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Background: Traumatic brain injury (TBI)-associated coagulopathy is a widely
recognized risk factor for secondary brain damage and contributes to poor clinical
outcomes. Various theories, including disseminated intravascular coagulation (DIC), have
been proposed regarding its pathomechanisms; no consensus has been reached thus
far. This study aimed to elucidate the pathophysiology of TBI-induced coagulopathy
by comparing coagulofibrinolytic changes in isolated TBI (iTBI) to those in non-TBI, to
determine the associated factors, and identify the clinical significance of DIC diagnosis
in patients with iTBI.

Methods: This secondary multicenter, prospective study assessed patients with severe

trauma. iTBI was defined as Abbreviated Injury Scale (AIS) scores >4 in the head and
neck, and <2 in other body parts. Non-TBI was defined as AIS scores >4 in single
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body parts other than the head and neck, and the absence of AIS scores >3 in any
other trauma-affected parts. Specific biomarkers for thrombin and plasmin generation,
anticoagulation, and fibrinolysis inhibition were measured at the presentation to the

Results: We analyzed 34 iTBI and 40 non-TBI patients. Baseline characteristics,
transfusion requirements and in-hospital mortality did not significantly differ between
groups. The changes in coagulation/fibrinolysis-related biomarkers were similar. Lactate
levels in the iTBI group positively correlated with DIC scores (tho = —0.441, p = 0.017),
but not with blood pressure (rho = —0.098, p = 0.614). Multiple logistic regression
analyses revealed that the injury severity score was an independent predictor of DIC
development in patients with iTBI (odds ratio = 1.237, p = 0.018). Patients with iTBI were
further subdivided into two groups: DIC (n = 15) and non-DIC (n = 19) groups. Marked
thrombin and plasmin generation were observed in all patients with iTBI, especially those
with DIC. Patients with iTBl and DIC had higher requirements for massive transfusion and
emergency surgery, and higher in-hospital mortality than those without DIC. Furthermore,
DIC development significantly correlated with poor hospital survival; DIC scores at Oh

Conclusions: Coagulofibrinolytic changes in iTBI and non-TBI patients were identical,
and consistent with the pathophysiology of DIC. DIC diagnosis in the early phase of TBI

Keywords: disseminated intravascular coagulation, fibrinolysis, shock, thrombin, trauma-induced coagulopathy,

Wada et al.
emergency department (0 h) and 3 h after arrival.
were predictive of in-hospital mortality.
is key in predicting the outcomes of severe TBI.
traumatic brain injury

INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes
of death and disability, with more than 10 million people
hospitalized for TBI every year (1). Although primary damage
to the brain is inevitable, secondary injuries are potentially
avoidable and can affect the therapeutic interventions and
outcomes of patients with TBI. TBI-associated coagulopathy
is widely recognized as a risk factor for secondary brain
damage and contributes to poor clinical outcomes. Two meta-
analyses reported that the overall prevalence of TBI-associated
coagulopathy was 32.7-35.2%, and a strong association was
confirmed between the incidence of coagulopathy and poor
outcomes (2, 3). TBI-associated coagulopathy contributes to poor
outcomes in both hypocoagulability, leading to the expansion
of intracranial hemorrhage, and hypercoagulability, leading to
secondary cerebral ischemia due to intravascular thrombosis
in the injured brain (4-8). Therefore, elucidation of the
pathophysiology of TBI-induced coagulopathy may contribute to
improving the outcomes of TBI patients, but no consensus has
been reached thus far.

Disseminated  intravascular  coagulation (DIC) is
acknowledged as the primary pathophysiological mechanism
of trauma-induced coagulopathy (TIC), which is caused by
multiple factors, such as anemia, hemodilution, hypothermia,
acidosis, hemorrhagic shock, and serious trauma itself (9).

Coagulopathy that occurs in patients with TBI is consistent
with the definition of DIC proposed by the International
Society on Thrombosis and Haemostasis: the activation of
coagulation with the loss of localization and damage to
the microvasculature (10, 11). Previous studies have clearly
demonstrated consumption coagulopathy and disseminated
microvascular thrombosis formation in the brain and other
organs, which is the pathophysiology of DIC itself (12, 13).

A recent consensus statement from the International Society
on Thrombosis and Haemostasis described that TIC is driven
by two distinct and synergic insults: hypovolemic shock due
to blood loss and extensive tissue disruption (14). However,
it is unclear whether this concept can be applied to patients
with TBI, since these patients do not suffer substantial
blood loss, indicating that they are less likely to develop
hemorrhagic shock.

Therefore, this study aimed to elucidate the pathophysiology
of TBIl-induced coagulopathy by  comparing the
coagulofibrinolytic changes in isolated TBI (iTBI) with
those in non-TBI trauma, and to determine the associated
factors, particularly shock-related factors such as blood
pressure and serum lactate levels. To gain a deeper insight
into the pathomechanisms of TBI-induced coagulopathy,
coagulofibrinolytic changes were compared between iTBI
patients with and without DIC, and the clinical significance of
DIC diagnosis in patients with iTBI was evaluated.
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TABLE 1 | Demographics and parameters at the scene and admission to the
emergency department in patients with isolated traumatic brain injury and
non-traumatic brain injury.

Non-TBI iTBI p-value
n =40 n=234
Demographics
Age (years) 67 (55-79) 59 (48-76) 0.633
Male sex, n (%) 27 (67.5) 23 (67.6) 0.989
Charlson comorbidity index 0 (0-1) 0 (0-0) 0.711
ISS 20 (17-26) 17(16-25) 0.196
AIS
Head 0 (0-0) 4 (4-5) < 0.001
Face 0 (0-0) 0 (0-0) 0.814
Neck 0 (0-0) 0(0-0) 0.357
Thorax 4 (0-4) 0(0-0) < 0.001
Abdomen 0(0-2) 0(0-0) 0.001
Spine
Cervical 0 (0-0) 0(0-0) 0.019
Thoracic 0 (0-0) 0 (0-0) 0.019
Lumber 0 (0-0) 0(0-0) 0.105
Upper extremity 0 (0-0) 0 (0-0) 0.022
Lower extremity 0(0-2) 0 (0-0) < 0.001
External 0 (0-1) 0 (0-0) 0.048
DIC 0h, n (%) 8 (20.0) 9 (26.5) 0.510
DIC score Oh 3(2-3) 3(1-4) 0.920
DIC 3h, n (%) 10 (28.6) 10 (38.4) 0.416
DIC score 3h 3(1-4) 3(1-4) 0.875
DIC 24 h, n (%) 10 (26.3) 3(11.1) 0.131
DIC score 24 h 3(1-4) 3(0-3) 0.042
SIRS criteria 2(1-2) 2 (1-3) 0.205
Shock (ABP) at scene, n (%) 6(15.4) 3(8.8) 0.489
Shock (ABP) at ED, n (%) 8(20.0) 1.9 0.083
Shock (lac), n (%) 21 (56.8) 20 (69.0) 0.310
Tranexamic acid, n (%) 8 (20.0) 14 (41.2) 0.047
At the scene
Systolic blood pressure (mmHg) 119 (103-136) 150 (121-169) 0.004
Diastolic blood pressure (mmHg) 72 (63-87) 80 (65-104) 0.187
Heart rate (bpm) 83 (69-99) 84 (74-97) 0.747
Respiratory rate (breaths/min) 20 (18-24) 18 (18-20) 0.001
At the ED
Systolic blood pressure (mmHg) 140 (107-151) 144 (131-161) 0.007
Diastolic blood pressure (mmHg) 77 (6,693) 84 (71-95) 0.110
Heart rate (bpm) 82 (65-93) 84 (72-97) 0.520
Respiratory rate (breaths/min) 20 (18-26) 18 (16-20) < 0.001
Lactate (mmol/L) 1.7 (1.1-8.1) 3.1 (1.7-4.3) 0.372
Body temperature (°C) 36.4 (36.1-36.8) 36.3 (35.9-37.0) 0.853

Reported proportions (counts) for categorical variables and medians (interquartile ranges)
for continuous variables. Shock (ABP) represents a systolic blood pressure of <90 mmHg.
Shock (lac) represents lactate levels of >2 mmol/L in the emergency department (ED).
AIS, Abbreviated Injury Scale; DIC, disseminated intravascular coagulation; ISS, Injury
Severity Score; iTBI, isolated traumatic brain injury; SIRS, systemic inflammatory response
syndrome; TBI, traumatic brain injury.

MATERIALS AND METHODS
Study Design, Setting, and Ethical Approval

This descriptive study was performed as a secondary analysis
of a multicenter prospective study conducted by the Japanese

TABLE 2 | Requirement for transfusion and emergency surgery, and in-hospital

mortality.
Non-TBI iTBI p-value
n=40 n=34
Operation within 24 h after admission, n (%) 17 (42.5) 14 (42.4) 0.995
Massive transfusion, n (%) 2(5.0 4(11.8) 0.404
3-h Transfusion
Packed red blood cells (mL) 0 (0-0) 0 (0-0) 0.909
Fresh frozen plasma (mL) 0 (0-0) 0 (0-0) 0.636
Platelet concentrate (U) 0 (0-0) 0 (0-0) 1.000
Cryoprecipitate (U) 0 (0-0) 0 (0-0) 1.000
24-h Transfusion
Packed red blood cells (mL) 0 (0-280) 0(0-0) 0.772
Fresh frozen plasma (mL) 0 (0-0) 0 (0-480) 0.693
Platelet concentrate (U) 0 (0-0) 0(0-0) 0.705
Cryoprecipitate (U) 0 (0-0) 0(0-0) 1.000
In-hospital mortality, n (%) 1(2.5) 4(12.1) 0.169

Reported median (interquartile range) for continuous variables.
iTBI, isolated traumatic brain injury; TBI, traumatic brain injury.

Association for Acute Medicine (JAAM) Focused Outcomes
Research in Emergency Care in Acute Respiratory Distress
Syndrome, Sepsis, and Trauma (FORECAST) study group (15).
The JAAM FORECAST TRAUMA study recruited participants
between April 1, 2016 and January 31, 2018, from 39 emergency
departments (EDs) and intensive-care units (ICUs) in tertiary
hospitals and was registered at the University Hospital Medical
Information Network Clinical Trial Registry (UMIN-CTR ID:
UMIN000019588). This study was approved under the condition
that written informed consent was obtained from the patient
or next of kin by the JAAM and the Ethics Committee of each
hospital (JAAM, 2014-01; Hokkaido University Graduate School
of Medicine, Head Institute of the FORECAST group, 014-
0307) and was performed in accordance with the Declaration
of Helsinki.

Participants

The JAAM FORECAST TRAUMA study enrolled adult trauma
patients with severe trauma injury (aged >16 years old) with an
Injury Severity Score (ISS) of >16 who were directly transported
from the scene by emergency medical services. Patients with a
history of cardiac arrest and resuscitation, who were receiving
anticoagulants, who had hemorrhagic diathesis or coagulopathy
due to any cause, or who had been transferred from other
hospitals were excluded before registration. The size of the study
population was dependent on the study period. All patients were
followed up until discharge. Twenty-seven healthy volunteers
who were not age- or sex-matched were enrolled to obtain the
control values of the measured markers.

Definition and Diagnosis

Injury severity was assessed using the ISS. A DIC diagnosis
was made based on the JAAM DIC diagnostic criteria (16)
(Supplementary Table 1). The DIC scores were calculated at 0,
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3, and 24 h, and the DIC group was defined as patients who met
the DIC criteria at least once during the study period. In the
present study, the prothrombin time international normalized
ratio (PT-INR) was used as a substitute for the prothrombin
time ratio for the diagnosis of DIC. Transfusion of packed red
blood cells of more than the estimated circulating blood volume
(7.5% of body weight) within 24 h after presentation to the ED
met the definition of massive transfusion. Shock was defined as
a systemic inflammatory response syndrome criteria were used
to assess systemic inflammation (17). A systolic blood pressure
of <90 mmHg at the scene or at the ED and lactate levels >2
mmol/L at the ED. The Charlson comorbidity index was used to
assess comorbidities (18).

iTBI was defined as an Abbreviated Injury Scale (AIS) score of
>4 in the head and neck and <2 in other body parts. To match
the injury severity of iTBI, non-TBI was defined as an AIS score
of >4 in one body part other than the head and neck and the
absence of AIS score of >3 in any part affected by trauma.

Data Collection and Measurements

Immediately after arrival at the ED (0 h) and 3 h after admission
(3h), 15mL of blood was collected in citrate containing tubes at
each sampling point. The samples were immediately centrifuged
at 4°C in the laboratories of each hospital, and the obtained
plasma was stored at —80°C. All plasma samples were measured
at the center laboratory of the LSI Medience Corporation
(Tokyo, Japan). We measured the following molecular markers:
(1) soluble fibrin (marker of direct thrombin generation) (LA,
IATRO SFII; LSI Medience), (2) antithrombin (marker of
anti-thrombin) (chromogenic assay, HemosIL Antithrombin
LQ; Instrumental Laboratory), (3) protein C (marker of
anticoagulation) (LPIA, LPIA-ACE PCII; LSI Medience), (4)
plasmin antiplasmin complex (marker of plasmin generation)
(LPIA, LPIA-ACE PPI II; LSI Medience), (5) plasminogen
activator inhibitor-1 (PAI-1) (marker of inhibition of fibrinolysis)
(LA, LPIA-tPAI test; LSI Medience), (6) D-dimer (marker of
fibrinolysis) (LPIA, LPIA GENESIS D-dimer; LSI Medience),

500
:_ET 4004 ++++
£ -
2 - ++++
c 300
S ++++
4= 200+ ++++
o9
=
g 100
" =
>
O
& Q" D D
S QL R
SR
- ++++
150 L,
S
- 100~
£
S
=]
ey
E 50
C
<
0 1 1 1 1 1
>
O
SR N G- NG
SRR
SR

FIGURE 1 | Serial changes in the coagulation-related molecular markers. Healthy controls (white box), non-traumatic brain injury (TBI) (hatched boxes), and isolated
TBI (ITBI) (gray boxes) at presentation to the emergency department (0 h) and 3 h after hospital arrival (3 h). The horizontal bars in the box indicate the median (middle)
and interquartile ranges (upper 25% and lower 75%). Black boxes are mean values. +p < 0.05 vs. healthy controls; ++p < 0.01 vs. healthy controls; + + +p <
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and (7) circulating activated protein C (APC) (marker of
inhibition of thrombin) (EIA, EIA Kit For Activated Protein
C Cloud-Clone Corp.). In addition to routine laboratory tests
and blood gas analysis, measurements of platelet counts, PT-
INR, activated partial thromboplastin time (APTT), fibrinogen,
fibrin/fibrinogen degradation products (FDPs), and the FDP/D-
dimer ratio, a surrogate marker of fibrin(ogen)olysis, were
measured at 0, 3, and 24 h after arrival at the ED.

Statistical Analyses

Measurements are expressed as the median with the 25th—75th
interquartile range or as numbers (percentages). Missing values
were used without manipulation. Differences in demographics
and measured parameters between the two groups were
compared using the Mann-Whitney U-test for continuous
variables and using either the chi-square test or Fisher’s exact test
for nominal variables when required. Platelet counts and global
markers of coagulation and fibrinolysis were also evaluated using

the Mann-Whitney U-test. Correlations were evaluated using
Spearman’s rank test when required. Survival probability curves
with and without a DIC diagnosis in iTBI were constructed using
the Kaplan-Meier method. The receiver operating characteristic
(ROC) curve was constructed, and the area under the ROC curve
(AUC) was used to assess the ability of DIC scores to predict
in-hospital mortality. Differences were considered statistically
significant at a two-tailed p < 0.05. SPSS software (version 26;
IBM Japan, Tokyo, Japan) was used for all statistical analyses
and calculations.

RESULTS

Baseline Characteristics, Transfusion, and
In-Hospital Mortality

In total, 295 consecutive patients were registered during the
study period in the FORECAST TRAUMA cohort. Ultimately,
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276 patients who met the eligibility criteria were divided

DIC scores and prevalence at 0 and 3h did not significantly

into the iTBI (n = 34) and non-TBI (n = 40) groups differ between the groups (Table1). The requirement for
(Supplementary Figure 1). massive transfusion, transfusion volumes, and in-hospital
There were no significant differences in age, sex, mortality did not significantly differ between the two groups

comorbidities, or ISS between the groups. In addition, the

(Table 2).
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FIGURE 3 | Spearman’s rank correlation coefficients between the lactate levels and systolic blood pressure (SBP) at scene and the disseminated intravascular
coagulation (DIC) score at arrival to the emergency department. TBI, traumatic brain injury; iTBI, isolated traumatic brain injury.

TABLE 3 | Results of logistic regression analyses of variables predicting the development of disseminated intravascular coagulation in patients with isolated traumatic

brain injury.
Univariable Multivariable

Odds ratio p-value 95% CI Odds ratio p-value 95% CI
Age 1.027 0.202 0.986-1.070
Sex 3.281 0.120 0.733-14.683
ISS 1.220 0.018 1.034-1.439 1.237 0.018 1.034-1.439
SBP at scene 1.004 0.595 0.989-1.020
Shock (ABP) at scene 2.769 0.425 0.226-33.879
SBP at ED 1.025 0.078 0.997-1.053
Shock (ABP) at ED, n (%) 0.000 1.000 0-0
Lactate Oh 1.403 0177 0.858-2.295
Shock (lac), n (%) 3.500 0.172 0.579-21.161

Shock (ABP) represents a systolic blood pressure of <90 mmHg. Shock (lac) represents lactate levels of >2 mmol/L at the emergency department (ED).
Cl, confidence interval; ED, emergency department; ISS, injury severity score; iTBI, isolated traumatic brain injury; SBF, systolic blood pressure; TBI, traumatic brain injury.
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TABLE 4 | Demographics and parameters at the scene and admission to the
emergency department in isolated traumatic brain injury patients with and without
disseminated intravascular coagulation.

TABLE 5 | Requirement for transfusion and emergency surgery, and in-hospital
mortality in isolated traumatic brain injury patients with and without disseminated
intravascular coagulation.

Non-DIC DIC p-value
n=19 n=15
Demographics
Age (years) 59 (61-73) 58 (49-74) 0.242
Male sex, n (%) 15 (78.9) 8 (53.3) 0.112
Charlson comorbidity index 0(0-0) 0(0-1) 0.190
Glasgow coma scale 14 (13-15) 7 (39 0.004
1SS 17 (16-17) 25 (16-25) 0.120
AIS
Head 4 (4-4) 5 (4-5) 0.004
Face 0 (0-0) 0(0-0) 0.023
Neck 0 (0-0) 0(0-0) 0.451
Thorax 0 (0-0) 0(0-0) 1.000
Abdomen 0 (0-0) 0(0-0) 0.811
Spine
Cervical 0 (0-0) 0(0-0) 1.000
Thoracic 0 (0-0) 0(0-0) 1.000
Lumber 0 (0-0) 0(0-0) 1.000
Upper extremity 0 (0-0) 0(0-0) 0.811
Lower extremity 0(0-0) 0(0-0) 1.000
External 0 (0-0) 0(0-0) 0.918
SIRS criteria 1(1-2) 3(1-3) 0.116
Shock (ABP) at scene, n (%) 1(6.9) 2(138.3) 0.409
Shock (ABP) at ED, n (%) 1(6.3) 0(0) 0.559
Shock (lac), n (%) 10 (68.8) 10 (83.3) 0.160
At the scene
Systolic blood pressure (mmHg) 138 (121-155) 144 (138-179)  0.537
Diastolic blood pressure (mmHg) 78 (60-86) 83 (70-109) 0.708
Heart rate (bpm) 84 (77-87) 80 (66-98) 0.421
Respiratory rate (breaths/min) 18 (18-21) 18 (16-18) 0.167
At the ED
Systolic blood pressure (mmHg) 138 (128-155) 144 (138-179)  0.083
Diastolic blood pressure (mmHg) 82 (65-90) 84 (74-98) 0.202
Heart rate (bpm) 74 (70-86) 95 (81-98) 0.401
Respiratory rate (breaths/min) 18 (16-19) 17 (15-20) 0.319
Lactate (mmol/L) 2.0 (1.3-2.9) 4.3 (3.2-6.1) 0.152
Body temperature (°C) 36.8 (36.0-37.0) 36.0(35.7-36.8) 0.132

Reported proportions (counts) for categorical variables and medians (interquartile ranges)
for continuous variables. Shock (ABP) represents a systolic blood pressure of <90 mmHg.
Shock (lac) represents lactate levels of >2 mmol/L in the emergency department (ED).
AIS, Abbreviated Injury Scale; DIC, disseminated intravascular coagulation; ISS, Injury
Severity Score; iTBI, isolated traumatic brain injury; SIRS, systemic inflammatory
response syndrome.

Comparison of Coagulofibrinolytic
Changes Between the iTBI and Non-TBI

Groups

Serial changes in the molecular markers of coagulation are
shown in Figure 1. The levels of anticoagulation factors such
as antithrombin and protein C were lower, while the levels
of soluble fibrin and APC were significantly higher in the
iTBI and non-TBI groups than in the healthy control group.
These coagulation markers showed similar changes in patients

Non-DIC DIC p-value
n=19 n=15
Operation for TBI within 24 h 4(21.1) 9 (60.0) 0.024
after admission, n (%)
Massive transfusion, n (%) 0(0) 4 (26.7) 0.029
3-h transfusion
Packed red blood cells (mL) 0 (0-0) 0 (0-0) 0.451
Fresh frozen plasma (mL) 0 (0-0) 0 (0-0) 0.681
Platelet concentrate (U) 0 (0-0) 0 (0-0) 1.000
Cryoprecipitate (U) 0 (0-0) 0(0-0) 1.000
24-h transfusion
Packed red blood cells (mL) 0 (0-0) 560 (0-5,880) 0.096
Fresh frozen plasma (mL) 0 (0-0) 1,080 (480-8,160) 0.077
Platelet concentrate (U) 0 (0-0) 0(0-32) 0.202
Cryoprecipitate (U) 0 (0-0) 0 (0-0) 1.000
In-hospital mortality, n (%) 0(0) 4 (26.7) 0.033

Reported median (interquartile range) for continuous variables.
TBI, traumatic brain injury; DIC, disseminated intravascular coagulation.

with and without TBI. As shown in Figure2, increased
levels of plasmin-antiplasmin complex, D-dimer, and PAI-1
were observed in iTBI and non-TBI patients than in healthy
controls. The levels of antiplasmin significantly decreased in
the iTBI and non-TBI groups compared to those in the
control group. These fibrinolysis-related molecular markers also
underwent similar changes in the iTBI and non-TBI groups. In
addition, serial changes in platelet counts and global markers
of coagulation and fibrinolysis were similar between the groups
(Supplementary Table 2).

Factors Associated With Lactate Levels
Non-TBI patients exhibited lower systolic blood pressure at the
scene and at the ED with a higher incidence of shock defined
as a systolic blood pressure of <90 mmHg at the ED than
the iTBI group. However, the incidence of shock defined by
lactate levels of >2 mmol/L was identical between the two
groups (Table1). There was a negative correlation between
systolic blood pressure and lactate levels in the non-TBI group
(Spearman’s tho = —0.403, p = 0.013; Figure 3A), while no
significant correlation was observed between these variables in
the iTBI group (Spearman’s rho = 0.098, p = 0.614; Figure 3B).
By contrast, no correlation was observed between lactate levels
and the DIC score at 0h in the non-TBI group (Spearman’s rho
= 0.085, p = 0.618; Figure 3C), but a positive correlation was
observed between these values in the iTBI group (Spearman’s rho
= 0.441, p = 0.017; Figure 3D).

Factors Associated With the Development
of DIC in the iTBI Group

Logistic regression analysis was performed to evaluate the
factors associated with the development of DIC. Multiple logistic
regression analysis indicated that ISS was an independent
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coagulation (DIC) at risk of death on the indicated days. (B) Receiver operating
characteristics (ROC) curves of the DIC score immediately after arrival at
emergency department. AUC, area under the ROC curve; SE, standard error.

predictor of DIC development in patients with iTBI (odds
ratio=1.237, p=0.018; Table 3).

Baseline Characteristics, Transfusion, and
In-Hospital Mortality in iTBI Patients With
and Without DIC

Next, we focused on iTBI patients and divided them into the
DIC group (n = 15) and the non-DIC group (n = 19). The
baseline characteristics of the patients are presented in Table 4.
The median ISSs in the DIC and non-DIC groups were 25 and
17, respectively. DIC patients had a higher AIS score in the head
and worse Glasgow Coma Scale scores than non-DIC patients.
The physiological parameter values at the scene and ED did not
differ between the groups. Only few patients had blood pressure-
defined shock in both groups, whereas >50% of the patients
had lactate-defined shock (DIC, 83.3%; non-DIC, 58.8%). The
median lactate levels in the DIC and non-DIC groups were
4.3 and 2.0 mmol/L, respectively. The requirements for massive
transfusion and emergency surgery for TBI were significantly
higher, and in-hospital mortality was higher in the DIC group
than in the non-DIC group (Table 5). The survival probability
was significantly lower among iTBI patients diagnosed with

DIC immediately after presentation to the ED than among
patients without DIC (log rank p=0.043; Figure 4A). ROC curves
indicated that the DIC scores immediately after arrival to the ED
were a good predictor of in-hospital mortality in patients with
iTBI (AUC 0.866, p=0.019; Figure 4B).

Comparison of Coagulofibrinolytic
Changes Between iTBI Patients With and
Without DIC

Higher levels of soluble fibrin and lower levels of antithrombin
were confirmed in iTBI patients with DIC than in those
without DIC (Figure5). As shown in Figure 6, there were
increased plasmin generation and fibrinolysis and lower levels of
antiplasmin at 0 and 3 h in the iTBI with DIC group than in the
iTBI without DIC group. The PAI-1 levels in iTBI patients with
DIC at 3 h after hospital arrival tended to be higher than those in
patients without DIC (p = 0.091). Higher levels of FDP at 0 h and
lower platelet counts were observed in iTBI patients with DIC
than in those without DIC (Supplementary Table 3).

DISCUSSION

This study aimed to elucidate the pathophysiology of TBI-
induced coagulopathy by comparing the coagulofibrinolytic
changes in iTBI patient with those in non-TBI trauma patients,
to determine the associated factors, and to identify the clinical
significance of DIC diagnosis in patients with iTBI. In the
present study, similar requirements for massive transfusion and
in-hospital mortality were observed between iTBI and non-
TBI patients with a similar severity of trauma. The changes in
the levels of coagulofibrinolytic biomarkers were also identical
between the groups. The lactate levels in the iTBI group
were positively correlated with DIC scores but not with blood
pressure. Moreover, the ISS was an independent predictor of
DIC development in patients with iTBI. iTBI patients with DIC
showed a significantly higher requirement for emergency surgery
for TBI, and a higher incidence of massive transfusion than did
those without DIC. DIC development was significantly associated
with poor hospital survival, and DIC scores at 0 h were predictive
of in-hospital mortality. In patients with iTBI with DIC, marked
thrombin and plasmin generation was confirmed.

Although numerous mechanisms that are potentially
associated with coagulopathy after TBI have been suggested, we
previously demonstrated that the main pathomechanism of TIC,
with or without TBI, is DIC (19-21). DIC is characterized by
increased thrombin generation and subsequent consumption
coagulopathy due to damage-associated molecular patterns
derived from injured cells and tissues (22). That is, DIC is
caused by trauma itself (23). However, another theory advocates
that TBI alone does not cause early coagulopathy (24) and
that coagulopathy occurs only in patients with shock-induced
profound acidosis and high lactate concentrations (25-27). The
results of the present study indicated no correlation between
lactate levels and systolic blood pressure (Figure 3B) in iTBI
patients, but the positive correlation between lactate levels and
DIC score (Figure 3D) in those patients implies that the increase
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in lactate levels in TBI patients is caused by DIC-mediated
secondary tissue hypoperfusion rather than by hypotension due
to hemorrhagic shock. The results demonstrated that ISS was
an independent predictor of pathological coagulofibrinolytic
changes, namely DIC, in iTBI patients (Table 2), which also
supports the concept that TIC is caused by trauma itself,
with or without shock (23). The current results revealed
similar coagulofibrinolytic changes, characterized by DIC with
hyperfibrinolysis, between iTBI and non-TBI (Figures1, 2),
which was in line with the findings of a previous study (28).

iTBI patients with DIC had a higher requirement for massive
transfusion and emergency surgery and had a higher in-hospital
mortality than did those without DIC (Table 5). In addition,
the DIC score in the iTBI group immediately after arrival to
the hospital was predictive of in-hospital mortality (Figure 4B).
Similar results have been reported not only in the setting of iTBI
(2, 3), but also in other trauma settings (29). These results suggest

the importance of DIC diagnosis in severely injured patients with
or without TBL

The present study revealed marked thrombin generation
with lower levels of antithrombin in iTBI patients, particularly
those with DIC (Figure 5). Previous studies confirmed such
thrombin generation after iTBI, as evaluated by the high
levels of the thrombin-antithrombin complex, prothrombin
fragment 1 + 2, fibrinopeptide A, and fibrin monomers (28,
30, 31). High levels of soluble tissue factors have also been
found (30, 32). Injury to the blood-brain barrier, caused by
direct cerebral vascular disruption, potentially releases brain
tissue factors into systemic circulation (5, 33). Tissue factors
exposed to blood bind extensively to factor VIIa, followed
by the initiation of the extrinsic coagulation pathway and
subsequent consumption coagulopathy (23). Massive thrombin
generation due to the activation of coagulation may lead to
the consumption of anticoagulant factors, such as antithrombin
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and protein C, followed by further activation of coagulation.
These changes contribute to hypercoagulability inside the vessels,
leading to intravascular microthrombosis in the brain and
other organs, and hypocoagulability outside the vessels due
to consumptive coagulopathy, leading to the progression of
intracranial hemorrhage (34).

This study demonstrated marked plasmin generation
with lower levels of antiplasmin in iTBI and these changes
were prominent in iTBI patients with DIC (Figure 6).
Hyperfibrinolysis after trauma is caused by the release of
tissue-type plasminogen activator (t-PA) from the endothelial
Weibel-Palade bodies due to traumatic shock-induced tissue
hypoperfusion (22). However, patients with iTBI with high
lactate levels had no low blood pressure (Figure3B), and
similar results were reported previously (35). These results
indicate that increases in lactate levels are not caused by low

blood pressure-related hypoperfusion, but by DIC-induced
tissue-hypoperfusion. That is, high lactate levels in iTBI with
coagulopathy are a result rather than a cause of TIC. Instead
of traumatic shock-induced tissue hypoperfusion, the direct
release of t-PA from injured brain tissue has been acknowledged
as another explanation of hyperfibrinolysis in patients with
iTBI (11). A previous study demonstrated that endogenous t-PA
increases the lysis of plasma clots and contributes to intracerebral
hemorrhage after TBI (36).

STUDY LIMITATIONS

Several limitations of our study need to be considered. First,
although the present dataset was prospectively collected, causal
relationships could not be defined because of the retrospective
study design and missing values. Second, this study included a
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small number of patients. Third, we did not distinguish types
of TBI (e.g., acute subdural hematoma, traumatic subarachnoid
hemorrhage, and contusion), which may affect the pathology
and severity of TBI-induced coagulopathy. Fourth, although
more patients received tranexamic acid in the iTBI group than
in the non-TBI group, the effects of tranexamic acid on the
levels of coagulation and fibrinolysis-related markers were not
determined. Fifth, bias may exist in trauma types in the non-
TBI group, as suggested by the finding that many patients in
this group had severe thoracic injury. Finally, this was a single
nationwide study conducted in a developed country, which may
have limited the global generalization of the results.

CONCLUSIONS

The present study demonstrated similar coagulofibrinolytic
changes between iTBI and non-TBI patients, which are consistent
with DIC. Marked generation of thrombin and plasmin was
confirmed in iTBI patients, and these changes were more
prominent in iTBI patients with DIC. The development of DIC in
patients with iTBI was associated with a poor survival outcome,
and DIC scores immediately after hospital arrival could predict
in-hospital death. Therefore, the diagnosis of DIC in the early
phase of trauma is important for predicting the outcome of
severely injured patients, including those with iTBI.
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