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Abstract

Background: Trauma-induced coagulopathy in traumatic brain injury (TBI) remains associated with high rates of
complications, unfavorable outcomes, and mortality. The underlying mechanisms are largely unknown. Embedded in
the prospective multinational Collaborative European Neurotrauma Effectiveness Research in Traumatic Brain Injury
(CENTER-TBI) study, coagulation profiles beyond standard conventional coagulation assays were assessed in patients
with isolated TBI within the very early hours of injury.

Methods: Results from blood samples (citrate/EDTA) obtained on hospital admission were matched with clinical
and routine laboratory data of patients with TBI captured in the CENTER-TBI central database. To minimize confound-
ing factors, patients with strictly isolated TBI (iTBI) (n = 88) were selected and stratified for coagulopathy by routine
international normalized ratio (INR): (1) INR< 1.2 and (2) INR>1.2. An INR> 1.2 has been well adopted over time as

a threshold to define trauma-related coagulopathy in general trauma populations. The following parameters were
evaluated: quick’s value, activated partial thromboplastin time, fibrinogen, thrombin time, antithrombin, coagulation
factor activity of factors V, VIII, IX, and XIlI, protein C and S, plasminogen, D-dimer, fibrinolysis-regulating parameters
(thrombin activatable fibrinolysis inhibitor, plasminogen activator inhibitor 1, antiplasmin), thrombin generation, and
fibrin monomers.

Results: Patients with iTBI with INR> 1.2 (n=16) had a high incidence of progressive intracranial hemorrhage associ-
ated with increased mortality and unfavorable outcome compared with patients with INR< 1.2 (n=72). Activity of
coagulation factors V, VIII, IX, and XIIl dropped on average by 15-20% between the groups whereas protein C and

S levels dropped by 20%. With an elevated INR, thrombin generation decreased, as reflected by lower peak height
and endogenous thrombin potential (ETP), whereas the amount of fibrin monomers increased. Plasminogen activity
significantly decreased from 89% in patients with INR< 1.2 to 76% in patients with INR > 1.2. Moreover, D-dimer levels
significantly increased from a mean of 943 mg/L in patients with INR< 1.2 to 1,301 mg/L in patients with INR>1.2.

*Correspondence: Marc.Maegele@t-online.de

"Julia K. Bshm and Victoria Schaeben have contributed equally to this
work.

Institute for Research in Operative Medicine, Faculty of Health,
Department of Medicine, Witten/Herdecke University, Ostmerheimer Str.
200, Building 38, 51109 Cologne, Germany

Full list of author information is available at the end of the article

All CENTER-TBI participants and investigators are listed in the Appendix.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-021-01400-3&domain=pdf

928

Traumatic brain injury

Conclusions: This more in-depth analysis beyond routine conventional coagulation assays suggests a counterbal-
anced regulation of coagulation and fibrinolysis in patients with iTBI with hemostatic abnormalities. We observed
distinct patterns involving key pathways of the highly complex and dynamic coagulation system that offer windows
of opportunity for further research. Whether the changes observed on factor levels may be relevant and explain the
worse outcome or the more severe brain injuries by themselves remains speculative.
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Introduction

Traumatic brain injury (TBI) remains a significant
medical and socioeconomic burden for patients, rela-
tives, and health care systems [1]. Current calcula-
tions estimate approximately 69 million cases of TBI
to occur each year around the globe [2]. Apart from
the initial injury, posttraumatic courses, including
outcomes, may be complicated by preexisting hemo-
static derangements or derangements that develop
with TBI [3]. Recent observational data from the pro-
spective multicentered Collaborative European Neu-
rotrauma Effectiveness Research in Traumatic Brain
Injury (CENTER-TBI) study have confirmed the pres-
ence of laboratory coagulopathy based on conventional
coagulation assays (CCAs) in approximately 20% of all
patients with isolated TBI (iTBI) on hospital admission
[4]. Independent risk factors may include not only the
degree of impact, shock, hypothermia, and hypotension
but also preinjury use of anticoagulant and/or anti-
platelet therapies [4]. Patients with preinjury antico-
agulant and/or antiplatelet therapy were twice as likely
to have an abnormal coagulation profile as those with-
out premedication, and this was associated with greater
expansion of hemorrhagic lesions and a higher risk of
delayed traumatic intracranial hemorrhage [4, 5].

Apart from the physical impact, which typically
leads to disruptions of the cerebral vasculature and the
blood-brain barrier, along with hemorrhage, TBI-asso-
ciated factors may further alter the overall hemostatic
state, leading to disruptions in the balance between
hypocoagulability and hypercoagulability, thereby exac-
erbating the initial injury [6]. The current definitions of
post-TBI coagulopathy remain heterogeneous and are
often based on CCAs, such as prothrombin time with
its surrogates, prothrombin ratio and international nor-
malized ratio (INR), and activated partial thromboplas-
tin time (aPTT). In addition, the precise mechanisms
that relate to the different phenotypes of coagulopa-
thy seen with TBI are still incompletely understood.
The aim of the present study was to further charac-
terize alterations within the coagulation system of
patients with iTBI by assessing concentration changes
of selected proteins indicative for hypercoagulation and

hypocoagulation beyond CCAs within the early hours
of injury. In this context, further interest was given to
the assessment of hemorrhagic injuries, expansion, and
outcome in the presence of hemostatic abnormalities
after iTBL

Methods

Patients and Blood Sampling

The present study was embedded into the longitudinal
observational CENTER-TBI study, which had recruited
patients from 60 selected centers across Europe and
Israel between December 2014 and December 2017 [7].
The study was conducted in accordance with local ethi-
cal regulations and with all relevant laws of the European
Union and the country of the recruiting site, including
relevant laws and regulations on the use of human mate-
rials. Informed consent by the patients and/or the legal
representative/next of kin was obtained according to the
local legislations.

Patient inclusion criteria were clinical diagnosis of
TBI, indication for computed tomography (CT) scan-
ning, presentation to a study center within 24 h of injury,
and informed consent according to local and national
requirements [7]. Patients were excluded if they had any
severe preexisting neurological disorder that could have
confounded the outcome assessments.

Of the 60 recruiting CENTER-TBI study sites across
Europe, the following centers had collected and submit-
ted blood samples for the present analysis: (1) Antwerp
University Hospital (Belgium), (2) University of Cam-
bridge (UK), (3) Helsingin Yliopisto Finnish Institute for
Molecular Medicine (Finland), (4) University Hospitals
Leuven (Belgium), (5) Karolinska University Hospital
Stockholm (Sweden), (6) University Hospital of Aachen
(Germany), (7) Kaunas University of Technology (Lithu-
ania), (8) Leids Universitair Medisch Centrum (Neth-
erlands), and (9) Turku University Central Hospital
(Finland). On site, EDTA and citrated blood tubes were
centrifuged at 1.500 x g for 10 min. Platelet poor plasma
samples were aliquoted and frozen at —80 °C directly or
at— 20 °C for a maximum of 48 h before being transferred
to the storage temperature of — 80 °C. Samples were sent
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from the local recruiting sites to the central CENTER-
TBI laboratory at the University of Pécs (Hungary) first
and then sent on dry ice to the receiving Institute for
Research in Operative Medicine (IFOM) in Cologne,
Germany, for further analysis.

Sample Selection

On receipt, the samples were linked to the clinical and
laboratory data comprehensively collected into the
CENTER-TBI central database (INCF Neurobot 2.0;
INCE, Stockholm, Sweden). To exclude any confounding
effects by external factors (e.g., extracranial injuries and/
or relevant interim anticoagulant or procoagulant thera-
pies), further sample analysis was restricted to samples
received from patients with iTBI (AlSg,,;, 2—5) only and
to those with available data on coagulation captured in
the CENTER-TBI central database for the first 4 h after
injury. Samples received from patients with documented
preexisting neurological disorders, preinjury anticoagu-
lant and/or antiplatelet therapy, presence of extracra-
nial injuries (AISp, i acranial>0), and missing critical data
points were excluded a priori. For further analysis, the
first documented blood sample collected after local hos-
pital admission was considered together with the clinical
and laboratory data captured on the same timeline. The
INR on admission captured in the CENTER-TBI central
database served to distinguish two groups of samples
and patients: those with (1) INR< 1.2 and those with (2)
INR >1.2. An INR> 1.2 has been well adopted over time
as a threshold to define trauma-related coagulopathy in
general trauma populations [8].

Clinical Data

The prospectively recorded clinical and laboratory data
points in the scope of the CENTER-TBI study for patient
characterization and captured in the CENTER-TBI cen-
tral database included demographics, injury characteris-
tics, medical presentation on admission (Glasgow Coma
Scale score, systolic blood pressure, heart rate, tem-
perature), scheduled emergency surgical intervention,
neuroworsening, parameters for tissue injury and hypop-
erfusion (base excess and shock index), hemodilution
(platelets, hemoglobin, and hematocrit), and outcome
(death and Glasgow Outcome Score Extended [GOS-E]).
Presence of progressive intracranial hemorrhage (PIH)
was defined by the incidence of extradural or subdural
hematoma or subarachnoid hemorrhage on the initial CT
scan and increase in hemorrhage size/volume on the fol-
low-up CT scan. Follow-up data on functional outcome,
including mortality and GOS-E, were obtained 6 months
post injury. A GOS-E between 1 and 4 (dead, vegetative
state, low-severity disability, and high-severity disability)
was considered unfavorable.

Extended Coagulation Testing

CCAs to evaluate the coagulation status at the time point
of blood sampling were performed by the Institute of
Transfusion Medicine (ITM) at the Cologne-Merheim
Medical Center, Cologne (Germany), and included the
following: Quick’s value, INR, aPTT, thrombin time,
fibrinogen, and antithrombin. The assessments beyond
CCAs included coagulation factor V, VIII, IX, and XIII
antigens; protein C; protein S; D-dimer; and plasmino-
gen. Citrated plasma samples were analyzed by using
HemoslL assays (Werfen, Bedford, MA) on the ACL TOP
CTS 700 device (Werfen).

Enzyme-Linked Immunosorbent Assay

Soluble plasminogen activator inhibitor 1 (PAI-1) as a
marker for fibrinolysis regulation was quantified via the
commercial Human Serpin E1/PAI-1 DuoSet ELISA
(R&D Systems, Minneapolis, MN) according to the man-
ufacturer’s reccommendations.

Thrombin Generation and Fibrinolysis-Regulating Markers
Thrombin generation, thrombin activatable fibrinolysis
inhibitor (TAFI), antiplasmin, and fibrin monomers were
assessed at the Ludwig Boltzmann Institute (Vienna,
Austria). By using a quantitative fluorogenic assay (STG-
BleedScreen; Stago, Asniéres-sur-Seine, France) on the
thrombin generation analyzer (ST Genesia; Stago), the
thrombin generation parameters (1) peak height and
(2) endogenous thrombin potential (ETP) were deter-
mined. TAFI and the fibrinolysis regulator antiplasmin
were quantified by a colorimetric assay using the STA-
Stachrom TAFI and STA-Stachrom Antiplasmin kits
(Stago). The level of fibrin monomers was measured with
an immunoturbidimetric technology by using the STA-
Liatest FM kit (Stago). For these assays, the frozen cit-
rated plasma samples were thawed at 37 °C for 10 min in
a water bath and stored at room temperature for up to
1h.

Statistical Analysis

For the descriptive data analysis, metric data are pre-
sented as medians with interquartile ranges and cat-
egorical data are presented as percentages. Statistical
differences in patient characteristics and coagulation fac-
tors/parameters were tested by using the Mann—Whitney
U-test and x* test, respectively. A p value <0.05 was con-
sidered statistically significant. Statistical analyses were
performed by using SPSS statistics version 25 for Win-
dows (IBM Corp., Armonk, NY) and GraphPad Prism
version 7.00 (GraphPad Software, La Jolla, CA).
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CENTER-TBI database
n = 4,509

Patients with isolated TBI
(AISBrain >1)
n=1,222

Patients with TBI and extracranial
injuries (AISExtracranial)
n = 3,287

No Coagulation data in the acute
phase (<4h after injury)
n=624

(<4h after injury)
n =598

Available coagulation data in the acute phase

No coagulation samples available
n = 485

Excluded coagulation samples of
iTBI patients with:

+ Pre-injury antiplatelet

n =94

Coagualtion samples available for
»Extendend Coagulation Analysis*

anticoagulant therapy; n =18
* AlSgn=6;n=1

Measurements of conventional

o
S

iTBI patients stratified by
INR

coagulation parameters of iTBI
patients samples

Excluded plasma samples by
experimental settings

INR <1.2
n=72

isolated traumatic brain injury, TBI traumatic brain injury

INR >=1.2
n=16

Fig. 1 Overview of CENTER-TBI patients for selection into the present analysis to assess hemostatic abnormalities after iTBI. AIS Abbreviated Injury
Scale, CENTER-TBI Collaborative European Neurotrauma Effectiveness Research in Traumatic Brain Injury, INR international normalized ratio, iTBl

n=6

Results

Study Cohort Characteristics

Overall, 4,509 patients were included in the CENTER-
TBI core study database; of these, 3,287 had to be
excluded for coexisting extracranial injuries and 624
for missing data (Fig. 1). Of the 598 patients with iTBI
who had available coagulation data within the acute

phase after TBI (<4 h after injury), blood samples of
485 patients were missing, and to minimize interfer-
ence and interfering factors, an additional 19 patients
were excluded from the analysis (Fig. 1). Due to quality
loss of samples during shipment and experimental set-
tings, blood samples of another six patients had to be
excluded.
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Table 1 Characteristics of patients with iTBI stratified by INR (n = 88)

INR<1.2(n=172)

INR>1.2(n=16)

Age, median (IQR) (years)
Age > 75,n (%)
Male sex, n (%)

Blunt TBI
AlS 2
AlS 3
AlS 4
AlS 5

Diffuse axonal injury
Extradural hematoma
Subdural hematoma
Subarachnoid hemorrhage
Midline shift

Basal cistern compression
Depressed skull fracture
Severe contusion

410(30t057) 27.0 (22 t0 54)
5(6.9) NA

48 (66.6) 12(75)
65 (90.3) 15(93.8)
6(8.3) 1(63)
27 (37.5) 1(63)
21(29.2) 6(37.5)
18 (25) 8 (50)
9(12.5) 2(12.5)
15 (20.8) 4(25)
28 (38.8) 7(43.7)
34 (47.2) 8 (50)
12(167) 6 (37.5)
6(8.3) 2(12.5)
7(9.7) 3(18.8)
227) 2(12.5)

GCS, median (IQR)

SBP, median (IQR) (mm Hg)

Heart rate, median (IQR) (bpm)

Temperature, median (IQR) (°C)

Scheduled for emergency surgical intervention, n (%)
Neuroworsening, n (%)

14.0(10.0to 15.0)
134.0 (123 to 150)
84.0 (7510 97)
364 (35810 36.9)
11(15.3)

8(11.1)

120 (7.5t0 15.0)
1355 (113 to 163)
82.0 (68 to 90)
36.0 (35610 36:4)
2(125)

3(18.9)

Base excess (mmol/L)
Shock index

—1.1(=291t00.55)

0.61(0.521t0 0.71)

—2.7(=3.7t0 -0.9)
0.64 (048 10 0.73)

Platelet count (per nL)
Hemoglobin (g/dL)
Hematocrit

2205 (181,510 273.5)

13.9(12.8 to 14.5)

2115(177.810 235.3)
134 (12.1 to 144)

Blood products (e.g., RBC, FFP, PC, WB)

TXA

Death (overall), n (%)
GOS-E (6 months), median (IQR)

410 (38010 44.0) 440 (37.7 t0 45.7)%
NA NA

2(2.7) 1(6.3)

7(9.7) 3(18.8)

7 (610 8) 5Q2t07.5)

Neuroworsening was defined as follows: (1) a decrease in the GCS motor score of 2 or more points, (2) a new loss of pupillary reactivity or development of pupillary
asymmetry >2 mm, or (3) deterioration in neurological or CT status sufficient to warrant immediate medical or surgical intervention. Shock index was calculated as
follows: heart rate (bpm) divided by SBP (mm Hg). Patients with iTBI with AlSg,,;, 6 were not included.

AIS Abbreviated Injury Scale, aPTT activated partial thromboplastin time, CT computed tomography, ED emergency department, FFP fresh frozen plasma, GCS
Glasgow Coma Scale, GOS-E Glasgow Outcome Score Extended, INR international normalized ratio, iTBl isolated traumatic brain injury, NA not available, PC
platelet concentrate, PCC prothrombin complex concentrate, RBC red blood cells, SBP systolic blood pressure, TXA tranexamic acid, WB whole blood

*P < 0.05, **P < 0.001, ***P < 0.0001: statistically significant differences between patients with iTBI with INR <1.2 and patients with iTBI with INR >1.2.
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The results from the blood sample analyses were
matched with the clinical and routine laboratory data of
corresponding patients with iTBI for a study cohort of
88 patients who were then stratified according to admis-
sion INR (Fig. 1). The basic demographics and injury
characteristics of the patients included in the analysis
are shown in Table 1. Almost all patients had sustained
a blunt trauma mechanism, with high velocity trauma
as the most common cause of injury (44%) in patients
with INR>1.2, followed by ground-level falls (34%) in
patients with INR<1.2 (Table 2). In more than 90% of
cases, the iTBI was moderate to severe (AISg,;,>3) and
closed (Table 1). Patients with INR > 1.2, in general, were
younger, were more shocked, and had presented with
a lower Glasgow Coma Scale score. PIH as detected by
CT was observed more frequent with abnormal INR.
Midline shifts on CT were seen twice as frequently in
patients with INR > 1.2 (Table 1). Overall death increased
with increasing INR as the median GOS-E at 6 months
decreased (Table 1). In addition, 3.4% of the entire cohort
of patients with iTBI had received hemostatic agents in
the form of tranexamic acid (TXA), whereas just one
patient with an INR>1.2 had been treated with TXA
upon emergency department admission (Table 1).

Hemostatic Changes with Increasing INR

The majority of the results from CCAs and coagulation
factor concentrations, except for aPTT, thrombin time,
and fibrinogen, decreased with increasing INR (Table 3).
Whereas thrombin time and fibrinogen levels did not
change with increasing INR, the aPTT was significantly
prolonged in those patients (Table 3). The activity of
coagulation factors V, VIII, IX, and XIII dropped between
10 and 25% with INR > 1.2, whereas protein C and S lev-
els fell by approximately 20%. Coagulation factor V dis-
played the greatest decline with 25% with INR>1.2.
Also with increasing INR, thrombin generation potential
became impaired, as reflected by lower peak height as
well as significantly lower ETP (Fig. 2A, B). Conversely,
the amount of fibrin monomers increased with increasing

INR, whereas D-dimer levels rose significantly from a
mean of 943 pg/L in patients with INR<1.2 to 1,301 pg/L
in patients with INR> 1.2 (Fig. 2C, Table 3).

Fibrinolytic Markers with Increasing INR

Fibrinolysis inhibitor PAI-1 remained largely unaltered
across the two groups (Fig. 3C), whereas TAFI tended
to be lower with INR>1.2 (Fig. 3A). Similarly, plasmin
inhibitor antiplasmin decreased with increasing INR
(Fig. 3B). In correspondence, plasminogen activity sig-
nificantly decreased by 15% in patients with INR>1.2
(Table 3).

Discussion

The results from the present study provide more detailed
insights into the complex mechanisms behind the vari-
ous hemostatic abnormalities occurring with and after
TBIL Blood samples collected from patients with iTBI
after admission to 9 of 60 recruiting CENTER-TBI study
sites across Europe were submitted and used for more in-
depth analyses of the coagulation system beyond those
routinely used to characterize hemostatic abnormalities.
The INR was used as a crude a priori way to stratify for
the presence or absence of a coagulation deficit on emer-
gency department admission [8].

Increasing INR was associated with a 1.2-fold decrease
in thrombin formation peak height and ETP. This is most
likely explained by the reduction of coagulation factors
V and VIII in these patients because ETP is strongly
dependent on these factors. The activity of coagula-
tion factors V, VIII, and IX dropped by 10-25% of their
activity with increasing INR. Coagulation factor V, in
its active form, is part of the prothrombinase complex,
which catalyzes the conversion of prothrombin (factor
II) into thrombin (factor Ila), whereas coagulation factor
IX is part of the intrinsic tenase complex, which activates
prothrombinase. Also observed in the present study was
a decrease in activity of coagulation factor XIII by 15%
with increasing INR, which can most likely be linked to
an increased activation and consumption of coagulation

Table 2 Mechanism of injury in patients with iTBI stratified by INR (n = 44)

Injury Mechanisms

High-velocity trauma, n (%)

Blow to head (direct impact), n (%)

Head against object (direct impact), n (%)
Ground-level fall, n (%)

Fall from height (>1 m), n (%)

Other closed head injury, n (%)

INR <1.2 (n = 35) INR>1.2 (n=9)
6(17) 4(44)

5(14) NA

2(5.7) 1

12 (34) 2(22)

8(23) 1(11)

2(5.7) 101

Data on mechanism of injury were missing for n = 44 patients with iTBI.

INR international normalized ratio, iTBl isolated traumatic brain injury, NA not available.
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Fig. 2 Analysis of thrombin activity and generation in plasma of patients with iTBI stratified by INR. Peak height (A), endogenous thrombin
potential (B), and fibrin monomers (C) were measured after iTBI by using calibrated automated thrombography. Statistically significant differences
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Table 3 Conventional coagulation parameters, coagulation factor activity and anticoagulant proteins of patients

with iTBlI stratified by INR (n = 88)

INR<1.2 (n=72) INR>1.2 (n=16)

Conventional coagulation parameters, median (IQR)
Quick (%) (reference range 70-130)
aPTT (seconds) (reference range 23-36)
Thrombin time (seconds) (reference range 10-17)
Fibrinogen (mg/dL) (reference range 276-471)
Antithrombin (%) (reference range 83-128)
Coagulation factors and anticoagulant proteins, median (IQR)
FactorV (%) (reference range 62-139)
Factor VIII (%) (reference range 50-150)
Factor IX (%) (reference range 65-150)
Factor Xlll antigen (%) (reference range 75.2-154.8)
Protein C (%) (reference range 70.0-140.0)
Protein S (%) (reference range 63.5-149)
D-dimer (ug/L) (reference range 0-232)
Plasminogen (%) (reference range 80-133)

101.0 (90.0-109.0)
28.1 (25.1-30.5)
14.0 (13.0-15.0)
371.0 (315.0-462.0)
99.5(89.3-113.0)

94.5(79.3-110.8)
136.5(111.8-175.5)
113.0(99.5-128.8)
88.0 (75.0-104.0)
98.0 (86.0-112.0)
98.5(81.8-118.3)
943.0 (418.0-1,300.5)
89.0(79.0-97.3)

74.0 (69.3-77.8)***
32.0(30.0-35.2)***
14.0 (13.3-15.0)
389.0 (299.3-504.5)
94.0 (84.8-103.3)*

70.5 (51.3-78.8)***
119.0 (100.3-169.8)
100.5 (85.3-122.3)

68.0 (61.5-83.0)**
82.5(69.3-92.0)**
77.5(67.2-96.3)**
1,301.5 (966.0-6,260.5)*
76.5 (60.0-83.8)**

Conventional coagulation parameters, coagulation factors, and anticoagulant proteins of patients with iTBI are represented as median and IQR

aPTT activated partial thromboplastin time, INR international normalized ratio, IQR interquartile range, iTBl isolated traumatic brain injury

*P < 0.05, **P < 0.001, ***P < 0.0001: statistically significant differences between patients with iTBI with INR <1.2 and those with INR >1.2



934

A
200+ B 200+
p= 0.069
150+ — 1504
. )
§ oooooo £ S o %
T 1004 000 o0 g 100- oooocooooooo R
< ©04,60° © ) 0000002 o(; o
= oggggo OoO f—j‘ gooOoooO o©°
° g ® fel 8(90
504 Zggo o < 50 00050000
ooooooooooo OOo
0000830%%000 goo
o
O T T 0 T T
INR <1.2 INR >1.2 INR <1.2 INR >1.2
200+
. 1504 o °
'.—E o
2 100 .
— o
2
& 501 °8o
Ogooo °
ER) oooooooo 000°
INR <1.2 INR >1.2
Fig. 3 Analysis of fibrinolytic regulators in plasma of patients with iTBI stratified by INR. TAFI (A), antiplasmin (B), and PAI-1 (C) were measured fol-
lowing iTBI. Statistically significant differences between patients with iTBI with INR< 1.2 and patients with iTBI with INR > 1.2 are marked with aster-
isks (*P<0.05, **P<0.001, ***P<0.0001). INR international normalized ratio, iTBI isolated traumatic brain injury, PAI-1 plasminogen activator inhibitor
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factors, thus coagulation factor XIII was depleted. Coag-
ulation factor XIII is activated by thrombin to cross-link
fibrin. A deficiency of coagulation factor XIII is known to
worsen clot stability and increase bleeding tendency [9].
The reduced activity of thrombin-dependent factors,
such as V, VIII, and XIII, may suggest impaired clot for-
mation in iTBI with a bleeding phenotype. The authors
of several studies have reported elevated thrombin gen-
eration and thrombin-generation-associated mark-
ers within 6 and 12 h following iTBI [10-12]. However,
Massaro and co-workers [13] have shown a progressive
and delayed procoagulant state after 48 h of injury in
iTBI using thromboelastography. Thus, the decrease in
thrombin activity observed in the present study indicates
a consumption of thrombin, which may be caused by
severe consumption of coagulation factors. Accordingly,
the concentration of fibrin monomers increased with
INR up to 3.0-fold with INR > 1.2, whereas the activity of
antithrombin decreased. A recent prospective study dem-
onstrated that high fibrin monomer levels on admission
in severe iTBI was associated with progression of hemor-
rhage [14]. High concentrations of fibrin monomers were
observed in patients with hemostatic abnormalities (e.g.,

disseminated intravascular coagulation and deep vein
thrombosis), and it seems promising to further evaluate
the procoagulant status in these patients [15].

In a prospective study in severely injured patients with
iTBI, the authors reported a reduction of antithrom-
bin levels, which was associated with increased clot
strength due to high fibrinogen concentration in the
subacute phase (between days 5 and 7) after iTBI [16].
In the present study, fibrinogen levels were not depleted
with increasing INR. It was concluded that a procoagu-
lant status may occur during different phases after severe
TBI [16]. Moreover, clinical data indicated the presence
of severe brain injuries (AISg,;,>4) in about 80% with
PIH. An earlier study in critically injured trauma patients
demonstrated a higher risk of thromboembolic compli-
cations with decreased antithrombin activity in those
patients [17].

The balance between coagulation and fibrinolysis
determines the stability of the fibrin clot. Apart from the
aforementioned properties, thrombin is also involved
in stabilizing the clot by activating TAFI. Alterations in
thrombin generation and activation of TAFI will there-
fore directly affect the stabilization of clots against lysis
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[18, 19]. In the present study, reduced thrombin genera-
tion was associated with decreased activation of TAFI in
patients with INR > 1.2, which might have had a direct
impact on clot protection against lysis.

In the present study, PAI-1 levels in plasma remained
largely unaltered. PAI-1 is mainly produced by the
endothelium and acts as a principal inhibitor of tissue
plasminogen activator (tPA). According to the clinical
data, patients suffered neither from hypoperfusion nor
from shock, both of which are known triggers of the pro-
tein C pathway. This pathway inhibits PAI-1, leading to
less inhibition of tPA, with the overall effect to promote
lysis. In the experimental setting, TBI has been shown
to initiate fibrinolysis, independent of shock and hypop-
erfusion, by releasing tPA and urokinase plasminogen
activator from contused brain tissue [20]. It has also been
shown that tPA activity is increased by approximately
30% within 1-3 h post TBI and returns to baseline levels
by 24 h post TBI [21]. In the present study, plasminogen,
which is cleaved by tPA to generate plasmin, decreased to
76% activity with increasing INR, potentially indicating
enhanced conversion into plasmin. At the same time, anti-
plasmin activity also declined with increasing INR. These
observations, together with the decreased activation of
TAFI in INR > 1.2, are suggestive of increased fibrinolysis,
as evidenced by increasing D-dimer levels with increas-
ing INR. It may be precluded that TXA had an influence
on fibrinolysis in patients with iTBI with increasing INR
because of the restricted number of patients who actually
had received the agent. Endogenous release of tPA from
contused brain tissue may be a distinct trigger to promote
coagulopathy in iTBI apart from hemostatic abnormalities
seen in the general trauma population.

The present study also suggests an activation of the
protein C pathway, independent of shock and hypoper-
fusion, to further promote lysis, as evidenced by reduc-
tions in pathway-associated proteins (e.g., protein S,
coagulation factors V and X [indirect measurement of
factor X], and protein C) itself with increasing INR.
Low protein C levels have previously been reported in
patients with iTBI and trauma patients with hypoperfu-
sion and were associated with poor outcome [22, 23].

There is also retrospective evidence for patients with
iTBI with high D-dimer levels in plasma being at higher
risk for progressive hemorrhagic injury (PHI) and worse
outcomes [24, 25]. In the present study, PHI, which
included the enlargement of both extradural and subdural
hematoma (25% and 43.7% in patients with INR>1.2 vs.
20.8% and 38.8% in patients with INR< 1.2, respectively)
and subarachnoid hemorrhage (50% in patients with
INR>1.2 vs. 47.2% in patients with INR<1.2), could

be observed in patients with iTBI with elevated INR. In
addition, mortality and unfavorable 6-month outcomes
(GOS-E) increased with increasing INR. Several stud-
ies have previously confirmed D-dimer to predict PHI as
well as correlations between elevated D-dimer levels and
unfavorable outcomes, longer in-hospital stay, and higher
mortality in patients with iTBI [25-28].

Although all efforts were undertaken to mirror early
changes within the coagulation system in patients with
iTBI, the major limitation of the present study remains
the fairly large time window of patient inclusion into
the CENTER-TBI core study. This precluded a stricter
timeline for blood sampling after admission. In addition,
blood sampling did not follow a timeline-guided protocol
specifying exact time points, thereby causing variation
between study centers that contributed to this study. The
median time interval between injury and first blood sam-
pling in the present study was 13.1 h (interquartile range
6.2-20.8 h). It is well accepted that hemostatic abnor-
malities after TBI occur quickly after the initial impact
and follow dynamic patterns involving both hypercoagu-
lative and hypocoagulative states with potential overlap
[10]. Whether these findings may be interpreted as mala-
daptive/pathologic or represent a physiologic response
to the impact remains unknown. The observation that
thrombin generation and TAFI were both reduced in
patients with INR > 1.2 could be interpreted as a protec-
tion against lysis. Hemostatic and/or resuscitation thera-
pies in addition to emergency procedures during acute
care might have had a theoretical impact on the present
results, although the focus of the analysis was given to
early acute and thus mostly undiluted blood samples. In
addition, prehospital care was not documented in detail
in the CENTER-TBI central database. Although the pre-
sent work initially aimed to present a more detailed pic-
ture of the possible underlying mechanistic changes/
exchanges in hemostasis after iTBI, including outcomes,
the study remains rather descriptive. Nevertheless, we
observed in the present study distinct patterns involving
key pathways of the highly complex and dynamic coagu-
lation system in patients with iTBI that offer windows of
opportunity for further research.
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