Drug Design, Development and Therapy Dovepress

Taylor & Francis Group

CLINICAL TRIAL REPORT

Population Pharmacokinetics of Tranexamic Acid
in Chinese Population Undergoing Cardiac
Surgery with Cardiopulmonary Bypass

Yue Liu@®', Chenghui Zhou®?, Hong Lv®', Lei Tian@®?, Juanjuan Jiang®?, Jia Shi®'

'Department of Anesthesiology, State Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National Center for Cardiovascular Diseases,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, People’s Republic of China; 2Center for Anesthesiology, Beijing
Anzhen Hospital, Capital Medical University, Beijing, People’s Republic of China; 3NHC Key Laboratory of Clinical Research for Cardiovascular
Medications, National Clinical Research Center of Cardiovascular Diseases, Fuwai Hospital, Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, People’s Republic of China

Correspondence: Jia Shi, Email shijia@fuwai.com

Background: Population pharmacokinetics (PK) models could provide specific references for the formulation of personal drug
delivery protocols, however, there is no population PK study of tranexamic acid (TXA) have been conducted in the Chinese
population. The aim of this study was to establish a population PK model based on the data of perioperative plasma concentrations
in Chinese participants, and to provide a reference for individualized administration of TXA.

Methods: Participants undergoing cardiac surgery were randomly assigned to high-dose of TXA group (a 30-mg/kg bolus, a 16-mg/
kg/h maintenance dose, and a 2-mg/kg prime, n = 7) and low-dose group of TXA (a 10-mg/kg bolus, a 2-mg/kg/h maintenance dose,
and a 1-mg/kg prime, n = 9). Blood samples were collected at 14 time points and the concentration of TXA was determined by liquid
chromatography-tandem mass spectrometry. Modelling was performed using Phoenix NLME 8.3 software.

Results: The primary covariate identified was body weight, while no significant influence of cardiopulmonary bypass (CPB) on the
PK was detected. The population estimates for clearance (CL,), volume of the central compartment (V,), diffusional clearance (CL,),
and volume of peripheral compartment (V,) were 4.7 L/h, 4.9 L, 17.0 L/h, and 11.1 L, respectively, assuming a bodyweight of 70 kg.
Conclusion: This study provides the first population PK model of TXA in the Chinese population undergoing cardiac surgery with
CPB. The model could serve as a reference for the future development of individualized TXA administration strategies, with target-
controlled infusion (TCI) emerging as a viable option.

Plain Language Summary:

What is already known on this topic?

Tranexamic acid is an antifibrinolytic drug that has been demonstrated to reduce the requirement for allogeneic blood transfusions in
cardiac surgery with CPB. However, prolonged or high-dose sustained tranexamic acid transfusions have been associated with an
increased risk of seizures.

‘What this study adds?

This study presents the population pharmacokinetics of tranexamic acid in a Chinese population undergoing cardiac surgery with
cardiopulmonary bypass, and develops the first population pharmacokinetic model for the Chinese population.

How this study might affect research, practice or policy?

The model will facilitate the future promotion of individualized dosing of tranexamic acid, ensuring adequate antifibrinolytic effects
while reducing adverse effects. Target-controlled infusion based on population modelling is a potential avenue for further consideration.
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Introduction

Massive bleeding and resulting allogeneic transfusion are significant clinical issues in cardiac surgery. In particular,
hyperfibrinolysis in cardiac surgery with cardiopulmonary bypass (CPB) could cause premature and excessive fibrin
degradation, leading to a significant increase in bleeding. Tranexamic acid (TXA) is a synthetic derivative of the amino
acid lysine that exerts its antifibrinolytic effect by competitively binding to the lysine-binding sites on plasminogen.'
Numerous clinical guidelines have recommended the TXA usage in cardiac surgery.> To ensure its full antifibrinolytic
effect, adequate blood levels should be maintained. However, high doses or prolonged continuous infusions, while
beneficial in maintaining effective blood levels, may also increase the risk of adverse events, such as thrombotic adverse
events and seizures.® '’ Currently, more than 150,000 cardiac bypass surgeries are performed in China annually, with
a significant number of patients requiring TXA during the procedure. This association between high TXA expose and
seizures has been well-documented in large international multi-center studies, which have included Chinese
participants,'' as well as in case reports from China.'?

The search for an optimal dosing regimen that balances effectiveness and safety has been ongoing. Many researches
have reported on the pharmacokinetics (PK) of TXA'>™'® resulting in the basis for several commonly used dosing
regimens. However, the optimal dose of TXA in cardiac surgery has not yet been standardized, with different dosing
regimens used in different institutions. As the exploration of TXA dosing regimens continues and the concept of
individualized dosing becomes increasingly prevalent, accumulating studies have begun to use population PK analysis
to guide clinical use of the TXA.'®2° However, the pharmacokinetic characteristics of drugs are generally influenced by
factors such as genetic background, dietary habits, and environmental conditions. Consequently, population PK models
developed based on data from foreign populations may not be directly applicable to the Chinese population. More
importantly, the lack of studies on TXA pharmacokinetics in Chinese population underscores the need for dedicated
research to characterize the PK profile of TXA in this population, thereby ensuring its safe and effective use in Chinese
clinical practice.

The aim of this study was to collect perioperative blood concentration data from Chinese subjects and construct
a population PK model to obtain key PK parameters, in order to reveal the distribution and excretion patterns of TXA in

the Chinese population, and then to provide a reference for the individualized administration of TXA in the future.

Methods
Study Subjects and Dosing Regimen

The study was approved by the Ethics Committee of Fuwai Hospital, Chinese Academy of Medical Sciences, in
accordance with the Declaration of Helsinki (Ethics No. 2022—1866), and written informed consent was obtained from
all participants. Eligible participants were screened for inclusion in the study, and the inclusion criteria included: (1) aged
18-70 years; (2) undergoing cardiac surgery with CPB; and (3) intraoperative infusion of TXA. Exclusion criteria were:
(1) allergy or contraindication to TXA; (2) women who were breastfeeding or pregnant; (3) in end-stage disease with an
expected survival of less than 3 months; and (4) concurrent participation in other clinical trials.

In this study, TXA was administered as a “loading dose + maintenance dose + pump prime dose” regimen: the loading
dose was given by intravenous infusion within 20 minutes after induction of anesthesia, followed by continuous
intravenous infusion at a maintenance dose until the end of the operation, and the pump prime dose was added to the
priming solution of the CPB machine before the start of the CPB. Participants who met the inclusion criteria were
randomly assigned to either the high-dose or low-dose group. Simple randomization, which had been approved by the
ethics committee, was performed using a computer-generated random number sequence. A dedicated research coordi-
nator, who was blinded to other clinical data, assigned participants to the respective dose groups according to the
randomization list. In the high-dose group, the loading dose was 30 mg/kg, the maintenance dose was 16 mg/kg/h, and
the pump prime dose was 2 mg/kg, in the low-dose group, the loading dose was 10 mg/kg, the maintenance dose was
2 mg/kg/h, and the pump prime dose was 1 mg/kg.
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Sample Collection and Measurement

Arterial blood samples were collected at the following 14 time points: before loading dose administration (T;), 10 minutes
after the start of the loading dose (T;), immediately after the end of the loading dose (T3), 30 minutes (T4), 1 hour (Ts),
2 hours (Tg) after the start of the maintenance dose, and immediately after the end of the maintenance dose (T-),
15 minutes (Tg), 30 minutes (Ty), 1 hour (T;g), 2 hours (T;;), 3 hours (T;5), 4 hours (T;3), 6 hours (T;4) after the end of
the maintenance dose. The plasma was separated by centrifugation and stored in a —20°C fridge, and finally the
concentration of TXA in plasma was determined by liquid chromatography-tandem mass spectrometry, with a lower
limit of quantification of 1pg/mL.

Exploratory Data Analyses

After identifying and processing missing data, values below the lower limit of quantification, and abnormal data,
exploratory analyses were conducted to describe the baseline characteristics of the participants, including number of
participants, group assignment, age, weight, sex, routine laboratory findings, and perioperative data. SPSS 26.0 software
was used for analysis. Prior to model development, normality tests (Shapiro—Wilk test) were performed for continuous
variables. Variables with a normal distribution were expressed as mean + standard deviation (X 4 S), whereas those with
a skewed distribution were expressed as median (interquartile range) [M (IQR)]. Categorical variables were summarized
as counts and percentages.

Modelling
Structural Model

Based on the PK characteristics of TXA and population PK models reported in previous literatures,'®'’

a two-
compartment model with first-order elimination processes was chosen as the structural model. The PK parameters
included in this structural model were clearance (CL;), volume of the central compartment (V;), diffusional clearance
(CL,) and volume of peripheral compartment (V).

Random Effect Model

The between-subject variability (BSV) and within-subject variability (WSV) in random effects were represented by
exponential and proportional models, respectively. Based on the non-linear mixed-effects modelling approach, the
population parameters were calculated using first order conditional estimation (FOCE) supplemented by extended least
square (ELS).

Covariate Models

Introduction of covariates to optimize the base model and explain BSV in PK parameters. The study considered several
factors, including body weight, sex, age, state of CPB, CPB duration, minimum rectal temperature during CPB, total
bilirubin, direct bilirubin, alanine aminotransferase, aspartate aminotransferase, serum creatinine, and blood urea nitro-
gen. To ensure accurate parameter estimates, correlations between covariates were examined to avoid collinearity and
instability. Covariate models were then constructed using stepwise methods. The relationships between continuous
variables and PK parameters were described by power exponential models, and the relationships between dichotomous
variables and PK parameters were described by proportional models. To improve the precision of parameter estimates in
the covariate model and avoid estimates outside the observed range, the covariate effects were centered. As an example
of the effect of body weight (WT) on V|, the reparametrized power exponent model, centered on 70 kg, is shown below:

wT\ %
Vi=20 —
1 1><<70>

This value was chosen because the mean body weight of participants enrolled in this study was close to 70 kg, and it has
also been adopted in previous study.'” Furthermore, an allometric scaling model was introduced in the parameterization
between the PK parameters and body weight. Specifically, exponent 8, was set as a fixed value, while the exponent for

the clearance parameter was typically 0.75 and the exponent for the volume of distribution parameter was typically 1.*'
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Evaluation of the Model

Model selection and evaluation were performed in accordance with the guidelines provided by the National Medical
Products Administration (NMPA) for population pharmacokinetic studies. Initially, models were screened using the
likelihood ratio test, Akaike Information Criterion (AIC), and Bayesian Information Criterion (BIC), as these are
standard methods for assessing model fit and balancing complexity. Model diagnostics, including prediction and residual
plots, were used to evaluate the model’s fit to the observed data and to detect any prediction bias. To assess model
stability, the bootstrap method with 1000 resamples was applied for the final model. Additionally, Monte Carlo
simulations (1000 iterations) were conducted to perform the visual predictive check (VPC), which is commonly used
to assess the predictive performance of the model across the observed data range.

Results

Exploratory Data Analysis

A total of 16 participants were included in this study, 7 in the high dose group and 9 in the low dose group. All
participants had blood samples collected and drug concentrations measured at the specified 14 time points, with no data
below the lower limit of quantification. No missing values or outliers were found during data verification. The
perioperative TXA concentration-time profiles for the 16 participants are shown in Figure 1. Group-level drug exposure
trends and individual concentration-time profiles are provided in Figures S1 and S2, respectively. The demographic and
perioperative data for all participants are shown in Tables 1 and 2 respectively. The differences between the two groups
of participants in each of the indicators of the demographic profiles were not statistically significant (all P > 0.05). There
were no statistically significant differences in preoperative laboratory tests, preoperative medication between the two
groups (all P > 0.05). Furthermore, there were no statistically significant differences in surgery duration, CPB duration,
and Length of intensive care unit (ICU) stay between the two groups (all P > 0.05).

Model Construction and Optimization

The results showed that the two-compartment model could better describe the PK characteristics of TXA, and the PK
parameters included in this structural model were CL,, CL,, V1, and V,. The BSV was suitable for the exponential model
and the WSV was suitable for the proportional model. A total of 73 covariate models were successively constructed using

300 —

TxA Concentration (mg/L)

0 140 280 420 560 700

Time (min)

Figure | The TXA concentration-time profiles for all participants.
Note: The horizontal axis indicates the time after administration of the loading dose.
Abbreviation: TXA, tranexamic acid.
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Table | Demographic Data for All Participants

Characteristics High-Dose Group (n=7) | Low-Dose Group (n=9) | P value
Age (y, X £ S) 514113 59.3+£99 0.769
Sex (Male/Female) 3/4 8/l 0.106
Body weight (kg, X + S) 743 £ 199 682 + 122 0.159
Body mass index (kg/m?, X + S) 257 +54 239 +33 0.103
Clinical history

Hypertension (n, %) 3 (42.9%) 4 (44.4%) 0.500

Diabetes (n, %) I (14.3%) I (11.1%) 0.700

Cerebrovascular disease (n, %) 0 1 (11.1%) 0.563

Hyperlipidemia (n, %) 2 (28.6%) 3 (33.3%) 0.635

Peripheral vascular disease (n, %) 0 0 —
NYHA classification 0.545

I (n, %) I (14.3%) 2 (22.2%)

Il (n, %) 5 (71.4%) 4 (44.4%)

I (n, %) I (14.3%) 3 (33.3%)

IV (n, %) 0 0

Note: Data are presented as mean + SD or number (percentage).
Abbreviation: NYHA, New York Heart Association.

Table 2 Perioperative Data for All Participants

Indicators High-Dose Group (n=7) | Low-Dose Group (n=9) | P value
Preoperative laboratory tests
WBC count (x10°/L, X =+ S) 5.06 + 1.02 6.32 + 1.30 0.053
Platelet count (x10%/L, X + S) 193.43 + 49.61 187.33 * 34.61 0.776
Hemoglobin (g/L, X + S) 130.29 + 14.10 144.44 + 13.72 0.063
AST (UL, X + S) 29.29 + 11.54 25.44 + 495 0.381
ALT (IU/L, X £ S) 29.71 £ 2247 23.67 = 9.90 0.497
Total bilirubin (umol/L, X + S) 9.32 + 3.88 13.73 £7.92 0.200
Direct bilirubin (umol/L, X + S) 245 = 0.81 528 + 3.42 0.051
Serum creatinine (umol/L, X & S) 78.15 + 13.89 91.53 + 30.01 0.296
Blood urea nitrogen (mmol/L, X + S) 5.55 + 2.05 5.82 + 1.50 0.761
Preoperative medication
B-blockers (n, %) 5 (71.4%) 6 (66.7%) 0.635
ACE inhibitors (n, %) 1 (14.3%) 2 (22.2%) 0.687
Statins (n, %) 1 (14.3%) 5 (55.6%) 0.145
Antiplatelet agents (n, %) 0 0 —
Anticoagulants (n, %) 0 0 —
Surgery duration (min, X + S) 285.29 + 66.05 27244 + 61.28 0.694
CPB duration (min, X + S) 129.71 + 36.91 116.44 + 50.80 0.571
Length of ICU stay (d, X + S) 2.57 + 1.6l 333+ 1.73 0.385

Note: Data are presented as mean + SD or number (percentage).

Abbreviations: WBC, white blood cell; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ACE, angiotensin converting
enzyme; CPB, cardiopulmonary bypass; ICU, intensive care unit.

the stepwise method. Among these, the 23rd model was identified as the best-performing model. This model retained
gender and age as covariates, which were found to influence the PK parameters CL, and CL,, respectively. However,
compared to the base model, this model was more complex but did not explain additional variability. Therefore, drawing
on previous literature, we also examined the inclusion of body weight as a main covariate. A comparison of the
population PK models that were included as candidates is shown in Table 3. The model with body weight as the main
covariate had the smallest values of —2LL (minus two times the log likelihood), AIC and BIC. This means that the model
was able to account for more sources of BSV in a relatively concise model structure. Therefore, it was considered the
final choice, and Table 4 displays the estimated typical values for each PK parameter.
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Table 3 Comparison of Alternative Models

Model Details -2LL | AIC | BIC

CLy, CLy, V), Vs, 1400 | 1418 | 1448
CLy=CLy ypicat X (140.75%Sex) | 1437 | 1455 | 1485
CLI=CLy ypicat * (Age/55)° 7
CLI=CLy ypicar X (BWIT0)°7% | 1391 | 1409 | 1439
CLy=CLy ypicar X (BW/70)°7°

Vi= Vi ypical ¥ (BWI70)'
V2= V3 ypica X (BW/ 70)'

Base model
23rd model from stepwise method

Covariate model based on weight*

Notes: *The body weight-based covariate model was selected as the final model due to its smallest AIC/BIC
values and its best explanation of variability in the data.

Abbreviations: CL,, clearance; V|, volume of the central compartment, CL,, diffusional clearance; V,, volume of
peripheral compartment; —2LL, minus two times the log likelihood; AIC, Akaike Information Criterion; BIC,
Bayesian Information Criterion; BW, body weight.

Table 4 Parameter Estimates of the Final Model

Parameter | Covariate effect | Estimate (% RSE) | BSV (% RSE) (shrinkage)
CL, (L/h) (BWI70)°73 47 (6.89) 0.28 (37) (0.03)
CL, (L/h) (BWI70)°73 17.0 (21.36) 0.44 (44) (0.21)
Vi (L) (BW/70)! 4.9 (9.86) 0.30 (48) (0.16)
Vs (L) (BW170)! 1.1 (6.83) 0.22 (45) (0.12)

Notes: Shrinkage values represent the degree of precision in the estimated pharmacokinetic parameters.
Lower shrinkage indicates more reliable estimates, while higher shrinkage suggests greater uncertainty in the
parameter values.

Abbreviations: CL;, clearance; V|, volume of the central compartment, CL,, diffusional clearance; V5,
volume of peripheral compartment; %RSE, percent relative standard error.

Model Evaluation

Diagnostic Plots

The diagnostic plots of the final model are shown in Figure 2. In the prediction-based Figure 2A and B, the trend lines
closely overlap with the reference lines, indicating that both individual predictions (IPRED) and population predictions
(PRED) accurately capture the central tendency and dispersion of individual and overall data, respectively. In the
residuals-based Figure 2C and D, the majority of conditional weighted residuals (CWRES) are symmetrically distributed
on both sides of the reference line, concentrated within &+ 2, and do not show a clear trend with the independent variable.
This distribution suggests that the model is robust and well-fitting.

Bootstrap Method

Fit the 1000 bootstrap datasets generated after resampling 1000 times resulted in 95.8% of the datasets converging
successfully, ie, they were able to estimate the PK parameters successfully. A comparison of the results of the final model
and the bootstrap method is shown in Table 5. The population typical values of PK parameters in the final model were
similar to the median of typical values in the models constructed based on 1000 bootstrap data sets, and were within the
95% CI of the bootstrap results, indicating that the final model has good stability.

Visual Predictive Check

Based on the parameter estimates of the final model and the structure of the real measurement data based on the original
data (including dosing regimen, sampling time points, covariate information, etc)., a total of 1000 Monte Carlo
simulations were performed, and 1000 simulated datasets were generated. The distribution characteristics of the 25th
and 75th percentiles of the measured and simulated datasets at each time point are shown in Figure 3. The high degree of
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Figure 2 The diagnostic plots for the final model.
Notes: The scatterplots of DV- IPRED (A), DV- PRED (B), CWRES-time (C), CWRES-PRED (D) are shown in sequence. The blue line is Normal Loess smooth line, and the

red line is Absolute Loess regression line.
Abbreviations: DV, dependent variable; IPRED, individual prediction; PRED, population prediction; CWRES, conditional weighted residuals.

agreement between the measured and predicted values around the 75th and 25th percentiles and the fact that the lines of
the measured values were within the 95% CI of the predicted values suggested that the final model was able to accurately

characterize the drug concentration of the target population.

Table 5 Comparison of the Results of the Final Model and the Bootstrap Method

Parameter The Final Model Bootstrap Results
Estimate of Population | Median of Estimate of Population 95% ClI
Typical Values (%RSE) Typical Values (%RSE)
CL, (L/h) 4.7 (6.89) 4.8 (6.60) 42-54
CL, (L/h) 17.0 (21.36) 17.0 (50.49) 12.18-48.8
Vi (L) 4.9 (9.86) 4.8 (36.69) 0.1-5.8
V2 (L) 1.1 (6.83) 1.1 (13.96) 9.8-15.7

Abbreviations: CL,, clearance; V|, volume of the central compartment, CL,, diffusional clearance; V,, volume of

peripheral compartment; %RSE, percent relative standard error.
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Figure 3 The visual predictive check of the final model.

Notes: The hollow dots indicate the measured plasma tranexamic acid concentration for all participants. The red solid line and the red dashed line represent the 75th
percentile and the 25th percentile of the measured dataset at each time point, respectively. The black solid and black dashed lines represent the 75th and 25th percentile of
the simulated dataset at each time point, respectively (A), with shaded areas indicating the 95% CI of black solid and black dashed lines (B).

Abbreviation: TXA, tranexamic acid.

Discussion

This study presents the first population PK model of TXA in the Chinese population. It characterizes the distribution and
excretion patterns of TXA and provides key PK parameters. With an intensive sampling design and rigorous data
management, this study offers a more precise description of the individual PK processes. The final model demonstrated
higher estimation accuracy and more reliable predictive performance, as evidenced by lower %RSE of PK parameter
estimates and smaller shrinkage values of BSV. Additionally, various evaluation methods with stringent criteria further
validated the reliability of the model.

The analysis of drug concentration data indicated that the two-compartment model was the most suitable for
describing the PK characteristics of TXA, and the PK parameters included in this structural model were CL,, V|, CL,
and V,. In this study, the typical population estimates for these parameters were as follows: CL; =4.7 L/h, Vi =49 L,
CL, =17.0 L/h and V, = 11.1 L. However, variability in these estimates has been observed across different studies. For
instance, in other population PK studies involving adult participants undergoing cardiac surgery with CPB,'®2 typical
estimates for CL; ranged from 4.8 L/h to 0.17 L/min, for V; from 5.0 L to 17.3 L, for CL, from 0.011 L/h to 32.2 L/h and
for V, from 8.5 L to 10.8 L. These variations in PK parameter estimates could be attributed to differences in study
design, population characteristics, dosing regimens, and analytical techniques. In terms of covariate inclusion, previous
models typically incorporated one or two covariates, with weight being the most commonly included, while CPB was
less frequently included as a covariate in the models. Dowd et al reported that CPB could affect PK parameters: V; and
V, increase during and after CPB, while CL, slows down during CPB and CL, speeds up during and after CPB.'® In
examining the covariate effects of CPB on PK parameters, this study attempted to introduce the time of CPB and the
minimum rectal temperature during CPB, which are continuous variables, as covariates for fitting, in addition to referring
to the method of Dowd et al, which used the state of CPB as a dichotomous variable. However, no significant effect of
CPB on the PK parameters was detected, which is consistent with the findings of Grassin-Delyle et al.'” As both this
study and the study by Grassin-Delyle et al used dosing regimens that included the pump prime dose, which was added to
the priming solution of the CPB machine before the start of the CPB. The dilution of the plasma drug concentration by
the priming solution in the line would be counteracted to some extent at the immediate start of CPB. This would mask the
effects of CPB on PK parameters.
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Among the population PK studies conducted in adult patients undergoing cardiac surgery with CPB, only a few
studies retained CPB as a covariate.'®?° Both this study and others did not find a significant effect of CPB on TXA
pharmacokinetics. However, this does not rule out the possibility of an effect, as current studies often focus on sampling
points based on drug administration events and may not adequately capture critical time points during CPB.
Consequently, the limited number of sampling time points during CPB makes it challenging to accurately observe PK
changes during this period. During CPB, the distribution of TXA can be influenced by various factors, including
hemodilution, heparin administration, reduced tissue perfusion and hypothermia.?** The clearance may also be
impacted by reduced renal perfusion due to hypotension, nonpulsatile perfusion, and hypothermia.”**> After the end
of CPB, the above changes may be gradually reversed, accompanied by the restoration of body temperature, pulsatile
perfusion, blood pressure and cardiac output.’®?” There is a limited number of studies examining the impact of CPB on
PK, and a consensus conclusion has not been reached. The discrepancy in the results is mainly due to the differences in
management of anesthesia or CPB in cardiac surgery. These differences include the materials of extracorporeal
circulatory lines, volumes and compositions of priming solution, degrees of hypothermia, management of hemody-
namics, and numbers and distributions of time points for sampling. And these differences can all contribute to varying
results, finally. Furthermore, it is important to note that drugs require several half-lives to reach equilibrium within the
human body, and the relatively short duration of CPB is not sufficient to support a complete observation of the PK
process, thus limiting the estimation of PK parameters.

The most common clinical application of population PK models is to simulate relevant dose and recommend
optimized drug dosing strategies. Previous studies have made significant advancements in this area, providing robust
models for TXA in various clinical scenarios.'”'***?° However, despite these advances, the practical implementation of
these dosing strategies in clinical settings is often hindered by the complexity of the regimens. Many dosing recom-
mendations based on population models involve dose adjustments for multiple covariates, which can be difficult for
clinicians to remember and apply in real time. As a result, clinicians tend to favor simpler dosing regimens, which limits
the widespread adoption of well-designed, evidence-based dosing strategies that could improve patient outcomes. To
address this challenge, we propose the use of target-controlled infusion (TCI) based on the population PK parameters
derived from this study. TCI is a technique that allows for the real-time adjustment of drug delivery by maintaining
a constant target plasma concentration, using algorithms that consider patient-specific covariates. It has been demon-
strated to be safe and effective in numerous studies, including in the context of anesthetic agents.’® TCI simplifies the
process by only requiring the operator to input basic patient information and a target drug concentration, significantly
enhancing convenience and reducing the risk of dosing errors. In our previous large-scale, randomized controlled trial,*!
we demonstrated that a high dose of TXA significantly reduced the need for allogeneic red blood cell transfusions while
meeting the noninferiority criterion for a composite safety endpoint, including 30-day mortality, seizures, renal dysfunc-
tion, and thrombotic events. In this study, TXA concentrations in the high-dose group during CPB were generally
maintained within the range of 150-180 mg/L, with some participants briefly exceeding 200 mg/L. Based on these
findings, we recommend targeting a plasma drug concentration of 150-180 mg/L for TCI during cardiac surgery with
CPB. Furthermore, to mitigate dilution of TXA due to the priming solution during CPB, we recommend adding TXA to
the priming solution. The concentration of TXA in the priming solution should also fall within the target range of
150-180 mg/L. By using TCI, clinicians can achieve optimal plasma concentrations with minimal effort, ensuring
individualized dosing that matches each patient’s pharmacokinetic profile, thereby improving the safety and efficacy of
antifibrinolytic therapy during cardiac surgery with CPB.

The primary limitation of this study is the relatively small sample size. However, the dense sampling schedule and
appropriate distribution of time points partially mitigate this limitation. Nonetheless, it is important to acknowledge that
due to the baseline characteristics of the included participants, the model’s applicability and the recommended target
concentrations are limited to adult patients undergoing cardiac surgery with CPB. The findings may not be generalizable
to pediatric patients or those undergoing other types of surgeries or clinical scenarios. Another limitation of this study is
the lack of use of the population pharmacokinetics-pharmacodynamics (PK-PD) analysis methods. As a result, TCI based
on this model only supports plasma concentration targeting, rather than effector compartment targeting. Previous studies
also rarely incorporated pharmacodynamics (PD) endpoints into population PK modeling, this is mainly due to the lack
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of reliable, real-time, and specific pharmacodynamic markers for TXA effects. However, recent studies have explored
using maximum lysis (ML) from thromboelastography (TEG) as a pharmacodynamic marker of antifibrinolytic activity,
showing promising results.>? This provides a potential reference for future PK-PD analyses of TXA, helping to identify
appropriate pharmacodynamic endpoints. Although drug exposure levels play an important role in drug development and
clinical application, clinicians should focus more on the body’s response to drugs, which can have either positive effects,
such as the benefits of antifibrinolytic effects in reducing bleeding and blood transfusion, or negative effects, such as an
increased risk of thrombotic adverse events and seizures. Clarification of the exposure-effect relationship of a TXA can
be decisive for the development of an individualized dosing regimen.

In conclusion, this study presents the first population model of TXA for the Chinese population. Following external
validation, this model could serve as a powerful tool for promoting individualized TXA dosing, thereby reducing the risk
of drug-related adverse events while ensuring an adequate antifibrinolytic effect. The exploration of the TCI of TXA,
based on a population PK model, may provide a more feasible and practical approach than creating fine-grained
individualized dosing regimens for each patient. This technique not only simplifies the dosing process but also enhances
the accuracy and safety of TXA administration, ultimately contributing to improved patient outcomes in clinical settings,
particularly in cardiac surgery with CPB.
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