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Abstract Background: Physiologically based pharmacokinetic (PBPK) modelling can assist in the development of
drug therapies and regimens suitable for challenging patient populations such as very young children. This
study describes a strategy employing PBPK models to investigate the intravenous use of the neuraminidase
inhibitor oseltamivir in infants and neonates with influenza.

Methods: Models of marmoset monkeys and humans were constructed for oseltamivir and its active me-
tabolite oseltamivir carboxylate (OC). These models incorporated physicochemical properties and in vitro
metabolism data into mechanistic representations of pharmacokinetic processes. Modelled processes
included absorption, whole-body distribution, renal clearance, metabolic conversion of the pro-drug,
permeability-limited hepatic disposition of OC and age dependencies for all of these processes. Models were
refined after comparison of simulations in monkeys with plasma and liver concentrations measured in adult
and newborn marmosets after intravenous and oral dosing. Then simulations with a human model were
compared with clinical data taken from intravenous and oral studies in healthy adults and oral studies in
infants and neonates. Finally, exposures after intravenous dosing in neonates were predicted.

Results: Good simulations in adult marmosets could be obtained after model optimizations for pro-drug
conversion, hepatic disposition of OC and renal clearance. After adjustment for age dependencies, including
reductions in liver enzyme expression and renal function, the model simulations matched the trend for
increased exposures in newborn marmosets compared with those in adults. For adult humans, simulated and
observed data after both intravenous and oral dosing showed good agreement and although the data are
currently limited, simulations in 1-year-olds and neonates are in reasonable agreement with published results
for oral doses. Simulated intravenous infusion plasma profiles in neonates deliver therapeutic concentra-
tions of OC that closely mimic the oral profiles, with 3-fold higher exposures of oseltamivir than those
observed with the same oral dose.

Conclusions: This work exemplifies the utility of PBPK models in predicting pharmacokinetics in the very
young. Simulations showed agreement with a wide range of observational data, indicating that the processes
determining the age-dependent pharmacokinetics of oseltamivir are well described.

Background absorbed from the gastrointestinal tract and extensively con-
verted to the active metabolite oseltamivir carboxylate (OC).[

Oseltamivir is a neuraminidase inhibitor indicated for the  There is an unmet need for intravenous neuraminidase inhibi-
treatment and prophylaxis of influenza A and B infections. The  tor regimens suitable for use in patients with influenza who can-
phosphate pro-drug is given orally, after which it is readily  not tolerate, swallow or absorb orally administered medication.
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Such patients include the critically ill and the very young.
In recognition of this need and in light of current public
health concerns,!?) preclinical development work is being under-
taken to explore and support the intravenous use of oseltamivir.

Part of this effort involves physiologically based pharm-
acokinetic (PBPK) modelling. Such models assist the develop-
ment of therapies and regimens suitable for challenging patient
populations by integrating wide-ranging physiological and
biochemical factors and capturing the complex relationships
between them. PBPK models can be used to extrapolate the
drug pharmacokinetics to new situations and populations,?!
and have been recognized as an important means of bridging
adult and paediatric studies and for predicting doses and drug
exposures in children and infants.[*

The present report describes, for the first time, mechanistic
PBPK models that simulate the pharmacokinetics of osel-
tamivir and its active metabolite OC after oral and intravenous
dosing. The models integrate measured physicochemical
properties and in vitro data and simulate drug concentration-
time profiles in plasma and tissues. In addition to the human
model, a model for marmoset monkeys has been created and
model assumptions have been verified by comparison of simul-
ations with pharmacokinetic data obtained in a pharmacokinetic
study in adult and newborn marmosets.

Although population models characterizing the pharmaco-
kinetics of oseltamivir and OC in humans have been reported
previously,l) the present work represents the first attempt to
use PBPK models to describe the pharmacokinetics of osel-
tamivir and its metabolite in both animals and humans, with an
emphasis on potential use in the very young. Issues addressed
include (i) the suitability of marmosets to represent age-
dependent changes in human pharmacokinetics; (ii) the sensi-
tivity of oseltamivir and OC concentrations in vivo to age-
related changes in metabolism and renal function; and (iii) the
suitability of data obtained via the oral route to represent ex-
posures after intravenous infusion.

Methods

Modelling Strategy

A strategy for prediction of human pharmacokinetics, us-
ing PBPK models verified by comparison of simulations with
observed data in pre-clinical species, has been developed by
our group.l! This strategy has been successfully applied to
predict the pharmacokinetics of many recent Roche phase I
drug candidates, and an extension to include extrapolation
to juveniles has been developed in the work described herein
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Fig. 1. Physiologically based pharmacokinetic modelling strategy employed to predict exposure in human neonates and infants. A stepwise approach is followed
with verification against in vivo data at each step. Simulations in juveniles are based on a modelincorporating age dependencies in physiology and incorporating data
from relevant in vitro systems. Verification in juvenile animals allows for model refinement before prediction in children. PK=pharmacokinetics.
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Table I. Physicochemical and in vitro data used in the physiologically based pharmacokinetic models for marmosets and humans

Parameter Oseltamivir Oseltamivir carboxylate
lonization constant Base 7.7 Base 8.2
Acid 3.6

logD at pH 7.4 0.36 -2.1
Aqueous solubility (mg/mL) >250 >50
Permeability in LLC-PK1 cells (nm/s) 40 (intermediate) 3.1 (very low)
% free in human plasma 58 97
Human blood : plasma ratio 1 0.6
Intrinsic clearance of oseltamivir in hepatic S9 from
adult livers (uL/min/mg S9 protein)

humans 29

marmosets 3.8
Intrinsic clearance of oseltamivir in hepatic S9 from
marmosets of various ages (uL/min/mg S9 protein)

1d 0.37

3wk 0.41

6wk 0.91

3mo 4.2

(figure 1). In this strategy, the first step is the simulation
of pharmacokinetics in the adult animal species. Comparison
with observed in vivo data may lead to refinement of the model
if any significant mismatches are seen. When a reasonable
simulation of pharmacokinetics in the adult animal is ob-
tained, prediction of human pharmacokinetics will proceed
using a model informed by the refinements that were needed in
the animal model. For prediction of juvenile pharmacokinetics
in humans, the same principle is followed. First, a juvenile
animal model is developed, which accounts for age-dependent
changes that are known to affect the pharmacokinetics of the
drug, and the model is verified by comparison with data ob-
tained in a juvenile animal study. Then the prediction in juve-
nile humans is made using a PBPK model that accounts for the
age dependencies in humans and is informed by the refinements
that were developed for adult humans and juvenile animals.

Physicochemical and In Vitro Input Data

The key measured input data for oseltamivir and OC are
listed in table 1.

For scaling of hepatic metabolic conversion in marmosets
with age, intrinsic clearance (CL;,) in S9 sub-cellular frac-
tions from 1-day-old marmosets was measured and showed
13-fold lower activity than in adults (table I). For humans,
a similar trend for lower activity of the human carboxy-
lesterase responsible for oseltamivir cleavage, HCEI, has been

reported.l’-8!

© 2011 Adis Data Information BV. All rights reserved.

Physiologically Based Pharmacokinetic (PBPK) Model
Structures

PBPK models for disposition and absorption were created in
GastroPlus™ version 6.1 (Simulations Plus, Inc., Lancaster,
CA, USA). Brief model descriptions are provided below, while
full model details are provided in Supplemental Digital Content 1
(available online at http://links.adisonline.com/CPZ/A18).

Absorption

Absorption was predicted with the advanced compartmental
and transit (ACAT) model.[! Physiological values for intestinal
volumes, transit times, lengths and pH in humans and marmo-
sets were taken from published data.l'%-!? For age dependency,
gut size was scaled down with body weight and intestinal transit
times in children were incorporated,!'3! while intestinal pH,
permeability and all other factors were assumed to be the same
in children and adults. In the newborn marmoset model, transit
times, regional lengths and radii were scaled down on the basis
of the relationship between human adults and neonates.

Whole-Body Disposition

Separate whole-body models were constructed for the dis-
position of oseltamivir and OC, and these were linked through
the hepatic conversion, allowing simulation of both oseltamivir
and OC concentrations after a dose of oseltamivir. Age-dependent
human disposition models were generated using the Population
Estimates for Age-Related Physiology (PEAR) module in

Clin Pharmacokinet 2011; 50 (9)
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GastroPlus™, on the basis of body weight, height, body mass
index and bioelectrical impedance data from the National
Health and Nutrition Examination Survey.l'¥! The mean data
used to estimate height, body weight and tissue/organ perfusion
were based on those published by Price et al.l'*l and Haddad.[!¢]
For this study, the simulated adult was an 86 kg, 30-year-old
man and the infant was a 10 kg 1-year-old. A model for a 4kg
neonate was extrapolated using the PEAR module.

The disposition model for the marmoset was based on in-
house and published data.['>17-18] Adult marmoset body weight
was 400 g. Tissue perfusions and volumes for newborn mar-
mosets were based on the ratios determined from human neo-
nates and adults. This scaling resulted in a body weight of 30 g
for the newborn marmoset, in good agreement with measured
values, which ranged from 24 g to 34 g.

Scaling of In Vitro Metabolism and Permeability Data

Scaling of in vitro metabolism to the in vivo situation was
based on liver size and on measurements of the amount of S9
protein in 1 g of liver. The GastroPlus™ absorption model
requires scaling of in vitro permeability to in vivo permeability,
and this was achieved on the basis of correlations to measured
human jejunal permeability for reference drugs.[”]

Tissue Distribution

For the lipophilic pro-drug oseltamivir, well stirred perfusion-
limited compartments were used to model distribution into
tissues. For OC, although tissue permeability is low and likely
to limit the distribution rate, the tissue concentration data
needed to parameterize models for such behaviour were not
available for most tissues, and well stirred models were there-
fore used with partition coefficient (K,)) values predicted using
published tissue composition-based equations.[?%-221

Summing the contributions of all tissues in the body predicts
the steady-state volume of distribution (V) [equation 1]:

Ve=Vp+Vex Rgp+ Y Vi x Kpr x (1—ER1)  (Eq. 1)
where V,, is the plasma volume; V. is the erythrocyte volume;
R, is the erythrocyte : plasma concentration ratio; Vr is the
tissue volume; K1 is the tissue/plasma partition coefficient;
and ER is the extraction ratio in the tissue.

Altered extracellular space in neonates!?3 was accounted for
by increasing the V¢ of OC by 70%.

Hepatic Disposition
Because of the importance of hepatic disposition in the
pharmacokinetics of OC, a well stirred model (such as was

© 2011 Adis Data Information BV. All rights reserved.

applied for all other tissues) was not appropriate for the liver,
and so a multi-compartment permeability-limited liver model
was used. This is described by equation 2:

Rip) dC. CeRop

(Ve + Vv Kp ) dt - Q <Cb Kp PSTC (Ce,u CT,u)
Vr dd% = l)STC (Ce,u - CT,u) - CLint,u L4 CT,u

(Eq. 2)

where Cy, is the concentration in blood entering tissue; Q is the

liver blood flow; K, is the partition coefficient for the extra-
cellular space; Ry, is the blood : plasma concentration ratio; C, is
the drug concentration in the extracellular space; subscript u
denotes the unbound concentration; Cy is the drug concentra-
tion in the intracellular space; V,, V. and V1 are the volumes of
the vascular, extracellular and intracellular compartments, re-
spectively; PS¢ is the permeability and surface area product for
liver cells; and CL;;,, is unbound intrinsic clearance.
K, was calculated as (equation 3):

f
K extracellular = f:ii (Eq. 3)

where f, , is the fraction unbound in plasma and f, r is the
fraction unbound in tissue. f, + was estimated from f, ;, as-
suming that the drug binds solely to albumin in the plasma and
extracellular spaces.°

PS¢ represents a permeability limitation and is the product of
the drug-specific cellular membrane permeability and the surface
area available for transfer between the systemic circulation and the
hepatocytes. PS¢ was optimized to fit the plasma profile of OC in
adult marmosets and was then scaled across ages and species,
using an allometric relationship based on liver weight (LW) [e.g.

equation 4 was used to scale from marmoset to human]:

LW _human

PS _h :PS T a—
tc-human TC-Marmose (LWmarmoset> (Eq. 4)

Assuming that the drug-specific permeability is constant,
this relationship would represent how the extracellular space to
cellular surface area changes with liver size. The limiting range
for this exponent can be estimated on the basis of geometric
considerations. If it is assumed that all liver cells are bathed in
plasma and that the number of cells in the liver is directly
proportional to the liver weight, then this exponent should be
1.0. Alternatively, a lower limit can be estimated from the
change in the liver surface area with liver volume which, as-
suming a spherical geometry, would be 0.67.124 In this model-
ling, an exponent between these two limits, 0.8, was used for
scaling of PS¢ both between and within species.

Clin Pharmacokinet 2011; 50 (9)
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Renal Clearance

Published data on age-dependent changes in glomerular
filtration and in renal clearance of para-aminohippuric acid
(a substance that is filtered and actively secreted by the renal
tubules) show a similar trend for maturation of renal function
in human infants.[?31 On the basis of these data, a 10-fold reduc-
tion in renal clearance in newborns versus adults was assumed
for both humans and monkeys.

Pharmacokinetic Data: Marmosets

The animal data used in this work were based on a single-
dose study in adult and newborn marmosets. Aqueous solutions
of oseltamivir were administered by oral gavage at nominal
doses of 2 and 10 mg/kg and by slow intravenous bolus at
Smg/kg. Four adults and four newborns 1-3 days old were used
for each dose. Blood samples were taken at 0.5, 1, 2, 5 and
8 hours post-dose (oral), and at 0.083, 0.25, 1, 5 and 8 hours
post-dose (intravenous).

Plasma samples were assayed by a validated liquid chro-
matography-mass spectrometry method with a lower limit of
detection of 0.1 ng/mL for both oseltamivir and OC.

Plasma concentration-time profiles were analysed by using
WinNonlin Professional version 5.2 (Pharsight Corporation,
Palo Alto, CA, USA). For the reporting of pharmacokinetic
parameters, the maximum (peak) plasma concentration (C,,,,)
was determined directly from the plasma concentration-time
profiles, while the area under the plasma concentration-time
curve (AUC) was calculated non-compartmentally, using the
linear trapezoidal method. For the AUC from time zero to
infinity (AUC,,), the apparent terminal elimination rate was
obtained by log-linear regression of the terminal phase of the
plasma concentration-time curve with extrapolation from the
observed concentration at the last time point.

Pharmacokinetic Data: Humans

Pharmacokinetic data in adult humans were based on in-
travenous doses of OC 150 mg and oseltamivir 15 mg given over
1 hour in six healthy male subjects.’’) Oral data were obtained
after a single dose of oseltamivir 100 mg in six healthy male
subjects.

For human infants and neonates, few data are available,
although preliminary results are emerging from two ongoing
trials.>>) CASG114 is a study where nominal doses of 3mg/kg
were given every 12 hours orally for 5 days to infants aged less
than 2 years with confirmed influenza infection. CASG119 is a
study in neonates (many of whom were preterm) of postnatal

© 2011 Adis Data Information BV. All rights reserved.

age 1.5-17.5 weeks who received 12-hourly oral doses of
1.7mg/kg for 5 days. These babies had been exposed to pan-
demic influenza A (HIN1) and were receiving oseltamivir
prophylactically.[*”)

Results

Simulations in adult marmosets were based on measured
physicochemical and in vitro inputs, as described in the Meth-
ods section. Tissue distribution in monkeys was predicted using
published equations based on human tissue composition. For
oseltamivir, a lipophilic basic molecule, the predicted tissue
partition coefficients are mostly greater than 1 and result in a
predicted Vi of 1.9 L/kg. OC is a hydrophilic acid, which is
mostly ionized at physiological pH and has poor penetration
across lipid membranes. The predicted tissue partition coeffi-
cients are all less than 1 and result in a Vi of 0.5 L/kg. Both of
these predicted volumes were within the range of the observed
values in monkeys.

Absorption of oseltamivir in monkeys was predicted using
the human jejunal permeability scaled from in vitro studies.
This was 1.5x 10™*cm/s, a relatively high permeability similar
to that seen with metoprolol.

After comparison of initial simulations with observed data,
further model refinements were made as follows:

(1) Renal clearance based on glomerular filtration of the un-
bound drug produced simulations that underestimated the
amounts of oseltamivir and OC measured in urine. Therefore,
renal clearances were increased to match the observed urinary
excretion. This gave values of unbound renal clearance more
than 6-fold higher than the glomerular filtration rate (GFR) in
the marmosets, indicating significant active secretion.

(i) Metabolic conversion of oseltamivir to OC in the liver,
scaled directly from in vitro data, led to an overestimate of the
oseltamivir half-life. The scaled CL;,, was increased by a 4-fold
factor.

(1i1) A perfusion-limited liver model for OC led to a profile that
underestimated the observed half-life of OC. A permeability-
limited liver model was introduced and the PS¢ parameter was
optimized to match the observed longer half-life.

After making these model adjustments, simulated and ob-
served pharmacokinetic results for adult marmosets were in
good agreement, as shown in table II and figure 2.

Simulations for newborn marmosets allowed for reduced
renal function in newborns and included hepatic metabolic
conversion scaled from in vitro data that were relevant for
newborns with the additional 4-fold factor as needed in adults.
Simulated profiles (figure 2) and estimated AUCs (table II)

Clin Pharmacokinet 2011; 50 (9)
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Table II. Observed and simulated exposures to oseltamivir and its active
metabolite oseltamivir carboxylate (OC) after intravenous (IV) or oral (PO)
dosing in adult and newborn marmosets

Dose Cinax (ng/mL) AUC,¢; (ng e h/mL)
observed® simulated  observed® simulated
Adults
5mg/kg IV
oseltamivir  NA NA 2520-4890 2040
oC 842-1220 1000 322-4640 5300
2mg/kg PO
oseltamivir  33-113 90 220-367 350
oC 153-512 290 867-1850 1650
10mg/kg PO
oseltamivir  379-1140 450 885-3630 1750
oC 373-5340 1500 1950-15100 8600
Newborns
5mg/kg IV
oseltamivir  NA NA 5440-8960 6550
oC 4220-6050 2200 19300-30000 12000
2mg/kg PO
oseltamivir  384—1650 350 1210-2350 2000
oC 1110-2000 710 5150-10900 3400
10mg/kg PO
oseltamivir  3950-7630 1700 10400-18200 10000
oC 1280022800 3600 65200-102000 17000

a Values are expressed as range.

AUC,,;=area under the plasma concentration-time curve from time zero to
the last observed value; Cnax=maximum (peak) plasma concentration;
NA =not applicable.

matched well the observed trend for increased oseltamivir
exposures in newborns compared with adults after the same
intravenous or oral doses. However, the observed exposures
of OC in newborns were higher than the simulated values, par-
ticularly at the highest oral dose. A more than dose-proportional
increase in exposures was observed between the two oral doses.
A larger underestimation of the C,,,, of oseltamivir in newborn
marmosets than in adult marmosets was also found, and a
model sensitivity analysis showed that the simulations of the
Cpax and the time to reach the C,, (tnax) Of oseltamivir and
OC could both be improved by increasing intestinal perme-
ability in the juvenile model.

As further verification of the hepatic disposition model, the
simulated concentrations of OC in the livers of adult and
newborn marmosets at the 8-hour time point were compared
with measured values. The liver/plasma partition coefficients

© 2011 Adis Data Information BV. All rights reserved.

simulated with the model were all within 2-fold of the observed
values and captured well the trends seen in the measurements,
where values for OC were significantly higher in adults (ob-
served: 36-48; simulated: 64) than in newborns (observed: 4-7;
simulated: 7).

Simulations in adult humans were made with the PBPK
model, including metabolic conversion scaled from in vitro data
(table I) and the 4-fold correction factor that had been found
necessary in monkeys. The liver permeability parameter, PStc,
was scaled from monkeys to humans on the basis of liver weight
to the power of 0.8, and renal clearances of oseltamivir and
OC were adjusted to match the reported urinary excretion in
humans.

Simulated plasma profiles for 150 mg OC given by 1-hour
intravenous infusion were compared with published datal® and
were in reasonable agreement, with a simulated C,,, of
3700 ng/mL (observed range 4000-5700 ng/mL) and a simulated
AUC of 9400 ng e h/mL (observed range 7300-11 400 ng e h/mL).
Simulated profiles for a 15mg intravenous infusion and a
100 mg oral dose of oseltamivir are compared with observed
data in figure 3 and table III. These simulations are close to the
observed data, indicating that the model appropriately de-
scribes the processes determining the human pharmacokinetics
of oseltamivir and OC in adults.

Model sensitivity analyses showed that OC release from
hepatocytes is rate limiting for plasma concentrations after
either intravenous or oral dosing. Thus, the C,,,, of OC was
sensitive to changes in PS¢ and insensitive to changes in he-
patic CL;,,. For an oral dose, plasma concentrations of osel-
tamivir were sensitive to hepatic first-pass metabolism, with
both the C,,x and AUC of oseltamivir affected by small
changes in hepatic CL;,,.

Simulations for a 1-year-old infant were performed with
2-fold lower CL;,, than that in adults, based on in vitro mea-
surements in infant livers,[-81 and as renal function is reported
to be close to maturity by this age,[**! renal clearances of osel-
tamivir and OC were scaled from adult values on the basis of
body surface area. Pharmacokinetic data pertaining to human
infants remain scarce; however, it was recently reported that
an oseltamivir dose of 3mg/kg, when given to infants aged
<2 years, resulted in an AUC from 0 to 12 hours (AUC,,) of
4300+ 1900 ng e h/mL for OC.[>1 The simulated steady-state
AUC,, is 5700 ng e h/mL, which is within the reported range.

For simulations in newborns, 10-fold lower metabolic activ-
ity than adults was incorporated and, because of the immature
renal function, urinary clearances of oseltamivir and OC were
scaled to one-tenth of the adult values when based on body
surface area.

Clin Pharmacokinet 2011; 50 (9)
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Fig. 2. Simulated plasma concentration-time profiles (using the physiologically based pharmacokinetic model) and observed plasma concentrations of
oseltamivir and oseltamivir carboxylate (OC) in (a) adult marmosets (n=4) after intravenous dosing; (b) juvenile marmosets (n=4) after intravenous dosing;
(c) adult marmosets (n=4) after oral dosing; and (d) juvenile marmosets (n=4) after oral dosing.

As reported,[*1 a dose of 1.73 mg/kg oseltamivir, when given
to premature neonates in study CASG119, resulted in a steady-
state AUC, of 9250 ng e h/mL for OC. The simulated steady-
state AUC,, values for this dose were 23 000 ng e h/mL for OC
and 620 ng e h/mL for oseltamivir.

Investigations using liver samples from children have shown
a large interindividual variability in the expression of hCEl,
which is responsible for metabolism of oseltamivir.l”-8 The
possible impact of such variability on plasma concentrations
in neonates was explored by running simulations where hepatic
CL,;,, was varied. OC concentrations in neonates remained re-
latively insensitive to variability in hepatic metabolism of
oseltamivir while, as seen with the adult model, oseltamivir
exposures were affected by variation in hepatic first pass.
Such sensitivity was obviously not present for the intravenous
route.

Finally, to compare the exposures via the intravenous and
oral routes in neonates, simulations were performed for a
2 mg/kg twice-daily intravenous infusion (figure 4). These de-
livered exposures of OC the same as those achieved with a
2mg/kg twice-daily oral dose. In these simulations, the osel-
tamivir C,,,, and AUC were both 3-fold higher after infusion
than when given orally, because of the lack of hepatic first pass
for the intravenous route.

© 2011 Adis Data Information BV. All rights reserved.

Discussion

A strategy for the application of PBPK models to predict
pharmacokinetics in neonates and infants has been developed
and applied to oseltamivir. The PBPK model integrated drug-
specific knowledge, including physicochemical properties,
solubility and permeability, blood cell and plasma protein
binding, and in vitro data on the metabolism of oseltamivir by
HCEI. Simulations of plasma and tissue concentrations after
intravenous and oral dosing were made for both oseltamivir
and its active metabolite by means of whole-body models linked
through hepatic metabolic conversion.

The strategy employed for prediction of human pharmaco-
kinetics involved model verification in the marmoset monkey, a
species chosen because its pharmacokinetic behaviour is similar
to that of humans, with the liver being the major site of meta-
bolism. A PBPK marmoset model was constructed, and initial
simulations with this model showed that a number of refine-
ments were needed.

First, the assumption that renal clearance is determined by
filtration led to underestimation of the amounts eliminated in
urine for both oseltamivir and OC. Unbound renal clearances
in marmosets are more than 6-fold higher than the GFR, in-
dicating that significant secretion of both molecules occurs.

Clin Pharmacokinet 2011; 50 (9)
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Fig. 3. Simulated plasma concentration-time profiles (using the physiologi-
cally based pharmacokinetic model) and observed plasma concentrations
of oseltamivir and oseltamivir carboxylate (OC) in adult human male subjects
(a) after a 15 mg intravenous infusion of oseltamivir and (b) aftera 100 mg oral
dose of oseltamivir.

Furthermore, it has been reported that OC is a substrate of
transporters expressed on the basolateral membrane of kidney
epithelia, organic anion transporter (OAT)-1 and OAT3[26:27]
and also of multidrug resistance-associated protein (MRP)-
4,291 a transporter expressed on the apical membrane. Al-
though these three transporters have all been reported to have
high expression levels in the kidneys of both monkeys and
humans,?8] methods for scaling of in vitro data to the in vivo
situation have not been established. In the absence of a me-
chanistic model for active renal secretion, an empirical ap-
proach was taken and renal clearances were adjusted to match
the urinary excretion.

A second adjustment of the model was needed when direct
physiological scaling of in vitro data measured in S9 fractions
led to a conversion rate of oseltamivir to OC that was too slow

© 2011 Adis Data Information BV. All rights reserved.

to match the in vivo profile of oseltamivir. It was necessary to
increase this conversion rate by an additional 4-fold factor to
match the observed plasma half-life. The reason that this cor-
rection factor is needed is unclear but might involve an un-
derestimation of the amount of S9 protein in the liver.

A third refinement was introduced because a perfusion-limited
liver model was not able to deliver a reasonable simulation
of the plasma profile of OC. The poor in vitro permeability of
OC suggested that escape from the liver would be rate limiting,
and the liver disposition model was modified accordingly. As
a priori prediction of the model parameter PS¢ (a combination
of the permeation of OC across hepatocyte cell membranes and
the available surface for exchange between blood and hepato-
cytes) was not possible, its value was optimized to match the
observed OC plasma concentrations.

These model refinements were made on the basis of the
in vivo data in adult marmosets and subsequently needed to be
scaled across species to adult humans and with age to neonates.
Mechanistic scaling of active renal secretion between monkeys
and humans again proved to be problematic because of lack of
quantitative methods for transporter scaling. Unbound renal
clearances were higher than the GFR in both species, indicating
that significant secretion of both molecules must occur. How-
ever, although the use of the ratio of GFRs between rats and
humans has been proposed as a method to scale renal clearance
between species in such cases,*’! this approach did not work
well to scale for oseltamivir or OC between monkeys and hu-
mans. The renal clearances in adult humans were therefore
adjusted to match the measured urinary excretion, which gave
unbound renal clearance 2-fold higher than the GFR of osel-

Table Ill. Observed and simulated exposures to oseltamivir and its active
carboxylate metabolite (OC) after intravenous (V) or oral (PO) dosing of
oseltamivir in six healthy adult human males

Dose Cmax (ng/mL) AUC (ng e h/mL)?
observed® simulated observed® simulated

15mg IV infusion over 1 h

oseltamivir 54-90 67 85-97 102

oC 34-52 38 288-433 350
100 mg PO (single dose)

oseltamivir 16-106 167 59-96 60

oC 190-330 280 1800-3300 4200

a AUC,, for OC and AUC_, for oseltamivir phosphate.
b Values are expressed as range.

AUC =area under the plasma concentration-time curve; AUC;,=AUC from
0 to 12h; AUC_,=AUC from time zero to infinity; Cax=maximum (peak)
plasma concentration.
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Fig. 4. Simulated plasma concentration-time profiles (using the physiologi-
cally based pharmacokinetic model) of oseltamivir and oseltamivir carboxy-
late (OC) in neonates after administration of 2 mg/kg twice daily for 5 days,
given either as 2-hour intravenous (IV) infusions or as oral doses (PO).

tamivir and 4-fold higher for OC. Verification of the scaling of
renal clearance with age in marmosets was limited by lack of
data on the ontogeny of renal processes in monkeys. On the
basis of the development of renal function reported for human
neonates,?3 10-fold reduced renal function was assumed to
apply also to marmosets. Although simulations showed that
this gave the correct trend for increased plasma concentrations
in neonates, the actual renal clearance appears to be lower than
predicted and also saturable (this remains uncertain, as urine
could not be collected in neonates). However, given the un-
certainties of the monkey model, it was considered appropriate
to retain the 10-fold reduction in humans without further re-
finement.

The approach for scaling of hepatic metabolism developed
in adult monkeys worked well for simulations in adult humans.
This method was also successful when the reduced CL;,; mea-
sured in vitro for newborn marmosets was incorporated and
produced reasonable simulations. Also the use of an allometric
relationship based on liver size proved appropriate to scale the
optimized liver permeability parameter from adult monkeys to
adult humans; furthermore, the modified liver model and
scaled parameter gave reasonable estimations of the liver to
plasma partition coefficient in both adult and newborn mar-
mosets. The differences in liver partitioning with age were ex-
plainable as being due to the balance between OC metabolic
production and permeability-limited release from the liver.
Thus, in newborns, the reduced metabolic conversion from
oseltamivir resulted in an OC liver partition coefficient that was
roughly 10-fold lower than that seen in adults.

© 2011 Adis Data Information BV. All rights reserved.

Modelling the absorption of oseltamivir in marmosets did
not present major problems. High solubility and good perme-
ability of oseltamivir led to simulated complete absorption of
the doses in both adults and newborns. Nonetheless, simula-
tions of oral profiles in newborns were improved (both the C,,,«
and t,,,,) if it was assumed that permeability was higher than in
adults. One reason for this could be the reported higher para-
cellular permeability due to wider tight junctions in neonates.!*!

Overall, simulations in adult humans were found to agree
well with observed data, indicating that the models capture the
major processes driving the pharmacokinetics of oseltamivir
and OC. Furthermore, early data after oral dosing in human
infants are also in reasonable agreement with simulated profiles
and although the observed AUC of OC in neonates was slightly
more than 2-fold higher than predicted, it is noted that most of
the babies in this study were pre-term, and this may have played
arole. In spite of the greatly reduced HCEI activity in neonates,
therapeutic concentrations of OC are still achieved and the
PBPK modelling shows that this is as expected when account-
ing for both the reduced HCEI1 expression and reduced renal
function. Moreover, the similarities between simulated in-
travenous and oral profiles in neonates support the relevance of
oral studies for the intravenous dosing. Further data in infants
after oral and intravenous dosing will be needed to confirm
these preliminary conclusions.

Non-clinical oral safety studies in juvenile animals have
shown that oseltamivir is devoid of specific behavioural and
other central nervous system effects and has a high no-observed-
effect level in these animals, with maximal exposures 2200 times
the efficacious concentrations of both oseltamivir and OC.!
This PBPK modelling supports the relevance of these oral
studies for intravenous dosing.

Paediatric doses of medication have traditionally been scaled
from adult doses, using functions related to body size, but such
simple allometric measures are questionable when complex
processes in absorption and disposition need to be accounted
for, and they often fail to predict exposure accurately, partic-
ularly in the very young.3? Developing children show rapid
changes in rates of organ maturation, blood flow, body com-
position and ontogeny of drug elimination and transport. Me-
chanistic modelling, as carried out in the present study, represents
a more rational approach, as it integrates a wide variety of bio-
logical factors to predict drug absorption, distribution, metabo-
lism and elimination. Examples of paediatric PBPK models have
been published for drugst®*3¢ and for chemical compounds to
assess inadvertent exposure to unborn and breastfed infants?®”
and children.['>3 These PBPK models have allowed for the
prediction of differences in pharmacokinetics between children
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and adults for several drugs. For example, Bjorkman!*¥ predicted
drug disposition of theophylline and midazolam in infants and
children; Edginton et al.?¥ described scaling of pharmacokinetics
from adults to children for paracetamol (acetaminophen), alfen-
tanil, morphine and levofloxacin; and Johnson et al.l*®! predicted
clearance and its variability for 11 drugs in children and infants.

Regulatory authorities are increasingly focusing on the use
of modelled scenarios to complement and rationalize clinical
studies in children,*1 and PBPK modelling is one approach to
optimize study design and minimize exposure of real patients.
By integrating available pre-clinical in vitro and in vivo data,
clinical data and a detailed understanding of developmental
pharmacology PBPK modelling can enhance the learning phase
of the ‘learning-confirming’ cycle of clinical trials and optimize
the collection of the data needed for efficacy and safety in
special patient populations.[4”]

Conclusions

The PBPK models discussed in this article have shown good
agreement with observed data in adult and newborn animals
and humans. This modelling enhances our understanding of the
pharmacokinetic behaviour of oseltamivir in the very young
and supports the use of oral safety studies as a precursor to the
development of intravenous regimens for this patient group.
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