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Abstract

Coagulopathy is a frequently observed complication of trauma and in
the subset of the traumatic brain injury (TBI) population who present with
intracerebral hemorrhage (ICH), coagulopathy leading to progression of
hemorrhagic injury (PHI) has high morbidity. Hyperfibriolysis is thought to
be a primary driver of coagulopathy in traumatic injury, while TBI has been
additionally associated with coagulopathy from platelet dysfunction and
disseminated intravascular coagulation. latrogenic coagulopathy from pre-
morbid antiplatelet and anticoagulant use further complicates management
in this sensitive population. Traditional tests of coagulopathy may not fully
reflect these processes; viscoelastic testing and alternative markers such as
fibrinogen and D-dimer may be useful clinically as adjuncts. Pro-thrombotic
agents previously studied in polytrauma, as well as interventions and reversal
agents studied in the spontaneous intracerebral hemorrhage population show
promise in the treatment of traumatic ICH and may become useful tools for the
management of this disabling condition.
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Introduction

Coagulopathy in traumatic brain injury

Coagulopathy is a frequently seen complication associated
with traumatic brain injury (TBI). Recent studies have shown that
the prevalence of TBI-induced coagulopathy to be 32-35%, and its
presence has been shown to be a poor prognostic factor [1-4]. In
patients known to have traumatic ICH (tICH) with parenchymal
injury, progression of hemorrhage injury (PHI) is one of the
most feared complications, and the ability to recognize and treat
coagulopathy in a timely manner is naturally an area of great interest.
The aim of this article is to provide a concise review of the current
knowledge regarding the mechanisms, diagnosis, and management
of coagulopathy in the TBI population.

Mechanisms of traumatic coagulopathy

Many mechanismshave been proposed to explain the development
of traumatic coagulopathy (Figure 1). Early on, it was theorized that
loss and consumption of coagulation factors and platelets from
trauma, compounded iatrogenic ally by dilution of remaining factors,
acidosis, and hypothermia from large volume resuscitation fluids
were primary drivers. However, many of these issues have been
addressed with elements of modern trauma resuscitation protocols
such as the use of balanced transfusions with matched ratios of packed
cells, plasma, and platelets. When investigated systematically in the
PROMMTT study for example, coagulopathy was observed despite
limited use of crystalloid and absence of significant hypothermia [5].
Moreover, there is evidence that traumatic coagulopathy occurs prior
to significant loss of coagulation factors, and is linked instead with
degree of shock and severity of injury [5,6].

Hyperfibriolysis is hypothesized to be the driver of traumatic
coagulopathy though the mechanism is unclear. Elevated levels of

tPA have been observed in early traumatic injury [7,8], and increased
release of tPA from endothelium secondary to ischemia or local injury/
stress may act as an initiator of systemic fibrinolysis. Activation of the
protein C pathway has also been implicated. Tissue hypoperfusion (as
measured in surrogate by base deficit) leads to increased formation
of the thrombin-thrombomodulin complex, leading to increased
activation of protein C and its subsequent anticoagulant effects via
deactivation of factors Va and VIIIa, as well as consumption of PAI-1
and decreased inhibition of tPA.

TBI has also been linked to coagulopathy independent of systemic
polytrauma. Brain tissue contains high levels of tissue factor, and it
has been theorized that TBI affecting the brain parenchyma results
in its release into systemic circulation, possibly as a result of transient
disruption of the blood brain barrier, resulting in a disseminated
intravascular coagulation (DIC) state [9-11]. Furthermore, TBI has
been linked independently to platelet dysfunction, even without overt
thrombocytopenia; studies on the mechanism of this dysfunction
have implicated the cyclooxygenase pathway and inhibition of the
platelet ADP and arachidonic acid receptors, however the underlying
mechanism still remains unclear [12-14].

Several studies have attempted to characterize the time course of
TBI associated coagulopathy. Prolongations in PT and aPTT, increase
in D-dimer, and decrease in fibrinogen level have all been seen within
minutes or hours of injury, with peak derangements occurring
by around 6 hours before reversing [9,15-17] with the degree of
coagulopathy correlating with the severity of injury. However, delayed
or persistent coagulopathy has also been noted, developing 24 hours
and beyond [15,18]. Hyperfibrinolysis and DIC may therefore be
the drivers of early coagulopathy, while consumptive and iatrogenic
processes may predominate with late or persistent coagulopathy,
suggesting that there may be a potential window for intervention.
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Figure 1: Theorized mechanisms of traumatic coagulopathy, and the contribution of traumatic brain injury. TF: tissue factor, TM: Thrombomodulin, APC: activated
Protein C, tPA: tissue plasminogen activator, PAI-1: plasminogen activator inhibitor-1.

Diagnosis of coagulopathy in TBI

Standard laboratory studies of coagulation, including platelet
count, prothrombin time (PT), partial thromboplastin time (PTT),
and international normalized ratio (INR) are part of the panel
routinely sent for trauma on admission to the emergency department
(Figure 2). Elevated INR and decreased platelet count have been
associated with expansion of hemorrhage [19-23] with most sources
agreeing on a threshold of platelet count under 100 x10"3 and INR
of either >1.2 or 1.5. However, the argument can be made that
these tests may not provide a complete picture of the underlying
pathophysiologic processes, for example actual platelet function, or
hyperfibrinolysis [3]. In particular, prospective studies in the TBI
population have linked decreased fibrinogen and elevated D-dimer to
progressive hemorrhagic injury and as the most reliable predictor of
poor outcomes [16,24].

More recently, viscoelastic tests of coagulation function, namely
thromboelastography (TEG) and rotational thromboelastometry
(ROTEM) have been investigated as alternatives/adjuncts to
conventional tests. In brief, these tests measure the mechanical
properties of a blood clot formed upon introduction of an activation
factor (for example, tissue factor or kaolin) to a sample of whole
blood. This allows quantification of different phases of clot formation
including initiation and propagation time, maximal clot strength, and
lysis, the results of which can provide insight into specific components
that drive hemostasis, including levels of clotting factors, fibrinogen,
platelets, and fibrinolysis [25]. While a recent review found poor
overall diagnostic accuracy of TEG/ROTEM in establishing
coagulopathy in the trauma population compared against a standard
based on PT/INR elevation [26]. It can be argued that the tests are

not meant to be directly interchangeable. Recent meta-analysis has
shown that it may be useful in guiding transfusion [27] and due to the
faster turnaround time compared to conventional studies, there has
been increased acceptance for its use in acute trauma [28]. Specific
to ICH, a recent prospective study in the non-trauma population
suggested that the kinetics of clot formation may be helpful in
predicting hematoma expansion [29] although another recent study
in the traumatic ICH population did not find results to be predictive
of subsequent progression [30]. It is likely that viscoelastic testing
may still play a role in the management of tICH in the correct clinical
context (i.e., guiding transfusion of blood products) but its overall
applicability as a standard of care test or prognostic tool remains to
be established.

Role of prothrombotic agents in traumatic ICH

The use of the anti-fibrinolytic agent tranexamic acid (TXA) in the
setting of traumatic hemorrhage has become common, particularly
after publication of the large, multinational randomized controlled
CRASH-2 trial showing survival benefit to early administration
[31]. Notably however, isolated TBI was exclusion to enrollment.
A nested subgroup of 270 patients in the trial with concurrent TBI
was subsequently analyzed and showed possible benefit though was
unable to establish either benefit or harm [32]. Similarly, a recent
238-patient study double blind RCS likewise showed a trend towards
benefit in reduction of hematoma expansion without statistical
significance [33]; a smaller 80 patient single-blinded study showed
benefit for hematoma expansion but did not comment on clinical
outcome [34]. Two clinical trials investigating the use of TXA in TBI
are currently in progress and slated for completion in 2017 [35,36].

Recombinant factor VIIa (rFVIIa) has also been used off label for
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Figure 2: Example of hemorrhagic progression of contusion in a coagulopathic patient. Small bi-frontal and left temporal contusions have blossomed over the first
day of admission despite transfusion of clotting factors during initial resuscitation.
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the management of tICH. A recent retrospective case control study
showed significantly higher mortality in patients that received rFVIIa
(90 mcg/kg) for tICH not associated with anticoagulant use [37]. A
review of the then-existing literature by the same authors showed by
contrast mostly neutral or somewhat positive results, though trials
were small, dosing was variable, and trials included a significant
number of patients treated with warfarin. More recently, a non-
randomized prospective trial was performed to evaluate the use of
low-dose rFVIIa (20 mcg/kg) in patients with tICH and concomitant
coagulopathy not associated with anticoagulants or antiplatelet
agents. Here, a benefit was seen in prevention of hemorrhage
progression, but no significant survival benefit [38]. With lack of clear
data on efficacy or even dosing, the role of rFVIIa in treatment of
tICH outside of a research protocol is likely limited.

Management of medication associated coagulopathy

The use of antiplatelet and anticoagulant agents is widespread, and
there will inevitably be an overlap between this population of patients
and the tICH population. Rapid replacement of coagulation factors
and/or reversal of these agents remain the primary intervention.

Antiplatelet agents: Antiplatelet agents such as aspirin and
clopidogrel are in even more widespread use in the population than
the anticoagulants, and appropriate management of coagulopathy
in this setting has been a topic of long-standing debate. A recent
multicenter trial evaluating empiric platelet transfusion for patients
on antiplatelet therapy in the spontaneous ICH population found
that platelet transfusion was inferior to standard care. In the TBI
population, data has remained frustratingly inconclusive, with meta-
analyses of older trial data [39,40] as well as a recent retrospective
trial [41] showing no conclusive benefit. However, trials continue to
investigate whether proper patient selection and timing may identify
a population that may benefit [28]. Similarly, while there have been
studies that show that administration of desmopressin (DDAVP)
can measurably correct aspirin or clopidogrel induced platelet
dysfunction, there have been none that conclusively demonstrate a
clinical benefit.

Warfarin: With warfarin, degree of coagulopathy is readily
quantified with PT and INR. Transfusion of fresh frozen plasma
(FFP) was once the standard of care, however this treatment carries
distinct disadvantages, in particular the time necessary to crossmatch
and prepare units for transfusion, as well as the large volume (1-3
L) of FFP necessary to normalize INR. As such, the alternative use
of prothrombin complex concentrate (PCC), which contains factors
II, IX, X, +/- VII (3- vs. 4-factor) has become widespread in recent
years. PCC is produced from human plasma which is concentrated to
isolate these essential factors, and is distributed in a form which can be
quickly reconstituted and administered in a small volume of infusion,
and has been shown in studies to be effective in rapidly correcting
warfarin associated coagulopathy [42]. Data specific to tICH is more
limited, however use of PCC in a head trauma population has likewise
been shown to dramatically reduce time to normalization of INR as
well as to reduce incidence of hemorrhage expansion [43].

Non-vitamin K oral anticoagulants (NOACs): Since 2010,
a number of non-vitamin K oral anticoagulants have entered the
market, carrying FDA approvals for indications such as stroke
prevention in non-valvular atrial fibrillation and treatment of deep
vein thrombosis and pulmonary embolism, and have advantages
over warfarin including no need for routine monitoring and
comparatively fewer hemorrhagic complications in clinical trial data.
Concurrent with increased availability in the market, the number of
patients presenting with TBI and NOAC induced coagulopathy will
undoubtedly increase. These medications primarily have one of two
mechanisms - direct inhibition of thrombin (dabigatran), or factor Xa
inhibition (apixaban, rivaroxaban, edoxaban). Unfortunately, these
mechanisms also result in coagulopathy that is not straightforward to
quantify, despite some measurable effects on conventional laboratory
studies (PT and PTT). Reversal of the effects of NOACs has also been
problematic, and treatment guidelines have generally involved either
removal of the drug (activated charcoal if early ingestion, hemodialysis
in the case of dabigatran) or treatment with PCC, despite lack of
strong evidence of efficacy [44]. However, with FDA approval in 2015
of idarucizumab, a monoclonal antibody able to rapidly bind to and
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deactivate dabigatran, there is now an effective and specific reversal
agent [45]. Likewise, andexanet alfa, a recombinant factor Xadecoy,
is currently undergoing phase III clinical trials, and may soon be
available as a reversal agent for the varied Xa inhibitors [46]. Also in
development is ciraparantag (PER977), a small molecule that binds
to heparin, low molecular weight heparin, dabigatran, and the factor
Xa inhibitors [47]. It has shown to reverse the effects of edoxaban in
human studies, and may prove to be an effective universal reversal
agent for all NOAC:s in the future [48].

Conclusion

Coagulopathy is a frequently encountered and highly morbid
complication of traumatic brain injury that has been consistently
linked to poor outcomes. The processes underlying traumatic
coagulopathy are different than those assayed by traditional laboratory
tests, and therefore may be insufficiently sensitive to capture clinically
relevant coagulopathies in trauma. Alternative markers such as
fibrinogen, D-dimer, as well as viscoelastic testing may provide
insights into the underlying processes and guide interventions. Anti-
fibrinolytic agents used in polytrauma have shown some promise
for use in isolated TBI and results from clinical trials are pending.
While targeted therapies to reverse the effects of antiplatelet agents
remain elusive, widespread availability and use of PCC has greatly
improved the ability to reverse warfarin related coagulopathy, and
reversal agents for the NOACs have started to enter the market after
encouraging clinical trial results. Much research is still needed to
completely define the pathogenesis of traumatic coagulopathy, and
to eventually achieve the goal of early recognition and intervention
upon this disabling condition.
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