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Abstract
Purpose To evaluate the ability of a physiology-based
pharmacokinetic (PBPK) model to predict the systemic
drug exposure of high- and low-dose etoposide in children
from a model developed with adult data.
Methods Simulations were performed with PK-Sim®

(Bayer Technology Services). Model development was
done using data from adult patients receiving etoposide in a
conventional and high-dose polychemotherapy regimen
before stem cell transplantation. Michaelis–Menten param-
eters from in vitro experiments reported in the literature
were applied to describe the metabolism and excretion pro-
cesses by P450 enzymes and transporters. The model was
scaled down to children and compared to etoposide plasma
concentrations in this age group.

Results Simulated plasma concentration–time courses of
protein-bound and free etoposide in adults for high- and
low-dose schedules agreed with the observed data. Mean
simulated total clearance of high- and low-dose etoposide
was 0.70 ml/min/kg (Clobserved: 0.70 ml/min/kg) versus
0.50 ml/min/kg (Clobserved: 0.60 ml/min/kg), respectively.
Integrated Michaelis–Menten kinetics was adequately
transformed to age-related pharmacokinetics in children.
Predictions of the pharmacokinetics in diVerent age groups
were also in good agreement with observed data. Drug
interactions triggered by P-glycoprotein inhibitors or neph-
rotoxic drugs can also be elucidated.
Conclusions The PBPK model matched the pharmacoki-
netics in diVerent dosing regimens in adults. Furthermore,
the scaling procedure from the adult model to children pro-
vides useful predictions for paediatric patients. Comedica-
tion with drugs inXuencing the metabolism and excretion
has to be taken into account. This approach could be useful
for planning pharmacokinetic studies in children.

Keywords Etoposide · Paediatrics · Chemotherapy · 
Pharmacokinetics · Modelling · Simulation

Introduction

Etoposide (VP-16) is a widely used anticancer drug with a
broad range of antitumour activity. It is often combined
with other cytotoxic agents such as cisplatin, cyclophospha-
mide, cytarabine or anthracyclines in a variety of paediatric
leukaemia and solid tumours. The pharmacokinetics (PK)
of etoposide are well characterised in both adults and chil-
dren. In plasma, the drug is highly bound to plasma pro-
teins. Renal elimination accounts for 5–50% of total
systemic clearance, while the remaining amount is excreted
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through the bile either unchanged or as metabolites. Some
studies indicate that potential nephrotoxic drugs may aVect
etoposide pharmacokinetics [1]. Little is known about
drug–drug interactions occurring in polychemotherapy reg-
imens and with drugs administered for supportive care.
Interactions concerning responsible metabolising enzymes
and drug transporter activities consequently aVect the phar-
macokinetics of etoposide and may inXuence its eYcacy or
toxicity. The relationship between the pharmacokinetics
and the pharmacodynamics (PD) of etoposide is well docu-
mented [2]. Developments in population software using
bayesian methodology with limited sampling strategies
allow the investigator to estimate PK parameters with good
precision [3]. However, only few published PK–PD investi-
gations are available referring to polychemotherapy regi-
mens estimating the relationship between PK parameters
and individual clinical and biological outcomes.

A few investigations into the population PK in children
for etoposide are available [4–9]. DiVerent physiological
and anatomical attributes in children and young adults may
aVect the pharmacokinetic proWle [10, 11]. In order to yield
the optimal therapeutic eVect and to avoid toxicity, precise
estimates of anticancer drugs` clearances in children are
required. Therefore, approaches to predict the clearance on
the basis of the known metabolism and elimination pro-
cesses and clearance values in adults combined with a con-
sideration of the altered physiology and enzymatic
ontogeny in children are highly desirable. In addition, it
would be desirable to predict the pharmacokinetics in
individuals based on patients` characteristics like renal
function, comedication etc. in order to recommend an indi-
vidualised dose for each patient.

Physiologically based pharmacokinetic (PBPK) model-
ling attempts to predict the pharmacokinetics based on
drug-related and patient-related data [12]. The PBPK
approach diVers from classical pharmacokinetic models,
because the compartments represent actual tissue and organ
spaces with their physiological volumes and blood Xow
rates. In the simplest PBPK model, the compartments are
assumed to be homogenous, and the drug enters the com-
partments in arterial blood and returns to the heart in the
venous blood. Elimination occurs commonly in speciWc
organs such as the kidney and the liver, and it is commonly
assumed, at least for lipophilic drugs, that the uptake of
drug by the tissues is either blood Xow-limited or if not, the
uptake can be described by a permeability-limited model.

One of the earliest descriptions of a PBPK model was that
of Teorell [13]. During the early 1960s and 1970s, BischoV
and Dedrick developed a number of PBPK models particu-
larly for anticancer drugs [14, 15]. An important application
of PBPK modelling is the prediction of drug exposure to
humans from animal data [16]. Recently, the prediction of
infants� pharmacokinetics becomes important regarding the

regulatory guidelines for industry that push the drug devel-
opment for children in diVerent age classiWcations. A special
age-dependent physiology database and a model are
included within the PK-Sim® software allowing predictions
of the pharmacokinetics, especially for the clearance by scal-
ing adult clearances to children of all ages [17, 18]. Up to
now, PBPK modelling has been applied to children only in a
few cases with regard to anticancer treatment [19].

In order to assess the predictive value of the age-depen-
dent physiology database included in PK-Sim®, we estab-
lished a whole-body physiology–based model to simulate
the systemic drug exposure using data from adults of high-
and low-dose etoposide. Subsequently, the predictions of
the model were compared to pharmacokinetic data from
children receiving etoposide. We choose etoposide as a
model drug, because information available on the PK in
both adults and children as well as knowledge on diVerent
routes of elimination. This enables us to assess the predic-
tive value of the PbPK approach better than applying the
method to newer drugs where the knowledge is limited.

Methods

Development of the PBPK model

PBPK simulations were carried out using PK-Sim® (vers.
4.1 Bayer Technology Services GmbH, Leverkusen,
Germany) [20]. The lipophilicity of etoposide is low with
an log P of 0.9 (Drugbank-database: experimental log
P: 1.0 and predicted log P: 0.73 [21]. The unbound plasma
etoposide fraction varies for high- and low-dose etoposide
between 4 and 11% (mean high-dose: 8.33%; mean low-
dose: 5.85%) [22].

A work Xow for the paediatric PBPK simulations was
previously described by Edginton et al. [18]. First, an adult
pharmacokinetic proWle was simulated after inputting the
physicochemical compound parameters, the mean body
weight, height and age of the studied group and the enzyme
kinetics for the metabolism and excretion processes. Based
on the compound-speciWc physicochemical input parame-
ters, partition coeYcients were generated using the model
of Rodgers and Rowland [23–25]. When the simulated
curves in adults matched the mean observed data with suY-
cient accuracy, simulations were performed for individual
concentration–time curves using the same physicochemical
input parameters. The model for high-dose etoposide was
evaluated in patients receiving low-dose etoposide.

Pharmacokinetic data from adults

Raw data of the nine women with primary breast cancer
scheduled for a postoperative adjuvant chemotherapy
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protocol including four cycles of conventional-dose chemo-
therapy and a Wnal course of high-dose chemotherapy in
combination with autologous stem cell support were avail-
able. The pharmacokinetics in seven of these women were
described previously by Busse et al. [22]. Patients’ charac-
teristics are shown in Table 1 with patients 2–7 and 9 previ-
ously described in the manuscript of Busse et al. (patients 1
and 8 were not reported in that manuscript due to incom-
plete sampling). All patients had normal renal and liver
function. The study was approved by regional ethics com-
mittee, and written informed consent was obtained from
each patient.

Chemotherapy consisted of four cycles of conventional
therapy and one Wnal course of high-dose therapy with
doxorubicin 35 mg/m2, etoposide 700 mg/m2 and cyclo-
phosphamide 4 g/m2.

In brief, etoposide was administered on 3 consecutive
days with absolute doses between 200 and 300 mg as 1–h
infusion during conventional therapy and between 1,000 and
1,300 mg (absolute) as 3-h infusion during high-dose ther-
apy, respectively. Doxorubicin and cyclophosphamide were
coadministered on day 1 during the conventional chemother-
apy. The adult model was developed using high-dose etopo-
side and evaluated using low-dose etoposide data. Total and
unbound etoposide in plasma were measured by high-per-
formance liquid chromatography (HPLC) with electrochem-
ical detection [26]. Pharmacokinetic calculations were
performed by non-compartmental analysis using Kinetica
4.0. Values were normalised to absolute dose of 1,000 or
200 mg for high and low dose, respectively.

Pharmacokinetic data of children receiving high-dose 
etoposide

Pharmacokinetic data from eighteen children (boys and
girls) with normal renal and liver function and diVerent

diagnoses receiving conditioning with etoposide by i.v.
injection for bone marrow transplantation were available
[6]. Demographic data are shown in Table 2. The patients’
treatment was based on three diVerent treatment protocols.

Protocol 1: consisted of etoposide (40 mg/kg), busulfan
(divided doses daily for 4 days, total dose: 16–
20 mg/kg), cyclophosphamide (twice 60 mg/kg) and
anti-lymphocyte globulin (ALG) (for 3 days, total
dose: 60 mg/kg);
Protocol 2: etoposide (40 mg/kg), total body irradiation
(12 Gy for 3 consecutive days) and cyclophosphamide
(twice 60 mg/kg);
Protocol 3: etoposide (40 mg/kg), melphalan (for
4 days, total dose 180 mg/m2) and carboplatin (for
3 days, total dose: 1,500 mg/m2).

Out of 18 patients, Wve patients received cyclosporine A
(CsA, 3–6 mg/kg, Table 2). The duration of infusion was 4 h
with the number of measurements available for each patient
ranging from 4 to 8 plasma concentrations. The study was
approved by the regional ethics committee, and informed
consent was obtained from all patients and their parents.
Pharmacokinetic parameters were determined by the popula-
tion pharmacokinetic software P-Pharm (version 1.5).

Simulation of metabolism and excretion processes

Metabolism and active transport processes were parameter-
ised in the model either as Wrst order or saturable Michaelis–
Menten processes in the respective organs. Hepatic enzyme
activities for CYP3A4, UGT1A1, PGP, and MRP2 were
taken from the literature [27–29]. Biliary excretion by PGP
transport was deWned by Wtting the simulation results to the
literature data (Km = 255 �M, Vmax = 0.03 �mol/min/g [30].

Furthermore, a hypothetical inXux transporter was incor-
porated in the Wnal model with an enzyme activity of Km:
500 �M and a Vmax: 0.05 �mol/min/g tissue. Km and Vmax

values were Wtted to the observed concentrations.
Net tubular secretion transport processes of etoposide

were described by the apparent Michaelis–Menten constant
Km for PGP (255 �M) and cMOAT = MRP2 (616 �M). As
Vmax values were not available, the ratio of the carrier-
mediated permeability (Pc) (Pc PGP = 5.96 § 0.41 £ 10¡6

cm/s; Pc MRP2 = 1.87 § 0.1 £ 10¡5 cm/s) values was cal-
culated, and the predicted concentration–time curve was
Wtted to the observed data (Vmax PGP = 0.15 �mol/min/g;
Vmax MRP2 = 0.45 �mol/min/g).

Etoposide clearance prediction in children

Ontogeny factors for children were taken from the literature
[10] and applied to the maximum reaction velocity in case

Table 1 Patients’ characteristics of adult patients receiving high- and
low-dose etoposide [22]

Patient Age 
(years)

Height 
(cm)

Weight 
(kg)

BSA

1 48 166 91 1.74

2 46 160 57 1.59

3 38 161 57 1.6

4 28 160 63 1.65

5 55 160 67 1.63

6 35 161 56 1.48

7 51 168 55 1.62

8 47 161 51 1.52

9 52 158 60 1.58

Median 47 161 57 1.6
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of all Michaelis–Menten processes or to the Wrst-order rate
constants describing the metabolism and excretion pro-
cesses in adults [31]. Glomerular Wltration rate and the
activity of the hepatic enzymes involved were adjusted
according to age within the PK-Sim® scaling module. Eto-
poside is metabolised by CYP3A4 and UGT1A1 metabo-
lism in the proportion of 0.7 (77% excreted as hydroxyacid
in urine and bile [32]) and 0.3 (29% [33]), respectively. A
predicted value for age-dependent protein binding in chil-
dren was generated using the scaling method described by
Edginton et al. [17]. Mean plasma unbound fraction for
high- and low-dose in adults (fu adult high-dose: 8.33% and fu

adult low-dose: 5.85%) and the major binding plasma protein
were required as input parameter for the clearance scaling
in children.

Model evaluation

The validity of the PK predictions was assessed by compar-
ing the simulated plasma concentration proWles visually
with observed data. For the concentration–time curves, a
mean relative deviation (MRD) was calculated and is
deWned as the average distance of the observed plasma

concentration values from the predicted values on a loga-
rithmic scale. An MRD value of about two means that on
average, the predicted values do not deviate more a factor
of two from the observed values.

The commonly used R2 statistic (square of the Pearson
product moment correlation coeYcient) was used to quan-
tify the extent of correlation between predicted and
observed parameters.

Results

Evaluation of pharmacokinetic data in adults

After implementation of Michaelis–Menten constants for
metabolism and excretion, the simulated mean plasma con-
centration–time proWles in adults normalised to 1,000 mg
for high-dose and 200 mg for low-dose etoposide agreed
with the observed data of total and free etoposide. To main-
tain the metabolism and excretion fractions deWned in the
literature, a hypothetical inXux transporter was incorporated
in the simulation. The model reached the best Wt by this
assumption, and the mean simulated concentration–time

Table 2 Patients’ characteristics and pharmacokinetic parameters of children receiving high-dose etoposide [6]

Patients 6 and 18 were not analysed due to insuYcient sampling. Protocol 1: busulfan (16/20 mg/kg) + etoposide (40 mg/kg) + cyclophosphamide
(2*60 mg/kg); Protocol 2: total body irradiation TBI (12 Gy) + etoposide (40 mg/kg) + cyclophosphamide (2*60 mg/kg); Protocol 3: melphalan
(180 mg/m2) + etoposide (40 mg/kg) + carboplatin (1,500 mg/2); Cl clearance
a Observed clearance (Cl) values in ml/min (Wurthwein et al. [6])
b Simulated clearance in PKSIM
c Simulated clearance values in PKSIM with respect to comedication

Pat. Protocol Comedication 
with cyclosporine

Age 
(years)

Sex Height 
(cm)

Weight 
(kg)

Clobserved 
ml/mina

Clsimulated 
ml/minb

Clsimulated with 
comedication 
ml/minc

Mean relative 
deviation (MRD)

1 1 Yes 0.83 F 66 9 6.36 12.3 8.91 1.31

4 2 Yes 3.5 F 91 13 8.39 19.9 14.7 1.61

10 2 13.3 F 157 54 31.2 36.2 36.2 1.34

11 2 6.2 F 125 25 12.6 28.0 28.0 2.15

17 2 Yes 14 M 152 43.3 12.8 35.9 26.9 1.88

19 2 Yes 13.9 M 162 48.7 24.5 39.9 29.7 1.53

20 2 Yes 14 F 173 73 23.4 44.5 33.6 2.46

2 3 4.3 F 104 15.4 7.61 22.5 14.0 2.79

3 3 10 M 141 32 23.9 31.7 18.2 3.02

5 3 8.9 M 138 35 23.3 30.8 17.9 4.02

7 3 4.1 M 104 15.4 10.0 22.8 13.8 1.71

8 3 3.5 F 95 15.5 8.98 21.4 12.9 1.93

9 3 1.5 M 80 9 5.62 18.2 10.8 1.79

12 3 8.8 M 128 24 12.2 27.4 15.8 1.60

13 3 2.6 M 89 13.4 8.1 21.6 12.8 1.79

14 3 8.7 M 123 21.5 9.4 25.6 14.8 1.60

15 2 8 M 131 26 12.9 28.6 28.6 4.72

16 3 4.1 M 99 14.8 7.63 21.2 12.7 1.75
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curves (total Clsim high-dose: 0.70 ml/min/kg) matched the
mean predicted observed data (total Clobs: 0.70 ml/min/kg)
suYciently for high-dose etoposide and described the
observed data for low-dose etoposide adequately as well
(total Clsim low-dose: 0.50 ml/min/kg; total Clobs low-dose:
0.60 ml/min/kg, Figs. 1a, 2a).

The amount of unchanged etoposide recovered in the
bile was reported to be less than 10% [30, 34]. Using the
PGP activity from the literature, the model calculates 17%
biliary excretion of unchanged etoposide. As a consequence
of renal (53%) and biliary excretion (17%) of unchanged
etoposide, the remaining 30% have to be metabolised. Our
model predicts 26% formation of the catechol and 3% of
the glucuronide, respectively. Simulated fractions are
shown in Figs. 1c and 2c.

The precision of the simulated versus the observed data
for mean plasma concentration–time curves of high-dose
etoposide was evaluated by an average MRD of 1.12 with
95% conWdence interval of 0.96–1.14. The Pearson coeY-
cient comparing mean simulated to observed concentra-
tions was R2 = 0.99 (data not shown). For low-dose
etoposide, the mean MRD was 1.36 (bias: 1.01; 95% Cl:
0.82–1.26) and R2 = 0.91 (data not shown).

Individual plasma concentration–time curves with
height and weight for each patient normalised to 1,000 mg
for high-dose protein-bound etoposide (R2 = 0.93) and
normalised to 200 mg for low-dose protein-bound etopo-
side (R2 = 0.70) matched the data experimentally
observed in adults (Figs. 1b, 2b). Overall, the simulated
data for free etoposide described the observed data pre-
cisely except for an overweight patient (high-dose etopo-
side) with a too low clearance prediction for free
etoposide (data not shown).

Etoposide clearance prediction in children

Ontogeny information for UGT1A1, CYP3A4, glomerular
Wltration and tubular excretion processes by PGP was
implemented in the model [8, 9, 31]. For MRP2, no ontog-
eny information is currently available. Integrated Michae-
lis–Menten and Wrst-order kinetics of the main metabolism
and excretion pathways from adults was adequately trans-
formed to age-related pharmacokinetics in children. The
predictions of the pharmacokinetics in paediatric patients of
diVerent age for high-dose etoposide by the PBPK model
were in good agreement with the observed data. Individual
simulated plasma concentration–time curves of representa-
tive children within every age group are shown in Fig. 3.
The fractions of renal and biliary excretion were between
52 and 56% and between 15 and 18%, respectively. The
metabolised fractions were calculated to be within a range
from 24 to 30% for the catechol (CYP3A4) and from 3 to
4% for the glucuronide (UGT1A1), respectively.

Moreover, an inXuence of the coadministration of carbo-
platin or cyclosporine A (CsA) on the metabolism and
excretion was observed. In case of carboplatin, coadminis-
tration decreased the renal clearance from an average of
53.7 to 22.4%. For individuals with carboplatin coadminis-

Fig. 1 High-dose etoposide simulations in adults. a Observed data
versus mean simulated concentration–time proWles of protein-bound
(solid line) and free (dotted line) etoposide. b Observed data from nine
individuals versus simulated concentration–time proWles of protein-
bound etoposide. c Mean fraction of administered dose excreted
through bile, urine, by CYP3A4 and UGT1A1
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tration, the glomerular Wltration rate (GFR) and the Vmax

values of the tubular secretion transport processes (PGP
and MRP2) were set to 20% of the initial value. The reduc-
tion in the total clearance by carboplatin was about 41%

(Table 2). Figure 4a shows the observed data points for a
representative child versus the simulated time proWle with
and without the inXuence of carboplatin.

For CsA, Vmax of CYP3A4 and both tubular secretion
processes (PGP and MRP2) were reduced to 30 and 62% of
the initial value, respectively, to reach the observed phar-
macokinetic proWles by the simulation. As reported in the
literature, the nonrenal clearance of etoposide via CYP3A4
was decreased by 46%. The renal clearance as seen in the
excreted fractions decreased only from 53 to 49%, mainly
aVected by CsA on the tubular secretion transport mecha-
nisms. Vmax of the both tubular secretion transport pro-
cesses PGP and MRP2 was reduced by 38% each. The total
clearance decrease was 26% aVected by CsA (Table 2).
This eVect was observed in all age groups. The inXuence of
comedication on the simulated concentration–time curve is
illustrated for a representative patient in Fig. 4b. The mean
MRD of the model predictions for the 18 children was 2.17
with a 95% CI of 1.74–2.60. The higher MRD in compari-
son with the adult data is mainly due to patients 5 and 15
having the highest MRD values. The mean deviation of the
simulated versus observed clearance was 54.1%.

Discussion

In clinical practice, paediatric dosing is done by scaling
methods based on body weight or body surface area. How-
ever, these scaling methods cannot account for all physio-
logical changes during maturation. PBPK may take these
physiological changes into consideration and could Wnally
result in a generic model applicable for all drugs, at least in
those cases where all elimination pathways for the drug are

Fig. 2 Low-dose etoposide simulations in adults. a Observed data
versus mean simulated concentration–time proWles of protein-bound
(solid line) and free (dotted line) etoposide. b Observed data from nine
individuals (four cycles each) versus simulated concentration–time
proWles of protein-bound etoposide. c Mean fraction of administered
dose excreted through bile, urine, by CYP3A4 and UGT1A1
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Fig. 3 Individual patient simulations after clearance scaling for etopo-
side in children. Individual simulated concentration–time courses of
high-dose etoposide (40 mg/kg) in two representative patients; child
solid line (triangles): age: 6.2 years, 125 cm, 25 kg; child dashed line
(points): age: 13.3 years, 157 cm, 54 kg
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known. PBPK models have been applied to predict the
exposure of children to chemicals [35–37]. By the integra-
tion of a physiological database for diVerent age groups,
PBPK allows to predict the pharmacokinetics of drugs
throughout the paediatric age range.

Recently, investigations describing the capacity of
diVerent physiologically based models to predict the age
dependence of clearance for various drugs were conducted
[17, 38, 39]. To our knowledge, no model for etoposide or
any other anticancer drugs has been reported up to date.
PBPK models may provide an estimate of the pharmacoki-
netics of anticancer drugs in children by extrapolation of
adult pharmacokinetics when no experimental pharmacoki-
netic data from children are available. By using PBPK
models when planning studies in children, the design of
these studies may be substantially improved. Using infor-
mation from preclinical and clinical drug development,

PBPK may help to design in vivo studies in children in
order to develop a paediatric investigation plan (PIP).

In order to prove the predictive value of PBPK for anti-
cancer drugs, a PBPK model was developed for etoposide
and tested using data from an adult study. The study of
Busse et al. [22] provided an excellent well-documented set
of data for nine individuals as etoposide was given as
monotherapy in a high-dose regimen. During conventional
therapy, only a slight decrease of 10% in the clearance of
etoposide due to coadministration of cyclophosphamide or
doxorubicin was observed and considered to be of no clini-
cal signiWcance. We found this data set appropriate for our
purpose, because the data are well documented and can be
regarded as representative. As there are no gender eVects
reported for the pharmacokinetics of etoposide, the data of
nine women appear suYcient to set up the model. However,
model evaluation using a bigger data set from adults should
be conducted.

The development of PBPK models for anticancer drugs
can be diYcult due to drug–drug interactions inXuencing
the activity of metabolising enzymes or drug transporters in
the multidrug therapy protocols. The application of high-
dose etoposide in children included comedication with
cyclosporine A (CsA) for most of the patients receiving
protocol 1 or 2 (Table 2) known as an inhibitor of the PGP
transporter. When etoposide was coadministered with CsA,
concentrations higher than 2,000 ng/ml produced an
increase in etoposide AUC of 60% [40]. In addition,
Lacayo et al. [41] found that the mean clearance declined
by 71% in children with CsA comedication. Therefore, the
adjustment of the renal (tubular secretion) and nonrenal
(CYP3A4) excretion in children with the comedication
CsA in the high-dose etoposide protocol is reasonable.
However, we observed a decrease of only 26% of the total
clearance by CsA in this patient group.

The concomitant use of carboplatin may also change the
clearance of etoposide. While Thomas et al. [42] found
only a small interaction between etoposide and platinum
drugs during low-dose etoposide use in adults, in another
study the reduction in the clearance of high-dose etoposide
in children with concurrent carboplatin was approximately
38% [43]. Thiery-Vuillemin et al. [44] found no interaction
between low-dose oral etoposide and carboplatin. How-
ever, the adjustment of the simulations to the observed data
for high-dose etoposide therapy in children was more pre-
cise when these considerations were taken into account.
While the renal clearance was changed by carboplatin, the
metabolism rate such as the formation of the catechol via
CYP3A4 increased at the same time. This has to be taken
into account for the use of high-dose polychemotherapy in
parallel to etoposide administration.

PBPK models in general describe the tissue distribution
of drugs either limited by perfusion rate (also called “well

Fig. 4 InXuence of coadminstration of carboplatin and cyclosporine A
during high-dose polychemotherapy. a Observed data (points) for one
representative child (age: 4 years, 98.8 cm, 14.8 kg) versus simulated
concentration–time proWle with (solid line) and without (dotted line)
the inXuence of coadministered carboplatin 1,500 mg/m2. b Observed
data (points) for one representative child (age: 0.83 years, 66 cm, 9 kg)
versus simulated concentration–time proWle with (solid line) and with-
out (dotted line) the inXuence of cyclosporine A (4.5–6 mg/kg iv.)
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stirred”) or by permeability. The program PK-Sim® used in
our PBPK model combines both models. In case of etopo-
side, the membrane permeability could not be fully calcu-
lated from the physicochemical properties but had to be
complemented by active transport processes. Previously
published PBPK models reXected the importance of PGP
eZux transport as well and integrated in vitro estimated
active transport rates for diVerent tissues [45]. The pharma-
cokinetic parameters were estimated adequately on the
basis of Michaelis–Menten kinetic constants for various
metabolism and excretion processes such as renal tubular
secretion (PGP and MRP2), bile excretion (PGP) and the
metabolism processes by CYP3A4 and UGT1A1. The pres-
ence and location of these transporters could be conWrmed
in the previous investigations [27–29]. The Km and Vmax

values for the transporters were taken from the literature for
metabolism and excretion processes such as renal tubular
secretion (PGP and MRP2), bile excretion (PGP) and
metabolism by CYP3A4 and UGT1A1. The Km and Vmax

values were slightly adjusted to Wt the observed fractions
and to the observed concentration–time values. To achieve
a renal excretion of approximately 50%, a virtual inXux
transporter located at the apical membrane of the liver had
to be implemented into the model. An investigation of
Nishimura et al. regarding the intestinal permeability of
etoposide in cynomolgus monkey and rats hypothesised
that species diVerences in intestinal uptake of etoposide are
associated with transport systems functionally expressed in
humans and rats, but poorly expressed in monkeys [46].
This could be a hint to a yet unknown transporter involved
in the distribution of etoposide.

These Wrst results of the PBPK for etoposide may be
taken as a Wrst step to further characterise metabolism and
excretion pathways and as a hypothesis searching for the
expression and activity of active transporters in various tis-
sues. Further elucidation will be gained by comparing sim-
ulation results for children receiving treatment protocols
diVerent to those in this study to assess the eVect of drug–
drug interactions. Taken together, pharmacokinetic predic-
tions in children could be made by PK-Sim®, if simulations
are based on adult data and scaled down to a homogenous
children population with detailed information to possible
inXuencing parameters. However, one cannot always know
all important parameters for the deviations in drug clear-
ance between patients. Yet unknown parameters may con-
tribute to the variability in the pharmacokinetics. This
could explain the deviations in clearance in patients 11, 15
and 17 (Table 2).

In the future, PBPK may be a useful tool for therapy
individualisation as genetic information on enzymes and
transporters as well as comedication or any other signiWcant
covariates could be used as input parameters to individual-
ise the dose of patients, especially children.
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