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Objective: The main aim of this analysis was to characterize the pharmacokinetics (PK) of 
tapentadol in pediatric patients from birth to <18 years old who experience acute pain, 
requiring treatment with an opioid analgesic.
Patients and Methods: Data from four clinical trials and 148 pediatric patients who 
received a single dose of tapentadol oral or intravenous solution were included. Population 
PK analysis was performed to determine the contribution of size-related (bodyweight) and 
function-related (maturation) factors to the changes in oral bioavailability (F), volume of 
distribution (V), and clearance (CL) with age. Simulations were carried out to compare 
pediatric exposures to reference adult values.
Results: A one-compartment model with allometric scaling on disposition parameters (using 
theoretical or estimated exponents) and maturation functions on CL and F best described 
tapentadol PK. The estimated allometric exponents for CL (0.603) and V (0.820) differed 
slightly from the theoretical values of 0.75 for CL and 1 for V. A maximum in CL/F was 
observed at about 2–3 years when expressed on a bodyweight basis. Results for younger 
children as well as the F estimate were sensitive to the scaling approach, but CL/F and V/F as 
a function of age for the two scaling approaches led to similar curves within the bioequiva-
lence range except below 5 weeks of age. Model-based simulations indicated that the doses 
used in the included clinical trials lead to exposures within the lower half of the targeted 
adult exposure.
Conclusion: The development of tapentadol is one of the first examples following 
a systematic approach for analgesic drug development for children. Our analysis enabled 
a full characterization and robust understanding of tapentadol PK in children from birth to 
<18 years, including preterm infants, and showed the importance of evaluating the sensitivity 
of the inferences of the PK parameters to the selected scaling approach.
Keywords: tapentadol, pediatric, maturation, allometric scaling, pain management, 
nonlinear mixed effects modeling

Introduction
The opioid analgesic tapentadol exhibits two synergistic mechanisms of action as 
a µ-opioid receptor agonist and a norepinephrine reuptake inhibitor.1 In the 
European Union (EU), tapentadol immediate release (IR) and oral solution (OS) 
are indicated in adults for the relief of moderate to severe acute pain, which can be 
adequately managed only with opioid analgesics.2–4

It is well known that children of all age groups including preterm neonates can 
perceive pain and that there is an absolute need to treat their pain safely and 
effectively. The approved treatment options for children, particularly preterm neo-
nates and young infants, are very limited with only few medications specifically 
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labelled for this population.5 A development program was 
set up to determine the pharmacokinetics (PK), efficacy, 
safety and tolerability profile of tapentadol OS in the 
pediatric population. The program included 327 patients 
<18 years old affected by acute pain such as that following 
surgical procedures.6–9 Based on this program, tapentadol 
OS has recently obtained approval for use in children from 
2 years of age in the EU. In this clinical pediatric program, 
the premise was that the predictable pharmacokinetic pro-
file of tapentadol as established in adults would facilitate 
development in children.

Tapentadol pharmacokinetics have been extensively stu-
died in adults.10–12 The absorption of tapentadol IR/OS is 
almost complete (99% absorbed), with mean absolute bioa-
vailability of approximately 32% due to extensive first-pass 
metabolism.10 Tapentadol is primarily metabolized through 
conjugation to glucuronide by different uridine 5ʹ-diphospho 
-glucuronosyltransferase (UGT) enzymes, mainly UGT2B7, 
UGT1A9 and UGT1A6, and to sulfate by sulfotransferases.11 

Only a small portion of tapentadol metabolism (~15%) is 
mediated by cytochrome P450 (CYP450) enzymes, 
CYP2C9, CYP2C19, and CYP2D6.13 After oral administra-
tion, around 70% of the dose is excreted in urine in the 
conjugated form (55% as a glucuronide and 15% as 
a sulfate), whereas about 3% of the drug is urinary excreted 
as unchanged drug.12 The remaining amount is metabolized 
via Phase 1 oxidative pathways. The metabolites do not 
contribute to the analgesic activity of tapentadol.11

The pharmacokinetics of tapentadol in children 2 years 
of age and above were recently published.14 The latter 
publication discussed the development of a population 
PK (popPK) model that was used to find a suitable dose 
to take forward in a multiple-dose efficacy trial in children 
aged 2 to <18 years of age. The popPK model used for this 
recommendation required bodyweight-based allometric 
scaling to fully describe the clearance in children 2 years 
of age and above assuming a fully matured metabolizing 
capacity in this population.

The pediatric population is a very heterogenous popu-
lation due to many dynamic and rapid changes, especially 
in neonates and infants below 2 years of age, where the 
body is not only quickly growing in size but also maturing 
in functionality. The ontogeny and maturation of the dif-
ferent drug-metabolizing enzymes as well as other age- 
dependent changes such as those in body composition, 
organ/tissues volume, cardiac output and organ/tissue 
blood flow, and gastrointestinal physiology can all affect 
the observed drug PK.15 These factors could subsequently 

impact drug dosing especially in the very young patients, 
as developing elimination pathways may result in different 
clearance than expected based on bodyweight alone. 
Consequently, the dose required reflects not only the size 
of the child but also their age and maturational state, 
which can vary between different children even of the 
same age and weight.

In the current work, we expand the knowledge and the 
effort done in the previous popPK model for children 2 
years of age and above14 by also including younger chil-
dren down to birth. Furthermore, we discuss the develop-
ment of a popPK model covering the full pediatric age 
range based on collected PK data after IV as well as OS 
administration with the objective to determine the contri-
bution of size-related (bodyweight) and function-related 
(maturation) factors on oral bioavailability (F), volume of 
distribution (V), and clearance (CL). Two approaches are 
applied in assessing these contributions: (1) use of theore-
tical allometric scaling exponents, an approach that 
assumes that the size effects are governed by constant 
exponents of 0.75 for CL and 1 for V,16,17 and (2) use of 
exponents that are estimated based on the modeled drug 
data.18 This work will also address how the results of these 
2 approaches differ when inferring the apparent clearance 
and volume of distribution across the studied age groups.

Patients and Methods
Clinical Trial Design and Patient 
Population
Data derived from a total of four single-dose, open-label, 
Phase II PK trials administering tapentadol OS or IV were 
used in this popPK analysis (Table 1). The supplemental 
material provides a list of participating trial sites. These 
trials included pediatric patients with acute pain severe 
enough to require opioid treatment as defined in the trial 
protocols. In the majority of the patients, the experienced 
pain was acute postsurgical or procedural pain.6–9

Two tapentadol OS studies in children 2 years of age 
and above (NCT011345366 and NCT017297287), one 
tapentadol OS trial in children less than 2 years 
(NCT022216749), and one tapentadol IV trial in children 
less than 2 years (EudraCT 2014–002259-249) have 
already been reported. The latter two studies assessed 
PK, safety and efficacy after administration of a single 
dose of either tapentadol OS or tapentadol IV infusion. 
The OS trial included children from birth to <2 years 
(n=19; gestational age of ≥37 weeks), whereas the IV 
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trial included pediatric patients from preterm neonates 
(≥24 weeks gestational age) to <2 years (n=38). Both 
trial populations were stratified by age: preterm neonates 
(for the IV trial only; postmenstrual age of ≤41 weeks 
and gestational age between 24 and <37 weeks), neonatal 
patients from birth to <1 month, patients aged 1 month 
to <6 months, and patients aged 6 months to <2 years. In 
order to ensure patient safety, enrolment was staggered 
starting with the oldest age group. All trials were con-
ducted in accordance with the Declaration of Helsinki, 
Good Clinical Practice, national regulations, and applic-
able local laws. The protocol, amendments, patient infor-
mation sheet and applicable informed consent forms 
were reviewed and approved by independent ethics com-
mittees or institutional review boards at the participating 
trial sites. Parents/legal guardians provided written 
informed consent for trial participation of their children.

Table 1 gives an overview of the doses administered to 
the different age groups in the different trials. Tapentadol OS 
was given as a single oral dose with those below 2 years 
receiving a dose differentiated based on age. Tapentadol IV 
was administered by a 1 hour constant rate infusion (1 mg/ 
mL solution) and subjects received either 0.3 or 0.4 mg/kg 
depending on their gestational and postnatal age.

PK Assessments
In the two tapentadol OS trials in children 2 years of age 
and above (NCT01134536 and NCT01729728), eight sam-
ples were taken in the oldest age group (12 years to <18 

years), whereas four were taken in the intermediate age 
group (6 years to <12 years), and 2–4 samples in the 
youngest age group (2 years to <6 years). The PK sam-
pling times in subjects from 2 years and above have been 
fully documented by Watson et al.14

In the tapentadol OS trial (NCT02221674) in subjects <2 
years of age, 2 PK samples per subject were taken at dedi-
cated times. Two subjects from each age group had samples 
taken at 0.5 and 4.0 hours or 2.0 and 8.0 hours and 1 subject 
per age group had samples taken at 1.0 and 6.0 hours. In the 
tapentadol IV trial (EudraCT 2014–002259-24), 3 samples 
per subject were taken at dedicated times. Two subjects from 
each age group had samples taken from one of 4 sampling 
schedules; A: 0.25, 1.0 and 6 hours, B: 0.5, 2.0 and 8.0 hours, 
C: 1.25, 4.0 and 10 hours or D: 1.5, 3.0 and 7.0 hours.

Modeling Support for Clinical Trial Design 
in Tapentadol Acute Pediatric Program
During the planning of the clinical trials in this compre-
hensive pediatric development program, intermediate 
models based on partial data and different modeling 
approaches were used to inform the dose levels to be 
studied as well as the optimal sampling time points.

The dose levels were optimized to establish exposures 
that would fall into the range of adult reference exposures 
obtained after the administration of 50, 75, or 100 mg 
tapentadol IR given every 4 hours, while avoiding the 
highest end of this distribution as a precaution for adverse 

Table 1 Overview of Age, Bodyweight and Tapentadol Dosing in the Different Age Groups of the Tapentadol PK Analysis Population

Age Group N (% Female) Age Age Unit Bodyweight (kg) ROA: Dose

12 years to <18 years 44 (47.7%) 15 (12–17) years 59.7 (41–80) PO: 1.0 mg/kg

6 years to <12 years 33 (63.6%) 9 (6–11) years 29.5 (20.2–58) PO: 1.0 mg/kg

2 years to <6 years 15 (46.7%) 3 (2–5) years 16.4 (12.7–19.5) PO: 1.0 mg/kg

6 months to <2 years 17 (23.5%) 14 (6–21) months 10 (7.5–14.2) PO: 0.75 mg/kg

IV: 0.4 mg/kg

1 month to <6 months 17 (35.3%) 3 (1–5) months 5.9 (4.3–9) PO: 0.6 mg/kg

IV: 0.4 mg/kg

Birth to <1 month (full term) 14 (35.7%) 12 (8–28) days 3.6 (2.7–4.6) PO: 0.5 mg/kg

IV: 0.4 mg/kg

Preterma 8 (50%) 12 (8–106) days 2.45 (1.6–3.4) IV: 0.3 or 0.4 mg/kgb

All 148

Notes: Data are number of patients (%) or median (range). All patients from NCT01729728, NCT01134536, NCT02221674 and EudraCT 2014–002259-24 were included 
in this table. aWith gestational age between 30 weeks to <37 weeks. bThe given dose depends on both the gestational and the postnatal age. 
Abbreviations: IV, intravenous; PO, oral; ROA, route of administration.
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events. Sampling time points were designed to cover the 
full PK curve of tapentadol at the trial population level in 
order to be able to estimate oral clearance (CL/F) and 
apparent volume of distribution (V/F), while taking into 
account the limitations of the number and volume of blood 
samples that could be collected in children, which led to 
just 2–4 samples in children younger than 6 years old.

First, an adult popPK model19 was extended with allo-
metric scaling exponents fixed to the theoretical values of 
0.75 and 1 for CL/F and V/F, respectively, to perform simu-
lations and recommend doses to be used in the very first 
pediatric trials in subjects 2 years of age and above 
(NCT01134536 and NCT01729728). As a result, a dose of 
1.0 mg/kg was selected in order to match adult exposure. For 
the very young children <2 years of age (NCT02221674 and 
EudraCT 2014–002259-24), a physiologically based phar-
macokinetic model was developed in order to account for 
both organ maturation and development and to recommend 
a starting dose for this vulnerable group (data on file). As 
a result, the OS dosages applied in children younger than 2 
years were decreased to 0.75 mg/kg (6 months to <2 years), 
0.6 mg/kg (≥1 month to <6 months), and 0.5 mg/kg (birth to 
<1 month), anticipating expected lower clearance due to 
incomplete maturation. The IV dosages were lowered to 
0.4 mg/kg for the whole age range, except for preterm, 
where 0.3 mg/kg could be applied based on the gestational 
age and the postnatal age, reflecting the expected full bioa-
vailability compared with oral administration.

After the completion of the first 2 clinical trials with 
single-dose OS tapentadol, an intermediate popPK model 
was developed based on the available data and simulations 
indicated that the optimal dose level could be increased to 
1.25 mg/kg in a subsequent clinical trial studying the 
efficacy and safety in children 2 years of age and 
above.14 The results of the confirmatory efficacy trial 
showed that the proposed dose led to a tapentadol expo-
sure that was both safe and efficacious.8

The current article describes the development of an inte-
grated popPK model based on all collected data after the 
completion of all 4 pediatric PK trials in the pediatric devel-
opment program, which included subjects from the entire 
pediatric age range after oral and intravenous drug 
administration.

Population Pharmacokinetic Modeling
Data Set
All subjects with at least one serum concentration above the 
lower limit of quantification (LLOQ) were considered for the 

analysis. A total of 569 quantifiable tapentadol serum con-
centrations from 148 subjects were included in the analysis. 
The majority of these samples (~75%) were collected from 
children above 2 years of age who received oral tapentadol, 
whereas only 33 quantifiable tapentadol serum concentra-
tions were obtained from 18 subjects <2 years of age after 
oral administration. However, the tapentadol IV trial in sub-
jects <2 years of age provided additional 113 quantifiable 
tapentadol serum concentrations from 38 subjects. As 
a result, approximately 25% of the analyzed samples were 
collected in subjects below 2 years of age. A total of 38 
samples (representing 7% of total samples) collected from 
17 patients after oral (PO) administration were excluded 
from the analysis as these patients either vomited within 3 
hours of tapentadol intake or did not take the complete dose. 
Additionally, one sample collected after IV administration 
was excluded because of sample contamination.

Modeling Strategy
Two popPK modeling approaches were explored for the 
analysis of the totality of pediatric PK data. The first 
approach utilizes the common standard theoretical allo-
metric scaling exponents of 0.75 and 1 for CL and V, 
respectively. This approach assumes that the scaling expo-
nents are universal constants across species and/or age for 
CL and V and is based on the observations that biological 
structures and processes from cellular metabolism to popu-
lation dynamic scale with size and follow a simple power 
law behavior.16,17 This method often provides an adequate 
explanation for bodyweight relationships in pediatric 
patients.18,20 A potential advantage of this approach is 
that it could facilitate the identification of the parameters 
of any additionally incorporated and simultaneously fitted 
maturation functions. The second approach estimates allo-
metric scaling exponents on CL and V based on the avail-
able data. This estimation is not always supported, eg, in 
case of too sparse data, especially when additional matura-
tion functions are fitted simultaneously, but has the poten-
tial advantage to better describe the experimental data as it 
provides higher flexibility. Taking into account the existing 
scientific debate of which approach provides superior 
results,18 the decision was taken to explore tapentadol 
PK by both approaches with focus on their inference on 
the concluded age-related changes in CL and V.

Model Development
PopPK modeling was performed with a nonlinear mixed 
effects approach, as implemented in NONMEM (version 
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7.2, ICON Development Solutions, Ellicott City, MD, 
USA), and using similar model acceptance criteria and 
toolset21,22 as described by Watson et al.14

The model developed from tapentadol OS data 
obtained from children aged 2 to <18 years of age14 

was used as the base model. This model was further 
developed by testing various age-dependent maturation 
functions in addition to the size effect on CL. The most 
appropriate function was the sigmoidal Emax.23 Due to 
the availability of IV and oral data, tapentadol oral bioa-
vailability was estimated and a variety of maturation 
functions on F were also tested to capture any age- 
related changes in this parameter. This included matura-
tion functions that allowed F to be 100% in newborns; 
however, the simplest of the tested maturation functions 
was retained in the final model, if the complexity was not 
rewarded by a significant reduction in the objective func-
tion value (OFV). In addition, as the IV trial included 
subjects born preterm, both postmenstrual age (PMA) 
and postnatal age (PNA) were tested in functions using 
age as a variable. The simplest model that would describe 
the data based on reduction of the OFV by more than 
3.84 (chi-square distribution; p<0.05; 1 degree of free-
dom) and sufficiently narrow parameter uncertainty and 
adequate model acceptance criteria was selected. The 
implemented equations for CL, V, and F in the final 
models are as follows:

CL ¼ CLTV �
PMA

PMAþ PMA50
� WT=WTref
� �n equation ð1Þ

where CL is the clearance for a specified age and weight, CLTV 

the typical clearance at a reference weight (WTREF 70 kg) and 
full maturation, PMA is postmenstrual age (weeks), PMA50 

the PMA at 50% of maximum maturation (weeks), WT is total 
bodyweight (kg), and n is the allometric exponent.

V ¼ VLTV � WT=WTref
� �n equation ð2Þ

where V is the volume of distribution for a specified age 
and weight, VTV the typical volume of distribution at 
a reference weight (WTREF 70 kg), WT is total bodyweight 
(kg), and n is the allometric exponent.

F ¼ Fadult 1þ exp � k � PNAð Þð Þ equation ð3Þ

where F is the oral bioavailability at a specified age, Fadult 

the bioavailability at full maturation, PNA is postnatal age 
(weeks), and k is a rate constant (week−1).

All model parameters were assumed to be log-normally 
distributed as given in equation (4).

Pi ¼ PTV � exp ηið Þ equation ð4Þ

where Pi is the estimated parameter value for individual i, 
PTV is the typical population value of the parameter at given 
age and weight, and ηi are inter-individual random effects 
for individual i. The random effects matrix for all para-
meters together is assumed to be normally distributed 
according to a multivariate Gaussian distribution with an 
all-zero mean vector and a between-subject variance- 
covariance matrix Ω. The diagonal elements of Ω are the 
variances ω2

P of the inter-individual random effects ηi. 
Initially, the off-diagonal elements were all set to zero but 
were later evaluated if deemed appropriate and supported 
by the data.

The residual error model was tested as proportional or 
as a combination of an additive and proportional error as 
in equation (5):

Co;ij ¼ Cp;ij � 1þ εp;ij
� �

þ εa;ij equation ð5Þ

where Co,ij is the jth measured observation (compound 
concentration) in individual i, Cp,ij is the jth model- 
predicted value (compound concentration) in individual i, 
εp;ij and εa;ij are the proportional and additive residual 
error for each individual i and measurement j, assumed 
to be normally distributed according to a Gaussian distri-
bution with zero mean and variance σp or σa for the 
proportional and additive error components, respectively.

No formal covariate analysis was performed. Instead, the 
covariates sex and creatinine clearance were additionally tested 
for a univariate influence on CL or V. To be noted, Watson et al 
examined several covariates in their model such as sex, aspar-
tate transaminase, alanine transaminase, alkaline phosphatases, 
total phosphate, bilirubin, and creatinine clearance but none of 
them were found to be statistically significant.14

Model Evaluation
The final popPK model was validated by visual predictive 
checks (VPC) and by bootstrap to ensure adequate predic-
tive power, model stability, and to assess the uncertainty in 
the parameter estimates. The VPC was performed with 
1000 replicates of model-based simulations using the final 
model and the original dataset. Summary statistics on the 
variability of each of the dependent variables per time point 
were calculated, including the 2.5%, 50%, and 97.5% quan-
tiles (Prediction Interval [PI]). The VPC results were 
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stratified by age group and route of administration and then 
compared to the observed concentration data. For the boot-
strap, 1000 new datasets were generated by randomly sam-
pling subjects with replacement from the original dataset. 
Model parameters were estimated for each bootstrap dataset 
and summary statistics were computed based on successful 
model minimizations. The uncertainty of each parameter 
estimate was expressed as the 95% confidence interval 
(CI), based on the 2.5% and 97.5% quantiles of the dis-
tributions of the bootstrap estimates.

Simulation of Virtual Pediatric Population 
and Investigation of Clearance and 
Distribution as a Function of Age
Monte Carlo simulations were performed to explore tapen-
tadol exposure in steady-state at the various dose levels 
used in the four pediatric PK trials and to investigate age- 
related changes in tapentadol clearance and volume of dis-
tribution across the whole pediatric age range. For this 
purpose, a virtual pediatric population was created by ran-
domly sampling an age (uniform distribution between 0 and 
<18 years – for the exposure simulations n=250 for each 
age group and route of administration), a gender (random 
male/female sampling – with replacement), and a z-score 
(normal distribution with mean=0 and SD=1) for each 
virtual child. Subsequently, the LMS parameters reported 

in the Centers for Disease Control and Prevention (CDC) 
weight-for-age growth charts were used to calculate the 
weight of each virtual child based on its age, gender, and 
z-score.24 The postmenstrual age was calculated as gesta-
tional age plus the postnatal age, where gestational age was 
set to 40 for full terms. For preterms, a gestational age was 
randomly sampled (uniform distribution between 24 and 
<37 weeks), to be in line with subjects recruited for 
EudraCT 2014–002259-24. For the exposure simulations, 
reference exposure ranges were generated for adults using 
a previously published popPK model upon the administra-
tion of 50, 75, and 100 mg IR every 4 h for 5 days.19

Results
Tables 1 and 2 give an overview of the characteristics of the 
analysis population, stratified by age group (Table 1) and by 
trial and age group (Table 2). The analysis population contains 
a good representation of all pediatric ages and bodyweights, 
including very low bodyweights in preterms (1.6–3.4 kg) to 
bodyweights close to the adult weight (41–80 kg) in the age 
group 12 to <18 years. Additionally, there was a good balance 
in the proportion of males and females throughout the studies 
for the different age groups (Table 2). Table 1 also lists the 
route of administration and the doses that were studied. 
Patients in the age group above 2 years were always orally 
dosed with 1.0 mg/kg. Below 2 years of age, both the IV and 

Table 2 Overview of Age, Bodyweight, and Sex (% Females) of the Analysis Population Stratified by Trial and Age Group

Trial/Age Group N Age Age Unit Bodyweight (kg) Females (%)

NCT01729728 56
● 12 to <18 years 19 16 (12–17) Years 60.8 (43.5–79.7) 42.1
● 6 to <12 years 22 8 (6–11) Years 29.05 (21.8–44.9) 68.2
● 2 to <6 years 15 3 (2–5) Years 16.4 (12.7–19.5) 46.7

NCT01134536 36
● 12 to <18 years 25 15 (12–17) Years 59 (41–80) 52
● 6 to <12 years 11 9 (7–11) Years 31 (20.2–58) 54.5

NCT02221674 18
● 6 months to <2 years 7 14 (9–17) Months 8.7 (7.5–11.4) 57.1
● 1 month to <6 months 6 3 (2–5) Months 5.55 (4.9–8.1) 33.3
● Birth to <1 month, full term 5 10 (8–28) Days 4.1 (2.8–4.4) 60

EudraCT 2014–002259-24 38
● 6 months to <2 years 10 15 (6–21) Months 11.8 (7.8–14.2) 0
● 1 month to <6 months 11 3 (1–5) Months 6.9 (4.3–9) 36.4
● Birth to <1 month – full term 9 12 (9–26) Days 3.6 (2.7–4.6) 22.2
● Preterm 8 12 (8–106) Days 2.45 (1.6–3.4) 50

All 148

Note: Data are median (range).
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PO routes were studied, with gradually lower doses in the 
younger children (lowest dose in preterms 0.3 mg/kg). Preterm 
patients were exclusively dosed by IV administration.

Figure 1 displays the observed concentration-time data 
stratified by age group and administration route. Children 
older than 6 years provided very dense data until 15 hours 
after dosage, while fewer observations were available in the 
younger children due to the sparse sampling schedule, which 
extended until 10 hours after dosage. The median concentra-
tion–time curves were very similar between the age groups 
for each of the administration routes with slightly lower 
maximum concentrations in the younger children. A few 
high individual concentrations were observed directly after 
IV administration that deviated from the majority of the 
observations, which could be attributed to non-mixing con-
ditions that may exist directly after IV administration.

The two models that were fit to the totality of data, 
with assumed or estimated allometric scaling exponents, 
both provided an adequate fit. The objective function value 
of the model with estimated exponents (2 additional para-
meters) was lower (ΔOFV=−13.12) than the model that 
assumed the universal values of 0.75 and 1 for CL and V, 
respectively. Figures 2 and 3 provide the simulated con-
centration–time curves for the population stratified by age 
and administration route. Additional plots are provided as 
supplemental material including goodness of fit plots 
(Figures S1 to S2), histograms of the random effects 
(Figures S3 to S4), and visual predictive check (Figures 
S5 to S6). Results showed that both models captured the 
central trend as well as the variability without any biases 
or shrinkage related to model misspecification or over- 
parameterization. Other than weight and age, none of the 
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Figure 1 Scatter plot of observed tapentadol concentrations versus time. (A) 12 to <18 years, (B) 6 to <12 years, (C) 2 to <6 years, (D) 6 months to <2 years, (E) 1 month 
to <6 months, (F) Birth to <1 month, (G) Preterm. The open circles represent the observed tapentadol concentrations and the lines represent the observed median 
concentrations. 
Abbreviations: IV, intravenous; PO, oral.
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investigated covariates, ie, sex and creatinine clearance, 
were found to be statistically significant.

Table 3 provides the parameter estimates of the 2 
models. The models were similar from the perspective 
of statistical uncertainty (relative standard error and 
bootstrap confidence interval), random effects, and 
shrinkage. Differences occurred mainly in the estimated 
population parameters. The estimated allometric expo-
nents differed slightly from the assumed values of 0.75 
for CL (estimated 0.603) and 1 for V (estimated 0.820). 
This difference has an impact on the estimates of CL 
and V at their reference weight (32% lower for CL and 
35% lower for V when estimated). Differences were 
also seen in the estimated F and its maturation. The 
estimated F at full maturation was 24% lower with 

estimated exponents. Combining the latter result with 
the estimated differences in CL and V shows that for 
CL/F and V/F the difference vanishes (10% and 14% 
difference for CL/F and V/F, respectively). The expo-
nent in the bioavailability maturation function was also 
different between the 2 models, 51% lower for the 
model with estimated exponents, suggesting a slower 
maturation rate than when derived with assumed allo-
metric exponents. The parameter that governs the 
maturation function, the PMA at 50% of full maturation 
(PMA50) was very close for the two models (34.8 
weeks with assumed exponents versus 36.7 weeks with 
estimated exponents); however, the uncertainty in the 
estimated value was higher for the model with estimated 
allometric scaling exponents.
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Figure 2 Simulated concentration–time curve for the pediatric population (birth to <18 years) using final parameter estimates from the population pharmacokinetic model 
with assumed allometric scaling exponents (0.75 and 1 for CL and V, respectively), showing the variability (blue area, representing the 95% prediction interval) and central 
trend (red line: median prediction), together with the observations (open circles). (A) 12 to <18 yrs; PO, (B) 6 to <12 yrs; PO, (C) 2 to <6 yrs; PO, (D) 6 m to <2 yr; IV, (E) 
6 m to <2 yr; PO, (F) 1 m to <6 m; IV, (G) 1 m to <6 m; PO, (H) Birth to <1 m; IV, (I) Birth to <1 m; PO, (J) Preterm; IV. Results stratified by age group and route of 
administration. 
Abbreviations: IV, intravenous; m, month; PO, oral.
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In order to further investigate the differences in the 
derived age-dependent CL and V for the models, simu-
lations were performed using the CDC growth charts. 
Results are provided in Figures 4 and 5 stratified by sex, 
to reflect the gender-specific weight-for-age distributions 
in the CDC growth charts. The simulations show the 
age-related changes in CL/F and V/F together with the 
Empirical Bayesian Estimates (EBEs) for the individual 
patients derived from the model. The latter were scaled 
to age-dependent bioavailability for both the IV and the 
PO administered patients to assure comparability. 
Results showed that both absolute CL/F and V/F 
increase dramatically with age, and that much of the 
variability can be explained by the bodyweight-age dis-
tribution as given in the CDC growth charts. The dis-
tribution of the EBEs along the simulated curves is 

generally within the expected range for both models. 
When the CL/F and V/F are scaled to bodyweight, 
thus cancelling the proportional component of body-
weight, a maximum in CL/F was observed at 3.5 and 
2.5 years of age for the models with assumed and 
estimated allometric scaling exponents, respectively. 
This maximum also exists for V/F when the exponent 
is estimated (just over 1 year) but appears as an asymp-
totic value for the assumed exponent of 1. The max-
imum in these results of allometric scaling relates to 
a non-linear body mass effect with age and the matura-
tion functions for CL and F that lead to a reduction at 
young age of both CL/F and V/F. A comparison of the 
simulated CL/F and V/F vs age curves with the EBEs 
suggests that the model with the estimated exponents 
designates a more prominent maximum that follows the 
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Figure 3 Simulated concentration–time curve for the pediatric population (birth to <18 years) using final parameter estimates from the population pharmacokinetic model 
with estimated allometric scaling exponents, showing the variability (blue area, representing the 95% prediction interval) and central trend (red line: median prediction), 
together with the observations (open circles). (A) 12 to <18 yrs; PO, (B) 6 to <12 yrs; PO, (C) 2 to <6 yrs; PO, (D) 6 m to <2 yr; IV, (E) 6 m to <2 yr; PO, (F) 1 m to <6 m; 
IV, (G) 1 m to <6 m; PO, (H) Birth to <1 m; IV, (I) Birth to <1 m; PO, (J) Preterm; IV. Results stratified by age group and route of administration. 
Abbreviations: IV, intravenous; m, month; PO, oral.
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EBEs slightly better than the model with the assumed 
exponents (Figures 4 and 5). This matches the expected 
higher flexibility when estimating the exponents. Taking 
the entire age range into consideration, the ratio between 
the established population curves for CL/F and V/F 
according to the two approaches was within bioequiva-
lence margins except for children below 5 weeks where 
the difference increased outside the margins with the 
largest difference at birth (data not shown).

Figures 6 and 7 show the simulated steady-state area 
under the curve (AUCtau,ss) of tapentadol in pediatric sub-
jects from birth to <18 years of age upon the administra-
tion of the actual doses that were administered in the 4 PK 
trials if taken for long term every 4 h. These simulations 
were performed using both final models with assumed or 
estimated allometric scaling exponents in virtual pediatric 
populations using the CDC growth charts. The simulations 
showed that the planned trial doses lead to drug exposures 
mostly within the lower half of the target adult exposure 
range.

Discussion
Population PK Model for Tapentadol in 
the Pediatric Population from Birth to 
<18 Years
The tapentadol pediatric program was successful in col-
lecting PK data in pediatric patients enabling full charac-
terization and robust understanding of tapentadol PK in the 
pediatric population from birth up to <18 years, including 
preterm infants. This is one of the first pediatric develop-
ment programs that collected pediatric data for analgesic 
medication following a systematic, staggered approach, 
starting from older children to increasingly younger chil-
dren. The pediatric data not only considered the PK after 
oral administration but also after IV administration, which 
enabled identification of the oral drug bioavailability and 
its changes in early childhood. Whereas in older children 
several samples were drawn per patient (4–8 samples), in 
young children (<6 years) just 2 to 4 samples were taken 
to accommodate for lower total blood volumes in this 

Table 3 Final Tapentadol Population Pharmacokinetics Parameter Estimates and 95% Confidence Intervals Using Either Assumed (0.75 
and 1 for CL and V, Respectively) or Estimated Allometric Scaling Exponents. Estimates of CL/F and V/F in Both Models Relate to 
a Reference Weight of 70 kg

Parameters Final Model with Fixed Exponents Final Model with Estimated Exponents

Pop. 
Estimate

RSE % 95% CI 
Bootstrap 
(n=1000)

Pop. 
Estimate

RSE % 95% CI 
Bootstrap 
(n=1000)

CL (L/h) 94.6 10.5 76.6–117.3 64.7 11.3 45.9–79.8
V (L) 414 9 342–497 270 11.5 188–340

Ka (h−1) 2.19 14.7 1.65–3.25 2.16 14.6 1.64–3.10

F 0.349 10.1 0.283–0.432 0.265 10.2 0.195–0.323
TLAG (h) 0.266 0.7 0.245–0.291 0.266 0.7 0.257–0.291

PMA50 (wks) 34.8 20.8 22.4–51.2 36.7 43.6 10.7–86.2

HILL exponent 1 FIXED – – 1 FIXED – –
k (wks −1) 0.122 29.1 0.068–1.657 0.0599 33.1 0.013–0.105

Exponent CL-WT 0.75 FIXED – – 0.603 10.2 0.42–0.72

Exponent V-WT 1 FIXED – – 0.82 5.7 0.68–0.91
IIV CL (ω2) 0.0961 21.1 

(15.9% shrinkage)

0.057–0.203 0.0892 20 

(16.9% shrinkage)

0.053–0.144

IIV V (ω2) 0.13 30.5 
(22.4% shrinkage)

0.055–0.277 0.115 34.6 
(24.1% shrinkage)

0.039–0.205

IIV Ka (ω2) 2 27.9 

(26.8% shrinkage)

1.052–3.456 1.96 28.7 

(26.6% shrinkage)

1.020–3.360

Cov CL-V 0.0867 0.041–0.207 0.0752 30.3 0.031–0.130

Proportional error (σ) 0.327 14.9 0.277–0.377 0.326 15.5 0.268–0.374

Additive error (ng/mL) 0.48 47.1 0.022–0.983 0.494 45.5 0.023–1.086

Abbreviations: CL, clearance; V, volume of distribution; Ka, first-order absorption rate constant; F, oral bioavailability; TLAG, absorption lag-time; PMA50, postmenstrual 
age at 50% of full maturation; k, rate constant of age effect on F; WT, total bodyweight; wks, weeks; IIV, inter-individual variability; Cov, covariance; σ, standard deviation; ω2, 
variance; RSE, relative standard error (derived from the covariance matrix of the estimates reported by NONMEM); CI, confidence interval.
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population. However, the totality of the data supported the 
correct interpretation of the results in the sparsely sampled 
patients. The influence of age and weight on CL, V, and 
F could be identified with both modeling approaches using 
assumed or estimated allometric scaling exponents.

The developed models were employed to derive drug 
exposure at steady state for the actual doses applied in the 4 
clinical trials (Figures 6 and 7). The established exposures 
were all in range of the effective AUCs in adults, but mostly 
within the lower half of the targeted adult exposure range, 
reflecting the safe approach taken by avoiding exceedance at 
the high end. In this respect, the skewness of the exposure 
distribution sets the median slightly ex-centric to accommo-
date the tail at the high-end. The conservative approach that 
was thus undertaken is crucial to ensure the safety of the 

patients in these “first-in-child” trials in each age group. 
While assuring the safety of the patients, the program deliv-
ered PK data enabling the development of the current popPK 
model at dose levels relevant from an efficacy point of view. 
With the implemented modeling approach, we could demon-
strate that safe and effective doses for tapentadol across age 
ranges can be predicted based on PK data collected after 
exposing a relatively low number of patients and withdraw-
ing only a few blood samples.

In addition to the already existing indication for adults, 
tapentadol OS has recently been approved in the EU for 
the relief of moderate to severe acute pain (adequately 
managed only with opioid analgesics) in children from 2 
years of age. The approved dose for the pediatric popula-
tion is 1.25 mg/kg.4 A previous popPK model that was 
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Figure 4 (A) Apparent clearance, (B) bodyweight-normalized apparent clearance, (C) apparent distribution volume, and (D) bodyweight-normalized apparent distribution 
volume versus age, using allometric scaling with assumed exponents (0.75 and 1 for Cl and V, respectively; Table 3). Empirical Bayesian estimates (dots) are shown together 
with simulated relationship (median weight-for-age (solid line) as well as the 3rd and 97th weight-for-age percentile (dashed lines) of the CDC growth charts). Empirical 
Bayesian estimates of all results are scaled to age-specific oral bioavailability and stratified by gender. For bodyweight-normalized values, data were presented on logarithmic 
x-axis. 
Abbreviation: CDC, Centers for Disease Control and Prevention.
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developed for this age group14 was used to select this dose 
to be tested in a confirmatory efficacy trial in 2-year-old to 
<18-year-old patients suffering from acute postsurgical 
pain. The current model could be used to extrapolate the 
dose that is required to match the exposure in the younger 
children to that in the older children. However, it should 
be stressed that use of tapentadol in children below 2 years 
old has not been approved at this time and extending the 
use of tapentadol in younger children is therefore currently 
not recommended.

Factors Influencing Tapentadol PK 
Parameters Across Age
In the age group 2 years and above, CL and V of tapenta-
dol could adequately be explained using bodyweight as 

a size descriptor.14 In the current investigation, we also 
explored younger children and quantified the influence of 
organ maturation on CL and F. Additionally, two scaling 
methods for the size effect were compared (assumed or 
estimated scaling exponents). Independent of the scaling 
approach, both models showed that maturation of metabo-
lism as well as the oral bioavailability has to be considered 
to describe the PK changes in young age.

For the systemic metabolism, PMA50 was estimated at 
about 35 weeks (Table 3), hence 80% of maturation is 
expected to be achieved at a PMA of about 140 weeks 
which is equivalent to a postnatal age of about 2 years, 
assuming a PMA of 40 weeks at birth. When looking at 
the literature, different levels of UGT2B7, UGT1A9, and 
UGT1A6 expression in fetus and at birth have been 
reported, ranging from 1%-10% of adult level for 
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Figure 5 (A) Apparent clearance, (B) bodyweight-normalized apparent clearance, (C) apparent distribution volume, and (D) bodyweight-normalized apparent distribution 
volume versus age, using allometric scaling with estimated exponents (Table 3). Empirical Bayesian estimates (dots) are shown together with simulated relationship (median 
weight-for-age (solid line) as well as the 3rd and 97th weight-for-age percentile (dashed lines) of the CDC growth charts). Empirical Bayesian estimates of all results are 
scaled to age-specific oral bioavailability and stratified by gender. For bodyweight-normalized values, data were presented on logarithmic x-axis. 
Abbreviation: CDC, Centers for Disease Control and Prevention.
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UGT1A6 to 50% of adult levels for UGT1A9.25–27 With 
respect to the rate of maturation and time to full adult 
activity, UGT1A9 exhibits the most rapid development 
with adult expression realized by 12 months of age,28 

UGT1A6 with approximately 50% of the adult level 
achieved by 6 months of age,27 whereas adult levels of 
UGT2B7 expression take from about 2 months up to 20 
years to be achieved.25 The PMA50 reported here should 
be considered as a composite of all these competing pro-
cesses. Additionally, both modeling approaches suggested 
a decrease of bioavailability with age during the first year 
of life by an exponential decay. This could be mostly 
explained by the maturation of the UGT enzymes respon-
sible for tapentadol metabolism, resulting in a reduced 
first-pass effect and higher bioavailability in neonates 
and infants. A similar observation of higher drug oral 
bioavailability at young age that decreased with age has 
been previously reported for morphine, a substrate of 
UGT2B7.29

Combining the effect of age on the maturation of 
CL and F and the effect of weight on CL and V leads 
to a maximum in CL/F and V/F at young age when 

expressing them on a bodyweight basis (Figures 4 and 
5). When applying weight-based dosing this would 
mean that for equal exposure across all ages, the high-
est dose is required at an age of 3.5 years following the 
approach with assumed allometric exponents, and 2.5 
years for estimated allometric exponents. For older 
children, the difference in CL/F/kg to the maximum 
is relatively small (down to 76% of the maximum for 
assumed allometric exponents and down to 60% for 
estimated allometric exponents). For younger children, 
a slightly larger difference follows from the models 
(down to 44% of the maximum for assumed allometric 
exponents and 51% for estimated allometric expo-
nents). Watson et al demonstrated that a fixed dose 
for children aged 2 years and above of 1.25 mg/kg is 
warranted, since the difference in CL/F over age is 
minor compared to the weight and random variation 
within the different age groups.14 This means that even 
in the presence of age-related changes such as body 
size, oral bioavailability and maturation of metabolic 
enzymes on tapentadol systemic exposure, a simple 
oral dosing regimen expressed in mg/kg could be 

Figure 6 Boxplot of the simulated (model with assumed allometric scaling exponents of 0.75 and 1 for Cl and V, respectively) steady-state area under the curve (AUCtau,ss) 
of tapentadol in adults and pediatric subjects birth to <18 years of age receiving the doses of the included clinical trials every 4 hours. The gray shaded area represents the 
2.5th and the 97.5th percentile of the AUCtau,ss in adults receiving 50 mg and 100 mg tapentadol every 4 hours, respectively. The central black line indicates the 50th 
percentile (median) of the AUCtau,ss in adults receiving 75 mg tapentadol every 4 hours. Simulated pediatric doses: Oral tapentadol: 1.0 mg/kg in children ≥2 years, 0.75 mg/ 
kg in children 6 month to <2 years, 0.6 mg/kg in children 1 month to <6 months, and 0.5 mg/kg in children from birth to <1 month. Intravenous tapentadol: 0.4 mg/kg in 
children >7 days, 0.3 mg/kg in preterm. 
Abbreviations: AUCtau,ss, area under the concentration–time curve for the dosing interval at steady state; y, years.
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established and justified for children aged at least 2 
years.

Estimated versus Assumed Allometric 
Exponents
Although both assuming and estimating the allometric 
scaling exponents led to similar insights with respect to 
the PK of tapentadol in children, there were some differ-
ences that need to be addressed. Obviously, estimating the 
exponents improved the flexibility of describing the 
changes of the PK parameters with age, and thus led to 
a lower objective function value and more prominent 
maximum in the CL and V per kg bodyweight (please 
compare Figures 4 and 5). The estimated exponents from 
the totality of the data came close to the exponents that 
were reported by Watson et al14 based on data for children 
aged 2 years and above: 0.603 versus 0.638 for CL and 
0.820 versus 0.847 for V. On the other hand, fixing the 
exponents to the theoretical values of 0.75 and 1 for CL 
and V as a priori known values narrowed the uncertainty of 
the estimated parameter (PMA50) in CL maturation func-
tion (Table 3). The latter approach is possibly of more 

interest to regulatory authorities and academic institutions 
in case several compounds are to be evaluated and com-
pared with regard to their maturation characteristics, as it 
would prevent compensation effects if the estimated allo-
metric exponents for the compound of interest are remote 
from what is expected from similar compounds. The 
European Medicines Agency (EMA) Modeling and 
Simulation Working Party (MSWP) considers the use of 
assumed exponents both scientifically justified and practi-
cal when developing popPK models in children and that 
regardless of whether estimated or assumed allometric 
exponents are used, the selected approach should be scien-
tifically justified.30 However, to the best of our under-
standing, the MSWP does not encourage the 
simultaneous estimations of maturation functions and allo-
metric exponents in lower ages30 due to the high correla-
tion between bodyweight and age in pediatric patients.31

From a numerical point of view, the two approaches 
led to comparable results for oral administration. At full 
maturation, the derived CL/F, V/F, and absorption rate 
constant after oral administration using either one of the 
approaches are in good agreement with those previously 

Figure 7 Boxplot of the simulated (model with estimated allometric scaling exponents) steady-state area under the curve (AUCtau,ss) of tapentadol in adults and pediatric 
subjects birth to <18 years of age receiving the doses of the included clinical trials every 4 hours. The gray shaded area represents the 2.5th and the 97.5th percentile of the 
AUCtau,ss in adults receiving 50 mg and 100 mg tapentadol every 4 hours, respectively. The central black line indicates the 50th percentile (median) of the AUCtau,ss in adults 
receiving 75 mg tapentadol every 4 hours. Simulated pediatric doses: Oral tapentadol: 1.0 mg/kg in children ≥2 years, 0.75 mg/kg in children 6 month to <2 years, 0.6 mg/kg 
in children 1 month to <6 months, and 0.5 mg/kg in children from birth to <1 month. Intravenous tapentadol: 0.4 mg/kg in children >7 days, 0.3 mg/kg in preterm. 
Abbreviations: AUCtau,ss, area under the concentration–time curve for the dosing interval at steady state; y, years.
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reported in an adult popPK model for the IR tapentadol.19 

In the adult model, the reported CL/F of 214 L/h compares 
very well to the estimated CL/F of 271 and 244 L/h in the 
pediatric models presented here with assumed or estimated 
allometric scaling exponents for a 70 kg reference weight. 
Also, the values of V/F and Ka of 1170 L and 2.06 h−1 

correlate well with those predicted in this work (V/F= 
1186 L and 1018 L, Ka= 2.19 h−1 and 2.16 h−1, respec-
tively, for assumed or estimated allometric scaling expo-
nents). In addition, pediatric simulations showed that 
maximum serum concentrations of tapentadol after 
a single oral solution dose in pediatrics were typically 
observed at around 1.3–1.5 h after administration, regard-
less of the scaling approach, which is comparable to the 
reported value of 1.25 h in adults.3 Looking over the 
whole age range, the ratio between the established popula-
tion curves for CL/F and V/F according to the two 
approaches is within bioequivalence margins except for 
children below 5 weeks where the difference increases 
outside the margins with the largest difference at birth. 
The most noticeable difference between the two 
approaches occurs with respect to the estimated F as 
a function of age and consequently, the estimates of CL 
and V. Table 3 shows that estimated bioavailability at full 
maturation when using the assumed allometric exponents 
(0.349) best resembles the values in adults (0.3210). To 
conclude, regardless of the approach for the allometric 
scaling exponents, the PK parameters estimated from the 
data lead to similar conclusions with respect to the expo-
sure distributions for the different age groups.

Conclusion
Sufficient data have been collected in the pediatric program 
of tapentadol, which enabled full characterization and robust 
understanding of tapentadol PK in the pediatric population 
from birth to <18 years, including preterm infants. The 
selected doses in the pediatric trials resulted in drug concen-
trations that were safe and in the range of adult efficacious 
exposure. The developed popPK model was able to identify 
the contribution of size-related (bodyweight) and function- 
related (maturation) factors on tapentadol CL, V, and 
F. Moreover, tapentadol PK were explored with two different 
approaches of popPK modeling, ie, with assumed or esti-
mated allometric scaling exponents, and it has been shown 
that the inferences are similar for oral administration when 
looking at CL/F and V/F. If feasible, it is important to use 
both approaches to evaluate the sensitivity of the inferences 
of the PK parameters to the selected allometric scaling 

approach when developing pediatric popPK models; this 
may facilitate a greater understanding and be used in 
a broader context than for the determination of a dosing 
regimen of the drug being modelled. This comprehensive 
model can support the design and data analysis of future 
pediatric trials (including trials studying other tapentadol 
formulations) to overcome commonly encountered limita-
tions such as sparse blood sampling and low number of 
available pediatric subjects.

Abbreviations
AUC, area under the curve; CDC, Centers for Disease 
Control and Prevention; CI, confidence interval; CL, clear-
ance; EBE, Empirical Bayesian Estimate; EMA, European 
Medicines Agency; EU, European Union; F, oral availabil-
ity; IR, immediate release; IV, intravenous; LLOQ, lower 
limit of quantification; MSWP, Modeling and Simulation 
Working Party; OFV, objective function value; OS, oral 
solution; PI, prediction interval; PK, pharmacokinetics; 
PMA, postmenstrual age; PNA, postnatal age; PO, oral; 
pop, population; UGT, uridine 5ʹ-diphospho- 
glucuronosyltransferase; V, volume of distribution; VPC, 
visual predictive checks.
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