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What concentration of tranexa
mic acid is needed to inhibit
fibrinolysis? A systematic review of pharmacodynamics
studies
Roberto Picettia, Haleema Shakur-Stilla, Robert L. Medcalfb,
Joseph F. Standingc and Ian Robertsa

pr
Intravenous tranexamic acid (TXA) reduces death because

of bleeding in patients with trauma and postpartum

haemorrhage. However, in some settings intravenous

injection is not feasible. To find different routes of

administration, we first need to determine the minimal

concentration of TXA in the blood that is required to inhibit

fibrinolysis.

We conducted a systematic review of in-vitro and in-vivo

pharmacodynamics studies. We searched MEDLINE,

EMBASE, OviSP, and ISI Web of Science from database

inception to November 2017 for all in-vitro (including

simulated clotting models) or in-vivo studies reporting the

relationship between the TXA concentration in blood or

plasma and any reliable measure of fibrinolysis.

We found 21 studies of which 20 were in vitro and one was in

vivo. Most in-vitro studies stimulated fibrinolysis with tissue

plasminogen activator and measured fibrinolysis using

viscoelastic, optical density, or immunological assays. TXA

concentrations between 10 and 15 mg/l resulted in

substantial inhibition of fibrinolysis, although concentrations

between 5 and 10 mg/l were partly inhibitory.
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Introduction
Tranexamic acid (TXA) reduces bleeding by inhibiting

the enzymatic breakdown of fibrin blood clots (fibrinoly-

sis) [1]. Plasminogen produced by the liver is converted

into the fibrinolytic enzyme plasmin by tissue plasmino-

gen activator (tPA). Plasminogen and tPA bind to C-

terminal lysine residues on fibrin leading to localized

plasmin formation and fibrin cleavage [2]. TXA is a

molecular analogue of lysine that inhibits fibrinolysis

by competing with fibrin for the lysine-binding sites in

plasminogen. TXA inhibits the capacity of plasminogen

and plasmin to bind to fibrin, hence preserving blood

clots from plasmin-mediated lysis [1].

Intravenous administration of TXA safely reduces death

because of bleeding in patients with trauma and postpar-

tum haemorrhage (PPH) [3–5]. In both situations, most

deaths occur soon after bleeding onset and treatment

delay reduces the survival benefit [6]. It is imperative that

patients are treated urgently. TXA is inexpensive, widely

available, and heat stable. It is cost effective in sub-

Saharan Africa and Southern Asia, where most haemor-

rhagic deaths occur [7]. Nevertheless, because of long
distances to healthcare facilities and a lack of emergency

transport many patients are not treated soon enough.

One of the barriers to rapid treatment is the need for an

intravenous injection. Health workers able to insert intra-

venous lines may be unavailable in rural areas and even

when they are, securing intravenous access can be diffi-

cult in shocked patients with collapsed veins. Although

TXA is available for oral and intravenous use, there has

been little research into different routes of administra-

tion. Intramuscular injection would be easier and would

require less training than IV use.

To determine the minimal plasma level of TXA needed

to inhibit fibrinolysis, and hence identify whether oral or

intramuscular injection would be a viable treatment

option, we conducted a systematic review of pharmaco-

dynamics studies. We reviewed in-vivo and in-vitro stud-

ies reporting both the concentration of TXA in blood or

plasma and its effects on any reliable measure of fibrino-

lysis. This work will inform future studies into the

bioavailability of TXA after oral, intramuscular, and

subcutaneous administration.
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Methods
The systematic review methods were published in

advance of data collection on the PROSPERO register

(protocol number CRD42017079646). The review is

reported in accordance with PRISMA guidelines [8].

Inclusion criteria
Types of studies: In-vitro and in-vivo studies reporting

the effects of TXA on fibrinolysis in human blood,

plasma, or simulated clotting models.

Methods to measure TXA in the blood and plasma include

HPLC, liquid chromatography–mass spectrometry, gas

chromatography, or paper electrophoresis [9–11].

Eligible fibrinolysis assays included:

Whole blood tests. These assess fibrinolysis in the pres-

ence of platelets and blood cells.

Thromboelastography (TEG) and rotational thromboe-

lastometry (ROTEM) measure the viscoelastic proper-

ties of blood during clot formation and fibrinolysis in vitro.

Comparisons with biochemical assays (e.g., plasmin–

antiplasmin complexes) suggest that they may be insen-

sitive to low-grade hyperfibrinolysis [12,13].

The halo assay is a high throughput method that involves

forming halo-shaped, tissue factor-induced blood clots in

96 well plates and measuring fibrinolysis using a spectro-

photometer [14].

Global fibrinolytic capacity involves measuring fibrin

degradation products by ELISA in clotted-lysing blood.

Global fibrinolytic capacity is estimated after correcting

for background fibrin degradation products in parallel

blood samples incubated with the direct plasmin inhibi-

tor, aprotinin. Because no activators are used, endoge-

nous fibrinolysis is assessed [15,16].

Plasma tests: A limitation of these tests is that platelets,

cells, and some proteins are absent [14].

The overall fibrinolytic potential and global fibrinolytic

potential of plasma is assessed by measuring plasma

turbidity in a spectrophotometer after addition of tPA

[16]. The initiation of coagulation and subsequent fibri-

nolysis change the optical density of the plasma. Other

optical assays include the clot formation and lysis (Clo-

FAL) assay [16,17] and the clot lysis assay (for example,

as described by Niego et al. [18]).

ELISA and other immunoassays measure specific fibri-

nolytic markers such as D-dimer [17,19]. D-dimer can be

measured by ELISA (quantitative), whole blood aggluti-

nation (qualitative), or latex bead agglutination (quanti-

tative or qualitative). Results from different assays are not

comparable and false positives can result from other

factors influencing D-dimer levels [17,19].

To facilitate comparisons, concentrations of tPA were

converted to ng/ml using the following formula:
10 000 IU/ml¼ 20 000 ng/ml¼ 300 nM [20]. Similarly,

urokinase-type plasminogen activator (uPA) concentra-

tions were converted to ng/ml with the following formula:

3200 IU/ml¼ 20 000 ng/ml¼ 380 nM [21].

Types of participants
Studies on blood from healthy volunteers or patients.

Animal studies were excluded because the concentration

needed to inhibit fibrinolysis may be different from

humans [22,23]. Animal (e.g., murine) plasma clots are

known to be more resistant to lysis with human tPA [24].

Types of interventions
TXA is added to blood, plasma, or clotting models in vitro
or given by any route (in vivo).

Types of outcomes
Concentration of TXA (mg/l) needed to reduce fibrino-

lytic activity to a clinically significant level, for example,

80% reduction in activity [9], or 95% maximal effective

concentration (EC95) [25].

Search
We searched MEDLINE, EMBASE, OviSP, and the ISI

Web of Science from the date of database inception to 6

November 2017 using the following terms and keywords:

TXA, amino methyl carboxylic acid, amino methyl cyclo-

hexane acid, cyklokapron, pharmacodynamics, pharma-

cokinetics, blood, plasma, human, fibrinolysis, fibrin,

fibrinogen, antifibrinolytic, antifibrinolysis, clot, lysis,

turbidity, immunoassay, immunochemistry, TEG,

ROTEM, intravenous, oral, intramuscular, dose, dosing,

concentration, and haemorrhage (see Appendix for

detailed search strategy, http://links.lww.com/BCF/

A58). Truncation symbols were used with the text words,

when appropriate, to capture variations in spelling and

word endings. We also examined the references of sys-

tematic reviews located during the search and performed

a forward search with the eligible studies to identify

further potential articles.

Study selection
Two reviewers independently assessed records to deter-

mine whether they met the inclusion criteria. Titles and

abstracts were screened and the full texts of any poten-

tially relevant reports were assessed for inclusion. Two

reviewers independently assessed the full texts to con-

firm eligibility. Disagreements between reviewers were

resolved by consensus.

Data extraction
Data were extracted into a prespecified table including:

method to detect TXA in blood or plasma, protocol for

TXA administration or addition, fibrinolytic assay used,

outcome of fibrinolysis assay, and TXA concentration

that achieved a significant reduction of fibrinolysis.

http://links.lww.com/BCF/A58
http://links.lww.com/BCF/A58
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Data synthesis
The results of each study were described with no math-

ematical synthesis of results. We examined graphically

the relationship between the concentration of tPA used to

stimulate fibrinolysis and the minimal inhibitory TXA

concentration (80% inhibition of fibrinolysis) and calcu-

lated a regression line with 95% confidence intervals

(95% CI). The regression was calculated with Stata

statistical software: Release 15 (College Station, Texas,

USA).

Results
We found 369 potentially eligible records. After screen-

ing titles and abstracts we reviewed the full text of 35

records. We found 21 studies meeting the inclusion

criteria (Fig. 1), one of which was unpublished [personal

communication]. The first study was published in 1968.

All studies were published in English.

The results are shown in Tables 1 and 2. We found 20 in-

vitro and one in-vivo study. There were 16 in-vitro

studies in which TXA was added to blood or plasma

drawn from healthy volunteers or commercial sources,

and four studies using clotting models or fibrin plates.

One clinical trial measured TXA levels and fibrinolysis in

blood from surgical patients.
Fig. 1

Records iden�fied through database 

searching n = 457 

Records screened a�er duplicates 

removed n = 369 

Full-text ar�cles assessed for 

eligibility n = 35 

Studies included in qualita�ve 

synthesis n = 21 

Flow diagram of search. Modified with permission [8].
In-vitro studies
In most studies, fibrinolysis was stimulated with tPA

(Table 1).

Andersson et al. [9] incubated fibrin plates with tissue

homogenates containing tPAs and measured the effect of

TXA concentrations up to 100 mg/l. Fibrinolysis (lysed

area on plate) was reduced by 98% with 100 mg/l TXA,

90% with 25 mg/l TXA and 80% with 10 mg/l TXA.

Dai et al. [26] used tPA to stimulate fibrinolysis in plasma

from haemophilia patients who had factor VIII antibo-

dies. Clot lysis time was measured using optical methods.

Clot lysis time increased from 6 to 16 min with TXA at

5 mg/l and from 6 to 37 min using 10 mg/l.

Dietrich et al. [27] stimulated fibrinolysis in blood (tPA at

200 ng/ml) from healthy volunteers and used ROTEM

(LY60, defined as percentage decrease in clot amplitude

at 60 min after maximal amplitude) to assess the effect of

TXA on fibrinolysis. Fifty percentage inhibition [IC50,

median (25th; 75th percentile)] was achieved with TXA

0.43 mg/l (0.29, 0.51) and complete inhibition with TXA

1.57 mg/l. The authors stimulated fibrinolysis in plasma

(tPA 100 ng/ml) and studied the decrease in optical

density 45 min after maximum optical density. Fifty

percentage inhibition (IC50) was achieved with TXA
Addi�onal records iden�fied through 

other sources n = 6 

Records excluded    

n = 334 

Full-text ar�cles excluded

 n = 14 
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0.66 mg/l (0.48, 0.67). TXA 1.57 mg/l decreased fibrino-

lysis to less than 10%.

Dirkman et al. [28] stimulated fibrinolysis in blood with

tPA (100 ng/ml) and evaluated the effect of a single dose

of TXA (330 mg/l) corresponding to 2 g/75 kg body

weight using ROTEM. TXA reduced clot lysis at 45

and 60 min [clot lysis index (CLI45) and CLI60]. CLI60

(median, 25th/75th percentile) increased from 21% (7%/

59%) without TXA to 90% (89%/92%) with TXA. TXA

330 mg/l increased CLI45 from 64% (48/80) to 94% (93/

98) in conditions of moderate acidosis and from 49% (26/

71) to 92% (86.5/94) in severe acidosis [29].

Fears et al. [30] stimulated fibrinolysis in plasma with

anisoylated lys-plasminogen streptokinase activator com-

plex or tPA and measured the lysis time of iodine-radi-

olabelled fibrin clots. TXA at 10 mg/l reduced anisoylated

lys-plasminogen streptokinase activator complex -

induced fibrinolysis by 80%. TXA at 157.2 mg/l

completely inhibited tPA-induced initiation of fibrinoly-

sis. TXA at 40 mg/l caused 80% inhibition at 4 h, TXA at

10 mg/l caused 70% inhibition at 1 h and 30% inhibition at

4 h. TXA at 10 and 40 mg/l inhibited 34% of ongoing tPA-

induced fibrinogenolysis.

Fletcher et al. [22] used tPA-stimulated plasma and TEG

to calculate the estimated percentage lysis 30 min after

maximum clot amplitude. The TXA concentration

needed to inhibit fibrinolysis was 14.7 mg/l (95% CI

13.7–15.6).

Godier et al. [31] spiked blood samples with 67 ng/ml,

267 ng/ml, and 1333 ng/ml tPA and studied the effect of

TXA on fibrinolysis using TEG. 67 ng/ml tPA did not

affect the TEG traces but there was a significant effect

with 267 and 1333 ng/ml. With 267 ng/ml tPA, a concen-

tration of 3 mg/l TXA partially corrected TEG parame-

ters, whereas 300 mg/l TXA corrected most parameters.

With 1333 ng/ml tPA, a concentration of 3 mg/l TXA was

ineffective, but 300 mg/l TXA corrected LY60 and esti-

mated percentage lysis. The effect of 30 mg/l TXA was

similar to that of 300 mg/l TXA at all tPA concentrations

(Table 1). TXA also inhibited fibrinogenolysis (based on

the drop in fibrinogen level after tPA addition). Addition

of 67 ng/ml tPA did not cause fibrinogenolysis. However,

tPA resulted in a concentration-dependent fall in fibrin-

ogen levels at 267 and 1333 ng/ml tPA. This fall was

partly prevented by the addition of 3 mg/l TXA and

almost fully prevented at a concentration of 30 mg/l

or higher.

He et al. [32] spiked normal commercial plasma with tPA

in the presence of a thrombin inhibitor or a factor Xa

inhibitor to mimic an antithrombotic therapy. TXA at

0.4 mg/l prolonged the clot lysis time from 40 to 50 min

with a thrombin inhibitor and from 25 to 50 min with a

factor Xa inhibitor. TXA at 9.5 mg/l abolished fibrinolysis

in both cases.
Hoylaerts [33] used tPA in an in-vitro system where wells

of tissue culture plates were coated with iodine-radiola-

belled fibrin. Plasminogen was preincubated with several

TXA concentrations and added to the wells. The radio-

activity released into the solution was the product of the

solubilization of fibrin and was measured for up to

200 min. The time required to solubilize 50% of fibrin

was calculated. The solubilization time increased from

100 min in the controls to 200 min with 2 mg/l of TXA.

Kostousov et al. [34] used tPA to induce moderate fibri-

nolysis in blood diluted with Ringer’s lactate (Hospira,

Lake Forest, Illinois, USA) and severe fibrinolysis in

blood diluted with Ringer’s lactate and Voluven (Hos-

pira, Lake Forest, Illinois, USA). In moderate fibrinolysis,

TXA at 1 and 2 mg/l inhibited TEG clot lysis. In severe

fibrinolysis, TXA 3 mg/l decreased LY30 to less than 8%.

Lijnen et al. [35] induced fibrinolysis in plasma with

staphylokinase 30 nM or streptokinase 100 nM. Lysis

time of iodine-radiolabelled fibrin clots was measured.

The concentrations of TXA needed to reduce clot lysis to

50% of the value measured without TXA after 2 h were

0.63 mg/l with staphylokinase and 3.14 mg/l with strepto-

kinase. In other experiments, TXA was added 30 min

after the addition of staphylokinase or 15 min after strep-

tokinase. TXA needed to reduce fibrinolysis to 50% after

90 min was 2.36 mg/l with staphylokinase and 11 mg/l

with streptokinase.

Longstaff [36] prepared fibrin clots by mixing fibrinogen

and a-thrombin. Plasmin was added when maximal opti-

cal density was reached and clot lysis measured for 5 h.

Lysis decreased with increasing TXA concentration

(Table 1). Plasminogen activation was also assessed in

a solution with fibrinogen, thrombin, plasminogen, and

tPA. Plasminogen activation dropped to 40% with

7.86 mg/l TXA and 20% with 15.72 mg/l of TXA. TXA

between 8 and 15 mg/l reduced clot lysis (75 and 45%

lysis rate, respectively) and inhibited plasminogen acti-

vation (40 and 20% activation rate, respectively).

Longstaff [unpublished] used ROTEM (maximum clot

firmness, clot lysis index) to measure tPA and uPA-

induced fibrinolysis. TXA 1.57 mg/l inhibited fibrinolysis

almost as efficiently as TXA 157.21 mg/l with both tPA

and uPA. Longstaff also used the halo assay [14] with

whole blood or plasma. In both cases, 40 mg/l of TXA

almost completely inhibited tPA-induced clot lysis and a

concentration almost an order of magnitude lower inhib-

ited uPA-induced lysis (Table 1).

Niego et al. [18] stimulated fibrinolysis in commercial

human plasma with tPA and measured clot turbidity

for 100 min. TXA at 15.7 mg/l completely inhibited

fibrinolysis.

Okamoto et al. [37] incubated fibrin plates and tested the

inhibitory activity of TXA on fibrinolysis caused by the

human plasma activator of plasminogen. They showed
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study that did not report the concentration needed for 80% inhibition of
fibrinolysis were excluded [38]. tPA, tissue plasminogen activator; TXA,
tranexamic acid.
that 0.16 mg/l of TXA inhibited 50% of fibrinolysis,

1.6 mg/l inhibited about 90% of fibrinolysis, and

15.7 mg/l inhibited fibrinolysis almost completely.

Rozen et al. [25] used ROTEM to study the effect of

TXA on fibrinolysis in blood from children (aged 1–10

years) undergoing cardiac catheterization for congenital

heart disease (10 cyanotic and 10 noncyanotic) and blood

from healthy adult volunteers. Fibrinolysis was induced

with tPA and the effect of TXA on lysis index at 30 min

was assessed. The efficacy concentration 50% (EC50) in

adults was 6.8 mg/l (95% CI, 6.4–7.2), and the EC95 was

11.3 mg/l (95%CI, 10.6–12.9). In children, EC50 was

2.8 mg/l (95%CI, 2.6–3.0) and EC95 was 8.6 mg/l

(95%CI, 6.9–14.9).

Sperzel and Huetter [38] spiked plasma with tPA and

assessed fibrinolysis by measuring plasma turbidity in a

spectrophotometer following the addition of tPA. TXA

concentrations ranged from 0.47 to 471.63 mg/l. TXA

inhibited fibrinolysis with an IC50 of 3.79� 0.17 mg/l.

Takada et al. [39] added either 1250 or 6250 ng/ml of

urokinase to plasma and assessed a single dose of TXA

(157.2 mg/l) by measuring fibrin and fibrinogen degrada-

tion products. For both concentrations of urokinase, TXA

inhibited fibrinolysis and fibrinogenolysis. TXA was also

tested in a system with plasminogen, thrombin, fibrino-

gen, and urokinase (6250 ng/ml). TXA completely inhib-

ited fibrinolysis and reduced fibrinogenolysis by about

50%.

Yee et al. [40] added tPA to adult plasma and plasma from

cord blood collected at caesarean deliveries of 23 full-

term (38–42 weeks) singleton live births. The effect of

TXA on fibrinolysis was determined with TEG (LY30).

The minimum dose of TXA needed to completely inhibit

fibrinolysis was 6.54 mg/l (95% CI, 5.19–7.91) in neonatal

plasma and 17.5 mg/l (95% CI, 14.59–20.41) in

adult plasma.

Figure 2 shows the relationship between the tPA con-

centration used to induce fibrinolysis and the minimal

concentration of TXA needed to inhibit at least 80% of

fibrinolysis. The TXA concentration required increased

by 0.004 mg/l for every 1 ng/ml of tPA used to stimulate

fibrinolysis (95% CI 0.001–0.008, R2¼ 47.26%).

In-vivo treatments
Couturier et al. [41] compared the effect of two TXA

dosing schemes with a no TXA group in children under-

going surgery with cardiopulmonary bypass (CPB)

(Table 2). The dosing schemes included a continuous

administration of TXA (10 mg/kg bolus dose followed

with a continuous 1 mg/kg/h infusion until completion of

surgery, and then 10 mg/kg dose in the CPB prime), and a

discontinuous administration (10 mg/kg bolus dose, then

a 10 mg/kg dose in the CPB prime, and 10 mg/kg dose at

the end of CPB). They measured TXA, D-dimer, and
fibrinogen. TXA levels ranged between 28.0� 2.3 and

59.9� 7.5 mg/l (mean�SEM) during surgery. TXA

inhibited the bypass-induced D-dimer increase which

peaked at 393� 93 ng/ml in the discontinuous group

and 562� 165 ng/ml in the continuous group compared

with the no TXA group (2274� 474 ng/ml).

Discussion
Although TXA may have other biological effects, this

systematic review aimed to determine the minimum

concentration of TXA necessary to inhibit fibrinolysis

[42,43]. Our results suggest that TXA concentrations

between 10 and 15 mg/l provide near maximal inhibition

of fibrinolysis, although concentrations between 5 and

10 mg/l provide significant inhibition (e.g., 18, 32). The

minimum TXA concentration might be lower in children

[44].

Despite an extensive search for all eligible studies, pub-

lished or unpublished, it is possible that some studies

were missed. Although less is known about the impact of

publication bias in systematic reviews of pharmacody-

namics studies, than in reviews of clinical trials, selective

reporting has been documented and is a potential threat

to validity [45,46]. Furthermore, many pharmacodynam-

ics studies fail to report aspects of study methodology

(e.g., blinding) that may have a bearing on the results.

Because the rate of fibrinolysis in normal blood or plasma

is slow, fibrinolytic activators are added to speed up the

process. Although differences in the potency of
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fibrinolytic activators make direct comparisons difficult,

our results suggest that the tPA concentration used to

stimulate fibrinolysis influences the results. Indeed, the

wide range of tPA concentrations used may explain the

heterogeneity in inhibitory concentrations. Another

potential limitation is the diversity of the methods used

to measure fibrinolysis. The validation and standardiza-

tion of methods to measure fibrinolysis has progressed

more slowly than for coagulation testing and widely

accepted assays are unavailable.

Can results from in-vitro studies be used to guide the

target TXA concentration for patients with trauma and

PPH? Cohort studies in patients with major trauma show

that plasma tPA concentrations are highest in patients

with hypotension and acidosis. Nevertheless, the tPA

concentrations seen in even the most severely injured

patients are lower than those used to stimulate fibrinoly-

sis in vitro. Indeed, tPA levels in trauma patients are

generally below 100 ng/ml [47–50]. This suggests that

results from in-vitro studies may overestimate the con-

centration of TXA needed to inhibit fibrinolysis in vivo.

In most of the included in-vitro studies, TXA was added

either before tPA was added or at the same time. The

experimental protocol therefore differs from clinical

situations. Only one publication [30] reported the effect

of TXA on ongoing fibrinolysis, adding TXA 15–30 min

after stimulating fibrinolysis, but very high doses of

fibrinolysis activators were used (e.g., 80 nM of tPA,

corresponding roughly to more than 5000 ng/ml). For this

reason, the extent to which in-vitro results can be applied

to the clinical practice is open to question.

Urokinase is a fibrinolytic activator sometimes used in in-

vitro experiments. However, clinical studies show that

tPA is involved in the early activation of fibrinolysis with

levels reaching a peak at about 3 h after injury. uPA levels

increase after tPA levels begin to decrease [51]. It is

unlikely that uPA plays a major role in fibrinolysis during

the early stage of trauma or PPH, when TXA is known to

be life saving.

In conclusion, this systematic review suggests that TXA

concentrations in the range of 10–15 mg/l result in sub-

stantial inhibition of fibrinolysis. These results will

inform pharmacokinetic studies to examine the bioavail-

ability of TXA after oral, intramuscular, and subcutane-

ous administration. If therapeutic levels of TXA can be

achieved in a timely manner via these alternative routes,

this could have important implications for the prehospital

management of patients with trauma and postpartum

haemorrhage.

Acknowledgements
We thank Ms Sarah Dawson, Senior Research Associate

in Information Retrieval at the Bristol Medical School

(University of Bristol, UK), for designing and performing

the literature search. We thank Dr Stanislas Grassin-
Delyle and Dr Colin Longstaff for their helpful com-

ments on the manuscript and thank Dr Colin Longstaff

for sharing unpublished data.

This study was funded by Wellcome (grant number

WT208870/Z/17/Z) and the Bill & Melinda Gates Foun-

dation (grant number OPP1176150) as part of the

WOMAN-2 program.

Role of the sponsor: Wellcome and the Bill & Melinda

Gates Foundation did not play a role in the design and

conduct of the study, collection, analysis, and interpreta-

tion of the data, preparation, review, or approval of

the manuscript.

Conflicts of interest
There are no conflicts of interest.

References
1 McCormack PL. Tranexamic acid: a review of its use in the treatment of

hyperfibrinolysis. Drugs 2012; 72:585–617.
2 Okamoto S, Okamoto U. Amino-methyl-cyclohexane-carboxylic acid:

AMCHA a new potent inhibitor of the fibrinolysis. Keio J Med 1962;
11:105–115.

3 CRASH-2 CollaboratorsRoberts I, Shakur H, Afolabi A, Brohi K, Coats T,
Dewan Y, et al. The importance of early treatment with tranexamic acid in
bleeding trauma patients: an exploratory analysis of the CRASH-2
randomised controlled trial. Lancet 2011; 377:1096–1101.

4 CRASH-2 Trial CollaboratorsShakur H, Roberts I, Bautista R, Caballero J,
Coats T, Dewan Y, 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.

5 WOMAN Trial Collaborators. Effect of early tranexamic acid administration
on mortality, hysterectomy, and other morbidities in women with
postpartum haemorrhage (WOMAN): an international, randomised,
double-blind, placebo-controlled trial. Lancet 2017; 389:2105–2116.

6 Gayet-Ageron A, Prieto-Merino D, Ker K, Shakur H, Ageron FX, Roberts I,
Antifibrinolytic Trials Collaboration. Effect of treatment delay on the
effectiveness and safety of antifibrinolytics in acute severe haemorrhage: a
meta-analysis of individual patient-level data from 40 138 bleeding patients.
Lancet 2018; 391:125–132.

7 Guerriero C, Cairns J, Perel P, Shakur H, Roberts I, CRASH 2 Trial
Collaborators. Cost-effectiveness analysis of administering tranexamic acid
to bleeding trauma patients using evidence from the CRASH-2 trial. PLoS
One 2011; 6:e18987.

8 Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, Ioannidis JP, et
al. The PRISMA statement for reporting systematic reviews and meta-
analyses of studies that evaluate healthcare interventions: explanation and
elaboration. BMJ 2009; 339:b2700.

9 Andersson L, Nilsoon IM, Colleen S, Granstrand B, Melander B. Role of
urokinase and tissue activator in sustaining bleeding and the management
thereof with EACA and AMCA. Ann N Y Acad Sci 1968; 146:
642–658.

10 Nilsson IM. Clinical pharmacology of aminocaproic and tranexamic acids.
J Clin Pathol Suppl (R Coll Pathol) 1980; 14:41–47.

11 Pilbrant A, Schannong M, Vessman J. Pharmacokinetics and bioavailability
of tranexamic acid. Eur J Clin Pharmacol 1981; 20:65–72.

12 Larsen OH, Fenger-Eriksen C, Ingerslev J, Sorensen B. Improved point-of-
care identification of hyperfibrinolysis is needed. Thromb Res 2012;
130:690–691.

13 Raza I, Davenport R, Rourke C, Platton S, Manson J, Spoors C, et al. The
incidence and magnitude of fibrinolytic activation in trauma patients.
J Thromb Haemost 2013; 11:307–314.

14 Bonnard T, Law LS, Tennant Z, Hagemeyer CE. Development and
validation of a high throughput whole blood thrombolysis plate assay. Sci
Rep 2017; 7:2346.

15 Rijken DC, Hoegee-De Nobel E, Jie AF, Atsma DE, Schalij MJ,
Nieuwenhuizen W. Development of a new test for the global fibrinolytic
capacity in whole blood. J Thromb Haemost 2008; 6:151–157.

16 Ilich A, Bokarev I, Key NS. Global assays of fibrinolysis. Int J Lab Hematol
2017; 39:441–447.



10 Blood Coagulation and Fibrinolysis 2019, Vol 30 No 1
17 Pepperell D, Morel-Kopp MC, Ward C. Clinical Application of Fibrinolytic
Assays. In: Kolev K, editor. Fibrinolysis and thrombolysis. Rijeka: InTech;
2014; Chapter 06.

18 Niego B, Horvath A, Coughlin PB, Pugsley MK, Medcalf RL. Desmoteplase-
mediated plasminogen activation and clot lysis are inhibited by the lysine
analogue tranexamic acid. Blood Coagul Fibrinolysis 2008; 19:322–324;
https://dx.doi.org/10.1097/MBC.0b013e3282f54568.

19 Gorog DA. Prognostic value of plasma fibrinolysis activation markers in
cardiovascular disease. J Am Coll Cardiol 2010; 55:2701–2709.

20 NIBSC. WHO International Standard. WHO 3rd IS for Tissue Plasminogen
Activator, Human, recombinant. NIBSC code: 98/714. 2008. http://
www.nibsc.org/documents/ifu/98-714.pdf. [Accessed 19 June 2018]

21 Longstaff C, Thelwell C, Rigsby P, SSC Fibirinolysis Subcommittee. An
international collaborative study to establish the WHO 2nd International
Standard for HIGH MOLECULAR WEIGHT UROKINASE: communication
from SSC of the ISTH. J Thromb Haemost 2014; 12:415–417.

22 Fletcher DJ, Blackstock KJ, Epstein K, Brainard BM. Evaluation of
tranexamic acid and epsilon-aminocaproic acid concentrations required to
inhibit fibrinolysis in plasma of dogs and humans. Am J Vet Res 2014;
75:731–738; https://dx.doi.org/10.2460/ajvr.75.8.731.

23 Fletcher DJ, Brainard BM, Epstein K, Radcliffe R, Divers T. Therapeutic
plasma concentrations of epsilon aminocaproic acid and tranexamic acid in
horses. J Vet Intern Med 2013; 27:1589–1595.

24 Lijnen HR, van Hoef B, Beelen V, Collen D. Characterization of the murine
plasma fibrinolytic system. Eur J Biochem 1994; 224:863–871.

25 Rozen L, Faraoni D, Sanchez Torres C, Willems A, Noubouossie DC,
Barglazan D, et al. Effective tranexamic acid concentration for 95%
inhibition of tissue-type plasminogen activator induced hyperfibrinolysis in
children with congenital heart disease: a prospective, controlled, in-vitro
study. Eur J Anaesthesiol 2015; 32:844–850; https://dx.doi.org/
10.1097/EJA.0000000000000316.

26 Dai L, Bevan D, Rangarajan S, Sorensen B, Mitchell M. Stabilization of fibrin
clots by activated prothrombin complex concentrate and tranexamic acid in
FVIII inhibitor plasma. Haemophilia 2011; 17:e944–e948.

27 Dietrich W, Nicklisch S, Koster A, Spannagl M, Giersiefen H, van de Locht
A. CU-2010: a novel small molecule protease inhibitor with antifibrinolytic
and anticoagulant properties. Anesthesiology 2009; 110:123–130.

28 Dirkmann D, Gorlinger 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; 114:1182–1188; https://dx.doi.org/10.1213/
ANE.0b013e31823b6683.

29 Dirkmann D, Radu-Berlemann J, Gorlinger K, Peters J. Recombinant tissue-
type plasminogen activator-evoked hyperfibrinolysis is enhanced by
acidosis and inhibited by hypothermia but still can be blocked by
tranexamic acid. J Trauma Acute Care Surg 2013; 74:482–488; http://
dx.doi.org/10.1097/TA.0b013e318280dec1.

30 Fears R, Greenwood H, Hearn J, Howard B, Humphreys S, Morrow G,
Standring R. Inhibition of the fibrinolytic and fibrinogenolytic activity of
plasminogen activators in vitro by the antidotes epsilon-aminocaproic acid,
tranexamic acid and aprotinin. Fibrinolysis 1992; 6:79–86; http://
dx.doi.org/10.1016/0268-9499%2892%2990064-O.

31 Godier A, Parmar K, Manandhar K, Hunt BJ. An in vitro study of the effects
of t-PA and tranexamic acid on whole blood coagulation and fibrinolysis.
J Clin Pathol 2017; 70:154–161; https://dx.doi.org/10.1136/jclinpath-
2016-203854.

32 He S, Johnsson H, Zabczyk M, Hultenby K, Cao H, Blomback M. A fibrinogen
concentrate Haemocomplettan (Riastap) or a Factor XIII concentrate
Fibrogammin combined with a mini dose of tranexamic acid can reverse the
fibrin instability to fibrinolysis induced by thrombin or FXa-inhibitor. Br J
Haematol 2013; 160:806–816; https://dx.doi.org/10.1111/bjh.12189.

33 Hoylaerts M, Lijnen HR, Collen D. Studies on the mechanism of the
antifibrinolytic action of tranexamic acid. Biochim Biophys Acta 1981;
673:75–85.
34 Kostousov V, Wang YW, Cotton BA, Wade CE, Holcomb JB, Matijevic N.
Influence of resuscitation fluids, fresh frozen plasma and antifibrinolytics on
fibrinolysis in a thrombelastography-based, in-vitro, whole-blood model.
Blood Coagul Fibrinolysis 2013; 24:489–497; https://dx.doi.org/
10.1097/MBC.0b013e32835e4246.

35 Lijnen HR, Stassen JM, Collen D. Differential inhibition with antifibrinolytic
agents of staphylokinase and streptokinase induced clot lysis. Thromb
Haemost 1995; 73:845–849.

36 Longstaff C. Studies on the mechanisms of action of aprotinin and
tranexamic acid as plasmin inhibitors and antifibrinolytic agents. Blood
Coagul Fibrinolysis 1994; 5:537–542.

37 Okamoto S, Oshiba S, Mihara H, Okamoto U. Synthetic inhibitors of
fibrinolysis: in vitro and in vivo mode of action. Ann N Y Acad Sci 1968;
146:414–429.

38 Sperzel M, Huetter J. Evaluation of aprotinin and tranexamic acid in different
in vitro and in vivo models of fibrinolysis, coagulation and thrombus
formation. J Thromb Haemost 2007; 5:2113–2118; http://dx.doi.org/
10.1111/j.1538-7836.2007.02717.x.

39 Takada A, Makino Y, Takada Y. Effects of tranexamic acid on
fibrinolysis, fibrinogenolysis and amidolysis. Thromb Res 1986; 42:
39–47.

40 Yee BE, Wissler RN, Zanghi CN, Feng C, Eaton MP. The effective
concentration of tranexamic acid for inhibition of fibrinolysis in neonatal
plasma in vitro. Anesth Analg 2013; 117:767–772; http://dx.doi.org/
10.1213/ANE.0b013e3182a22258.

41 Couturier R, Rubatti M, Credico C, Louvain-Quintard V, Anerkian V,
Doubine S, et al. Continuous or discontinuous tranexamic acid effectively
inhibits fibrinolysis in children undergoing cardiac surgery with
cardiopulmonary bypass. Blood Coagul Fibrinolysis 2014; 25:259–265;
http://dx.doi.org/10.1097/MBC.0000000000000051.

42 Draxler DF, Medcalf RL. The fibrinolytic system: more than fibrinolysis?
Transfus Med Rev 2015; 29:102–109.

43 Sigaut S, Tremey B, Ouattara A, Couturier R, Taberlet C, Grassin-Delyle S,
et al. Comparison of two doses of tranexamic acid in adults undergoing
cardiac surgery with cardiopulmonary bypass. Anesthesiology 2014;
120:590–600.

44 Couturier R, Grassin-Delyle S. Tranexamic acid: more than inhibition of
fibrinolysis? Anesth Analg 2014; 119:498–499.

45 Freeman GA, Kimmelman J, Dancey J, Monzon JG. Reporting practices of
pharmacodynamic studies involving invasive research procedures in
cancer trials. Br J Cancer 2013; 109:897–908.

46 Freeman GA, Kimmelman J. Publication and reporting conduct for
pharmacodynamic analyses of tumor tissue in early-phase oncology trials.
Clin Cancer Res 2012; 18:6478–6484.

47 Cardenas JC, Matijevic N, Baer LA, Holcomb JB, Cotton BA, Wade CE.
Elevated tissue plasminogen activator and reduced plasminogen activator
inhibitor promote hyperfibrinolysis in trauma patients. Shock 2014;
41:514–521.

48 Chapman MP, Moore EE, Moore HB, Gonzalez E, Gamboni F, Chandler JG,
et al. Overwhelming tPA release, not PAI-1 degradation, is responsible for
hyperfibrinolysis in severely injured trauma patients. J Trauma Acute Care
Surg 2016; 80:16–23.

49 Engelman DT, Gabram SG, Allen L, Ens GE, Jacobs LM. Hypercoagulability
following multiple trauma. World J Surg 1996; 20:5–10.

50 Moore HB, Moore EE, Gonzalez E, Chapman MP, Chin TL, Silliman CC, et
al. Hyperfibrinolysis, physiologic fibrinolysis, and fibrinolysis shutdown: the
spectrum of postinjury fibrinolysis and relevance to antifibrinolytic therapy.
J Trauma Acute Care Surg 2014; 77:811–817.

51 Medcalf RL. The traumatic side of fibrinolysis. Blood 2015; 125:2457–
2458.

52 Tanswell P, Seifried E, Su PC, Feuerer W, Rijken DC. Pharmacokinetics
and systemic effects of tissue-type plasminogen activator in normal
subjects. Clin Pharmacol Ther 1989; 46:155–162.

https://dx.doi.org/10.1097/MBC.0b013e3282f54568
http://www.nibsc.org/documents/ifu/98-714.pdf
http://www.nibsc.org/documents/ifu/98-714.pdf
https://dx.doi.org/10.2460/ajvr.75.8.731
https://dx.doi.org/10.1097/EJA.0000000000000316
https://dx.doi.org/10.1097/EJA.0000000000000316
https://dx.doi.org/10.1213/ANE.0b013e31823b6683
https://dx.doi.org/10.1213/ANE.0b013e31823b6683
http://dx.doi.org/10.1097/TA.0b013e318280dec1
http://dx.doi.org/10.1097/TA.0b013e318280dec1
http://dx.doi.org/10.1016/0268-9499%2892%2990064-O
http://dx.doi.org/10.1016/0268-9499%2892%2990064-O
https://dx.doi.org/10.1136/jclinpath-2016-203854
https://dx.doi.org/10.1136/jclinpath-2016-203854
https://dx.doi.org/10.1111/bjh.12189
https://dx.doi.org/10.1097/MBC.0b013e32835e4246
https://dx.doi.org/10.1097/MBC.0b013e32835e4246
http://dx.doi.org/10.1111/j.1538-7836.2007.02717.x
http://dx.doi.org/10.1111/j.1538-7836.2007.02717.x
http://dx.doi.org/10.1213/ANE.0b013e3182a22258
http://dx.doi.org/10.1213/ANE.0b013e3182a22258
http://dx.doi.org/10.1097/MBC.0000000000000051

	What concentration of tranexamic acid is needed to inhibit fibrinolysis? A systematic review of pharmacodynamics studies
	Introduction
	Methods
	Inclusion criteria
	Types of participants
	Types of interventions
	Types of outcomes
	Search
	Study selection
	Data extraction
	Data synthesis

	Results
	In-vitro studies
	In-vivo treatments

	Discussion
	Acknowledgements
	Conflicts of interest


	References

