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Mechanistic Population Pharmacokinetic 
Model of Oseltamivir and Oseltamivir 
Carboxylate Accounting for Physiological 
Changes to Predict Exposures in Neonates 
and Infants
Leonid Gibiansky1,*, Patanjali Ravva2,7, Neil J. Parrott3, Rajinder Bhardwaj4, Elke Zwanziger3,  
Paul Grimsey5, Barry Clinch6 and Stefan Sturm3

A mechanistic population-pharmacokinetic model was developed to predict oseltamivir exposures in neonates 
and infants accounting for physiological changes during the first 2 years of life. The model included data from 13 
studies, comprising 436 subjects with normal renal function (317 pediatric subjects (≥ 38 weeks postmenstrual 
age (PMA), ≥ 13 days old) and 119 adult subjects < 40 years). Concentration–time profiles of oseltamivir and its 
active metabolite, oseltamivir carboxylate (OC), were characterized by a four-compartment model, with absorption 
described by three additional compartments. Renal maturational changes were implemented by description of 
OC clearance with allometric function of weight and Hill function of PMA. Clearance of OC increased with weight 
up to 43 kg (allometric coefficient 0.75). Half the adult OC clearance was reached at a PMA of 45.6 weeks (95% 
confidence interval (CI) 41.6–49.6) with a Hill coefficient of 2.35 (95% CI 1.67–3.04). The model supports the 
European Union/United States-approved 3 mg/kg twice-daily oseltamivir dose for infants < 1 year (PMA ≥ 38 weeks) 
and allows prediction of exposures in preterm neonates.

Oseltamivir is a prodrug, which is readily absorbed from the gastroin-
testinal tract and metabolized to its active form, oseltamivir carbox-
ylate (OC), via high-capacity human carboxylesterase-1 (HCE-1), 
located predominantly in the liver. After hydrolysis of oseltamivir, 
the poorly permeable active form OC is released slowly from the liver 

into the systemic circulation, leading to a relatively long OC plasma 
half-life.1 OC is a potent, stable, and selective inhibitor of influenza 
A and B neuraminidase enzymes and is excreted unchanged by the 
kidneys via glomerular filtration and active tubular secretion by the 
organic anion transport (OAT) system.1
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Oseltamivir is metabolized in the liver to the active metabo-
lite, oseltamivir carboxylate (OC). Published models describe 
the pharmacokinetics (PKs) of oseltamivir from pediatrics 
(> 1 year) to geriatrics and in infants (< 1 year), primarily with 
a top-down approach.
WHAT QUESTION DID THIS STUDY ADDRESS?
 There is a need for a model that characterizes the PK 
 properties of oseltamivir and OC, including maturation model 
 elements predicting exposures in infants.

WHAT DOES THE STUDY ADD TO OUR KNOW- 
LEDGE?
 A mechanistic population-PK (PopPK) model was devel-
oped accounting for physiological changes occurring in the first 
2 years after birth; this model can be confidently applied to ex-
trapolate PK data to term neonates.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY AND TRANSLATIONAL SCIENCE?
 The PopPK model supports the approved dose recommen-
dation of oseltamivir 3  mg/kg twice daily in infants <  1  year 
 (postmenstrual age  ≥  38  weeks) and allows prediction of 
 exposures in preterm neonates.
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The pharmacokinetics (PKs) of oseltamivir and OC are linear and 
dose-proportional over a dose range of 50–500 mg twice daily (b.i.d.) 
oseltamivir.2–5 Twice-daily administration of 75  mg oseltamivir in 
adolescents and adults, and 2  mg/kg oseltamivir in children aged  
1–12 years, led to an area under the curve from 0–12 hours (AUC0-12h)  
at steady-state of ~  3,000  hour*ng/mL.2–5 Oseltamivir was well  
tolerated at doses up to and including 500  mg b.i.d. in healthy  
adult volunteers.6 Gastrointestinal effects, such as nausea and vomiting,  
occurred more frequently, and in a dose-related fashion in healthy 
volunteers exposed to high unit doses (≥ 200 mg) of oseltamivir.6

Orally administered oseltamivir has been approved for the treat-
ment and prophylaxis of influenza in adults and children.7,8 The 
treatment of influenza includes infants from 2 weeks of age onward 
in the US Food and Drug Administration (FDA),1 and from birth 
onward in the European Medicines Agency (EMA) summary of 
product characteristics.7 However, dosing recommendations are 
not intended for premature infants (i.e., those <  38  weeks post-
menstrual age (PMA)). Insufficient data are available for these pa-
tients and different dosing may be required due to the immaturity 
of physiological functions.7

Acosta et al.8 collected data in premature infants and results 
suggested that an oseltamivir dose of 1 mg/kg b.i.d. produced OC 
exposures similar to those observed in older infants and children 
receiving a 3 mg/kg b.i.d. dose. To make exposure predictions for 
infants, including neonates, and for untested doses, consideration 
should be given to developmental physiological changes affecting 
the PKs of oseltamivir and OC. Key factors include HCE-1 lev-
els, glomerular filtration rate (GFR), and tubular secretion. The 
expression of HCE-1 increases rapidly until the end of the first 
year of life; analysis of liver samples from three different age groups 
indicated that adults (≥  18  years) expressed significantly higher 
HCE-1 levels than children (0–10 years) or fetuses (82–224 ges-
tational days).9 Furthermore, adult (≥ 18 years) liver microsomes 
were ~  4 times more active than child (0–10  years) microsomes 
and 10 times more active than fetal (82–224 gestational days) 
microsomes.9 In addition, GFR increases rapidly during the first 
weeks of life and rises steadily until adult values are reached at 
12–18 months of age.10 Tubular secretion is also immature at birth 
and reaches adult capacity during the first 1 to 2 years of life.11

A physiologically-based PK model (PBPK) was previously developed 
to describe the PK of oseltamivir and OC in neonates and infants.12 
However, simulated steady-state exposure values with this model over-
predicted those reported by Acosta et al.,8 thereby limiting confidence 
in the PBPK approach. We aimed to develop a mechanistic popula-
tion-PK (PopPK) model of oseltamivir and OC accounting for devel-
opmental physiological changes taking place during the first 2 years of 
life and to allow exposure predictions for infants, including neonates, 
and for untested doses. PK properties of oseltamivir and OC, the  
ontogeny of HCE-1, and the impact of kidney maturation were evaluated  
in the model. To our knowledge, this is the most comprehensive set of 
pediatric PK data included in a developmental physiological model for 
oseltamivir. Thus, this model can be applied to extrapolate PK data to 
neonates, including prediction of exposures in preterm neonates, al-
though this lies outside the oseltamivir dosing recommendations that 
go down to term neonates in the European Union and 2 weeks of age 
in the United States.

METHODS
Clinical studies and samples
Oseltamivir and OC concentration-time data following oseltamivir oral 
and i.v. administration to healthy subjects and patients (Table 1) were 
used to develop the PopPK model. Study designs and PK sampling times 
are summarized in Supplementary Table S1.

All studies were conducted in accordance with country regulations, 
International Conference on Harmonization Good Clinical Practice 
guidelines, and the principles of the Declaration of Helsinki. Each study 
protocol was approved by applicable institutional review boards/ethics 
committees and health authorities, and written informed consent was ob-
tained from all participants or their representatives.

Plasma concentrations of oseltamivir and its metabolite OC were deter-
mined using validated liquid chromatography-tandem mass spectrometry 
methods. The lower limits of quantification for oseltamivir and OC were 
1 and 10 ng/mL, respectively. The precision and accuracy of the assays, as 
determined from the analysis of quality control samples, were satisfactory 
throughout the respective studies. Intensive PK sampling (≥  5 samples) 
was performed in 11 of 13 studies. A sparse PK sampling strategy was 
applied in study JV16284 (two samples at steady-state conditions: at 4 
hours postdose and at trough) and WV15758 (two samples at steady-state 
conditions: at 2–4 hours postdose and at trough). In addition, in study 
WV15758, selected sites collected a full PK profile (~ 7 samples/patient) 
for 5 pediatric patients.

Software
The PopPK analysis was conducted using a nonlinear mixed-effects 
modeling approach, with NONMEM software version 7.3 (ICON 
Development Solutions, Dublin, Ireland).13 The first-order condi-
tional estimation with interaction option method was used for all 
model runs.

Model development and covariates
The PopPK structural model has been established previously 
(Figure 1).14 This was a four-compartment model: Two compartments 
described oseltamivir, one compartment described OC, and one delay 
compartment described oseltamivir to OC conversion. The delay com-
partment was required to describe formation-limited PK of OC. The 
absorption part of the model included three first-order processes with 
direct (via first-pass) input in the OC compartment and two (direct 
and delayed) inputs in the oseltamivir compartment. Complete me-
tabolism from oseltamivir to OC was assumed. Random effects were 
added to the oseltamivir absorption rate constant (ka), oseltamivir 
clearance, metabolism rate, and OC clearance. Proportional and com-
bined error models were used for oseltamivir and OC concentrations, 
respectively. This model was used as a starting point and was adopted 
to describe pediatric population data by including body weight and 
age dependencies of model parameters.

Specifically, oseltamivir and OC clearance and volume parameters 
were assumed to increase allometrically with weight at low weights 
(below an estimated value), and to be independent of weight at high 
weights (above that value), as model parameters were more or less inde-
pendent of weight in adults. Allometric coefficients were estimated for all 
parameters, except OC clearance. For OC clearance, the allometric co-
efficient was fixed at 0.75, as described by Rhodin et al.10 Maturation of 
renal OC clearance (CLM) was described by the Hill function of PMA:10

where γ is the Hill coefficient and PMA50 is the maturation half time. 
PMA was available from only three studies (CASG114, WP22849, 
and NP25138). For all other subjects, the PMA was computed as age 
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in weeks plus 40. Maturation of hepatic function was also tested by in-
clusion of age dependence for oseltamivir clearance and metabolism rate 
(Kmet). Similar to renal function maturation, Hill functions of PMA were 
used. Model development was guided by the mechanistic considerations 
and diagnostic plots.

Model evaluation
Extensive evaluation of the developed model was performed. This in-
cluded evaluation of diagnostic plots, visual predictive check (VPC) 
plots,15 prediction-corrected VPC plots,16 and normalized prediction 
distribution error (NPDE) plots.17,18 The distributions of exposure charac-
teristics (maximum concentration (Cmax), minimum concentration 
(Cmin), Cmedian, and Cmean) of the simulated data were compared with 
the distributions of the same characteristics in the observed dataset 
using exploratory graphics. Ability of the model to describe strong co-
variate relationships identified by the model was tested by stratifying 
the diagnostic plots and model evaluation procedures by the covari-
ates of interest. Specifically, the diagnostics and VPC procedures were 
stratified by study.

Model-based simulations
The final PopPK model was used to estimate the individual PK pa-
rameters: Steady-state Cmax, Cmin, and AUC0-12h for oseltamivir and 
OC doses for all subjects. Exposure estimates were compared with ex-
posures for adults treated with 75 mg, 150 mg, 225 mg, and 450 mg 
b.i.d. oseltamivir in previous clinical trials.14 The model was also used 
to simulate exposure for preterm neonates following 3 mg/kg dosing 
regimens. Pairs and weight-postmenstrual values were taken from a da-
tabase of 5,370 subjects from birth to 1 year of age19; these pairs were 
replicated 100 times.

RESULTS
Concentrations and demographics
The dataset contained 3,100 oseltamivir and 3,560 OC quantifi-
able plasma concentrations from 436 subjects with normal renal 
function enrolled in 13 studies in which oseltamivir was adminis-
tered orally (n = 346; 79.4%) or i.v. (n = 90; 20.6%; Table 1). Most 
participants were pediatric subjects (n = 317; 72.7%); the remaining 
participants were adults < 40 years of age (n = 119; 27.3%). Overall, 

265 male (60.8%) and 171 female (39.2%) subjects were included 
in the analysis with a wide range of weight (2.9–128 kg) and post-
natal ages (13 days to 40 years). For infants (< 1 year of age) from 
studies CASG114, WP22489, and NP25138, PMA ranged from 
38.4–90 weeks.

Model development and covariates
Preliminary investigation revealed that adult subjects had faster 
absorption compared with pediatric subjects. Thus, the effect 
of age (adults vs. pediatrics) on absorption rate constant ka was 
included in the model. Subjects from study NP15826 (all aged 
5–16  years) also had faster absorption than pediatric subjects 
from other studies. Thus, the study NP15826 effect on ka was 
included in the model. Reasons for absorption differences are 
not known. Further, oseltamivir and OC clearance for patients 
from i.v. studies NP25138 and NP25139 was allowed to be 
lower, as these studies enrolled critically ill hospitalized chil-
dren with notable comorbidities. A model with maturation of 
hepatic function was tested and rejected, as it did not improve 
the fit. The NONMEM code of the model is presented in the 
Supplementary Information.

The diagnostic plots of the final model did not reveal any 
deficiencies, indicating that the model provides an adequate 
description of oseltamivir and OC PK in subjects with normal 
renal function from birth up to 40 years of age. There was good 
concordance between the observed OC concentrations and 
both the population mean predicted and individual post hoc pre-
dicted OC concentrations across all subjects (Figure 2). There 
were no trends in the plots of the random effects vs. weight, age, 
PMA, sex, or creatinine clearance (Supplementary Figure S1). 
NPDE plots confirmed the ability of the model to predict both 
the central tendency and variability of the oseltamivir and OC 
concentrations. The VPC plots and NPDE plots for all stud-
ies did not indicate any systemic bias (Supplementary Figures 
S2–S6).

Figure 1 Schematic representation of the oseltamivir population pharmacokinetic model. Modified from Gibiansky et al.14
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Final PopPK model
The estimates of structural parameters and covariate effects of the 
final PopPK model are shown in Table 2. Systemic PK of oseltami-
vir was described by two compartments of the model; the estimates 
(relative standard error (RSE) %) of clearance, central volume, inter-
compartment clearance, and peripheral volume for a typical subject 
(weight ≥ 43 kg) were 197 L/hour (4.6%), 20.6 L (7.7%), 83.2 L/
hour (4.1%), and 131 L (3.1%), respectively. Systemic PK of OC was 
described by one compartment, with clearance and volume esti-
mates (RSE%) of 27.4 L/hour (3.6%) and 6.31 L (3.4%), respectively. 
Oseltamivir metabolism was described by the delay compartment 
with a metabolism rate constant (RSE%) of 0.0941 h-1 (2.3%). Oral 
absorption was described by three additional compartments. The 
oseltamivir oral dose (administered to the depot compartment) was 
divided (with the fractions of f1 = 0.298, f2 = 0.628, and f3 = 0.074, 
respectively) into three parts that were directed (via the intermedi-
ate absorption compartment) to the oseltamivir central compart-
ment, oseltamivir metabolism compartment, and the oseltamivir 
delay compartment, respectively. From the oseltamivir delay com-
partment, oseltamivir was absorbed into the central compartment 
with a rate (RSE%) of 0.0515 h-1 (6.3%). The estimate (RSE%) of 
the absorption rate constant was 0.861 h-1 (2.7%) for subjects aged 
< 18 years and 71% higher (RSE 7.1%) for subjects aged > 18 years. 
OC PK were formation-limited, and, therefore, peripheral com-
partments were not identifiable in the absence of data following i.v. 
administration. The parameters of renal maturation were estimated 
as time to 50% maturation of PMA of 45.6 weeks (95% confidence 
interval (CI) 41.6–49.6) and the Hill coefficient of 2.35 (95% CI 
1.67–3.04), which were close to the values reported by Rhodin et al. 
(PMA50 47.7 weeks, Hill coefficient 3.40).10

Oseltamivir clearance, central volume, intercompartment clear-
ance, peripheral volume, and metabolism rate increased with 
weight, with the power coefficients (RSE%) of 1.03 (3.2%), 0.65 
(13.2%), 1.58 (4.7%), and 1.95 (5.8%), respectively (Table 2). OC 
clearance and central volume increased with weight, with the power 
coefficients (RSE%) of 0.75 (fixed), and 1.44 (7.9%), respectively. 
The parameters increased with weight up to 43 kg (4.2%) and were 
independent of weight for heavier subjects. Sex had no influence 
on model parameters.

The intersubject variability of oseltamivir absorption rate, osel-
tamivir clearance, metabolism rate, and OC clearance was mod-
erate, in the range 30.4–34.5%, and shrinkage of these random 
effects was low, estimated at 17.5%, 11.9%, 26.0%, and 3.9%, re-
spectively. The residual variability of oseltamivir concentrations 
was high (45.4%), whereas the residual variability of OC concen-
trations was low (16.2%). Models that included hepatic maturation 
function were tested, but were not found to be better than the final 
model, indicating that dependencies of oseltamivir clearance and 
metabolism rate on weight fully describe developmental changes 
of hepatic function in the pediatric population.

Oseltamivir and OC exposures
Predicted median (90% CI) oseltamivir and OC exposure met-
rics (AUC0–12h, Cmax, and Cmin) at steady-state are presented by 
age group (postnatal age) up to 1 year following a 3 mg/kg b.i.d. 
oral dosing regimen of oseltamivir (Table 3). Figure 3 shows the 
predicted steady-state OC AUC0–12h by age group, which were 
compared with previous clinical trial data in adults receiving oral 
conventional b.i.d. doses of oseltamivir (75 mg, 150 mg, 225 mg, 
and 450  mg). Exposures of oseltamivir were similar across the 
different age groups, whereas exposure metrics of OC increased 
with decreasing age. In the youngest age group of 0–1 month, the 
median predicted AUC0–12h of OC was ~  40% higher than in 
infants aged 9–12  months. Furthermore, exposure metrics were 
very variable in the youngest age group, and the predicted 90% CI 
covered the entire range of the predicted 90% CI of all other age 
groups up to 1 year.

The developed mechanistic PopPK model predicted expo-
sures of oseltamivir and OC as a function of PMA in the range 
22–90  weeks following a 3  mg/kg b.i.d. oral dosing regimen of 
oseltamivir. Oseltamivir exposure metrics remained unchanged 
across the entire PMA range (Figure 4), whereas exposure metrics 
of OC increased for decreasing ages, which is consistent with post-
natal age.

DISCUSSION
The aim of this modeling work was to describe the PK prop-
erties of oseltamivir (including formation rate kinetics of OC) 

Figure 2 Relationship between observed and population mean predicted (a) and individual post hoc predicted (b) plasma oseltamivir 
carboxylate concentrations using the final population pharmacokinetic model. Pale gray solid lines represent the lines of identity and dark gray 
lines represent the loess (local regression smoother) trend lines.
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administered to subjects from birth to 40 years old, to describe 
developmental physiological changes taking place during the 
first 2 years of life, and to identify the covariates that influence 
oseltamivir PK in the target population. All available PK data 
from 317 pediatric patients enrolled in 13 studies were included 
in the dataset, together with data from 119 young adults (aged 
18–40 years) with normal renal function (creatinine clearance 
≥ 90 mL/minutes/1.73 m2).

Different PopPK models have been developed previously.14,20–23 
The same structural model as applied to adult patients with and 

without renal impairment was used,14 as it accounts for physiolog-
ical aspects of the PK of oseltamivir. The absorption part of the 
model includes three first-order processes and a compartment that 
describes the oseltamivir to OC conversion. From this compartment, 
representing the liver, OC is relatively slowly released into the sys-
temic circulation leading to a prolonged half-life (flip-flop kinetics).  
This model was modified to address maturational changes.

The metabolism of oseltamivir to OC is mediated via the 
HCE-1 enzyme, located predominantly in the liver and at 
low levels in the intestine.24 A surge occurs in the expression 

Figure 3 Comparison of predicted steady-state oseltamivir carboxylate area under the curve from 0 to 12 hours (AUC0–12h) following oral 
twice-daily (b.i.d.) dosing. The values are plotted by groups using box and whisker plots. Median values for each group are designated by a 
black line in the center of the box. Boxes indicate the interquartile range (IQR). Whiskers represent 1.5*IQR. Individual values are marked by 
circles.
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of HCE-1 during the postneonatal stage, such that the hydro-
lytic capacity of HCE-1 is gained rapidly after birth.25 Age-
dependent hydrolysis via the HCE-1 enzyme could in theory 
affect exposure to oseltamivir and OC, especially in very young 
infants. Based on PBPK modeling, it is suggested that levels of 
esterase activity in newborns are sufficient for conversion of 
oseltamivir into OC, with OC levels relatively insensitive to 
changes in hydrolysis via HCE-1.12 Consistent with these find-
ings, attempts to include hepatic maturation (i.e., by increasing 
the clearance of oseltamivir with PMA) did not improve the fit 
of the model, which indicates that HCE-1 activity in newborns 
does not have a major impact on the extent and rate of conver-
sion of oseltamivir into OC. Thus, hepatic maturation was not 
incorporated into the model.

OC is not metabolized, but is excreted in urine without further 
change. Renal clearance of OC exceeds the GFR indicating that 
renal tubular secretion contributes to the elimination of the com-
pound. Renal tubular secretion of OC occurs via the OAT system.1 
The GFR increases rapidly during the first weeks of life and then 
rises steadily until adult values are reached at 12–18  months of 
age.10 Similarly, tubular secretion is immature at birth and reaches 
adult capacity during the first 1–2 years of life.11 Changes in active 
tubular secretion (e.g., OAT) were described by changes in GFR. 
This is based on the observation that the curve of para-aminohip-
puric acid clearance (which is secreted primarily via OAT1 and 
only 20–30% is filtered26), is parallel to the curve for changes in 
GFR during postnatal development.11

Renal maturation function was described by a sigmoid hyper-
bolic model (Hill function) that had a major effect on clearance 
of OC and, therefore, on OC exposure. PMA was used to de-
scribe the nonlinear increase in GFR from very premature ne-
onates to young adults, as PMA has been shown to be a better 
descriptor of maturational changes than postnatal age.10 PMA 
that corresponds to 50% maturation of the GFR was estimated 
to be 45.6  weeks, which is consistent with the 47.7  weeks re-
ported by Rhodin et al.10

Dependencies of all parameters on weight and renal maturation 
of OC clearance were included in the model. All model parame-
ters were well estimated, and diagnostic plots and various model 
evaluation simulations (including VPC procedures) indicated the 
ability of the model to predict the central tendency and the spread 
of oseltamivir and OC concentrations in all age groups.

Predicted exposure metrics of oseltamivir remained unchanged 
across the PMA range from 22–90 weeks. This is consistent with 
data from the literature, which showed that, even in premature ba-
bies, oseltamivir concentrations were comparable to those in older 
children (based on a mg/kg dosing regimen).8

For the active metabolite, the exposure metrics of OC increased 
with decreasing age. In the lowest age group of 0–1 month, the 
predicted median exposures (AUC0-12h) of OC at steady-state 
were ~ 40% higher than in infants aged 9–12 months. However, 
the exposure was very variable in the lowest age group. Thus, 
the slightly higher OC AUCs for younger infants safeguards 
from underexposure and subsequent risk of treatment failure. 
This modest increase in OC exposure is not considered to alter 
the safety and tolerability of oseltamivir due to its broad safety 

window. These PopPK results reinforce the recommendations 
for infants in both the United States and European Union la-
bels. In addition, it may allow extrapolation of PK data to in-
fants with a PMA of 34 to 38 weeks.

Within the analyzed dataset, no observed PK data were available 
below a PMA of 38 weeks, and there was only one patient with a 
postnatal age < 2 weeks. Based on predictions of this mechanistic 
PopPK model, an oseltamivir dose of 2 mg/kg b.i.d. for infants with 
a PMA of 34 to 38 weeks may be appropriate, taking a higher vari-
ability into account while safeguarding these patients from under-
exposure. Extrapolation to patients with a PMA below 34 weeks 
should be avoided, or made with caution, as nephrogenesis has just 
completed by this age.27

In conclusion, the developed PopPK model, accounting for 
physiological changes taking place in the first 2 years after birth, 
can be applied to extrapolate PK data to term neonates. As such, 
the developed model supports the approved dose recommendation 
of 3 mg/kg b.i.d. for oseltamivir in infants < 1 year of age (with a 
PMA ≥ 38 weeks). In addition, it may allow prediction of expo-
sures in preterm neonates, although use of oseltamivir in these pa-
tients lies outside the labeled oseltamivir dosing recommendations 
that go down to term neonates in the European Union and 2 weeks 
of age in the United States.
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