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The purpose of this study was to establish a population pharmacokinetic/pharmacodynamic (PK/PD) model
linking etoposide free tumor and total plasma concentrations to the inhibition of solid tumor growth in rats.
Walker-256 tumor cells were inoculated subcutaneously in the right flank of Wistar rats, which were randomly
divided in control and two treated groups that received etoposide 5 or 10 mg/kg i.v. bolus every day for 8 and
4 days, respectively, and tumor volume was monitored daily for 30 days. The plasma and intratumoral concen-
trations-time profiles were obtained from a previous study and were modeled by a four-compartment popula-
tion pharmacokinetic (popPK) model. PK/PD analysis was conducted using MONOLIX v.4.3.3 on average data
and by mean of a nonlinear mixed-effect model. PK/PD data were analyzed using a modification of Simeoni
Tumor Growth Inhibition (TGI) model by introduction of an Emax function to take into account the concentration
dependency of k2variable parameter (variable potency). The Simeoni TGI-Emax model was capable to fit schedule-
dependent antitumor effects using the tumor growth curves from the control and two different administered
schedules. The PK/PD model was capable of describing the tumor growth inhibition using total plasma or free
tumor concentrations, resulting inhigher k2max (maximal potency) for free concentrations (25.8mL·μg−1·day−1

- intratumoral vs. 12.6mL·μg−1·day−1 total plasma). These findings indicate that the plasma concentrationmay
not be a good surrogate for pharmacologically active free tumor concentrations, emphasizing the importance of
knowing drug tumor penetration to choose the best antitumor therapy.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Etoposide
Pharmacokinetics/pharmacodynamics
Walker-256 tumor
Cancer chemotherapy
Tissue penetration
Mathematical model
1. Introduction

In the past decades, the application of pharmacokinetic/pharmaco-
dynamic (PK/PD) modeling in the drug development process has in-
creased substantially and has received more attention from the
industry and regulatory agencies (Garnett et al., 2011; Gobburu, 2010;
Jonsson et al., 2011). The PK/PD modeling using preclinical and clinical
data has become a useful alternative for rational development of new
drugs through early understanding of dose–response relationship and
ressure liquid chromatography-
PK, population pharmacokinetic;
SAEM, stochastic approximation
ual predictive check; AUC, area
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has enabled the optimization of dosing regimens for existing approved
drugs, respectively (Bender et al., 2015; Friberg, 2003; Van Kesteren et
al., 2003).

Because anticancer agents usually have a narrow therapeutic win-
dow, PK/PDmodels can be extremely useful in oncology guiding the se-
lection of adequate doses that improve treatment efficacy and reduce
toxicity (Mould et al., 2015). PK/PD models developed in oncology
have been applied to describe the relation between drug plasma con-
centration and tumor growth (Ribba et al., 2012; Simeoni et al., 2004),
biomarker response (Lindauer et al., 2010; Yamazaki et al., 2008), as
well as adverse effects (Friberg et al., 2002; Quartino et al., 2012),
using data from animals or humans.

The most usual PD marker in oncology is the tumor growth, where
the measurements of the tumor volume are used to construct the time
course of growth after administration of anticancer agents (Ribba et
al., 2012; Rocchetti et al., 2005; Salphati et al., 2010; Simeoni et al.,
2004). The most popular preclinical PK/PD model of tumor growth
was developed by Simeoni et al. (2004). This model was primarily
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developed for ranking competing preclinical candidates and was ex-
panded to describe the tumor growth dynamics after administration
of drug combinations (Terranova et al., 2013) as well as to predict suit-
able doses in humans from animal studies (Rocchetti et al., 2007).

The PK data most used to build the PK/PD model in pre-clinical and
clinical oncology studies are the plasma concentrations assuming that
these are a good surrogate for the drug concentrations reached in the
tumor. Nevertheless, linking the effect to drug plasma concentrations
can be misleading, since drug delivery into solid tumors is limited due
to the heterogeneous microenvironment, with abnormal vasculariza-
tion, hypoxic areas and high interstitial pressure characteristic of the
tumor (Gallo, 2010; Grantab and Tannock, 2012; Wei et al., 2009;
Zhou and Gallo, 2005). Drug plasma concentrations are commonly
higher than those determined in the tumor as observed previously
with epirubicin (Hunz et al., 2007), methotrexate (Sani et al., 2010)
and reviewed by Fuso Nerini et al. (2014).

In this scenario, PK models that describe the concentrations in the
tumor compartment can provide a better understanding of the drug dis-
tribution and drug efficacy helping to optimize dosing schedules. Up to
date only a few PK/PDmodels have related anticancer tumor concentra-
tions and effect, such as the model reported for temozolomide (Zhou et
al., 2007), gefitinib (Sharma et al., 2013; Wang et al., 2008, 2009) and
paclitaxel (Colin et al., 2014). Furthermore, these studies only investi-
gated drug penetration into brain tumors, demonstrating the need for
studies that consider the anticancer distribution to other types of solid
tumors.

The anticancer agent etoposide is a topoisomerase II inhibitor used
for treating hematopoietic malignancies and different solid tumors,
such as small cell lung cancer, breast cancer and Kaposi's sarcoma. Al-
though the systemic PK and PD of etoposide are extensively studied
(Slevin, 1991; Toffoli et al., 2001), little is known about its distribution
in solid tumors and PK/PDmodeling linking its intratumoral concentra-
tions with antitumor effect has not been reported.

In this context, the present study aims to comparatively model the
PK/PD relationship between total plasma and free interstitial tumor
etoposide concentrations to the tumor growth kinetics observed in a
Walker-256 (W256) tumor-bearing Wistar rat model.

2. Materials and Methods

2.1. Chemicals and Reagents

Etoposide (purity ≥98%) and Trypan Blue solution 0.4% were pur-
chased from Sigma-Aldrich (St. Louis, USA). Ethyl alcohol (anhydrous)
and formic acid were purchased from Tedia (Fairfield, USA). Ultra-
pure water was obtained in a Millipore Milli-Q system (Bedford, USA).
Polyethylene glycol (PEG) 300, polysorbate 80 and citric acid were ac-
quired from Labsynth (São Paulo, Brazil). Glucose sterile solution was
purchased from Basa (Caxias do Sul, Brazil). All other chemicals and re-
agents used in this study were of pharmaceutical or analytical grade.

Etoposide solution (5mg/mL)was prepared for intravenous (IV) ad-
ministration containing 3% citric acid 10%, 25% polyethylene glycol, 7.5%
polysorbate 80, 10% ethanol (v/v) and the final volume was obtained
with 5% glucose solution. This formulation is similar to the commercial
injectable formulation used in humans (Kaul et al., 1995; Toffoli et al.,
2001).

2.2. Animals and Tumor Model

Male Wistar rats (150–200 g) were supplied by the Center for Re-
production and Experimentation of Laboratory Animals (CREAL/
UFRGS - Porto Alegre, Brazil) and received food and water ad libitum.
Animal procedures were approved by UFRGS Ethical Committee on An-
imal Use (CEUA/UFRGS, protocol number 22302) and were conducted
under standard conditions according Brazilian law (Brazil, 2008) and
the guideline on experimental animal care and use (Brazil, 2013).
To obtain the tumor model, W256 carcinosarcoma cells were im-
planted intraperitoneally (IP) into Wistar rats (1 × 107 viable cells per
animal). After 5–7 days of implantation, the ascitic tumorwas harvested
from the peritoneal cavity and the cell viabilitywas evaluated by Trypan
blue exclusion test (Phillips, 1973) using a Neubauer's chamber (Brand,
Wertheim, Germany). To produce a solid tumor, 2 × 107 viable cells in
1 mL of phosphate-buffered solution were inoculated subcutaneously
into the right flank of the animal. During harvesting and inoculation
procedures the animals were anesthetized with a ketamine-xylazine
(100–10mg/kg). After inoculation, the animals were kept on separated
in cages (4 rats/cage) in standard conditions of temperature, humidity
and 12-h light–dark cycle during the period of treatment.

2.3. Pharmacokinetic Study

The pharmacokinetics of etoposide in W256 tumor-bearing Wistar
rats was previously investigated in plasma and tumor (Pigatto et al.,
2016). A population PK model (popPK) was developed usingMONOLIX
v. 4.3.3 (Lixoft, Orsay, France). The popPK model simultaneously de-
scribed total etoposide concentrations in plasma and free concentra-
tions in two regions of the tumor – center and periphery consisting of
four-compartments with a saturable distribution into the tumor com-
partments and first-order elimination. The system of differential equa-
tions for the popPK model is given in Eq. 1:

dA 1ð Þ
dt

¼ A 2ð Þ � k21 þ A 3ð Þ � k31 þ A 4ð Þ � k41−A 1ð Þ � k10 þ k12ð Þ− Vmax � A 1ð Þ
V1 � km þ A 1ð Þ

� �
−

Vmax � A 1ð Þ
V1 � km þ A 1ð Þ

� �

dA 2ð Þ
dt

¼ A 1ð Þ � k12−A 2ð Þ � k21
dA 3ð Þ
dt

¼ Vmax � A 1ð Þ
V1 � km þ A 1ð Þ

� �
−A 3ð Þ � k31

dA 4ð Þ
dt

¼ Vmax � A 1ð Þ
V1 � km þ A 1ð Þ

� �
−A 4ð Þ � k41

Cplasma ¼
A 1ð Þ
V1

CT :periphery ¼
A 3ð Þ
V3

CT :center ¼ A 3ð Þ
V3

� Fp
� �

þ A 4ð Þ
V4

� 1−Fp
� �� �

ð1Þ

A covariate model, in which the volume of plasma compartment V1

is a function of the body weight, was used (Eq. 2):

V1i ¼ 0:171 � BWi

0:290

� �0:581

ð2Þ

where V1i is the volume of the central compartment for the i-th individ-
ual; 0.171 is the (population) volume of the central compartment esti-
mated by the popPK model; 0.581 is the exponential scaling factor;
BW is animal's individual body weight (kg); and 0.290 is the mean
body weight (kg) in the PK group.

For the present PK/PD modeling, two sets of concentrations were
used: total plasma concentration and free tissue concentration in the
peripheral region of the tumor, because this region has a higher density
of viable cancer cells that can be killed by the drug. Etoposide has a rel-
atively short elimination half-life in tumor periphery (≈2.39 h−1) and
in plasma (≈1.83 h−1), thus no accumulation was observed with the
dose interval applied in the PD study. Total plasma and free peripheral
tumor concentration-time profiles for the different treatments investi-
gated in the PD experiments were simulated by fixing the following
mean estimates values from the PK model previously described
(Pigatto et al., 2016): elimination rate micro-constant from the central
compartment (k10) was 1.27 h−1; the distribution rate micro-constants
between compartments k12, k21, k31 and k41 were 2.86 h−1, 2.88 h−1,
3.99 h−1, and 0.216 h−1, respectively; the volume of the tumor periph-
ery compartment (V3) was 0.112 L; volume of the tumor center com-
partment V4 was 2.99 L; maximum transporter velocity from the
plasma to tumor (Vmax) was 0.907 μg·h−1; Michaelis-Menten constant
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(km) was 5.15 μg/mL and the drug fraction (Fp) was 0.155. In themodel
it was assumed that the concentrations measured by microdialysis in
the center of the tumor represent a mixed concentration of the real cen-
tral concentration (1− Fp) and the periphery concentration (Fp).

2.4. Pharmacodynamic Study

Five days after the tumor inoculation of the W256 carcinosarcoma
cells into the animal right flank, when tumors had reached a palpable
volume of 1 cm3 in average, rats were selected and randomized into
control and two treated groups and treatments started. IV bolus doses
of etoposidewere administrated to the two treated groups as following:
10mg/kg once daily for 4 days (n=10) or 5mg/kg once daily for 8 days
(n=11). In order tomaintain ceteris paribus condition, vehicle was ad-
ministrated to the control group (n = 10).

Rats were clinically evaluated and weighted daily until 30 days after
the inoculation time. Dimensions of the tumors were measured daily
using a caliper and tumor mass was calculated as defined by Eq. 3
(Bueno et al., 2008; Simeoni et al., 2004):

Tumor weight gð Þ ¼ length cmð Þ �width2 cm2
� �

2
� ρ ð3Þ

assuming density ρ = 1 g/cm3.
Ratswith a tumor diameter higher than 4 cm, 20%weight loss and/or

inability to eat and/or drink water were sacrificed before the end of the
experiment according to the international guidelines for animal care
and euthanasia (NCI, 2012).

2.5. Population Pharmacokinetic/Pharmacodynamic Model

To describe the tumor growth in response to etoposide dosing, the
Simeoni TGI model (Simeoni et al., 2004) was used. This model consists
of a system of ordinary differential equations, inwhich 5 parameters are
used to describe the tumor growth. In particular, 3 parameters describe
the tumor growth in absence of drug, while the 2 remaining parameters
describe the drug action. Tumor growth in untreated animals (unper-
turbed growth model) showed by Eq. 4 is described by a growth func-
tion in which the exponential phase is followed by a linear one. In
fact, when tumor weight reaches the threshold value wthreshold, the
growth switch from exponential to linear because of nutrients limita-
tion. The parameters λ0 and λ1, represent the rate of exponential and
linear growth, respectively. The parameter w0 is the tumor weight at
the inoculation time andw(t) is the total tumorweight.ψ is a shape fac-
tor introduced to superimpose the continuity of the derivative and it is
equal to 20 (Simeoni et al., 2004).

dw
dt

¼ λ0 �w tð Þ

1þ λ0
λ1
�w tð Þ

� �ϕ
� 	1

ϕ

w 0ð Þ ¼ w0

ð4Þ

To describe the tumor growth in the treated animals (perturbed
growth model), the previous growth function for untreated animals
wasmodified by introducing a term tomodel the action of the cytotoxic
agent as described in Eq. 5. In the Simeoni TGI model one assumes that,
after drug administration, only a fraction of tumoral cells remains able
to proliferate. In fact, cells hit by the drug stop proliferating and enter
the transit compartmental system leading to cells death. This mortality
chain represents the progressive degrees of damage that cells go
through. The decreasing of proliferating cells is proportional both to
the drug concentration (C(t)) and to the number of proliferating cells
themselves. The parameter k2 is the potency of anticancer compound,
while k1 is the first-order transfer rate constant describing the kinetic
of cell death. In otherwords, it is related to how rapidly cells are brought
to death. Z1(t) represents the mass of proliferating tumor cells, while
Z2(t), Z3(t), Z4(t) are the mass of tumor cells in the different stages of
damage (Simeoni et al., 2004).

dZ1 tð Þ
dt

¼ λ0 � Z1 tð Þ

1þ λ0
λ1
�w tð Þ

� �ϕ
� 	1

ϕ
−k2 � C tð Þ � Z1 tð Þ;ϕ ¼ 20

dZ2 tð Þ
dt

¼ k2 � C tð Þ � Z1 tð Þ−k1 � Z2 tð Þ
dZ3 tð Þ
dt

¼ k1 � Z2 tð Þ−k1 � Z3 tð Þ Z1 0ð Þ ¼ w0

dZ4 tð Þ
dt

¼ k1 � Z3 tð Þ−k1 � Z4 tð Þ Z2;3;4 0ð Þ ¼ 0

w tð Þ ¼ Z1 tð Þ þ Z2 tð Þ þ Z3 tð Þ þ Z4 tð Þ

ð5Þ

2.6. Data Analysis

Total plasma and free peripheral tumor concentration-time profiles
of etoposide were obtained using the PK model previously developed
(Pigatto et al., 2016) as described in 2.3. PD parameters were estimated
performing a simultaneous fitting of the tumor growth curves observed
both in control and treated animals.

PK/PD model was implemented using MONOLIX version 4.3.3.
PD parameters were estimated using the stochastic approximation ex-
pectation maximization (SAEM) algorithm with log-likelihoods esti-
mated by linearization and standard errors estimated by stochastic
approximation.

A limit of quantification of 3 mmdiameter corresponding to a 0.01 g
was the minimum value that can be appreciate with the caliper. For the
analysis, tumor measurements below the limit of quantification were
coded as left censored data.

In this work, two different approaches were adopted: a pool ap-
proach using a Naïve Average Data (NAD) and a population approach.
NAD is a very simple method that focuses the attention only on the typ-
ical population response. Average value of the data was computed for
each sample time. Model was fitted against mean data. Contrariwise,
with the population technique data from all the individuals involved
in the study were taken into account. In this way, through a suitable
mathematical model, it is possible to describe both typical subject data
and variability among subjects.

Individual parameters Pi were supposed to be log-normally distrib-
uted. Random effects ηi were used to model inter-individual variability.
They represent the random variation of the individual parameters
around the population value θ (Eq. 6):

Pi ¼ θ � exp ηi
� � ð6Þ

Random effects were normally distributed with zero mean and var-
iance Ω, as it can be seen in the formula ηi~N(0,Ω). Different error
models were tested for the residual unknown variability.

Fitting of predicted tumor growth curves against experimental data
and precision estimates were the first criteria used to evaluate the ade-
quacy of the model. Furthermore, it is important to underline that the
first analysis wasmade using a NAD approach. Therefore, model was se-
lected through the pool approach, and then implemented in a popula-
tion context. The model evaluation was performed using goodness-of-
fit plots (GOF) and visual predictive check (VPC),which is a commondi-
agnostic tool that makes a comparison between statistics obtained from
the simulated data using the estimated population parameters and the
true observed data.

3. Results

The tumor growth inhibition and regrowth data from animals that
received IV bolus administration of vehicle, etoposide 10 mg/kg-4 d
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and 5 mg/kg-8 d are shown in Figs. 1, 2 and 3. The tumor growth curves
showed a great difference between control and treated groups. Following
international guidelines (NCI, 2012), the animals from the control group
were sacrificed after 13.5 ± 2.5 d of tumor inoculation due to the size
of the tumor. It was not possible to evaluate any animal until the end of
experiment (30 days). The treated group that received etoposide
10mg/kg-4d presented higher variability in the tumor regrowth; in aver-
age the animals were sacrificed after 27.2 ± 2.0 d of tumor inoculation,
however 3 animals (Fig. 3 - numbers 4, 5 and 9) showed a slower
tumor regrowth followed by regression in the last days of the experiment
(data not shown). On the other hand, only 3 out of 11 animals were
sacrificed 29 days after inoculation in the 5 mg/kg-8d group. The other
animals were evaluated until the end of experiment.

The first modeling attempt employed the Simeoni TGI model de-
scribed in the Materials and methods section using a pool approach, as
illustrated in Fig. 1. One can observe that the model was not adequate
to simultaneously describe the tumor growth in the control group and
in the two treated groups, either considering etoposide plasma or
tumor concentrations. The experimental regrowth curves showed that
the 8-days treatment with 5 mg/kg/day presented greater tumor
growth inhibition (regrowth observed after 21.4 ± 1.1 d) compared
with 4-day treatment with 10 mg/kg/day (regrowth observed after
16.8 ± 0.8 d). These results indicate that etoposide has a schedule-de-
pendent antitumor effect because the total drug dose used in each treat-
ment (40mg/kg) and the respective area under the curve (AUC) are the
same for both regimens.When the PK/PDmodel uses tumor concentra-
tions as the PK input (Fig. 1B), a slightly better fit can be observed be-
cause etoposide free concentrations at the site of action correlates
better with effect than total plasma concentrations.

In fact, separate fitting of control and each treatment group (fitting
not shown) estimated different values for the parameter k2 using plas-
ma concentrations (4.98 and 6.74 mL·μg−1·day−1 for 10 mg/kg-4 d
and 5 mg/kg-8 d, respectively) or tumor concentrations (17.7 and
20.9 mL·μg−1·day−1 for 10 mg/kg-4 d and 5 mg/kg-8 d, respectively).
These results indicate that etoposide potency differs between the two
schedules, according to the terms definition of the model employed to
fit the data. Either way, Simeoni TGI model was not adequate to simul-
taneously describe the effect of etoposide different schedules on the
W256-tumor bearing rats.
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Fig. 1. Plots with average observed (black dots), left censored data (grey dots) and model-fitt
(10mg/kg for 4 days or 5mg/kg for 8 days).Model predictions using the Simeoni TGI model con
Additionally, a total reduction of tumor volume (no measurable
tumor) was observed between 11.6 ± 0.5 d and 16.8 ± 0.8 d for the
10 mg/kg-4 d treatment and between 12.1 ± 0.7 d and 21.4 ± 1.1 d
for the 5 mg/kg-8 d treatment.

Viewing to improve data fitting it was assumed that k2 in the
Simeoni TGI model was variable and could be described by a inhibitory
Emax function to takes into account its dependence on drug concentra-
tion (Eq. 7):

k2variable ¼ k2max 1−
C tð Þ

IC50 þ C tð Þ
� �

dZ1 tð Þ
dt

¼ λ0 � Z1 tð Þ

1þ λ0
λ1
�w tð Þ

� �φh i1
φ
−k2variable � C tð Þ � Z1 tð Þ;φ ¼ 20

dZ2 tð Þ
dt

¼ k2variable � C tð Þ � Z1 tð Þ−k1 � Z2 tð Þ
dZ3 tð Þ
dt

¼ k1 � Z2 tð Þ−k1 � Z3 tð Þ Z1 0ð Þ ¼ w0

dZ4 tð Þ
dt

¼ k1 � Z3 tð Þ−k1 � Z4 tð Þ Z2;3;4 0ð Þ ¼ 0

w tð Þ ¼ Z1 tð Þ þ Z2 tð Þ þ Z3 tð Þ þ Z4 tð Þ

ð7Þ

This function was parameterized (Imax, assumed equal to 1) with
IC50 that is the concentration that represents 50% of k2max (the maxi-
mum drug potency). The new parameter k2variable was inserted into
the Simeoni TGI model in place of k2. According to the equations
above, when drug concentration is close to zero (smaller than IC50):
k2variable similar to k2max. Instead, when concentration increases, the
k2variable decreases. Note that, this modellization is equivalent to consid-
er a saturable killing cell effect of the drug with the increases of its con-
centration, but it focuses the attention on the dug potency, one of the
most import parameter of the Simeoni model. The mathematical rela-
tionship adopted in this paper is closed to that used in Rocchetti et al.
(2013) to describe the interaction between an antiangiogenic and a cy-
totoxic drug. Through this equation, it is possible to explain the lower
anticancer effect obtained when 10 mg/kg-4 d was administered to
the animals in comparison with 5 mg/kg-8 d.

As observed in Fig. 2 (average data) and Fig. 3 (individual data), the
Simeoni TGI-Emax model was able to simultaneously fit all control and
the two treated groups. The model was able to provide a good descrip-
tion of the data both using total plasma (Figs. 2A and 3 – left panels) and
free tumor concentrations (Figs. 2B and 3 – right panels).
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The population parameter estimates are presented in Table 1, to-
gether with inter-individual and residual variability. Population param-
eters were identified with good precision (RSE ≤ 12%) and they were
independent of the concentration used (plasma or tumor), except
k2max, whichwas of 12.6mL·μg−1·day−1when total plasma concentra-
tions were used and 25.8 mL·μg−1·day−1 when free tumor concentra-
tionswere assumed. This difference is due to 82% lower tumor exposure
to free etoposide than to total plasma concentrations. If free plasma con-
centrations were taken into account they would have been higher than
the free concentrations determined in the tumor considering that
etoposide plasma unbound fraction is about 30% and the tumor pene-
tration factor in the periphery (AUC 0–t (tumor, free)/AUC0–t(plasma,free) is
about 60%. Furthermore, etoposide tumor penetration was shown to
be saturable, with AUCtumor,free does not increasing proportionally
with the dose increase (Pigatto et al., 2016). Then, itmakes nodifference
if free or total plasma concentrations are used, because both of them do
not adequately reflect concentrations in target tissue. Accordingly to
what previously was said, since the decrease in tumor cells growth
rate is proportional to drug concentration via the proportional constant
k2variable, the greater the concentration, the lower the potency of the
compound.

Inter-individual variability was considered only for parameters re-
lated to the tumor growthw0, λ0 andλ1. The inter-individual variability
was moderate, ranging from 7.3 to 60.5% and it can be attributed to the
differences in the tumor progression among the animals. Moreover, the
variability estimated for tumor-related parameters could also be caused
by the loss of some cells during the inoculation, determining differences
in the growth curve between the animals. The inter-individual variabil-
ity for the drug-related parameters (k1, k2max and IC50) was not consid-
ered because it did not improve the fitting.

The error model chosen was a proportional plus power error model
as follows (Eq. 8):

y ¼ f þ b � f c � ε ð8Þ

where y is the data and f themodel prediction. The coefficient of var-
iation is expressed by b; c is fixed to 0.5; ε is the random variable to ex-
press the residual unknown variability, normally distributed withmean
zero and variance 1. Residual variability was a bit high of 40% for both
free tumor and total plasma concentrations.

GOF plots presented in Fig. 4 illustrate that the proposal PK/PDmodel
adequately characterized etoposide antitumor effect. The individual and
population predicted values are in good agreement with the observed
tumor weights, using total plasma (Fig. 4A) or free tumor concentrations
(Fig. 4B) as PK input in the model. Overestimation in the population pre-
dictions at higher tumor weights is caused by animals that presented a
tumor growth slower than the others. For these animals it was possible
to measure the dimension of the tumor until 19 days post-inoculation.
For the others animals, especially for those belonging to the control
group, measures were possible only until 13 days post-inoculation, be-
cause the tumor grew faster and these animals had to be sacrificed. Still
in Fig. 4 it is possible to observe that theweighted residuals are randomly
distributed around zero indicating the absence of model bias.

VPCs (Fig. 5) indicate that the final model effectively explained the
observed tumor weights.

4. Discussion

In this study, we used the PK/PD modeling for describing tumor
growth and the anti-tumor effect of etoposide in tumor-bearing rats. PK
model was obtained from a previous work and linked to the PD model
using total plasma or free peripheral tumor concentration-time profiles.

Modeling started using Simeoni TGI model already published, with
the difference that besides plasma concentrations also the tumor con-
centrations of etoposide were employed to explain the cytotoxic effect
of the drug. However, despite the flexibility of the Simeoni TGI model,
it was not able to describe experimental data when all the groups
were considered (control, 5 mg/kg/d-8 d, 10 mg/kg/d-4 d) either
using plasma or tumor concentration as PK input.

As previously referred, in the Simeoni model the decreasing of the
tumor growth rate caused by the drug is directly proportional to the
number of proliferating tumor cells (Z1) and the drug concentration
via a proportionality constant k2, which describes the potency of the
drug. In the present study, however, this relation was not valid because
it was observed that etoposide showed a schedule-dependent effect
that resulted in a variable potency (k2,variable).
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Fig. 3. Plots with observed (black dots), left censored data (grey dots), individual predicted (solid lines) and population predicted (dashed lines) tumor growth curves obtained in rats
given either the vehicle (control) or etoposide i.v. (10 mg/kg-4 d or 5 mg/kg-8 d). In left panels total plasma concentrations were used, while in right panels free tumor concentrations
were considered.
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The dependence on schedule observed in this work corroborates
previously studies that demonstrated that the etoposide response has
been evidently schedule dependent (Dombernowsky and Nissen,
1973; Liu and Joel, 2003; Slevin et al., 1989) in clinical studies. Slevin
et al. (1989) showed that patients with small-cell lung cancer receiving
a 24-h infusion or the same dose divided over 5 days have positive



Table 1
Parameter estimates of the final PK/PD model.

Parameter

Estimate (RSE %)

Plasmaa Tumorb

Population mean
λ0 (day−1) 0.732 (2) 0.699 (2)
λ1 (g·day−1) 3.91 (11) 4.00 (11)
w0 (g) 0.037 (12) 0.043 (11)
k1 (day−1) 1.63 (3) 1.62 (3)
k2max (mL·μg−1·day−1) 12.6 (1) 25.8 (1)
IC50 (μg·mL−1) 1.07 (1) 1.08 (1)

Inter-individual variability
ω (λ0) 0.087 (20) 0.073 (20)
ω (λ1) 0.605 (15) 0.595 (14)
ω (w0) 0.554 (15) 0.555 (15)

Residual variability
b and c 0.404 (4) and 0.5 fixed 0.403 (3) and 0.5 fixed
AIC 1223.93 1188.17

aTotal plasma concentrations from the PK model; bfree peripheral tumor concentrations
from the PK model. Relative standard error = RSE % = (estimate/standard error) × 100;
ω: standard deviation of inter-individual variability estimates; AIC: Akaike information
criterion NA: not applicable. Model parameters are defined in the text.
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response rates of 10% or 89%, respectively. Additionally, the schedule-
dependent response of the epipodophyllotoxins such as etoposide
(topoisomerase II inhibitor) has been related to the activity of topo-
isomerase II that it is variable during the cell cycle and also to the fast
elimination of these drugs from the cell after the exposure, allowing
cancer cells DNA repair. Accordingly, it is recommended in the literature
the prolongation of the schedules of administration for these anticancer
agents, using smaller daily doses, to improve the response (Hande,
1996; Joel and Slevin, 1994).

To model this schedule-dependent effect an inhibitory function was
introduced in the Simeoni TGI model. Two new parameters were added
- IC50 and k2max - in order to describe the nonlinear relationship be-
tween concentration and effect. The rest of the model assumptions
were similar to those originally presented for the Simeoni TGI model
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Fig. 4.Goodness-of-fit plots for the tumorweight using total plasma (A - four panels on the left s
model predicted tumor weight plots (upper panels) the solid and dashed lines indicate the lin
shown. The grey dots are the data, while the light grey dots represent the left censored data.
(Simeoni et al., 2004). The Simeoni TGI-Emax model successfully de-
scribed etoposide effect on tumor growth using different dosing sched-
ules. The population approach allowed to correctly describing the drug
effect for the individual animals, estimating at the same time a typical
value and the interindividual variability.

The same PK/PD model was used to describe the relationship be-
tween etoposide concentration and tumor growth inhibition using dif-
ferent PK input - free intratumoral interstitial concentrations or total
plasma concentrations. The estimated k2max was higher when free
tumor concentrations were used, in accordance with the 82% lower
drug exposure in tumor. This difference in k2max (potency) depending
on the PK input shows that total plasma concentration might not be a
good surrogate for the pharmacologically active free tumor concentra-
tions. When comparing antitumoral candidates using plasma concen-
trations as PK input, the PK/PD model can predict erroneous potency if
the drugs have relevant differences in tumor penetration leading to in-
adequate selection of promising candidates.

Thepresent study showed the development of a PK/PDmodel to cor-
relate etoposide effect using either total plasma or free intratumoral
concentrations allowing the investigation of the importance of PK
input data on PK/PDmodeling. Considering that PK/PDmodeling is cur-
rently used in drug development, this study points out the importance
of knowing free intratumoral drug behavior when building PK/PD
models for antitumor drugs.
5. Conclusion

In this study, the population PK/PD Simeoni TGI-Emax model devel-
oped adequately described the schedule-dependent effect of etoposide
using total plasma and free interstitial tumor etoposide concentrations
obtained in a W256-tumor bearing Wistar rat model. The results sug-
gested that the use of free intratumoral concentrations as PK input for
PK/PDmodeling could provide a better understanding of the pharmaco-
kinetics and pharmacodymamics relationship shading light into the rea-
sons for drug inefficacy that the traditional PK/PD models based on
plasma concentrations are unable to supply.
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Fig. 5.VPC of thefinal PK/PDmodel stratified by group using total plasma (left panels) and free tumor (right panels) concentration based on 1000 simulated replicates of the original data.
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corresponding model predicted percentile. The left censored data are indicated by the light grey dots.
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