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Normal haemostasis depends on an intricate balance between mechanisms of bleeding and mechanisms of thrombosis,
and this balance can be altered after traumatic brain injury (TBI). Impaired haemostasis could exacerbate the primary
insult with risk of initiation or aggravation of bleeding; anticoagulant use at the time of injury can also contribute to
bleeding risk after TBI. Many patients with TBI have abnormalities on conventional coagulation tests at admission to
the emergency department, and the presence of coagulopathy is associated with increased morbidity and mortality.
Further blood testing often reveals a range of changes affecting platelet numbers and function, procoagulant or
anticoagulant factors, fibrinolysis, and interactions between the coagulation system and the vascular endothelium,
brain tissue, inflammatory mechanisms, and blood flow dynamics. However, the degree to which these coagulation
abnormalities affect TBI outcomes and whether they are modifiable risk factors are not known. Although the main
challenge for management is to address the risk of hypocoagulopathy with prolonged bleeding and progression of
haemorrhagic lesions, the risk of hypercoagulopathy with an increased prothrombotic tendency also warrants
consideration.

Introduction
Traumatic brain injury (TBI) remains one of the leading
causes of trauma deaths and will surpass many other
disorders as a major cause of death and disability by the
year 2020.1,2 However, improvements are needed in our
understanding of the nature and optimal management
approaches to TBI. Coagulopathy is a common finding in
patients with TBI that affects its clinical course, with
nearly two-thirds of patients with severe TBI having
abnormalities on conventional coagulation tests on
admission to the emergency department.3,4 Coagulopathy
can refer to both hypocoagulopathy associated with
prolonged bleeding and haemorrhagic progression5 and
hypercoagulopathy with an increased prothrombotic
tendency,6,7 both of which can occur—often
simultaneously—after TBI. Here, we focus mainly on
hypocoagulable states (referred to as coagulopathy) and
increased risk of bleeding, although it should be noted
that the contribution of prothrombotic states and the
interactions between the two states are also relevant to
the causes of increased bleeding risk.
The coexistence of TBI and coagulopathy of varying
degrees has repeatedly been linked to detrimental
outcomes with reported mortality rates of between 17%
and 86%, reflecting the heterogeneity of TBI (table 1).4,8–26
Historically, TBI predominantly affected young people.
Now, the median age of people with TBI is increasing
worldwide, and approximately half, or even more, of
patients affected are over 50 years old at the time of
injury.27 In these older age groups, comorbidities and
increased preinjury use of pharmacotherapies such as
platelet inhibitors and oral anticoagulants, which are
linked to an increased risk of bleeding, are common.

Moreover, falls are a common cause of TBI in the elderly,
leading to a higher number of contusional injuries,
which are prone to haemorrhagic progression.27,28
Regardless of the patient age, the force of impact at the
time of TBI can cause shearing of large and small vessels
and can result in extradural, subdural, subarachnoid,
or intracerebral haemorrhages, or a combination
of haemorrhagic types, which can require surgical
treatment. More subtle disruption of cerebral blood
vessels, mainly in the microvasculature, or a blood–brain
barrier (BBB) breakdown, is also common and results in
the evolution or progression of haemorrhagic lesions,
often on a background of contusions.29 TBI-associated
factors might then alter the intricate balance between
bleeding and thrombosis formation in the later sequelae
leading to impaired haemostasis with exacerbation of the
initial injury.5 Numerous mechanisms that are potentially
linked to haemostatic disturbances after TBI have
been studied5—including disorders of platelet number
and function, changes in endogeneous procoagulant
and anticoagulant factors, endothelial cell activation,
hypoperfusion, and inflammation—but the effects of
these mechanistic changes on survival and functional
outcomes and whether they might be targeted to improve
outcomes remain to be elucidated.
Management approaches need to focus primarily on
hypocoagulopathy with prolonged bleeding, including
haemorrhagic progression,5 but this needs to be balanced
against the risk of hypercoagulable states with an
increased prothrombotic tendency.6,7 Coagulopathy is a
common occurrence after severe systemic trauma in the
absence of TBI,30 and management approaches in these
patients include damage-control surgery31 and
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Definition of TBI

Definition of coagulopathy

Harhangi et al (2008)4*

5357

Heterogeneous

Heterogeneous

32·7% (10·0–97·5) 51% (25–93) 9·0 (7·3–11·6)
[36·3 (18·7–70·5)]

Epstein et al (2014)8†

7037

Heterogeneous

Heterogeneous

35·2% (7–86·1)

17–86%

Between 3·0 (2·3–3·8)
and 9·6 (4·1–25·0)

224

AIShead >2 or any intracranial
haematoma on CT

aPTT >34 s or INR >1·3

17% (8–30)

··

··

Talving et al (2009)10

387

AIShead ≥3 and extracranial AIS <3

aPTT >36 s or INR >1·1 or <100 × 10⁹ platelets per L

34%

34·7%

9·6 (4·1–25·0)

Lustenberger et al (2010)11

278

AIShead ≥3 and extracranial AIS <3

aPTT >36 s or INR >1·4 or <100 × 10⁹ platelets per L

45·7%

40·9%

5·0 (1·5–17·0)
[12·0 (4·0–29·4)]

132

AIShead ≥3 and extracranial AIS <3

aPTT >36 s or INR >1·2 or <100 × 10⁹ platelets per L

36·4%

32·5%

3·8 (1·1–13·5)

3114

AIShead ≥3 and extracranial AIS <3

PTR <70% or <100 × 10⁹ platelets per L

22·7%

50·4%

3·0 (2·3–3·9)

Zehtabchi et al (2008)9

Lustenberger et al (2010)12
Wafaisade et al (2010)13

Prevalence of
coagulopathy in
patients with TBI

Mortality in
patients
with coagu
lopathy
after TBI

Number
of
patients

Chhabra et al (2010)14

100

GCS <13

Fibrinogen <2·0 g/L

··

··

Greuters et al (2011)15

107

Brain tissue injury on CT and
extracranial AIS <3

aPTT >40 s or INR >1·2 or <120 × 10⁹ platelets per L

24% (54%‡)

41%

3·8 (1·1–13·5)

Shehata et al (2011)16

101

Isolated TBI on admission CT

PT >13 s or INR ≥1·2 or D-dimer-positive or
<100 × 10 platelets per L

63%

36%

··

Schöchl et al (2011)17

88

AIShead ≥3 and extracranial AIS <3

aPTT >35 s or PTR <70% or fibrinogen <1·5 g/L or
<100 × 10⁹ platelets per L

15·8%

50%

9·1 (2·2–37·3)||

Isolated TBI on CT and
extracranial AIS <3

aPTT >40 s or PT >1·2 s or <120 × 10⁹ platelets per L

25% (44%‡)

33%

9·7 (3·1–30·8)

Franschman et al (2012)18
Genet et al (2013)19

226

7%

Odds ratio for mortality
[unfavourable
outcome] in patients
with coagulopathy
after TBI (95% CI)

23

AIShead ≥3 and extracranial AIS <3

aPTT >35 s or INR >1·2

13%

22%

··

Alexiou et al (2013)20

149

Isolated TBI on CT with exclusion
of multisystem trauma

aPTT >40 s or INR >1·2 or <120 × 10⁹ platelets per L

14·8% (22·8%‡)

··

··

Joseph et al (2014)21

591

AIShead ≥3 and extracranial AIS <3

aPTT ≥35 s or INR ≥1·5 or ≤100 × 10 platelets per L

13·3%

23%

2·6 (1·1–4·8)
[4·0 (1·7–10·0)]

Epstein et al (2014)22

1718

AIShead ≥3 and extracranial AIS <3

INR ≥1·3

7·7%

45·1%

··

De Oliveira Manoel et al
(2015)23

48

AIShead ≥3 and extracranial AIS <3

aPTT ≥60 s or INR ≥1·5 or <100 × 10 platelets per L§

12·5%

66%

11·5 (3·9–34·2)

Dekker et al (2016)24

52

AIShead ≥3

aPTT >40 s or INR >1·2 or <120 × 10⁹ platelets per L

42%

45·5%

··

Studies reporting the prevalence of coagulopathy in patients with clinical moderate-to-severe and/or CT-confirmed TBI, including mortality rates (and unfavourable outcome if available) for TBI in the presence
of coagulopathy. ··=Data not available. TBI=traumatic brain injury. AIS=Abbreviated Injury Scale. GCS=Glasgow Coma Scale. aPTT=activated partial thromboplastin time. INR=international normalised ratio.
PT=prothrombin time. PTR=prothrombin ratio. *Meta-analysis (1966–2007); n=34 studies included. †Meta-analysis (1990–2013); n=22 studies included. ‡After 24 h. §Additional coagulation tests: fibrinogen
≤1·0 g/L, any clotting factor <0·5 (<50% activity), and abnormal viscoelastic test results. ||Based on viscoelastic test results.

Table 1: Studies of the prevalence of coagulopathy after traumatic brain injury

haemostatic resuscitation32 with timely and balanced use
of blood-component and fluid therapies.33 However, it is
unclear whether the same principles of haemostatic
resuscitation developed for the systemic trauma pop
ulation might also apply to patients with TBI. This might
reflect not only the nature of bleeding after TBI, which
could be small in volume although presenting at a critical
site, but also the belief that haemostatic disorders can be
an almost inevitable occurrence after TBI.34 Nevertheless,
haemostatic resuscitation might have particular relevance
in TBI as the progression of haemorrhagic lesions in the
intracranial compartment can be life-threatening.5
In this Series paper, we explore current understanding
of the clinical course and underlying mechanisms of
coagulopathy in TBI. We aim to highlight novel
perspectives and approaches to diagnosis beyond
conventional methods. Furthermore, management
strategies are reviewed, including the traditional use of

blood products and more novel approaches, as well as
thrombosis prophylaxis in view of the susceptibility to
prothrombotic states alongside coagulopathy in these
patients. Improved understanding of mechanisms and
novel diagnostic strategies might facilitate targeted
approaches to treatment of individual patients or groups
of patients with TBI. Finally, we also emphasise
opportunities for the future research agenda.

Epidemiology and definitions
The published findings on the reported prevalence of
coagulopathy associated with TBI inevitably depend on
the techniques and definitions used to document
coagulopathy and TBI. Most commonly, coagulopathy is
defined by abnormalities on conventional coagulation
assays (CCAs), typically the prothrombin time (PT), which
is sometimes reported as a ratio (PTR). Although this assay
is often considered interchangeably with the international
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Odds ratio (95% CI)

Study

Age ≥75 years

1·02 (1·01–1·03), 2·30 (1·79–2·96)*

Epstein et al (2014),22 Wafaisade et al (2010)13

Intravenous fluids before hospital admission ≥2 L

2·15 (1·63–2·84)

Wafaisade et al (2010)13

Intravenous fluids before hospital admission ≥3 L

3·48 (2·13–5·68)

Wafaisade et al (2010)13

GCS ≤8 at scene of injury (before intubation)

2·27 (1·34–3·84), 1·71 (1·38–2·12)*

Talving et al (2009),10 Wafaisade et al (2010)13

Injury Severity Score ≥16

4·06 (2·13–8·25)

Talving et al (2009)10

AIShead =5

2·25 (1·63–3·10), 3·15 (1·47–6·76)*

Wafaisade et al (2010),13 Lustenberger et al (2010)12

Subarachnoid haemorrhage on CT

1·99 (1·22–3·25)

Talving et al (2009)10

Brain oedema on CT

3·23 (1·66–6·41)

Talving et al (2009)10

Midline shift on brain CT

2·43 (1·09–5·53)

Talving et al (2009)10

Abnormal pupils

8·33 (4·50–15·89)

Epstein et al (2014)22

Systolic blood pressure ≤90 mm Hg

11·41 (2·55–83·9), 2·34 (1·64–3·34)*

Talving et al (2009),10 Wafaisade et al (2010)13

Haemoglobin <12·4 mg/dL

9·2 (1·34–63·85)

Alexiou et al (2013)20

Serum glucose >151 mg/dL

29·5 (4·97–175·31)

Alexiou et al (2013)20

Arterial base deficit >6 mmol/L†

2·34 (1·02–5·35)

Lustenberger et al (2010)12

SI ≥1

1·68 (1·01–2·79)

Epstein et al (2014)22

97·54 (96·6–98·2)

Epstein et al (2014)22

Presence of at least two factors, of age >50 years,
SI ≥1, or abnormal pupils

GCS=Glasgow Coma Scale. AIS=Abbreviated Injury Scale. SI=shock index (heart rate/systolic blood pressure). *Odds ratios correspond to each of the two references in the
study column. †Arterial base deficit is indicative of hypoperfusion.

Table 2: Predisposing risk factors associated with coagulopathy in isolated blunt traumatic brain injury

normalised ratio (INR), strictly the INR is an assay that is
optimised for monitoring anticoagulation therapy.
The prevalence of coagulopathy in TBI at admission to
hospital ranges from 7%14 to 63%,16 reflecting the wide
variation in definitions of TBI and coagulopathy (table 1).
Coagulopathy occurs in more than 60% of patients with
severe TBI,3,4 but is uncommon in mild head injury (<1%).35
Although the prevalence of coagulopathy in isolated
TBI (ie, in the absence of additional traumatic injuries) is
not higher when compared with systemic injuries of
similar severity, the coincidence of both TBI and systemic
injury could substantially increase the magnitude of
coagulopathy beyond that seen in the isolated
condition.19,23,36–38 The incidence of coagulopathy after TBI
also increases with injury severity12,13,20 and is seen more
frequently after penetrating injuries than after blunt
trauma.10,12 Predisposing risk factors that have been
identified for the development of coagulopathy after
isolated blunt TBI are summarised in table 2.

Coagulopathy and clinical course of TBI

Clinical presentation and haemorrhagic progression
The number of patients with TBI and coagulopathy
doubles within 24 h of injury.15 Coagulopathy in TBI has
been strongly associated with progressive haemorrhagic
injury (PHI)38 and intracranial haemorrhage (ICH),39
with approximately half of all patients with TBI and
coagulopathy subsequently displaying haemorrhagic
progression of initial brain contusions and ongoing ICH
within 48 h.40–43 The interval to onset of coagulopathy is
inversely related to injury severity, and alterations in the
coagulation system can persist at least until the third day
after injury11 or even longer.44 Haemorrhagic progression
632

of brain contusions can involve not only the expansion of
existing contusions but also the delayed appearance of
non-contiguous haemorrhagic lesions.45 Elderly patients
with coagulopathy and intraparenchymal contusions on
admission are more likely to have PHI than younger
patients.46 Coagulopathy at presentation is a powerful
predictor of outcome and overall prognosis in TBI,4,8,13,15
resulting in a nine-times higher risk of mortality and a
30-times higher risk of unfavourable outcome than in
patients with TBI without coagulopathy.4,10 The association
between coagulopathy and ICH,38,39 in particular, has a
detrimental effect on TBI outcome since ICH is one of the
greatest causes of mortality associated with TBI.47

Effects of preinjury pharmacotherapies
The demographic change towards TBI in older age is
accompanied by an increased incidence of comorbidities
in patients with TBI,27,48 and modern treatment of chronic
cerebrovascular and coronary artery disease means that
these patients are often taking anticoagulant or antiplatelet
drugs, both of which have been explored as causes of
increased bleeding and worse outcome after TBI.27,49–53
According to a meta-analysis,49 patients taking warfarin at
the time of TBI have double the risk of poor outcome than
patients not taking warfarin, but a similar analysis of
antiplatelet therapy did not show a clear increase in risk.50
Although retrospective evidence echoes this observation,52
other studies51,54,55 have suggested that preinjury use of
antiplatelet therapy could result in a two-times higher
occurrence of traumatic ICH even after mild TBI than in
patients not taking antiplatelet therapy, particularly in the
elderly population. Preinjury clopidogrel or warfarin
intake are independent predictors of immediate traumatic
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ICH, disease progression, and worse outcomes.56–58 So far,
we do not know the risks to patients with TBI of taking the
newer target-specific direct oral anticoagulants (DOACs).59
Although the risk of spontaneous non-traumatic ICH is
lower with these treatments, their effect on incidental TBI
is poorly quantified. The results from a retrospective
study60 provided the first evidence for reduced mortality
and fewer operative interventions in patients with blunt
traumatic ICH associated with preinjury intake of DOACs
versus warfarin. Other commonly prescribed drugs, such
as selective serotonin reuptake inhibitors, might also have
effects on haemostasis,61 but their effect on TBI course
and outcome remains poorly investigated.

Potential mechanisms of coagulopathy after TBI
The clinical course of coagulopathy and increased
bleeding after TBI has often been considered to reflect
rapid progression from a hypercoagulable to a
hypocoagulable state—ie, coagulopathy develops as
procoagulant tissue factor (TF) is released from the
damaged brain and coagulation factors are then
consecutively consumed, leading to ICH expansion.
However, this is likely to be an oversimplification of a
much more complex series of events occurring either
simultaneously or sequentially after TBI and involving
both coagulopathy and prothrombotic states (figure 1).
The proposed pathophysiological mechanisms that
trigger haemostatic disorders after trauma with or
without brain involvement include platelet dysfunction,
endogenous anticoagulation, endothelial activation,
fibrinogen
modifications,
inflammation,
and
hyperfibrinolysis,5,25,34,37,38,45,62–70 which can elicit increased
and potentially dangerous bleeding. Evidence for these
mechanisms is based mainly on correlative data, and
causation has generally not been established.5,25,34,37,68,69
Uncertainties about mechanisms of coagulo
pathy in
isolated TBI also contribute to inconsistencies in
epidemiological data (table 1).38 Better characterisation of
these mechanisms and pathways can inform the
development of novel diagnostic strategies and might
enable identification of potential therapeutic targets for
coagulopathy. Here, we summarise the principal
pathomechanisms that form our current understanding
of the events that drive haemostatic disorders in the
context of TBI.

Direct effects of injury
Microvascular failure, BBB disruption, and haemorrhagic
progression
Coagulopathy itself does not result in haemorrhage
within the brain in the absence of vascular or
microvascular injury or failure including BBB
breakdown. In a typical contusion, stress and rupture of
microvessels result in an immediate haemorrhagic
contusion. In the penumbra and other surrounding
regions, where the effect of injury is lower,
mechanosensitive molecular processes can be activated,

mostly in microvessels, thereby triggering cascades that
could later result in the delayed structural failure of
microvessels, better termed haemorrhagic progressive
contusions.45,71,72 These processes might also occur in
other areas of the brain that are not primarily injured and
where haemorrhagic contusions are not initially apparent
but are visible on repeated CT scans.45 Numerous
signalling pathways involving integrins, ion channels,
and transcription factors contribute to the high
mechanosensitivity of vascular smooth muscle and
endothelial cells in blood vessels in the brain.71
Transcriptional events usually require hours to display
their effects and this could be a rational molecular
explanation for the interval between the initial injury and
the occurrence of delayed haemorrhage.

Platelet–endothelial interactions and platelet dysfunction
Damage to the microvasculature and BBB disruption
further trigger interactions between platelets and the
pertubated endothelium or the exposed subendothelial
matrix, leading to platelet adhesion—either directly or via
platelet ligands such as von Willebrand factor (vWF;
a component of the vessel wall)—platelet activation, and
formation of a platelet plug at the injury site, which together
comprise primary haemostasis.73,74 Low platelet counts and
platelet dysfunction appear to be major contributors to
coagulopathy, and these conditions increase risk of bleeding
complications after TBI.62,65,75–78 For example, counts of fewer
than 175 × 10⁹ platelets per L have been shown to increase
the risk of ICH progression and counts of fewer than
100 × 10⁹ platelets per L are associated with a nine-times
increased risk of death compared with patients with higher
platelet counts.21,76 Low platelet counts and spontaneous
platelet aggregation have been seen in the absence of
bleeding, even days after the initial injury, and might be
explained by platelet hyperactivity in TBI.66 Reports of a
profound reduction in pericontusional blood flow after
experimental intravascular microthrombosis in mice with
TBI could support this assumption.79,80 Brain-derived
platelet-activating factor (PAF) contributes to hypoxiainduced BBB breakdown, which could promote the release
of additional PAF and other brain-derived procoagulative
molecules such as TF.81 The precise role of principal
platelet ligands such as vWF, which facilitate platelet
capture at injury sites in the downstream microvasculature,
remains unknown.73,74 Platelet hyperactivity, with sub
sequent platelet con
sumption, might also result in
secondary platelet depletion and, at later stages, to platelet
exhaustion with increased risk for bleeding.65
Clinically significant platelet dysfunction has also
been detected with normal platelet counts.62,75 Platelet
dysfunction is indicated by a reduced ability of the
agonists adenosine diphosphate (ADP) or arachidonic
acid (AA) to activate platelets owing to inhibition of the
ADP and AA receptors.65,77 This receptor inhibition has
been characterised as a common feature of haemostatic
failure in isolated TBI and occurs in the absence of
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Traumatic brain injury

Tissue or vessel injury and blood–brain barrier disruption

Focal kinetic energy in
epicentre and surroundings

Endothelial activation (endothelopathy)
Vasohyperpermeability
Sympathoadrenal activation

Local release
of tissue
factor

Local release
of tPA or uPA

Activation of
mechanosensitive
molecular processes
in surrounding
microvessels

Hypoperfusion or shock

Activation
of extrinsic
coagulation
pathway

Iatrogenic coagulopathy:
haemostatic resuscitation

Impaired coagulation
factor synthesis

Inflammation
(release of
prostaglandins,
cytokines, PAF,
complement
anaphylatoxins)

Haemodilution
Glycocalyx
shedding

Protein C
pathway
activation

Reduced coagulation
factor activity

Acidosis

Hypothermia
Stress and
rupture of
microvessels

Platelet (hyper)
activation

Progressive structural
microvascular failure

Hypercoagulation
Fibrin deposition
Microthrombosis

Platelet
dysfunction

Consumption of
coagulation
factors and platelets

Lethal triad

Platelet
exhaustion

Iatrogenic coagulopathy:
preinjury pharmacotherapy
Fibrinogen
deficit

DIC
Tissue ischaemia
Endogenous anticoagulation or hypocoagulation
Hyperfibrinolysis

Immediate
haemorrhagic
contusions

Progressive or new haemorrhagic contusions

Figure 1: Current understanding of the mechanisms underlying coagulopathy and haemorrhagic contusions after traumatic brain injury
Apart from the mechanical force of the impact on the brain, tissue and vessel injuries including blood–brain barrier disruption trigger multiple, highly complex, interactive pathways that can result in
haemostatic failure and haemorrhagic progression. Hypoperfusion and shock aggravate coagulopathy and progressive haemorrhagic contusions via endotheliopathy and activation of the protein C
pathway, thereby promoting endogenous anticoagulation and hyperfibrinolysis. Loss, consumption, dilution, and dysfunction of coagulation factors and platelets further aggravate the bleeding.
Iatrogenic liberal volume resuscitation might trigger the so-called lethal triad consisting of coagulopathy, hypothermia, and acidosis. Understanding of mechanisms is based on multiple
sources.5,25,34,37,38,45,62–70 DIC=disseminated intravascular coagulation. PAF=platelet-activating factor. tPA=tissue-type plasminogen activator. uPA=urokinase-type plasminogen activator.

shock, hypoperfusion, or multisystem trauma.65 This
finding indicates that TBI by itself might be sufficient to
induce profound platelet dysfunction by a mechanism
distinct from that leading to platelet dysfunction
observed in multisystem trauma and shock. Brain tissue
and vessel damage also activate inflammation pathways
via perturbed endothelium, and platelet dysfunction is
thought to aggravate coagulopathy by contributing to
interactions between the coagulation and inflammation
pathways via the complement system, with activation of
one system amplifying activation of the other.70,82–84
634

TF activation
Brain TF is normally isolated by the BBB and thereby not
exposed to coagulation factors and largely unsaturated by
factor VIIa.85 If exposed to blood and platelets as a
result of direct vessel injury or defragmentation from
microvascular failure, TF might be released and bind
extensively to factor VIIa. This binding then triggers the
extrinsic coagulation pathway, which results in thrombin
generation during the initiation phase of clotting and
subsequent platelet dysfunction and exhaustion65,86 as well
as disseminated intravascular coagulation. Disseminated
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intravascular coagulation could occur within 6 h after TBI
and is characterised by systemic activation of the clotting
cascade, resulting in fibrin deposition and intravascular
microthrombosis, and potentially post-traumatic cerebral
infarction,6,7,87 as well as increased consumption of
coagulation factors and platelets,5,19,88 leading to further
platelet exhaustion.5,19,88
Small amounts of biologically active TF are also present
in circulating blood as blood-borne soluble TF and together
with traumatically activated and released TF can be
integrated into the surface of activated platelets as well as
platelet-derived and endothelial-derived microparticles,
which might augment the ongoing initial amplification of
coagulation.89–91 Microparticles have been characterised as
small 0·1–1 mm phospholipid vesicles released from
membranes of various cell types following cell death or
stimulation via damage and stress; after TBI, the pattern of
circulating microparticles is altered as both platelet-derived
and endothelial-derived microparticles are generated in
the injured brain.92 Platelet-derived microparticles are also
enriched in phosphatidylserine, which facilitates the
binding of coagulation factors to membranes enabling the
formation of procoagulant complexes.93 As multiple clots
form, the systemic consumption of clotting factors and
platelets results in a decline in fibrinogen concentration
and platelet counts early after TBI, which might lead to
increased bleeding.40,41

Endogenous plasminogen activator release
Although overactivation of clotting via TF has been
suggested to drive hyperfibrinolysis after TBI,40,41
alternative mechanisms have been proposed, such as
local release of endogeneous tissue-type plasminogen
activator (tPA) and urokinase-type plasminogen activator
(uPA) from contusional brain tissue94 or depletion of
alpha-2-plasmin inhibitor with an increase in plasmin.5
Plasmin is the main effector of fibrinolysis, the cleavage
product of circulating plasminogen. Both tPA and uPA
concentrations have been reported to be transiently
increased in experimentally lesioned mouse brains but
with different temporal profiles.94 More recently, the role
of fibrinolytic shutdown has been suggested as another
mechanism that makes patients with TBI potentially
prone to a hypercoagulable state.95

Effects of hypoperfusion and shock
Endotheliopathy, inflammation, and glycocalyx shedding
Endothelial activation and inflammation are triggered
not only by brain tissue and vessel damage, but also by
hypoperfusion and shock.67,96–99 Additionally, endothelio
pathy is associated with a strong sympathetic nervous
system response with profuse secretion of catecholamines
resulting in a hyperadrenergic state that is linked to
immunomodulation both locally and systemically.67,97,98
Biomarker profiles in patients with TBI with poor
outcomes have indicated haemostatic failure, endothelial
damage including damage to the inner endothelial

layer (glycocalyx), vascular activation, inflammation, and
hyperfibrinolysis with catecholamine concentrations
correlating with endotheliopathy and markers of
coagulopathy within the first 24 h after TBI.97 Degradation
of the endothelial glycocalyx has been shown to induce
autoheparinisation, thereby contributing to endogenous
anticoagulation and bleeding.99

Protein C pathway activation
Combined TBI and shock might also result in an immediate
activation of coagulation pathways with subsequent
protein C pathway activation promoting inhibition of
coagulation factors Va and VIIIa,5 hyperfibrinolysis,5 and
inflammation.5,96 TBI-related coagulopathy is more
profound in patients with acidosis and high lactate
concentrations, and hypoperfusion has been associated
with an increased risk of hyperfibrinolysis via activation of
the protein C pathway.24 Conversely, in the later sequalae,
the post-traumatic inflammatory response might result in
chronic protein C depletion, which can result in enhanced
susceptibility to infection and thromboembolism.5

Iatrogenic coagulopathy
Uncritical haemostatic resucitation with liberal use of
intravenous fluids promotes iatrogenic coagulopathy via
haemodilution and increases mortality risk owing to the
so-called lethal triad, which consists of coagulopathy,
hypothermia, and acidosis.100 Hypothermia primarily
inhibits the initiation of thrombin generation and
fibrinogen synthesis,101 whereas acidosis disrupts the
interplay of coagulation factors with the negatively
charged phospholipids on the surface of activated
platelets.102 Additionally, patients with TBI with preinjury
intake of pharmacological anticoagulants might have
coagulopathy because of a reduction or block in activity
of coagulation factors (direct factor Xa or thrombin
inhibitors) or platelets (antiplatelet agents), or inhibition
of their synthesis (vitamin K antagonists [VKAs]).

Novel diagnostic approaches to coagulopathy
CCAs are still the most commonly used assessment of
coagulation, and detection of coagulation abnormalities
can facilitate prediction of outcome after TBI.21
However, they provide no information on some of the
underlying mechanisms associated with haemostatic
failure after TBI, such as platelet dysfunction, and
might not enable accurate diagnosis of fibrinogen
deficiency. Furthermore, CCAs monitor the initiation
of blood coagulation, and characterise only the first 4%
of thrombin generation in secondary haemostasis.103
PT, activated partial thromboplastin time (aPTT), and
the INR can be used to measure derangements in
individual pathways but not to assess complex
interactions between multiple pathways, and have not
been validated for patients who are critically ill.104
Standard coagulation screens might appear normal
even when the overall state of blood haemostasis is
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abnormal.105 According to a meta-analysis,38 coagulation
tests, in particular aPTT and PT, are inconsistent in
detecting haemostatic alterations during blood
monitoring. Low initial haemoglobin concentrations
should be considered as an indicator for severe bleeding
and coagulopathy, and repeated measurements are
recommended since an initial value in the reference
ranges might mask signs of bleeding.33
By contrast, global haemostatic assays, such as
viscoelastic (ROTEM and TEG) and thrombin generation
tests, which can be done in whole blood, are often
considered to provide a better assessment, and include
information about the overall haemostatic potential, clot
formation kinetics, and clot stability during dynamic clot
formation (figure 2).17,106–110 There is an increasing clinical
interest in the use of these tests to monitor and guide
blood-product replacement during the acute resuscitation
A

Cranial CT scans
Admission

B

Point-of-care viscoelastic testing (ROTEM)

C

See Online for appendix
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3 h after admission

Standard laboratory test results

Haemoglobin 12·6 g/dL↓
Platelets
174 × 10⁹/L

6·6 g/dL↓

pH

7·33↓

BE

7·22↓

–2·7 mmol/L

Lactate

–8·7 mmol/L↓

0·99 mmol/L

PTr

6·99 mmol/L↑

60%↓

PT

15%↓

16·3 s↑

aPTT

45·3 s↑

40 s↑

Fibrinogen

161 s↑

135 mg/dL↓

81 mg/dL↓

55 × 10⁹/L↓

of injured patients.111,112 Global haemostatic assays have
been reported to be better for predicting prognosis and
outcome in patients with severe TBI17,113 and to provide
results in more rapid turnaround times compared with
CCAs,105,114,115 which could lead to more timely correction of
haemostatic defects. Fibrinogen is increasingly recognised
as important in trauma-related bleeding and is not only
the precursor of fibrin, but also an important mediator of
platelet aggregation.116 Fibrinogen levels of less than
2·0 g/L have been reported as a risk factor for the
development of PHI,40 and functional deficits in fibrin
polymerisation can be more rapidly assessed with global
assays than with CCAs (figure 2).115 Signs of clot lysis on
global assays and systemic presence of fibrinolytic
fragments on CCAs have been associated with PHI,39–41
outcome (as measured with the Rankin scale for disability
and level of functional independence),42,117 and the need for
neurosurgical procedures.43 Additionally, patients with
abnormal clot formation dynamics on global assays had
approximately five times the odds of dying from ICH
progression than those with normal clot dynamics.43
Point-of-care platelet function tests, such as the Platelet
Function Analyzer (PFA-100), Multiplate, and platelet
mapping, could have a role in detecting platelet dysfunction
or therapeutic platelet inhibition.53,65,77 Platelet ADP
inhibition distinguished survivors from non-survivors and
both ADP and AA receptor inhibition have been strongly
correlated with TBI severity.77 Furthermore, significant
derangements in CCAs were not found for 70 patients
with isolated moderate-to-severe TBI but significant injury
severity-dependent platelet dysfunction was indicated by

Figure 2: Clinical assessment of progression of haemorrhagic injury and
coagulopathy after traumatic brain injury
A 45-year-old male patient with severe traumatic brain injury had cranial CT scans
and coagulopathy assessments with viscoelastic assays and conventional
coagulation assays at emergency department admission and 3 h after admission.
(A) Clinical CT scans show deteriorating intracranial haemorrhage. (B) Clinical
viscoelastic assessments using ROTEM were based on the EXTEM and FIBTEM
subtests: the EXTEM test is used as a screening test for the (extrinsic) haemostasis
system and the FIBTEM test is an assay for the fibrin part of the clot. Assay results
are assessed along the time axis from left to right. The patient viscoelastic findings
at admission indicate early signs of coagulopathy, with abnormal clot formation
reflected in prolonged EXTEM clotting times (CT, 94 s) and a reduced FIBTEM clot
amplitude after 10 min (A10, 9 mm), indicative of reduced clot stability due to
fibrinogen deficiency. At 3 h after admission, findings indicate delayed and
insufficient clotting, reflected in prolonged EXTEM CT (174 s) and absent FIBTEM
A10, suggesting the development of complicating hypotensive (multifactorial)
coagulopathy associated with the deteriorating haemorrhage. The flat line in the
FIBTEM channel reflects complete absence of fibrin polymerisation. Abnormal clot
formation can also be indicated by a prolonged CFT, a reduced angle reflecting the
speed of clot formation (α), or a reduced MCF, which reflects overall clot stability
and sustainability (for more on assessment parameters for viscoelastic tests, see
appendix). (C) The results from standard laboratory assays and CCAs at 3 h confirm
severe shock with coagulation failure along with hypofibrinogenaemia and
thrombocytopenia (arrows indicate abnormal findings). The more rapid availability
of viscoelastic test results compared with CCA and standard laboratory test results
enabled timely, targeted treatment of bleeding in this patient. BE=base excess.
PTr=prothrombin ratio. PT=prothrombin time. aPTT=activated partial
thromboplastin time. CFT=clot formation time. MCF=maximum clot firmness.
CCAs=conventional coagulation assays.

www.thelancet.com/neurology Vol 16 August 2017
Downloaded for Anonymous User (n/a) at Stockholm County Council from ClinicalKey.com by Elsevier on September 21, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.

Series

platelet ADP and AA receptor inhibition in the early
phase after injury.65 One particular role for platelet reactivity
tests might be in detecting and monitoring the effects
of antiplatelet agents, which vary greatly between
individuals.118,119 However, platelet function assays are not
readily available outside the research setting, quality-control
protocols are poorly established, and these tests are less
reliable in the presence of low platelet counts. There is
little experience with monitoring the activity of DOACs,120
and the use of the above testing approaches for patients
with acute injuries remains a work in progress.121

Treatment of coagulopathy after TBI
The early correction of coagulopathy in TBI has been
independently associated with survival122 and monitoring,
and measures to support coagulation should be initiated
immediately on hospital or emergency department
admission.33 The most common options for the treatment
of TBI-associated coagulopathy are blood components,
including plasma and platelet concentrates, although
there is increasing interest in the role of purified or
recombinant factors (eg, coagulation factor concentrates)
and haemostatic drugs such as tranexamic acid (TXA) and
desmopressin. In the absence of specific guidelines, TBI
treatment strategies for coagulopathy follow those for
systemic trauma except for targeting a higher mean
arterial pressure of 80 mm Hg or greater33 because of the
susceptibility of the injured brain to even small reductions
in perfusion pressure12,24,37,123,124 and the proposed need to
maintain higher platelet counts (>100 × 10⁹ platelets per L).33
Treatment protocols and algorithms including massive
transfusion and major haemorrhage protocols for the
management of bleeding in patients with systemic trauma
have been introduced33,125,126 and their adherence was linked
to improved delivery of blood-component therapies and
outcomes.127 Standardised approaches are generally based
on the administration of packed red-blood-cell (pRBC)
concentrates, fresh frozen plasma (FFP), and platelet
concentrates in a 1:1:1 ratio. However, best-practice use of
blood products continues to evolve and should be guided
by goal-directed strategies using CCAs or viscoelastic
assays rather than by empirical administration.33 Below,
standardised and more novel approaches to the treatment
of coagulopathy, including haemostatic agents and
viscoelastic-based treatment algorithms in the context
of TBI, are discussed. Since many patients with TBI
have coagulopathy and ICH associated with preinjury
pharmacotherapies—particularly anticoagulant or anti
platelet drugs—strategies for the reversal of anti
thrombotics are also discussed.

Red-blood-cell transfusions
Red blood cells, which are the most commonly transfused
blood component, have an important role in haemostasis
to rapidly increase haemoglobin concentrations, but
there is no consensus on haemoglobin targets or
transfusion strategies (eg, restrictive vs liberal) in patients

with TBI who are critically ill.128–130 Few clinical studies on
the optimal transfusion strategy have been done and
those that exist are likely to be biased by substantial
confounders.130 Increasing the haematocrit to more than
28% during initial surgery after severe TBI was not
associated with improved or worse outcomes, calling
into question the need for aggressive transfusion in
these patients.131 In a randomised trial, neither the
administration of erythropoietin nor maintaining
haemoglobin concentrations above 10 g/dL resulted in
an improved neurological outcome at 6 months in
patients with TBI; however, the transfusion threshold
of 10 g/dL versus 7 g/dL was associated with a higher
incidence of adverse events including PHI.132,133
Furthermore, a mean 7-day haemoglobin concentration
of less than 9 g/dL has been associated with increased
hospital mortality in patients with severe TBI.134 The
pathophysiology of such complications is complex and
even when red-blood-cell transfusion produces an
improvement in cerebral oxygenation, this finding has
not always been associated with changes in brain
metabolism.135,136
Red-blood-cell transfusions have been associated with
poor long-term functional outcomes in patients with TBI
with moderate anaemia, and remain controversial.137,138 A
restrictive red-blood-cell transfusion strategy should be
implemented unless poor tolerance to anaemia is
present.130,139 A systematic review140 on red-blood-cell
transfusion in patients with TBI underpinned the
heterogeneity of the literature and the overall shortage of
clinical evidence guiding transfusion strategies in TBI.140
Clinicians must assess patients and initiate transfusion
on the basis of the clinical setting and patient
haemodynamic state rather than using a specific
threshold.141 If indicated, patients should receive
red-blood-cell transfusion units selected at any timepoint
within their licensed dating period rather than restricting
transfusion to only fresh units with storage age less than
10 days.139 In the modern era of transfusion, including the
use of balanced transfusion protocols, the age of stored
blood might not affect outcomes as shown historically,136
and the safety of transfusion products is not likely to be
affected before 21 days of storage.141

FFP transfusions
In the general (non-TBI) trauma literature, there has
been much interest in the early empirical use of plasma,
but whether these strategies should be applied to the TBI
population remains unclear.142–145 The empirical infusion
of FFP concentrates in patients with severe TBI143 or the
use of FFP in patients with TBI and moderate
coagulopathy either alone or combined with pRBCs has
been associated with adverse effects or poorer functional
outcomes.138 Evidence from two retrospective studies
suggests a survival benefit with early plasma
administration in patients with multifocal ICH142 or with
ratio-based blood-product transfusion in patients with
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TBI as the only major injury.144 In the context of a plasmabased coagulation resuscitation strategy in patients with
TBI without preinjury anticoagulation, plasma could be
administered to maintain PT and aPTT at less than
1·5 times the normal control level and should be avoided
in patients without substantial bleeding.33

Platelet-concentrate transfusions
The role of platelet-concentrate transfusions is a
controversial topic. The effect of blood-component ratios
was retrospectively assessed in over 200 patients with TBI
with massive transfusion and a high platelet ratio was
associated with improved survival.145 In less serious
circumstances, in patients with TBI with moderate
thrombocytopenia, platelet-concentrate transfusion did
not result in improved outcomes138 and was inferior to
standard care for patients taking antiplatelet therapy
before ICH.146 Platelet-concentrate transfusions in patients
with mild TBI, ICH, and preinjury intake of antiplatelet
therapy was not associated with improved short-term
outcomes and could have exposed these patients to
unnecessary risks of transfusion, which include allergic
reactions (anaphylaxis), fluid overload, lung injury, and
infection.147 Five retrospective registry studies provide
inadequate evidence to support the routine use of
platelet-concentrate transfusions in patients with
traumatic ICH and preinjury antiplatelet use.56 Prospective
evidence might suggest that platelet-concentrate
transfusion in TBI is more likely to improve aspirininduced, but not trauma-induced, platelet dysfunction.78
Although platelet-concentrate transfusion in patients with
TBI with preinjury intake of antiplatelet therapy is often
considered, the current data on its effects on platelet
function are still conflicting and inconclusive.148–150

Coagulation factor concentrates
Prothrombin complex concentrate
Prothrombin complex concentrate (PCC) is an inactivated
concentrate of factors II, IX, and X, with variable amounts
of factor VII. At present, PCC cannot be recommended
for first-line therapy in patients with traumatic
haemorrhage including TBI except for refractory
bleeding.151 However, for the emergency reversal of VKA
anticoagulant therapy (eg, warfarin), its early use is
effective and it is recommended as a primary treatment
in patients with life-threatening bleeding and increased
INR.33,152–154 Use of PCC in different clinical situations has
been associated with a very low prevalence of thrombotic
complications (0·9%); however, risk of thrombosis and
disseminated intravascular coagulation might increase
with repeated dosing.154 A moderate PCC dose of 35 IU/kg
compared with a lower dose of 25 IU/kg was associated
with a higher percentage of INR reversal and more rapid
INR normalisation in patients with TBI taking VKAs.155 If
both three-factor and four-factor PCC are available for the
acute management of life-threatening bleeding and to
improve thrombin generation, four-factor PCC is
638

preferred,156 but when this product is not available it
is advisable to use a three-factor product together with a
small amount of FFP (as it is a source of factor VII).157 In
the context of TBI, the administration of PCC in patients
both with and without preinjury VKA intake was superior
to recombinant factor VIIa in reducing the need for
allogeneic blood transfusions and costs,158 and when PCC
was used as an adjunct to FFP the time to surgical
intervention (ie, craniotomy) was reduced with faster
correction of INR.159 Whether PCC can be effective as an
adjunct in patients who require a massive blood
transfusion is not known.160

Fibrinogen (factor I)
Fibrinogen, known as coagulation factor I, is the substrate
for clot formation. Fibrinogen concentrations decline
initially after TBI because of increased early coagulation
factor consumption and recover beyond normal amounts
2–3 days later.87 Reduced fibrinogen concentrations in the
acute phase have been associated with mortality in
patients with traumatic haemorrhage without TBI,161 and
concentrations should be kept within 1·5–2 g/L either
through administration of fibrinogen concentrates or
cryoprecipitate.33 Increased plasma concentrations of
fibrinogen, which can occur during later stages of TBI,
can cause inflammation with increased cerebrovascular
permeability in the injury penumbra;162 supplementation
to above normal concentrations should be avoided since it
might impair the healing process.

Recombinant factor VIIa
One study163 has shown less haematoma progression in
patients with TBI who were treated with recombinant
factor VIIa compared with placebo, but the clinical
relevance of this finding is unclear, since the effect size
and patient numbers were small and the treatment was
associated with a higher incidence of thrombosis.163
Two other small studies164,165 showed correction of
coagulopathy with recombinant factor VIIa in patients
with severe TBI requiring emergency craniotomy, which
allowed shorter transit times to surgical intervention.
However, a systematic review published in 2010166
included only two trials of recombinant factor VIIa and
did not provide reliable evidence to support its use in
reducing mortality or disability in patients with TBI. In a
small prospective study167 involving 87 patients with
isolated TBI and coagulopathy on hospital admission,
single low dose recombinant factor VIIa (20 mg/kg
intravenously) and blood products were effective for
correcting coagulopathy and preventing the occurrence
of PHI without an increase in thromboembolic events.
In patients with preinjury VKA intake, the use of
recombinant factor VIIa has been associated with a
decreased time to normal INR but no difference in
mortality.168 At present, data are inconclusive and general
recommendations about management with recombinant
factor VIIa cannot be made. The off-label use of
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recombinant factor VIIa might be considered if major
bleeding and coagulopathy persist despite best-practice
use of conventional haemostatic measures and all other
attempts to control bleeding.33

Factor XIII
Coagulation factor XIII has an important role in
maintaining clot stability. After activation of factor XIII
via thrombin in the presence of calcium, factor XIII
crosslinks fibrin monomers into stable polymers to
form a stable clot.169 Factor XIII deficiency by
coagulation factor dilution or consumption has been
associated with clinically relevant coagulopathy
including bleeding after neurosurgical procedures.170,171
In-vitro studies have documented the postive effect of
factor XIII supplementation on viscoelastic clot
dynamics, firmness, and stability,172 and a potentially
inhibitory effect on tPA-evoked hyperfibrinolysis;173
however, whether these findings could be translated
into clinical benefits or treatment options for patients
with TBI remains speculative.174

Haemostatic agents
TXA
A subanalysis of data from the CRASH-2 trial on
intracranial bleeding in TBI suggested that the lysine
analogue TXA could be associated with a reduction in
haemorrhage growth, fewer focal ischaemic lesions, and
fewer deaths compared with placebo.175 The overall benefit
from TXA in the CRASH-2 trial was limited to patients
who were treated within 3 h of injury and treatment
resulted in more deaths due to bleeding when
administered after 3 h.176 In mice with experimental TBI,
TXA has been shown to block tPA-mediated fibrinolysis
and ICH in the acute phase, but it potentiated the effect of
uPA, thereby promoting ICH, beyond the 3-h window;94,177
this selective increase in uPA-mediated plasminogen
activation at later stages might explain the different
responses to TXA over time.178 Whether this finding also
applies to TBI is unclear. The ongoing CRASH-3 study
could provide further guidance.179 Pooled data from two
randomised trials180 on the use of TXA in patients with
TBI showed a significant reduction in ICH progression
but no improvement in clinical outcomes with early
administration of TXA.180 However, a small randomised
trial reported no reduction in PHI with TXA in patients
with severe TBI.181
A clinical concern with the use of TXA is the potential
risk of thromboembolic events, which has not been
studied in the context of TBI. The CRASH-2 trial
showed no increase in thrombotic events with TXA in
the trauma setting; indeed, there was a reduction in
myocardial infarction.176 A trial of TXA in patients
undergoing coronary artery surgery182 showed no higher
risk of thrombotic complications within 30 days of
surgery but a higher risk of postoperative seizures in
treated patients compared with those given placebo.182

However, trials of TXA in a surgical setting have not
adequately studied its effects on the risk of post
operative venous thromboembolism (VTE) and potential
reduction in arterial thromboembolism, and this needs
further research.183

Desmopressin
Use of desmopressin has been investigated in a small
number of patients with acute ICH and has resulted in
improved platelet function test results,184 but further
studies are needed to identify its role in TBI, particularly
in the context of antiplatelet therapy. To date, the use of
desmopressin is not suggested routinely in bleeding
trauma patients including those with TBI owing to the
risk of aggravating cerebral oedema and intracranial
hypertension.33

Additional strategies for the reversal of antithrombotics
In addition to the strategies discussed above, current
guidelines33,154 suggest the use of several other options to
correct coagulopathy in TBI specifically related to the
reversal of antithrombotics. In general, all antithrombotic
agents should be discontinued when ICH is present or
suspected.154 Vitamin K is recommended to ensure
durable INR reversal after VKA-associated ICH in patients
with an INR of 1·4 or greater. Vitamin K should be given
as soon as possible or concomitantly with other reversal
agents. Three-factor and four-factor PCC is preferred to
FFP, but FFP can be considered if PCC is not available or
contraindicated. The management of patients with TBI
on preinjury DOACs is challenging because until recently
there were no options for rapid reversal in the event of
bleeding. The emergence of a range of reversal agents is
likely to improve the safety profile of DOACs,185 and in
2015, evidence was published for the safety and efficacy of
the monoclonal antibody fragment idarucizumab, the
first specific agent for the acute reversal of the direct
factor IIa (thrombin) inhibitor (DTI) dabigatran.186
Factor Xa inhibitor antidotes such as andexanet alfa and
ciraparantag are in phase II and phase III trials and might
be approved in the near future.187 Protamine sulfate is
indicated for the reversal of unfractionated and lowmolecular-weight heparin (LMWH). Urgent reversal is
recommended if ICH develops during full-dose heparin
infusion, whereas routine reversal of prophylactic
subcutaneous heparin is not recommended unless the
aPTT is substantially prolonged.154 Similarly, LMWH
reversal with protamine sulfate in patients with ICH is
recommended for therapeutic doses of LMWH but not
for prophylactic dosing.154 Obtaining information on the
time and amount of the last ingested doses, renal and
liver function, and possible interactions between
medications assists in estimating the degree of
anticoagulation exposure. Table 3 summarises current
recommendations on reversal agents to restore
coagulation function in patients with TBI and ICH
associated with antithrombotic medication.154
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Viscoelastic-based treatment algorithms
Global haemostatic assays, such as viscoelastic assays
(ROTEM and TEG), might be superior to CCAs for the
assessment of real-time haemostasis and prediction of
outcomes; attributes that might be expected to increase
their clinical relevance with future research.190–192
A recent Cochrane review suggested that the use of
viscoelastic assays might result in a survival benefit, a
reduction in the need for allogeneic blood-product
transfusion, and fewer patients with dialysis-dependent
renal failure compared with transfusion guided by any
method in adults or children with bleeding,192 even
though a previous Cochrane review less than a year
before had suggested that their use in trauma should be
restricted to research.193
Viscoelastic testing has been incorporated into
guidelines and vertical algorithms for diagnosis and to
guide use of haemostatic therapies in high-risk patients
with active haemorrhage including trauma,33,125,126,194 but
thresholds for treatment according to these measures
and for all coagulation laboratory parameters are not
well defined and require further investigation. Current
recommendations for viscoelastic thresholds that could
prompt the initiation of specific and targeted treatments
with haemostatic agents and blood products are based
on expert opinion (figure 3).109–111,125,195 Although these
thresholds have been introduced for the general trauma
population they could also hold potential for patients
with TBI with coagulopathy to better target and
individualise therapies. This is of particular relevance
given the complexity of TBI-associated coagulopathy
Strong recommendation with
moderate to high quality evidence
VKAs

with the potential coexistence of hypocoagulability and
hypercoagulability in these patients.

Thrombosis prophylaxis after TBI
TBI itself is considered an independent risk factor for
VTE,196–198 and progressive and delayed hypercoagulable
states have been observed even days after initial TBI.66
Additionally, some of the treatments mentioned above to
reverse hypocoagulable states could carry a risk for
thrombosis and thromboembolic complications. With
active surveillance and in the absence of prophylaxis,
the incidence of deep venous thrombosis (DVT) is
substantial, and has been reported to be as high as 54%
in patients with severe TBI.199 Despite these findings,
there is considerable practice variation and clinical
uncertainty about the safety, choice, and timing of
thrombosis prophylaxis for preventing VTE in TBI.198,200
After TBI, there is understandable concern that
thrombosis prophylaxis might result in the expansion of
intracranial haematomas; in patients not taking
anticoagulants and in whom ongoing haematoma
expansion has not been excluded, the risks of continued
haemorrhagic progression can be up to 13 times higher
than in patients not given thrombosis prophylaxis.201
Various types of external compression devices are
available for DVT prophylaxis in immobilised patients,
including graduated compression stockings, pneumatic
compression devices, and foot pumps. Although the
institution of mechanical prophylaxis might be associated
with a residual DVT rate of 31% and a pulmonary
embolism rate of 3%,197 most studies in trauma

Conditional recommendation with low to moderate quality evidence

Vitamin K; three-factor or four-factor PCC Fresh frozen plasma if PCC is contraindicated or not available

Direct factor Xa inhibitors ··

Four-factor PCC or aPCC; activated charcoal within 2 h of drug ingestion for intubated
patients with enteral access or low risk of aspiration

DTIs

Idarucizumab for ICH associated with
dabigatran

Four-factor PCC or aPCC if idarucizumab is not available or for ICH associated with DTIs
other than dabigatran; haemodialysis if idarucizumab is not available or in cases of
dabigatran overdose; activated charcoal within 2 h of drug ingestion for intubated
patients with enteral access or low risk of aspiration

Unfractionated heparin

Protamine sulfate

··

LMWH

Protamine sulfate

Recombinant factor VIIa for ICH associated with danaparoid or if protamine sulfate is
contraindicated

Pentasaccharides

··

aPCC; recombinant factor VIIa if aPCC is contraindicated or not available

Thrombolytic agents
(plasminogen activators)

··

Cryoprecipitate; antifibrinolytic agent (tranexamic acid or e-aminocaproic acid) if
cryoprecipitate is contraindicated or not available

Antiplatelet agents

··

Desmopressin for ICH associated with aspirin, cyclooxygenase-1 inhibitors,
or ADP receptor inhibitors; platelet concentrate for ICH associated with aspirin or ADP
receptor inhibitors in cases of neurosurgical intervention

For detailed clinical recommendations and dosing see Frontera and colleagues.154 The recommendations are in agreement with the guidance document for novel oral
anticoagulants from the International Society of Thrombosis and Hemostasis.188 Levels of recommendation according to Grading of Recommendations Assessment,
Development, and Evaluation (GRADE).189 All antithrombotics (VKAs, direct factor Xa inhibitors, DTIs, heparins [unfractionated heparin and LMWH], pentasaccharides,
thrombolytic agents, and antiplatelet agents) should be discontinued when ICH is present or suspected.154 ··=Data not available. VKAs=vitamin K antagonists. DTIs=direct
thrombin inhibitors. LMWH=low-molecular-weight heparin. PCC=prothrombin complex concentrate. ICH=intracranial haemorrhage. aPCC=activated PCC. ADP=adenosine
diphosphate.

Table 3: Summary of options and current recommendations for the reversal of antithrombotic agents in adult patients with intracranial haemorrhage in
the context of traumatic brain injury
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patients indicate that heparin chemoprophylaxis
mitigates this risk,202–205 with a probable benefit of LMWH
over unfractionated heparin.200 Only isolated reports196
suggest that increased risk of VTE is unaffected by
heparin prophylaxis. It should be acknowledged that
studies make use of different methods to report
thrombotic events, from active surveillance to only
clinically overt VTE.
There are clear risks of both withholding and using
unfractionated heparin or LMWH for VTE prophylaxis in
patients with TBI. The current literature206,207 suggests
that careful consideration of risk factors could support
the rational stratification of patients with TBI into
high-risk and low-risk groups for thrombosis prophylaxis,
which forms the basis of an individualised approach.
However, high-quality data to inform comparisons of
different approaches and outcomes including the optimal
timing of initiation are scarce.198,200
Postponing heparin prophylaxis to 24 h after injury and
restricting this treatment to patients with low risk of
haemorrhagic progression results in risk of haematoma
Haemostatic therapy
Consider administering fibrinogen
concentrate or cryoprecipitate
(FFP*)

ROTEM/TEG trace
Angle
20 mm

A5/10, MCF
MA

expansion similar to that in untreated patients.208 Risk
factors that might lead to withholding heparin include
recent use of anticoagulant or antiplatelet therapy,
existing haemostatic defects, active bleeding, or the
presence of a haemorrhagic lesion on the initial cranial
CT scan. In patients with haemorrhagic lesions, VTE
chemoprophylaxis can be initiated at 24–72 h with no
increased risk of haemorrhage if repeated neuroimaging
shows no evidence of haematoma progression.209,210
A recently updated systematic review of 23 studies
confirmed that pharmacological thrombosis prophylaxis
appears to be safe in patients with TBI with stabilised
haemorrhagic patterns.198 In patients with severe TBI and
no evidence of haemorrhagic worsening, the initiation of
prophylactic heparin within 3 days of injury was not
associated with neurological deterioration211,212 and might
result in less injury progression and possibly also
neuroprotection.211 In patients who do show evidence of
lesion progression, VTE prophylaxis can be delayed since
the risks of haemorrhagic progression clearly outweigh
the increased risk of VTE.213 Retrospective data indicate
ROTEM triggers

TEG/rTEG triggers

EXTEM A10<45 mm (A5<35 mm) or
MCF<55 mm and FIBTEM A10<10 mm
(A5<9 mm) or MCF <12 mm

TEG: FF MA<14 mm, cryoprecipitate/
fibrinogen/FFP
rTEG: K>2·5 min or angle <56° (<65°)†,
cryoprecipitate/fibrinogen/FFP

EXTEM CT≥80 s and A10≥45 mm
(A5≥35 mm) or MCF≥55 mm and
normal FIBTEM A10 (A5≥9 mm)
or normal MCF

TEG: R>10 min, angle <52°, or
FF MA<14 mm, FFP
rTEG: R>1·1 min, FFP and pRBCs;
ACT>128 s, FFP and pRBCs

EXTEM A10<45 mm (A5<35 mm)
or MCF<55 mm and normal FIBTEM
A10 (A5≥9 mm) or normal MCF

TEG: MA<49 mm, platelet concentrate
(in patients with normal FF MA)
rTEG: MA<55 mm, platelet concentrate/
fibrinogen/cryoprecipitate

Any evidence of hyperfibrinolysis on
EXTEM or FIBTEM

TEG: Ly30>4%, TXA (if >4% and angle and/or
MA↑, TXA contraindicated as
considered reactive hyperfibrinolysis)
rTEG: Ly30>3% (>5%)†, TXA if time since
injury <3 h and patient is bleeding

Abnormally high A10 or MCF on
EXTEM

Recommendation not available

K
Consider administering FFP or PCC

Angle
A5/10, MCF
MA
CT, R, ACT

Consider administering platelet
concentrate (fibrinogen
concentrate, cryoprecipitate*)

Consider administering
antifibrinolytics

A5/10, MCF
MA

Ly30

Consider withholding haemostatic
therapy and transfusions
A5/10, MCF

Figure 3: Algorithm for the use of haemostatic agents and blood products during early care for trauma patients with bleeding based on viscoelastic test results
Overview of viscoelastic triggers for the differential and targeted use of haemostatic agents and blood products, based on expert opinion, for ROTEM,111 TEG,125 and
rapid TEG (rTEG).125,195 If available, specific treatments are given (TEG and rTEG only). The nomenclature for ROTEM and TEG differs slightly and results are not strictly
interchangeable,109,110 because of technical differences and differences in the use of reagents, but the assays are similar in clinical applicability.110 ROTEM parameters:
EXTEM=test for the (extrinsic) haemostasis system. FIBTEM=test for the fibrin part of the clot. CT=clotting time (s). A5/A10=clot amplitude after 5 or 10 min (mm).
MCF=maximum clot firmness (mm). TEG parameters: R=reaction time (min). Angle=speed of clot formation (degrees). MA=maximum amplitude (mm). FF
MA=functional fibrinogen test maximum amplitude (mm). Ly30=amplitude reduction after 30 min as an indicator of hyperfibrinolysis (%). Additional definitions for
rTEG: K=time from end of R until the clot reaches 20 mm amplitude. ACT=activated clotting time. Treatments: FFP=fresh frozen plasma. PCC=prothrombin complex
concentrate. pRBCs=packed red blood cells. TXA=tranexamic acid. *Consider alternative treatments if first-line strategies are not available. †Recommended values
differ between publications.125,195
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Search strategy and selection criteria
We searched MEDLINE, Embase, Scopus, and the Cochrane
library for English language articles published between
Jan 1, 2010, and March 15, 2017, using combinations of the
following search terms: “coagulopathy”, “traumatic
coagulopathy”, “blood coagulation”, “haemostatic
disturbance”, “traumatic brain injury”, “craniocerebral trauma”,
“brain injuries”, and “isolated head trauma”. Reference lists of
relevant articles were screened for further studies and key
references published before 2010 were also included.

that being over the age of 65 years poses a specific risk
for haemorrhagic worsening on repeated CT scans after
the initiation of anticoagulation.212
The accumulated data have allowed the introduction of
rational prophylaxis protocols in neurocritical care, which
have been at least partly associated with improved
effectiveness.207,210 Careful stratification is still required to
balance the risks and benefits of treatment for individual
patients.198,212 More evidence is needed on the efficacy of
pharmacological thrombosis prophylaxis in preventing
VTE as well as on appropriate treatments, doses, and
timing, but designing and undertaking definitive trials
remains a challenging aim.214 In 2015, the inhibition of
factor XI was identified as a new target for VTE
prophylaxis.215 Emerging strategies to better tailor
thrombosis prophylaxis should involve consideration of
variables such as TBI severity and preinjury anticoagulant
treatment, and should include adjusted dosing of un
fractionated heparin or LMWH on the basis of viscoelastic
test findings.198,216

Conclusions and future directions
Altered haemostasis and haemorrhagic progression are
substantial and ongoing challenges in the clinical
management of TBI. There is a dearth of data on patterns
of haemostatic derangements and on the role of targeted
haemostatic resuscitation strategies in TBI, which could
be distinct from those needed in general trauma. Studies
elucidating the various phenotypes and mechanisms
underlying the haemostatic abnormalities after TBI,
including their clinical manifestations and how they can
be rapidly identified with diagnostic devices, are
warranted. In particular, the contributions of platelet
dysfunction and endothelium abnormalities are gaps in
our current knowledge.
Studies are needed to address whether a timely,
targeted, and individualised approach to the management
of haemostatic abnormalities after TBI protects against
secondary injury and improves outcomes compared with
empirical transfusion-based therapies with balanced or
whole-blood resuscitation. Additionally, the roles of
specific treatments such as coagulation factor
concen
trates, novel blood-derived therapeutics, and
bioengineered haemostatic agents need to be
642

investigated. Viscoelastic tests could provide real-time
information on the effects of several of the interventions
discussed in this Series paper, but thresholds need to be
better defined, as is the case for conventional coagulation
laboratory parameters. The increasing use of antiplatelet
and anticoagulant drugs in the elderly population
deserves particular consideration in precision-medicine
approaches to the management of TBI.
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