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Historical Perspective

Disseminated intravascular coagulation (DIC)
was first described clinically in a case of sepsis
following trauma and was termed as “DIC syn-
dromes” in 1961 [1]. On the basis of autopsy evi-
dence, MacKay lists trauma as one of the most
common causes of DIC and he discusses the
pathogenesis of DIC based on a thorough under-
standing of the clinical courses of coagulation
changes seen after trauma [2]. As early as the
1970s, Flute [3] correctly pointed out that trauma
stimulates blood coagulation and fibrinolysis
concurrently, and that fibrinolysis is the compen-
satory mechanism for fibrin formation in the
blood. When this compensating mechanism fails,
DIC may cause microvascular thrombosis with
bleeding and tissue necrosis resulting from a
defibrination syndrome. The pathogenesis of
DIC in trauma is considered to be due to the entry
of thromboplastic materials, such as the products
of tissue damage, into the circulation, which in
turn lead to platelet aggregation, coagulation
activation, and fibrin deposition. If sufficiently
severe to induce the consumption of hemostatic
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components, systemic intravascular coagulation
results [2-4]. So, even by the early 1970s, the
definition, pathogenesis, clinical aspects, and
treatment of DIC as well as the clinical condi-
tions associated with it, such as trauma, had
already been described.

Until the early 1980s, whole blood was trans-
fused, which provided adequate amounts of most
coagulation factors. During massive transfusion
of packed red blood cells (PRBC) the dilution of
coagulation factors occurs long before thrombo-
cytopenia develops [5]. Trauma specialists are
well aware of the fact that injury and hemor-
rhagic shock, not hemodilution, induce the early
coagulopathy of trauma [6—10]. In 1985, Ordog
et al. clearly demonstrated that coagulation
abnormalities during hemorrhagic shock are
attributable to the trauma itself, independent of
fluid and blood replacement; this was reported to
most likely be DIC [2, 6, 11]. In the late 1980s,
the use of whole blood was almost completely
replaced by PRBC, which have no coagulation
factors. Around a decade later, Hiippala [12]
revealed that hypofibrinogenemia develops first,
is followed by other coagulation factor deficits
and later by thrombocytopenia. Therefore, the
use of plasma transfusion became the primary
intervention for abnormal bleeding [12]. Despite
these changes in transfusion strategies and the
importance of Hiippala’s report, the incorrect
notion that plasma should be transfused late in
the resuscitation process continued to be advo-
cated until recently [13]. This partly explains the
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prevailing notion of dilutional coagulopathy and
the lack of acceptance of an endogenously
induced DIC according to trauma or shock itself
[14]. In view of this historical perspective,
although multiple factors contribute to trauma
induced coagulopathy, it is DIC induced con-
sumption coagulopathy, and not dilution coagu-
lopathy, that is important pathogenetically, with
hypothermia and acidosis subsequently modify-
ing the processes of DIC.

Definition and Diagnosis of DIC

The Scientific and Standardization Committee
(SSC) on DIC of the International Society on
Thrombosis and Haemostasis (ISTH) defines
DIC as an acquired syndrome characterized by
the intravascular activation of coagulation with
loss of localization arising from different causes.
It can originate from and cause damage to the
microvasculature, which if sufficiently severe,
can produce organ dysfunction [15]. The most
important aspects of this definition are the “acti-
vation of coagulation with loss of localization”
and “damage to the microvasculature,” referring
in turn to thrombin generation in the circulation
and to extensive damage to endothelial cells,
which results in insufficient coagulation control.
Figure 13.1 shows the basic concept of DIC in

Fig.13.1 The properties of
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which circulating blood is hypercoagulable due
to systemic thrombin generation due to insuffi-
cient anticoagulation mechanisms, but is hypo-
coagulable outside the vessels and difficult to
clot following injury due to consumption coagu-
lopathy [16].

The DIC diagnostic criteria of ISTH and the
Japanese Association for Acute Medicine
(JAAM) have been prospectively validated in
critically ill patients, including those with trauma
[16-18]. The JAAM DIC scoring system has
proven diagnostic validity for DIC in the early
phase of trauma and has better diagnostic sensi-
tivity than the ISTH scoring system. In addition,
the JAAM DIC score on admission to the emer-
gency department (ED) can independently pre-
dict death and the need for massive transfusion in
trauma patients [19-21]. These features of the
JAAM diagnostic criteria may be dependent on
the deletion of fibrinogen as a scoring criteria,
inclusion of sensitive systemic inflammation cri-
teria, and the addition of a dynamic component
such as decreasing rate of platelet count. The
ISTH scoring system includes a table of the
“clinical conditions that may be associated with
DIC” as a mandatory clause, and restricts the use
of the scoring algorithm in patients without
underlying diseases. JAAM presents the same
table while also adding another table with the title
of “clinical conditions that should be carefully
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13 Disseminated Intravascular Coagulation

Table 13.1 The scoring system for overt disseminated
intravascular coagulation (DIC) proposed by the
International Society on Thrombosis and Haemostasis
(ISTH)

Clinical conditions that may be associated with overt
DIC
* Sepsis/severe infection (any microorganism)
¢ Trauma (e.g., polytrauma, neurotrauma, fat
embolism)
* Organ dysfunction (e.g., severe pancreatitis)
e Malignancy
—solid tumors

— myeloproliferative/lymphoproliferative
malignancies

* Obstetric calamities
— amniotic fluid embolism
— abruptio placentae
* Vascular abnormalities
— Kasabach—Merritt syndrome
— large vascular aneurysms
* Severe hepatic failure
* Severe toxic or immunologic reactions
— snakebite
— recreational drugs
— transfusion reactions
— transplant rejection

1. Risk assessment: Does the patient have a underlying
disorder known to be associated with overt DIC?

If yes: proceed; If no: do not use this algorithm;

2. Order global coagulation tests (platelet count,
prothrombin time, soluble fibrin monomers, or fibrin
degradation products)

3. Score global coagulation test results

Score
* Platelet counts (10%/L)
<50 2
>50<100 1
>100 0

* Elevated fibrin-related marker (e.g., soluble fibrin
monomers/fibrin degradation products)

Strong increase 3
Moderate increase

No increase 0
* Prolonged prothrombin time (s)

>6 2
>3<6

<3 0
« Fibrinogen level (g/mL)

<100 1
>100 0

(continued)
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Table 13.1 (continued)
Clinical conditions that may be associated with overt
DIC
4. Calculate score
5. If >5: compatible with overt DIC; repeat scoring
daily
If <5: suggestive (not affirmative) for non-overt
DIC; repeat next 1-2 days.

Reprinted with permission [15]

ruled out” in order to increase the specificity of
the scoring system. Tables 13.1 and 13.2 show
the ISTH and JAAM DIC scoring systems,
respectively [15, 18].

Phenotypes and Time Courses
of DIC

DIC can be subdivided into the fibrinolytic
(hemorrhagic) and antifibrinolytic (thrombotic)
phenotypes [14, 22, 23]. DIC in the early phase
of trauma manifests a fibrinolytic phenotype,
which contributes to coagulopathic bleeding and
is associated with a poor prognosis [14, 18]. DIC
in the late phase of trauma has a thrombotic phe-
notype that also affects prognosis as it leads to
organ dysfunction [14, 16, 24]. The synergistic
activation of primary and secondary fibrin(ogen)
olysis by tissue-type plasminogen activator (tPA)
is considered to be the cause of DIC with the
fibrinolytic phenotype [22, 23], while plasmino-
gen activator inhibitor-1 (PAI-1) mediated inhi-
bition of fibrinolysis is considered to be the
cause of DIC with the thrombotic phenotype [16,
23, 24]. Activation of coagulation and an inef-
fective anticoagulation system are common to
both phenotypes (Fig. 13.2) [25]. For further
description of fibrinolysis mechanisms seen in
trauma induced coagulopathy refer to Chap. 9
(Fibrinolysis-Moore).

Use of the DIC diagnostic criteria distin-
guishes the pathological reaction of DIC from
physiological hemostasis and wound healing [14,
16, 26]. Figure 13.3 (left) shows normal changes
in hemostasis and wound healing, while Fig. 13.3
(right) shows the abnormal hemostatic responses
associated with DIC from immediately after
trauma to the late phase of trauma [14, 16, 26].
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Table 13.2 The scoring system for disseminated intra-
vascular coagulation (DIC) by the Japanese Association
for Acute Medicine (JAAM)
1. Clinical conditions that may be associated with DIC
(1) Sepsis/severe infection (any microorganism)
(2) Trauma/burn/surgery
(3) Vascular abnormalities
— large vascular aneurysms
— giant hemangioma
— vasculitis
(4) Severe toxic or immunological reactions
— snakebite
— recreational drugs
— transfusion reactions
— transplant rejection
(5) Malignancy (except bone marrow suppression)
(6) Obstetric calamities
(7) Conditions that may be associated with SIRS
— organ destruction (e.g., severe pancreatitis)
— severe hepatic failure
— ischemia/hypoxia/shock
— heat stroke/malignant syndrome
— fat embolism
— rhabdomyolysis
— other
(8) Other

2. Clinical conditions that should be carefully
ruled out

A. Thrombocytopenia
(1) Dilution and abnormal distribution

Massive blood loss and transfusion, massive
infusion

(2) Increased platelet destruction

ITP, TTP/HUS, HIT, drugs, viral infection,
alloimmune destruction, APS, HELLP,
extracorporeal circulation

(3) Decreased platelet production

Viral infection, drugs, radiation, nutritional
deficiency (vitamin B12, folic acid), disorders of
hematopoiesis, liver disease, HPS

(4) Spurious decrease

EDTA-dependent agglutinins, insufficient
anticoagulation of blood samples

(5) Other
Hypothermia, artificial devices in the vessel

(continued)
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Table 13.2 (continued)

B. Prolonged prothrombin time

Anticoagulation therapy, anticoagulant in blood
samples, vitamin K deficiency, liver cirrhosis,
massive blood loss and transfusion

C. Elevated FDP

Thrombosis, hemostasis and wound healing,
hematoma, pleural effusion, ascites, anticoagulant
in blood samples, antifibrinolytic therapy

D. Other

3. The diagnostic algorithm for SIRS
(1) Temperature >38 °C or <36 °C
(2) Heart rate >90 beats/min

(3) Respiratory rate >20 breaths/min or PaCO, <32
Torr (<4.3 kPa)

(4) White blood cell >12,000 cells/mm?, <4000
cells/mm?, or 10 % immature (band) forms

4. The diagnostic algorithm

Score
SIRS criteria
>3 1
0-2 0

Platelet counts (10°/L)

<80 or more than 50 % decrease within 24 3
h

>80< 120 or more than 30 % decrease 1
within 24 h

>120 0
Prothrombin time (value of patient/normal value)
>1.2 1
<1.2 0
Fibrin/fibrinogen degradation products (mg/L)
>25 3
>10<25

<10 0
Diagnosis

DIC

SIRS systemic inflammatory response syndrome, I7TP
idiopathic thrombocytopenic purpura, TTP thrombotic
thrombocytopenic purpura, HUS hemolytic uremic syn-
drome, HIT heparin-induced thrombocytopenia, APS
antiphospholipid syndrome, HELLP hemolysis, elevated
liver enzymes, and low platelet, HPS hemophagocytic
syndrome, EDTA ethylenediaminetetraacetic acid, FDP
fibrin/fibrinogen degradation products

Four points or more

Reprinted with permission [18]
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Fig. 13.2 The two phenotypes of DIC. Although the
activation of the tissue-factor dependent pathway as the
initial step of the coagulation cascade and the presence of
insufficient anticoagulation systems are the same, DIC
can be subdivided into the fibrinolytic (broken line) and
thrombotic (straight line) phenotypes. In DIC with the
fibrinolytic phenotype, DIC and systemic fibrin(ogen)
olysis coexist. Annexin II expression on the promyelo-

Pathogenesis of DIC

Innate Immunity, Inflammation,
and Coagulation at the Injury Site

Trauma can produce a systemic inflammatory
response syndrome (SIRS) characterized by pro-
inflammatory cytokine release and activation of
leukocytes and endothelial cells, processes which
are understood as innate immunity [27]. Close
interactions between innate immunity, inflamma-
tion, and coagulation have been recognized [28,
29]. Innate immune cells have evolved cell-
specific prothrombotic pathways that are acti-
vated after insults and operate in intact blood

Oozing-type bleeding

cytes increases the t-PA activity in patients with acute
promyelocytic leukemia. Microvascular thrombosis- and
shock-induced hypoxia/ischemia in endothelial cells
accelerate t-PA release from endothelial Weibel-Palade
bodies. Neutrophil elastase-derived fibrinolysis and
consumption-induced a2-plasmin inhibitor 2 plasmin
inhibitor  depression  enhance  fibrin(ogen)olysis.
Reprinted from reference [25]

vessels to protect the host from nonself (pathogen-
associated molecular patterns, PAMPs) and
altered-self (damage-associated molecular pat-
terns, DAMPs); this concept is referred to as
immunothrombosis [30]. During the responses to
PAMPs and DAMPs, monocytes and their mic-
roparticles express tissue factor, which activates
the extrinsic coagulation pathway [31, 32].
Neutrophils are recruited to the sites of inflam-
mation and are activated [33], and then release
neutrophil extracellular traps (NETs), which are
comprised of a matrix of DNA, histones, nucleo-
somes, and neutrophil elastase, thereby promot-
ing thrombosis [34]. Histones induce platelet
activation and also promote thrombin generation
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Fig.13.3 Schematic diagrams of the variations in throm-
bin activity (A, measured by fibrinopeptide A-FPA), plas-
min activity (B, fibrinopeptide B p15-42-FPBp15-42),
fibrin formation, and secondary fibrinolysis (C, D-dimer)
from day O (in the emergency department) to day 4. Left,
normal changes in hemostasis and wound healing. There
are three phases of fibrinolysis: early activation, impair-
ment (D, PAI-1: fibrinolysis shutdown), and reactivation.
Normally, both thrombin activity and PAI-1 are com-

both by the recruitment of platelet and the impair-
ment of thrombomodulin-dependent protein C
activation [35-37]. NETs can also activate the
intrinsic coagulation pathway by activating FXII
to form FXIIa [38], which then promotes the acti-
vation of complement pathways. The generated
C3a and C5a further promote thrombosis and
platelet activation [39]. In addition, extracellular
RNA derived from damaged cells constitutes a
procoagulant cofactor for the activation of the
FXII/FXI coagulation pathway [40]. The neutro-
phil elastase that is present on NETs induces the
degradation and inactivation of tissue factor path-
way inhibitor (TFPI) [41, 42] and the thrombo-
modulin expressed on the endothelium [43, 44].
These processes further promote thrombin gen-
eration. For further description of DAMPs as
well as of neutrophils and the innate immune sys-

pletely shut off by days 3-5 after trauma, followed by the
reactivation of fibrinolysis. Right, pathological changes in
DIC. Massive thrombin activation persists until day 4
after trauma; increased activation of plasmin as well as
excessive fibrinolysis are present on day 0 (* DIC with the
fibrinolytic phenotype), followed by impairment of fibri-
nolysis due to persistent elevation of PAI-1 released from
endothelial cells with transcription (** DIC with the
thrombotic phenotype). Reprinted with permission [26]

tem during injury, please refer to Chap. 11
(DAMPs-Esmon) and Chap. 10 (Neutrophils-
Yaffe), respectively.

Activation of coagulation and insufficient
control of it lead to immunothrombosis at injury
sites with inflammation, impeding the dissemina-
tion and tissue invasion of PAMP and DAMPs as
well as pathogens and damaged cells themselves
[30, 42]. In trauma, thrombin escaping into the
circulation from the injury sites is controlled by
antithrombin, TFPI, and thrombomodulin pres-
ent in intact endothelial cells, as depicted in the
cell-based model of hemostasis [45]. However,
when systemic inflammation caused by both
extensive injury and shock overwhelms these
control mechanisms that restrict hemostasis and
inflammation locally, DIC ensues [45]; Figs. 13.4
and 13.5 outline these processes.
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Fig. 13.4 The pathophysiological processes of local
hemostasis, immunothrombosis, and systemic DIC. Tissue
injury promotes local hemostasis and wound healing.
Tissue injury also induces microvascular fibrin thrombo-
sis, or immunothrombosis, to protect the host from

Systemic Activation of Coagulation

The major DAMPs released into the extracellular
environment following tissue injury are histones,
mitochondrial DNA, nucleosomes, and high
mobility group box 1 (HMGBI1) [46].
Mitochondrial DNA at levels thousands times
higher than those measured in healthy volunteers
have been observed at a median 93 min after
trauma [47]. Elevated levels of mitochondrial
DNA were associated with SIRS and correlated
with Injury Severity Score (ISS) in trauma
patients [48, 49]. Elevated levels of histones and
HMGB1 have been seen in severely injured
trauma patients within 30 min of trauma or
immediately after arrival to the ED [50-52].
Toxic levels of histones insult cells, leading to
endothelial injury (elevation of soluble thrombo-
modulin), platelet aggregation, coagulation acti-
vation [increase in thrombin—antithrombin
complex (TAT)], interleukin-6 (IL-6) release, and
NETs formation [52]. These processes result in

%AMPS R A
(Histone/DNA)

Inachvatlon —>
Thrombomodulm

—> CB3a/Cha ——————>

Factor X" —> Intrinsic Pathway

Systemic inflammation

‘ Hemostasis
Elastase .
Immunothrombosis

DAMPs and to restrict DAMPs only to the injured vascu-
lar compartment. DIC results when local hemostasis and
immunothrombosis are no longer able to anchor thrombin
or to restrict the spread DAMPs at the injured site.
Reprinted from reference [25]

edema, microvascular thrombosis, and neutrophil
accumulation in the lungs. The HMGBI released
by damaged and inflammatory cells at the injury
site promotes the development of microvascular
thrombosis [53]. An important point is that
HMGBI inhibits the anticoagulant protein C
pathway mediated by the thrombin—thrombo-
modulin complex, and stimulates tissue factor
expression on monocytes. Histones also reduce
the cofactor activity of both soluble and endothe-
lial thrombomodulin, impairing protein C activa-
tion, and thereby stimulating plasma thrombin
generation [37]. For further description of the
protein C pathway please refer to Chap. 6 (Protein
C-Cohen).

Tumor necrosis factor o (TNF-a) and IL-6 are
elevated immediately after histone infusion [52,
54]. In fact, TNF-a and IL-1p are increased on
arrival to the ED in trauma patients with DIC
[55], with an IL-6 surge occurring within 2 h from
injury [56]. This early release of IL-6 suggests
it is most likely released from pre-synthesized
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Fig. 13.5 Trauma elicits nonspecific innate immune
inflammatory responses that limit and repair tissue damage
after insults. The figure depicts a simplified schematic repre-
sentation of the engagement of pattern recognition receptors
by DAMPs and their signaling through the adaptor proteins.
This cascade promotes the transcription of several pro-
inflammatory cytokines and chemokines, leading to local
and systemic inflammatory responses. Local inflammation
begins as an adaptive host response, serving to promote host
defense and physiologic hemostasis and wound healing.
Spillover of the inflammatory cytokines into the circulation
elicits SIRS, which activates systemic coagulation, sup-
presses fibrinolysis, and overwhelms the anticoagulant con-
trol mechanisms that restrict hemostasis locally, giving rise
to DIC. Importantly, DAMPs themselves activate coagula-

stores [52]. IL-6 is the most important driver of
tissue factor expression on monocytes and endo-
thelial cells [57]. TNF-a and IL-1 also have been
shown to elicit tissue factor formation and expres-
sion on the surface of monocytes and endothelial
cells [58]. These inflammatory cytokines sub-
sequently block the protein C anticoagulant path-
way by downregulating thrombomodulin and the
endothelial protein C receptor (EPCR) on the

tion and impair anticoagulation pathways through endothe-
lial damage (reprinted, with modifications, with permission
from Gando S, et al. Infectious and non-infectious insults
and body responses. Jp J Acute Med 2011;35:747-52). ACS
apoptosis-associated speck-like protein containing caspase
recruit domain, DAMPs damage-associated molecular pat-
terns, DIC disseminated intravascular coagulation, MAVS
mitochondrial antiviral signaling, MODS multiple organ
dysfunction syndrome, MyDS88 myeloid differentiation fac-
tor 88, NLRs nucleotide-binding oligomerization domain
containing receptors, RLRs retinoic acid inducible gene-I-
like receptors, SIRS systemic inflammatory response syn-
drome, STING stimulator of interferon gene, TRIF toll/IL-1
receptor homology domain-containing adaptor inducing
interferon beta, TLRs toll-like receptors

endothelium [58]. Furthermore, these inflamma-
tory cytokines activate neutrophils and endothe-
lial cells, and the activated neutrophils release
neutrophil elastase, which can cleave thrombo-
modulin, leading to the release of soluble throm-
bomodulin from the endothelium in a less active
form [43, 44, 58, 59].

Although, the mechanisms involved in mic-
roparticle formation in-vivo remain essentially
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unknown, blood contains microparticles derived
from a variety of cell types, including platelets,
monocytes, and endothelial cells [60]. All mic-
roparticles are pro-coagulant because they pro-
vide a membrane surface for assembly of
coagulation proteases [61]. In severe trauma,
activated platelets enhance the microparticle for-
mation associated with platelet and leucocyte
interaction [62]. Increased microparticle forma-
tion and thrombin generation are observed imme-
diately after trauma and correlate with ISS [63].

These lines of evidence clearly indicate that
the release of DAMPs from injured cells and tis-
sues, the DAMP induced release of inflammatory
cytokines, and microparticle formation synergis-
tically hamper the mechanisms controlling coag-
ulation by protein C pathways and activate
coagulation, leading to SIRS and systemic throm-
bin generation, namely DIC, immediately after
trauma [30, 64].

Impairment of Anticoagulation
Pathways and Endothelial Injury

TFPI

The highly activated tissue factor-dependent
pathway is not sufficiently prevented by normal
TFPI levels in DIC patients after trauma because
neutrophil elastase cleaves TFPI within the poly-
peptide that links the first and second Kunitz
domains [65]. This impairs the ability of TFPI to
neutralize both FXa and the tissue factor/FVIla
complex. This finding suggests that tissue factor
and tissue factor/FVIIa complex are continuously
formed at a rate that normal TFPI inhibition can-
not match in DIC patients after trauma [65, 66].

Thrombomodulin and Endothelium

Higher levels of neutrophil elastase and soluble
thrombomodulin have been confirmed in patients
with DIC and in patients with severe traumatic
injuries [52, 67, 68]. Soluble thrombomodulin
can be formed by the limited proteolysis of endo-
thelial cell membrane thrombomodulin by
neutrophil elastase without any evidence of active
secretion [43, 44]. The amount of soluble throm-
bomodulin correlates with the degree of endothe-
lial injury [44]. Moreover, early elevation of
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TNF-a and IL-1p in DIC patients after trauma
causes thrombomodulin downregulation in the
endothelium [43, 44, 55]. Traumatic shock-
induced hypoxia leads to a reduction in thrombo-
modulin and the suppression of thrombomodulin
mRNA in the endothelium [69, 70]. Therefore,
the high soluble thrombomodulin levels in DIC
patients suggest a loss of functional thrombo-
modulin in the endothelium. In addition, soluble
thrombomodulin has only 20 % of the activity of
thrombomodulin bound to the endothelium [71].
Taken together, these results suggest that endo-
thelial injury and functional loss of both soluble
and endothelial thrombomodulin occurs in DIC
after trauma.

Protein S and Protein C

Low levels of protein C activity have been repeat-
edly confirmed from the early to late phases of
DIC [16, 18, 20, 67]. The thrombin—-thrombo-
modulin complex activates protein C to generate
activated protein C. For activated protein C to
function more effectively, it must form a complex
with both protein S and EPCR. The anticoagulant
activity of protein S is neutralized by the forma-
tion of a complex with complement C4b binding
protein (C4bBP). Increased levels of C4bBP as a
consequence of the acute phase reaction follow-
ing inflammatory insults cause a relative protein
S deficiency, which contributes to a procoagulant
state and lethal DIC [72]. Lower levels of protein
S activity associated with thrombin generation
(prothrombin fragment 1+2, PF1+2) have been
demonstrated in trauma patients immediately
after arrival at the ED [9]. For further description
of the protein C pathway please refer to Chap. 6
(Protein C-Cohen).

Activated protein C is immediately inactivated
by protease inhibitors, such as the protein C
inhibitors, ol-antitrypsin, o2-antiplasmin, and
o2-macroglobulin. In cases of DIC, lower protein
C and protein S levels, relative protein S defi-
ciency, and impaired functions of both soluble
and endothelial thrombomodulin are all impli-
cated in the insufficient conversion of protein C
to activated protein C and the inability of acti-
vated protein C to function normally. Increases in
activated protein C levels do not indicate a shut-
off of thrombin generation. In fact, the elevated
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activated protein C levels (~10 ng/mL) did not
reach a concentration sufficient to inhibit throm-
bin generation (70-80 ng/mL) in severely
injured trauma patients with tissue hypoperfu-
sion [73, 74].

Antithrombin

Antithrombin inactivates thrombin and inhibits
several proteases in both the extrinsic and intrin-
sic coagulation pathways, including FIXa, FXa,
FXIa, and FXIla. For further description of anti-
thrombin please refer to Chap. 2 (TAT-Bock).
Thus, a reduction in antithrombin can markedly
influence the coagulation processes and is a
potential risk factor for thrombosis [75].
Insufficient levels of antithrombin, compared
with the potential for thrombin generation in the
prothrombin complex concentrate, induced DIC
characteristics in a pig model of coagulopathy
with blunt liver injury [76]. The severity of injury
and tissue hypoperfusion are major contributors
to the reduction in antithrombin in trauma [77,
78]. Low antithrombin levels are associated with

thromboembolic complications, which can
develop from DIC [79]. Extremely low levels
have been observed in cases of trauma patients
immediately after arrival at the ED [8, 21] and for
several days thereafter [8, 21, 80].

Two studies showed that a decreased ability to
localize hemostasis at the wound site and subse-
quently generate thrombin systemically results
from decreased antithrombin levels in patients
with DIC and coagulopathy immediately after
trauma [81, 82]. Similarly, a multiple regression
analysis demonstrated that low antithrombin lev-
els are an independent determinant of high solu-
ble fibrin levels and a marker of thrombin
generation in trauma patients with DIC [80].

These findings also indicate there is much lower
availability of the TFPI, antithrombin/glycosami-
noglycan, and thrombomodulin/protein C systems
for the regulation of thrombin generation and acti-
vation in DIC patients. Moreover, higher soluble
thrombomodulin levels suggest the presence of
extensive damage to microvasculature endothe-
lium. Figure 13.6 summarizes these changes.

Thrombin generation !

Thrombin shutoff

® Activated protein C

Activation of coagulation

Fig.13.6 The balance between thrombin generation and
inhibition. DIC occurs when there is an imbalance
between thrombin generation and inhibition. Insufficient
coagulation control mechanisms contribute to massive

thrombin generation in the circulation, which overwhelms
activated protein C mediated inhibition of thrombin gen-
eration. Reprinted from reference [25]
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Fig.13.7 Native and tissue factor 250
(TF) stimulated thrombin generation
(TG) curves in a normal subject and / \
in a patient with acute coagulopathy 200 + / \
of trauma. Native TG: no added tissue g Normal Subject, TF-Stimulated TG
factor or phospholipid, contact £ 150 4 \
activation blocked. TF stimulated: 5 /
sample activated with TF and '*@ l \
phospholipid. In normal subjects, o 100 1 Normal Subject,
little or no thrombin was generated Q / \ Native TG
during native TG. In contrast, in £ 504
patients with acute coagulopathy of E
trauma, native and TF stimulated TG g
curves were often similar. This = 0
indicates that plasma from those with
trauma induced coagulopathy has
circulating pro-coagulant activity that
can spontaneously initiate coagulation 250
throughout the vascular system, not
just at the injured site. Note: The term
“ " . — 200 A
acute coagulopathy trauma” used in =
this study [81] was changed to “DIC” g
in a subsequent study [82]. Modified & 150 A
with permission [81] s
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Thrombin Generation in the Systemic
Circulation

Soluble fibrin and fibrinopeptide A are regarded
as accurate markers of thrombin generation and
activity because both are formed as a result of the
direct action of thrombin on fibrinogen, which
leads to fibrin formation. Extremely elevated lev-
els of fibrinopeptide A have been noted in trauma
patients with DIC immediately after arrival at the
ED [8]. In addition, higher levels of these molec-
ular markers of thrombin generation in the early
phase of trauma have been repeatedly confirmed
[9, 14, 67, 68]. In two studies, Dunbar and
Chandler observed excessive non-wound-related
thrombin generation in trauma patients with both
DIC and trauma induced coagulopathy immedi-

ately after arrival at the hospital (Fig. 13.7) [81,
82]. Their first study showed marked systemic
thrombin generation due to circulating procoagu-
lants that initiate thrombin generation systemi-
cally, as well as reduced ability to localize
hemostasis at the wound site due to the loss of
antithrombin. Their second study found that tis-
sue factor activity accounted for approximately
80 % of all procoagulant activity. Importantly,
the term “acute coagulopathy of trauma” in the
first study was changed to “DIC” in this second
one. Reports showing a significant correlation
between tissue factor and the markers of throm-
bin generation, and microparticle formation by
activated platelets support these results [62, 83].
The overall function of the thrombomodulin/
protein C anticoagulant pathway can be precisely
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evaluated by measuring prothrombinase activity
[84]. Prothrombinase is a complex comprising
FXa, FVa, phospholipids, and Ca* and it is the
major determinant of thrombin generation from
prothrombin. Prothrombinase activity, measured
as the thrombin generation rate, decreases in
proportion to the amount of thrombin-
thrombomodulin complex formation of activated
protein C and the subsequent inactivation of FVa
[84, 85]. DIC patients after trauma have shown
normal prothrombinase activity associated with
higher levels of soluble fibrin [80]. These findings
suggest that the inhibition of the prothrombinase
activity caused by activated protein C-mediated
anticoagulation does not overwhelm the activa-
tion of the tissue factor systemic thrombin genera-
tion or its activation in trauma patients with
DIC. This imbalance between thrombin genera-
tion (soluble fibrin) and its inhibition (prothrom-
binase activity) is due to insufficiency in the other
anticoagulant mechanisms, such as TFPI and anti-
thrombin, as well as impaired thrombomodulin
function due to endothelial injury [80].

Consumption Coagulopathy

The consumptive processes in DIC reflect the
multiple actions of thrombin. Increased thrombin
generation accounts for decreases in platelets,
fibrinogen, FII, FV, FVIII, and FXIII in acute
consumption, and the rapid clearance of activated
clotting factors in vivo accounts for decreases in
other clotting factors such as FIX and FX [22].
Thrombin also induces the release of tPA from
endothelial cells, leading to plasmin generation.
If plasmin is formed sufficiently in the circula-
tion, it degrades fibrinogen, FV, and FVIIIL. These
lines of evidence support the rapid consumption
of thrombin-sensitive hemostatic factors, includ-
ing platelets, fibrinogen, and Factors V, VIII, and
XIII. In pre-DIC and DIC, sensitive and rapid
decreases in the levels of FV and FVIII have been
observed as a result of thrombin-mediated pro-
tein C activation [86, 87]. In DIC due to trauma,
platelets are sometimes consumed slowly due to
marginalization in blood vessels and release from
storage in organs such as the spleen, liver, and
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lungs [12, 14, 16]. FVIII is known to paradoxi-
cally increase in response to clinical insults,
including trauma, due to release of von Willebrand
factor (VWF) from the endothelial Weibel-
Palade bodies [88] and the acute phase behavior
of FVIIL. VWF immediately interacts with FVIII,
prolonging the plasma half-life of FVIII [89].
The consumption of coagulation factors prolongs
both the prothrombin time (PT) and activated
partial thromboplastin time (PTT); however, the
PTT is sometimes normal or even shortened
because of the interactions between FVIII with
VWF in spite of a prolonged PT in DIC patients.

In cases of trauma with DIC, prolonged PT
reflects a decrease in FV, to a lesser extent
decreases in Factors II, VII, and X, and
decreases in fibrinogen levels immediately to
several days after trauma [8, 14, 16, 18, 19, 55,
67, 80, 83]. Prolonged PTT, which reflects a
decrease in Factors V, VIII, and fibrinogen, has
also been confirmed immediately after trauma
in patients who develop DIC [8]. The FVII
antigen has been demonstrated to be consumed
at a relatively slow speed for about 8 h in a
rabbit model of DIC [90]. Importantly, this
translated into a FVIIa level increase to 120 %
within 2 h after DIC induction, before declining
thereafter. Furthermore, in patients studied upon
arrival to the ED [91] FXIII and o2-plasmin
inhibitor levels where shown to be markedly
decreased in DIC.

Activation and Suppression
of Fibrinolysis

DIC and pathological systemic fibrin(ogen)olysis
sometimes coexist following an insult such as
trauma and is referred to as DIC with the fibrinolytic
phenotype [22, 23]. Tissue hypoperfusion causes
tPA release from the endothelial Weibel-Palade
bodies, which leads to systemic fibrin(ogen)oly-
sis in addition to DIC with secondary fibrinolysis
[22, 23, 88]. Increased fibrinolysis, as well as the
activation of coagulation in trauma, has long
been recognized [3, 92], as it was confirmed in a
study of severely injured patients, 40 % of whom
had a PT international normalized ratio >1.2 [93].
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This study demonstrated increased thrombin gen-
eration with concomitant fibrinogen and anti-
thrombin consumption, as well as increased tPA
levels, plasmin generation, and fibrinolysis along
with o2-plasmin inhibitor consumption, all of
which coincided with DIC with the fibrinolytic
phenotype. The most important point in the
pathogenesis of fibrin(ogen)olysis in the early
phase of trauma is that there is a several hour
time difference between the immediate release of
tPA from the endothelium and the later expres-
sion of PAI-I mRNA, leading to an extreme
imbalance in these molecules [94-96]. In support
of this imbalance, the levels of PAI-1 antigen and
activity were found to be almost identical in
patients with and without DIC immediately after
trauma, while the levels of tPA and plasmin and
a2-plasmin inhibitor complex, a marker of plas-
min generation, were significantly increased only
in DIC patients [8, 16, 55, 80].

In addition to plasmin, neutrophil elastase
mediated fibrinolysis is also involved in the
pathogenesis of fibrin(ogen)olysis in DIC with
the fibrinolytic phenotype [67]. The lower levels
of a2-plasmin inhibitor, FXIII, and fibronectin in
DIC patients suggest that there is insufficient
inhibition of plasmin, impaired cross linking of
fibrin, and delayed wound healing, leading to
fragile fibrin formation associated with coagulo-
pathic bleeding [8, 91]. A study showing tissue
factor driven fibrin(ogen)olysis without tissue
hypoperfusion suggests that secondary fibrinoly-
sis caused by tPA release driven by a massive
amount of fibrin formation may also have a role
in DIC with the fibrinolytic phenotype [97].
Importantly, thrombomodulin mediated throm-
bin-activatable fibrinolysis inhibitor (TAFI) acti-
vation does not appear to have an important role
in the pathogenesis of fibrin(ogen)olysis immedi-
ately after trauma [67], which indirectly impli-
cates thrombomodulin/protein C  pathway
impairment.

Fibrinolysis driven by immediate tPA release
is usually followed by PAI-1 suppression of fibri-
nolysis. After achieving hemostasis, the activa-
tion of coagulation and PAI-1 disappears
completely and fibrinolytic reactivation occurs to
degrade excess fibrin clots during physiological
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wound healing [8, 14, 16, 26]. However, persis-
tent PAI-1 elevation continues until day 5 after
injury in DIC patients, which is referred to as
DIC with the thrombotic phenotype [8, 14, 16,
26, 55, 95]. When uncontrolled, DIC with the
fibrinolytic phenotype in the early phase of
trauma progresses to DIC with the thrombotic
phenotype in the late phase of trauma [98]. DIC
severity and the presence of organ dysfunction
briefly after injury, but with complicating sepsis,
are involved in the pathogenesis of this continu-
ous progression. During the thrombotic stage,
increased fibrinolysis, reflected by elevated
D-dimer levels, cannot match the massive fibrin
formation, leading to microvascular thrombosis,
hypoperfusion and impaired oxygen delivery,
which in turn give rise to multiple organ dysfunc-
tion syndrome [24, 95, 99]. Figure 13.3 illustrates
these processes [26].

DIC and Microvascular Thrombosis
Trauma and Hemorrhagic Shock

Histological evidence of microvascular thrombosis
in DIC, especially in DIC with the thrombotic phe-
notype, has been reported by clinical, experimen-
tal, and autopsy studies [99]. Evidence of DIC with
the fibrinolytic phenotype is rarely available in
humans and was extensively debated during the
1960s and 1970s [100]. These debates on the
inconsistency of thrombus formation had come
about because of the existence of hyperfibrin(ogen)
olysis in the early phase of trauma and hemorrhagic
shock. However, fibrin thrombosis [101], vein
thrombi formation [102], platelet aggregation, and
emboli formation [103, 104] were repeatedly con-
firmed in hemorrhagic shock and trauma.
Subsequently, platelet and fibrin thrombosis
became more evident during antifibrinolytic ther-
apy using tranexamic acid in a dog model of hem-
orrhagic shock [105] (Fig. 13.8). It should be
emphasized that the authors of a report expressing
negative opinions about DIC, did in fact conclude
that some fibrin thrombi were observed in their his-
tological study [106]. Importantly, signs of inflam-
mation, microthrombus and embolus formation



S.Gando

5

Fig. 13.8 The inhibition of fibrinolysis by tranexamic acid
revealed microvascular thrombosis and thromboemboli for-
mation in large vessels in a dog model of hemorrhagic shock.
(a) Section of a branch of the portal vein almost completely

have also been observed within 24 h of injury in
human studies [107, 108].

Isolated Traumatic Brain Injury

Publications have demonstrated that the coagu-
lopathy of isolated traumatic brain injury (iTBI)
coincides with the definition of DIC proposed by
the ISTH; namely intravascular activation of
coagulation, with loss of localization of coagula-
tion, and damage to the microvasculature [15,
109, 110]. Therefore, coagulofibrinolytic changes
after iTBI may have some overlap with those
observed in trauma patients without brain injury;
if sufficiently severe, they give rise to DIC [111].

Microthrombi are frequently present in the
brains of iTBI patients who died within 24 h of
injury, and were found to be associated with
marked changes in platelet count, coagulation,
and fibrinolysis markers (Fig. 13.9) [109]. More
importantly, systemic microthrombi were seen in
the spinal cord, liver, lungs, kidneys, colon, and
pituitary gland, indicating the presence of DIC in
88 % of patients after autopsy [109]. Stein et al.

filled by a mixed thrombus consisting of platelets and fibrin
threads in bundles. (b) Section from lung vessels with throm-
botic masses consisting of both platelets and fibrin thread.
PTAH-staining. Modified with permission [105]

examined brain tissue from several sources,
including animal models and patients with con-
tused brain tissue removed during surgical
decompression, and found a high correlation
between the severity of coagulopathy and the
presence of intravascular thrombosis, confirming
the association between intravascular thrombosis
and DIC [110, 112]. These investigators also
demonstrated a strong link between intravascular
thrombosis and the area of ischemic changes and
neuronal death [110, 113]. An animal experiment
confirmed that the immediate posttraumatic
decrease in peri-contusional blood flow is caused
by platelet activation and subsequent micro-
thrombosis in the cerebral circulation [114].
These lines of evidence clearly indicate that a
DIC processes occurring immediately after iTBI
can contribute to secondary brain injury.

Fat Embolism Syndrome
Fat embolism syndrome (FES) typically occurs

12-36 h after long bone and pelvic fractures,
although fulminant cases immediately after
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Fig.13.9 Microthrombi in the “¢~
meningeal vessels were '
observed in patients with
iTBI. Fibrin stains brown
(white arrow), containing with
red blood cells, which are
colorless to faint blue (black
arrow) (Immunoperoxidase
stain with antifibrinogen
specific antiserum and
hematoxylin counterstain,
x400). Modified with
permission [109]

injury have also been reported. Several lines of
evidence indicate the presence of DIC in patients
with FES [115-117].

Saldeen et al. observed morphological changes
in pulmonary, cerebral, and systemic fat emboli that
are associated with pathophysiological character-
istics of DIC [118]. Furthermore, fibrin
thrombosis in pulmonary vessels has been con-
firmed more often in patients with FES than in
other post-traumatic cases, especially in those in
whom FES was considered to be the only explana-
tory cause of death [119]. The presence of fibrin
thrombi in lung vessels was also confirmed in
patients with FES and acute respiratory distress
syndrome [120]. Hyaline microvascular thrombosis
and aggregates of platelets, indicating fibrin thrombi
and intravascular coagulation, have been reported
in both the cerebral arteries and veins in post-
traumatic FES patients [121]. Histopathological
analysis of FES in a living body revealed intravas-
cular thrombus formation, with the thrombus con-
sisting of fibrin as well as erythrocytes and
leukocytes with lipid granules [122].

Animal Models of DIC

Noble—Collip drum-induced polytrauma without
significant hemorrhage has been used to mimic
lethal traumatic injury [123]. The model repro-

duces typical DIC with the fibrinolytic pheno-
type, with animals exhibiting a decreased platelet
count, prolonged PT and PTT, decreased fibrino-
gen and antithrombin levels, and elevated fibrin/
fibrinogen degradation products (FDP) levels
[123-125]. Furthermore, elevated tPA levels,
shortened euglobulin lysis time, and decreased
o2-plasmin inhibitor levels indicate immediate
activation of the fibrinolytic system [124, 125].
Decreases in the levels of FXII, prekallikrein,
and CHS50 suggest the activation of both the
intrinsic coagulation pathway and the comple-
ment system [125]. Immediately after Noble—
Collip drum trauma, tissue factor increases in the
circulation, and its mRNA expression has been
observed in various organs, indicating the activa-
tion of the extrinsic coagulation pathway [126].
The Noble—Collip drum model also exhibits a
spontaneous thrombin burst measured by a
thrombin generation assay. Systemic thrombin
generation accelerates as a result of insufficient
control by antithrombin. These data support
those of a previous study [81]. Moreover, tPA
release driven by hypoperfusion of the endothe-
lium leads to hyperfibrin(ogen)olysis. Meanwhile,
there was no evidence of activated protein
C-mediated shutdown of thrombin generation in
the systemic circulation [127].

A systematic review addressed the question:
“what are relevant experimental models with
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which to study early traumatic coagulopathy?”
[128]. In this review, a tissue factor induced DIC
model was reported to provide “grade A” evi-
dence, representing a key model for traumatic
coagulopathy. This model demonstrated that a
massive amount of tissue factor also induces DIC
associated with fibrin(ogen)olysis without tissue
hypoperfusion [97]. This suggests that trauma
itself could give rise to DIC without tissue hypo-
perfusion [67]. Tissue factor activation of coagu-
lation leads to the generalized consumption of not
only platelet and coagulation factors including
fibrinogen, but also the inhibitory feedback
factors involved in controlling coagulation
and fibrinolysis, namely, antithrombin and a2-
plasmin inhibitor, respectively [81, 91, 97].

Management of DIC

The cornerstone of DIC management is specific
and vigorous treatment of the underlying disor-
der, that is, injury itself and hemorrhagic shock
[14, 129]. There are clear differences in the treat-
ment of DIC with the fibrinolytic phenotype in
the early phase of trauma and DIC with the
thrombotic phenotype in the late phase of trauma.
Management of the latter DIC type is the same as
for typical DIC; anticoagulants, platelet and
plasma substitution, and coagulation inhibitor
concentrates have been proposed [129]. Our
discussion will follow with, treatment of fibrino-
lytic phenotype DIC through a novel approach.
After careful deliberation of “one concept and
six considerations” for hemostatic changes dur-
ing the early phase of trauma proposed by the
SSC on DIC of the ISTH [130], trauma and hem-
orrhagic shock should be managed through dam-
age control resuscitation, which integrates
hemostatic resuscitation, damage control surgery,
and in certain cases permissive hypotension
[131]. Guidlienes by Spahn et al. review the
physiological targets of resuscitation and suggest
dosing of fluids, blood products, and pharmaco-
logical agents in bleeding trauma patients [132].
Anticoagulants are contraindicated for DIC with
the fibrinolytic phenotype. Substitution therapies
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with plasma transfusion, platelet transfusion, and
fibrinogen concentrate or cryoprecipitate transfu-
sion maintain normal platelet counts and func-
tion, adequate levels of coagulation factors and
endogenous anticoagulants including antithrom-
bin and protein C [14, 129, 130]. Guidance for
treatment of DIC published by the ISTH recom-
mends the transfusion of plasma, which includes
anticoagulant factors such as protein C, protein S,
and antithrombin [129]. For further description
of plasma transfusion please refer to Chap. 20.
The use of agents that are capable of restoring
dysfunctional anticoagulant pathways in DIC
patients with sepsis has been extensively studied.
However, there has been no study on the use of
anticoagulant factor concentrates such as activated
protein C, recombinant human thrombomodulin,
and antithrombin in trauma induced DIC. Supra-
normal levels of anticoagulant factors foster
bleeding. At present, plasma transfusion to main-
tain normal levels of protein C and antithrombin
may be a reasonable strategy for treating DIC
after trauma.

Tranexamic acid can reduce the risk of death in
bleeding trauma patients [129, 133] and should be
given as early as possible because any delay in
administration after trauma reduces its efficacy
and may actually be harmful [134]. These studies
provide the theoretical basis for antifibrinolytic
therapy in DIC with the fibrinolytic phenotype in
the early phase of trauma [129]. Since the publi-
cation of the CRASH-2 results, there has been
considerable discussion about how tranexamic
acid should be used in practice. Some authors
suggest limiting tranexamic acid use to specific
patient subgroups, such as those with low blood
pressure or laboratory evidence of hyperfibrinoly-
sis [135, 136]. A theoretical argument has been
published, stating that biological insight into how
the treatment works is more relevant when apply-
ing research results to patient care rather than the
application of statistical reasoning [137]. When
administering tranexamic acid in the trauma set-
ting, it is important to realize that the challenge
for clinicians is not to identify a specific subgroup
of patients but to detect those patients that will die
from coagulopathic bleeding [137].
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Table 13.3 Classification of trauma-induced coagulopathy

Trauma induced coagulopathy
1. Physiological changes
* Hemostasis and wound healing
2. Pathological changes
* Endogenously induced major pathologies
— Disseminated Intravascular Coagulation (DIC)*
* Activation of coagulation
* Insufficient anticoagulant mechanisms
* Increased fibrin(ogen)olysis (early phase)
* Suppression of fibrinolysis (late phase)
— Acute coagulopathy trauma-shock (ACOTS)

e Activated protein C-mediated suppression
of coagulation

* Activated protein C-mediated increased
fibrinolysis

* Exogenously induced minor pathologies that
modify DIC and ACOTS

— Dilutional coagulopathy

— Hypothermia-induced coagulopathy
— Acidosis-induced coagulopathy

— Others

“Detailed description is given in the text

Normal

e

Balance between
= Coagulation

* Anticoagulation
* Fibrinolysis

coon ] coon—]

Endothelium
Endothelial cell TM

Fig. 13.10 Mechanisms of DIC with the fibrinolytic phe-
notype. Left, there is a balance between activation of coagu-
lation, anticoagulation, and fibrinolysis during physiological
hemostasis; right, DIC with the fibrinolytic phenotype.
Consumption induced decreases in protein C, antithrombin,

tPA tPA
Bleeding <—r

Thrombin 111-———

21

Trauma Induced Coagulopathy
and DIC

The introduction of the concept of acute coagu-
lopathy of trauma-shock (ACOTS) was proposed
following a reacknowledgement that trauma itself
and hemorrhagic shock can induce coagulopathy
[138, 139]. Following the proposal of ACOTS,
which is now a part of the more global term
“trauma induced coagulopathy,” there has been
some confusion with the use of this terminology.
Integration of this nomenclature is described in
Table 13.3. Trauma induced coagulopathy consists
of varying disease conditions that induce coagu-
lopathy, each with a condition specific pathogen-
esis. Differences and similarities between DIC and
the ACOTS have been extensively debated [14,
16, 25, 130, 140]. A detailed discussion on this
point is beyond the scope of this chapter, but it is
important to acknowledge that DIC has been the
main pathophysiology of trauma induced coagu-
lopathy [25, 140].

Low PC, Antithrombin, TFPI
‘lThromhinl'TM complex

? 616 ?.1

Impaired function of sTM

Low FVa
Low FVilla

Impaired

Anticoagulation

Low FVa
Low FVilla ™

Low PC, Antithrombin, TFP1
J,Thromhinﬂ'ln complex

Bleeding 4“‘—
t-PA t-PA t-PA t-PA

Endothelial injury
Loss of functional TM
Release of t-PA

and TFPI and functional loss of both soluble and endothelial
thrombomodulin severely impairs anticoagulation, enhanc-
ing systemic thrombin generation. TM thrombomodulin,
sTM soluble TM, TF tissue factor, PC protein C, TFPI tissue
factor pathway inhibitor. Modified with permission [16]
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Conclusion

The main pathophysiological mechanism of
trauma-induced coagulopathy is considered to be
DIC. Disseminated intravascular coagulation in
the early phase of trauma presents itself as a fibri-
nolytic  phenotype, is associated with
hyperfibrin(ogen)olysis and consumption coagu-
lopathy, and contributes to massive hemorrhage
(Fig. 13.10) [16]. This type of DIC progresses to
DIC with the thrombotic phenotype during the
late phase of trauma and drives multiple organ
dysfunction. To understand the pathogenesis and
appropriate management of DIC, deep insights
are needed into the interplay between innate
immunity, inflammation, and coagulation and
fibrinolysis.
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