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Abstract

Purpose A previously developed semi-physiological
model of chemotherapy-induced myelosuppression has
shown consistent system-related parameter and inter-indi-
vidual variability (IIV) estimates across drugs. A require-
ment for dose individualization to be useful is relatively
low variability between treatment courses (inter-occasion
variability [IOV]) in relation to IIV. The objective of this
study was to evaluate and compare magnitudes of IOV and
IIV in myelosuppression model parameters across six dif-
ferent anti-cancer drug treatments.

Methods Neutrophil counts from several treatment courses
following therapy with docetaxel, paclitaxel, epirubicin-
docetaxel,  5-fluorouracil-epirubicin—cyclophosphamide,
topotecan, and etoposide were included in the analysis. The
myelosuppression model was fitted to the data using NON-
MEM VI. IOV in the model parameters baseline neutrophil
counts (ANCy), mean transit time through the non-mitotic
maturation chain (mean transit time [MTT]), and the
parameter describing the concentration—effect relationship
(slope), were evaluated for statistical significance
(P < 0.001).
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Results Inter-occasion variability in MTT was significant
for all the investigated datasets, except for topotecan, and
was of similar magnitude (8—-16 CV%). IOV in slope was
significant for docetaxel, topotecan, and etoposide (19—
39 CV%). For all six investigated datasets, the IOV in
myelosuppression parameters was lower than the IIV.
There was no indication of systematic shifts in the system-
or drug sensitivity-related parameters over time across
datasets.

Conclusion This study indicates that the semi-physio-
logical model of chemotherapy-induced myelosuppression
has potential to be used for prediction of the time-course of
myelosuppression in future courses and is, thereby, a
valuable step towards individually tailored anticancer drug
therapy.
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Introduction

Traditionally, the initial dose level of most chemothera-
peutic agents is based on body surface area (BSA) (mg/m?).
In spite of this attempt for dose individualization, toxicity
and efficacy vary considerable among patients [1] where
myelosuppression is the most common and often dose-lim-
iting adverse event [2]. For patients with unacceptable tox-
icity, the next dose is generally reduced in more or less crude
predefined steps and/or the treatment interval is prolonged,
whereas when little or no toxicity is observed, dose escala-
tions are seldom performed outside clinical trials. Conse-
quently, patients may experience suboptimal tumor effects
as low dose intensity and/or lack of hematological toxicity is
associated with shorter survival [3-6].
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In an optimal dosing strategy, the desired antitumoral
effects have to be carefully balanced against the side
effects for each individual. A way to do this could be to use
the observed neutrophil counts from one treatment cycle as
a base for dose adjustment in the next cycle. A model-
based tool for efficient dose individualization based on
neutrophil counts has recently been developed [7]. This
tool uses a maximum a posteriori (Bayesian) approach to
calculate a suitable dose for the next course based on a
previously developed population pharmacokinetic—phar-
macodynamic model for chemotherapy-induced myelo-
suppression [8] and observed neutrophil counts. The value
of the dose-individualization tool depends on relatively
low variability between treatment courses, inter-occasion
variability (IOV), in myelosuppression model parameters
in relation to the inter-individual variability (IIV), i.e., to
which extent the observed neutrophil counts are predictable
at the next course within the same patient.

A semi-physiological model that describes the magnitude
and duration of myelosuppression following anticancer
treatment has previously been developed [8]. The model
(Fig. 1) is composed of five compartments, which imitate
the myelopoiesis. One compartment represents proliferating
cells in the bone marrow and is linked via three transit
compartments, mimicking cell maturation, to a compart-
ment corresponding to circulating observed neutrophils.
Included is also a feedback mechanism increasing the neu-
trophil production when the number of circulating neutro-
phils in the blood are reduced representing, e.g., the action of
endogenous granulocyte colony stimulating factor (G-CSF).
The drug is assumed to act by inhibiting the proliferation rate
and inducing cell loss. In most cases, it is sufficient to use a
single parameter related to the drug concentration—effect
relationship, i.e., a linear drug effect parameter (slope). The
estimated parameters associated to the hematopoietic sys-
tem are the baseline neutrophil count (ANC,), the mean
transit time through the maturation chain (mean transit time
[MTT]), and the feedback factor gamma ().

The semi-physiological myelosuppression model has
found applications in many areas of drug development and
has previously been applied to several different anticancer
drug therapies, see for example [9-16]. Consistency in the
system-related parameter estimates and in the magnitude of
IIV in the parameters across drugs have been reported [8].
However, there is limited information on the within-indi-
vidual variability between courses (IOV) in the estimated
parameters. The aim of the present study was to evaluate
IOV in myelosuppression model parameters and compare
their magnitudes with IIV estimates across six different
treatments to assess the semi-physiological model’s
potential as a tool for individual dose adjustments based on
observed neutrophil counts.

Patients and methods
Patients and treatment

Neutrophil counts from several treatment courses were
available following therapy with docetaxel, paclitaxel,
epirubicin—docetaxel  (ET), 5-fluorouracil-epirubicin—
cyclophosphamide (FEC), topotecan, and etoposide. Data
from treatment cycles, where patients were known to have
received G-CSF therapy, were excluded from the analysis.
All patients signed informed consent forms and the studies
were in accordance with the Declaration of Helsinki and
approved by local ethics committees. A summary of the
analyzed datasets, number of patients, number of treatment
cycles per patients, number of available neutrophil obser-
vations, and number of neutrophil observations per patient
and treatment cycle is presented in Table 1.

Docetaxel

Neutrophil counts from 244 metastatic breast cancer
patients treated with docetaxel were included in the

Fig. 1 The semi-physiological K =K ANC. \’

model of myelosuppression prol “ttr Feedback = ( AN Co )

with the system-related model < I
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parameters (ANCy), mean
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factor 7, and the drug—effect
parameter (slope). Ky,
proliferation rate constant; Ky,
elimination rate constant for
circulating neutrophils; (ANCy/
ANC)’ feedback loop from the
circulating neutrophils

E,.,=SlopexC

drug drug

@ Springer

=

Circulating

Neutrophils

Proliferating
Progenitor Kye Kee K K
Cells
—
V

MTT= 4/K,,

K. o= In(2)1t,,

circ™



Cancer Chemother Pharmacol (2010) 65:839-848

841

Table 1 Data summary of the analyzed datasets

Dataset Patients Cycles/patient Neutrophil Neutrophil observations/patient
(n) median (range) (n) observations (7) and cycle median (range) (n)
Docetaxel 244 4 (1-16) 2,262 1.6 (1.1-3.2)
Paclitaxel® 45 3 (1-11) 523 2.6 (0.9-3.5)
Epirubicin—docetaxel 41 4 (1-9) 659 3.6 (2.9-4.7)
5-Fluorouracil-epirubicin—cyclophosphamide 60 7 (2-10) 1,196 34 (1.7-4.4)
Topotecan 26 2 (1-8) 501 6.0 (5.5-8.8)
Etoposide 44 2 (2-2) 583 6.3 (5.6-7.1)

? Data from 11 out of 18 treatment cycles were analyzed as only one individual contributed >11 cycles

analysis [17]. The patients were part of the active control
group in a clinical trial studying the combination treatment
of capecitabine and docetaxel. Initial dose level was
100 mg/m? of docetaxel administered as a 1-h intravenous
infusion in a 3-week cycle. Dose reductions were based on
hematological and non-hematological toxicity and resulted
in a final dose range of 50100 mg/m>.

Paclitaxel

The paclitaxel data included neutrophil counts from 45
patients with different cancer forms [18]. Paclitaxel was
administered as a 3-h infusion with an initial dose of
175 mg/m? every third week. Doses were adjusted based
on hematological and non-hematological toxicity resulting
in a final dose range of 110-232 mg/m>.

Epirubicin—docetaxel

The ET dataset included 41 advanced breast cancer patients
[15]. Epirubicin was given in a 3-week cycle as a 1-h
infusion followed by a 1-h free interval and then a 1-h
infusion of docetaxel. Initial doses were 75/70 mg/m” with
escalated/reduced doses in the following cycles based on
leukocyte and platelet counts according to the study
protocol.

5-Fluorouracil-epirubicin—cyclophosphamide

Sixty breast cancer patients treated with either standard or
tailored FEC regimen were included in the analysis [14].
The treatment was administered every third week as a 15-
min infusion of cyclophoshamide followed by 5-fluoro-
uracil given as an intravenous bolus dose and epirubicin
given either as a bolus or as a 1-h infusion. The initial
doses of S-fluorouracil, epirubicin, and cyclophosphamide
were in the first treatment cycle for standard FEC 600/60/
600 mg/m?, respectively, and for the tailored therapy 600/
75/900 mg/m?, respectively. Subsequent doses were
reduced based on toxicity in the standard therapy and in the

tailored therapy doses were stepwise escalated or decreased
based on the observed nadir and the dosing day leukocyte/
platelet count according to a dose escalation/reduction
protocol.

Topotecan

Data from 26 patients with various types of solid tumors
treated with topotecan as single anticancer drug therapy
were included in the analysis [19]. Initial dose level was
6 mg/m? administered as a 24-h intravenous infusion every
third week. No dose adjustments were performed according
to the study protocol.

Etoposide

Data from 44 patients with solid tumors and hematological
malignancies who received two treatment courses of a
3-day continuous infusion of etoposide in a 28 day cycle
were analyzed [20, 21]. The patients were randomized to
either standard dosing with a total dose of 375 mg/m?* or
concentration guided dosing where the total delivered dose
ranged from 225-789 mg/m” following dose adjustments.

Data analysis

To describe the pharmacokinetics (PK) and pharmacody-
namics (PD) following single-agent or combined chemo-
therapy non-linear mixed effects modeling was applied
using the first-order conditional estimation (FOCE) method
in NONMEM version VI [22]. The non-linear mixed
effects modeling approach estimates the typical (mean)
value of parameters and can provide separate estimates of
IIV, IOV, and residual error variability.

The model building process was guided by graphical
diagnostics within the R-based software Xpose version 4.0
[23] (http://xpose.sourgeforge.net), and the change in
objective function value (OFV) computed by NONMEM
was judged by the likelihood ratio test. For two nested
models, the difference in OFV is equal to minus twice the
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log likelihood and approximately y* distributed. A differ-
ence in OFV of >10.83 corresponds to a significance level
of P < 0.001 for one additional parameter.

Pharmacokinetics

For the docetaxel dataset, no individual PK data were
available and typical population PK parameters were used
to describe the concentration—time profiles of the drug [24].
The PK of paclitaxel (average 3.5 PK samples per patient
from treatment course 1 and 3) was described using indi-
vidual PK parameters from a previously determined PK
model for the dataset [18]. On average 4.5 PK samples per
patient at 18 occasions from 16 patients were used to
describe the PK of ET using individual PK parameters
from a previous PK model for the ET dataset (12). For the
FEC dataset, concentration—time profiles were obtained
using doses and individual PK parameters (22% of the
patients, 2—7 samples per patient) or typical population
parameters when no PK information was available (78% of
the patients) from a previously developed PK model [14].

The individual concentration—time course of topotecan
and etoposide were derived from observed plasma con-
centrations and PK models developed by Legér et al. [25]
and Toffoli et al. [26], respectively. For etoposide, two
plasma concentration samples per patient and treatment
course were sampled [19], and for topotecan, 185 plasma
concentration measurements of total topotecan were
obtained in the first treatment course [20, 21].

When pharmacokinetic observations were lacking and
population typical values were used in describing the PK of
the drugs, all IIV were assumed to be in myelosuppression
and will likely result in an inflated IIV in the slope
parameter.

Pharmacodynamic modeling of myelosuppression

The semi-physiological model of myelosuppression was
fitted to the neutrophil data. The model structure was the
same as in the original publication [8] except that the half-
life of circulating neutrophils was fixed to the literature
value of 7 h [27] and the neutrophil data were Box-Cox
transformed (ANCyranstormea = (ANC*—1)/2) with 4 = 0.2
prior to the analysis as this transformation resulted in
residuals with a symmetrical distribution around zero
[28, 29].

The subroutine PRIOR within NONMEM [22, 30] was
used to be able to estimate separate drug effect parameters
(slope) for the co-administered drugs in the ET and FEC
regimens. The prior information was incorporated as a
frequentist prior where a penalty is added to the objective
function on deviation from the prior. The estimated slope
parameter for docetaxel (typical value and standard error)

@ Springer

in the single drug dataset was used as informative prior for
the docetaxel drug effect parameter when analyzing the ET
dataset. The obtained population estimate and standard
error of the epirubicin slope parameter in the ET regimen
was, thereafter, used as prior when modeling FEC. The
drug effects were assumed to be additive as this assumption
has previously been shown to be reasonable for leukocytes
[14, 15].

The random IIV and IOV were modeled in terms of eta
(n) and kappa (k) variables, respectively [31]. The s and
ks were assumed to be log-normally distributed parameters
both with mean zero and variances »” and 7%, respectively.
The ITV and IOV variance parameters were constant across
all occasions. The random residual error, the differences
between the observed neutrophil count and the model
predicted neutrophil count, was modeled as an additive
component (on Box-Cox scale).

As in the original publication of the semi-physiological
model of myelosuppression [8], IIV was included for the
model parameters ANCy, MTT, and slope for all datasets.
IOV was evaluated for statistical significance (P < 0.001)
using OFV in the likelihood ratio test for ANC,y, MTT, and
slope. One occasion was defined as one treatment course
with the nominal cycle length of 21 or 28 (etoposide) days.
To exclude the possibility of time-dependent and non-
random variability between occasion’s linear changes with
time in ANC,, MTT and slope were estimated and evalu-
ated for statistical significance (P < 0.001). Time-depen-
dent changes in the model fit were also evaluated by
graphical assessment of the conditional weighted residuals
(CWRES).

Reliability in the parameter estimates were determined
by standard errors obtained from the S matrix (R matrix for
topotecan) in NONMEM due to long run times and as these
standard errors are good approximations to the standard
errors obtained by the NONMEM default sandwich matrix
and to a non-parametric bootstrap procedure [32].

The predictive performance of the final models
(including IOV) for the different treatment regimes was
assessed by applying a visual predictive check [33]. The
median and the 10th and 90th percentiles of the prediction
intervals were derived from 1,000 simulated replicates of
the dataset using the final model parameter estimates. The
computed prediction intervals and the percentiles of the
observed data were plotted versus time to allow compari-
son of the predictions with observations. To assess the
expected uncertainty in the median and the 10th and 90th
percentiles (arising, e.g., from the design), 95% confidence
intervals were calculated from the simulated datasets.

The contribution of IOV in the myelosuppression model
parameters to the variability in nadir in relation to the IIV
was explored by comparison of the distribution of simu-
lated nadir counts. The final population parameter
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estimates for each of the six analyzed datasets were used to
simulate 1,000 time-courses of myelosuppression for all
treatment regimes in three different scenarios: (i) including
only the estimated IIV, (ii) including only the estimated
IOV, and (iii) including both the estimated IOV and the
IIV. The nadirs for the 1,000 simulated time-courses were
identified and the distributions of simulated nadir counts,
including only IIV, only IOV, or both IOV and IV, were
compared.

Results

The myelosuppression model could well characterize the
neutrophil—time course following both the single-agent and
combination therapy for all the investigated datasets and
resulted in similar system-related parameter estimates as
previously observed for other datasets [8, 34]. For 5-fluo-
rouracil, slope was not significantly different from zero,
i.e., the drug effect for 5-fluorouracil could not be sepa-
rated from the drug effect of epirubicin and cyclophos-
phamide with the present data (Table 2).

The VPCs of the semi-physiological myelosuppression
models for the six different treatment regimes are presented
in Fig. 2 and shows that the models describe the data
adequately.

Estimated IIV and IOV in the model parameters and the
decrease in residual errors after IOV inclusion are reported
in Table 2. In accordance with previous results [8, 34], IIV
in the ANC, and slope parameters were larger than IIV in
MTT. IIV in ANC, was similar across drugs (slightly
higher for etoposide) while the IIV in slope varied (22—
62 CV%) between different treatments. The IIV in slope
was lower in the drug combination datasets (where a
common IIV parameter for slope was estimated for the
component drugs) compared to the single agent data. IIV in
slope for topotecan was estimated to be relatively high
compared with the other investigated datasets.

Inter-occasion variability in MTT was significant and of
similar magnitude (7.5-16 CV%) for all the investigated
datasets, except for topotecan where only IOV in slope was
significant to include. IOV in slope was also found to be
significant for docetaxel and etoposide. By inclusion of
IOV in the myelosuppression model parameters, the
residual errors decreased on average 21% for all datasets
with the highest decrease in residual errors observed for the
paclitaxel and etoposide datasets (Table 2).

There were no significant time-dependent changes in
parameters, where IOV was included indicating that the
estimated xs, were random and not time dependent. Sig-
nificant linear trends over time were, however, found in
ANC, for the FEC and etoposide datasets for which IOV
were not significant in ANC,. The estimated trend over

time corresponds to a decrease in ANC, from 4.56 to
3.81 x 10%/1 neutrophils 15 weeks after first treatment for
the typical patient treated with FEC. For etoposide, an
increase in ANC, from 5.69 to 6.32 x 10°/1 neutrophils
was estimated 4 weeks after first treatment. No time-
dependent changes in the model fit (Fig. 3) were visible in
the graphical assessment of CWRES.

n-Shrinkage for IOV was in general high and ranged
from 12 to 95% and was for IIV generally lower and
ranged from 6 to 48%. The high shrinkage values indicated
that goodness-of-fit plots based on empirical Bayes esti-
mates were not reliable for model evaluation, and there-
fore, CWRES and simulation based methods were used.

In all six datasets, the contribution to the variability in
neutrophil nadir was clearly lower from IOV than from IV
as shown in Fig. 4a. The impact of the estimated IIV and
IOV on the time-courses of myelosuppression is visualized
in Fig. 4b for 20 simulated individuals.

Discussion

The time-course of neutrophils following chemotherapy is
here described for six different anti-cancer drug treatments
for which the estimated parameters are reported. The semi-
physiological myelosuppression model has not previously
been applied for neutrophils for the here used datasets on
docetaxel, ET, FEC, and topotecan, and for none of the
datasets has IOV previously been characterized. For all six
investigated dataset, the impact of IOV on the variability in
nadir counts was lower in relation to the IIV (Fig. 4a).

The model accurately describes the time-course of
myelosuppression following all treatments as shown in
the visual predictive checks (Fig. 2) and no indications of
model misspecifications are present. However, if higher
doses of the anticancer drugs are administered a different
model for the drug effect might be needed to be considered,
e.g., an E ., or sigmoidal E,,x model to accurately reflect
the myelosuppression.

Typically IIV parameters were of similar magnitudes
across drugs but the estimated IIV in slope for topotecan
was high (62%), which may be explained by a heteroge-
neous patient population with advanced disease. The esti-
mate of the system-related parameter ANC, for topotecan
(7.1 x 109/1) was also higher than for the other investi-
gated dataset in the current and previous studies [8] but was
in accordance with the observed initial baseline neutrophil
count, 6.8 x 10%/1.

Inter-occasion variability in MTT was significant for all
the investigated datasets except for topotecan. This may
indicate that MTT is a parameter, which influences most of
the neutrophil observations and therefore inclusion of IOV
in MTT results in a significant improvement of the fit.
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Fig. 2 Visual predictive checks of the final semi-physiological
myelosuppression models. The circles represent observed data, the
solid line the median of the observed data and the dashed lines the

Fig. 3 Graphical evaluation of
time-dependent changes in the
model fit by conditional
weighted residuals (CWRES)
versus time for the six
investigated datasets
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Fig. 4 a Box-plots of simulated
nadir distributions for all six

(a)

Docetaxel

Paclitaxel ET

treatment regimens including
both IOV and IV, only IIV, or
only IOV to illustrate the
contribution of IOV and IIV to
the variability in nadir. The
solid circle corresponds to the
median, the top and bottom of
the box, the 25th and 75th
percentiles, and the whiskers to
the maximum and minimum
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Potential variability between treatment courses in drug
sensitivity and baseline neutrophil count within an indi-
vidual appeared, however, of lower importance.

For none of the datasets did the drug sensitivity of the
bone marrow increase with time and typically potential
changes in pre-treatment neutrophil counts over time were
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predicted by the model. Significant linear changes with
time in ANC, were, however, found for FEC and etopo-
side, but the observed trends were of small magnitudes and
in opposite directions. A decrease in ANC,, over time was
observed for FEC in contrast to an increase over time for
etoposide. As no time-dependent trends were observed in
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any of the other investigated datasets, it is hard to draw any
conclusion from the findings.

Inter-occasion variability in myelosuppression model
parameters for oral and intravenous administered topotecan
as mono therapy or in combination with cisplatin have been
reported previously by Léger et al. [11]. The estimated IOV
in slope and MTT were 93 and 22%, respectively. A part of
the large IOV in slope was speculated to be caused by the
oral administration route and the different treatment
sequences of topotecan and cisplatin between cycle 1 and
2. In our analysis, only IOV in slope (29 CV%) was found
significant for topotecan, whereas IOV in MTT was not
supported by the data. In the Léger study, the first-order
estimation method was used and the estimated variability
parameters were associated with large confidence intervals
and thus there may not be a conflict between their findings
and ours. For both studies on topotecan, the estimated IOV
in relation to the IIV was lower.

Pharmacokinetics was not determined in all treatment
cycles in any of the analyzed datasets and, therefore,
potential IOV in PK was likely incorporated in residual
error estimates or in IOV of the myelosuppression model
parameters. IOV in pharmacokinetic parameters for the
component drugs of the ET, FEC, and topotecan regimens
has earlier been shown to be limited and less than the IIV
[11, 14, 15].The estimated IOV in clearance ranged
between 14 and 18%.

Two alternative a posteriori dosing strategies to tradi-
tional dose adjustments in predefined steps are pharmaco-
kinetic and pharmacodynamic adaptive control [35]. The
adaptive control strategies have been successfully evaluated
in the clinic for some antineoplastic agents [36, 37]. How-
ever, except for methotrexate, these dose—adaptation
methods have not found widespread use with the primary
reason being the poorly defined relationship between
plasma drug concentrations, therapeutic effect, and/or tox-
icity. Neither has the suggested dosing strategies (except for
methotrexate) yet prospectively proved benefit in terms of
increased response and reduced toxicity [36, 37]. By using
the semi-physiological myelosuppression model [8] as a
tool for dose individualization based on observed neutrophil
counts, both individual pharmacokinetic and pharmacody-
namic differences between patients may be accounted for
and doses can be tailored to acceptable neutropenia.

In conclusion, for all six investigated datasets of che-
motherapy-induced myelosuppression, the estimated impact
of IOV in myelosuppression parameters on the variability in
nadir counts was clearly lower than the ITV. No indication of
systematic shifts in the system- or drug sensitivity-related
parameters over time across datasets was present. The time-
course of myelosuppression is thereby shown to be pre-
dictable within a patient, which supports the use of the
recently developed model-based dose individualization tool

based on observed neutrophil counts [7]. This study is, thus,
a valuable step towards individually tailored anticancer drug
therapy when myelosuppression is dose-limiting.

Acknowledgments The authors would like to thank F. Hoffman La-
Roche Itd. (docetaxel), Peter Nygren, MD (paclitaxel), and Mark
Ratain, MD (etoposide) for kindly providing the data. This work was
supported by the Swedish Cancer Society, Sweden. Lena Friberg was
supported by Knut and Alice Wallenberg foundation, Sweden. Johan
Wallin was supported by the Swedish Academy of Pharmaceutical
Sciences.

Conflict of interest statement None.

References

1. Sawyer M, Ratain MJ (2001) Body surface area as a determinant
of pharmacokinetics and drug dosing. Invest New Drugs 19:171-
177

2. Crawford J, Dale DC, Lyman GH (2004) Chemotherapy-induced
neutropenia—risks, consequences, and new directions for its
management. Cancer 100:228-237

3. Mayers C, Panzarella T, Tannock IF (2001) Analysis of the
prognostic effects of inclusion in a clinical trial and of myelo-
suppression on survival after adjuvant chemotherapy for breast
carcinoma. Cancer 91:2246-2257

4. Saarto T, Blomqvist C, Rissanen P, Auvinen A, Elomaa I
(1997) Haematological toxicity: A marker of adjuvant chemo-
therapy efficacy in stage II and III breast cancer. Br J Cancer
75:301-305

5. Cameron DA, Massie C, Kerr G, Leonard RCF (2003) Moderate
neutropenia with adjuvant CMF confers improved survival in
early breast cancer. Br J Cancer 89:1837-1842

6. Poikonen P, Saarto T, Lundin J, Joensuu H, Blomqvist C (1999)
Leucocyte nadir as a marker for chemotherapy efficacy in node-
positive breast cancer treated with adjuvant CMF. Br J Cancer
80:1763-1766

7. Wallin J, Friberg LE, Karlsson MO (2009) A tool for neutrophil
guided dose adaptation in chemotherapy. Comp Meth Prog Bio-
med 93:283-291

8. Friberg LE, Henningsson A, Maas H, Nguyen L, Karlsson MO
(2002) Model of chemotherapy-induced myelosuppression with
parameter consistency across drugs. J Clin Oncol 20:4713-4721

9. Troconiz IF, Garrido MJ, Segura C et al (2006) Phase I dose-
finding study and a pharmacokinetic/pharmacodynamic analysis
of the neutropenic response of intravenous diflomotecan in
patients with advanced malignant tumours. Cancer Chemother
Pharmacol 57:727-735

10. Kathman SJ, Williams DH, Hodge JP, Dar M (2007) A Bayesian
population PK-PD model of ispinesib-induced myelosuppression.
Clin Pharmacol Ther 81:88-94

11. Leger F, Loos WIJ, Bugat R et al (2004) Mechanism-based
models for topotecan-induced neutropenia. Clin Pharmacol Ther
76:567-578

12. Brain EGC, Rezai K, Lokiec F, Gutierrez M, Urien S (2008)
Population pharmacokinetics and exploratory pharmacodynamics
of ifosfamide according to continuous or short infusion schedules:
an n = 1 randomized study. Br J Clin Pharmacol 65:607-610

13. Latz JE, Rusthoven JJ, Karlsson MO, Ghosh A, Johnson RD
(2006) Clinical application of a semimechanistic-physiologic
population PK/PD model for neutropenia following pemetrexed
therapy. Cancer Chemother Pharmacol 57:427-435

@ Springer



848

Cancer Chemother Pharmacol (2010) 65:839-848

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sandstrom M, Lindman H, Nygren P, Johansson M, Bergh J,
Karlsson MO (2006) Population analysis of the pharmacokinetics
and the haematological toxicity of the fluorouracil-epirubicin-
cyclophosphamide regimen in breast cancer patients. Cancer
Chemother Pharmacol 58:143-156

. Sandstrom M, Lindman H, Nygren P, Lidbrink E, Bergh J,

Karlsson MO (2005) Model describing the relationship between
pharmacokinetics and hematologic toxicity of the epirubicin-
docetaxel regimen in breast cancer patients. J Clin Oncol 23:413—
421 Jan 20

Joerger M, Huitema ADR, Richel DJ et al (2007) Population
pharmacokinetics and pharmacodynamics of paclitaxel and car-
boplatin in ovarian cancer patients: A study by the European
Organization for Research and Treatment of Cancer-Pharmacol-
ogy and Molecular Mechanisms Group and New Drug Devel-
opment Group. Clin Cancer Res 13:6410-6418

O’Shaughnessy J, Miles D, Vukelja S et al (2002) Superior sur-
vival with capecitabine plus docetaxel combination therapy in
anthracycline-pretreated patients with advanced breast cancer:
phase III trial results. J Clin Oncol 20:2812-2823

Henningsson A, Sparreboom A, Sandstrom M et al (2003) Pop-
ulation pharmacokinetic modelling of unbound and total plasma
concentrations of paclitaxel in cancer patients. Eur J Cancer
39:1105-1114

Vanwarmerdam LJC, Huinink WWB, Rodenhuis S et al (1995)
Phase-I clinical and pharmacokinetic study of topotecan admin-
istered by a 24-hour continuous-infusion. J Clin Oncol 13:1768-
1776 Jul

Ratain MJ, Mick R, Schilsky RL, Vogelzang NJ, Berezin F
(1991) Pharmacologically based dosing of etoposide—a means of
safely increasing dose intensity. J Clin Oncol 9:1480-1486
Ratain MJ, Schilsky RL, Choi KE et al (1989) Adaptive-control
of etoposide administration—impact of interpatient pharmaco-
dynamic variability. Clin Pharmacol Ther 45:226-233

Beal S, Sheiner L (2006) NONMEM users guides. NONMEM
Project Group, University of California at San Francisco ed, San
Francisco

Jonsson EN, Karlsson MO (1999) Xpose: an Splus based popu-
lation pharmacokinetic/pharmacodynamic model building aid for
NONMEM. Comput Methods Programs Biomed 58:51-64
Bruno R, Vivier N, Vergniol JC, DePhillips SL, Montay G,
Sheiner LB (1996) A population pharmacokinetic model for
docetaxel (Taxotere(R)): model building and validation. J Phar-
macokinet Biopharm 24:153-172

@ Springer

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Leger F, Loos WIJ, Fourcade J et al (2004) Factors affecting
pharmacokinetic variability of oral topotecan: a population
analysis. Br J Cancer 90:343-347

Toffoli G, Corona G, Sorio R et al (2001) Population pharma-
cokinetics and pharmacodynamics of oral etoposide. Br J Clin
Pharmacol 52:511-519

Cartwright GE, Athens JW, Wintrobe MM (1964) The kinetics of
granulopoiesis in normal man. Blood 24:780-803

Karlsson MO, Port RE, Ratain MJ, Sheiner LB (1994) A popu-
lation-model for the leukopenic effect of etoposide. Clin Phar-
macol Ther 55:152 152

Friberg LE, Brindley CJ, Karlsson MO, Devlin AJ (2000) Models
of schedule dependent haematological toxicity of 2'-deoxy-2'-
methylidenecytidine (DMDC). Eur J Clin Pharmacol 56:567-574
Gisleskog PO, Karlsson MO, Beal SL (2002) Use of prior
information to stabilize a population data analysis. J Pharmaco-
kinet Pharmacodyn 29:473-505

Karlsson MO, Sheiner LB (1993) The importance of modeling
interoccasion variability in population pharmacokinetic analyses.
J Pharmacokinet Biopharm 21:735-750

Gibiansky L (2007) Precision of parameter estimates: covariance
step ($COV) versus bootstrap procedure (Abstr 1106) [www-
page-meetingorg/?abstract=1106], p 16

Karlsson MO, Holford NHG (2008) A tutorial on visual predic-
tive checks (Abstr 1434) [wwwpage-meetingorg/?abstract=1434],
p 17

Kloft C, Wallin J, Henningsson A, Chatelut E, Karlsson MO
(2006) Population pharmacokinetic-pharmacodynamic model for
neutropenia with patient subgroup identification: Comparison
across anticancer drugs. Clin Cancer Res 12:5481-5490

Jelliffe RW, Schumitzky A, Bayard D et al (1998) Model-based,
goal-oriented, individualised drug therapy—linkage of population
modelling new ‘multiple model’ dosage design, Bayesian feed-
back and individualised target goals. Clin Pharmacokinet 34:57—
77

de Jonge ME, Huitema ADR, Schellens JHM, Rodenhuis S,
Beijnen JH (2005) Individualised cancer chemotherapy: Strate-
gies and performance of prospective studies on therapeutic drug
monitoring with dose adaptation—a review. Clin Pharmacokinet
44:147-173

Hon YY, Evans WE (1998) Making TDM work to optimize
cancer chemotherapy: a multidisciplinary team approach. Clin
Chem 44:388-400



	Limited inter-occasion variability in relation to inter-individual variability in chemotherapy-induced myelosuppression
	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Introduction
	Patients and methods
	Patients and treatment
	Docetaxel
	Paclitaxel
	Epirubicin-docetaxel
	5-Fluorouracil-epirubicin-cyclophosphamide
	Topotecan
	Etoposide

	Data analysis
	Pharmacokinetics
	Pharmacodynamic modeling of myelosuppression


	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


