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1 | INTRODUCTION

Abstract

Obijective: To review available data on tranexamic acid (TXA) plasma concentration
needed to inhibit fibrinolysis and the time to achieve this concentration when giving
TXA by different routes in humans. To identify ongoing trials assessing alternatives to
intravenous TXA administration.

Methods: We updated two previous systematic reviews by searching MEDLINE,
EMBASE, OviSP, and ISI Web of Science from database inception to July 2021. We
also searched the WHO International Clinical Trials Registry Platform for ongoing tri-
als to July 2021. Titles and abstracts were screened for relevant trials. Two reviewers
independently reviewed and agreed the trials to be included.

Results: Plasma TXA concentrations over 10mg/L provide near maximal inhibition of
fibrinolysis, with concentrations over 5mg/L providing partial inhibition. Oral TXA tab-
lets take about 1h to reach a plasma concentration of 5mg/L in postpartum women.
Studies in healthy volunteers and shocked trauma patients show that intramuscular TXA
achieves a plasma level of over 10mg/L within 15 min. One trial is ongoing to determine
the pharmacokinetics of intramuscular and oral solution TXA in pregnant women.
Conclusion: Intramuscular TXA in healthy volunteers and shocked trauma patients
reaches therapeutic concentration rapidly. Oral TXA tablets take too long to reach the

minimum therapeutic concentration in postpartum women.

KEYWORDS
administration routes, antifibrinolytic pharmacokinetics, pharmacodynamics, postpartum
hemorrhage, tranexamic acid

All women bleed after childbirth and the diagnosis of PPH is usually

made when bleeding is greater than expected or results in signs and

Postpartum hemorrhage (PPH) affects about 14 million women every symptoms of shock. The definition of PPH proposed by a World Health

year and about 70000 will die from exsanguination.! PPH is one of the Organization (WHO) working group in 1989 is an estimated blood loss

main causes of maternal mortality in all countries, although the abso- of 2500ml after vaginal birth or=1000ml after cesarean birth.% Using

lute risk of death from PPH is much higher in low-resourced settings.? blood loss criteria to define PPH is problematic because bleeding may
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not be visible, such as when it is intra-abdominal, or when blood in col-
lection devices is mixed with amniotic fluid, or when bleeding occurs
after closure of the abdomen in a cesarean birth. The same threshold
is proposed for all women. Despite recognizing the need for an alter-
native definition of PPH in anemic women, no criteria were proposed.®
Although the WHO PPH definition includes “any blood loss sufficient
to compromise haemodynamic stability”,® how this should be assessed
is not explained, especially for women with common medical condi-
tions including anemia, hypertension, or eclampsia.

Early recognition and appropriate intervention are critical to pre-
vent death and serious morbidities. In high-income countries, most
women give birth in hospital or have access to ambulance transport
and doctors or paramedics so have rapid access to PPH treatments.
However, in low- and middle-income countries, a large number of
women give birth at home, often with poor access to transport;
therefore, getting to hospital can take hours and some women exsan-
guinate before arrival.* In hospitals, although healthcare profession-
als are present, many do not have the skills needed or are not allowed
to give PPH treatments requiring intravenous (IV) administration.

Tranexamic acid (TXA) is an antifibrinolytic drug that works by
inhibiting clot lysis and stabilizes clot formation by blocking the
fibrin-binding sites on plasminogen and preventing its attachment to
a newly developing clot. Specifically, TXA is a synthetic analogue of
the amino acid lysine and primarily inhibits plasminogen. Less plas-
minogen ultimately means less plasmin, which is the active enzyme
that breaks down fibrin.” TXA is used to prevent bleeding complica-
tions and reduce mortality with minimal adverse effects in a variety
of clinical conditions.

Prophylactic administration of TXA in surgical procedures re-
duces the probability of receiving a blood transfusion by one-third
(RR 0.62; 95% Cl, 0.58-0.65) and reduces blood loss by a similar
amount (pooled ratio 0.66; 95% Cl 0.65-0.67).%7

When used to treat acute traumatic hemorrhage, the CRASH-2
trial showed a one-third reduction in bleeding mortality when TXA
was given within 3h of injury. Also, the CRASH-3 trial showed a signif-
icant reduction in head injury-related deaths when TXA was adminis-
tered within 3h of injury to patients with mild-to-moderate traumatic
brain injury.2*® When used to treat heavy menstrual bleeding, evi-
dence suggests there is a 40%-50% reduction in the amount of men-
strual blood lost per menstrual cycle for participants taking TXA 1!

Although concerns are sometimes expressed about the risk of
thrombotic adverse events associated with TXA use, a recent sys-
tematic review and meta-analysis of 216 randomized trials including
125550 patients found no increased risk of any thromboembolic

events in patients who received TXA compared with placebo.12

1.1 | Intravenous tranexamic acid for PPH

The WOMAN trial was a randomized placebo-controlled trial of
tranexamic acid to treat PPH. Women with primary PPH after vagi-
nal or cesarean delivery were randomly allocated to receive 1 g TXA
or matching placebo by IV injection. If bleeding continued after

30 min, they received a second dose of 1 g TXA IV or placebo. The
trial recruited 20060 women with PPH and contributed 99% of the
data for the Cochrane systematic review of TXA for PPH, which in-
cluded 20172 women from two trials.**** The review showed that
IV TXA reduces the risk of maternal death due to bleeding (RR 0.81;
95% Cl, 0.65-1.00). The effect was more evident in women given
treatment between 1 and 3h after giving birth with no apparent
reduction when given after 3h (<1h =RR 0.80; 95% Cl, 0.55-1.16;
1-3h =RR 0.60; 95% Cl, 0.41-0.88; >3h =RR 1.07; 95% 0.76-1.51,
test for subgroup differences: y* =4.90, df = 2 [P = 0.09], I> =59.2%).
There was no heterogeneity in the effect by mode of birth (test for
subgroup differences: 4> =0.01, df = 1 [P = 0.91], 1> =0%). TXA
also reduced the need for laparotomy for bleeding (RR 0.64; 95%
Cl, 0.49-0.85). There was no increase in any maternal vascular oc-
clusive events, although results were imprecise (RR 0.88; 95% Cl,
0.54-1.43). TXA is known to pass into breast milk in very low con-
centrations, approximately one hundredth of the concentration in
the maternal blood.}>¢ Vascular occlusive events in neonates were
assessed in the WOMAN trial but no events were observed.*®

In 2017, WHO recommended TXA for the treatment of PPH
and stated that it “strongly recommends early use of IV tranexamic
acid (within 3h of birth) in addition to standard care for women with
clinically-diagnosed PPH following vaginal birth or caesarean sec-
tion. Tranexamic acid should be used in all cases of PPH, regardless of
whether the bleeding is thought to be due to genital tract trauma or
other causes, including uterine atony”.Y” The WHO recommendation
emphasized a 3-h threshold (following birth), after which tranexamic
acid should not be given.'” This was based on meta-analysis of individ-
ual patient-level data from 40 138 bleeding patients from the WOMAN
and CRASH-2 trials, which showed that deaths from PPH peak at 2-3h
after childbirth and every 15 min of treatment delay with IV TXA ap-
pears to decrease the benefit by about 10%, with no benefit after 3h.'8

WHO also recommended that regardless of the level of health
system resources, TXA should be recognized as a lifesaving inter-
vention and be made readily available for the management of PPH in
settings where emergency obstetric care is provided.”

The aim of the present narrative review was to investigate the
TXA plasma concentration needed to inhibit fibrinolysis and the
plasma levels achieved when TXA is administered using different
routes to identify alternatives to IV administration. We also identify
ongoing trials that aim to provide information on alternatives to IV
routes of TXA administration.

2 | MATERIALS AND METHODS

To determine the plasma TXA level needed to inhibit fibrinolysis we
updated a previously published systematic review of in vitro and in
vivo pharmacodynamics studies. This review searched MEDLINE,
EMBASE, OviSP, and ISI Web of Science from database inception to
November 2017 for all in vitro or in vivo studies that reported the
relationship between the TXA concentration in blood or plasma.’’
We also updated the review by Kane et al.?° to model the plasma



SHAKUR-STILL ET AL.

levels achieved when TXA is administered using different routes.
Kane et al.?° used the same search criteria as per the previous search
but extended it to include studies to June 2018. For the purposes
of the present review, we updated the searches of these earlier re-
views from July 2018 to July 2021 (see Data S1 for search strategy).
We also searched the WHO International Clinical Trials Registry
Platform for ongoing trials. Titles and abstracts were screened for
relevant trials. Two reviewers (HSS and IR) independently reviewed

and agreed the trials to be included in this narrative review.

3 | ALTERNATIVE ROUTES TO IV TXA
AND THEIR EFFECTIVENESS

One of the access barriers to TXA treatment is the need for an IV injec-
tion. Health workers able to give IV drugs may be unavailable at home
births in rural areas and in low-level healthcare facilities, and even
when they are, securing IV access can be difficult in shocked patients
with collapsed veins. TXA is also available in tablet form for oral ad-
ministration. Whereas IV administration bypasses the absorption step
and is 100% bioavailable immediately, oral bioavailability is limited by
intestinal permeability and was predicted to vary from 33%-34%.%°
Use of the IV solution for intramuscular (IM), subcutaneous, and oral
administration might achieve therapeutic blood levels more rapidly.

3.1 | Minimum serum level of TXA

To understand the plasma level of TXA needed to attain therapeu-
tic response, a systematic review of pharmacodynamics studies was
conducted.!” Our updated search did not identify any new stud-
ies. In vivo and in vitro studies reporting both the concentration
of TXA in blood or plasma and its effects on any reliable measure
of fibrinolysis were reviewed. The systematic review suggests that
TXA concentrations in the range of 10-15 mg/L result in substantial
inhibition of fibrinolysis although concentrations between 5 mg/L
and 10 mg/L were partly inhibitory. Therefore, TXA concentrations
of 10-15mg/L may be suitable targets for pharmacokinetic studies,

although TXA concentrations above 5 mg/L may also be effective.'’

3.2 | Modeling of different
routes of administration of TXA to
achieve therapeutic serum levels

To assess if oral (tablet and solution), IM, or subcutaneous injections are
viable treatment options, physiologically based pharmacokinetic mod-
eling (PBPK) was used to evaluate if adequate TXA blood levels could be
achieved when given via these different routes of administration. Single
dose oral, IM, and subcutaneous simulations were performed and evalu-
ated against a target plasma concentration of 15 mg/L.20

This study suggested that IM administration has the most poten-

tial of all the nonintravenous routes of administration for achieving

therapeutic TXA levels. Plasma levels following an IM injection of 1 g
TXA were predicted to exceed 15mg/mL in <15 min. If oral solution of
4 g was administered, plasma TXA concentrations were predicted to
exceed 15mg/L within 15-30 min. The oral simulations used assumed
rapid (0.1 h) gastric emptying of a solution formulation. The simulations
for subcutaneous administration of TXA showed that it appears to be
the route with the lowest potential for success. A dose of 2 g TXA was
predicted to be comparable with or slower than those that could be
achieved by the oral route, and therefore offered no advantages.20 If
absorption was similarly rapid in pregnant women, this would suggest
the IM and oral solution routes as potential alternatives to IV use.

3.3 | TXA administered by different routes in
healthy volunteers

To test the results of the PKPB modeling, a Phase 1 trial in healthy
volunteers (Pharmaco-TXA trial) was designed to explore the
pharmacokinetics of TXA given by IV, IM, and oral solution.?? This
randomized, open-label, cross-over trial recruited 15 adult healthy
volunteers (11 nonpregnant women and 4 men) aged between
22 and 44 years. Volunteers were randomized to receive 1 g TXA
1V, 1 g TXA IM (two x 5 ml intramuscular injections administered
in the deltoid [9 volunteers] or vastus lateralis [6 volunteers]), or
2 g TXA oral solution. Ten blood samples were taken between
5min and 24 h for measurement of serum TXA concentration,
and a compartmental population pharmacokinetic model was
constructed by nonlinear mixed effect modeling. The concentra-
tion vs time profiles for each administration route are shown in
Figure 1. The time to reach 10 mg/L was 1, 3.5, and 66 min for
the IV, IM, and oral routes, respectively. Whereas the oral solution
route only allowed the concentration of 10 mg/L to be exceeded
in 11 volunteers, with a median delay of 66 min explained by a
lag-time of 26 min before the absorption phase, the IM route al-
lowed this threshold to be reached rapidly in all the volunteers. In
pharmacokinetic terms, this is reflected in the excellent bioavail-
ability observed for the IM route (100%) compared with the lower
bioavailability of the oral route (47%). In addition, the IM route
also results in a lower peak plasma level than the 1V route, which
could also improve the tolerance profile of the drug. There were
no serious adverse effects and only moderate and short-lived pain
was observed after the IM injections.??

3.4 | Pharmacokinetics and pharmacodynamics
in pregnancy

During pregnancy, anatomic and physiologic changes occur
in nearly all organ systems and it may not be reasonable to ex-
trapolate data from healthy volunteers to pregnant women. The
changes that occur with pregnancy can greatly influence pharma-
cologic principles of absorption, distribution, metabolism, and ex-
cretion.?%23 Specifically, pregnant women have increased plasma
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FIGURE 1 Tranexamic acid serum concentrations in healthy volunteers receiving 1 g intravenous, 1 g intramuscular, or 2 g oral
tranexamic acid. The areas stand for the 95% confidence interval of the predictions of the 5th, 50th, and 95th percentiles of tranexamic acid

concentrations. Source: Adapted from Grassin-Delyle et al.??

volume by 30%-50%, increased renal plasma flow up to 50%, and
decreased gastric motility. These changes, which are in response
to the metabolic demands of the growing fetus and often second-
ary to the hormonal changes from placental release of progester-
one, resultin increased renal volumes of distribution and clearance
from the beginning of pregnancy. Indeed, this renal elimination is
achieved by the phenomena of glomerular filtration, active tu-
bular secretion, and/or reabsorption. Glomerular filtration is the
main mechanism for renal elimination. Glomerular filtration rate
increases up to 50% during the first trimester of pregnancy, with
this increase continuing in a more moderate way until the end of
the pregnancy.24 With regard to the volume of distribution, an in-
crease in total body water of approximately 3.5, 8.4, and 14.3 L
is observed at 12, 25, and 40weeks of pregnancy, respectively,
related to the fetus and its appendages, as well as to an increase in
intracellular, interstitial, and plasma water volume.?

TXA is a small hydrophilic molecule, not bound to plasma pro-
teins and eliminated exclusively by the renal route.? It is therefore
likely that the exposure of pregnant women to TXA is reduced com-
pared with a population of healthy volunteers, and specific pharma-
cokinetic studies should be conducted in this population.

Better estimates of the optimal TXA plasma concentration or
range of concentrations required to fully inhibit fibrinolytic ac-
tivation in this population is needed. In a recent study by Lechien
et al.,?” the authors examined the TXA concentration required to
inhibit tissue plasminogen activator (t-PA) induced fibrinolysis in
full-term pregnant women using an in vitro model simulating a
massive fibrinolytic activation on rotational thromboelastometry
(ROTEM). Hyperfibrinolysis was induced by adding supraphysi-
ologic concentration of t-PA to blood samples obtained from 30
full-term pregnant women and 10 healthy nonpregnant female
volunteers. Increasing TXA concentrations (0-40mg/L) were then
spiked into the blood samples and inhibition of fibrinolysis was as-
sessed using the lysis index at 30 min of the ROTEM measured on
EXTEM and NATEM tests. Effective TXA concentrations required
to achieve 95% inhibition of fibrinolysis (EC95) were extrapolated
using nonlinear regression. EC95 were compared between groups

using an extra sum-of-squares F test. EC95 in pregnant women was
14.7 mg/L (95% Cl, 12.4-17.5 mg/L) on EXTEM and 11.2 mg/L (95%
Cl, 8.3-15.1 mg/L) on NATEM tests. The concentrations required
were significantly higher than those obtained in the healthy volun-
teers: 8.7 mg/L (95% Cl, 5.5-13.9 mg/L) and 6.8 mg/L (95% Cl, 5.3-
8.8 mg/L), respectively (both P <0.001).2”

3.5 | Pharmacokinetics of oral TXA tablets in
postpartum women

A single-center study conducted in Sri Lanka included 12 healthy
postpartum women and looked at the pharmacokinetics of 2 g of
immediate-release TXA tablets administered orally 1h after vaginal
delivery. Pharmacokinetic parameters were measured on plasma
samples at baseline and then at 13 timepoints up to 12 h after ad-
ministration. The mean maximum observed plasma concentration
was 10.1 mg/L (range 8.6-12.2 mg/L). The mean time to maximum
plasma concentration was 2.9 h (range 2.5-3.5h). Mean time taken to
reach the plasma concentration of 5 mg/L was 0.9 h.28 Although lev-
els reached were within range to partially inhibit fibrinolysis, the time
taken to reach these levels would lead to significant delay when treat-
ing PPH with TXA because with every 15 min of treatment delay the
benefit of TXA decreases by about 10%, with no benefit after 3 h.18

3.6 | TXA absorption in shock and hemorrhaging
PPH can lead to hypovolemic shock, which can lead to reduced blood
flow to peripheral tissues. Skin and skeletal muscle are main targets
for this response.?’ This could reduce the absorption of TXA if given
intramuscularly. To assess if this was the case, the pharmacokinetics
of IM TXA was studied in bleeding trauma patients.>°

An open-label pharmacokinetic study that included 30 bleeding
trauma patients (26 males, 4 females) was conducted. Patients received
aloading dose of 1 g IV TXA and the second TXA dose was given intra-
muscularly as two 5 ml (0.5 g each) injections. The IM injections were
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given into noninjured muscles using the Z-track method to reduce TXA
leakage. Intramuscular TXA was well tolerated. Clinical signs of shock
were seen in 18 patients. Of the 30 patients who received IM TXA,
two had erythema, four had induration and subcutaneous nodules, and
eight had bruising at the injection site. No patients had erythema, in-
duration, or subcutaneous nodules beyond the day of injection. There
was one adverse event of pyrexia 2days after the injection and no
serious adverse events were reported. Simulated concentration-time
profiles after a single IM TXA dose of 1 g show a TXA concentration of
5 mg/L would be achieved in about 4min and a TXA concentration of
10 mg/L would be achieved in about 11 min.3°

This trial showed that IM TXA is well tolerated with only mild
and transient injection site reactions. Intramuscular TXA was rapidly
absorbed, reaching therapeutic concentrations in less than 15 min.
Blood lactate and signs of shock had no apparent impact on the rate

of absorption.30

3.7 | Ongoing trials

3.71 | Pharmacokinetics and pharmacodynamics of
IM, IV, and oral administration of TXA in

pregnant women

The Woman-PharmacoT XA is a prospective, randomized, open-label
trial that aims to provide information on the pharmacokinetics, phar-
macodynamics, safety, and efficacy of TXA administered by 1V, IM,
or oral routes in adult women giving birth by cesarean section with
at least one risk factor for PPH. Women were randomized to receive
one of the following about 1 h prior to cesarean section: 1 g TXA IV,
1 g TXA IM, 4 g TXA oral solution, or no TXA. TXA concentration
in maternal blood samples was measured at baseline and at eight
time points during 24 h after receipt of intervention. Blood TXA con-
centration was measured from the umbilical cord to assess placental
transfer and heel prick to assess neonate blood levels. The primary
endpointis maternal blood TXA concentrations over time. Secondary
outcomes include umbilical cord and neonate TXA concentration, D-
dimer concentration, blood loss, clinical diagnosis of PPH, injection
site reactions, and maternal and neonatal adverse events. The trial
was conducted in Zambia and Pakistan. Recruitment for this trial is
completed and data analysis is ongoing. Results are expected during
the first quarter of 2022.%!

4 | FUTURE RESEARCH

PKPB modeling and clinical trials in healthy volunteers and trauma
patients have highlighted the potential of IM TXA administration.
The WOMAN-PharmacoTXA trial will report soon on the pharma-
cokinetics and pharmacodynamics of TXA given intramuscularly and
as an oral solution. Some safety and efficacy data will be available
from this Phase 2 trial; however, recommendations for use in pa-
tients may require larger trials with clinically relevant outcomes.

One disadvantage of IM TXA administration is the need to
give two 5 ml injections to deliver 1 g TXA (current formulation is
100mg/mL). Giving two injections instead of one takes more time
and is more inconvenient for patients. The availability of galenic
forms adapted for a single injection would be an advance for pa-
tients, both in terms of ease of use, efficacy, and tolerance of the
treatment. If the 1 g TXA dose could be provided in a smaller volume
this would facilitate IM injection.%?

Development of an autoinjector to facilitate administration of IM
TXA by first responders or bystanders will allow women with PPH
to benefit from IM TXA if shown to be effective. Autoinjectors have
been designed for use by anyone in an emergency, including people
who are not medically trained, such as a friend, family, bystander,
or the person themselves (if they are well enough). Currently, re-
search on autoinjectors for use with TXA in trauma is ongoing and
manufacturers are working on the development of large-volume

autoinjectors.3334

5 | CONCLUSION

In this review we discuss the TXA plasma concentration needed to
inhibit fibrinolysis. We showed that plasma TXA concentrations over
10mg/L provide near maximal inhibition of fibrinolysis, with concen-
trations over 5mg/L providing partial inhibition. Oral (tablets and
solution) and subcutaneous routes take too long to reach therapeu-
tic levels to be used in the emergency PPH situation. Whereas IM
TXA is rapidly and completely absorbed in healthy volunteers and
achieved therapeutic concentration within 11 min in shocked, bleed-
ing trauma patients. If absorption was similarly rapid in pregnant
women, this would strongly suggest the IM route as an alternative to
IV TXA. The Woman-PharmacoT XA trial, which will report soon, will
provide information on the pharmacokinetics and pharmacodynam-
ics of TXA given intramuscularly and as an oral solution in pregnant
women. It will also provide information on placenta transfer and
elimination by the neonate.

In conclusion, the pharmacokinetic profile of IM TXA is extremely
favorable as an alternative to IV administration. Additionally, IM TXA
administration is easier than IV because there is no need for cannu-
lation or slow injection (which takes 10 min). It can be performed by
nursing staff who are not allowed to give IV drugs.
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