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Abstract

Introduction: Tranexamic acid (TXA) is the standard medica-
tion to prevent or treat hyperfibrinolysis. However, pro-
longed inhibition of lysis (so-called “fibrinolytic shutdown”)
correlates with increased mortality. A new viscoelastometric
test enables bedside quantification of the antifibrinolytic ac-
tivity of TXA using tissue plasminogen activator (TPA). Mate-
rials and Methods: Twenty-five cardiac surgery patients
were included in this prospective observational study. In
vivo, the viscoelastometric TPA test was used to determine
lysis time (LT) and maximum lysis (ML) over 96 h after TXA
bolus. Additionally, plasma concentrations of TXA and plas-
minogen activator inhibitor 1 (PAI-1) were measured. More-
over, dose effect curves from the blood of healthy volunteers
were performed in vitro. Data are presented as median (25—
75th percentile). Results: In vivo TXA plasma concentration
correlated with LT (r=0.55; p < 0.0001) and ML (r=0.62; p <
0.0001) at all time points. Lysis was inhibited up to 96 h
(LT1pa-test: baseline: 398 s [229-421 s] vs. at 96 h: 886 s [626—
2,175 s]; p = 0.0013). After 24 h, some patients (n = 8) had
normalized lysis, but others (n = 17) had strong lysis inhibi-

tion (ML <30%; p < 0.001). The high- and low-lysis groups dif-
fered regarding kidney function (cystatin C: 1.64 [1.42-2.02]
vs. 1.28 [1.01-1.52] mg/L; p = 0.002) in a post hoc analysis. Of
note, TXA plasma concentration after 24 h was significantly
higher in patients with impaired renal function (9.70 [2.89-
13.45] vs.1.41 [1.30-2.34] pg/mL; p < 0.0001). In vitro, TXA
concentrations of 10 pg/mL effectively inhibited fibrinolysis
in all blood samples. Conclusions: Determination of antifibri-
nolytic activity using the TPA test is feasible, and individual
fibrinolytic capacity, e.g., in critically ill patients, can poten-
tially be measured. This is of interest since TXA-induced lysis
inhibition varies depending on kidney function.

© 2020 S. Karger AG, Basel

Introduction

Intravenous administration of tranexamic acid (TXA)
is highly recommended for treatment and prophylaxis of
hyperfibrinolysis [1, 2], not least due to the fact that alter-
natives like aprotinin and e-aminocaproic acid are not
widely available or have very restricted indications [3, 4].
TXA administration to trauma patients and/or those un-
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dergoing major surgery reduces the need for red blood
cell transfusions [4-11]. It is known that hyperfibrinoly-
sis is associated with increased mortality in severely in-
jured patients [12, 13]. On the other hand, an extensive
inhibition of fibrinolysis, so-called fibrinolytic shutdown,
occurs frequently in trauma patients and is correlated
with increased mortality, organ failure, and thrombotic
complications [14-17]. Nevertheless, administration of
TXA remains the standard therapy for various condi-
tions.

Rotational thromboelastometry (ROTEM) is estab-
lished as routine bedside monitoring, and is sensitive in
detecting hyperfibrinolysis and also inhibiting it by add-
ing TXA or aprotinin. In contrast, thromboelastometric
assays are not commonly used to measure fibrinolysis in-
hibition in clinical practice [18]. A few groups have used
modified thrombelastography (TEG) and ROTEM by
adding recombinant tissue plasminogen activator (TPA)
to evaluate fibrinolytic capacity, e.g., in patients with fi-
brinolytic shutdown [17-20]. However, these techniques
are difficult to execute and are not available for bedside
monitoring. Alternatively, direct measurement of TXA
plasma concentration with standardized laboratory tests
is possible but is only available in specialized institutions
and is not suitable for emergency situations. We evalu-
ated a newly available standardized TPA-based viscoelas-
tometric assay, which induces lysis, thus enabling the
monitoring of fibrinolysis inhibition, not only with TXA
but also aprotinin.

We performed a prospective, observational study on
patients undergoing cardiothoracic surgery, and evalu-
ated the duration of the antifibrinolytic effect of TXA. We
hypothesized that the TPA test correlates with TXA plas-
ma concentration and can thus be used to evaluate the
individual fibrinolytic capacity.

Material and Methods

Viscoelastometry

Viscoelastometry was performed using the commercially avail-
able point-of-care device ClotPro (enicor GmbH, Munich, Ger-
many) and its consumables by following manufacturer’s instruc-
tions [21]. ClotPro is a new system that uses a modified viscoelas-
tometric technique, similar to the original technique introduced
by Hartert [22]. Briefly, clot formation is measured using a cup and
a pin, with the cup being rotated using an elastic element and the
pin stationary during the measurement. When the blood clots, the
rotation of the cup is compromised, which is continuously detect-
ed by the analyzer and transformed into a viscoelastometry ampli-
tude. ClotPro has 6 independent test channels with up to 8 differ-
ent assays, depending on the reagent added. Of note, all tests are
heparin-insensitive due to the addition of polybrene. All reagents
are provided in a ready-to-use dry format loaded in a syringe, and
they are released into the blood by pipetting the blood up the sy-
ringe. Blood sample volume for each assay is 340 pL. In our study,
we used the TPA test, where coagulation is initiated by recalcifica-
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tion and recombinant tissue factor, and TPA (650 ng/mL; concen-
tration of the blood sample) is added to induce fibrinolysis within
the blood sample.

All samples were analyzed under standardized conditions, with
the temperature set to 37 °C and the testing time to 4,500 s. Tests
were performed on 3 ClotPro analyzers in a randomized order
within 2 h after blood collection. Quality controls were routinely
performed as recommended by the manufacturer. Furthermore,
round-robin tests for intermachine and interday variability were
performed once a week.

Parameters provided by the system are clotting time (CT; time
from initiation of the clotting process to a 2-mm clot amplitude),
clot formation time (CFT; CT until a clot amplitude of 20 mm is
reached), A5 (clot amplitude 5 min after CT), A10 (clot amplitude
10 min after CT), maximum clot firmness (MCF; the maximum
amplitude of the clot), maximum lysis (ML; the degree of lysis in
relation to MCF during measurement), lysis time (LT; the time
from CT until 50% lysis), and lysis onset time (LOT; the time from
CT until 15% lysis). When no LT was recorded (because no lysis
0f 50% of MCF was recorded) during the measurement, the LT was
set as 4,500 s.

Normal values for the TPA test (LT and ML) were determined
in 60 healthy volunteers (online suppl. Table 1; for all online suppl.
material, see www.karger.com/doi/10.1159/000511230). Exclu-
sion criteria were coagulation disorders and the intake of antico-
agulants or platelet inhibitors within 30 days prior to study inclu-
sion. Venous blood samples (S-Monovette Sarstedt, Niirnbrecht,
Germany) were withdrawn once for viscoelastometric analysis and
processed within 2 h.

TXA Plasma Concentration

TXA plasma concentration was assessed by ultra-high-perfor-
mance liquid chromatography/mass spectrometry (UHPLC-MS/
MS) as described by Barreiros et al. [23].

Plasminogen Activator Inhibitor and Tissue Plasminogen

Activator

To further specify antifibrinolytic activity, antigen concentra-
tions of plasminogen activator inhibitor 1 (PAI-1) and active PAI-
1 as well as tissue plasminogen activator (tPA) were measured using
Technozym ELISA (Technoclone GmbH, Vienna, Austria; PAI-1
antigen ELISA, normal range 7-43 ng/mL; PAI-1 Actibind ELISA,
normal range 1-7 IU/mL; tPA antigen, normal range 2-8 ng/mL).

Standard Laboratory Tests

Standard laboratory tests including international normalized
ratio (INR; Thromborel S), thrombin time (TT; Berichrom Throm-
binreagenz), and activated partial thromboplastin time (aPTT; Ac-
tin FSL), all from Siemens Healthcare GmbH, Erlangen, Germany,
were performed. Fibrinogen plasma concentration was measured
by the Clauss method (optical measurement, Multifibren U) and
tests were performed using an BCS XP analyzer (both from Sie-
mens Healthcare).

Renal function was assessed using both serum creatinine (cre-
atinine OSR6178; AU 5,800/AU 680 [Beckman Coulter]) and cys-
tatin C [24], using a turbidimetric immunoassay (Biomed Diag-
nostics GmbH, Germany) with a stand-alone analyzer (Cobas
8000c702, Roche, Germany). All standard laboratory tests were
performed by the LMU Munich Institute for Laboratory Medicine,
according to institutional standards.

In vivo Study

Twenty-five patients undergoing elective cardiothoracic sur-
gery on cardiopulmonary bypass (CPB) were included. Modified
viscoelastometry was analyzed at different time points (see below).
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Table 1. Characteristics of 25 patients

Table 2. Patients’ preoperative medication (n = 25)

Female/male 8/17 (32/68)
Age, years 61 (56-74)
Height, m 1.75 (1.65-1.82)
Body weight, kg 85 (66-93)

Body mass index

26.6 (22.5-30.1)

ASA status
I 0(0)
II 0(0)
I 7 (28)
v 18 (72)
Surgery
CABG 5 (20)
CABG + valve surgery 3(12)
Aortic surgery 6 (24)
Valve surgery 11 (44)

CPB time, min
Duration of surgery, min

144 (112-195)
256 (211-320)

RBC, mL 0 (0-500)
FFP, mL 0 (0-750)
PC, mL 300 (0-600)
Hemoglobin, g/dL 12.8 (11.5-13.9)
INR 1.0 (1.0-1.0)

Platelets, 10°/L
Fibrinogen, mg/dL

226 (178-253)
340 (261-368)

aPTT, s 26 (25-28)
GFR, mL/min 94 (77-102)
Serum creatinine, mg/dL 1.0 (0.8-1.2)

Serum cystatin C, mg/L

1.58 (1.33-1.80)

Values express n (%) or median (25-75™ percentile). ASA,
American Society of Anesthesiologists; CABG, coronary artery by-
pass surgery; CPB, cardiopulmonary bypass; RBC, red blood cell
concentrate; FFP, fresh frozen plasma; PC, platelet concentrate;
INR, international normalized ratio; aPTT, activated partial
thromboplastin time; GFR, glomerular filtration rate.

We included all adult patients undergoing cardiothoracic surgery
on CPB. We excluded all patients with coagulation disorders, con-
vulsive disorders, intake of TXA prior to surgery within the last 2
weeks, or haematopoietic disorders.

All patients obtained standardized instrumentation and anes-
thesia according to institutional standards and guidelines. In de-
tail, patients were monitored including central venous and arterial
line insertion. General anesthesia was initiated using sufentanil
0.6-1 pg/kg body weight (BW), propofol 2 mg/kg BW, and ro-
curonium 0.6 mg/kg BW, and then maintained with propofol 5
mg/kg BW/h and sufentanil 1 pug/kg BW/h. A bolus of 2,500 mg
TXA (Carinopharm GmbH, Elze, Germany) was given after in-
duction of anesthesia. Afterwards, 400 IE/kg BW unfractionated
heparin was administered before initiation of cardiopulmonary
bypass as well as a second dose of 2,500 mg TXA when extracor-
poreal circulation (priming) was initiated (after time point T2) ac-
cording to institutional standard operating procedures (SOP). The
priming volume of the extracorporeal circuit consisted of Jonoster-
il (Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany)
and an additional dosage of 10.000 LE. heparin (ratiopharm
GmbH, Ulm, Germany) for all patients.

Blood samples were taken immediately before TXA administra-
tion (baseline) as well as 0.5, 6, 24, 48, 72, and 96 h after TXA appli-
cation. At every time point abovementioned coagulation tests were
performed within 2 h and plasma was immediately stored at -80°C.

Real-Time Detection of Tranexamic Effect
Duration

Betablockers 11 (46)
ACE inhibitors 6 (25)
Sartanes 7 (29)
Calcium channel blockers 4 (17)
Diuretics 11 (46)
DOAC 2 (8)
Phenprocumon 0
ASA 13 (54)
Clopidogrel 2(8)
Enoxaparine 2 (8)
Antidiabetics 2(8)
Statins 10 (42)
Antidepressants 2(8)
Pantoprazole 5(21)
Benzodiazepines 2(8)
Levothyroxine 4(17)
Digoxin 1(4)
Allopurinol 2(8)

Values express n (%). ACE, angiotensin-converting enzyme;
ASA, acetylsalicylic acid; DOAC, direct oral anticoagulant.

In vitro Study

Furthermore, we simulated the effect of TXA dosing on TPA-
modified viscoelastometry in vitro, using blood samples from 6
different healthy individuals. Blood samples were spiked with 6
different TXA concentrations (0, 1, 2, 3, 5, and 10 pg/mL) and vis-
coelastometric variables were analyzed to determine and specify
the amount of TXA-induced fibrinolysis inhibition.

Statistics

Data are presented as median (25-75th percentile) unless indi-
cated otherwise. Statistical analysis was performed using Graph-
Pad Prism 8 (La Jolla, USA) and SPSS v25 (IBM Corp., USA). Sta-
tistical differences between conditions/time points were analyzed
using one-way-ANOVA and correction for multiple testing using
Holm-Sidak’s multiple comparison test. Correlations between vis-
coelastometric variables and cTXA were done by Spearman’s cor-
relation. Statistical differences between subgroups were analyzed
using Mann-Whitney U test. Alpha error was adjusted for multiple
testing (p = 0.05). An a priori sample size calculation was per-
formed, using G * Power 3.1 (http://www.gpower.hhu.de/; Dis-
seldorf, Germany), and revealed 24 patients (f = 0.25; power = 0.8,
ANOVA repeated measures).

Results

In vivo Study

All patients obtained elective cardiac surgery on car-
diopulmonary bypass. Patients’ characteristics, opera-
tions, and preoperative medications are displayed in Ta-
bles 1 and 2. Viscoelastometric reference values from
healthy individuals are given in online supplementary
Table 1. No patient received TXA postoperatively at the
intensive care unit. Median intraoperative blood loss was
600 mL (400-900). Viscoelastometric variables at base-
line differ from reference values (LT 298 s [339-421 s] vs.
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Fig. 1. In vivo thromboelastometric variables (median + IQR; n = 25) over time. A Tranexamic acid (TXA)
plasma concentration. B Lysis time (LT1pa test) = time span between CT and 50% lysis. C Lysis onset time
(LOTTpa test) = time span from clotting time to 15% lysis. D Maximum lysis (MLypa test) = difference between
MCF and lowest amplitude in % of MCEF. * p < 0.05 vs. baseline (before TXA); ** p < 0.01 vs. baseline; *** p <
0.001 vs. baseline; **** p < 0.0001 vs. baseline.

210 s [186-262] s; p < 0.0001; ML 97% [96-97%] vs. 95%
[94-96%]; p < 0.0001).

Following TXA administration, plasma concentration
increased compared to baseline (0 pug/mL) at all time
points with a peak concentration 0.5 h after application
(83.3 [62.3-120] pg/mL; p < 0.0001). TXA plasma con-
centration remained detectable for as long as 96 h after
application (0.29 [0.19-0.75] pug/mL; p = 0.005; Fig. 1A).

There was a good correlation between TXA plasma
concentration and LT pa _test (r = 0.55; p < 0.0001). Effec-
tive lysis inhibition ex vivo could be seen in all samples
30 min after the application of TXA, expressed by a pro-
longed LTtps (et compared to baseline (baseline: 398 s
[229-421 s] vs. at 30 min: 4,500 s [4,500-4,500 s|;
p < 0.001). At the following time points, LTrpa est de-
creased (Fig. 1B). Even 96 h after application, a prolonged
LT 1pa-test Was seen (baseline: 398 s [339-421 s] vs. at 96 h:
8865 [626-2,175 s]; p < 0.0013).

112 Transfus Med Hemother 2021;48:109-117
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There was a moderate correlation between LOTpa_test
and cTXA (r=0.3507; p < 0.0001). LOT1py test increased
0.5 h after administration of TXA compared to baseline
(baseline: 100 s [95-110 s] vs. at 30 min: 220 s [196-270
s]; p < 0.0001; Fig. 1C) and was still prolonged after 96 h
(baseline: 100 s [95-110 s] vs. at 96 h: 154 s [132-198 s];
p <0.0001; Fig. 1C).

MLtpa_test correlated well with TXA plasma concen-
tration (r = -0.62; p < 0.0001). MLtpy e decreased from
baseline to 0.5 h after TXA application (baseline: 97%
[96-97%] vs. at 0.5 h: 9% [6-11%]; p < 0.0001), and re-
mained decreased until 72 h after TXA application
(Fig. 1D). It returned to baseline value 96 h after applica-
tion (97% [96-98%]; p = 0.072; Fig. 1D).

The duration of lysis inhibition differed between pa-
tients; 24 h after TXA administration, some patients
(n = 8) already had normal lysis compared to baseline
(MLrpa.-test >30%), but others (n = 17) had compromised

Kammerer et al.
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Fig. 2. In vitro, dose-effect curves of thromboelastometric variables (median + IQR; n = 25) and increasing whole-
blood concentrations of tranexamic acid (TXA). A Lysis time (LT Tpa test) = time span between CT and 50% lysis.
B Lysis onset time (LOTpa_test) = time span from clotting time to 15% lysis. C Maximum lysis (MLypa_est) = dif-
ference between MCF and lowest amplitude in % of MCF. * p < 0.05 vs. baseline (before TXA); ** p < 0.01 vs.
baseline; *** p < 0.001 vs. baseline; **** p < 0.0001 vs. baseline.

lysis up to 96 h later (MLrpa (et <30%; Fig. 1D). For this
aspect, we performed a post hoc analysis.

There was an association of the recovery of MLtp et
24 h after TXA application with endogenous antifibrino-
lytic activity and renal function: active PAI-1 plasma con-
centrations were almost 3 times greater in patients show-
ing low lysis (MLypa test <30%: 62.62 [12.6-100.0] ng/mL
vs. patients with higher lysis MLypy test >30%: 21.5 [9.88—
53.07] ng/mL; p = 0.189). However, this difference was
not significant. Additionally, the tissue plasminogen ac-
tivator plasma concentration differed between both
groups (MLrpa test <30%: 3.8 [3.115-5.64] ng/mL vs.
MLipa.test >30%: 2.015 [1.975-3.513] ng/mL; p = 0.023).
When stratifying patients by renal function, it turned out
that patients with MLrpa_test <30% had higher serum cre-
atinine values at baseline than patients with an MLtpa et
>30% (MLrpa _test <30%: 1 [1.0-1.3] mg/dL vs. MLtpa et
>30%: 0.8 [0.7-0.9] mg/dL; p = 0.023). The second renal

Real-Time Detection of Tranexamic Effect
Duration

marker at baseline, cystatin C, was also significantly dif-
ferent between groups (MLrpa _test <30%: 1.64 [1.42-2.02]
mg/L vs. MLypa et >30%: 1.28 [1.01-1.52] mg/L; p =
0.002). According to the differences in renal function,
TXA plasma concentration was significantly higher in the
group with MLypa et <30% than the other group (ML
pA-test <30%: 9.70 [2.89-13.45] pg/mL vs. MLyp._ese >30%:
1.41 [1.30-2.34] pg/mL; p < 0.0001). All results in terms
of these both groups are also displayed in online supple-
mentary Table 2.

Of interest, there was only a moderate association
between the lysis variables of active PAI-1 (LTtpa test:
r = 0.143; p = 0.066; LOT1pa test: ¥ = 0.158; p = 0.042;
ML1pa test: 7 = —0.139; p = 0.073).

In vitro Study
Following spiking of TXA to whole-blood samples of
6 healthy volunteers, the LTypa test and LOTyp et in-
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Table 3. Characteristics of 6 healthy volunteers

Female/male
Age, years
Body mass index
Height, m
Mass, kg
ASA status

I

II

III

v
Hemoglobin, g/dL
INR
Platelets, 10°/L
Fibrinogen, mg/dL

3/3 (50/50)

49 (36-53)
23.6 (20.3-26.6)
1.73 (1.66-1.83)

73 (57-83)

6 (100)

0

0

0
13.8 (13.1-15.8)
0.9 (0.9-1.0)
248 (203-362)
315 (266-398)

aPTT, s 25 (25-27)
GFR, mL/min 99 (86-105)
Serum creatinine, mg/dL 0.8 (0.7-1.0)

Values express n (%) or median (25-75™ percentile). ASA,
American Society of Anesthesiologists; INR, international nor-
malized ratio; aPTT, activated partial thromboplastin time; GFR,
glomerular filtration rate.

creased with escalating doses of TXA compared to base-
line (Fig. 2A, B),and MLrpa (st decreased (Fig. 2C). There
was a strong correlation between spiked dosagesand LT
patest (= 0.894, p < 0.0001), LOT1ptest (r = 0.705; p <
0.0001), and MLtpa test (r = =0.879; p < 0.0001), respec-
tively. With TXA concentrations of 10 pug/mL MLrpa test
was highly inhibited (MLypa (et <30%) and LT rpa et €X-
ceeded the maximum run time (4,500 s) in all blood sam-
ples. Volunteer characteristics are displayed in Table 3.

Discussion

Time effects of TXA on fibrinolysis using a bedside
available TPA-triggered viscoelastometric assay (TPA
test) were analyzed in cardiac surgery patients. TXA plas-
ma concentrations correlated significantly with the lysis
variables of the TPA test.

TXA-induced lysis inhibition varied greatly in cardiac
surgery patients and was detectable up to 96 h. Variations
in lysis inhibition were seen according to differences in
endogenous antifibrinolytic activity and renal function.

Furthermore, in vitro, we observed a dose-dependent
increase of LOTpa_test and LT 1pa et and a dose-depen-
dent decrease of MLrypa_test after the administration of
TXA, with effective inhibition of fibrinolysis at a concen-
tration of 10 ug/mL.

Optimal dosing of TXA is still under debate and has
been the subject of several studies [4, 25, 26]. Higher dos-
es of TXA have been shown to have greater efficacy in
reducing postoperative bleeding than lower doses, but

114 Transfus Med Hemother 2021;48:109-117
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they may lead to dose-dependent complications such as
seizures [27, 28]. Therefore, several trials involving trau-
ma and obstetric patients recommended an initial dose of
1 g, which became the recommendation in the current
guidelines on bleeding related to trauma and surgery [1,
2,29]. Of note, this recommendation is regardless of BW.
TXA administration is standard in orthopedic patients,
i.e., those undergoing total hip arthroplasty [30], although
these patients usually receive doses of 5-10 mg/kg BW
which is far lower than the doses administered during
cardiac surgery. Furthermore, uncertainty exists as to
whether oral or intravenous administration is more fa-
vorable. In this regard, we performed a study analyzing
whether there are differences between these regarding
peak plasma concentrations and drug half-life. In cardiac
surgery, higher TXA doses of up to 30-50 mg/kg are com-
mon, resulting in dosages up to 5 g [27]. Although the
guidelines recommend the abovementioned dose, effec-
tive minimal TXA plasma concentrations and potentially
reducing this dose in cases of renal insufficiency are still
under discussion [31, 32]. The in vitro and in vivo results
of our study, using a viscoelastometric approach, suggest
that TXA plasma concentrations of 10 pg/mL are able to
inhibit fibrinolysis completely; this was supported by the
significant correlations of TXA plasma concentrations
and TPA test lysis variables. These results are in agree-
ment with recent recommendations of 10-15 pug/mL for
the inhibition of fibrinolysis [32].

Another aspect of this trial concerning individual dos-
ingis that the duration of fibrinolysis inhibition following
the administration of a single dose of TXA seemed to be
considerably longer than previously reported, as TXA
was detectable in the plasma as long as 96 h after admin-
istration [33, 34]. A possible explanation could be both
the relatively high dose of TXA administered in our study
and the impaired renal function in some patients. This
could be harmful if fibrinogen, as an acute-phase protein,
is additionally upregulated postoperatively in a situation
where fibrinolytic capacity is needed, e.g., during dissem-
inated intravascular coagulation. In this context, BW-de-
pendent dosing may be preferred over the guideline rec-
ommendations of 1 g TXA. This could also be of interest
as renal impairment is an independent risk factor for
TXA-associated seizures, as recently shown in 6,200
CABG patients [35]. These results provide a rationale for
using lower TXA doses. Thromboelastometric monitor-
ing could be a tool for monitoring individual fibrinolytic
capacity in these cases. Several authors have investigated
individual fibrinolytic capacity by the addition of rTPA
to the standard TEG and ROTEM [18-20]. However, in-
dividual spiking is more complex to handle and is often
not available at the bedside. In contrast, the system we
used here is much easier to handle and the results there-
fore more reproducible and comparable.

Kammerer et al.



Our data present a broad variation in lysis inhibition
following TXA administration: while some patients
showed an almost normal lytic response 24 h after appli-
cation of TXA, other individuals had pronounced inhibi-
tion of TPA-induced clot lysis as late as 96 h after TXA
administration. This phenotype with prolonged lysis in-
hibition might be considered “fibrinolytic shutdown.”
These interindividual differences in lytic response were
reproducible (double determinations of the TPA test
showed similar phenotypes of fibrinolysis or clot stabili-
ty). In order to understand the observed variability, we
stratified patients according to their lytic response 24 h
after TXA application; those showing a normalized lytic
response to TPA or ongoing lysis inhibition were com-
pared with respect to markers of renal function and en-
dogenous antifibrinolytic capacity. Patients with ongoing
lysis inhibition at 24 h had higher plasma concentrations
of cystatin C and creatinine. Absolute differences in se-
rum creatinine were small (1 vs. 0.8 mg/dL). The differ-
ences for the more sensitive marker cystatin C were high-
er (1.64 vs. 1.28 mg/L), which underlines the sensitivity of
this parameter in mild renal dysfunction [24]. Most im-
portant, patients with prolonged lysis inhibition had im-
paired renal function, but also significantly higher TXA
plasma concentrations (9.70 [2.89-13.45] ug/mL), which
were comparable to the minimally effective spiked TXA
concentrations in the whole-blood samples of healthy
volunteers (10 pg/mL). This fact can be attributed to the
almost complete renal elimination of TXA [31, 36].

In addition, patients with limited fibrinolysis at 24 h
differed with regard to the levels of tPA and active PAI-1,
an endogenous antifibrinolytic protein. The latter points
to a synergism between TXA and PAI-1, resulting in a fi-
brinolytic shutdown associated with adverse outcomes in
some publications (although other authors found no as-
sociation between fibrinolytic shutdown and mortality in
polytraumatized patients) [16, 17, 37]. PAI-1 is a major
regulator of the balance between clot lysis and formation,
and acts by reversibly binding tPA in its active center [38,
39]. PAI-1 concentration can increase drastically during
diseases and after major surgery, which may explain the
fibrinolysis inhibition observed in some samples with de-
tectable but very low TXA concentrations. The higher
levels of active PAI-1 in some of our patients could be
explained by a better capacity of endothelial cells to re-
lease PAI-1 and a different capacity of hepatocytes to pro-
duce PAI-1 as well as by individual variability. Neverthe-
less, even if patients with inhibited fibrinolysis at 24 h
after TXA and individuals with normalized lysis differed
regarding active PAI-1 and tPA plasma concentrations,
both values were within the normal range. The value of
these results should therefore not be overestimated.

Key findings of our study were the prolonged lysis in-
hibition as well as prolonged measurable TXA plasma

Real-Time Detection of Tranexamic Effect
Duration

concentrations combined with changes in endogenous
antifibrinolytic substances. One might emphasize that it
is a combination of these factors that leads to the prolon-
gation of lysis variables. Of note, we only observed a good
correlation between LT and ¢TXA (r = 0.55) but not be-
tween LT and endogenous antifibrinolytic substances
(active PAIL; r=0.143). The association between lysis vari-
ables and active PAI was weak, which may be explained
by the stronger effect of TXA on fibrinolysis compared to
PAI-1. There may be additional endogenous mechanisms
contributing to altered induced clot lysis (TPA test) which
were not analyzed in this study.

Our study has some limitations. First, our investigation
was not designed to detect clinical outcome variables like
bleeding, seizures, or thromboembolic complications. It
was conducted to show the feasibility and reliability of a
bedside-available new viscoelastometric assay. Our results
are therefore still not conclusive regarding patient out-
comes. Second, the in vitro evaluations might only partly
reflect the in vivo situation. However, dose-effect curves
help to verify the functionality of the test and supported
recent recommendations concerning effective TXA plas-
ma concentrations. Third, patients in the in vivo part were
heterogeneous according to their medication, preexisting
conditions, and surgical procedure. Last, TXA dosing was
at the upper limit of the dose recommendation (50 mg/kg
BW) [31, 40]. However, several trials reported even high-
er dosages of TXA with target plasma concentrations >114
pg/mL to increase thrombin formation, which might be
another mechanism of TXA action [41]. Our findings do
not reflect the situation in patients receiving lower TXA
doses and should therefore be considered with caution.

Conclusions

The measured TXA plasma concentrations correlated
with the results of a new viscoelastometric assay repre-
senting fibrinolytic capacity. The functional method ap-
plied in our study is reproducible and seems well-suited
to the bedside monitoring of TXA effects in clinical rou-
tine. Our study revealed a marked interindividual vari-
ability of TXA effects using the new functional TPA test.
The differences observed were related to renal function.
Inhibition of fibrinolysis by high-dose TXA lasted for sev-
eral days in a proportion of individuals. This could be of
interest, e.g., for critically ill patients with a risk of fibri-
nolytic shutdown or patients who need an urgent reop-
eration and may need a second dose of TXA. Our data
suggest that differentiated and individualized dose ad-
justments of TXA are advisable, even in patients with
mild renal impairment. However, these data should be
evaluated in further randomized trials with clinical out-
come measurements.
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