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We aimed to develop a pharmacokinetic (PK) and pharmacodynamic (PD)
model from healthy Chinese subjects and real-world non-valvular atrial
fibrillation (NVAF) patients. We also investigated meaningful intrinsic and
extrinsic factors and related biomarkers for bleeding events. We characterized
the integrated PK/PD models based on rich PK/PD data [dabigatran
concentration, activated partial thromboplastin time (APTT), prothrombin
time (PT), and anti-factor lla (anti-Flla) activity] from 118 healthy volunteers
and sparse PD data [APTT, PT, and anti-Flla] from 167 patients with NVAF
after verifying the model extrapolation performance. We also documented
the correlations between PD biomarkers and clinically relevant bleeding
events over one year. Next, we used the final integrated PK/PD model (a
two-compartment, linear model with first-order absorption) to evaluate the
influence of dosage and individual covariates on PD parameters. The age, high-
density liptein cholesterol (HDL-C), and creatinine clearance (CrCL) improved
the PK model fit. The linear direct-effects PD model described the correlation
between APTT, PT, and anti-Flla and plasma concentration. CrCL improved
the PD model fit. Anti-Flla was more sensitive to the increase in dabigatran
exposure than APTT and PT in the PD model. Therefore, fixed dabigatran doses
could be prescribed for patients with NVAF without adjusting for age and HDL-
C. We observed an elevated bleeding tendency with higher peak and trough
values of APTT, PT, and anti-Flla. Randomized studies should be performed to
evaluate the efficacy and safety of low-dose dabigatran in Chinese patients
with NVAF.
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Introduction

In patients with atrial fibrillation (AF), a thromboembolic
event is one of the main factors increasing the long-term
disability and mortality risks (1); thus, many national guidelines
recommend direct-acting oral anticoagulants (DOACs) as the
first-line therapy (1-4). Dabigatran etexilate, the prodrug
of dabigatran (Class IB recommendation), directly inhibits
thrombin (factor Ila) activity and was approved for the
prevention of stroke and systemic embolism in patients
with non-valvular AF (NVAF) in 2010 (5). Furthermore,
unlike Vitamin K Antagonists, dabigatran can be administered
with fixed-dose regimens, requires no regular monitoring,
and has few food and drug interactions (6). Considering
these advantages, generic drug development, and drug price
reductions, dabigatran etexilate, as an important DOAC, has
become more widely prescribed in the Chinese healthcare
system in the past year (7).

However, whether the fixed-dose regimen of dabigatran
etexilate is applicable to all patients with NVAF is still being
explored. Although the RE-LY (Randomized Evaluation of
Long-term Anticoagulant Therapy) study applied regimens of
110 and 150 mg twice daily (6), the approved drug specifications
by the United States of America (USA) Food and Drug
Administration (FDA) were 75 and 150 mg per capsule. In
comparison, Chinese authorities approved the 110 and 150 mg
per capsule formulations. Besides, while, in the USA, no
dosage adjustment is necessary, in China and Japan, the lower
doses of 110mg twice daily are recommended for patients
with NVAF and creatinine clearance rates (CrCL) of 30-50
mL/min (8). However, the FDA suggests using 75mg twice
daily for patients with NVAF and CrCL of 15-30 mL/min,
while China and Japan have no such instructions. Moreover,
dabigatran differently affects Asian and non-Asian populations
(9). Compared to non-Asian patients, Asian patients with
dabigatran 110 or 150mg twice daily reduced the risk of
stroke and systemic embolization, hemorrhagic stroke as well
as all-cause mortality, whereas had no increased risk of
gastrointestinal bleeding (10).

Thus, the interindividual variations of dabigatran have
been demonstrated, and they involve many intrinsic and
extrinsic factors (11). In AF patients, the interindividual
coefficient of variation in the plasma concentration of
dabigatran was 51-64%, while the intraindividual one was 32—
40% (12). Meanwhile, in healthy volunteers, the intersubject
coefficient of variation was about 30% in pharmacokinetic
(PK) and <10% in pharmacodynamic (PD) parameters
(13). Some studies have revealed close correlations between
dabigatran plasma concentration and PD parameters, including
activated partial thromboplastin time (APTT) and anti-factor
Ila (anti-FIIa) activity (5). Considering the high risk of
bleeding, the relationship between the clinical outcomes of
bleeding and PK or PD indexes for patients with NVAF
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receiving dabigatran remains unclear. Thus, documenting
factors and biomarkers related to dabigatran-induced bleeding
is necessary.

For the above purposes, previous studies have focused
on population PK (PopPK) analysis in AF patients (14-16).
Although these studies involved PK modeling and simulation,
they did not include healthy Chinese volunteers. Besides, AF
patients were mainly from the premarket studies (such as the
RE-LY or PETRO studies) by sponsors (6, 17), not from real-
world studies. Moreover, only one study contained the PD
index of APTT (15), and none focused on the bleeding events.
Therefore, the purpose of our study was first to establish a
PopPK model and PK/PD model based on the PK and PD data
of healthy Chinese volunteers; second, to verify the extrapolation
applicability of the volunteer model based on the sparse PK
data of patients; and finally, to establish a comprehensive
PK/PD model based on the PD data of volunteers and
patients. In addition, we discussed the correlation between the
comprehensive PK/PD model and cumulative clinical bleeding
events and evaluated the influence of selected factors. Finally, in
a virtual population of patients with NVAF, we used our model to
simulate PD indicators and compared the obtained ranges with
the relevant guidelines.

Methods
Study design

Studies on healthy Chinese participants (study 1) and
patients (study 2) conducted across multiple centers were used
for the popPK and PK/PD analysis of dabigatran etexilate
(Supplementary Table 1). The ethics committee of Peking
University First Hospital and all the participating subcentral
hospitals approved the protocol of our study registered in
ClinicalTrial.org (NCT03161496). Before the beginning of the
research, all subjects were briefed about the study process and
provided written informed consent.

The single-center study on healthy volunteers was based
on a bioequivalence trial of dabigatran etexilate with a four-
period crossover design conducted in China from 2018 to
2019 (5). Eligible healthy volunteers (18-65 years old) meeting
all the inclusion and none of the exclusion criteria of the
bioequivalence trial received a single dabigatran etexilate capsule
(150 mg) either in fasting condition or within 30 min after a
standard high-fat meal (5). The venous blood samples (4 mL) in
EDTA-K; tubes were collected before administration and then
at 17-18 time points for plasma dabigatran quantification. For
PD parameters tests, we collected extra blood samples (2.7 mL)
in sodium citrate (3.2% v/v) tubes at 0, 2, 8, and 12h after
drug administration in any one period of reference formulation
(brand name: Pradaxa®). The PK parameters for modeling and
simulation were also from the same period.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.998751
ClinicalTrial.org
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Liu et al.

The multicenter and prospective study was performed in
five Chinese hospitals. Inclusion Criteria: Conform to the
anticoagulation indication of NOACs; Age is >18, male or
female are fine; those who have taken rivalsaban, apixaban
or dabigatran continuously for more than 1 week. Exclusion
criteria: History of immunodeficiency diseases, including
positive HIV test results; Positive results of hepatitis B surface
antigen (HBsAg) or hepatitis C; Combination of powerful
CYP3A4 inhibitors and P-glycoprotein (P-gp) inhibitors within
14 days before NOACs treatment, Strong CYP3A4 inducer and
P-glycoprotein (P-gp) inducer (Supplementary Table 2); Severe
liver and kidney dysfunction; Contains contraindications to
NOAGCs anticoagulation. We collected blood samples (2.7 mL)
>10h after the previous dabigatran dose for trough PD tests
and 2h after dabigatran administration for peak PD tests (at
steady state and without any dose adjustment). For a few
patients, and with their agreement, we also collected 2 mL blood
samples in EDTA-K} tubes at the same two time points as above
to detect plasma concentrations for model verification. We
regularly followed up on the enrolled patients through phone
or office appointments for a year. The primary outcome was any
clinically relevant bleeding event evaluated by two independent
physicians based on the criterion of the Bleeding Academic
Research Consortium (BARC) (18).

Determination of PK and PD parameters

For healthy volunteers, we centrifuged the blood samples for
PK parameters detection for 10 mins at 4°C and 1,700 g within
1h after collection. We then transferred the plasma samples
to cryovials and stored them at —80°C. We quantified plasma
concentrations of total dabigatran in the subcenter through a
validated previously published liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method (5).

We hydrolyzed dabigatran acyl-p-d-glucuronic acid to free
dabigatran by alkaline heating, and obtained reliable conversion
efficiency to support accurate determination of total dabigatran.

For patients, we centrifuged blood samples for PK model
verification for 10 mins at room temperature and 3,000
rpm within 1h after collection. We also quantified plasma
concentration of total dabigatran with an LC-MS/MS method in
another subcenter. The analytical column was an Ultimate XB-
C8 HPLC Column (3.0 x 250 mm). Mobile phase A was a 0.1%
formic acid aqueous solution, and mobile phase B was 100%
acetonitrile with 0.1% formic acid. The injection volume was 1
1L, and the flow rate was 320 wL/min. The column temperature
was maintained at 30°C, and that of the sample chamber was
4°C. The linear calibration range was 2-500 ng/ml. The three
quality control sample concentrations were 5, 50, and 325 ng/ml,
and their precisions (£relative standard deviation) were 4.73 +
9.93%, 45.23 & 7.17%, and 433.26 £ 11.74%, respectively. The
interbatch and introbatch accuracy of dabigatran ranged from
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80.95% to 111.63%, and the absolute recovery was within 83.2—
88.6%. We found no significant matrix effect. We analyzed all
the samples within established storage stability periods.

For all the subjects, we centrifuged the blood samples for PD
parameters determination for 15 min at room temperature and
2,500 g within 1 h after collection. After transferring the plasma
samples to cryovials, we stored them at —80°C and transferred
them to the Peking University First Hospital for PD analysis
within 6 months. We determined the PD parameters, including
prothrombin time (PT), APTT, and anti-FIla activity usir&g
an automated multiparameter hemostasis analyzer (Sysmex
CS-2100i) as previously published (19, 20).

PopPK and PK/PD model development

We developed the PopPK and PK/PD models using the
non-linear mixed-effect modeling tool NONMEM (version
7.2.0, icon development solution, Ellicott, Maryland, USA). We
performed all model operations using the interaction method
(FOCE INTER), with interindividual variation - residual
variation (n - g) for first-order conditional estimation. The
model selection was based on the likelihood ratio test, residual
analysis, and parameter rationality analysis. If the likelihood
ratio test yielded a p-value >3.84, we added covariates to the
basic model (o < 0.05, when there is one degree of freedom,
the change of objective function value is >3.84). In contrast, if
the likelihood ratio test yielded a p-value lower than 6.63, we
removed the covariates from the complete model (o < 0.01,
when there is one degree of freedom, the change of objective
function value is >6.63). We performed statistical analysis using
R (version 4.1.4, R statistical calculation basis), Xpose (version
4.4.0), and PSN (version 3.2.12) (21).

We first developed the PopPK model based on the data from
the healthy volunteers and then modeled the APTT, PT, and
anti-Flla activity time curves of dabigatran in healthy volunteers
using the Bayesian estimation pharmacokinetic parameters of
each individual (22, 23). Using this PK/PD model, we conducted
external verification based on patient PK data to confirm the
feasibility of extrapolating data from volunteers to patients.
Finally, we included the patient PD data in the original model
to develop a comprehensive PK/PD model.

Healthy participants’ PopPK model

Based on the literature, we described the PK of dabigatran
etexilate using a two-compartment model (14, 15, 24). We
excluded concentrations below the lower limit of quantification
from the analysis.

We modeled interindividual variability (IIV) as an
exponential error term. Assuming that the model parameters
obey lognormal distribution, we modeled the IIV of each
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structural parameter in NONMEM, as follows:
Equation 1:6; = O exp"

where 6; represents the parameter of the ith individual, Oy is the
typical value of the parameter in the group, and n; is random
variables with a mean of zero and a variance of w?.

Residual variability is described by additive proportional
error, as follows:

Equation 2:Cjj = Cppeqij* (1 + 51,pred,ij> + €2 pred,ij

where Cij represents the predicted value for the ith individual,
Cpred,jj are the typical predicted values of the parameter in
the population, &; ,req jj are proportional prediction errors, and
€2, pred,ij are additive prediction errors.

We performed covariate analysis after selecting the
basic model. We used demographic factors [age, sex, body
weight, body mass index, etc.], liver function markers
[alanine aminotransferase, aspartate aminotransferase, alkaline
phosphatase, hemoglobin], renal function markers [serum
creatinine, endogenous CICR, etc.], and blood lipid and
diet indicators [triglyceride, total cholesterol, low-density
lipoprotein, high-density lipoprotein (HDL-C), diet effect, etc.]
as potential covariates of central compartment apparent volume
(VC/F) and apparent systemic clearance (CL/F).

Using the model with continuous or classification covariates
requires equation 3 or 4, respectively:

. _COV;
Equation 3:0; = O exp"V’ %0q0, CVrop

Equation 4:6; = 6p,% exp™ xIND6,0y

where 6; represents the parameter of the i" individual, 6,
represents the typical value of the parameter, Ocoy represents
the typical value of the covariate parameters, and n; represents
random variables with a mean of zero and a variance of w?.
COV;j is a continuous covariate, and COVpop is the median of
continuous covariates. If there is a classification covariate, IND
= 1; if there is no classification covariate, IND = 0.

Healthy participants’ PK/PD modeling

We modeled APTT, PT, and anti-FIla activity data using
a single empirical maximum a posteriori probability Bayes PK
parameter estimation as input. Based on the literature, the linear
direct effect model is suitable to describe the PK/PD data of
dabigatran using the fitting equation:

Equation 5:PD = Ep + Kx X

where EO represents the PD baseline (EO for anti-FIIa activity
fixed 0), K is the slope of the linear intercept model, and X1
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is the plasma concentration of dabigatran predicted by the
Bayesian method.

We modeled IVV as exponential error terms on APTT, PT,
and anti-FlIla activity. For residual variability, APTT, PT, and
anti-FIIa activity all used additive error models.

We systematically evaluated the effects of demographic

blood
selection

factors, liver function, renal function,

and diet
backward elimination.

lipid,

through progressive forward and

Integrated PK/PD modeling

Using the data of healthy volunteers and patients, we
established a comprehensive PK/PD model. During joint
analysis, we did not modify the PK structure model of healthy
volunteers. Because the patient PK study only provided sparse
data and was only used for model extrapolation verification, we
used the volunteer PK model and extrapolated it to patients. The
PD study included the PD data of healthy people and patients for
model recalculation, and PD recalculation parameters reflected
the population differences between volunteers and patients.

Model evaluation

We used the self-lifting sampling technology of bootstrap
to simulate the PK/PD curve 1,000 times and compared
the results with the observed data to evaluate the model’s
prediction performance. Using a standard goodness-of-fit (GoF)
diagram, we evaluated the final PK and PK/PD models.
We calculated the shrinkage of interindividual and residual
variation terms to provide additional information about the
fitting characteristics of the model. We evaluated the prediction
performance of the model by simulating data based on
the final model and performed prediction-corrected visual
prediction checks (pcVPC) between the observation data and
simulation data.

Exploratory exposure-response
evaluation for bleeding endpoint

To explore the relationship between dabigatran PD
parameters and clinically-related bleeding events in patients
with AE we aimed to identify the best biomarker to predict
bleeding events. In the exposure-response analysis, we used
subject-specific predictions of PD marker steady-state peaks
and troughs obtained from empirical Bayes predictions.
We assessed the bleeding endpoint as a binary outcome
(yes/no). Besides, we generated a PK/PD box diagram stratified
by bleeding events. When we observed exposure-response
trends, we performed further analyses using a linear logistic
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regression model to obtain the significance of exposure after
incorporating baseline covariates as potential predictors of
event probability.

Model-based simulation

We evaluated the effects of dose and individual covariates
on PD parameters using the final population PK/PD model.
We repeated each simulation 1,000 times. We evaluated
the simulated PD parameters by calculating steady-state
concentrations, peaks, troughs, and the associated 95%
confidence intervals (CI).

Results

Participant characteristics

We included a total of 118 healthy volunteers and 167
patients with NVAF in our model development process. Table 1
shows the baseline characteristics of all the participants. The
healthy subjects all received a single dose of 150 mg dabigatran
etexilate, either under fasting (n = 59) or fed (n = 59)
conditions. The total number of PK, APTT, PT, and anti-
FIla observations in the healthy group were 1,849, 472, 468,
and 447, respectively. Patients with NVAF generally received
dabigatran etexilate 110 mg, twice daily under fasting (n = 143)
or fed (n = 24) conditions. The total number of APTT, PT,
and anti-FIla observations in patients were 329, 330, and 331,
respectively. Most indexes were significantly different between
healthy subjects and patients. Additionally, patients had a much
lower CrCL than healthy volunteers (64.48 vs. 120.18 mL/min,
p < 0.001).

PopPK and PK/PD modeling analysis of
healthy subjects

PopPK model

In line with a previous dabigatran etexilate concentration
modeling study, we found that a two-compartment linear model
with first-order absorption best describes the PK of dabigatran
etexilate (Supplementary Figure 1) (14, 15, 24).

Due to the lack of estimation data, we fixed the relative
bioavailability at 1. Besides, based on the literature, we fixed the
lag time at 0.634h. We estimated the absorption coefficient to
0.261 L/h and the CI/F to 166 L/h. Finally, we estimated the
central ventricular apparent distribution volume and peripheral
ventricular apparent distribution volume to 235 and 345L,
respectively. The IIV of CI/F decreased from 18.7 to 3.7% after
we included the covariates of HDL-C and age. The additive
residual variability of the model was 221 ng/ml. Besides, the
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TABLE 1 Baseline characteristics of subjects included in the model.

Variables

n

Total number of PK
observations

Total number of APTT
observations

Total number of PT
observations

Total number of Anti-Ila

observations

Dose, mg (n) and regimen

Fed or fasted, n (%)
Fed

Fasted

Male or Female, n (%)
Male

Female

Age, years

Body height, cm
Body weight, kg

Body mass index, kg/m?
Creatinine, umol/L
ALT, U/L

AST, U/L

ALP, U/L

HGB, g/L

TG, mmol/L

TCHO, mmol/L
LDL, mmol/L

HDL, mmol/L

CRCL, ml/min

Healthy
volunteers

118
1,849

472
468
447

150 mg (n = 118),

single dosing

59 (50.00%)
59 (50.00%)

85 (72.03%)
33 (27.97%)
22 (18-41)
165.5 (146-180.5)
60.3 (50.3-73.8)
22.1(19.1-25.9)
68 (38-97)
16 (4-49)
20 (9-39)

63 (25-131)
151 (118-175)
0.79 (0.36-2.19)
4.26 (0.3-6.17)
2.46 (1.17-4.39)
1.42 (1.02-2.5)
120.18
(86.96-171.02)

Patients

167

329

330

331

110 mg(n = 167),

twice dosing

143 (85.63%)
24 (14.37%)

104 (62.28%)
63 (37.72%)
73 (39-91)
168 (150-186.5)
70 (44-115)
24.7 (16.7-46.6)
81.55 (37-159)
19 (5-130.3)
20 (8.4-228)
66.25 (24-235)
135 (43.5-182)
1.13 (0.37-3.48)
3.59 (1.74-8.05)
2.08 (0.5-6.43)
1.04 (0.42-2.43)
64.48
(23.00-179.55)

Annotation: »n, number of subjects/patients; PK, pharmacokinetics; APTT, activated
partial thromboplastin time; PT, prothrombin time; ALT, alanine transaminase;
AST, aspartate transaminase; ALP, alkaline phosphatase; HGB, hemoglobin; TG,
triglyceride; TCHO, total cholesterol; LDL-C, low-density lipoprotein; HDL-C, high-
density lipoprotein; CrCL, creatinine clearance. Data are presented as median (range)
unless stated otherwise.

shrinkage rate 1 was reasonable (<50%). Table 2 shows the final
overall estimates of the PK parameters, Supplementary Table 3
displays the population pharmacokinetic modeling process,
Supplementary Figure 2 displays the GoF diagram with overall
prediction and individual prediction of PK parameters in
healthy subjects, and Supplementary Figure 3 presents the
pcVPC of the PopPK model in healthy subjects. Overall, the PK
model predictions are consistent with the observed dabigatran
etexilate data.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.998751
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Liu et al.

TABLE 2 Final population estimates for parameters of healthy
volunteers and patients in the integrated model.

Parameter Healthy
volunteers model
Estimates  IIV
(%RSE)  (%RSE)
PopPK
CL/F (L/hr) 166 (3.7%) 0.142
(15.4%)
Q/F (L/hr) 35.5, FIX -
V2/F (L) 235 (11.4%) 1.14
(17.3%)
V3/F (L) 345, FIX -
Ka (1/hr) 0.261 (3.3%) 0, FIX
ALAG] (hr) 0634, FIX 0, FIX
F1 (hr) 1, FIX 0, FIX
Impact of HDL on 0.694 (33.0%) -
CL/F
Impact of AGE on 0.506 (37.4%) -
CL/F
Additive residual 221 (11.4%) -
error ( ng/ml)
APTT
EO (s) 304 (1.3%)  0.0144
(22.5%)
K1 0.0911 (7.4%) -
Impact of AGE on E0 - -
Impact of CRCL on - -
EO
Additive residual 30.1 (9.7%) -
error
PT
El (s) 11.7 (0.5%) -
K2 0.00836 0.0215
(9.2%) (34.7%)
Impact of CRCL on - -
K2
Additive residual 0.592 (7.8%) -
error
Anti-ITa
E2 14.9 (10.7%) -
K3 0.628 (8.5%)  0.257
(24.9%)
Impact of CRCL on - -
K3
Additive residual 643 (11.5%) -

error
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Integrated model
Estimates  IIV
(%RSE)  (%RSE)
166, FIX -
35.5, FIX -
235, FIX 1.14, FIX
345, FIX -
0.261, FIX 0, FIX
0.634, FIX 0, FIX
1, FIX 0, FIX
0.694, FIX -
0.506, FIX -
221, FIX
32(17%)  0.0258 (17%)

0.0643
(17%)
0.0381
(27%)
0.252
(12.2%)
0.0258
(17%)

11.8
(0.6%)
0.006
(16.2%)
2.02
(8.8%)
0.89
(9.9%)

20.5
(9.3%)
0.562
(11.7%)
1.35
(13.8%)
1,190
(10.3%)

1.25 (20.4%)

1.1 (17%)

06
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PK/PD modeling
APTT model

A linear direct effect model with additive error best
describes the relationship between APTT and dabigatran plasma
concentration. Table 2 sums up the PD modeling results of
healthy volunteers. In this study, the baseline value of APTT
(EO0) is 30.4 s, and the slope of the correlation between APTT and
dabigatran etexilate concentration (K) is 0.0911 s.mL.ug~!. The
IIV was low, the baseline IIV was 1.44%, and the slope IIV was
fixed at 0. In the analysis, we found no covariates significantly
impacting E0. The residual (additive) variability remaining in
the model is relatively low at 30.1 s.

PT model

A linear direct effect model with additive error best
describes the relationship between PT and dabigatran plasma
concentration. Table 2 displays the PD modeling results of
healthy volunteers. In this study, the baseline value of PT (E0)
was 11.7 s, and the correlation slope between PT and dabigatran
etexilate concentration (K) was 0.00836 s.mL.ug—1. The ITV was
low, the baseline IV was fixed at 0, and the slope IIV was 2.15%.
In the analysis, we found no covariates significantly impacting
K. The residual (additive) variability remaining in the model is
relatively low at 0.592 s.

Anti-Flla model

A linear direct effect model with additive error best
describes the relationship between anti-FIla and dabigatran
plasma concentration. Table 2 exhibits the PD modeling results
of healthy volunteers. The baseline value of anti-FIla (E0)
was 14.9ng/ml, and the correlation slope between anti-
FIla and dabigatran etexilate concentration (K) was 0.628
ng_1
at 0, and the slope IIV was 25.7%. In the analysis, we

.mlug™!. TIV was moderate, the baseline IV was fixed

found no covariates significantly impacting K. The residual
(additive) variability remaining in the model was relatively low
at 643.

Integrated PK/PD model

Since PK data of patients were scarce (23 cases), we used
their PK data for pcVPC external verification of the PK model
of healthy subjects. As Supplementary Figure 3 shows, the PK
model of healthy subjects is also applicable to patients.

In the modeling step, we fixed the PK a priori parameters
of healthy subjects and patients (such as absorption coefficient,
relative bioavailability, lag time, Cl, VC, Q, and VP) because
the patient data were not included in the establishment process
of the comprehensive model. In the comprehensive model,
the covariates CrCL and age of the fixed parameter CL/F in
the PK model remain unchanged, and the additive residual
variability of the model remains unchanged, recalculate the
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FIGURE 1
GoF plots for the integrated PK/PD model. (A) APTT. (B) PT. (C) Anti-Flla. Annotation: The standard goodness-of-fit plots for APTT, PT, and
anti-Flla in the integrated PK/PD model.

residual variation in the PD model to explain the variability
between different populations.

Figures 1A-C shows the GoF diagram of the overall
prediction and individual prediction of the integrated APTT,
PT, and anti-FIIa model. The population prediction, individual
prediction, and dependent variable diagram of each model
are evenly distributed around the 1:1 line. Conditional
weighted residuals are randomly distributed around zero in
population prediction value and time. Figure 2 shows the pcVPC
verification results of the integrated PD model. The observed
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values of each model are randomly distributed in the calculated
95% prediction interval, indicating a good overall consistency
between the final model and the observed data.

Exploratory exposure-response analysis
Clinical bleeding events occurred in 22 of 167 patients

(13.17%). Patients with bleeding were followed up for 2
years, with a median of 6 months (range 1-24 months).
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Figures 3, 4 shows the ANOVA box plots of APTT, PT,
and anti-FIla in bleeding and non-bleeding patients. The
bleeding group had higher peak values of APTT (51.425),
PT (14.55s), and anti-FIla (227.96 ng/ml) and trough values
of APTT (40.44s), PT (14.81s), and anti-FIIa factor activity
(103.83ng/ml) than the non-bleeding group. In addition,
we calculated the linear logistic regression values of PD
parameters and bleeding events and plotted the correlation
scatter diagram (Supplementary Figure 4). Finally, cox analysis
has been conducted on the correlation between PD indicators
(APPT, PT, ANTI) and bleeding risk, but the results have no
significant impact (P = 0.943, 0.665, 0.966 > 0.5). The variance
and regression analyses revealed no clear relationship between
clinical endpoints and PD parameters except anti-FIIa.

Exposure simulation

We used the final integrated PK/PD model to predict the
PK/PD parameters of each virtual subgroup (defined by HDL-C,
age, and CrCl) in the steady state. Figure 5 shows the simulation
results of APPT, PT, and anti-FIla. Using the final PK/PD
model, we generated typical patient reference values as the real
world. The peak and trough times of PD parameters (APTT,
PT, and anti-FIIa) obtained by simulation were 2h and 0.05h,
respectively. The peak values of APTT, PT, and anti-FIla after
administration of 150 mg of dabigatran etexilate were 40.20's
(95% CI: 39.61-40.78s), 13.01s (95% CI: 12.88-13.15s), and
130.58 ng/ml (95% CI: 120.40-140.77 ng/ml), respectively. The
trough values of APTT, PT, and anti-Ila were 32.49s (95% CI:
31.95-33.02), 11.79s (95% CI: 11.73-11.85s), and 20.13 ng/ml
(18.04-22.22 ng/ml), respectively. Unlike APTT, PT and anti-ITa
had values within the expected range caused by the standard
dose (25). Unlike typical patients, subjects with a CrCl of 30
mL/min had peak values of APTT, PT, and anti-Ila of 51.58s,
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26.59s, and 543.18 ng/ml, respectively, and trough values of
APTT, PT, and anti-ITa factor activities of 45.98s, 11.79s,
and 20.13 ng/ml, respectively. The recommended dabigatran
etexilate dose was 110 mg. Subjects with a CrCl of 50 mL/min
had peak values of APTT, PT, and anti-Ila of 48.13s, 18.97s,
and 377.68 ng/ml, respectively, and trough values of APTT, PT,
and anti-Ila of 40.42s, 11.79s, and 20.13 ng/ml, respectively.
The recommended dabigatran etexilate dose was 150 mg. For
both doses, the recommended administration frequencies are
the same as in clinical practice, namely twice a day. The peak
and trough values of APTT, PT, and anti-Ila in patients who
received the 150 mg dose and had a CrCl >50 mL/min were
lower than those in patients who received the 110 mg dose and
had a 30-50 mL/min CrCl, and could be maintained within the
expected range of the standard dose (25). These results indicated
that parameters other than dosage and CrCl had little effect on
dabigatran exposure.

Discussion

This study thoroughly explored a PK model of a single
group of healthy volunteers and the PD model of healthy
volunteers and patients. Due to the relative scarcity of PK
samples from patients (23 cases), we cannot directly estimate
the PK parameters of patients. However, the PD data collected
in this study are relatively rich. We used the few PK data of
patients to verify that the healthy subjects PK model is also
applicable to patients and searched the relevant literature to
confirm our results. We assumed that the differences observed
in this study mainly come from the progress of PD; thus, the
variation between populations can be explained by recalculating
the parameters of the PD model. In our study, the average ages
of healthy subjects and patients with NVAF were 22 and 73
years, respectively. The median CrCl of patients with NVAF was
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Correlation between peak APPT, PT, and anti-Flla values and bleeding events. (A) APTT. (B) PT. (C) Anti-Flla. Annotation: The blue circle
represents the standard dose. Boxes indicate the 25th—75th percentiles, whiskers represent 1.5 times the interquartile range, and black
horizontal lines represent the median. The blue circles are individual predicted values for the standard dose or overdose.

40.92% lower than that of healthy subjects, and patients had
higher trough values than healthy subjects for APTT (39.3 vs.
34.1s), PT (13.9 vs. 11.9s), and anti-FIla (67.17 vs. 38.7 ng/ml),
in line with a comparative study on the PK of rivaroxaban in
young and older people (26-28). Therefore, we expect CrCL, the
mixed effects of creatinine, weight, age, and gender, calculated
using the CG formula (29), to affect the PK of dabigatran.

To enrich and stabilize the structural model without
changing it, we pooled data from healthy volunteers and
patients. In addition, due to the overall scarcity of PK data
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of healthy volunteers and patients, we could not accurately
estimate the peripheral ventricular clearance rate and peripheral
ventricular apparent distribution volume and needed to fix them
at the typical values of the population. Meanwhile, due to the
lack of data on the absorption stage, we fixed the individual
variation of relative bioavailability, absorption rate constant, and
lag time at 0, which limits the model’s capacity to predict the
absorption stage. However, based on another DOAC named
rivaroxaban, we expected these parameters to have little effect on
the derived exposure (26). Furthermore, according to previous
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represents the standard dose. Boxes indicate the 25™"-75% percentiles, whiskers represent 1.5 times the interquartile range, and black horizontal
lines represent the median. The blue circles are individual predicted values for the standard dose or overdose.

clinical pharmacological studies, meal time and content do not
seem to affect dabigatran concentration (14, 15, 24). Thus, we
successfully developed a comprehensive model by exploring the
relationship between the PK and PD of healthy individuals and
the PD data of patients.

Finally, in the comprehensive PK/PD model, CI/F is 166
mL/min, similar to previously reported values (124 and 107
mL/min) (14, 15). Covariate analysis showed that age and HDL-
C were the most significant covariates affecting PK parameters,
and age and CrCL were the most significant covariates affecting
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PD parameters. This is mostly in line with expectations (14, 15,
24). Many PK studies identified age as a covariate significantly
impacting the PK parameters of dabigatran etexilate (14, 24).
Dabigatran etexilate is a precursor drug, which is transformed
into the active product dabigatran through the catalysis of
carboxylesterase to produce pharmacological effects. At the
same time, carboxylesterase has also been proved to affect
lipoprotein. Joseph (25, 26) found that dabigatran ester can
reduce serum apolipoprotein B, the main component of low
density lipoprotein (LDL). Kose (29) found that HDL has a
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yellow shaded area represents the predicted overlap of the trough and peak concentration ranges of APTT, PT, and anti-Flla.

significant impact on patients with prolonged or normal APTT
of dabigatran axetil. It can be further assumed that HDL is
a potential influencing factor of APTT of dabigatran axetil.
The PK/PD model of dabigatran ester APTT established in
this study reveals the correlation between concentration and
APTT, so the influence of HDL on concentration can be
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explained theoretically. Finally, although there are few studies
on the relationship between dabigatran ester and lipoprotein
(25, 26, 29), it is still confirmed that dabigatran ester has an
indirect impact on lipoprotein metabolism. Pharmacological
studies abroad have mainly revealed its impact on low-density
lipoprotein (25, 26), but considering the differences in race and

frontiersin.org


https://doi.org/10.3389/fcvm.2022.998751
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Liu et al.

pharmaceutical preparation process, it is still possible that it
may have an impact on high-density lipoprotein. Meanwhile,
this study is the first to point out the significant influence
of covariates such as age and CrCl on the PD parameters of
dabigatran etexilate (15).

Because our study has a large PK dataset from healthy
volunteers, the PK model of healthy volunteers is relatively
robust. Age and HDL-C reduce the ITV of dabigatran etexilate
absorption, thus improving the predictability of PK; they were
thus retained in the final PK model.

The final PD model is a general linear model (with a baseline
value, EO, and a slope, K) using a direct effect model, similar to
a previous model (14, 15). It is worth noting that our model also
shows that CrCL negatively affects the slope of APTT, PT, and
anti-FlIIa, indicating that the increase rate of the PD index is less
than that of plasma concentration, although the reason for this
has not been determined. The estimated mean slope (APTT =
0.0643 s.mL/pg, PT = 0.006 s.mL/jg, anti-FIla = 0.562 ng/j.g)
showed that anti-FIla was more sensitive to the increased
exposure to dabigatran than APTT and PT were, which was
consistent with the GoF diagram. This observation suggests
that anti-FIla activity can more sensitively reflect dabigatran
etexilate exposure in clinical decision-making, for example in
overdose and emergency surgery. This finding is consistent with
the evidence-based guidelines of the International Committee
for Hematological Standardization (ICSH), which recommends
the anti-FIIa test for quantitative oral direct FIIa inhibitors (28).

A small number of bleeding events occurred in our study
(22/167 cases, 13.17%), variance analysis, logistic regression and
COX regression were used to evaluate the correlation between
PD indicators and bleeding risk, but the exposure-response
model of bleeding could not be accurately described. However,
the bleeding tendency is increased, and the peak values of APTT,
PT, and anti-FIla are increased. In addition, the peak value
of anti-FIla was significantly correlated with bleeding events,
indicating that anti-FIla activity is more worthy of clinical
attention than the other PD indicators. Relevant studies also
showed that patients with high peak values of PD indicators such
as APTT experienced significantly more bleeding events (30).
Nevertheless, the trough value is more related to the bleeding
risk than the peak value (31). Therefore, identifying the best
bleeding risk predictor between the trough or peak value of PD
parameters requires a study with a larger sample size.

In order to evaluate the PK model, The drug concentration
of dabigatran under the conditions of CRCL of 30 ml/min,
dosage of 150 and average age of 75 years was simulated, and the
results were similar to those in literature (32) without significant
difference. When the simulated administration scheme was
150 mg bid, the median trough and peak values of simulated
concentration were 48.68 ng/ml (12h) and 168.22 ng/ml (14 h)
respectively, and the trough and peak concentrations in the
literature (32) were 93ng/ml (10-90% PI: 39.8-215ng/ml)
and 184 ng/ml (10-90% PI: 74.3-383 ng/ml) respectively. The
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median value of the simulated concentration is within the range
of 90% PI of the literature concentration, which is basically
consistent with the literature research data.

In this study, we used the advantages of pharmacological
analysis to simulate the distribution of PD indicators in
typical Chinese patients by using the above data and some
supplementary data to identify potential influencing factors. For
typical patients, Typical patients who had received 150 mg of
dabigatran had PT and anti-FIIa peak and trough values within
the expected range after a standard dose (33), excepted APTT
values. APTT values deviate from the expected range because
subjects and patients have different peak and trough values
for the relevant indicators; thus, the distribution similarity of
APTT indicators in the two populations is low, resulting in
poorer simulation accuracy than for PT and anti-FIIa activity.
In addition, the median of the above PD indicators is within
the expected range caused by the standard dose. By identifying
the covariates that affect PK and PD, several cases with different
extreme covariates with correlation can be simulated. Assigning
extreme values to parameters yielded little difference in PD
indicators, which is consistent with previous studies suggesting
that dose adjustment should not be performed except for CrCl
differences (16).

Worried about bleeding, doctors in Asia tend to prescribe
low-dose new oral anticoagulants (10). In our study, some
patients were also asked to reduce the dose. Our simulation
results show that, except for APTT, the 150 and 110 mg doses
yield similar PD parameters value distributions and peak and
trough values within the expected range (33). We recommend
that Chinese patients who had a CrCL 50 mL/min use a dose of
150 mg, based on model simulated PD distribution. The 110 mg
dose group had significantly lower PD parameters values than
the 150 mg dose group. The 150 mg dose yields PD parameters
values within the expected range, except for APTT. Dabigatran
etexilate reduces the incidence of stroke/systemic embolism
more strongly than warfarin and shows good safety; therefore,
it may benefit patients more.

We acknowledge that our study has some limitations. First,
the pcVPC of the integrated model shows that the overall
prediction performance of the final model is acceptable, but
the prediction of low anti-FIla concentrations is insufficient.
Given the inherent loss of precision and accuracy of laboratory
analyses at low concentrations, these may not be of clinical
significance. Our study is also limited by the insufficient
collection of blood samples from patients for dabigatran
concentration determination. Although we used the sparse data
from patients (23 cases) to verify that the PK model developed
from healthy subjects’ data could predict PK parameters of
patients, this process lacks accuracy. In future research, more
samples of patient PK should be collected and added to the
modeling process to increase the efficiency of patient PK
parameters prediction. It is reported in the literature (34) that
P-glycoprotein plays a role in the transport of thyroid hormone.
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Thyroid function may reflect the activity of P-glycoprotein. The
exclusion criteria of this study population did not determine
the exclusion of patients with abnormal thyroid function, which
is one of the limitations and should be improved in further
research. The small number of bleeding events (22 cases) seemed
to indicate that APTT, PT, and anti-FIla increased, but this
result should be interpreted cautiously. Of course, larger studies
should confirm the clinical significance of APTT, PT, and anti-
Flla. Based on the PK and PD data of healthy Chinese subjects
and real patients with NVAF, we established a comprehensive
PK/PD model of dabigatran in the two populations. We
used the final comprehensive PK/PD model to simulate the
distribution of the reference biomarkers APTT, PT, and anti-
FIIa in Chinese patients with NVAF taking dabigatran etexilate.
We demonstrated that the individual predicted values for typical
patients taking a 150 mg dose were within the expected range
recommended by the guidelines. Covariates other than age,
CrCL, and HDL-C have little impact on the comprehensive
model. Patients taking a dose of 110 and having a CrCL of 30
mL/min should pay attention to the risk of bleeding.
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PK/PD analysis.

SUPPLEMENTARY TABLE 2
List of CYP3A4 and P-gps potent inducers and inhibitors.

SUPPLEMENTARY TABLE 3
Population pharmacokinetic modeling process.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.998751
https://www.frontiersin.org/articles/10.3389/fcvm.2022.998751/full#supplementary-material
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Liu et al.

References

1. Andrade ]G, Aguilar M, Atzema C, Bell A, Cairns JA, Cheung CC,
et al. The 2020 Canadian cardiovascular society/canadian heart rhythm society
comprehensive guidelines for the management of atrial fibrillation. Can J Cardiol.
(2020) 36:1847-948. doi: 10.1016/j.cjca.2020.09.001

2. January CT, Wann LS, Calkins H, Chen LY, Cigarroa JE, Cleveland JC, et al.
AHA/ACC/HRS focused update of the 2014. AHA/ACC/HRS guideline for the
management of patients with atrial fibrillation: a report of the american college
of cardiology/american heart association task force on clinical practice guidelines
and the heart rhythm society in collaboration with the society of thoracic surgeons.
Circulation. (2019) 140:e125-51. doi: 10.1161/CIR.0000000000000665

3. Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ, Blomstrém-Lundqvist
C, et al. ESC Guidelines for the diagnosis and management of atrial fibrillation
developed in collaboration with the European association for cardio-thoracic
surgery (EACTS): The Task Force for the diagnosis and management of atrial
fibrillation of the European Society of Cardiology (ESC) Developed with the special
contribution of the European Heart Rhythm Association (EHRA) of the ESC. Eur
Heart J. (2021) 42:373-498. doi: 10.1093/eurheartj/ehab648

4. JCS Joint Working Group. Guidelines for pharmacotherapy of atrial
fibrillation (JCS 2013). Circ J. (2014) 78:1997-2021. doi: 10.1253/circj.CJ-66-0092

5. Li X, Liu L, Xu B, Xiang Q, Li Y, Zhang P, et al. Bioequivalence and
pharmacodynamics of a generic dabigatran etexilate capsule in healthy Chinese
subjects under fasting and fed conditions. Pharmacol Res Perspect. (2020)
8:¢00593. doi: 10.1002/prp2.593

6. Connolly SJ, Ezekowitz MD, Yusuf S, Eikelboom J, Oldgren J, Parekh A, et al.
Dabigatran versus warfarin in patients with atrial fibrillation. n Engl ] Med. (2009)
361:1139-51. doi: 10.1056/NEJM0a0905561

7. Zhou H, Nie X, Jiang M, Dong W. Cost-effectiveness of anticoagulants for
preventing stroke in patients with non-valvular atrial fibrillation in mainland
China. J Clin Pharm Ther. (2022) 47:523-30. doi: 10.1111/jcpt.13575

8. Shen NN, Zhang C, Hang Y, Li Z, Kong LC, Wang N, et al
Real-world prevalence of direct oral anticoagulant off-label doses in atrial
fibrillation: An epidemiological meta-analysis. Front Pharmacol. (2021) 12:581293.
doi: 10.3389/fphar.2021.581293

9. Okumura K, Hori M, Tanahashi N, John Camm A. Special considerations
for therapeutic choice of non-vitamin K antagonist oral anticoagulants for
Japanese patients with non-valvular atrial fibrillation. Clin Cardiol. (2017) 40:126-
31. doi: 10.1002/clc.22596

10. Lee, Lai H. DOACs - advances and limitations in real world[]J]. Thromb J.
(2016) 14, 17. doi: 10.1186/s12959-016-0111-3

11. Reilly PA, Lehr T, Haertter S, Connolly SJ, Yusuf S, Eikelboom JW, et al.
The effect of dabigatran plasma concentrations and patient characteristics on the
frequency of ischemic stroke and major bleeding in atrial fibrillation patients. ] Am
Coll Cardiol. (2014) 63:321-8. doi: 10.1016/j.jacc.2013.07.104

12. Chan NC, Coppens M, Hirsh J, Ginsberg JS, Weitz JI, Vanassche T, et al. Real-
world variability in dabigatran levels in patients withatrial fibrillation. J Thromb
Haemost. (2015) 13:353-9. doi: 10.1111/jth.12823

13. Stangier J, Rathgen K, Stahle H, Gansser D, Roth W. The pharmacokinetics,
pharmacodynamics and tolerability of dabigatran etexilate, a new oral direct
thrombin inhibitor, in healthy male subjects. Br J Clin Pharmacol. (2007) 64:292—
303. doi: 10.1111/j.1365-2125.2007.02899.x

14. Liesenfeld KH, Lehr T, Dansirikul C, Reilly PA, Connolly SJ, Ezekowitz
MD, et al. Population pharmacokinetic analysis of the oral thrombin inhibitor
dabigatran etexilate in patients with non-valvular atrial fibrillation from the RE-LY
trial. J Thromb Haemost. (2011) 9:2168-75. doi: 10.1111/j.1538-7836.2011.04498 x

15. Dansirikul C, Lehr T, Liesenfeld KH, Haertter S, Staab A, A. combined
pharmacometric analysis of dabigatran etexilate in healthy volunteers and patients
with atrial fibrillation or undergoing orthopaedic surgery. Thromb Haemost. (2012)
107:775-85. doi: 10.1160/TH11-09-0656

16. Lehr T, Haertter S, Liesenfeld KH, Staab A, Clemens A, Reilly PA, et al.
Dabigatran etexilate in atrial fibrillation patients with severe renal impairment:
dose identification using pharmacokinetic modeling and simulation. J Clin
Pharmacol. (2012) 52:1373-8. doi: 10.1177/0091270011417716

17. Ezekowitz MD, Reilly PA, Nehmiz G, Simmers TA, Nagarakanti R, Parcham-
Azad K, et al. Dabigatran with or without concomitant aspirin compared with
warfarin alone in patients with non-valvular atrial fibrillation (PETRO Study). Am
J Cardiol. (2007) 100:1419-26. doi: 10.1016/j.amjcard.2007.06.034

Frontiers in Cardiovascular Medicine

14

10.3389/fcvm.2022.998751

18. Mehran R, Rao SV, Bhatt DL, Gibson CM, Caixeta A, Eikelboom J, et al.
Standardized bleeding definitions for cardiovascular clinical trials: A consensus
report from the bleeding academic research consortium. Circulation. (2011)
123:2736-47. doi: 10.1161/CIRCULATIONAHA.110.009449

19. Liu ZY, Xie QF, Xiang Q, Zhang HX, Mu GY, Zhao ZN, et al. Anti-FXa-IIa
activity test in Asian and its potential role for drug adherence evaluation in patients
with direct oral anticoagulants: a nationwide multi-center synchronization study.
Cardiovasc Diagn Ther. (2020) 10:1293-302. doi: 10.21037/cdt-20-564

20. Xie QF Li Y, Liu ZY, Mu GY, Zhang HX, Zhou S, et al. SLC4A4,
FRAS1, and SULT1Al genetic variations associated with dabigatran
metabolism in a healthy Chinese population. Front Genet. (2022)
13:873031. doi: 10.3389/fgene.2022.873031

21. Keizer R]J, Karlsson MO, Hooker A. Modeling and Simulation Workbench
for NONMEM: Tutorial on Pirana, PsN, and Xpose. CPT: Pharmacometr Syst
Pharmacol. (2013) 2:e50. doi: 10.1038/psp.2013.24

22. Zhang L, Beal SL, Sheiner LB. Simultaneous vs. sequential analysis for
population PK/PD data I: best-case performance. ] Pharmacokinet Pharmacodyn.
(2003) 30:387-404. doi: 10.1023/B:JOPA.0000012998.04442.1f

23. Zhang L, Beal SL, Sheinerz LB. Simultaneous vs. sequential analysis for
population PK/PD data II: robustness of methods. ] Pharmacokinet Pharmacodyn.
(2003) 30:405-16. doi: 10.1023/B:JOPA.0000012999.36063.4¢

24. Réshammar D, Huang F, Albisetti M, Bomgaars L, Chalmers E, Luciani
M, et al. Pharmacokinetic modeling and simulation support for age- and weight
adjusted dosing of dabigatran etexilate in children with venous thromboembolism.
J Thromb Haemost. (2021) 19:1259-70. doi: 10.1111/jth.15277

25. Joseph P, Pare G, Wallentin L, Connolly S, Yusuf S, Wang J, et al. Effect of
dabigatran on serum apolipoprotein B and Apolipoprotein A1 Concentrations. J
Am Coll Cardiol. (2013) 61:E300. doi: 10.1016/S0735-1097(13)60300-9

26. Joseph P, Pare G, Wallentin L, Connolly S, Yusuf S, Wang J, et al. RE-LY
Investigators. Dabigatran etexilate and reduction in serum apolipoprotein B. Heart.
(2016) 102:57-62. doi: 10.1136/heartjnl-2015-307586

27. Michels WM, Grootendorst DC, Verduijn M, Elliott EG, Dekker FW, Krediet
RT. Performance of the Cockcroft-Gault, MDRD, and new CKD-EPI formulas
in relation to GFR, age, and body size. Clin ] Am Soc Nephrol. (2010) 5:1003-
9. doi: 10.2215/CJN.06870909

28. Gosselin RC, Adcock DM, Bates SM, Douxfils J, Favaloro EJ, Gouin-
Thibault I. et al. International council for standardization in haematology
(ICSH) recommendations for laboratory measurement of direct oral
anticoagulants. Thrombosis Haemost. (2018) 118:437-50. doi: 10.1055/5-0038-16
27480

29. Kose E, Sato R, An T, Kikkawa A, Matsumoto Y, Kawakubo T, et al. Analysis
of factors for poor activated partial thromboplastin time control after dabigatran
administration[]]. Pharmazie. (2015) 70:716-9.

30. Comuth W, Haase AM, Henriksen LO, Malczynski J, van de Kerkhof
D, Miinster AMB. Cholestatic liver injury as a side-effect of dabigatran and
the use of coagulation tests in dabigatran intoxication and after reversal by
idarucizumab in bleeding and sepsis[J]. Scand J Clin Lab Invest. (2017) 2017:1-
5. doi: 10.1080/00365513.2017.1402127

31. Sinigoj P, Malmstrom RE, Vene N, Rénquist-Ni Y, BoZi¢-Mijovski M, et al.
Dabigatran concentration: variability and potential bleeding prediction in “real-
life” patients with atrial fibrillation[J]. Basic Clinic Pharmacol Toxicol. (2015)
117:323-9. doi: 10.1111/bcpt.12417

32. Reilly PA, Lehr T, Haertter S, Connolly SJ, Yusuf S, Eikelboom JW, et al.
RE-LY Investigators. The effect of dabigatran plasma concentrations and patient
characteristics on the frequency of ischemic stroke and major bleeding in atrial
fibrillation patients: the RE-LY Trial (Randomized Evaluation of Long-Term
Anticoagulation Therapy). ] Am Coll Cardiol. (2014) 63:321-8.

33. Steffel J, Verhamme P, Potpara TS, Albaladejo P, Antz M, Desteghe L, et al.
The 2018 European Heart Rhythm Association Practical Guide on the use of
non-vitamin K antagonist oral anticoagulants in patients with atrial fibrillation:
executive summary. Europace. (2018) 20:1231-42. doi: 10.1093/europace/
euy054

34. Mitchell AM, Tom M, Mortimer RH. Thyroid hormone export
from cells: contribution of P-glycoprotein. ] Endocrinol. (2005) 185:93-8.
doi: 10.1677/joe.1.06096

frontiersin.org


https://doi.org/10.3389/fcvm.2022.998751
https://doi.org/10.1016/j.cjca.2020.09.001
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1093/eurheartj/ehab648
https://doi.org/10.1253/circj.CJ-66-0092
https://doi.org/10.1002/prp2.593
https://doi.org/10.1056/NEJMoa0905561
https://doi.org/10.1111/jcpt.13575
https://doi.org/10.3389/fphar.2021.581293
https://doi.org/10.1002/clc.22596
https://doi.org/10.1186/s12959-016-0111-3
https://doi.org/10.1016/j.jacc.2013.07.104
https://doi.org/10.1111/jth.12823
https://doi.org/10.1111/j.1365-2125.2007.02899.x
https://doi.org/10.1111/j.1538-7836.2011.04498.x
https://doi.org/10.1160/TH11-09-0656
https://doi.org/10.1177/0091270011417716
https://doi.org/10.1016/j.amjcard.2007.06.034
https://doi.org/10.1161/CIRCULATIONAHA.110.009449
https://doi.org/10.21037/cdt-20-564
https://doi.org/10.3389/fgene.2022.873031
https://doi.org/10.1038/psp.2013.24
https://doi.org/10.1023/B:JOPA.0000012998.04442.1f
https://doi.org/10.1023/B:JOPA.0000012999.36063.4e
https://doi.org/10.1111/jth.15277
https://doi.org/10.1016/S0735-1097(13)60300-9
https://doi.org/10.1136/heartjnl-2015-307586
https://doi.org/10.2215/CJN.06870909
https://doi.org/10.1055/s-0038-1627480
https://doi.org/10.1080/00365513.2017.1402127
https://doi.org/10.1111/bcpt.12417
https://doi.org/10.1093/europace/euy054
https://doi.org/10.1677/joe.1.06096
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

	Population pharmacokinetic analysis for dabigatran etexilate in Chinese patients with non-valvular atrial fibrillation
	Introduction
	Methods
	Study design
	Determination of PK and PD parameters
	PopPK and PK/PD model development
	Healthy participants' PopPK model
	Healthy participants' PK/PD modeling
	Integrated PK/PD modeling
	Model evaluation
	Exploratory exposure-response evaluation for bleeding endpoint
	Model-based simulation

	Results
	Participant characteristics
	PopPK and PK/PD modeling analysis of healthy subjects
	PopPK model
	PK/PD modeling
	APTT model
	PT model
	Anti-FIIa model


	Integrated PK/PD model
	Exploratory exposure-response analysis
	Exposure simulation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


