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Abstract Purpose: The aims of the study were (a) to
characterise the pharmacokinetics (PK), including
inter-individual variability (IIV) and inter-occasion
variability (IOV) as well as covariate relationships and
(b) to characterise the relationship between the PK and
the haematological toxicity of the component drugs of
the fluorouracil (5-FU)—epirubicin (EPI)—cyclophos-
phamide (CP) regimen in breast cancer patients. Patients
and methods: Data from 140 breast cancer patients,
either within one of different studies or in routine clinical
management, were included in the analyses. The patients
were all treated with the fluorouracil-epirubicin-cyclo-
phosphamide (FEC) regimen every third week for 3–12
courses, either in standard doses, i.e. 600/60/600 mg/m2

of 5-FU, EPI and CP, respectively, or according to a
dose escalation/reduction protocol (tailored dosing). PK
data were available from 84 of the patients, whereas

time-courses of haematological toxicity were available
from 87 patients. The data analysis was carried out using
mixed effects models within the NONMEM program.
Results: The PK of 5-FU, EPI and 4-hydroxy-cyclo-
phosphamide (4-OHCP), the active metabolite of CP,
were described with a one-compartment model with
saturable elimination, a three-compartment linear model
and a two-compartment linear model, respectively. No
clinical significant correlation was found between PK
across drugs. The unexplained variability in clearance
was found to be less within patients, between courses
(inter-occasion variability, IOV) than between patients
(inter-individual variability, IIV) for EPI and 5-FU. For
4-OHCP, however, the IIV diminished by approximately
45% when significant covariates were included and the
final population model predicts an IIV that is equal to
IOV. Significant covariates for elimination capacity
parameters were serum albumin (5-FU, EPI and
4-OHCP), creatinine clearance (5-FU), bilirubin (EPI)
and body surface area (BSA) (4-OHCP). Elimination
capacity of 5-FU and EPI was not related to BSA and
for none of the studied drugs did body weight explain
the PK variability. The time-course of haematological
toxicity after treatment was well described by a semi-
physiological model that assumes additive haematolog-
ical toxicity between CP and EPI with negligible con-
tribution from 5-FU. The influence of G-CSF could be
incorporated into the model in a mechanistic manner as
shortening the maturation time to 43% of the normal
duration and increasing the mitotic activity to 269% of
normal activity. Conclusions: The models presented
describe the dose-concentration-toxicity relationships
for the FEC therapy and may provide a basis for
implementation and comparison of different individu-
alisation strategies based on covariates, therapeutic drug
monitoring and/or pharmacodynamic (PD) feedback.
The PD model extends on previous semi-mechanistic
models in that it also takes G-CSF administration into
account.
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Introduction

Chemotherapy of breast cancer is frequently carried out
using drug combinations, which have been found supe-
rior to single drug treatment [13]. The 5-fluorouracil-
epirubicin-cyclophosphamide (FEC) regimen is a widely
established regimen in the treatment of breast cancer.
The standard dosing is 600/60/600 mg/m2 for 5-fluoro-
uracil (FU)/epirubicin (EPI)/cyclophosphamide (CP)
every third week. More dose intensive schedules have
however been used [2, 3, 28, 36, 46, 47]. Haematological
toxicity is the shared dose limiting acute event for the
three drugs and granulocyte colony stimulating factors
(G-CSF) have occasionally been included in the treat-
ment allowing increased dose intensity [2, 47].

Although the main reason for the lack of distinct
dose-response and dose-toxicity relationships for anti-
cancer agents is variability in pharmacodynamics (PD),
the variability in the pharmacokinetics (PK) of an anti-
cancer agent among individuals (inter-individual vari-
ability, IIV), within one individual from one course to
another (inter-occasion variability, IOV) and, in case of
multi-therapies, drug–drug interactions, may contribute
as well. That the PK can be used as a biological marker
for anti-tumoral effect has been shown for methotrexate
and teniposide, among others [10, 38]. Hence, describing
and quantifying the PK of all component drugs of a
regimen, including variability and, if possible, explaining
the variability, and in addition describing relationships
between PK and dose-limiting side-effects, are of clear
importance in the process of developing dosing strate-
gies for anti-cancer regimens. Despite that co-variation
in the PK between component drugs within regimens
cannot be presumed, studies where all component drugs
within multiple-regimens are simultaneously monitored,
are rare in the literature [10, 14, 33, 40].

We previously reported the IIV and IOV in the PK
parameters of the component drugs of the FEC regimen,
studied in 21 breast cancer patients [40]. The results
indicated a large variability, particularly for the active
metabolite of CP, 4-hydroxycyclophosphamide
(4-OHCP), in both IIV and IOV. The IOV of all three
studied drugs were found to be less than the corre-
sponding IIV. Furthermore, no significant correlation
was found between any of the PK parameters of
the component drugs. However, the limited number of
patients in the study precluded confident conclusions.

Although the benefit of increasing dose intensity in
chemotherapy of breast cancer has been questioned [22],
it is expected that the higher the dose given to a patient,
the higher the probability of achieving effective exposure

of the tumour [6]. However, the risk of obtaining fatal
toxicity as a consequence of the treatment makes the
clinicians uncertain about how to optimally dose the
individual patient. Hence, despite lack of knowledge in
which is the effective concentration/exposure for a drug,
therapeutic drug monitoring might be worthwhile, pro-
vided that the relationships between the PK and the
dose-limiting toxicities are known. However, the lack of
models derived from the anti-cancer multi-therapy sit-
uation in which the component drugs frequently show
overlapping toxicities, has so far precluded the benefit of
therapeutic drug monitoring (TDM) in the majority of
anti-cancer regimens.

The aims of the study were (a) to characterise the PK,
including IIV and IOV as well as covariate relationships
and (b) to characterise the relationship between the PK
and the haematological toxicity of the component drugs
of the FU-EPI-CP regimen in breast cancer patients.

Patients and methods

Patients and treatment

Data from 140 breast cancer patients, treated during the
years 1992–1997, either within one of different studies or
within the routine medical service, were included in the
analysis (Table 1). All study protocols were approved by
the Local Ethics Committee; study patients, pilot
patients and patients treated in clinical routine gave their
consent for the PK sampling. The patients were all
treated with the FEC regimen every third week at 3–12
occasions, either in standard doses, i.e. 600/60/600
mg/m2 of 5-FU, EPI and CP, respectively, or according
to a dose escalation/reduction protocol (tailored
dosing). The initial doses administered to the patients
who were treated with tailored FEC were 600/75/
900 mg/m2. The following doses were either escalated
stepwise up to a maximum of 600/120/1,800 mg/m2 or
decreased to a minimum of 300/38/450 mg/m2, based on
the nadir and dosing day leukocyte and thrombocyte
count. All patients received in addition tropisetron and
betamethasone.

Group I

Twenty-one patients were treated with standard FEC.
PK samples were withdrawn at 2–7 different time points
after start of drug treatment at one or several occasions.
Leukocyte counts (WBC) were made in association with
the treatment days only. The PK in this group of pa-
tients has been reported previously [40].

Group II

Thirty-two patients were treated with either standard
FEC or tailored FEC every third week. At 2–4 different
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time points (10 min to 24 h) after the cytotoxic drug
administration, in association with one or several dosing
occasions, blood samples were taken for determination
of drug concentration. The haematological toxicity was
measured at dosing days only.

Group III

Thirty-five patients were treated with tailored FEC every
third week. Blood samples were taken, according to the
design used in Group II, for determination of drug
concentration at one or several occasions. Blood sam-
ples for leukocyte count were withdrawn at day 1, the
day of treatment, and thereafter at day 7, 10/11, 14/15
and in addition in association with dosing days.

Group IV

Fifty-two patients were within the routine medical ser-
vice treated either with standard or tailored FEC. No
granulocyte stimulating factors were given to those pa-
tients. Routine blood samples for leukocyte count were
in general taken at the 7, 10/11 and14/15 days after and
in association with the treatment days. No PK infor-
mation was available. The data from this group of pa-
tients was retrospectively collected from the patient
records.

All patients who received more than 1,000 mg/m2

CP, were in order to protect the bladder treated with
mesna, supplied as Uromitexan�(ASTA Medica, Täby,
Sweden), in the doses that were 20% of the CP dose.
Mesna was administered immediately before start of
FEC therapy and thereafter at 4–6 and 8–10 h in rela-
tion to the CP dosing. Approximately 70% of the pa-
tients (group III, see below) that received tailored FEC
were, in order to be able to increase dosing intensity,
treated with G-CSF. The choice of G-CSF dosing
strategy was determined by the disease. Patients that
suffered from metastatic disease, defined as stage IV
disease according to IUCC, were given 13.4 million units
daily, supplied as Granocyt� (Rhone-Poulenc Rorer,
Helsingborg, Sweden/Aventis, Stockholm, Sweden)
during 10 days, starting 2 days after the FEC therapy.
The remaining patients received G-CSF, supplied as
Neupogen� (Amgen, Bromma, Sweden), 0.5 mil-
lion units/kg total body weight once daily during
2 weeks starting 2 days after FEC treatment. All pa-
tients in group III were also given ciprofloxacin, sup-
plied as Ciproxin� (Bayer Sverige AB, Göteborg,
Sverige) 500 mg twice daily during 2 weeks, starting
2 days after the FEC treatment.

The majority of the courses were administered start-
ing with a 15-min infusion of CP, followed by 5-FU
given as an intravenous bolus dose and EPI given either
as a bolus or as a 1-h infusion. The following covariates
were recorded in association with the treatment days at
one or several dosing occasions: age, weight (WT),

height (HT), body surface area (BSA), serum aspartate
transaminase (AST) and serum alanine transaminase
(ALT), serum bilirubin (BILI), serum albumin (ALB),
serum creatinine (Cr) and creatinine clearance (CLCR).
CLCR was calculated according to Cockroft and Gault
[4].

Sampling for pharmacokinetics

Sampling strategy

Samples were withdrawn within four different sampling
windows in order to cover the main part of the con-
centration-time profile for each drug. The first sample
was taken approximately 10 min after administration of
5-FU whereas the second, third and fourth sample was
withdrawn around 1, 6 and 15–24 h, respectively, after
start of therapy. Thus, the first sample was often col-
lected during the EPI infusion.

Handling of samples

The blood samples were collected in EDTA-coated
Vacutainer tubes (Becton-Dickinson, Plymouth, UK),
immediately put on ice water bath and thereafter, within
15 min, centrifuged at 4�C to obtain plasma which was
immediately put in -70� until analysis. Plasma for
determination of 4-OHCP was treated as has been pre-
viously recommended [40].

The chemical assays

The methods used to determine the drug concentrations
have been described elsewhere [40, 41].

Pharmacokinetic analysis

The data collected from groups I, II and III were in-
cluded in the PK analysis that was carried out using
mixed effects modelling within the program NONMEM
version VI beta using the FOCE method with interac-
tion [1]. The search for appropriate models was guided
by graphical evaluation within the program Xpose, as
well as the, by NONMEM estimated, objective function
which is a measurement of the goodness of fit. NON-
MEM also produces Bayesian individual parameter
estimates. Individual model predicted concentrations are
based on those estimates. The significance level required
to keep a parameter in a hierarchical model was set to
p<0.01, which corresponds to a drop in the objective
function by 6.63. First, the structural and statistical
models were developed, including inter-individual (IIV)
and inter-occasion (IOV) variability terms, and second
the covariates were added to the respective model using
an automated model building procedure [24]. Candidate
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covariates were all those monitored (See Patients and
treatment). Missing covariates were in the model build-
ing process replaced with the respective median value.
IOV was introduced into the models as suggested pre-
viously [25]. Proportional and slope-intercept residual
error models were evaluated for all three datasets.

Covariate relationships were considered only on
parameters on which IIV and/or IOV were significant.
The automated model building procedure used works
stepwise, considering both linear and non-linear rela-
tionships between each candidate covariate and the PK
parameters. In the forward search each covariate is in
each step included into the model separately. The most
significant model is kept in the next step and into that
model each of the remaining covariates is again in-
cluded, one at a time. This continues until no additional
covariate is judged significant. Thereafter follows the
backward search in which the included covariates are
excluded one at a time, again to test their significance in
the model. The significance levels used in the present
analysis were p<0.05 in the forward search, whereas a
higher significance level, p<0.01, was used in the
backward search. Linear and non-linear (piecewise lin-
ear splines) models were evaluated for all covariates. In
order to identify any sensitivity of the final models for
individuals that alone are responsible for (driving) a
covariate relationship each model was finally re-run ten
times using only nine-tenth of each data set at a time
(Jack knife).

Pharmacokinetic-pharmacodynamic analysis

A model describing the time course of the haemato-
logical toxicity after single drug administration pro-
posed previously [15] was used in the PK–PD analysis
with the exception that a combined effect of more than
one drug was considered in the present analysis. The

model consists of five compartments of which one is a
compartment containing proliferating cells. That com-
partment is linked to the white blood cell compartment
via a maturation chain consisting of three compart-
ments (Fig. 1).

The model is described by the physiological
parameters WBC baseline (WBCbase), i.e. the con-
centration of leucocytes in the absence of any drug
therapy, mean transit time (MTT), which is the aver-
age time it takes a cell to mature and appear in the
circulating blood, and the gamma (c) which is part of
the feedback model [WBCbase/WBC(t)]c. The feedback
model imitates the endogenous colony stimulation
factor feedback system that responds to changes in
circulating white blood cell concentration. The first-
order transfer between maturation compartments are
given by the constant, kMTT, which in this model is
equal to 4/MTT. The proliferation rate constant
(kprol), is arbitrarily set to the value of kMTT, whereas
the rate constant for disappearance of leukocytes from
the circulation (kcirc), was set equal to kMTT as pre-
vious investigations have showed that this type of data
contain so little information about kcirc that such an
approximation is not detrimental.

The drug effect in the model acts on the proliferating
rate constant and is a function of the drug concentration
in plasma and a drug specific linear slope, such that the
changes in the concentration of proliferative cells (Prol)
are given by:

The drug concentration-time profiles were in the PD anal-
ysis fixed to values given by the typical individual param-
eters (group IV), or to the individual parameters obtained
as empirical Bayes estimates (group III) from the PK
analysis. Since only pre-dose observations of WBC were
available from the patients in groups I and II, the analysis
was based solely on the data from groups III and IV.

Fig. 1 The semi-physiological model used in the PK/PD analysis.
MTT is the mean transit time that represents the maturation chain;
kprol, the prolongation rate constant; kcirc, the elimination rate
constant for circulating leukocytes and kMTT, the maturation rate
constant [WBCbase/WBC(t)]c, is the feedback component where

WBCbase is the predicted baseline WBC and WBC(t), the
predicted WBC concentration at time t. CDRUG(t) and SDRUG

are the drug concentrations and pharmacodynamic slope factors,
respectively

dProl/dt= kprol�Prol(1�C5-FU(t)�S5-FU�CEPI(t)�SEPI�C4-OHCP(t)�S4-OHCP)

� [WBCbase/WBC(t)]c�kMTT�Prol
ð1Þ
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The analysis was carried out in two steps. In the first
step, a model was created for data from patients from
group IV, i.e. to which no G-CSF was administered. PK

was for those patients assumed to be given by typical
individual parameters of the population model devel-
oped on the data from groups I and II. The slope for

Fig. 2 Observed concentrations
versus time for 5-FU (a), EPI
(e) and 4-OHCP (i). Basic
model predicted concentrations
versus observed concentrations
(b, f and J). Final covariate
model predicted concentrations
versus observed concentrations
(c, g and k) and individual
model predicted concentrations
versus observed concentrations
(d, h and l). Included are also
lines of indentity
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EPI (SEPI) was fixed to 17.5 L/mg, a value obtained
under development of a corresponding PK/PD model in
a previous study [40], whereas other system-specific and
drug-specific parameters were estimated. In the second
step, a model was developed to describe data from
patients in group III. In this analysis, the concentration-
time profiles were fixed to those provided by individual-
specific parameters of the final PK model.

The PD modelling proceeded as follows. In all
models, WBCbase, interindividual variability in WBC-
base, and residual error were estimated. All other
parameters were fixed to the values obtained in step one,
unless otherwise specified. It was assumed that G-CSF
could influence one or several of the following parame-
ters kprol, MTT, kcirc and c. In addition, amplification in
the maturation chain or an additive effect resulting from
mobilisation of new Prol cells were tested for improve-
ment of the model. The former was achieved by allowing
the input into each compartment in the maturation
chain to be equal to the disappearance from the previous
compartment raised to an estimated exponent. The latter
was achieved by an estimated additive factor on the
right-hand side of Eq. 1. Thus, six types of possible ef-
fects were tested for their potential to describe data from
group III. For each of these effects, it was investigated
whether there may be a time-dependence in the effect of
G-CSF. This was accomplished by allowing each esti-
mated component to take on different values in the
following three periods: the first half of each G-CSF
course, the second half of each G-CSF course and in the
post-G-CSF periods, before the start of a new course.
The analysis proceeded by first assessing the fit of the
model to the data when none or only one component
were assumed to be influenced by G-CSF. Thereafter,
combinations of effects and various overall time-effects
on kprol or WBCbase were investigated. Finally, redun-
dant parameters were omitted and the statistical signif-
icance of each component was assessed by sequential
deletion from the final model and observing the increase
in the objective function value. The FO method in
NONMEM was used for the PD analyses and partly
therefore a more conservative significance level, p<0.01,
was required to keep a parameter in the final model.

Results

Pharmacokinetics

The covariate data collected are given in Table 1. Data
from a total of 188 courses in 84 individuals was avail-
able for the PK analysis. The PK information on all
three component drugs were available from 146 courses
in 70 patients. The raw data for 5-FU, EPI and 4-OHCP
are displayed in Fig. 2a, e and i. The final basic and
covariate models are presented in Table 2. In addition,
the respective basic/covariate population model and
individual model predictions versus observations are
apparent in Fig. 2b–d, f–h and j–l. Proportional error

models described the residual error as well as did slope-
intercept models in the data sets analysed.

5-Fluorouracil

A total number of 327 observations from 162 occasions in
77 individuals was available in the PK analysis (Fig. 2a) A
one-compartment model with saturable elimination was
sufficient in describing the 5-FU data. The subroutine
ADVAN 10 TRANS 1 was used in the analysis. IIV was
significant on the parameters maximum elimination rate
(Vmax) and volume of distribution (V). Introducing IOV
onVmax and the concentration at which elimination rate is
half of Vmax (Km) further improved the fit. A strong
correlation of 93% was found between the IOV of Vmax

and Km. Simulations in Excel [30] showed that the IIV
and IOV in CL at the plasma concentration 5 mg/L were
20 and 15%, respectively. Three individuals differed con-
siderably from the rest of the population in their 5-FU
PK. Theywere therefore excluded in the main analysis and
analysed separately. The CL at 5 mg/L was in that group
of patients estimated to 36.3 L/h. The candidate covari-
ates ALB, BSA and CLCR were judged significant since
they lead to a decrease in the objective function by 8.4, 9.1
and 10.8 units, respectively. Since values for ALB, BSA
and CLCR was lacking from 23, 8 and 17% of the indi-
viduals the final covariate model was re-run with data
from only the individuals from whom each covariate was
known. The estimates from those runs did not differ from
those obtained in the final covariate model. No strongly
influential individuals were identified.

Epirubicin

A total of 544 observations, 177 occasions in 79 indi-
viduals, were available in the PK analysis (Fig. 1e). A
three-compartment model was as expected from previ-
ous studies superior to a two-compartment model [34,
40]. The IIV was significant on CL and central volume of
distribution (V1). However, when IOV was introduced
on those parameters, it turned out that IIV could not be
separated from IOV on V1. The IOV on CL was esti-
mated to 7%. However, that parameter did not improve
the fit significantly and was therefore not kept in the
model (Table 2). No significant covariate relationships
were found for V1 whereas introducing BILI and ALB
as influencing factors on CL resulted in a decrease in the
objective function of 10.0 and 8.6, respectively. Deleting
data from individuals from whom covariates were
missing (ALB 23%; BILI 14%) did not change the co-
variate effect estimates. The jack-knife procedure did not
point at any influential individual. The final covariate
model is specified in Table 2.

4-Hydroxy-cyclophosphamide

Data from 76 individuals, 548 observations from 171
occasions, was available in the analysis (Fig. 1i).
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Although 4-OHCP is a metabolite, models describing
initially ascending concentrations over time did not de-
scribe the data significantly better than did a model
describing concentration-time profile as following intra-
venous bolus administration. The best structural model
was a linear two-compartment model (Table 2). The data
supported IIV and IOV on the apparent CL (CL/fm) and
V1/fm, but only IOV on V2/fm. A strong correlation
(89%) was found between CL/fm and V/fm). The cova-
riates ALB and BSA were significantly correlated to CL,
whereas ALT and WT co-varied with the volume terms.
Since one individual was found to strongly influence the
relationship between CL and the covariates ALB and
BSA, that individual was excluded from the dataset and
the covariate relationships where re-evaluated. The final
covariate model is hence not dependent on the influential
individual (Table 2). The exclusion of ALB, ALT, BSA
and WT caused an increase in the objective value of 16,
16, 17 and 25, respectively. Values for ALB, ALT, BSA

and WT was lacking from 22, 13, 7 and 4% of the indi-
viduals. The estimates obtained from runs that did not
include the individuals from whom the covariate values
were unknown resulted in similar parameter estimates as
did the final model.

To make certain that the PK did not vary between
and within individuals due to either mesna treatment or
grade of disease, the influence of mesna and metastasised
disease were evaluated on the PK parameters in the final
covariate models. None of the parameters in any of the
population models were found to co-vary with either
mesna treatment or metastasised disease.

Correlations between the PK parameters across drugs
were evaluated. As elimination rate measurement, CL at
the concentration 5 mg/L (5-FU CL) was used in the
case of 5-FU. Statistical significant correlations
(p<0.05) were found between EPI CL and 5-FU CL and
EPI CL and 4-OHCP CL. However, in absolute terms
the correlation was weak with r2-values of 0.1 and 0.05.

Table 3 Parameter estimates of the FEC PK/PD population modela

Parameter Patients off GCSF treatment
(group IV)

Patients on GCSF
treatmentb (group III)

Estimate IIVc (%) Estimate IIV (%)

System-related parameters WBCbase (109/L) 6.6 (5.2) 20 (30) 5.7 (9.1) 34 (30)
MTT (h) 136 (5.6) 15 (42) 58.4d (4.6)
c 0.160 (5.9) – 0.578e (22)
GCSFkprol (-) 1.69f (6.6)
TIMEkprol (per week) 0.59g (11) 53 (35)

Drug-specific parameters SEPI (L/mg)h 17.5 (NA) 62 (31)
S4-OHCP (L/mg) 11.6 (10) –

Residual errori Additive error (109/L) 0.29 (38)
Proportional error (%) 34.2 (6.5) 66.7 (5.0)

aValues within brackets represent the relative standard error of the estimate in %
bParameters not reported were fixed to values obtained in the analysis of patients in group IV
cIIV interindividual variability
dDuring periods of GCSF treatment
eAfter end of GCSF treatment period
fDuring periods of GCSF treatment, kprol is given by kprol·(1+GCSFkprol)
gA continuous decrease in kprol over time is given by kprol(t)=kprol·(1-TIMEkprol·time)
hIn a patient that does suffer from metastasised disease.
iExpressed on the linear scale

Fig. 3 The observed white blood cell count after treatment at occasions that were not followed by G-CSF (a) and those that were followed
by treatment with G-CSF (b)
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The PK/PD model for haematological toxicity

Group IV

The raw data obtained from group IV, 1,017 obser-
vations following 329 dosing occasions from 47 indi-
viduals, are shown in Fig. 3a. Data from two
individuals were excluded due to missing baseline
values, whereas data from another two patients were
deleted due suspected error in the data. The drug effect
caused by EPI was assumed to be the same as had
been found in a previous study [41] whereas an at-

tempt to estimate the drug effects induced by 4-OHCP
(S4-OHCP) and 5-FU (S5-FU) was made. However, since
the data did not support the estimation of both slopes
and since it turned out that the effect of CP was
superior to that of 5-FU, only S4-OHCP was kept in the
model. Using the diagnosis, metastasised breast cancer
or not, as a covariate into the model for group IV was
not found to be significant. The final parameter esti-
mates are presented in Table 3. The model predicted
WBC-time profile in the typical individual of the
population after one dosing occasion is described by
the solid line in Fig. 3a.

Fig. 4 Observed and model
predicted WBC-time profiles
for four patients in group III.
The patients were selected
based on the average absolute
weighted residual, such that the
patient with the worst fit
(ID=30) and three patients
representing the average fit
(ranking 16th, 17th and 18th of
35) are shown. Shown are
observations (continuous lines),
final model predictions based
on population (dotted lines) and
individual (broken lines)
parameter estimates
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Group III

A total of 1,022 observations from 35 individuals
(Fig. 3b) were obtained in group III. Since they all had
received G-CSF, an early and rapid increase in WBC-
time profiles could be observed. The model developed
based on data from group IV described the WBC-time
profile poorly. The six alternatives for the influence of
G-CSF all improved the fit significantly when added
separately. The decreases in the objective function
were: 634 (MTT), 582 (addition of new Prol cells), 454
(amplification in maturation chain), 427 (kprol), 284 (c)
and 151 (kcirc). Thus, a change in MTT appeared to be
the parameter that alone could best describe the
change in WBC-time profile when G-CSF was
administered. In contrast, and as anticipated based on
physiology, changes in kcirc could not as well describe
changes in the WBC profiles. Various combinations of
effects were investigated and it was found that the best
model included changes in MTT, kprol and c. MTT
was found to be decreased to 58.4 h and kprol in-
creased by 169% during the entire period of G-CSF
administration, while c was increased to 0.578 during
the post-G-CSF period. The increase in the objective
function when each one of these components were
omitted from the final model was 840, 1,023 and 71
for MTT, kprol and c, respectively. In some patients a
systematic decrease in WBC with time could be ob-
served. A change in kprol over time, estimated to
0.59% per week, best described this change. An IIV of
53% was observed in this parameter. The increase in
the objective function value when this component was
omitted was 98. In the final model, one of the residual
error components was found to be redundant, and the
estimated residual error magnitude was 66.7%, when
expressed on the linear WBC scale. The parameter
estimates of the final model are given in Table 3 and
the goodness-of-fit of the model to the observed data
are shown in Fig. 4.

Discussion

The variability between individuals in elimination
capacity has been shown to be extensive for several
drugs in cancer patients [9, 16, 33, 39, 48]. Since many
anti-cancer drugs have steep dose-response relationships
even small deviations in exposure may be of major
importance for the final effect. In one study, TDM of
methotrexate was found to be superior to traditional
dosing in terms of outcome, which indicates the impor-
tance of taking the inter-patient variability into account
[10]. Hence, developed population PK models, as the
models presented in the present study, that include sig-
nificant covariates that explains part of IIV, can be
useful in the design of dosing strategies, not only for
TDM purposes but also for the determination of initial
doses.

Dosing strategies in anti-cancer therapy based on
BSA in adults has been questioned, founded on the fact
that BSA seems to be a poor predictor of the elimination
capacity of several anti-cancer drugs, including EPI and
5-FU [18–20, 35, 42, 44]. The present study supports this
notion. Neither BSA nor weight was significant covari-
ates for the elimination capacity parameters for 5-FU or
EPI. However, for 4-OHCP an improvement was ob-
tained when BSA was included to explain part of vari-
ability in the CL/fm parameter. In fact, when that
covariate was included in the model, together with ALB,
an almost 50% decrease in IIV was seen on the CL/fm
parameter. The final covariate model for 4-OHCP pre-
dicts a 60% difference in clearance between the smallest
and the largest individual in terms of BSA, a difference
that may have an impact on both response and side ef-
fects.

The decomposition of 4-OHCP has earlier been
found to be catalysed by albumin in vitro [26]. If that
finding can be extrapolated into the in vivo situation, it
may explain the present finding that CL/fm for 4-OHCP
covaries with ALB. The final covariate model predicts a
40% lower CL/fm in an individual having an ALB of
25 mg/L compared to an individual having 40 mg/L.
Serum albumin explained part of variability in the CL of
EPI, with increasing elimination at higher albumin lev-
els. In this case, albumin may act as a marker for hepatic
function as EPI is eliminated by liver [37]. For 5-FU, the
renal function in terms of CLCR co-varied with Vmax.
The kidneys participate in the elimination of 5-FU, al-
though less than 10% of given dose is excreted un-
changed in the urine [7]. Previously it has been reported
upon that AST better than BILI or other biological
markers for liver function reflects the CL of EPI and
therefore it has been proposed that EPI dose may be
based on AST [8, 45]. That suggestion is not supported
by the results in the present study, where BILI was
found to be superior to both AST and ALT in
explaining inter- and intra-individual variability in PK
of EPI.

All structural PK parameters were in accordance with
the previously estimated parameters based on data from
21 individuals [40]. In the present study, where 84 pa-
tients were included, a less pronounced IIV were found
for all three studied drugs. Nonetheless, the ranges of the
individual clearances of the drugs studied are still 2–5
fold, which has to be considered as substantial in the
context of possible therapeutic consequences. For
4-OHCP, the previous model predicted an IOV of 27%,
compared to 14%, the estimate in the present study.
However, the previous results were based on only a few
individuals from whom PK information from more than
one dosing occasion was available, compared to 40
patients in the present analysis.

Anti-cancer dosing regimens usually consist of several
cycles of therapy. Thus, the magnitude of IOV is
essential to measure and consider, since it determines to
what extent PK parameters from one course is applica-
ble across courses. In order to estimate the benefit in
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terms of improved chance of reaching a target concen-
tration/exposure by performing TDM, the IOV has to
be related to IIV. According to the final basic models,
the IOV in clearance is less than IIV for all three studied
drugs. This indicates that, if a target concentration/
exposure was defined, the use of TDM may be mean-
ingful. However, the significant covariates found ex-
plained almost 50% of the IIV in CL/fm for 4-OHCP,
suggesting that covariate-based dosing of CP may be an
alternative.

Only a small difference was found between the vari-
ability terms in CL at 5 mg/L for 5-FU in the final co-
variate model. However, the IIV presented is under-
estimated, since data from three individuals having a CL
at 5 mg/L that was only 50% of that found in the
remaining population, were excluded in the population
analysis. We have no explanation for why those indi-
viduals differed. However, one reason could be that they
were dihydropyrimidine dehydrogenase (DPD) deficient,
which has been reported to cause extreme PK profiles
for 5-FU [12, 31]. For EPI, the variability between
occasions was estimated as being negligible. Although a
relatively low IIV in clearance was estimated for EPI, a
twofold range in clearance, found in the studied popu-
lation, may be important in the treatment of the indi-
vidual patient.

No significant correlation between the elimination
rates was found between any of the component drugs in
the previous study. The correlations between the clear-
ances for EPI and 4-OHCP and EPI and 5-FU param-
eters were found to be statistically significant in the
present study. However the correlations are still too
weak to be considered clinically significant. Hence,
monitoring of all three components drugs is necessary if
the contribution of each drug to the toxicity or response
is to be determined.

A model that describes the relationship between the
PK of a drug and the dose-limiting toxicities can be
useful, especially in anti-cancer therapy where treatment
often has to be aggressive in order to increase the chance
of achieving tumour response, and where the patient
therefore often experiences severe toxicity. The com-
monly used approach to study relationships between
exposure of anti-cancer drugs and haematological tox-
icity is to relate the exposure in terms of dose or, in order
to account for the variability in elimination capacity, the
area under the concentration-time curve (AUC) to the
lowest observed white blood cell count that follows a
treatment occasion. Relationships between AUC and
fractional decrease in leukocyte count at nadir have been
derived for drugs administered as single therapy to pa-
tients [11, 17, 23]. However, in the polytherapy situation,
when more than one of the component drugs are causing
bone marrow toxicity, the relationships are more diffi-
cult to estimate. One approach is to assume that each
drug at standard exposure contributes equally to the
toxicity, which was done for the cyclophosphamide-
methotrexate-5-FU (CMF) regimen in breast cancer
patients [32]. More successful studies have, due to

expanded study design possibilities, been performed in
animals [5, 43]. In addition, we have recently, using a
semi-physiological model, managed to estimate the
respective contribution of the EPI and docetaxel to the
haematological toxicity in the situation of combination
therapy [41].

The haematological toxicity after administration of
5-FU as single agent is moderate in the doses adminis-
tered within the FEC regimen, although it has been
shown to be stronger when given as IV bolus than as
constant infusion [21, 27, 29], whereas EPI and CP show
strong haematological toxicity on white blood cells.
That may be the reason that no significant contribution
from 5-FU could be estimated in the present study. This
hypothesis is supported by a previous study of the hae-
matological toxicity after administration of the CMF
regimen on tumour-bearing rats, where it was found that
the haematological effect caused by 5-FU was negligible.
The drugs were in that study administered both as single
drugs and in all possible combinations, in doses that
resulted in concentrations comparable to those achieved
in the clinical situation [5].

The PK/PDmodel describes the data from patients off
G-CSF treatment well. Since no single drug data was
available for any of the studied drugs, the slope estimate
of the haematological toxicity caused by EPI, derived in a
previous study on data from metastasised patients trea-
ted with EPI and docetaxel, was used in the analysis [41].
This parameter was shown to be able to predict previ-
ously presented data [23]. The relative contributions of
CP and EPI are in the model estimated under some
assumptions. First, linear relationships between drug
concentrations and haematological effect are anticipated
for both drugs. Although that might not be the case, the
data does not support more complex models. Second, the
drugs are assumed to act additively under the model.
This was found to be an appropriate assumption for the
EPI-docetaxel combination and in addition, no known
resistance mechanism, as existing for cancer cells, is
known for the bone marrow. The estimates of WBCbase
(5.7·109/L), MTT (136 h) and c (0.16) are similar to
previous findings, where across six anti-cancer agents the
average values were 7·109/L, 125 h and 0.17, respectively
[15]. In this paper, we have also quantified the impact of
G-CSF on the haematological profile. It has been pre-
viously reported that MTT is shortened by G-CSF and in
the final model this decrease could be quantified such
that MTT is 58 h during G-CSF, compared to 136 h in
the absence of G-CSF treatment. Also, G-CSF is known
to increase mitotic activity, which in the model was
estimated to an increase to 269% of normal activity.
Thus, the modelling could from a set of alternative
hypotheses, identify realistic mechanisms for the effect
during G-CSF treatment and quantify the influence. The
increase in the c parameter in the post-G-CSF period
may reflect a true change in the homeostatic capacity of
the bone marrow, but could also be a reflection of the fact
that without G-CSF, as high leucocyte levels are rarely
seen and the system’s response in this range have not
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previously been determined. It is known that repeated
treatment with high-dose chemotherapy and G-CSF can
lead to an exhaustion of the bone marrow. In the present
model this is described as a continuous decrease, of about
0.6% per week, in Prol activity. This would in the typical
patient result in a 10% decrease in the baseline WBC
over six courses of chemotherapy.

In summary, we have developed population PK
models for all three components drugs of the FEC reg-
imen. In addition, semi-mechanistic PK–PD models,
that showed good performance in describing the hae-
matological toxicity after FEC therapy, either alone or
in combination with G-CSF, were constructed and re-
sulted in physiologically realistic parameter estimates.
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