33).  

Thrombin functions described in in vitro 
studies 
In addition to its role in haemostasis, thrombin is known to have 
pleiotropic effects. However, most of the pleiotropic effects of 
thrombin were documented only in in vitro studies (!Table 2). 
Thrombin affects the activity of multiple cell types including blood 
platelets, endothelial cells, vascular smooth muscle cells, mono-
cytes, T lymphocytes and fibroblasts (34–38). Thrombin plays an 
important role in inflammation and cellular proliferation (!Table 
2, !Fig. 1) (39). Thrombin modulates multiple processes in the 
vascular system including vascular permeability, vascular tone, in-
flammation and neovessel formation (40–42). Thrombin also acti-
vates numerous cells involved in the inflammatory and reparative 
responses, including monocytes, T lymphocytes and mast cells, 
and endothelial cells (43). It affects leukocyte migration, oedema 
formation, and other processes related to tissue repair (44, 45).  

The protease activated receptors (PARs) are essential in many 
pleiotropic functions of thrombin (28). In the activation of pla-
telets and other cells via PARs, thrombin serves as a central effector 
(46). PARs are a family of seven-transmembrane G-protein-
coupled receptors (47). Four PARs are currently known. Thrombin 
activates PAR1, PAR3 and PAR4. PAR2 is not cleaved by thrombin 
but can be activated by trypsin-like serine proteases (47, 48). En-
dothelial cells are considered the main cells mediating vascular ef-
fects of PARs (42). PAR-1 is the major thrombin receptor express-
ed by endothelial cells, which is up-regulated by thrombin via 
kruppel-like transcription factor 2 (49). Endothelial cells also ex-
press PAR-2, PAR-3 and PAR-4. PARs contribute to the pro-inflam-
matory phenotype observed in endothelial dysfunction and their 
up-regulation in vascular smooth muscle cells seems to be an im-
portant element in the pathogenesis of atherosclerosis and reste-
nosis (42). The effect of PAR deficiency was examined in a mouse 
endotoxaemia model. Endotoxin-induced thrombocytopenia was 

not diminished in Par4 (-/-) mice, suggesting that a mechanism in-
dependent of platelet activation by thrombin was sufficient to 
cause thrombocytopenia (50). Thrombin is the most potent pla-
telet activator, producing an effect at concentrations lower than 
those required for activation of the coagulation cascade (51). 
Thrombin binds the PAR-1 receptor on the platelet surface, cleav-
ing the receptor, and exposing a tethered ligand, which binds and 
activates the receptor (52). At higher concentrations, thrombin 
also activates PAR-4 (53). Combined blockade of thrombin anion 
binding exosite-1 and PAR4 produces synergistic antiplatelet effect 
in human platelets (54). Signalling via PAR-4 is available for hae-
mostasis when very high levels of thrombin are generated, thereby 
providing a protective mechanism in situations where this pathway 
may contribute to arrest bleeding, such as trauma (51).  

Thrombin also binds to the GPIb on platelet surface (51, 55). 
Different experimental approaches conclude that both exosite I 
and exosite II of thrombin bind to GPIb (56). However, the patho-
physiological relevance of thrombin binding to platelet GPIb is still 
uncertain, and the key question whether thrombin binding to 
GPIb is prothrombotic or antithrombotic remains unanswered yet 
(56). 

Thrombin exhibits mitogen activity on smooth muscle cells 
and endothelial cells. Most of the cellular effects elicited by throm-
bin are mediated through activation and subsequent signal trans-
duction cascades of members of the PAR family. Thrombin acti-
vates angiogenesis, a process that is essential in tumour growth and 
metastasis (!Fig. 1, !Table 2). Thrombin decreases the ability of 
endothelial cells to attach to basement membrane proteins via cyc-
lic adenosine monophosphate (57). Thrombin also potentiates 
vascular endothelial growth factor (VEGF)-induced endothelial 
cell proliferation. This process is accompanied by up-regulation of 

Table 1: Thrombin functions in coagulation. 

 Thrombin functions in coagulation 
Procoagulant  
properties 

● cleavage of fibrinogen and liberation of fibrinopeptide 
A and B (10) 

● activation of factors: V (128), VIII (129), XI (130) and 
XIII (131) 

● induction of platelet aggregation, platelet secretion 
and platelet procoagulant activity (132) 

● release of adenosine diphosphate from platelets (132) 
● expression of P-selectin on endothelial cells (133, 134) 
● stimulation of expression of the platelet activating  

factor (PAF) 

Anticoagulant  
properties 

● binding to thrombomodulin (TM) and activation of  
protein C 

● decrease in the binding of von Willebrand factor (vWF) 
to glycoprotein (GP) Ib (135) 

● decrease in ristocetin-induced agglutination (135) 

Antifibrinolytic  
properties 

● activation of thrombin-activable fibrinolysis inhibitor 
(TAFI) (136) 

● release of the plasminogen activator inhibitor-1 (137) 

Fibrinolytic  
properties 

● release of the tissue plasminogen activator (138)
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acidic carbohydrates (31–33).  
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pleiotropic effects. However, most of the pleiotropic effects of 
thrombin were documented only in in vitro studies (!Table 2). 
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but can be activated by trypsin-like serine proteases (47, 48). En-
dothelial cells are considered the main cells mediating vascular ef-
fects of PARs (42). PAR-1 is the major thrombin receptor express-
ed by endothelial cells, which is up-regulated by thrombin via 
kruppel-like transcription factor 2 (49). Endothelial cells also ex-
press PAR-2, PAR-3 and PAR-4. PARs contribute to the pro-inflam-
matory phenotype observed in endothelial dysfunction and their 
up-regulation in vascular smooth muscle cells seems to be an im-
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Introduction

Thrombin is a multifunctional serine protease produced
from prothrombin, and is a key regulator in hemostatic

and non-hemostatic processes. It is the main effector pro-
tease in primary hemostasis, in that it activates platelets
with subsequent release of the platelet activators adeno-
sine diphosphate, serotonin, and thromboxane A2. In sec-
ondary hemostasis, thrombin converts fibrinogen into
fibrin monomers, finally forming a stable clot that stops
bleeding at sites of vascular injury. In addition, thrombin
attenuates its own generation through formation of a
complex with the endothelial cell (EC) surface receptor
thrombomodulin (TM), thereby activating protein C to
activated protein C (APC), the main inactivator of acti-
vated factor V and activated FVIII [1].

Besides its well-known functions in hemostasis, throm-
bin plays important roles in various non-hemostatic bio-
logical and pathophysiologic processes, predominantly
mediated through activation of protease-activated recep-
tors (PARs). In this review, the ‘non-hemostatic’ effects
of thrombin refer to all vascular processes elicited by
thrombin that are not directly related to coagulation and
subsequent fibrin clot formation. Activation of PARs,
mainly PAR1 and PAR4, by thrombin on platelets is con-
sidered to be a hemostatic effect, and has been extensively
described elsewhere (see review in [2]).

PARs belong to a family of the G-protein-coupled
receptors [3], which are characterized by a single polypep-
tide chain with seven transmembrane a-helices that are
connected by three intracellular and extracellular loops.
The extracellular loops of the membrane domains contain
the ligand-binding site, and the N-terminal extracellular
domain contains a tethered ligand. The intracellular loops
serve as binding sites for the G-protein trimer (Gabc)
responsible for signal transduction [4–6]. To date, four
PAR members have been identified, i.e. PAR1 to PAR4,
which are expressed by a variety of cell types, including
platelets, ECs, vascular smooth muscle cells, fibroblasts,
hepatocytes, T lymphocytes, and monocytes. PAR1 and
PAR3 are high-affinity receptors for thrombin, and can
be activated at lower concentrations (< 5 nM) of throm-
bin, whereas the low-affinity thrombin receptor PAR4 is
only activated at higher concentrations of thrombin,
owing to the lack of a hirudin-like sequence in the vicinity
of the protease cleavage site [7]. PAR2 is the only recep-
tor that is not directly activated by thrombin; it is
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atherogenic background destabilized atherosclerotic pla-
ques, most likely because of increased inflammation,
apoptosis, and upregulation of metalloproteinases [70,73].
Plaque destabilization is the most important determinant
of an acute coronary syndrome, which occurs because of
rupturing of an atherosclerotic plaque leading to subse-
quent (occlusive) atherothrombosis [73]. Arterial throm-
bosis in coronary arteries causes myocardial ischemia,
which is often followed by reperfusion injury. Ischemia–
reperfusion (I/R) injury initiates cell death-mediated
inflammatory responses, the generation of reactive oxygen
species, and the recruitment of inflammatory cells such as
neutrophils and monocytes [74]. Inhibition of coagulation
by either APC or active-site inhibitor FVIIa decreased
myocardial I/R injury in mice [75]. Furthermore, experi-
ments using PAR1-deficient mice showed reduced infarct
sizes after cerebral infarctions [76]. In a cardiac I/R injury
model in rats, inhibition of PAR4 attenuated I/R injury
in which the ERK1/2 pathway was involved. More inter-
estingly, specific activation of PAR2 attenuated myocar-
dial I/R injury in a rat model [77]. These data suggest a
cytoprotective role for PAR2 signaling, which is in agree-
ment with the previously described protective role of

PAR2 during inflammation at the late stage of sepsis
[27,52,53].

Furthermore, coagulation and inflammation are poten-
tially closely linked to atrial fibrillation (AF), through
regulating fibrosis, apoptosis, and endothelial dysfunction
[78,79]. AF is the most common sustained cardiac
arrhythmia, resulting in a variable risk of thromboem-
bolic stroke. AF is caused by conduction disturbance of
atrial tissue resulting from several structural alterations,
including fibrosis, atrial dilatation, endocardial denuda-
tion, and cellular hypertrophy [78], which all contribute
to the aggravation of the disease [80]. Whether these lat-
ter processes initiate or maintain AF is still unknown.
Nevertheless, it has been reported that coagulation plays
a key role in fibrosis [81,82], although this has never been
investigated in relation to AF. PAR1 and PAR2 are both
expressed by cardiomyocytes, and are involved in the pro-
liferation of embryotic cardiac fibroblasts [83], suggesting
a possible role of thrombin in the onset of AF. Further-
more, in vivo studies found upregulation of PAR1 during
cardiac hypertrophy and cardiomyopathy, which was
reduced by inhibition of coagulation [84]. Given the well-
known crosstalk between coagulation and inflammation,
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Fig. 2. The non-hemostatic dual role of thrombin (activated FII [FIIa)]. The effects of acute and prolonged exposure to thrombin (respectively
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Summary

The components and reactions of the fibrinolysis system are

well understood. The pathway has fewer reactants and inter-

actions than coagulation, but the generation of a complete

quantitative model is complicated by the need to work at the

solid-liquid interface of fibrin. Diagnostic tools to detect dis-

ease states due to malfunctions in the fibrinolysis pathway

are also not so well developed as is the case with coagulation.

However, there are clearly a number of inherited or acquired

pathologies where hyperfibrinolysis is a serious, potentially

life-threatening problem and a number of antifibrinolytc

drugs are available to treat hyperfibrinolysis. These topics will

be covered in the following review.
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The biochemistry of fibrinolysis

The basic mechanisms and regulation of fibrinolysis have

been reviewed recently (Longstaff & Kolev, 2015) and will

not be covered in detail. In summary, fibrinolysis is readily

considered as two consecutive steps: (i) the generation of

plasmin by plasminogen activators, and (ii) the digestion of

fibrin by plasmin. The whole system is kept in check by a

system of protease inhibitors and other regulatory mecha-

nisms. Some key reactions and structural background are

highlighted in Fig 1.

It is important to remember that fibrin is not a passive

target in fibrinolysis but plays an important regulatory role

through the binding of reactants and focussing plasmin activ-

ity at cleavage sites (Varju et al, 2014). During the course of

fibrin degradation, plasmin proteolysis generates C-terminal

lysines, which provide new binding sites, primarily for

plasminogen and plasmin (Silva et al, 2012) and these nas-

cent binding sites constitute an important positive feedback

mechanism to accelerate fibrin degradation. Binding to lysine

residues in fibrin can be blocked by soluble fibrin analogues,

such as aminohexanoic acid (AHA, also known as epsilon

aminocaproic acid, EACA) or tranexamic acid (TXA), which

are discussed below. Tissue-type plasminogen activator

(tPA)-fibrin binding can occur through lysine interactions

with its kringle 2 domain, but the finger domain with differ-

ent specificity is dominant (Longstaff et al, 2011; Silva et al,

2012). Urokinase-type plasminogen activator (uPA) does not

bind to fibrin, and is more sensitive to the conformation of

plasminogen, which is affected by lysine residues in fibrin

and free lysine analogues in solution (Sinniger et al, 1999;

Silva et al, 2012). Recent crystal structures of plasminogen

have greatly extended our understanding of the intra-mole-

cular interactions behind these structural changes, providing

detailed molecular models to explain how plasminogen struc-

ture can regulate its activation (Xue et al, 2012; Law et al,

2013). Cell surface plasminogen activation shares some simi-

larities with fibrin-bound plasminogen activation, however

this topic is beyond the scope of the current review. The par-

ticular example of enhanced cell surface plasminogen activa-

tion in acute promyelocytic leukaemia is covered below.

Inhibitors of fibrinolysis

As in the case of coagulation, regulation of fibrinolysis

involves dedicated serpin protein inhibitors, operating at the

level of plasminogen activation and plasmin action, outlined

in Figs 1 and 2. A quite different mode of inhibition of fibri-

nolysis is accomplished by thrombin activatable fibrinolysis

inhibitor (TAFIa, also termed CPB2, CPU). TAFI (proCPU),

the zymogen form, is activated by thrombin or plasmin, but

primarily by thrombin/thrombomodulin to TAFIa, a zinc-

dependent carboxypeptidase that removes C-terminal lysine

(and arginine) residues from fibrin thereby reducing the

number of binding sites available for plasminogen and plas-

min. The clinical consequences of disturbances in levels of

a2 plasmin inhibitor (a2-PI), plasminogen activator inhibitor

type 1 (PAI-1, also termed SERPINE1) and TAFI are dis-

cussed below. The gross structure of fibrin clots, including

fibrin fibre thickness and branching, cellular components and
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ü  DIC	
  is	
  a	
  common	
  severe	
  complica=on	
  of	
  systemic	
  infec=on	
  (sepsis)	
  and	
  
extensive	
  =ssue	
  destruc=on	
  (major	
  trauma).	
  	
  

ü  DIC	
   is	
   defined	
   as	
   ‘an	
   acquired	
   syndrome	
   characterized	
   by	
   the	
  
intravascular	
  ac5va5on	
  of	
  coagula5on	
  with	
   loss	
  of	
   localiza5on	
  arising	
  
from	
  different	
  causes.	
   It	
  can	
  originate	
   from	
  and	
  cause	
  damage	
  to	
   the	
  
microvasculature,	
   which	
   if	
   sufficiently	
   severe,	
   can	
   produce	
   organ	
  
dysfunc5on’	
  (ISTH,	
  2001).	
  	
  

ü  Depending	
  on	
  the	
  nature	
  of	
  the	
  provoking	
  factor	
  and	
  the	
  stage	
  of	
  the	
  
disease,	
   the	
   phenotype	
   of	
   DIC	
   can	
   be	
   either	
   thrombo5c	
   or	
  
haemorrhagic.	
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Abstract

In severe trauma patients, coagulopathy is frequently observed in the acute phase of trauma. Trauma-induced
coagulopathy is coagulopathy caused by the trauma itself. The pathophysiology of trauma-induced coagulopathy
consists of coagulation activation, hyperfibrino(geno)lysis, and consumption coagulopathy. These pathophysiological
mechanisms are the characteristics to DIC with the fibrinolytic phenotype.
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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DIC phenotypes
We have repeatedly advocated that trauma-induced co-
agulopathy is a disseminated intravascular coagulation
(DIC) with the fibrinolytic phenotype [12, 20–22]. How-
ever, it has been suggested that trauma-induced coagu-
lopathy does not imply DIC [13]. We consider that this
argument [13] might have resulted from a misunder-
standing about DIC phenotypes.
DIC is divided into two phenotypes, the fibrinolytic

and thrombotic phenotypes (Table 1) [20, 23, 24]. In
critical care settings, sepsis-induced DIC is frequently
observed, which is a representative of the thrombotic
phenotype [24] and characterized by suppressed fibrin-
olysis with micro-vessel thrombosis and ischemic organ
dysfunction [25]. However, trauma-induced coagulopa-
thy, which is considered a type of DIC with the fibrino-
lytic phenotype, is markedly different from DIC with
the thrombotic phenotype [12, 20, 21]. Coagulation ac-
tivation is observed in both phenotypes of DIC. Plasma
PAI suppresses fibrinolysis in DIC with the thrombotic
phenotype, whereas fibrino(geno)lysis is activated by
tissue-plasminogen activator (t-PA) in DIC with the

fibrinolytic phenotype [24, 25]. Therefore, although
sepsis-induced DIC does not lead to massive bleeding,
trauma-induced DIC (fibrinolytic phenotype) in the
acute phase of trauma contributes to massive bleeding
and death [1–4].

Pathophysiology of trauma-induced coagulopathy
Trauma-induced coagulopathy is generated by the follow-
ing pathophysiological mechanisms:

1) Coagulation activation

1. Procoagulants in the systemic circulation
2. Impairment of endogenous anticoagulant activity
3. Thrombin generation in the systemic circulation

2) Hyper-fibrino(geno)lysis

1. Acute release of t-PA-induced
hyperfibrino(geno)lysis

2. Coagulation activation-induced fibrino(geno)lysis

3) Consumption coagulopathy

Coagulation activation
Procoagulants in the systemic circulation
In severe trauma patients, particularly those with blunt
trauma, massive tissue injury accelerates thrombin gen-
eration [3, 5–7]. Previous studies showed spontaneous
thrombin generation in severe trauma by using non-
stimulation thrombin generation assays (Fig. 2) [26, 27].
Shortly after trauma, various procoagulants are ob-
served in the systemic circulation, which results in this
spontaneous thrombin generation (Table 2).
The platelet-derived microparticle is a well-known

procoagulant in the acute phase of trauma [28–30], and
several studies have indicated that various other cell-
derived microparticles are subsequently released into the
systemic circulation in the acute phase of trauma, such
as the leukocyte-derived [30, 31], erythrocyte-derived
[31], and endothelial-derived [30, 31] microparticles.
Tissue factor is exposed on the membrane of certain mi-
croparticles [30, 32, 33]. Therefore, elevation of tissue
factor antigen levels in the plasma reported in previous
studies [34, 35] may reflect increase of tissue factor-
exposing microparticles. Recently, brain-derived micro-
particles were detected in brain trauma animal models
[32, 33]. These brain-derived microparticles expressed
neuronal or glial cell markers, procoagulant phosphati-
dylserine, and tissue factor [32, 33]. In addition, other
injured organs may possibly release microparticles in
severe trauma.
Extracellular DNA and DNA-binding proteins, which

are well known as damage-associated molecular patterns,

Fig. 1 Trauma-associated coagulopathy and trauma-induced
coagulopathy. Trauma-associated coagulopathy is caused by
multiple factors and includes trauma-induced coagulopathy,
which is caused by trauma itself.

Table 1 Characteristics of DIC phenotypes
Fibrinolytic phenotype Thrombotic phenotype

Representative cause Acute phase of trauma Sepsis

Coagulation Activated Activated

Fibrinolysis Activated Suppressed

PAI-1 Low High

Clinical symptom Bleeding Organ dysfunction

DIC disseminated intravascular coagulation, PAI plasminogen
activator inhibitor
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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DIC phenotypes
We have repeatedly advocated that trauma-induced co-
agulopathy is a disseminated intravascular coagulation
(DIC) with the fibrinolytic phenotype [12, 20–22]. How-
ever, it has been suggested that trauma-induced coagu-
lopathy does not imply DIC [13]. We consider that this
argument [13] might have resulted from a misunder-
standing about DIC phenotypes.
DIC is divided into two phenotypes, the fibrinolytic

and thrombotic phenotypes (Table 1) [20, 23, 24]. In
critical care settings, sepsis-induced DIC is frequently
observed, which is a representative of the thrombotic
phenotype [24] and characterized by suppressed fibrin-
olysis with micro-vessel thrombosis and ischemic organ
dysfunction [25]. However, trauma-induced coagulopa-
thy, which is considered a type of DIC with the fibrino-
lytic phenotype, is markedly different from DIC with
the thrombotic phenotype [12, 20, 21]. Coagulation ac-
tivation is observed in both phenotypes of DIC. Plasma
PAI suppresses fibrinolysis in DIC with the thrombotic
phenotype, whereas fibrino(geno)lysis is activated by
tissue-plasminogen activator (t-PA) in DIC with the

fibrinolytic phenotype [24, 25]. Therefore, although
sepsis-induced DIC does not lead to massive bleeding,
trauma-induced DIC (fibrinolytic phenotype) in the
acute phase of trauma contributes to massive bleeding
and death [1–4].

Pathophysiology of trauma-induced coagulopathy
Trauma-induced coagulopathy is generated by the follow-
ing pathophysiological mechanisms:

1) Coagulation activation

1. Procoagulants in the systemic circulation
2. Impairment of endogenous anticoagulant activity
3. Thrombin generation in the systemic circulation

2) Hyper-fibrino(geno)lysis

1. Acute release of t-PA-induced
hyperfibrino(geno)lysis

2. Coagulation activation-induced fibrino(geno)lysis

3) Consumption coagulopathy

Coagulation activation
Procoagulants in the systemic circulation
In severe trauma patients, particularly those with blunt
trauma, massive tissue injury accelerates thrombin gen-
eration [3, 5–7]. Previous studies showed spontaneous
thrombin generation in severe trauma by using non-
stimulation thrombin generation assays (Fig. 2) [26, 27].
Shortly after trauma, various procoagulants are ob-
served in the systemic circulation, which results in this
spontaneous thrombin generation (Table 2).
The platelet-derived microparticle is a well-known

procoagulant in the acute phase of trauma [28–30], and
several studies have indicated that various other cell-
derived microparticles are subsequently released into the
systemic circulation in the acute phase of trauma, such
as the leukocyte-derived [30, 31], erythrocyte-derived
[31], and endothelial-derived [30, 31] microparticles.
Tissue factor is exposed on the membrane of certain mi-
croparticles [30, 32, 33]. Therefore, elevation of tissue
factor antigen levels in the plasma reported in previous
studies [34, 35] may reflect increase of tissue factor-
exposing microparticles. Recently, brain-derived micro-
particles were detected in brain trauma animal models
[32, 33]. These brain-derived microparticles expressed
neuronal or glial cell markers, procoagulant phosphati-
dylserine, and tissue factor [32, 33]. In addition, other
injured organs may possibly release microparticles in
severe trauma.
Extracellular DNA and DNA-binding proteins, which

are well known as damage-associated molecular patterns,

Fig. 1 Trauma-associated coagulopathy and trauma-induced
coagulopathy. Trauma-associated coagulopathy is caused by
multiple factors and includes trauma-induced coagulopathy,
which is caused by trauma itself.

Table 1 Characteristics of DIC phenotypes
Fibrinolytic phenotype Thrombotic phenotype

Representative cause Acute phase of trauma Sepsis

Coagulation Activated Activated

Fibrinolysis Activated Suppressed

PAI-1 Low High

Clinical symptom Bleeding Organ dysfunction

DIC disseminated intravascular coagulation, PAI plasminogen
activator inhibitor
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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DIC phenotypes
We have repeatedly advocated that trauma-induced co-
agulopathy is a disseminated intravascular coagulation
(DIC) with the fibrinolytic phenotype [12, 20–22]. How-
ever, it has been suggested that trauma-induced coagu-
lopathy does not imply DIC [13]. We consider that this
argument [13] might have resulted from a misunder-
standing about DIC phenotypes.
DIC is divided into two phenotypes, the fibrinolytic

and thrombotic phenotypes (Table 1) [20, 23, 24]. In
critical care settings, sepsis-induced DIC is frequently
observed, which is a representative of the thrombotic
phenotype [24] and characterized by suppressed fibrin-
olysis with micro-vessel thrombosis and ischemic organ
dysfunction [25]. However, trauma-induced coagulopa-
thy, which is considered a type of DIC with the fibrino-
lytic phenotype, is markedly different from DIC with
the thrombotic phenotype [12, 20, 21]. Coagulation ac-
tivation is observed in both phenotypes of DIC. Plasma
PAI suppresses fibrinolysis in DIC with the thrombotic
phenotype, whereas fibrino(geno)lysis is activated by
tissue-plasminogen activator (t-PA) in DIC with the

fibrinolytic phenotype [24, 25]. Therefore, although
sepsis-induced DIC does not lead to massive bleeding,
trauma-induced DIC (fibrinolytic phenotype) in the
acute phase of trauma contributes to massive bleeding
and death [1–4].

Pathophysiology of trauma-induced coagulopathy
Trauma-induced coagulopathy is generated by the follow-
ing pathophysiological mechanisms:

1) Coagulation activation

1. Procoagulants in the systemic circulation
2. Impairment of endogenous anticoagulant activity
3. Thrombin generation in the systemic circulation

2) Hyper-fibrino(geno)lysis

1. Acute release of t-PA-induced
hyperfibrino(geno)lysis

2. Coagulation activation-induced fibrino(geno)lysis

3) Consumption coagulopathy

Coagulation activation
Procoagulants in the systemic circulation
In severe trauma patients, particularly those with blunt
trauma, massive tissue injury accelerates thrombin gen-
eration [3, 5–7]. Previous studies showed spontaneous
thrombin generation in severe trauma by using non-
stimulation thrombin generation assays (Fig. 2) [26, 27].
Shortly after trauma, various procoagulants are ob-
served in the systemic circulation, which results in this
spontaneous thrombin generation (Table 2).
The platelet-derived microparticle is a well-known

procoagulant in the acute phase of trauma [28–30], and
several studies have indicated that various other cell-
derived microparticles are subsequently released into the
systemic circulation in the acute phase of trauma, such
as the leukocyte-derived [30, 31], erythrocyte-derived
[31], and endothelial-derived [30, 31] microparticles.
Tissue factor is exposed on the membrane of certain mi-
croparticles [30, 32, 33]. Therefore, elevation of tissue
factor antigen levels in the plasma reported in previous
studies [34, 35] may reflect increase of tissue factor-
exposing microparticles. Recently, brain-derived micro-
particles were detected in brain trauma animal models
[32, 33]. These brain-derived microparticles expressed
neuronal or glial cell markers, procoagulant phosphati-
dylserine, and tissue factor [32, 33]. In addition, other
injured organs may possibly release microparticles in
severe trauma.
Extracellular DNA and DNA-binding proteins, which

are well known as damage-associated molecular patterns,

Fig. 1 Trauma-associated coagulopathy and trauma-induced
coagulopathy. Trauma-associated coagulopathy is caused by
multiple factors and includes trauma-induced coagulopathy,
which is caused by trauma itself.

Table 1 Characteristics of DIC phenotypes
Fibrinolytic phenotype Thrombotic phenotype

Representative cause Acute phase of trauma Sepsis

Coagulation Activated Activated

Fibrinolysis Activated Suppressed

PAI-1 Low High

Clinical symptom Bleeding Organ dysfunction

DIC disseminated intravascular coagulation, PAI plasminogen
activator inhibitor
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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DIC phenotypes
We have repeatedly advocated that trauma-induced co-
agulopathy is a disseminated intravascular coagulation
(DIC) with the fibrinolytic phenotype [12, 20–22]. How-
ever, it has been suggested that trauma-induced coagu-
lopathy does not imply DIC [13]. We consider that this
argument [13] might have resulted from a misunder-
standing about DIC phenotypes.
DIC is divided into two phenotypes, the fibrinolytic

and thrombotic phenotypes (Table 1) [20, 23, 24]. In
critical care settings, sepsis-induced DIC is frequently
observed, which is a representative of the thrombotic
phenotype [24] and characterized by suppressed fibrin-
olysis with micro-vessel thrombosis and ischemic organ
dysfunction [25]. However, trauma-induced coagulopa-
thy, which is considered a type of DIC with the fibrino-
lytic phenotype, is markedly different from DIC with
the thrombotic phenotype [12, 20, 21]. Coagulation ac-
tivation is observed in both phenotypes of DIC. Plasma
PAI suppresses fibrinolysis in DIC with the thrombotic
phenotype, whereas fibrino(geno)lysis is activated by
tissue-plasminogen activator (t-PA) in DIC with the

fibrinolytic phenotype [24, 25]. Therefore, although
sepsis-induced DIC does not lead to massive bleeding,
trauma-induced DIC (fibrinolytic phenotype) in the
acute phase of trauma contributes to massive bleeding
and death [1–4].

Pathophysiology of trauma-induced coagulopathy
Trauma-induced coagulopathy is generated by the follow-
ing pathophysiological mechanisms:

1) Coagulation activation

1. Procoagulants in the systemic circulation
2. Impairment of endogenous anticoagulant activity
3. Thrombin generation in the systemic circulation

2) Hyper-fibrino(geno)lysis

1. Acute release of t-PA-induced
hyperfibrino(geno)lysis

2. Coagulation activation-induced fibrino(geno)lysis

3) Consumption coagulopathy

Coagulation activation
Procoagulants in the systemic circulation
In severe trauma patients, particularly those with blunt
trauma, massive tissue injury accelerates thrombin gen-
eration [3, 5–7]. Previous studies showed spontaneous
thrombin generation in severe trauma by using non-
stimulation thrombin generation assays (Fig. 2) [26, 27].
Shortly after trauma, various procoagulants are ob-
served in the systemic circulation, which results in this
spontaneous thrombin generation (Table 2).
The platelet-derived microparticle is a well-known

procoagulant in the acute phase of trauma [28–30], and
several studies have indicated that various other cell-
derived microparticles are subsequently released into the
systemic circulation in the acute phase of trauma, such
as the leukocyte-derived [30, 31], erythrocyte-derived
[31], and endothelial-derived [30, 31] microparticles.
Tissue factor is exposed on the membrane of certain mi-
croparticles [30, 32, 33]. Therefore, elevation of tissue
factor antigen levels in the plasma reported in previous
studies [34, 35] may reflect increase of tissue factor-
exposing microparticles. Recently, brain-derived micro-
particles were detected in brain trauma animal models
[32, 33]. These brain-derived microparticles expressed
neuronal or glial cell markers, procoagulant phosphati-
dylserine, and tissue factor [32, 33]. In addition, other
injured organs may possibly release microparticles in
severe trauma.
Extracellular DNA and DNA-binding proteins, which

are well known as damage-associated molecular patterns,

Fig. 1 Trauma-associated coagulopathy and trauma-induced
coagulopathy. Trauma-associated coagulopathy is caused by
multiple factors and includes trauma-induced coagulopathy,
which is caused by trauma itself.

Table 1 Characteristics of DIC phenotypes
Fibrinolytic phenotype Thrombotic phenotype

Representative cause Acute phase of trauma Sepsis

Coagulation Activated Activated

Fibrinolysis Activated Suppressed

PAI-1 Low High

Clinical symptom Bleeding Organ dysfunction

DIC disseminated intravascular coagulation, PAI plasminogen
activator inhibitor
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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Background
In severe trauma patients, coagulopathy is frequently
observed in the acute phase of trauma, with profound
effects on outcome [1–7]. This coagulopathy is caused
by multiple factors associated with the trauma itself as
well as certain interventions [8–12] and has been de-
scribed with various terms. In this manuscript, we refer
to the coagulopathy caused by diverse trauma-associated
factors as “trauma-associated coagulopathy” and the coag-
ulopathy caused by the trauma itself as “trauma-induced
coagulopathy” (Fig. 1).

Inconsistencies in the acute coagulopathy of trauma
shock theory
Coagulation suppression by activated protein C?
In the acute coagulopathy of trauma shock (ACoTS)
theory, trauma-shock stimulates release of soluble throm-
bomodulin (TM) from endothelial cells [13, 14]. Soluble
TM binds to thrombin to form a thrombin-TM complex,
which activates protein C [13, 14], which in turn sup-
presses prothrombinase complex (factor Va-factor Xa
complex) activity and thrombin formation [13, 14].
However, TM is a receptor of thrombin and protein C

on the endothelial cell surface and regulates the coagula-
tion and complement system [15]. Soluble TM is formed

via the limited proteolysis of TM by neutrophil elastase
on the endothelial cell surface [16, 17], but it has not
been confirmed that soluble TM is actively secreted by
endothelial cells. However, the level of soluble TM
correlates with the degree of endothelial injury [16, 17].
Furthermore, soluble TM has only 20% of activity of
normal TM on the endothelial cell surface [18]. Under
these circumstances, the anticoagulant property of the
endothelium is impaired [16, 17]. Consequently, total
anticoagulant activity of TM in vessels is impaired in
the acute phase of trauma [17].

Hyperfibrinolysis by degradation of plasminogen activator
inhibitor?
In the ACoTS theory, activated protein C decomposes
plasminogen activator inhibitor (PAI) [13]. Because PAI
suppresses fibrinolysis, PAI degradation accelerates
fibrinolysis [13].
However, activated protein C level does not increase,

because, as mentioned above, total TM activity in the
vessel is impaired [17]. Furthermore, plasma PAI level
does not increase immediately following trauma [19].
Chapman et al. [19] indicated that total plasma PAI in
severe trauma patients with hyperfibrinolysis did not
increase compared to that in healthy controls. Therefore,
PAI degradation does not appear to play a significant
role in the pathogenesis of hyperfibrinolysis in the acute
phase of trauma [17, 19].
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DIC phenotypes
We have repeatedly advocated that trauma-induced co-
agulopathy is a disseminated intravascular coagulation
(DIC) with the fibrinolytic phenotype [12, 20–22]. How-
ever, it has been suggested that trauma-induced coagu-
lopathy does not imply DIC [13]. We consider that this
argument [13] might have resulted from a misunder-
standing about DIC phenotypes.
DIC is divided into two phenotypes, the fibrinolytic

and thrombotic phenotypes (Table 1) [20, 23, 24]. In
critical care settings, sepsis-induced DIC is frequently
observed, which is a representative of the thrombotic
phenotype [24] and characterized by suppressed fibrin-
olysis with micro-vessel thrombosis and ischemic organ
dysfunction [25]. However, trauma-induced coagulopa-
thy, which is considered a type of DIC with the fibrino-
lytic phenotype, is markedly different from DIC with
the thrombotic phenotype [12, 20, 21]. Coagulation ac-
tivation is observed in both phenotypes of DIC. Plasma
PAI suppresses fibrinolysis in DIC with the thrombotic
phenotype, whereas fibrino(geno)lysis is activated by
tissue-plasminogen activator (t-PA) in DIC with the

fibrinolytic phenotype [24, 25]. Therefore, although
sepsis-induced DIC does not lead to massive bleeding,
trauma-induced DIC (fibrinolytic phenotype) in the
acute phase of trauma contributes to massive bleeding
and death [1–4].

Pathophysiology of trauma-induced coagulopathy
Trauma-induced coagulopathy is generated by the follow-
ing pathophysiological mechanisms:

1) Coagulation activation

1. Procoagulants in the systemic circulation
2. Impairment of endogenous anticoagulant activity
3. Thrombin generation in the systemic circulation

2) Hyper-fibrino(geno)lysis

1. Acute release of t-PA-induced
hyperfibrino(geno)lysis

2. Coagulation activation-induced fibrino(geno)lysis

3) Consumption coagulopathy

Coagulation activation
Procoagulants in the systemic circulation
In severe trauma patients, particularly those with blunt
trauma, massive tissue injury accelerates thrombin gen-
eration [3, 5–7]. Previous studies showed spontaneous
thrombin generation in severe trauma by using non-
stimulation thrombin generation assays (Fig. 2) [26, 27].
Shortly after trauma, various procoagulants are ob-
served in the systemic circulation, which results in this
spontaneous thrombin generation (Table 2).
The platelet-derived microparticle is a well-known

procoagulant in the acute phase of trauma [28–30], and
several studies have indicated that various other cell-
derived microparticles are subsequently released into the
systemic circulation in the acute phase of trauma, such
as the leukocyte-derived [30, 31], erythrocyte-derived
[31], and endothelial-derived [30, 31] microparticles.
Tissue factor is exposed on the membrane of certain mi-
croparticles [30, 32, 33]. Therefore, elevation of tissue
factor antigen levels in the plasma reported in previous
studies [34, 35] may reflect increase of tissue factor-
exposing microparticles. Recently, brain-derived micro-
particles were detected in brain trauma animal models
[32, 33]. These brain-derived microparticles expressed
neuronal or glial cell markers, procoagulant phosphati-
dylserine, and tissue factor [32, 33]. In addition, other
injured organs may possibly release microparticles in
severe trauma.
Extracellular DNA and DNA-binding proteins, which

are well known as damage-associated molecular patterns,

Fig. 1 Trauma-associated coagulopathy and trauma-induced
coagulopathy. Trauma-associated coagulopathy is caused by
multiple factors and includes trauma-induced coagulopathy,
which is caused by trauma itself.

Table 1 Characteristics of DIC phenotypes
Fibrinolytic phenotype Thrombotic phenotype

Representative cause Acute phase of trauma Sepsis

Coagulation Activated Activated

Fibrinolysis Activated Suppressed

PAI-1 Low High

Clinical symptom Bleeding Organ dysfunction

DIC disseminated intravascular coagulation, PAI plasminogen
activator inhibitor
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1. Introduction

Disseminated intravascular coagulation (DIC) during pregnancy
is a unique entity. It is always secondary to an underlying dis-
ease or complication, and subsides only when it resolves. The
rate of DIC during pregnancy differs among cohorts and ranges
from 0.03% [2] to 0.35% [?]. DIC can results from complications
unrelated to pregnancy such as sepsis or trauma, but it is also
associated with specific pregnancy complications including: (1)
acute peripartum hemorrhage (uterine atony, cervical and vagi-
nal lacerations, and uterine rupture); (2) placental abruption; (3)
Pre-eclampsia/eclampsia/HELLP syndrome; (4) retained stillbirth;
(5) septic abortion and intrauterine infection; (6) amniotic fluid
embolism; and (7) acute fatty liver of pregnancy [3,4]. The pro-
portion of each disorder varies among different reports, in cohorts
from Canada and Israel the leading causes were placental abrup-
tion especially when associated with antepartum fetal death and
post-partum hemorrhage, while studies from Pakistan and Thailand
reported preeclampsia and fetal death as the leading etiologies
associated with DIC [5,6]. DIC is often associated with adverse
maternal outcomes including massive blood products transfusion,
hysterectomy, and even death [7], emphasizing the importance of a
high index of suspicions, prompt diagnosis, and effective treatment.
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In this review we will discuss the following topics: (1) the
pathophysiology of DIC; (2) the diagnosis of DIC with emphasis on
pregnancy specific diagnostic scores; and (3) the management of
DIC.

2. What is disseminated intravascular coagulation?

Disseminated intravascular coagulation (DIC) is the endpoint of
uncontrolled systemic activation of the hemostatic system, leading
to a simultaneous widespread microvascular thrombosis, that can
compromise the blood supply to different organs, and may lead to
organ failure [8]. In acute, severe DIC, diffuse multi-organ bleeding,
hemorrhagic necrosis, micro thrombi in small blood vessels as
well as thrombi in medium and large blood vessels [9] are iden-
tified. Non-obstetrical causes of DIC include sepsis, major trauma,
cancer in addition to the obstetrical causes mentioned above. Un-
treated or uncontrolled DIC can lead to exhaustion of the coagula-
tion/anticoagulation factors and platelets, leading to profuse uncon-
trollable bleeding and often death. DIC is considered as one of the
leading causes for maternal morbidity and mortality worldwide [7].

3. What are the mechanisms leading to DIC during pregnancy?

DIC in pregnancy has several features: (1) it can be abrupt like
in placental abruption or PPH , or as a results of continuous sub-
clinical activation of the coagulation cascade as seen in patients with
retained dead fetus; (2) the development of DIC in the course of
the disease occurs earlier than in the non-pregnant state especially
in patients with placental abruption, amniotic fluid embolism, and
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condition is a complication of obstetrical and non-obstetrical causes including: (1) acute peripartum hem-
orrhage (uterine atony, cervical and vaginal lacerations, and uterine rupture); (2) placental abruption; (3)
Pre-eclampsia/HELLP syndrome; (4) retained stillbirth; (5) sepsis; (6) amniotic fluid embolism; and (7) acute
fatty liver of pregnancy. Acute obstetrical hemorrhage is one of the leading causes for DIC in pregnancy and
is one of the most avoidable etiologies of maternal death. In order to develop a common language among
physicians a novel pregnancy specific DIC scoring system was developed and point of care testing is currently
being validated for utilization in pregnant women. The current review will present the underlying mecha-
nisms, diagnostic scores and, in brief, a therapeutic approach for DIC in pregnancy.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Disseminated intravascular coagulation (DIC) during pregnancy
is a unique entity. It is always secondary to an underlying dis-
ease or complication, and subsides only when it resolves. The
rate of DIC during pregnancy differs among cohorts and ranges
from 0.03% [2] to 0.35% [?]. DIC can results from complications
unrelated to pregnancy such as sepsis or trauma, but it is also
associated with specific pregnancy complications including: (1)
acute peripartum hemorrhage (uterine atony, cervical and vagi-
nal lacerations, and uterine rupture); (2) placental abruption; (3)
Pre-eclampsia/eclampsia/HELLP syndrome; (4) retained stillbirth;
(5) septic abortion and intrauterine infection; (6) amniotic fluid
embolism; and (7) acute fatty liver of pregnancy [3,4]. The pro-
portion of each disorder varies among different reports, in cohorts
from Canada and Israel the leading causes were placental abrup-
tion especially when associated with antepartum fetal death and
post-partum hemorrhage, while studies from Pakistan and Thailand
reported preeclampsia and fetal death as the leading etiologies
associated with DIC [5,6]. DIC is often associated with adverse
maternal outcomes including massive blood products transfusion,
hysterectomy, and even death [7], emphasizing the importance of a
high index of suspicions, prompt diagnosis, and effective treatment.
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In this review we will discuss the following topics: (1) the
pathophysiology of DIC; (2) the diagnosis of DIC with emphasis on
pregnancy specific diagnostic scores; and (3) the management of
DIC.

2. What is disseminated intravascular coagulation?

Disseminated intravascular coagulation (DIC) is the endpoint of
uncontrolled systemic activation of the hemostatic system, leading
to a simultaneous widespread microvascular thrombosis, that can
compromise the blood supply to different organs, and may lead to
organ failure [8]. In acute, severe DIC, diffuse multi-organ bleeding,
hemorrhagic necrosis, micro thrombi in small blood vessels as
well as thrombi in medium and large blood vessels [9] are iden-
tified. Non-obstetrical causes of DIC include sepsis, major trauma,
cancer in addition to the obstetrical causes mentioned above. Un-
treated or uncontrolled DIC can lead to exhaustion of the coagula-
tion/anticoagulation factors and platelets, leading to profuse uncon-
trollable bleeding and often death. DIC is considered as one of the
leading causes for maternal morbidity and mortality worldwide [7].

3. What are the mechanisms leading to DIC during pregnancy?

DIC in pregnancy has several features: (1) it can be abrupt like
in placental abruption or PPH , or as a results of continuous sub-
clinical activation of the coagulation cascade as seen in patients with
retained dead fetus; (2) the development of DIC in the course of
the disease occurs earlier than in the non-pregnant state especially
in patients with placental abruption, amniotic fluid embolism, and
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Point-of-care testing using devices like thromboelastography
(TEG; Haemonetics, Braintree MA, USA), or thromboelastometry
(ROTEM; TEM GmBH, Munich, Germany) may be useful in the
obstetrical coagulopathies to obtain rapid results and decide on
interventions. Normal ranges have been published for women at the
time of delivery compared to the standard ranges [41].

Data on thromboelastography and thromboelastometry in preg-
nant women is limited, especially during peripartum period and in
women with PPH. Encouraging preliminary data suggests that these
tests may be able to detect early alteration of coagulation pathways
and hyperfibrinolysis [42] allowing, in combination with the other
diagnostic and prognostic means (i.e. DIC scores), an adequate
surveillance and, eventually, possibly a prompt intervention during
the early stages of DIC [43], nevertheless, these findings awaits
further validation.

The use of DIC scoring systems was introduced to address the
task of facilitating the diagnosis of DIC, t. The ISTH DIC score was
proposed in 2001 [44], and an abnormal result has a good diagnostic
performance for the identification of DIC in the non-pregnant state,
and was associated with the prognosis of patients admitted to
intensive care units. Using the same parameters, the Japanese
Association for Acute Medicine (JAAM) published an additional
score in 2005 [45], offering a good predictive value for the diagnosis
of DIC and the identification of critically ill non-pregnant patients.
In the non-pregnant state, these scores can be used not only as
a diagnostic but also as prognostic tool [46–49], however, the
correlation between them is poor.

None of these scores is adjusted for the physiologic hemostatic
changes occurring in pregnancy, limiting their applicability during
gestation. Based on this consideration Erez et al. [2], developed a
pregnancy modified DIC score by using only three components of
the ISTH DIC score (platelet count, fibrinogen concentrations and
the PT difference) and showed that at a cutoff of ≥26 points had
a sensitivity of 88%, a specificity of 96%, a positive likelihood ratio
of 22, and a negative likelihood ratio of 0.125 for the diagnosis of
DIC (Table 1). To validate the score vs. the ISTH DIC score, Erez et
al. [2] compared the diagnostic parameters of both scores in women
with abruption. In a cohort of 684 patients with placental abruption,
150 (21.93%) needed blood transfusion and 43 (6.29%) had DIC.
The pregnancy modified DIC score at a cutoff point of 26 had a
sensitivity of 88% and a specificity of 96%. The modified ISTH score
at a cutoff point of 0.5 had a sensitivity of 74%, and a specificity of

Table 1
Comparison among the pregnancy modified DIC score by Erez et al. and the other DIC scores in current clinical use.

Parameters ISTH score Pregnancy Modified ISTH score

Erez et al. [2] Clark et al. [51]

Platelet count (109/L) >100 = 0 >185 = 0 >100 = 0
<100 = 1 100–185 = 1 50–100 = 1
<50 = 2 50–100 = 2 <50 = 2

<50 = 1

Fibrin-related markers (e.g. soluble fibrin monomers/ no increase: 0
fibrin degradation products) moderate increase: 2

strong increase: 3

Prothrombin time (value of patient/normal value) <3 s = 0 <0.5 = 0 <25% increase = 0
≥3 s but <6 s = 1 0.5–1 = 5 25–50% increase = 1
≥6 s = 2 1.0–1.5 = 12 >50% increase = 2

>1.5 = 25

Fibrinogen level (g/L) <1.0 = 1 3.0 = 25 <2.0 = 1
>1.0 = 0 3.0–4.0 = 6 >2.0 = 0

4.0–4.5 = 1
>4.5 = 0

Calculated score >5: compatible with overt DIC; >26 high probability >3 compatible with
repeat scoring daily for DIC overt DIC in pregnancy
<5: suggestive (not affirmative) for
non-overt DIC; repeat next 1–2 days

ISTH, International Society for Thrombosis and Haemostasis; JAAM, Japanese Association for Acute Medicine; SIRS, systemic inflammatory response syndrome.

95% for the diagnosis of DIC. A recent study validated these results
in a population of French women with obstetrical hemorrhage who
were admitted to intensive care unit [51]. Recently, Steven L. Clark
et al. [51], suggested an additional modified version of the ISTH DIC
score (Table 1). Erez et al (unpublished data) tested the performance
of this suggested scoring system on their cohort and found that this
score has a sensitivity of 14.9%, specificity of 99.9%, and a positive
likelihood ratio score of 14.9. In spite of the good likelihood ratio
score, the modified version of the ISTH score presented by Clark et
al could identify only 13 out of 87 cases of DIC in this cohort, casting
a heavy shadow on the clinical utility of this score.

5. What are the current treatments for DIC?

The basic principles for treating obstetrical DIC are presented
in Fig. 1 and include [4,32,34,37]: (1) management of the under-
lying condition causing DIC and (2) fast and prompt delivery or
termination of pregnancy (before the threshold of viability). A mul-
tidisciplinary discussion should determine safest mode of delivery
to the mother. Taking into account how fast she expected to deliver,
what are the resources of blood products and other supportive
mechanisms available and can she sustain a surgery; (3) supportive
and surgical care with blood products and related measures; (4)
regular clinical and laboratory surveillance; (5) seeking assistance
from the relevant specialists at the earliest timepoint. Specific trans-
fusion protocols have been previously published and the interested
reader is referred to the specific papers in the subject [52].

6. Conclusions

DIC is a life-threatening situation that can arise from a variety
of obstetrical and non-obstetrical causes. Prompt diagnosis and
understanding the underlying mechanisms of disease leading to
this complication in essential for favorable outcome. In the recent
years novel diagnostic scores and treatment modalities along with
bedside point-of-care tests have been developed, and may assist the
clinician in the diagnosis and management of DIC. Team work and
prompt treatment are essential for the successful management of
patients with DIC.

Downloaded from ClinicalKey.com at GOT-CILEA-Italian Center for Evaluation Health Care (CeVes) April 03, 2017.
For personal use only. No other uses without permission. Copyright ©2017. Elsevier Inc. All rights reserved.



Progetto Ematologia – Romagna 

Titolo relazione 

« Dubium sapientiae initium » 
René Descartes, Meditationes de prima philosophia 



Progetto Ematologia – Romagna 

Titolo relazione 

Regular Article

MYELOID NEOPLASIA

Disseminated intravascular coagulation at diagnosis is a strong predictor
for thrombosis in acute myeloid leukemia
Eduard J. Libourel,1,2 Clara P. W. Klerk,3 Yvette van Norden,4 Moniek P. M. de Maat,2 Marieke J. Kruip,2 Pieter Sonneveld,2
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Key Points

• A high D-dimer level strongly
predicts symptomatic venous
and arterial thrombosis in
newly diagnosed AML.

• Thrombosis occurs in up to
10% of patients with newly
diagnosed AML.

Venous thromboembolism is a common complication in patients with cancer, but only

limited data are available in acute myeloid leukemia (AML). In a prospective study in a

cohort of 272 adult patients (aged 18-65) and an independent validation cohort of

132 elderly adults (aged >60) with newly diagnosed AML, we assessed markers of

disseminated intravascular coagulation (DIC) (fibrinogen, D-dimer, a-2-antiplasmin,

antitrombin, prothrombin time, and platelet count) and the DIC score according the

International Society of Thrombosis and Haemostasis and their associations with the

occurrence of venous and arterial thrombosis during follow-up. The prevalence of

thrombosis was 8.7% (4.7% venous, 4.0% arterial) in the younger adults over a median

follow-up of 478 days and 10.4% (4.4% venous, 5.9% arterial) in elderly patients. Most

thrombotic events (66%) occurred before the start of the second course of chemotherapy. The calculated DIC score significantly

predicted venous and arterial thrombosis with a hazard ratio (HR) for a high DIC score (‡5) of 4.79 (1.71-13.45). These results were

confirmed in the validation cohort of elderly patients with AML (HR 11.08 [3.23-38.06]). Among all DIC parameters, D-dimer levels are

most predictive for thrombosiswith anHRof 12.3 (3.39-42.64) in the first cohort and anHRof 7.82 (1.95-31.38) in validation cohort for a

D-dimer>4mg/Lvs£4mg/L. It isconcluded thatvenousandarterial thrombosismaydevelop in∼10%ofAMLpatients treatedwith intensive

chemotherapy, which to a large extent can be predicted by the presence of DIC at time of AML diagnosis. (Blood. 2016;128(14):1854-1861)

Introduction

Venous thromboembolism (VTE) is a common complication in patients
with cancer. The incidence ofVTEdepends on type ofmalignancy, time
since cancer diagnosis, and stage of disease. Lung cancer, gastrointes-
tinal cancer, and hematological malignancies are associated with the
highest risk.1,2

Among patients with hematological malignancies, those with acute
lymphoid leukemia and multiple myeloma are particularly prone to
develop VTE with incidences of 6% during induction chemotherapy
and 10% to 28% during induction chemotherapy, respectively.3,4

Regimens containing doxorubicin, dexamethasone, and thalidomide
may increase the VTE rate during induction treatment in association
with other risk factors. Several recent studies reported that hematolog-
ical malignancies, including multiple myeloma and Hodgkin lym-
phoma, are also associated with arterial thrombotic events (ATEs),5,6

especially in the first months after diagnosis.
It has been reported that acute myeloid leukemia (AML) is

associated with a slightly increased risk of VTE with an incidence of
1.7-8.9%, but only limited data are available.7-10 Themechanism of the
occurrence of thrombosis in hematological disorders is still unresolved.
Disseminated intravascular coagulation (DIC) is associated with VTE

and bleeding in acute promyelocytic leukemia and acute lymphoblastic
leukemia.7-12 Although DIC has also been reported in AML, no data
exist on the relationship between DIC and VTE and ATE in AML
patients.7,13

Wehypothesized that the presenceofDICat diagnosis ofAMLmay
contribute to the risk of both venous and arterial thrombosis in AML.
Therefore, we studied a large cohort of adult patients with newly
diagnosed AML aged ,65 years by measuring DIC parameters at
diagnosis prior to treatment and assessing the occurrence of both
venous and arterial thrombosis during follow-up. The findings of this
study were validated in a second large cohort of patients with newly
diagnosed elderly AML patients aged.60 years.

Methods

Selection of participants

Study cohort. A total of 276 consecutive newly diagnosed patients aged 18 to
65 years with AML or high-risk myelodysplasia (MDS) (refractory anemia
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high risk of thrombosis,34 especially during the first month after
the start of treatment. A recent survey among North American
clinicians involved in leukemia care reported the use of phar-
macologic thrombosis prophylaxis in about half of the acute
leukemia patients; however, most of them stopped in the case of a
platelet count ,50 000/mL.35 Obviously, the potential benefit of
prophylactic anticoagulation must be carefully balanced against the
possible enhanced risk of bleeding due to thrombocytopenia. The
cause of DIC and the contribution of other DIC parameters, such as
a-2-antiplasmin and AT, to the diagnosis of DIC in relation to
thrombotic complications may also merit further study.

In conclusion, both venous and arterial thromboses are frequently
occurring complications in AML especially during induction chemo-
therapeutic treatment. A high D-dimer level as a parameter of DIC
strongly predicts the occurrence of symptomatic arterial and venous
thrombosis.
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the test cohort of younger AML patients. (C-D) Data for the validation cohort of elderly AML patients.
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Therefore, we studied a large cohort of adult patients with newly
diagnosed AML aged ,65 years by measuring DIC parameters at
diagnosis prior to treatment and assessing the occurrence of both
venous and arterial thrombosis during follow-up. The findings of this
study were validated in a second large cohort of patients with newly
diagnosed elderly AML patients aged.60 years.
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Selection of participants

Study cohort. A total of 276 consecutive newly diagnosed patients aged 18 to
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Key Points

• A high D-dimer level strongly
predicts symptomatic venous
and arterial thrombosis in
newly diagnosed AML.

• Thrombosis occurs in up to
10% of patients with newly
diagnosed AML.

Venous thromboembolism is a common complication in patients with cancer, but only

limited data are available in acute myeloid leukemia (AML). In a prospective study in a

cohort of 272 adult patients (aged 18-65) and an independent validation cohort of

132 elderly adults (aged >60) with newly diagnosed AML, we assessed markers of

disseminated intravascular coagulation (DIC) (fibrinogen, D-dimer, a-2-antiplasmin,

antitrombin, prothrombin time, and platelet count) and the DIC score according the

International Society of Thrombosis and Haemostasis and their associations with the

occurrence of venous and arterial thrombosis during follow-up. The prevalence of

thrombosis was 8.7% (4.7% venous, 4.0% arterial) in the younger adults over a median

follow-up of 478 days and 10.4% (4.4% venous, 5.9% arterial) in elderly patients. Most

thrombotic events (66%) occurred before the start of the second course of chemotherapy. The calculated DIC score significantly

predicted venous and arterial thrombosis with a hazard ratio (HR) for a high DIC score (‡5) of 4.79 (1.71-13.45). These results were

confirmed in the validation cohort of elderly patients with AML (HR 11.08 [3.23-38.06]). Among all DIC parameters, D-dimer levels are

most predictive for thrombosiswith anHRof 12.3 (3.39-42.64) in the first cohort and anHRof 7.82 (1.95-31.38) in validation cohort for a

D-dimer>4mg/Lvs£4mg/L. It isconcluded thatvenousandarterial thrombosismaydevelop in∼10%ofAMLpatients treatedwith intensive

chemotherapy, which to a large extent can be predicted by the presence of DIC at time of AML diagnosis. (Blood. 2016;128(14):1854-1861)

Introduction

Venous thromboembolism (VTE) is a common complication in patients
with cancer. The incidence ofVTEdepends on type ofmalignancy, time
since cancer diagnosis, and stage of disease. Lung cancer, gastrointes-
tinal cancer, and hematological malignancies are associated with the
highest risk.1,2

Among patients with hematological malignancies, those with acute
lymphoid leukemia and multiple myeloma are particularly prone to
develop VTE with incidences of 6% during induction chemotherapy
and 10% to 28% during induction chemotherapy, respectively.3,4

Regimens containing doxorubicin, dexamethasone, and thalidomide
may increase the VTE rate during induction treatment in association
with other risk factors. Several recent studies reported that hematolog-
ical malignancies, including multiple myeloma and Hodgkin lym-
phoma, are also associated with arterial thrombotic events (ATEs),5,6

especially in the first months after diagnosis.
It has been reported that acute myeloid leukemia (AML) is

associated with a slightly increased risk of VTE with an incidence of
1.7-8.9%, but only limited data are available.7-10 Themechanism of the
occurrence of thrombosis in hematological disorders is still unresolved.
Disseminated intravascular coagulation (DIC) is associated with VTE

and bleeding in acute promyelocytic leukemia and acute lymphoblastic
leukemia.7-12 Although DIC has also been reported in AML, no data
exist on the relationship between DIC and VTE and ATE in AML
patients.7,13

Wehypothesized that the presenceofDICat diagnosis ofAMLmay
contribute to the risk of both venous and arterial thrombosis in AML.
Therefore, we studied a large cohort of adult patients with newly
diagnosed AML aged ,65 years by measuring DIC parameters at
diagnosis prior to treatment and assessing the occurrence of both
venous and arterial thrombosis during follow-up. The findings of this
study were validated in a second large cohort of patients with newly
diagnosed elderly AML patients aged.60 years.

Methods

Selection of participants

Study cohort. A total of 276 consecutive newly diagnosed patients aged 18 to
65 years with AML or high-risk myelodysplasia (MDS) (refractory anemia
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high risk of thrombosis,34 especially during the first month after
the start of treatment. A recent survey among North American
clinicians involved in leukemia care reported the use of phar-
macologic thrombosis prophylaxis in about half of the acute
leukemia patients; however, most of them stopped in the case of a
platelet count ,50 000/mL.35 Obviously, the potential benefit of
prophylactic anticoagulation must be carefully balanced against the
possible enhanced risk of bleeding due to thrombocytopenia. The
cause of DIC and the contribution of other DIC parameters, such as
a-2-antiplasmin and AT, to the diagnosis of DIC in relation to
thrombotic complications may also merit further study.

In conclusion, both venous and arterial thromboses are frequently
occurring complications in AML especially during induction chemo-
therapeutic treatment. A high D-dimer level as a parameter of DIC
strongly predicts the occurrence of symptomatic arterial and venous
thrombosis.
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Figure 1. Cumulative incidence of thrombosis in 2 cohorts of AML patients with DIS score ‡5 vs DIC score <5 and D-dimer <0.5, 0.5 to 4.0, and >4.0. (A-B) Data for

the test cohort of younger AML patients. (C-D) Data for the validation cohort of elderly AML patients.
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Dual inhibition of thrombin and activated
factor X attenuates disseminated
intravascular coagulation and protects
organ function in a baboon model of
severe Gram-negative sepsis
Herbert Schöchl1,2*† , Martijn van Griensven3†, Stefan Heitmeier4, Volker Laux4, Ulrike Kipman5, Jan Roodt6,
Soheyl Bahrami1 and Heinz Redl1

Abstract

Background: Inhibition of procoagulant pathways may improve outcome in sepsis. We examined whether a dual
short-acting thrombin (factor II) and factor X (FX)a inhibitor (SATI) ameliorates sepsis-induced disseminated
intravascular coagulation (DIC) and is organ-protective.

Methods: Escherichia coli were infused for 2 h in 22 anesthetized baboons. The control (CO) group (n = 8) received
sterile isotonic solution only. In the treatment groups, SATI was administered starting 15 minutes after the end of
the bacterial exposure. In the low-dose group (LD-SATI, n = 8), SATI was infused with 75 μg/kg/h for the first hour,
followed by 23 μg/kg/h until the end of the study. In the high-dose SATI group (HD-SATI, n = 6), 225 μg/kg/h was
administered for the first hour followed by continuous infusion of 69 μg/kg/h until termination of the study.

Results: Sepsis-induced DIC was attenuated, as reflected by lower peak thrombin-antithrombin complexes
(threefold) and D-dimer levels (twofold) in both SATI groups compared to the CO. This coincided with strongly
improved cell/organ protection assessed by decreased levels of lactate dehydrogenase (threefold), creatinine
(twofold), aspartate aminotransferase (threefold), and amylase (twofold) compared to the CO group. Anuria, which
started at 8 h in the CO group, was prevented in both SATI groups. Peak interleukin-6 release at 12 h was
prevented in the treatment groups. In both SATI groups, fewer catecholamines were necessary and no bleeding
complications were observed.

Conclusions: Dual inhibition of thrombin and FXa preserved activation of coagulation, protected organ function
and ameliorated inflammation in severe Gram-negative sepsis in baboons. SATI could be a novel therapeutic agent
against sepsis-induced DIC.

Keywords: DIC, Inflammation, MOF, Short-acting coagulation factor II/Xa inhibitor, SATI
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Ringer’s solution (Fresenius-Kabi GmBH, Bad Homburg,
Germany) of at least 5 ml/kg/h was infused to maintain
mean arterial blood pressure (MAP) at >70 mmHg and
CVP and PAOP at >5 mmHg. If these target values were
not established, higher rates of Ringer’s solution or nor-
adrenalin (or if necessary adrenalin) were administered.
Antibiotics were not used.
To investigate the optimal dose for efficacy and safety,

two treatment regimens were evaluated: for the lower
dose a plasma concentration was selected that led to a
prothrombin time (PT) prolongation of 1.4 in healthy
animals. This concentration was chosen, because it re-
sulted in a significant reduction in thrombus weight of
about 50% in an arteriovenous shunt thrombosis model
in rats, which has previously been used for predictions
of concentration in the setting of acute thrombosis. As
expected, a threefold higher concentration led to approxi-
mately 80% reduction in thrombus weight, but it did not
lead to a significant increase in bleeding time. Thus, these
two doses were chosen to investigate whether the lower
dose is as efficacious as in acute arterial thrombosis sce-
narios and whether the higher dose would have even more
efficacy with an acceptable bleeding profile.
At 15 minutes after completion of the bacterial infu-

sion the animals were randomly assigned to one of three
groups. The control (CO) group (n = 8) received a crys-
talloid solution as vehicle (Ionosteril, Fresenius-Kabi
GmBH, Bad Homburg, Germany). The treatment groups
received either low-dose SATI (LD-SATI) or high-dose
SATI (HD-SATI). The LD-SATI group (n = 8) started
with 75 μg/kg/h for the first hour followed by 23 μg/kg/h
until the end of the study. In the HD-SATI group (n = 6),
225 μg/kg/h was administered for the first hour followed
by continuous infusion of 69 μg/kg/h until the end of the
study. SATI was dissolved in 50 ml of vehicle. At 24 h
after the start of the bacterial infusion, the animals were
killed by an intravenous (i.v.) bolus injection of 100 mg/kg
pentobarbital followed by 10 ml (1 mmol/ml) potassium
chloride.

Blood sampling
Baseline blood samples for blood gas analysis, blood cell
count and clinical chemistry analysis were obtained after
1 h, 2 h and then at every 2 h within the first 8 h,
followed by sampling every 4 h until the end of the experi-
ment (24 h) (Fig. 1). Blood cell counts were determined by
a Coulter T890 counter (Coulter Electronics Inc., Hialeah,
FL, USA). Coagulation analyses were performed in the
blood collected in 3-ml tubes containing 0.3 ml buffered
3.2% trisodium citrate, giving a volume ratio of 1 + 9
(Vacuette; Greiner Bio-One, Linz, Austria). Blood was
centrifuged immediately at 2000 g for 10 minutes to obtain
plasma, which was stored at –80 °C until analysis.

Coagulation tests
The coagulation tests were performed according to the
manufacturer’s instructions: antithrombin (AT) (AssayMax
human Antithrombin III ELISA; AssayPro, St. Charles,
MO, USA); D-dimer (Asserachrom D-Dimer ELISA,
Diagnostica Stago, Taverny, France); fibrinogen (Human
Fibrinogen ELISA, ICL, Portland, USA); PAI-1 antigen
(Technozym ELISA, Cryopep, France); activated protein C
(human activated Protein C ELISA, Wuhan USCNK, Hous-
ton, USA); thrombin-antithrombin-complexes (Enzygnost
TAT micro, ELISA, Siemens, Marburg, Germany); tissue-
plasminogen-activator activity (Technozym ELISA t-PA,
Technoclone, Vienna, Austria); tissue factor pathway
inhibitor (Quantikine human TFPI ELISA, R&D Systems,
Minneapolis, USA), thrombin activated fibrinolysis inhibi-
tor (Zymotest TAFI Antigen; Hyphen, Neuville-sur-Oise,
France) and thrombomodulin (Diagnostica Staro, Taverny,
France).

Inflammation markers
Lipopolysaccharide binding protein (LBP), interleukin
(IL)-6, and IL-10 were determined using ELISA assays
and performed on Immulite® 1000 (Siemens Healthcare,
Erlangen, Germany). Tumor necrosis factor-α (TNF-α)
was measured by ELISA kits (Bender MedSystems,

Fig. 1 Study protocol. SATI short-acting thrombosis inhibitor
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TFPI [12, 15] or recombinant human TM [33] in patients
with sepsis. Those drugs reduced the hemostatic abnor-
malities in sepsis but did not improve survival [34]. How-
ever, on post-hoc subgroup analysis restricted to those
patients with overt DIC, there were survival benefits in
both the Kybersept study and the PROWESS trial [17, 18].
This strongly implies the need for a more homogenous
stratification of patients with sepsis into those with overt
DIC and those with sepsis but non-overt DIC. Patients
with established DIC could benefit from treatment with
anticoagulants such as ATIII or APC. Our data provide
evidence that dual inhibition of both thrombin and FXa
robustly ameliorates organ dysfunction, most likely by
improving microvascular nutrient blood flow based on
diminished intravascular fibrin formation.
Another important finding of the current study is that

SATI treatment was highly effective in preventing the
progression of DIC but there were no signs that it pro-
voked any severe bleeding events, even in the HD-SATI
group. This is in strong contrast to studies testing thera-
peutic administration of ATIII and APC, which led to
life-threatening bleeding complications [12, 13]. Giardino
et al. confirmed that compared to selective inhibition
alone, dual inhibition of thrombin and FXa exerts a super-
ior antithrombotic efficacy with a tendency toward dimin-
ished bleeding [22].
The bacterial infusion provoked a potent release of ini-

tial inflammatory cytokines prior to the onset of treat-
ment. Thus, SATI could not have meaningful effect on
the time course and magnitude of TNF-α and IL-10,
which peaked at the end of the bacterial challenge, long
before the start of treatment. IL-6 release occurs later
than that of TNF-α and IL-10; however, the pattern of
production is somewhat different in various models [35].
Both SATI groups were effective in attenuating late IL-6
release in the bloodstream. IL-6 has been shown to be,
at least in part, under the control of the initial TNF-α
release [36]. Considering that TNF-α release prior to the
SATI treatment was not affected, we assume that SATI
per se has a direct effect on IL-6 neo-synthesis. Alternatively,
the observed effect could be a consequence of diminished
availability of thrombin, which has strong pro-inflammatory
properties [4].

Limitation
Due to the limited observation period, our study does not
provide any relevant outcome information on the efficacy
of SATI at later stages. Early empiric antibiotic treatment
is an essential part of initial treatment of patients with
sepsis [10]. In the current short-term study, we did not
use any additional antibiotic therapy, which could poten-
tially have influence on the time course of sepsis-related
organ damage. However, SATI treatment according to our

protocol was effective in improving sepsis-related organ
injury.
The duration of the study was too short to completely

rule out substantial bleeding complications at a later stage.
However, even in the HD-SATI group relevant bleeding
episodes were not observed, including external bleeding
and mucosa or gastrointestinal bleeding, which would have
been apparent after harvesting the organs post mortem.
Two animals in the LD-SATI group died due to
hemodynamic decompensation. However, it has to be
noted that the study was not powered to show any sur-
vival differences between groups.

Conclusion
SATI treatment diminished thrombin formation and pre-
served anticoagulant and fibrinolytic pathways. This effect
coincided with an effective and robust reduction in severe
sepsis-induced organ injury in both SATI treatment groups.
Moreover, dual inhibition of thrombin and aFX with SATI
strongly ameliorated late inflammation in baboons with
sepsis.

Key messages

! Bacterial invasion prompts a compelling upregulation
of the coagulation system and inhibits anticoagulant
and fibrinolytic pathways, which results in widespread
microvascular fibrin deposition

! Dual inhibition of activated FII and activated FX
(SATI) diminishes thrombin formation and preserves
anticoagulant and fibrinolytic pathways

! SATI administration strongly ameliorates IL-6 release
in severe sepsis

! SATI robustly attenuates sepsis-induced organ
damage and protects organ function
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