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Traumatic brain injury 2

Coagulopathy and haemorrhagic progression in traumatic 
brain injury: advances in mechanisms, diagnosis, and 
management
Marc Maegele, Herbert Schöchl, Tomas Menovsky, Hugues Maréchal, Niklas Marklund, Andras Buki, Simon Stanworth

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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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 

Number 
of 
patients

Definition of TBI Definition of coagulopathy Prevalence of 
coagulopathy in 
patients with TBI

Mortality in 
patients 
with coagu-
lopathy 
after TBI

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

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)

Zehtabchi et al (2008)9 224 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)]

Lustenberger et al (2010)12 132 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)

Wafaisade et al (2010)13 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)

Chhabra et al (2010)14 100 GCS <13 Fibrinogen <2·0 g/L 7% ·· ··

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)||

Franschman et al (2012)18 226 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)

Genet et al (2013)19 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
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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 

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 

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

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

97·54 (96·6–98·2) Epstein et al (2014)22

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
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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 prothrom botic 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 hypoxia-
induced 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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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

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 

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.
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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 
inflam mation.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 

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.

Point-of-care viscoelastic testing (ROTEM)

Cranial CT scans

Standard laboratory test results

A

C

B

Admission 3 h after admission

Haemoglobin

Platelets

pH
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Lactate
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PT

aPTT

Fibrinogen

12·6 g/dL↓

174 × 10⁹/L

7·33↓

–2·7 mmol/L

0·99 mmol/L

60%↓

16·3 s↑

40 s↑

135 mg/dL↓

6·6 g/dL↓

55 × 10⁹/L↓

7·22↓

–8·7 mmol/L↓

6·99 mmol/L↑

15%↓

45·3 s↑

161 s↑
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See Online for appendix
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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 
Further more, 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 plasma-
based 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 aspirin-
induced, 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 

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 thrombo embolism (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 low-
molecular-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 

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 

Strong recommendation with 
moderate to high quality evidence

Conditional recommendation with low to moderate quality evidence

VKAs 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

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.



www.thelancet.com/neurology   Vol 16   August 2017 641

Series

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 

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 neuro imaging 
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 

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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Haemostatic therapy ROTEM/TEG trace ROTEM triggers TEG/rTEG triggers

Consider administering fibrinogen
concentrate or cryoprecipitate 
(FFP*)

Consider administering FFP or PCC

Consider administering platelet 
concentrate (fibrinogen 
concentrate, cryoprecipitate*)

Consider administering 
antifibrinolytics

Consider withholding haemostatic 
therapy and transfusions

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

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

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

Any evidence of hyperfibrinolysis on 
EXTEM or FIBTEM 

Abnormally high A10 or MCF on 
EXTEM

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

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

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

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

Recommendation not available

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.



642 www.thelancet.com/neurology   Vol 16   August 2017

Series

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-
fraction ated 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 

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.

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.
Contributors
MM did the literature search and drafted the manuscript. HS contributed 
to figure design and revision of the manuscript. SS supported the 
literature search and contributed to the revision of the manuscript. 
NM contributed to the writing, revision, and finalisation of the 
manuscript. TM, HM, and AB contributed to the revision and finalisation 
of the manuscript. All authors have read and approved the final version 
of the manuscript.

Declaration of interests
In the past 3 years, MM has received speaker’s fees and travel payments 
from CSL Behring, LFB Biomedicaments France, and TEM 
International, which is the manufacturer of ROTEM devices and assays. 
HS has received speaker’s fees, travel payments, and honoraria from 
AOP Orphan, Baxter, CSL Behring, and TEM International. NM has 
received consultancy fees from Bioartic Inc, and has scientific 
non-monetary collaboration with Novartis and Lantmännen AS Peptides 
outside the submitted work. AB has held a key opinion leader contract 
with and has received speaker’s fees and travel payments from Johnson 
& Johnson Medical, and has received speaker’s fees and travel payments 
from Banyan Biomarkers and DePuy Sythes outside the submitted work. 
All other authors declare no competing interests.

Acknowledgments
This work was partly funded by the European Union Framework 7 
programme (grant 602150) in the context of the CENTER-TBI project, 
a large-scale collaborative project that is part of the International 
Initiative on TBI Research(InTBIR).

References
1 Hyder A, Wunderlich CA, Puvanachandra P, Gururaj G, Kobisingye O. 

The impact of traumatic brain injuries. NeuroRehabilitation 2007; 
22: 341–53.

2 GBD 2015 Disease and Injury Incidence and Prevalence 
Collaborators. Global, regional, and national incidence, prevalence, 
and years lived with disability for 310 diseases and injuries, 
1990–2015: a systematic analysis for the Global Burden of Diseases 
Study 2015. Lancet 2016; 388: 1545–602.

3 Hoyt DB. A clinical review of bleeding dilemmas in trauma. 
Semin Hematol 2004; 41 (suppl 1): 40–43.

4 Harhangi BS, Kompanje EJO, Leebeek FWG, Maas AIR. 
Coagulation disorders after traumatic brain injury. 
Acta Neurochir (Wien) 2008; 150: 165–75.

5 Laroche M, Kutcher ME, Huang MC, Cohen MJ, Manley GT. 
Coagulopathy after traumatic brain injury. Neurosurgery 2012; 
70: 1334–45.

6 Sun Y, Wang J, Wu X, et al. Validating the incidence of coagulopathy 
and disseminated intravascular coagulation in patients with 
traumatic brain injury: analysis of 242 cases. Br J Neurosurg 2011; 
25: 363–68.

7 Chen H, Xue LX, Guo Y, et al. The influence of hemocoagulation 
disorders on the development of posttraumatic cerebral infarction 
and outcome in patients with moderate or severe head trauma. 
Biomed Res Int 2013; 2013: 685174.

8 Epstein DS, Mitra B, O´Reilly G, Rosenfeld JV, Cameron PA. 
Acute traumatic coagulopathy in the setting of isolated traumatic 
brain injury: a systematic review and meta-analysis. Injury 2014; 
45: 819–24.

9 Zetabchi S, Soghoian S, Liu Y, et al. The association of coagulopathy 
and traumatic brain injury in patients with isolated head injury. 
Resuscitation 2008; 76: 52–56.

10 Talving P, Benflield R, Hadjizacharia P, Inaba K, Chan LS, 
Demetriades D. Coagulopathy in severe traumatic brain injury: 
a prospective study. J Trauma 2009; 66: 55–61.

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.



www.thelancet.com/neurology   Vol 16   August 2017 643

Series

35 Gomez PA, Lobato RD, Ortega JM, De La Cruz J. Mild head injury: 
differences in prognosis among patients with a Glasgow Coma 
Scale score of 13 to 15 and analysis of factors associated with 
abnormal CT findings. Br J Neurosurg 1996; 10: 453–60.

36 Maegele M, Lefering R, Yuecel N, et al. Early coagulopathy in 
multiply injury: an analysis from the German Trauma Registry on 
8724 patients. Injury 2007; 38: 298–304.

37 Chang R, Cardenas JC, Wade C, Holcomb JB. Advances in the 
understanding of trauma-induced coagulopathy. Blood 2016; 
128: 1043–49.

38 Yuan Q, Sun YR, Wu X, et al. Coagulopathy in traumatic brain injury 
and its correlation with progressive hemorrhage injury: a systematic 
review and meta-analyis. J Neurotrauma 2016; 33: 1279–91.

39 Zhang D, Gong S, Jin H, et al. Coagulation parameters and risk of 
progressive hemorrhagic injury after traumatic brain injury: 
a systematic review and meta-analysis. Biomed Res Int 2015; 
2015: 261825.

40 Tian HL, Chen H, Wu BS, et al. D-dimer as a predictor of 
pregressive hemorrhagic injury in patients with traumatic brain 
injury: analysis of 194 cases. Neurosurg Rev 2010; 33: 359–65.

41 Tong WS, Zheng P, Zeng JS, et al. Prognosis analysis and risk 
factors related to progressive intracranial haemorrhage in patients 
with acute traumatic brain injury. Brain Inj 2012; 26: 1136–42.

42 Juratli TA, Zang B, Litz RJ, et al. Early hemorrhagic progression of 
traumatic brain contusions: frequency, correlation with coagulation 
disorders, and patient outcome: a prospective study. J Neurotrauma 
2014; 31: 1521–27.

43 Rao AJ, Laurie A, Hillard C, et al. The utility of thromboelastography 
for predicting the risk of progression of intracranial hemorrhage in 
traumatic brain injury patients. Neurosurgery 2016; 
63 (suppl 1): 173–74.

44 Carrick MM, Tyroch AH, Youens CA, Handley T. 
Subsequent development of thrombocytopenia and coagulopathy in 
moderate and severe head injury: support for serial examination. 
J Trauma 2005; 58: 725–29.

45 Kurland D, Hong C, Arabi B, Gerzanich V, Simard JM. 
Hemorrhagic progression of a contusion after traumatic brain 
injury: a review. J Neurotrauma 2012; 29: 19–31.

46 Folkerson LE, Sloan D, Cotton BA, Holcomb JB, Tomasek JS, 
Wade CE. Predicting progrssive hemorrhagic injury from isolated 
traumatic brain injury and coagulation. Surgery 2015; 158: 655–61.

47 Allard CB, Scarpelini S, Rhind SG, et al. Abnormal coagulation tests 
are associated with progression of traumatic intracranial 
hemorrhage. J Trauma 2009; 67: 959–67.

48 Wutzler S, Maegele M, Marzi I, et al. Association of preexisting 
medical conditions with in-hospital mortality in multiply trauma 
patients. Am Coll Surg 2009; 209: 75–81.

49 Batchelor JS, Grayson A. A meta-analysis to determine the effect of 
anticoagulation on mortality in patients with blunt head trauma. 
Br J Neurosurg 2012; 26: 525–30.

50 Batchelor JS, Grayson A. A meta-analysis to determine the effect of 
preinjury antiplatelet agents on mortality in patients with blunt 
head trauma. Br J Neurosurg 2012; 27: 1–7.

51 Fabbri A, Servadei F, Marchesini G, et al. Antiplatalet therapy and 
the outcome of subjects with intracranial injury: the Italian SIMEU 
study. Crit Care 2013; 17: R53.

52 Grandhi R, Harrison G, Voronovich Z, et al. Preinjury warfin, but not 
antiplatelet medications, increases mortality in elderly traumatic 
brain injury patients. J Trauma Acute Care Surg 2015; 78: 614–21.

53 Prinz V, Finger T, Bayerl S, et al. High prevalence of 
pharmacologically induced platelet dysfunction in the acute setting 
of brain injury. Acta Neurochir (Wien) 2016; 158: 117–23.

54 Tauber M, Koller H, Moroder P, Hitzl W, Resch H. 
Secondary intracranial hemorrhage after mild head injury in 
patients with low-dose acetylsalicylate acid prophylaxis. J Trauma 
2009; 67: 521–25.

55 Nishijima DK, Shahlaie K, Sarkar K, Rudisill N, Holmes JF. Risk of 
unfavourable long-term outcome in older adults with traumatic 
intracranial hemorrhage and anticoagulant or antiplatelet use. 
Am J Emerg Med 2013; 31: 1244–47.

56 Nishijima DK, Zehtabchi S, Berrong J, Legome E. Utility of platelet 
transfusion in adult patients with traumatic intracranial 
hemorrhage and preinjury antiplatelet use: a systematic review. 
J Trauma Acute Care Surg 2012; 72: 1658–63.

11 Lustenberger T, Talving P, Kobayashi L, et al. Time course of 
coagulopathy is isolated severe traumatic brain injury. Injury 2010; 
41: 924–28.

12 Lustenberger T, Talving P; Kobayashi L, et al. Early coagulopathy 
after isolated severe traumatic brain injury: relationship with 
hypoperfusion challenged. J Trauma 2010; 69: 1410–14.

13 Wafaisade A, Lefering R, Tjardes T, et al. Acute coagulopathy in 
isolated blunt traumatic brain injury. Neuro Crit Care 2010; 
12: 211–19.

14 Chhabra G, Rangarajan K, Subramanian A, Agrawal D, Sharma S, 
Mukhopadhayay AK. Hypofibrinogenaemia in isolated traumatic 
brain injury in Indian patients. Neurol India 2010; 58: 756–57.

15 Greuters S, van den Berg A, Franschman G, et al. Acute and delayed 
mild coagulopathy are related to outcome in patients with isolated 
traumatic brain injury. Crit Care 2011; 15: R2.

16 Shehata M, Afify MI, El-Shafie M, Khaled M. Prevalence and 
clinical implications of coagulopathy in patients with isolated head 
trauma. Med J Cairo Univ 2011; 79: 131–37.

17 Schöchl H, Solomon C, Traintinger S, et al. Thrombelastometric 
(ROTEM) findings in patients suffering from isolated severe 
traumatic brain injury. J Neurotrauma 2011; 28: 2033–41.

18 Franschman G, Greuters S, Jansen WH, et al. Haemostatic and 
cranial computed tomography characteristics in patients with acute 
and delayed coagulopathy after isolated traumatic brain injury. 
Brain Inj 2012; 26: 1464–71.

19 Genet GF, Johansson PI, Meyer MA, et al. Trauma-induced 
coagulopathy: standard coagulation tests, biomarkers of 
coagulopathy, and endothelial damage in patients with traumatic 
brain injury. J Neurotrauma 2013; 30: 301–06.

20 Alexiou GA, Lianos G, Fotakopoulos G, Michos E, Pachatouridis D, 
Voulgaris S. Admission glucose and coagulopathy occurrence in 
patients with traumatic brain injury. Brain Inj 2013; 28: 438–41.

21 Joseph B, Aziz H, Zangbar B, et al. Acquired coagulopathy of 
traumatic brain injury defined by routine laboratory tests: 
which laboratory values matter? J Trauma Crit Care Surg 2014; 
76: 121–25.

22 Epstein DS, Mitra B, Cameron PA, Fitzgerald M, Rosenfeld JV. 
Acute traumatic coagulopathy in the setting of isolated traumatic 
brain injury: definition, incidence and outcomes. Br J Neurosurg 
2014; 25: 1–5.

23 De Oliveira Manoel AL, Neto AC, Veigas PV, Rizoli S. 
Traumatic brain injury associated coagulopathy. Neurocrit Care 2015; 
22: 34–44.

24 Dekker SE, Duvekot A, De Vries HM, et al. Relationship between 
tissue perfusion and coagulopathy in traumatic brain injury. 
J Surg Res 2016; 205: 147–54.

25 Kumar MA. Coagulopathy associated with traumatic brain injury. 
Curr Neurol Neurosci Res 2013; 13: 391

26 Abdelmalik PA, Boorman DW, Tracy J, Jallo J, Rincon F. 
Acute traumatic coagulopathy accompanying isolated traumatic 
brain injury is associated with worse long-term functional and 
cognitive outcome. Neurocrit Care 2016; 24: 361–70.

27 Roozenbeek B, Maas AI, Menon DK. Changing patterns in the 
epidemiology of traumatic brain injury. Nat Rev Neurol 2013; 
9: 231–36.

28 Peeters W, van der Brande R, Polinder S, et al. Epidemiology of 
traumatic brain injury in Europe. Acta Neurochirur (Wien) 2015; 
157: 1683–96.

29 Hay JR, Johnson VE, Young AM, Smith DH, Stewart W. Blood-brain 
barrier disruption is an early event that may persist for many years 
after traumatic brain injury in humans. J Neuropathol Exp Neurol 
2015; 74: 1147–57.

30 Evans JA, Van Wessem KJP, McDougall D, Lee KA, Lyons T, 
Balogh ZJ. Epidemiology of traumatic deaths: comprehensive 
population-based assessment. World J Surg 2010; 34: 158–63.

31 Ball CG. Damage control surgery. Curr Opin Crit Care 2015; 
21: 538–43.

32 Briggs A, Askari R. Damage control resuscitation. Int J Surg 2016; 
33 (part B): 218–21.

33 Rossaint R, Bouillon B, Cerny V, et al. The European guideline on 
management of major bleeding and coagulopathy following 
trauma: 4th edition. Crit Care 2016; 20: 100.

34 McCully SP, Schreiber MA. Traumatic brain injury and its effect on 
coagulopathy. Semin Thromb Hemost 2013; 39: 896–901.

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.



644 www.thelancet.com/neurology   Vol 16   August 2017

Series

57 Nishijima DK, Offerman SR, Ballard DW, et al. Risk of traumatic 
intracranial hemorrhage in patients with head injury and preinjury 
warfarin or clopidogrel use. Acad Emerg Med 2013; 20: 140–45.

58 Joseph B, Pandit V, Aziz H, et al. Clinical outcomes in traumatic 
brain injury patients on preinjury clopidogrel: a prospective 
analysis. J Trauma Acute Care Surg 2014; 76: 817–20.

59 Miller MP, Trujillo TC, Nordenholz KE. Practical considerations in 
emergency management of bleeding in the setting of target-specific 
oral anticoagulants. Am J Emerg Med 2014; 32: 375–82.

60 Feeney JM, Santone E, DiFiori M, Kis L, Jayaraman V, 
Montgomery SC. Compared to warfarin, direct oral anticoagulants 
are associated with lower mortality in patients with blunt traumatic 
intracranial hemorrhage. J Trauma Acute Care Surg 2016; 81: 843–48.

61 Hackham DG, Mrkobrada M. Selective serotonin reuptake 
inhibitors and brain hemorrhage: a meta-analysis. Neurology 2012; 
79: 1862–65.

62 Wohlauer MV, Moore EE, Thomas S, et al. Early platelet 
dysfunction: an unrecognized role in the acute coagulopathy of 
trauma. J Am Coll Surg 2012; 214: 739–46.

63 Maegele M. The coagulopathy of trauma. Eur J Trauma Emerg Surg 
2014; 40: 113–26.

64 Maegele M, Schöchl H, Cohen MJ. An update on the coagulopathy 
of trauma. Shock 2014; 41 (suppl 1): 21–25.

65 Castellino FJ, Chapman MP, Donahue DL, et al. Traumatic brain 
injury causes platelet adenosine diphosphate and arachidonic acid 
receptor inhibition independent of hemorrhagic shock in humans 
and rats. J Trauma Acute Care Surg 2014; 76: 1169–76.

66 Massaro AM, Doerfler S, Nawalinski K, et al. Thromboelastography 
defines late hypercoagulopathy after TBI: a pilot study. 
Neurocrit Care 2015; 22: 45–51.

67 Di Battista AP, Rizoli SB, Lejnieks B, et al. 
Sympathoadrenal activation is associated with acute traumatic 
coagulopathy and endotheliopathy in isolated brain injury. Shock 
2016; 46 (suppl 1): 96–103.

68 Zhang J, Jiang R, Liu L, Watkins T, Zhang F, Dong JF. 
Traumatic brain injury-associated coagulopathy. J Neurotrauma 
2012; 29: 2597–05.

69 Cardenas JC, Wade CE, Holcomb JB. Mechnisms of trauma-induced 
coagulopathy. Curr Opin Hematol 2014; 21: 404–09.

70 Atefi G, Aisiku O, Shapiro N, et al. Complement activation in 
trauma patients alters platelet activation. Shock 2016; 
46 (suppl 1): 83–86.

71 Simard JM, Kilbourne M, Tsymbalyuk O, et al. Key role of sulfonyl 
urea receptor 1 in progressive secondary hemorrhage after brain 
contusion. J Neurotrauma 2009; 26: 2257–67.

72 Patel AD, Gerzanich V, Geng Z, Simard JM. Glibenclamid reduces 
hippocampal injury and preserves rapid spatial learning in a model 
of traumatic brain injury. J Neuropathol Exp Neurol 2010; 69: 1177–90.

73 De Oliveira CO, Reimer AG, Da Rocha AB, et al. Plasma von 
Willebrand factor levels correlate with clinical outcome of severe 
traumatic brain injury. J Neurotrauma 2007; 24: 1331–38.

74 Lu D, Mahmood A, Goussev A, Qu C, Zhang ZG, Chopp M. 
Delayed thrombosis after traumatic brain injury in rats. 
J Neurotrauma 2004; 21: 1756–66.

75 Nekludov M, Bellander BM, Blombäck M, Wallen HN. 
Platelet dysfunction in patients with severe traumatic brain injury. 
J Neurotrauma 2007; 24: 1699–706.

76 Schnüriger B, Inaba K, Abdelsayed GA, et al. The impact of 
platelets on the progression of traumatic intracranial hemorrhage. 
J Trauma 2010; 68: 881–85.

77 Davis P, Musunuru H, Walsh M, et al. Platelet dysfunction is an 
early marker for traumatic brain injury-induced coagulopathy. 
Neurocrit Care 2012; 18: 201–08.

78 Briggs A, Gates JD, Kaufman RM, Calahan C, Gormley WB, 
Havens JM. Platelet dysfunction and platelet transfusion in 
traumatic brain injury. J Surg Res 2015; 193: 802–06.

79 Schwarzmaier SM, Kim SW, Trabold R, Plesnila N. Temporal profile 
of thrombogenesis in the cerebral microcirculation after traumatic 
brain injury in mice. J Neurotrauma 2010; 27: 121–30.

80 Schwarzmaier SM, de Chaumont C, Balbi M, et al. The formation 
of microthrombi in parenchymal microvessels after traumatic brain 
injury is independent of coagulation factor XI. J Neurotrauma 2016; 
33: 1634–44.

81 Deng Y, Fang W, Li Y, et al. Blood–brain barrier breakdown by PAF 
and protection by XQ-1H due to antagonism of PAF effects. 
Eur J Pharmacol 2009; 616: 43–47.

82 Amara U, Rittirsch D, Flierl M, et al. Interaction between the 
coagulation and complement system. Adv Exp Med Biol 2008; 
632: 71–79.

83 Amara U, Flierl MA, Rittirsch D, et al. Molecular intercomunication 
between complement and coagulation systems. J Immunol 2010; 
185: 5628–36.

84 Foley JH, Conway EM. Cross talk between coagulation and 
inflammation. Circ Res 2016; 118: 1392–408.

85 Mackman N. The role of tissue factor and factor VIIa in hemostasis. 
Anesth Analg 2009; 108: 1447–52.

86 Hoffman M, Monroe DM. Tissue factor in brain is not saturated with 
factor VIIa: implications for factor VIIa: dosing in intracerebral 
hemorrhage. Stroke 2009; 40: 2882–84.

87 Pahatouridis D, Alexiou GA, Zigouris A, Mihos E, Drosos D, 
Voulgaris S. Coagulopathy in moderate head injury. The role of early 
administration of low molecular weight heparin. Brain Inj 2010; 
24: 1189–92.

88 Pathak A, Dutta S, Marhawa N, Singh D, Varma N, Mathuriya SN. 
Change in tissue thromboplastin content of the brain following 
trauma. Neurol India 2005; 53: 178–82.

89 Giesen PL, Nemerson Y. Tissue factor on the loose. 
Semin Thromb Hemost 2000; 26: 379–84.

90 Owens A, Mackman N. Microparticles in hemostasis and thrombosis. 
Circ Res 2011; 108: 1284–97.

91 Tian Y, Salsbery B, Wang M, et al. Brain-derived microparticles induce 
systemic coagulation in a murine model of traumatic brain injury. 
Blood 2015; 125: 2151–59.

92 Nekludov M, Mobarrez F, Gryth D, Bellander BM, Wallen H. 
Formation of microparticles in the injured brain of patients with 
severe isolated traumatic brain injury. J Neurotrauma 2014; 
31: 1927–33.

93 Mooberry MJ, Key NS. Microparticle analysis in disorders of 
hemostatsis and thrombosis. Cytometry A 2016; 89: 111–22.

94 Hijazi N, Fanne RA, Abramovitch R, et al. Endogenous plasminogen 
activators mediate progressive intracreberal hemorrhage after 
traumatic brain injury in mice. Blood 2015; 125: 2558–67.

95 Moore HB, Moore EE, Gonzalez E, et al. Hyperfibrinolysis, 
physiologic fibrinolysis, and fibrinolysis shutdown: the spectrum of 
postinjury fibrinolysis and relevance to antifibrinolytic therapy. 
J Trauma Acute Care Surg 2014; 77: 811–17.

96 Sillesen M, Rasmussen L, Jin G, et al. Assessment of coagulopathy, 
endothelial injury and inflammation after traumatic brain injury and 
hemorrhage in a porcine model. J Trauma Acute Care Surg 2014; 
76: 12–19.

97 Di Battista AP, Rhind SG, Hutchinson MG, et al. 
Inflammatory cytokine and chemokine profiles are associated with 
patient outcome and the hyperadrenergic state following acute brain 
injury. J Neuroinflammation 2016; 13: 40.

98 Johansson PI, Stensballe J, Ostrowski SR. Shock induced 
endotheliopathy (SHINE) in acute critical illness: a unifying 
pathophysiologic mechanism. Crit Care 2017; 21: 25.

99 Ostrowski SR, Johansson PI. Endothelial glycocalyx degradation 
induces endogenous heparinization in patients with severe injury 
and early traumatic coagulopathy. J Trauma Acute Care Surg 2012; 
73: 60–66.

100 Meng ZH, Wolberg AS, Monroe DM 3rd, Hoffman M. The effect of 
temperature and pH on the activity of factor VIIa: implications for 
the efficacy of high-dose factor VIIa in hypothermic and acidotic 
patient. J Trauma 2003; 55: 886–91.

101 Martini WZ. Coagulopathy by hypothermia and acidosis: 
mechanisms of thrombin generation and fibrinogen activity. 
J Trauma 2009; 67: 202–09.

102 Hess JR, Lawson JH. The coagulopathy of trauma versus disseminated 
intravascular coagulation. J Trauma 2006; 60 (suppl): S12–19. 

103 Mann KG, Butenas S, Brummel K. The dynamics of thrombin 
formation. Arterioscler Thromb Vasc Bio 2003; 23: 17–25.

104 Haas T, Fries D, Tanaka KA, Asmis L, Curry N, Schöchl H. 
Usefulness of standard plasma coagulation tests in the 
management of perioperative coagulopathic bleeding: is there any 
evidence? Br J Anaesth 2015; 114: 217–24.

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.



www.thelancet.com/neurology   Vol 16   August 2017 645

Series

105 Davenport R, Manson J, De’Ath H, et al. Functional definition and 
characterization of acute traumatic coagulopathy. Crit Care Med 2011; 
39: 2652–58.

106 Luddington RJ. Thrombelastography/thrombolastometry. 
Clin Lab Haem 2005; 27: 81–90.

107 Schöchl H, Voelkel W, Grassatto A, Schlimp CJ. Practical application 
of point-of-care coagulation testing to guide treatment decisions in 
trauma. J Acute Care Surg 2013; 74: 1587–98.

108 Whiting D, DiNardo JA. TEG and ROTEM: technology and clinical 
applications. Am J Hematol 2014; 89: 228–32.

109 Hagemo JS, Naess PA, Johansson P, et al. Evaluation of TEG and 
ROTEM inter-changeability in trauma patients. Injury 2013; 
44: 600–05.

110 Rizoli S, Min A, Sanchez AP, et al. In trauma, conventional ROTEM 
and TEG results are not interchangeable but are similar in clinical 
applicability. Mil Med 2016; 181 (suppl): 117–26.

111 Inaba K, Rizoli S, Veigas PV, et al. 2014 Consensus conference on 
viscoelastic test-based transfusion guidelines for early trauma 
resuscitation: report of the panel. J Trauma Acute Care Surg 2015; 
78: 1220–29.

112 Da Luz LT, Nascimiento B, Rizoli S. Thromboelastography (TEG): 
practical considerations on its clinical use in trauma resusciation. 
Scand J Trauma Resus Emerg Med 2013; 21: 29.

113 Windelov NA, Welling KL, Ostrowski SR, Johansson PI. 
The prognostic value of thromboelastography in identifying 
neurosurgical patients with worse prognosis. Blood Coagul Fibrinolysis 
2011; 22: 416–19.

114 Cotton BA, Faz G, Hatch QM, et al. Rapid thrombelastography 
delivers real-time results that predict transfusion within 1 hour of 
admission. J Trauma 2011; 71: 407–14.

115 Olde Engberink RH, Kuiper GJ, Wetzels RJ, et al. Rapid and correct 
prediction of thrombocytopenia and hypofibrinogenemia with 
rotational thromboelastometry in cardiac surgery. 
J Cardiothorac Vasc Anesth 2014; 28: 210–16.

116 Schlimp CJ, Schöchl H. The role of fibrinogen in trauma-induced 
coagulopathy. Hamostaseologie 2014; 34: 29–39.

117 Nakae R, Takayama Y, Kuwamoto K, Naoe Y, Sato H, Yokota H. 
Time course of coagulation and fibrinolytic parameters in patients 
with traumatic brain injury. J Neurotrauma 2016; 33: 688–95.

118 Stone GW, Witzenbichler B, Weisz G, et al. Platelet reactivity and 
clinical after coronary artery implantation of drug-eluting stents 
(ADAPT-DES): a prospective multicentre registry study. Lancet 2013; 
382: 614–23.

119 Range G, Yayehed K, Belle L, et al. Thrombotic and bleeding events 
after coronary stenting according to clopidogrel and aspirin platelet 
reactivity: VerifyNow French registry (VERIFRENCHY). 
Arch Cardiovasc Dis 2014; 107: 225–35.

120 Favaloro EJ, Lippi G. Laboratory testing in the era of direct or 
non-vitamin K antagonist oral anticoagulants: a practical guide to 
measuring their activity and avoiding diagnositic errors. 
Semin Thromb Hemost 2015; 41: 208–27.

121 Levi M, Hunt B. A critical appraisal of point-of-care coagulation 
testing in critically ill patients. J Thromb Haemost 2015; 13: 1960–67.

122 Epstein DS, Mitra B, Cameron PA, Fitzgerald M, Rosenfeld JV. 
Normalization of coagulopathy is associated with improved outcome 
after isolated traumatic brain injury. J Clin Neurosci 2016; 29: 64–69.

123 Spaite DW, Hu C, Bobrow BJ, et al. Mortality and prehospital blood 
pressure in patients with major traumatic brain injury: implications 
for the hypotension threshold. JAMA Surgery 2017; 152: 360–68.

124 Spaite DW, Hu C, Bobrow BJ, et al. The effect of combined 
out-of-hospital hypotension and hypoxia on mortality in major 
traumatic brain injury. Ann Emerg Med 2017; 69: 62–72.

125 Johansson PI, Stensballe J, Oliveri R, Wade CE, Ostrowksi SR, 
Holcomb JB. How I treat patients with massive hemorrhage. Blood 
2014; 124: 3052–58.

126 Schäfer N, Driessen A, Fröhlich M, Stürmer EK, Maegele M, 
TACTIC partners. Diversity in clinical management and protocols 
for the treatment of major bleeding trauma patients across 
European Level 1 Trauma centres. Scand J Trauma Resusc Emerg Med 
2015; 23: 74.

127 Khan S, Allard S, Weaver A, Barber C, Davenport R, Brohi K. 
A major haemorrhage protocol improves the delivery of blood 
component therapy and reduced waste in trauma massive 
transfusion. Injury 2013; 44: 587–92.

128 Desjardins P, Turgeon AF, Tremblay M-H, et al. Hemoglobin levels 
and transfusions in neurocritically ill patients: a systematic review 
of comparative studies. Crit Care 2012; 16: R54.

129 Boutin A, Chassé M, Shemilt M, et al. Red blood cell transfusions 
in patients with traumatic brain injury: a systematic review and 
meta-analysis. Transfus Med Rev 2016; 30: 15–24.

130 Lelubre C, Bouzat P, Crippa IA, Taccone FS. Anemia management 
after acute brain injury. Crit Care 2016; 20: 152.

131 Flückinger C, Bechir M, Brenni M, et al. Increasing hematocrit 
above 28% during early resuscitative phase is not associated with 
decreased mortality following severe traumatic brain injury. 
Acta Neurochir (Wien) 2010; 152: 627–36.

132 Robertson CS, Hannay HJ, Yamal JM, et al. Effect of 
erythropoietin and transfusion threshold on neurological recovery 
after traumatic brain injury: a randomized clinical trial. JAMA 
2014; 312: 36–47.

133 Veadantam A, Yamal JM, Rubin ML, Robertson CS, Gopinath SP. 
Progressive hemorrhagic injury after severe traumatic brain 
injury: effect of hemoglobin transfusion thresholds. J Neurosurg 
2016; 125: 1229–34.

134 Sekhon MS, McLean N, Henderson WR, Chittock DR, 
Griesdale D. Association of hemoglobin concentration and 
mortality in critically ill patients with severe traumatic brain 
injury. Crit Care 2012; 16: R128.

135 Zygun DA, Nortje J, Hutchinson P, Timofeev I, Menon DK, 
Gupta AK. The effect of red blood cell transfusion on cerebral 
oxygenation and metabolism after severe traumatic brain injury. 
Crit Care Med 2009; 37: 1074–78.

136 Anand T, Ramnanan R, Skinner R, Martin M. Impact of massive 
transfusion and aging blood in acute trauma. Am Surg 2016; 
82: 957–59.

137 Warner MA, O’Keeffe T, Bhavsar P, et al. Transfusions and 
long-term functional outcomes in traumatic brain injury. 
J Neurosurg 2010; 113: 539–46.

138 Anglin CO, Spence J, Warner M, et al. Effects of platelet and 
plasma transfusion on outcome in traumatic brain injury with 
moderate bleeding diasthesis. J Neurosurg 2013; 118: 676–86.

139 Carson JL, Guyatt G, Heddle NM, et al. Clinical practice guidelines 
from the AABB: red blood cell transfusion thresholds and storage. 
JAMA 2016; 316: 2015–35.

140 Boutin A, Chassé M, Shemilt M, et al. Red blood cell transfusion 
in patients with traumatic brain injury: a systematic review and 
meta-analysis. Transfus Med Rev 2016; 30: 15–24.

141 Long B, Koyfman A. Red blood cell transfusion in the emergency 
department. J Emerg Med 2016; 51: 120–30.

142 Chang R, Folkerson LE, Sloan D, et al. Early plasma transfusion is 
associated with improved survival after isolated traumatic brain 
injury in patients with multifocal intracranial haemorrhage. 
Surgery 2017; 161: 538–45.

143 Etemadrezaie H, Baharvadat H, Shariati Z, Lari SM, Shakeri MT, 
Ganjeifar B. The effect of fresh frozen plasma in severe closed 
head injury. Clin Neurol Neurosurg 2007; 109: 166–71.

144 Jokar TO, Khalil M, Rhee P, et al. Ratio-based resuscitation in 
trauma patients with traumatic brain injury: is there a similar 
effect? Am Surg 2016; 82: 271–77.

145 Brasel KJ, Vercruysse G, Spinella PC, et al. The association of 
blood component use ratios with the survival of massively 
transfused trauma patients with and without severe brain injury. 
J Trauma 2011; 71 (suppl 3): S343–52.

146 Baharoglu MI, Cordonnier C, Al-Shahi Salman R, et al. 
Platelet transfusion versus standard care after acute stroke due to 
spontaneous cerebral haemorrhage associated with antiplatelet 
therapy (PATCH): a randomised, open-label, phase 3 trial. Lancet 
2016; 387: 2605–13.

147 Washington CW, Schuerer DJ, Grubb RL Jr. Platelet transfusion: 
an unnecessary risk for mild traumatic brain injury patients on 
antiplatelet therapy. J Trauma 2011; 71: 358–63.

148 Bachelani AM, Bautz JT, Sperry JL, et al. Assessment of platelet 
transfusion for reversal of aspirin after traumatic brain injury. 
Surgery 2011; 150: 836–43.

149 Taylor G, Osinski D, Thevenin A, Devys JM. Is platelet transfusion 
efficient to restore platelet reactivity in patients who are 
responders to aspirin and/or clopidogrel before emergency 
surgery. J Trauma Acute Care Surg 2013; 74: 1367–69.

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.



646 www.thelancet.com/neurology   Vol 16   August 2017

Series

150 Joseph B, Pandit V, Sadoun M, et al. A prospective evaluation of 
platelet function in patients on antiplatelet therapy with traumatic 
intracranial hemorrhage. J Trauma Acute Care Surg 2013; 
75: 990–94.

151 Ferreira J, DeLosSantos M. The clinical use of prothrombin 
complex concentrate. J Emerg Med 2013; 44: 1201–10.

152 Franchini M, Lippi G. Prothrombin complex concentrates: 
an update. Blood Transfus 2010; 8: 149–54.

153 Yanamadala V, Walcott BP, Fecci P, et al. Reversal of warfarin 
associated coagulopathy with 4-factor prothrombin complex 
concentrate in traumatic brain injury and intracranial 
hemorrhage. J Clin Neurosci 2014; 21: 1881–84.

154 Frontera JA, Lewin JJ IIIrd, Rabinstein AA, et al. Guideline for the 
reversal of antithrombotics in intracranial haemorrhage: executive 
summary. A statement for healthcare professionals from the 
Neurocritical Care Society and the Society of Critical Care Medicine. 
Crit Care Med 2016; 44: 2251–57.

155 Huyuh TK, Costello JL, Rebuck JA. Optimizing the dose of 
three-factor prothrombin complex concentrate in traumatic brain 
injury patients of warfarin therapy. Pharmacotherapy 2014; 34: 260–64.

156 Brown KS, Zahir H, Grosso MA, Lanz HJ, Mercuri MF, Levi JH. 
Nonvitamin K antagonist oral anticoagulant activity: challenges in 
measurement and reversal. Crit Care 2016; 20: 273.

157 Makris M, van Veen JJ, Maclean R. Warfarin anticoagulation 
reversal: management of the asymptomatic and bleeding patient. 
J Thromb Thrombolysis 2010; 29: 171–81.

158 Joseph B, Hadjizacharia P, Aziz H, et al. Prothrombin complex 
concentrate: an effective therapy in reversing the coagulopathy of 
traumatic brain injury. J Trauma Acute Care Surg 2013; 74: 248–53.

159 Joseph B, Pandit V, Khalil M, et al. Use of prothrombin complex 
concentrate as an adjunct to fresh frozen plasma shortens the time 
to craniotomy in traumatic brain injured patients. Neurosurgery 
2015; 76: 601–07.

160 Matsushima K, Benjamin E, Demitriades D. Prothrombin complex 
concentrate in trauma patients. Am J Surg 2015; 209: 413–17.

161 Rourke C, Curry N, Khan S, et al. Fibrinogen levels during trauma 
hemorrhage, response to replacement therapy, and association with 
patient outcomes. J Thromb Haemost 2012; 10: 1342–51.

162 Muradashvili N, Loominadze D. Role of fibrinogen in 
cerebrovascular dysfunction after traumatic brain injury. Brain Inj 
2013; 27: 1508–15.

163 Narayan RK, Maas AI, Marshall LF, et al. Recombinant factor VIIa 
in traumatic hemorrhage: results of a dose-escalation clinical trial. 
Neurosurgery 2008; 62: 776–86.

164 McQuay N Jr, Cipolla J, Franges EZ, Thompson GE. The use of 
recombinant factor VIIa in coagulopathic traumatic brain injuries 
requiring emergent craniotomy: is it beneficial? J Neurosurg 2009; 
111: 666–71.

165 Brown CV, Foulkrod KH, Lopez D, et al. Recombinant factor VIIa 
for the correction of coagulopathy before emergent craniotomy in 
blunt trauma patients. J Trauma 2010; 68: 348352.

166 Perel P, Roberts I, Shakur H, Thinkhamrop B, Phuenpathom N, 
Yutthakasemsunt S. Haemostatic drugs for traumatic brain injury. 
Cochrane Database Syst Rev 2010; 1: CD007877.

167 Yuan Q, Wu X, Du ZY, et al. Low-dose recombinant factor VIIa for 
reversing coagulopathy in patients with isolated traumatic brain 
injury. J Crit Care 2015; 30: 116–20.

168 Nishijima DK, Dager WE, Schrot RJ, Holmes JF. The efficacy of 
factor VIIa in emergency department patients with warfarin use and 
traumatic intracranial hemorrhage. Acad Emerg Med 2010; 
17: 244–51.

169 Lorand L, Losowsky MS, Miloszeewski KJ. Human factor XIII: 
fibrin-stabalizing factor. Prog Hemost Thromb 1980; 5: 245–90.

170 Gerlach R, Raabe A, Zimmermann M, Siegemund A, Seifert V. 
Factor XIII deficiency and postoperative hemorrhage after 
neurosurgical procedures. Surg Neurol 2000; 54: 260–64.

171 Vrettou CS, Stavrinou LC, Halikias S, et al. Factor XIII deficiency as 
a potential cause of supratentorial haemorrhage after posterior 
fossa surgery. Acta Neurochir (Wien) 2010; 152: 529–32.

172 Theusinger OM, Bauling W, Asmis LM, Seifert B, Spahn D. 
In vitro factor XIII supplementation increases clot firmness in 
rotation thromboelastometry (ROTEM). Thromb Haemost 2010; 
104: 385–91.

173 Dirkmann D, Görlinger K, Gisbertz C, Dusse F, Peters J. Factor XIII 
and tranexamic acid but not recombinant factor VIIa attenuate 
tissue plasminogen activator-induced hyperfibrinolysis in human 
whole blood. Anesth Analg 2012; 114: 1182–88.

174 Weber C, Adam E, Pape A, et al. Coagulation factor XIII: 
pathophysiology, clinic and therapy of factor XIII defienciency. 
Anästhesiol Intensivmed Notfallmed Schmerzther 2015; 
50: 684–90 [in German].

175 Perel P, Al-Shahi Salman R, Kawahara T, et al. CRASH-2 (Clinical 
Randomisation of an Antifibrinolytic in Significant Haemorrhage) 
intrancranial bleeding study: the effect of tranexamic acid in 
traumatic brain injury—a nested randomised placebo-controlled 
trial. Health Technol Assess 2012; 16: 1–54.

176 CRASH-2 Collaborators, Shakur H, Roberts I, et al. Effects of 
tranexamic acid on death, vascular occlusive events, and blood 
transfusion in trauma patients with significant haemorrhage 
(CRASH-2): a randomised, placebo-controlled trial. Lancet 2010; 
376: 23–32.

177 Silva MM, Thelwell C, Williams SC, Longstaff C. Regulation of 
fibrinolysis by C-terminated lysines operates through plasminogen 
and plasmin but not tissue-type plasminogen activator. 
J Thromb Haemost 2012; 10: 2354–60.

178 Medcalf RL. The traumatic side of fibrinolysis. Blood 2015; 
125: 2457–58

179 Dewan Y, Komolafe EO, Mejia-Mantilla J, et al. CRASH-3-tranexamic 
acid for the treatment of significant traumatic brain injury: study 
protocol for an international radomized, double-blind, 
placebo-controlled trial. Trials 2012; 13: 87.

180 Zehtabchi S, Abdel Baki SG, Falzon L, Nishijima DK. 
Tranexamic acid for traumatic brain injury: a systematic review and 
meta-analysis. Am J Emerg Med 2014; 32: 1503–09.

181 Yutthakasemsunt S, Kittiwatanagul W, Piyavechvirat P, 
Thinkamrop B, Phuenpathom N, Lumbiganon P. Tranexamic acid 
for patients with traumatic brain injury: a randomized, 
double-blinded, placebo-controlled trial. BMC Emerg Med 2013; 
13: 20.

182 Myles PS, Smoth JA, Forbes A, et al. Tranexamic acid in patients 
undergoing coronary-artery surgery. N Engl J Med 2017; 
376: 136–48.

183 Hunt BJ. The current place of tranexamic acid in the management 
of bleeding. Anaesthesia 2015; 70 (suppl 1): 50–53.

184 Naidech AM, Maas MB, Levasseur-Franklin KE, et al. Desmopressin 
improves platelet activity in acute intracerebral hemorrhage. Stroke 
2014; 45: 2451–53.

185 Jones D. Anticoagulant antidotes start yielding phase III promise. 
Nat Rev Drug Discov 2015; 15: 5–6.

186 Pollack CV, Reilly PA, Eikelboom J, et al. Idarucizumab for 
dabigatran reversal. N Eng J Med 2015; 373: 511–20.

187 Crowther M, Crowther MA. Antidotes for novel oral anticoagulants: 
current status and future potential. Arterioscler Thromb Vasc Biol 
2015; 35: 1736–45.

188 Levy JH, Ageno W, Chan NC, et al. When and how to use antidotes 
for the reversal of direct oral anticoagulants: guidance from the SSC 
of the ISTH. J Thromb Haemost 2016; 14: 623–27.

189 Jaeschke R, Guyatt GH, Dellinger P, et al. Use of GRADE grid to 
reach decisions on clinical practice when consensus is elusive. BMJ 
2008; 337: a744.

190 Whiting P, Al M, Westwood M, et al. Viscoelastic point-of-care 
testing to assist with the diagnosis, management and monitoring of 
haemostasis: a systematic review and cost-effectiveness analysis. 
Health Technol Assess 2015; 19: 1–228.

191 Gonzales E, Moore EE, Moore HB, et al. Goal-directed hemostatic 
resuscitation of trauma-induced coagulopathy: a pragmatic 
randomized clinical trial comparing a viscoelastic assay to 
conventional coagulation assays. Ann Surg 2016; 263: 1051–59.

192 Wikkelsø A, Wetterslev J, Moller AM, Afshari A. 
Thromboelastography (TEG) or thromboelastometry (ROTEM) to 
monitor haemostatic treatment versus usual care in adults or children 
with bleeding. Cochrane Database Syst Rev 2016; 8: CD007871.

193 Hunt H, Stanworth S, Curry N, et al. Thromboelastography (TEG) 
and rotational thromboelastometry (ROTEM) for trauma induced 
coagulopathy in adult trauma patients with bleeding. 
Cochrane Database Syst Rev 2015; 2: CD010438.

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.



www.thelancet.com/neurology   Vol 16   August 2017 647

Series

194 Schöchl H, Maegele M, Solomon C, Görlinger K, Voelckel W. 
Early and individualized goal-directed therapy for trauma-induced 
coagulopathy. Scand J Trauma Resusc Emerg Med 2012; 20: 15.

195 Einersen PM, Moore E, Chapman M, et al. Rapid 
thromboelastography thresholds for goal-directed resuscitation of 
patients at risk for massive transfusion. J Trauma Acute Care Surg 
2017; 82: 114–19.

196 Reiff DA, Haricharan RN, Bullington NM, Griffin RL, McGwin G, 
Rue LW. Traumatic brain injury is associated with the development 
of deep vein thrombosis independent of pharmacological 
prophylaxis. J Trauma 2009; 66: 1436–40.

197 Ekeh AP, Dominguez KM, Markert RJ, McCarthy MC. 
Incidence and risk factors for deep venous thrombosis after 
moderate and severe brain injury. J Trauma 2010; 68: 912–15.

198 Shen X, Dutcher SK, Palmer J, et al. A systematic review of the 
benefits and risks of anticoagulation following traumatic brain 
injury. J Head Trauma Rehabil 2015; 30: e29–37.

199 Geerts WH, Code KI, Jay RM, Chen E, Szalai JP. A prospective 
study of venous thromboembolism after major trauma. 
N Engl J Med 1994; 331: 1601–06.

200 Chelladurai Y, Stevens KA, Haut ER, et al. Venous thromboembolism 
prophylaxis in patients with traumatic brain injury: a systematic 
review. F1000Res 2013; 2: 132.

201 Levy AS, Salottolo K, Bar-Or R, et al. Pharmacologic thromboprophylaxis 
is a risk factor for hemorrhage progression in a subset of patients 
with traumatic brain injury. J Trauma 2010; 68: 886–94.

202 Scudday T, Brasel K, Webb T, et al. Safety and efficacy of prophylactic 
anticoagulation in patients with traumatic brain injury. 
J Am Coll Surg 2011; 213: 148–53.

203 Minshall CT, Eriksson EA, Leon SM, Doben AR, McKinzie BP, 
Fakhry SM. Safety and efficacy of heparin or enoxaparin prophylaxis 
in blunt trauma patients with a head abbreviated injury severity 
score > 2. J Trauma 2011; 71: 396–99.

204 Mohseni S, Talvig P, Lam L, Chan LS, Ives C, Demetriades D. 
Venous thromboembolic events in isolated severe traumatic brain 
injury. J Emerg Trauma Shock 2012; 5: 11–15.

205 Farooqui A, Hiser B, Barnes SL, Litofsy NS. Safety and efficacy of 
early thromboembolism chemoprophylaxis after intracranial 
hemorrhage from traumatic brain injury. J Neurosurg 2013; 
119: 1576–82.

206 Phelan HA. Pharmacologic venous thromboembolism prophylaxis 
after traumatic brain injury: a critical literature review. 
J Neurotrauma 2012; 29: 1821–28.

207 Foreman P, Schmalz P, Griessenauer J. Chemoprophylaxis for 
venous thromboembolism in traumatic brain injury: a review and 
evidence-based protocol. Clin Neurol Neurosurg 2014; 123: 109–16.

208 Frisoli F, Huang PP, Frangos S. Early deep vein thrombosis 
chemoprophylaxis in traumatic brain injury. Neurosurgery 2016; 
63 (suppl 1): 171–72 (abstr 180).

209 Jamjoom AA, Jamjoom AB. Safety and efficacy of early 
pharmacological thromboprophylaxis in traumatic brain injury: 
systematic review and meta-analysis. J Neurotrauma 2014; 30: 503–11.

210 Mesa-Galan LA, Egea-Guerrero JJ, Quintana Diaz M, 
Vilchens-Arenas A. The effectiveness and safety of pharmacological 
prophylaxis against venous thromboembolism in patients with 
moderate to severe traumatic brain injury: a systematic review and 
meta-analysis. J Trauma Acute Care Surg 2016; 81: 567–74.

211 Kim L, Schuster J, Holena DN, Sims CA, Levine J, Pascual JL. 
Early initiation of prophylactic heparin in severe traumatic brain 
injury is associated with accelerated improvement on brain 
imaging. J Emerg Trauma Shock 2014; 7: 141–48.

212 Matsushima K, Inaba K, Cho J, et al. Therapeutic anticoagulation in 
patients with traumatic brain injury. J Surg Res 2016; 205: 186–91.

213 Kwiatt ME, Patel MS, Ross SE, et al. Is low-molecular-weight 
heparin safe for venous thromboembolism prophylaxis in patients 
with traumatic brain injury? A Western Trauma Association 
multicenter study. J Trauma Acute Care Surg 2012; 73: 625–28.

214 Jamjoom AA, Chari A, Salijewsk J, Meacher R, Brennan P, 
Statham P. A national survey of thromboprophylaxis in traumatic 
brain injury in the United Kingdom. Br J Neurosurg 2016; 30: 240–45.

215 Bühler HR, Bethune C, Bhanot S, et al. Factor XI antisense 
oligonucleotide for prevention of venous thrombosis. N Eng J Med 
2015; 372: 232–40.

216 Connelly CR, Van P, Hart KD, et al. Thrombelastometry-based 
dosing of enoxaparin for thromboprophylaxis in trauma and surgical 
patients: a randomized clinical trial. JAMA Surg 2016; 151: e162069.

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.


	Coagulopathy and haemorrhagic progression in traumatic brain injury: advances in mechanisms, diagnosis, and management
	Introduction
	Epidemiology and definitions
	Coagulopathy and clinical course of TBI
	Clinical presentation and haemorrhagic progression
	Effects of preinjury pharmacotherapies

	Potential mechanisms of coagulopathy after TBI
	Direct effects of injury
	Microvascular failure, BBB disruption, and haemorrhagic progression
	Platelet–endothelial interactions and platelet dysfunction
	TF activation
	Endogenous plasminogen activator release

	Effects of hypoperfusion and shock
	Endotheliopathy, inflammation, and glycocalyx shedding
	Protein C pathway activation

	Iatrogenic coagulopathy

	Novel diagnostic approaches to coagulopathy
	Treatment of coagulopathy after TBI
	Red-blood-cell transfusions
	FFP transfusions
	Platelet-concentrate transfusions
	Coagulation factor concentrates
	Prothrombin complex concentrate
	Fibrinogen (factor I)
	Recombinant factor VIIa
	Factor XIII

	Haemostatic agents
	TXA
	Desmopressin

	Additional strategies for the reversal of antithrombotics
	Viscoelastic-based treatment algorithms

	Thrombosis prophylaxis after TBI
	Conclusions and future directions
	Acknowledgments
	References


