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Abbreviations

AAG |1-acid glycoprotein
ALB Serum albumin
ALP Alkaline phosphatase
ALT Alanine aminotransferase
ANC Absolute neutrophil count
AST Aspartate aminotransferase
AUC Area under the concentration 

time curve
AUCEdir, 50  Duration of maximal direct 

eff ect needed to produce half 
maximal observed 

BCrEL Binding component 
proportional to [CrEL]

Blin, bc Linear binding to blood cells
Blin, p Linear binding to plasma 

components
Bmax, bc Maximal binding to blood 

cells
Bmax, p Maximal binding to plasma 

components
BIL Bilirubin
BSA Body surface area
C Concentration
CAC Critical aggregation 

concentration
Cb Total blood concentration
CDRUG Drug concentration
Circ0 Circulating cells at time 0
Circt Circulating cells at time t
CMC Critical micelle concentration
Cp Total plasma concentration
CREA Serum creatinine
CrEL Cremophor EL
Cu Unbound concentration
CYP450 Cytochrome P450
DNA Deoxyribonucleic acid 
E Eff ect
EC50 Drug concentration producing 

half maximal eff ect
Emax Maximal eff ect
EB Empirical Bayes
EtOH Ethanol
FO First order estimation 
FOCE First order conditional 

estimation

fu Fraction unbound
G-CSF Granulocyte colony-

stimulating factor
GGT Gamma glutamyl transferase
GM-CSF Granulocyte-monocyte colony- 

stimulating factor
H Hematocrit 
IIV Interindividual variability
IL Interleukin
IOV Interoccasion variability
kcirc Elimination rate constant of 

circulating cells
Km Concentration at half 

maximum elimination rate
Km, bc Concentration at half maximal 

binding to blood cells
Km, p  Concentration at half maximal 

binding in plasma
kprol Rate constant that determines 

proliferation
ktr Rate constant from the transit 

compartments
LDH Lactate dehydrogenase
MTT Mean transit time
n Number 
Na Not applicable
NaCl Sodium chloride
ne Not estimated
OFV Objective function value
PD Pharmacodynamic 
PK Pharmacokinetic
Q2, Q3 Intercompartmental clearances
SE Standard error
SFN Survival fraction at nadir
V1 Volume of distribution of the 

central compartment
V2, V3 Volume of distribution of the 

peripheral compartments
Vmax Maximum elimination rate
WBC White blood cell count
~ Sigmoidicity factor in Paper 

I and II, feedback power 
function in Paper V  

} Sigmoidicity factor
[CrEL] or CCrEL Concentration of CrEL
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Introduction

Optimising cancer chemotherapy
Chemotherapy in cancer treatment is used in diff erent settings. It could be used 
as induction therapy for cure or symptom relief, adjuvant therapy after surgery 
or radiotherapy to prevent metastasis formation from cells that escaped from the 
primary site, or as preoperative and neoadjuvant therapy to achieve local or long-
term tumour control. Very few solid tumours are curable with chemotherapy 
whereas various kinds of haematological cancers are1. Th e log-cell kill theory2-4 
depicts that chemotherapy kills a proportion of the remaining tumour cells after 
surgery or radiation in each cycle to either cure the patient or keep the disease stable. 
Th e tumour cells regrow between the treatment cycles and the loss of tumour mass 
by surgery, cytotoxic therapy or radiotherapy induces the proliferation rate in the 
remaining tumour, which is then more sensitive to the next cycle of treatment5. If the 
next treatment is delayed because of excessive acute toxicity on normal tissues from 
the previous treatment cycle it could mean that the tumour regrowth is no longer 
controlled and the patient dies from the disease. A frequent acute toxicity following 
chemotherapy is myelosuppression, usually manifested as neutropenia. Th e variability 
in myelosuppression between individuals is generally large and is determined by the 
variability in drug exposure and the sensitivity of the bone marrow. For two reasons 
it would therefore be valuable to identify groups at risk for neutropenia; fi rst, the 
high risk of lethal infections during the neutropenic period and second, the risk of 
not achieving stable disease or cure due to a delay and/or unnecessary large dose 
reductions. It is also essential to achieve tumour control within a limited number 
of chemotherapy cycles because the total number of cycles is limited by cumulative 
exposure-dependent toxicities on tissues like heart, liver, kidney or nerve, which are 
only slowly or non-reversible5. With the use of pharmacokinetic/pharmacodynamic 
(PK/PD) models dosing can be improved both for the fi rst dose (a priori) and the 
following cycles when information from the fi rst cycle is available (a posteriori) and 
thereby the optimal treatment for each patient may be achieved more quickly. In this 
thesis the focus is set on the relations between PK and myelosuppression, especially 
neutropenia, since it is the most common dose-limiting toxicity for many anticancer 
drugs, including paclitaxel. Paclitaxel is an anticancer drug frequently used against 
various types of cancer e.g. ovarian, breast and non-small-cell lung cancer. Its PK has 
been characterised by capacity-limited elimination and distribution6-8 thus making 
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dosing even more complex. Later studies have suggested that micelle entrapment 
in the formulation vehicle Cremophor EL (CrEL) in plasma could be responsible 
for this non-linear behaviour9,10. In this thesis a mechanism-based PK model for 
paclitaxel describing the relations between unbound and total concentrations in 
plasma and blood has been developed. PK/PD models that can describe and predict 
the time course of neutropenia have been developed and investigations of patient 
characteristics explaining variability in both PK and PD have been performed. 

Paclitaxel
Paclitaxel is a plant alkaloid extracted from the bark of the Western yew, Taxus 
brevifolia. Crude extract from the bark was tested against tumours already in the 
1960s but it was Wani et al11 that identifi ed paclitaxel (Figure 1) as the active 
substance in the bark in 1971. Due to poor solubility in aqueous solutions paclitaxel 
is dissolved in 50% ethanol and 50% Cremophor EL (CrEL) in the commercially 
available formulation Taxol®. As CrEL itself has pharmacological eff ects (see 
below) other formulations of paclitaxel are under development, for example 
paclitaxel dissolved in another micelle forming surfactant (Pacliex)12 or in liposome 
formulations13. Prodrugs, e.g. polymer-conjugated paclitaxel14 or a covalent conjugate 
with docosahexaenoic acid paclitaxel15 are being evaluated in Phase I and II clinical 
trials.

Figure 1. Chemical structure of paclitaxel
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Mechanism of action
Th e mechanisms behind the antitumour eff ects of paclitaxel are not fully known 
but the drug is known to bind to the beta subunit of tubulin and thereby promote 
polymerisation and formation of stable microtubules that are resistant to disassembly16. 
Th is prevents the normal growth and breakdown of microtubules required for cell 
division resulting in cell proliferation inhibition and apoptosis (programmed cell 
death)17,18

Use in cancer chemotherapy
Paclitaxel is active in metastatic breast cancer and is under evaluation for adjuvant 
and neoadjuvant treatment of early breast cancer19,20. Th e combination of paclitaxel 
and a platinum (cisplatin or carboplatin) is used as fi rst line adjuvant chemotherapy 
in ovarian cancer21. Th e same combinations are used in non-small-cell lung cancer22. 
Paclitaxel has also shown to be eff ective in the AIDS related Kaposi’s sarcoma and 
has showed activity against a number of tumours (head and neck, gastric, colon, 
prostate)18.

Side eff ects
Neutropenia has been dose limiting in most clinical trials18 and has shown schedule-
dependence with more pronounced neutropenia after longer infusion durations (24 
h) compared with shorter infusion durations (3 h). Myalgia and neuropathy are also 
dose-related eff ects with the shorter infusions, while mucositis is more common 
with prolonged administration23. Due to severe hypersensitivity reactions associated 
with Taxol®, patients are generally pre-treated with histamine H1- and H2-receptor 
antagonists and corticosteriods e.g dexamethasone18.  

Pharmacokinetics
Th e nonlinear PK behaviour of paclitaxel was demonstrated in the early 1990s7,24-26 
and appeared to be more profound with the short infusions (3-hour). Both two- 
and three-compartment nonlinear models have been used for describing paclitaxel 
PK6,7,27. Th e nonlinearity was described by capacity limited elimination and 
distribution. Th e saturable distribution has been explained by saturable transport or 
tissue binding6,7,27. Th e fi rst study that suggested that the formulating vehicle could 
be causing the non-linear behaviour was performed by Sparreboom et al in 1996. 
Paclitaxel dissolved in Tween80-ethanol or dimethylacetamide was administered 
to mice. No PK nonlinearity in total plasma concentration profi les of paclitaxel 
was evident. When paclitaxel was dissolved in CrEL, tissue concentrations of 
paclitaxel  increased linearly with increasing dose, suggesting linear PK for the 
unbound drug9. Th e free fraction of paclitaxel has been shown to be inversely 
related to CrEL concentrations in vitro10,28 and CrEL has also been shown to alter 
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the blood to plasma ratio in vitro and in vivo by reducing the uptake in red blood 
cells28. In the absence of CrEL, paclitaxel is extensively bound in plasma where 
reported values of the fraction unbound (fu) have ranged from 5.4% to 13%10,29,30. 
Th e main part of the paclitaxel dose is metabolised by the cytochrome P450’s 
CYP2C8 and CYP3A4 and the metabolites are mainly excreted via the bile (Figure 
2)31,32. Th e main metabolite in most patients is 6-alpha hydroxy paclitaxel33. Th e 3-p 
hydroxypaclitaxel showed some cytotoxic activity against a human A2780 ovarian 
carcinoma cell line while the 6|-hydroxy metabolites were inactive. All metabolites 
were toxic on haemopoietic progenitors, but much less toxic than paclitaxel, with 
mean concentrations at 50% inhibition of colony formation of 4, 60, 80 and 
1000 nM for paclitaxel, 3-p hydroxypaclitaxel, 6|-hydroxypaclitaxel and 6|, 3-
p-dihydroxypaclitaxel, respectively34. Elimination of unchanged drug is about fi ve 
percent through renal and fi ve percent through hepatobiliary elimination35. Th e 
hepatobiliary and intestinal secretion of the parent drug is mediated by the ABCB1 
gene product, P-glycoprotein. 

paclitaxel

CYP2C8 CYP3A4

6 -hydroxypaclitaxel 3´-p-hydroxypaclitaxel

CYP3A4 CYP2C8

6 , 3´-p-dihydroxypaclitaxel

Figure 2. Metabolic pathways of paclitaxel  

Polymorphism 
Paclitaxel is mainly metabolized by CYP2C8 and CYP3A4 as described above. 
Th e association between drug PK and single nucleotide polymorphisms, SNPs, in 
genes encoding cytochrome P450s and membrane transport proteins is currently 
under evaluation. In vitro studies have demonstrated substantially decreased activity 
of the recombinant CYP2C8*2 and CYP2C8*3 enzymes in the metabolism of 
paclitaxel36-39. Recent clinical investigations also suggest that the CYP2C8*3 variant 
allele is associated with altered PK of the CYP2C8 substrate drugs repaglinide and 
ibuprofen40,41. CYP2C8*2 (805A>T; I269F) and CYP2C8*4 (792C>G; I264M) 
alleles have been found predominantly in African-Americans but not in Japanese 
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and Caucasians39. In contrast, the CYP2C8*3 variant (containing 416G>A; 
R139K) has an allele frequency of up to 14% in Caucasians42,43 but is very rare 
in African-Americans and Asians44. For CYP3A-mediated drug metabolism, the 
subfamily members CYP3A4 and CYP3A5 are the most important in adults45. A 
common transition in intron 3 of the CYP3A5 gene (CYP3A5*3C) introduces a 
frameshift during translation and results in a truncated, nonfunctional protein46,47.   
Th e expression of a functional CYP3A5 varies between races, suggesting that this 
subtype is more important for African-Americans than for Caucasians48. Although 
CYP3A4 and CYP3A5 have overlapping subtrate specifi city it is uncertain whether 
polymorphism in CYP3A5 is of importance in paclitaxel metabolism in vivo. For 
the membrane transport protein MDR1 P-glycoprotein, (encoded by ABCB1) the 
most extensively studied variant to date, is a common synonymous mutation at 
the transition C to T at nucleotide position 3435 (3435C>T; I1145I) at a wobble 
position† in exon 2649. Later fi ndings suggest that this variant is associated with 
altered protein expression in diff erent human tissues50, which may result in decreased 
hepatobiliary and/or intestinal secretion of substrate drugs like paclitaxel.

Cremophor EL

Main components
Cremophor EL (CrEL) is a heterogenous substance derived from the reaction 
between castor oil and ethylene oxide. Th is reaction gives rise to CrEL with 
usually highly variable mixture of polyoxyethyleneglycerol-triricinoleate, 
polyoxyethyleneglycerol, polyoxyethylene-triricinoleate, polyethyleneglycerol 
ricinoleate, polyoxyethyleneglycerol, polyoxyethylene-glycol (PEG)51. Recently a more 
detailed structural elucidation demonstrated the presence of polyoxyethyleneglycerol-
S9,11-didehydrostearate and the results indicated that the major components of CrEL 
are polyoxyethyleneglycerol-monoricinoleate and polyoxyethylene-monoricinoleate 
and the polyoxyethyleneglycerol triricinoleate, which was previously claimed to be 
the major component, seems to only constitute a minor part52.

Micelles
In aqueous solutions, CrEL forms spherical micelles 8-22 nm in diameter as 
determined by quasi-elastic light scattering and cryogenic temperature transmission 
electron microscopy. Th e critical micelle concentration (CMC) in mixtures for 
parenteral use (NaCl, EtOH) is 0.064-0.071 mg/ml, which is greatly exceeded (> 
x 100) in a Taxol® infusion preparation with CrEL concentrations of 26-106 mg/

† Th ird nucleotide in a triplet, i.e., a silent mutation that do not change the aminoacid
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ml. After adding CrEL (in Taxol® formulation) to human plasma, formation of 
microdroplets (50-300 nm) has been seen. Th e larger lipid droplets were suggested 
to be formed from CrEL while small dense structures were suggested to be CrEL-
enriched enlarged lipoproteins53.

Pharmacological eff ects
In the later years it has been realized that CrEL exhibits several pharmacological eff ects. 
For example hypersensitivity reactions observed after intravenous administrations of 
drugs dissolved in CrEL could be attributed to the vehicle54,55. Th e mechanisms 
behind the acute hypersensitivity reactions associated with Taxol® administrations 
are not fully known but later studies have indicated that complement activation (C3) 
is involved. It has also been shown that the CrEL induced complement activation 
is concentration dependent, which could explain why hypersensitivity reactions are 
less frequently seen with lower infusion rates. 

Peripheral neurotoxicity is another adverse eff ect observed after intravenous 
administration of drugs dissolved in CrEL56-58. Axonal swelling, degeneration and 
demyelinisation of rat dorsal ganglion neurons have been demonstrated in vitro58. CrEL 
has also been shown to alter lipoprotein patterns59,60. An interesting pharmacological 
eff ect of CrEL is its ability to inhibit the drug transporting membrane protein p-
glycoprotein in vitro61,62 since this is one of the proteins excessively expressed in 
multidrug resistant (mdr) cancer cells. No eff ect on multidrug resistance has been 
shown in vivo, which could be due to the small volume of distribution of CrEL (se 
below). 

Pharmacokinetics
Several studies of CrEL PK in plasma have been published in which diff erent assays 
have been used. In the early publications a bioanalysis method utilizing CrEL’s 
ability to inhibit mdr mediated daunorubicin effl  ux was used63,64. Later, a more 
sensitive and reliable HPLC method was employed, in which ricinoleic acid after 
saponifi cation of CrEL was measured10,51. Due to time aspects and high costs of 
the previous assays a Coomassie Brilliant Blue colourimetric dye-binding assay was 
developed65,66. A method with electrochemical detection has also been presented67. 

Regardless of assay used, CrEL has shown a peculiar schedule-dependent 
pharmacokinetic behaviour with higher clearances (lower AUCs) after longer 
infusions (24-hour)10,64,68. Th e volume of distribution is low, with reported values 
between 3 and 5 L/m2, suggesting limited distribution to peripheral tissues69,70. Th e 
elimination pathways of CrEL is not known but the renal elimination of CrEL 
has been reported to be < 0.1% and studies in patients with hepatic dysfunction 
have suggested that circulating concentrations of CrEL are not substantially altered 
compared to individuals with normal hepatic function71. 

Recently a population PK three-compartment model with Michaelis-Menten 
elimination was presented (Table 1)72. Th e authors suggested that the saturable 
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elimination could be due to capacity-limited metabolism by carboxylesterases within 
the systemic circulation and that their three compartments could be explained by 
plasma, blood cells and micelles, respectively. However since total concentrations 
of CrEL were measured the micelles and monomers will all be part of the central 
compartment.

Table 1. Population pharmacokinetic model for CrEL72

Parameters Estimates 
V1 (L) 2.86 
Q12 (L/h) 1.42 
V2 (L) 1.75 
Q13 (L/h) 0.154 
V3 (L) 1.60 
Km (mL/L) 0.197 
Vmax (mL/h) 0.214 
IIV V1 (%) 30.8 
IIV V2 (%) 41.5 
IIV Vmax  (%) 33.9 
Residual error:  
     Additive (mL/L) 0.0985 
     Proportional (%) 6.83 

V1, V2 and V3 volumes of distribution of the central and peripheral compartments; Q12  and Q13 
intercompartmental clearances; Km plasma concentration at half maximum elimination rate; Vmax 
maximum elimination rate; IIV interindividual variability

Haematological toxicity

Physiology
Neutrophils constitute 60-70% of the circulating leukocytes and the remaining 
cells are lymphocytes, monocytes, eosinophils and basophils, which all originate 
from a pluripotent stem cell. Th e stem cells have the ability to renew themselves 
and to produce committed haematopoietic progenitor cells, also called colony 
forming units. Neutrophil production occurs in the bone marrow. When the cells 
move through the diff erent development stages they are gradually becoming more 
diff erentiated (Figure 3). Th e myeloblast, promyelocyte and myelocyte are capable of 
cell division whereas the metamyelocyte, band and segmented cells are non-mitotic 
cells. Under normal conditions the mean transit time through the postmitotic 
stages was determined to be 158 hours73. Mature neutrophils are then released to the 
circulation and distributes between two pools; the circulating and the marginated 
(adhered to postcapillary venules), which are in equilibrium and of equal size74. 
Th e half-life of neutrophils in blood is around 7 hours75 and unlike erythrocytes 
and platelets, the disappearance is not related to their age but occurs randomly76. 
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Several cytokines, for example interleukin (IL) 677, IL-3 and colony stimulating 
factors such as granulocyte colony stimulating factor (G-CSF), are involved in the 
regulation of the myelopoiesis. G-CSF increases proliferation and shortens the time 
of maturation. Th e clearance of G-CSF is mediated by receptor binding mainly on 
mature neutrophils (which have more receptors/cell than immature myeloid cells) 
and thus provide a negative feedback mechanism to maintain homeostasis78. After a 
single dose, anticancer drugs usually do not aff ect the stem cells, which have a low 
turnover rate, but the proliferating cells are very sensitive due to their high degree 
of mitotic activity.

Stem cell

CFU-
GEMM

CFU-GM
Pro-

myelocyte
Myelocyte

Meta-
myelocyte

Band
cells

Segmented
cells

Myeloblast
Neutrophils
circulating

Neutrophils
marginated

Neutrophils

Bone marrow
Blood Tissue

G-CSF, GM-CSF,

IL-3, IL-6 etc.

Differentiation

Proliferation

Regulating
factors

Figure 3. Physiological features of neutrophil development and distribution

Models of myelosuppression

Empirical models
Several models of paclitaxel myelosuppression have been presented in the literature. 
Relations between a summary variable of drug exposure and survival fraction 
at nadir has been described with threshold models, that is, all or nothing eff ects 
above and below a concentration of 0.05 or 0.1 µM24,27. Th e fact that these models 
assume no eff ect below the threshold and full eff ect above the threshold is not very 
physiological and a more general model has been suggested, where the observed 
drug eff ect is a function of the area under the direct eff ect time curve, which is 
dependent on the concentration of the drug79. Both the relation between the drug 
concentration and the direct eff ect and the relation between the area under the 
direct eff ect vs. time curve and the magnitude of the observed eff ect (the survival 
fraction of leukocytes) were described by sigmoidal Emax models for paclitaxel. In 
addition, the whole time course of decrease in leukocytes has been modelled with a 
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lag-time function, a cubic spline function determining the shape of the cell decrease, 
and a sigmoidal Emax model for the concentration-eff ect relation determining the 
magnitude of decrease from baseline. 

Mechanism based models
An indirect eff ect model describing the whole time course of paclitaxel leukopenia 
with two compartments, representing bone marrow and peripheral blood, has been 
presented80. Th e drug eff ect was modelled as a fractional inhibition of leukocyte 
production depending on drug exposure of cells in a sensitive stage. Th e eff ect 
was modelled as % survival from baseline and a lag-time model was used to take 
into account the delay in decrease of leukocytes. Th e same model was later applied 
to another data set of paclitaxel81. Recently, a multiple-pool lifespan model with 
three compartments representing progenitor, maturation and circulating pools 
was suggested. Th e time spent in the diff erent compartments was estimated 
and the relationship between paclitaxel concentrations and the progenitor cell 
kill was described by a sigmoidal Emax model82. Semi-mechanistic models of 
myelosuppression have also been presented for other anticancer drugs. A model 
of topotecan-induced myelosuppression was based on the indirect-eff ect model 
presented by Minami et al.80 but included an additional eff ect compartment between 
plasma and bone marrow to account for a delay in drug distribution83. Models with 
transit compartments for proliferation and maturation have been developed for 
neutrophils after 2-deoxy-2-methylidenecytidine (DMDC) administration84 and 
for leukocytes after 5-fl uorouracil administration85. Th e use of transit compartments 
produce a more gradual delay compared with a fi xed time delay (lag-time) and is 
therefore more physiologic. 

Other drugs of interest in this thesis

Docetaxel
Although docetaxel and paclitaxel share mechanism of action, i.e. binding to 
tubulin, they are not two of a kind. Neutropenia is dose limiting for both drugs 
but it is reported to be AUC-dependent for docetaxel (not schedule dependent as for 
paclitaxel) and other toxicity patterns diff er86. Docetaxel causes fl uid retention and 
can cause skin and nail toxicity while paclitaxel is more neurotoxic23. Docetaxel is 
dissolved in Tween 80 and the PK of total drug concentration in plasma is described 
by a linear three- compartment model87. Docetaxel binds to |1-acid glycoprotein 
(AAG), albumin and lipoproteins to a high degree (92-94%)88. Docetaxel is mainly 
metabolised via CYP3A4 and excreted in the bile31. Th e drug is used against breast 
cancer, non-small-cell lung cancer and is being evaluated for numerous of other 
tumours, alone, or in combination with for example epirubicin, doxorubicin or 
cisplatin23. 
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Vinfl unine
Vinfl unine is a vinca alkaloid under development by Pierre Fabre (Castres, France). 
Th e vinca alkaloids depolymerise microtubules and destroy the mitotic spindle and 
thereby block the mitosis89-91. Vinfl unine has shown activity in vitro against several 
tumours92 and has been tried clinically against non-small-cell lung cancer, breast 
cancer and bladder cancer93. Th e PK of vinfl unine has been described by a four-
compartment model94.

DMDC
2-deoxy-2-methylidenecytidine, DMDC, is an antimetabolite that can be orally 
administered. Elimination occurs mainly by metabolism in the liver. Th e PK has 
been described by a linear one-compartment model with fi rst order absorption95. A 
schedule-dependent haematological toxicity is dose limiting. Th e drug has shown 
activity in non-small-cell lung cancer and colorectal cancers but the development of 
DMDC has been discontinued.

Etoposide
Etoposide is a topoisomerase II inhibitor used against small-cell and non-small-
cell lung cancer, non-Hodgkin’s lymphoma, Hodgkin’s disease and cancer of the 
testis. Its antitumour eff ect is schedule dependent while its dose-limiting toxicity, 
myelosuppression, shows no or little dependence on schedule96. Th e PK of total and 
unbound drug has been described by a linear two-compartment model97. Etoposide 
is eliminated through renal excretion and metabolism. Clearance is related to age 
and creatinine clearance. Protein binding is high, between 80 and 97%98, and is 
associated with albumin and bilirubin concentrations99. 

Irinotecan (CPT-11)
Irinotecan, CPT-11, is a camptothecin derivative acting as topoisomerase I inhibitor 
which causes single strand breakage in the DNA and thereby block the DNA 
replication. CPT-11 is used as a single drug or in combination with 5-fl uorouracil in 
the treatment of colorectal cancer and has shown activity in small-cell lung cancer 
and non-small-cell lungcancer100. CPT-11 is metabolised to SN-38 in the liver. SN-
38 has been shown to be at least a 100-fold more potent in vitro than the parent 
compound101. Th e PK of CPT-11 and its metabolite SN-38 have been described 
by three- and two-compartment models, respectively102. Plasma protein binding is 
about 65% for CPT-11 and 95% for SN-38103. Myelosuppression and diarrhoea are 
the dose-limiting toxicities104.

Nonlinear mixed eff ects modelling
Experimental data arise from underlying processes, which are not always known. 
In nonlinear mixed eff ects modelling105,  mathematical models are developed using 
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simultaneous estimation of fi xed eff ects that characterise the typical individual and 
random eff ects that quantify variability components. Mean and variances are thus 
estimated simultaneously and information from all individuals is merged, making it 
possible to use sparse sampling schemes. Th ere are two sources of random variability, 
one being the residual error or noise, caused for example by measurement errors in 
assay or reported time of observations. Th e jth observation in individual i can be 
described by 

Observationij = PREDij + ßij (Eq. 1)

where ßij is the random eff ect describing the discrepancy between the individual pre-
diction PREDij and the observation. ßij are assumed to be normally distributed with 
zero mean and an estimated variance «2. Th e other source of variability is due to 
real biological diff erences between individuals, i.e., the interindividual variability 
(IIV). For example one individual’s value of clearance could be described with the 
following equation

CLi = TVCL + ¢i  (Eq. 2)

where ¢i denotes the diff erence between the ith individual’s value of clearance 
(CLi) and the population typical value of clearance, TVCL. Th e values of ¢i are 
assumed to be normally distributed and the estimated variance of ¢ is the variance 
of CL in the population (²2). However, in biology parameters are often assumed 
log-normally distributed and IIV is parameterised as follows:

CLi = TVCL·e¢i  (Eq. 3)

Some parameters can vary over time within an individual and then give rise to 
interoccasion variability which can be estimated if observations are available from 
more than one course of treatment106. In this thesis the program NONMEM107 was 
used for population modelling. 

NONMEM uses a parametric maximum likelihood method where the 
estimated parameters maximise the likelihood of the observations given the model. 
In NONMEM this is done by minimizing the extended least squares objective 
function value (OFV), which is proportional to –2 log likelihood of the data (-2 
log L). In the extended least square OFV a penalty term is added, which increases 
with increasing variance and thereby counteracting the simultaneous decrease in the 
weighted squared error108. 

Th e computation of the likelihood involves the evaluation of a multiple integral, 
which usually for nonlinear mixed eff ects models can not be solved exactly. Th erefore, 
diff erent approximations of the integral evaluation are available in the various 
NONMEM estimation methods. Th e fi rst-order (FO) methods implemented in 
NONMEM are based on fi rst-order Taylor series linearisation of the prediction 
with respect to the dependence on parameters. Th e derivative of the function can 
be evaluated around the typical value of the population, i.e., the expected value of 
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the parameter, ¢i = 0 (FO method) or around the conditional Empirical Bayes (EB) 
estimate of the parameter (FOCE method). When the residual error is heteroscedastic 
(proportional to the observation) the residual error magnitude can be modelled as 
dependent on the population prediction (no INTERACTION) or on the individual 
prediction (INTERACTION). Th e choice and accuracy of the estimation method 
depends on the nature of the data and the degree of non-linearity in the model with 
respect to inter-individual random eff ects107.
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Aim

Th e aim of the thesis was to develop predictive mechanism-based pharmacokinetic 
and pharmacodynamic models applicable for paclitaxel. Mechanism-based models 
promote a better understanding and may be used as tools in dosing individualisation 
and development of dosing strategies for new administration forms and new drugs 
in the same area.
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Patients and Methods

Data description

Paper I
Patients with diff erent cancer types (ovary, breast, bladder, lung and adeno-
carcinoma of unknown primary site) were included in Paper I. Th e patients, 23 
females and 3 males, were between 32 and 69 years and had a median baseline 
neutrophil count of 4.9·109/L (range 1.55 to 21.4·109/L). Taxol® was administered 
as 3- or 24-hour infusions. Five individuals received concomitant therapy with 
doxorubicin (60 mg/m2) and two individuals received cisplatin (75 mg/m2). Th e 
data is described in Table 2. For CrEL and total plasma paclitaxel concentrations on 
average 12 samples (range 5 to 18) and 10 samples (range 6 to 13) per course were 
obtained for the 3- and 24-hour infusions respectively. Th e number of samples per 
course was on average 10 (range 7 to 12) and 11 (range 8 to 16) for unbound and 
blood concentrations respectively.  

Table 2. Data included in Paper I

Observation type Patients (n) 

(26 in total) 

Courses (n) 

 (50 in total) 

Observations 

(n) 

Dose range 

(mg/m2)

Schedule 

Cp 6 9 91 135-175  24-h infusion 

Cp 20 41 484 135-225 3-h infusion 

Cu 7 19 196 135-225  3-h infusion 

Cb 8 20 221 135-225  3-h infusion 

[CrEL] 26 50 575   

ANC 24 40 80   
Cu, unbound plasma concentrations 
Cp, total plasma concentrations 
Cb, blood concentrations  
[CrEL], total Cremophor EL plasma concentrations  
ANC, absolute neutrophil count 
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Paper II
Th irty-one female and 14 male patients with diff erent types of solid tumours 
(colorectal, gastric, gall bladder, breast, uterine, ovarian, pancreas) receiving 
Taxol® as 3-hour infusion (112-233 mg/m2) were included in Paper II.  Total 
paclitaxel concentrations (n=275), unbound paclitaxel concentrations (n=243) 
and CrEL concentrations (n=275) were obtained with an average of 3.5 (range 2 
to 4) observations per individual, Plasma samples were collected according to a 
sparse sampling scheme; 1.5, 3 (before stop of infusion), 5 and 21 h after start of 
infusion. Only individuals with neutrophil observations for at least two weeks after 
administration, in total 106 observations from 36 individuals, were included in the 
toxicity analysis. Th e lowest observed neutrophil count was treated as nadir. Patient 
characteristics are described in Table 3.

Table 3. Patient characteristics Paper II.

Continuous covariates Courses  (75 in total) Median (range) 

Age (yr) 75 57 (23-71)

Height (cm) 73 169 (149-190)

Weight (kg) 68 68 (34-93)

BSA (m2) 72 1.76 (1.35-2.15) 

CLCR (mL/min) 64 77 (41-166)

Albumin (g/L) 60 36 (25-47)

AAG (g/L) 69 1.35 (0.57-4.18) 

Bilirubin ( M) 73 6.0 (3.0-41) 

ALP ( kat/L) 72 4.85 (2.2-65) 

AST ( kat/L) 73 0.51 (0.23-18.5) 

ALT ( kat/L) 73 0.4 (0.09-10.6) 

Categorical covariate   

SEX  31 female patients (52 profiles) 

14 male patients (23 profiles) 
BSA, body surface area; CLCr, creatinine clearance; AAG, 1-acid glycoprotein; ALP,  
alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase 

Paper III
Ninety-seven patients with diff erent primary tumour sites (bladder, breast, 
esophagus, lung, ovary, adenosarcoma of unknown primary site, head and neck, 
kidney, tongue and penis) were included. Th e patients received a 1-hour (n=42; dose 
range 50 to 100 mg/m2), a 3-hour (n=49; dose range 60 to 225 mg/m2) or a 24-hour 
(n=6; 135 or 175 mg/m2) infusion of Taxol®. Unbound paclitaxel concentrations 
(1025 observations) were obtained with an average of 11 (range 3 to 14) samples per 
individual. Patient characteristics are described in Table 4.
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Table 4. Patient characteristics Paper III

 Courses (97 in total) Median (range) 

BSA (m2) 97 1.78  (1.30-2.37) 

Age (yr) 97 57 (24-81)

CREA ( M) 80 72 (20-145)

Bilirubin ( M) 97 7 (3-24)

ALP (U/L) 97 121 (38-1030)

AST (U/L) 97 21 (6.0-187) 

ALT (U/L) 97 20 (2.0-264) 

GGT (U/L) 96 35 (9.0-1567) 

Hematocrit (L/L) 96 0.37 (0.20-0.45) 

SEX  57 female patients 

40 male patients 

CCT carboplatin 

1 hour infusion 

15 patients  

BSA, body surface area; CREA, serum creatinine; ALP, alkaline phosphatase; AST,  
aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl  
transpeptidase; CCT, concomitant medication 

Paper IV
A learning data set, with 1555 observations of CrEL plasma concentrations, was 
obtained from 116 patients who had received Taxol® as 1-, 3- or 24-hour infusions 
in previous PK studies of paclitaxel109-113 and CrEL concentration data from Paper 
I. Among these patients there were three individuals treated with a 3-hour infusion 
of Taxol® immediately followed by a 3-hour infusion of cisplatin (CDDP) and 19 
patients receiving concomitant treatment with 5 mg/kg valspodar (SDZ PSC 833) 
orally 4 times a day, starting one day before a 3-hour infusion of 70 mg/m2 Taxol®. 
Schedules, doses and patient characteristics are described in Table 5. Number of 
observations per individual ranged from 2 to 15, with an average of 11 observations. 
CrEL concentration data from Paper II was used as validation data set.

Paper V
Leukocyte and neutrophil data were available from six diff erent drugs (Table 6). 
All drugs were given as single drugs. Patients known to have received G-CSF 
were omitted. For paclitaxel Empirical Bayes (EB) parameter estimates from 
the population PK model developed in Paper II was used. Individual parameter 
estimates for cycles without PK information114 were calculated from individual 
covariate values and IIV estimates from the cycles where PK was measured (Paper 
II). For some individuals for whom pharmacokinetic information was lacking 
population parameter estimates and individual covariate values were used in the 
analysis. Th e other data sets contained PK information either as individual predicted 
concentration-time profi les (docetaxel)115, EB parameter estimates (DMDC)95 or 
actual concentrations (vinfl unine94,116-118, etoposide119,120, CPT-11104).
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Table 5. Schedules, doses and patient characteristics Paper IV.

Schedule Number of patients (courses) Dose range CrEL (mL)

1 hour-infusion  

(70-100 mg/m2 paclitaxel,  

5.83-8.33 mL/m2 CrEL) 

35 (35) 8.46 – 19.74 

3 hour-infusion  

(70-225 mg/m2 paclitaxel,  

5.83-18.8 mL/m2 CrEL) 

76 (105) 8.28 – 37.6 

24 hour-infusion  

(135-175 mg/m2 paclitaxel,

11.3-14.6 mL/m2 CrEL) 

5 (7) 20.45– 26.86 

   

Patient demographics Number of courses (147 in total) Median (range) 

BSA (m2) 147 1.73  (1.28-2.37) 

Age (yr) 147 55 (22-84)

CREA ( M) 129 71 (18-313)

Bilirubin ( M) 143 7 (3-24)

ALP (U/L) 87 122 (51-595)

AST (U/L) 142 22.5 (6.0-75) 

ALT (U/L) 141 22 (2.0-138) 

GGT (U/L) 85 30 (9.0-221) 

Hematocrit 85 0.37 (0.24-0.48) 

   

SEX  80 female patients (99 courses) 

36 male patients (48 courses) 

   
BSA, body surface area; CREA, serum creatinine; ALP, alkaline phosphatase; AST, 
 aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transpeptidase 

Paper VI
Docetaxel, paclitaxel and etoposide neutrophil data from Paper V was used. Patient 
characteristics are described in Table 7.
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Table 6. Data sets included in Paper V.

Drug Patients

(n) 

Courses

(n) 

WBC/ANC

(n of each) 

Dose  

 (mg/m2)

Schedules WBC0

(·109/L) 

 ANC0

(·109/L) 

Docetaxel 637 637 3553 75 or 100 1-h infusion 7.0 4.9 

Paclitaxel  45  196 530 110-233 3-h infusion  

every 3 weeks 

7.6 5.5 

Etoposide 71  118 682 225-789 72-h infusion 7.3 4.9 

DMDC 147 147 823 12-50 Orally once/twice  

daily for 7-14 days 

8.9 6.2 

Irinotecan 

(CPT-11) 

20 20 79 350 1.5-h infusion 7.8 5.2 

Vinflunine 59 191 842  

30-400  

120-190 

170-210 

10-min infusions: 

Day 1 every 3 weeks 

Weekly 

Day 1 & 8 every 3 weeks

7.0 4.8 

WBC, white blood cells; ANC, absolute neutrophil count; WBC0 and ANC0 median baseline cell counts  
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Table 7. Patient characteristics Paper VI

Drug Docetaxel Paclitaxel Etoposide 1st and [2nd] cycle 
 Number (Fraction) Number (Fraction) Number (Fraction) 

SEX male
female

272
365

(43%) 
(57%) 

11
33

(24%) 
(73%) 

35 [21]
36 [26]

(49%) [45%] 
(51%) [55%] 

PERF 0
 1

2

201
347

84

(32%) 
(55%) 
(13%) 

7
28
10

(16%) 
(62%) 
(22%) 

18 [16]
30 [18]
23 [12]

(25%) [34%] 
(42%) [38%] 
(32%) [26%] 

PC  yes
no

287
350

(45%) 
(55%) 

34
11

(76%) 
(24%) 

PT yes
no

  13 
32

(29%) 
(71%) 

HT/IT yes
no

  12 
33

(27%) 
(73%) 

BLTR yes
 no

    37 [23]
34 [24]

(52%) [49%] 
(48%) [51%] 

Median (Range) Median 1st cycle [all] (Range 1st cycle) [all] Median (Range) 
Age (yr) 56 (26-80) 57 [57] (31-71) [31-71] 60 [61] (27-77) [27-75] 
AAG (g/L) 1.34 (0.29-3.63)   
ALP ( kat/L)   5.7 [4.8] (1.9-46.0) [1.6-65] 
AST ( kat/L)    0.75 [0.49] (0.3-18.5) [0.22-18.5] 
ALT ( kat/L)   0.48 [0.38] (0.17-10.6) [0.09-10.6] 
LDH ( kat/L)   7.9 [7.3] (2.7-51.0) [2.7-118] 
CREA ( M)   76 [75] (57-153) [47-153] 
BIL (mg/dL)   0.4a [0.4] (0.2-2.2)a [0.1-2.4] 0.5 (0.1-1.8) 
BBIL (mg/dL)      0.5 (0.1-1.6) 
DBIL (mg/dL)      0 (-0.5-1.6) 
ALB (g/L)   36 [37] (28-47) [21-47] 37 (25-48) 
BALB (g/L)     37 (25-48) 
DALB (g/L)     0 (-16-8.0) 
PERF, Performance status according to WHO;  PC, Previous chemotherapy; PT, Previous radiotherapy; HT/IT Previous hormone/immunotherapy; 
BLTR, Blood transfusion before cycle;  
AAG a1-acid glycoprotein; ALP, Serum alkaline phosphatase; ALT, Serum alanine aminotransferase; AST, Serum aspartate aminotransferase;
LDH, Serum lactate dehydrogenase ; CREA, Serum creatinine; BIL, Serum bilirubin; ALB, Serum albumin.   
aRecalculated from M (MWbilirubin = 584.67 g/mol). 
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Assays
In Paper I total paclitaxel concentrations in plasma and blood were measured with a 
reversed phase high performance liquid chromatography method with UV detection 
at 230 nm as described earlier121. Th e lower limit of quantifi cation (LOQ) was 10 
ng/mL (0.0117 HM). Th e quality controls (0.0468, 0.234, 0.468 and 17.56 HM) had 
an accuracy (measured/nominal) of 101.4, 100.9, 99.9, 102.75 and 100.5 % for total 
plasma concentrations. For blood concentrations the accuracy was between 96.7 and 
103.3%. Between run precisions expressed as coeffi  cients of variations (CVs) were 
<2.76 % for total plasma concentrations and <8.07 % for blood concentrations. 

In Paper II total paclitaxel concentrations were measured with a reversed phase 
high performance liquid chromatography method with UV detection at 227 nm 
as described earlier79,122. LOQ for 500 HL plasma sample solution was tested at 
0.017 HM (n=10, CV=13.4%, accuracy 99.7%). For between run precision, quality 
controls with paclitaxel concentrations of 0.0843, 5.057 and 13.49 Hmol/L were 
used, resulting in CVs of 7.3, 6.3 and 2.2% and accuracy of 99.1, 98.5 and 100.5%, 
respectively. 

Unbound concentrations (Paper I, II and III) were obtained from an equilibrium 
dialysis method30 where 2 HL of a [3H] paclitaxel solution in ethanol was added 
to 300 HL of patient plasma prior to incubation. Th e ratio of drug concentrations 
measured in the buff er and plasma after dialysis was taken as an estimate of paclitaxel 
free fraction, fu. Because the volume shift during dialysis was negligible (<10%), the 
results were used directly without applying a correction factor. Tritiated paclitaxel 
was added to all samples, including the “blank” samples that were drawn from the 
patients prior to drug administration. Th e within-run and between-run variability 
were <9.2% and <3.3%, respectively, and the LOQ of the free fraction ratio was 1%. 
Unbound concentrations were obtained by multiplying measured total concentration 
with the estimated fu. 

Th e analytical procedure for CrEL (study I, II and IV) was based on a colorimetric 
dye-binding assay using Coomassie Brilliant Blue G-25065,66. Th e LOQ of this 
procedure was 0.50 µL/mL, with an accuracy >93.67% and within-run and between-
run precision of <9.47% and <1.83%, respectively. For inter-assay precision, quality 
controls with 2, 4 and 8 µL/mL of CrEL were used, resulting in a CV of 6.96, 3.88 
and 11.3%, respectively, and an accuracy of 92.5, 92.0 and 90.1%, respectively.

Pharmacogenetic analysis (Paper III)
Single nucleotide polymorphisms (SNPs) in CYP2C8 were identifi ed from the 
literature37or were mined using the publicly available SNP databases. Analyses of the 
CYP3A4, CYP3A5 and ABCB1 genes were performed as previously described123. 
Gentra PureGene Blood Kit (Gentra, Minneapolis, MN) or the QIAamp DNA Blood 
midi kit (Qiagen Inc, Valencia, CA) was used to extract genomic DNA from blood (n 
= 5) or plasma (n = 92), respectively. Th e single nucleotide polymorphisms (SNPs) in 
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the genes of interest [CYP2C8*2 (805A>T, I269F); CYP2C8*3 (416G>A, R139K); 
CYP2C8*4 (792C>G, I264M); CYP3A4*3 (1334T>C, M445T); CYP3A5*3C 
(6986A>G, splice variant); and ABCB1 3435C>T (I1143I)] were analysed using 
Pyrosequencing. Polymerase chain reaction (PCR) primers were designed using 
Primer Express version 1.5 (ABI, Foster City, CA). An Amplitaq Gold PCR master 
mix (ABI, Foster City, CA) was used for the PCR. Th e Pyrosequencing primers 
were designed using the Pyrosequencing SNP Primer Design Version 1.01 software 
(http://www.pyrosequencing.com) and a Pyrosequencing AB PSQ96 instrument 
and software (ABI, Uppsala, Sweden) were used for the Pyrosequencing. Th e 
genotype was called variant if it diff ered from the Refseq consensus sequence for the 
SNP position (http://www.ncbi.nlm.nih.gov/LocusLink/refseq.html). Genotype-
frequency analysis of Hardy-Weinberg equilibrium was carried out using Clump 
version 1.9 124.

Determination of critical aggregation concentration (CAC) 
in plasma (Paper IV)
Human drug-free fresh plasma was obtained from University Hospital Blood Bank, 
Uppsala, Sweden. Th e plasma was pooled and used within one day. Plasma samples 
were spiked with CrEL/EtOH (50:50) in saline, or with Taxol® infusion solution 
(0.6 mg/mL paclitaxel). Th e start-concentrations of CrEL ranged from 0.01 – 0.7 % 
(w/w), corresponding to 0.097 – 6.7 HL/mL. Th e spiked plasma was equilibrated at 
37 ºC for approximately 1, 3 or 24 hours after administration to mimic the endpoints 
of diff erent durations of Taxol® infusions. Th e surface tension was determined by 
use of the droplet weight method125. Th e instrument was thermostatted to 37 ºC 
and the surface tension values presented are means of at least twelve data points 
(measured on twelve droplets).

Pharmacokinetic model development

Mechanism-based model (Paper I)
Th e PK model was built to characterise unbound, total plasma and blood 
concentrations simultaneously, which required a disposition model for unbound 
paclitaxel, models for the relationship between unbound drug and drug bound to 
plasma constituents, including CrEL, and a model for distribution to blood cells which 
combined with the hematocrit predict total blood concentrations. Linear two- and 
three compartment models were tried for description of the unbound concentration. 
Diff erent combinations of linear binding to plasma constituents, nonlinear binding 
to plasma constituents and binding related to observed CrEL concentrations were 
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tried for the model relating unbound to total plasma concentrations. Th e blood 
concentration model part was modelled with a linear and/or a nonlinear binding to 
blood cells. In the relation between blood and plasma concentration, the hematocrit 
(H) was used according to 

Cb = H * Cbc + (1 - H) * Cp (Eq. 4)

Where Cb, Cbc and Cp are blood, blood cell and total plasma concentration of pacli-
taxel, respectively.

Validation and covariate relation investigation (Paper II)
Th e PK analysis was performed in two parts: 1) Validation of the model developed in 
Paper I, including previously determined parameter values, referred to as Model A, 
by: (i) predictions of unbound paclitaxel based on Model A and dose, (ii) predictions 
of unbound paclitaxel from EB parameter estimates based on Model A, dose 
and observed unbound concentrations of paclitaxel, (iii) predictions of unbound 
paclitaxel from EB estimates based on Model A, dose, observed total concentrations 
of paclitaxel and CrEL and (iv) an investigation whether the present data set requires 
all the structural model components of the previously developed model and whether 
any additional model components are necessary to achieve an adequate fi t to the 
data. 2) Whether any parameter-covariate relations could be identifi ed based on 
the present data set. Th e covariates listed in Table 3 were tested within NONMEM 
(method described below) on volumes of the central and peripheral compartments 
(V1, V2) and CL. Including highly correlated covariates such as BSA, height and 
weight in a stepwise procedure is not recommended126 so initially BSA was used as 
size measure. In addition, SEX, BIL, AGE, BSA, AST, ALT, ALP and the plasma 
proteins ALB and AAG were tested as covariates on the binding parameters. Missing 
values were replaced with the population median value. 

Association of genetic polymorphism with paclitaxel PK (Paper III)
Th e basic PK model development was based on the model developed in Paper I. 
Th e diff erent genotypes were tested as covariates on unbound clearance within 
NONMEM. In addition, individual parameter estimates (EB estimates) of unbound 
clearance were obtained and compared between the wild type group and the group 
of patients with variant allele present.

Cremophor EL pharmacokinetics (Paper IV)
Two-, three- and four-compartment models with linear and/or capacity limited 
elimination (Michaelis-Menten) and capacity limited distribution or binding, 
were tried. Covariates (Table 5) were tested for statistical signifi cance in a stepwise 
procedure within NONMEM (see below). Missing covariate values were assigned 
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the population median value. Th e population PK model was developed using log-
transformed data, i.e., the observed concentrations were log-transformed. Further, 
each course was treated as a separate individual (n=147). Th e estimated interindividual 
variability therefore includes the interoccasion variability.

Predictive performance
Based on the model for the learning data set, and covariates and dose information 
from the validation data set (CrEL concentrations from Paper II), population 
predictions of CrEL concentrations were obtained. Th e bias and precision of the 
prediction error (observed /predicted concentration) was compared with the 3-hour 
infusion data from which the model was developed. Population predictions for the 
studied populations were also obtained on the basis of the previously published 
three-compartment model with capacity limited elimination72 (Table 1) and the 
dose information.

Pharmacodynamic model development

Empirical haematological toxicity model (Paper I and II)
Individual concentration-time profi les were obtained from the EB parameter 
estimates of the fi nal PK models. Th e exposure-toxicity (PK/PD) relationship was 
modelled with the general model79, which in its extremes correspond to a threshold 
or an AUC model, respectively. Th e direct eff ect, Edir, which is not observed, is a 
function of the drug concentration. Th e observed eff ect, Eobs is related to the area 
under the Edir-time curve, AUCEdir. Sigmoidal Emax models can be used to describe 
the relationships as follows:

Edir = C} / (EC50
} + C}) (Eq. 5)

Eobs = Eobs, max * AUCEdir
~ / (AUCEdir, 50

~ + AUCEdir
~) (Eq. 6)

} and ~ are sigmoidicity factors. Th e parameter AUCEdir, 50 is the duration of maxi-
mal direct eff ect needed to produce half maximal observed eff ect. Th e observed 
survival fraction at nadir (SFN) was used as observed eff ect in Paper I (Eq. 7 was 
applied) and in Paper II observed absolute neutrophil count (ANC) at baseline and 
nadir was used (Eq. 8 was applied). 

SFN= 1 - Eobs, max * AUCEdir
~ / (AUCEdir, 50

~ + AUCEdir
~) (Eq. 7)

ANC= NEU0*(1 - Eobs, max * AUCEdir
~ / (AUCEdir, 50

~ + AUCEdir
~)) (Eq. 8)

In Paper II the baseline was estimated (NEU0). Eobs, max has a theoretical maximal 
value of 1 implying that if a high enough dose is given the blood cells will be wiped 
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out entirely. Th e threshold and AUC models are special cases of the general model. 
For the threshold model, } is infi nitely high and EC50 is equivalent to the threshold 
concentration. For the AUC model } is 1 and EC50>>C. For the threshold model-
ling, } was fi xed at a high value (G 20). When developing the AUC model, AUCEdir 
was set to the area under the plasma concentration–time curve. In these models 
individual predictions of Cp and Cu were used separately as predictors of toxicity. 
However, the models based on Cp or Cu are not nested models and no signifi cance 
can be attributed to diff erences in goodness of fi ts (OFV). In order to obtain this, 
in Paper II both models were compared to a full model including the sum of Cp and 
Cu, where the latter was scaled with a fi xed eff ects parameter estimated as part of 
the model. 

Mechanism-based model of myelosuppression (Paper V)
Th e data from each drug was analysed separately. Th e docetaxel, paclitaxel and 
etoposide data sets were used to develop the fi nal structural model (Figure 4) 
which consisted of one compartment representing proliferative cells, three transit 
compartments with maturing cells and a compartment of circulating cells (observed). 
A maturation chain, with transit compartments and rate constants (ktr), allowed 
prediction of a time delay between administration and the observed eff ect. Th e 
self-renewal of cells was dependent on the number of cells in the compartment, a 
proliferation rate constant (kprol) determining the rate of cell division and a feedback 
mechanism from the circulating cells to describe the overshoot from baseline (Circ0). 
Th e drug concentration (CDRUG) in the central compartment was assumed to reduce 
the proliferation rate or induce cell loss by a linear function (Slope) or an Emax-
model. In the transit compartments it was assumed that the only loss of cells was 
into the next compartment. As the proliferative cells diff erentiate into more mature 
cell types, the concentration of cells is maintained by cell division. At steady state 
dProl/dt is equal to zero and therefore kprol=ktr. Since the elimination of cells from 
the circulation, described by kcirc, is not rate limiting for the observed decrease in 
cell counts after chemotherapy, the information on this parameter is limited and kcirc 
was set to ktr in the modelling. To improve interpretability, the mean transit time 
(MTT) was estimated which was defi ned as MTT=(n+1)/ktr where n is the number 
of transit compartments. Th us, the structural model parameters to be estimated 
were Circ0, MTT, ~ and Slope (or Emax and EC50). For consistency, interindividual 
variability was always (and only) estimated on Circ0, MTT and Slope (or EC50). To 
calculate Slopeu, i.e. Slope based on unbound concentrations, (or Slope for paclitaxel), 
unbound fractions of 0.0288 (docetaxel), 0.0529 (paclitaxel), 0.14127 (etoposide), 0.9795 
(DMDC), 0.37103 (CPT-11) and 0.22 (vinfl unine; Pierre-Fabre, data on fi le) were 
used.

Subgroup identifi cation (Paper VI)
Th e model developed in Paper V was used as the basic model with some minor 
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modifi cations. Th e drug eff ect was defi ned as an inhibitory linear slope model. 
Categorical and continuous patient-specifi c characteristics (Table 7) were analysed 
for their infl uence on the estimated parameters of the basic model, i.e. the three 
system-related parameters Circ0, MTT and ~ and the drug-specifi c parameter 
Slope. If baseline values of continuous variables were missing, they were replaced 
by the median of the population. If baseline data of categorical variables were 
missing the mode was used. Last observation carried forward was used within an 
individual. Performance status (PERF) was grouped as “unrestricted” performance 
(corresponding to PERF = 0 according to WHO128) and “restricted” performance 
(corresponding to PERF > 1 according to WHO. Covariates were tested for statistical 
signifi cance in an automated procedure within NONMEM (see below). For the 
covariate eff ects on system-related parameters, joint weighted means and standard 
errors for the estimates from the docetaxel, paclitaxel and etoposide analysis were 
calculated using the inverse variance method according to equations 9 and 10129,130.

Weighted mean = J(£P-COVi/SEi
2) / J(1/SEi

2)  (Eq. 9) 

Weighted SE for this mean = √ [1/J(1/SEi
2)]  (Eq. 10)

where SEi is the standard error for the covariate eff ect £P-COVi for each of the three 
drugs Th e covariate eff ects were recalculated to show the percent diff erence from 
the typical value of the parameter with the alternative characteristic of the covari-
ate (dichotomous covariate) or with the alteration of one covariate unit (continuous 
covariate). 

Stepwise covariate model building within NONMEM
Covariates were included in an automated stepwise procedure within NONMEM131. 
Th e process involves a forward inclusion where each covariate is included in a linear or 
nonlinear (two diff erent slopes, one for each side of the median value of the covariate) 
fashion and tested with the log likelihood ratio test (see below). Starting with a basic 
model the covariate relation that gives the largest drop in OFV is included in the 
fi rst step. In the next step each covariate is tested again on the intermediate model. 
For those relations already included, it is tested on the next level (nonlinear relation). 
When no more relations are statistically signifi cant on the p-level chosen (e.g. 
p<0.01), the forward search is complete and a backward elimination is performed. 
One relation at a time is excluded and the relation with the smallest increase in OFV 
is removed until all non-statistically signifi cant covariates are excluded. A stricter 
signifi cance criterion is usually used for the backward deletion (e.g. p<0.001). Th e 
evaluated covariate relations are centred around the median value of the covariate 
(MEDIAN), and are parameterised for continuous relations as

P=TVP*(1+COVEFF*(COV-MEDIAN))  (Eq. 11)

where the typical value of the parameter is TVP and the parameter of the magnitude 
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in the covariate eff ect (COVEFF) describes the fractional change in the parameter 
(P) from TVP. For categorical relations the corresponding parameterisation is

P=TVP*(1+COVEFF) (Eq. 12)

where each level of the categorical covariate will have a separate value estimated for 
COVEFF. Th e degrees of freedom (df) are changed accordingly. A dichotomous 
variable corresponds to 1 df, a trichotomous variable to 2 df etc. 

Data analysis
Th e population analyses were all performed within NONMEM version V or VI 
beta107. Lognormal distributions were used for the interindividual and, if applicable, 
the interoccasion variability. Residual error was modelled with an additive and a 
proportional part, each of which could be excluded if not necessary to describe the 
data. If the model included a proportional error, FOCE with interaction was used. 
However, since this method is the most computationally complex and computer 
intensive, FOCE without interaction or FO was occasionally used in Paper V. 
Graphical diagnostics using the S-plus based program Xpose132, precision in the 
parameter estimates and the likelihood ratio test guided the model developments. 
Th e likelihood ratio test is one method available for statistical signifi cance testing 
of nested models. Th e -2 log (L1/L2), which expanded gives 2 log L2 – 2 log L1, 
corresponding to the diff erence in NONMEM OFV between two nested models, 
is approximately °2- distributed. For one degree of freedom a diff erence in OFV of 
>3.84, 6.63 and 10.83 corresponds to a statistical signifi cance level p < 0.05, 0.01 
and 0.001, respectively. Th e degrees of freedom are the diff erence in the number 
of parameters estimated.  In the stepwise covariate model building statistical 
signifi cance criteria of p<0.01 for covariate inclusion and p<0.001 for the backward 
elimination were generally used.

Log likelihood profi ling
NONMEM reports estimates of the standard errors, which may be used to compute 
symmetrical confi dence intervals. Log likelihood profi ling (LLP) is one alternative 
method to estimate confi dence limits that do not assume symmetry around the 
estimate133,134. In brief, the parameters are fi xed, one at a time, to several values 
close to the estimates obtained from NONMEM when all parameters are estimated. 
Refi tting the other parameters of these reduced models generates a likelihood profi le. 
Th e model with the fi xed parameter estimate is competing with the full model (non-
fi xed parameter) and the models are nested. Accordingly a likelihood ratio test can 
be used to assess the confi dence limits of the parameter. Th e upper and lower limits 
of the 95% confi dence interval are the fi xed parameter values generating a SOFV 
from the full model equal to 3.84 (assuming a °2 distribution).
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Results 

Mechanism-based pharmacokinetic model (Papers I- III)
Th e structural model describing the disposition model for unbound drug and 
bindings in plasma and blood is shown in Figure 4. Observed versus predicted 
unbound concentrations from the diff erent studies are shown in Figure 5. Th e 
unbound concentrations (Cu) in Paper I were described with a linear three-
compartment model referred to as Model A (Table 8). Although the data could be 
described with a two-compartment model without an obvious misfi t there was a 
preference for the three-compartment model (SOFV = 85.1). Th e parameters were 
generally well estimated (Table 8) and data well described (Figure 5(i)). Th e fraction 
unbound (fu) in plasma varied over time and was decreasing with increasing CrEL 
concentrations. However, the fu was higher during the infusion than post-infusion 
for CrEL concentrations of the same magnitude (Figure 6, upper panel). 

Th ree diff erent binding components in plasma were identifi ed; a linear binding 
component, a capacity limited binding and a binding directly proportional to the 
observed concentration of CrEL. Omitting each of these binding components 
resulted in an increase in OFV by 58, 68 and 259 units, respectively. Total plasma 
concentrations (Cp) were described by the following equation:

Cp = Cu+ BCrEL · [CrEL]· Cu + Blin, p · Cu + Bmax, p · Cu / (Km, p + Cu) (Eq. 13)

where defi nitions and estimates are presented in Table 8. Th e fi nal model predicts 
that in the absence of CrEL the fu would be 7.5% and 11.6% for a Cu of 0.05 and 
1 HM, respectively. Th e observed ratio of unbound concentration/concentration in 
blood cells was increasing with increasing unbound concentration suggesting a satu-
rable process in blood cell binding.

Th e binding to blood cells (Paper I) was described with a linear and a capacity-
limited binding component. Individual hematocrit (H) values were used in 
the modelling and total blood concentrations were described by the following 
equation:

Cb = H ·  (Blin, bc · Cu + Bmax, bc · Cu / (Km, bc + Cu)) + (1-H) · Cp (Eq. 14)

where defi nitions and estimates of the parameters are given in Table 8. 



38 Anja H
enningsson

Mean Transit Time =

E = 1-

Feedback =

Red blood cells

Platelets

Albumin

1-acid glycoprotein

Unbound
paclitaxel

CrEL

*
*

*

Peripheral
tissues

Blin, p

Blin, bc
BCrEL

Bmax,bc
Km, bc

Bmax, p

Km, p

Vmax
Km

Q2

Q3
Q2

Q3

CL

V3

V3

V2
V1

V1
V2
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Parameters Model A  
(Cu,Cp,Cb Paper I)  

Model B 
(Cu,CpPaper II)  

Model C  
(Cu Paper III) 

CL (L/h) 429 ( 6.6) 343 (3.5)a 301(4.3) 
V1 (L) 229 (17) 418 (7.1)b 225 (6.0) 
V2 (L) 134 (22) 1010 (4.2)c 3450 (7.8) 
V3 (L) 856 (15)  303 (6.6) 
Q2 (L/h) 213 (23) 188 (13) 132 (6.6) 
Q3 (L/h) 303 (21)  151 (6.5) 
Blin, p 7.59 (12) 3.31 (28) 
BCrEL 3.78 (10) 4.46 (7.2) 
Bmax, p ( mol/L) 0.0245 (27) 0.212 (34)d

Km, p ( mol/L) 0.000106 (43) 0.0225e   
Blin, bc 7.76 (8.7)   
Bmax, bc ( mol/L) 0.0897 (24)   
Km, bc ( mol/L) 0.00161 (61)   
BSA on V1 1.45 (14) 
BSA on V2 0.868 (18) 
BSA on CL 0.65 (22) 
BIL on CL -0.012 (21) 
AAG on Bmax 1.09 (14) 
IIVCL (CV %) 25 (31)f 20 (24)f 44 (18)f

IIVV1 (CV %) 46 (27)f 50 (27)f

IIVV2 (CV %) 40 (41)f 16 (37)f 38 (37)f

IIVQ2 (CV %)   65 (19)f

IIVQ3 (CV %)   37 (33)f

IIVCrELbind (CV%)  14 (31)f

IOVCL (CV %) 20 (26)f   
IOVV1, V2, V3,Q2, Q3 (CV 
%) 

55 (23)f   

Corr IIV CL-V1   0.41 (33)f

Corr IIV CL-Q2   0.71 (20)f

Corr IIV CL-Q3   0.55 (33)f

Corr IIV V1-Q2   0.44 (37)f

Corr IIV V1-Q3   0.38 (50)f

Corr IIV Q2-Q3   0.89 (22)f

1, Cu ( mol/L) 0.000697 (36) 

2, Cu (%) 22.4 (8.6) 17.5 (8.9) 21.1(4.9) 

1, Cp ( mol/L) 0.00296 (26)   

2, Cp (%) 18.5 (7.2) 14.9 (8.8)

2, Cb (%) 17.5 (7.5)   
CL is clearance based on unbound plasma concentrations, V1, V2 and V3 are the volumes of the central 
and peripheral compartments of unbound drug, Q2 and Q3 are the intercompartmental clearances for  
unbound drug, BCrEL is binding directly proportional to CrEL concentration, Blin, p and Blin, bc are linear 
binding to plasma component and blood cells respectively, Bmax, p and Bmax, bc are maximal binding to plasma 
components and blood cells respectively. Km, p and Km, bc are concentrations at half maximal binding. RSE, 
relative standard error, in %; CV, coefficient of variation; Corr, correlation between individual estimates, 1

is the additive and 2 the proportional residual error related to Cu, Cp and Cb,
a CL= 343 · (1+0.65· (BSA-

1.76))·(1-0.012·(BIL-6)), b V1 = 418·(1+1.45·(BSA-1.76)), c V2 = 1010·(1+0.868·(BSA-1.76)), d Bmax = 
0.212*(1+1.09 · (AAG -1.35)), e Calculated from Slope 9.41 (9.4). Km=Bmax/slope, fRSE is related to the 
corresponding variance or covariance term. 

Table 8. Final model parameter estimates with relative standard error (RSE, %) for the 
pharmacokinetic models for paclitaxel developed in Papers I-III.
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Th e paclitaxel concentrations obtained in Paper II were well described by Model 
A and dose information (Figure 5 (ii)). Unbound concentrations could be predicted 
from Model A and the in Paper II observed total paclitaxel plasma concentrations 
and CrEL concentrations or from Model B, dose and covariates (Figure 5 (iii and iv)). 
In Paper II the fu in the [3H] paclitaxel spiked pre-course samples were on average 
7.9% (range 3.7 to 13 %) and decreased with increasing concentrations of CrEL 
(Figure 6, lower panel). When fi tting the model to the new data, the same binding 
components could be identifi ed, but only two compartments for the disposition 
model of unbound drug were supported (Model B, Table 8). In Paper III the 
random eff ects model developed in Paper I was modifi ed and correlations between 
the individual estimates were estimated (Model C, Table 8). Basic goodness of fi t 
plots for unbound concentrations in Paper III are shown in Figure 5 (v and vi). 

In the covariate analysis in Paper II, BSA was found to be statistically signifi cant 
for CL, V1 and V2. Also, bilirubin for CL and AAG for Bmax, p were found statistically 
signifi cant. Th e typical values ranged from 169 to 654 L for V1 and 651 to 1352 L 
for V2 in this population. A change in BSA of 0.1 m2 typically caused a change in 
CL with 22.3 L/h and an increase in bilirubin (BIL) with 10 HM typically caused 
a decrease in CL of 41 L/h. Typical values of Bmax ranged from 0.032 to 0.866 HM. 
Th e IIVV2 decreased from 20% to 17% and IIVCL decreased from 26% to 19% when 
the covariates were included.  
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Figure 5. Goodness of fi t plots for the unbound concentrations of paclitaxel in Paper I-III. Shown 
are (i) observations (Paper I) vs. predictions based on Model A and Dose, (ii) observations (Paper 
II) predictions based on Model A and Dose, (iii) observations (Paper II) vs. EB predictions based on 
Model A, observed Cp of paclitaxel and [CrEL], (iv) observations (Paper II) vs. predictions based on 
Model B, dose and covariates (BSA and BIL), (v) observations (Paper III) vs. predictions based on 
Model C and Dose, (vi) observations (Paper III) vs. EB predictions based on Model C and observed 
Cu. Solid lines are lines of identity. Dotted lines are regression lines.



41

PK/PD Modelling of Paclitaxel

0 1 2 3 4 5 6 7

CCrEL ( L/mL)

0

4

8

12

f u
 (

%
)

time after start < 2h
all data
time after start >19h

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7

C
CrEL

 ( L/mL)

all data

time after start of infusion >20 h

time after start of infusion <2 h

f u
 (

%
)

Th e IIV in unbound clearance in Paper III was not explained by the studied 
polymorphisms in CYP2C8, CYP3A4/5 or ABCB1. Observed frequencies of 
the diff erent genotypes are presented in Table 9. Th e ratio and 95% confi dence 
intervals of individual CLpresence of variant allele /CLwild type are presented in Figure 7. For the 
CYP3A5*3C the ratio represent presence of wild type allele/homozygous variant.

Figure 6. Observed fraction unbound (fu) of paclitaxel versus observed concentrations of CrEL in 
Paper I (upper panel) and Paper II (lower panel). In the lower panel a spline smooth for the indi-
vidual predictions of fu is included.
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Table 9. Genotype and allele frequencies for the studied variant genes

   Genotype frequencies a Allele frequencies b

Polymorphism c Nomenclature Effect d Wt e Het Var p q  

CYP2C8 805A>T CYP2C8*2 I269F 69 (98.6) 1 (1.43) 0 (0) 0.993 0.007 
CYP2C8 416G>A CYP2C8*3 R139K 78 (84.8) 11 (11.9) 3 (3.26) 0.908 0.092 
CYP2C8 792C>G CYP2C8*4 I264M 90 (95.7) 4 (4.26) 0 (0) 0.979 0.021 

CYP3A4 1334T>C CYP3A4*3 M445T 93 (98.9) 1 (1.06) 0 (0) 0.995 0.005 

CYP3A5 6986A>G CYP3A5*3C Splice variant 1 (1.05) 11 (11.6) 83 (87.4) 0.068 0.932 

ABCB1 3435C>T  N/a I1145I 22 (25.3) 48 (55.2) 17 (19.5) 0.529 0.471 

a Number represent number of patients with percentage in parenthesis; the difference in the total number of patients is due to the fact that not all samples yielded 
Pyrosequencing data or showed PCR amplification. 
b Hardy-Weinberg notation for allele frequencies (p, frequency for wild type allele and q, frequency for variant allele). 
c Number represents position in nucleotide sequence. 
d Number represents amino acid codon. 
e Wt, Wild type patient; Het, Heterozygous variant type patient; Var, Homozygous variant type patient; N/a, not available.
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CrEL pharmacokinetics and CAC (Paper IV)
A three-compartment model with capacity-limited elimination could describe 
the CrEL data from the one- and three-hour schedules. An additional linear CL 
component and a separate V2 were required for the 24-hour schedule to adequately 
describe all data. A model with linear elimination for the one- and three-hour 
schedule resulted in similar goodness of fi t plots, but the OFV was 18 units higher. 
BSA, which was the only size measure available in these data, was found to be a 
statistically signifi cant covariate on Vmax, V1 and V2. IIV decreased from 42% to 
37%, 39% to 33% and 110% to 97% for Vmax, V1 and V2, respectively, when BSA 
was included. Th e corresponding increases in OFV were 19.1, 28.3 and 19.1 units, 
respectively, when BSA was excluded from the fi nal model. Parameter estimates 
with RSE are presented in Table 10 and basic goodness of fi t plots are shown in 
Figure 8 (left and middle panel). 
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Figure 8. Observed Cremophor EL concentrations (CCrEL) (Paper IV) versus population predictions 
based on; population parameter estimates, fi nal model, individual covariates and dose (left panel), 
individual predictions from EB parameter estimates based on the fi nal model, individual covariates 
and observed CCrEL(middle panel). Th e right panel shows predictions based on the published popu-
lation model, parameter estimates (Table 1) and dose information.

Figure 7. Observed ratios (circles) of 
mean clearance values of unbound 
paclitaxel in the diff erent genotype 
groups (presence of variant allele/wild 
type) and the 95% confi dence inter-
val (bars). 
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Table 10. Parameter estimates with relative standard error(RSE,%) of the fi nal population PK 
model for CrEL.

Figure 9.  Prediction errors (observed/predicted concentrations of Cremophor EL) for the 3-hour 
infusion data within the four time intervals around the scheduled sparse sampling points (1.5, 3, 
5 and 21 h) of the validation data set are shown. Th e boxes represent 25th and 75th percentiles, the 
median (line within the box), whiskers 1.5*(inter-quartile range) and outliers (+) of prediction errors 
from fi nal model, learning data set (grey box, black line), fi nal model, validation data set (white 
box, black line), published model, learning data set (grey box, white line) and for reference the pre-
diction errors from the published model, validation data set (black box, white line) are included.   
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Parameter Final model RSE (%) 

V1 (L)  4.56a 4.3 
BSA on V1 0.748a 16
Q2 (L/h) 1.13 13 
V21 & 3 hour infusion (L) 1.39b 12
BSA on V21 & 3  hour infusion 1.64b 10
V224 hour infusion 16.7 33 
Q3 (L/h) 0.487 6.1 
V3 (L) 3.55 6.5 
Km (mL/L) 2.73 26 
Vmax (mL/h) 0.682c 17
BSA on Vmax 0.921c 27
CL24-hour infusion  0.109 19 
IIVV1 (CV%) 33 37d

IIVV2 (CV%) 97 22d

IIVVmax (CV%) 37 24d

Residual error:   
 Additive (mL/L) 0.151 28 
 Proportional (%) 8.64 22 
   
a V1 = 4.56* (1+0.748*(BSA-1.73)) 
b V2 = 1.39*(1+1.64*(BSA-1.73)) for 1 and 3-hour infusions 
c Vmax = 0.682*(1+0.921*(BSA-1.73)) 
d RSE is related to the corresponding variance term 
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Figure 10. Surface tension measurements in spiked human plasma, 1-24 hours after adding CrEL/
EtOH/NaCl (empty symbols) and Taxol®infusion preparation (fi lled symbols). CrEL concentra-
tiosn are shown in % (w/w). Critical aggregation concentration (CAC) is based on series F 3 hour 
after administration.

Predictive performance 
Th e prediction error for the validation data set was of the same magnitude as for the 
3-hour infusion data in the learning data set with a median close to 1 (Figure 9). A 
clear disagreement was noted between observed and population predictions of CrEL 
concentration based on the previously published model72 and dose information 
(Figure 8, right panel). For the 3-hour infusion data there was a systematic error 
(Figure 9). 

CAC measurements
Th e surface tension measurements of plasma spiked with CrEL/EtOH/NaCl, 
or the commercially available Taxol® prepared as infusion solution (paclitaxel/
CrEL/EtOH/NaCl), versus start concentrations of CrEL are shown in Figure 10. 
No correction for degradation was done and therefore the CAC is referred to as 
apparent CAC. Th e degradation rate in plasma can be considered to be low, with a 
reported terminal half-life in vivo of 70-130 hours for 1-hour infusions135 and 37-141 
hours for 3-hour infusions70. For low concentrations of CrEL the surface tension 
decreased substantially with increasing concentrations. Aggregates were formed 
as the surface tension levelled out and the apparent CAC was 0.04% (Figure 10), 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

CrEL(%)

40

45

50

55

60

65

S
ur

fa
ce

 T
en

si
on

 (
m

N
m

-1
)

1 hour
3 hours
24 hours
2 hours (Taxol)
4 hours (Taxol)
24 hours (Taxol)

CAC = 0.04 %



46

Anja Henningsson

which corresponds to 0.39 HL/mL. Th e diff erence in surface tension between the 
sampling times was small at high concentrations and large at low concentrations. 
Th e apparent CAC was higher for the 24-hour samples, which could either be due 
to degradation (i.e. the real CAC is the same) or more likely due to time-dependent 
binding interactions with other surfaces.

Empirical models for paclitaxel-induced neutropenia 
(Papers I and II)
In both Paper I and II, a threshold model best described the PK/PD relationship 
based on total plasma concentrations with threshold concentrations estimated to 
0.197 HM and 0.0615 HM, respectively. Th e predicted times above this threshold 
causing a 50% decrease in neutrophil count from baseline were 14.4 and 7.5 hours, 
respectively. For unbound drug, 8.8 hours above a threshold concentration of 0.00615 
HM caused a 50% decrease in neutrophils (Paper II) and no discrepancy could be 
made between the AUC, threshold and general models for unbound drug in Paper 
I (Table 11). Th e toxicity data in Paper II did not contain enough information to 
characterise all parameters of the general model.

Table 11. Empirical models of paclitaxel-induced neutropenia (Papers I and II).

Data Cp (Paper I) Cu (Paper I) Cp (Paper II) Cu (Paper II) 

Model General AUC  Threshold General AUC Threshold AUC Threshold AUC Threshold 

OFV -83.6 -75.2 -83.5 -83.4 -79.2 -81.9 184.4 173.5 180.8 171.1 

NEU0 (·109/L)       5.64  
(7.9) 

5.52  
(7) 

5.67  
(7.6) 

5.57  
(8.5) 

EC50 ( mol/L) 0.236 
(40) 

 0.197  
(5.3) 

0.0241  
(31) 

 0.0164  
(3.8) 

 0.0615 
 (0.085) 

 0.00615  
(3.2) 

AUCE50 (
a) 12.7  

(38) 
18.9  
(21) 

14.4  
(18) 

8.67  
(33) 

0.922 
(19) 

11.3 
 (18) 

6.93 
(14) 

7.5  
(16) 

0.476 
(13) 

8.81 
 (20) 

 4.11  
(64) 

 FIX 3  
(27) 

  FIX  FIX  FIX 

Additive residual 
error (·109/L) 

0.0628  
(26) 

0.0533 
 (30) 

0.0677 
(19) 

0.0562  
(28) 

0.053 
(31) 

0.0666  
(21) 

0.888 
(29) 

0.399  
(56) 

0.884 
(23) 

0.568  
(105) 

Proportional 
residual error (%)

11.4  
(45) 

8.99  
(36) 

10.6  
(49) 

12.6 
 (42) 

9.26  
43) 

11.4  
(49) 

16.9  
(52) 

29.9 
 (22) 

15
 (53) 

24.6  
(74.8) 

IIVAUCE50 (CV%) 58  
(47)b

90
(25)b

58
(47)b

58
 (47)b

79
 (26)b

59
(48)b

    

IIVBASE (CV%)       34  
(32)b

41
(34)b

35
(31)b

38
(52)b

Parameter estimates with relative standard error, RSE in % 
NEU0 baseline neutrophil counts; CV, coefficient of variation  
EC50 concentration at half maximal direct effect (general model) =threshold concentration in the threshold model, IIV interindividual variability 
a (h) for the general and threshold model, ( mol·h /L) for AUC model. bRSE is related to the corresponding variance term 
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Table 12. Population parameter estimates with (RSE, %)  for neutrophils with a linear concentration-eff ect model (Paper V).

Drug Estimation method Circ0

( 109/L) 

IIVCirc0 

(CV%)

MTT 

(hours) 

IIVMTT

(CV%)

Slope 

( M-1)

Slopeu

( M-1)

IIVSlope 

(CV%)

Add

( 109/L)

Prop

(%)

Docetaxel     HYBRID (MTT, Slope) 5.05 (1.9) 42 (7.0)a 88.7 (2.5) 16 (24)a 0.161 (3.7) 8.58 (5.2) 429  60 (14)a 1.15 27.3 

Paclitaxel   FOCE INTER 5.20 (3.6) 35 (11)a 127 (2.1) 18 (30)a 0.230 (2.8) 2.21 44.2 (4.5) 43 (32)a ne 39.9 

Etoposide   FOCE 5.45 (7.3) 42 (20)a 135 (3.7) 14 (23)a 0.174 (6.6) 0.126 (14) 0.899 40 (78)a 0.671 45.3 

DMDC       HYBRID (MTT) 5.43 (3.9) 39 (16)a 123b 49 (23)a 0.160 (13) 0.782 (9.1) 0.806 63 (27)a ne 48.9 

CPT-11      FOCE INTER 5.51 (3.4) 29 (19)a 113 (6.9) 29 (41)a 0.132 (9.8) 1.29 (15) 3.48 43 (61)a 0.434 34.1 

Vinflunine FOCE INTER 4.72 (2.7) 41 (18)a 122 (3.7) 22 (21)a 0.162 (6.7) 0.00349 (7.8) 0.0159 41 (33)a ne 48.0 

athe RSE is related to the corresponding variance term ; Add, additive residual error; Prop, proportional residual error; HYBRID (MTT) means that the  
FO method was used on IIVMTT; ne, not estimated; b fixed to estimate from the leukocyte analysis.  
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Mechanism-based model of myelosuppression (Papers V 
and VI)
All data were well described with a simple linear drug eff ect model (Slope*CDRUG), 
although for some of the drugs Emax models improved the fi t. Th e number of transit 
compartments was fi xed to three for all drugs. For paclitaxel, the system-related 
parameters Circ0, MTT and ~ estimated from the neutrophil data were 5.2 ·109/L, 
127 hours and 0.23, respectively. Th e estimate of Slope for unbound concentrations 
was 44.2 HM-1. IIV were estimated to 35, 18 and 43% for Circ0, MTT and Slope, 
respectively. Estimated parameters for neutrophils for all studied drugs are presented 
in Table 12. Th e corresponding parameter estimates for leukocytes were similar but 
with, as expected, higher Circ0 and lower Slope values. Th e leukocyte and neutrophil 
observations, including successive treatment cycles of paclitaxel (Figure 11) were 
well described. To explore the generality of the model, the system-related parameters 
were fi xed to the same values for all drugs; 5 or 7 ·109/L (neutrophils or leukocytes), 
125 hours and 0.17 for Circ0, MTT and ~, respectively, and IIV was fi xed to 35, 
20 and 45 % for Circ0, MTT and Slope, respectively. Only the typical population 
value of Slope and the residual error were estimated. Th is resulted in similar Slopeu 
estimates (Figure 12) and individual predicted profi les (Figure 13) as when all 
parameters were estimated. 
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Figure 11. Individual predicted profi les ( ) and observations (•) for the time-course of neutro-
phils in three patients after at least nine successive cycles of paclitaxel treatment. Arrows denote 
times of administration.
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Figure 12. Slopeu when system-related parameters were estimated versus Slopeu when system-related 
parameters were fi xed for leukocytes (•) and neutrophils ( ).
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Sub-group analysis (Paper VI)
In the sub-group (covariate) analysis (Paper VI), a few statistically signifi cant 
covariates on system-related parameters for paclitaxel were found. Patients who 
had received previous radiotherapy had a typically 34.8% lower baseline neutrophil 
count (NEU0) and MTT was decreased with 14.8 hours per 10 HM BIL. An elevated 
LDH predicted a decreased ~ while elevated AST levels increased ~. However, at 
the higher values of AST this relation caused physiologically implausible profi les. 
Individuals with these high covariate values also lacked data in the region of return 
to baseline and therefore this relation was excluded. No statistically signifi cant 
relations were found for the Slopeu estimate for paclitaxel, which might be due to 
the fact that unbound concentrations were used. For the other drugs, covariates 
explaining variability in drug binding were found statistically signifi cant for Slope, 
that is, AAG for docetaxel and ALB and BIL for etoposide. For docetaxel, SEX, 
previous chemotherapy and performance status were found statistically signifi cant 
covariates for NEU0 and, for etoposide, BIL was statistically signifi cant for NEU0 
and ~. Population predictions based on the model, population PK after a standard 
dose and the individual sets of covariates during the fi rst three cycles of paclitaxel 
treatment are shown in Figure14. Only covariates included in both the PD and PK 
models were considered in the population PK model (i.e., BIL in CL, Paper II). All 
patients were assumed to have the same BSA (1.76 m2).
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Figure 13. Observations (DV), predictions based on typical population estimates (PRED) and indi-
vidual predictions (IPRE) with estimated (e) and fi xed (f) system-related parameters for individuals 
selected based on their typical residual error magnitude (the individual’s average absolute weighted 
residual is at the population median). 
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From the observed sets of covariates the PK/PD model predicts that a patient who 
has had previous radiotherapy, a BIL of 32 HM and a LDH of 26 will suff er from 
grade 4 neutropenia. Th e patient will stay below 0.5·109 cells/L for approximately 
4 days and below 1·109 cells/L for 7 days, and consequently, will have a high risk 
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of life-threatening infections. For the system-related parameters NEU0 and MTT, 
weighted means with 95%CI for the covariate eff ects are presented in Figure 15 and 
16, respectively. 
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Figure 14. Population predicted time-courses of neutrophil concentration based on the fi nal model, 
observed individual sets of covariates and population PK after a standard dose of paclitaxel (175 
mg/m2). Horizontal lines represent the neutropenia grades 1-4 according to WHO.
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Figure 15. Overall % change with 95% CI (whiskers) in baseline neutrophil concentration (NEU0) 
by diff erent covariates. Boxes represent % change from typical value for patients with extreme 
observed covariate values in cycle 1.
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Figure 16. Overall % change with 95% CI in mean transit time (MTT ) by diff erent covariates. 
Boxes represent % change from typical value for patients with extreme observed covariate values in 
cycle 1.
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Discussion

A mechanism-based model describing paclitaxel PK was successfully developed from 
blood concentrations, total plasma concentrations and unbound concentrations of 
paclitaxel and from observed concentrations of the formulation vehicle used in Taxol®, 
CrEL. Th e fraction unbound in plasma was highly associated with concentrations 
of CrEL (Figure 6). Th e model could explain the previously observed nonlinear PK 
of total concentrations after 3- and 24-hour infusions6,7,27 by paclitaxel binding to 
CrEL and to blood cells. Unbound paclitaxel concentrations were here well described 
with a linear disposition model. Th is is in accordance with the previously reported 
linear PK of paclitaxel when administered in another vehicle and the linear increase 
of tissue concentrations with increasing dose9. In addition, there was no statistically 
signifi cant relation between CL and dose in any of the data sets and thus, the non-
linear PK of total paclitaxel seems at high concentrations mainly be attributed to 
binding to CrEL. 

Th e higher fu values observed during infusion could be caused by capacity-limited 
binding to plasma proteins and in Paper II the non-linear binding component in 
plasma was associated with AAG concentrations. However, in the presence of CrEL, 
this association probably lack clinical relevance. It is also possible that the dependence 
of the non-linear binding on observed total CrEL concentrations is a simplifi cation. 
Th e CrEL micelles probably contain less other amphiphilic components from plasma 
during the infusion than at 17-72 hours post infusion and CrEL itself may be more 
likely to have interacted with other surfaces. Th e binding/trapping capacity of CrEL 
for paclitaxel might decrease with time although the observed total concentrations 
of CrEL are of the same magnitude. In Paper I a time-dependent binding to CrEL 
was tried but it did not improve the fi t (results not shown). 

In vitro a saturable binding to tubulin in platelets has been seen for paclitaxel136. 
When normalising the in vitro values to normal levels of platelets in humans, the 
values are in good agreement with the estimates of Bmax,bc and the Km,bc. Unfortunately 
there was no information on platelet counts in our data so we could not test this 
hypothesis further. 
Th e estimated unbound CL was somewhat lower in Papers II and III compared 
to Paper I. IIVCL was higher in Paper III than in Paper I and II and correlations 
between individual estimates could be estimated in this larger population. Th e 
parameter estimates of volumes of distribution of the peripheral compartments were 
larger in Paper III. Th e diff erence in parameter estimates could perhaps be explained 
by the fact that the models in Paper I and II were based on unbound concentrations 
measured after 3-hour infusions only. Paper III included unbound concentrations 
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from 1-, 3- and 24-hour infusions and the data thus contribute to diff erent degrees 
to the estimates of the volume parameters. For example, the short infusion contains 
more information on V1. 

Th ere has in the last years been discussions regarding the dosing of anticancer 
drugs by BSA since for several drugs it has been shown that BSA is not correlated 
to CL137-139. In Paper II, BSA was found to be statistically signifi cant related to CL, 
V1 and V2. Th e relations were included as slope and intercept covariate models. 
Direct relations, as dosing by BSA suggests, performed worse but were better 
than not including BSA at all. In the fi nal model it was tried to replace BSA with 
weight or height. OFV was lowest for BSA, however, these models are not nested so 
statistical signifi cance can not be stated. Bilirubin was found signifi cant as covariate 
on clearance. Even if it is diffi  cult to predict the liver function from markers like 
bilirubin, a high bilirubin value could be caused by liver damage or obstruction 
of the biliary passages which could result in a decreased elimination capacity of 
paclitaxel. 

Th e development of new technology and the mapping of the human genome 
have provided possibilities to investigate the association of genetic diff erences with 
alteration in drug clearance. Until now most studies have focused on single-phased 
SNPs in specifi c genes. Currently, studies on understanding genetic variation within 
entire biological and pharmacological pathways are under evaluation140. In Paper III 
SNPs in genes of CYP450’s involved in paclitaxel metabolism as well as a transport 
protein (P-glycoprotein) involved in the hepatobiliary/instestinal elimination of 
paclitaxel were investigated. No statistical signifi cant relations were found and 
there may be several reasons. First, the possibility of other pathways of elimination 
being of such an quantitative importance so that overall CL for paclitaxel is 
essentially unchanged and the eff ects of the polymorphisms might not be obvious 
until administered with drugs inhibiting such pathways, e.g., it has been shown 
that 6|-hydroxypaclitaxel is not the main metabolite in all patients33,141. Second, 
in heterozygous patients it is possible that the expression of the unaltered allele is 
increased to compensate for the defi ciency of the altered allele, and few homozygous 
patients were available (Table 9). Taniguchi et. al. reported that metabolic activity 
for paclitaxel metabolism in human microsomes was related to mRNA and protein 
expression of the CYP3A4 and CYP2C8 and no altered activity was observed in the 
two livers expressing the CYP2C8*3 allele141. 

Th e associations were weak (small covariate eff ects) and the 95% confi dence 
intervals were narrow, which suggest that the clinical relevance of the studied SNPs 
is limited for paclitaxel elimination. Diff erences in metabolic patterns between 
patients could however be interesting as the 3’-p hydroxypaclitaxel (product formed 
by CYP3A4) shows some cytotoxic activity while the 6|-hydroxy metabolites of 
paclitaxel do not34. If the CYP2C8 activity is decreased and the CYP3A4 thereby 
becoming a more important route of elimination, the increased amount of 3’-p 
hydroxypaclitaxel formed might lead to increased eff ect/toxicity.    
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It was shown in Paper II that the unbound concentrations could be well predicted 
from the model and observed total concentrations of paclitaxel and CrEL. To increase 
the usability of the developed PK models for paclitaxel it was desirable to have access 
to a PK model for CrEL that could be used when no CrEL concentrations have been 
measured or when sparse sampling schemes are to be used. A previously published 
population PK model72  based on CrEL data measured with a diff erent assay could 
not describe our data. For the three-hour infusion a systematic prediction error was 
evident. Th e diff erent assays used measures diff erent components of CrEL, which 
could contribute substantially to the variation in CrEL PK between the studies. 

Th e critical micelle concentration has not previously been investigated in plasma 
but has been speculated to be higher than in aqueous solutions. Th e CMC is readily 
exceeded in solutions of Taxol® for parenteral infusions53. Paclitaxel is thus adminis-
tered in micelles to the patients and to investigate whether CrEL could form aggre-
gates in plasma at concentrations achieved after Taxol® infusions we estimated the 
critical aggregate concentration of CrEL in plasma in vitro. It was shown that surface 
tension was lowered with no time delay. Aggregates were formed within concentra-
tion ranges observed after Taxol® administrations in vivo. Th e aggregates could be 
pure micelles, mixted micelles and/or larger aggregates of CrEL and lipoproteins. 
Even if the aggregates formed are not single component micelles they can still have 
a highly lipophilic core and paclitaxel is most likely distributed within such struc-
tures. 

Th e estimated CAC is below the lower limit of quantifi cation of the CrEL assay 
used in these studies why it is diffi  cult to include this information in a mechanistic 
model. Also, the distribution and elimination of this heterogeneous substance could 
be very complex and only speculations about its nature could be done at present. 
Th e size and nature of the aggregates might determine their elimination pathways 
and can then have diff erent half-lives depending on these. Hydrolysis of lipoprotein 
bound triglycerides is a fast process142,143, Kupff er cells in the liver and spleen could 
eliminate larger aggregates similar to elimination of liposomes144 and as previously 
suggested a capacity-limited hydrolysis by esterases in plasma could be responsible 
for the elimination72. Diff erent elimination pathways for the diff erent components 
could cause the schedule dependence seen. Similarly, diff erent distribution patterns 
could possibly explain the larger volume of distribution for the prolonged infusions. 
Th e larger microdroplets observed in vitro53 might not be formed clinically at low 
concentrations and low infusion rates. Szebeni et al. also suggested that aggregates 
of a certain size were required to cause complement C3 activation53 and therefore 
this may explain why less hypersensitivity reactions are observed after lower infusion 
rates. 

With the new PK information from unbound concentrations we wanted to re-evalu-
ate the earlier published PK/PD threshold and general models for paclitaxel-induced 
neutropenia and compare between models based on unbound and total concentra-
tions. Th e estimated threshold concentrations based on total concentrations of pacli-
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taxel were in good agreement with previously reported values24,27 but the time above 
the threshold concentrations were somewhat shorter, which could be explained by 
the diff erence in sigmoidicity factors. In Paper II the objective function value was 
lower for toxicity relations based on unbound concentrations and a statistically sig-
nifi cant improvement was found when Cu was added as a predictor of toxicity to Cp 
(p=0.032), but not when tried the other way around (p=0.147), suggesting that Cu 
is a better predictor of toxicity than Cp. However, the diff erence was small and no 
real improvement of goodness of fi t plots could be seen. 

Since it is not only the degree of neutropenia, but also the duration, that is related 
to the risk of infections145, modelling the whole time course of neutropenia is to be 
preferred. Physiology-based models are likely to be have a higher predictive capac-
ity146 and especially models that separate system-related from drug-specifi c param-
eters. Th e semi-physiological model could adequately describe all investigated drugs. 
System-related parameters showed consistency across drugs but were not completely 
void of drug infl uence. Th e fact that only the fi rst course of treatment was avail-
able for docetaxel might contribute to the somewhat shorter MTT estimated for 
docetaxel in addition to the fact that diff erent drugs can have somewhat diff er-
ent toxicity profi les. For example, nitrosureas have a more prolonged toxicity pro-
fi le than vinblastine 100. Overall, the MTTs estimated were shorter than previously 
reported in healthy volunteers73. Th is is reasonable since a decrease in leukocytes 
induces release of G-CSF and interleukins which apart from promoting cell division 
also shortens transit time147. In our model all dividing cells are in the same compart-
ment averaging out potential diff erence in drug eff ect on the diff erent proliferative 
cell types. To refl ect the repopulation of white blood cells a self-renewal and a feed-
back mechanism were included in the model. A decrease in circulating cells induces 
diff erent growth factors such as G-CSF, which stimulates proliferation, diff eren-
tiation and has a role in the survival of immature neutrophils through promotion 
of anti-apoptotic mechanisms. Homeostasis is maintained by a negative feedback 
where increasing number of circulating neutrophils results in an increased number 
of receptors for G-CSF and thereby increases clearance of G-CSF78. Th e parameter 
gamma could be regarded as a measure of the ability to recover from myelosuppres-
sion and refl ects the fact that the leukocytes when highly stimulated can get above 
its normal baseline value before it returns. Estimated half-lives from the transit rate 
constants were between 15 and 24 hours. Th e fi ts were not improved by estimating 
the half-life of neutrophils in the circulation as a separate parameter or by fi xing it 
to a literature value of 6.7 hours75, suggesting that information on that parameter is 
lacking and the half-life in the circulation is not the rate limiting step for the delay 
in drug eff ect. 

Both leukocytes and neutrophils could be described with the same model where 
the system-related parameters were approximately the same. Neutrophil baseline 
values were approximately 30% lower than for leukocytes, in agreement with the 
diff erence in the observed baseline values in the data sets. Th e larger Slope estimates 
for neutrophils points to the diff erence in sensitivity in neutrophil and lymphocyte 
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progenitors. Th e diff erent Slope values between paclitaxel and docetaxel shows that 
docetaxel is more toxic to the progenitor cells, which has previously been shown in 
vitro148.

Identifi cation of sub-groups in the population that are more sensitive to chemotherapy 
is of great interest to prevent excessive myelosuppression and delay of following 
cycles. Th e identifi cation of important drug specifi c eff ects of covariates like ALB 
and BIL on etoposide and AAG for docetaxel, in line with previous publications99,149 
shows that relevant covariates for drug-specifi c eff ects can be identifi ed with this 
model. Minami et al. investigated the total plasma concentration and found 
a negative correlation between age and the toxic eff ect on paclitaxel exposure 
producing 50% inhibition of leukocyte production. Th ey discussed that diff erence 
in plasma binding with age as an alternative explanation to diff erences in sensitivity 
of the bone marrow could not be excluded . In this study no statistically signifi cant 
relations were found for the drug-related parameter for paclitaxel, which could 
partly be explained by the fact that unbound drug concentrations were used81. For 
the vast majority of covariates investigated, including height, weight, age, creatinine 
and several liver enzymes, we did not fi nd a statistically signifi cant infl uence on the 
system-related parameters. Th e across-drug comparison revealed that the confi dence 
intervals did not include relevant changes for these covariates when defi ned as +30% 
overall change (except liver enzymes on NEU0 where we generally investigated a 
large distribution of each covariate). For paclitaxel, bilirubin concentrations were 
statistically signifi cant negatively related to MTT. High bilirubin concentrations 
predicted a reduction in MTT which was of the same magnitude as previously found 
when G-CSF was given as concomitant treatment compared to when given without 
G-CSF treatment150.Th is relation and the other signifi cant relations found with 
system-related parameters (i.e. a lower NEU0 for females and previously chemo- 
(docetaxel) or radiotherapy (paclitaxel) treated patients or patients with unrestricted 
performance status (docetaxel)), need to be confi rmed with more data across 
diff erent drugs. 
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Conclusions

For paclitaxel, the nonlinear PK has previously been described by empirical models 
without mechanistic foundation (saturable transport or tissue binding) that have not 
accounted for the events known to infl uence paclitaxel binding in vitro and CrEL 
characteristics. Th e developed mechanism-based model combined mechanistic 
insights gained from in vitro experiments with the clinical pharmacokinetics. Model 
components included components that corresponded to known mechanisms such 
as micellar trapping of paclitaxel by CrEL and saturable binding to platelets. Th us, 
a model has been developed that can jointly explain clinical observations of total, 
unbound and blood concentration-time profi les of paclitaxel and in vitro results. 
Further, the model was shown to have good predictive properties.

Th e developed population PK model for CrEL could be used to describe and predict 
CrEL concentrations after Taxol® administrations, which may be most useful when 
no or sparse CrEL concentration data is available.

Th e apparent CAC in plasma in vitro is within the range of concentrations observed 
after Taxol® infusions in vivo. Th is gives support to the theory of CrEL causing the 
nonlinear PK of paclitaxel in plasma either by micelle entrapment or by providing a 
preferable environment in larger lipophilic aggregates.

Th e studied SNPs in enzymes and transport proteins responsible for paclitaxel elim-
ination are not likely to have a clinically relevant impact on overall unbound clear-
ance for paclitaxel in Caucasians. 

Haematological toxicity may be better related to unbound concentrations. PK/PD 
relations for myelosuppression based on total concentrations in plasma are not likely 
to be valid in the absence of CrEL, which should be considered when new routes of 
administration or new formulations of paclitaxel are planned. 

Th e model of chemotherapy-induced myelosuppression is semi-physiologic since it 
contains transit compartments that mimic the maturation chain in the bone marrow, 
a self-renewal and a feedback mechanism. Th e model is applicable on varying doses 
and show consistency of system-related parameters across drugs. It can also be used 
on sparse and small data sets by keeping the system-related parameters fi xed. Th is 
will allow quantitative measures of myelosuppression from data derived in early 
phase I studies, which would aid design of later studies and could permit faster dose 
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escalation. Th is model has, since it was published, been shown to be a helpful tool 
in drug development of new formulations and prodrugs of paclitaxel151 and design of 
clinical trials. Th e models usefulness is further evident from the fact that it was used 
in the development of pemetrexed, recently approved for use in the USA. Further, 
information in the drug label regarding the clinical use of pemetrexed is based on 
this model (www.alimta.com). Th e model has also been shown to be extendable to 
combination drug therapy152.

Th e knowledge of patient characteristics signifi cantly infl uencing system and drug-
related parameters may help to identify patients or subgroups of patients with higher 
risk of (life-threatening) neutropenia prior to start of the chemotherapy and thus 
individualize the dosing regimen accordingly. Th e awareness of patient factors that 
are not associated with system-related parameters may be of value when analysing 
new data sets or even with new compounds in clinical trials. Covariate analyses in 
future may thus be more effi  cient. 

In summary, these two models have connected the clinical behaviour of paclitaxel 
with knowledge about the mechanisms for drug distribution and immune system 
homeostasis. Th ey have shown appropriate properties regarding data description, 
prospective prediction and have already been of value in drug development.
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Populärvetenskaplig sammanfattning 

Paklitaxel (Taxol®) är ett cellgift som används mot en rad olika cancertyper t ex 
bröstcancer, äggstockscancer och icke-småcellig lungcancer. Paklitaxel används 
framför allt som understödjande behandling efter kirurgi eller strålbehandling för 
att förhindra spridning av tumören och förlänga överlevnaden hos patienterna. Det 
kan även användas för att minska tumörbördan (ge symptomlindring) vid avancerad 
cancer. Även normala celler påverkas av paklitaxel och den dosbegränsande 
biverkningen är oftast en sänkning i vita blodkroppar som gör att patienterna blir 
infektionskänsliga. En överdriven sänkning i vita blodkroppar kan innebära en 
risk för livshotande infektioner och att nästa behandling fördröjs samt att dosen 
eventuellt måste sänkas. Detta kan innebära att man inte uppnår önskad eff ekt 
på tumören eftersom tumörcellerna växer till mellan behandlingstillfällena. Om 
vi med hjälp av matematiska modeller kan förutsäga och beskriva hur mycket 
biverkningar en viss dos ger upphov till i en viss individ, kan vi förhoppningsvis ge 
varje individ en så bra dos som möjligt vid första tillfället och/eller snabbare komma 
fram till vilken dos som är bäst.  Vi har utvecklat farmakokinetiska modeller som 
beskriver samband mellan dos och halt paklitaxel i plasma eller blod. Modellerna 
är baserade på olika kända mekanismer för paklitaxels bindning i plasma och blod. 
Den ickelinjäritet som tidigare visats för paklitaxels farmakokinetik kunde till 
största delen förklaras av den micellbildare som tillsätts för att kunna lösa paklitaxel 
i vatten. Vi har också utvecklat en modell för sänkningen av vita blodkroppar som 
orsakas av paklitaxel och andra cellgifter. Den matematiska modellen efterliknar 
olika steg i de vita blodkropparnas reglering, bildning och mognad. Samband 
mellan olika patientkarakteristika t ex ålder, kön, kroppsyta, olika levervärden och 
modellparametrar har också undersökts. Modellerna bidrar till att öka förståelsen 
för paklitaxels farmakokinetik och biverkningar. Modellerna skulle kunna användas 
för dosindividualisering och har sedan de publicerats använts i läkemedelsutveckling 
av andra cellgifter och nya beredningsformer för paklitaxel.
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