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ABSTRACT 

Progress in individualized drug treatment is of increasing importance, promising to avoid 
much human suffering and reducing medical treatment costs for society. The strategy is to 
maximize the therapeutic effects and minimize the negative side effects of a drug on 
individual or group basis. To reach the goal, interactions between the human body and 
different drugs must be further clarified, for instance by using mathematical models. Whether 
clinical studies or laboratory experiments are used as primary sources of information, greatly 
influences the possibilities of obtaining data. This must be considered both prior and during 
model development and different strategies must be used. The character of the data may also 
restrict the level of complexity for the models, thus limiting their usage as tools for 
individualized treatment.  
 In this thesis work two case studies have been made, each with the aim to develop a model 
for a specific human-drug interaction. The first case study concerns treatment of inflammatory 
bowel disease with thiopurines, whereas the second is about treatment of ovarian cancer with 
paclitaxel. Although both case studies make use of similar amounts of experimental data, 
model development depends considerably on prior knowledge about the systems, the 
character of the data and the choice of modelling tools. All these factors are presented for 
each of the case studies along with current results. Further, a system for classifying different 
but related models is also proposed with the intention that an increased understanding will 
contribute to advancement in individualized drug dosage. 
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Chapter 1

Introduction

The term individualized drug dosage can relate to a number of specialized
disciplines that combine knowledge from the different fields of biology, chem-
istry, mathematics and medicine. Many of these specialized disciplines be-
long to the field of pharmacology, which is the study of how drugs interact
with living organisms. Its subdiscipline pharmacogenetics aims at investigat-
ing the implications of variations in the genetic code with respect to drugs,
e.g., by using genotyping. Therapeutic drug monitoring may be used to
monitor the drug levels ”online”, i.e., during treatment, in order to adjust
dosage so that complications, usually called adverse drug events (ADEs),
avoid may be avoided. Further, while pharmacokinetics is concerned with
the management of the drug by the body, pharmacodymamics deals with
the effects of the drug on the body.

In this thesis, the overall approach for individualized drug dosage will
be the system and mathematical model approach often used in technical
application areas. Using mathematics to express models as sets of ordinary
differential equations and algebraic equations provides a convenient way to
describe how different information flows relate to each other and changes
over time. In this setting, individualized drug dosage will be mostly re-
lated to biochemical and pharmacokinetic modelling, from a system-model
perspective.

1.1 Problem formulation

The cost in suffering for patients and money for the society due to adverse
drug events is considerable, but depends on the specific treatment. A recent
study in the US by Hassett et al. [29] investigated the various costs with
respect to chemotherapy (treatment with anti-cancer drugs) given to women
under age 64 suffering from breast cancer. It was estimated that only the
chemotherapy-related serious ADEs themselves were on average the $1271
per person and year. It was also estimated that each year in the US alone

1



2 CHAPTER 1. INTRODUCTION

there are 35 000 women under age 64 suffering from breast cancer that re-
ceive chemotherapy and therefore the total cost for these ADEs may reach
$45 million per year. It is important to remember that this is the net cost
for chemotherapy-related serious ADEs since other costs, such as the one
for the chemotherapy itself, have been deducted. Although some of these
expenses may relate to different attitudes to prevention and different skill
levels at the clinics [62], there is certainly a need for better understanding
of the sometimes large interindividual differences in interaction between the
body and the drug [20].

In this work we investigate the current possibilities for individualized
drug dosage in two case studies by using different methods and extensive
sets of clinical data. The initial approach for the project resulting in this
thesis was to investigate individualized drug dosage by using the relatively
detailed level of metabolic pathways of drugs. Primarily this was intended to
be performed using the Modelica language [22, 23] and the BioChem library

[50, 51], a combination that has been used in, e.g., Belic et al. [8].

Although an ambitious approach, it became apparent that there is clearly
a lack in the current overall scientific knowledge required to use the details
of such pathways for the purpose of individualized drug dosage. Eventually,
more conventional methods were used and the main focus became model
building prior and with respect to clinical data.

1.2 Papers included

The thesis is based on the following two papers which can be found attached.
The papers will be referenced as Paper I and Paper II throughout the rest
of the thesis.

Paper I

Martin Fransson, Peter Fritzson, Malin Lindqvist, Ulf Hindorf, Sven Almer
and Curt Peterson. A Preliminary Study of Modeling and Simulation in In-
dividualized Drug Dosage – Azathioprine on Inflammatory Bowel Disease.
In SIMS 2006: Proceedings of the 47th Conference on Simulation and Mod-

elling, Helsinki, Finland, September 2006.
(A corrected version can be found attached, see comment on first page of
the attachment.)

Paper II

Martin Fransson and Henrik Gréen. Comparison of two types of popula-
tion pharmacokinetic model structures of paclitaxel. European Journal of

Pharmaceutical Sciences. In press.
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1.3 Thesis outline

The rest of the thesis is organized in the following way. Chapter 2 and
Chapter 3 are both introductory chapters concerned with the process of
model building and model analysis. Although this process is iterative, i.e.,
analysis of a suggested model often lead to changes in the model followed
by a new analysis etc., usually some initial model must first be proposed,
hence the specific order of the chapters.

Chapter 4 presents the first case study and relates to Paper I. The chap-
ter provides a more thorough clinical background than Paper I, but also
describes draft ideas and contains related discussions. Similarly, Chapter 5
presents the second case study which relates to Paper II. Although Paper
II is comprehensive in itself, the chapter contains a more general clinical
background than the related paper. Chapter 5 also describes some initial
work, not included in Paper II, and some additional issues.

Finally, Chapter 6 generalizes the observations made during the work
with Case studies I and II, and aims to further clarify the current issues
related to individualized drug dosage.
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Chapter 2

Model building

This chapter offers a review of some common methods used to build different
sorts of biological models. After an introduction concerning the concept of
systems and models in Section 2.1, a bottom-up approach is used by first
describing in Section 2.2 how low-level modelling of enzyme kinetics can be
carried out. This section is then followed by Section 2.3, which contains
an overview of the related, but more high-level modelling approaches of
pharmacokinetics. A specialized version of pharmacokinetics is population
pharmacokinetics and the concepts of this field is introduced in Section 2.4.

2.1 Systems and Models

Consider a system S, represented by the cloud-like shape in Figure 2.1,
for which the inner structure is more or less known. The understanding
of the system can be improved by studying its behaviour, i.e., by making
observations or performing measurements on parts of it. Such measurable
information is called output signals. If these are dependent on time, S
is called a dynamic system and the output signals will be denoted y(t)
(from here on bold text indicates a vector or a possible vector). Apart from
measuring the output signals, it may be possible to directly affect the system
in a way such that its output signals changes. If this is the case the dynamic
system is said to also have one or more input signals, denoted u(t). With
this setting the boundaries of the system can in some sense be described
by its input and output signals. Further, since the boundaries enclose the
system, one may think of the input and output signals as a measure of the
size of the system. This notion will be further used in Chapter 6.

The process of creating a model M of S can be performed in many
ways. This depends on a number of factors, for instance i) the prior knowl-
edge about S, ii) the possibilities to vary input signals, iii) the possibilities
of measuring the output signals and iv) the choice of modelling tools. Cre-
ating a model based on these features is the subject for the area of system

5



6 CHAPTER 2. MODEL BUILDING

identification. Concerning this matter only a few relevant approaches will
be discussed in Chapter 3. For extensive reading see for instance Ljung [45].

Figure 2.1: A dynamic system S with input u(t) and output y(t).

A common way to represent a model mathematically is with ordinary
differential equations, which may be nonlinear. If the following formulation
is used:

ẋ(t) = f(x(t),u(t),θ) (2.1a)

y(t) = h(x(t),u(t),θ) (2.1b)

which is the one that will be used in this thesis, the model is said to be
on state-space form. In (2.1), x(t) = (x1(t), . . . , xn(t))T (a vector of n
state-variables), ẋ(t) = (ẋ1(t), . . . , ẋn(t))T (the vector of corresponding time
derivatives), u(t) = (u1(t), . . . , um(t))T (a vector of m input signals), y(t) =
(y1(t), . . . , yp(t))

T (a vector of p output signals), θ = (θ1, . . . , θr)
T (a vector

of r parameters) and f(·) = (f1(·), . . . , fn(·))T and h(·) = (h1(·), . . . , hp(·))
T

(vectors of the respective functions). Since observations often are discrete it
is sometimes preferable to view the output signals as such as well. For this
purpose a general model will, instead of (2.1), be denoted:

ẋ(t) = f(x(t),u(t),θ) (2.2a)

yj = h(xj ,uj ,θ) (2.2b)

where yj is the jth vector of output signals, measured at time tj , and xj =
x(tj) and uj = u(tj).

It is important to remember that any model of the system S is just a
model. This means that it will most likely never be possible to explain the
behaviour of the output information at all times, but perhaps only the main
characteristics under certain conditions.

If no knowledge about the structure of S exist, so that f(·) and h(·)
will be derived only on empirical basis,M is called a black-box model of the
system S. By lettingM be represented by a box, this approach is described
by Figure 2.2. In this case it should not be expected that the mathematical
formulation of the model can be interpreted as any physical mechanisms of
the system.

However, in the case where knowledge exists, such that it can be in-
corporated into f(·) and h(·), M is usually called a grey-box model. This
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Figure 2.2: In a black-box model no specific concern is taken to the actual
structure of the underlying system.

approach can be described as in Figure 2.3, where the transparency repre-
sent the fact that some typical characteristics of the systems are used in the
model. One reason to use the grey-box models approach for certain types of

Figure 2.3: In a grey-box model parts of the representation will correspond
to physical mechanisms of the underlying system.

biological systems is that output signals from such systems usually cannot
be attained at the same rate as for, e.g., electrical systems. Therefore addi-
tional model information is valuable to augment sparse measurement data.
In the next two sections some common modelling approaches used to build
biochemical and pharmacokinetic models are presented where, at least in
the former case, parts of the understanding of the system is incorporated
into the model.

2.2 Enzyme kinetics

In this section a simple mathematical model will be derived from a scheme
of chemical reactions, which can also be thought of as part of a larger
metabolic pathway. The example is a modified version of the example found
in Edelstein-Keshet [19]. Similar examples can also be found in most liter-
ature concerned with general biochemistry [9] or enzyme kinetics [65].

2.2.1 Mass-action kinetics

Consider a drug molecule, denoted X1, in the body of a patient that is be-
ing treated for some medical condition. Although the objective of the drug
dosage is to produce an improvement of the current condition of the patient,
the drug is in most cases still a foreign substance from a bodily perspective.
Fractions of the drug dose will therefore never reach its target within the
body, but instead undergo detoxification in some organ, most commonly in
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the liver. The detoxification process is handled by one or several classes of
proteins acting as enzymes. Let the specific class of enzymes being respon-
sible for the break down of the drug be denoted by X2. Assume that each
enzyme handles exactly one drug molecule at a time. The process may then
be subject for the following chemical reactions:

X1 + X2
k1−→X3 (2.3a)

X1 + X2
k
−1
←−X3 (2.3b)

X3
k2−→ X4 + X2 (2.3c)

where the drug-enzyme complex is denoted by X3, in (2.3a). The reaction
can then either be reversed forming X1 and X2 in (2.3b), or proceed so that
the parent drug molecule X1 is converted to its metabolite X4 that disso-
ciate from the enzyme X2 in (2.3c). k1, k

−1 and k2 are the rate constants
associated with the reactions in (2.3a)–(2.3c) respectively. Instead of work-
ing with the singular molecules X1, X2, X3 and X4 it may be preferable to
work with the corresponding concentrations c1, c2, c3 and c4. For, e.g c3,
the law of mass action now implies that:

Rate of formation of c3 = k1c1c2 (2.4a)

Rate of break-down of c3 = −k
−1c3 − k2c3 (2.4b)

Using mass action kinetics on all concentrations we arrive at the following
system of differential equations:

ċ1(t) = −k1c1(t)c2(t) + k
−1c3(t) (2.5a)

ċ2(t) = −k1c1(t)c2(t) + k
−1c3(t) + k2c3(t) (2.5b)

ċ3(t) = k1c1(t)c2(t)− k
−1c3(t)− k2c3(t) (2.5c)

ċ4(t) = k2c3(t) (2.5d)

where ċi(t) denotes the time derivative of ci(t). Equations (2.5) are valid if it
can be assumed that no new enzymes are formed during the time for which
the chemical reactions are occurring. This implies that the time considered
for the process should be sufficiently small, but how small depends on the
specific system. Adding (2.5b) and (2.5c), gives:

ċ2(t) + ċ3(t) = 0 (2.6)

and it becomes apparent that the concentration of all enzymes, both unoc-
cupied and occupied, is constant during the process:

c2(t) + c3(t) = Etot ⇔ c2(t) = Etot − c3(t) (2.7)

(2.5) can now be reduced by inserting (2.7) in (2.5a) and (2.5c). Also, since
none of the equations in (2.5) depend on c4, (2.5d) does not need to be
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considered. We get

ċ1(t) = −k1Etotc1(t) + (k
−1 + k1c1)c3(t) (2.8a)

ċ3(t) = k1Etotc1(t)− (k
−1 + k2 + k1c1(t))c3(t) (2.8b)

If no further assumptions regarding the system should be done, equations
(2.8) will be the final model. However, reduction to a simpler model is possi-
ble with the quasi-steady-state assumption, which will provide the Michaelis-

Menten equation.

2.2.2 The Michaelis-Menten equation

A common property for enzymatic systems such as (2.8) is that the equilib-
rium of c3(t) is attained a lot faster than that of c1(t). Thus, under such
specific circumstances it can be allowed to assume quasi-steady-state and
set:

ċ3(t) ≈ 0 (2.9)

Then, solving (2.8b) for c3 yields:

c3(t) =
k1Etotc1(t)

k
−1 + k2 + k1c1(t)

(2.10)

This expression can be inserted into (2.8a), which then simplifies to:

ċ1(t) = −
Vmaxc1(t)

KM + c1(t)
(2.11)

where

Vmax = k2Etot (2.12)

and

KM =
k
−1 + k2

k1
(2.13)

(2.11) is the Michaelis-Menten equation and Vmax is the maximal reaction
rate that occurs when the concentration of occupied enzymes equals the total
concentration of enzymes. KM is usually called the Michaelis constant, and
is equal to the drug concentration at which the reaction rate is half of Vmax.

2.3 Pharmacokinetics

Pharmacokinetic modelling basically means trying to build a model of what
the body does with the drug. Mechanisms concerned with absorption, dis-
tribution and elimination routes are extensively studied. This is in contrast
to pharmacodynamic modelling, where the focus rather is on what the drug
does with the body, e.g., what impact the drug has on the clinical disorder
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a patient is being treated for. Basic pharmacokinetic modelling using lin-
ear differential equations is well adopted by the scientific community and
used in the development of all new drugs. More complex pharmacokinetic
models, as well as pharmacodynamic models, are used to gain an extended
knowledge of the full pharmacological system. However, in this section only
the basics of pharmacokinetics will be discussed. A published introductory
review to pharmacokinetics can be found in Urso et al. [72] while Gabrielsson
and Weiner [24] offers more comprehensive material. For more information
on general pharmacology, see Norlén et al. [52] or Rang et al. [55].

2.3.1 Absorption, Distribution and Elimination

There are several ways of administrating a drug to the body. The most
common one is orally for gastrointestinal absorption, but the drug can also
be applied other ways along this route such as under the tongue or via the
rectum. Administration directly into the systemic circulation (the part of
the circulatory system that transports oxygen-rich blood from the heart to
the tissues and oxygen-poor blood back to the heart) by injection or infusion
can be either intravenous or intra-arterial. Injections can also be made in,
e.g., muscle or fat tissue [52, 55].

A common way to investigate the fate of a drug is to measure the drug
concentrations in blood plasma, here denoted cp, at one or several points
in time during and/or after administration. During this period of time the
drug will be subject to one or several phases. As long as the drug has not
been administrated directly into the systemic circulation, the drug will first
undergo some sort of absorption phase. Has the drug been administrated
orally this phase will correspond to the time for digestion, uptake in the gas-
trointestinal tract and first-pass elimination in the liver. The fraction of the
drug that enters the systemic circulation is a measure of the bioavailability

of the specific drug [52].

Depending on the chemical properties of the drug molecule, such as its
polarity, the drug will spread more or less in the body. The spreading of the
drug within the body constitutes the distribution phase. Most drugs will also
bind to specific proteins residing in the plasma of which albumin is the most
abundant. Usually, since only the free fraction of the drug will be able to
spread to parts of the body other than the plasma, the degree of binding to
plasma proteins is important. Besides the blood plasma, which contributes
to about 5% of the body mass, body fluids can also be divided into three
other main compartments; extracellular water (approximately 16% of body
mass), intracellular water (about 35%) and fat (about 20%) [55]. Due to
the composition of the different compartments and the barriers in between,
the distribution among the compartments of a highly lipophilic drug (i.e., a
drug attracted to fat) will be very different from that of a hydrophilic drug
(i.e., a drug attracted to water).

A measure of the extent of the distribution of a drug is its volume of
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distribution, commonly denoted Vd. This volume is an estimate of the vol-
ume that the total amount, x, of the drug would occupy if having the same
concentration as in plasma:

Vd =
x

cp

(2.14)

When comparing the volume of distribution between different drugs it is
important to remember the above definition (2.14), and that it is just an
apparent volume. For instance, a lipophilic drug that has a high tendency
to accumulate in fat can have a very high Vd, many times larger than the
actual physical volume of a human, due to its poor solubility in plasma.

The elimination phase of a drug occurs either through metabolism or by
excretion. Metabolism occurs mainly in the liver and can be further divided
into two phases; phase I reactions and phase II reactions. During phase
I reactions the drug molecule is metabolized in a way, e.g., by oxidation,
that usually makes the metabolite more reactive than its parent. In this
phase the most important group of proteins is the cytochrome P450 (CYP)
enzymes, which in turn consists of many subgroups. After being subject to
a phase I reaction the metabolite is commonly converted to a more inactive
product during a phase II reaction, making it more hydrophilic [52, 55].

While lipophilic drugs in the first hand usually are eliminated by liver
metabolism, the main elimination route for hydrophilic drugs is by renal
clearance via the kidneys. In this case the process of elimination can be
divided into three categories depending on the specific mechanism, e.g.,
whether the elimination is by active transport or passive diffusion.

In both the case of metabolism and renal elimination the usual parameter
describing how fast a drug is eliminated is called clearance, CL. It is a
measure of the corresponding volume of plasma that is being cleared from
the drug per unit time.

2.3.2 Compartment modelling

Depending on the administration, distribution and elimination character-
istics of a drug, measured plasma concentrations as function of time will
give rise to different curvatures. To be able to model the decrease in drug
concentration in plasma, the body is usually considered to consist of one or
more compartments. Since they cannot in general be related to any kind
of physiological compartments, these compartments should be considered to
be empirical [31, 55].

If a drug is administrated as, e.g., an intravenous injection the absorp-
tion phase does not need to be considered. For that case, the number of
compartments that are used to fit the measured concentrations will be equal
to the degree of a multi-exponential function. If interpolation of measured
plasma concentrations cause a plot like the one in Figure 2.4, a one compart-
ment model with linear elimination may be sufficient to model the pharma-
cokinetics. The mathematical representation will then simply be a mono-
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exponential function:

cp(t) = c0e
−k10t (2.15)

where c0 is the initial drug concentration and k10 (also commonly denoted
kel) is the rate at which the drug is being eliminated. Graphically, this
model can be represented by Figure 2.5.

Since the drug dose is given as a specific amount, and not as a concentra-
tion based on the distribution volume, for implementation purposes it may
be convenient to rewrite (2.15) on state-space form and also, in this case
only symbolically, adding an input signal:

ẋ(t) = −k10x(t) + u(t) (2.16a)

cp(t) =
1

V
x(t) (2.16b)

where the state-variable x(t) is the amount in mol and the input signal u(t)
is some function corresponding to the dose input. V is the apparent volume
of the single compartment and can in this case be considered to be the same
as the volume of distribution Vd.
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Figure 2.4: Left: The decrease in plasma concentration after a bolus dose.
Right: By taking the logarithm of the plasma concentrations it becomes
apparent that a one-compartment model may be used.

Figure 2.5: The graphic representation of (2.15).

Another example of a typical decrease of the drug concentration in
plasma as a function of time is given in Figure 2.6. In this case taking
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the logarithm reveals that two compartments should be used in the phar-
macokinetic model. The mathematical model then becomes:

ẋ1(t) = −(k10 + k12)x1(t) + k21x2(t) + u(t) (2.17a)

ẋ2(t) = k12x1(t)− k21x2(t) (2.17b)

cp(t) =
1

V1
x1(t) (2.17c)

where k12 and k21 are rate constants and V1 is the apparent distribution
volume of compartment one and its corresponding graphic representation
is seen in Figure 2.7. Instead of using rate constants (or micro constants)
such as k10, k12 and k21, a parameter, Q, representing the intercompart-
mental volume flow, CL (see Section 2.3.1) and apparent volumes, V1 and
V2, for each respective compartments may be preferred. Thus, with the
reparameterization:

k10 =
CL

V1
, k12 =

Q

V1
, k21 =

Q

V2
(2.18)

(2.17) can be expressed as:

ẋ1(t) = −
CL

V1
x1(t)−

Q

V1
(x1(t)− x2(t)) +

1

V1
u(t) (2.19a)

ẋ2(t) =
Q

V2
(x1(t)− x2(t)) (2.19b)

cp(t) =
1

V1
x1(t) (2.19c)
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Figure 2.6: Left: A second example of a typical decrease in plasma con-
centration after a bolus dose. Right: Taking the logarithm of the plasma
concentration reveals that a two-compartment model may be used.
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Figure 2.7: The graphic representation of (2.17).

Lastly, an example is given in Figure 2.8 for the case when the drug
elimination does not seem to be linear for logarithmic plasma concentrations.
In the right plot it can be seen how the elimination appears to be slower
during the initial period of time than at the end. This behaviour is typical
for a capacity limited elimination process. In the beginning the system
is saturated and elimination is independent of concentration. First after
plasma concentrations have been reduced to a certain level the elimination
will appear to be linear. By replacing −k10x(t) in (2.16a) with (2.11), an
appropriate model for this process can be expressed as:

ẋ(t) = −
Vmax

x(t)
V

KM + x(t)
V

+ u(t) (2.20a)

cp(t) =
1

V
x(t) (2.20b)

where the concentration c(t) in (2.11) has been replaced by the amount x(t)
scaled by the volume V .
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Figure 2.8: Left: A third example of a typical decrease in plasma concentra-
tion after a bolus dose. Right: The logarithmic plot indicates a saturated
elimination process.
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2.4 Population pharmacokinetics

Clinical studies can usually be categorized as having a data set that is being
either sparse or rich. Sparse data sets consist of only a few observations per
individual while rich data sets consist of perhaps ten or more observations;
however, there does not seem to be any strict definitions. Although working
with a rich data set, building a specific model one at a time based only on
the output signals for one individual will in most cases not be practical.
In the case of model (2.19) there are four parameters to estimate, and with
perhaps only ten observations, the uncertainty in the estimates will be large.

The issue can be handled in the model building procedure by consider-
ing that data from all individuals will be used simultaneously. By assuming
a common model structure for all individuals, and letting some or all pa-
rameters belong to a statistical distribution, parameters can be estimated
from the complete data set. This approach is called nonlinear mixed effects

modelling or population pharmacokinetics (PPK) for the case of pharma-
cokinetic modelling, see for instance Beal et al. [7]. In general, this can be
seen as an extension of (2.2):

ẋi(t) = f(xi(t),ui(t),φi) (2.21a)

yij = h(xij ,uij ,φi) + εij (2.21b)

φi = g(zi,θ) + ηi (2.21c)

where each individual i will have its own structural model ; (2.21a) and
(2.21b), and where the subscript j refers to the jth observation for that
individual. φi is the vector of individual specific parameter values and εij

is the residual error (or intraindividual variability), which is assumed to
belong to a normal distribution with mean zero and covariance matrix Σ.
The relation between φi and the vector of typical parameter values for the
population, θ, and the vector of covariates, zi, is governed by g(·) in the
parameter model (2.21c). Differences between φi and g(·) that cannot be
explained by any covariates, will be accounted for by the interindividual

variability (IIV) term ηi, which is assumed to belong to a normal distribu-
tion with zero mean and with covariance matrix Ω. Both the residual error,
εij , and the IIV, ηi, can enter the model in different ways, such as additively
as in (2.21), but for instance also proportionally or exponentially.

Extending the model (2.19) to a PPK model could mean using an IIV
exponentially on the parameter CL, while also assuming a proportional
residual error:

ẋ1,i(t) = −
CLeηi

V1
x1,i(t)−

Q

V1
(x1,i(t)− x2,i(t)) +

1

V1
ui(t) (2.22a)

ẋ2,i(t) =
Q

V2
(x1,i(t)− x2,i(t)) (2.22b)

cp,ij =
1

V1
x1,ij(1 + εij) (2.22c)
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Besides the residual error and the IIV, other forms of variability can
also be included, such as interoccasion variability (IOV), which is important
to consider in the case of having multiple study occasions from the same
individual in the data set [39]. A further extension of (2.21) to stochastic
differential equations has also been made, [70, 71], where the approach is to
separate the residual error to measurement error and system noise using the
extended Kalman filter [38, 71].



Chapter 3

Model analysis

Implementing models, testing identifiability of model parameters and per-
forming parameter estimation can be done in many ways. In this chapter
some of the tools and methods that can be used for such purposes are pre-
sented. In Section 3.1 an overview of some common model implementation
tools are made along with an explanation of their specific usage in Case
studies I and II. Evaluating the uniqueness of the parameters in any math-
ematical models may be performed using identifiability analysis, this is the
topic described in Section 3.2. The last section, 3.3, is concerned with dif-
ferent methods of parameter estimation.

3.1 Implementation tools

In this section the main software tools used in Case study I, Chapter 4, and
Case study II, Chapter 5, are presented briefly together with their specific
usage.

3.1.1 MATLAB

MATLAB, which stands for matrix laboratory, is both an interactive en-
vironment and a programming language for technical computations. The
basic data elements of the language are arrays, which is beneficial when
handling data in that format or for matrix manipulations. Domain specific
functionality from different scientific areas are provided by add-on toolboxes
[69].

MATLAB 7.0 and 7.4, along with the System Identification Toolbox [46]
were used in Case study I. Implementation was carried out with the grey-
box model approach, using the function idgrey and parameter estimation
was performed by prediction error minimization (pem), see Section 3.3.1 for
a brief explanation.

17
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3.1.2 Maple

Maple, being a computer algebra system, allows mathematical computations
with symbolic expressions. Besides a user interface and a kernel it consists
of a main library and optional user libraries [30, 47].

The usage of Maple 10 was restricted to structural identifiability analysis
of the models investigated in Case study II. This analysis used a special
package called ObservabilityTest, see Section 3.2.3 and Sedoglavic [64].

3.1.3 Modelica and Mathematica

Modelica is a programming language developed for object-oriented modelling
and simulation of most systems that can be described with mathematical
equations, either time-continuous or time-discrete or both (hybrid systems).
The combination of an object-oriented approach and an equation-based lan-
guage offers the possibility to create submodels of parts of a larger system
and then connect these to a complete model. Another feature is that the
information flow between components can be chosen to be either causal, i.e.,
the flow has a specified direction, or acausal, in which case the flow has no
specific direction. In addition to the Modelica language, there is also an
open-source Modelica Standard Library with predefined models, as well, as
a number of additional open-source or commercial libraries [22, 23].

One of the available platforms for Modelica is MathModelica System De-

signer. This software includes both an editor for graphical and textual rep-
resentation of models, and a simulation environment where different tests
of designed models can be carried out. An extension of this environment is
MathModelica System Designer Professional. The extension is realized as
a connection to Mathematica and allows the usage of the functionalities of
this general purpose system [49]. Similar to Maple, Mathematica is also a
computer algebra system, with one of the major differences that instead of
being overall procedural like Maple, Mathematica is a functional language,
something that for instance implies more concise representations of functions
[30, 76, 77].

MathModelica System Designer Professional 1.1 was used in combina-
tion with Mathematica 5.2 in Case study II for sensitivity analysis. The
analysis was carried out using the Mathematica functionality NIntegrate

to check variations of the area under curve (AUC) for the plasma concentra-
tion from different simulations performed in MathModelica System Designer
Professional.

3.1.4 NONMEM

NONMEM, which is short for nonlinear mixed effects model, is a program
written in Fortan 77 and is used for nonlinear regression analysis. Although
developed for implementation and parameter estimation of models that are
typically fitted to data from clinical studies involving several individuals,
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NONMEM can also be used as a general nonlinear regression tool. It uses a
subroutine called PRED (prediction) to obtain predicted values from regres-
sion analysis, and a specific subroutine called PREDPP (PRED for popu-
lation pharmacokinetics) can be used to estimate parameters in population
pharmacokinetic models. Several different estimation methods are available,
where the ones used for parameter estimation in population pharmacoki-
netic models often uses likelihood-based estimation, see Section 3.3.3 and
Beal et al. [7].

NONMEM 6 was used in Case study II to obtain parameter estimates for
the two different population pharmacokinetic models under investigation. It
was also used to obtain goodness fits, in terms of the objective function value

(OFV), to be able to compare variations of the two models respectively. For
some additional analyses of NONMEM results, the Xpose package for the
statistical programming language R, was used [37, 54].

3.2 Identifiability

Prior and during the procedure of fitting model parameters to data, it is
prudent to investigate the identifiability properties of the current model.
Similar to the discussion in Cedersund [13], in this work the identifiability
concept is separated into structural identifiability, which deals with identi-
fiability from an algebraic point of view, and practical identifiability, which
relates to the data set at hand.

3.2.1 Structural identifiability

Structural identifiability can be understood by considering a variation of
the one compartment model (2.16), although it is structural identifiable in
its current form. Assume now that (2.16) should be used to fit measured
plasma concentrations caused by a specific drug. However, also assume, that
it is known that for the drug in question the elimination process is governed
by two independent elimination mechanisms, A and B, each with its own
corresponding rate constant. Hence it would be desirable to incorporate
this knowledge into the model. Graphically this can be viewed as an alter-
ation of Figure 2.4 to Figure 3.1. However, by also expressing the model

Figure 3.1: A one compartment model with two separate elimination mech-
anisms A and B, and their respective rate constants kA

10 and kB
10.
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mathematically as:

ẋ(t) = −(kA
10 + kB

10)x(t) + u(t) (3.1a)

cp(t) =
1

V
x(t) (3.1b)

it becomes apparent that the two rate constants in the current model setting
are indistinguishable. Only the sum kA

10 + kB
10 can be estimated regardless

if the output signal cp(t) is considered to be ”perfect”, i.e., a continuous
signal without any noise. Thus, for this kind of identifiability problem it is
the structure of the model rather than the data that causes the problem.
For the case of (3.1) one will simply have to be satisfied with estimating the
sum of the two parameters, at least unless some kind of prior knowledge can
be incorporated in another way, e.g., an approximate value of either kA

10 or
kB
10 is known.

Investigating structural identifiability can be seen as a special case of
the more general observability problem, which is concerned with determin-
ing whether a state-variable is observable from input and output signals. By
considering a parameter θ to be a state-variable for which θ̇ = 0, structural
identifiability can be investigated by the framework of observability. A mea-
sure of the complete dynamics of a model given on state-space form (2.1)
with a single output, n state-variables and r parameters can be described
by the matrix O:

O =

























∂y
∂x1

. . . ∂y
∂xn

∂y
∂θ1

. . . ∂y
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∂ẏ
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∂ẏ
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∂θ1
. . . ∂y(n+r)

∂θr

























(3.2)

If the matrix is of full rank n + r the model is structural identifiable [64]. If
however the rank test reveals that some columns are linearly dependent the
model suffers from overparameterization. To determine which parameters
that are unidentifiable, one column can be removed at a time and the effect
on the rank of O can be checked. No change indicates that the particular
column removed corresponds to an unidentifiable parameter. The number
of columns that has to be removed for O to obtain full rank is called its
transcendence degree. An identifiable model thus has a transcendence degree
of zero [13, 64].

In this work a model is considered to be globally structural identifiable
if there is a unique solution to the estimation problem and locally struc-
turally identifiable if there at least exists a unique solution to the estimation
problem within a small region of all possible solutions. For a more formal
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definition of identifiability see, e.g., Ljung [45]. Further, the output signal
is considered to be continuous, noise free and it is also assumed that no ex-
citation problems of the system exist or any numerical problems during the
estimation process [13]. Moreover, the identifiability properties of a model
are only valid for a specific state-space form, since reparameterization or
removal of output signals may change the structural identifiability.

3.2.2 Practical identifiability

Even though a model may be structural identifiable, the data that is sup-
posed to be fitted to the model may be too sparse to get reliable estimates.
In this case the model is overparameterized for the data at hand. Another
problem could be if the data does not excite the model in the right way.
Assume for instance that prior knowledge suggests the use of a one compart-
ment model with saturated elimination such as (2.20) for concentrations of
a specific drug measured in plasma. However, if the current study uses a
much lower drug dosage with the outcome that:

cp(t) =
1

V
x(t) << KM (3.3)

the model (2.20) will during the estimation process behave approximately
as:

ẋ(t) ≈ −
Vmax

KM

x(t)

V
+ u(t) (3.4a)

cp(t) =
1

V
x(t) (3.4b)

From this perspective Vmax and KM will be indistinguishable and large vari-
ances will most likely accompany the estimated values if the minimization
is at all successful. The simplest solution to this problem would be to in-
stead use a one compartment model with linear elimination such as (2.16)
in which case the rate constant k10 will correspond to the quota of Vmax and
KM , divided by V. This simple kind of problem emphasizes the importance
of looking at the data before assuming any models, since a plot of the data
from the hypothetical study would look more like the plots in Figure 2.4
than those of Figure 2.8. Similar examples as the one presented and how to
handle these are discussed in Cedersund [13].

For population pharmacokinetic models a special kind of method for
handling identifiability problems has been developed. It relies on the use of
prior information in the form of estimates of parameters and variances from
earlier developed models. The information is incorporated into the current
model so as to mimic the resemblance if the data from the earlier study also
was available. This approach will thus stabilize any estimates with respect
to such informative priors or frequentist priors [26].
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3.2.3 Sedoglavic’s algorithm

The symbolic derivations of the functions used in the matrix elements in
(3.2) can rapidly become quite cumbersome and acquire much computational
time depending on the size of the model. In Sedoglavic [64] an algorithm is
presented that bypasses this problem by instead of calculating exact expres-
sions uses Taylor approximations. By using this approach and some other
techniques the computations can be made in polynomial time, i.e., the num-
ber of steps required to solve the algorithm will be polynomial with respect
to the complexity. From a user perspective, the algorithm takes a model on
state-space form as input and gives the transcendence degree and the set
unobservable state-variables and parameters as output. It is a probabilistic
algorithm in the aspect that only if the model is observable the answer is
for certain correct, while there is a small possibility of an incorrect answer
in the case of an unobservable model. However, the probability of a correct
answer in this case is very high. An example presented in Sedoglavic [64]
where the number of state-variables n = 4 and the number of parameters
r = 17 is shown to be unobservable with a probability of 0.9993.

The algorithm is available as a Maple implementation with the name
ObservabilityTest.

3.3 Parameter estimation

Although the initial step in the procedure of fitting experimental data is to
suggest a structure for the model, e.g., by looking at plots, the following and
more important step is to choose a way to estimate the model parameters
from the data. There are many ways to do this and in the case of sim-
ple linear models one may use linear regression and least-squares, subspace
methods or the maximum likelihood method [45]. In this section the two
approaches that were used in Case study I and Case study II are presented.
For simplicity, the methods are demonstrated on models with only a single
output signal.

3.3.1 Prediction error minimization

Estimation by minimization of the prediction error ej means that:

ej = yj − ŷj (3.5)

where yj is the jth observation and ŷj the corresponding predictor, typically
ŷj = h(xj ,uj ,θ) if the notation in (2.2) is used, will be evaluated for j =
1, . . . ,M observations. This is done by introducing a goodness fit:

VM (θ) =
1

M

M
∑

j=1

s(ej(θ)) (3.6)
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where a typical choice for the scalar-valued function s is the quadratic norm:

s(ej(θ)) =
1

2
(ej(θ))2 (3.7)

Equation (3.6) is then minimized with respect to θ so that the estimate is
chosen to be:

θ̂M = arg min
θ

VM (θ) (3.8)

If VM (θ) cannot be minimized analytically, which usually is the case, some
form of algorithm that uses an iterative and numerical search strategy has
to be provided. The algorithm used by the MATLAB function pem is no
exception. It is in turn basically the same as another algorithm used by the
function armax, which estimates parameters in so called ARMAX model
structures, and for which some details can be found in Ljung [45], [46].

3.3.2 Likelihood-based parameter estimation

If the prediction error ej in (3.5) can be assumed to belong to a certain
distribution with probability density function pe(ej |θ) parameter estimation
with a maximum likelihood-based approach can be used. The likelihood
function ly(θ|y) that should be maximized with respect to the vector of all
observations y = (y1, . . . , yM )T will then be:

ly(θ|y) =
M
∏

j=1

pe(ej |θ) =
M
∏

j=1

pe(yj − ŷj |θ)

=
M
∏

j=1

pe(yj − h(xj ,uj ,θ)|θ) (3.9)

where ŷj = h(xj ,uj ,θ) is used to clarify how the model enters the likelihood
function. Further, taking the logarithm of both sides and dividing by M
gives:

1

M
log ly(θ|y) =

1

M

M
∑

j=1

log pe(ej |θ) (3.10)

Instead of maximizing log ly(θ|y) minimization of:

−
1

M
log ly(θ|y) =

1

M

M
∑

j=1

(− log pe(ej |θ)) (3.11)

can be carried out. If then also setting:

s(ej(θ)) = − log pe(ej |θ) (3.12)

it becomes clear that the maximum likelihood method can be seen as a
special case of (3.6) [45].
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3.3.3 Estimation of PPK models

Parameter estimation of the PPK models presented in Section 2.4 requires
special methods. However, since it is assumed that any variability entering
the model has its origin from a known distribution, in particular a normal
distribution, likelihood-based methods can be used for estimation. It is as-
sumed that each individual i has its own statistical model, which is based
on all the observation data yi = (yi1, . . . , yiM )T for that individual. Each
model can be said to be parameterized by an individual specific vector ηi,
which is an instance of a normal distribution with mean zero and covariance
matrix Ω (the IIV, see Section 2.4), by the vector θ of population mean val-
ues, and of the residual covariance matrix Σ. The goal is hence to estimate
θ, Σ and Ω from all data sets yi, i = 1, . . . , N , where N is the number of in-
dividuals. For individual i the probability of the data set yi given θ, Σ and
Ω will thus be P (yi|θ,Σ,Ω), which is equal to the likelihood Li(θ,Σ,Ω|yi).
Considering the expressions to be marginal distributions over ηi gives:

P (yi|θ,Σ,Ω) = Li(θ,Σ,Ω|yi) =

∫

P (yi,ηi|θ,Σ,Ω)dηi

=

∫

P (yi|ηi,θ,Σ,Ω)P (ηi|θ,Σ,Ω)dηi

=

∫

P (yi|ηi,θ,Σ)P (ηi|Ω)dηi

=

∫

li(ηi,θ,Σ|yi)pη(ηi|Ω)dηi (3.13)

where li(ηi,θ,Σ|yi) is the individual likelihood function associated with
the structural model (2.21a), (2.21b) and pη(ηi|Ω) is the density function
associated with the parameter model (2.21c). The second equality from the
end in (3.13) follows from yi not being explicitly dependent on Ω if ηi is
given, and ηi not being dependent on θ or Σ [73, 71]. Further, the total
likelihood L for the complete data set y is given by:

L(θ,Σ,Ω|y) =

N
∏

i=1

Li(θ,Σ,Ω|yi) (3.14)

In NONMEM, the objective function value mentioned in Section 3.1.4 is
usually equal to −2 log L, which in turn is proportional to the probability
of the data [7].

Since (3.13) is difficult to calculate exactly, different approximations are
often used. In NONMEM there are three major approaches for this purpose.
In Case study II the first order conditional estimation method (FOCE-I) was
used, where the ”I” stands for interaction. This option should be used if
there is an interaction between the residual error and interindividual error,
which for instance is the case if the residual error enters the model propor-
tionally as for (2.22), but not additively as for model (2.21). FOCE relies on
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calculating estimates η̂i simultaneous as θ, Σ and Ω during the estimation
procedure [7]. For more information about the methods in NONMEM and
the derivations see Beal et al. [7] and Wang [73].
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Chapter 4

Case study I: Thiopurines

Case study I is concerned with a group of drugs called thiopurines and their
usage in treatment of inflammatory bowel disease (IBD). The main results
of the case study are described in Paper I. The clinical background to that
work is summarized in Section 4.1, while the data and the study from which
it originates are presented in Section 4.2. Finally, Section 4.3 discusses
considerations during model development more extensively than the paper
and also adds new ideas.

4.1 Background

This section provides pharmacological and clinical background to the area
relating to the work in Paper I. Section 4.1.1 has been assembled from
Lindqvist [44]. For extensive information and primary sources, see this work
and the references within.

4.1.1 Thiopurines

Thiopurines is the collective name of the three substances azathioprine

(AZA), 6-mercaptopurine (6-MP) and 6-thioguanine (6-TG), of which the
first one is a derivative of the second one. In 1948 it was discovered by
Gertrude B. Elion and George H. Hitchings that 6-TG has the ability to
stop tumour growth. Besides 6-TG, out of more than 100 screened thiop-
urines, the substance 6-MP also proved to have good clinical effects on
leukaemia and different tumours. Since then is has been shown that the
cause of this is, in the case of 6-mercaptopurine, at least two-fold due to a
number of active metabolites. Firstly, the group of metabolites commonly
referred to as thioguanine nucleotides (TGN) acts as substitutes for natural
purines, as they are incorporated into both RNA and DNA. In the latter
case cytotoxicity is caused by inhibition of the cell cycle and by also dis-
turbing DNA replication. Secondly, a metabolite called methyl-thioinosine

27
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monophosphate (meTIMP) acts as an inhibitor of the de novo purine syn-
thesis (i.e., new production), which also causes cytotoxicity.

Figure 4.1 describes the metabolism of AZA/6-MP, which is generally ac-
cepted [15, 17, 18, 35]. AZA will first metabolized to 6-MP by non-enzymatic
reactions. Metabolism of 6-MP is carried out via at least three routes;
the enzyme xanthine oxidase (XO) produces thiouric acid (TUA), which
is eliminated in the urine, the key enzyme thiopurine methyltransferase

(TPMT) produces methyl-mercaptopurine (meMP) and the enzyme hypox-

anthine guanine phosphoribosyl transferase (HGPRT) produces thioinosine

monophosphate (TIMP). Both TUA and meMP are considered to be inactive
metabolites. TIMP can in turn either be metabolized by TPMT to the active
metabolite meTIMP, or, by initial transformation via inosine monophos-

phate dehydrogenase (IMPDH) followed by several steps, be metabolized
to different species of thioguanine nucleotides (TGN). Of the TGNs, deoxy

thioguanosine triphosphate (dTGTP) can be incorporated into DNA and
thioguanosine triphosphate (TGTP) can be incorporated into RNA.

See Lindqvist [44] and the references within.

4.1.2 Inflammatory Bowel Diseases

Inflammatory bowel disease (IBD) is a group of autoimmune disorders (i.e.,
the immune system targets parts of the body itself) where the two main
types are called ulcerative colitis and Crohn’s disease. Both diseases are
considered to be idiopathic (i.e., the underlying cause of the disease is not
known) [5], and have similar symptoms such as diarrhoea, blood in stool
and extra-intestinal symptoms; most commonly inflammation in joints [56,
6]. One of the main differences between the disorders are their respective
area of location in the gastrointestinal tract. The location of ulcerative
colitis is restricted to the colon and the inflammation usually extends in a
continuous manner, while Crohn’s disease can manifest as piece-wise parts
of inflammation anywhere along the gastrointestinal tract; from the mouth
to the anus [6, 56].

Several factors are associated with the occurrence of IBD. So far a num-
ber of different genetic variations have been proposed to contribute to the
outbreak of the disease, although it has not been possible to associate to
a specific gene [5]. IBD is a disease with considerably higher frequency in
North America and Northern Europe than in developing countries in South
America, Asia and Africa [56]. Ethnic differences are also apparent, e.g.,
in North America occurrence for Crohn’s disease is about 4, 6, 30 and 44
cases/100 000 individuals for Hispanic, Asian, African-American and white
population respectively [5]. It is estimated that in Europe, 73 000 to 109 000
new cases in total of the two main types of IBD are diagnosed annually [44].
Most new cases of IBD occurs in the two age categories 15 to 25 years and
55 to 65 years, although the disease may show at any age [56].

Depending on the specific disorder, the progression of the disease and the
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Figure 4.1: The metabolism of azathioprine (AZA) and 6-mercaptopurine
(6-MP). Squares represent substances and ellipses represent enzymes. The
effects are shown with dashed arrows. Note that AZA is metabolized to 6-
MP by non-enzymatic reactions. Substances within the dotted region belong
to the group of TGN metabolites. See text for explanation of abbreviations.
The names of some enzymes and intermediates have been left out. The
figure has been adapted from Lindqvist [44].
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current level of severity, medical treatment and management of IBD vary.
Initial therapy for mild to moderate cases includes anti-inflammatory drugs.
For prolonged treatment of severe cases where patients may have failed to re-
spond to treatment with anti-inflammatory drugs, immunosuppressive drugs
may be used, such as AZA or 6-MP [5]. Treatment with AZA/6-MP must
balance the positive desired effects on IBD symptoms with negative adverse
effects such as leucopoenia, and as many as 30% of the patients do not re-
spond positively from this treatment, partly due to genetic variations of the
TPMT enzyme [28]. This emphasizes the importance of further knowledge
of individualized treatment. In extreme cases surgery may be necessary,
which in the case of ulcerative colitis means complete removal of the colon.
Although this can be considered as a cure for the intestinal disease, extra-
intestinal symptoms may prevail [56]. In the case of Crohn’s disease surgery
is not a cure, since inflammation may appear in new locations. Thus, for this
disorder surgery is usually only considered if the patient does not respond
to any drug treatment [56].

4.1.3 Red blood cells as observation compartment

For the purpose of therapeutic drug monitoring, observations of substances
of the thiopurine pathway have shifted from plasma concentrations of 6-
MP to amounts of the active metabolites meTIMP and TGN in red blood
cells (RBCs) [18] (usually as pmol/8× 108 RBC). The reason for this is at
least twofold. Firstly, both meTIMP and TGN are considered to provide
a better connection to the target cells, such as white blood cells (WBCs)
or bone marrow, than plasma concentrations of 6-MP [18]. Secondly, when
observed in RBCs, levels of the active metabolites seem not to be sensitive
to standardized dose intake, indicating very slow dynamics of that part of
the system [74]. One of the main issues is thus how the metabolites come to
reside in RBCs. Although the age of a circulating RBC is approximately 120
days [43], levels of active metabolites have shown not to be dependent of the
RBC age at start of 6-MP therapy, which suggests that metabolites do not
enter at stem cell level [61]. This finding has also been supported by the lower
concentrations found in immature RBCs when compared simultaneously to
mature RBCs [10]. However, another study suggests that the TPMT activity
within RBCs may decrease with the age of the specific cell [43].

In contrast to meTIMP, TGN cannot be produced intracellularly in
RBCs since these do not express the enzyme IMPDH [18]. Despite this,
TGN levels are observed in RBCs, most likely due to absorption of the
metabolite from other tissues [18]. However, the amount of TGN is usually
only a fraction of the corresponding levels of meTIMP [35]. Comparisons of
simultaneous observations of meTIMP and TGN have also indicated that at
least some WBCs accumulate TGN to a much larger extent than RBCs do,
but that the same kind of WBCs did not contain any meTIMP [10].

Based on this knowledge and recent findings about the enzyme IMPDH,



4.2. CLINICAL STUDY 31

which may question the established opinions about thiopurine metabolism
[28], RBCs may after all not be a suitable observation compartment [18, 28].

4.2 Clinical study

The work described in Paper I has been based on data from a clinical study
more thoroughly described in Hindorf et al. [35]. 60 patients suffering from
either Crohn’s disease (33 patients) or ulcerative colitis (27 patients) were
monitored during 20 weeks. Dosage of either AZA or 6-MP was adminis-
trated once a day week 1, twice a day weeks 2 to 4 and once a day weeks
5 to 20. The total daily dose was increased on weekly basis, reaching the
target dose of 2.5 mg AZA/kg body weight or 1.25 mg 6-MP/kg body weight
week 3. Blood samples were drawn on weekly basis; before start of treat-
ment, weeks 1-8 and weeks 12, 16 and 20. Observations consisted of, e.g.,
the RBC levels of meTIMP and TGN, TPMT gene expression and enzyme
activity, white blood cell (WBC) count, neutrophil count and platelet count
[35].

Of the 60 patients, 27 completed the study per protocol. Another 27
patients were withdrawn due to thiopurine-related adverse events, 5 patients
were withdrawn due to protocol violation and 1 patient were withdrawn due
to TPMT deficiency (i.e., having an insufficient TPMT enzyme activity) [35].

For the purpose of model evaluation in Paper I, 8 patients who all had
complete sets of observations of meTIMP and TGN levels and WBC count
were selected randomly from the per protocol group. meTIMP, TGN and
WBC for these patients are shown in Figure 4.2.

4.3 Discussion

The need to further clarify the reasons for the many cases of adverse effects
due to thiopurine treatment has already been mentioned. Although a large
number can be explained by genetic variations of the enzyme TPMT, see
Lindqvist [44] for extensive reading in this matter, several patients expe-
riencing adverse events cannot be related to this group. Besides TPMT,
gender may also play a difference [42]. The aim of the case study was to
build a dynamic model of the thiopurine metabolism using the data from the
clinical study. Both pharmacokinetic and pharmacodynamic aspects should
be accounted for, which could incorporate mechanisms for improved patient
specific drug dosage of AZA/6-MP.

4.3.1 Interpretation of the metabolic pathway

As explained in Paper I, initial model development had its basis in the
metabolic pathway described by Figure 4.1 (also Paper I, Fig. 1), since it
seemed reasonable to use the prior knowledge formulated as this structure.
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Figure 4.2: The observed amount of meTIMP (top) and TGN (middle) in
red blood cells, and the WBC count (bottom) for 8 patients from the per
protocol group.
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However, a translation of the pathway into a mathematical model such as
equation 1.2 in Paper I may not be performed in a straight-forward manner.
The mass-action kinetic technique presented in Section 2.2.1 may not be
directly applicable to the pathway since this approach assumes a relatively
short time window during which enzyme concentrations are constant. The
right question to put is thus how the thiopurine metabolism should be in-
terpreted. If the pathway is a representation of an intracellular biochemical
process, so that all steps of the pathway can be considered to occur in the
same cell, the mass-action kinetic translation may be justified to some de-
gree. On the other hand, if the pathway is a representation of the overall
pharmacokinetics in the body, where several different organs or compart-
ments may be involved, caution should be taken. Most likely the pathway
could be interpreted either way, at least if the intracellular approach is ap-
plied to, e.g., a liver cell, so that all the necessary mechanisms, such as XO
and IMPDH, are active.

Assuming the case of an intracellular pathway, so that some kind of
mass-action kinetic translation can be used, this would most likely lead to
a overparameterized model with respect to the amount of data, i.e., practi-
cal identifiability problems, as stated in Paper I. Another problem with the
intracellular approach would be the scope of the model. As concluded in
Section 4.1.3, the observations of meTIMP and TGN in RBCs may be repre-
sentative to those of liver cells, which may be most significant for the phar-
macokinetics, nor to those of the target cells, which would be relevant for
pharmacodynamic modelling. The problem may be visualized in Figure 4.3,
using the framework from Section 2.1, in which case the intracellular model
of the thiopurine metabolism, denotedM and using meTIMP and TGN as
output signals y(t), tries to match the observed data from RBCs. Clearly
there is a mismatch of boundaries between the model and the system, since
a mechanism for how the metabolites enter the RBCs is not accounted for.

Figure 4.3: In terms of the figures in Section 2.1, the current figure show
the result if the intracellular model M is applied to the system where ob-
servations of metabolites y(t) are made in RBCs.

For this reason the mass-action kinetic model approach was not consid-
ered as an option, but instead the empirical model approach, equation 1.3 in
Paper I, was used. The simple empirical model, or ”common-sense model”
(since the equations were derived with only basic reasoning), can be divided
into two parts; the two equations relating dose to meTIMP and TGN is
the pharmacokinetic part, and the equation relating meTIMP and TGN to
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WBC is the pharmacodynamic part. This model was thus believed to better
relate to data than a model derived from mass-action kinetics, both with
respect to the number of samples but also with respect to the RBC as the
observation compartment. However, as is shown in Paper I, the model is
not sufficient, at least not without using a proper PPK tool.

4.3.2 Model evaluation and future work

Model evaluation was performed for each of the eight selected patients using
MATLAB. The main conclusion of the work in Paper I is that each individual
data set is too complex (see Figure 4.2) to be described by the empirical
model in Paper I. Further, since the observations themselves most likely
contain measurement errors, the data sets should not be used separately to
estimate model parameters. Instead, individual data sets should be weighted
together so that an average model can be estimated. The most obvious
choice for this would by using the nonlinear mixed effects model approach.

Besides the modelling aspect, using, e.g., NONMEM will mean that
dealing with non-periodic data, both dosage and observations, and missing
observations will be more convenient than in MATLAB/System Identifica-
tion Toolbox. This is no big surprise since NONMEM and other PPK tools
are tailor-made for the purpose of analyzing PK/PD data.

Although using a PPK tool for data analysis and model building for
the AZA/6-MP study [35], the character of the observation compartment
and the related issues described in Section 4.1.3 would most likely provide
a challenge. It has also been shown [35] that the observations of meTIMP
in the per protocol group decreased between week 5 and week 20, without
any dose reduction. This phenomenon indicates a peak somewhere around
week 5, and one should consider which mathematical properties that must
be incorporated into the model to capture this behaviour. It could also be
prudent to consider that a different dose frequency (dose split and given
twice a day instead of once) can result in a lower mean RBC meTIMP, and
possibly also a lower mean RBC TGN [4]. Lastly, a hypothetical mechanism
for increased immunosuppressive effect by TGN boosted by higher levels of
meTIMP could be investigated. This may be the result if higher amounts
of meTIMP to a larger extent inhibit de novo purine synthesis, something
that could mean less competitors for TGN metabolites aimed for RNA/DNA
incorporation [M. Lindqvist, oral conversation].
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Case study II: Paclitaxel

Case study II is concerned with a drug called paclitaxel and its usage in
treatment of ovarian cancer. The main results of this case study has been
thoroughly described in Paper II. The clinical background to the work is
summarized in Section 5.1, while the data and the study from which it
originates are presented in Section 5.2. Finally, Section 5.3 discusses initial
model development, an issue related to Paper II and future work.

5.1 Background

This section provides pharmacological and clinical background to the area
relating to the work in Paper II. Section 5.1.1 has been assembled from
Gréen [27]. For extensive information and primary sources, see that work
and the references within.

5.1.1 Paclitaxel

Paclitaxel is a substance that is derived from the bark of the tree Pacific Yew
(lat. Taxus brevifolia). Both paclitaxel and the chemically closely related
semi-synthetic compound docetaxel belong to the group of taxanes. The dis-
covery of paclitaxel was due to a major survey, initiated by the U.S. National
Cancer Institute in the late 1950s, with the goal to identify naturally occur-
ring anti-cancer substances. In 1971 paclitaxel was identified as a cytotoxic
compound that has anti-tumour effect. The actual mechanism was identified
in 1979 as stabilization of microtubules. Microtubules are protein-assembled
structures that are part of the cytoskeleton (i.e., basically the skeleton of the
cell), and are involved in, e.g., cell movement and cell division. By affect-
ing the protein β-tubulin, which is a specific kind of protein that composes
the microtubules, paclitaxel will make the microtubules so stable that they
cannot disassemble, something that is otherwise happening approximately
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every 10th minute. The implication will be that the cell cannot divide, and
will instead undergo apoptosis (i.e., self-termination).

Figure 5.1 describes the metabolism of paclitaxel (PAC), which itself is
the active substance. Although the metabolites are cytotoxic to a certain
degree, they are considered to be less active than paclitaxel and do not occur
in the same concentration and are hence not believed to contribute to the
clinical effect. Both CYP2C8 and CYP3A4 belong to subcategories of the
cytochrome P450 enzyme, and are mainly active in the liver. It is estimated
that approximately 60% of the first step of the liver metabolism of PAC
is via CYP2C8 [16], which produces 6α-hydroxypaclitaxel (6α-OH-PAC).
The other part is metabolized to p-3’-hydroxypaclitaxel (p-3’-OH-PAC) by
CYP3A4. The second step consists of metabolism of both 6α-OH-PAC
and p-3’-OH-PAC to 6α-, p-3’-dihydroxypaclitaxel (6α-, p-3’-diOH-PAC).
The intermediate metabolites 6α-OH-PAC and p-3’-OH-PAC are further
metabolized to 6α-, p-3’-diOH-PAC by the opposite enzyme of which they
were formed. Both PAC itself and its three metabolites are mainly cleared
via faeces. In total, approximately 80% of the dose is cleared by this route.

Besides the metabolizing enzymes CYP2C8 and CYP3A4, transport pro-
teins such as the P-glycoprotein (P-gp) encoded by the ABCB1 gene (mdr-1)
may also be important to consider for clearance and response of paclitaxel.

See Gréen [27] and the references within.

Figure 5.1: The metabolism of paclitaxel (PAC) in the liver. Squares rep-
resent substances and ellipses represent enzymes. The effect is shown with
a dashed arrow. See text for explanation of abbreviations. The figure has
been adapted from Gréen [27].

5.1.2 Ovarian Cancer

Ovarian cancer is a group of three different forms of cancer that all relate to
the ovaries [27]. The most common one is epithelial ovarian cancer, which
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is estimated to cover 85%-90% of all cases of ovarian cancer [27, 2]. Like
epithelial ovarian cancer, which originates in the cells covering the surface
of the ovaries, both the other two forms of ovarian cancer have their name
from the cell of which they originate. Stromal ovarian cancer and germ cell

ovarian cancer each account approximately equally for the remaining cases
of ovarian cancer [2].

Ovarian cancer is most frequent in North America, Israel and Scandi-
navia [27]. According to global statistics from 2002, it is the seventh most
common cancer-related death in female population [53]. Worldwide num-
bers for the same year are estimated to be 204 000 new cases annually, and
125 000 deaths [53]. The median age at diagnosis is 60 years, and the most
important factor is considered to be family history, although a majority of
the diagnosed population do not have close relatives with the disease. It
is estimated that 10% of all cases are due to factors of inheritance, and of
these do 90% relate to mutations in two specific genes BRCA1 and BRCA2

[68], which are also related to breast cancer. Decreased risk is associated
with, e.g., pregnancy, breastfeeding and the use of birth control pills [68].

Although ovarian cancer is a form of cancer that is typically not detected
until it is in an advanced stage, symptoms usually do occur. However, these
are in general not very specific, e.g., abdominal pain, why it may be difficult
for the affected woman to comprehend the seriousness of the symptoms’
origin [2, 68]. Since no effective screening tools for detecting ovarian cancer
exist, the only certain way to confirm the disease is by using diagnostic
surgery [68]. If tumours are found, the stage of the disease is measured by
the International Federation of Gynecology and Obstetrics (FIGO) staging
system. The FIGO system consists of four main stages (I-IV), where stage I
is the least serious with tumour growth limited to the ovaries, and stage IV
is the most serious with distant metastases (i.e., the cancer has spread far
to other parts of the body). Stages I, II and III are each also divided into
three substages (A-C) [68]. Depending on the FIGO stage of the disease the
five-year survival rate drops heavily from stage I to stage IV [27].

Besides being the most important method for diagnostics of ovarian can-
cer, surgery is also the primary approach for treatment of the disease. This
includes debulking procedures, in which case as much as possible of the tu-
mours are removed. Postoperative treatment with chemotherapy is almost
always recommended, with a few exceptions [2, 48]. A typical example of
chemotherapy is a three-hour intravenous infusion of paclitaxel, often in
combination with another kind of cytotoxic drug. The treatment is usually
given six to eight times with a number of weeks in between each infusion
[68]. If relapse occurs (i.e., the patient gets worse again), which is often the
case, the patient may be re-treated using the same or other drugs depending
on her development of drug resistance. Although paclitaxel is administrated
in relation to the patients’ body-surface area, differences in interindividual
plasma concentrations are large. Along with the risk for relapsing patients
to develop drug resistance and the fact that paclitaxel, like all other cy-
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totoxic agents, may cause serious adverse drug events, this emphasizes the
importance of individualized treatment.

5.1.3 Cremophor EL

Since paclitaxel is highly lipophilic, and thus not soluble in water, it is usu-
ally prepared in an equal mixture of the solvent Cremophor EL, a castor
oil derivative, and ethanol. The trademark for this specific combination is
Taxol (Bristol-Myers Squibb Company). Although many side effects from
treatment with Taxol are attributable to the active substance paclitaxel, it
has also been shown that side effects like hypersensitivity reactions may be
caused by Cremophor EL itself [32]. Further, it has been shown that the
solvent alters the pharmacokinetics of paclitaxel, since total plasma concen-
trations of paclitaxel typically has nonlinear (saturable) pharmacokinetics
[66, 25] while unbound plasma concentrations of paclitaxel has linear phar-
macokinetics [33, 34]. Notably, docetaxel, for which another solvent than
Cremophor EL is used, also seems to have linear pharmacokinetics [41, 12].

5.2 Clinical study

The work described in Paper II is based on data from a clinical study more
thoroughly described in Gréen [27, Paper IV]. The part of the data that is
used in Paper II is described there [Paper II, Section 2.4]. In addition to total
plasma concentrations of paclitaxel, also concentrations of 6α-OH-PAC, p-
3’-OH-PAC and 6α-, p-3’-diOH-PAC were measured during the study, along
with other observations.

5.3 Discussion

A motivation to further individualize paclitaxel dosage with respect to treat-
ment of ovarian cancer has already been given in Section 5.1.2. However,
considering that paclitaxel also is used for chemotherapy of other forms
of cancer, e.g., breast cancer and non-small lungcancer, the importance of
individualized paclitaxel treatment is further increased.

5.3.1 Initial model development

In the current case study, initial model development aimed towards a semi-
physiologically-based model structure, somewhat more complicated than the
ordinary compartment model, including also all the paclitaxel metabolites
in Figure 5.1. However, this approach was not beneficial and the original
model was reduced several times. The fact also remained that, although the
case in most paclitaxel studies, the data from the clinical study consisted
only of total paclitaxel concentrations and not also of unbound concentra-
tions. This was considered to be a problem in case additional metabolite
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observations also should be used in the model, since it probably would be
preferable to make the connection between unbound paclitaxel and metabo-
lites. Thus, eventually the work focused on solving the issue related to
unbound concentrations, and Cremophor EL observations, which had also
not been observed. The work of this investigation is the topic for Paper II.

5.3.2 Comment of Paper II, section 3.1.2

The main results of this case study have been thoroughly described in Paper
II. However, what may need to be clarified further is the handling of input
signals in section 3.1.2 in Paper II (in the remaining part of the current
section the notation from Paper II is used). The approach used in Paper
II is to assume cCrEL(t) to be an additional input signal acting directly on
the output ofMM , i.e., the total paclitaxel concentration cMp(t). However,
in the differential algebraic setting [58] used in Sedoglavic [64] it is assumed
that all inputs and their derivatives are independent. In reality, clearly
cCrEL(t) is dependent on the paclitaxel dosage, Dpac(t), since paclitaxel is
solved in Cremophor EL. Therefore:

DCrEL(t) = Dpac(t)/S (5.1)

where S is a scaling parameter with the dimension ml/µmol, since DCrEL(t)
has the dimension ml/h and Dpac(t) is in µmol/h. However, since it is the
algebraic dependence that is to be tested, the approach is to try two cases
that represent the different limits of dependence. Firstly, it is investigated
what will happen if a completely independent input signal with respect to
Dpac(t) acts on cMp(t). Secondly, it is tested if a completely dependent sig-
nal with respect to Dpac(t) gives the same result. This is the case, i.e., at
least for these two ”boundary” cases the observability algorithm produces
the same set of non-observable parameters. For this reason it seems that,
in the case of MM , the assumed setting in which inputs and their deriva-
tives are independent may be of less importance. To be certain using this
approach, one would have to try every single combination of dependence
between cCrEL(t) and Dpac(t), and this seems not to be feasible. However,
if effort should be made to relate the dependence of input and output signals
between the real systems there may also be a need to consider other aspects
as well. For instance, a three-hour infusion will most likely not belong to
the class of ”nice” input signals that are assumed during the observability
analysis.

5.3.3 Future work

Based on the conclusions of Paper II, how to best handle missing observa-
tions of Cremophor EL and unbound paclitaxel, the next step would be to
also incorporate the observations of metabolites in an extended pharmacoki-
netic model.
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Chapter 6

Conclusions

From the work carried out in the case studies, it seems that there is a
need to clarify how different models from the domains of biology, chemistry
and medicine relate to each other. With a suitable classification system, it
may be easier to identify what kind of data that must be used in order to
gain the benefits of individualized drug dosage. It will also be possible to
understand what kind of prior knowledge that can be incorporated into the
models. Scientists from the different areas may also gain an understanding
of how their work relate to that of others. In Section 6.1 a framework is
introduced for this kind of model classification, while Section 6.2 discusses,
with the help of the framework, what scientific advances that possibly must
be reached in order to obtain individualized drug dosage.

6.1 Model classification

Scientists working within the areas of, e.g., biochemistry or pharmacology
tend to use different levels of model detail since they are dealing with dif-
ferent aspects of the problem. For instance, both the Bergman model in
Bergman et al. [11], aimed for giving an estimate of insulin sensitivity by
measuring glucose concentrations, and the Sedaghat model in Sedaghat et al.
[63], describing metabolic insulin signalling pathways, are models of systems
concerned with insulin. However, while the former is a relatively simple
model, consisting of only a few differential equations, the latter is a far
more complex model of approximately 20 differential equations describing
the activation and deactivation of different insulin receptors. Although it
cannot be said that the Bergman model is just a mere simplification of the
Sedaghat model, the latter is certainly more detailed.

Besides having different levels of detail, there is also a considerable differ-
ence of the boundaries, or the sizes, of the two models. While the Bergman
model tries to describe the essential trends of the total effects concerned with
insulin and glucose from a whole-body perspective, the Sedaghat model very
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specifically describes the events taking place at the intracellular level where
the plasma membrane of the cell constitutes the boundary of the model.
Thus, the Bergman model can be said to capture a much larger system than
the Sedaghat model.

The attempt to classify the models from Bergman et al. [11] and Sedaghat
et al. [63] can be further generalized. In our work it is proposed that the di-
agram in Figure 6.1 can offer a way to visualize the classification of different
kinds of models that relate to pharmacokinetic, physiological and biochem-
ical systems. It can be compared to similar model categorizations, like the
model hierarchy found in Cedersund [13], although the current approach in-
stead uses two dimensions. On the x-axis in the diagram the level of System

detail is described, while the y-axis describes the level of System size. With
detail is meant those specific details of a system that are being described
by the main dynamic components of the corresponding model. With size

is meant, as suggested in Section 2.1, the size enclosed by the boundaries
described by the input and output signals. Further, both axes use the same
kind of levels; Body, Organ, Cell and Molecule. The dashed area, forming
a triangle in the lower left corner, excludes combinations of size and detail
that are not possible, e.g., a model describing a single cell cannot have the
detail level of organs. The black/white-shifted area, forming a triangle in
the upper right corner uses the black-box/grey-box (and also white-box ) no-
tation from Section 2.1 on a fixed scale. The highest level of detail used for
understanding the interaction between system and drug is here considered
to be at molecular level with respect to mass-actions kinetics, why such
models are considered to be white-box models that have full visibility of the
mechanisms. In Figure 6.1 some common groups of models are classified as
an example. In this setting, the main component of an ordinary PK model
is its compartments, which usually ranges in number from one to three. A
simple linear one-compartment model would probably belong near the top
left corner, at the intersection where both detail and size equals body. In
this case the detail is body since the body is considered as a homogenous
compartment, and the black-box interpretation means that no specific mech-
anisms of the underlying system are considered. The size is also body since
the input, system and output may correspond to an intravenous injection
given to a human and the observed plasma concentrations. Using PK mod-
els with more than one compartment divides the body into separate rooms
with different characteristics, such as their own volume of distribution. An
example is the empirical model structure discussed in Paper II, also found
in, e.g., Joerger et al. [36].

More detailed than ordinary PK-models are the physiologically-based

pharmacokinetic (PBPK) models, of which the model in Langdon et al.
[40] is one example. Although they aim to describe the same systems as PK
models, the PBPK models have a higher (more fine-grained) level of detail
since their main components are the organs. Hence, this class of models
belongs to the right of the PK models.
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Figure 6.1: Classification of models encountered in, e.g., pharmacokinetics
(PK and PBPK) and biochemistry (BC) using the two dimensions detail

and size.

In the lower right corner are the biochemical (BC) models, ranging from
more complex models such as the budding yeast cell models in Chen et al.
[14] and Rizzi et al. [59], and the insulin receptor model in Sedaghat et al.
[63], to small models such as the example model described by equations (2.8).
Relative to the PK and PBPK models, the BC models have much more of
the basic functionality (in terms of mass-action kinetics) incorporated into
them and are thus less empirical, something that is reflected by the light-
grey colour of the background. On the other hand, the sizes of the systems
described by BC models are significantly smaller than the size of the system,
i.e., the body, described by PK and PBPK models.

Naturally it is hard to strictly classify all models within the considered
domains. Firstly, several of the BC models may not have input and output
signals clearly defined, which may be needed to describe the boundaries and
hence the size of the system, at least as suggested in this work. Many of the
PK models may incorporate mechanistic functionality, such as the model
in Henningsson et al. [33] investigated in Paper II. This means that some
aspects of it are at a higher level of detail than compartment functionality,
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although the dynamic components of the model are still its empirical com-
partments. Such semi-empirical models can perhaps be split into a detailed
and less detailed part. However, the diagram in Figure 6.1 should also only
be seen as an attempt to categorize models and is in no way claimed to be
complete.

6.2 Towards individualized drug dosage

Before discussing the dashed box at the top right corner of Figure 6.1, and
hopefully shed some light on the current state of personalized drug dosage,
some important remarks will first be made. Besides considering the classi-
fication in Figure 6.1, an understanding of the different kinds of underlying
studies and experiments used for data collection must be embraced. In the
case of large and complex BC models that represent partial or major func-
tionality of a cell, these are usually models of extensively studied systems
from organisms like the unicellular budding yeast cell (lat. Saccharomyces
cerevisiae). Using relatively simple model organisms like this enables the
possibility of using methods like gene knockout ; so that the functionality
of a specific protein can be investigated by basically shutting down the en-
coding gene. When numerous such in vivo experiments are methodically
performed on cultures of single cell organisms, especially in the case of the
budding yeast cell that normally divides every second hour, no doubt exten-
sive knowledge will be gained that can serve as a foundation for an advanced
mathematical model such as the one in Chen et al. [14]. When a basic model
has been developed it can also be further analysed by methods from the ar-
eas of control theory and system identification, e.g., see Fransson [21]. In

silico experiments, in the form of computer simulations, can also be used to
complement additional in vivo experiments.

However, with respect to clinical studies the system is no longer a single
cell or a set of biochemical reactions but instead, more or less, the whole
human body. In this case methods like gene knockout cannot be used. In
contrast, instead of dealing with small model organisms, the subjects are
humans who often suffer from severe diseases. Patients undergo treatment
with drugs that also use relatively unknown paths, such as the one of thiop-
urine metabolism, compared to that of the glycolysis in the budding yeast
cell. Even if some kind of complex model was given, such as the one sug-
gested for human RBC metabolism in Wiback and Palsson [75], it may not
be meaningful for the specific drug. More importantly, should a model of
such complexity although be relevant, data sets from current clinical stud-
ies are not comprehensive enough for parameter estimation. Although both
case studies in our work have, from a pharmacological perspective, been
based on rich data sets with approximately ten observations per individual,
this low number of samples per system (i.e., per individual) will make many
methods used in system identification of technical systems, e.g., methods
relating to the frequency domain, unpractical.
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Although PPK models can be used to weigh data together and anal-
yse parameters with respect to different covariates, it has been suggested
that a population consisting of at least 50-100 individuals should be used
in order to make any statistically sound conclusions for this purpose [57].
Even if dealing with a large enough patient population, often many of the
interindividual differences cannot be contributed to covariates like age, gen-
der and the seemingly most important enzymes [36, 67, 28]. Certainly, by
using in vitro experiments, the parameters Vmax and KM in (2.11) of a
specific enzyme with respect to different substrates can be estimated. How-
ever, enzymes in vivo, e.g., in the human body, and in vitro may behave
very differently. Also, the occasionally allosteric kinetics in vitro of certain
cytochrome P450 enzymes may increase model complexity significantly [3].

It is the opinion of both the author and others [1] that in order to ob-
tain further individualized dosage, model development must move towards
a more detailed setting, here represented by the dashed box in Figure 6.1,
using at least partially the same details as BC models. Naturally, such an
advancement must, most likely, be supported by new advances within areas
concerned with measurement methods, but also by improved understanding
of how in silico approaches can be utilized [60]. Finally, since the goal is
not obtainable by a single category of researchers, but is indeed concerned
with the mutual efforts of several scientific areas, borders must be contin-
ued to be crossed and the common base of communication must be further
developed.
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Göteborg, Sweden, 2006.

[14] K.C. Chen, A. Csikasz-Nagy, B. Gyorffy, J. Val, B. Novak, and J.J.
Tyson. Kinetic analysis of a molecular model of the budding yeast cell
cycle. Molecular Biology of the Cell, 11:369–391, 2000.

[15] G.P. Clunie and L. Lennard. Relevance of thiopurine methyltransferase
status in rheumatology patients receiving azathioprine. Rheumatology,
43:13–18, 2004.

[16] T. Cresteil, B. Monsarrat, J. Dubois, M. Sonnier, P. Alvinerie, and
F. Gueritte. Regioselective metabolism of taxoids by human CYP3A4
and 2C8: structure-activity relationship. Drug Metab. Dispos., 30(4):
438–445, 2002.

[17] L.J. Derijks, L.P. Gilissen, L.G. Engels, L.P. Bos, P.J. Bus, J.J.
Lohman, W.L. Curvers, S.J. van Deventer, D.W. Hommes, and P.M.
Hooymans. Pharmacokinetics of 6-mercaptopurine in patients with in-
flammatory bowel disease: Implications for therapy. Ther. Drug Monit.,
26(3):311–318, 2004.

[18] J.A. Duley and T.H. Florin. Thiopurine therapies: Problems, com-
plexities, and progress with monitoring thioguanine nucleotides. Ther.

Drug Monit., 27(5):647–654, 2005.

[19] L. Edelstein-Keshet. Mathematical Models in Biology. McGraw-Hill,
New York, USA, 1st edition, 1988.

[20] J.K. Erban and J. Lau. On the toxicity of chemotherapy for breast
cancer - the need for vigilance. J. Natl. Cancer Inst., 98(16):1096–1097,
2006.



BIBLIOGRAPHY 49

[21] M. Fransson. Identification of a genetic network in the budding yeast
cell cycle. Master’s thesis LiTH-ISY-EX-3537-2004, Department of
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[27] H. Gréen. Pharmacogenetic Studies of Paclitaxel in Ovarian Cancer –

focus on interindividual differences in pharmacodynamics and pharma-

cokinetics. Phd thesis, Department of Medicine and Care, Linköpings
universitet, Linköping, Sweden, 2007.

[28] S. Haglund, J. Taipalensuu, C. Peterson, and S. Almer. IMPDH ac-
tivity in thiopurine-treated patients with inflammatory bowel disease –
relation to TPMT activity and metabolite concentrations. Br. J. Clin.

Pharmacol., Ahead of print, 2007.

[29] M.J. Hassett, A.J. O’Malley, J.R. Pakes, J.P. Newhouse, and C.C.
Earle. Frequency and cost of chemotherapy-related serious adverse ef-
fects in a population sample of women with breast cancer. J. Natl.

Cancer Inst., 98(16):1108–1117, 2006.

[30] A. Heck. Introduction to Maple. Springer-Verlag, New York, NY, USA,
3rd edition, 2003.

[31] J.F. Hendrickx, H.J. Lemmens, and S.L. Shafer. Do distribution vol-
umes and clearances relate to tissue volumes and blood flows? a com-
puter simulation. BMC Anesthesiol., 6(7), 2006.

[32] K.L. Hennenfent and R. Govindan. Novel formulations of taxanes: a
review. Old wine in a new bottle? Ann. Oncol., 17(5):735–749, 2006.



50 BIBLIOGRAPHY

[33] A. Henningsson, M. O. Karlsson, L. Gianni, L. Vigano, and A. Spar-
rebom. Mechanism-based pharmacokinetic model for paclitaxel. J.

Clin. Oncol., 19:4065–4073, 2001.

[34] A. Henningsson, A. Sparrebom, A Sandstrom, A. Freijs, R. Larsson,
J. Bergh, P. Nygren, and M. O. Karlsson. Population pharmacokinetic
modelling of unbound and total plasma concentrations of paclitaxel in
cancer patients. Eur. J. Cancer, 39:1105–1114, 2003.

[35] U. Hindorf, M. Lindqvist, C. Peterson, P. Söderkvist, M. Ström,
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