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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

e Tranexamic acid is an antifibrinolytic agent that reduces postopera-
tive blood loss and rates of erythrocyte transfusion and rethoracot-
omy in cardiopulmonary bypass surgery

e There appears to be a dose—response relationship between
tranexamic acid and the risk of postoperative seizure

e Model-based meta-analysis is an extension of traditional meta-anal-
ysis that includes parametric models to describe the effect of dose

What This Article Tells Us That Is New

e This model-based meta-analysis found that low-dose tranexamic
acid (total dose, approximately 20 mg/kg) was sufficient to reduce
postoperative blood loss and erythrocyte transfusion in cardiopul-
monary bypass surgery

e Although higher tranexamic acid doses were found to achieve a
marginal gain in effectiveness, they increased the risk of postop-
erative seizure, particularly in procedures involving a high risk of
bleeding

Tranexamic acid is an antifibrinolytic agent that reduces
postoperative blood loss and rates of erythrocyte trans-
fusion and rethoracotomy in cardiopulmonary bypass sur-
gery.! Guidelines on patient blood management recommend
the routine use of tranexamic acid for adult cardiac surgery.’
However, there is no consensus on the dosing regimen of
tranexamic acid to be administered. One dose—response

ABSTRACT

Background: It is unclear whether high-dose regimens of tranexamic acid
in cardiac surgery (total dose, 80 to 100 mg/kg) confer a clinical advantage
over low-dose regimens (total dose, approximately 20 mg/kg), particularly as
tranexamic acid—associated seizure may be dose-related. The authors’ aim
was to characterize the exposure—response relationship of this drug.

Methods: Databases were searched for randomized controlled trials of
intravenous tranexamic acid in adult patients undergoing cardiopulmonary
bypass surgery. Observational studies were added for seizure assessment.
Tranexamic acid concentrations were predicted in each arm of each study
using a population pharmacokinetic model. The exposure—response relation-
ship was evaluated by performing a model-based meta-analysis using nonlin-
ear mixed-effect models.

Results: Sixty-four randomized controlled trials and 18 observational stud-
ies (49,817 patients) were included. Seventy-three different regimens of
tranexamic acid were identified, with the total dose administered ranging
from 5.5mg/kg to 20 g. The maximum effect of tranexamic acid for post-
operative blood loss reduction was 40% (95% credible interval, 34 to 47%),
and the EC_; was 5.6 mg/I (95% credible interval, 0.7 to 11 mg/l). Exposure
values with low-dose regimens approached the 80% effective concentration,
whereas with high-dose regimens, they exceeded the 90% effective concen-
tration. The predicted cumulative blood loss up to 48h postsurgery differed
by 58 ml between the two regimens, and the absolute difference in erythro-
cyte transfusion rate was 2%. Compared to no tranexamic acid, low-dose
and high-dose regimens increased the risk of seizure by 1.2-fold and 2-fold,
respectively. However, the absolute risk increase was only clinically meaning-
ful in the context of prolonged open-chamber surgery.

Conclusions: In cardiopulmonary bypass surgery, low-dose tranexamic
acid seems to be an appropriate regimen for reducing bleeding outcomes.
This meta-analysis has to be interpreted with caution because the results are
observational and dependent on the lack of bias of the predicted tranexamic
acid exposures and the quality of the included studies.

(AnesTHESIoLoGY 2021; 134:165—78)

study reported that low-dose tranexamic acid (10mg/kg
followed by 1mg - kg™ - h™" over 12h) was sufficient to
reduce blood loss and that there was no evidence to support
the use of higher doses.?

Yet on the basis of pharmacokinetic models,*® some
authors have proposed regimens targeting tranexamic acid
plasma levels that were shown to fully inhibit fibrinolysis in
in vitro studies.® These regimens involve the administration
of high doses of tranexamic acid (e.g., 30 mg/kg followed
by 16mg - kg - h™ during surgery with 2mg/kg added
to the pump prime, or a preoperative bolus of 100mg/
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kg). Although the relationship between in vivo blood con-
centrations of tranexamic acid, fibrinolytic inhibition, and
blood loss reduction has never been validated, several trials
have shown a greater reduction in blood loss with these
high doses compared to lower doses."”* Unfortunately,
tranexamic acid administration increases the risk of post-
operative seizure,' a risk that appears to be dose-related.’
The optimal tranexamic acid regimen for cardiopulmonary
bypass surgery, in terms of both effectiveness and safety,
therefore remains uncertain.

Model-based meta-analysis is an extension of traditional
meta-analysis including parametric models to describe the
effect of dose.'*!" It also allows the impact of covariates such as
surgical or demographic characteristics on the dose—response
relationship to be taken into account. Using this meta-analytic
technique, we aimed to quantify the effect of tranexamic acid
exposure on postoperative bleeding events and seizure with
the ultimate objective of clarifying the optimal dosing regi-
men of this agent in cardiopulmonary bypass surgery.

Materials and Methods

This systematic review and meta-analysis is reported in
accordance with the 2009 Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
statement.'> The protocol was submitted to International
Prospective Register of Systematic Reviews (PROSPERO)
for registration in March 2019 and was registered in April
2020 (registration No. CR1D42020132076).

Eligibility Criteria

We searched for trials that included adult patients (aged 18
yr or older) undergoing cardiopulmonary bypass (CPB) for
cardiac or thoracic aortic surgery. To assess the exposure—re-
sponse relationship of tranexamic acid with regard to effec-
tiveness, we restricted our search to randomized controlled
trials that compared an intravenous dose of tranexamic
acid to another intravenous tranexamic acid dose or to no
treatment (including placebo). Trial arms that administered
topical tranexamic acid, oral tranexamic acid, or another anti-
fibrinolytic were excluded. The efficacy outcomes selected
were postoperative blood loss, allogeneic erythrocyte transfu-
sion, and rethoracotomy for any reason. Postoperative blood
loss, the primary outcome, was recorded as the volume of
chest tube drainage. All measurements up to drain removal
were collected. For the other efficacy outcomes, there was
no restriction on the timing of measurements of the events
concerned. To assess the exposure—response relationship with
respect to safety, the endpoint of interest was postoperative
seizure. As this event is rare and its occurrence in relation to
the use of tranexamic acid has been reported only since 2008
in cardiac surgery,” we extended our search to observational
studies and also included arms of randomized controlled tri-
als of intravenous tranexamic acid that had an ineligible com-
parator for the effectiveness analysis. These latter trial arms
were considered as observational studies in this review. There
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was no restriction as to the type or cause of seizure. Seizures
occurring after intensive care (i.e., 24 to 48 h after the end of
surgery) were not taken into consideration.

Search Strategy and Study Selection

Relevant trials were identified by a computerized search in
Medical Literature Analysis and Retrieval System Online
(MEDLINE, PubMed) and the Cochrane Central Registry
of Controlled Trials (Central) from the inception of these
databases up to June 2019. The systematic search strategy
used for both databases is shown in the Supplemental Digital
Content 1 (http://links.Iww.com/ALN/C513). In addition,
we checked the reference lists of the trials selected and those
of relevant systematic reviews. To identify eligible trials in
progress or unpublished, we searched the International
Clinical Trials Registry Platform and ClinicalTrials.gov. No
language, publication date, or publication status restrictions
were imposed. Foreign papers were translated. Three of the
authors (B.G.,B.V.,and PJ.Z.) developed and independently
conducted the search. Studies were first screened on the
basis of title and/or abstract. The full texts of potentially eli-
gible trials were then retrieved and evaluated for inclusion.
Any disagreements were resolved by consensus.

Data Collection and Risk of Bias Assessment

Data were extracted using a data extraction sheet specifically
designed for this review in Excel (Microsoft, USA). One of the
authors conducting the literature search (PJ.Z.) extracted the
data from the studies selected. The two others (B.G. and B.V.)
checked the extracted data. In the event of disagreement with
regard to data extraction, the decision of a fourth author (E.O.)
was final. The authors of the selected trials were contacted
to supply any missing information or clarifications required
in June 2019. A reminder was sent in July 2019 if necessary.
Data were extracted from each trial included with respect to
(1) the characteristics of the trial participants (including age,
weight, and type and duration of surgery); (2) the tranexamic
acid regimen used; (3) risk factors for postoperative bleed-

4 15 and seizure;”!® (4) outcome

ing," erythrocyte transtusion,
data; and (5) the number of patients randomized and the
number of patients available for the analyses. A full description
of the extracted data is provided in the Supplemental Digital
Content 1 (http://links.Iww.com/ALN/C513). The risk of
bias for each randomized control trial was assessed (by PJ.Z.)
using the Cochrane risk of bias tool. Trials were considered
to be at low summary risk of bias if allocation concealment,
blinding of participants, and study personnel, and blinding
of outcome assessment were all judged to be adequate. The
risk of bias for each observational study was assessed (by B.V.)

using the Newcastle—Ottawa quality scale."”

Data Synthesis and Analysis

Summary Measures. For each postoperative blood loss
observation, the timing of the measurement relative to the
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end of surgery and the mean and corresponding SD were
collected. When the median and range (or minimum-max-
imum range) were reported rather than the mean and SD,
approximation methods were used to estimate these latter
values.'® Normally distributed postoperative blood loss val-
ues were then converted to the logarithmic scale.”

The proportions of patients requiring erythrocyte trans-
fusion and rethoracotomy, respectively, and the proportion
experiencing seizure were calculated. In the case of zero
events, a continuity correction of 0.5 was applied.

Tranexamic acid exposure in each treatment arm was
evaluated by simulation. The mean tranexamic acid kinetic
was simulated on the basis of the characteristics of each arm
(dosing regimen, mean patient body weight) and the phar-
macokinetic model developed by Grassin-Delyle et al.®> In
the event of missing information on mean body weight,
CPB duration, or surgery duration, a multivariate imputa-
tion was performed using the multivariate imputation by
chained equations, mice package in R software (R core
team, Austria).”” The mean tranexamic acid concentration
from the start of surgery up to 12 h ([TXA]O_W) was calcu-
lated for each arm of each study.

Synthesis of Results. The relationship between tranexamic
acid exposure and outcome data was evaluated by perform-
ing a model-based meta-analysis using nonlinear mixed-ef-
fect models."” For each outcome, the analysis provided an
estimation of maximum-eftect and EC, parameters corre-
sponding respectively to the maximum effect of tranexamic
acid and the value of [TXA]O_m
of this maximum effect. For postoperative blood loss, we

required to achieve 50%

also modeled tranexamic acid exposure as a time-varying
covariate to identify the period when tranexamic acid
exposure contributed the most to blood loss reduction.

We  first model-based
meta-analysis to describe the time course of blood loss
and the relationship between [TXA]O_m and postoperative
blood loss." The following model was used:

performed a longitudinal

0—12h
BL,,,x; X T, Ejaxi X [TXA],” )
LBL,, =log MAN T T e 1 | [+ O x &,
Ty + T, ECy, +[TXA]

ij

where LBL;, and 7, correspond to the observed postop-
erative blood loss (on a logarithmic scale) and to the sam-
pling time in the j* arm of the i study at the k™ sampling
point, respectively. The parameters 7,, and EC,, corre-
spond, respectively, to the time to attainment of 50% of
the maximum blood loss and to the mean tranexamic acid
concentration achieving 50% of the maximum eftect. The
waxi and By
the study-specific maximum blood loss and to the maxi-

parameters BL correspond, respectively, to

mum effect. These parameters were assumed to conform to
a log-normal and a logit-normal distribution, respectively:

log(BL,,,x;) = My, T, with u, ~ N(O, O]Z;me )

Exposure—Response Relationship of Tranexamic Acid

logit (E\ix;) = Mg, + v, withv, ~ N(O, o,

Epax )

where u and v, are the random effects representing inter-
study variability. Unexplained intrastudy variability was
accounted for using a residual error term that was assumed
to be normally distributed (&, ~ N(0, 07)) and scaled
according to the standard error of each observation (o)

To explore tranexamic acid as a time-varying covariate
during the first 48h after the start of the surgery, the data
were fitted to a second model:

BLyyx; X T,
—X
LBL 1 Fot T 0
i = log + Oy &
" 48 Eyaxi XC; (t) ' "
1 —J (0, Y, t) X ——— =2t
0 ECy, +C; (1)

where C; (t) is the simulated mean tranexamic acid concen-
tration in the j™ arm of the i study. The function 7(J, y,t)
is a weighting function. The periods associated with high
values of 7(J,7,t) correspond to those contributing the
most to the overall effect of tranexamic acid. The weighting
function is based on a reparametrized gamma distribution:

(6, y.1)= G pf)

o=1+oxp
pa O+ +4xy’
2%y’

with G(t; &, f) representing the density of a gamma distri-
bution with a shape parameter ¢ and a rate parameter /.
The parameter ¢ corresponds to the mode of the distribu-
tion (i.e., to the time at which the weighting is maximal and
consequently to the time at which tranexamic acid expo-
sure contributes the most to the overall effect of the drug)
and 7 to the SD of the distribution.

The relationship between [TXA]
transfusion to compensate for blood loss was assessed using

0121
and erythrocyte

the following model:

0—12h
ij
EC,, +[TxA]

i

E]\/IAXi X [TXZﬂ]

logit (Tmm,.j) = logit| Trans,, X| 1— + oy% €;

where Trans; corresponds to the proportion of patients
who received erythrocyte transfusion to compensate
for blood loss in the j* arm of the i® study. The parame-
ter Trans,, corresponds to the study-specific transfusion rate
in the absence of tranexamic acid exposure. It is assumed to
follow a logit-normal distribution:

logit (Trans,) = iy, +w, withw, ~N (0 lo )

> Y Trans,

]0—12h

The relationship between [TXA
assessed using the following logit-linear model:

and seizure was
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logit (Convij) = [+ Prxs X [TXA](HZ"
where Conw, corresponds to the proportion of patients
experiencing seizure in the j arm of the i® study. Parameter
@, corresponds to the random intercept and is assumed to
be normally distributed (@, ~ N(0,0‘i])).

To explore the heterogeneity between studies, we eval-

Tt @+ oyXE,
i 1 ij

uated the impact of covariates on the exposure—response
relationships. We evaluated risk factors for postoperative
bleeding, erythrocyte transfusion, and seizure (described
in Supplemental Digital Content 1, http://links.Iww.com/
ALN/C513) and also the risk of bias within studies. Each
of these covariates were included in the previous models to
assess their impact on BL,,«,, E\uy;> Trans,, and Conv,.

For example, the effect of the mean patient body weight
(BW)) within each study on the study-specific transfusion
rate was implemented as follows:

logit(Transy, )=ty + Opyy X (BW, = 76) + w, withw; ~ N (0, O'szmu )

where @, corresponds to the effect of mean patient body
weight on the study-specific transfusion rate.

For seizure, the effect of the proportion of patients under-
going open-chamber surgery within each study (OC) on
the study-specific probability of seizure was implemented
as follows:

0—12h

logit (Com/ij) = B+ Boxa X [TXAL + 6, XOC, + @, + 0¥ &
where . corresponds to the effect of the percentage
of open chamber surgery on the study-specific seizure
probability.

Parameter Estimation. Data analysis was performed using
R software.”! The meta-analysis model was estimated by a
Bayesian approach using the rstan package in R.As no previ-
ous information on exposure response parameters was avail-
able, noninformative previous distributions were assumed
for all the parameters (U (—00;+<x>) for mean parameters
and Z/I(O; +<>0) for SD)) except EC_,
informative uniform previously was assumed (U (0;100)).

for which a weakly

During the modeling process, the robustness of the results
to the choice of previous distribution was explored. The
models for covariate selection were compared by leave-
one-out cross-validation using the loo package in R.* The
final model was assessed in terms of basic goodness-of-fit
plots using a visual predictive check. All graphics were gen-
erated using the ggplot2 package in R.»

Sensitivity Analyses. Two sensitivity analyses were performed
to assess the impact of the uncertainty of the pharmaco-
kinetic predictions on the exposure—response relation-
ships. We first limited our analysis to studies for which no
imputation had been used for estimating tranexamic acid
exposure. The second analysis considered uncertainty in
the predictions of tranexamic acid exposure. We generated
500 data sets. In each data set, tranexamic acid exposures

Anesthesiology 2021; 134:165-78

([Tx4

the tranexamic acid pharmacokinetic parameters reported

0-12) . .
] ) were simulated using the standard errors of

by Grassin-Delyle et al.> Posterior mean of the parameters
of the model-based meta-analyses were calculated for each
data set. The distributions of the obtained values were pre-
sented as histograms.

Simulations of the Effect of Different Dosing Regimens. We
simulated the outcomes in two hypothetical trials to exam-
ine the effect of different tranexamic acid dosing regimens
on postoperative bleeding events and seizure. The first trial
included patients undergoing coronary artery bypass graft
(CABG) surgery (closed-chamber procedure) with a mean
duration of surgery and CPB of 3h and 1.5h, respectively.
The second trial included patients undergoing complex
open-chamber surgery with a mean duration of surgery
and CPB of 4h and 2.5h, respectively. In both cases, the
body weight value used for simulation was the mean weight
observed in the meta-analysis. The dosing regimens were
chosen on the basis of the total dose administered (high- vs.
low-dose) and the duration of tranexamic acid adminis-
tration (single bolus vs. bolus plus infusion). For high-dose
tranexamic acid, we chose administration of a single preop-
erative bolus as proposed by Karski et al. (100mg/kg)” and
a second regimen corresponding to that used in the Blood
Conservation Using Antifibrinolytics in a Randomized Trial
(BART) study (30mg/kg followed by 16mg - kg - h
during surgery, with a further 2mg/kg being added to the
pump prime).** For low-dose tranexamic acid, we chose
a single preoperative bolus of 20mg/kg as proposed by
Lambert ef al.,> and finally the regimen proposed by Horrow
et al. (10mg/kg followed by 1mg - kg™ - h™' for 12h).’

Results

Study Selection

A total of 82 clinical trials (49,817 patients) were selected,
comprising 64 randomized controlled studies (12,378
patients) for the effectiveness analysis and 18 additional
observational studies (37,439 patients) for the analysis of
seizure. The flow chart of the study selection process is pre-
sented in figure 1. Altogether, 61 authors reporting 73 trials
were contacted, of whom 34 replied, with 19 providing sup-
plementary information for 20 trials (see Acknowledgments).

Study Characteristics

In total, 36 (44%) studies included CABG surgery, and 55
(66%) studies included open-chamber surgery. The mean
duration of CPB was 1h 48min (range, 1h 2min to 5h
28 min), and the mean duration of surgery was 4h 7min
(range, 2h 19min to 7h 45min). Women comprised 31%
of the patients. The mean age was 62 yr (range, 36 to 77
yr), and the mean weight was 74kg (range, 49 to 89kg).
Altogether, 73 different intravenous tranexamic acid reg-
imens were identified, with the total dose of tranexamic

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.
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S
Efficacy analysis Safety analysis
Randomized controlled trials Clinical trials
£ PubMed Central Other Sources PubMed Central Other Sources
Qg International Clinical Trials Trials identified in
< n=171 n=138 Registry Platform = 41 n=284 n=32 efficacy search = 13
;lE Clinical Trials.gov = 49 Reference lists = 2
5 Reference lists = 6
=
Ll
— Duplicates
o
n=161 n=23
&0
=
=
g v Y
2] Records screened
Records excluded n =244 n=108 Records excluded
(n =158) (n=57)
— - Ineligible < » - _Ineligibh?
intervention (n = 89) intervention (n = 25)
- Ineligible comparator ¥ L 4 - Ineligible or unclear
n=26 . P study design (n = 32)
= ) Eneligih)le or unclear Full-text articles assessed for eligibility v
= study design (n =43)
E‘) n= 86 n=>51
=
Full-text articles |g »  Full-text articles
excluded (n =22) excluded (n =23)
—
S— - Ineligible comparator Y . v - Ineligible
(n=15) Studies included in quantitative and intervention (n = 1)
- Data not exploitable qualitative analysis - Data not exploitable
(n=4) c (n=22)
- Doubts about the Trials included n = 82
validity of the results
3 (n=3) Efficacy analysis
'g 64 randomized controlled trials
= - Postoperative blood loss (n=56)
= - Erythrocyte Transfusion (n=43)
- Rethoracotomy (n=50)
Safety analysis (Seizure)
10 randomized controlled trials and
18 observational studies
—

Fig. 1. Flow chart of the study selection process. The selection of studies included in the effectiveness analysis is illustrated on the /eft and
that of studies included in the analysis of tranexamic acid-associated seizure on the right. Central, Cochrane Central Registry of Controlled

Trials.

acid administered ranging from 5.5mg/kg to 20 g. Patient  trial selected are summarized in the Supplemental Digital
weights and durations of CPB and surgery were imputed ~ Content 1 (http://links.lww.com/ALN/C513) and 2
to estimate plasma tranexamic acid exposure in 19, 1, and (http://links.lww.com/ALN/C514).
18 trials, respectively. Population pharmacokinetic estima-
tions of the mean tranexamic acid concentration from the Risk of Bias within Studies

start of surgery up to 12h ([TXA]O_lzh) ranged from 6.2 In all, 49 randomized, controlled trials were double-blind,

to 281 mg/1 (mean, 69mg/l). The characteristics of each of which 18 had adequate allocation concealment. The
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individual components of the risk of bias across studies,
using the Cochrane Collaboration’s tools, are presented in
figure 2. All the observational studies had a score of five or
above on the Newecastle-Ottawa scale. The Supplemental
Digital Content 1 (http://links.lww.com/ALN/C513)
presents the risk of bias in individual studies.

Outcomes

Postoperative Blood Loss. A total of 56 randomized con-
trolled trials reported postoperative blood loss, including
158 observations with tranexamic acid and 100 without
tranexamic acid (fig. 3).

A nonlinear mixed-effects maximum-effect model was
used to describe bleeding over time. We included a tri-
al-specific random effect on the maximum postoperative
blood loss parameter (BL,,,.) to account for the variability
between trials in terms of postoperative blood loss observa-
tions. The time to reach 50% of BL, 7, was 13.0h (95%
credible interval, 11.6 to 14.5h).

To quantify the effect of tranexamic acid on blood loss,
we first performed an analysis in which the tranexamic
acid exposure marker was the non—time-varying covari-
ate ([T){A]o_m1 ). The maximum effect of tranexamic acid
on blood loss reduction was 40% (95% credible interval,
34 to 47%). The EC, , the value of [TXA]O_m needed to
achieve 50% of the maximum effect, was 5.6 mg/1 (95%
credible interval, 0.7 to 11.1mg/1). This EC_ corresponds
to an 80% effective concentration of 22.4mg/1. The expo-
sure—response relationship of tranexamic acid for postoper-
ative blood loss is presented in figure 4.

Covariate analysis indicated that the risk of bias within
studies did not significantly affect the maximum-effect
parameter of tranexamic acid. Furthermore, none of the
risk factors for postoperative blood loss was found to have a
statistically significant impact on BL,, ..

The parameter estimates and 95% credible intervals for
this first model are shown in the Supplemental Digital

Selective reporting

Incomplete outcome data

Blinding outcome assessment
Blinding of participants and personnel
Allocation concealment

Random sequence generation

Content 1 (http://links.Iww.com/ALN/C513). The visual
predictive check indicated that this model was suitable for
predicting the observed data on postoperative drain blood
loss (fig. 3).

A second model was used to quantify postoperative

blood loss in which exposure to tranexamic acid from the
start of surgery up to 48h was modeled as a time-varying
covariate. A weighting function was added to estimate the
contribution of tranexamic acid concentrations over time
to the overall effect. The estimated values of the parameters
BL,, . %, tranexamic acid maximum effect,and EC,_ were
similar to those estimated in the first model (Supplemental
Digital Content 1, http://links.Iww.com/ALN/C513).The
shape of the weighting function indicated that the impact
of tranexamic acid was not constant over time (fig. 5) but
instead increased during the surgical intervention, reach-
ing a maximum value 3.8h (95% credible interval, 2.1 to
6.1h) after the start of surgery. The impact of tranexamic
acid then decreased, with virtually no further impact of
tranexamic acid plasma concentrations 8h after the start
of surgery.
Erythrocyte Transfusion to Compensate for Blood Loss. A total
of 43 randomized controlled trials reported erythrocyte
transfusion, including 109 observations with tranexamic
acid and 39 without tranexamic acid (fig. 3). Seventeen
of these observations were not clearly defined as erythro-
cyte transfusion outcomes and may have included patients
receiving transfusions of other blood constituents.

The estimated probability of transfusion in the absence
of tranexamic acid exposure (Trans) was 62% (95% credi-
ble interval, 53 to 72%). Tranexamic acid reduced the rate
of transfusion with a maximum effect of 0.33 (95% cred-
ible interval, 0.25 to 0.42). The EC,  was 3.1mg/1 (95%
credible interval, 0.1 to 6.3 mg/1), corresponding to an 80%
effective concentration of 12.5mg/1 (fig. 4). As in the case
of postoperative blood loss, the risk of bias within studies
was not found to be statistically significant for inclusion

%
A,
3
%

Fig. 2. Summary of the risk of bias across studies. The percentage of studies judged to be at low (green), unclear (yellow), or high risk (re)

of bias is presented for each risk of bias domain.
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Fig. 3. Visual predictive checks. Top, The time course of postoperative blood loss without tranexamic acid (/eff) and with tranexamic acid
(righ?). Bottom, Representation, as a function of the mean tranexamic acid concentration from the start of surgery up to 12h, the percentage
of patients with erythrocyte transfusion (/eff) and with seizure (right). The solid lines indicate model-based predictions of outcomes, the
shaded areas showing the respective 90% Bayesian credible intervals. Circles represent observed values without tranexamic acid (yellow)
and with tranexamic acid (blue). Bottom, Observations from the same trial are connected by a solid line.

in the model. Total body weight was the only covariate
found to affect the Trans, parameter to a statistically sig-
nificant extent. We could not estimate a model in which
the tranexamic acid exposure marker was a time-varying
covariate. The parameter estimates and 95% credible inter-
vals are presented in the Supplemental Digital Content 1

(http://links.Iww.com/ALN/C513). The visual predictive
check indicated that the model was suitable for predicting
the observed erythrocyte transfusion rates (fig. 3).

Reoperation. Rethoracotomy was reported in 50 trials
selected for the effectiveness analysis. The median rate was
4.4% (interquartile range, 2.8 to 8.5%) in the placebo or
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Fig. 4. Exposure—response curve for tranexamic acid and bleeding events. Exposure to tranexamic acid is the mean tranexamic acid con-
centration from the start of surgery up to 12h; the dashed lines represent the EC, and the 80% effective concentration.

no-treatment arms and 2.6% (interquartile range, 1.4 to
4.6%) in the tranexamic acid treatment arms. No concen-
tration—response relationship for tranexamic acid could be
estimated for this outcome, probably owing to the low rate
of events.

CPB

0.91 Seizure. A total of 56 seizure observations were extracted
from 10 randomized controlled trials and 18 observa-
tional studies, all published from 2008 onward. The con-
centration—response relationship for tranexamic acid with
0.61 regard to seizure was modeled using a linear model after
logit transformation. Tranexamic acid increased the risk of
postoperative seizure by 1.07 (95% credible interval, 1.06
to 1.09) per 10 mg/1 increase in [TXA](HZh Compared to
037 | no exposure to tranexamic acid, a [TXA](HM of 100mg/1
doubled the risk of seizure (2.1; 95% credible interval, 1.9
to 2.4). Covariate analysis did not reveal any statistically sig-
nificant effect of the type of study reported (randomized
0.0 controlled trials vs. observational studies). In contrast, the
0 5 10 15 20 25 type of surgery and the duration of CPB both affected the
Time since start of surgery (h) risk of seizure. Open-chamber surgery resulted in a 5.5-fold

increase in the risk of seizure compared to closed-cham-
ber procedures (95% credible interval, 3.2 to 10). Each

Weight

Fig. 5. Effect of tranexamic acid over time. The solid line, with

its shaded 90% credible interval, is a parametric weight function additional hour of CPB doubled the risk of seizure (2.0;
indicating the period when tranexamic acid contributes the most 95% credible interval, 1.2 to 3.2). The parameter estimates
to postoperative blood loss reduction. The dark gray column rep- and 95% credible intervals are shown in the Supplemental
resents the mean duration of cardiopulmonary bypass (CPB) in Digital Content 1 (http://links.Iww.com/ALN/C513).
the meta-analysis. The visual predictive check indicated that the model was

suitable for predicting the observed seizure rates (fig. 3).
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Sensitivity Analyses

Two sensitivity analyses were performed to assess the impact
of imputing data for pharmacokinetic predictions and the
uncertainty in the parameter estimates of the pharmaco-
kinetic model used for predictions. Both analyses showed
results similar to the primary analysis. Exclusion of studies
in which imputation was performed increased the credi-
ble interval of the EC,  parameters. The results are shown
in the Supplemental Digital Content 1 (http://links.Iww.
com/ALN/C513).

Simulations

We simulated the outcomes in two hypothetical trials to
examine the effect of different tranexamic acid dosing regi-
mens on postoperative bleeding events and seizure.

The first trial included patients undergoing CABG sur-
gery (closed-chamber procedure) with a mean duration of
surgery and CPB of 3h and 1.5h, respectively. The con-
centration-time courses of tranexamic acid for the different
dosing regimens are presented in figure 6. With low-dose
tranexamic acid, the mean exposure values were 21 mg/l,
close to the 80% effective concentration for postoperative
blood loss. With high-dose tranexamic acid, the mean expo-
sure values were above the 90% effective concentration.The
estimated cumulative blood loss up to 48h after the end of
surgery without tranexamic acid was 909ml (95% credi-
ble interval, 815 to 1,016 ml). Low-dose tranexamic acid,
given either as a single preoperative bolus or as a preoper-
ative bolus followed by an intraoperative infusion, reduced
postoperative blood loss by 32% (95% credible interval,
27 to 37%; fig. 6 and Supplemental Digital Content 1,
http://links.lww.com/ALN/C513). Compared to low-
dose tranexamic acid, high-dose tranexamic acid reduced
cumulative postoperative blood loss up to 48h postsurgery
by a further 58ml (95% credible interval, 54 to 65ml).
The probability of erythrocyte transfusion as a function

012k . . .
] ) is illustrated in

of tranexamic acid exposure ([TXA
figure 6. Exposure values for all tranexamic acid regimens
were above the 80% effective concentration for erythro-
cyte transfusion. Without tranexamic acid, the probability
of transfusion was 66% (95% credible interval, 57 to 74%),
with low-dose tranexamic acid it was 46% (95% credible
interval, 38 to 54%), and with high-dose tranexamic acid
it was 44% (95% credible interval, 36 to 52%; fig. 6). The
absolute rate difference in erythrocyte transtusion between
low- and high-dose tranexamic acid was 2% (95% credible
interval, 0.4 to 4.3%). In this first case scenario, the prob-
ability of postoperative seizure remained low, less than 1%,
regardless of the tranexamic acid regimen (fig. 6).

The
open-chamber surgery with a mean duration of surgery
and CPB of 4h and 2.5h, respectively. Simulated bleed-

ing events were similar to those in the first scenario, as

second trial included patients undergoing

our models for bleeding events did not include surgical

Exposure—Response Relationship of Tranexamic Acid

covariates. However, the risk of seizure was increased in this
second scenario as both open-chamber surgery and CPB
duration were associated with a higher risk of this event.
Without administration of tranexamic acid, the probabil-
ity of seizure was 2.85% (95% credible interval, 1.82 to
4.63%). The probability was increased 1.2-fold with low-
dose tranexamic acid and was doubled with high-dose
tranexamic acid (fig. 6).

Discussion

With regard to effectiveness, our results indicated a reduc-
tion in postoperative blood loss and erythrocyte transfu-
sion as exposure to tranexamic acid increased. We chose
the commonly used maximum-effect model to describe
the effect of tranexamic acid exposure. With this model,
the increase in effectiveness progressively declined with
increasing exposure. Once the concentration exceeds the
80% effective concentration, further changes in drug con-
centration appear to have little impact on drug effect.” The
exposure value with the low-dose tranexamic acid regi-
men proposed by Horrow et al.® (10mg/kg followed by
1mg - kg - h™ over 12h) was close to the 80% effective
concentration for postoperative blood loss and above the
80% effective concentration for erythrocyte transfusion.
Compared to this regimen, a fivefold increase in total dose
(100 mg/kg) achieved only a 58 ml (95% credible interval,
54 to 65ml) increment in the reduction of postoperative
blood loss, up to 48h postsurgery, with a decrease in eryth-
rocyte transfusion rate from 46% to 44%. Our exposure—re-
sponse relationship for erythrocyte transfusion corroborates
the results of a previous meta-analysis in cardiac surgery
showing in a subgroup analysis that tranexamic acid at doses
less than 2 g and at doses of 2 to 10 g achieved similar reduc-
tions in erythrocyte transfusion rate.”’

To examine when tranexamic acid should be initiated
and for how long, we modeled tranexamic acid exposure
as a time-varying covariate. The result (fig. 5) suggests that
tranexamic acid administration should be initiated before
CPB, as proposed by Brown ef al.,” and should be designed
to achieve effective concentrations approximately 4h after
the start of surgery (i.e., toward the end of surgery) when
tranexamic acid contributes the most to blood loss reduc-
tion. Concentrations close to 80% effective concentration
can be achieved at the end of surgery with a low-dose reg-
imen administered either as a preoperative bolus plus infu-
sion (10mg/kg followed by 1 mg - kg™ - h™)>* or as a single
preoperative loading dose of 20 mg/kg (fig. 6). Postoperative
administration of tranexamic acid appears unnecessary
because tranexamic acid concentrations will decrease but
nevertheless remain sufficient (greater than or equal to
EC,) up to the end of the drug’s contribution to blood
loss reduction (8h after the start of surgery). This supports
the findings of Casati ef al. showing that tranexamic acid
administration after cardiac surgery was not advantageous.”
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Fig. 6. Simulated bleeding and seizure events. The following tranexamic acid regimens were simulated: 100 mg/kg preoperative loading
dose (blue dashed line and blue triangle); 30 mg/kg preoperative loading dose followed by 16 mg - kg™ - h~" during surgery with a further
2mg/kg added to the cardiopulmonary bypass (CPB) pump prime (red solid line and red triangle for 3h of surgery, red circle for 4h of sur-
gery); 10mg/kg preoperative loading dose followed by 1mg - kg™ - h™" for 12h (green solid line and green circle); 20 mg/kg preoperative
loading dose (yellow dashed line and yellow triangle). Top left, Predicted concentrations of tranexamic acid for various regimens indicated
as described above, the dark gray column representing the mean duration of CPB in the meta-analysis. Top right, Predicted postoperative
mediastinal blood loss without tranexamic acid (gray solid line) and for the different tranexamic acid regimens indicated as described above.
Bottom, As a function of the mean tranexamic acid concentration from start of surgery up to 12h, the probability of erythrocyte transfusion
(leff) and of seizure (righf). Bottom right, The black solid line represents model-based study-level predictions of a hypothetical trial of patients
undergoing coronary artery bypass grafting with a mean duration of surgery and CPB of 3h and 1.5 h, respectively; the black dot-dash line
represents model-based predictions at the study level of a hypothetical trial in patients undergoing open-chamber surgery with a mean
duration of surgery and CPB of 4h and 2.5h, respectively; the average weight was 74 kg.
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Tranexamic acid administration increases the risk of
postoperative seizure,' a risk that appears to be dose-re-
lated.” Our meta-analysis indicated that intraoperative
administration of high-dose tranexamic acid (total dose,
80 to 100mg/kg) resulted in a twofold increase in post-
operative seizures, whereas low-dose tranexamic acid (total
dose, approximately 20mg/kg) was associated with a less
than 1.2-fold increase in seizure rate. However, the abso-
lute increase in the incidence of postoperative seizures with
tranexamic acid also depends on the coexistence of other
risk factors for such seizures, such as the duration of CPB,
open-heart procedures, older age, renal failure, or redux sur-
gery.”!® Our covariate analysis suggested that open-cham-
ber surgery and duration of CPB were associated with a
higher rate of seizure independently of tranexamic acid
exposure. The simulation suggested that during isolated
CABG surgery, tranexamic acid had virtually no effect on
postoperative seizure rate, but this was not true for complex
open-heart procedures (fig. 6). Unfortunately, most of the

risk factors for postoperative bleeding adverse events'*'

are
also risk factors for postoperative seizure in the context of
cardiac surgery. The administration of high-dose tranexamic
acid to patients at high risk of bleeding may expose patients
to an increased risk of seizure for a minimal reduction in
bleeding events. Based on a benefit—risk analysis, the use of
high-dose tranexamic acid is questionable.

Oursstudy has several limitations that need to be addressed.
First, the exposure—response relationships are strongly
dependent on the lack of bias of the predicted tranexamic
acid exposures. Blood concentrations of tranexamic acid
were simulated because real concentrations were not avail-
able. We chose the pharmacokinetic model developed by

+31-33 55 it included

Grassin-Delyle et al.” over other models
the largest number of patients, it covered a wide range of
patients’ characteristics, and it requires only one covariate,
body weight, for pharmacokinetic simulation. The presence
of variability and uncertainty in the parameter estimates
of this pharmacokinetic model, the model extrapolations,
and the imputation of body weight and surgical duration in
some studies all contributed to a degree of uncertainty in
the pharmacokinetic predictions. To account for this uncer-
tainty, we performed sensitivity analyses that showed results
similar to those obtained with the primary analysis.
Second, the exposure-response relationships are also
dependent on the unbiased assessment of outcomes. For
efficacy outcomes, our assessment of the risk of bias within
studies was not found to be statistically significant for inclu-
sion in the models. Yet for seizure, the risk of information
bias was noticeable and probably resulted in an underes-
timation of the true incidence of events. None of the
included studies was designed to assess this safety outcome.
The detection or confirmation of seizure with an objec-
tive test (electroencephalogram or computed tomography
scans) was not mandatory. Also, patients may have been
deeply sedated when seizures would be expected. As in a

Exposure—Response Relationship of Tranexamic Acid

previously reported meta-analysis,* we combined data from
randomized and observational studies for the assessment of
tranexamic acid—associated seizure to increase the power of
the analysis and help offset the limitations of analyzing this
rare outcome.Yet the risk of selection and confounding bias
is nonnegligible in observational studies.”® Because of this,
great care should be taken when interpreting our covariate
analysis for seizure that did not reveal any statistically sig-
nificant effect of the type of study reported (randomized
controlled trials vs. observational studies).

Finally, the exposure—response relationships are also
dependent on the data analysis. Our analyses were limited
by statistical power as model-based meta-analysis requires
the estimation of multiple parameters compared to con-
ventional meta-analyses. We could not estimate a dose—ef-
fect relationship for rethoracotomy, probably owing to the
low rate of events. It is therefore not possible to conclude
for this outcome an advantage of a dosage regimen over
another. We could not estimate the time course of the eftect
of tranexamic acid on either erythrocyte transfusion or sei-
zure. The dosing regimen proposals relative to the timing
of surgery for postoperative blood loss reduction cannot
be applied to erythrocyte transfusion and seizure. For these
two outcomes, exposure to tranexamic acid was calculated
as the mean tranexamic acid concentration from the start
of surgery up to 12h ([TXA]O_W )-A 12-h range was cho-
sen to account for postoperative exposure.Yet this exposure
marker smooths out peak and trough effects (a 20mg/kg
bolus and a 10 mg/kg bolus plus 1 mg/kg for 12h have sim-
ilar [TXA]"

evaluation of seizure as the toxicity of tranexamic acid in
36
t.

; fig. 6). This is an important issue for the

the cortex and spinal cord is concentration-dependen

Thus, as proposed by a reviewer, we also tested tranexamic

acid blood peak concentrations. Both tranexamic acid blood
. 0120

peak concentrations and [TXA]

with seizure. Unfortunately, these exposure markers are

showed a relationship

correlated with each other, and it is unknown how these
markers reflect the concentration of tranexamic acid at the
effect site, the cerebrospinal fluid.

Studies included in a meta-analysis vary in their study
characteristics. We performed covariate analyses with the
aim to explain part of the interstudy heterogeneity. These
analyses used summary-level data (e.g., average patient
weight in a study) and have several pitfalls.”” The relation-
ships we described are observational associations across tri-
als. There is risk of a false-positive conclusion as we tested
multiple covariates (although they were prespecified) and
because bias by confounding cannot be ruled out. An exam-
ple of bias is the ecological fallacy when results based on
summary-level data are extrapolated to individual patients.
Our covariate analysis for seizure should be interpreted
as follows: studies with the highest proportion of patients
undergoing open-chamber surgery showed a greater risk
of seizure, rather than patients undergoing open-chamber
surgery necessarily being the actual patients who are more
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likely to convulse. Thus, our models cannot be used for pre-
dictions in individuals. The use of mean values for contin-
uous variables may also have limited our covariate analyses
due to the limited difference in means between studies. In
addition, the scope of covariate analyses was limited by the
fact that certain variables were not reported in all the studies
included. For example, we could not assess the effect of renal
dysfunction, which increases exposure to tranexamic acid
and is a risk factor for tranexamic acid—associated seizure.’
Tranexamic acid doses should be lowered in patients with
chronic renal dysfunction presenting for cardiac surgery.”

In conclusion, this model-based meta-analysis suggested
that low-dose tranexamic acid (total dose, approximately
20mg/kg) was sufficient for reducing postoperative blood
loss and erythrocyte transfusion in CPB surgery. Higher
doses achieved a marginal gain in effectiveness but increased
the risk of postoperative seizure, particularly in procedures
involving a high risk of bleeding. These results have to be
interpreted with caution because they are observational.
They are wholly dependent on the lack of bias of the pre-
dicted tranexamic acid exposures and of the quality of the
included studies.

Acknowledgments

The authors are grateful to the following investigators who
provided supplementary information for the meta-analy-
sis: J. J. Corbeau, M.D., Department of Anesthesia and
Intensive Care, University Hospital of Angers, Angers,
France; P. Diprose, M.D., Anesthetic Department,
University Hospital Southampton, Southampton, United
Kingdom; Y. Du, M.D., Department of Anesthesia,
Shengjing Hospital of China Medical University, Shenyang,
China; D. Faraoni, M.D., Division of Cardiac Anesthesia,
Department of Anesthesiology and Pain Medicine, The
Hospital for Sick Children, University of Toronto, Toronto,
Canada; G. Greift, M.D., Department of Cardiothoracic
Anesthesia and Intensive Care, St. Olav University
Hospital, Trondheim, Norway; J. J. Jimenez, Critical Care
Department, University Hospital of the Canary Islands,
La Cuesta, La Laguna, Spain; C. Keyl, M.D., Department
of Anesthesiology, University Heart Center Freiburg,
Bad Krozingen, Germany; T. Maeda, M.D., Department
of Anesthesiology and Division of Transfusion Medicine,
National Cerebral and Cardiovascular Center, Fujishirodai
Suita City, Osaka, Japan; N. Makhija, M.D., Department
of Cardiac Anesthesia, Cardiothoracic Center, New
Delhi, India; K. Martin, M.D., Institute of Anesthesiology,
German Heart Center Munich, Clinic at the Technical
University Munich, Munich, Germany; M. Misfeld, M.D.,
University Department for Cardiac Surgery, Leipzig Heart
Center, Leipzig, Germany; E. Moret, M.D., Department
of Anesthesiology, Surgical Intensive Care Unit and Pain
Treatment Department, Germans Trias i Pujol University
Hospital, Barcelona, Spain; P. S. Myles, M.D., Department
of Anesthesiology and Perioperative Medicine, Alfred

Anesthesiology 2021; 134:165-78

Hospital and Monash University, Melbourne, Australia; H.
Pleym, M..D., Department of Cardiothoracic Anesthesia and
Intensive Care, St. Olav University Hospital, Trondheim,
Norway; L. Shore-Lesserson, M.D., Department of
Anesthesiology, Zucker School of Medicine at Hofstra/
Northwell, Manhasset, New York, New York; S. Sigaut,
M.D., Department of Anesthesia and Intensive Care,
Beaujon Hospital, Clichy, France; R. G. H. Speekenbrink,
M.D., Department of Cardiothoracic Surgery, Medisch
Spectrum Twente, Enschede, The Netherlands; M. Yan,
M.D., and Z. Zhou, M.D., Department of Anesthesiology,
The Second Affiliated Hospital, School of Medicine,
Zhejiang University, Hangzhou, China; and C. Van
Aclbrouck, M.D., Department of Anesthesiology, Erasme
University Hospital, the Free University of Brussels,
Brussels, Belgium. The authors also thank Paula Harry,
Ph.D., freelance medical writer and translator, 11 ave-
nue Guy de Coubertin, 78470 Saint Rémy lés Chevreuse,
France, for revision of the English text.

Research Support

Support was provided solely from institutional and/or
departmental sources.

Competing Interests

The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Zufferey: Department of
Anesthesiology and Intensive Care, University Hospital of
Saint-Etienne, 42055 Saint-Etienne cedex 02, France. paul.
zufferey(@chu-st-etienne.fr. This article may be accessed
for personal use at no charge through the Journal Web site,
www.anesthesiology.org.

References

1. Myles PS, Smith JA, Forbes A, Silbert B, Jayarajah M,
Painter T, Cooper DJ, Marasco S, McNeil J, Bussieres JS,
McGuinness S, Byrne K, Chan MT, Landoni G, Wallace
S; ATACAS Investigators of the ANZCA Clinical Trials
Network: Tranexamic acid in patients undergoing cor-
onary-artery surgery. N Engl ] Med 2017; 376:136—48

2. Task Force on Patient Blood Management for Adult
Cardiac Surgery of the European Association for
Cardio-Thoracic Surgery (EACTS) and the European
Association  of  Cardiothoracic  Anaesthesiology
(EACTA),Boer C,Meesters MI,Milojevic M, Benedetto
U, Bolliger D, Heymann C von, Jeppsson A, Koster A,
Osnabrugge RL, Ranucci M, Ravn HB, Vonk ABA,
‘Wahba A, Pagano D: 2017 EACTS/EACTA Guidelines
on patient blood management for adult cardiac surgery.
J Cardiothorac Vasc Anesth 2018; 32:88-120

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Zufferey et al.


mailto:paul.zufferey@chu-st-etienne.fr
mailto:paul.zufferey@chu-st-etienne.fr
http://www.anesthesiology.org

10.

11.

12.

13.

14.

Zufferey et al.

Horrow JC, Van Riper DE Strong MD, Grunewald
KE, Parmet JL: The dose-response relationship of
tranexamic acid. ANESTHESIOLOGY 1995; 82:383-92
Dowd NP, Karski JM, Cheng DC, Carroll JA, Lin
Y, James RL, Butterworth J: Pharmacokinetics of
tranexamic acid during cardiopulmonary bypass.
ANESTHESIOLOGY 2002; 97:390-9

. Grassin-Delyle S, Tremey B, Abe E, Fischler M, Alvarez

JC, Devillier P, Urien S: Population pharmacokinetics
of tranexamic acid in adults undergoing cardiac sur-
gery with cardiopulmonary bypass. Br ] Anaesth 2013;
111:916-24

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;
146:642-58

Karski JM, Dowd NP, Joiner R, Carroll J, Peniston C,
Bailey K, Glynn METeasdale SJ, Cheng DC:The effect
of three different doses of tranexamic acid on blood
loss after cardiac surgery with mild systemic hypother-
mia (32degrees C). ] Cardiothorac Vasc Anesth 1998;
12:642-6

Sigaut S, Tremey B, Ouattara A, Couturier R, Taberlet C,
Grassin-Delyle S, Dreyfus JE Schlumberger S, Fischler
M: Comparison of two doses of tranexamic acid in
adults undergoing cardiac surgery with cardiopulmo-
nary bypass. ANESTHESIOLOGY 2014; 120:590-600
Kalavrouziotis D, Voisine P, Mohammadi S, Dionne S,
Dagenais F: High-dose tranexamic acid is an indepen-
dent predictor of early seizure after cardiopulmonary
bypass. Ann Thorac Surg 2012; 93:148-54

Mandema JW, Gibbs M, Boyd RA, Wada DR, Pfister
M: Model-based meta-analysis for comparative effi-
cacy and safety: Application in drug development and
beyond. Clin Pharmacol Ther 2011; 90:766-9

Demin I, Hamrén B, Luttringer O, Pillai G, Jung T:
Longitudinal model-based meta-analysis in rheuma-
toid arthritis: An application toward model-based drug
development. Clin Pharmacol Ther 2012; 92:352-9
Liberati A, Altman DG, Tetzlaft ], Mulrow C, Gotzsche
PC, IToannidis JP, Clarke M, Devereaux PJ, Kleijnen
J, Moher D: The PRISMA statement for reporting
systematic reviews and meta-analyses of studies that
evaluate healthcare interventions: Explanation and
elaboration. BMJ 2009; 339:b2700

Martin K, Wiesner G, Breuer T, Lange R, Tassani P:
The risks of aprotinin and tranexamic acid in cardiac
surgery: A one-year follow-up of 1188 consecutive
patients. Anesth Analg 2008; 107:1783-90

Vuylsteke A, Pagel C, Gerrard C, Reddy B, Nashef S,
Aldam P, Utley M:The Papworth Bleeding Risk Score:
A stratification scheme for identifying cardiac surgery
patients at risk of excessive early postoperative bleed-
ing. Eur J Cardiothorac Surg 2011; 39:924-30

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Exposure—Response Relationship of Tranexamic Acid

Klein AA, Collier T, Yeates J, Miles LE Fletcher SN,
Evans C, Richards T; Contributors: The ACTA PORT-
score for predicting perioperative risk of blood trans-
fusion for adult cardiac surgery. Br J Anaesth 2017;
119:394-401

SharmaV, Katznelson R, Jerath A, Garrido-Olivares L,
Carroll J, Rao V, Wasowicz M, Djaiani G: The associa-
tion between tranexamic acid and convulsive seizures
after cardiac surgery: A multivariate analysis in 11 529
patients. Anaesthesia 2014; 69:124-30

Wells G, Shea B, O’Connell D, Peterson J, Welch
V, Losos M, Tugwell P: The Newcastle-Ottawa Scale
(NOS) for assessing the quality of nonrandomised
studies in meta-analyses. Available at: http://www.
ohri.ca/programs/clinical_epidemiology/oxford.asp.
Accessed September 17, 2020.

Wan X, Wang W, Liu J, Tong T: Estimating the sam-
ple mean and standard deviation from the sample size,
median, range and/or interquartile range. BMC Med
Res Methodol 2014; 14:135

Higgins JP, White IR, Anzures-Cabrera J: Meta-
analysis of skewed data: Combining results reported
on log-transformed or raw scales. Stat Med 2008;
27:6072-92
Buuren S van, Groothuis-Oudshoorn K: mice:
Multivariate Imputation by Chained Equations in R.
J Stat Softw 2011; 45:1-67

R:The R Project for Statistical Computing. Available
at: https://www.r-project.org/. Accessed September
17, 2020.

Vehtari A, Gelman A, Gabry J: Practical Bayesian model
evaluation using leave-one-out cross-validation and
WAIC. Stat Comput 2017;27:1413-32

Wickham H: ggplot2. WIREs Comput Stat 2011;
3:180-5

Fergusson DA, Hébert PC, Mazer CD, Fremes S,
MacAdams C, Murkin JM, Teoh K, Duke PC, Arellano
R, Blajchman MA, Bussieres JS, Coté D, Karski J,
Martineau R, Robblee JA, Rodger M, Wells G, Clinch
J, Pretorius R; BART Investigators: A comparison of
aprotinin and lysine analogues in high-risk cardiac sur-
gery. N Engl ] Med 2008; 358:2319-31

Lambert W, Brisebois FJ, Wharton TJ, Carrier RC,
Boyle D, Rowe BH: The effectiveness of low dose
tranexamic acid in primary cardiac surgery. Can ]
Anaesth 1998; 45:571—4

Holford NH, Sheiner LB: Understanding the dose-ef-
tect relationship: Clinical application of pharmacoki-
netic-pharmacodynamic models. Clin Pharmacokinet
1981; 6:429-53

Henry DA, Carless PA, Moxey AJ, O’Connell D, Stokes
BJ, Fergusson DA, Ker K: Anti-fibrinolytic use for
minimising perioperative allogeneic blood transfu-
sion. Cochrane Database Syst Rev 2011:CD001886
do1:10.1002/14651858.CD001886.pub4

Anesthesiology 2021; 134:165-78
Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

177



178

PERIOPERATIVE MEDICINE

28.

29.

30.

31.

32.

Brown RS, Thwaites BK, Mongan PD: Tranexamic
acid is effective in decreasing postoperative bleeding
and transfusions in primary coronary artery bypass
operations: A double-blind, randomized, placebo-con-
trolled trial. Anesth Analg 1997; 85:963-70

Fiechtner BK, Nuttall GA, Johnson ME, Dong Y,
Sujirattanawimol N, Oliver WC Jr, Sarpal RS, Oyen
LJ, Ereth MH: Plasma tranexamic acid concentrations
during cardiopulmonary bypass. Anesth Analg 2001;
92:1131-6

Casati V, Bellotti E Gerli C, Franco A, Oppizzi M,
Cossolini M, Calori G, Benussi S, Alfieri O, Torri G:
Tranexamic acid administration after cardiac surgery: A
prospective, randomized, double-blind, placebo-con-
trolled study. ANEsTHEsIOLOGY 2001; 94:8—14
Sharma'V, Fan J, Jerath A, Pang KS, Bojko B, Pawliszyn
J, Karski JM, Yau T, McCluskey S, Wasowicz M:
Pharmacokinetics of tranexamic acid in patients
undergoing cardiac surgery with use of cardiopulmo-
nary bypass. Anaesthesia 2012; 67:1242-50

Yang QJ, Jerath A, Bies RR, Wasowicz M, Pang KS:
Pharmacokinetic modeling of tranexamic acid for

Anesthesiology 2021; 134:165-78

33.

34.

35.

36.

37.

patients undergoing cardiac surgery with normal renal
function and model simulations for patients with renal
impairment. Biopharm Drug Dispos 2015;36:294-307
Jerath A, Yang QJ, Pang KS, Looby N, Reyes-Garces
N, Vasiljevic T, Bojko B, Pawliszyn J, Wijeysundera D,
Beattie WS, Yau TM, Wasowicz M: Tranexamic acid
dosing for cardiac surgical patients with chronic renal
dysfunction: A new dosing regimen. Anesth Analg
2018;127:1323-32

Hutton B, Joseph L, Fergusson D, Mazer CD, Shapiro
S, Tinmouth A: Risks of harms using antifibrinolyt-
ics in cardiac surgery: Systematic review and network
meta-analysis of randomised and observational studies.
BM]J 2012; 345:¢5798

Grimes DA, Schulz KF: Bias and causal associations in
observational research. Lancet 2002; 359:248-52
Lecker I, Wang DS, Whissell PD, Avramescu S, Mazer
CD, Orser BA: Tranexamic acid-associated seizures:
Causes and treatment. Ann Neurol 2016; 79:18-26
Thompson SG, Higgins JP: How should meta-regres-
sion analyses be undertaken and interpreted? Stat Med
2002;21:1559-73

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Zufferey et al.



