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Summary: Trauma is still the leading cause of death in the world among
the population under the age of 45 and bleeding is the dominant cause
of early mortality in one third of all injured. Coagulopathy in trauma is
directly related to the outcome and is considered to be the most significant
preventable cause of death. Trauma-induced coagulopathy is a complex,
multifactorial disorder that can be roughly divided into three phases. The
entity of acute traumatic coagulopathy is characterized as an endogenous
hemostatic disorder that occurs in the first few minutes of injury associated
with tissue damage caused by severe trauma and hemorrhagic shock, regar-
dless of external factors. The pathogenesis of trauma-induced coagulopathy
is not fully known and is still the subject of research.

According to the latest recommendations of the European Guide for the
Management of Massive Bleeding and Coagulopathy in Trauma, tra-
nexamic acid should be used as soon as possible, and no later than three
hours after the injury in a patient who is bleeding or at risk of significant
bleeding. Its prehospital application should be considered.

In the light of new knowledge, the question of the justification and safety
of the free use of tranexamic acid in trauma has been raised.

The use of tranexamic acid in trauma-induced coagulopathy is a simple
and affordable therapeutic approach that should be used in the prehos-
pital period in those patients who are bleeding or at risk of significant
bleeding. The implementation of this therapy in our country has not yet
come to life.
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Sazetak: Trauma je i danas vodeci uzrok smrti u svetu kod populacije
mlade od 45 godina, a iskrvarenje jedan od najdominantnijih uzroka
rane smrtnosti kod tre¢ine povredenih. Koagulopatija u traumi je u
direktnojvezi sa ishodom i smatra se najznacajnijim preventabilnim
uzrokom smrti. Traumom indukovana koagulopatija je kompleksan,
multifaktorijalni poremecaj koji se grubo moze podeliti na tri faze. Entitet
akutne traumatske koagulopatije karakteriSe se kaoendogeni poremecaj
hemostaze koji nastaje u prvih nekoliko minuta od povrede udruzeno sa
ostecenjem tkiva izvazvanim teSkom traumom i hemoragijskim Sokom,
a nezavisno od spoljasnjih faktora. Patogeneza traumom indukovane
koagulopatije nije sasvim poznata i jo$ uvek je predmet istrazivanja.

Prema poslednjim preporukama Evropskog vodi¢a za menadZzment ma-
sivnog krvarenja i koagulopatije u traumi traneksamicna kiselina treba
da se primeni Sto je pre moguce, a najkasnije za do tri sata od povrede
kod pacijenta koji krvar iili je u riziku od znacajnog krvarenja. Treba
razmotriti njenu prehospitalnu primenu.

U svetlu novih saznanja postavlja se pitanje opravdanosti i bezbednosti
slobodne primene traneksamicne kiseline u traumi.

Primena traneksamic¢ne kiseline u traumom indukovanoj koagulopatiji
je jednostavan i pristupacanterapijski pristup koji bi trebalo primeniti u
prehospitalnom periodu kod onih pacijenata koji krvare ili su u riziku
od znacajnog krvarenja. Implementacija ove terapije u nasoj zemlji jo§
nije zazivela.

Kljuénereci: trauma; traumom indukovana koagulopatija; trancksamic¢na
kislelina; prehospitalna primena

Trauma is still the leading cause of death in the world among the population
under the age of'45." In addition to traumatic brain injuries (TBI), which are primarily
responsible for later mortality, bleeding is the dominant cause of early mortality in
one third of all injured. Uncontrolled bleeding, as a result of combined surgical and
coagulopathic bleeding, already in prehospital conditions results in a lethal outcome
in 45% of traumatized patients.?

Coagulopathy in trauma is directly related to the outcome and is considered to be
the most significant preventable cause of death.’ Already on admission to the hospital,
20-30% of patients have signs of coagulopathy.*Trauma-induced coagulopathy (TIC)
is a complex, multifactorial disorder that can be roughly divided into three phases.
First, the primary, trauma-induced endogenous phase corresponding to acute trauma-
tic coagulopathy (ATC), occurs immediately after injury. The second phase involves
disorders of hemostasis that occur secondarily, due to the action of external factors.
The third stage occurs after the bleeding has stopped and refers to the post-traumatic
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hypercoagulable condition with a predisposition to thromboembilic complications.’
Although a clear definition is still lacking, the entity of acute traumatic coagulopat-
hy (ATC) is characterized as an endogenous hemostatic disorder that occurs in the
first few minutes of injury associated with tissue damage caused by severe trauma
and hemorrhagic shock, regardless of external factors. Due to massive endothelial
damage and hypoperfusion, there is excessive activation of both procoagulant and
anticoagulant mechanisms and hyperfibrinolysis even in prehospital conditions.® This
component of coagulopathy is followed by hemostatic disorders caused by external
factors and therapeutic effects that result in hypothermia, hypocalcemia, hemodiluti-
on and acidosis. They, together with ATC, systemic inflammatory response to tissue
damage and predisposing factors, define trauma-induced coagulopathy (TIC).” TIC is
associated with a higher incidence of bleeding, transfusion requirements, significantly
higher morbidity (infection, ALI, MODS), lenght of hospital stay, and mortality of
about 50%.%"!

Pathophysiological mechanisms of coagulopathy in trauma

The pathogenesis of trauma-induced coagulopathy is not fully known and is still
the subject of research, but recently the necessity of the presence of associated factors,
including iatrogenic ones, has been emphasized, rather than the domination of one
path in the process. Severe trauma leads to ATK by protein C activation, glycocalyx
damage, platelet dysfunction, and fibrinogen depletion.'

Upon injury due to sympathetic activation, hypoperfusion, and systemic in-
flammatory response, catecholamines and inflammatory mediators are released into
the circulation that activate the endothelium. Endothelial damage is known to be the
first step in initiating procoagulant mechanisms and thrombin formation, however,
its surface on which protein C receptors and glycocalyx components are located
is anticoagulant, and has a role in localizing and preventing systemic activation of
coagulation."

Activated protein C plays an essential role in the formation of ATK. Protein C
binds to its receptors on endothelial cells in the presence of thrombin-thrombomo-
dulin complex and protein C, thus becoming active. Activation of the thrombomo-
dulin-protein C system in severe shock trauma results in a reduction in thrombin (to
some extent) and plasminogen activator inhibitor-1 (PAI-1).!413

Damage to the glycocalyx leads to the release of its anticoagulant components,
chondroitin sulfate and heparan sulfate, which increase the efficiency of thrombomo-
dulin and antithrombin and lead to "autoheparinization”." It has been observed that
the degree of glycocalyx destruction correlates with the severity of the trauma; patients
with severe trauma and greater glycocalyx destruction also have higher thrombomodu-
lin concentrations, lower protein C values, and more pronounced hyperfibrinolysis.'®
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Platelets are most responsible for the firmness of the formed clot in the process
of hemostasis.'” Although traumatized patients on admission to the hospital generally
have a normal platelet count, it has been shown that their function is often impaired. It
is believed that the initial hyperactivation of platelets as a result of the release of ADP
from damaged endothelial cells leads to their “exhaustion”. In a study that examined
platelet count and function in the first 30 minutes of injury, platelet ADP inhibition
was demonstrated by thromboelastography in 86% of patients and arachidonic acid
response dysfunction in 45%.'"®ADP inhibition further participates in tissue plasmi-
nogen activator-mediated hyperfibrinolysis.!"

Severe trauma and hypoperfusion, as well as the presence of adverse external
factors (hypothermia and crystalloid application) are directly related to low concen-
trations of fibrinogen at admission. In addition to reduced production, this also occurs
due to increased degradation in hyperfibrinolysis.'?

Fibrinolysis is the process of degradation of the fibrin meshby plasmin, gene-
rated by activation of plasminogen tissue activator (t-PA) or urokinase plasminogen
activator (u-PA). In parallel with the activation of protein C, tissue damage leads to
increased release of t-PA, so high values of t-PA and low values of PAI-1 will be found
in the circulation, leading to a hyperfibrinolytic state. Acute release of t-PA results in
plasmin activation and consequent degradation of fibrinogen and fibrin. Activation
of the coagulation or thrombin generated also stimulates the production of t-PA. The
activity of PAI-1 remains the same for several hours after the injury and that time,
called the "antifibrinolytic gap”, probably significantly affects the fibrinolytic state.?**!

Hyperfibrinolysis is present in about 20% of injured on admission to the hos-
pital.?? Tts significance is reflected in the high rate of early mortality in traumatized
patients, which is potentially preventable, and not in its incidence. Namely, there are
three possible phenotypes in severe trauma present at hospital admission - patients
with hyperfibrinolytic phenotype, with physiological lysis and procoagulant condition
or absence of fibrinolysis, which in the literature is called "fibrinolytic shutdown”.?*
A multicenter prospective observational study involving 2,450 patients divided into
three categories based on the degree of lysis of the clot measured by thromboela-
stography showed the highest incidence of the phenotype with no lysis - in 46% of
subjects (and mortality of 22%) followed by phenotype with physiological lysis, in
36% (mortality 14%) and finally, the hyperfibrinolytic phenotype with 18% and with
the highest mortality of 34%.2* Recently published data suggest that patients with the
hyperfibrinolytic phenotype die within the first 24 h of admission or switch to the
procoagulant phenotype. In contrast, 70% of patients with the "fibrinolytic shutdown”
phenotype persist with the absence of lysis for up to 120 hours after admission. While
the hyperfibrinolytic phenotype carries the highest mortality in the first 24 h, ”fibrino-
lytic shutdown” that persists for 24 h is associated with higher late mortality.”* Based
on the above evidence, if on the one hand there is a procoagulant condition with a
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possible risk of thromboembolic complications, and on the other hyperfibrinolysis
which over time leads to hypercoagulability or death, the question arises whether
uniform hemostatic therapy is adequate or requires an individual approach.

Tranexamic acid — current recommendations

Tranexamic acid (trans-4-aminomethyl cyclohexane-1-carboxylic acid, Tra-
nexamic Acid, TXA) is a synthetic lysine analogue that is a competitive plasminogen
inhibitor and in higher doses a non-competitive plasmin inhibitor. By binding to
plasmin, it prevents its binding to fibrin and consequent fibrinolysis.?* However, in
in-vitro conditions, TXA at the recommended doses has been shown to have different
effects on t-PA and u-PA activation of plasminogen and may potentiate u-PA-mediated
fibrinolysis.?” This could explain why applying TXA three hours after injury does not
give the expected results.

In the blood, after TXA administration, it reaches maximum concentrations
which then fall multiexponentially, it binds to a small percentage of plasma prote-
ins (plasminogen), is distributed to all tissues and body fluids, excreted by urinary
excretion mostly unchanged, and the elimination half-life is about 120 minutes. In
antifibrinolytic doses, it remains in various tissues for up to 17 hours, while it remains
in the serum for up to eight hours. Side effects such as hypotension and convulsions
can be avoided by slow administration or adequate dosing.

According to the latest recommendations of the European Guide for the Mana-
gement of Massive Bleeding and Coagulopathy in Trauma, tranexamic acid should
be used as soon as possible, and no later than three hours after the injury in a patient
who is bleeding or at risk of significant bleeding. The initial dose of tranexamic acid
of 1 g (in i.v infusion lasting 10 minutes) is followed by i.v infusion of 1g in the next
eight hours. Also, the application of TXA should not wait for the results of viscoelastic
tests, but on the contrary, its prehospital application should be considered.?

These recommendations are predominantly based on a CRASH-2 study condu-
cted on more than 20,000 traumatized patients with bleeding or at risk of significant
bleeding. Examining the effects of early TXA administration, the risk of thrombo-
embolic complications and the use of blood and its derivatives, showed that TXA
administration reduced the risk of mortality of any cause within 28 days of injury but
without significant difference in transfusions and venous thromboembolism.? A more
detailed analysis of the subgroup in the study showed that the application of TXA in
the first three hours after injury reduces the risk of death due to bleeding, and this is
significant if given in the first hour (2.5%); hence the expert’s recommendation that
the first dose of TXA be given during transport to the hospital. In contrast, application
of TXA outside the three-hour window has been shown to increase this risk by 1.3%.%
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Following the protocol of the previous study, the CRASH-3 study examined
the effects of TXA administration in the first three hours of isolated TBI (excluding
patients with GCS 3 and dilated pupils). It showed that the risk of death in mild and
moderate injuries was significantly lower in the group receiving TXA, especially
in earlier administration, and without a significant difference in outcome in severe
intracerebral injuries. Here, too, the results showed no significant difference in terms
of thromboembolic complications or convulsions.>

Relying on the results of CRASH studies, however, one should keep in mind
their scale or the diversity of conditions in which they were conducted (given the large
number of participating countries, centers with local protocols for care, diagnosis and
volume replacement therapy of traumatized patients), the subjectivity of bleeding risk
assessment, uniformity of the administered dose and difficult extraction of data on
prehospital administration of TXA. This critical review raises new questions about the
application of TXA in trauma that need to be answered. The recommendations of the
current European guide for the management of massive bleeding and coagulopathy in
trauma based on CRASH study data left the clinician with an assessment of ”massive
bleeding and risk of significant bleeding”, which leaves the indication area wide and
unclear, which further raises the question of safety.

Indications for the use of TXA

The most important question is who actually needs TXA or how to assume
hyperfibrinolysis even in prehospital conditions. As the highest mortality rate in tra-
uma is related to the “fibrinolytic shutdown” phenotype, there is a natural fear that
the free use of TXA is not always appropriate. It has been observed that there is a
risk of developing microthrombosis in patients with physiological lysis or its absen-
ce.’! Also, according to recently published study, administration of TXA following
traumatic injury was associated with multiple organ failure (MOF) in the fibrinolysis
shutdown and hyperfibrinolysis phenotypes.** Although there are still no major stu-
dies to confirm these data, the question of the justification of the use of TXA without
previously performed viscoelastic tests has been raised. On the other hand, ATC is a
fast, dynamic process that cannot wait for test results. Plasmin thromboelastography
(TEG) was recently introduced as a new thromboelastography test that can stratify
patients at risk of hyperfibrinolysis over a period of five minutes.** In the future, such
rapid tests could solve the problem of the right indication for TXA.

Effects of early TXA administration

Based on the pathophysiological mechanisms known so far, ATC is a process that
begins almost immediately after injury and the hyperfibrinolytic condition should be
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prevented by early administration of TXA. Although the mortality due to bleeding in
trauma is highest in prehospital conditions, the recommendations of the European guide
on the simple application of TXA in the first ”golden hour” did not come to life in full.

A recent multicenter randomized stucy of ROC-TXA followed the effects of
early TXA administration in isolated moderate to severe TBI on 28-day mortality
and six-month functional neurological outcome.** Although the results did not show
a significant difference between the use of TXA and placebo, this study is the first
major prehospital study of significance. It included 1063 patients who were prescribed
TXA based on GCS, and before the diagnosis was made, it was not easy to design an
appropriate study of prehospital use because it included not only extremely severe
injuries in which TXA is unlikely to have an effect, but also other causes of comas.

This study was followed by a new multicenter randomized study in the United
States that examined the safety and effects of 1g TXA within the first two hours of
injury or during transport to the first trauma center in patients at risk of bleeding. Inc-
luded were patients with hypotension and tachycardia. The results showed no effect
on thirty-day mortality except in a special category of patients. In those in whom the
hemorrhagic shock was more severe (systolic blood pressure <70mmHg) as well as
in the application within the first hour, mortality was significantly lower.*® The su-
bjectivity of bleeding risk assessment as opposed to CRASH studies with this design
has been somewhat neglected and this, as well as ongoing studies, could complement
existing recommendations.

Simultaneous application of TXA and other coagulation factors in TIC

As fibrinogen is most sensitive to external factors, its concentration in TIC decre-
ases the fastest. Hence, it is not surprising that early fibrinogen replacement leads to
reduced bleeding, transfusion needs, and mortality.*® A large multicenter retrospective
study of MATTERS conducted in military conditions showed the benefit of a single
dose of TXA on survival but an even greater benefit if applied with a cryoprecipita-
te.”” This aroused interest in the application of other factors with TXA in prehospital
settings. Currently, the focus is on the use of fibrinogen concentrate, which would
be very easily applicable in prehospital conditions in relation to cryprecipitate. The
results of ongoing studies examining their application (FEISTY, ProoF-iTH and
CRYOSTAT-2 studies) are expected.

The use of fresh frozen plasma in TIC therapy in military conditions in the
PAMPer study showed significantly lower mortality in the group of patients at risk
of hemorrhagic shock, who are transported to the trauma center longer than 20 minu-
tes.’ As this is not a practically feasible therapeutic measure in civilian conditions,
the question arises whether the use of the prothrombin complex, despite its great
thrombogenic potential, could find a place in the therapy of TIC.
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TXA application safety

The risk of developing thromboembolic complications associated with the use of
TXA in the CRASH study was not increased compared to placebo.?’ In contrast, the
results of the MATTERS study showed a significantly higher incidence of deep vein
thrombosis and pulmonary thromboembolism.*® This difference in results can be partly
explained by the higher degree of injury and more extensive pre-hospital replacement
therapy in the military in relation to civilian injury conditions. Also, the question of
the time at which TXA is administered may be important because in severe trauma
the most common phenotype is the fibrinolytic shutdown” phenotype. In any case,
the theoretical risk of thromboembolic complications should not outweigh the clear
benefit from early administration of TXA in traumatic coagulopathy but should not
be neglected especially with the use of other prothrombogenic factors.*

In cardiac surgery where high doses of TXA (80-100mg / kg) are used, convul-
sions are a known, dose-dependent, side effect. It is believed that the mechanism of
occurrence is inhibition of central glycine and GABA A receptors and that the effect
can be mitigated by drugs that modulate their activity, and potentiated by renal insuf-
ficiency or damage to the blood-brain barrier.*! The recommendation to administer a
bolus dose of 1g followed by an eight-hour infusion of another 1g of TXA comes from
Cochrane’s 2007 database on the use of antifibrinolytic therapy in surgery without
special reference to trauma. In the ROC-TXA study, however, it was observed that
the incidence of convulsions was significantly higher in the group of patients admi-
nistered a 2g TXA bolus compared to the groups receiving a 1g or placebo dose.**
Although the recommended dose is safe, below the threshold for convulsions, there
is still no data on whether individual dosing would be more effective than empirical
drug administration.

Conclusion

The use of TXA acid in trauma-induced coagulopathy is a simple and affordable
therapeutic approach that should be used in the prehospital period in those patients
who are bleeding or at risk of significant bleeding. The implementation of this therapy
in our country has not yet come to life.
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