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Abstract

English

Midazolam is one of the most e�ective and safe medicines used for anesthesia and
procedural sedation, as well as treating trouble sleeping and severe agitation. Mi-
dazolam is metabolised in the liver as well as in the small intestine to cytochrome
P450 3A4 (CYP3A4). Many factors can alter the pharmacokinetics of midazolam
due to inhibition or induction of hepatic and/or intestinal metabolism, resulting
in either (i) adverse e�ects due to increased plasma midazolam concentrations
in case of inhibition of metabolism or (ii) ine�ectiveness as a consequence of too
low concentrations if metabolism is induced. Within this thesis the clearance and
pharmacokinetics of midazolam were studied, using a computational modeling
approach. A large data base of midazolam pharmacokinetics data was estab-
lished and utilized to develop a physiological-based pharmacokinetics model of
midazolam. The model was applied to study the following questions: (i) What
are the e�ects of CYP3A4 inhibition and induction on midazolam pharmacoki-
netics? (ii) What are the di�erences of intestinal and hepatic CYP3A4 inhibition
and induction on midazolam pharmacokinetics?

German

Midazolam ist eines der wirksamsten und sichersten Medikamente zur An•asthesie
und Sedierung bei Eingri�en, sowie zur Behandlung von Schlafst•orungen und
schwerer Unruhe. Midazolam wird sowohl in der Leber als auch im D•unndarm von
Cytochrom P450 3A4 (CYP3A4) metabolisiert. Viele Faktoren k•onnen die Phar-
makokinetik von Midazolam durch Hemmung oder Induktion des Leber- und/oder
Darmsto�wechsels ver•andern, was entweder (i) zu unerw•unschten Wirkungen
durch erh•ohte Midazolam Plasmakonzentrationen bei Hemmung des Sto�wechsels
oder (ii) bei Induktion des Sto�wechsels zu Unwirksamkeit als Folge zu niedriger
Konzentrationen im Blut f•uhrt. Im Rahmen dieser Arbeit wurde der Metabolis-
mus und Pharmakokinetik von Midazolam mit Hilfe eines rechnergest•utzten Mod-
ellierungsansatzes untersucht. Es wurde eine umfangreiche Datenbank mit Daten
•uber die Pharmakokinetik von Midazolam etabliert, welche zur Entwicklung eines
physiologisch-basierten pharmakokinetischen Modells von Midazolam verwendet
wurde. Mit Hilfe des Modells wurden die folgenden Fragestellungen untersucht:
(i) Welche Auswirkungen haben Hemmung und Induktion von CYP3A4 auf die
Pharmakokinetik von Midazolam? (ii) Was sind die Unterschiede der intestinalen
und hepatischen CYP3A4-Hemmung bzw. -Induktion auf die Pharmakokinetik
von Midazolam?
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1 Introduction

Within this work a computational modelling approach was used to study mi-
dazolam as a probe drug for cytochrome P450 activity and the e�ects of in-
hibitors and inducers on midazolam metabolism and pharmacokineticsin silico .
A physiological-based pharmacokinetic (PBPK) model of midazolam was devel-
oped and applied to elucidate how such modi�ers can e�ect the intestinal and
hepatic midazolam metabolism, the �rst-pass e�ect of midazolam, and the phar-
macokinetics of midazolam and its metabolites. In the following we will give
a short introduction to the �eld of pharmacokinetics (Sec. 1.1), to midazolam
and its metabolism (Sec. 1.2), and computational modelling using PBPK models
(Sec. 1.3). Finally, the hypotheses and questions of this thesis are introduced
(Sec. 1.4).

1.1 Pharmacokinetics

The �eld of pharmacokinetics studies the processes a drug undergoes after appli-
cation to the human body. To do so, the concentration of an administered drug is
measured over time at a site of exposure (e.g. blood, plasma, saliva, or breath).
From this concentration-time curves information about absorption, distribution,
metabolization and elimination (ADME) of the drug and its metabolites can be
derived. Most pharmacokinetic time curves are measured in blood/plasma, saliva
or urine which are easily accessible to sampling [1].

The ADME processes are the main processes responsible for the pharma-
cokinetics of a substance. Absorption is the transfer of a drug from the site
of administration to the site of measurement. The main administration routes
of midazolam are intravenous administration (i.e. via injection in the venous
blood) and oral administration (via tablets or solution). An important quantity
is the fraction of administered drug, which reaches the systemic circulation, the
so-called bioavailability. In case of intravenous administration the bioavailability
of a substance is 100%, i.e., the complete dose appears in the plasma. However,
if the same substance is administered orally and measured in the venous blood,
only a fraction of the dose appears at the site of measurement, for instance due
to metabolic conversions [1].

Distribution is the process by which drugs and metabolites are distributed
in the body. The rate of distribution of a drug depends on many factors such
as blood-ow, binding to tissues or proteins in the blood, and the ability of
drugs to cross membranes. An important quantity is the volume of distribution
(Vd), a parameter relating the concentration of a drug in the plasma to the total
amount of the drug in the body. A highly lipophilic drug can easily pass through
membranes and therefore has a large volume of distribution. Drugs heavily bound
to plasma proteins on the other hand, will have a much smallerVd and can be
very close to plasma volume [2].

While absorption and distribution determine the time until a drug starts act-
ing, duration of the action is determined by metabolization and elimination of the
drug. Metabolization is the metabolic conversion of a drug into di�erent chem-
ical compounds. The main site of metabolism is the liver, but for many drugs
also metabolism at other sites such as the kidney or intestines can play a role.
The drug and its metabolites can be removed from the body via the process of
elimination often via the kidneys in the urine [1]. An important pharmacokinetic
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parameter in this context is clearance, describing the e�ciency of irreversible
elimination of a drug from the systemic circulation [2].

1.2 Midazolam

Midazolam is one of the most e�ective and safe medicines used for anesthesia and
procedural sedation, as well as treating trouble sleeping and severe agitation [3]. It
is one of the drugs on the World Health Organization's List of Essential Medicines,
listing the minimum medicine needs for a basic health-care system [4].

Midazolam was �rst synthesized by Fryer and Walser in 1976 and belongs to
the class of benodiazepines [5]. It contains an imidazole ring that is responsible for
some of its chemical properties. It is relatively basic which allows the preparation
of water soluble salts, from which solutions for intravenous application can be
prepared [6].

Like other benzodiazepines, midazolam causes anxiolytic, sedative, hypnotic,
anticonvulsant, muscle-relaxant and anterograde amnesic e�ects. However, com-
pared to other benzodiazepines it has a more rapid onset and shorter duration [7].
The pharmacological e�ects of midazolam are due to its interaction with gamma-
aminobutyric acid (GABA) receptors. Midazolam has a binding site on the
ionotropic GABA A receptors, di�erent from the one of GABA, and enhances the
receptors inhibitory potential by increasing the chloride current into the cell [8].

1.2.1 Metabolism of midazolam

After administration, midazolam is metabolized very rapidly. This happens by
hydroxylation of midazolam to its main metabolite 1-hydroxymidazolam. An
alternative route is the conversion of midazolam to 4-hydroxymidazolam and the
subsequent conversion of these metabolites to 1,4-hydroxymidazolam, but both
metabolites only play a minor role in the elimination of midazolam. All three
metabolites are rapidly conjugated by glucuronic acid and subsequently excreted
via the urine [9].

The cytochromes are a superfamily of haemproteins that are involved in ox-
idative biotransformation of xeno- and endobiotics. The cytochrome P450 (CYP)
3A subfamily consists of multiple isoforms, 3A3, 3A4, 3A5 and 3A7, and is re-
sponsible for the majority of drug metabolism in human liver and intestine. Hy-
droxylation of midazolam is catalyzed by the CYP3A isoforms 3A4 and, to some
extent, 3A5 [10]. CYP3A4 is the most abundant CYP expressed in human liver
and intestine (30-40% of CYP content) [11], is involved in the metabolization of
approximately half of the drugs available [12] and is the main isoform partak-
ing in midazolam metabolism [13]. CYP3A5 has a similar substrate speci�city
to 3A4 and is often described as a part of midazolam metabolism. However,
expression levels and activity of intestinal- and hepatic CYP3A5 di�er greatly
between individuals and recent studies have shown that its importance in mida-
zolam metabolism is limited [14, 15].

1.2.2 First-pass e�ect

The �rst pass e�ect describes the e�ect that for certain drugs only a fraction of the
orally administered dose appears in the systemic blood circulation, compared to
intravenous administration. The �rst-pass e�ect is due to metabolization before
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the substance can reach the venous blood. For most drugs the liver is the main
site of elimination and solely responsible for the �rst-pass e�ect. But in case of
CYP3A4 substrates, such as midazolam, intestinal CYP3A4 plays a major role
in addition to hepatic CYP3A4 [16]. Hepatic and intestinal CYP3A4 cDNAs are
identical, and multiple studies failed to detect any di�erences in their metabolism.
This suggests that hepatic and intestinal CYP3A4 are the same protein, and
therefore, observations about the catalytic activity of hepatic CYP3A4 should be
directly applicable to intestinal CYP3A4 [17].

Before entering the systemic blood circulation, orally administered midazo-
lam �rst has to pass the intestinal wall. While being absorbed by the intestinal
enterocytes, midazolam is metabolized by CYP3A4, which removes around 45%
of the orally administered dose. The remaining drug then passes the liver, where
another 45% of the remaining 55% is removed. Ultimately only a small fraction
of the administered midazolam will reach the systemic circulation resulting in an
oral bioavailability of midazolam of only 30% � 10% [16, 18] (Fig.1).

Figure 1: First-pass metabolism. Orally administered midazolam being absorbed by the ente-
rocytes in the small intestine and subsequently metabolized by CYP3A4 in the small intestine
and the liver before it reaches the systemic blood circulation. The percentage shows the remain-
ing unmetabolized drug after passing through the enterocytes and hepatocytes, respectively.
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1.2.3 Midazolam as a CYP3A4 probe

With the central role of CYP3A4 in the metabolism of many drugs besides mida-
zolam (e.g. alfentanil, erythromycin, ketoconazol, triazolam [19]), it is of impor-
tance to have methods to assess the individual CYP3A4 phenotype, i.e., CYP3A4
activity. Such information could allow for personalized drug-therapies based on
the individual CYP3A4 phenotype of a patient [20]. The preferred way of phe-
notyping CYP3A4 activity is with the help of a probe drug. Hereby, a test sub-
strate is applied, which is selective for the cytochrome which should be tested.
The blood is sampled repeatedly after application and from the pharmacokinetic
information the clearance of the substrate can be calculated, which describes the
cytochrome's activity [21]. Midazolam is recognized as one of the preferred in-
vivo probes for CYP3A4 activity, since it has many characteristics of an ideal
phenotyping probe: (i) it's mostly metabolized by CYP3A4; (ii) it has a short
half-life, so that pharmacokinetic parameters can be measured rapidly; (iii) it
can be administered both orally and intravenously, and therefore both hepatic
and intestinal CYP3A4 activity can be determined [22]. The rate at which mida-
zolam and other CYP3A4-substrates are being eliminated from the body di�ers
greatly between individuals. This inter-individual variability can partly be ex-
plained by di�erences in CYP3A4 activity [23]. One reason for the variability are
di�erences in CYP3A activity between di�erent CYP3A variants. For example,
di�erent expression levels of CYP3A5, caused by single nucleotide polymorphisms
in the CYP3A5 gene, can inuence CYP3A activity [22]. Other factors a�ecting
CYP3A4 activity are sex [22], age [24] or bodyweight [24] as well as nutrition,
e.g., consumption of grapefruit juice [25]. Another major source of variation is
drug-drug interaction which can have inhibitory or inducing e�ects on CYP3A
activity [10, 23].

1.2.4 Inhibitors and inducers of CYP3A

Of special importance for an accurate CYP3A phenotyping is to gain a better
understanding of the e�ects of inhibitors and inducers on CYP3A metabolism in
the liver and intestines.

CYP3A4 induction is caused by an increase of protein amount. Enzyme in-
duction results in a faster metabolization and clearance of CYP3A4 drugs such
as midazolam. Individuals exposed to such an inducer develop an increased tol-
erance towards drugs metabolized by CYP3A4, i.e., a higher dose is required to
achieve the same therapeutic e�ect [27]. In case of midazolam higher doses are
required to induce sedation and its duration will be weakened [28]. A prominent
example of an CYP3A4 inducer is rifampin, an antibiotic mostly used in the treat-
ment of tuberculosis. Rifampin increases the activity of CYP3A4 in the liver as
well as small intestine. As a consequence the total exposure of midazolam to the
body (i.e. the area under the curveAUC0�1 ) is signi�cantly reduced. The e�ect
of rifampin on midazolam pharmacokinetics especially a�ects orally administered
midazolam, due to the increased �rst-pass metabolism [28].

In contrast to inducers, CYP3A4 inhibitors cause a slower biotransformation
of its substrates. Inhibitors of CYP3A4 increase plasma concentrations and elim-
ination half-life of midazolam, leading to prolonged e�ects [28]. Various types of
CYP3A4 inhibition exist. One mechanism is via competitive inhibition in which
a substrate competes with the drug for the same binding site. Another common
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Table 1: Overview of clinical relevant CYP3A4 inhibitors ond inducers. A subset (in bold )
was chosen for further investigation. ( Source: Petri, H. 2020 [26])

CYP3A4 Inhibitors CYP3A4 Inducers

Amiodaron Idelalisib Apalutamid
Aprepitant Imatinib Bosentan
Atazanavir-Ritonavir Isavuconazole Carbamazepin
Ciprooxacin Itraconazole Dabrafenib
Clarithromycin Ketoconazole Efavirenz
Cobicistat Lopinavir-Ritonavir Enzalutamid
Clotrimazole Nel�navir Eslicarbazepinacetat
Crizotinib Nilotinib St John's wort
Darunavir-Ritonavir Posaconazole Mitotan
Diltiazem Ribociclib Moda�nil
Dronedaron Ritonavir Nevirapin
Erythromycin Troleandomycin Oxcarbazepin
Fluconazole Verapamil Phenobarbital
Fluvoxamin Voriconazole Phenytoin
Grapefruit Primidon

Rifampicin
Topiramat

type is the so-called mechanism-based, or suicide, inhibition. In mechanism-based
inhibition a substrate analogue binds to the active site and forms a covalent bond
with the enzyme. In contrast to competitive inhibition, this irreversibly inhibits
the enzyme. The e�ect can only be reversed by synthesis of new CYP3A4 [27].

Substances which inhibit the CYP3A4 enzyme system mechanism-based, can
be found in some citrus fruits, the most studied are grapefruits. There are over
85 drugs that are known or predicted to interact with grapefruit juice. 43 of these
drugs have the potential to cause serious e�ects like myelotoxicity, nephrotoxic-
ity or respiratory depression. Since grapefruit juice primarily inhibits intestinal
CYP3A, all a�ected drugs have in common that they are administered orally and
have a low oral bioavailability. If the �rst-pass metabolism is signi�cantly reduced
by inhibition of intestinal CYP3A, it causes a high risk of overdose [29].

1.3 Physiological-based pharmacokinetic models (PBPK)

Within this work a computational model of midazolam pharmacokinetics was
used to gain insights into the e�ects of inhibitors and inducers on midazolam
metabolism and its pharmacokinetics. More speci�cally, a physiological-based
(PBPK) pharmacokinetic model of midazolam metabolism was developed.

A PBPK model is a mathematical model, which allows to predict the phar-
macokinetics of an administered substance, based on absorption, distribution,
metabolization and elimination (ADME). Such models consist of multiple com-
partments, representing di�erent organs or tissues in the body. Compartments
are connected by ow rates that stand for blood circulating in the body. ADME
processes such as transport- or metabolic reactions are included into the re-
spective tissue compartments, e.g., the metabolic conversion of midazolam to
1-hydroxymidazolam in the liver compartment. PBPK models can predict the
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pharmacokinetics of modeled drugs and metabolites [30].
PBPK models can be built using a 'bottom-up' approach. This means that

all information in the model is based on well-known physiological and pharma-
cological mechanisms and data from previousin-vivo or in-vitro studies. Such a
model could even be used to predict the kinetics of a new substance. Another ap-
proach would be more of a 'middle-way', where most of the model's reactions and
parameters also come from previous knowledge, but then being �tted to create a
desired output, like a concentration-time pro�le from a clinical study [31].

In this work a middle-approach was selected with tissue volumes and blood
ows from prior knowledge, whereas the kinetic parameters of the metabolism
were �tted using time course data.

1.4 Question, scope and hypotheses

Within this thesis the e�ect of inhibitors and inducers on midazolam metabolism
was studied by the means of computational modeling. Speci�cally, a physiological-
based pharmacokinetic model (PBPK) of midazolam was developed and applied
to study the following question:

ˆ What are the e�ects of intestinal and hepatic CYP3A4 inhibition and in-
duction on midazolam pharmacokinetics?

Our main hypothesis was:
The clinically observed e�ect of many modi�ers of midazolam pharmacokinetics
can be explained by a simple model of intestinal and hepatic inhibition/activation
of CYP3A4.

Our main objective was:
To elucidate and quantify factors a�ecting midazolam pharmacokinetics using a
modelling approach, thereby improving the use of midazolam as CYP3A4 probe.
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2 Methods

Within this work the e�ects of inhibitors and inducers on midazolam metabolism
were studied by the means of a physiological-based pharmacokinetic model. The
model was built in a data-driven approach using pharmacokinetics time courses
and data curated from published clinical studies. Pharmacokinetic parameters
were calculated from the predicted model time courses and compared to reported
values.

The main methods applied were: calculation of pharmacokinetic parameters
from time course data (Sec. 2.1), curation of pharmacokinetic data for model
building (Sec. 2.2), development of a physiological-based pharamacokinetic model
(Sec. 2.3), parameter �tting of model parameters (Sec. 2.3.2), uncertainty analysis
(Sec. 2.4) and sensitivity analysis of model predictions (Sec. 2.5).

2.1 Calculation of pharmacokinetic parameters

The pharmacokinetics of a drug can be characterized by deriving parameters from
the concentration-time curve. Cmax and tmax describe the maximum concentra-
tion measured and the respective time at which the maximum is observed. The
area under the curve (AUC) describes the area under the concentration time
course and is a measure of the exposure of the body to the drug. The fractional
elimination rate ( kel ) represents the fraction of drug being eliminated per unit
time. Further, the half-life ( thalf ), describes the time it takes to halve the drug
concentration. Clearance (Cl) describes the fraction of blood that is being cleared
per unit time. The volume of distribution ( Vd) represents the arti�cial volume in
which a substance distributes. An overview over the pharmacokinetic parameters
used in this work and an illustration can be found in Tab. 2 and Fig. 2.

Figure 2: Illustration of pharmacokinetic parameters. Depicted are the midazolam
concentration-time curve (black), predicted by the model, and the regression-line (blue), �tted
over all time points after Cmax (blue squares). It's slope describes the fractional elimination
rate ( kel ). The colored areas depict the AUC up to the last time point (green) and the AUC
extrapolated to in�nity (red).

Pharmacokinetic parameters of midazolam and 1-hydroxymidazolam were cal-
culated by non-compartmental methods. To determine the elimination rate (kel )
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Table 2: An overview over all, for this work, relevant pharmacokinetic prameters (PK), in-
cluding a short description and their units.

PK Description Unit

AUC0� t
Area under the curve, up to the last measured
timepoint. Describes the exposure to the drug.

g�hr
l

AUC0�1
Area under the curve, extrapolated to in�nity. De-
scribes the estimated total exposure to the drug.

g�hr
l

Bioavailability
The fraction of the total administered drug reach-
ing systemic circulation.

%

Clearance
The fraction of blood that is cleared (via metabo-
lization and elimination) per unit time.

l
hr

Cmax Describes the maximum concentration measured g
l

kel
Fractional elimination rate - The fraction of drug
in the body that is eliminated per unit time

1
hr

thalf
The time it takes to remove half of the drug con-
centration

hr

tmax The time at which Cmax occurs. hr

Vd

Apparent volume of distribution that explains the
measured drug-concentration. Apparent because
it doesn't explain where the drug goes, but only
that it goes somewhere.

l

a linear-regression line (Eq. 2.1) was �tted over the log-timecourse afterCmax .
The negative slope of that regression line was then de�ned askel .

C = C0 � e� kel � t (2.1)

The half-life ( thalf ) was derived from the linear-regression line by setting up the
linear-regression atthalf

0:5 � C0 = C0 � e� kel � t half

, 0:5 = e� kel � t half
(2.2)

and solving for thalf .

thalf =
ln(2)
kel

(2.3)

To calculate the area under the curve up to the last time point (AUC0� t ) the
trapezoidal rule was used.

AUC0� t =
N � 1X

i =0

(t i +1 � t i )
(Ci + Ci +1 )

2
(2.4)

The total area under the curve (AUC0�1 ) was calculated asAUC0�1 = AUC0� t +
AUCt �1 , with AUCt �1 being the area extrapolated to in�nity, which is equal
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to the de�nite integral of the linear regression between the last measured time
point ( t last ) and in�nity.

AUCt �1 =
Z 1

t last

Clast � e� kel � t � dt =
Clast

kel
(2.5)

From kel and AUC0�1 midazolam's volume of distribution (Vd)

Vd =
Dose

AUC0�1 � kel
(2.6)

and subsequently, its clearance (Cl) can be calculated.

Cl = kel � Vd (2.7)

2.2 Curation of pharmacokinetics data

2.2.1 PK-DB - pharmacokinetics database

PK-DB (https://pk-db.com) is an open database for pharmacokinetic data from
clinical studies. It provides information on (i) patient cohorts and participat-
ing subjects (e.g. age, sex, smoking status); (ii) study design (e.g. adminis-
tered substances, administration route, dosing); (iii) experimentally measured
concentration-time-courses; and (iv) pharmacokinetic parameters (e.g area under
the curve, clearance, bioavailability) [32].

PK-DB was used as curation platform and database for the midazolam phar-
macokinetics studies curated in this work.

2.2.2 Curation of pharmacokinetic studies

An initial literature research was performed selecting clinical studies in Humans:
(i) in which midazolam was applied orally and intravenously; (ii) in which inducers
and/or inhibitors were applied in addition to midazolam. Subsequent literature
searches extended the corpus of pharmacokinetic studies. In the curation process
information on patient characteristics, study design and pharmacokinetic data
was extracted from these studies, and encoded in a standardized �le format based
on JSON for automatic database upload.

To digitize time-course data 'Plot Digitizer' (http://plotdigitizer.sourceforge.net)
was used, a software to extract data points from �gures. These data points and
the pharmacokinetic parameters from the studies were �rst entered into excel
tables, and then referenced in the JSON �le. Finally, all the information was
uploaded to PK-DB. After automatic validation a second curator checked each
study after to minimize curation errors.

2.2.3 Meta-analysis

For most pharmacokinetic parameters (AUC0�1 , clearance,thalf , Vd, oral bioavail-
ability, oral Cmax , oral t max ) a meta-analysis of the curated data was performed,
thereby integrating results from multiple studies. This allowed identifying out-
liers and curation errors in the data (which were corrected subsequently). To
perform the meta-analysis the set of all curated midazolam studies was queried
from PK-DB. The analysis only included healthy subjects, since hepatic or renal
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disease can change pharmacokinetics of midazolam signi�cantly. For parameters
and doses, that were given as values relative to subjects bodyweights, absolute
values were calculated using the reported bodyweights. Querying was performed
using the PK-DB REST API and the python pkdb analysis [33] tools which al-
lowed simple querying of the PK-DB database.

2.3 Physiological-based pharmacokinetics models (PBPK)

From the gathered data we built a PBPK model to predict midazolam and 1-
hydroxymidazolam concentrations in the blood after either oral (po) or intra-
venous (iv) administration. The resulting concentration-time curves were used to
calculate pharmacokinetic parameters as described in Sec. 2.1. The model was
then �tted onto the curated time courses (Sec. 2.3.2).

2.3.1 Model representation and simulation

The PBPK models are ordinary di�erential equation (ODE) models and can be
numerically solved with respective ODE solvers. From a given starting condi-
tion the time courses of all state variables (concentrations of midazolam and
1-hydroxymidazolam) in all tissues can be simulated. All models were encoded in
the Systems Biology Markup Language (SBML) [34, 35], the de facto standard
to describe and exchange models in systems biology.

The models were generated using sbmlutils [36], python-based tools for the
work with SBML, and simulated using sbmlsim [37] with libroadrunner [38] as
high-performance simulator. Tissue models of midazolam metabolism in the liver,
intestines and the kidneys were developed as part of this work and coupled to an
existing whole-body model. The tissue models were encoded in SBML core with
model coupling of tissues to the whole-body models using SBML hierarchical
model composition (comp) [39]. For model simulation the hierarchical model was
attened resulting in a single SBML model.

2.3.2 Parameter �tting (model optimization)

The goal of the model optimization was to adjust the model's parameters so
that the resulting time course predictions of midazolam and 1-hydroxymidazolam
match the time course data from the curated studies. The problem can be for-
mulated as an optimization problem which minimizes the residuals between the
simulation and data curves.

The optimization problem was solved using SciPy's leastsquares method [40]
which solves non-linear, bounded-variable least-squares problems. As the ob-
jective function a simple L2-Norm was used consisting of the sum of weighted
residuals,

cost = 0 :5 �
X

(wk � wi;k � resi;k )2 (2.8)

resi;k is the residual of time point i in time course k, i.e., the distance between
model prediction and data. wi;k is the weighting of the respective data point i in
timecourse k based on the error of the data point. wk is the weighting factor of
time coursek.
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The weighting of the time courses bywk was necessary because (i) reported
concentrations of midazolam are larger than those of 1-hydroxymidazolam (ap-
prox. by factor 10) and (ii) concentrations of di�erent studies are very di�erent
for instance if the dosing is di�erent. To solve these issues and make the con-
tribution to the cost of time courses comparable the residuals were normalized
by the average reported concentration of a time course. Further, residuals were
weighted with wi;k based on their respective error (SD). The smaller the error was,
the greater they were weighted. This allowed to include uncertainty information
about the experimental data in the parameter �tting.

For each parameter included in the optimization problem an upper and lower
bound was de�ned. 1000 sets of initial parameter guesses, sampled from a log-
uniform distribution within the de�ned bounds, were used to perform a multi-start
least squares �t.

2.4 Uncertainty analysis

To quantify the uncertainty of model predictions depending on parameters a sim-
ple uncertainty analysis was performed for all model simulations. Each model pa-
rameter was changed individually by � 50% and the model was simulated. From
the sets of resulting time course predictions the standard deviation (SD), and min-
imum and maximum values at each time point were calculated. These uncertainty
areas were displayed as shaded areas. In an analogue manner the uncertainty of
pharmacokinetic parameters was derived. Here for the set of timecourses the cor-
responding sets of pharmacokinetic parameters (as described in Sec. 2.1) and the
standard deviation (SD) were calculated.

Parameters corresponding to physical constants (such as molecular weights)
and dosing (such as oral or intravenous dose) were not varied in the uncertainty
analysis.

2.5 Sensitivity analysis

The e�ect of individual parameter changes on the model outcome was analysed
using sensitivity analysis. Individual model parameterspi were changed by 10%
from their reference value (pi; 0 �! pi; � ). The sensitivity was then calculated by
normalizing the change in the pharmacokinetic parameter from baseline with the
parameter change. The sensitivityS(qk ; pi ) of the pharmacokinetic parameter qk

with respect to model parameterpi is given as

S(qk ; pi ) =
qk (pi; 0) � qk (pi; � )

pi; 0 � pi; �
(2.9)

Parameters corresponding to physical constants (such as molecular weights)
and dosing (such as oral or intravenous dose) were not varied in the sensitivity
analysis.

2.6 Parameter scans

Parameter scans were performed to evaluate the e�ect of changing CYP3A4 ac-
tivity in the liver and/or intestines. Variation in vmax values, corresponding to
intestinal and hepatic CYP3A4, was performed by changing the respectivevmax
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by a factor f systematically from 10e� 2 to 10e1. For everyvmax factor the model
was simulated and the pharmacokinetics calculated on the predicted midazolam
time courses. Uncertainty analysis for the 1D scans was performed as described in
Sec. 2.4. For the 2D-Scan of the intestinal and hepaticvmax factors no uncertainty
analysis was performed.
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3 Results

Within this work the e�ects of inhibitors and inducers on midazolam metabolism
were studied using a computational approach. The main results of this work
are presented in this section, consisting of (i) establishing a pharmacokinetics
data base for midazolam (Sec. 3.1), (ii) development of a physiological-based
pharmacokinetic model of midazolam (Sec. 3.2), and (iii) application of the model
to study the e�ect of inhibitors and inducers (Sec. 3.3).

3.1 Midazolam pharmacokinetics data

Within this work a large data base of pharmacokinetics data from clinical stud-
ies has been established. In total 43 clinical studies were systematically digitized
and curated. An overview of the studies including application route, administered
inducers and inhibitors and study objective is given in Tab. 3. The curation in-
cluded all information relevant for subsequent simulation of the studies, consisting
of group, individual, intervention, output and time course information. The fo-
cus was on publications studying the e�ect of inducers and inhibitors on hepatic
as well as intestinal CYP3A4 in healthy subjects, as well as studies comparing
oral and intravenous application of midazolam (thereby providing information on
bioavailability and �rst-pass e�ect).

Overall, 298 time courses and 4542 pharmacokinetic measurements were cu-
rated (2932 from studies, 1610 derived from time courses). Information on the
curated group and individual characteristica are provided in 8.

The complete data set is made accessible as FAIR (�ndable, accessible, inter-
operable, reusable) data [41] in a standardized open accessible database (https://pk-
db.com).

Table 3: Overview of all 43 curated studies. Study - Study name as represented in PK-DB
(�rst-author, year of publication), PK-DB identi�er, and Pubmed identi�er; N - Total number
of study participants; Route - Administration routes of midazolam (iv = intravenous; im =
intramuscular; oral); Co-administered substances - All, for this work relevant, co-administered
substances ((+) = inducers; (-) = inhibitors; no label = substance has no signi�cant e�ect on
midazolam kinetics).

Study N Route
Co-administered
Substances

Study Objective

Allonen1981 [42]
PKDB00181
6117393

6
iv
oral

Study the e�ects of dose and admin-
istration route on midazolam kinet-
ics [42]

Backman1996 [28]
PKDB00227
8549036

10 oral rifampin (+)
Study the e�ects of rifampin on mi-
dazolam kinetics [28]

Backman1998 [43]
PKDB00228
9591931

9 oral
rifampin (+)
Itraconazole (-)

Study the e�ect of itraconazole and
rifampin on midazolam kinetics [43]

Bornemann1985 [44]
PKDB00251
2932334

12 oral
Study the relationship between dose
and midazolam kinetics [44]

Chaobal2005 [45]
PKDB00326
16321619

10
iv
oral

rifampin (+)
Grapefruit juice (-)
Troleandomycin (-)

Study alfentanil as a CYP3A probe
drug [45]

Chung2006 [22]
PKDB00243
16580903

19 oral
rifampin (+)
Ketoconazole (-)

Compare simvastatin as a possible
CYP3A probe with the validated
probe midazolam [22]

Darwish2008 [46]
PKDB00328
18076219

77
iv
oral

Armoda�nil (+)
Study e�ects of armoda�nil on
CYP1A2, 3A4 and 2C19 activ-
ity [46]
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Dyk2019 [47]
PKDB00308
31611799

30 oral
rifampin (+)
Clarithromycin (-)

Validate whether reduced sampling
intervals can assess inter-individual
variation and e�ects of inhibitors
and inducers on CYP3A activ-
ity [47]

Eap2004 [48]
PKDB00327
15114429

21 oral
rifampin (+)
Ketoconazole (-)

Investigate if a low oral midazolam
dose (75 ug) can be used to measure
in-vivo CYP3A activity [48]

Eeckhoudt1998 [49]
PKDB00247
9686884

9 iv rifampin (+)
Study describes a HPLC assay for
midazolam and its metabolite 1-
hydroxymidazolam [49]

Eeckhoudt2001 [50]
PKDB00322
11471773

8 iv rifampin (+)
Investigate possible correlation be-
tween midazolam and 6-beta-OH
cortisol as CYP3A probe drugs [50]

Erp2011 [51]
PKDB00249
20512335

8 oral Grapefruit juice (-)

Determine e�ect of grapefruit juice
on sunitinib kinetics. Midazo-
lam was used to assess intestinal
CYP3A4 activity [51]

Farkas2007 [52]
PKDB00209
17322140

13
iv
oral

Grapefruit juice (-)
Pomegranate juice

Study the e�ects of pomegranade
juice on midazolam kinetics
(Grapefruit juice as compari-
son) [52]

Gorski2003 [53]
PKDB00205
12966371

52
iv
oral

rifampin (+)
Investigate the relationship be-
tween age and sex, and rifampin in-
duced CYP3A induction [53]

Greenblatt1986 [54]
PKDB00179
2935051

14
iv
oral

Cimetidine
Ranitidine

Study the e�ects of co-administered
cimitidine or ranitidine on midazo-
lam kinetics [54]

Greenblatt2003 [55]
PKDB00254
1289122

25 oral Grapefruit juice (-)
Study the recovery rate of CYP3A
after inhibition with grapefruit
juice [55]

Greenblatt2004 [56]
PKDB00298
15145968

8 iv
Study the pharmacokinetics of mi-
dazolam after di�erent infusion
times (1 min, 1 hour, 3 hours) [56]

Heizmann1983 [57]
PKDB00178
6138080

6
iv
oral

Study midazolam kinetics after oral
and intravenous administration [57]

Kanto1985 [58]
PKDB00250
3161005

207
im
iv
oral

Literature review of midazolam
pharmacology and pharmacokinet-
ics [58]

Kawaguchi-
Suzuki2017 [59]
PKDB00252
27503364

12 oral Grapefruit juice (-)
Study the e�ects of grapefruit juice
low in furanocoumarins on CYP3A
activity [59]

Kharasch1997 [60]
PKDB00245
9232132

9 iv
rifampin (+)
Troleandomycin (-)

Evaluate the role of CYP3A4 in
alfentanil metabolism. Midazolam
was used to validate CYP3A4 activ-
ity [60]

Kharasch2004 [23]
PKDB00211
15536460

10
iv
oral

rifampin (+)
Grapefruit juice (-)
Troleandomycin (-)

Further investigate alfentanil as a
CYP3A probe drug [23]

Klotz1982 [61]
PKDB00203
7083724

6
iv
oral

Study the e�ects of administration
time (morning vs. evening) on mi-
dazolam kinetics [61]

Kupferschmidt1995 [25]
PKDB00207
7628179

8
iv
oral

Grapefruit juice (-)
Study the e�ects of grapefruit juice
on midazolam kinetics [25]

Lee2002 [62]
PKDB00306
12496753

12
iv
oral

Ketoconazole (-)

Study the e�ects of semisimultane-
ous midazolam administration (po,
iv), and the e�ect of ketoconazole
on midazolam kinetics [62]

Link2008 [63]
PKDB00248
18537963

8
iv
oral

rifampin (+)

Evaluate whether saliva is suitable
as a site of measurement for CYP3A
phenotyping after midazolam ad-
ministration [63]

Liu2017 [64]
PKDB00305
28004396

15 oral Ketoconazole (-)
Study the e�ects of di�erent keto-
conazole doses on midazolam kinet-
ics [64]

Ma2009 [65]
PKDB00325
19220276

13 iv
Show that subject posture has no
e�ect on intravenous midazolam
clearance [65]

Mandema1992 [66]
PKDB00206
1611810

8
iv
oral

Characterize the relationship be-
tween plasma concentration and
CNS e�ects of midazolam and 1-
hydroxymidazolam [66]
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McCrea1999 [67]
PKDB00321
10586386

12 oral
Ketoconazole (-)
Erythromycin
(low dose)

Evaluate simultaneous administra-
tion of erythromycin and oral mi-
dazolam to measure CYP3A activ-
ity [67]

Olkkola1993 [68]
PKDB00246
8453848

12
iv
oral

Erythromycin (-)
Study the e�ects of erythromycin
on midazolam kinetics [68]

Olkkola1994 [69]
PKDB00307
8181191

9 oral
Itraconazole (-)
Ketoconazole (-)

Study the e�ects of ketoconazole
and itraconazole on midazolam ki-
netics [69]

Pentikaeinen1989 [70]
PKDB00269
2723115

14
iv
oral

Study the e�ects of cirrhosis of the
liver on midazolam kinetics [70]

Pentikis2007 [71]
PKDB00244
17896891

27
iv
oral

Rifaximin

Evaluate the potential of rifaximin
as an inducer of intestinal or hep-
atic CYP3A, with midazolam as a
CYP3A probe drug [71]

Rogers1999 [72]
PKDB00208
10546919

16 oral Grapefruit juice (-)
Study the e�ects of grapefruit juice
on lovastatin kinetics, with midazo-
lam as a positive control [72]

Shord2010 [73]
20233179
20233179

10
iv
oral

Clotrimazole (-)
Study the e�ects of clotrimazole on
midazolam kinetics [73]

Sjoevall1983 [74]
PKDB00268
6628509

57
im
iv
oral

Investigate whether the rapid onset
of midazolam can be explained by
the rate and extend of its passage
into cerebrospinal uid [74]

Smith1981 [75]
PKDB00199
6116606

6
iv
oral

Study the kinetics of orally admin-
istered midazolam, in regard of its
water solubiliy at low pH [75]

Thummel1996 [18]
PKDB00202
8646820

20
iv
oral

Assess the roles of intestinal and
hepatic CYP3A in oral �rst-pass
metabolism. Midazolam was used
as a model compound [18]

Tsunoda1999 [76]
PKDB00201
10579473

9
iv
oral

Ketoconazole (-)

Determine the roles of intestional
and hepatic CYP3A in �rst-pass
metabolism of midazolam with the
use of ketoconazole [76]

Vanakoski1996 [77]
PKDB00253
8858279

120 oral
Erythromycin (-)
Grapefruit juice (-)

Study the potential of grapefruit
juice to enhance e�ects of midazo-
lam and triazolam [77]

Veronese2003 [78]
PKDB00217
12953340

24 oral Grapefruit juice (-)

Compare e�ects of di�erent quanti-
ties of grapefruit juice on CYP3A4
activity, with midazolam as the
CYP3A4 probe [78]

Yu2004 [15]
PKDB00324
15289787

19 iv
rifampin (+)
Itraconazole (-)

Study the e�ect of the CYP3A5
genotype on midazolam clear-
ance [15]

The curated time course information was used for model building (overview
provided in Tab. 6). The curated pharmacokinetic parameters were used for
model validation (overview provided in Tab. 4/5).

3.1.1 Meta-analysis

Using the established data-based a meta-analysis was performed to integrate the
data from the various sources and to improve data quality by detecting curation
errors and outlier data. To account for the varying midazolam doses administered
in the studies the dose-dependency of the pharmacokinetic parametersAUC0�1 ,
clearance, thalf , Vd, oral bioavailability, oral Cmax and oral t max were plotted
against the administered dose of midazolam. For the analysis we �rst �ltered for
midazolam and 1-hydroxymidazolam outputs in blood/plasma and excluded all
unhealthy subjects, which left us with 3403 outputs from 41 studies. Outliers
were identi�ed and corrected if they resulted from a curation mistake.

The following outliers were removed from all subsequent analysis: twoCmax

values after a dose of 40 mg oral midazolam in Heizmann1983 [57]; all reported
parameters from Pentikis2007 [71], since some parameters were very di�erent
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Table 6: Overview of all curated time courses. The table shows for each study whether
time course data for midazolam (mid), 1-hydroxymidazolam (mid1oh) and 4-hydroxymidazolam
was reported. The table further shows whether the time course data was reported for single
individuals, groups, whether an error (SD or SE) was reported and the site of measurement
(plasma/blood, urine and saliva). Either, time course data (or errors) was reported for all
individuals/groups ( X ), only for some individuals/groups ( � ) or not reported at all (whitespace).
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from all other studies, and a reportedCmax value contradicted the corresponding
reported time course.

The resulting meta-analysis of pharmacokinetics for midazolam after intra-
venous (iv) and oral (po) administration of midazolam is depicted in Fig. 3. To
study the e�ect of inducers and inhibitors the data was classi�ed in 5 groups: (i)
Control (black) - only administration of midazolam; (ii) No interaction (gray) -
pre-treatment with substances that have no inuence on midazolam metabolism;
(iii) Induction (blue) - CYP3A4 inducers; (iv) Systemic inhibition (red) - hep-
atic and intestinal CYP3A4 inhibitors; Intestinal inhibition (orange) - inhibitors
only a�ecting intestinal CYP3A4 (intestinal inhibition). The corresponding meta-
analyses of additional parameters and for 1-hydroxymidazolam are provided in
the supplementary information (Sec. A.2).

While some parameters like oral bioavailability, thalf and tmax showed a large
variability between studies, it was still possible to observe clear trends.

A clear correlation between midazolam dose and itsAUC0�1 , as well as
Cmax could be observed. I.e., with increasing midazolam dose the area under
the midazolam plasma concentration curve as well as the maximal concentration
increase. In contrast, dosing had no inuence on the remaining pharmacokinetic
parameters. In addition, clearance of midazolam was increased when administered
orally, compared to intravenous administration.

CYP3A4 inhibition and induction showed clear e�ects on the pharmacokinetic
parameters.

Pre-treatment with rifampin, a CYP3A4 inducer, showed an up to 10-fold
decrease of theAUC0�1 and increase in midazolam clearance respectively. Inter-
estingly, CYP3A4-activation a�ected these two parameters much stronger, when
midazolam was administered orally. Consequently,Cmax , tmax and thalf showed
a decrease, while theVd increased. The induction of CYP3A4 also e�ects the �rst
pass metabolism, which shows in a lower oral bioavailability, with some studies
reporting a drop down to almost zero.

CYP3A4-inhibitors, which inhibit hepatic and intestinal CYP3A4, used in
the studies were erythromycin, itraconazole, ketoconazole and troleandomycin.
Pre-treatment with one of these inhibitors lead to an increasedAUC0�1 , thalf ,
oral Cmax , oral t max (except for Olkkola1993 [68], which reported a shorter
tmax ) and a bioavailability of almost 90%, whereas clearance andoral Vd was
lowered). In contrast to treatment with CYP3A4-inducers, no di�erence between
the administration routes of midazolam could be observed. Furthermore, no clear
di�erence between the di�erent inhibitors was visible.

As expected, CYP3A4-inhibitors, which only a�ect intestinal CYP3A4 (grape-
fruit juice and clotrimazole), only changed midazolam's kinetics when midazolam
was given orally. Overall, the same trends as with hepatic and intestinal CYP3A4
inhibitors could be observed, but the e�ects were much weaker.

An important outcome of the meta-analysis was that most of the data from
the various sources is consistent. Relatively large inter-study variability can be
observed as seen by the large point clouds (note the logarithmic axes), as well as
large intra-study variability as evident by the large error bars.
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