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GLOSSARY
AKI = acute kidney injury; aOR = adjusted odds ratio; aPC = activated protein C; BPsyst = systolic 
blood pressure; BW  =  body weight; Cal-PAT  =  California Prehospital Antifibrinolytic Therapy; 
CI  =  confidence interval; CRASH-2  =  Clinical Randomization of an Antifibrinolytic in Significant 
Hemorrhage-2; DVT = deep vein thrombosis; EACA = ε-aminocaproic acid; ENT = ear/nose/throat; 
fSD = fibrinolytic shutdown; GABA = γ-aminobutyric acid; HR = hazard rate; IDF = Israel Defense 
Forces; ISS = injury severity score; Ly30 = lysis after 30 minutes; MATTERs = Military Application of 
Tranexamic Acid in Trauma Emergency Resuscitation study; MOF = multiorgan failure; NHS = National 
Health Services; NMDA = N-Methyl-d-aspartic acid; NNT = number needed to treat; OR = odds 
ratio; PAI 1/2 = plasminogen activator inhibitor 1 (endothelium) and 2 (placenta); PAP = plasmin–
antiplasmin; pat. = patients; PATCH = Prehospital Antifibrinolytics for Traumatic Coagulopathy and 
Hemorrhage; PE = pulmonary embolism; PPH = postpartum hemorrhage; pRBC = packed red blood 
cells; RCT = randomized controlled trial; RR = relative risk; SHR = subdistribution hazard ratio; 
TAFI = thrombin activatable fibrinolysis inhibitor; TBI = traumatic brain injury; TIC = trauma-induced 
coagulopathy; tPA = tissue plasminogen activator; Tpx = transplantation; TXA = tranexamic acid; 
uPA = urokinase-type plasminogen activator; VHA = viscoelastic hemostatic assays; VTE = venous 
thromboembolism; WHO = World Health Organization; WOMAN = World Maternal Antifibrinolytic

For the last decade, tranexamic acid (TXA) has been one 
of the most reported pharmaceutical agents in the lit-
erature. A query in PubMed using the isolated term 

“tranexamic acid” for the time window between January 
2010 and March 2019 returned over 2700 items. While 
TXA has been around for years, its clinical use increased 

exponentially from a decade ago following the publication 
of several studies, with one involving >20,000 patients.1 
In parallel to this reemergence, concerns about potential 
side effects were raised and continued to be raised in more 
recent years.2–6 In our opinion, a rather noncritical interpre-
tation of the study results and a common misunderstanding 
of TXA as an antihemorrhagic (instead of antifibrinolytic) 
agent have misled some colleagues to promote indiscrimi-
nate use of TXA in a range of therapeutical and increasingly 
also prophylactic scenarios. Here, we aim to provide a criti-
cal reappraisal of TXA clinical use, a “thought exercise” in 
the potential downsides of TXA, based on publications that 
might sensitize the readers for a more cautious approach.

TXA: THE PHARMACEUTICAL AGENT
TXA is the transform of 4-(aminomethyl) cyclohexanecar-
boxylic acid. As ε-aminocaproic acid (EACA), the synthetic 
compound is a lysine analog, but with approximately 10 
times more potency as compared to EACA with respect to 
its inhibiting effect on fibrinolysis.7 While the compound 
is also approved for topical and oral applications, this 
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article focuses only on its intravenous use. As shown in 
Figure 1, TXA acts via competitive blocking of the lysine 
binding sites on plasminogen. Plasminogen has 5 binding 
sites for TXA, 1 with high and the remaining with lower 
affinity.13 TXA inhibits plasminogen (the proenzyme) bind-
ing to plasmin (ie, blocking activation of plasmin), and it 
also inhibits the binding of plasmin (the active form) to 
fibrin (ie, blocking fibrinolysis). Hence, the mechanism of 
action is to stabilize existing clots rather than promoting 
new clot formation.14 This is an important distinction, as 
it emphasizes that TXA is an antifibrinolytic and not an 
antihemorrhagic agent.

In addition, TXA reduces the plasmin-mediated release 
of vasoactive peptides, such as bradykinin and histamine. 
Direct inhibition of plasmin seen with higher concentra-
tions of TXA may reduce the proinflammatory action of 
plasmin on the complement system, leading to a net anti-
inflammatory effect.15 As implied here, plasminogen and 
plasmin play many various roles in inflammation, angio-
genesis, chemotaxis, tissue remodeling, and wound heal-
ing, many of which could be affected by TXA.13 TXA is 
thought to have protective effects on the endothelium, and 
it is shown to render beneficial modulation of inflamma-
tion and other responses following ischemia and reperfu-
sion.16–18 Yet, the precise mechanisms by which TXA exerts 

its beneficial effects in the context of hemorrhage remain 
largely unknown.16

Peak plasma concentrations of TXA are obtained rapidly 
after short intravenous infusion, and plasma concentrations 
thereafter decline in a multiexponential manner. TXA dif-
fuses quickly into the synovia and other tissues and is dis-
tributed throughout all tissues.7,19 Around 10% of the plasma 
concentration can be found in the cerebrospinal fluid and 
1% in mother’s milk.7,19 TXA is eliminated unchanged via 
glomerular filtration and excreted in the urine within 2 to 3 
hours after administration.7,19 The antifibrinolytic effects of 
TXA may last up to 7 or 8 hours. After 24 hours, about 90% 
of a single intravenous application is eliminated.7,19

The antifibrinolytic effects of TXA were first published 
in the 1960s.20,21 For a long time, its primary intravenous 
use was confined to cardiac surgery, with its use peak-
ing after the withdrawal of aprotinin in 2008. Since then, 
the use of TXA has expanded to the treatment of hemor-
rhagic conditions in a variety of settings, including trauma, 
obstetrics, cardiac surgery, liver surgery, and orthopedic 
surgery. TXA is contraindicated in patients with hypersen-
sitivity, severe renal impairment, history of convulsions, 
and active intravascular clotting.7,19,22 The proof of concept 
for TXA in settings where hyperfibrinolysis is the under-
lying pathology was through the demonstration that TXA 

Figure 1. Mechanism of action of TXA. Profibrinolytic effects are in green, and antifibrinolytic effects are in red. The predominant mediator 
of postinjury hyperfibrinolysis appears to be tPA released from ischemic endothelium. PAI-1 binding of circulating tPA appears to be a major 
mechanism for the postinjury shutdown.8,9 In the presence of high uPA, TXA might increase plasminogen-mediated fibrinolysis and bleed-
ing.10,11 aPC indicates activated protein C; PAI 1/2, plasminogen activator inhibitor 1 (endothelium) and 2 (placenta); TAFI, thrombin activat-
able fibrinolysis inhibitor; tPA, tissue plasminogen activator; TXA, tranexamic acid; uPA, urokinase-type plasminogen activator. Modified from 
Lier and Maegele, Blutungsmanagement: tranexamsäure in der präklinik. Pro und kontra [Coagulation management: prehospital tranexamic 
acid. Pro and contra]. Notfall+Rettungsmedizin, 2018, with permission.12
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attenuates fibrinolysis-induced early increases in d-dimers 
and plasmin–antiplasmin (PAP) complexes, and this has 
been shown for trauma and postpartum hemorrhage (PPH) 
among others.23–25

Seizures following the application of TXA are a rare com-
plication but are published in a range of different settings 
including neurosurgery, orthopedic surgery, obstetrics, and 
ear/nose/throat (ENT) surgery.6 The most recent meta-
analysis conducted in the most common clinical setting, 
ie, cardiac surgery with extracorporeal circulation, found 
a cumulative incidence rate of TXA-associated seizures of 
2.7%, with an odds ratio (OR) of seizure of 5.39 (95% con-
fidence interval [CI], 3.29–8.85; P < .001).26 The possible 
mechanisms involved are multifactorial and include a dose-
dependent reduction of γ-aminobutyric acid (GABA) type 
A receptor–dependent signal transmission,27 a quick and 
reversible block of N-methyl-d-aspartic acid (NMDA) recep-
tors, and a right shift of the glycine concentration–response 
curve of NMDA-dependent currents.28 The incidence rate 
of TXA-associated seizures increases with increasing dosing 
levels of TXA.26,27

THE CHRONOLOGY
The Clinical Randomization of an Antifibrinolytic 
in Significant Hemorrhage-2 Study
The Clinical Randomization of an Antifibrinolytic in 
Significant Hemorrhage-2 (CRASH-2) trial has triggered 
awareness and interest in TXA among colleagues of various 
specialities.1 Adult trauma patients (20,211) with or at risk 
of significant bleeding in 274 hospitals across 40 countries 
were randomly assigned within 8 hours of injury to either 
TXA (loading dose 1 g over 10 minutes then infusion of 
1 g over 8 hours, n  =  10,060) or matching placebo (saline, 
n = 10,067). TXA reduced all-cause mortality within 28 days 
(absolute reduction = 1.5%; number needed to treat [NNT] 
67) and death due to bleeding (absolute reduction = 0.8%; 
NNT  =  119). The positive effects of TXA were most pro-
nounced in a small subgroup of patients (478 patients in TXA 
and 562 in the placebo arm) with shock, that is, systolic blood 
pressure ≤75 mm Hg (Table 1). However, the administration 
of TXA was neither associated with a reduced transfusion 
of blood products nor did the study report on any specific 
laboratory test results for coagulation or clinical information 
regarding shock and injury severity. The study was mainly 
conducted in developing countries with limited access to 

standard trauma care, and the patient inclusion into the 
study was performed according to what was called “uncer-
tainty” principle, that is, “when the responsible doctor was 
substantially uncertain as to whether or not to treat with this 
agent, these patients were eligible for randomization.1”

In the following year and out of 3076 total deaths, the 
same authors published a subanalysis of the 1063 bleeding-
related deaths observed in CRASH-2.29 The early appli-
cation of TXA within 1 hour after trauma was associated 
with the largest survival benefit (absolute reduction = 2.4%, 
NTT = 41). The administration of TXA between 1 and 3 hours 
also reduced the risk of death due to bleeding (absolute 
reduction = 1.3%, NTT = 77; Table 1), while TXA given after 3 
hours increased the risk of death due to bleeding (144/3272 
[4.4%] vs 103/3362 [3.1%]; relative risk [RR] = 1.44 [95% CI, 
1.12–1.84]; P  =  .004). When these data were extrapolated, 
it was assumed that TXA could potentially save between 
70,000 and 100,000 lives each year worldwide, and follow-
ing a petition by the CRASH-2 authors in 2012,31 TXA was 
accepted to the World Health Organization (WHO) list of 
“Essential Medicines.”32,33

Military Application of TXA in Trauma Emergency 
Resuscitation Study and Other Follow-up Studies
The beneficial effects of TXA reported from the CRASH-2 
trial triggered a series of follow-up studies, conducted 
specifically in bleeding scenarios and patients in shock 
requiring massive transfusion in both military and civil-
ian settings. The Military Application of Tranexamic Acid 
in Trauma Emergency Resuscitation study (MATTERs) 
retrospectively analyzed 896 wounded soldiers who had 
received ≥1 unit of packed red blood cells (pRBCs).34 This 
study specifically addressed some of the shortcomings of 
CRASH-2, as it focused on severely injured patients who 
were treated in an advanced military medical setting, 
reported laboratory testing results to determine coagulopa-
thy, and excluded the “uncertainty” principle for inclusion 
due to its design.4 The use of TXA was associated with a 
significant survival benefit (17.4% vs 23.9%; P =  .03; abso-
lute reduction = 6.5%; NNT = 15; for those receiving mas-
sive transfusion [≥10 pRBC/24 h] 14.4% vs 28.1%; P = .004; 
absolute reduction = 13.7%; NTT = 7) and less coagulopathy 
(P = .003). Similarly, the Israel Defense Forces (IDF), which 
are also responsible for civilian trauma care in their national 
setting, concluded from their experience with TXA that 

Table 1.  Main Results of CRASH-2,1 CRASH-2 Follow-up,29 and WOMAN30

CRASH-2
 Any cause of death (28 d): TXA 1463 (14.5%) vs placebo 1613 (16.0%); RR = 0.91 (95% CI, 0.85–0.97a); P = .0035
 Bleeding: TXA 489 (4.9%) vs 574 (5.7%); RR = 0.85 (95% CI, 0.76–0.96a); P = .0077
 Patient in shock (BPsyst ≤75 mm Hg): TXA 478 of 1562 pat. (30.6%) versus 562 of 1599 pat. (35.1%); RR = 0.87; 95% CI (0.76–0.99a)
CRASH-2 follow-up
 TXA within 1 h after trauma: TXA 198 of 3747 pat. (5.3%) versus placebo 286 of 3704 pat. (7.7%); RR = 0.68 (95% CI, 0.57–0.82); P < .0001
 TXA 1–3 h after trauma: TXA 147 of 3037 pat. (4.8%) versus placebo 184 of 2996 pat. (6.1%); RR = 0.79 (95% CI, 0.64–0.97a); P = .03
WOMAN
 Death due to bleeding: TXA 155 (1.5%) versus placebo 191 (1.9%); RR = 0.81 (95% CI, 0.65–1.0a); P = .045
 Death if TXA within 3 h: TXA 89 (1.2%) versus placebo 127 (1.7%); RR = 0.69 (95% CI, 0.52–0.91a); P = .008
 Laparotomy to control bleeding: TXA 82 (0.8%) versus placebo 127 (1.3%); RR = 0.64 (95% CI, 0.49–0.85); P = .002

Abbreviations: BPsyst, systolic blood pressure; CI, confidence interval; CRASH-2, Clinical Randomization of an Antifibrinolytic in Significant Hemorrhage-2; pat., 
patients; RR, relative risk; TXA, tranexamic acid; WOMAN, World Maternal Antifibrinolytic.
aThe “no effect” occurs when the CIs of RRs approaches 1.0, indicating reduced clinical relevance despite statistical significant differences denoted by a low  
P value.10 In terms of statistics, the reported differences might be marginal at best10,80 (for details, see “Statistics”).
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“there is likely a benefit in the civilian sector as well” for this 
agent.35 In their prospective data collection from severely 
injured trauma patients, Cole et al36 further addressed the 
indications for TXA. While its use was not independently 
associated with any changes in outcome in the overall or 
nonshocked cohorts of patients, in patients with shock 
(injury severity score [ISS] >15 and base deficit ≥6 mEq/L), 
TXA was independently associated with a reduction in mul-
tiorgan failure (MOF; OR = 0.27 [95% CI, 0.10–0.73]; P = .01) 
and reduced adjusted all-cause mortality (OR = 0.16 [95% 
CI, 0.03–0.86]; P = .03).

Since 2015, several multidisciplinary guidelines devel-
oped on both sides of the Atlantic37–40 recommend the use 
of TXA to patients with “excessive bleeding” or those who 
are “bleeding or at risk of significant hemorrhage as soon as 
possible and within 3 hours of injury,” respectively, with the 
dosing regimen adopted from the CRASH-2 trial.

The World Maternal Antifibrinolytic Study in PPH
The World Maternal Antifibrinolytic (WOMAN) trial, 
which was conducted with a similar protocol as CRASH-2 
but in PPH, confirmed the survival benefit observed for 
TXA in CRASH-2 in the obstetric context.30 A similarly 
small but statistically significant reduction was found for 
death due to bleeding in patients who received TXA (based 
on the published data, the NNT was 250), especially if TXA 
was administered within 3 hours of delivery (NNT = 200), 
and in those undergoing laparotomy to control bleeding 
(NNT = 200; Table 1).

In both trials, CRASH-2 and WOMAN, the adminis-
tration of TXA beyond 3 hours of trauma or delivery was 
associated with an increase in mortality compared to pla-
cebo. When the cohorts from both studies were combined 
in a meta-analysis totaling 40,138 patients with acute severe 
bleeding from trauma and PPH, TXA was shown to signifi-
cantly increase overall survival from bleeding (OR  =  1.20 
[95% CI, 1.08–1.33]; P  =  .001).41 Immediate treatment 
improved survival by >70% (OR = 1.72 [95% CI, 1.42–2.10]; 
P < .0001), and thereafter, the survival benefit decreased by 
10% for every 15 minutes of treatment delay until the 3-hour 
window had elapsed. After the 3-hour window, no benefi-
cial effect with TXA was observed.

Prehospital Administration of TXA
The first trial to assess and demonstrate a positive effect of 
TXA when given early and during the prehospital phase of 

care to trauma patients with signs of hemorrhagic shock 
was the California Prehospital Antifibrinolytic Therapy 
(Cal-PAT) trial.42 This trial was conducted as a prospective, 
multicenter, observational, and nonrandomized cohort. The 
result showed a statistically significant decrease in 28-day 
mortality in favor of early TXA use (3.6% vs 8.3%; absolute 
mortality reduction  =  4.7%; OR  =  0.41 [95% CI, 0.21–0.8]; 
NTT  =  21). The strongest effect was a statistically signifi-
cant decrease in mortality at 28 days observed in patients 
requiring massive transfusion with >10 units of blood 
products (n = 70; 8.5% vs 23.2%; absolute mortality reduc-
tion = 14.7%; OR = 0.31 [95% CI, 0.11–0.84]; NTT = 7) and 
for ISS >16 (n = 170; 6% vs 14.5%; absolute mortality reduc-
tion = 8.5%; OR = 0.37 [95% CI, 0.17–0.80]; NTT = 12).

The Prehospital Antifibrinolytics for Traumatic 
Coagulopathy and Hemorrhage (PATCH) study is currently 
recruiting trauma patients in Australia and New Zealand to 
confirm the results from CRASH-2 in the context of more 
developed countries with rapid access to standard trauma 
care including bleeding management and blood products.43 
The extension of this study to Germany is currently under 
consideration and is anticipated to accelerate recruitment. 
Table 2 summarizes the chronology of the landmark TXA 
studies published to date. Besides these studies listed, a 
range of small- to medium-sized publications conducted 
in different clinical settings has been published following 
CRASH-2.

THE CRITIQUE
The publication of the results from the CRASH-2 trial in 2010 
was well received around the world and echoed positively 
in many subsequent publications. Along with further scien-
tific evaluation, a publicity campaign was launched by the 
National Health Services (NHS), which promoted a liberal 
use of TXA in every trauma patient.4,44 While TXA has been 
adopted and is still recommended with a strong level of rec-
ommendation by major multidisciplinary European guide-
lines,38–40 a slightly divergent view on the clinical use of TXA 
has emerged in the United States, as well as Australia and 
New Zealand.4,10,45,46

Pharmacokinetics
There are almost no published pharmacokinetic studies for 
TXA apart from the setting of cardiac surgery, and the dos-
ing regimens currently being used remain largely empiri-
cal.13,14 In the CRASH-2 trial, a loading dose of 1 g of TXA 

Table 2.  The Chronology of TXA Landmark Studies
Year Title Main Result
2010 CRASH-21 TXA recommended for all trauma patients
2011 CRASH-2 follow-up29 time dependency of TXA effect
2012  TXA accepted in the WHO list of “Essential Medicines”

MATTERs34 TXA especially effective for those requiring massive transfusion
2014 Israel Defense Forces35 “likely benefit in the civilian sector”
2015 Cole et al36 TXA effective only for “severely injured shocked patients”
2016  limitation of TXA indication on patients with “severe hemorrhage”
2017 WOMAN30 TXA effective in postpartum hemorrhage
2018 Gayet-Ageron et al41 survival benefit with TXA decreased by 10% for every 15 min of treatment delay until 3 h

Cal-PAT42 the prehospital application of TXA is effective

Abbreviations: Cal-PAT, California Prehospital Antifibrinolytic Therapy; MATTERs, Military Application of Tranexamic Acid in Trauma Emergency Resuscitation study; 
TXA, tranexamic acid; WHO, World Health Organization; WOMAN, World Maternal Antifibrinolytic.

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

Tranexamic Acid: A Critical Reappraisal

XXX XXX • Volume XXX • Number XXX www.anesthesia-analgesia.org 5

infused over 10 minutes, followed by an intravenous infu-
sion of 1 g over 8 hours, or matching placebo (0.9% saline) 
was used; in the WOMAN trial, there was the option for 
a second 1-g bolus if bleeding continued. In the absence 
of other experiences, the CRASH-2 dosing regimen is cur-
rently being recommended by most multidisciplinary and 
international guidelines38–40 and is used in nearly every peri-
operative setting (except cardiac surgery) for almost every 
patient irrespective of body weight (BW). Perioperatively, 
only 1 g is recommended.47

In the following, some data with respect to the phar-
macology of TXA are presented. Unfortunately, none of 
these concentrations are based on any formal in vivo dose–
response studies, and the corresponding therapeutic mar-
gin for TXA and its minimal therapeutic dose to inhibit 
fibrinolysis remain largely unknown.48 A systematic review 
published in 2019 identified 20 in vitro studies and 1 in vivo 
trial that artificially stimulated fibrinolysis with tissue plas-
minogen activator (tPA) and measured fibrinolysis using 
a range of viscoelastic, optical density, or immunological 
assays.49 Tissue hypoxia and ischemia induced by hemor-
rhagic shock increased the release of tPA from endothelial 
Weibel-Palade bodies, and tPA seems to be responsible for 
hyperfibrinolysis in severely injured trauma patients.50–52 It 
is released early after trauma while urokinase-type plasmin-
ogen activator (uPA) is released with temporal delay,13 but 
the nature of the plasminogen activator (tPA versus uPA) 
may impact on the efficacy of TXA: the required plasma 
concentrations are ≈20 µg/mL for tPA- and ≈150 µg/mL for 
uPA-induced fibrinolysis.13 Steady-state concentrations of 
≈20 μg/mL are obtained by a 10-mg/kg BW loading dose, 
followed by a 5-mg/kg/h infusion.53 The minimum in vitro 
concentration of TXA to completely inhibit fibrinolysis has 
been reported at 6.54 μg/mL (95% CI, 5.19–7.91 μg/mL) for 
neonatal plasma and 17.5 μg/mL (95% CI, 14.59–20.41 μg/
mL) for adult plasma.54 A plasma concentration of 6.3 µg/
mL is supposed to be achieved with a loading dose of ≈10 
mg/kg BW, and a concentration of 20 µg/mL is expected 
to be achieved with a loading dose of 30 mg/kg BW.16 In 
a porcine model of hemorrhagic trauma, hypovolemia had 
minimal impact on the distribution of TXA but significantly 
decreased its clearance. In the setting of ongoing hemor-
rhage, blood loss may become a significant route of drug 
elimination.55

As an analog to the essential amino acid lysine, TXA may 
be involved in a variety of functions, such as protein synthe-
sis, metabolic signaling events, protein–protein interactions, 
and posttranslational modifications in immunity and inflam-
mation, among others. However, it remains largely unknown 
how TXA affects these important functions.10 It is known that 
the lysine binding sites of inhibitory glycine and GABA type A 
receptors are involved in the induction of seizures following 
TXA application.56 In addition, TXA is eliminated through the 
kidneys, and, as such, a dose adjustment to reflect glomerular 
function deterioration is recommended,7,14,19,22 although this 
is very rarely done in clinical practice.

Pathophysiology of Traumatic Coagulopathy
The outcome of civilian trauma patients treated with TXA in 
developed trauma settings and centers does not follow the 
outcome reported in the CRASH-2 or MATTERs trials.57,58 

Neither the CRASH-2 nor the WOMAN trials recorded a 
reduction in transfusion rates or volumes in patients treated 
with TXA.

Hemostatic derangements in the context of trauma, 
also referred to as trauma-induced coagulopathy (TIC), 
were initially perceived as a primarily hyperfibrinolytic 
entity, supporting TXA as the logical therapeutic interven-
tion.59–61 On the other hand, 3 different phenotypes of fibri-
nolytic responses of the body to massive trauma have been 
described: hyperfibrinolysis, physiologic fibrinolysis, and 
hypofibrinolysis (also referred to as “fibrinolytic shutdown 
[fSD]”),62 with a distribution to each phenotype of approxi-
mately 20%, 20%, and 60%, respectively (Figure  2).8,62,65,70 
The hyperfibrinolytic phenotype is found in patients with 
life-threatening and profuse bleeding with a high risk of 
exsanguination within the first hours following trauma. In 
contrast, hypocoagulable patients display a high percent-
age of mortality due to traumatic brain injury (TBI) and 
septic, thrombotic, or organ failure.71 While every surviv-
ing hyperfibrinolytic patient switches to a hypofibrinolytic, 
prothrombotic state within 24 hours, the switch from a 
hypofibrinolytic to a hyperfibrinolytic phenotype is rarely 
encountered.65 The concept of fSD is not new and was iden-
tified as a potential driver of irreversible shock after hem-
orrhage by Hardaway and Johnson72 already back in 1963.8 
The potential mechanisms that are discussed around fSD 
may include platelet activation, resulting in early increased 
levels of plasminogen activator inhibitor 1 (PAI-1) acutely 
after injury or low tPA activity from impaired generation 
after injury.8,9 An increased risk for fSD among severely 
injured trauma patients receiving TXA has been described 
(RR = 1.65 [95% CI, 11.10–1.64]; P = .004).70 Thus, the non-
discriminative and liberal administration of an antifibrino-
lytic agent to a patient population that could be largely in 
a hypofibrinolytic state does not seem to be physiologically 
or pharmacologically sound and would potentially expose 
patients to a higher risk for thromboembolic complications 
(eg, see Table 4). Viscoelastic hemostatic assays (VHAs) are 
not highly sensitive for fibrinolytic activation, but they are 
currently the only tests able to diagnose hyperfibrinolysis 
early in a clinically useful time frame for trauma resuscita-
tion,73,74 and “before we can validate the efficacy of TXA to 
inhibit fibrinolytic activation, an assay capable of detecting 
fibrinolytic activation with good sensitivity and specificity 
needs to be found.75”

Statistics
The American Statistical Association has issued a state-
ment on the appropriate use and interpretation of statistical 
parameters to clarify frequently observed and yet ongoing 
uncertainties around null hypothesis testing and potential 
misinterpretation of P values and CIs.76 Recently, there have 
been suggestions that P values and null hypothesis testing 
should be restricted or even banned from the medical lit-
erature.77,78 Notably, P values provide no information on the 
magnitude or the importance of an effect, as statistical sig-
nificance does not necessarily imply clinical significance.79

Table  1 summarizes the statistical analyses of CRASH-
2,1 the CRASH-2 follow-up,29 and the WOMAN trial.30 
The “no effect” occurs when the CIs of RRs approach 1.0, 
indicating reduced clinical relevance despite statistically 
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significant differences denoted by a low P value.10 As out-
lined in Table 1, the upper CI limit of most results is very 
close to or includes the null value of 1.80 In terms of statis-
tics, the reported differences might be marginal at best.10,80 
As the P value is strongly affected by sample size,78–80 these 
small differences may become statistically significant when 
the sample size is large enough but irrespective of clinical 
relevance.10,80–82 In the WOMAN trial, the initially planned 
sample size was changed and increased during the recruit-
ment from 15,000 to >20,000 subjects.

Patients and physicians are more influenced by RR ratios 
rather than by absolute risk ratios.81 The presented studies 
on the use of TXA are examples of the frequent but poten-
tially misleading mixture of absolute and relative effects. In 
the WOMAN trial,30 TXA use was associated with an abso-
lute reduction of 0.40% but a relative reduction of 21.06% in 
mortality due to bleeding. If TXA was administered within 
3 hours, the absolute mortality reduction was 0.50% ver-
sus a relative reduction of 29.42%. Lastly, in those patients 
undergoing laparotomies for bleeding control, TXA was 

associated with an absolute reduction in mortality of 0.50% 
versus a relative reduction of 38.47%. Based on the same 
data, one could either conclude that “1 in 200 women can 
be saved” (absolute reduction = 0.5%) or “1 in 3 women can 
be saved” (relative reduction = 33.0%). The latter was pub-
lished on website of the WOMAN trial.83 The CRASH-2 fol-
low-up study reported an absolute reduction of mortality of 
2.5% in patients with time to TXA treatment ≤1 hour (7.7% 
for placebo vs 5.3% for TXA).29 The authors stated TXA 
will reduce “the risk of … death due to bleeding by about 
30%.84” Both absolute and RRs have clear values and should 
be considered. Nevertheless, in this context, the dropping 
of the adjective “relative” might imply a larger effect than 
what the actual one is. Table 3 shows these differences for 
the CRASH-2 and WOMAN trials.

In a pooled analysis from the CRASH-2 and WOMAN 
trials, the survival benefit decrease by 10% for every 
15-minute delay of treatment.41 The title of this pooled 
analysis article referred to “acute severe hemorrhage.” In 
the CRASH-2 trial, only 50.4% of the patients received a 

Figure 2. Current understanding of the pathophysiology of traumatic coagulation disturbances. Increasingly, cellular hypoxia, that is, the 
disturbed microcellular oxygen demand, is regarded as the primary driver of traumatic coagulation disturbances.9 Together with unknown 
variables, age- and gender-related differences in energy metabolism and oxidative stress modify the reaction.63 The acute traumatic coagu-
lopathy is a primary distinct entity, and the endotheliopathy of trauma occurs within minutes of injury.64 The secondary iatrogenic coagulopathy 
worsens the primary one. Approximately 70% of major trauma patients who present with shutdown remain in this phenotype up to 120 hours 
postinjury. Within 24 hours, patients presenting with hyperfibinolysis die or transition into the prothrombotic phenotype.65 Early mortality is 
highest with the hyperfibrinolytic phenotype and associated with exsanguination; persistent shutdown at 24 hours is associated with elevated 
late mortality due to organ failure.17,62,65,66 Neither cellular hypoxia nor fibrinolytic shutdown is specific to multiple trauma: shutdown can also 
be found in sepsis,67 liver transplantation,68 or other perioperative settings.69 BPsyst indicates systolic blood pressure; Tpx, transplantation. 
Modified from Lier and Maegele, Blutungsmanagement: tranexamsäure in der präklinik. Pro und kontra [Coagulation management: prehospital 
tranexamic acid. Pro and contra]. Notfall+Rettungsmedizin, 2018, with permission.12
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blood transfusion, and those transfused received a median 
of 3 (2–6) pRBC units1; in the WOMAN trial, 54% of the 
patients received a transfusion, but only 20% had a blood 
loss >1500 mL.30 As such, a much smaller subgroup of 
these 2 studies (around 3000 patients in total) had “severe 
hemorrhage,” and, as P values are strongly affected by the 
size of a study,78–80 statistical analysis and results may be 
different.

Thromboembolic Complications
In 1963, the empiric administration of TXA was advocated 
for liver transplantation,85 but 6 years later, this practice was 
questioned due to increased mortality from venous throm-
boembolism.62,86 From the 20,211 patients in the CRASH-2 
study, a total of 369 vascular (venous or arterial) occlusive 
events (myocardial infarction, stroke, pulmonary embolism 
[PE], deep vein thrombosis [DVT]) were reported: 168 in the 
TXA group versus 201 in the placebo group.1 This study col-
lected only “expected complications of the trial treatment 
[but] adverse events that were serious, unexpected, and sus-
pected to be related to the study treatment were reported 
separately.1” The CRASH-2 authors stated that they were 
unable “…to exclude the possibility of some increase in risk” 
and that they “…might have under-reported the frequency 
of these events.1” The critique that thromboembolic compli-
cations were very rarely reported because “they were not 
actively sought in many of the participating hospitals” was 
brought up early in the discussion around the trial results 
of CRASH-2 and by multiple authors.5,43 In the MATTERs, 
with TXA treatment, a 9-fold increase for PE (0.3% without 
vs 2.7% with TXA) and a 12-fold higher rate for DVT (0.2% 
without vs 2.4% with TXA) were noted. This increase may be 
considered against the background of a higher magnitude of 
injury sustained in the TXA group,34 but the possibility that 
this increase in thromboembolic complications might be 
caused by TXA has also been indicated by others.5,9,43,87,88 In 
a prospective cohort study by Cole et al,36 a 4-fold increase 
in thromboembolic events was observed in hemorrhagic 
shocked patients treated with TXA (8% in TXA vs 2% in 
no-TXA cohorts; P < .01), and this was specifically assessed 

and “confirmed by either ultra-sound scan (DVT) and/or 
computed tomographic pulmonary angiography (PE).36” 
During pregnancy and postpartum, DVT is generally far 
more common than PE, with 4–5 cases of DVT encountered 
per each case of PE.89,90 In the WOMAN trial, a DVT rate of 
0.03% in TXA arm versus 0.07% in the placebo arm and a 
PE rate of 0.2% in both arms were recorded.30 A PE rate as 
much as almost 1 magnitude higher than the DVT rate in 
the same population is quite unexpected and surprising and 
may raise concerns with the accuracy of detecting, diagnos-
ing, and reporting these important and relevant compli-
cations. As in our view and those of others,5,43 neither the 
CRASH-2 nor the WOMAN trial has sufficiently assessed 
thromboembolism in their respective cohorts (see above), 
both publications may not be selected to provide strong evi-
dence against a possible effect of TXA on increased vascu-
lar occlusive events. Concerning perioperative use, a recent 
meta-analysis of Yates et al6 including 268 randomized 
controlled trials (RCTs) concluded that “72% of periopera-
tive TXA RCTs excluded patients with major comorbidities 
and that 59% of RCTs excluded patients with a history of 
thromboembolic events,” and “there were wide CIs around 
the risk of a venous thromboembolism (VTE), meaning that 
the possibility of increased VTE rates in patients with a pre-
vious history of thrombotic events cannot be confidently 
excluded, and there is insufficient evidence on TXA safety 
in these patients to make definitive recommendations for 
use of antifibrinolytic therapy.” The statement that TXA 
does not cause thromboembolic effects is not a proven fact 
but is rather based on “moderate quality evidence,”6,75 and 
there is “a need for additional investigation…before strong 
recommendations can be made.6”

Table  4 provides an overview of prospective and ret-
rospective studies conducted in the setting of both civil-
ian and military trauma, which reported on the potential 
thromboembolic effects of TXA. The administration of 
TXA was associated with reduced mortality in some34,36,91 
and increased mortality in others,2,92,94,95 while no effect on 
mortality was reported by 1 trial.93 In most of these stud-
ies, the TXA cohort was more severely injured, but those 
cohorts are quite similar to the trauma patients currently 
being considered as candidates for TXA administration 
according to the updated recommendations.38–40 The data 
presented in Table 4 suggest a correlation and not necessar-
ily a causality. There may be a range of confounding factors 
for the generation of both venous and arterial thrombotic 
occlusions, for example, transfusion of pRBCs, plasma, or 
platelets. The considerable rate of complications with TXA 
may shadow its benefits if all patients would receive the 
agent indiscriminately. A recent systematic review and 
meta-analysis of observational studies on the use of TXA 
in trauma reported a pooled RR for venous thromboem-
bolism of 1.61 (95% CI, 0.86–3.01).87 Another publication 
included 19 studies and 13 studies in the systematic review 
and meta-analyses, respectively.5 The pooled incidence of 
in-hospital thrombotic events (9 studies, 1656 patients) was 
5.9% (95% CI, 33.3%–8.5% vs 2.0% [95% CI, 11.8%–2.3%] in 
the CRASH-2 trial). When combining the data from these 
meta-analyses5,87 with the >8200 patients from the studies 
listed in Table 4, the application of TXA to trauma patients 

Table 3.  Reported Absolute and Relative 
Reductions of Mortality With TXA Treatment in 
CRASH-2,1 CRASH-2 Follow-up,29 and WOMAN30

Trial

Absolute  
Reduction  

(%)

Relative  
Reduction 

(%)
CRASH-2
 Any cause of death 1.5 (14.5 vs 16.0) 9.38
 Death due to bleeding 1.8 (4.9 vs 5.7) 14.04
 Death in patients in shock  

(BPsyst ≤75 mm Hg)
4.5 (30.6 vs 35.1) 12.83

CRASH-2 follow-up
 TXA started within 1 h after trauma 2.4 (5.3 vs 7.7) 31.17
 TXA started in 1–3 h after trauma 1.3 (4.8 vs 6.1) 21.32
WOMAN
 Death due to bleeding 0.4 (1.5 vs 1.9) 21.06
 Death if TXA started within 3 h 0.5 (1.2 vs 1.7) 29.42
 Death in patients undergoing  

laparotomy to control bleeding
0.5 (0.8 vs 1.3) 38.47

Abbreviations: BPsyst, systolic blood pressure; CRASH-2, Clinical Randomization 
of an Antifibrinolytic in Significant Hemorrhage-2; TXA, tranexamic acid; 
WOMAN, World Maternal Antifibrinolytic.
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Table 4.  Trials in the Trauma Setting Which Have Reported on Side Effects of TXA
Source Setting n Result Note
Morrison et al34 Retrospective, military observational 

study; 293 soldiers (ISS = 25) 
received TXA (mean, 2.3 g within 1 h 
after injury); ≥1 pRBC

896 Positive: in TXA group reduced mortality 
(17.4% vs 23.9%; P = .03)

TXA group more 
severely injured

Negative: 9-fold increased rate for PE and 
12-fold increased rate for DVT

Swendsen et al91 Retrospective, civil cohort; 52 pat. with 
TXA (initially 1 g within 3 h after injury) 
versus 74 pat. without TXA

126 Positive: complete group: TXA with reduced 
mortality (5.8% vs 17.6%; P = .05) 
hypotensive group: TXA with reduced 24-h 
mortality (4.3% vs 19.1%; P = .03)

Complete group: TXA 
more severely 
injured (ISS = 27 
vs 20)

Negative: complete group: increased rate for 
DVT/PE (11.5% vs 0; P = .004) and AKI 
(25% vs 11%; P = .02); hypotensive group: 
increased rate for DVT/PE (12% vs 0%; 
P = .012) and trend toward increased AKI 
(28% vs 15%; P = .12)

Hypotensive group: 
comparable ISS

Valle et al2 Retrospective, civil observational 
study trauma patients requiring 
an emergency operation and/or 
transfusion (1 g bolus, followed by 1 
g/8 h); of these 150 shocked pat. 
(ISS = 28; 97% transfusion; TXA 
within 97 min after injury) propensity 
matched compared with 150 pat. 
without TXA

1217 Negative: TXA group with increased mortality 
(27% vs 17%; P = .024); for >2 L pRBC 
mortality 49% vs 24% (P = .0065)

 

Cole et al36 Prospective, civil cohort; 160 pat. 
received TXA within 3 h after injury

365 Positive: multivariate analysis: TXA 
independently associated with reduced 
MOF (OR = 0.27; CI, 00.10–0.73; P = .01) 
and protective for mortality (OR = 0.16; CI, 
00.03–0.86; P = .03)

TXA group more 
severely injured 
(ISS = 33 vs 29)

Negative: shocked pat. (n = 128): TXA 4× 
increase in thromboembolism (8% vs 2%; 
P < .01)

Harvin et al92 Retrospective, civil analysis of trauma 
pat. with Ly30 ≥3%; 98 pat. received 
TXA

1032 Negative: unadjusted in TXA group higher 
in-hospital mortality (40% vs 17%, P 
< .001); multivariate analysis: TXA 
independent predictor for 24-h mortality 
(OR = 1.92; CI, 11.05–3.25; P = .035)

TXA group more 
severely injured 
(ISS = 29 vs 14)

Howard et al93 Retrospective, military observational 
study; 3773 soldiers (≥1 pRBC) with 
subgroups (massive transfusion 
[n = 784] and propensity matched 
[n = 1030])

3773 Negative: univariate and multivariate analyses 
of the total sample no statistically 
significant association between TXA use 
and mortality. Use of TXA associated with 
increased risk of PE in the total sample 
(HR = 2.82; CI, 22.08–3.81; P < .001) and 
in massive transfusion sample (HR = 3.64; 
CI, 11.96–6.78; P = 0.003). Use of TXA 
associated with increased risk of DVT in the 
total sample (HR = 2.00; CI, 11.21–3.30; 
P = .02)

TXA group more 
severely injured

Johnston et al94 Retrospective, military analysis, of these 
173 massive transfusions and 139 
TXA-pat.

455 Negative: TXA group with increased rate for 
thromboembolism (34.5% vs 6.8%; P < 
.001). Univariate analysis: TXA independent 
risk factor for venous thromboembolism 
(OR = 2.58; CI, 11.20–5.56; P = .02)

TXA group more 
severely injured 

(ISS 27 vs 15; P < 
.001)

Myers et al95 Retrospective, civil, single-center study; 
analysis of 21,931 pat. between 
2012 and 2016, 189 matched pairs

378 Negative: TXA associated with >3-fold increase 
in the odds of VTE (aOR = 3.3; 95% CI, 
11.3–9.1; P = 0.02). TXA not significantly 
associated with survival (aOR = 0.86; 
95% CI, 00.23–3.25; P = .83). Risk 
of VTE remained elevated in the TXA 
cohort despite accounting for mortality 
(SHR = 2.42; 95% CI, 11.11–5.29; P = .03)

TXA group more 
severely injured 

(ISS = 16 vs 14; 
P = .19)

Total 8242   

Abbreviations: AKI, acute kidney injury; aOR, adjusted odds ratio; CI, confidence interval; DVT, deep vein thrombosis; HR, hazard rate; ISS, injury severity score; 
Ly30, lysis after 30 minutes; MOF, multiorgan failure; OR, odds ratio; pat., patients; PE, pulmonary embolism; pRBC, packed red blood cell; SHR, subdistribution 
hazard ratio; TXA, tranexamic acid; VTE, venous thromboembolism.
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may pose a certain risk for possible thromboembolic 
complications.

CONCLUSIONS
The antifibrinolytic pharmaceutical TXA is widely avail-
able, inexpensive, heat stable, and cost-effective in its 
proper indications.49 The agent is highly effective in treating 
hyperfibrinolysis and represents an essential component in 
the context of comprehensive blood management strategies 
and for severe hemorrhage as an antifibrinolytic and not an 
antihemorrhagic agent.12 However, and despite its wide-
spread use, substantial knowledge gaps remain regarding 
its dosing, kinetics, mechanism of action, clinical applica-
tion, and safety. In particular, its potential thromboembolic 
side effects may raise concerns with its indiscriminate use. 
While the data generally support the beneficial effects of 
TXA (in certain populations), as with any other medical 
treatment, benefits must always be weighed against poten-
tial risks and side effects, which underscores the need for 
a more rational discussion around its more selective use in 
various clinical entities and patient populations.

According to the current evidence, the individualized 
and selective36,70,96 indication for TXA is the treatment of 
severe life-threatening hemorrhage, best used before the 
onset of shock, within 3 hours of trauma or delivery, and 
if bleeding cannot be stopped by other interventional mea-
sures (eg, compression and/or tourniquet). Advanced func-
tional hemostatic testing assays (eg, viscoelastic testing) 
may help with detecting hyperfibrinolysis and promoting a 
more guided administration of TXA in the clinical setting.11 
In the absence of these assays, in cases of traumatic injury 
or perioperative ongoing bleeding with a blood loss of 
1000–1500 mL, with expected hyperfibrinolysis, 1 g (15–20 
mg/kg BW) of TXA might be given slowly over 10 minutes 
intravenously.12

“There are no magic bullets when it comes to drugs for 
stopping bleeding.97” TXA is a valuable component within 
our arsenal to treat severe and life-threatening bleeds in dif-
ferent clinical scenarios but needs to be included into multi-
modal concepts and algorithms with its use within defined 
indications. Ubiquitous, generous, liberal, and indiscrimi-
nate application following outdated “one-size/dose-fits-
all” concepts is not reasonable and not supported by the 
data currently available.10,14 As stated by the authors of the 
WOMAN trial, “TXA should not replace another effective 
intervention” and “results do not support the prophylactic 
use of tranexamic acid.”98 Potential adverse effects also need 
to be considered for the prophylactic use of TXA in settings 
of elective and emergency surgeries,10 and its prophylactic 
use might sometimes (eg, in the setting of arthroplasty)22 be 
off-label. E
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