
Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 286

Pharmacokinetic-Pharmacodynamic
Modelling of Anticancer Drugs

Haematological Toxicity and Tumour Response in Hollow Fibres

BY

LENA E. FRIBERG

ACTA UNIVERSITATIS UPSALIENSIS
UPPSALA 2003



 5

Contents 

Abbreviations and Nomenclature ...............................................................................7 

1.  Introduction ...........................................................................................................9 
1.1  Chemotherapy in cancer treatment .................................................................9 

1.1.1  Schedule dependence............................................................................10 
1.2  Haematology ................................................................................................10 

1.2.1  Chemotherapy-induced myelosuppression...........................................12 
1.3  Animal models in anticancer research..........................................................12 

1.3.1  Animal tumour models .........................................................................13 
1.4  PKPD modelling...........................................................................................14 

1.4.1  Population analysis...............................................................................14 
1.4.2  Measurements of drug exposure...........................................................15 
1.4.3  Models based on the Hill equation .......................................................15 
1.4.4  Models of Myelosuppression................................................................17 

1.4.4.1  Semi-physiological models of myelosuppression.........................17 
1.4.5  Models of chemotherapy-induced effects on tumour cells ...................19 

1.5  Drugs of interest in this thesis ......................................................................20 
1.5.1  The FEC Regimen ................................................................................20 
1.5.2  Drugs in clinical studies .......................................................................22 
1.5.3  The novel agent CHS 828.....................................................................23 

2  Aims of the Thesis................................................................................................24 

3.  Materials and Methods ........................................................................................25 
3.1  Experimental procedures (Papers I, III, V and VI).......................................25 

3.1.1  Animals ................................................................................................25 
3.1.2  Drugs ....................................................................................................25 
3.1.3  Pharmacokinetic monitoring.................................................................26 

3.1.3.1  Chemical assays ...........................................................................26 
3.1.4  Pharmacodynamic monitoring..............................................................27 

3.1.4.1  General toxicity ............................................................................27 
3.1.4.2  Haematological toxicity................................................................27 

3.1.5  Hollow fibre model...............................................................................28 
3.1.5.1  Fibre preparation ..........................................................................28 
3.1.5.2  Surgical procedure........................................................................28 
3.1.5.3  Cell-density evaluation.................................................................29 

3.1.6  Study designs........................................................................................29 



 6

3.2  Clinical data..................................................................................................31 
3.2.1  Schedules and measurements ...............................................................31 

3.2.1.1  DMDC (2'-deoxy-2'-methylidenecytidine)...................................31 
3.2.1.2  Docetaxel......................................................................................31 
3.2.1.3  Paclitaxel ......................................................................................31 
3.2.1.4  Etoposide......................................................................................32 
3.2.1.5  CPT-11 (Irinotecan) .....................................................................32 
3.2.1.6  Vinflunine.....................................................................................33 

3.3  Model building .............................................................................................33 
3.3.1  Pharmacokinetics..................................................................................33 
3.3.2  Pharmacodynamics...............................................................................34 

3.3.2.1  Model development (Paper I) .......................................................34 
3.3.2.2  Model development (Paper II)......................................................34 
3.3.2.3  Model development (Paper III) ....................................................35 
3.3.2.4  Model development (Paper IV) ....................................................36 
3.3.2.5  Model development (Paper V) .....................................................36 
3.3.2.6  Model development (Paper VI) ....................................................37 

3.3.3  Data analysis.........................................................................................37 
3.3.3.1  Model validation (Paper III) .........................................................38 

4  Results and Discussion .........................................................................................39 
4.1  Pharmacokinetics..........................................................................................39 

4.1.1  Results ..................................................................................................39 
4.1.1.1  5-FU, epirubicin and 4-OHCP......................................................39 
4.1.1.2  CHS 828 .......................................................................................39 

4.1.2  Discussion ............................................................................................40 
4.2  PKPD modelling of haematological toxicity ................................................42 

4.2.1  Results ..................................................................................................42 
4.2.1.1 Schedule dependence of 5-FU and epirubicin ...............................42 
4.2.1.2 Schedule dependence of DMDC ...................................................42 
4.2.1.3  Semi-physiological model for DMDC..........................................44 
4.2.1.4  Semi-physiological model for 5-FU .............................................45 
4.2.1.5  Semi-physiological model with parameter consistency across 
drugs..........................................................................................................46 

4.2.2 Discussion .............................................................................................48 
4.3  The hollow fibre model in immunocompetent rats.......................................51 

4.3.1  Results ..................................................................................................51 
4.3.1.1  Development of the hollow fibre model in rats ............................51 
4.3.1.2  Schedule dependence of CHS 828................................................52 

4.3.2 Discussion .............................................................................................53 

5  Conclusions ..........................................................................................................56 

6  Acknowledgement ................................................................................................58 

7  References ............................................................................................................61 



 7

Abbreviations and Nomenclature 

ABC-7  area between the baseline and effect curve up to day 7 
AUC area under the concentration-time curve 
AUC50  AUC producing half maximal effect 
AUCEdir  integral of the direct effect from zero to infinite time 
AUCEdir50 AUCEdir  producing half the maximal observed effect 
C concentration 
Cp plasma concentration 
CFU-GEMM colony forming unit, capable of forming granulocytes, erythrocytes, 

monocytes and megakaryocytes (platelets) 
CHS 828 N-(4-chlorophenoxyhexyl)-N´-cyano-N´´-4-pyridylguanidine 
Circ circulating cell count at any time point 
Circ0 baseline circulating cell count 
CL total body clearance 
CLL chronic lymphocytic leukaemia 
Css concentration at steady state 
CV coefficient of variation 
DMDC 2'-deoxy-2'-methylidenecytidine 
DMSO dimethyl sulfoxide 
DPD dihydropyrimidine dehydrogenase 
E effect 
EC50 drug concentration producing half maximal effect 
EC50,0 EC50 at time zero 
EC50,24h EC50 at 24 hours after first administration 
EC50,dir drug concentration producing half maximal direct effect 
EC50,max EC50 at infinite time 
Edir direct effect 
EDrug elimination rate constant governed by drug concentration 
EDTA ethylenediaminetetraacetic acid 
Emax maximal effect 
Eobs observed effect 
Eobs,max maximal observed effect 
F bioavailability 
F1 bioavailability the day of administration 
F2 bioavailability of a second absorption phase observed after a lag time 
FEC the 5-fluorouracil-epirubicin-cyclophosphamide regimen 
FO first-order estimation method in NONMEM 
FOCE first-order conditional estimation method in NONMEM 
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fu fraction unbound 
5-FU 5-fluorouracil 
G-CSF granulocyte colony stimulating factor 
HPLC high performance liquid chromatography 
IIV inter-individual variability unexplained by the model 
iv intravenous 
ip intraperitoneal 
ka absorption rate constant 
ka,1 absorption rate constant on the day of administration 
ka,2 absorption rate constant of a second absorption phase, after a lag time 
kcirc elimination rate constant of circulating cells 
kEC50 rate constant of time-dependent decrease in EC50 
kF rate constant of dose-dependent decrease in bioavailability 
kGrow growth rate of tumour cells 
kin production rate constant of proliferative cells 
Km drug concentration at which the elimination rate is half its maximum 
ktr rate constant from the transit compartments 
kprol rate constant that determines proliferation (self-renewal) 
MTT mean transit time (Paper IV); [3-4,5-dimethylthiaxol-2-yl]-2,5-

diphenyltetrazolium bromide (Papers V and VI) 
n number (general) 
ne not estimated in the final model 
NCI National Cancer Institute 
OD optical density 
OFV objective function value (produced by NONMEM) 
4-OHCP 4-hydroxycyclophosphamide 
PBS phosphate buffered saline 
PD pharmacodynamic 
PHSC pluripotent haematopoietic stem cell 
PK pharmacokinetic 
R1 zero-order rate input on the day of administration 
RSE relative standard error 
s sigmoid factor 
SCID severe combined immunodeficiency 
SD standard deviation 
SE standard error 
Slope coefficient of linear drug effect 
SlopeCL coefficient of linear time-dependent decrease in clearance 
THF tetrahydrofuran 
UV ultraviolet 
Vmax maximum elimination rate 
Vss volume of distribution at steady state 
t1/2,circ half-life of circulating cells 
β sigmoid factor 
γ sigmoid factor (Papers I, II and VI ); feedback power function (Paper IV) 
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1.  Introduction 

1.1  Chemotherapy in cancer treatment 
Anticancer drugs generally affect all types of rapidly proliferating cells and, 
consequently, their therapeutic indices are narrow. It is commonly held that 
“more is better”, i.e. a high dose is more likely to be successful in tumour 
treatment than a low dose. Severe side effects are therefore often observed 
and clinical doses are more or less empirically determined by the risk of 
severe toxicity. Until drugs with more tumour-specific cell-killing effects 
with improved therapeutic indices are available, more effective use of both 
new and established chemotherapeutic drugs is searched for. One step in the 
optimisation process is to establish models that will help in decisions on the 
choice of dosage and treatment schedules for anticancer drugs. 

Observed effects are in general better related to plasma concentrations 
than the drug dose, and in cancer treatment, a few studies have also shown a 
correlation between pharmacokinetics and tumour effect.1-4 The development 
of models that describe the interrelationships between the dosage of the 
drug, its plasma concentration and the response, i.e. pharmacokinetic-
pharmacodynamic (PKPD) models, would be of value to assist in the 
improvement of therapeutic indices. Optimally, a PKPD model would allow 
investigation of both dose-limiting toxicity and antitumour effects. Frequent 
measurements of tumour size are, however, usually not achievable and there 
are often large inter- and intra-individual variations in tumour sensitivity. 
Most attention in this field has therefore been given to models of dose-
limiting toxicities. As myelosuppression, with the associated risk of 
developing infections, is the most frequent dose-limiting toxicity in 
chemotherapy, the focus in this thesis is on PKPD modelling of 
myelosuppression. However, the thesis also describes the development of an 
animal model that is suitable for PKPD modelling of tumour response over 
time. The relevance of PKPD modelling in the optimisation of cancer 
therapy was already pointed out a decade ago.5 
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1.1.1  Schedule dependence 
Many anticancer drugs show schedule dependence,6 i.e. the magnitude of 
response or toxicity depends on the rate of administration.  In other 
therapeutic areas, such as the treatment of migraine, it is expected that the 
choice of administration schedule will affect the response-time profile. For 
anticancer drugs, this expectation appears to be less common, perhaps 
because drug concentrations and the observed effects are dissociated in time. 
Mechanisms possibly underlying the schedule dependence of anticancer 
drugs include cell-cycle specificity, saturable transport into or out of cells, 
time-dependent cellular repair mechanisms, co-factor depletion, on-off 
mechanisms in critical steps, drug sensitisation/resistance development over 
time, or multiple mechanisms of drug action.7,8 

The dependence of haematological toxicity on administration schedule 
may not necessarily be associated with the schedule dependence of 
antitumour effect or of other toxicities. The choice of administration 
schedule is therefore important, since changing the schedule may have a 
greater effect than increasing the dose, on the outcome. However, there is a 
lack of PKPD models with the documented capability of predicting the effect 
of new schedules and the search for more effective administration regimens 
has largely relied on trial and error. The use of models would allow more 
efficient detection and characterisation of schedule dependence for drugs 
under development. An apparent schedule dependence could be due to dose-
dependencies and circadian rhythms in the PK. Characterisation of the PK of 
a drug is therefore of importance for understanding the influence of different 
schedules on the effect. There is no schedule dependence in the PD when the 
magnitude of effect is dependent on the actual exposure, i.e. the area under 
the concentration-time curve (AUC). 

1.2  Haematology 
Anticancer drugs can affect levels of leukocytes, erythrocytes and platelets; 
however, as myelosuppression is the dominating toxicity for most anticancer 
drugs, only the production and regulation of leukocytes, with focus on 
neutrophils, will be described here. The circulating leukocytes in blood 
comprise neutrophils (approximately 60-70% in humans), lymphocytes 
(30%), monocytes (5%), eosinphils (2%) and basophils (<1%). Neutrophils, 
eosinophils and basophils constitute the granulocytes. Maturation of 
eosinophils, basophils and monocytes basically follows the same maturation 
steps in the bone marrow as that of neutrophils; however, the mechanisms of 
early lymphoid development remain poorly  -lymphocytes differentiate in 
the bone marrow of adults, while T-lymphocytes develop from bone marrow 
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progenitors that migrate to the thymus, where they undergo maturation and a 
careful selection process. Most of the description below relates to humans, 
but leukocytes are produced and regulated similarly in rodents. However, in 
rodents, the turnover is faster and lymphocytes are the dominating cell type. 
In Sprague Dawley rats, 85% of the leukocytes are lymphocytes and only 
approximately 10% are neutrophils (Charles River, Uppsala, Sweden). In 
addition, in rats haematopoiesis also occur in the spleen, but to a relatively 
small extent under normal conditions.10 

All blood cells originate from a common type of cell, the pluripotent 
haematopoietic stem cell (PHSC), which has a high capacity for self-
renewal, i.e. such cells can give rise to “identical” daughter cells.11 PHSCs 
can also differentiate to form lymphoid stem cells or myeloid multipotent 
stem cells (CFU-GEMMs), which give rise to granulocytes, erythrocytes, 
monocytes and platelets. During maturation, the cells remain at a certain 
stage for a while, and then move to the next stage (Figure 1), usually on a 
first in, first out basis.12 Most cells in the bone marrow are lineage specific 
precursors with little self-renewal capacity and high mitotic activity.11 The 
proliferating stage from the myeloblast to the last myelocyte stage takes 
approximately 5 days in healthy volunteers.13 Non-mitotic cells include 
metamyelocytes, band cells and segmented neutrophils that are released into 
the blood. The mean transit time for progression through the non-mitotic 
stages is 6.6 days in humans.14 After labelling of rat myelocytes the average 
emergence time for mature neutrophils is approximately 3 days.10 
 

Figure 1. Schematic illustration of granulopoiesis.  

The circulating neutrophils in blood are in rapid equilibrium with a pool of 
neutrophils that are marginated along the vessel walls. Both pools are of 
approximately equal size.15 Neutrophils disappear from the blood in a 
random (first-order) process16 with a half-life in blood of approximately 6.7 
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hours in humans17 and 5.7 hours in rats.18 Thereafter, the neutrophils enter 
the tissues, where they undergo apoptosis in the next few days.  
Lymphocytes have a transit time in blood of less than 30 minutes in both rats 
and humans.19,20 

Regulation of leukocyte levels is only partly understood.21 Cytokines and 
extracellular matrix components regulate proliferation and differentiation;22 
G-CSF (granulocyte colony stimulating factor) is the most important of these 
factors. G-CSF stimulates extra cell divisions and shortens the transit time, 
but does not change the half-life of circulating neutrophils.23,24 G-CSF levels 
and the neutrophil count in blood are negatively correlated, implying that 
mature neutrophils mediate one of the major pathways for G-CSF 
clearance.25,26  

1.2.1  Chemotherapy-induced myelosuppression 
Anticancer drugs generally have less effect on non-proliferative precursor 
cells than on proliferating precursor cells, which have high mitotic activity.27 
As the stem cells cycle slowly under normal conditions, they are rarely 
affected by a single administration of a cytotoxic drug, although the first 
dose might stimulate the cycling activity of the primitive cells. Therefore, 
these cells can be vulnerable to doses administered 3 to 5 days after the first 
dose.28 The grade of chemotherapy-induced neutropenia correlates with 
elevated levels of colony stimulating factors, known to increase neutrophil 
production.29 

Different drugs have different effects on the granulopoietic cells. For 
example, compared with most other chemotherapeutic drugs, methotrexate 
and vinblastine cause a more rapid fall in blood counts, while recovery after 
treatment with melphalan and nitrosureas is delayed.30 It is believed that 
drugs causing prolonged myelosuppression affect the slowly cycling stem 
cells. The large inter-individual variability (IIV) in chemotherapy-induced 
myelosuppression appears to depend on differences in sensitivity to 
anticancer drugs.31 

1.3  Animal models in anticancer research 

Studies in animals are a necessary step that falls between in vitro studies and 
studies in patients in the development of a drug. Compared with in vitro 
studies, animal studies can (i) set the effect in relation to host toxicity, (ii) 
better mimic the tumour environment in the clinical situation, (iii) provide a 
similar concentration-time profile as in patients, and (iv) to some degree 
account for drug protein binding and metabolism. Disparate protein binding 



 13

or active metabolites in animals from those in patients can, however, 
disguise comparable concentration-effect relationships, while similar 
(unbound) plasma concentrations often produce the same effect in 
experimental animal models and humans.32,33 PKPD models of different 
schedules may therefore allow successful extrapolation of preclinical studies 
in order to predict both effective and toxic drug concentrations for clinical 
investigations.34 In addition, animal models allow investigation of a range of 
dose levels and schedules that would not be possible in clinical studies of 
anticancer drugs.    

Traditionally, the tolerability and PK of a new drug are studied in non-
tumour-bearing animals, either separately or simultaneously.35 However, 
drug disposition may differ between rats with and without tumours and 
surgical procedures may affect the PK of a drug.36 Important information 
regarding IIV in drug activity may therefore be wasted, if PK and effect is 
not studied simultaneously. PKPD relationships established with PK and PD 
information from the same animal may aid in the development of human 
administration regimens37 and knowledge of individual PK parameters has 
been shown to reduce variability in the estimation of EC50 in rats.38 Rats are 
preferable to mice for PKPD studies, as rats can withstand repeated blood 
sampling. The rat is also well suited for haematology investigations.10,39 In 
fact, rodents can predict the myelosuppressive effects of many anticancer 
drugs.40,41 

1.3.1  Animal tumour models  
Tumour regression in animal experimental tumour models is considered an 
important endpoint of clinical relevance.42 However, drug-activity patterns in 
tumour models of murine origin often differ from those in clinical tumours. 
Animal tumour models with cancer cells of human origin are more 
attractive,43 as they are better in predicting specific activity in clinical 
diagnoses.44,45 A recent analysis demonstrated that activity in at least one 
third of the xenograft models correlated with ultimate activity in at least 
some Phase II trials.46 However, in this study, activity in a xenograft model 
with a particular histology did not closely correlate with activity against the 
same cancer histology in patients.  

Implantation of human cancer cells induces undesirable immune 
responses in animals. Therefore, nude mice that lack the thymus, and SCID 
(severe combined immunodeficiency) mice that lack both T- and B-cells, are 
often used as xenograft models in which to culture human cell lines. Human 
tumour cell lines are available for a wide range of malignant diagnoses.  

Nonetheless, there are drawbacks with xenograft models: (i) 
immunosuppressive animals cannot be used for concurrently run 
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myelosuppression studies, (ii) these animals are expensive and time 
consuming, as they need special care, and (iii) generally only one tumour 
can be implanted per animal. To reduce development costs, the National 
Cancer Institute (NCI) has developed an alternative in vivo model, based on 
cultivation of tumour cells in semi-permeable hollow fibres.47 This original 
hollow fibre model in mice is now used routinely at the NCI for in vivo drug 
screening, before further xenograft testing.48 

1.4  PKPD modelling 
 

The use of PKPD modelling optimally allows data to be summarised, 
relevant predictions to be made, and a better understanding of the underlying 
physiology to be reached. Relevant PKPD models can guide the search for 
the best dose, based on patient characteristics, actual concentration 
measurements and/or observed effects. PKPD modelling is also being used 
more often by the drug industry to reduce the number of clinical trials.  

1.4.1  Population analysis 
Population analysis using non-linear mixed effects modelling offers great 
advantages over standard data analysis procedures, since (i) more complex 
models can be applied, as each individual “borrows” information from the 
others, and (ii) the same model can be applied to all individuals. Compared 
with standard methods, population modelling is more likely to detect non-
linearity49 and is better able to handle imbalances in the data. In populations 
where it is preferable to reduce the number of samples per individual from 
an ethical viewpoint and/or to limit the blood volume taken (e.g. infants, 
cancer patients and animals), a sparse sampling technique (generally 2-4 
samples) offers advantages. Sparse sampling in combination with population 
analysis can provide accurate estimates and reliable predictions.50,51 
Characterisation of IIV in the PK leads to better PKPD relationships, even if 
there are only a couple of concentration samples per individual.52 However, 
a potential drawback of population analysis is that more individuals are 
required than in a standard analysis.  

The value of preclinical population modelling has been stressed,53,54 but 
few PK models have been established for anticancer drugs.55-57 Further, 
despite the advantages associated with simultaneous evaluation of PK and 
PD (fewer animals and lower workload, the use of PK to explain extreme PD 
findings in an animal, the possibility of assessing individual 
concentration/effect relationships,58 as well as the possibility to use all 
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available data), no example of a preclinical population PKPD model for 
anticancer drugs was reported when the present studies started.  

In this thesis, the NONMEM59 (nonlinear mixed effects modelling) 
software was used for the population analysis. The population model 
parameters include both fixed effects, related to the typical individual, and 
random effects, with magnitudes of IIV in the parameters, and magnitudes of 
residual variability between individual predictions and observations. 

1.4.2  Measurements of drug exposure 
Since observed drug concentrations and the observed effects, i.e. 
myelosuppression and tumour effects, are dissociated in time, summary 
variables of exposure like AUC,60 steady-state concentration (Css),61 and time 
above a threshold concentration,62 are often used. Summary variables such as 
these can be associated with counterintuitive predictions. For example, when 
AUC is used as a summary variable, it would actually mean that a bolus 
injection will produce the same effect as a very extended infusion with an 
extremely low concentration, as long as the AUC is the same. On the other 
hand, when the time for which the concentration is above a threshold level is 
related to the effect, an all-or-none relationship is predicted. This means that 
if the concentration is just below this level, there will be no effect, while if 
the concentration is just above this level; the effect is at its maximum. It 
would be preferable to estimate the best summary of the concentration-time 
profile63 or to directly apply the whole concentration-time profile, so that 
different dosage regimens and possible schedule-dependent effects can be 
accounted for with accuracy. 

1.4.3  Models based on the Hill equation 
The Hill equation64,65 (the sigmoid Emax model), or simplifications thereof, 
are often used to describe the relationship between the concentration (Cp) 
and the effect (E):  
 

E = Emax · Cp
 γ / (EC50

γ + Cp
 γ)    (Eq. 1) 

 
where EC50 is the exposure that produces 50% of the maximal effect (Emax), 
and is inversely related to the potency. In the basic Emax model, γ = 1; in the 
threshold model, γ = ∞; and for linear models, γ = 1 and EC50 » Cp.  

However, a more general model for time-dissociated effects has also been 
published.63 In this model, the concentration of drug results in a direct effect 
(Edir) in a non-linear manner 
 

Edir = Cp
β / (Cp

β + EC50,dir
β)     (Eq. 2) 
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where β is a sigmoid factor and EC50,dir describes the concentration at which 
half of the maximal direct effect is achieved (Figure 2). The accumulated 
direct effect (AUCEdir), i.e. the integral of the direct effect from zero to 
infinite time, is included in a second sigmoid Emax model for the observed 
effect (Eobs) 
 

Eobs = Eobs,max · AUCEdir
γ  / (AUCEdir

γ + AUCEdir50
γ) (Eq. 3) 

 
When the direct effect is not observed, the maximal direct effect can be 
arbitrarily fixed to 1 and hence only scales AUCEdir50, i.e. the duration of 
maximal direct effect needed to obtain half of the maximal observed effect 
(Eobs,max).  

Figure 2. Illustration of the concentration – direct effect – observed effect 
relationships for the general model. The drug produces a concentration-time profile 
(A). The concentration is related to a direct effect by e.g. a sigmoid Emax model (B), 
described in Eq. 2. The integral of the direct effect over time (C) is then related to 
the observed effect by e.g. a second sigmoid Emax model (D), described in Eq. 3. 
For an AUC-dependent model, panel (B) would show a linear relationship, while for 
a threshold model it would be a step function. 
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There are two extreme cases of the general model. Equation 2 collapses to a 
linear model, i.e. the observed effect is AUC-dependent, if the estimate of 
EC50 » Cp and β=1. Or, if β is infinite, the model predicts an all or nothing 
response, i.e. the time above a threshold concentration (EC50) determines the 
extent of the direct effect. The advantage of the general model is that it can 
also characterise relationships between these two extremes.  

1.4.4  Models of Myelosuppression 
PKPD models of haematological toxicity have been described for most 
anticancer drugs. The majority of these relate a summary variable of drug 
exposure to the absolute or relative decrease of blood cells at nadir (the 
lowest cell count during a course of chemotherapy), using one of the models 
described above. As measurements are made only once or twice a week in 
the clinic, it is unlikely that the real nadir will be observed. The nadir is 
therefore likely to be overestimated, measurement errors are not 
appropriately accounted for, IIV may be inflated and information on the 
duration of myelosuppression is wasted. Other summary variables of 
myelosuppression such as “area between the curves”,66 time to nadir27 and 
number of days below a certain neutrophil value66 have been used to account 
for the time aspect. It would be more attractive to model the whole time-
course of myelosuppression, since then both the degree and duration of 
toxicity could be predicted. There are a few such empirical models in the 
literature.63,67,68 These models incorporate a lag time before the decrease and 
recovery phases, which are described either by a linear slope connected to a 
logistic curve,67 or by cubic spline functions.63,68  

The pretreatment blood cell count is a predictor of subsequent 
leukopenia.69,70 Survival fractions71 or % decrease60 are therefore often used, 
although these assume that the baseline does not vary with time and that a 
single measurement can adequately describe it. In addition, since it is the 
absolute cell counts that are related to the incidence of neutropenia and 
neutropenic fever,72 it might be preferable to model the absolute counts, 
which in practice also means estimating the baseline count. 

1.4.4.1  Semi-physiological models of myelosuppression  
Mechanistic models, i.e. models based on physiology and pharmacology, are 
preferable to empirical models. Because prior information about the 
structure of the model and potentially also about the parameter values can be 
used, they are of more predictive value and can be used to learn something 
beyond the design on which the model was developed. The need for and 
relevance of mechanistic models is even more evident when clinical trial 
simulations have become an important tool during clinical drug 
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development. Extrapolation to untested doses and schedules or for subgroups 
of patients favour a model based on physiology.  

A few physiology-based mathematical models of chemotherapy-induced 
myelosuppression have been developed.73-77 However, PK has been 
neglected, the models were not developed to allow for estimations, and they 
require a number of parameters that are not available when analysing clinical 
data. To be able to develop PKPD models suited for estimations and 
consecutive predictions, it has been necessary to simplify the models, i.e. to 
make them semi-mechanistic. 

A semi-physiological model of myelosuppression has been published.78 
To account for the time delay, a lag time was incorporated into an indirect 
inhibitory model and the drug was assumed to inhibit leukocyte production 
while the cells were in sensitive stages. In general, delays in time between 
drug administration and effect have been described by lag times,63 effect 
compartment models for direct effects,79 indirect effect models,80 turnover 
models for irreversible effects81 and transit compartments or signal 
transduction models.82,83 Preferably, knowledge of the rate-limiting 
processes involved should guide the choice of model.  

Transit compartments82 (i.e. compartments in series) are attractive for 
modelling of myelosuppression because they mimic the different cell stages 
within the bone marrow and because maturation is a gradual process rather 
than occurring at an absolute time-delay (Figures 1 and 3). In the transit 
compartments it is assumed that the only loss of cells is into the next 
compartment. Transit compartments delay and spread out the effects of cell 
production and drug effects from the proliferative compartments, as the cells 
propagate to the circulating neutrophil compartment. More compartments in 
the delay chain can be included without adding extra parameters since the 
same rate constants can be used for all the compartments. Increasing the 
number of compartments reduces the variability in the cellular transit time 
and changes the shape and distribution of the observed effect curve (Figure 
3).  

The recovery from nadir is expedited because of feedback mechanisms, as 
discussed earlier. An overshoot of blood cells, i.e. a rebound phenomena, are 
therefore often observed, which should be taken into account in the model 
building to be able to predict consecutive courses accurately. Negative 
feedback mechanisms from circulating cells to proliferative cells, as well as 
feedback mechanisms within the delay chain, have previously been applied 
in mathematical models of myelosuppression.76,77 
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1.4.5  Models of chemotherapy-induced effects on tumour cells 
Exponential growth of tumour cells is often assumed, i.e. the rate of cell 
production and cell loss is assumed to be proportional to the number of 
tumour cells, with a constant rate of doubling. In reality, the growth rate 
slows down when the tumour grows larger, and therefore a Gompertzian 
growth rate might be preferable84 as it combines exponential growth with an 
exponentially decaying growth constant. In the early 1970s, Jusko developed 
models for irreversible effects of chemotherapeutic agents on cell-cycle 
dependent and cell-cycle independent drugs (Figure 4).85,86 Two different 
PKPD models have been developed for predicting the time course of tumour 
effects in vivo.87,88 Both studies were built on simulations without 
estimations. 
 

 

 
Figure. 3. Transit compartments between a proliferative cell compartment and a 
compartment of circulating blood cells (top). Graphs show simulated profiles after 
zero and five transit compartments (dotted lines) between the proliferative (thin line) 
and circulating cell (thick line) compartments. The mean transit time (MTT) in the 
simulations were 10 time units and the profiles were simulated to reach the same 
nadir value.  
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To characterise schedule dependencies found in vitro, Levasseur et al.89 (Eq. 
4) and Adams90 (Eq. 5) applied models where EC50 changes over time: 
 

EC50(t) = EC50,0 + (EC50,max - EC50,0) · Times / (Times + T50
s)  

(Eq. 4) 
 

EC50(t)= (K/Time)1/n       (Eq. 5) 
 

where EC50,0 is the baseline value, and EC50,max is the EC50 at infinite 
exposure time. K and n are constants specific to the drug. However, models 
where the mechanism of action can explain the schedule dependence are 
preferable over models with parameters dependent on time, as they are more 
reliable for both intrapolations and extrapolations.  

In summary, a PKPD model should ideally take the whole concentration-
time profile into account, use the absolute values, describe the whole time 
course of effect, be applicable to different administration schedules and be 
based on physiology. Additionally, it is preferable that the model can 
differentiate drug-specific parameters from system-related parameters that 
are common across drugs.  
 

Figure 4.  Models of the cytotoxic effect of chemotherapeutic agents presented by 
Jusko (1971, 1973). The cell growth is dependent on the amount of cells in the 
proliferating, sensitive, compartment, and the first-order rate constant kGrow. k 
determines the natural cell death and EDrug is the killing rate constant produced by 
drug exposure. For cell-cycle independent drugs, no resting compartment is needed. 

1.5  Drugs of interest in this thesis 

1.5.1  The FEC Regimen 
One of the most commonly used drug regimens in breast cancer is the 5-
fluorouracil (5-FU) - epirubicin – cyclophosphamide (FEC) regimen. 
Clinical studies designed to optimise this regimen have been performed in 
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collaboration with our department.91 All component drugs are administered 
within a few hours at the convenience of the patient. As for many other 
combinations, quantitative information about the relative contribution of 
component drugs to toxicity is missing, and the effect of changed dosage 
schedules within the combination is not defined.  

5-FU is an antimetabolite that induces multiple biochemical lesions; it 
inhibits thymidylate synthase, which is necessary for the synthesis of DNA, 
and it can be incorporated into RNA and DNA.92 5-FU is mainly inactivated 
in the liver and shows non-linear elimination due to the capacity-limited 
metabolising enzyme, dihydropyrimidine dehydrogenase (DPD).93-95 A 
schedule-dependent toxicity pattern characterises 5-FU: bone-marrow 
depression is dose limiting after iv bolus doses, while gastrointestinal events 
and hand-foot syndrome are dose limiting after infusions.92 In contrast, 
fractionated bolus injections of 5-FU over a 3-5 day period lead to more 
bone marrow toxicity than a single injection.96 The dose intensity can be 
increased by three to four times when given as a continuous infusion 
compared with a bolus injection.8 This is partly due to the non-linear PK, but 
even when the total AUC is calculated for different schedules,8 using 
previously published PK parameters,91 a higher AUC is tolerated after 
infusions than after bolus injections, i.e. schedule dependence in 
myelosuppression is evident. The schedule dependence has been attributed 
to two different mechanisms of action, where high concentrations (as after 
bolus injections) are needed for 5-FU to incorporate into RNA, while at low 
concentrations the cytotoxicity parallels thymidylate synthase inhibition.8 

Epirubicin is an anthracycline that shows linear three-compartment PK 
both in patients and in rats.56,97 Epirubicin is mainly eliminated by the liver 
and epirubicinol is produced, which is an active metabolite associated with a 
low degree of cytotoxic activity.98,99 The dose-limiting toxicity after a single 
course is myelosuppression, which is believed to be AUC dependent, while 
cumulative cardiotoxicity is possibly related to the peak concentration.100,101  

Cyclophosphamide is classified as an alkylating drug that primarily 
undergoes hepatic transformation to form 4-hydroxy-cyclophosphamide (4-
OHCP).102 4-OHCP is in equilibrium with its tautomer, aldophosphamide, 
which degrades within the cells to yield the alkylating agent, phosphoramide 
mustard, and acrolein. 4-OHCP exhibits a mono-exponential decline in 
plasma.91 The maximum tolerated dose for bolus and protracted infusions of 
cyclophosphamide is approximately the same, with myelosuppression as the 
dose limiting toxicity.6 A fractionated schedule of 4-OHCP have, however, 
been reported to improve the therapeutic index in mice.103 As previously 
discussed,104 different schedules of the same total cyclophosphamide dose 
may result in different concentration-time profiles of 4-OHCP; bolus 
injections might saturate the metabolising enzymes and the autoinduction 
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phenomena, observed in the metabolism of cyclophophamide, will mainly 
influence the concentration-time curve after prolonged administration 
schedules.   

1.5.2  Drugs in clinical studies 
DMDC is an antimetabolite that is relatively resistant to inactivation and can 
therefore be administered by the oral route.105 A linear one-compartment 
model with first order absorption has been used to describe the PK.106 
DMDC is mainly eliminated in the liver.106 Haematological toxicity is dose 
limiting and appears to be schedule dependent, as twice-daily administration 
is associated with greater toxicity than once-daily administration.107-109   

The elimination of the taxanes is characterised by hepatic metabolism. 
For both docetaxel and paclitaxel, three-compartment models have been 
applied.110,111 While docetaxel shows linear disposition, the non-linear 
distribution of paclitaxel is largely explained by binding to the vehicle 
Cremophor EL.111 The dose-limiting toxicity is myelosuppression for both 
drugs. Docetaxel has been classified as an AUC-dependent drug,112 while 
paclitaxel shows less myelosuppression after 3-hour infusions than after 24-
hour infusions of the same dose.113 The duration above a threshold 
concentration has therefore been reported to be the best predictive measure 
for toxicity.114 However, a more general model appears to be superior over 
threshold and AUC-dependent models.63 

Etoposide is a topoisomerase II inhibitor, whose disposition is 
characterised by bi-exponential decay.115 Approximately 20 to 45% is 
excreted as unchanged drug in the urine.115 The dose-limiting toxicity, 
myelosuppression, shows no or little dependence on schedule, while the 
antitumour effect is highly schedule dependent.116  

CPT-11 (irinotecan) is a camptothecin analogue that is extensively 
metabolised in the liver into the metabolite, SN-38,117 which has a 100- to 
1000-fold higher potency than CPT-11 in vitro.118 Three-compartment and 
two-compartment models have been used to describe the disposition of CPT-
11 and SN-38, respectively.119 Dose limiting toxicities are myelosuppression 
and diarrhoea.117 No evidence of schedule-dependent toxicity has been 
presented to date, apart from a recent study in which a lower incidence of 
neutropenia was observed when the drug was administered on days 1 and 10, 
every 21 days, than when the whole dose was administered on day 1.120   

Vinflunine is under development by Pierre Fabre (Castres, France) and 
has demonstrated superior activity to other vinca alkaloids in preclinical 
tumour models.121 A four-compartment model characterises the PK.122 Two-
thirds of radiolabelled vinflunine is eliminated through bile and one-third by 
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the kidneys.123 The dose-limiting toxicity is haematological, essentially 
neutropenia, with no obvious schedule dependency.124-126  

1.5.3  The novel agent CHS 828 
The cyanoguanidine CHS 828 is an anticancer agent under development by 
Leo Pharma (Ballerup, Denmark). The mechanism of action has not been 
fully elucidated but high activity has been found against many tumour cell 
lines in vitro127,128 and in primary cell cultures from chronic lymphocytic 
leukaemia (CLL), acute leukaemia and some solid tumour samples.129 
Activity against CLL was also shown in the hollow fibre assay in vitro130 
and in vivo.131 The xenograft models of MCF-7 and NYH small lung cancer 
in nude mice were both sensitive to CHS 828.128 A schedule-dependent 
antitumour effect of CHS 828 has been demonstrated both in vitro132 and in 
vivo.128 Schedule dependence in toxicity was found in phase I studies aiming 
to establish a maximum tolerated dose, as a much lower total dose was 
tolerated for a five-day dosage regimen than for a single-dose regimen.133,134 
Thrombocytopenia and gastrointestinal complications were the dose-limiting 
toxicities after the five-dose regimen.133 CHS 828 has a low solubility (0.1 
mg/ml in 10% DMSO solution) and effective doses can only be administered 
orally. 
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2  Aims of the Thesis 

The aims of this thesis were: 
 
•  To better understand schedule dependence in haematological toxicity of 

anticancer drugs through preclinical pharmacokinetic-pharmacodynamic 
studies. 

 
•  To develop pharmacokinetic-pharmacodynamic models that can describe 

the time course and schedule dependence of myelosuppression in animals 
and patients. 

 
•  To develop and apply the hollow fibre model in immunocompetent rats as 

a convenient experimental procedure for simultaneous assessment of 
pharmacokinetics, haematological toxicity and tumour response. 
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3.  Materials and Methods  

3.1  Experimental procedures (Papers I, III, V and VI) 

3.1.1  Animals 
Male Sprague Dawley rats [CRL:CD(S-D)BR-rats; Charles River, Uppsala, 
Sweden] were used. They were acclimatised for at least one week prior to 
the start of the experiments. Throughout the studies, the animals had free 
access to water and a standardised pellet diet and were kept in a room 
illuminated from 7 a.m. till 7 p.m. All blood samples were drawn from a 
hind paw vein after the rats had been on a heating pad for at least 10 
minutes. The samples were collected in EDTA-prepared Microtainer  tubes 
(Becton Dickinson, Franklin Lakes, NJ), except when serum was to be 
prepared (CHS 828), in which case eppendorf tubes were used. The Animal 
Ethics Committee in Uppsala (Tierps Tingsrätt) approved the studies. 

3.1.2  Drugs 
The local pharmacy prepared syringes containing 5-FU (Flurablastin, 
Pharmacia & Upjohn; 50 mg/ml), epirubicin (Farmorubicin, Pharmacia & 
Upjohn; dissolved in sterile water to 2 mg/ml), and cyclophosphamide 
(Sendoxan, ASTA Medica; dissolved in sterile water to 20 mg/ml). The 
syringes were used within 24 h for intraperitoneal (ip) injections. For 
preparation of standards and quality controls, 5-FU and 5-bromouracil 
(internal standard) were purchased from Sigma Chemical Co. (St Louis, 
MO) while epirubicin was obtained from Pharmacia & Upjohn.  

CHS 828 [N-(4-chlorophenoxyhexyl)-N´-cyano-N´´-4-pyridyl-guanidine] 
was provided by Leo Pharmaceutical Products (Ballerup, Denmark). The 
drug was prepared in dark glass bottles as 5-50 mg/ml suspensions with 
methyl cellulose (1-11%) and Millipore water. The suspensions were 
refrigerated for a maximum of 1 week. Before oral administration by gavage, 
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the suspensions underwent ultrasonic radiation for 30-60 minutes and were 
mixed thoroughly with a magnetic stirrer.  

Control animals received corresponding volumes of normal saline or, in 
the CHS 828 studies, a mixture of methyl cellulose and water. 

3.1.3  Pharmacokinetic monitoring 
Two to four blood samples (250-500 µl) were drawn from each rat. 
Sampling intervals were 15-360 min for 5-FU, 15-360 min for epirubicin, 
15-240 min for 4-OHCP and 10 min to 48 h for CHS 828. Samples were 
immediately chilled on ice and, for plasma preparation, centrifuged in a 
chilled centrifuge for 5 minutes at 7 200 g (5-FU and epirubicin) or 6 
minutes at 2 600 g (4-OHCP). For 5-FU and epirubicin, the plasma was 
frozen on dry ice. For 4-OHCP, 150 µl plasma was mixed with 300 µl cold 
acetonitrile and centrifuged again for 6 minutes at 2 600 g. Thereafter 300 µl 
of the supernatant was directly frozen on dry ice. After collection of the CHS 
828 samples, the tubes were kept cold for 30-60 minutes and were then 
centrifuged for 10 minutes at 3 500 g. The serum was transferred to new 
tubes. All samples were stored at –70°C until analysis.  
 

3.1.3.1  Chemical assays  
All chemicals and solvents used in the chemical analyses were of high-
performance liquid chromatography (HPLC) or analytical grade. Reversed 
phase HPLC with ultraviolet (UV) detection was used to determine plasma 
concentrations of 5-FU in 150 µl plasma, according to a method described 
earlier.135 In Papers III and V, 0.75 ml tetrahydrofuran (THF; Merck, 
Darmstadt, Germany) was added per 1000 ml of mobile phase to increase the 
selectivity in rat plasma. 5-Bromouracil was used as internal standard. Intra- 
and inter-assay precisions were less than 3% and 11%, respectively, in the 
linear range of 0.080-50 mg/L (after addition of THF, the limit of 
quantification was reduced to 0.025 mg/L). Samples with concentrations 
expected to be over 50 mg/L were diluted with blank rat plasma prior to 
work-up.  

Epirubicin was quantified on a reversed phase HPLC system with a 
fluorescence detector after solid phase extraction of 150 µl plasma on Sep-
Pak  cartridges (Waters Corp., Milford, MA). Minor modifications of 
previously described extraction methods136-138 were made according to 
Sandström et al.91 Within-run and between-run precision was less than 7% in 
the range of 0.02-0.6 mg/L. At the limit of quantification, 0.005 mg/L, the 
coefficient of variation was 13%. 
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A reversed phase HPLC method with UV detection was used to determine 
the 4-OHCP concentrations after a derivation step with 2,4-
dinitrophenylhydrazine (Merck, Darmstadt, Germany). The method has been 
described in detail elsewhere,139 but was validated for 150 µl rat plasma (300 
µl supernatant) within the range of 0.034-10 mg/L. The within-run and 
between-run precisions were less than 5 and 9%, respectively. The accuracy 
was between 95 and 106%. At the limit of quantification, the recovery was 
88% and the coefficient of variation was 11%. Samples predicted to be 
above the validated range of the analysis method were diluted with 
plasma/supernatant prior to work-up. 

CHS 828 serum concentrations were determined at LEO Pharma, by a 
reversed phase HPLC method with UV detection. Prior to work-up, 50 µl of 
the rat serum sample was mixed with 950 µl blank serum. EO 859-000 (LEO 
Pharma) was added to each sample as internal standard. The analytical range 
was 0.050-20 mg/L for 50 µl rat serum. The in-process precision ranged 
from 8 to 15%, while the accuracy ranged from 91 to 97%. 

3.1.4  Pharmacodynamic monitoring 

3.1.4.1  General toxicity 
At the start of the studies, the average weights of the rats were 288-295 
grams. Weights were registered every day of handling. In order to avoid 
suffering from extravasation and the influences of surgical procedures, ip 
injection was the preferred route of administration. In rats that received ip 
injections (Papers I, III and V), the abdominal cavities were examined for 
signs of toxicity on the day of sacrifice. Peritoneal lesions limited the 
observation time in the epirubicin studies. 

3.1.4.2  Haematological toxicity 
Blood for toxicity measurements (250 µl) was taken at baseline and followed 
for 11-15 days (Papers I, V and VI) or 23-25 days (Paper III) (Figure 5). In 
Paper V, an additional blood sample was taken 28 days after the first dose in 
some of the rats that received CHS 828. The blood was analysed for 
haemoglobin and for the number of leukocytes and platelets in a Coulter MD 
II Series (Coulter Electronics Ltd., Luton, England; Papers I, III, V and VI) 
or in a Sysmex F-800 (Toa Medical Electronics Co. Ltd., Kobe, Japan; Paper 
I).  
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Figure 5. Study design in animal studies. Syringes denote times of drug 
administration. In some groups of animals, haematological toxicity (Haem. Tox.) 
was studied for up to 23-28 days (for details, see text). Words in italics and unfilled 
symbols denote procedures that only occurred in some of the animals.  

3.1.5  Hollow fibre model  
The in vivo hollow fibre model presented in this thesis was modified from 
the method developed at NCI.47 
 

3.1.5.1  Fibre preparation 
The human breast cancer cell lines MDA-MB-231140 (Papers V and VI) and 
MCF-7141 (Paper V), and the human leukaemia cell line CCRF-CEM142  
(Paper VI), were used in the studies. The cells were maintained in RPMI-
1640 culture medium (MCF-7 in minimum essential medium), supplemented 
with 10% calf serum, glutamine and streptomycin/penicillin (Sigma 
Chemical, St Louis, MO), passaged twice a week, and harvested with trypsin 
/ EDTA (Biochrome, Berlin, Germany). Cell suspensions of 2⋅106 cells/ml 
were flushed into polyvinylidine fluoride (PVDF) hollow fibres (500 kDa 
molecular weight cut-off, 1 mm inner diameter; Spectrum Medical 
Industries, Los Angeles, CA), the ends were heat-sealed and cut at 20-mm 
intervals. Thereafter they were incubated in vitro at 37°C in supplemented 
medium for two days prior to implantation.  
 

3.1.5.2  Surgical procedure 
The fibres were inserted subcutaneously under anaesthesia with 2.5% 
enflurane (Efrane; Abbot, Stockholm, Sweden) mixed with nitrous oxide and 
oxygen (1.5 L/min). Two parallel rows were shaved on the back of each 
animal and eight small cuts were made in each row. A suture was tied 
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around one end of each fibre and, with the help of a trocar, the fibre was 
inserted between the skin incisions. Tissue glue (Indermil; Kendall Medical, 
Mansfield, MA) and skin staples were used to close the incisions and keep a 
short end of the suture fixed. Each rat carried 7-8 fibres from two different 
cell lines (one cell line in experiments where fibres were retrieved on 
multiple occasions, Paper VI).  

Fibres were retrieved from anaesthetised animals by opening the incisions 
and pulling the suture. After retrieval, incisions were closed with tissue glue 
and the fibres were incubated in supplemented medium for a maximum of 4 
hours at 37°C until cell staining. 
 

3.1.5.3  Cell-density evaluation 
Metabolically active cells convert MTT [(3-4,5-di-methylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Sigma Chemical] to blue formazan crystals. 
Fibres were incubated with 3 ml medium and 200 µl of MTT stock solution 
(5 mg/ml in phosphate-buffered saline, PBS) for 4 h at 37°C to evaluate the 
living cell density. When staining was stopped, the fibres were washed 
overnight by incubation at 4°C in a buffer containing PBS with 2.5% of a 
protamine sulphate stock solution (1%; Sigma Chemical). Each fibre was 
rubbed carefully, cut in half and allowed to dry for a maximum of two 
weeks, at which point all fibres within one experiment were analysed 
simultaneously. The formazan was extracted with 250 µl DMSO 
(dimethylsulfoxide; Sigma Chemical) per well over 4 hours, and the optical 
density (OD) in 150 µl was read at 570 nm. The OD from blank wells 
containing only DMSO was subtracted from each reading. For wells 
showing ODs out of the readable range (> 2.5), 75 µl extracts were diluted 
with 75 µl DMSO, and these values were doubled in the data analysis. To 
estimate the time zero cell mass in each experiment, the mean viable cell 
mass from three to five fibres was determined on the day of implantation. 
For graphical presentation, the relative cell density on the day of retrieval 
was calculated for each fibre: 
 

          ODretrieval day – ODimplantation day 
Net Growth (%) =    ____________________________________  (Eq. 6) 

                ODimplantation day 
 

Hence, a net growth of –100% represents total cell kill, while a value greater 
than 0% represents cell growth in the fibre since implantation day.  

3.1.6  Study designs 
For Paper I, the doses and schedules are presented in Table 1. Days of 
experimental procedures are presented in Figure 5. The doses were 
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administered as single injections (half of the rats in the morning and half in 
the afternoon), as two injections six hours apart, or as three injections four 
hours apart. In the fractionated groups, the PK were studied after the first 
dose in half of the rats and after the last dose in the other half. A control 
group of animals received ip injection(s) of saline.  

 
 
Table 1. Dosing schedules for 5-FU and epirubicin in Paper I.  

 

5-FU  Epirubicin 
Group Dose (mg/kg)  Group Dose (mg/kg) 

100Sa 1 x 100  7S 1 x 7.0 
100D 2 x 50  7D 2 x 3.5 
100T 3 x 33  7T 3 x 2.3 
50S 1 x 50  3.5S 1 x 3.5 
50T 3 x 17  3.5T 3 x 1.2 
33S 1 x 33  2.3S 1 x 2.3 

a Doses were administered as single (S), double (D) or triple (T) injections. 

In Paper III, three different ip injection schedules of 5-FU were studied. One 
group of animals received a single injection of 127 mg/kg, the double group 
received two injections of 63 mg/kg each, two days apart, and the triple 
group was given three injections of 49 mg/kg each, on days 0, 2 and 4. A 
control group was also included.  

In Paper V, each animal carried three to four fibres containing each of the 
two breast cancer cell lines and one fibre, containing medium only. In every 
experiment, six rats were randomised into three groups, which allowed the 
study of two different drug regimens together with a control group in each 
experiment. Every drug was run in two or three independent experiments. 5-
FU (125 mg/kg), epirubicin (10 mg/kg) and cyclophosphamide (120 mg/kg) 
were given as single ip injections, while CHS 828 was administered orally as 
a single dose of 375 mg/kg or as 75 mg/kg for five consecutive days. These 
schedules were the same as the two phase I studies of CHS 828 that were 
planned at the same time these experiments started.133,134

 

In Paper VI, the single- and five-dose regimens of CHS 828 were studied 
further. Two rats of each schedule received total doses of 125 mg/kg, 250 
mg/kg and 500 mg/kg. Each rat carried four fibres of MDA-MB-231 and 
four fibres of CCRF-CEM, and the fibres were retrieved five days after the 
first dose. In a separate experiment of each cell line, at a dose level of 375 
mg/kg, fibres were retrieved one, three and five days after first 
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administration. The MDA-MB-231 data from Paper V were also included in 
the data analysis.  

3.2  Clinical data  
The data were derived from clinical studies in the treatment of various solid 
cancers. All patients gave informed consent, and local human investigation 
committees at each participating institution approved the studies. Patients 
known to have received G-CSF were excluded. 

3.2.1  Schedules and measurements 

3.2.1.1  DMDC (2'-deoxy-2'-methylidenecytidine) 
Sixty-five (66 in the leukocyte and platelet analyses in Paper II) patients 
received an oral once-daily regimen and 85 patients received a twice-daily 
regimen of DMDC (Table 2).107-109 Haematological measurements were 
taken prior to the start of treatment, and again one, two, three and four weeks 
after, in the once-daily regimen and generally four, six, nine, thirteen, 
seventeen and twenty days after the first dose in the twice-daily regimen. A 
total of 823-825 observations were used in the semi-physiological model 
building. Median baseline cell counts were 8.9, 6.2 and 318⋅109/L for 
leukocytes, neutrophils and platelets, respectively.  

3.2.1.2  Docetaxel  
Leukocytes and neutrophils (3553 observations of each type) were obtained 
from 601 patients in 24 phase II studies143 during the first cycle of treatment. 
Median baseline cell counts were 7.0 and 4.9⋅109/L for leukocytes and 
neutrophils, respectively. Patients received a dose of 75 or 100 mg/m2, most 
of them as a 1-hour infusion; however, in a few patients, two or three short 
infusions were given.  

3.2.1.3  Paclitaxel 
Leukocytes and neutrophils (530 observations of each type) were obtained 
from 45 patients receiving paclitaxel in a total of 196 cycles (1 to 18 cycles 
per patient, median 3 cycles).144,145 Median baseline cell counts were 7.6 and 
5.5⋅109/L for leukocytes and neutrophils, respectively. Paclitaxel was 
administered as a 3-hour infusion with an initial dose of 175 mg/m2 every 
third week. Doses were adjusted according to haematological and non-
haematological toxicity levels, which resulted in a final dose range of 110-
232 mg/m2.  
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3.2.1.4  Etoposide 
Leukocytes and neutrophils (682 observations of each type) were obtained 
from a total of 71 patients receiving a 3-day continuous infusion of etoposide 
in two studies.71,146 Median baseline cell counts were 7.3 and 4.9⋅109/L for 
leukocytes and neutrophils, respectively. The standard total dose was 375 
mg/m2, but in the individualised groups, the total delivered dose ranged from 
225 to 789 mg/m2. A second course of treatment was administered to 47 of 
the patients at least four weeks after the first course. Because information 
was missing when the next course started, we assumed that the leukocyte 
and neutrophil counts had returned to baseline at that time point, i.e. that 
there was no carry-over effect from the previous dose.  

Table 2. Number of patients and dosage regimens included in the PD 
modelling of DMDC 

Group Dose 
(mg/m2) 

Duration of 
administration 

(days) 

Once/Twice 
daily 

Total dose 
(mg/m2) 

Number of 
patients 

1 12 10 Once 120 5 1 
2 18 10 Once 180 6 
3 30 10 Once 300 12 
4 40 10 Once 400 4 
5 30 7 Once 210 6 
6 30 14 Once 420 6 
7 40 7 Once 280 7 1 
8 50 7 Once 350 7 2 
9 3 40 7 Once 280 13 1 
10 12 10 Twice 240 9 
11 9 10 Twice 180 23 1 
12 12 7 Twice 168 6 
13 15 7 Twice 210 47 

1 One patient was excluded from these groups.  
2 One patient was excluded in the neutrophil analysis. 
3 This group was exposed to the same schedule as group 7, but included only patients with 
colorectal cancer. 

3.2.1.5  CPT-11 (Irinotecan) 
Leukocytes and neutrophils were obtained from 20 patients (79 observations 
of each type) during the first 21 days after receiving 350 mg/m2 CPT-11 as a 
1.5-hour infusion.147 Median baseline cell counts were 7.8 and 5.2⋅109/L for 
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leukocytes and neutrophils, respectively. Total drug concentrations (lactone 
and carboxyl acid forms) of CPT-11 and the active metabolite SN-38 were 
inserted into the data set.  

3.2.1.6  Vinflunine 
Fifty-nine patients receiving a total of 191 courses (842 observations each of 
leukocytes and neutrophils) were included.124-126 Median baseline cell counts 
were 7.0 and 4.8⋅109/L for leukocytes and neutrophils, respectively. Three 
different dosage schedules were studied: one administration every three 
weeks (30-400 mg/m2, 30 patients), weekly administrations for a total 
duration of four weeks (120-190 mg/m2, 14 patients) and administration on 
days 1 and 8 every three weeks (170-210 mg/m2, 15 patients). All 
administrations were 10-minute infusions.  

3.3  Model building 

3.3.1  Pharmacokinetics  
Compartment models with linear, non-linear and mixed linear and non-linear 
elimination were investigated. Where appropriate, absorption models, some 
of which predicted dose dependency, were also tried. Individual 
pharmacokinetic parameters and individual AUCs were obtained from doses 
and empirical Bayes estimates. 

Additional concentration-time data were included in some PK analyses to 
improve the models. Paper I included 5-6 samples collected from each of 
four additional epirubicin rats over 48 hours or less. Paper III included the 5-
FU PK data from Paper I. Paper V included 34 additional rats which had 
received cyclophosphamide, and 12 rats with sampling times up to 30 h 
which had received CHS 828. Paper VI included 4-6 PK samples from each 
of 20 rats, after doses of CHS 828 in the range of 20-500 mg/kg. Eight of 
these were given a five-dose regimen where concentrations were also 
monitored after the fifth dose. 

The subroutine PRIOR in NONMEM, which allowed inclusion of 
information from a prior rat study (in which epirubicin was given iv),56 was 
used to stabilise the pharmacokinetic epirubicin analysis (Paper I). 

Individual PK parameters for 5-FU and epirubicin in Paper V were 
determined by Bayesian analysis with the population PK models presented 
in Paper I. 

All predictions in the PD modelling were based on individual 
concentration-time profiles, except for the analysis in Paper V, where the 
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presence of drug was included as a covariate effect on the growth rate, i.e. 
different growth rates were allowed for fibre OD in treated and control 
animals. These profiles were obtained using (i) doses and empirical Bayes 
estimates derived from the presented PK analyses (Papers I, III, VI), (ii) 
individual parameters from previously presented PK analyses106,122,145 
(DMDC, paclitaxel and vinflunine in Papers II and IV), (iii) population PK 
models110 (docetaxel in Paper IV) or (iv) actual concentrations (etoposide 
and CPT-11 in Paper IV). Total concentrations were used in the modelling, 
except for paclitaxel, where unbound concentrations were used. 

3.3.2  Pharmacodynamics  

3.3.2.1  Model development (Paper I) 
Basic or sigmoid Emax models were applied to relate the effect on leukocytes 
to the AUC. The AUC was used as the measurement of exposure because 
when the general model for time-dissociated relationships63 was used, a 
linear relationship between concentration and the direct effect was obtained, 
i.e. AUC described the PKPD equally as well as more complex models. To 
find potential schedule dependence, the AUC50 was allowed to vary between 
the single, double and triple dose groups. The fractional decrease in 
leukocytes from baseline at nadir was used in the modelling: 

Nadir decrease = (Leukocytebaseline - Leukocytenadir) / Leukocytebaseline   

(Eq. 7) 
 

Another summary variable for toxicity, ABC-7 (i.e. the area encompassed by 
the baseline and observed % decrease in leukocyte count versus time curve 
up to day 7 after dose administration) was also used. ABC-7 was calculated 
using the trapezoidal method.  

3.3.2.2  Model development (Paper II) 
In the first analysis, the general model63 was used to relate the concentration-
time profile of DMDC to the survival fraction at nadir for each 
haematological parameter (leukocytes, neutrophils and platelets). The 
survival fraction was calculated as:  
 

Survival fraction = Cell countnadir / Cell countbaseline    (Eq. 8)  
 

Consequently, one observation per individual was modelled. Eobs,max was 
fixed to 1 (minimal survival fraction is zero) in the model building. A 
difference in EC50 or AUCEdir50 between once-daily and twice-daily 
schedules was also allowed.  
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In the second PD analysis, the influence of DMDC on neutrophils over 
time was modelled with transit compartments (Figure 6). The zero-order rate 
constant into the first compartment, kin, was determined as the product of the 
estimated circulating cell count in blood at baseline (Circ0) and the rate 
constant for the disappearance of neutrophils from the compartment of 
circulating cells, kcirc. Different numbers of transit compartments were 
investigated, as well as different rate constants (ktr) for proliferating 
(sensitive) and non-mitotic (insensitive) compartments. The concentration-
time profile of DMDC was hypothesised to affect kin or drain the sensitive 
compartments. EDrug was a function of drug concentration. A marginating 
compartment in equilibrium with the circulating compartment (Circ) was 
investigated as well as different feedback mechanisms.  

Absolute counts were used but in order to satisfy the assumption of 
symmetrical residual errors, the observations were Box-Cox transformed 
with power 0.2  
 

 (Observation0.2 – 1) / 0.2     (Eq. 9) 
 

 

 
Figure 6. Schematic illustration of the semi-physiological models of 
myelosuppression in Papers II, III and IV. Arrows with dashed lines denote 
processes that are included in only some of the final models/Papers; the respective 
Papers are referred to by the appropriate Roman numeral. In Papers II and III, both 
drug sensitive and drug insensitive transit compartments were included. 
   

3.3.2.3  Model development (Paper III)  
In the model building process, transit compartments were coupled to a 
circulating leukocyte compartment (Figure 6). kin was determined as in Paper 
II. Different numbers of 5-FU-sensitive compartments and 5-FU-insensitive 
compartments were evaluated as well as different rate constants from the 
sensitive and insensitive compartments. The order of the rate constants was 
considered. In addition, a marginating compartment was investigated.   
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Different sensitive compartments were allowed to have different 
parameters for the 5-FU-dependent elimination. To characterise the rebound, 
feedback mechanisms which allowed the number of circulating leukocytes or 
number of cells in different parts of the delay chain to affect the rate 
constants of the delay chain were considered.  

3.3.2.4  Model development (Paper IV)  
Each drug was fitted separately. The docetaxel, paclitaxel and etoposide data 
sets were used to develop the structural model (Figure 6) which consisted of 
one proliferative compartment, transit compartments with maturing, drug 
insensitive cells and a compartment of circulating blood cells. The 
generation of new cells in the proliferative compartment was dependent on 
the number of cells in the compartment, i.e. self-renewal or mitosis, as well 
as a proliferation rate constant determining the rate of cell division (kprol). To 
account for rebound phenomena, a feedback mechanism from the circulating 
cells to the proliferating cells was applied. The drug concentration in the 
central compartment was assumed to reduce the proliferation rate or induce 
cell loss by a linear function or an Emax model. The data contained little 
information regarding the elimination rate of circulating cells as that is not 
the rate limiting step. Therefore, it was assumed in the modelling that kcirc = 
ktr. At steady state, the number of cells in the proliferative compartment is 
constant and, the number of proliferative cells was arbitrarily set to the 
number of cells in the circulating compartment. Consequently, kprol was equal 
to ktr. To improve interpretability, the mean transit time was estimated, 
which was defined as MTT = (n + 1) / ktr where n is the number of transit 
compartments. Thus, the structural model parameters to be estimated were 
Circ0, MTT, γ and Slope (or Emax and EC50). For consistency, IIV was always 
(and only) estimated on Circ0, MTT and Slope (or EC50).  

Absolute cell counts were used but in the vinflunine analysis the data 
were log-transformed.  

 

3.3.2.5  Model development (Paper V) 
Extended least squares within NONMEM was used to evaluate whether 
drug-treated rats had a significantly different absolute change in OD from 
the day of implantation (baseline) to the day of retrieval, compared to control 
rats;  
 

Absorbance (OD) = Baseline + Growth  (Eq. 10) 
 

Absolute ODs were used in the modelling. Inter-experimental differences in 
Baseline and Growth were considered. Each drug and cell line was modelled 
separately. Only a few rats of each drug were included and they all received 
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the same dose and, therefore, no further PKPD modelling was performed in 
this study.  

3.3.2.6  Model development (Paper VI) 
All cell density-time profiles, from all rats, were modelled simultaneously, 
including the cell density data from control animals. Each rat within an 
experiment was modelled to have the same baseline value, i.e. all three to 
five OD measurements on the day of implantation were added for each rat in 
the data set. Consequently, inter-experimental variability in baseline was 
estimated instead of IIV. Log-transformed OD values were used. 

During the model-building process, the effect of the drug (EDrug) was 
assumed to directly drain the cell compartment, 
 

dOD/dt = kGrow · OD – EDrug · OD       (Eq. 11)    
 

or to affect the growth rate constant, 
 

dOD/dt = kGrow · (1 – EDrug) · OD          (Eq. 12)    
 

where kGrow was the first order rate growth constant. Models with zero order 
and second order growth rates, as well as models estimating the 
amplification factor (i.e. the order) were evaluated. Different functions of 
effect delay were evaluated, as well as a model similar to the model for cell-
cycle specific drugs presented by Jusko.86 

A linear model, a basic or sigmoid Emax model, and a threshold model 
were investigated to test the dependency of EDrug on CHS 828 serum 
concentration. In addition, the general model was also investigated.63 To 
further improve the fit, EC50 was allowed to decrease from a baseline value 
(EC50,0) with time from first exposure or with cumulative AUC (AUC0-t), 
either linearly or exponentially with the parameter kEC50 
 

EC50(t) = EC50,0 · e-kEC50 ⋅ Time     (Eq. 13)    
 

or to decrease in a non-linear fashion (Eq. 4)89 or according to the 
relationship presented by Adams et al. (Eq. 5).90 

3.3.3  Data analysis 
The software NONMEM (Versions V or VI beta)59 was used to fit non-
linear mixed effects models to the data, except for the PKPD models 
presented in Paper I, where the Solver function in Excel was used in 
combination with the F-test on the sum of squares of residuals (significance 
level of p<0.05). In the population analyses in NONMEM, IIV (CV%) were 
included as exponential variance models. The residual error was modelled 
with an additive and/or proportional component, and allowed to vary 
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between individuals,148 when indicated by the data. Model development was 
guided by comparing the objective function values (OFV) produced by 
NONMEM of competing models in the likelihood ratio test, as well as by 
using graphical diagnostics in the S-PLUS based program Xpose (Versions 2 
or 3).149 To discriminate between two nested models that differed by one 
parameter, drops in OFV of 3.84, 6.63 and 10.83 corresponding to 
significance levels of p<0.05, p<0.01 and p<0.001 (if χ2-distributed 
differences in OFV are assumed) were used. More strict criteria were 
generally used with the first-order (FO) method than with the first-order 
conditional estimation (FOCE) method with INTERACTION, as it has 
become evident that actual significance levels are higher than the nominal 
with the former method.150 A reduction in OFV of 3.84 was adopted as the 
criterion for inclusion of an additional transit compartment. This did not 
require an extra parameter.  

3.3.3.1  Model validation (Paper III) 
A posterior predictive check151 was performed on the semi-physiological 
model described in Paper III. One hundred data sets were simulated from the 
original data set and the final model parameter estimates. The means of the 
minimum leukocyte counts, maximum leukocyte counts and times to the 
minimum and maximum leukocyte counts were calculated for each group in 
each simulated data set. The corresponding observed means were compared 
with the 90% predicted intervals of the simulated means. 

The 5-FU leukocyte data from Paper I was used for external validation. 
From the final semi-physiological model and its parameter estimates, one 
hundred data sets were simulated for each of the dosage groups of the 
validation data set. Within a dosage group, the mean observed leukocyte 
value at each time point was compared with the simulated means and the 
90% predicted intervals of the simulated means.  
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4  Results and Discussion 

4.1  Pharmacokinetics  

4.1.1  Results 

4.1.1.1  5-FU, epirubicin and 4-OHCP  
The 5-FU data in both Papers I and III were best described by a one-
compartment model with non-linear elimination that followed Michaelis-
Menten kinetics (Table 3). Rats with high Km also appeared to have a high 
Vmax. The epirubicin data were best described by a three-compartment model 
(Table 3). The initial dilution volume (RSE %) was 0.36 (14) L with an IIV 
of 39%. The half-lives of the three phases were 1.7 minutes, 43 minutes and 
42 hours. In Paper V, the Bayesian analyses performed in NONMEM were 
assumed to be valid since the residual error magnitudes in the rats receiving 
5-FU and epirubicin were lower than or within the confidence limits of the 
original PK models. The 4-OHCP data were best described by a one-
compartment model with first order absorption (Table 3). The half-life of 4-
OHCP after administration of cyclophosphamide was 37 minutes. 

4.1.1.2  CHS 828  
The PK models of CHS 828 in Papers V and VI were both characterised by a 
linear one-compartment model with the dissolution and absorption described 
by a zero-order rate (R1) and a consecutive first-order rate input (ka,1; Table 
4). The pharmacokinetics were not dose dependent in Paper V, and the total 
AUC seemed to be the same in both schedules. However, in Paper VI, 
bioavailability decreased with dose by an exponential function with the rate 
constant kF and was highest for the lowest dose of 5.9 mg (F1,max). In 
addition, increasing serum CHS 828 concentrations were observed in Paper 
VI in four of five rats with at least one sample containing measurable drug in 
the range of 13 to 21 hours and one sample in the range of 23 to 30 hours. To 
explain this, a fraction of the dose (F2) was modelled to be absorbed after a 
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lag time. F2 decreased with dose, in the same manner as F1. The total 
bioavailability (F1 + F2) for the 5.9 mg dose was set as the reference 
bioavailability, i.e. 100%, and F2 = 1 - F1,max for this dose. Oral clearance 
increased from time zero, and was modelled to be linearly dependent on 
cumulative AUC (AUC0-t). Because of the dose-dependent bioavailability, 
the five-dose regimens produced larger AUCs than the single-dose regimens 
of the same total dose and the model predicted similar AUC values for the 
three highest single doses. 
 

Table 3. Estimated PK parameters (RSE %) of 5-FU, epirubicin and    
4-OHCP. 

 
5-FU 

(Paper I) 
5-FU 

(Paper III) 
Epirubicin 
(Paper I) 

4-OHCP 
(Paper V) 

CL (L/h) 
IIV 

- - 1.1 (10) 
40% 

2.0 (2.3) e 
ne 

Vmax (mg/L/h) 
IIV 

103 (8.0) a 
16 % 

108 (5.5) b 
21 % 

- - 

Km (mg/L) 
IIV 

16 (12) 
16 % 

22 (7.7) 
21 % 

- - 

Vss (L) 
IIV 

0.24 (2.6) 
ne 

0.24 (2.4) 
ne 

54 d 

- 
1.8 e (4.4) 

22 % 
F (%) - c - 71 (10) - 
ka 

IIV 
- c - 2.4 (10) 

33 % 
11 (3.0) 

ne 
Prop error (%) 10 14 18 16 
Add error (mg/ml) 0.32 0.38 ne ne 
a 85 mg/L/h in the afternoon.  
b 121 mg/L/h in the morning. 
c Instantaneous input and complete absorption were indicated when compared with iv data. 
d Calculated value. 
e Oral clearance and volume, not corrected for bioavailability or fraction metabolised. 

4.1.2  Discussion 
PK models were successfully developed from preclinical data using sparse 
sampling. The clinical PK of 5-FU have also been described by a one-
compartment model with capacity-limited elimination.91 Estimates of Vmax 
and Km in patients were similar to the values reported here. A two-
compartment model with parallel non-linear and linear elimination of 5-FU 
has been suggested in rats.94 However, such a model did not fit the data from 
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our studies any better than the presented model. The value of V reported 
here (0.24 L) is in accordance with previous estimates in rats of 0.25 and 
0.32 L.94,152 The higher Vmax in the morning compared with the afternoon is 
also in accordance with an earlier study where a 10-15% higher elimination 
rate of 5-FU was encountered one hour after the onset of light compared 
with seven hours after, in perfused rat livers.153 The PK of epirubicin and 4-
OHCP have been described in patients receiving the FEC regimen, as well as 
in rat studies, by linear three- and one-compartment models, respectively, as 
reported here.56,91,154  

Table 4. Estimated PK parameters (RSE %) of CHS 828. 

 Paper V Paper VI 

CL (L/h) 
IIV 

0.65 a (11) 
ne 

0.24 (12) c,d 

52 % 
Vss (L) 4.0 a (19) 0.81 (8.7) d 
R1 (mg/h) 11 (17) 2.5 (6.9) 
ka,1 (h-1) 

IIV 
2.2 (32) 

ne 
8.2 (30) 

170 % 
F1,max - 0.62 (5.7) 
kF  (mg-1) - 0.0089 (6.8) 
Lag time (h) - 20 (0.28) 
ka,2 (h-1) 

IIV - 
0.054 (20) 

160 % 
SlopeCL (L/mg/h) - 0.0063 (25) 
Residual error (%) 82 b 39 (6.9) 
Half-life (h) 4.3 2.3 
a  Oral clearance and volume. 
b  Combined IIV and residual variability. 
c  At time zero. 
d  Oral clearance and volume for the lowest dose (5.9 mg). 

More data were available in the PK analysis of CHS 828 in Paper VI than in 
Paper V, and this allowed a more complex model to be applied. 
Approximately one third of the systemically available dose was absorbed at 
20 hours after administration, probably as a result of coprophagy, since the 
gut transit time in non-fasting rats is approximately 21 hours.155 The 
phenomenon that clearance increases with exposure has not previously been 
shown for CHS 828 and requires confirmation. Autoinduction phenomena 
have been modelled for other drugs before;156,157 however, more data are 
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needed before a more complex autoinduction model for CHS 828 can be 
applied. 

4.2  PKPD modelling of haematological toxicity 

4.2.1  Results 

4.2.1.1 Schedule dependence of 5-FU and epirubicin  
The reduction in leukocytes in rats receiving 5-FU was dose-dependent and 
was greater for the single dose groups than for the respective fractionated 
dose groups. The sigmoid Emax model gave a significantly better fit than the 
basic Emax model for ABC-7, but not for nadir decrease (Figure 7 and Table 
5). Allowance for schedule-related AUC50s did not improve any of the 
models significantly. The apparent difference in toxicity of 5-FU was 
therefore attributed to non-linear PK. The platelets decreased in a pattern 
similar to that seen with the leukocytes. Haemoglobin also decreased in an 
exposure-dependent manner. 

Sigmoid Emax models best described the epirubicin data for both nadir 
decrease and ABC-7 (Figure 7 and Table 5), with no improvement when 
schedule-dependent AUC50s were allowed. The platelet counts after 
epirubicin administration tended to increase rather than decrease. 
Haemoglobin levels fell only slightly.  

Table 5.  Basic and sigmoid Emax models of nadir decrease and ABC-7. 

 5-FU  Epirubicin 
 Nadir decrease ABC-7  Nadir decrease ABC-7 

Emax  82 % 280     84 % 452 
γ 1a 2.4  1.9 1.7 
AUC50 (mg·h/L) 30 20  0.75 1.2 
a  Fixed to 1 in the basic Emax model. 
 

4.2.1.2 Schedule dependence of DMDC  
For all haematological parameters, sigmoid Emax models with separate 
AUC50s for once- and twice-daily regimens were significantly better for 
relating the survival fractions to AUC than models with schedule-
independent AUC50s. The relative increases in potency with twice-daily 
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regimens were 62 to 74% (Table 6). For all haematological parameters, the 
OFVs obtained using the general model63 were higher than those from the 
final model.  

Figure 7. Model predictions of leukocyte toxicity after exposure of different dosing 
schedules. Upper row applies to 5-FU and shows the best fit of a basic Emax model 
for the nadir decrease (A) and a sigmoid Emax model to the ABC-7 (B), versus 
AUC. Model predictions were made at variable AUC50 for each individual dosage 
regimen and at constant AUC50 when combining all the dosing schedules. Lower 
row shows corresponding fits of sigmoid Emax models for epirubicin. 

Table 6. Parameter estimates (RSE %) for once- and twice-daily 
regimens of DMDC.   

AUC50  (mg·h/L)  

Once-daily Twice-daily 

γ 

Leukocytes 6.7 (23) 2.6 (24) 0.48 (25) 
Neutrophils 3.7 (32) 0.97 (42) 0.58 (25) 
Platelets 10.8 (19) 2.8 (20) 0.62 (21) 
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4.2.1.3  Semi-physiological model for DMDC  
The final model successfully described the data (Figure 8). It consisted of 
nine sensitive compartments, including the first proliferative compartment, 
with mean transit times of 0.98 days (RSE=6.2%, IIV=77%) each, and five 
non-sensitive compartments with mean transit times of 1.2 days 
(RSE=9.2%) each. The estimated neutrophil half-life was 21 hours 
(RSE=9.0%) and baseline was 5.6·109/L (RSE=3.6%, IIV = 37 %). First-
order elimination of cells from the first progenitor compartment, 
proportional to the DMDC concentration, was adopted. The DMDC-related 
elimination rates were significantly different (p<0.001) for the once-daily 
and twice-daily regimens, with estimates of 76·ConcentationDMDC cells/day 
(RSE=29%) and 210·ConcentationDMDC cells/day (RSE=27%), respectively. 
The unexplained IIV in the effect was 130%. The drug-related effects on the 
other proliferating compartments were 1.8% of the effect on the first 
progenitor compartment. Allowance for feedback mechanisms did not 
improve the model significantly.  

 
 

Figure 8. Typical predicted profiles (—) and observed cell counts (□) for the time-
course of neutropenia for four different dosing regimens. The observations are 
randomly displaced (± 0.5 days) around the true observation day for illustrative 
purposes. 
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4.2.1.4  Semi-physiological model for 5-FU  
All rats receiving 5-FU showed a transient decrease and rebound in 
leukocyte (Figure 9) and platelet levels. The fractionated schedules of 5-FU 
resulted in decreases in leukocyte levels similar to or more pronounced than 
the decreases in the single-dose group, despite the fact that the total AUC 
values in the fractionated-dose groups were only 52-56 % of those in the 
single-dose group. On average, haemoglobin levels decreased to 59-67 % of 
baseline. 

Two 5-FU-sensitive and two 5-FU-insensitive transit compartments 
were included in the semi-physiological model (Table 7). Second-order 
delay rate constants (ktr), which were the same from all transit 
compartments, markedly improved the fit over first order rate constants. A 
negative feedback from the circulating leukocytes was applied to kin and 
modelled as the ratio of the estimated leukocyte baseline value (Circ0) and 
the estimated circulating leukocyte level at any time point (Circ). The 5-FU-
dependent elimination rate of cells from the sensitive compartments was 
expressed as a slope value multiplied by the concentration of 5-FU 
(Slope⋅Conc5-FU).  

The observed means of the investigated leukocyte levels and their 
respective timing were well included in the 90% predicted intervals of the 
means from the simulated data sets, except for the maximum leukocyte 
levels in the triple group, which were underestimated. The final model also 
performed well in predicting the time-course of leukopenia after the dosing 
schedules of 5-FU in Paper I, in spite of the lower doses in that study. 

Table 7. Population parameter estimates (RSE %) for the semi-
physiological model of 5-FU 

Parameter Estimate IIV (%) 
Circ0 (cells⋅ 109⋅L-1) 14.0 (5.9) 12 
ktr (cells-1⋅ 10-9⋅day-1) 5.7 ⋅ 10-5 (4.9) ne 
t1/2, circ (min) 16 (3.6) ne 
Slope (L⋅mg-1⋅day-1) 0.99 (45) 120 
Residual error (%) 24 - 
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Figure 9. Observed number of leukocytes (o), a Loess smoother (S-PLUS) through 
the observations (---), and the model predicted number of leukocytes over time for 
an individual with typical PK (—). Arrows indicate days of 5-FU administration. 

4.2.1.5  Semi-physiological model with parameter consistency across 
drugs  
The toxicity profiles were well characterised for all drugs, even when 
different schedules and several treatment cycles were modelled continuously 
with time (Figure 10). In order to compare results, and for the sake of 
simplicity, the number of transit compartments was fixed to three for all 
drugs. Increasing or reducing the number of transit compartments led to little 
improvement in OFV. The estimated half-lives of circulating cells (ln2/ktr) 
were 15 to 24 hours. There was no improvement in the model fit whether 
this half-life was estimated as a separate parameter (range 8 to 32 hours) or 
was fixed to a literature value of 6.7 hours.17 

System-related parameters and their corresponding IIV were similar for 
the different drugs (Table 8). Parameter estimates for leukocytes were close 
to those estimated for neutrophils, except that leukocytes had higher baseline 
values (Circ0) and lower Slope-values. The DMDC neutrophil model was 
unstable, and estimates of mean transit times (MTT) were dependent on 
which estimation method and residual error model that was used. Therefore, 
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MTT was fixed to the estimate in the leukocyte analysis (123 hours). For 
CPT-11, the OFV was lower when the effect was assumed to be from the 
parent drug rather than from the metabolite, SN-38.  

Figure 10. Observations (DV), predictions based on typical population estimates 
(PRED), and individual predictions (IPRE) with estimated (e) and fixed (f) system-
related parameters for individuals selected on the basis of their typical residual 
error magnitude (the individual’s average absolute weighted residual is at the 
population median). 

 
To evaluate the model and assess the generality in describing 
myelosuppression, system-related parameters were fixed: Circ0 to 7⋅109/L 
(5⋅109/L for neutrophils), MTT to 125 hours, and γ to 0.17. IIV on Circ0, 
MTT and Slope was fixed to 35%, 20% and 45%, respectively. These fixed 
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parameter values were based on the results of the estimations. Similar Slope 
estimates (Figure 11), residual errors (not shown) and goodness of fit (Figure 
10) were derived as when all parameters were estimated.   

Table 8. Parameter estimates (RSE %) for neutrophils with a linear 
concentration-effect model.  

Drug 
Circ0 

a 

IIV 

MTT b 

IIV 

γ 
 

Slope c   

IIV 

Slopeu
c 

 

Adda 

Propd 

Docetaxel       5.05 
(1.9) 

42 
(7.0) 

88.7 
(2.5) 

16 
(24) 

0.161 
(3.7) 

8.58 
(5.2) 

60 
(14) 

429 1.2 

 

27 

 
Paclitaxel     5.20 

(3.6) 
35 

(11) 
127 
(2.1) 

18 
(30) 

0.230 
(2.8) 

2.21 43 
(32) 

44.2 
(4.5) 

ne 

 

40 

 

Etoposide     5.45 
(7.3) 

42 
(20) 

135 
(3.7) 

14 
(23) 

0.174 
(6.6) 

0.126 
(14) 

40 
(78) 

0.899 0.67 

 

45 

 

DMDC         5.43 
(3.9) 

39 
(16) 

123* 

 

49 
(23) 

0.160 
(13) 

0.782 
(9.1) 

63 
(27) 

0.806 ne 
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CPT-11       5.51 
(3.4) 

29 
(19) 

113 
(6.9) 

29 
(41) 

0.132 
(9.8) 

1.29 
(15) 

43 
(61) 

3.48 0.43 
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Vinflunine 4.72 
(2.7) 

41 
(18) 

122 
(3.7) 

22 
(21) 

0.162 
(6.7) 

.00349 
(7.8) 

41 
(33) 

.0159 ne 
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a unit: ⋅109/L; b unit: hours; c unit: µM-1; d unit: % 
Abbreviations: Add, additive residual error; Prop, proportional residual error; *, fixed. 

4.2.2 Discussion 
Relationships between AUC and the effect on leukocytes were established 
for 5-FU and epirubicin. It was apparent that a small increase in exposure 
can have a large impact on the degree of toxicity. The approximate AUCs 
achieved after 600 mg/m2 5-FU and 60 mg/m2 epirubicin in the FEC regimen 
in patients are 13 mg·h/L and 1.8 mg·h/L, respectively. If similar PKPD 
relationships are assumed in patients, 5-FU is likely to have less contribution 
than epirubicin to myelosuppression. An AUC of 18 mg·h/L resulted in a 
50% risk of toxicity (WHO toxicity > grade 1) after a single injection of 5-
FU to patients,158 which is close to the AUC50 for ABC-7 in rats (20 mg·h/L; 
Paper I). 

The AUC-dependent Emax model for 5-FU injections in Paper I predicted 
the nadir values in Paper III to be 33, 41 and 42 % of baseline for the single-, 
double- and triple-dose groups, respectively. The observed means were 37, 
36 and 28%. The decrease in leukocytes in the triple-dose group was greater 
than expected, probably explainable by the hypothesis that primitive 
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haematopoietic stem cells cycle too slowly to be sensitive to a single dose of 
5-FU.28 However, if the first dose stimulated the cycling activity of the 
primitive stem cells, the cells would be vulnerable to doses administered 3 to 
5 days after the first dose. It is obvious that the presence and characteristics 
of 5-FU’s schedule dependence relies not only on the rate of delivery (bolus 
vs infusion), but also on the time between administrations.  

 

Figure 11. Slopeu when system-related parameters were estimated vs Slopeu when 
system related parameters were fixed for leukocytes (• ) and neutrophils (ο). 

For 5-FU and epirubicin, no difference between once- and twice-daily 
dosing was found but, for DMDC, the survival fractions at nadir were 
significantly lower after twice-daily than after once-daily dosing. The 
general model could not explain this schedule dependence without including 
schedule-dependent EC50 values. The mechanism of action of DMDC could 
be of such a nature that the general model cannot explain it. Furthermore, the 
treatment lengths also varied, and the nadir was only evaluated weekly. 
Nadir values were then generally overestimated, to a different extent for 
different treatment lengths. It is thus desirable to model the whole time 
course of myelosuppression, especially in the evaluation of schedule 
dependence.  

In agreement with the aim of mechanistically based models, many 
features of the models discussed here mimic physiological theories of the 
structure and regulation of the granulopoietic system. A model that can 
mimic physiological processes is eligible for predictions, but since 
physiology changes during stresses such as sickness and drug therapy, fixing 
parameters to values from the literature was not an attractive option. The 
complexity of the models is limited by the fact that they are developed from 
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only one type of observation, i.e. the number of circulating cells. Even 
though the models contain relatively few parameters, especially the models 
in Papers III and IV, they are able to describe the data well. The model in 
Paper IV estimated similar system-related parameters for six different drugs 
with different mechanisms of action, and it was shown that relatively small 
and sparse data sets could be successfully modelled. This, together with the 
evaluation of the model, implies that this model could be used with even 
more sparse data sets using prior information on the system-related 
parameters. 

In the semi-physiological model of DMDC, the estimated transit time 
through the proliferative compartments was 8.8 days, whereas a value of 5 
days for myelocytes to pass the precursor proliferation pool has been 
reported.13 The mean transit time for the non-proliferating pool was 6.2 days 
in Paper II, similar to the 6.6 days reported in the literature for healthy 
volunteers.14 In Paper IV, the estimated MTTs were somewhat shorter. 
However, myelosuppression induces release of growth factors that stimulate 
extra cell divisions in the proliferating compartments, thus shortening the 
time for mature cells to reach the circulation.159 Time to emergence can also 
be decreased by the presence of infections.160  

The half-lives of circulating neutrophils estimated in Paper II (21 hours) 
and Paper IV (15 to 24 hours) were longer than those reported in the 
literature.14,16,17 Other modellers have also reported longer neutrophil half-
lives than expected.161 The estimated half-life of 16 minutes for circulating 
leukocytes in rats was, on the other hand, somewhat shorter than expected.20 
However, with only daily to weekly leukocyte counts, the temporal 
resolution is limited; also, the elimination of cells from the circulation is not 
the rate-limiting process. 

In contrast to the AUC-dependent model derived for 5-FU in Paper I, the 
more mechanistic model presented in Paper III could predict the observed 
schedule-dependent decrease in leukocytes when the intervals between the 
doses were extended to two days. The fractionated schedules in Paper III 
resulted in a huge rebound of leukocytes, which has also been shown after 
repeated short infusions of 5-FU in patients.162 However, the model 
underestimated the maximum leukocyte level in the triple dose group. It is 
likely that more information about the system is required, since the 
leukocyte rebound would depend on the functional capacity of the system, 
rather than on the drug.  

The second-order rate constants included in Paper III could be interpreted 
as a part of the regulation of leukocyte production, since haematopoietic 
growth factors cause extra cell divisions, and they also shorten the transit 
times within the maturation chain.159 When the number of cells within a 
transit compartment falls below baseline, an amplification factor higher than 
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one will lead to the prioritisation of increasing the number of cells within the 
compartment, before transferring the cells to the next compartment. When 
the cell number is higher than baseline, transit time is increased. In this way 
the rapid and pronounced change in the number of circulating cells was 
better characterised.  

In vitro and/or preclinical in vivo data could be helpful in predicting the 
clinical concentration-effect relationship. Approximate Slope estimates could 
be derived from animal data in vivo and Slopeu estimates could be derived by 
comparing the relative potencies of drugs on bone marrow progenitor cells in 
vitro. In combination with the suggested values of system-related parameters 
in Paper IV, the whole time-course of myelosuppression in patients could be 
simulated for new drugs. The model has been applied to preclinical in vivo 
data,163 and been used for evaluation of drug combinations.163,164 In addition, 
the model has been extended to be valid for platelets165 and leukocytes after 
G-CSF administration.166 Thus, the model developed in Paper IV, has 
several potential applications in drug development and therapeutic 
optimisation.  

Other semi-physiological models for myelosuppression have been 
reported recently, in addition to the model reported by Minami et al.78 
Zamboni et al. added an effect compartment to Minami’s model and 
exchanged the lag time for one transit compartment.167 The addition of an 
effect compartment did not, however, improve the fit of our models. 
Krzyzanski and Jusko developed a multiple-pool lifespan model with a zero-
order input of cells.121 The transit times through mitotic and non-mitotic 
compartments, as well as in the circulation, were fixed lifespans without 
variation between the cells. 

4.3  The hollow fibre model in immunocompetent rats  

4.3.1  Results  

4.3.1.1  Development of the hollow fibre model in rats 
Paper V illustrated that the hollow fibre model in rats was successful in 
obtaining PK, toxicity and antitumour effect data simultaneously within the 
same animal. The rats receiving 5-FU, epirubicin and cyclophosphamide 
showed a pronounced decrease in haematological parameters, while the rats 
receiving either regimen of CHS 828 were practically unaffected. In Paper 
VI, the highest dose level of CHS 828 (500 mg/kg) produced a decrease in 
leukocytes, which was most pronounced in the five-dose regimen. However, 
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the myelosuppression was limited (30% decrease from baseline). The five-
dose regimen also produced the greatest weight loss in the rats (11% 
decrease from baseline). 

The drug effect on the fibres was generally low in Paper V (Figure 12). 
Neither 5-FU nor epirubicin had significant effects on the growth of either 
cell line. With cyclophosphamide, the drug effect was low but was overall 
statistically significant compared with controls for both cell lines. When 
given as a single dose, CHS 828 exerted a low but significant effect on 
MDA-MB-231, but not on MCF-7. For the five-dose regimen, the net 
growth of MCF-7 was decreased and the drug produced a cell-killing effect 
on MDA-MB-231 (Figure 12). 

Figure 12. Effects of different drugs on MDA-MB-231 (a) and MCF-7 (b) in the 
hollow-fibre model in immunocompetent rats. Net growth means (± SE) are 
presented from one to three experiments of 5-FU, epirubicin (EPI), 
cyclophosphamide (CP) or CHS 828 with corresponding controls (vehicle). 

4.3.1.2  Schedule dependence of CHS 828  
Depression of the net growth of MDA-MB-231 cells was seen in fibres from 
only one rat in the single-dose regimen (500 mg/kg) while, for the five-dose 
regimen, the cell kill increased in a dose-dependent manner (Figure 13A). 
The CCRF-CEM cells were more sensitive than the MDA-MB-231 cells. 
However, the five-dose regimen still resulted in a larger cell kill, at least for 
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the lower doses (Figure 13C). The single dose of 375 mg/kg produced 
similar net cell growths over time to those seen in the controls (MDA-MB-
231; Figure 13B) or with the five-dose regimen (CCRF-CEM; Figure 13D).  

Exponential growth with an effect of drug on the growth rate (Eq. 12) was 
adopted (Figure 14). The final effect models of CHS 828 were a threshold 
model (γ=20) for MDA-MB-231 and a basic Emax model (γ=1) for CCRF-
CEM (Table 9). EC50 was modelled to decrease exponentially over time from 
first exposure for both cell lines.  

Figure 13. Net growth for different dose levels after fibre retrieval, five days after 
first administration (left) and net growth over time for the 375 mg/kg doses (right) 
for MDA-MB-231 (A, B) and CCRF-CEM (C, D). Means +/- SE.  

4.3.2 Discussion  
Our extended hollow-fibre model in rats had the potential for studying 
antitumour effects, toxicity and PK, within the same animal. The use of 
immunocompetent animals reduces the costs, makes handling easier and 
allows determination of haematological toxicity. The time frame of six days 
for the fibres to remain inside the rats is comparable to that used in the NCI 
experiments.47 Paper VI also showed that this model is suitable for studying 
the antitumour effects of drugs over time. 
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Table 9. Parameter estimates (RSE%) for the PD model of the effect of 
CHS 828 on tumour cells in hollow fibres. 

MDA-MB-231  CCRF-CEM  
Estimate IIV (%)  Estimate IIV (%) 

ODBaseline 0.463 (5.3) 20 a (84)  0.486 (3.4) ne 
kGrow (Day-1)  0.178 (5.8) ne  0.171 (8.4) 38 (53) 
Emax (Day-1) 3.39 (3.2) ne  3.80 (12) ne 
EC50,24h (mg/L) 11.2 (57) 200 (38)  19.5 (42) ne 
kEC50 (Day-1) 0.620 (18) ne  1.43 (16) 80 (54) 
Residual error (%) 29.8 (7.7) -  34.8 (9.2) - 
a Inter-experimental variability. 
 

 
Figure 14. PD model of the effect of CHS828 on hollow fibres. EDrug was a 
threshold model (γ=20) for the MDA-MB-231 cell line, and a basic Emax model (γ 
= 1) for the CCRF-CEM cell line. EC50 decreased exponentially with time of 
exposure. EC50(t) is illustrated graphically with concentration-time profiles for both 
schedules in typical rats after a total dose of 500 mg/kg.  
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CHS 828 exerted higher antitumour activity than the standard drugs in the 
FEC regimen despite the lack of significant toxicity associated with the 375 
mg/kg dose of CHS 828, while the other drugs were used close to their 
maximum tolerated dose. However, from the phase I study of CHS 828, it is 
apparent that patients have a much lower tolerability to CHS 828 than rats.133 
The maximum tolerated AUC was around 1 mg·h/L in patients after a five-
day schedule while the rats receiving a five-day schedule of a total of 375 
mg/kg, achieved an AUC of approximately 225 mg·h/L. It is therefore likely 
that there is a species difference in sensitivity to CHS 828.  

The FEC regimen may produce clinical response rates of up to 90% in the 
treatment of metastatic breast cancer,168 but only cyclophosphamide had a 
significant effect on tumour growth in the hollow-fibre model here. This 
may be because MDA-MB-231 and MCF-7 are relatively resistant cell lines, 
because a combination of two or three of the drugs is necessary to produce 
an effect or, because drug delivery is dependent on blood vessel 
development.169 Low effects of standard chemotherapeutic agents on MDA-
MB-231 cells have also been reported from the original hollow-fibre 
model.47  

Paper VI showed that the lack of effect on the net growth of MDA-MB-
231 after the 375 mg/kg single dose was not due to re-growth (Fig. 13B) and 
that the schedule-dependent antitumour effect of CHS 828 in vivo is partly 
due to dose-dependent bioavailability and partly due to schedule dependence 
in the PD. As a consequence, even when formulated to avoid the dose-
dependent bioavailability, CHS 828 will exert an antitumour effect that is 
dependent on the rate of administration. 

The rat hollow fibre model was shown to be suitable for population 
PKPD modelling of antitumour effects over time in vivo. However, a time-
dependent EC50 is an empirical explanation for the schedule dependence. 
Indeed, it is likely that the true EC50s are overestimated as, in this model, 
EC50(t) also accounts for the effect delay. Knowledge of the cell-killing 
mechanisms of CHS 828 would have allowed information from in vitro 
studies to be included, possibly contributing to a more mechanistic model. It 
has been suggested that the dependence of effect on dosage schedule may be 
due to two different mechanisms of action of different potencies, of which 
the lower potency mechanism is independent of exposure time while the 
more potent mechanism only acts at longer exposure times.132 The 
combination of this relatively simple tumour model with computer 
modelling and simulation has potential for assistance in guiding schedule 
decisions in the development of new drugs. 
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5  Conclusions 

•  It is of importance to characterise schedule dependence in the 
optimisation of anticancer therapy since the administration rate can have a 
large impact on the therapeutic index. Apparent schedule dependence can 
be due to dose-dependent PK and if the effect is not dependent on AUC, 
there is schedule dependence in the PD. To understand schedule 
dependence, the PK need to be characterised. Population PK models were 
successfully established in rats using sparse sampling (2-4 samples per 
rat). 5-FU showed capacity-limited elimination and CHS 828 
demonstrated a dose-dependent bioavailability and a potential 
autoinduction phenomenon. Epirubicin and 4-OHCP showed linear PK. 

 

•  Population PKPD is valuable in both preclinical and clinical studies of 
anticancer drugs, as it allows characterisation of both PK and PD within 
the same individual. Quantitative relationships between AUC and 
summary measurements of haematological toxicity were established in 
rats for 5-FU and epirubicin. The models suggest that 5-FU contributes 
little to myelosuppression in the FEC-regimen, compared with epirubicin. 
Fractionation of a single injection into two or three injections, 
administered within eight hours, did not change the haematological 
toxicity for either 5-FU or epirubicin, when the non-linear PK of 5-FU 
was accounted for. However, when the time interval between the 
injections was extended to two days for 5-FU, the fractionated schedules 
were more toxic.  

 

•  PD models should preferably mimic underlying physiology and describe 
the whole time course of drug effect, as there are several drawbacks of 
using summary measurements of PD variables. (Semi-) physiological 
models were developed that were based on knowledge of the 
haematopoietic system. Such models successfully described 
myelosuppression in patients (DMDC) and in rats (5-FU), after different 
administration schedules. Transit compartments were applied to account 
for the observed lag time and feedback mechanisms from circulating to 
proliferative cells were included to characterise the rebound.  
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•  A PKPD model useful in drug development is relatively simple, have 
interpretable parameters and can separate drug-related and system-related 
parameters, where the latter shows consistency across drugs. Small and 
sparse data sets should also be possible to apply. Such a model of 
myelosuppression was developed which included a self-renewal 
mechanism, compared with a zero-order rate input of cells in previous 
models. The model successfully characterised myelosuppression after 
administration of each one of six different drugs. Successive courses and 
different schedules were also well described. 

 

•  The developed hollow fibre model in immunocompetent rats can be used 
to evaluate PK and PD (tumour response and/or toxicity) simultaneously. 
Several tumours of different types can be studied in the same animal and 
the time course of drug effect can be monitored. The use of 
immunocompetent animals reduces the cost, have practical advantages 
and haematological toxicity can be evaluated simultaneously. This model 
was also shown useful for obtaining data for PKPD modelling. 

 

•  CHS 828 showed superior effect of five-dose regimens over single doses 
of the same total size. The developed PKPD-model included exponential 
growth and the drug potency increased with time from first exposure. 
This model showed that the schedule dependence in rats is partly due to 
dose-dependent bioavailability and partly due to a schedule-dependent 
effect in the PD.  
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