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Abstract

Disseminated intravascular coagulation (DIC) is a common and life-threatening complication in sepsis. Sepsis-associated
DIC is recognized as the systemic activation in coagulation with suppressed fibrinolysis that leads to organ dysfunction in
combination with systemic intravascular inflammation. In this process, thrombin contributes a key role in connecting both
coagulation and inflammation. Endothelial injury, a result of sepsis, causes DIC due to the effect of multiple activated fac-
tors that include neutrophils, platelets, and damage-associated molecular patterns. Recent advances in the understanding of
pathophysiology have made it possible to diagnose sepsis-associated DIC at earlier timing with better accuracy. However,

progress in the treatment is still limited, and new therapeutics for sepsis-associated DIC are needed.
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Introduction

The concept of disseminated intravascular coagulation (DIC)
has been considered as a clinically manifested hemostatic
disorder that arises from various underlying diseases [1],
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and over time, it was realized the unique feature of DIC is
the coexistence of the manifestations of both thrombosis and
bleeding [2] (Fig. 1). The fundamental pathological condi-
tion of DIC is characterized by extensive thrombus forma-
tion in the microvasculature due to coagulopathy despite
differences in underlying causes. As a result, DIC can be
categorized by specific diagnostic criteria [3]. One of the
important events in defining DIC was the establishment of
the definition and diagnostic criteria by the International
Society on Thrombosis and Haemostasis (ISTH) in 2001 [4].
However, almost 20 years later, the concept and diagnosis of
DIC continue to be better defined. In this review, we intro-
duce the recent advances in the pathophysiology, diagnosis,
and treatment strategy of sepsis-associated DIC.

Advance in the understanding
of the pathophysiology of sepsis-associated
DIC

Systemic activation in coagulation and fibrinolysis
suppression

The fundamental concept of DIC was defined as “an
acquired syndrome characterized by the intravascular acti-
vation of coagulation with loss of localization arising from


http://orcid.org/0000-0002-0255-4088
http://crossmark.crossref.org/dialog/?doi=10.1007/s12185-020-03053-y&domain=pdf

Recent advances in the research and management of sepsis-associated DIC

25

Fig. 1 Intravital microscopic view of the microcirculation in a rat
model of sepsis. The rat model of sepsis was made by lipopolysac-
charide (LPS) injection. 10 min after LPS injection, bleeding was rec-
ognized (black arrows). At 30 min, the bleeding area was expanded.
60 min after LPS injection, thrombus was formed in the microves-

different causes. It can originate from and cause damage to
the microvasculature, which, if sufficiently severe, can pro-
duce organ dysfunction” [4]. This definition reminds us that
“systemic activation in coagulation” is the critical aspect of
DIC, however, since it was not possible to construct diagnos-
tic criteria that depict “systemic activation in coagulation”
with the conventional coagulation biomarkers, the ISTH
published overt DIC diagnostic criteria to better define a
consumptive coagulopathy. As a result, coagulopathy and
its advanced stage of DIC are often considered as the hemo-
static disorder [5]. Recently, the importance of early coagu-
lopathy detection before patients decompensate is important
for sepsis management [6]. Currently, the accepted concept
is that systemic activation of coagulation and the suppressed
fibrinolytic pathways are the major facilitators of multiorgan
dysfunction and death [7]. The mechanisms of the activa-
tion in coagulation and inhibition of fibrinolysis are multi-
factorial [8], but the principal initiator of the coagulation
cascades is considered to be tissue factor that is expressed
on macrophages [9] and other cells, including neutrophils
and endothelial cells [10]. Furthermore, the extracellular

sel (white arrows). 120 min after LPS injection, the blood flow was
stopped in the distal side of the vessel (white arrowheads). The above
changes are seen in the venule and minimal change was observed in
the arteriole

vesicles released from various cells also express the tissue
factor in sepsis-associated DIC [11]. Among the coagulation
factors, thrombin is considered to be the central factor in the
pathogenesis of sepsis-associated DIC. Thrombin has a mul-
titude of effects beyond clot formation that include endothe-
lium activation by binding to protease activated receptor 1
(PAR-1) expressed on the endothelial surface and platelets
to amplify inflammation [12].

The suppression of fibrinolysis, often referred to as
fibrinolytic shutdown, plays a major role in accelerating
the prothrombotic condition. Virtually, the thrombotic-type
DIC is characterized by the suppressed fibrinolysis [13],
and plasminogen activator inhibitor-1 (PAI-1) produced by
endothelial cells contributes to the fibrinolysis suppression
[14]. Perhaps, this fibrinolysis suppression has the purpose
of restricting the pathogen spread and tissue healing but
leads the unfavorable microcirculatory disturbance. Multiple
studies have reported the increased level of PAI-1 is a useful
marker of poor outcome in sepsis [15]. Upon these findings,
balancing coagulation and fibrinolysis is expected to provide
an opportunity for future therapeutic agent development.
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However, the appropriate control of fibrinolysis is not easy,
and the fibrinolytic approach may not be a good choice.
Since the fibrinolytic suppression is a result of activated
coagulation, we think anticoagulant therapy may be the
better choice. The natural anticoagulants such as antithrom-
bin, protein C, and thrombomodulin are the first candidates
that should be examined. The ideally designed studies that
determine to whom, when to start, for how long, and how
much, etc. are necessary for the success in the development
of new therapy.

Derangement of endothelial function

The vascular endothelial cell is the primary target of
injury in sepsis-associated DIC from polymorphonuclear
neutrophils that are activated, releasing neutrophil extra-
cellular traps (NETs), reactive oxygen species, and other
proinflammatory mediators [16]. Intravital microscopic
observation of sepsis models demonstrate the injurious
effects of neutrophil adhesion, platelet aggregation, and
morphological changes of endothelial cells [17] (Fig. 2).
The immunothrombus formed by leukocyte-platelet aggre-
gates and fibrin deposition in the vascular lumen is the
hallmark of sepsis-associated DIC [18]. NETs are com-
posed of DNA, histones, and other cytotoxic substances
that immobilize and eradicate invading pathogens [19].
NETs are also known to convert the anticoagulant property
of the vascular endothelium to procoagulant. Stiel et al.

Normal

Fig. 2 Intravital microscopic view of the microcirculation in normal
and sepsis model of rat. Smooth blood flow was observed in arteriole
(bottom) and venule (top). In normal rat, the space between endothe-
lial surface and red cell column represents the thickness of the glyco-
calyx (between the white arrows). In a sepsis model of rat, leukocytes
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[20] reported the increased capability of NETs formation
of the neutrophils obtained from sepsis-associated DIC.
In addition to the effects of NETs, damage-associated
molecular patterns including cell-free DNA, histones, and
high-mobility group box 1 (HMGB 1) are released into the
bloodstream from the damaged or necrotic cells that can
activate procoagulant effects [21] (Fig. 3). For example,
HMGB 1 stimulates coagulation cascades by upregulating
tissue factor expression and promoting the externalization
of phosphatidylserine to the outer surface of the cell mem-
branes [22].

The vascular endothelium is a multifunctional
antithrombotic barrier between the blood stream and tis-
sues. The endothelial cell produces and releases antithrom-
botic substances such as nitric oxide (NO), prostaglandin
I,, and tissue factor pathway inhibitor (TFPI) [23]. The
endothelial cell also maintains antithrombotic properties
by expressing glycocalyx, thrombomodulin, and protein
C receptors. The glycocalyx is composed of proteoglycan
and glycosaminoglycans that cover the endothelial sur-
face to provide antithrombotic activity and Stile facilitate
blood flow. One of its major components is heparan sul-
fate, that functions as the binding site for antithrombin
to maximize its anticoagulant activity [24]. Thrombin, a
key mediator in coagulation, provides a contrasting and
critical prothrombotic effect by inducing Weibel-Palade
body exocytosis that releases stored von Willebrand factor
(VWEF) endothelial cells [25]. Thrombin also can damage

adhere to the endothelium of the venule (white arrowhead), and plate-
lets aggregated in the vascular lumen (white arrows). The endothe-
lium is thickened and the surface became rough. The leukocytes
transmigrated to the tissue (black arrowhead)
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Fig.3 Pathogenesis of sepsis-associated coagulopathy. Macrophages
recognize pathogen invasion by pathogen recognition receptors
(PRRs) and express tissue factor (TF) on its surface and initiates the
coagulation cascades. Macrophage also releases proinflammatory
cytokines and microvesicles in sepsis. Activated neutrophil releases
neutrophil extracellular traps (NETs) and cytotoxic mediators such as
lysosome and oxygen radicals that damage the endothelial cells. The
endothelial cell loses its anticoagulant properties by losing glycocalyx
and reduces nitric oxide (NO), prostaglandin 12 (PG 12), and tissue

endothelial cells by cleaving complements and forming
membrane attack complexes (MACs) [26].

Recently, the increased levels of angiotensin II and
the decreased activity of angiotensin-converting enzyme
2 (ACE2) have been recognized in sepsis [27] (Fig. 4).
Consequently, the beneficial effects of angiotensin;_; such
as anti-inflammation and antithrombosis are reduced [28].
Other than above, the endothelial responses via disrup-
tion of angiopoietin/Tie2 system in sepsis-associated DIC
have attracted attention [29]. Angiopoietin-1 and -2 are
the ligands for the vascular endothelial receptor tyrosine
kinase Tie2, and signaling by angiopoietin-1 suppresses
endothelial cell apoptosis, maintains the vascular endothe-
lial permeability, and reduces leucocyte adhesion. Sys-
temically, angiopoietin-2 signaling converts antiinflam-
matory and antithrombotic properties to a prothrombotic
effect. During sepsis, angiopoietin-2 stored in Weibel—Pal-
ade body is released and preferentially binds to Tie2 over
angiopoietin-1 [30].

factor pathway inhibitor (TAFI) release. Damaged endothelial pro-
duce plasminogen activator inhibitor 1 and releases VWF and express
adhesion molecules. The complement system is activated and proco-
agulant C3a-5a is increased, and membrane attack complex (MAC)
damages the endothelial cell. The damaged cells release damage-
associated molecular patterns such as cell-free DNA, histones, and
high-mobility group box 1 (HMGBI1) and accelerates the thrombus
formation

Anticoagulation dysregulation in sepsis

Semeraro et al. [31] described important factors in massive
fibrin deposition recognized in sepsis-associated DIC: (a)
the expression of tissue factor and subsequent activation
in coagulation, (b) the suppression of fibrinolysis due to
the production of PAI-1, and (c¢) the impairment of physi-
ological anticoagulant pathways, orchestrated mainly by
endothelial cell dysfunction. The physiological anticoagu-
lants such as protein C and antithrombin are significantly
decreased during sepsis, and the levels are known to corre-
late with mortality [32]. The monitoring of anticoagulants
in DIC is important, because not only levels reflect both
activation in coagulation and vascular damage, but also
important information to decide when to initiate potential
anticoagulation repletion.
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Fig.4 Pathogenesis of sepsis-associated coagulopathy. Thrombin is
the key mediator that activates endothelial cells and platelets. Throm-
bin binds to protease-activated receptor 1 (PARI1) and induces pro-
inflammatory reaction, prothrombotic change, and activates platelet
aggregation. Damaged endothelial cell release angiopoietin 2 (Ang2)
that counteracts Angl's anti-inflammatory actions through its recep-

Comparison to COVID-19-associated
coagulopathy

The new severe acute respiratory syndrome coronavirus
(SARS-CoV-2) infection is known to be frequently com-
plicated with thrombotic events. Multiple factors such as
intravascular inflammation, activated coagulation, platelet
aggregation, and vascular endothelial damage are involved
in the development of thrombosis [33]. Nicolai et al. [34]
described the histopathology of the lung and described
that activated neutrophil and platelets play the key role in
the formation of immunothrombus, as seen in sepsis. With
regard to hypercoagulability, viscoelastic testing demon-
strates a procoagulant profile represented by an increased
clot strength, and the increase was attributed to platelet acti-
vation and increased fibrinogen levels [35]. These observa-
tions suggest an important role of activated platelets in the
thrombogenicity in COVID-19. Although thrombocytope-
nia is the most frequent laboratory disorder in infection-
associated DIC, it is much less common in COVID-19, at
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tor Tie2. angiotensin 2 receptor (ACE2). Ang2 also increases vas-
cular permeability that leads to the loss of anticoagulant proteins.
The activity of the angiotensin converting enzyme 2 (ACE2) on the
endothelial surface decreases in sepsis and the level of angiotensin II
(Ang 1II) increases, which leads to vasoconstriction and hyperinflam-
mation

least in its early phase. We believe this is due to microclot
formation that occurs in the lung microcirculation due to the
direct SARS-CoV-2 infection of the pulmonary endothelial
cells. As a result, the systemic consumption of the platelets
does not occur until the infection is at a more advanced and
systemic phase [36]. Viscoelastic testing also suggests that
systemic fibrinolysis is considerably suppressed, as noted in
sepsis-associated DIC [37]. The postmortem findings sug-
gest that the histologic findings of COVID-19 of the lung are
in accord with that of DIC [38], and increased NETSs forming
ability, and increased platelet aggregation were also reported
[34]. In the later stages of COVID-19, systemic activation of
coagulation becomes evident and finally reaches to the same
condition defined as thrombotic type DIC [39]. Regarding
the effect of anticoagulant therapy, the effect of heparin or
low-molecular-weight heparin (LMWH) was reported in
severe COVID-19 suggesting that the heparins may be effec-
tive not only for deep vein thrombosis (DVT) prevention but
also for microthrombosis prevention in the lung [40].
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Comparison to malignancy-associated
coagulopathy

Cancer is also complicated by DIC. Similar to sepsis,
DIC in cancer is thought to be driven by the induction of
cytokine and expression of procoagulant factors on can-
cer cells, such as tissue factor or factor Xa cancer pro-
coagulant [41]. Interestingly, recent studies reported the
involvement of the derangement of vascular endothelium
in the pathogenesis of cancer-induced DIC [42]. Since the
cancer-associated DIC progresses slowly compared to that
in sepsis, and coagulation factors and platelets are usually
compensated. Therefore, cancer-associated DIC is usually
classified in the balanced type. At this stage, the symptom
is subclinical, but thrombotic events are sometimes seen
in the advanced stages. The exception is the hematologi-
cal malignancy-associated DIC that can show abrupt life-
threatening hemorrhage associated with sudden thrombo-
cytopenia and consumptive coagulation factor deficiency.
It is noteworthy that the exacerbation of DIC also occurs
after the successful chemotherapy in this situation.

As the disease progresses, bleeding can occur and this
process may further lead to exhaustion of platelets and
coagulation factors. The bleeding can be the first clini-
cal symptom indicating the presence of DIC. In some
cases, the clinical presentation of cancer-associated DIC
is reminiscent of thrombotic microangiopathies rather than
sepsis-associated DIC. The therapeutic cornerstone of DIC
in malignancy is the treatment of underlying disorder but
supportive treatment, specifically aimed at the hemostatic
system may be required. At the same time, it should be
kept in mind that antifibrinolytic agents are sometimes
helpful to manage excessive hyperfibrinolysis and bleed-
ing [43].

Advance in the diagnosis
of sepsis-associated DIC

Coagulation and fibrinolysis markers

The key mediator that propagates systemic coagulation
and inflammation in sepsis is thrombin [12]. Throm-
bin stimulates the release of proinflammatory cytokines
and chemokines from the immune cells as well as from
the endothelial cells [44]. Therefore, it is important to
monitor thrombin generation for the correct evaluation
of the severity of sepsis-associated DIC. In the rand-
omized controlled trial (RCT) that evaluated recombinant
thrombomodulin, the placebo group demonstrated an
increased mortality along with increased baseline levels of

thrombin—antithrombin complex (TAT) and prothrombin
fragment, , [45]. While such a relation was not observed
between D-dimer levels and mortality, D-dimers elevated
in response to the fibrin generation but the level stayed the
same and did not escalate with increased severity [9]. This
finding is because the fibrinolytic system was suppressed
in severe cases by increased PAI-1 production, and the
D-dimer level is not a reflection of fibrin formation [46].
Rather, the combination of the biomarkers for thrombin
generation and fibrinolytic suppression such as TAT and
PAI-1 increase the predictive value for DIC and mortality
[47].

Vascular biomarkers

Since DIC is based on the vascular injury, constructing the
diagnostic evaluation using vascular biomarkers may be a
rational approach. Endothelium injury has been most fre-
quently evaluated with soluble thrombomodulin released
from the endothelial surface into circulation and PAI-1
produced by the endothelial cells [48]. Other biomarkers
include circulating components of the glycocalyx, such as
syndecan-1 and hyaluronic acid that covers endothelial sur-
face, as the damage markers. Inkinen et al. [49] reported syn-
decan-1, angiopoietin-2, and soluble thrombomodulin were
independently associated with an increased risk of mortal-
ity in sepsis. Additional potential biomarkers for assessing
endothelial injury include vascular endothelial growth factor
receptors 2 (VEGFR2) and the urokinase plasminogen acti-
vator receptor (WPAR), both are the receptors expressed on
vascular endothelial cells, are released into the circulation
during sepsis. Lafon et al. [50] reported soluble VEGFR2
and soluble uPAR as the severity markers in sepsis. Addi-
tional research is underway to examine better endothelial
damage markers in sepsis and DIC.

Importance of detecting the early-stage of DIC

DIC has been recognized as a critical event in patients with
sepsis, and therefore, common and readily available bio-
markers are needed for the diagnosis. The ISTH overt-DIC
criteria were composed of platelet count, prothrombin time
(PT), fibrin degradation products, and fibrinogen, however,
since overt-DIC criteria were developed to identify the con-
sumptive coagulopathy, the delay for diagnosis is a major
drawback [51]. To overcome this issue, sepsis-induced
coagulopathy (SIC) has been proposed by ISTH. SIC is
composed of three items: (a) the presence of organ dysfunc-
tion, (b) decreased platelet count, and (c) increased PT-INR,
and the validation study has shown that SIC precedes overt-
DIC and almost all of overt DIC patients are diagnosed as
SIC [52]. Jackson Chornenki et al. [53] also reported a high
predictive value of the combination of platelet count and
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PT-INR for DIC (area under the curve > 0.8). In addition to
the need for accurate prediction of DIC, and an important
question is whether the timing of SIC diagnosis is appropri-
ate for initiating anticoagulant therapy. One observational
study from Japan reported that SIC could determine the tim-
ing of anticoagulation properly [54], and recent RCT for
recombinant thrombomodulin was performed using similar
criteria as SIC [55]. In contrast, Ding et al. [56] reported
there was no advantage in diagnosing SIC in terms of mor-
tality prediction compared with overt DIC. Helms et al. [57]
also reported similar results. However, we believe these
studies did not appropriately examine the concept of SIC.
The SIC was designed to detect the risk of DIC at an earlier
timing with fewer, more readily available, and less-expense
biomarkers, and the prediction of outcomes is not the first
priority. ISTH recommends a two-step approach to diagnose
sepsis-associated DIC that includes screening first by SIC,
then diagnosing by overt DIC criteria [58]. As for the sever-
ity and mortality evaluation of sepsis, the superiority of the
SOFA score over the DIC score has already been reported
[59].

Other diagnostic criteria

To diagnose acute DIC at an earlier timing, the Japanese
Society for Acute Medicine (JAAM) released the DIC cri-
teria in 2007, and JAAM criteria has been used for the diag-
nosis of sepsis-associated DIC in most Japanese institutions
[60]. The JAAM criteria are easy to use, the score is reported
to correlate with mortality, and does not include fibrinogen
levels. However, JAAM-DIC criteria have rarely been used
outside Japan.

The DIC diagnostic criteria have been designed in vari-
ous ways. Japanese Society on Thrombosis and Hemostasis
(JSTH) proposed new diagnostic criteria based on the dif-
ferent concepts from SIC [61, 62]. The feature of the JSTH
criteria was trying to diagnose various types of DIC by one
scoring system. Any hematopoietic disorder type of DIC,
infectious type DIC, and basic type of DIC based can be
diagnosed using partially overlapping subclassified criteria.
The other feature of JSTH criteria is the inclusion of molecu-
lar markers. As for molecular markers, antithrombin activ-
ity, TAT, soluble fibrin, and prothrombin fragment , , were
employed to increase the sensitivity [63]. TAT and soluble
fibrin were also adopted for the exclusion of other conditions
that mimic DIC. In the cases of infectious types of DIC,
diagnosis is made based on the scores of the platelet count,
FDP, PT ratio, antithrombin activity, and other molecular
markers (TAT, soluble fibrin, or prothrombin fragment, ,).
Though molecular markers may increase the sensitivity and
specificity, theses markers are costly and unavailable in the
local laboratories. Overall, JSTH DIC diagnostic criteria are

@ Springer

capable of detecting DIC more specifically and better suit-
able for research purposes.

Advance in the treatment
of sepsis-associated DIC

Recombinant thrombomodulin

The effect of recombinant thrombomodulin for sepsis-
associated coagulopathy was recently examined in a phase
IIT study on 800 cases. In this study, the 28-day-all-cause
mortality rate was not statistically significantly different
between the treatment group and the placebo group (26.8 vs
29.4%, respectively; P=0.32) [64]. However, the post hoc
analysis demonstrated the greater absolute risk reductions
in subgroups with higher baseline prothrombin fragment, ,
or TAT. The higher risk reductions were also recognized in
subgroups with baseline coagulation biomarker levels above
the median of the entire study population at the reduction
range from 4.2 to 5.5% [42]. The effect of recombinant
thrombomodulin is still inconclusive, and the study will be
continued.

Antithrombin

The largest RCT examined the effect of antithrombin was
performed in 2001 [65]. In this study, antithrombin not
only failed to show a beneficial effect on mortality but also
increased the bleeding risk. However, we should remind this
study targeted the severe sepsis and not the sepsis-associated
DIC, therefore, Umemura et al. [66] performed a meta-anal-
ysis using the reported RCTs and showed a reduction of
mortality (risk ratio 0.63; 95% CI: 0.45-0.90) in the sub-
group of septic patients with DIC. Also, a recent summary of
systematic reviews found some evidences of its efficacy with
low certainty [67], and the Japanese Clinical Practice Guide-
lines for Management of Sepsis and Septic shock weakly
recommended the use of antithrombin for sepsis-associated
DIC with reduced antithrombin activities [68].

Heparins

Heparins are frequently used in septic patients admitted to
ICU for venous thromboembolism prevention. However,
its efficacy on DIC and patients’ outcome is still uncertain.
Recent studies performed in China reported the beneficial
effects on morbidity and mortality but increased bleeding
risk [69]. The overall benefit should be examined in future
studies.
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Summary

DIC has been thought of as consumptive coagulopathy
since its diagnostic criteria define the decompensated
coagulopathy that occurs. However, its definition clearly
describes that DIC is a systemic activation of coagulation
along with endothelial dysfunction in the pathophysiology.
To bridge the gap between the definition and the diagnostic
criteria, the establishment of individual criteria depending
on the underlying diseases is intended to improve diagno-
sis and management. In the case of sepsis-associated DIC,
new strategies, including the release of a two-step diag-
nosis using SIC and the introduction of new biomarkers
were intended. Along with ongoing advances in research,
the approach to determine the specific implications of DIC
should continue to be examined in both laboratory and
clinical research.
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