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Introduction

Fungi are ubiquitous; there are about five million
different species of fungi worldwide. Most of
these fungi are innocuous for healthy individuals.
However,

some

are

opportunistic

and

can

cause invasive infections especially in immunocompromised patients [1]. In comparison with bacterial infections, these fungal infections are
generally underestimated. However, the number
of immunocompromised patients is increasing,
predominantly by advances in medical treatment

and

more

aggressive

chemotherapy.

Therefore, fungal infections have become an in8

creasing threat for these patients.
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1.1 Invasive fungal infections

losis with newer antifungal drugs, morbidity

Both yeasts and filamentous moulds can

and mortality remains significant [12].

cause invasive fungal infections. Among
invasive fungal infections, invasive candi-

1.2 Treatment of invasive fungal

diasis (for yeasts) and invasive aspergillosis

infections

(for moulds) are most common [2]. Other less

For the treatment of invasive fungal infec-

commonly isolated fungi include Crypto-

tions, currently three classes of antifungal

coccus, Fusarium, Scedosporium and Rhizopus

agents are available, including polyenes,

species

[3, 4]

.

azoles, and echinocandines. For optimal
antifungal treatment it is crucial to select

Candida species are part of the normal

the right antifungal agent, since the anti-

human microbiome, present on skin and

fungal spectrum differs between anti-

mucosal surfaces. In immunocompromised

fungals

patients, as well as in surgical patients,

trum is shown for multiple antifungal

colonisation of Candida species can result

agents against several invasive fungal

in candidemia, the most common form of

pathogens that are commonly observed in

invasive candidiasis
invasive

candidiasis

[5, 6]

. Risk factors for

include

[13-15]

. In Table 1 the antifungal spec-

clinical practice [13-15].

indwelling

vascular catheters, recent surgery, and
the treatment with broad-spectrum antibiotics. Furthermore, the incidence of
invasive candidiasis is high in patients in
intensive care units. Despite improvement of treatment in invasive candidiasis
mortality remains high, up to 40-50% [6, 7].
Aspergillus species are wide-spread and can
be found throughout the entire environment. They easily spread by air via sporulation

[8,9]

. In healthy individuals, inhalation

of these airborne conidia is harmless. However, in immunocompromised patients the
conidia can germinate and hyphae can be
formed, which results in invasive aspergillosis

[10]

. Especially patients with pro-

longed neutropenia, allogeneic stem cell
recipients, or patients who received a
solid organ transplantation and are treated

For optimal
antifungal
treatment, it is
crucial to select
the right antifungal agent.

with immunosuppressive drugs are at risk
for invasive aspergillosis

[11]

. Although anti-

fungal prophylaxis is used to prevent invasive aspergillosis and despite improved and
less toxic treatment of invasive aspergi
l-

9
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Table 1. Antifungal spectrum of activity for several antifungal agents against commonly observed
invasive fungal pathogens in clinical practice (data merged from: Andes, 2013 [13]; Nett, 2016 [14];
Carmona, 2017 [15]).

Plus sign (+): good activity against the specified organism; plus/minus sign (±): moderate activity against the
specified organism (resistance noted); minus sign (−): little or no activity against the specified organism.
a
Includes amphotericin B deoxycholate and lipid amphotericin B formulations. b Limited clinical data.

1.3 Clinical pharmacology and

bining the pharmacokinetic and pharmaco-

therapeutic drug monitoring

dynamic properties of a drug, the pharmaco-

Another important factor for treatment

logical profile for the drug is described [16, 17].

optimisation is understanding a drug’s

The

pharmacokinetic and pharmacodynamic

(PK/PD) indices that are commonly used to

properties. In pharmacokinetics the absorp-

determine optimal antifungal treatment are

tion, distribution, metabolism and excre-

the ratio of AUC to the MIC (AUC/MIC), the

tion of a drug is described. The area un-

percentage of time that drug concentrations

der the concentration-time curve (AUC)

exceed the MIC (T >MIC) and the ratio of peak

over 24 hours (AUC0-24h) is most often used

serum concentrations to MIC (peak/MIC) [17].

pharmacokinetic/pharmacodynamic

to determine the exposure to a drug.

10

Pharmacodynamics describes the pharma-

For several antifungal agents the clinical

cological effect of the drug on the micro-

effect and occurrence of adverse events is

organism and in the human body, inclu-

associated with its serum concentration [13, 18].

ding both efficacy and toxicity. Here, the

However, the pharmacokinetics of some

minimum inhibitory concentration (MIC) is

antifungals,

used to describe the potency of an antifun-

can be highly variable in patients

gal agent against a fungal isolate. By com-

drugs with such variable pharmacokinetics,

for

instance

voriconazole,
[19]

. For

Chapter 01

ment success, while the risk of toxicity
is increased. Therefore, TDM should be
considered whenever drug resistance might
play a role.
1.4 Aim of this thesis
Better understanding of the pharmacokinetic and pharmacodynamic variability of
voriconazole, will help to improve the treatment with this drug. The aim of this thesis
is to gain insight in the pharmacokinetic
variability of voriconazole and find out
the optimum dosing approach for this drug.
Furthermore, we address the potential
additional value of performing TDM for
voriconazole in clinical practice.
1.5 Outline of this thesis
In Chapter 2, a general overview will be
given for monitoring of anti-infective drugs
by using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). PK/PD relationships of anti-infective drugs will be
discussed as well as the role of TDM for
anti-infective

drugs.

Subsequently

we

serum concentrations can be measured for

will discuss the use of LC-MS/MS as a fast

treatment optimisation, also known as the-

and accurate technique to help optimise

rapeutic drug monitoring (TDM). In general,

treatment. Lastly, we explore alternative

TDM should be considered for drugs with

matrices, as well as the added value of a

variable pharmacokinetics, provided that

proficiency testing programme.

efficacy and/or safety are associated with
serum concentrations, and the response to

In this thesis we focus on voriconazole, a

treatment cannot be measured in a faster or

second-generation triazole with broad-

more direct way [16].

spectrum antifungal activity. It is considered as first-line treatment of invasive

Drug resistance to antifungals is increas-

aspergillosis in adults

ingly recognised as an emerging global

of action of this antifungal agent is based on

problem [20]. For instance, resistance in

inhibition of cytochrome P450-dependant

[11, 22]

. The mechanism

A. fumigates isolates has already been de-

14α-lanosterol demethylation, which results

.

in interruption of the ergosterol synthesis.

As a result the PK/PD target cannot be

Although voriconazole shows fungicidal

achieved. Here, higher drug exposure is

activity against some filamentous fungi, it is

necessary to increase the chance of treat-

fungistatic for yeasts [23].

tected in all continents of the world

[21]

11
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Voriconazole is available in both oral and

genotype, concomitant use of CYP450 inhi-

intravenous formulation. After oral admini-

bitors or inducers, and liver function [24, 30-32].

stration it is rapidly absorbed and bioavail-

We hypothesise that voriconazole serum

ability seems high in healthy volunteers

concentrations can also be influenced

(> 90%)

[24]

. Several studies suggest that

the bioavailability is significantly reduced
in patients

[25, 26]

. However, other factors

by

severe

inflammation,

drug-metabolising

since

enzymes

several

are

down-

regulated in the liver during inflamma. In Chapter 5 we prospectively

than bioavailability may have influenced

tion

the results of these studies. Therefore,

study the effect of inflammation on vori-

in Chapter 4 we study the effect of

conazole metabolism by measuring con-

switching the route of administration on

secutive voriconazole and voriconazole-

voriconazole

in

N-oxide concentrations. We additionally

hospitalised patients using retrospective

examine the effect of voriconazole meta-

data and strict inclusion criteria.

bolism for several different cytochrome

serum

concentrations

[33]

P450 2C19 genotypes.
The main route of elimination for voriconazole is via the liver, less than 2% is ex-

Voriconazole is also recommended as

creted unchanged in urine. After hepatic

treatment of invasive aspergillosis in pae-

metabolism by several cytochrome P450

diatric patients [34]. However, the pharmaco-

iso-enzymes, including CYP2C19, CYP2C9

kinetics of voriconazole in children dif-

and CYP3A4, the main metabolite vori-

fers from adults. In children < 12 years

. In chapter

of age, the pharmacokinetics of vori-

3a we discuss the additional value of the

conazole appears to be near linear, while

measurement

in

conazole-N-oxide is formed
of

[24]

voriconazole-N-oxide

children

12

years

of

age

vori-

concentrations. In the second part of

conazole pharmacokinetics seems non-

this chapter (3b) we describe a method

linear. Though, with higher voriconazole

to analyse voriconazole and voriconazole-

doses, non-linear pharmacokinetics can

N-oxide concentrations using LC-MS/MS.

also be observed in children < 12 years
of age

[35]

. As in adults, the voriconazole

Voriconazole shows non-linear pharmaco-

concentration is also very variable in

kinetics, probably caused by saturation

paediatric patients and it remains diffi-

of its metabolism. As a result, an increase

cult to understand this high inter- and

in the administered dose is not linearly

intra-individual variability and to opti-

related to an increase in drug exposure

[24]

.

mise

voriconazole

treatment

in

these

. In Chapter 6a we present a

Several studies have shown that the efficacy

patients

and safety of voriconazole are associated

study that investigates whether inflam-

[36]

. However,

mation could contribute to the variable

the serum concentration is highly varia-

voriconazole concentrations observed in

ble in clinical practice. This variability is

children.

not only seen between patients, but also

Chapter (6b) we present a linked PK/PD

. Several fac-

mathematical model for true individual-

with its serum concentration

within patients over time
12

≥

[28, 29]

[27]

tors are known to influence voriconazole

ised

serum concetrations, including age, CYP2C19

children.

In

the

treatment

second

with

part

of

voriconazole

this

in

Chapter 01

Since

voriconazole

shows

variable

pharmacokinetics and the serum concentration is associated with efficacy and
safety, TDM of voriconazole has been
suggested

to

improve

treatment

out-

come and to avoid toxicity. In a recent
meta-analysis a therapeutic range between

1.0-6.0

mg/L

was

proposed

[37]

.

However, it is currently uncertain whether
personalised voriconazole treatment by
using

TDM

ceiving

for

this

all

drug

adult
is

patients

superior

to

rethe

standard voriconazole dosing regimen.
Furthermore, the evidence to support
the

benefit

of

TDM

is

limited

to

a

few studies, most of them uncontrolled.
Therefore,
prospective,

in

Chapter
cluster

7a

multicentre,

randomised

cross-

over clinical trial is presented to test if
individualised treatment of voriconazole
by using TDM in adult patients is superior
compared

with

patients

who

receive

the standard voriconazole dose without
performing TDM.
In Chapter 8 the outcomes of the research
in this thesis will be discussed and future
perspectives are provided.

An important factor
for treatment optimisation
is understanding a drug’s
pharmacokinetic and
pharmacodynamic properties.
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Abstract

2.1 Introduction

Therapeutic drug monitoring (TDM)

Traditionally, therapeutic drug monitoring

is a tool used to integrate pharmaco-

(TDM) was restricted to anti-epileptic drugs

kinetic and pharmacodynamic know-

and aminoglycosides, but also now covers

ledge to optimise and personalize

– amongst others – immunosuppressant

drug therapy. TDM is of specific

drugs, drugs acting on the cardiovascular

interest for anti-infectives: to assure

system, anti-HIV drugs and antifungal drugs.

adequate drug exposure and reduce

For some classes of drugs, TDM has not only

adverse events, to increase patient

proven to be beneficial for patient outcome,

compliance and to prevent anti-

but also to be cost-effective [1,2].

microbial resistance. For TDM, drug
blood

concentrations

mined

to

keep

With increasing pathogen resistance to anti-

the

infective drugs, there is a clear need for
new agents. However, the development of

therapeutic range. Currently, LC-MS/

new anti-infectives is time consuming and

MS is the primary analytical tech-

expensive. Therefore, treatment optimiza-

nique for fast and accurate quantifi-

tion of the current anti-infectives should be

cation of anti-infective drug concen-

a focus of contemporary treatment. Due to

trations. In addition to blood, several

its urgency, development of antimicrobial

alternative matrices (cerebrospinal

resistance has a high priority for many

fluid, inflammatory fluids, specific

organizations and even entered the political

cells and tissue) and alternative sam-

agendas. Treatment optimization can be

pling strategies (dried blood spot

realized by selecting the appropriate anti-

and

being

microbial drug, assuring adequate drug

explored and introduced to sup-

exposure in relation to the susceptibility

port TDM. Here, we review the cur-

of

rent challenges in the bioanalysis of

adverse events in order to increase patient’s

anti-infective drugs and give insight

compliance with treatment.

are

and

deter-

concentration within the targeted

saliva)

bring

are

currently

the

microorganism

and

reducing

in the pre- and postanalytical issues
surrounding TDM.

For many years, immunoassays and traditional high performance liquid chromatography (HPLC) methods were the major techniques used to determine concentrations of

17
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anti-infective drugs in human specimens.

keep the concentration within the targeted

However, immunoassay techniques are only

therapeutic range

available for a limited number of drugs and

drug concentration is subtherapeutic or in-

cross-reactivity, for instance with drugs

effective, whereas high concentrations may

and their metabolites, is a problem. HPLC-

result in adverse events or toxicity.

[4,5]

. Below this range the

UV often requires extensive sample preparation and is therefore labour intensive.

TDM is used when it is impossible to meas-

In addition, long runtimes are often requi-

ure the pharmacodynamic effect of the

red in order to obtain a selective analysis

drug faster or in a more direct way, or it is

method. In addition, both immunoassays

used to optimise dosing in patients with

and HPLC-UV methods often lack sensitivity.

severely altered pharmacokinetic para-

Nowadays, analytical challenges like these

meters (e.g. critically ill patients in ICU

have been overcome with the introduction

For anti-infectives, it is both difficult and

of HPLC coupled with tandem mass spectro-

time-consuming to observe whether the

metry (LC-MS/MS). With the use of LC-MS/MS,

infection is being treated adequately. If the

sensitivity and selectivity has significantly

infection is not treated adequately, it may

improved, allowing simple and fast sample

be too late to turn the tide of illness, resul-

preparations and short runtimes. This re-

ting in treatment failure including patient

view will focus on the bioanalytical hurdles

morbidity or mortality or the emergence of

related to the measurement of anti-infective

antimicrobial resistance.

[1,4]

).

drugs, but also will give insight in pre- and
post-analytical issues in order to help clinical

Before TDM can be performed, several pre-

chemists,

and

requisites have to be fulfilled. First, a con-

analytical technicians to raise their stan-

centration effect relationship or therapeutic

dards.

range should be established

clinical

pharmacologists

[4]

. Secondly,

large interindividual (e.g. sex, age or gene2.2 TDM

tic variations) or intraindividual variabili-

For over 30 years, TDM has been used as

ty (e.g. drug-drug interactions, decreased

a tool to integrate pharmacokinetic and

renal function or liver failure) in pharmaco-

pharmacodynamic knowledge to optimise

kinetics should be observed, resulting in a

drug therapy at the individual patient

large variation in blood concentrations

[4]

.

. Pharmacokinetics describe the be-

The final obvious prerequisite is that a sen-

haviour of a drug in the patient’s body,

sitive and specific assay must be available to

including absorption, distribution, metab-

determine the drug in blood or other bio-

olism and excretion, whereas pharmaco-

logical matrices [4,5].

level

[3]

dynamics describe the biochemical or
pharmacological effect of a drug on the

2.2.1 Pharmacokinetic/pharmacodyna-

patient’s body or micro-organism within the

mic relationships

body. Together, both parameters determine

For anti-infectives, the minimum inhibitory

the pharmacological profile of the drug.

concentration (MIC), a measure of potency
of the drug for the micro-organism, is cen-

18

. The MIC is

TDM uses drug blood concentrations to per-

tral to pharmacodynamics

sonalise drug therapy in order to bring and

de lowest concentration at which an anti-

[6]

Chapter 02

biotic inhibits visible growth of the microorganism after 18 to 24 hours incubation

[7]

.

dynamics, meaning that the time of the
unbound

(or

free)

drug

concentration

Unlike antibiotics, there is no simple stan-

exceeds the MIC (ƒT >MIC) is the most rele-

dard pharmacodynamic parameter, such as

vant PK/PD index

the MIC, that tests antiviral susceptibility .

frequency of dosing and duration of infu-

Although not applied in clinical practice,

sion are important

the half maximum inhibitory concentration

centrations rather than high peak con-

(IC50) could be used to establish efficacy in

centrations result in more effective treat-

an appropriate in vitro or animal model .

ment

[7]

[7]

[9]

[8]

. For these drugs, both
[6]

. Constant drug con-

. Moreover, for these drugs higher

concentrations do not result in greater
The efficacy of anti-infective drugs not only

effectiveness. For these reasons, conti-

is dependent on the pathogen’s MIC, but

nuous

also on the exposure of the drug in the pa-

loading dose to quickly attain steady

tient. This exposure is commonly described

state, has been suggested as an potentially

by the area under the concentration-time

improved strategy to conventional inter-

curve (AUC) [6]. For many drugs, the AUC/MIC

mittent dosing [9].

administration,

preceded

by

a

ratio is the most relevant pharmacokinetic/
pharmacodynamic (PK/ PD) index (Fig. 1) [6].

The peak level or maximum concentration of a drug (Cmax) also may be important.
For instance aminoglycosides, exert their
effectiveness and prevent from drug resistance by the Cmax/MIC

[1]

. Depending on the

effective PK/PD index and the pharmacokinetics of the drug one or more sampling
times are usually chosen for TDM.
2.2.2 Multidisciplinary team
Although
Fig 1. The effective pharmacokinetic/pharmacodynamic (PK/PD) indices of antiinfective
drugs. AUC, area under the concentrationtime curve; Cmin, minimum concentration;
Cmax, maximum concentration; MIC, minimum
inhibitory concentration; T >MIC , time that drug
concentration is above the MIC.

TDM

is

routinely

performed

for several anti-infective agents, optimal
treatment of the patient also depends on
effective communication and cooperation
between

many

healthcare

professio-

nals (Fig. 2). In general, drug treatment of
infectious

diseases

is

selected

based

on clinically suspected pathogens. Adjustment

of

the

treatment

is

required

In addition to the AUC/MIC ratio, other PK/PD

after antimicrobial susceptibility testing

indices also may be relevant. An overview

results become available. Since resistan-

of the effective PK/PD indices of many anti-

ce to anti-infective drugs is a problem of

biotics was previously provided by Roberts

increasing

magnitude,

narrowing

the

. For instance, beta-lactam anti-

anti-infective treatment is recommend-

biotics, such as penicillins and carbape-

ed based on the susceptibility of the

nems, display time-dependent pharmaco-

pathogen.

et al.

[1]
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Where antimicrobial resistance is observed,

mentation of the TDM results. Additionally,

therapy should be changed to a more effec-

a clinical microbiologist can provide sur-

tive regimen. Subsequently TDM can be per-

veillance data on the susceptibility of the

formed, if a sensitive and accurate analytical

pathogen and potential emergence of anti-

method is available.

microbial resistance. For implementation

Fig 2. The multidisciplinary team involved in the infectious disease treatment.

Antimicrobial stewardship (AMS) program-

of recommendations, computer support

mes have been developed to optimize clin-

is necessary and an information system

ical outcomes and minimize unintended ne-

specialist also may play an important role

gative consequences of antimicrobial use.

in AMS. Thus, to optimize clinical outcome

An infectious disease physician and a clini-

for the patient, good cooperation between

cal pharmacist with infectious disease trai-

these professionals plays a crucial role in

ning are the core members of the AMS team

AMS and is cost-effective in many cases [10,12].

[10,11]

. Among other factors, AMS is involv-

ed in appropriate treatment initiation and

2.3 LC-MS/MS in TDM

modification where appropriate. Further-

LC-MS/MS has nowadays established itself

more, dose optimization is a part of AMS, in

as the primary analytical technique to sup-

which TDM plays an important role for an

port TDM

20

[13]

. The commonly used matrices

.

for TDM are blood, plasma, and serum. More

Therefore, good collaboration between

recently, dried blood spots (DBS) and sali-

the infectious disease physician and clin-

va have been introduced for TDM. Matrices

ical pharmacist is necessary for the correct

like cerebrospinal fluid (CSF), inflammatory

diagnosis and treatment of the infection,

fluids, specific cells and tissue are not rou-

and the correct interpretation and imple-

tinely used for TDM, but may be relevant in

increasing number of anti-infectives

[10,11]

Chapter 02

specific cases

. However, each matrix has

could be sending a sample to a near-

its analytical advantages and disadvantages

by reference center, if turnaround time

and the clinical interpretation of the results

is acceptable. For low income countries,

strongly depends on this matrix. A number

HPLC-UV still is an alternative as long

of guidelines on bioanalytical and clinical

as sensitivity is not an issue. Hopeful-

method validation have been published in

ly, increased use of LC-MS/MS in clin-ical

order to improve and ensure the quality of

laboratories will result in lower invest-

analytical method validation and the gene-

ments costs enabling broader implemen-

rated analytical results. Among these are

tation of LC-MS/MS.

[8]

the Food and Drug Administration (FDA)
with the ‘bioanalytical method validation’,

2.3.1 Sample preparation

European Medicines Agency Committee

Because of the sensitivity and selectivity of the

(EMEA) with the ‘guideline on bioanalytical

LC-MS/MS, extensive sample extraction tech-

validation’, and the Clinical and Laboratory

niques

Standards Institute (CLSI) with the ‘C62-A,

and liquid-liquid extraction (LLE) are often

Liquid Chromatography-Mass Spectrometry

unnecessary. Therefore, fast and simple ex-

Methods; Approved Guideline’

[14–17]

.

like

solid-phase

extraction

(SPE)

traction techniques, like protein precipitation or sample dilution, are feasible. How-

LC-MS/MS has replaced HPLC-UV in many clin-

ever, due to the limited sample prepara-

ical laboratories in high income countries.

tion,

Unfortunately, the required broad repertoire

lipids, phospholipids, and fatty acids are not

of antimicrobial drug assays necessary for

sufficiently removed from the sample with

an anti-infective TDM programme will redu-

protein precipitation. These compounds can

ce the number of tests per LC-MS/MS instru-

interfere with the ionisation process resul-

ment annually, resulting in a relatively high

ting in ionisation suppression. These so-

price per test. Although less attractive from

called matrix effects are observed frequently

a laboratory perspective, costs resulting

and should be solved for a reliable assay. Other

from inadequate antimicrobial treatment

types of matrix effects can originate from sub-

are much higher. If cheap, first-line anti-

stance interaction with the matrix. For exam-

infectives fail and have to be switched to sal-

ple, the drug can form chelate complexes with

vage therapy with second-line anti-infective

ferric ions, bind with heme groups, or can bind

drugs, costs will rise substantially. Before

with the sampling matrix

a hospital makes investments in an LC-MS/

belled internal standards may correct for ma-

MS to service a TDM programme for anti-

trix effects better than structural analogues,

microbial drugs, one should make an busi-

but are unfortunately more expensive.

endogenous

compounds

including

. Isotopically la-

[19–23]

ness case. In general 20,000–50,000 tests
annually are considered to be an acceptable

Ionisation suppression during the LC gra-

. For small

dient can be visualized by continuous infu-

hospitals, combining an LC-MS/MS for other

sion of a high concentration of stock solution

TDM programmes as well (e.g. antidepres-

via a T-piece connection to the mobile phase

sants, antipsychotics or immunosuppres-

flow. Injection of a blank processed sample

sants), could result in cost-effective opera-

followed by the LC gradient shows lowered

tion of an LC-MS/MS. Another alternative

substance response at periods of ionisation

justification of the investment

[18]
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suppression in a normally stable, but elevat-

complicates the development of a suitable

ed baseline. By comparing the substance

LLE or SPE extraction method. A LLE or SPE

response of a spiked neat sample with a

extraction method with acceptable recove-

spiked processed blank sample, the relative

ries for multiple compounds will per defini-

ionisation suppression can be calculated.

tion be far less selective than an extraction
method for a single compound. If the use of

A structural analogue as internal standard is

protein precipitation allows the quantifica-

preferred to elute at the same retention time

tion of the compound at the desired concen-

and to have comparable ionisation charac-

trations without ionisation suppression, it

teristics. Since this is often not possible,

is the first choice of sample preparation for

ionisation suppression should also be eval-

LC-MS/MS.

uated for the internal standard. When ionisation suppression is present at the reten-

Although protein precipitation easily al-

tion time of the substance, the gradient

lows the simultaneous analysis of multiple

should first be optimized in order to chro-

compounds in one LC-MS/MS method, differ-

matographically separate the ionisation

ences in chemical and physical properties

suppression from the substance retention

might still complicate chromatographic

time. Dilution of the processed sample or

separation. Alternatively, another analytical

the use of another ionisation method, like

column (with the use of a column switch)

Atmospheric Pressure Chemical Ionisati-

and/or mobile phase (with the use of a

on (APCI), may also be used to avoid ion-

quaternary pump) can be selected and

isation suppression. Ultimately, an exten-

reinjection of the samples can be performed

sive sample preparation like SPE or LLE

automatically [25].

could be performed, which will eliminate
2.3.2 LC-MS/MS turnaround time

most of the ionisation suppression effects.

Use of the LC-MS/MS analysis technique
In some patient groups, especially new-

has significantly improved the turnaround

borns, it is difficult to collect a sufficiently

times for TDM samples. HPLC-UV and HPLC-

large blood volume for HPLC-UV analysis.

DAD often require extensive sample prepa-

Due to its high selectivity and sensitivity,

ration to clean up and/or to concentrate the

sample volumes of 10 μL of plasma or serum

sample. In addition, the chromatographic

.

runtimes of these techniques often exceed

Multiple analyses can be performed with

ten minutes. Runtimes of approximately

LC-MS/MS using a single blood sample or

five minutes are often feasible and use of an

even a sample which was taken for other

ultra-performance liquid chromatography

routine laboratory measurements.

(UPLC) method can even reduce runtimes to

are sufficient for LC-MS/MS analysis

[24]

less than two minutes.
For analytical procedures used to analyse

22

multiple compounds in a single sample,

In order to ensure short turnaround times,

it may be more efficient to apply protein

it also is useful to minimize overhead injec-

precipitation instead of LLE or SPE. The var-

tions. Bioanalytical method validation guide-

iation in physical and chemical properties

lines state that a sufficient number of stan-

of the different compounds to be analysed

dards should be used to adequately define

Chapter 02

the relationship between concentrations

ma protein bound fraction of the drug.

. According to the guide-

However, only the unbound, free drug can

lines for bioanalytical studies a calibration

diffuse through biological membranes to

curve of six to eight standards and quality

the site of action and exert its pharmaco-

control (QC) samples should be incorporat-

logical and/or toxicological effects

ed in each analytical run. However for linear

Therefore for highly protein bound drugs, a

regression, multiple concentration levels

small change in the extent of protein bind-

are unnecessary for reliable and accurate

ing may result in a major change in free frac-

calibration. Instead, two calibration con-

tion of highly protein bound drugs [28,29].

and response

[14,15]

[27,28]

.

centrations (at the lower limit of quantification and at the higher limit of quantification)

In clinical practice, unbound drug concen-

are sufficient and proved to provide equal

trations of highly protein bound drugs may

quality in analysis results with QC samples

be relevant for specific conditions, for in-

at concentrations throughout the linear

stance in critically ill patients suffering from

. A two-point calibration curve could

hypoalbuminemia. This results in a higher

be impaired when the curve becomes non-

free fraction of that particular drug with

linear, possibly due to changing ionization

subsequently several effects (Fig. 3). Initially

characteristics or overdue maintenance.

the unbound drug concentration increases.

An isotopically labelled internal standard

Since only the unbound drug can be re-

can compensate for changing ionization

moved from the blood, the amount of drug

characteristics. In addition, with the use of

cleared from the blood increases. Further-

QC samples throughout the linear range,

more, the distribution of the unbound drug

linearity issues would result in unaccept-

from the blood to peripheral tissues is in-

able biases for the QC samples and run

creased. As a result, the unbound drug con-

rejection. Overhead samples put great

centration decreases to the original value,

pressure on the sample turnaround time,

while the total drug concentration is de-

especially when a run could consist of ap-

creased. Therefore, total drug concentra-

proximately 16 overhead samples and only

tions may not be representative for the

one patient sample. Minimizing overhead

effective PK/PD index and the unbound drug

samples can be realized by validating a two-

concentration should be measured instead

point calibration curve in addition to an

of total drug concentration, in particular

eight-point calibration curve, resulting in a

for highly bound drugs [8,28,30].

range

[26]

large reduction of injections. Subsequently,
for the analysis of just one patient sample,

2.4.1 Methods of separation

a QC sample before and after the patient

There are several methods to separate the

sample may be sufficient. Reduction in

sample into unbound and bound portions.

the turnaround time can make TDM more

The most commonly used methods are

efficient.

equilibrium

dialysis,

ultracentrifugation,

and ultrafiltration.
2.4 Free drug concentration
Regularly, blood concentrations for TDM

Due to its robustness, equilibrium dialysis is

are determined as total drug concentra-

the reference method for determining un-

tions, i.e. the sum of the unbound and plas-

bound drug concentrations. However, this

23
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Fig 3. If the protein binding of a drug is decreased, the total drug concentration (Ctot) is decreased
due to increased distribution and an increased amount cleared, while the unbound concentration
of drug (Cu) remains the same. Ctot, total drug concentration; Cu, unbound concentration of drug;
Fu, fraction unbound; Vu, Volume of distribution of unbound drug.

method is less suitable in clinical practice be-

filtration, blood samples are centrifuged in

cause of the long time to reach equilibrium.

systems that contain a membrane with a

Another method to separate bound and

certain molecular weight cut-off. The dura-

unbound drug concentration is ultracentri-

tion of centrifugation differs for ultrafiltra-

fugation. An important advantage of ultra-

tion, but is significantly shorter than equili-

centrifugation, compared with equilibrium

brium dialysis, which can be more than 24

dialysis and ultrafiltration, is the elimination

hours. Subsequently, the free drug concen-

of the possible interaction of the compound

tration is measured in the ultrafiltrate. For

to the filter membrane, since no filter mem-

several anti-infective drugs, free drug con-

brane is used in ultracentrifugation. How-

centrations are determined using ultrafiltra-

ever, the equipment used for ultracentrifu-

tion. However, during method development,

gation is more expensive than the equip-

the possible interaction of the compound to

ment used for equilibrium dialysis and ultra-

the filter membrane should be evaluated as

. Consequently, one of the most

well as the influence of temperature, centri-

commonly used methods in clinical practice

fugation time and centrifugal forces on pro-

is ultrafiltration, because of its simple and

tein binding of the drug [27,29,31–33].

filtration

[31]

rapid performance. Furthermore, with ultra-
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filtration all the proteins are filtered out and

2.5 Site of infection (alternative matrices)

further sample pre-treatment may not be

For TDM blood samples are predominantly

necessary for LC-MS/MS analysis. With ultra-

used, while the site of infection is located

Chapter 02

elsewhere. If there are no significant barriers,

2.5.2 Pulmonary epithelial lining fluids

influx or efflux mechanisms at the site of

and alveolar macrophages

infection, it is expected that equilibrium is

Anti-infectives are frequently used in pul-

rapidly reached between the drug concen-

monary infections. For extracellular and

. However,

intracellular respiratory pathogens, drug

it is more accurately to measure the drug

concentrations have been measured in res-

concentration at the site of infection.

pectively pulmonary epithelial lining fluid

tration in tissue fluid and blood

[34]

(ELF) and alveolar macrophages or broncho2.5.1 CSF

alveolar lavage (BAL) fluid [8,35,36]. These studies

For central nervous system infections, the

are helpful as they show whether a drug

penetration of drugs from blood to the site of

may be suitable for the treatment of pul-

infection may be variable. Due to inflamma-

monary infections. In clinical practice, ELF

tion associated with infection, the blood brain

and alveolar macrophages concentrations,

barrier may initially be permeable for drugs,

however, are rarely measured due to the

with the barrier then being restored when the

poor availability of assays and/or the invasive

infection subsides. This results in reduced drug

nature of sample collection. Sometimes it is

concentrations in the central nervous system

important to know whether the drug is pre-

before the infection has been completely

sent at sufficient concentrations at the site

. Therefore, it may be necessary

of infection. In the absence of a validated

to determine the concentration of the drug in

assay, one may use a standard addition

the CSF. The LC-MS/MS analysis of CSF is com-

method to obtain a semi-quantitative result.

resolved

[34]

parable to the analysis of ultrafiltrate. CSF
contains very little proteins and is therefore

2.5.3 Intracellular

relatively clean. For the proteins that are

It may be of interest to measure intracel-

present, a protein precipitation procedure is

lular concentrations for some drugs. For

sufficient as sample preparation. Obtaining

example, for antiretroviral drugs since HIV

blank CSF for method validation is manage-

replicates within the cells of the immune

able, provided that institutional guidelines

system. Moreover, some of these drugs are

allow the use of leftover materials. The use of

administrated as prodrugs and are convert-

an isotopically labelled internal standard

ed intracellularly into an active form. Sub-

is highly recommended when different

sequently, several studies have shown that

matrices are used between patient sam-

the efficacy and toxicity of some antiretro-

ples and standards and QCs. Although CSF

viral drugs depend on intracellular concen-

normally contains very low amounts of

trations

protein, central nervous system infections

concentrations are not routinely measured

and intracranial bleeding may significantly

for antiretroviral drugs, because for most

increase the protein content in the patient

antiretroviral drugs like Non-Nucleoside Re-

sample. This may result in haemolytic CSF

verse Transcriptase Inhibitors and Protease

and matrix effects, which affects the analysis

Inhibitors a clear relation exists between

[37]

. In clinical practice, intracellular

results. This variation in protein concen-

the plasma and intracellular concentration

tration between patient samples and stan-

[37]

dards and QCs should be incorporated in

side Reverse Transcriptase Inhibitors and

the analytical method validation.

therefore intracellular drug concentrations

. However, this does not apply for Nucleo25
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should be monitored for these. Together

trate intracellularly (e.g. beta-lactams).

with the isolation and counting of peripheral blood mononuclear cells, the analy-

A less invasive and more accurate sampling

sis of intracellular concentrations is still a

technique for measuring drug tissue concen-

major technical challenge. Intracellular drug

trations is microdialysis, which is increas-

molecules are bound to membranes or

ingly being used in clinical pharmaco-

proteins and therefore it will be difficult to

kinetic studies but is not commonly used

approximate the actual intracellular free

in clinical practice. In contrast to tissue

drug concentration. Again, obtaining blank

biopsy, with microdialysis unbound drug

matrix consisting of peripheral blood mono-

tissue concentrations can be measured

nuclear cells is difficult and laborious.

directly and continuously in the interstiti-

Moreover, it could require additional sample

al space fluid in various tissues. Therefore,

preparation and concentration to accurately

microdialysis may provide extra informa-

quantify the very low intracellular concen-

tion for patients with complicated infec-

trations with LC-MS/MS

[37]

.

tions and where blood concentrations
appear to be sufficient, but anti-infective

2.5.4 Tissue

therapy is failing [39].

In some situations, it may be helpful to
quantify the drug concentration in infected

2.6 Proficiency testing programme

tissue material which has been obtained

A variety of analytical methods has been

during operation. In addition to the blood

published for the quantification of anti-

concentration, drug concentrations in tissue-

infective drugs in human serum or plasma.

homogenate may provide information on

The reliability of these analytical methods

the exposure of the tissue to the drug. The

is essential to provide information on the

sample processing of the tissue material

drug concentration to the antimicrobial

includes weighing and homogenization

stewardship that hopefully translates in the

of the sample. After weighing, the extrac-

best outcome for our patients.

tion solvent containing the internal standard can be added to the sample and this will

Intralaboratory (internal) method valida-

be centrifuged. The obtained supernatant

tion and intralaboratory QC procedures,

can be analysed by LC-MS/MS. This method

such as validation of equipment and quali-

is still in its infancy and exposure-response

fication of technicians, should ensure that

relations are not described for the drug

these methods have sufficient accuracy,

concentration in tissue-homogenate

[38]

. In

precision and specificity

[14,15]

. Participation

addition, one should realise, that drugs may

in an interlaboratory (external) QC or profici-

be distributed unequally throughout the

ency testing (PT) programme is an essential

tissue, for example during ischemia or

component of quality assurance and also

when the drug is actively taken up by spe-

provides evidence of laboratory compe-

cific cells. In summary, tissue homogenates

tence for clinicians, researchers, accrediting

are unlikely to be useful for drugs without

bodies and regulatory agencies [40].

equal interstitial fluid and intracellular dis26

tribution and is likely to under represent

A PT programme is essential to verify

concentrations of drugs that do not pene-

whether the analytical method used for
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TDM complies with the quality required

DBS sampling is increasingly applied for

for patient care. Many PT programmes

optimizing drug dosages for many drugs

exist in the field of HIV, antifungal and anti-

[43,44,48]

tuberculosis drugs and have indeed led to

minimal invasive sampling, sample stability

. DBS is popular for its advantages like

. For instance,

and small blood volume required for analy-

in a PT programme for the measurement of

sis. In general, a DBS sample consists of a pe-

antifungal drug concentrations, the results

ripheral blood sample obtained by a finger

showed that one out of five measurements

prick. With clear instructions and after

was inaccurate. The performing laboratory

training, patients will be able to perform

was the main determining factor for these

the procedure themselves at home

inaccuracies, which probably means that

methods have been published for several

intralaboratory

was

antibacterial, antifungal and antiretroviral

. In addition, the results of a

drugs [44,49]. Reference values for TDM are tra-

PT programme for antiretroviral drugs

ditionally based on serum or plasma drug

showed that the measurement of low

concentrations and not on whole blood

antiretroviral concentrations also was pro-

concentrations. Therefore, clinical validati-

blematic and led to inappropriate dosing

on is required to translate capillary blood-

recommendations [42]. These examples illus-

to-serum or -plasma concentration

trate and emphasize the importance of PT

Another possible important factor may be

programmes for analytical methods used

the interaction of the drug with the blood

for TDM in clinical practice.

matrix or the DBS card matrix. Rifampicin

analytical improvement

inaccurate

[41]

[40–42]

method

validation

[44]

. DBS

[44,48,50]

.

has demonstrated to interact with endogen2.7 Outpatient monitoring

ous blood components, like ferric ions from

Routinely, blood samples are used for TDM

the red blood cells causing complex forma-

which are often collected by vena puncture

tion [22]. This causes low recoveries from DBS

. However, this sampling strategy has

extracts which can be improved by the

[43,44]

several disadvantages. First, venous sam-

addition of chelating agents, such as EDTA

pling is difficult in some populations, such

and deferoxamine, to the extraction pro-

as neonates and patients suffering from

cedure. Also direct binding of the drug

. Second, there may be

by hydrogen bonding with the DBS card

logistical setbacks. For venous sampling

matrix may have an effect on recovery [19,20].

the patient needs to travel to the hospital

Recovery also is influenced by haematocrit

or a designated laboratory. This may not

value, substance concentration and drying

always be possible, for instance in resource-

time of the DBS card

venous damage

[43]

[20]

. This interaction

. Another pro-

is inherent to the current cellulose based

blem, especially in (sub)tropical areas, is

card matrices [21]. An advantage of the dried

sample stability. Many drugs are not stable in

plasma spot technique over DBS is that it

serum or plasma at room temperature and

is not influenced by haematocrit value.

have to be stored and transported at -20 °C or

Quantification of anti-infective drugs using

lower [44]. To resolve these stability problems,

the dried plasma spot technique has been

alternative sampling strategies have been

described

developed, such as DBS, dried plasma spots

linezolid, triazole antifungal drugs and anti-

and microsampling [45–47].

retroviral drugs

limited and remote areas

[43]

for

fosfomycin,
[45,47]

daptomycin,

. Although the use of
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DBS and dried plasma spot techniques is not

of quality assurance. In clinical practice

yet widely spread, both are a promising al-

blood is the most commonly used matrix

ternative for venous blood sampling and in

for TDM since it serves as a good surrogate

some cases (i.e. low resource and remote

for the site of infection. In general, it is easily

areas) the only viable options.

obtained, in contrast to other matrices.
However, in complex infectious cases other

Another patient friendly method of sampling is the use of saliva

[43,51]

. Compared to

blood sampling, saliva is easy to collect and
non-invasively with a negligible chance of
infections

[52]

. Furthermore, it is cheap and

causes less stress and discomfort to the
patients

[52]

. As saliva is a very low protein

matrix (~0.3%), the measured concentration
represents the unbound concentration of
the drug. This may require a very sensitive
LC-MS/MS analysis method or an extensive
sample preparation procedure like SPE or
LLE to concentrate the sample for drugs with
high protein binding. As there are many
other determinants of the salivary drug concentration, such as salivary flow rate, sta
bility of the drug and its metabolites, time
of sample collection and ingestion of food
or beverages

[52]

, target concentrations in

saliva should be established on a drug-todrug basis

[43]

. Saliva methods using LC-MS/

MS have been published for a few antiinfective drugs (doxycycline, fluconazole,
linezolid, lopinavir and oseltamivir) [52–54].
2.8 Conclusion
In conclusion, TDM plays an important role
in the optimisation of treatment with antiinfective drugs. To perform TDM adequately,
it is essential to design assays with a rapid
turnaround time, enabling the antimicrobial
stewardship to quickly adjust and optimise
treatment if necessary. LC-MS/MS is a fast
and accurate technique for quantification of
anti-infective drugs. If an analytical method
is developed and validated, interlaboratory
28

quality control is an important component

matrices could be used to optimise antiinfective treatment.
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divided by voriconazole concentration) of
To the editor

~ 0.85

With great interest we have read the

several clinical conditions, as summarized

recently published paper of Luong

in Table 1, can be easily detected by deter-

et al.

[1]

. In this systematic review

[5]

mining

. Altered metabolism caused by

voriconazole

and

voriconazole-

an exposure–response relationship

N-oxide concentrations [6] and can be helpful

was observed between voriconazole

to guide dosing with voriconazole.

serum

concentrations

and

clin-

ical success. Supratherapeutic vori-

If a low voriconazole concentration is ob-

conazole serum concentrations were

served, noncompliance can be distinguished

associated with the development of

from a CYP2C19 ultra-rapid metabolizer by

toxicity. However, in clinical practice

measuring the metabolite of voriconazole.

highly variable voriconazole con-

A very low voriconazole-N-oxide concen-

centrations are commonly observed

tration is expected in noncompliance

when performing therapeutic drug

while high metabolite concentrations point

monitoring (TDM) and it remains diffi-

to ultrarapid metabolism [5].

[7]

,

cult to interpret these highly variable
concentrations

[2]

. In addition, the

Drug–drug interactions seem unavoidable

non-linear pharmacokinetics of vori-

in clinical practice

conazole complicates correct dosing

duce CYP450 iso-enzymes can result in

of this drug [3].

low voriconazole concentrations, while

[2]

. Drugs that in-

voriconazole-N-oxide concentrations are
expected to be high. This was indeed observed for rifampicin, a CYP450-inducing drug [8].
Voriconazole is extensively metabolized to
its main metabolite, voriconazole-N-oxide,

Liver toxicity is commonly seen as an ad-

. For bet-

verse event in patients treated with vorico-

by several CYP450 iso-enzymes

[4]

. Since voriconazole is extensively

ter understanding of the variability in vori-

nazole

conazole serum concentration, the metabo-

metabolized in the liver, hepatic dysfunc-

lite of voriconazole, which is not routinely

tion can result in reduced metabolism of vo-

meas-ured, can give clarification. Extensive

riconazole and hence higher voriconazole

metabolizers seem to have a metabolic

concentrations

ratio (voriconazole-N-oxide concentration

patic abnormalities during treatment with

[3]

[9]

. If a patient develops he-

Table 1. Voriconazole/voriconazole-N-oxide concentrations in relation to typical clinical situations.

DDI: drug-drug interaction
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voriconazole, early detection of a reduced
metabolism can be observed as a decreased
metabolic ratio compared with previous
measurements. If this is observed, the voriconazole dose may be adjusted in a timely
manner and thus prevent toxic voriconazole
concentrations.
Severe inflammation also seems to reduce
voriconazole metabolism

[10]

. Prior to toxic

voriconazole concentrations, the metabolic
ratio will be decreased compared with previous measurements and dose adjustments
can be made to prevent toxic voriconazole
concentrations. In addition, the metabolic
ratio will increase again when inflammation
subsides and low voriconazole concentrations can be avoided by adjustment of the voriconazole dose.
In conclusion, voriconazole-N-oxide concentrations can provide information on the
metabolic capacity of the liver and are
therefore helpful to optimize voriconazole
treatment.
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3.1 Introduction
Abstract

Voriconazole is a commonly used anti-

Objective: This study aims to present

fungal drug for treatment and prophylaxis of

a strategy to optimize a liquid chro-

invasive fungal disease [1]. Metabolism of vori-

matography coupled to tandem mass

conazole is primarily by cytochrome P450

spectrometry (LC-MS/MS) method for

(CYP) 2C19 iso-enzymes, with a smaller

voriconazole

contribution of CYP3A4 and CYP2C9 iso-

and

voriconazole-N-

oxide with an stable isotopically

enzymes

labelled internal standard.

conazole is voriconazole-N-oxide, which is the

[2]

. The main metabolite of vori-

result of N-oxidation of the fluoropyrimidine
Methods: Protein precipitation was
used

as

detection

extraction
was

LC-MS/MS using

method

carried
13

out

ring [2].

and
with

Trough concentrations of voriconazole are

C2- H3-voriconazole

correlated with its efficacy and toxicity. Tar-

2

as internal standard.

get through concentrations range from 1
to 6 mg/L in serum. Concentrations lower

Results: Voriconazole and voricona-

than 1 mg/L are associated with decreased

zole-N-oxide concentrations can be

efficacy, while concentrations higher than

detected with good accuracy and

6 mg/L are associated with adverse effects,

reproducibility within the therapeu-

such as visual disturbances and hepatic toxi-

tic range (ref: 1-6 mg/L). Accuracy

city [3]. Voriconazole shows a large inter- and

ranged from -3.0%-4.2% for vori-

intra-individual pharmacokinetic variability

conazole and -1.0%-3.8% for vori-

[1]

conazole-N-oxide and overall co-

use of therapeutic drug monitoring (TDM) for

efficients of variation (CV) ranged

voriconazole has become standard care [4].

. To improve efficacy and safety, routinely

from 2.9%-7.5% for voriconazole and
4.0%-10.8% for voriconazole-N-oxide.

Voriconazole-N-oxide shows negligible anti-

However,

fungal activity compared to voriconazole

voriconazole-N-oxide

is

[5]

.

relatively unstable at room tem-

However, TDM of this metabolite can be use-

perature (Low QC sample: -81.1%

ful, to determine the extent of voriconazole

after 120 hours), therefore sam-

metabolism, which gives a better understan-

ples should be cooled (2-8 °C) after

ding of the variability in voriconazole serum

sampling to detect reliable vori-

concentrations

conazole-N-oxide concentrations.

zole can be increased in ultra-rapid metabolizers

[7]

[6]

. Metabolism of voricona-

, or in case of drug-drug interactions

Conclusion: An accurate and simple

with CYP inducers, such as rifampicin and

assay for the analysis of voriconazole

phenytoin

and voriconazole-N-oxide to enable

ment

therapeutic drug monitoring was

inhibitors, such as omeprazole and clarithro-

developed

mycin

and

validated

critical parameters.

for

all

[10]

[8]

[8]

. Inflammation

[9]

, liver impair-

and drug-drug interactions with CYP
can lead to decreased voriconazole

metabolism. Furthermore, metabolism of
voriconazole can be decreased in poor and
intermediate metabolizers [7].
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A low voriconazole concentration with a cor-

Graffenstaden, France). For the chemical

responding low voriconazole-N-oxide con-

structures, see Figure 1. Trifluoroacetic

centration may indicate non-compliance

acid and acetonitrile were supplied by Bio-

or malabsorption, while a high voriconazole

solve BV (Valkenswaard, The Netherlands).

concentration with a corresponding high

Ammonium acetate, methanol Lichrosolv

voriconazole-N-oxide concentration may

(LC-MS grade)® and acetic acid were pro-

indicate an overdose.

vided by Merck (Darmstadt, Germany) and
ammonium formate from Acros (Geel,

To date only a few published high perfor-

Belgium). The aqueous precipitation rea-

mance liquid chromatography (HPLC) me-

gent consisted of 25 µg/L 13C 2-2H3-voricona-

thods included the metabolite in their assay

zole in a mixture of 160 mL/L methanol and

. To optimize voriconazole treatment, it

840 mL/L acetonitrile. Bovine serum was

would be useful to optimize the assays that

purchased from Life technologies Europe BV

. In

(Bleiswijk, the Netherlands). Human blank

addition, using stable isotopically labeled

serum was purchased from MerckMillipore

(SIL) internal standards instead of structure

(Amsterdam, the Netherlands).

[5,11,12]

are only measuring the parent drug

[13,14]

analogues would help to improve accuracy
and precision as shown by international
proficiency testing for antifungal drugs

[15]

.

3.2.2 Instrumentation and settings
The analyses were carried out on a triple
quadrupole TSQ® Quantum Access MAX LC-

Therefore, this study aimed to present a

MS/MS system with a Surveyor® MS pump and

strategy to optimize a LC-MS/MS method to

a Surveyor plus® autosampler. A 50 mm×2.1

be more informative for clinicians by includ-

mm C18, 5-µm HyPURITY Aquastar analytical

ing also the voriconazole-N-oxide meta-

column was used for the chromatographic

bolite and to increase its analytical perfor-

separation, with a column temperature

mance by using a SIL internal standard.

of 20 °C. The autosampler temperature
was set to 10 °C. All instrumentation was

3.2 Materials and methods
3.2.1 Chemicals, reagents and materials

MA, USA). The mobile phase (pH 3.5) contain-

Voriconazole,

and

ed an aqueous buffer (A) (acetic acid 35 mL/L,

C 2- H3-voriconazole (the internal standard)

ammonium acetate 5 g/L, and trifluoroace-

were purchased from Alsachim (Illkirch

tic acid 2mL/L), water (B) and acetonitrile

13

40

from Thermo Fisher Scientific (Waltham,

voriconazole-N-oxide

2

Figure 1. Chemical structures of voriconazole (1A), voriconazole-N-Oxide (1B) and
13
C 2-2H3-voriconazole (1C).
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Table 1. Gradient elution.

A: aqueous buffer, B: water and C: acetonitrile.

(C). The flow rate was 0.5 ml/min. The elution

methanol) to bovine serum. Calibration stan-

gradient is shown in Table 1. The injection vo-

dards (voriconazole: 0.10-0.2-0.50-1.01-2.02-

lume was 5 µL.

4.03-6.05-8.06-10.08
N-oxide:

mg/L,

voriconazole-

0.10-0.51-1.01-2.02-4.04-6.06-8.08-

The TSQ® Quantum Access MAX mass selec-

10.10 mg/L) and QC samples (see Table 2) were

tive detector operated in electrospray posi-

stored at -20°C.

tive ion mode with selected reaction monitoring (SRM). The following settings were used:

3.2.4 Procedure of sample preparation

Ion source spray voltage: 3500 V, sheath gas

10 µL bovine serum with 750 µL precipitation

pressure: 35 Arbitrary units (Arb.), auxiliary

reagent was homogenized for 1 min in a 2.0

gas pressure: 10 Arb., collision gas pressure:

mL autosampler vial and subsequently cen-

1.5 mTorr and the capillary temperature:

trifuged (5 minutes at 11,000 x g). 5 µL of the

350 °C. The subsequent mass parameters

supernatant was used for injection into the

were used at a unit resolution of 0.5 m/z:

LC-MS/MS.

voriconazole m/z 350.1 → m/z 280.9 (collision energy 17 eV), voriconazole-N-oxide m/z

3.2.5 Validation

366.1 → m/z 224.1 (collision energy 16 eV) and

Validation parameters included selectivity,

C2-2H3-voriconazole m/z 355.1 → m/z 284.0

linearity, accuracy, precision, recovery and

13

(collision energy 18 eV). C2- H3-voriconazole

stability, and were based on FDA and EMA

was used as SIL internal standard for both

guidelines [16,17]. Because we updated our pre-

voriconazole and voriconazole-N-oxide. We

vious method, the stability tests for vorico-

used Xcalibur® software version 2.0.7 SP1

nazole and the selectivity/interference tests

(Waltham, MA, USA) for peak height integra-

were not performed extensively [13].

13

2

tion.
A calibration curve was obtained on each
3.2.3 Standard stocks and serum samples

analytical day. For the determination of ac-

Preparation of the calibration samples was

curacy and precision, five different QC sam-

carried out by spiking stock solution A (vori-

ples were used. They included lower limit of

conazole 201.6 mg/L, voriconazole-N-oxide

quantification (LLOQ), low, medium, high and

202.0 mg/L in methanol) to bovine serum and

10 times over the curve dilution (OC) samples.

quality control (QC) samples were prepared

Samples were analyzed in quintuplicate at

by spiking stock solution B (voriconazole 199.8

three different days. One-way analysis of

mg/L, voriconazole-N-oxide 199.2 mg/L in

variance (ANOVA) was used as statistical test.
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Peak height of QC samples in bovine serum

analysed in order to investigate potential in-

(low, medium, high) were compared with

terferences at the retention times of vori-

corresponding control samples to calculate

conazole and voriconazole-N-oxide. Further-

extraction recovery, matrix effects, and pro-

more, six lots of blank human serum

cess efficiency (n = 5)

[18]

. QC samples were

prepared by prespiking voriconazole and
voriconazole-N-oxide with

13

C 2-2H3-vorico-

were

spiked

voriconazole

with

LLOQ

and

voriconazole-N-oxide

standards

of

LLOQ and analysed.

nazole in a mixture of methanol/acetonitrile
(4:21, v/v), control samples were prepared

The stability of voriconazole in serum was

by postspiking voriconazole and voricona-

investigated earlier

zole-N-oxide with C 2- H3-voriconazole in a

pler stability, which remained valid as sam-

mixture of methanol/acetonitrile (4:21, v/v).

ple preparation was similar as before. The

13

2

[13]

as well as autosam-

same method of stability testing was used
The extraction recovery was calculated by

for voriconazole-N-oxide. Voriconazole-N-

comparing peak heights of voriconazole

oxide concentrations were measured in QC

and voriconazole-N-oxide in prespiked sam-

samples (low, high) after 4 cycles of free-

ples with peak heights of voriconazole and

ze–thaw, after 0, 24, 48, 72, 96, 120 hours

voriconazole-N-oxide in post-spiked sam-

at room temperature and after 0, 24, 48,

ples. The matrix effects were determined by

72, 96, 120 hours in the autosampler (10 °C).

comparing peak heights of voriconazole and

The concentrations of voriconazole-N-oxide

voriconazole-N-oxide in post-spiked sam-

were reported as percentage of the concen-

ples with peak heights of voriconazole and

tration of the freshly made QC samples.

voriconazole-N-oxide in the extraction fluid.
Total process efficiency was determined by

3.3 Results and discussion

comparing peak heights of voriconazole and

3.3.1 Method validation

voriconazole-N-oxide in prespiked samples

For the chromatograms of blank human

with peak heights of voriconazole and vori-

serum, 13C 2-2H3-voriconazole and the LLOQ of

conazole-N-oxide in the extraction fluid.

voriconazole, and voriconazole N-oxide, see
Figure 2. All calibration curves were linear

As this method was developed for the ana-

by using a weight factor of 1/x over a range

lysis of voriconazole in human serum, a

0.05–10 mg/L for voriconazole and vori-

matrix comparison between bovine serum

conazole-N-oxide.

and human serum was performed. The calibration curve was prepared in bovine serum

The validated LLOQs were 0.1 mg/L for both

on seven levels, control samples were pre-

voriconazole and voriconazole-N-oxide. The

pared in human serum also on seven levels.

results of accuracy and precision are sum-

The analysis was performed in triplicate and

marized in Table 2. Calculated biases were

the bias between both samples matrixes

-3.0 to +4.2% for voriconazole and -1.0 to

was calculated to determine whether there

3.8% for voriconazole-N-oxide. The overall

was a matrix effect.

CV (%) varied between 2.9 and 7.5% for voriconazole and between 4.0 and 10.8% for

42

To evaluate the selectivity of the method,

voriconazole-N-oxide. Interassay variability

six lots of blank human serum samples were

of the calibration curves are shown in Table 3.

Chapter 03b

Table 2. Accuracy and precision.

QC: Quality control, VRZ: Voriconazole, VNO: Voriconazole-N-Oxide, LLOQ: Lower limit of quantification,
MED: medium, OC: 10 times over the curve dilution.
Table 3. Interassay variability of the calibration curves.

SD: Standard deviation

Figure 2. Chromatograms of blank human serum (a), lower limit of quantification (LLOQ) of voriconazole (b), internal standard 13C 2-2H3-voriconazole (25 ug/L) (c) and LLOQ of voriconazole-N-oxide (d).
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Table 4. Recovery (%), Matrix effects (%), and total process efficiency.

MED: Medium

Figure 3. Bias (mean) at room temperature (circles) and autosampler temperature (10 °C; triangles)
for voriconazole (3A) and voriconazole-N-oxide (3B). Solid symbols represent high concentrations and
open symbols represent low concentrations. All measurements were performed in quintuplicate.
RT: room temperature, AST: autosampler temperature.

The recovery, matrix effects and total pro-

tion after 24 hours at room temperature,

cess efficiency for low, medium, and high QC

3.9% (QC low) and 2.2% (QC high) lower than

samples, calculated on substance/internal

the nominal concentration after 4 free-

standard ratios are shown in Table 4. Ma-

ze-thaw cycles and 6.9% (QC low) and 7.5% (QC

trix comparison showed no difference be-

high) lower than the nominal concentration

tween the analysis of voriconazole and vo-

after 72 hours in the autosampler (10 °C).

riconazole-N-oxide in bovine serum and in

The results of the stability study are display-

human serum (bias < 15%). No interference

ed in Figure 3. Remarkably, after 120 hours

of blank human serum was observed at re-

at room temperature, the voriconazole-

tention times of voriconazole and voricona-

N-oxide concentration was 81.1% (QC low)

zole-N-oxide (detected peaks <20% of LLOQ).

and 84.1% (QC high) lower than the nominal

The CV (%) of six human serum lots spiked

concentration.

with LLOQ standards was < 20%.
3.3.2 Clinical practice
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Measured concentrations of voriconazole-

Voriconazole

N-oxide were 6.9% (QC low) and 14.2% (QC

concentrations are measured trice weekly

high) lower than the nominal concentra-

at the University Medical Centre Groningen.

and

voriconazole-N-oxide

Chapter 03b

TDM of voriconazole is routinely performed

liver. For example, this method was used

in our hospital, especially for patients with

in a study to investigate the effect of inflam-

invasive fungal infections who are treated

mation on voriconazole metabolism. We

. This method has also

observed that metabolism of voriconazo-

been used for research purposes in our hos-

le is decreased during inflammation, as

pital [9].

reflected by a reduction in the formation

with voriconazole

[6]

of voriconazole-N-oxide. Therefore, this
Between April 2016 and December 2017, 717

study confirmed that inflammation contri-

voriconazole and 590 voriconazole-N-oxide

butes to the large inter- and intra-individual

concentrations were determined. The medi-

variability

an voriconazole concentration was 2.5 mg/L

and emphasizes the need for measure-

(interquartile range 1.3-4.2 mg/L) and the

ment of voriconazole-N-oxide concentra-

median voriconazole-N-oxide concentrati-

tions [9].

in

voriconazole

metabolism,

on was 2.6 mg/L (interquartile range 1.6-3.7
mg/L). See Figure 4 for a graphical repre-

3.3.3 Discussion

sentation of these data. The addition of vo-

We developed an accurate and simple assay

riconazole-N-oxide to the method gives us

for the analysis of voriconazole and vori-

more insight into the metabolism of vori-

conazole-N-oxide that was validated for all

conazole and the metabolic capacity of the

critical parameters.

Figure 4. Voriconazole and voriconazole-N-oxide concentrations measured between
April 2016 and December 2017.
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Voriconazole-N-oxide is relatively unstable

and one metabolite. There are a few disad-

at room temperature, with a bias of 14.2%

vantages to their method. First, sample

and 81.1% for low QC samples and 6,2% and

preparation requires 100 µL sample while

84.1% for high QC samples after 24 hours

our method only requires 10 µL, which is

and 120 hours at room temperature res-

ideal when microsampling is required or

pectively. Therefore, blood samples for this

desirable, like in pediatric patients, patients

analysis have to be centrifuged as soon

suffering from venous damage and in small

as possible. The collected serum should

animals. Furthermore, Decosterd et al. also

be stored at -20 °C as soon as possible, but

used protein precipitation as sample pre-

within 24 hours, in order to detect relia-

paration, however their method is more

ble voriconazole-N-oxide concentrations.

extensive compared with our method of

These results are in concordance with other

precipitation and injection in one vial. The

publications

[5,11]

.

relatively long runtime of 7 minutes described by Decosterd et al.

[14]

interferes

Compared to our previously published

with fast turnaround times and urgent

, this method has the advanta-

patient sample analysis. For example, one

ge that voriconazole-N-oxide levels can be

urgent patient requires the analysis of at

determined as well. As stated in the intro-

least 13 injections (1 blank, 8 standards, 3 QC

duction, the analysis of voriconazole-N-

samples and 1 patient), which takes 91 min,

oxide can be useful in situations in which

while our method with 2.6 minutes, runtime

the

method

[13]

cannot

takes less than 34 min. A shorter run time

be explained properly. Several LC-MS/MS

voriconazole

concentration

is of critical importance in a clinical

methods that determine voriconazole con-

setting. It could mean the difference

.

between reporting a result the same day or

However, to our knowledge there are only

the next day, especially if you take into

three published HPLC methods that deter-

account

mine both voriconazole and voriconazole-

solely used for voriconazole but also

centrations have been published before

N-oxide

[5,11,12]

[19]

. Both Yamada et al. and Eiden

et al. used an isocratic HPLC method with

for

that

other

the

drugs

equipment
and

patient

is

not

sample

analysis.

UV detection. These methods have the
disadvantage of being less sensitive and

Compared to our previously published

selective

LC-MS/MS

method, the advantages of the updated

method. In addition, sample preparation

method are the faster turnaround time (2.6

for these methods is more time consuming,

minutes instead of 3.6 minutes) and the

and runtimes are longer.

use of a SIL parent compound as internal

compared

to

our

standard for voriconazole

. Although the

Similar to our method, Decosterd et al. de-

validation results comply with the criteria

veloped a LC-MS/MS method, which can de-

using the SIL parent compound as internal

termine both voriconazole and voriconazo-

standard, the use of a SIL for the metabolite

le-N-oxide with a SIL compound as internal

would be preferable for obtaining the best

. Their method not only deter-

results and most robust assay. Unfortunate-

mined voriconazole and its main metabo-

ly, the SIL for the metabolite was not yet

lite, but also five other anti-fungal agents

available at the time of validation.

standard
46
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[11]
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A limitation of this study is that we did not
validate our method in haemolysed or lipemic samples, however with the use of a
SIL internal standard, correction for such
samples is possible.
Furthermore, the EMA reported that voriconazole was light sensitive

[20]

. As vori-

conazole-N-oxide has a comparable molecular structure, it is possible that voriconazole-N-Oxide is light sensitive as well.
Further research is necessary to investigate the influence of light on the stability
of voriconazole and voriconazole-N-oxide
in serum.
This example shows the importance to update analysis methods, in order to adapt to
the needs of the clinic and to continue to
perform state of the art analyses. Quality
control programs are a valuable tool for the
quality improvement of analysing methods,
as these programs can compare results between different types of assays, in order to
validate whether the results match to the
expectations of the quality necessary for patient care.
3.4 Conclusion
In conclusion, an accurate and simple
assay for the analysis of voriconazole and
voriconazole-N-oxide to enable TDM was
developed, using a SIL internal standard and
validated for all critical parameters.
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Abstract
An important element in antimicrobial

a limited (≤5 days) time interval in order

stewardship programmes is early switch

to evaluate the effect of switching the

from intravenous (i.v.) to oral antimi-

route of administration on voriconazole

crobial treatment, especially for highly

serum concentrations. A total of 13 pa-

bioavailable drugs. The antifungal agent

tients were included. The mean vorico-

voriconazole is available both in intra-

nazole trough concentration was 2.28

venous and oral formulations and bio-

mg/L [95% confidence interval (CI) 1.29–

availability is estimated to be >90% in

3.26 mg/L] for i.v. voriconazole adminis-

healthy volunteers, making this drug a

tration and 2.04 mg/L (95% CI 0.78–3.30

suitable candidate for such a transition.

mg/L) for oral administration. No signi-

Recently, two studies have shown that

ficant difference was found in the mean

the bioavailability of voriconazole is sub-

oral and intravenous trough concen-

stantially lower in patients. However, for

trations of voriconazole (P = 0.390). The

both studies various factors that could

mean bioavailability was 83.0% (95% CI

influence the voriconazole serum con-

59.0–107.0%). These findings suggest that

centration, such as inflammation, conco-

factors other than bioavailability may

mitant intake of food with oral voricona-

cause the observed difference in vori-

zole, and gastrointestinal complications,

conazole trough concentrations between

were not included in the evaluation.

oral and i.v. administration in the earlier

Therefore, in this study a retrospective

studies and stress the need for an anti-

chart review was performed in adult

microbial stewardship team to guide

patients treated with both oral and i.v.

voriconazole dosing.

voriconazole at the same dose and within

4.1 Introduction

fort and mobility, reduces the incidence of

Antimicrobial stewardship (AMS) program-

adverse effects related to i.v. administra-

mes have been developed to improve anti-

tion, reduces the time spent on preparing i.v.

microbial use

[1]

. These programmes main-

medication, and reduces purchasing costs
. Even if a hospital has no AMS program-

ly focus on antibiotics, whilst antifungal

[3]

agents receive less attention. However,

me, it is still worthwhile to switch from i.v.

the treatment of invasive fungal infections

to oral treatment based on the abovemen-

remains challenging. Effective treatment

tioned advantages.

may be compromised by toxicity and azole
resistance [2].

Voriconazole, an antifungal agent generally
accepted as the first-line treatment for in-

An important aspect of AMS is the switch

vasive aspergillosis, is available both in i.v.

from intravenous (i.v.) to oral antimicrobial

and oral formulations [4]. The package leaflet

treatment. For highly bioavailable drugs,

recommends a weight-based i.v. maintenan-

early switch from i.v. to oral treatment is

ce dose of 3–4 mg/kg twice daily or an oral

suggested because it improves patient com-

maintenance dose of 200 mg twice daily [5].
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Table 1. Factors influencing voriconazole serum concentration [4,7]

Abbreviations: DDI: drug-drug interactions

The efficacy of voriconazole and the occur-

gastrointestinal complications

rence of adverse events are associated with

tion, a large variability of voriconazole

.

serum concentrations is also seen over

the voriconazole serum concentration

[6]

[4,12]

. In addi-

However, in clinical practice, highly variable

time,

serum concentrations are observed during

kinetic variability

treatment. Table 1 gives an overview of fac-

haveinfluenced the results of previous

tors influencing voriconazole serum concen-

studies. Therefore, we performed a retro-

. Because serum concentrations

spective study with strict inclusion criteria

are highly variable, therapeutic drug monitor-

to evaluate the effect of switching the route

trations

[4,7]

ing (TDM) is recommended

[1,8]

.

indicating

intrapatient
[13]

pharmaco-

. These factors might

of administration on voriconazole serum
concentrations in hospitalised patients.

The bioavailability of this antifungal agent is
high and is estimated to be >90% in healthy

4.2 Methods

volunteers . Therefore, voriconazole would

4.2.1 Study design

be an excellent candidate for early switch

A retrospective chart review was performed

to oral treatment if clinically justified. How-

at the University Medical Center Gronin-

ever, two studies have recently shown that

gen (Groningen, The Netherlands) between

the bioavailability of voriconazole in patients

January 2009 and December 2014. Patients

is substantially lower than previously shown

were included if they were aged ≥18 years,

[4]

. This reduced bio-

were treated with both i.v. and oral vori-

availability could be caused by the changed

conazole, and had a steady-state vori-

pharmacokinetics of a drug in patients com-

conazole trough concentration for both

. Although

routes of administration within a 5-day

both studies in patients showed decreased

time interval. Steady-state was assumed

bioavailability, several factors that could have

to be achieved within 24 h if two loading

influenced the pharmacokinetics of vori-

doses of voriconazole were administered or

conazole and hence the voriconazole serum

after ten dosages without a loading dose

concentration were not included in the eva-

If the dose or the route of administration

luation, e.g. inflammation, concomitant in-

was changed, steady-state was assumed to

take of food or enteral tube feeding, and

be achieved after at least two dosages, which

in healthy volunteers

[9,10]

pared with healthy volunteers
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[4]
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is equivalent to ca. 4–5 times the elimination

a paired sample t-test for normally distribu-

. Furthermore, the

ted data and a Wilcoxon signed-rank test for

difference in dosage between i.v. and oral ad-

non-normally distributed data. All statistical

ministration of voriconazole had to be <10%.

analyses were performed using SPSS Statis-

half-life of voriconazole

[4]

tics for Windows v.22.0 (IBM Corp., Armonk,
Patients were excluded if they suffered from

NY). A P-value of <0.05 was considered sta-

severe diarrhoea or vomiting or if they had

tistically significant.

ingested food or received enteral tube feeding with voriconazole during oral treatment.

4.3 Results

Patients were also excluded in the case of

Thirteen patients (eight males) were includ-

concomitant use of a strong CYP3A4 inducer

ed in this study. The median patient age

or inhibitor as described in the summary of

was 58 years (IQR 43–64 years). Eleven pa-

product characteristics.

tients received voriconazole for treatment
of a fungal infection and two patients re-

This study was evaluated by the local ethics

ceived voriconazole as prophylaxis. Twelve

committee (Institutional Review Board 2013-

patients received the same dose of vori-

491) and was, according to Dutch law, allow-

conazole intravenously and orally. For one

ed owing to its retrospective nature.

patient the difference in voriconazole dose

4.2.2 Data collection

ceived was 3.8 mg/kg (95% CI 2.6–4.9 mg/kg)

Information regarding voriconazole treat-

twice daily both for i.v. and oral treatment.

ment was collected from patients’ medical

Seven patients had a haematological ma-

charts. Furthermore, laboratory parameters

lignancy, five patients had undergone solid

were collected that may influence the vori-

organ transplantation and one patient had

conazole trough concentration, including

a pulmonary disease. Additional patient

liver enzymes and C-reactive protein.

characteristics and results are summarised

was <10%. The mean dose that patients re-

in Table 2. As shown in this table, no signifiRoutinely collected voriconazole trough

cant difference was found in mean voricona-

concentrations were measured using a vali-

zole trough concentrations (Cmin) between

dated and verified liquid chromatography–

patients receiving oral and i.v. administra-

tandem

(LC-MS/MS)

tion of voriconazole (P = 0.390). The mean

. Bioavailability was calculated

bioavailability was 83.0% [95% CI 59.0–107.0%;

method

mass
[14,15]

spectrometry

as (trough concentration oral × dose i.v.)/

coefficient of variation (CV) 47.8%].

(trough concentration i.v. × dose oral).
In total, seven patients used esomeprazole
4.2.3 Statistical analysis

or omeprazole as concomitant medication

Normally distributed data are presented as

during voriconazole treatment. To assess

the mean and 95% confidence interval (CI),

esomeprazole or omeprazole as a confoun-

and non-normally distributed data as the

ding factor, the population was stratified

median and interquartile ranges (IQR). To

for concomitant use of these drugs du-

determine whether data were normally dis-

ring treatment with voriconazole. No signi-

tributed, a Shapiro–Wilk test was perform-

ficant difference was found between the

ed. Statistical analyses were performed with

two groups.
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Table 2. Comparison of patient characteristics within patients treated with both intravenous and oral
voriconazole in a limited time interval (n= 13).

Abbreviations: ALP: alkaline phosphatase (U/L), ALT: alanine transaminase (U/L), AST: aspartate transaminase
(U/L), γ-GT: gamma-glutamyltransferase (U/L) CRP: C-reactive Protein (mg/L), Cmin: voriconazole trough
concentration (mg/L). Data are presented as mean (95% confidence interval) unless specified otherwise.
a
Statistical analysis are performed with a paired sample t-test unless specified otherwise. b Median
(interquartile range). c Wilcoxon signed-rank test.

4.4 Discussion

i.v. treatment of a drug is changed to oral

No significant difference was found in mean

treatment should be considered carefully.

voriconazole trough concentrations in indi-

Another complication that is commonly seen

vidual patients who were treated with both

in solid organ transplant recipients and in

i.v. and oral administration of voriconazo-

patients with haematological malignancies

le within a limited time interval (P = 0.390).

is infection. The degree of inflammation ap-

Furthermore, the bioavailability of vorico-

pears to be associated with higher vorico-

nazole in this study (83.0%; CV 47.8%) appea-

nazole trough concentrations

red slightly reduced compared with the bio-

voriconazole trough concentrations are pro-

availability in healthy volunteers (96%; CV

bably higher in the initial phase of an infec-

13%) [5].

tion and are likely to decrease during recove-

[12]

. Therefore,

ry. Because it is recommended to start with
The bioavailability observed in patients in

i.v. treatment and switch to oral treatment

the current study was higher than the bio-

if this is clinically justified

54

[5]

, higher vorico-

.

nazole trough concentrations appear partly

Altered bioavailability can be explained by

explained by the inflammation coinciding

several factors. For instance, mucositis is

with i.v. treatment. Furthermore, food intake

a common complication seen in patients

concomitant with oral administration of vo-

with haematological malignancies, caused

riconazole reduces the bioavailability of vo-

by chemotherapy. Diarrhoea, which is asso-

riconazole by ca. 20%. Therefore, it is recom-

ciated with gastrointestinal mucositis, can

mended to take oral voriconazole at least 1 h

lower bioavailability and hence the serum

before or after meals [4]. In this retrospective

concentration of drugs following oral ad-

study, patients were excluded if any of the

ministration. Therefore, the moment when

factors mentioned above were applicable.

availability previously found by others

[9,10]

Chapter 04

To minimise other factors that could influen-

the area under the concentration–time curve

ce the voriconazole serum concentration,

(AUC), as trough concentrations will be less

such as CYP2C19 genotype or underlying di-

accurate. However, the voriconazole trough

sease, patients were only included if a vorico-

concentration gives a good estimation of the

nazole trough concentrationwas measured

AUC [10,19]. Another important limitation is the

for both routes of administration. However, it

small sample size of this retrospective study.

should be mentioned that the bioavailability

This was predominantly caused by the strict

of voriconazole appears higher in poor meta-

inclusion criteria. Since voriconazole shows

bolisers of CYP2C19 compared with extensive

nonlinear pharmacokinetics and has a large

. Although we did not deter-

variability in serum concentration over time,

mine the CYP2C19 genotype in this study, it

these strict inclusion criteria were chosen.

is unlikely that this affected the results sin-

Furthermore, esomeprazole or omeprazole

ce all included patients were Caucasian and

was the only potential interacting co-medi-

only ca. 3–5% of the Caucasian population are

cation used by patients in this study

metabolisers

[16]

[4]

. The

. Therefore, it is unlikely

impact of this inhibitor of CYP2C19 on the

that the higher bioavailability observed was

voriconazole trough concentration and con-

caused by poor metabolism of voriconazole.

sequently on the AUC is probably negligible

poor metabolisers

[17]

because no significant difference was found
It was recently shown that the bioavailability

between patients who used esomeprazole or

of voriconazole can also be influenced by the

omeprazole and those who did not use these

voriconazole dose

[18]

. Here, bioavailability

drugs during treatment with voriconazole.

of voriconazole for patients receiving 50 mg
voriconazole was substantially lower compa-

4.5 Conclusion

red with bioavailability for patients receiving

Although this study has some important

400 mg. However, a voriconazole dose of 50

limitations, the data give an indication that

mg is not a standard voriconazole dose given

the switch from i.v. to oral voriconazole can

in clinical practice. With an average body-

be made without decreasing serum con-

weight of 70 kg, a dose of 50 mg corresponds

centrations. Bioavailability appears slight-

to a dose of 0.70 mg/kg. In the current study,

ly lower in hospitalised patients compared

a mean voriconazole dose of 3.8 mg/kg was

with healthy volunteers, but remained high

given. Therefore, we expect minimal influen-

when factors that could have influenced the

ce of the voriconazole dose on bioavailability.

bioavailability were eliminated. For antibiotics, early switching programmes are part

In our hospital, TDM of voriconazole is rou-

of AMS. Patients who are part of these pro-

tinely performed. Therefore, selection bias

grammes should be ensured of the continued

seems negligible. However, this retrospec-

efficacy of their treatment. Since oral treat-

tive study has some important limitations.

ment has some advantages over i.v. treat-

First, voriconazole trough concentrations

ment as discussed previously, we suggest

were used to estimate the bioavailability

that early switching programmes should

and to determine whether there was a dif-

be applied in treatment with voriconazole,

ference in voriconazole exposure between

taking into account all factors influencing

i.v. and oral administration of voriconazole.

voriconazole concentrations and its complex

Usually, bioavailability is determined using

pharmacokinetics.
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Abstract

the metabolic ratio and voriconazole

Background: During an infection or in-

trough concentration.

flammation, several drug-metabolizing
enzymes in the liver are downregu-

Results: Thirty-four patients were in-

lated, including cytochrome P450 iso-

cluded. In total 489 voriconazole

enzymes. Since voriconazole is exten-

trough concentrations were inclu-

sively metabolized by cytochrome P450

ded in the longitudinal data ana-

iso-enzymes, the metabolism of vori-

lysis. This analysis showed that in-

conazole can be influenced during in-

flammation, reflected by CRP con-

flammation via reduced clearance of

centrations, significantly influenced

the drug, resulting in higher voricon-

the metabolic ratio, voriconazole

azole trough concentrations.

trough concentration and

voricon-

azole-N-oxide concentration (all P <
Objective: To investigate prospectively

0.001), when corrected for other fac-

the influence of inflammation on vori-

tors that could influence voriconazo-

conzole metabolism and voriconazole

le metabolism. The metabolic ratio

trough concentrations.

was decreased by 0.99229N and the
voriconazole-N-oxide concentration

Methods: A prospective observational

by 0.99775N, while the voriconazole

study was performed at the Universi-

trough concentration was increased

ty Medical Center Groningen. Patients

by 1.005321N, where N is the difference

were eligible for inclusion if they were

in CRP units (in mg/L).

≥18 years old and treated with voriconazole. Voriconazole and voriconazole-N-

Conclusions: This study shows that vo-

oxide

determin-

riconazole metabolism is decreased

ed in discarded blood samples. To de-

during inflammation, resulting in

termine the degree of inflammation,

higher voriconazole trough concen-

C-reactive protein (CRP) concentrations

trations. Therefore, frequent moni-

were

concentrations

were

longitu-

toring of voriconazole serum concen-

dinal data analysis was performed to

trations is recommended during and

assess the effect of inflammation on

following severe inflammation.

used.

Subsequently,

a

Funding: This work was financially supported by Pfizer, the Netherlands (grant number WI183792).

5.1 Introduction

ral drug-metabolizing enzymes in the liver

Severe infections are commonly seen in

are down-regulated, including cytochrome

hospitalized patients, particularly in pa-

P450 (CYP) iso-enzymes. This can result in

tients in ICUs. The risk of infection even

reduced metabolism of drugs that are meta-

seems to increase with longer admission to

bolized by these enzymes and hence higher

an ICU. Additionally, the incidence of seve-

drug concentrations [3,4].

re sepsis continues to increase

[1,2]

. Multiple

in vitro and in vivo studies have shown that

Inflammation could also contribute to the

during an infection or inflammation seve-

pharmacokinetic variability of voriconazole.
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Voriconazole is a broad-spectrum triazole

measured in both studies. Another retro-

that is used for the treatment and preven-

spective

study,

where

voriconazole-N-

. The cli-

oxide concentrations were included, show-

nical effect and the occurrence of adverse

ed a changed metabolic ratio of voricon-

events with voriconazole are associated

azole and the main metabolite of voricon-

with its serum concentration. Therefore,

azole, voriconazole-N-oxide, during inflam-

therapeutic drug monitoring is indicated

mation [16,17].

tion of invasive fungal infections

[5]

for voriconazole to improve treatment out. However,

A limitation of that study was that a limited

voriconazole serum concentrations are hig-

number of patients were included. In addi-

hly variable in clinical practice. This variabi-

tion, only a limited number of samples per

lity is not only seen between patients, but

patient were available for analysis. Although

come and to reduce toxicity

[6 – 8]

. Several

these studies showed a trend that voricon-

factors are known to influence the serum

azole serum concentrations were influen-

concentration, including age, liver func-

ced during severe inflammation, methodo-

tion, CYP2C19 genotype and co-medication

logical limitations hampered firm conclu-

also within patients over time

[9,10]

, though these factors do not completely

sions. To overcome these limitations, the

explain the observed variability. Since vori-

aim of this study was to investigate prospec-

conazole is extensively metabolized by CYP

tively the influence of inflammation on the

iso-enzymes [12], the metabolism of voricona-

metabolism of voriconazole by daily sam-

zole can be influenced during inflammation

pling during voriconazole treatment.

[11 – 14]

or an infection via reduced clearance of the
drug, resulting in higher voriconazole se-

5.2 Patients and methods

rum concentrations. Therefore, if C-reactive

5.2.1 Study design

protein (CRP) or IL-6 concentrations are sig-

This was a prospective observational study.

nificantly increased, a higher voriconazole

Patients were eligible for inclusion if they

serum concentration may be observed. Re-

were ≥18 years old and treated with intra-

cently, a retrospective study showed that

venous or oral voriconazole at the University

inflammation could influence the voricona-

Medical Center Groningen, the Netherlands,

. In that study,

between January 2014 and August 2014. Pa-

higher voriconazole trough concentrations

tients were excluded if they concomitantly

were observed during severe inflammati-

used a strong inhibitor or inducer of CYP3A4

on, as reflected by high CRP concentrations.

as described in the summary of product

Additionally, multiple voriconazole trough

characteristics.

zole serum concentration

[15]

concentrations with corresponding CRP
concentrations were analysed to determine

Discarded blood samples, drawn for clinical

the association between inflammation, re-

reasons, were collected during treatment

flected by CRP, and the voriconazole trough

with voriconazole, starting at steady state.

. Both studies in-

Steady state was assumed to be achieved

dicated that inflammation plays a signi-

within 24 h after administration of two load-

ficant role in the pharmacokinetic varia-

ing doses of voriconazole or after 10 doses

bility of voriconazole. However, vorico-

if no loading dose was given

nazole-N-oxide concentrations were not

dose was defined as two intravenous doses

concentration over time

60

[16]

[12]

. A loading
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of 6 mg/kg or two oral doses of 400 mg on the

gories: poor metabolizers were described as

first day, followed by an intravenous dose of

CYP2C19*2/*2, CYP2C19*2/*3 or CYP2C19*3/*3;

4 mg/kg or an oral dose of 200 mg twice daily.

intermediate metabolizers as CYP2C19*1/*2
or CYP2C19*1/*3; extensive metabolizers as

5.2.2 Ethics

CYP2C19*1/*1; and ultra-rapid metabolizers

This study was evaluated and allowed by

as CYP2C19*1/*17 [20].

the local ethics committee (Institutional
Review Board 2013-511) and registered at

Demographic data were obtained from the

ClinicalTrials.gov under registration num-

medical chart of the patient and included

ber NCT02074462. Informed consent was

age, sex, weight and underlying disease.

obtained from each patient included.

Information about the voriconazole treatment included the dose (mg/kg/day), and

5.2.3 Voriconazole and

time and route of administration. Further-

voriconazole-N-oxide assay

more, information about potentially inter-

The voriconazole and voriconazole-N-oxide

acting CYP450 co-medication was collected.

concentrations were measured with a vali. The validation

To determine the degree of inflammation,

of voriconazole showed a within-run co-

CRP concentrations were used, which were

efficient of variation (CV) ranging from 1.9%

measured routinely or determined in dis-

to 2.3%, and a between-run CV ranging from

carded blood samples. The validation of CRP

0.0% to 3.1%. For voriconazole-N-oxide the

showed a CV ranging from 1.2% to 9.7%. In ad-

within-run CV ranged from 3.6% to 10.8%

dition, other routine laboratory parameters

and the between-run CV ranged from 0.0%

that could influence the voriconazole and

to 7.7%. The limit of quantification for both

possibly the voriconazole-N-oxide concen-

voriconazole and voriconazole-N-oxide was

tration were collected, including alkaline

0.1 mg/L.

phosphatase, ALT, AST, GGT and total biliru-

dated LC-MS/MS method

[18]

bin.
For the voriconazole analysis, we participated in an international proficiency testing

5.2.5 Statistical analysis

programme for the measurement of anti-

Numerical variables were summarized as

fungal drug concentrations and obtained

medians with IQR, and categorical variables

good results [19].

were summarized with frequencies and
percentages. The longitudinal data of the

5.2.4 Data collection

voriconazole, voriconazole-N-oxide concen-

Trough concentrations were used for the

trations and metabolic ratios were analysed

statistical analysis and the metabolic ratio

with a linear mixed model. A transformation

was determined by dividing the voricon-

was performed if the data were not normal-

azole-N-oxide concentration by the corres-

ly distributed. A random additive effect was

ponding voriconazole concentration.

selected for patients to address different
concentrations between patients. A first-

Furthermore, CYP2C19 genotype was de-

order autoregressive correlation between

termined. Based on CYP2C19 genotype, pa-

voriconazole trough concentrations, vorico-

tients were divided into four different cate-

nazole-N-oxide concentrations or metabo-
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Table 1. Baseline patient characteristics (n = 34)

5.3 Results
Thirty-six patients were eligible for inclusion. Two patients were excluded because
serum concentrations were not measured
at steady state. Therefore, 34 patients were
included in the study and discarded blood
samples were collected for these patients.
The median duration with voriconazole
treatment was 19 days (range 5–110 days).
The

baseline

patient

characteristics

are shown in Table 1. The proton pump
inhibitors (PPIs) esomeprazole, omeprazole or pantoprazole were the only potential
interacting drugs that were used during
treatment with voriconazole.
Other diagnosed diseases included cystic fibrosis,
chronic obstructive pulmonary disease, and
vasculitis.

a

For 20 patients CYP2C19 genotype was
determined; nine were extensive metabolizers, six intermediate metabolizers and

lic ratios over time was selected to cor-

five ultra-rapid metabolizers. In 14 patients,

rect for differences in intervals between

CYP2C19 genotype was not determined

observations. To investigate the effect of

because they received allogeneic stem

inflammation on the metabolic ratio, vori-

cell transplantation and therefore blood

conazole trough concentration and vori-

samples were not representative for the

conazole-N-oxide concentration, the Wald

genotype.

type III test was conducted after correc-

character of this study, no other methods

ting for gender, age, voriconazole dose and

for

route of administration, liver enzymes

used.

Due

determining

to
the

the

observational

genotype

were

(alkaline phosphatase, ALT, AST, GGT and

62

total bilirubin) and the use of interacting

Therapeutic

comedication. This correction means that

conazole is routinely performed in our

we studied the contribution of inflammation

hospital, particularly for patients who

on the metabolic ratio, voriconazole trough

receive

concentration

invasive

and

voriconazole-N-oxide

drug

monitoring

voriconazole
fungal

as

of

treatment

infections.

vori-

for

Thereby,

concentration when we had eliminated the

serum

possible influence of the other variables

as routine care for 25 of the included

first. Thus, we wanted to estimate the di-

patients

rect effect of inflammation on the metabolic

study. In general the therapeutic range

concentrations
during

were

participation

measured
in

this

ratio, voriconazole trough concentration

applied from 1.5 up to 5 mg/L and for prop-

and voriconazole-N-oxide concentration.

hylaxis there was a lower limit of 1 mg/L [6,7].

The analysis was performed using SAS 9.3

For 14 patients the voriconazole dose was

(SAS Institute Inc., Cary, NC, USA). P < 0.05

adjusted after routine care measurement of

was considered statistically significant.

the voriconazole serum concentration.
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A total of 489 voriconazole trough concen-

voriconazole metabolism, which are men-

trations were included in the analysis, with

tioned in the Patients and methods secti-

a median of 11 trough concentrations per pa-

on, the voriconazole trough concentration

tient (range 2–73). As well as the metabolic

was significantly increased at higher CRP

ratio, voriconazole and voriconazole-N-oxi-

concentrations, while voriconazole-N-oxi-

de trough concentrations were not normal-

de concentrations and the metabolic ratio

ly distributed, so the data were log transfor-

were significantly decreased at higher CRP

med. In Figure 1 a scatter plot is shown of

concentrations (all P < 0.001). The metabolic

all calculated metabolic ratios (panel a) and

ratio decreased by 0.99229 N and the voricon-

measured voriconazole trough concentra-

azole-N-oxide concentration by 0.99775 N ,

tions (panel b) with the corresponding CRP

while the voriconazole concentration incre-

concentration. In this figure the metabolic

ased by 1.005321N , where N is the difference

ratio seems to decrease with increasing CRP

in CRP units (expressed in mg/L). Besides

concentration (panel a), while the voricona-

CRP, the metabolic ratio, voriconazole con-

zole trough concentration seems to increase

centration and voriconazole-N-oxide con-

with increasing CRP concentration (panel b).

centration were significantly associated
with the voriconazole dose, ALT and AST

Subsequently, a longitudinal data analysis

concentrations (all P < 0.05). In addition,

was performed to determine the influence

voriconazole-N-oxide concentrations were

of CRP on the metabolic ratio, voriconazo-

significantly associated with total bilirubin

le trough concentration and voriconazo-

(P < 0.05).

le-N-oxide concentration where the repeated measurements were taken into account

The

as well as other factors that could influence

trough concentrations for the difference

simulated

expected

voriconazole

the metabolism of voriconazole. The longi-

in CRP concentration from 5 up to 300 mg/L

tudinal data analysis showed that after cor-

are shown in Figure 2, where an initial

recting for other factors that could influence

voriconazole trough concentration of 1, 2

Figure 1. (a) Scatter plot of metabolic ratio versus CRP concentration (mg/L) for all calculated metabolic ratios. A trend of decreasing metabolic ratio with increasing CRP concentration can be observed.
(b) Scatter plot of voriconazole trough concentration (mg/L) versus CRP concentration (mg/L) for all
measured concentrations. A trend of increasing voriconazole trough concentration with increasing
CRP concentration can be observed.
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and 3 mg/L is used. To obtain this figure

ween the different genotypes (P < 0.001).

the above-mentioned formula 1.005321N is

For extensive metabolizers the metabolic

used, where N is the difference in CRP units.

ratio decreased by 0.991972N , for interme-

Others factors that could influence the

diate metabolizers by 0.986512N and for

voriconazole concentration are taken into

ultra-rapid metabolizers by 0.994147N , where

account in this formula. Figure 2 shows that

N is the difference in CRP units (expressed

with an increase of the CRP concentration

in mg/L). For instance, if N is 200 mg/L, this

from, e.g. 5 to 205 mg/L (n = 200 mg/L), the

results in a decrease of the metabolic ratio

initial voriconazole concentration of 2 mg/L

by 80% for extensive metabolizers, >90%

is expected to increase to ~ 6 mg/L (calcu-

for intermediate metabolizers and 70% for

lated by 2*1.005321

).

ultra-rapid metabolizers.

200

To assess the influence of genotype on the
metabolism of voriconazole and hence

Table 2. Baseline patient characteristics with
genotyping (n = 20)

the voriconazole trough concentration, an
analysis was performed on a subgroup
of patients. The patient characteristics at
baseline were comparable between the
patients for whom genotyping was performed and the total population, as can
be seen in Table 2. In total, 301 voriconazole trough concentrations were included in the longitudinal data analysis. The
results of this analysis for the subgroup
showed that the metabolic ratio was decreased

and

the

voriconazole

trough

concentration was increased at higher
CRP concentrations, after correcting for
other factors that could influence voriconazole metabolism. The extent of decrease of the metabolic ratio varied betFigure 2. Simulated expected
increase in voriconazole serum
or plasma concentration versus
difference in CRP concentration
with an initial voriconazole
trough concentration of 1, 2 or
3 mg/L. Horizontal dotted lines
represent the therapeutic range
of voriconazole.
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Other diagnosed diseases included cystic fibrosis,
chronic obstructive pulmonary disease, and
vasculitis.

a
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The extent of increase in the voriconazole

others theophylline, a CYP1A2 substrate and

trough concentration also varied between

midazolam, a CYP3A4 substrate [24,25].

the different genotypes (P = 0.04). For extensive metabolizers the voriconazole trough

As mentioned before, voriconazole is ex-

concentration increased by 1.004965 , for

tensively metabolized by CYP iso-enzymes,

intermediate metabolizers by 1.009365 N and

primarily by CYP2C19, and to a lesser extent

N

for ultra-rapid metabolizers by 1.003685 .

by CYP2C9 and CYP3A4. Several in vitro stu-

For example, if a patient has an initial vori-

dies using cell lines representative for ex-

conazole trough concentration of 2 mg/L,

pression of many CYP450 genes in vivo have

with a corresponding CRP concentration of

shown that CYP2C19 activity is reduced du-

5 mg/L, the voriconazole trough concentra-

ring inflammation

tion will increase to ~5 mg/L for an extensive

conazole has a narrow therapeutic window

metabolizer if the CRP concentration increa-

and voriconazole serum concentrations are

ses to 205 mg/L. For the same increase in CRP

associated with efficacy and safety. There-

and initial voriconazole trough concentra-

fore, reduced metabolism of voriconazole

tion, the voriconazole trough concentration

can result in high serum concentrations,

will increase to ~13 mg/L for an intermedia-

which are associated with an increased

te metabolizer and to ~4 mg/L for an ultra-

risk of neurotoxicity and liver toxicity

rapid metabolizer.

In addition, the probability and severity of

N

[26,27]

. Furthermore, vori-

[6,8,28]

.

drug–drug interactions between different
5.4 Discussion

CYP450 substrates can be increased due to

In this study, we show that the metabolism

the decreased enzyme activity.

of voriconazole is influenced by the degree
of inflammation as reflected by CRP concen-

An in vitro study with human hepatocy-

tration. The decreased drug metabolism du-

tes showed that the expression of CYP2C19

ring inflammation can be explained by the

mRNA was decreased by ~30%–50% in hu-

synthesis of pro-inflammatory cytokines

man hepatocytes and appears to depend

during inflammation (e.g. TNF-α, IL-1, IL-6),

on the pro-inflammatory cytokine IL-6

resulting in a changed expression of speci-

In this study we measured the acute phase

fic transcription factors (e.g. NF-κB). These

protein CRP, instead of IL-6. In contrast to

changes result in down-regulation of va-

the pro-inflammatory cytokine IL-6, CRP

rious CYP iso-enzymes at the level of gene

concentrations were routinely measured

transcription, resulting in a loss of mRNA

for the included patients. However, the syn-

of the corresponding CYP iso-enzymes and

thesis of CRP is stimulated by pro-inflamma-

subsequently a decrease in protein and en-

tory cytokines (including IL-6). Therefore,

zyme activity. As a result, the metabolism

CRP concentrations could be used instead

of drugs that are metabolized by CYP-iso-

of IL-6 concentrations for reflection of the

enzymes decreases and hence the serum

degree of inflammation [30]. Additionally, sin-

[29]

.

. Therefore,

ce CRP expression in the liver is induced by

drugs with a narrow therapeutic window

IL-6, which is released by macrophages and

can accumulate to toxic serum concentra-

T cells, CRP concentrations will show a de-

tions during severe inflammation. This phe-

layed response at the beginning of an infec-

nomenon was previously seen for among

tion and will therefore be relatively normal

concentration increases

[21–24]
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during the initial phase of an infection and

Furthermore, voriconazole trough concen-

. The same ap-

trations were measured at steady state, be-

plies for voriconazole metabolism, which

cause the metabolic ratio could be different

will probably be normal at the beginning

during the loading phase of voriconazole

of an infection and will decrease in a later

due to non-linear pharmacokinetics of vori-

phase. In previous studies this was already

conazole.

increase in a later phase

[31]

observed and voriconazole concentrations
showed a similar trend as CRP concentra-

Since therapeutic drug monitoring of vori-

. A future study investi-

conazole is routinely performed in our hos-

gating IL-6 concentration over time would

pital, the occurrence of sub-therapeutic or

therefore be very interesting as it may be an

toxic voriconazole serum concentrations

early predictor of decreased metabolism of

was prevented by voriconazole dose ad-

voriconazole.

justments by the attending physician. This

tions over time

[15,16]

may have influenced the extent of the efWith the longitudinal data analysis, we

fect. However, the longitudinal data analysis

showed that both the metabolic ratio

showed that the degree of inflammation, as

and the voriconazole trough concentra-

reflected by CRP, had a significant influence

tion were significantly influenced by the CRP

(P < 0.001) on the metabolism of voriconazo-

concentration (both P < 0.001). These results

le and voriconazole trough concentration,

show that inflammation indeed influences

despite dose adjustments after performing

the metabolic ratio of voriconazole and

therapeutic drug monitoring.

the trough concentration, after correction
for other factors that could influence these

CYP2C19 genotype also plays an important

parameters. The increase in voriconazole

role in the metabolism of voriconazole. The

serum concentration observed in this pros-

serum concentration of voriconazole is sub-

pective observational study confirmed the

stantially higher in poor metabolizers of the

results from earlier studies. Unfortunately,

CYP2C19 genotype compared with extensive

the study was not designed to determine

metabolizers, while the serum concentra-

the individual influence of other factors

tion of voriconazole is lower in ultra-rapid

that significantly influenced the metabolic

metabolizers

ratio, voriconazole concentration or vori-

inflammation on the metabolic ratio and the

conazole-N-oxide concentration.

voriconazole trough concentration could

[33,34]

. Therefore, the impact of

differ for different genotypes. In this study,
During voriconazole treatment, seven pa-

the CYP2C19 genotype was determined for

tients were admitted to an ICU. In general,

just over half of the included patients. The

patients admitted to an ICU are critically ill.

largest group of these patients (45%) were

The pharmacokinetics of drugs in critically

extensive metabolizers and no poor meta-

ill patients can differ from those who are

bolizers were found, which is in line with the

. However, by including multiple

low prevalence of poor metabolizers among

less ill

66

[32]

. Approximately 25%

measurements in time for all patients, fac-

Caucasians (3%–5%)

tors such as underlying disease and the ge-

of the included patients showed ultra-rapid

neral condition of the patient are taken into

metabolism, which is in the same range as

account with the longitudinal data analysis.

the percentage of ultra-rapid metabolizers

[33]
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in the Caucasian population

. As expec-

of intermediate metabolizers in our study.

ted, patient genotype influences the extent

Therefore, further research should be per-

of voriconazole metabolism and hence the

formed to determine the probability and se-

voriconazole trough concentration during

verity of this and other drug–drug interacti-

severe inflammation. However, these data

ons during severe inflammation for different

should be interpreted with caution, due to

genotypes, particularly for intermediate

the small number of patients included in this

metabolizers.

[35]

pharmacogenetic analysis.
The findings in our study may help to underIn our hospital, CYP2C19 genotyping for pa-

stand the variability of the voriconazole se-

tients treated with voriconazole is not rou-

rum concentration in adults in clinical prac-

tinely performed. Instead, we measure both

tice. Since inclusion criteria were limited by

voriconazole and voriconazole-N-oxide con-

voriconazole use, selection bias is not like-

centrations to be able to assess the overall

ly and the inflammatory status of patients

influence of genotype and other relevant

should therefore be taken into account to

factors for instance, drug–drug interactions

guide dosing with voriconazole.

and drug absorption on voriconazole metabolism [36].

The metabolism of voriconazole is not only
very variable in adults, but also in paedi-

PPIs were the only potentially interacting

atric patients

co-medication used by patients in this stu-

clearance in children differs from adults. For

dy. Since omeprazole, esomeprazole and

instance, metabolic clearance of voricona-

pantoprazole are metabolized by CYP2C19,

zole via flavin-containing monooxygenase 3

concomitant use of these PPIs with vorico-

is higher in children compared with adults

nazole may influence the metabolism of

[39]

voriconazole. In general, concomitant use

nooxygenase activity also seems to be de-

of voriconazole and omeprazole does not

creased during inflammation [4]. Therefore,

require adjustment of the voriconazole

further research is required to establish the

[38]

. However, the metabolic

; however, hepatic flavin-containing mo-

. Therefore, the influence of PPIs on

influence of inflammation on the metabo-

the metabolism of voriconazole over time

lism of voriconazole in paediatric patients.

seems minimal. This is supported by the ob-

In addition, CYP2C19 is not the only iso-

servation that the longitudinal data analysis

enzyme that is influenced by inflammati-

did not show a significant influence of PPIs

on. The metabolic capacity of several CYP

on voriconazole trough concentration nor

iso-enzymes is decreased during severe in-

on the metabolic ratio. However, the extent

flammation, including CYP1A2, CYP2C9 and

of this drug–drug interaction can be more

CYP3A4. In several inflammatory conditions,

pronounced in intermediate metabolizers

for instance HIV and cancer, pheno-conver-

compared with, e.g. extensive metabolizers

sion can occur. This means that a genotypic

during severe inflammation, since CYP2C19

extensive metabolizer can convert into a

enzyme activity is already decreased in in-

phenotypic poor metabolizer, which results

termediate metabolizers. The lack of signi-

in a reduced metabolic capacity

ficant influence of PPIs that was observed

fore, in general, the influence of inflamma-

could be explained by the small number

tion on the metabolism of drugs with a small

dose

[37]

[24]

. There67
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therapeutic window and primarily metabolized by CYP450 iso-enzymes should be investigated to optimize treatment with these
drugs in clinical practice. LC-MS/MS assays,
including both parent drug and metabolite,
are particularly useful for such studies [40].
In conclusion, this study clearly demonstrates that the metabolism of voriconazole
is decreased during inflammation as reflected by a reduction in the formation of voriconazole-N-oxide. As a result, the voriconazole serum concentration is increased, and
following recovery, serum concentrations
are expected to drop when inflammation
subsides. Therefore, frequent monitoring
of the voriconazole serum concentration
during voriconazole treatment is recommended during and after severe inflammation, to maintain the voriconazole serum
concentration within the therapeutic range.
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Voriconazole is a first-line antifungal agent

TDM of voriconazole is routinely performed

for the treatment of invasive aspergillo-

for all children in our hospital using a valida-

sis. The major metabolic pathway is by cy-

ted assay (within-run coefficient of variation

tochrome P450 (CYP) 2C19, 3A4 and 2C9.

1.9–2.3%, between-run coefficient of varia-

Pharmacokinetics of voriconazole appear

tion 0.0–3.1%, limit of quantification 0.1

to be near linear in children <12 years and

mg/l) [10]. This assay is routinely evaluated by

nonlinear in children ≥12 years and adults [3].

international proficiency testing [11].

Therapeutic drug monitoring (TDM) of voriconazole has been recommended because

Medical data were collected from the medi-

of the large variability in drug exposure and

cal chart. This study was evaluated by the lo-

relative narrow therapeutic window .

cal ethics committee and the need for writ-

[4]

ten informed consent was waived due to its
Recently, in adults, it was shown that severe

retrospective nature (IRB-2013-491).

inflammation, reflected by C-reactive protein (CRP) value, was associated with eleva-

Patients were divided in two groups based

ted voriconazole trough concentrations [5–8].

on their age [3]: group 1 (<12 years) and group

This was explained by inflammatory stimuli

2 (≥12 years). To investigate the influence of

leading to downregulation of CYP isoenzy-

inflammation on voriconazole trough con-

mes, resulting in reduced metabolism of vo-

centrations a Mann–Whitney U test and a

riconazole [9].

box and whisker plot were performed with
CRP values categorized in low to moderately

The aim of this study was to investigate

high (0–150 mg/l) and high (>150 mg/l) con-

if routinely measured voriconazole con-

centrations

centrations in children were also associ-

med using SPSS, version 20.0 (IBM Corpora-

ated with inflammation, reflected by CRP

tion, Armonk, New York).

[12]

. Statistical tests were perfor-

value [6, 7].
Twenty-seven paediatric patients were inIn this retrospective study, paediatric pa-

cluded in this study, of which 11 children

tients treated with voriconazole between

in group 1 (median age 4 years, interquar-

January 2005 and January 2015 at the Univer-

tile range [IQR]: 2–6 years) and 16 children

sity Medical Centre, Groningen, the Nether-

in group 2 (median age 15 years, IQR: 13–17

lands, were eligible for inclusion. Patients

years). Patient characteristics, including

with a steady-state voriconazole trough

underlying disease, voriconazole trough

concentration and a CRP value measured on

concentration and CRP value were similar

the same day were included. Exclusion cri-

between both groups.

teria were concomitant use of CYP inducers/
inhibitors and relatively low (<7.5 mg/kg/

In Group 1, no significant difference (P =

day) or high (>12.5 mg/kg/day) voriconazole

0.682) in voriconazole trough concentra-

dosage to avoid bias due to extreme dosing.

tion was observed between children with

Only the first eligible data set was selected

CRP values 0–150 mg/l (2.6 mg/l, IQR: 0.9–4.3

from each patient to ensure that each pa-

mg/l; n = 8) and children with CRP values

tient contributed equally to the final data

>150 mg/l (3.3mg/l, IQR: 2.7–3.3mg/l; n = 3).

set.

In Group 2, a significantly higher (P = 0.027)
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voriconazole trough concentration was

min in our population, we were not able to

found in children with CRP values >150 mg/l

investigate these other covariables in our

(5.8, IQR: 4.2–9.1 mg/l; n = 5) compared to

study. Spriet and colleagues [4] were not able

children with CRP values 0–150 mg/l (2.2

to demonstrate an association between vo-

mg/l, IQR: 0.9–4.9 mg/l; n = 11). See Figure 1.

riconazole trough concentrations and CRP
in children. However, their results should be

All groups received similar voriconazole do-

interpreted prudently, because of the smal-

ses based on mg/kg body weight (Group 1:

ler patient cohort (n = 10). Furthermore, no

P = 0.470 and Group 2: P = 0.817).

distinction was made between younger and
older children [4].

This retrospective analysis showed that inflammation, reflected by CRP value, seems

A potential explanation could be the

associated with higher voriconazole trough

difference in liver microsomes, CYP2C19,

concentrations in children ≥12 years; howe-

CYP3A4 and flavin-containing mono-oxyge-

ver, the effect is less distinct compared to

nase 3 (FMO3), between children aged 2–10

. For children <12 years no

years and adults. The main metabolite of

effect of inflammation on voriconazole

voriconazole, voriconazole N-oxide, was

trough concentrations was observed.

formed three-fold quicker in liver microso-

adult patients

[5]

mes from children. It thus seems that FMO3
showed that coad-

and CY2C19 have a higher metabolic activi-

ministration of glucocorticoids and inflam-

ty in young children as compared to adults,

mation, reflected by CRP and hypoalbumi-

since expression is not significantly diffe-

naemia, were associated with voriconazole

rent in both populations [13]. As the metabo-

clearance. Due to limited use of glucocor-

lic activity of CYP2C19 is probably higher in

ticoids and limited determination of albu-

younger children, a decrease in expression

Dote and colleagues

74

[8]

Figure 1. Difference in voriconazole trough concentration in relation to C-reactive protein (CRP). Box
(median and 25th and 75th percentiles) and whisker (5th and 95th percentiles) plots of voriconazole
trough concentrations in children aged <12 years (left panel) and children aged ≥12 years (right panel)
with no to moderate inflammation and with severe inflammation. For children aged ≥12 years a
significant difference in voriconazole trough concentration was found between children with
low to moderately high CRP concentration and high CRP concentration (P = 0.027).

Chapter 06a

due to inflammation will be less likely to
have impact on voriconazole metabolism.
The main limitation of our study is its retrospective nature. However, we used strict
inclusion criteria to avoid bias by other factors that could have a significant impact on
voriconazole trough concentrations, such
as non-steady state concentrations and extreme dosages.
In conclusion, inflammation as reflected by
CRP values, is associated with higher voriconazole trough concentrations in children
≥12 years but not in children <12 years. The
CRP value may be helpful in TDM of voriconazole during severe infection.
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Abstract
Voriconazole is the agent of choice for

the terminal galactomannan level

the treatment of invasive aspergillo-

was determined. The voriconazo-

sis in children at least 2 years of age.

le concentration-time and galacto-

The galactomannan index is a routine-

mannan-time

ly used diagnostic marker for invasive

highly variable. Despite this variabi-

aspergillosis

for

lity, the fit of the PK-PD model was

following the clinical response to antifun-

good, enabling both the pharma-

gal treatment. The aim of this study was

cokinetics and pharmacodynamics

to develop a pharmacokinetic-pharma-

to be described in individual child-

codynamic (PK-PD) mathematical mo-

ren. (AUC/EC50)/15.4 predicted termi-

del that links the pharmacokinetics of

nal galactomannan (P = 0.003), and

voriconazole with the galactomannan

a ratio of >6 suggested a lower ter-

readout in children. Twelve children re-

minal galactomannan level (P =

ceiving voriconazole for treatment of

0.07). The construction of linked PK-

proven, probable, and possible invasive

PD models is the first step in deve-

fungal infections were studied. A pre-

loping control software that enables

viously published population PK model

not only individualized voricona-

was used as the Bayesian prior. The PK-PD

zole dosages but also individualized

model was used to estimate the average

concentration targets to achieve sup-

area under the concentration-time curve

pression of galactomannan levels

(AUC) in each patient and the resultant

in a timely and optimally precise

galactomannan-time profile. The relation-

manner.

ship between the ratio of the AUC to

nan levels is a first critical step to

the concentration of voriconazole that in-

maximizing clinical response and

duced half maximal kill-ing (AUC/EC50) and

survival.

6.1 Introduction

mia

Voriconazole is an extended-spectrum tria-

zole is a first-line agent for the treatment of

zole antifungal agent with activity against

IA

Aspergillus spp., Candida spp., Cryptococcus

bilities in drug exposure are high, and some

neoformans, Fusarium spp., and Scedospori-

of this variability can be attributed to

um apiospermum . Voriconazole is licensed

CYP2C19 genotype

for use in children > 12 (United States) or

tion , age

> 2 (Europe) years of age with invasive as-

CYP3A-interacting comedicatIon [8]. This cou-

pergillosis (IA), fluconazole-resistant inva-

pled with a reasonably detailed under-

sive Candida infections, or infections caused

standing of the relationship between drug

by Scedosporium spp. and Fusarium spp. and

exposure and the probability of both the-

in non-neutropenic children with candide-

rapeutic response and toxicity has led to a

and

can

be

useful

[1]

[2]

[2,3]

profiles

Controlling

were

both

galactoman-

. In all patient age groups, voricona-

. The inter- and intraindividual varia-

[5]

[6]

[4]

, impaired liver func-

, inflammation [7], and CYP2C19/
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recommendation to use therapeutic drug

galactomannan levels. Since much of the

monitoring (TDM) as an adjunct to routine

pharmacokinetic and pharmacodynamic

. We have re-

data were necessarily sparse, we buttress-

cently developed software for dosage in-

ed the pharmacokinetics by using richer

clinical use of voriconazole

[9]

dividualization in both adults and children

data obtained from the early phases of drug

. The underlying algorithms can be used

development. Such an approach enabled

[10,11]

to achieve desired serum drug concentra-

us to ensure robust estimates of the phar-

tion targets in both adults and children in

macokinetics, which would have otherwise

an optimally precise manner.

been extremely difficult or resulted in
biased parameter estimates. The develop-

In clinical settings, the galactomannan index

ment of a linked PK-PD model is a further

is increasingly used as a biomarker for the

step in the provision of true individualized

diagnosis of invasive aspergillosis. Accor-

therapy where a drug is administered to

ding to the EORTC/MSG diagnostic criteria

control a biomarker that is itself intricately

for invasive fungal diseases, galactomannan

linked to therapeutic responses and optimal

can be used as a microbiological criterion to

clinical outcomes.

establish a diagnosis of invasive aspergillosis

[12]

. Galactomannan is a high-molecular-

6.2 Materials and Methods

weight polysaccharide cell wall fungal an-

6.2.1 Patients

tigen that is released into the bloodstream

All patients aged 18 years receiving vori-

.

conazole, with at least one voriconazole

Routine sequential monitoring of serum

serum concentration and galactomannan

galactomannan levels can be used for the

level measured, within the 9-year period

.

from January 2005 to March 2014 were eli-

during hyphal growth and angioinvasion

early detection of invasive aspergillosis

[13]

[14]

There is now increasing interest in using

gible for inclusion in this study. The medi-

galactomannan to follow the response to

cal, pharmacy, and laboratory records at

. Such a strategy is

the University Medical Center Groningen

supported by the observation that patients

were reviewed. Demographic, microbiolo-

with unremittingly high circulating antigen

gical, and clinical data were collected using

levels tend to have a poor clinical outcome.

standardized case report forms. The vori-

The availability of a biomarker with both

conazole treatment regimen and serum

diagnostic and prognostic significance is

concentrations of voriconazole were also

relatively unique in infectious diseases. An

collected. Information that could potenti-

understanding of galactomannan kinetics

ally influence the voriconazole serum con-

and its response to antifungal drug concen-

centrations was identified and reviewed for

trations provides the possibility to provide

potential inclusion of these serum concen-

true individualized antifungal therapy.

trations into the population PK-PD model.

antifungal therapy

[15]

The EORTC/MSG criteria

80

[12]

were used to de-

Here, we developed a linked pharmacokine-

termine the probability of invasive fungal

tic-pharmacodynamic (PK-PD) mathematical

disease for each patient at the start of vo-

model to describe the serum pharmacoki-

riconazole therapy. The Medical Ethical re-

netics of voriconazole and the pharmacody-

view board of the University Medical Center

namics quantified in terms of the circulating

Groningen (METC 2013-491) waived the re-
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quirement to obtain informed consent from

mobile phase consisted of an aqueous buf-

individual patients.

fer (containing ammonium acetate [10 g/liter
water], acetic acid [35 mg/liter water], and

6.2.2 TDM

trifluoroacetic anhydride [2 ml/liter water]),

All patients at the University Medical Center

water, and acetonitrile. Chromatographic

Groningen who were treated with vorico-

separation was performed using a gradient

nazole underwent therapeutic drug moni-

with a flow of 0.3 ml/min and a run time of

toring (TDM). The first sample was typically

3.6 min. Sample preparation was perform-

taken after 2 days, and results were repor-

ed by protein precipitation and found to

ted the same day. The therapeutic trough

be suitable, resulting in linear calibration

concentration targets were >1 mg/liter and

curves in the range of 0.1 to 10 mg/liter.

<6 mg/liter. Concentrations outside these

The peak height ratios of voriconazole and

values prompted a change in dosage. There

the internal standard were used to calculate

was no algorithm for dosage adjustment,

concentrations. This method was validated

but typically the dose of voriconazole was

in accordance with the Guidance for Indus-

increased or decreased by 30 to 50% and

try Bioanalytical Method Validation of the

concentrations were remeasured after se-

Food and Drug Administration. The valida-

veral days. Galactomannan was not used to

tion showed an overall bias rang-ing from

make decisions about dosage adjustment.

0.1 to 2.3%, a within-run coefficient of variation (CV) ranging from 1.9 to 7.8%, and a bet-

6.2.3 Voriconazole assay

ween-run CV ranging from 0.0 to 3.1%.

The voriconazole serum concentrations
were determined using a validated liquid

6.2.4 Galactomannan assay

chromatography-tandem

spectro-

The samples for the determination of the

mass

. All measure-

galactomannan index were measured using

ments were performed on a Thermo Fisher

the Platelia Aspergillus enzyme immuno-

(San Jose, CA, USA) triple-quadrupole LC-MS/

assay (EIA) kit (Bio-Rad Laboratories) as

MS with a Finnigan Surveyor LC pump and a

described by the manufacturer. A cutoff

Finnigan Surveyor autosampler, which was

value for positivity in serum of > 0.5 was

set at a temperature of 20 °C. The Finnigan

used.

metry (LC-MS/MS) method

[16]

TSQ Quantum Discovery mass selective
detector was operating in electrospray po-

6.2.5 PK-PD modeling

sitive ionization mode and performed se-

The pharmacokinetic (i.e., serum voricona-

lected reaction monitoring. The ion source

zole concentrations) and pharmacodynamic

spray voltage was set at 3,500 V, the sheath

(i.e., galactomannan values) data from the

and auxiliary gas pressures at 35 and 5

12 children were necessarily sparse, as they

arbitrary units, respectively, and the capil-

were collected as part of routine clinical

lary temperature at 350 °C. Cyanoimiprami-

care rather than as part of a prospective

ne was used as internal standard. Analyses

clinical trial. In addition, these sparse phar-

were performed on a 50-mm by 2.1-mm C 18

macokinetic and pharmacodynamic data

5-µm analytic column (HyPURITY Aquastar;

were not necessarily optimally informative.

Interscience Breda, The Netherlands). The

Fitting any pharmacokinetic model to a

column temperature was set at 20 °C. The

limited, sparse, and nonoptimally informa-
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tive data set either is not possible or will

and peripheral compartment, respectively,

lead to biased parameter estimates. We

and dX n/dt is the instantaneous rate of

circumvented this problem using a two-

change in the amount of drug in compart-

step process. In the first step, each of the 12

ment n = 1, 2, or 3, Ka is the first-order rate

new patients had their pharmacokinetics

constant of drug absorption after an oral

estimated using a previously described po-

bolus dose from the gut compartment

pulation PK model in which the PK model

(compartment 1) to the central serum com-

. In the se-

partment (compartment 2), RateIV is the

cond step, the Bayesian posterior estimates

rate of intravenous voriconazole infusion;

for each patient’s PK parameters were fixed,

Vmax is the maximum rate of the enzyme

and the pharmacodynamic parameters

activity in metabolism of voriconazole

were then estimated by fitting the pharma-

(mg/h) and was allometrically scaled for

codynamic component of the model to each

body weight (kg) using the equation Vmax =

patient’s galactomannan data. The popula-

Vmax0 · kg0.75, K m is the concentration of vori-

tion program Pmetrics was used for all mo-

conazole in the central compartment at

deling [17].

which voriconazole clearance is half-maxi-

served as the Bayesian prior

[11]

mal, V is the volume of the central compartThe structural pharmacokinetic mathema-
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ment (liters) and was also allometrically

tical model consisted of three differential

scaled as V = V0 · weight, Kcp and Kpc are the

equations that described the rate of change

first-order rate constants connecting the

of the amount of voriconazole within each

central compartment and peripheral com-

compartment. A fourth equation described

partment (compartment 3), X4 is the con-

the rate of change of galactomannan in the

centration of galactomannan in the serum,

serum. These four inhomogeneous ordinary

KGMprod is the maximal rate of production

differential equations are as follows:

of galactomannan in the central compart-

Where X1, X 2, and X 3 are the amounts (in mil-

ment, POPmax is the maximal achievable

ligrams) in the gut, central compartment,

galactomannan value, KGMelim is the maximal

Chapter 06b

rate of elimination of galactomannan from

such as the ratio of the area under the concen-

the central compartment, H controls the

tration-time curve (AUC) to the MIC, and a the-

steepness of the relationship between drug

rapeutic response is often not possible to de-

concentration and reduction in galactoman-

termine for invasive aspergillosis because the

nan production in the central compartment,

invading pathogen is usually not recovered.

and EC50 is the concentration of voriconazo-

Therefore, we used a new concept in these ana-

le at which half-maximal reduction in galac-

lyses. The AUC/EC50 is the ratio of the voricona-

tomannan production is achieved. The oral

zole daily AUC to the EC50, which is the posterior

bioavailability of voriconazole, F, was inclu-

Bayesian estimate of the (in vivo) concentration

ded because patients received voriconazole

of voriconazole required to induce half-maxi-

both orally and intravenously. In Pmetrics,

mal reduction in galactomannan levels in

F is a multiplier on oral doses, and it is not

each individual patient. Thus, the EC50 is ana-

included within the differential equations.

logous to the more traditional in vitro estimate
of drug potency, which is the MIC, but instead

Equations 1, 2, and 3 describe the rates of

reflects an in vivo estimate of potency that

change of voriconazole in the gut, central

can be derived from the change in galac-

serum, and peripheral tissue kinetic com-

tomannan and voriconazole drug concen-

partments, respectively. Equation 4 descri-

trations. The average daily AUC was calcu-

bes the rate of change of galactomannan

lated by estimating the total fitted AUC for

in the central serum kinetic compartment,

each patient and dividing by the number of

and we divide this equation into two sepa-

24-hour

rate terms for clarity. First, equation 4a des-

age AUC circumvents the problem of defi-

cribes the production of galactomannan,

ning which AUC is important for treatment

which is limited by a maximum value and

effect (e.g., the AUC following the first dose

also by voriconazole concentrations in a

or after a week of dosing). The relationship

sigmoidal function, such that when con-

between

centrations are infinite, production is zero;

final galactomannan level or survival was

second, equation 4b describes the sum of

explored.

treatment

the

intervals.

AUC/EC50

ratio

The

and

aver-

the

all physiologic galactomannan elimination
mechanisms. A baseline galactomannan

6.3 Results

value within compartment 4 on the day of

6.3.1 Demographics

the first voriconazole dose was also estimat-

The demographic data for the study popula-

ed within Pmetrics, with a possible range of

tion are summarized in Table 1. Fifty percent

0.1 to 12, reflective of clinically observed ex-

of patients had either acute myelogenous

tremes. The fit of the mathematical model to

leukemia (AML) or acute lymphoblastic leu-

the data was assessed using visual inspec-

kemia (ALL). The total mortality rate of the

tion and linear regression of the observed

patient population was distressingly high: 10

versus predicted values both before and af-

(83.3%) of the 12 children died. For 4 of the 12

ter the Bayesian step.

patients, Aspergillus spp. were recovered, and
three of these four patients died from inva-

6.2.6 Exposure-response relationships

sive aspergillosis. In the remaining patients,

The relationship between a traditional phar-

a diagnosis of probable invasive aspergillo-

macodynamic measures of drug exposure,

sis was established using galactomannan.
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Table 1. Patients demographics and characteristics

a

Values are number (percentage) of patients or median (interquartile range).
Other malignancies included non-Hodgkin lymphoma, immunodeficiency, osteosarcoma, Hodgkin
lymphoma, and rhabdomyosarcoma.
c
Based on the opinion of the attending physician of the Children’s Oncology ward at the beginning of the
admission. Patients were classified as having possible invasive aspergillosis if the galactomannan was initially negative when voriconazole was commenced but later became positive, at which time the diagnostic
classification was upgraded to probable.
b

6.3.2 TDM data for voriconazole and

shown in Fig. 2 (left and right panels, res-

galactomannan.

pectively). The pharmacodynamics (i.e.,

There were a total of 261 and 33 measure-

galactomannan) were not well described

ments available for voriconazole concen-

using either the mean or median values for

trations and galactomannan levels from

the parameters from the population mo-

the 12 children, respectively. The concen-

del (data not shown). There simply was not

tration-time profiles for these respective

a single set of parameter values that could

readouts are shown in Fig. 1.

be identified that was adequate to describe
the time course of galactomannan in every

84

6.3.3 Population PK-PD model

patient. In contrast, however, the time

The fit of the population PK-PD model to

course of galactomannan in each indivi-

the data was acceptable despite the extre-

dual patient was readily described with a

me pharmacokinetic and pharmacodyna-

high degree of precision using the Bayesian

mic variability that is evident in Fig. 1. The

posterior estimates for each patient. The

Bayesian posterior estimates for the phar-

heterogeneity of the different trajectories

macokinetics and pharmacodynamics are

of galactomannan in individual patients is

Chapter 06b

evident in Fig. 1 and 3. Of note, the ini-

6.3.4 Relationship between AUC/EC50

tial (i.e., the galactomanan level at the

ratio and terminal galactomannan

commencement of treatment) was stri-

level or survival

kingly different between patients, poten-

The relationship between the AUC/EC 50

tially reflecting differences in underlying

ratio and the terminal galactomannan le-

fungal

burden.

time

vel is shown in Fig. 4. Using a simple nonli-

course

of

Furthermore,

the

response

near relationship, terminal galactomannan

to voriconazole therapy was also highly

was strongly predicted by (AUC/EC50)/15.4

variable

(P = 0.003). As a possible breakpoint, pa-

galactomannan

and

ranged

from

in
a

prompt
anti-

tients with an AUC/EC50 ratio of >6 tended

genemia with no apparent therapeutic

to have a more consistently lower terminal

response.

galactomannan level (P = 0.07). In contrast,

decrease

through

to

persistent

Fig 1. Voriconazole concentration-time profiles (A) and galactomannan-time profiles (B) for 12
pediatric patients who had concomitantly collected galactomannan and serum voriconazole
concentration data. The samplings of voriconazole and galactomannan were not linked; hence,
voriconazole serum concentration data were available after galactomannan sampling had stopped.

Fig 2. Observed versus predicted values after the Bayesian step for voriconazole serum concentrations (left panel) and for galactomannan (right panel). The solid lines are the linear regressions of
the observed-predicted concentrations.
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the AUC/EC50 ratio was not associated with

the use of such software demands that the

survival. The mean in those who died was

clinician define a drug concentration target

6.1, and that in those who survived was 7.6

that is deemed to have a high probability of

(P = 0.76).

therapeutic success and a low probability
of toxicity. All the therapeutic targets that

6.4 Discussion

are used and cited in various guidelines are

Much has been written about the use of

derived from large populations of patients,

therapeutic drug monitoring as an indis-

which are in effect “average” values. Such

pensable adjunct to the use of voriconazole

an approach is counter to all notions of in-

for the treatment of invasive aspergillosis

dividualized therapy and in fact is “one-si-

. There

ze-fits-all” target selection. A significant ad-

is a strong and growing evidence base to

vance that is enabled by the use of biomar-

support such an assertion. Patients with

kers such as galactomannan is the prospect

serum concentrations of <1 mg/liter ap-

of achieving true individualized target con-

pear to have poorer clinical outcomes and

centrations based on measured pharmaco-

higher mortality than patients with concen-

dynamics. Some patients will need more

and other invasive fungal diseases

[9]

. Similarly, patients

drug exposure, while others will need less.

with trough concentrations of >5 to 6 mg/

A different way of expressing this idea is

liter have a higher probability of having

that both the pharmacokinetics and phar-

hepatotoxicity and confusion [18, 19]. The case

macodynamics are different from patient

for routine TDM is further enhanced by

to patient but need to be optimized for

the extreme pharmacokinetic variability

an individual. A priori the trajectory of the

that is characteristic of voriconazole and

voriconazole concentration-time profile or

clearly evident in this study. The question

the galactomannan in an individual patient

raised by these analyses is whether TDM

is unknowable. Variability in both pharma-

and dosage adjustment to achieve desired

cokinetics and pharmacodynamics contri-

serum drug concentrations constitute the

butes to both good and poor clinical outco-

ultimate solution for using voriconazole and

mes, and the achievement of optimal clinical

whether they constitute “true individuali-

outcomes requires control of both.

trations of >1 mg/liter

[18]

zed therapy.”
Figure 3 is particularly illustrative of the
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The current strategy for TDM of voriconazole

many challenges facing clinicians who are

(or any other antimicrobial) is quite inconsis-

treating children with invasive fungal disea-

tent with respect to individualization. The

ses. First, the pharmacokinetics of voricona-

case for quantifying and controlling indivi-

zole are highly variable, as previously des-

dual pharmacokinetic variability through

cribed by us and many others. Second, and

dose modification has been made time

perhaps more important, is the observation

and again by many people (including us).

that the pharmacodynamics are also highly

We have gone as far as use the information

variable. There is no way of predicting which

stored within population pharmacokinetic

path (galactomannan trajectory) an indivi-

models to construct software that can be

dual patient will follow once voriconazole is

used for voriconazole dosage individualiza-

started. Results from phase II and III clinical

. Importantly,

studies [20, 21] suggest that on average a satis-

tion in adults and children

[10, 11]
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Fig 3. Serum voriconazole concentration-time profiles (solid black lines) and serum galactomannan-time profiles (gray lines) from the 12 children with concomitant PK and PD data. The raw
data for voriconazole (black circles) and galactomannan (gray circles) are hown. In each case,
the model fit is from the Bayesian posterior estimate. Only patients 159 and 180 survived.

factory clinical response will be obtained

voriconazole concentration. Consider the

when a fixed dosing strategy is used, but

differences in galactomannan responses

that does not provide any guarantee that

between patient 177 and patient 180 in

the patient has been dosed such that the

Fig. 3. Both patients achieve comparable

likelihood of a response is above average.

voriconazole serum concentrations in the

Galactomannan provides a real-time indi-

first days of therapy, but their pharma-

cation of the patient’s individual response

codynamics are completely different for

to voriconazole and whether a therapeu-

reasons that may not be immediately

tic response is being achieved or not. It

obvious. Patient 177 appears not to be res-

is possible to react to changes in galac-

ponding to voriconazole and should have

tomannan directly rather than just to the

the dose increased, the drug changed to an
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alternative

anti-

table fit of the model to the data only after

fungal agent added. Instead, the dosage was

agent,

or

a

second

the Bayesian step. In this regard, fitting

reduced, probably because the upper TDM

models to galactomannan data is similar to

target was exceeded (again, this value is

fitting mathematical models to drug re-

derived from a population of patients).

sistance data, where population fits are

However, the population value may not

often notoriously bad. The reason for this

have been appropriate for that patient. This

is obvious following a brief inspection of

suboptimal regimen resulted in sustained

the raw data in Fig. 1B. The galactoman-

galactomannan antigenemia, and the pa-

nan data are nonmonotonic. Some profiles

tient ultimately died. In contrast, patient 180

rise unexpectedly, while others fall. Such

achieved a sustained response in their galac-

heterogeneity in response makes it nearly

tomannan trajectory (despite having vorico-

impossible to derive a single set of para-

nazole concentrations ordinarily considered

meter values that account for all the data

to be associated with a higher probability of

in a reasonably unbiased yet satisfactorily

toxicity) and ultimately survived.

precise manner. We could have performed
Monte Carlo simulation on the Bayesian
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We do not claim that this is an ideal data

posterior estimates to explore the impact

set. The data are sparse and were not collec-

of both pharmacokinetic and pharmaco-

ted at optimally informative times. Fitting

dynamic variability on the therapeutic out-

was difficult and required a preexisting po-

come, but we ultimately decided that this

pulation PK model that could be used as a

would have produced unreliable results

Bayesian prior. Despite some limitations, it

given the paucity of data (some patients

is remarkable that the PK-PD mathematical

have only one or two observations). How-

model fits any of the data, given that they

ever, this could easily be done in the future

were collected in routine clinical settings.

with larger and more comprehensive data

Importantly, however, there is an accep-

sets.

Fig 4. Relationship of voriconazole average daily AUC/EC 50 ratio and final (i.e., last measured) galactomannan level in the 12 children. (A) Terminal galactomannan = (AUC/EC 50)/15.4 (P = 0.003). (B) An
AUC/EC 50 ratio of >6 suggested a more consistently lower terminal galactomannan level (P = 0.07).
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The AUC/EC50 ratio is a pharmacodynamic

output stochastic controllers where a clini-

index that may be helpful in future studies

cian has the option to individualize dosing

of invasive aspergillosis. While the EC50 re-

to control the serum drug concentrations,

quires at least one measured voriconazo-

the circulating biomarker, or both. Such an

le level and galactomannan level in a pa-

advance represents a further critical step

tient and requires some PK-PD modeling

toward the provision of true individualized

expertise, it captures and quantifies much

therapy, which is surely the ultimate goal

of the pharmacodynamic variability that

of all clinicians treating any patient with

is evident in this study. Thus, the AUC/EC50

a life-threatening invasive fungal infecti-

ratio provides an understanding of the

on. Such an approach is one key advance

therapeutic response in terms of drug

for better care of immunocompromised

exposure (AUC) as well as the pharma-

patients who usually have multiple comor-

codynamics. A high estimate for EC50

bidities. Moreover, as circulating biomar-

may be caused by factors such as a high

kers are developed for other diseases, this

fungal

burden,

approach can be applied to a wider range

fungal

resistance

the

presence

mechanisms,

of

anti-

a

de-

of infections.

lay in the initiation of antifungal therapy, infection within sanctuary sites, and
profound immunosuppression. In this way,
we view it as potentially superior to the
in vitro MIC, which does not account for the
clinical therapeutic environment within a
patient. The AUC/EC50 ratio is a fully individualized in vivo estimate of drug potency,
and

it

significantly

predicted

termi-

nal galactomannan levels, even in this
small study. It did not predict survival,
but the majority of this cohort died from
a range of causes, including the underlying disease. Furthermore, terminal galactomannan is likely a more objective
reflection of in vivo voriconazole efficacy than survival, which is multifactorial,
especially in these kinds of patients with
complex underlying medical problems.
The next steps are clear. Larger, richer
data sets that contain optimally informative sampling for both voriconazole and
galactomannan will enable the construction of more robust pharmacokineticpharmacodynamic mathematical models.
These models will form the basis of dual-
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Abstract
Background: Therapeutic drug monitor-

tiation. For this analysis 74 patients

ing (TDM) of voriconazole is recom-

were included in the non-TDM group

mended based on retrospective data

and 68 patients in the TDM group.

and limited prospective data, and advised in international guidelines.

Findings: There was no significant
difference for the composite pri-

Objective: To investigate if TDM guided

mary endpoint between both groups

treatment of voriconazole is superior to

(OR: 1.14 95% CI: 0.618 – 2.094, P =

the standard treatment in a multicenter,

0.678). However, more trough con-

prospective, randomised trial.

centrations were found within the
generally accepted therapeutic range

Methods: A multicentre (n=10), pros-

of 1–6 mg/L for the TDM group (74.0%)

pective, cluster randomised, cross-over

compared with the non-TDM group

clinical trial was performed in haema-

(64.0%; P < 0.001).

tological patients aged ≥ 18 years, treated

with

voriconazole

invasive

Interpretation: In this multi-centre,

fungal infections. Randomisation and

prospective, randomised trial TDM

allocation of each centre to start with

guided dosing was not superior

including patients in the TDM-group or

to the standard dosing regimen of

non-TDM group was computer-genera-

voriconazole. We hypothesise that

ted. In total 189 patients were enrolled.

a more selective approach for TDM

All patients received the standard vori-

of voriconazole could be more ap-

conazole dose at start of treatment and

propriate. For instance, in patients

voriconazole

concentrations

with a more severe fungal infection

were taken immediately after treat-

(i.e. probable or proven fungal infec-

ment initiation and repeated over time.

tion), or patients who failed on other

In the TDM group the dose was adjusted

antifungal treatment.

trough

for

as appropriate. The primary composite endpoint included response to treat-

Trial registration: ClinicalTrials.

ment and patients for whom voricona-

gov registration no. NCT00893555.

zole treatment was discontinued due to
an adverse event related to voricon-

Funding: ZonMw, the Netherlands

azole within 28 days after treatment ini-

(project number 170995005).
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7.1 Introduction

patient. For instance, in patients with an in-

The number of patients at risk for invasive

fection of the central nervous system or si-

fungal infections is increasing, due to an in-

nuses, or an infection with less susceptible

crease in immunocompromised patients [1].

fungi, serum concentrations at the higher

One of the most common mould infections

end of the population range may be needed

is invasive aspergillosis (IA), which is a life-

[14,15]

.

threatening complication that is frequently
seen in patients with haematological ma-

It is currently uncertain whether TDM

lignancies or patients who received an allo-

guided voriconazole treatment for adult

geneic haematopoietic stem cell transplant

patients with IA is superior to the standard

[2,3]. In most patients with IA voriconazole is

voriconazole dosing regimen, regarding ef-

recommended as primary treatment [4].

ficacy and toxicity. Furthermore, the evidence to support the benefit of TDM is limited to

A twice daily weight-based intravenous loa-

few studies, most of them uncontrolled

ding dose of 6 mg/kg or fixed oral loading

In a post-hoc analysis of Phase II/III clinical

dose of 400 mg twice daily on day one, fol-

trials an exposure-response relationship

lowed by a maintenance dose of 4 mg/kg

was found for the efficacy and safety of vo-

intravenously or 200 mg orally twice daily

riconazole [16,17]. In this analysis, the utility of

is the licensed dosing schedule of voricona-

TDM with dose adjustments was not deter-

. Subsequent-

mined. Clearly, retrospective studies may

zole for the treatment of IA

[5]

[12]

.

.

ly, the treatment should be continued for

have been hampered by selection bias

a minimum of 6-12 weeks according to the

Other studies have shown that individuali-

Infectious Disease Society of America gui-

sed treatment of voriconazole by using TDM

delines [4]. Despite using the licensed dosing

is beneficial compared with the standard

strategy, large inter- and intra-individual

dosage regimen of voriconazole, but the-

differences have been observed in vorico-

se studies have some limitations including

nazole serum concentrations showing little

small sample sizes

to no correlation between the voriconazole

sed controlled trial in a single-centre was

dose and measured serum concentration

performed which demonstrated the addi-

[6]

. Factors influencing voriconazole serum

[9]

[8]

[20]

. Only one randomi-

. Therefore, we hypo-

, liver func-

thesised that TDM guided dosing of vorico-

, cytochrome P450 polymorphism

nazole improves treatment outcome and

concentrations include age
tion

tional value of TDM

[18,19]

[6,18]

, co-medication

[10]

[7]

and inflammation

[11]

.

Since the serum concentration is associated

reduces toxicity in adult patients with IA
compared with standard of care.

with efficacy and safety, therapeutic drug
monitoring (TDM) of voriconazole has been

7.2 Methods

suggested to improve treatment outcome

7.2.1 Study design and participants

and to avoid adverse effect, such as neuro-

We performed a multicentre, prospective,

logical toxicity and visual hallucinations

clinical trial of individualised voriconazo-

. In a recent meta-analysis a therapeutic

le treatment by using TDM (intervention

trough concentration ranging from 1.0-6.0

group) versus the standard dosing regimen

. The optimal serum

of voriconazole without routine TDM (con-

concentration may differ for an individual

trol group) for the treatment of IA. A clus-

[12]

mg/L was proposed
94

[13]
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ter-randomised cross-over design was cho-

gal Infections Cooperative Group and the

sen and allocation of each centre to start

National Institute of Allergy and Infectious

with the intervention or control group was

Diseases Mycoses Study Group (EORTC/MSG)

generated per computer at random. The

Consensus Group’s criteria. Patients were

number of patients to be included in both

classified as having a possible, probable or

groups per centre was predetermined. A

proven invasive fungal infection [22].

wash-out period of 28 days was established
between the two periods, to prevent that

At the start of treatment all patients re-

two strategies were operational at the same

ceived the standard voriconazole dose

time. Patients were enrolled in this study by

according to the package insert which con-

the principal investigator or his delegate of

sisted of a loading dose of 6 mg/kg intra-

each participating centre.

venously or 400 mg orally twice daily, followed by a maintenance dose of 4 mg/kg

Patients were enrolled from April 2009 to

intravenously or 200 mg orally twice daily

September 2016 and were recruited from

[5]

nine centres in the Netherlands and one cen-

concentration was measured on day 3 (up

tre in Germany (see supplementary table 1).

to six days after treatment initiation) and

Patients ≥ 18 years with a haematological

twice weekly from that day onward until

malignancy or an allogeneic stem cell trans-

end of treatment or hospital discharge [14,23].

plant, and diagnosed with IA, which was tre-

After discharge, surveillance samples were

ated with the recommended dose of vori-

drawn during outpatient visits. The turn-

, were eligible to enter the trial.

around-time, i.e. samples received by the

Patients were excluded from participating

laboratory up to measuring and reporting

in this study if they were hypersensitive or

the results, was 8 up to 72 hours. For the TDM

allergic to voriconazole or its excipients.

group the voriconazole dose was adjusted if

conazole

[21]

. For both groups the voriconazole trough

the trough concentration was lower than
This study was approved by the institutio-

2 mg/L or higher than 5 mg/L. A dosing algo-

nal review board of the University Medical

rithm was defined for dose adaptations in

Centre Groningen (registration no. 2009/027)

the TDM group. Briefly stated, the quantity

and by the Bundesinstitut für Arzneimit-

by which the dose was adjusted depended

tel und Medizinprodukte and conducted

on the deviation of trough concentration

according to the principles of the Declara-

from the target concentration and ranged

tion of Helsinki and in accordance with

from an increase or decrease of 50 – 200

the Medical Research Involving Human Sub-

mg per dose for oral administration or 0.5 –

ject act (WMO). Written informed consent

3 mg/kg for intravenous administration. In

was obtained from all patients. This study

the non-TDM group patients received the

was registered at ClinicalTrials.gov (number

standard voriconazole dose and samples

NCT00893555).

were stored and measured afterwards to
evaluate trough concentrations. The at-

7.2.2 Procedures

tending physician could decide to de-blind

Patients were diagnosed with IA according

the voriconazole trough concentration for

to the European Organization for Research

a patient in the non-TDM group at any time

and Treatment of Cancer/Invasive Fun-

if deemed necessary, based on the clinical
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condition of the patient. This event was also

primary endpoint a possible or higher Na-

considered to be an endpoint. Furthermore,

ranjo score (1 up to 13) was considered as an

treatment modifications (such as, addition

adverse event caused by voriconazole and

of or switch to another antifungal agent)

subsequent discontinuation was considered

could be made for both groups, also ba-

as failure of treatment.

sed on the clinical condition of the patient,
whether or not supported by new microbio-

Patients were followed for up to 12 weeks

logical insights or radiological progression.

after treatment initiation. Secondary outcomes included the overall mortality at 28

7.2.3 Outcomes

days and 84 days after start of voriconazole

The primary outcome was a composite end-

treatment, and the percentage of voricon-

point including response to treatment de-

azole trough concentrations within the the-

termined 28 days after treatment initiation

rapeutic range. The occurrence of an event

and an adverse event that resulted in vorico-

was also included as secondary outcome,

nazole discontinuation within 28 days. Res-

were an event was defined as discontinua-

ponse to treatment and an adverse event

tion of voriconazole for several reasons in-

resulting in voriconazole discontinuation

cluding death, a palliative policy, an adverse

were also assessed separately. The response

event, lack of efficacy, or successful treat-

to treatment consisted of a combination of

ment outcome. Lastly, the percentage of

clinical, microbiological and radiological

patients switched to salvage therapy or for

responses and was categorised as comple-

whom another antifungal drug was added

te response, partial response, stable disease

to voriconazole treatment was assessed, as

or failure (defined as progression of disease,

well as the number of de-blinded patients in

or death). Additionally, a complete or par-

the control group.

tial response was classified as successful
treatment. Stable disease, progression of
the disease or death of the patient was clas-

Based on the occurrence of low and high

. To prevent

voriconazole trough concentrations it was

investigator’s bias an expert panel unawa-

estimated that TDM could reduce the fai-

re of allocation of the patient to either the

lure of voriconazole treatment from 40%

intervention or control group determined

to 20%. In the most unfavourable assump-

the radiological response to treatment. For

tion the intra-cluster correlation coeffi-

some critically ill patients radiological exa-

cient equals the intra-period correlation

mination was not possible exactly 28 days

coefficient

and

after treatment initiation. To overcome this

and

Additionally,

problem, response to treatment was asses-

we anticipated participation of 12 cen-

sed within a time window (28 days ± 5 days

tres. To obtain 80% power with an un-

or 10 days) instead of on a single day (day 28).

reliability of 5% (two-sided) each cluster

If voriconazole treatment was discontinued

should include 16 patients to detect a

due to an adverse event the Naranjo scale

clinically relevant improvement of 20% in

was used to assess whether this adverse

the intervention group compared with

event was actually caused by voriconazole

the control group, resulting in a calculated

sified as failure of treatment

96

7.2.4 Sample size calculation

or by another factor

[25]

[24]

. For the composite

0.02.

varies

between
in

this

sample size of 192 patients in total.

[26]

0.002
study,
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7.2.5 Statistical analysis

sign) and corrected for the variables that in-

Descriptive statistics of the patient charac-

fluenced the treatment indicator at the start

teristics are reported by treatment group.

of the trial. Categorical outcome variables

For numerical data the median with inter-

were analysed with (binary or nominal) lo-

quartile range were determined and Wil-

gistic regression and survival times were

coxon rank sum test was used to determine

analysed with Cox proportional hazard

if there was a difference between the

method. The effect size for treatment is re-

groups. For categorical data (nominal, or-

ported as an odds ratio for logistic regres-

dinal, and binary), frequencies were deter-

sion analysis and a hazard ratio for survi-

mined, and chi-square tests were used to

val analysis. The P-values are based on the

determine differences between treatment

Wald test statistic. The analyses were done

arms.

with procedures GENMOD and PHREG of SAS

The first part of the statistical analysis was

formed as per-protocol analyses.

institute, version 9.4. All analyses were perto determine the confounding factors at
baseline that would affect the treatment

7.2.6 Role of funding source

indicator, since enrolment of patients in

This study was financially supported by the

the intervention and control period did not

Netherlands Organization for Health Re-

fully proceed according to schedule. A lo-

search and Development (ZonMw: project

gistic regression analysis with a stepwise

number 170995005). This funding source

model selection approach was applied to

had no role in study design, data collection,

find possible influencing confounders, using

data analysis, data interpretation, writing of

procedure HPGENSELECT of SAS institute,

the report, or decision to submit the paper

version 9.4. Bayesian information criterion

for publication.

(BIC) was used to determine the best possible treatment indicator model, similar to

7.3 Results

a propensity score. Confounders and their

In total 189 patients were enrolled. Figure 1

two-way interactions may enter the model

provides an overview of the number of pa-

when the overall p-value was below 0.25 and

tients finally included in the per-protocol

they may leave the model when the p-value

analysis (n=170) and the number of evalua-

was higher than 0.10. The confounders that

ble patients for the primary outcome (n=142)

were considered were: age, body mass in-

and the reason of exclusion, including the

dex (BMI), race, gender, type of underlying

number of patients excluded.

disease, type of fungal infection, recovery of
neutropenia within 28 days after start of vo-

All patients in the non-TDM group had an in-

riconazole treatment (if applicable), medical

vasive pulmonary aspergillus, while in the

history of diabetes, coronary heart disease

TDM group four patients had an invasive as-

or thromboembolic disease, route of admi-

pergillus sinusitis. The most common host

nistration and the voriconazole dose.

factor was neutropenia for both non-TDM
(89.7%) and TDM (79.5%) group, whether or

The second part was to analyse the outco-

not in combination with another host fac-

me variables uncorrected (since this was

tor. For the TDM group 73.1% recovered from

the analysis proposed during the study de-

neutropenia within 28 days, in the non-TDM
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group 66.2% (P = 0.360; for two patients in

drawn at a median of 3 days (range 2

the non-TDM group recovery of neutropenia

to 6 days) after treatment initiation (Fi-

was unknown). Other patient characteris-

gure 2A), the median voriconazole trough

tics are presented in Table 1. Patients in the

concentration per patient during treat-

control group received a lower initial main-

ment for both groups (Figure 2C) and the

tenance dose in mg/kg/day than patients in

percentages of patients with an initial and

the intervention group (5.9 and 7.2 mg/kg/

median voriconazole trough concentration

day respectively, P = 0.006).

of < 1 mg/L, 1 up to 6 mg/L or > 6 mg/L (Figure 2B and 2D) also stratified by the TDM

According to the study protocol the vori-

and non-TDM group. The median initial

conazole dose had to be adjusted if vori-

trough concentration in both groups were

conazole trough concentrations were < 2

similar (TDM group 3.8 mg/L and control

mg/L or > 5 mg/L. However, a recent meta-

group 3.9 mg/L, P = 0.614). In total 465 trough

analysis recommended a wider therapeu-

concentrations were measured for the non-

. Therefore, we

TDM group of which 333 (71.6%) within four

analysed the results taken both ranges into

weeks after treatment initiation and 613 for

account (Figure 2: 1 – 6 mg/L, supplementa-

the TDM group of which 390 (63.4%) within

ry Figure 1: 2 – 5 mg/L). Figure 2 shows

four weeks after treatment initiation. During

the voriconazole trough concentrations

the entire treatment period with voricon-

tic range of 1 – 6 mg/L

98

[13]

Figure 1. Number of patients included. Number of patients included in the per-protocol analysis and
number of evaluable patients for the combined primary endpoint. #Not dosed according to the SPC of
voriconazole [5].
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Table 1. Baseline patient characteristics by treatment group.

Data are presented as number of patients (percentage) unless specified otherwise.
a
Median (interquartile range)
#
Other primary diagnosis included folliculotropic mycosis fungoides, hemophagocytic syndrome,
hypereosinophilic syndrome
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azole, for 60 patients in the TDM group a

pared with the non-TDM group (respective-

dose adjustment was proposed and im-

ly 74.0% and 64.0%, uncorrected analysis P <

plemented, see supplementary table 2 for

0.001, corrected for confounders P = 0.006).

details. Significantly more trough concen-

Furthermore, significantly more treatment

trations were found within the therapeutic

modifications (i.e. addition of or switch to

range (1 – 6 mg/L) for the TDM group com-

another antifungal agent, or antifungal treat-

Figure 2. Initial (A,C) and median (B,D) voriconazole trough concentration for the control and
intervention group. Panel A shows the initial voriconazole trough concentration, drawn approximately three days (up to six days) after treatment initiation for the control (non-TDM) and intervention
(TDM) group. Panel C shows the percentage of patients with an initial voriconazole trough concentration < 1 mg/L, 1 up to 6 mg/L and > 6 mg/L, stratified by the TDM (bar with squares) and non-TDM (open
bar) group. Panel B shows the median voriconazole trough concentration per patient during the
treatment with voriconazole, stratified by non-TDM and TDM group. Panel D shows the percentage of
patients with an median voriconazole trough concentration < 1 mg/L, 1 up to 6 mg/L and > 6 mg/L,
stratified by the TDM (bar with squares) and non-TDM (open bar) group. The solid line in panel A and B
represents the median voriconazole trough concentration and the dotted line the therapeutic range
for voriconazole. An x in panel A and B indicates voriconazole discontinuation due to an adverse event.
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ment stopped) were observed within 28 days

using a larger time window: 1.149 95% CI: 0.594

after treatment initiation in the non-TDM

– 2.223, P = 0.681).

group (see Table 1, P = 0.039). Here, dose adjustments in the TDM group were not consi-

Radiological assessment is necessary to de-

dered as treatment modifications, since this

termine the response to treatment in ac-

was part of the treatment strategy.

cordance with the current guidelines

[24]

.

For 60 patients in the non-TDM group (or 74
The primary outcome, including both res-

patients using a larger time window) and

ponse to treatment determined 28 days after

53 patients in the TDM group (or 68 patients

treatment initiation and discontinuation due

using a larger time window) response to

to an adverse event within 28 days after start

treatment could be assessed, based on cli-

of voriconazole, was not significantly diffe-

nical, microbiological and radiological res-

rent between the TDM and non-TDM group

ponse. A failure rate of 45.0% (or 39.2% with a

(uncorrected analyses: 1.027 95% CI: 0.553 –

larger time window) was seen in the non-TDM

1.906, P = 0.933; using a larger time window:

group and 49.1% (or 45.6% using a larger time

1.138 95% CI: 0.618 – 2.094, P = 0.678, corrected

window) in the TDM group, which was not

analyses: 0.889 95% CI: 0.454 – 1.743, P = 0.732;

significantly different (see also Table 2).

Table 2. Primary (response to treatment 28 days after treatment initiation ± 5 days and ± 10 days) and secondary outcomes (occurrence of an event), in the control (non-TDM) group and intervention (TDM) group.

Data are presented as number of patients (percentage).
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For 17 patients in the TDM group and for 18

of the voriconazole dose for four patients,

patients in the non-TDM group, voriconazole

switch to another antifungal agent in three

treatment was discontinued because of an

patients, adjustment of the voriconazole

adverse event. For both groups increased he-

dose followed by a switch to another anti-

patic enzymes were the main reason to dis-

fungal agent in one patient, and adjustment

continue voriconazole treatment (non-TDM

of the voriconazole dose followed by fungal

group 55.6%, TDM group 64.7%). As presented

treatment discontinuation in one patient).

in Figure 4, the percentage of patients that

We performed an additional analysis of pa-

had to stop with voriconazole treatment

tients in the control group for whom the

due to an adverse event is not significantly

voriconazole trough concentration was

different between both groups (P = 0.658).

de-blinded, considering these as interven-

The occurrence of an event (including death,

tion patients. For the composite endpoint

a palliative policy, an adverse event, lack of

no significant difference was observed

efficacy, or successful treatment outcome)

between both groups (see supplementary

was also not significantly different between

table 3).

both groups, nor mortality 28 days after
treatment initiation and overall mortality

Furthermore, we performed an a priori sub-

up to 12 weeks (see Table 2 and Figure 3).

group analysis for patients with a probable
or proven fungal infection. For the com-
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De-blinding of voriconazole trough concen-

bined endpoint no significance difference

trations in the non-TDM group was reque-

was found between both groups (uncor-

sted for 17 patients within four weeks after

rected analyses: 0.869 95% CI: 0.384 – 1.967,

treatment initiation because of their clinical

P = 0.736; using a larger time window: 0.933

condition (n=14) or the occurrence of side

95% CI: 0.414 – 2.101, P = 0.867), although

effects (n=3). This resulted in treatment mo-

significantly more trough concentrations

difications in nine patients (i.e. adjustment

were found in the therapeutic range (1 – 6

Figure 3. 12-week survival after treatment
initiation with voriconazole stratified by control (non-TDM) and intervention (TDM) group.
No significance difference was observed in
mortality between the non-TDM (dotted line) and
TDM (solid line) group. HR = hazard ratio. Hazard
Ratio (HR) is shown for the statistical analysis
corrected for confounding factors.

Figure 4. Percentage of patients stopped due
to an adverse event (AE) stratified by control
(non-TDM) and intervention (TDM) group.
No significant difference was observed in the
percentage of patients stopped due to an AE
between the non-TDM (dotted line) and TDM (solid
line) group. Odds ratio (OR) is shown for the statistical analysis corrected for confounding factors.
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mg/L) during treatment with voriconazole

cluded in our study (50 to 60% versus 70%).

for the TDM-group compared with the con-

Guidelines that recommend routine use of

trol group (75.1% and 62.3% respectively, P =

TDM for voriconazole make no distinction

0.038). Other results of this subgroup analy-

between patients with a possible, proba-

sis are presented in supplementary table 4.

ble, or proven infection. Considering the
lower percentage of invasive aspergillosis

7.4 Discussion

in patients with a possible infection, the ad-

In this international multicentre, prospec-

ditional value for TDM of voriconazole from

tive, clinical trial, individualised voricon-

a efficacy point of view is less likely. Additi-

azole treatment by routinely using TDM

onally, we mainly included patients treated

in adult patients with IA was not superior

with voriconazole as first line treatment for

compared with the standard dosing regi-

IA while in the trial of Park and colleagues

men of voriconazole without performing

approximately 30% of the included patients

TDM. For the composite endpoint, including

had already failed on other antifungal tre-

both response to treatment determined 28

atment. This would suggest that optimising

days after treatment initiation and patients

exposure through TDM translates into a

stopped with voriconazole due to an adver-

gain in treatment success in more vulnera-

se event within 28 days, no significant diffe-

ble patients, for instance for patients who

rence was found between the intervention

failed on previous antifungal treatment, or

(TDM) and control (non-TDM) group.

patients with a more severe fungal infection
(i.e. probable or proven fungal infection).

Several observational studies have suggested that efficacy and safety of voricon-

In earlier observational studies, a low me-

azole is associated with its trough serum

dian or mean voriconazole trough concen-

. The utility of TDM with

tration was associated with poor treatment

concentration

[6,16]

individualised dose adjustments have been

outcome

[12]

. However in these studies, mi-

.

nimal information is provided on voricona-

Only one randomised controlled single-cen-

zole trough concentrations in the initial and

tre trial showed that routine use of TDM

most critical phase of voriconazole treat-

improves treatment outcome and reduces

ment. Miyakis and colleagues showed that

drug discontinuation due to adverse events

an initial trough concentration < 0.35 mg/L

demonstrated in some small studies

[20]

[18,19]

. The outcomes of these studies resulted

is associated with treatment failure

[19]

. This

in a number of guidelines recommending

probably explains why only a small number

.

of patients in our study could benefit from

Although our results showed significantly

TDM, because the percentage of voricona-

more trough concentrations within a thera-

zole trough concentrations < 0.35 mg/L was

peutic range of 1 – 6 mg/L for the TDM-group,

low for the TDM group (4.4%). These higher

this did not translate in better treatment

trough concentrations seem surprising,

outcome, i.e. value based healthcare.

but can be explained by higher C-reactive

routine use of TDM for voriconazole

[23,27]

protein (CRP) concentrations that are comCompared with the randomised controlled

monly observed during the first weeks of

trial of Park and colleagues [20], less patients

treatment of IA

with a probable or proven infection were in-

mation, reflected by higher CRP concentra-

[28]

. During severe inflam103
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tions, higher voriconazole trough concen-

For the (post-hoc) subgroup analysis we

trations are observed due to a decrease in

were able to include in total 94 patients

.

with a probable or proven fungal infection

Therefore, a higher degree of inflammation

and the response to treatment could be de-

could substantially contribute to higher vo-

termined in only 79 of these patients. A failu-

riconazole concentrations in patients with

re rate of 40.9% was found for the non-TDM

IA during the initial and most critical phase

group and 47.6% for the TDM group, which is

for adequate treatment of the fungal infec-

comparable with the study of Herbrecht and

tion. In addition, the percentage of patients

colleagues reporting a failure rate of 40% [26].

with voriconazole trough concentrations

In this subgroup analysis we also found no

< 1 mg/L was also relatively low in our

significance difference for the composite

study (up to 20% during treatment). As a

endpoint. However, these findings should

result, this challenges the concept that tre-

be confirmed in larger patient groups with

atment failure can be prevented by using

a probable or proven fungal infection, since

metabolic elimination of voriconazole

TDM

[13]

[11]

.

other studies showed an exposure-response
relationship for voriconazole in this selected

Voriconazole treatment was discontinued

patient group [18,20].

because of an adverse event in 20.5% of
patients in the TDM group and 21.4% in the

This study has some limitations. First, en-

non-TDM group during treatment. Although

rolment of patients did not fully proceed

several studies have shown an association

according to schedule (i.e. different number

with high voriconazole trough concentra-

of included patients per treatment group

tions (≥ 6 mg/L) and the occurrence of

per centre and between centres, different

adverse events, especially toxicity of the

inclusion period for a treatment group per

nervous system, liver and skin, other studies

centre and between centres). Since we did

. Addi-

not meet the criteria for the cluster-random-

tionally, in our study solely 11.6% of all

ised cross-over design, we performed a

measured voriconazole trough concentra-

propensity analysis to determine confoun-

tions during treatment were ≥ 6 mg/L in

ding factors for treatment assignment (TDM

the TDM group and 14.0% in the non-TDM

versus non-TDM). Even though this analysis

group, while this was even lower during

is performed with solely measured poten-

the

ini-

tial confounding factors, the most likely

tiation (5.7% and 6.5% for the TDM and

confounding factors are taken into account.

non-TDM group). Therefore, the additi-

Therefore, in addition to the uncorrected

onal value of TDM to prevent adverse

analysis, a corrected analysis was perfor-

events was also minimal in our study.

med for the voriconazole dose, BMI and

Furthermore, the main adverse events of

route of administration. Additionally, sample

voriconazole are well described [5]. Although

size calculation for this design is challeng-

some of our patients experienced side

ing. Based on the estimated standard error

effects during treatment with voricon-

of the response to treatment (in the uncor-

azole, these were transient and did not

rected logistic regression analysis) and the

trigger the attending physician to disconti-

anticipated effect size (reduction from 40%

nue the treatment.

to 20%), we obtained an asymptotic (two-

do not show a clear relationship
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sided) power value of 80.5%. We therefore

The strength of our study is the ‘real life’

conclude that our study was powered to

setting in which the study was performed.

detect the anticipated event reduction.

However, this makes adherence to study

How-ever, our study cannot exclude a

procedures more challenging. For instance,

smaller reduction in treatment failure with

as TDM was already operational in most of

the use of TDM (e.g. from 40 to 30%).

the participating centres we had to allow,
for ethical reasons, that the attending physi-

Furthermore, patients in the non-TDM group

cian could decide to de-blind the voricona-

received a significantly lower initial mainte-

zole trough concentration for patients in

nance dose compared with patients in the

the non-TDM group especially for those that

TDM group. However, the initial voricon-

experienced signs of toxicity or that were

azole trough concentration in our study

not responding to treatment. However, no

was comparable between the TDM and

significant difference was found in the com-

non-TDM group and lies in the upper part

posite endpoint for de-blinded voriconazo-

of the therapeutic range for voricona-

le trough concentrations for patients in the

zole (3.8 and 3.9 mg/L). The difference in

control group, considering these patients as

initial maintenance dose seems therefo-

intervention patients. Ideally, turnaround

re not clinically relevant. Additionally, the

times for TDM are short. Unfortunately, due

initial trough concentration in our study

to limitations in assay operation frequen-

is comparable with other studies (4.7 mg/L

cy (2-3 times a week) and off-site analysis

and 3.0 mg/L)

[20,29]

.

unavoidable delay occurred. Furthermore,
we faced difficulties in determining the res-

The proposed dosing algorithm was not

ponse to treatment

always followed, and other interventions

not have follow-up radiological examinati-

were made in case of out-of-target drug

on after discharge from the hospital when

concentrations, including intake recom-

clinical symptoms of the fungal infection

mendations or changing the route of

were absent. Additionally, for some patients

administration. Additionally, correct ad-

radiological examination was done with

justment of the voriconazole dose, based

a chest X-ray, instead of a high-resolution

on the measured trough concentrations

computed tomography (HRCT), which com-

remains difficult due to the non-linear

plicated assessment of response to treat-

pharmacokinetics of voriconazole and the

ment. Lastly, another potential limitation

multitude of factors influencing voricon-

in this study is the lack of information on

azole trough concentrations as described

drug susceptibility, since azole resistance is

earlier. Therefore, a voriconazole trough

an emerging global problem

concentration between 1 – 2 mg/L and

the randomised design, this is considered a

3.5 – 6 mg/L was often accepted. This em-

negligible influence on the results of this

phasises that it remains difficult to deve-

study.

[24]

. Some patients did

[30]

. Because of

lop an accurate dosing algorithm including
voriconazole

Our study showed that TDM resulted in sig-

concentrations that is also simple to use

nificantly more trough concentrations in the

in

therapeutic range. Although the procedure

all

factors
clinical

influencing
practice

and

not

requires

advanced pharmacokinetic software.

was successful from a pharmacokinetic
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point of view, the individualised treatment

in primary treatment of IA in patients with

of voriconazole by using TDM was not supe-

haematological malignancies. Considering

rior to standard dosing of voriconazole as

the historical data and the results from this

treatment of IA. The heterogeneity of the

study, more research is needed to select pa-

population makes it difficult to determine

tients who may benefit from TDM. A more

predicting factors of successful antifungal

targeted approach including severity of IA,

treatment.

clinical condition of the patient and prior
treatment may be more appropriate than

To conclude, our study did not show supe-

TDM for all patients treated with voricona-

riority of TDM to guide voriconazole dosing

zole.

7.5 Supplement
Supplementary table 1. Number of included patients per hospital and per group.
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Supplementary figure 1. Initial (A,C) and median (B,D) voriconazole trough concentration for the
control and intervention group. Panel A shows the initial voriconazole trough concentration, drawn
approximately three days (up to six days) after treatment initiation for the control (non-TDM) and intervention (TDM) group. Panel C shows the percentage of patients with an initial voriconazole trough concentration < 2 mg/L, 2 up to 5 mg/L and > 5 mg/L, stratified by the TDM (bar with squares) and non-TDM (open bar)
group. Panel B shows the median voriconazole trough concentration per patient during the treatment
with voriconazole, stratified by non-TDM and TDM group. Panel D shows the percentage of patients with
an median voriconazole trough concentration < 2 mg/L, 2 up to 5 mg/L and > 5 mg/L, stratified by the TDM
(bar with squares) and non-TDM (open bar) group. The solid line in panel A and B represents the median
voriconazole trough concentration and the dotted line the therapeutic range for voriconazole. An x in
panel A and B indicates voriconazole discontinuation due to an adverse event.
Supplementary table 2. Initial and follow-up voriconazole trough concentration in relation to
the therapeutic range (1 – 6 mg/L) and number of interventions per patient during treatment with
voriconazole for the TDM group (n = 83).
Voriconazole trough concentration
measured > 6 days after treatment
initiation.
b
Follow-up voriconazole concentration not determined (n = 4),
or follow-up voriconazole trough
concentration remains outside the
therapeutic range after the initial
voriconazole trough concentration
(n = 6).
c
Voriconazole treatment discontinued, or no voriconazole followup concentration determined
after first voriconazole trough
concentration.
# Total number of voriconazole
trough concentrations measured
during treatment = 613.
a
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Supplementary table 3. Analysis of primary outcome (response to treatment 28 days after treatment
initiation ± 5 days and ± 10 days) where patients for whom voriconazole trough concentration was
deblinded in the control group were considered as intervention patients.

Supplementary table 4. Subgroup analysis of primary (response to treatment 28 days after treatment
initiation ± 5 days and ± 10 days) and secondary outcomes (occurrence of an event), in the control
(non-TDM) group and intervention (TDM) group for patients with a probable or proven infection.
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Data are presented as number of patients (percentage).
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Invasive aspergillosis is one of the most

Several

common mould infections. This is a life-

cribed to influence the pharma-

threatening complication, which is fre-

cokinetics of voriconazole, including

quently seen in immunocompromised

age, CYP2C19 genotype, concomitant

. Voriconazole, a broad-spec-

use of CYP450 inhibitors or inducers,

patients

[1,2]

factors

have

been

des-

. However, all

trum antifungal agent, is recommended

and liver function

as primary treatment in most patients

these factors still do not fully explain

with invasive aspergillosis [3]. The pharma-

the observed pharmacokinetic vari-

cokinetics of voriconazole are highly

ability. In this thesis we have inves-

variable, which complicates adequate

tigated which other factors could

treatment with this drug. Although a

influence the pharmacokinetics of

therapeutic range has been defined for

voriconazole. Furthermore, we have

voriconazole (1 – 6 mg/L) to optimise

explored the additional value of per-

response to treatment and to avoid

forming therapeutic drug monitor-

it remains difficult to give a

ing (TDM) for voriconazole in clinical

proper dosing advice, for instance becau-

practice. Additionally, we have ex-

se of the non-linear pharmacokinetics

plored how voriconazole treatment

of

corre-

could be optimised, by determining

lation between the voriconazole dose

which factors influence the pharma-

toxicity

[3]

voriconazole

and

a

poor

and the measured concentration

[4,5]

.

[6-9]

cokinetics of voriconazole.

8.1 Pharmacokinetics of voriconazole

mine the voriconazole-N-oxide concentra-

First of all, to gain more insight in the

tion.

pharmacokinetics of voriconazole, voriconazole-N-oxide concentrations can be mea-

To determine whether voriconazole treat-

sured besides voriconazole concentrations.

ment is optimised by measurement of both

Although voriconazole-N-oxide shows no

voriconazole and voriconazole-N-oxide con-

, it gives more infor-

centrations, this should be implemented in

mation on voriconazole metabolism. The

clinical practice. Subsequently, it should be

additional value of measuring voriconazo-

examined whether measurements of both

le-N-oxide concentrations is described in

voriconazole and voriconazole-N-oxide re-

Chapter 3a. By measuring both voricona-

sults in better treatment guidance of vori-

zole and voriconazole-N-oxide concentra-

conazole compared with measurement of

tions more information can be obtained on

solely voriconazole concentrations. In addi-

the metabolic capacity of the liver and is

tion, with successive low voriconazole con-

therefore helpful to interpret voriconazole

centrations and high corresponding vorico-

levels and to optimise voriconazole treat-

nazole-N-oxide concentrations, a switch to

ment (see table 1). In Chapter 3b a fast liquid

another second-line antifungal agent, such

chromatography-tandem mass spectromy

as posaconazole could be considered, espe-

(LC-MS/MS) method is described to deter-

cially in the initial and most critical phase of

antifungal activity

[6]
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of antifungal treatment. Next, it should be

A reduced bioavailability of voriconazole

investigated if this strategy results in improved

is suggested as a factor that contributes to

treatment outcome with acceptable costs.

variable voriconazole concentrations

[14,15]

.

In adult patients the bioavailability of vori. In Chapter 4,

Besides N-oxidation another major meta-

conazole is high, over 90%

bolic pathway in humans is the hydroxy-

we showed that the bioavailability of vori-

lation of voriconazole, where hydroxy-

conazole in hospitalised patients is slightly

voriconazole

dihydroxyvoriconazole

reduced (83%) compared with the reported

and

[6]

. Although serum concentra-

bioavailability of > 90%, mostly studied in

tions of hydroxy-voriconazole and dihydroxy-

healthy volunteers [6]. However, the obser-

voriconazole

ved bioavailability in our study is considera-

are formed

[11]

are

low

voriconazol-N-oxide

compared

concentrations,

with
the

bly higher compared to other studies

[14,15]

.

hydroxylation pathway seems to be more

In contrast to these studies, we used strict

important than the N-oxidation pathway.

inclusion criteria. For instance, each patient

The partial metabolic clearance via hydroxy-

served as his/her own control and other

lation seems to exceed N-oxidation con-

clinical parameters potentially influencing

. Therefore, it should be further

voriconazole concentrations had to be

examined to what extent the conversion

comparable. These strict inclusion criteria

from voriconazole to voriconazole-N-oxide

were used to minimise confounding. There-

is sufficiently representative for the total

fore, it seems that other factors apart from

metabolism

siderably

[12,13]

clinical

bioavailability contribute to the variable

practice. Additionally, with the currently

of

voriconazole

in

voriconazole concentrations. For instance,

available analysis techniques it remains

poor metabolisers of CYP2C19 could have

challenging to accurately measure subtle

higher bioavailability compared with ex-

changes for the observed low concentrations

tensive metabolisers. This is probably due

of hydroxy-voriconazole and dihydroxy-

to a reduced first-pass metabolism caused

voriconazole. If an accurate method is avai-

by a decreased CYP2C19 activity in the gut

lable, more information could be obtained

wall. In addition, for ultra-rapid metaboli-

for the hydroxylation pathway, and the role

sers bioavailability could be reduced based

of this pathway and the N-oxidation path-

on higher CYP2C19 activity in these patients

way in for instance drug interactions and

[12,16]

other factors influencing the metabolic

confirmed in a larger patient population. The

capacity of the liver.

results of our study however emphasise the

. This hypothesis should be prospectively

Table 1. Voriconazole/voriconazole-N-oxide concentrations in relation to typical clinical situations [10].
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need for the input of an expert with know-

were observed, while trough concentrati-

ledge of factors influencing the pharmacoki-

ons decreased significantly if the infection

netics of voriconazole if a patient is treated

and the degree of inflammation subsided,

with this drug. Although the switch from

reflected by decreasing CRP concentrations.

intravenous to oral antifungal treatment is

Based on the CYP2C19 genotype of the pa-

encouraged in antimicrobial stewardship

tient, the effect of inflammation was even

, the

more pronounced. For instance, the meta-

condition of the patient remains an impor-

bolism of voriconazole is more reduced

tant factor whether this switch is clinically

during

appropriate. For instance, in hematologic

metabolisers of CYP2C19 compared with

patients gastro-intestinal complications are

extensive and ultra-rapid metabolisers of

commonly observed. Therefore in ASPs, gui-

CYP2C19. Besides CYP2C19, voriconazole is

delines should be included for specific pa-

also metabolised by CYP2C9 and CYP3A4,

tient populations. In this guideline patient

though to a lesser extent

characteristics of this population should be

capacity of CYP2C9 and CYP3A4 can also be

highlighted and taken into account to opti-

reduced during inflammation

mise treatment. Furthermore, ASPs mainly

study

focussing on antifungal agents are limited.

performed. A reduced metabolic capa-

In addition, even less research is performed

city for CYP2C9 is also commonly ob-

on the conversion from intravenous treat-

served in the Caucasian population

ment to oral treatment for azoles in ASPs

Therefore,

programmes (ASPs) to reduce costs

[17]

inflammation

solely

CYP2C19

an

for

[6]

intermediate

. The metabolic
[21,22]

. In our

genotyping

intermediate

was

[23]

.

metaboli-

. Therefore, the potential benefits of ASPs

ser for both CYP2C19 and CYP2C9 can re-

for antifungal agents should receive more

sult in an even larger effect on voricon-

attention. Additionally, the implementation

azole metabolism during inflammation.

of these antifungal stewardship program-

A recent study in 29 patients showed that

mes with the potential benefits should be

the genetic score, including both CYP2C19

assessed in clinical practice.

and CYP3A4 genotype, and inflammation

[18]

significantly influenced voriconazole trough
. By using the genetic

Another potential factor that can influence

concentration

voriconazole pharmacokinetics is inflamma-

score of a patient, where all CYP450 geno-

tion. During inflammation several drug-me-

types of interest are included, more infor-

tabolising enzymes, including cytochrome

mation could be obtained on the metabolic

[24]

.

capacity of the liver and the effect of in-

Since voriconazole is mainly metabolised

flammation on vorionazole metabolism. In

P450 iso-enzymes, are down-regulated

[19,20]

,

this case, quantification of the main meta-

its metabolism can be influenced during

bolite of a drug, active or not, gives impor-

inflammation. In Chapter 5 we showed that

tant additional information on drug meta-

the pharmacokinetics of voriconazole were

bolism

indeed influenced in adult patients by se-

tion on voriconazole metabolism, including

vere inflammation, reflected by increased

CYP2C19, CYP2C9 and CYP3A4 genotype

C-reactive protein (CRP) concentrations. Du-

should be studied for a better understan-

ring severe inflammation high and poten-

ding of the variable voriconazole pharmaco-

tially toxic voriconazole concentrations

kinetics.

by cytochrome P450 (CYP) iso-enzymes

[6]

[10]

. Overall, the effect of inflamma-
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In children the effect of inflammation on vori-

of the variable voriconazole concentrations.

conazole trough concentration is less pronounced compared to adults. In Chapter 6a we

The synthesis of CRP is mainly regulated

showed that in children aged ≥ 12 years, vori-

by the cytokine interleukin-6 (IL-6)

conazole trough concentrations are higher

refore, IL-6 concentrations can be an ear-

at elevated CRP concentrations (> 150 mg/L).

ly predictor of inflammation resulting in a

However, in children aged < 12 years, a trend

decreased metabolism of voriconazole and

of increased voriconazole concentrations at a

hence higher voriconazole trough concen-

higher degree of inflammation was not obser-

trations. In a recently performed prospec-

ved. This could be explained by a higher me-

tive study in adult haematology patients

tabolic capacity in children aged < 12 years for

was shown that IL-6 concentrations were

voriconazole, confirmed by the linear phar-

significantly correlated with voriconazole

macokinetics of voriconazole in this patient

trough concentrations. However, the results

. Yanni and colleagues showed that

of this study suggest that the IL-6 concentra-

CYP2C19 activity was higher in children aged

tion is not a better predictor for the variable

< 12 years compared with adults, as well as

voriconazole trough concentrations than

flavin-containing mono-oxygenase (FMO) ac-

the CRP concentration

group

[25]

[29]

[28]

. The-

. Since CRP con-

. Although both CYP2C19 and FMO ac-

centrations are more frequently measured

tivity are reduced during inflammation [19], this

in clinical practice and the costs are lower

does not seem to influence the metabolic ca-

than measuring IL-6 concentrations, it is

pacity of the liver in children aged < 12 years.

questionable whether measuring IL-6 con-

For other drugs, including theophylline and

centrations provides more information on

midazolam, a reduced clearance was shown

voriconazole metabolism during inflamma-

in children aged < 12 years during inflamma-

tion with acceptable costs. Since the sample

tivity

[26]

. However, these drugs are primarily

size of this study was small and information

metabolised by CYP1A2 and CYP3A4, which

on voriconazole metabolism was lacking, a

could explain the difference in drug clear-

larger prospective study should be perfor-

ance during inflammation. Since our study

med with more frequent sampling of both

was based on retrospective data with a limi-

inflammatory parameters and voriconazole

ted number of patients and a limited number

and voriconazole-N-oxide concentration to

of samples per patient a larger observational

confirm these findings.

tion

[27]

study should be performed including longitudinal data to gain more insight on the effect of

8.2 Optimising voriconazole treatment

inflammation in children from different age

TDM is recommended in several guidelines

groups.

[30,31]

, but it is questionable whether solely

performing TDM is the ultimate solution to
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Based on the results of the studies descri-

optimise and individualise treatment with

bed in Chapter 5 and 6a inflammatory pa-

voriconazole. In Chapter 6b we developed

rameters like CRP concentrations should be

a pharmacokinetic/pharmacodynamic (PK/

measured routinely in clinical practice du-

PD) mathematical model, where the circu-

ring treatment with voriconazole for adults

lating galactomannan concentration was

and possibly also in children aged 12 years or

used

older. This results in a better understanding

Although the data included in this study are

as

pharmacodynamic

parameter.

Chapter 08

sparse and should be confirmed by larger

TDM. Here, both response to treatment and

studies in which more patients are inclu-

patients for whom voriconazole treatment

ded, the results of this study suggests that

was discontinued due to an adverse event

the generally accepted therapeutic range of

of voriconazole was included in the analysis.

is not applicable for all patients

However, significantly more trough concen-

treated with voriconazole and highlights

trations were found within the predefined

the need for true individualised treatment

therapeutic range for the TDM-group. The

with voriconazole. By performing TDM the

results of this study suggests that other fac-

variable pharmacokinetics of a patient is

tors, apart from TDM cause treatment failu-

taken into account, but a factor to determi-

re of voriconazole. Therefore, the additional

ne response to treatment is lacking. Especi-

value of TDM must be further investigated, to

ally for patients with a probable or proven

determine which patients could benefit from

fungal infection a biomarker to determine

TDM. For instance in patients with a more

response to treatment should be included,

severe fungal infection (i.e. probable or

like the galactomannan index. By combining

proven infections) the benefits of TDM

the galactomannan index with the voricon-

could be more pronounced compared

azole concentration, a real-time indication

with patients with a less severe fungal

is provided for the individual response of

infection (e.g. a possible infection as com-

the patient to voriconazole treatment. Sin-

pared to a probable or proven infection,

ce this study was performed in paediatric

or infections with a lower fungal load).

patients, a similar study should be perfor-

Although we found no difference in res-

med in adult patients. Subsequently this

ponse to treatment and adverse even-

treatment strategy, including both pharma-

ts resulting in voriconazole treatment

cokinetic and a derived pharmacodynamic

discontinuation for patients with a more

parameter, should be applied in clinical

severe fungal infection, our study was not

practice to determine if this results in opti-

powered for this subgroup analysis. There-

mised voriconazole treatment.

fore, these results should be confirmed or

1 – 6 mg/L

[3]

invalidated in a properly designed study
TDM of voriconazole is recommended
based on retrospective data

[4,5]

with sufficient power.

and limited

. Although it is cur-

Furthermore, emerging azole resistance is a

rently uncertain if TDM guided treatment

global problem and the mortality rates are

of voriconazole for adult patients with inva-

high in patients with documented azole re-

sive aspergillosis is superior to the standard

sistant invasive aspergillosis

voriconazole dosing regimen, it is advised

al. suggested a trough concentration divi-

. In Chapter

ded by the minimal inhibitory concentration

7 a multicentre, prospective, clinical trial

(MIC) of 2 to 5 to optimise voriconazole treat-

was performed. In this study, it was shown

ment [33]. With the emerging problem of azo-

that individualised voriconazole treatment

le resistance, the probability of achieving

by routinely using TDM in all adult patients

adequate voriconazole exposure decreases

with invasive aspergillosis was not superi-

with increasing MIC values. This also sug-

or compared with the standard dosing re-

gests that TDM could play an important role

gimen of voriconazole without performing

in less susceptible species, which should be

prospective data

[32,33]

in international guidelines

[30,31]

[34,35]

. Troke et
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be confirmed in clinical practice. Again, this

should be followed up more often, because

highlights the need for true individualised

of the highly variable pharmacokinetics of

treatment of voriconazole, including not

this drug. Though, correct adjustment of the

solely the voriconazole trough concentra-

voriconazole dose remains difficult, because

tion if TDM is indicated, but both a pharma-

of the many different factors influencing

cokinetic and pharmacodynamic parame-

voriconazole concentration as described

ter, or other derived pharmacodynamic pa-

earlier. Therefore, a proper dosing algo-

rameter with which response to treatment

rithm including multiple factors influencing

could be determined (i.e. galactomannan

voriconazole concentration, which is also

index). Additionally, this also highlights the

easy to use in clinical practice should be de-

importance of rapid molecular testing for

veloped.

the presence of mutants with reduced or
lost susceptibility for triazoles to optimise

Another important aspect in antifungal

treatment.

treatment is the financial burden for the
health system. The ever continuous costs of
. New

The impact and additional value of TDM for

antifungal treatment is a concern

voriconazole could be highest during the

antifungal drugs, such as isavuconazole,

initial and most critical phase of antifungal

are available at higher costs compared to

treatment. Although a therapeutic range of

the generic variant of voriconazole. The ef-

1 – 6 mg/L is recommended for optimal treat-

ficacy of isavuconazole is comparable with

ment outcome and to avoid toxicity, it is un-

voriconazole and antifungal susceptibility

clear whether this therapeutic range should

seems comparable. However, for isavucona-

be maintained during the entire treatment

zole less drug-related adverse events have

with voriconazole, or solely in the initial

been observed. In addition, the pharmaco-

phase. Therefore, more research should be

kinetics of voriconazole are highly variable

performed to determine if TDM for voricon-

as also shown in this thesis, while isavuco-

azole should be performed during the en-

nazole seems to have more predictable

tire treatment with voriconazole, or solely

and linear pharmacokinetics with minimal

during the initial and perhaps most critical

inter-patient variability

phase of treatment. For patients with speci-

with frequent use of TDM for voriconazole

fic risk factors, for instance patients with per-

to maintain efficacy and avoid toxicity the

sistent neutropenia, longer follow-up with

treatment with voriconazole might be more

TDM to optimise voriconazole treatment

cost-effective, compared with isavucona-

could have more additional value compared

zole. Therefore, in future studies where

with patients who recover from neutrope-

different treatment strategies of antifungal

nia after one or two weeks. Patients who

agents are compared, cost-effectiveness

already failed on other antifungal treatment

should be included in the analysis to keep

could also benefit from longer routinely use

antifungal treatment affordable.

[37,38]

[36]

. However, also

of TDM, because this is a more vulnerable
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population as well as patients with a fun-

8.3 Final remarks

gal infection in for instance the central ner-

The number of patients at risk for invasive

vous system. Furthermore, patients recei-

fungal infections is increasing

ving a strongly deviating voriconazole dose

aspergillosis is one of the most common

[39]

. Invasive

Chapter 08

mould infections, for which voriconazole is
recommended as first-line treatment

[1,40]

.

However, it remains difficult to optimise
treatment with voriconazole, because of
the observed pharmacokinetic variability of
this drug. In this thesis we have investigated
which factors could influence the pharmacokinetic variability of voriconazole, including inflammation and bioavailability. We
showed that inflammation contributes to
the variable pharmacokinetics of voriconazole. In this thesis we have also shown that
not solely the voriconazole trough concentration predicts treatment outcome. Other
factors apart from the voriconazole trough
concentration cause treatment failure as
well. Therefore, to optimise treatment with
voriconazole other factors, for instance the
galactomannan index, could provide more
information for optimal voriconazole treatment. In addition, although TDM is suggested
to optimise treatment [30,31] the utility of
TDM for voriconazole must be re-established in patients treated with voriconazole, to
determine which patients could benefit the
most from TDM. Last, more attention should
be paid to the cost-effectiveness of the different treatment strategies of mould infections, because of the increasing costs of antifungal treatment.

For true individualised and optimal
treatment of voriconazole not solely
the pharmacokinetics of voriconazole
should be taken into account, but
also a pharmacodynamic parameter
to determine response to treatment.
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The number of patients at risk for in-

pharmacokinetic variability of vori-

vasive fungal infections is increasing,

conazole. Furthermore, voriconazole

because of an increasing number of im-

has a narrow therapeutic range. It is

munocompromised

of

suggested to maintain the voricon-

the most common mould infections is

azole trough concentration between

invasive aspergillosis, for which vori-

1 – 6 mg/L to improve treatment out-

conazole is recommended as first line

come and to avoid toxicity. Since

treatment. The pharmacokinetics of vo-

the voriconazole trough concentra-

riconazole is highly variable. Several

tions is associated with efficacy and

factors are known to influence the phar-

safety, therapeutic drug monitoring

macokinetics of voriconazole, including

(TDM) of voriconazole has been sug-

age,

CYP2C19

patients.

genotype,

One

concomitant

gested, although the evidence to

use of CYP450 inhibitors or inducers,

support the benefit of TDM is limited

and liver function. However, these fac-

to a few studies.

tors do not fully explain the observed

In this thesis, we investigated other factors,

sampling strategies, including dried blood

including inflammation and bioavailability,

spot sampling.

that could influence the pharmacokinetics
of voriconazole besides the factors men-

To gain more insight in the pharmacokine-

tioned above. In addition, we explored how

tics of voriconazole we described in Chap-

using pharmacodynamic parameters such

ter 3a the additional value of measuring the

as the galactomannan index could optimise

main metabolite of voriconazole, voricon-

treatment with voriconazole. Furthermore,

azole-N-oxide. By measuring both voricon-

we looked at the utility of TDM for voricon-

azole and voriconazole-N-oxide, more in-

azole.

formation can be obtained on the metabolic capacity of the liver for an individual pa-

In Chapter 2, a review is presented for moni-

tient. In addition, a distinction can be made

toring of anti-infective drugs by using liquid

between for instance an ultra-rapid meta-

chromatography-tandem mass spectrome-

boliser of voriconazole or non-compliance.

try (LC-MS/MS). In this Chapter pharmacoki-

Therefore, measuring both voriconazole

netic and pharmacodynamic relationships

and its metabolite may help TDM guided

of anti-infective drugs are discussed, al-

dosing to optimise voriconazole treatment

ong with the role of TDM for anti-infective

in clinical practice.

drugs. Subsequently, we discussed the
additional value of the LC-MS/MS for TDM of

In Chapter 3b an analytical method is des-

anti-infective drugs to optimise treatment,

cribed for therapeutic drug monitoring of

including the high sensitivity and select-

voriconazole and its primary metabolite,

ivity of this analytical technique. Further-

voriconazole-N-oxide. By including both vo-

more, we explored the use of other ma-

riconazole and voriconazole-N-oxide, this

trices than blood for TDM and alternative

analytical method is more informative for
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clinicians as explained previously. An advan-

switching the route of administration on vo-

tage of the described method is that a sta-

riconazole trough concentration. Thirteen

ble isotope labelled (SIL) internal standard,

patients were included in this retrospective

C 2-2H3-voriconazole, was used instead of

cross-over analysis. For intravenous admi-

a structure analogue to improve accuracy

nistration of voriconazole a mean trough

and precision. Furthermore, a simple and

concentration of 2.28 mg/L was found and

straightforward extraction technique was

for oral administration a mean of 2.04 mg/L

used, solely being protein precipitation. In

(P = 0.390). The mean bioavailability of vori-

addition, a sample volume of only 10 μL was

conazole was 83.0%, which is substantially

necessary for analysis, which is ideal in pae-

higher compared with earlier studies. The

diatric patients or patients suffering from

results of our study therefore suggested

venous damage. Lastly, the turnaround time

that others factors apart from bioavailabili-

of the method was improved compared with

ty may cause the observed difference in vo-

the previous method, to make TDM more

riconazole trough concentrations between

efficient. In conclusion, an accurate and

oral and intravenous administration.

13

simple assay was developed for the analysis
of voriconazole and voriconazole-N-oxide.

During an infection or inflammation, several drug-metabolising enzymes in the liver

126

For drugs with high bioavailability, a switch

are down-regulated, including cytochrome

from intravenous to oral antimicrobial

P450 iso-enzymes. Voriconazole is exten-

treatment is an important element in an-

sively metabolised by cytochrome P450

timicrobial stewardship programmes, be-

iso-enzymes. In Chapter 5 we describe a

cause this potentially can result in reduced

prospective observational study to deter-

health care costs and less complications

mine the effect of inflammation on voricon-

observed with an intravenous access. The

azole trough concentration and metabolism

bioavailability of voriconazole is estimated

in adult patients. To determine the degree of

to be over 90% in healthy volunteers. How-

inflammation, C-reactive protein (CRP) con-

ever, two studies have shown a reduced bio-

centrations were used. In this study thirty-

availability of voriconazole in patients. For

four patients were included. A longitudinal

both studies several factors that could have

data analysis was performed to assess the

influenced the pharmacokinetics of vorico-

effect of inflammation on the metabolic ra-

nazole and hence the voriconazole trough

tio of voriconazole-N-oxide/voriconazole

concentration were not included in the eva-

and on voriconazole trough concentration.

luation, including inflammation, concomi-

We included 489 voriconazole trough con-

tant intake of food with oral voriconazole,

centrations in this analysis. The results of

and gastrointestinal complications. In order

this study showed that inflammation signi-

to support switching from intravenous to

ficantly influenced the voriconazole trough

oral administration of voriconazole, we per-

concentration and the metabolic ratio, af-

formed a retrospective chart review in adult

ter correction of other factors that could

patients in Chapter 4. Patients were treated

influence voriconazole metabolism. The

with both oral and intravenous voriconazo-

metabolic ratio was decreased by 0.99229 N ,

le at the same dose and within a limited time

while the voriconazole trough concentra-

interval (≤5 days) to evaluate the effect of

tion was increased by 1.005321N , where N is

Chapter 09

the difference in CRP units (in mg/L). There-

the circulating galactomannan concentra-

fore, frequent monitoring of voriconazole

tions. The pharmacokinetic and pharmaco-

trough concentrations and CRP concentra-

dynamic data from twelve children were

tions is recommended during and following

studied, collected as part of routine clinical

severe inflammation.

care. Since the data were necessarily sparse
a previously described PK model was used

In Chapter 6a we performed a retrospec-

as the Bayesion prior. Subsequently the PK-

tive chart review to determine the effect of

PD model was used to estimate the average

inflammation on voriconazole trough con-

area under the concentration time curve

centration in children. Paediatric patients

(AUC) in each patient and the time course

were divided into two groups based on their

of galactomannan concentrations. Additio-

age: group 1 (< 12 years) and group 2 (≥ 12 to

nally, the relationship between the ratio of

18 years). CRP concentrations were used to

the AUC to the concentration of voricona-

determine the degree of inflammation and

zole that induced half maximal killing (AUC/

categorised in a low to moderately high

EC50) and the terminal galactomannan con-

(0–150 mg/L) and a high (> 150 mg/L) degree

centration was determined. The terminal

of inflammation. Eleven patients were inclu-

galactomannan concentration was strongly

ded in group 1 and sixteen patients in group

predicted by the (AUC/EC50)/15.4 (P = 0.003),

2. For patients aged < 12 years, no significant

and patients with an AUC/EC50 ratio of >6

difference was found between a low to mo-

showed a trend for a consistently lower

derately high and a high degree of inflamma-

terminal galactomannan concentration (P

tion (P = 0.682). However, in patients aged 12

= 0.07). The construction of a linked PK-PD

– 18 years, a significantly higher voriconazo-

model is the first step in developing con-

le trough concentration was observed with

trol software to enable true individualised

CRP values > 150 mg/L compared to patients

treatment and to determine individualised

with CRP values of 0 – 150 mg/L (P = 0.027).

concentration targets. By following galac-

In conclusion, inflammation as reflected by

tomannan concentrations over time, a first

CRP values, is associated with higher vori-

critical step was made to maximise clinical

conazole trough concentrations in patients

response.

aged ≥ 12 – 18 years but not in patients aged
< 12 years. The CRP value may therefore be

TDM of voriconazole is recommended based

helpful in TDM of voriconazole during severe

on retrospective data and limited prospec-

infection for patients aged ≥ 12 – 18 years.

tive data. In Chapter 7 a multicenter (n = 10),
prospective, cluster randomised, cross-over

The galactomannan index is a routinely used

clinical trial in haematological patients ≥ 18

diagnostic marker for invasive aspergillosis

years, treated with voriconazole was per-

and is occasionally used for monitoring the

formed to investigate if TDM guided treat-

clinical response to antifungal treatment.

ment of voriconazole is superior to standard

In Chapter 6b we developed a pharmaco-

treatment. All patients received the stan-

kinetic-pharmacodynamic (PK-PD) mathe-

dard voriconazole dose at start of the treat-

matical model in children that links the se-

ment and voriconazole trough concentra-

rum pharmacokinetics of voriconazole and

tions were taken immediately after treat-

the pharmacodynamics, quantified by using

ment initiation and were repeated over time.
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In the TDM group the dose was adjusted
as appropriate. In total 189 patientes were
enrolled. For the primary composite endpoint, including response to treatment, and
patients for whom voriconazole treatment
was discontinued due to an adverse event
related to voriconazole 28 days after treatment initiation, no significant difference
was observed between both groups (P =
0.681). For this analysis 74 patients were included in the non-TDM group en 68 patients
in the TDM group. In the TDM group however, significantly more voriconazole trough
concentrations were found within the therapeutic range. Therefore, the results of this
study suggest a more selective approach for
TDM of voriconazole, rather than TDM for all
patients treated with voriconazole. Here,
severity of the fungal disease, drug susceptibility, the clinical condition of the patient
and prior treatment with other antifungal
agents should be taken into account.
The results of the research performed in this
thesis are discussed in Chapter 8 and future
perspectives are presented. In conclusion,
our findings provide more insight into the
variable pharmacokinetics of voriconazole
and give practical tools to improve voriconazole treatment in clinical practice. In addition, for true individualised and optimal
treatment of voriconazole not solely the
pharmacokinetics of voriconazole should
be taken into account by performing TDM,
but also a pharmacodynamic parameter
to determine response to treatment. With
this strategy, the treatment of voriconazole
could be further improved.
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Voriconazol heeft een smalle therapeuHet aantal patiënten met een stoornis

tische range. Dit betekent dat de range waar-

van het afweersysteem wordt groter.

binnen de concentratie geneesmiddel in het

Dit kan bijvoorbeeld worden veroor-

bloed het best werkzaam is, zonder dat er

zaakt door een intensieve behande-

bijwerkingen optreden, klein is. Een vori-

ling van kanker of andere ziekten,

conazol concentratie onder de therapeu-

waardoor het afweersysteem wordt

tisch range is onvoldoende werkzaam, ter-

aangetast. Doordat deze patiënten

wijl een concentratie boven deze range to-

een verminderde afweer hebben,

xisch is. Omdat de voriconazol concentratie

neemt het risico op invasieve schim-

in het bloed geassocieerd is met effectiviteit

melinfecties toe. Eén van de meest

en toxiciteit, wordt monitoring van de vori-

voorkomende schimmelinfecties is

conazol concentratie, oftewel Therapeutic

invasieve aspergillose. Voriconazol

Drug Monitoring (TDM), geadviseerd. Voor

is het eerste keus geneesmiddel voor

optimale effectiviteit en ter voorkoming

de behandeling van deze infectie.

van eventuele toxiciteit moet de voriconazol concentratie vlak voor een nieuwe gift,

Bij de werking van geneesmiddelen

ook wel dalconcentratie genoemd, tussen

spelen de farmacokinetiek en farma-

1 – 6 mg/L liggen. Het bewijs dat TDM van

codynamiek

rol.

toegevoegde waarde is bij de behandeling

De farmacokinetiek beschrijft wat

een

belangrijke

met voriconazol is echter beperkt tot slechts

het lichaam met het geneesmiddel

enkele studies.

doet, terwijl de farmacodynamiek
beschrijft

geneesmiddel

In dit proefschrift wordt onderzocht welke

met het lichaam doet. De farmaco-

wat

het

andere factoren naast de bovengenoemde

kinetiek van voriconazol varieert

factoren de farmacokinetiek van vorico-

met de leeftijd van de patiënt,

nazol kunnen beïnvloeden. Eén van deze

het

de

factoren is het hebben van een ontsteking

leverfunctie. Daarnaast varieert de

genetisch

profiel

en

(al dan niet veroorzaakt door de schimmel-

farmacokinetiek ook met het gelijk-

infectie). Ook de hoeveelheid voriconazol

tijdig gebruik van bepaalde genees-

die in de bloedbaan terecht komt na orale

middelen die de afbraak van vori-

toediening ten opzichte van intraveneuze

conazol in de leverremmen of juist

toediening wordt bestudeerd. Bij patiënten

versnellen. Deze factoren verklaren

met een schimmelinfectie kan in het bloed

de variabele farmacokinetiek van

een bestandsdeel van de schimmel, ook wel

voriconazol echter niet volledig.

galactomannan genoemd, aanwezig zijn.
Wij hebben onderzocht of de hoeveelheid
galactomannan in het bloed tijdens de behandeling met voriconazol gebruikt kan
worden om de behandeling te optimaliseren. Verder wordt gekeken naar het nut van
TDM voor voriconazol.
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In Hoofdstuk 2 wordt een overzicht gegeven

behandeling met voriconazol te verbeteren.

van het monitoren van geneesmiddelen die
gebruikt worden bij infectieziekten, waarbij

In Hoofdstuk 3b wordt een analytische me-

gebruik gemaakt wordt van vloeistofchro-

thode beschreven voor het meten van de

matografie gekoppeld aan tandem massa-

bloedconcentratie van voriconazol en vori-

spectrometrie (LC-MS/MS). In dit hoofdstuk

conazol-N-oxide. Bij analytische bepalingen

worden farmacokinetische en farmacody-

wordt een hulpstof gebruikt om te corrige-

namische relaties van deze geneesmiddelen

ren voor onnauwkeurigheden in de analyse,

besproken, samen met de rol van TDM voor

ook wel de interne standaard genoemd. Een

geneesmiddelen die gebruikt worden bij

voordeel van de beschreven methode is dat

infectieziekten. Vervolgens wordt de toe-

een stabiel isotoop gelabelde interne stan-

gevoegde waarde van de LC-MS/MS bespro-

daard werd gebruikt,

ken voor TDM van anti-infectieuze genees-

in plaats van een interne standaard die ver-

middelen ter verbetering van de behande-

want is aan de structuur van de te analyse-

ling. Tevens komt de hoge gevoeligheid en

ren component. Dit zorgt voor een betere

selectiviteit van deze analytische techniek

nauwkeurigheid en precisie van de analy-

aan bod. Verder hebben we het gebruik van

semethode. Om het bloedmonster geschikt

andere lichaamsmaterialen dan bloed voor

te maken voor analyse dient het monster

TDM beschreven en alternatieve strategieën

voor de daadwerkelijke analyse gescheiden

voor monsterafname, waaronder het meten

te worden van andere stoffen die zich in het

van de geneesmiddelconcentratie via een

bloedmonster bevinden. Deze andere stof-

vingerprik (dried blood spot).

fen kunnen de analyse namelijk verstoren.

13

C 2-2H3-voriconazol,

In de ontwikkelde analysemethode werd
Voriconazol wordt in de lever voorname-

gebruik gemaakt van een eenvoudige mon-

lijk omgezet in het tussenproduct voricon-

stervoorbewerking, namelijk het neerslaan

azol-N-oxide. Om meer inzicht te krijgen in

van eiwitten. Daarnaast was slechts een

de farmacokinetiek van voriconazol wordt

zeer kleine hoeveelheid monstervolume

in Hoofdstuk 3a beschreven wat de toege-

noodzakelijk voor de analyse, wat ideaal is

voegde waarde is van het meten van zowel

bij kinderen of patiënten waarbij bloed-

voriconazol als voriconazol-N-oxide in het

prikken niet goed mogelijk is. Ten slotte is

bloed. Door zowel voriconazol als voricona-

de doorlooptijd van de analyse verbeterd

zol-N-oxide te meten, kan meer informatie

in vergelijking met de vorige methode, om

worden verkregen over het vermogen van

TDM efficiënter te maken. Samenvattend is

de lever van een individuele patiënt om op

er een nauwkeurige en eenvoudige analyse-

dat moment voriconazol om te zetten in

methode

voriconazol-N-oxide. Daarnaast kan men

van voriconazol en voriconazol-N-oxide.

ontwikkeld

voor

de

analyse

onderscheid maken tussen bijvoorbeeld
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een patiënt die voriconazol erg snel omzet,

Het percentage geneesmiddel dat onveran-

ook wel ‘ultra-rapid metaboliser’ genoemd,

derd in de bloedbaan terecht komt wordt

of een patiënt die niet therapietrouw is. Het

de biologische beschikbaarheid van een

meten van zowel voriconazol als voricona-

geneesmiddel

zol-N-oxide in het kader van TDM kan daar-

middelen met een hoge biologische beschik-

om in de klinische praktijk helpen om de

baarheid is het switchen van intraveneuze

genoemd.

Voor

genees-

Chapter 10

naar orale antimicrobiële behandeling een

gemiddelde biologische beschikbaarheid

belangrijk onderdeel in antimicrobiële ste-

van voriconazol was 83,0%, wat aanzienlijk

wardship-programma’s. Dit kan namelijk

hoger is in vergelijking met eerdere studies.

leiden tot lagere kosten voor de gezond-

De resultaten van onze studie suggereren

heidszorg en tot minder complicaties die

daarom dat andere factoren, afgezien van

worden gezien bij intraveneuze toediening

de biologische beschikbaarheid, het verschil

van geneesmiddelen. De biologische be-

in dalconcentraties van voriconazol tussen

schikbaarheid van voriconazol wordt ge-

orale en intraveneuze toediening kunnen

schat op meer dan 90% in gezonde vrijwilli-

veroorzaken.

gers. In de praktijk betekent dit dat dosering
voor orale en intraveneuze toediening van

Tijdens een infectie of een ontsteking, ook

voriconazol gelijk is. In twee onderzoeken

wel inflammatie genoemd, worden ver-

is echter een verminderde biologische be-

schillende enzymen die betrokken zijn bij

schikbaarheid van voriconazol in patiënten

de omzetting van geneesmiddelen in de

waargenomen. Voor beide onderzoeken wa-

lever verminderd gevormd, waaronder de

ren verschillende factoren die de farmacoki-

cytochroom P450 iso-enzymen. Voricona-

netiek van voriconazol konden beïnvloeden

zol wordt uitgebreid omgezet door de cyto-

echter niet meegenomen bij de beoordeling

chroom P450 iso-enzymen. In Hoofdstuk 5

van de resultaten. Dit waren bijvoorbeeld

beschrijven we een prospectieve observa-

het hebben van een ontsteking, gelijktijdige

tionele studie om het effect van inflamma-

inname van voedsel bij orale toediening van

tie op de dalconcentratie en de omzetting

voriconazol en gastro-intestinale complica-

van voriconazol bij volwassen patiënten te

ties, zoals diarree en braken. Hierdoor kan

bepalen. Om de ernst van de infectie of ont-

het verschil in dalconcentratie van voricona-

steking te bepalen, zijn C-reactief proteïne

zol bij intraveneuze en orale toediening mo-

(CRP) concentraties gebruikt. In deze stu-

gelijk worden verklaard. Om het switchen

die werden vierendertig patiënten geïn-

van intraveneuze naar orale toediening

cludeerd. Om het effect van inflammatie

van voriconazol te bevorderen, hebben we

te bepalen op de verhouding vorico-

in Hoofdstuk 4 een retrospectieve studie

nazol-N-oxide/voriconazol en op de vorico-

uitgevoerd in volwassen patiënten. Patiënt-

nazol dalconcentratie, is gebruik gemaakt

en werden behandeld met zowel oraal als

van herhaaldelijk afgenomen bloedmon-

intraveneus voriconazol in dezelfde dose-

sters van eenzelfde patiënt op achtereenvol-

ring en binnen een beperkt tijdsinterval (≤5

gende tijdstippen. Er zijn 489 voriconazol dal-

dagen). Het doel van deze studie was het

concentraties in deze analyse geïncludeerd.

effect te evalueren van het switchen van

De resultaten van dit onderzoek toonden

de toedieningsweg op de dalconcentratie

aan dat inflammatie een significante invloed

van voriconazol. Dertien patiënten werden

had op de dalconcentratie van voriconazol

geïncludeerd in deze retrospectieve cross-

en op de verhouding voriconazol-N-oxide/

over analyse. Voor de intraveneuze toe-

voriconazol. Hierbij is gecorrigeerd voor

diening van voriconazol werd een gemiddel-

andere factoren die de omzetting van vo-

de dalconcentratie van 2,28 mg/L gevonden

riconazol

en voor de orale toediening een gemiddelde

Daarom wordt frequente controle van

dalconcentratie van 2,04 mg/L (P = 0,390). De

de dalconcentraties van voriconazol en

zouden

kunnen

beïnvloeden.
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CRP-concentraties aanbevolen tijdens en na

de farmacodynamiek om de behandeling

ernstige inflammatie.

met voriconazol op patiëntniveau te optimaliseren. Als farmacokinetische parameter

In Hoofdstuk 6a hebben we een retrospec-

werd de voriconazol bloedconcentratie ge-

tieve studie uitgevoerd om het effect van

bruikt en als farmacodynamische parameter

inflammatie op de dalconcentratie van vori-

de circulerende galactomannan concentra-

conazol bij kinderen te bepalen. Pediatrische

tie. De farmacokinetische en farmacodyna-

patiënten werden op basis van hun leeftijd

mische gegevens van twaalf kinderen wer-

ingedeeld in twee groepen: groep 1 (<12

den verzameld in het kader van routine-

jaar) en groep 2 (≥ 12 tot 18 jaar). CRP con-

matige zorg. Omdat de verzamelde farma-

centraties werden gebruikt om de mate van

cokinetische gegevens redelijk schaars wa-

inflammatie te bepalen en gecategoriseerd

ren, werd gebruik gemaakt van een eerder

in een lage tot matig hoge (0–150 mg/L) en

PK-model om een betere inschatting te kun-

een hoge (> 150 mg/L) mate van inflammatie.

nen maken van de farmacokinetiek bij deze

Elf patiënten werden geïncludeerd in groep

kinderen. Vervolgens werd het ontwikkelde

1 en zestien patiënten in groep 2. Voor pa-

model gebruikt om de relatie tussen de AUC/

tiënten van <12 jaar oud werd geen signifi-

EC50 en de laatst gemeten galactomannan

cant verschil gevonden tussen een lage tot

concentratie te beoordelen. Hiermee kan de

matig hoge en een hoge mate van inflamma-

respons op de behandeling in combinatie

tie (P = 0,682). Bij patiënten van 12–18 jaar oud

met de hoeveelheid geneesmiddel waaraan

werd daarentegen wel een significant hoge-

de patiënt per dag is blootgesteld worden

re dalconcentratie van voriconazol waarge-

vastgesteld. Het gemiddelde gebied onder

nomen bij een hoge mate van inflammatie

de concentratietijdcurve (AUC) is een maat

vergeleken met patiënten met een lage tot

voor de blootstelling aan een geneesmiddel

matige mate van inflammatie (P = 0,027). Sa-

per dag. De EC50 waarde is een maat voor de

mengevat is de mate van inflammatie, uitge-

concentratie voriconazol die nodig is om de

drukt door middel van de CRP concentratie,

galactomannan concentratie met de helft te

geassocieerd met hogere dalconcentraties

verminderen ten opzichte van de maximaal

van voriconazol bij patiënten in de leeftijd

mogelijke vermindering. De laatst gemeten

van ≥ 12–18 jaar. Informatie over de CRP con-

galactomannanconcentratie

werd

sterk

centratie kan daarom nuttig zijn bij TDM van

voorspeld door een (AUC / EC50) /15,4 (P =

voriconazol tijdens een ernstige infectie bij

0,003) en patiënten met een AUC / EC50 -ver-

patiënten in de leeftijd van ≥ 12–18 jaar.

houding van > 6 vertoonden een trend voor
een consistent lagere laatste galactoman-
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De hoeveelheid galactomannan in het bloed

nanconcentratie (P = 0,07). Door het toepas-

(galactomannan-index) wordt regelmatig

sen van een gecombineerd PK-PD-model is

gebruikt om te controleren of een patiënt

een begin gemaakt met het ontwikkelen

goed reageert op de behandeling met een

van besturingssoftware om daadwerkelijk

antischimmelmiddel. In Hoofdstuk 6b heb-

de behandeling van voriconazol op patiënt-

ben we een farmacokinetisch-farmacody-

niveau uit te kunnen voeren. Hierdoor kan

namisch (PK-PD) wiskundig model ontwik-

voor een individuele patiënt een therapeu-

keld voor kinderen. De farmacokinetiek van

tische range vastgesteld worden. Door de

voriconazol wordt hierin gecombineerd met

galactomannan-concentraties in de loop

Chapter 10

van de tijd te volgen, is een eerste belang-

gehouden met de ernst van de schimmel-

rijke stap gezet om de klinische respons te

infectie, de gevoeligheid van de schimmel

maximaliseren.

voor het geneesmiddel, de klinische toestand van de patiënt en of de patiënt eer-

TDM van voriconazol wordt geadviseerd

der is behandeld met andere antischimmel-

op basis van retrospectieve gegevens en

middelen.

beperkte prospectieve gegevens. In Hoofdstuk 7 is een multicenter (10 ziekenhuizen),

De resultaten van het onderzoek in dit proef-

prospectief, cluster gerandomiseerd, cross-

schrift worden besproken in Hoofdstuk 8

over klinisch onderzoek uitgevoerd bij met

en wordt ingegaan op de toekomstperspec-

voriconazol behandelde hematologische

tieven. Samengevat geven de resultaten van

patiënten ≥ 18 jaar. Het doel van dit onder-

onze studies meer inzicht in de variabele

zoek is om te controleren of de behande-

farmacokinetiek van voriconazol. Daarnaast

ling met voriconazol met behulp van TDM

geven de resultaten praktische handvat-

beter is dan de standaardbehandeling zon-

ten om de behandeling met voriconazol in

der TDM. Alle patiënten ontvingen de stan-

de praktijk te verbeteren. Bovendien moet

daard voriconazol dosering aan het begin

voor echte geïndividualiseerde en optima-

van de behandeling. De dalconcentraties

le behandeling van voriconazol niet alleen

van voriconazol werden kort na de start

rekening worden gehouden met de farma-

van de behandeling gemeten en vervolgens

cokinetiek van voriconazol door gebruik te

gedurende de behandeling herhaald. In de

maken van TDM, maar ook met een farmaco-

TDM-groep werd op basis van de gemeten

dynamische parameter. Met deze strategie

voriconazol dalconcentratie de dosering

zou de behandeling van voriconazol verder

aangepast indien nodig. In totaal werden

kunnen worden verbeterd.

189 patiënten geïncludeerd. Het primaire
eindpunt is een samengesteld eindpunt, inclusief de respons op de behandeling en het
optreden van een bijwerking veroorzaakt
door voriconazol waardoor de behandeling
is gestopt binnen 28 dagen na start van de
behandeling. Voor het primaire eindpunt
werd geen significant verschil gevonden
tussen beide groepen (P = 0,681). In deze
analyse zijn 74 patiënten geïncludeerd in de
niet-TDM-groep en 68 patiënten in de TDMgroep. In de TDM-groep werden echter significant meer voriconazol dalconcentraties
gevonden binnen de therapeutische range.
Daarom suggereren de resultaten van deze
studie een meer selectieve inzet van TDM
voor voriconazol, in plaats van TDM voor alle
patiënten die behandeld worden met voriconazol. Hierbij dient rekening te worden
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Friends are like
stars, you can’t
always see them,
but you know they
are always there.

A picture
is worth a
thousand
words.

We don’t meet
people by accident,
they are meant
to cross our path
for a reason.
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pen van alle voorgaande hoofdstukken proberen niet teleur te stellen

Prof. dr. J.G.W. Kosterink, beste Jos, ik heb er

met dit afsluitende hoofdstuk.

bewondering voor dat jij je drukke baan als
hoofd van de afdeling Klinische Farmacie en

Promoveren is een uitdaging en lang

Farmacologie weet te combineren met (on-

niet altijd even gemakkelijk. Uit-

der andere) het begeleiden van promovendi.

eindelijk moet je het alleen doen en

Je was altijd erg betrokken bij mijn promo-

ben je zelf verantwoordelijk voor het

tietraject en hielp de voortgang te bewaken.

resultaat. Door de steun en hulp

Als ik behoefte had aan inhoudelijk overleg

van velen heb ik mij tijdens mijn

kon ik altijd bij je aankloppen. In de laatste

promotietraject echter nooit alleen

fase van mijn promotietraject was je niet al-

gevoeld. Hier wil ik iedereen voor

leen mijn promotor, maar ook mijn opleider

bedanken met een paar mensen in

voor de opleiding tot ziekenhuisapotheker.

het bijzonder.

Ik weet zeker dat je mij ook hierin goed zult
begeleiden en ik mede hierdoor een goede
ziekenhuisapotheker zal worden.

Allereerst wil ik mijn promotoren, Prof. dr.
J.W.C. Alffenaar, Prof. dr. J.G.W. Kosterink en

Prof. dr. T.S. van der Werf, beste Tjip, naast

Prof. dr. T.S. van der Werf bedanken.

alle apothekers in mijn promotieteam
was jij als clinicus een uitstekende aanvul-
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Prof. dr. J.W.C. Alffenaar, beste Jan-Willem,

ling. Door jouw ervaring op het gebied van

wat heb ik geboft met jou als promotor! Je

infectieziekten vanuit de klinische prak-

optimisme en enthousiasme voor het on-

tijk was jouw commentaar bij het tot stand

derzoek werken erg aanstekelijk, en hebben

komen van de verschillende manuscripten

er mede voor gezorgd dat dit proefschrift er

zeer waardevol en kon de boodschap voor

nu ligt. Het was erg fijn dat je af en toe hielp

clinici duidelijk worden geformuleerd. Daar-

relativeren en mij het vertrouwen gaf dat

naast was het fijn om tijdens de promotie-

alles goed kwam als de moed mij in de

besprekingen ook eens over koetjes en kalf-

schoenen was gezonken. Bijvoorbeeld om-

jes te kunnen praten, en dan af te sluiten

dat een artikel was afgewezen of er weer iets

met een boks (of mini-boks zoals je klein-

niet helemaal volgens planning was gelopen

kinderen je hebben geleerd).
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Prof. dr. D.J. Touw, beste Daan, ondanks dat

Heuvel, Edwin, de statistiek die is toegepast

je officieel geen deel uitmaakte van mijn pro-

bij enkele studies in dit proefschrift was niet

motieteam vond ik jouw inbreng tijdens de

eenvoudig. Gelukkig was jij altijd bereid om

promotiebesprekingen erg waardevol. Ook

te helpen bij het analyseren van de data,

heb ik ontzettend veel van jou geleerd tijdens

bedankt hiervoor. Beste Luc, Mendy en

mijn werkzaamheden als apotheker op het

Sanne, tijdens jullie masteronderzoek voor

laboratorium, bedankt hiervoor. Tot slot heb

de farmacieopleiding heb ik jullie (gedeelte-

je mij een hele wijze les geleerd: nooit verge-

lijk) begeleid. Jullie hebben een belangrijke

ten te lunchen, anders wordt je chagrijnig.

bijdrage geleverd aan mijn onderzoek en
bij de totstandkoming van verschillende

Graag wil ik de leden van de leescommissie,

artikelen, die allemaal hebben geresul-

bestaande uit Prof. dr. G.A. Huls, Prof. dr. P.E.

teerd in een mooie publicatie. Bedankt voor

Verweij en Prof. dr. H.J. Guchelaar, bedanken

het vele werk dat jullie hebben verricht. A

voor hun bereidheid om dit proefschrift te

special thanks for the authors from abroad,

lezen en te beoordelen.

Michael Neely, Charles Peloquin, Jason
Roberts and William Hope, and their

Dit proefschrift was uiteraard nooit tot

contribution to this thesis.

stand gekomen zonder de medewerking
van alle patiënten. Hartelijk dank voor jullie

Ook wil ik mijn (oud)collega’s van de afde-

bijdrage aan het onderzoek.

ling Klinische Farmacie en Farmacologie

Daarnaast wil ik alle coauteurs bedanken

ling en steun, zowel tijdens mijn promotie-

voor hun medewerking aan de onderzoeken

onderzoek als nu tijdens mijn opleiding tot

die wij hebben uitgevoerd en de totstand-

ziekenhuisapotheker. Aangezien er ruim

koming van de verschillende manuscripten.

200 medewerkers werken op onze afdeling

Een aantal personen wil ik in het bijzonder

kan ik helaas niet iedereen persoonlijk be-

bedanken: dr. R. Brüggemann, Prof. dr. N.

danken. Desalniettemin waardeer ik jullie

Blijlevens, Roger, Nicole, bedankt voor jullie

getoonde interesse enorm. Een paar men-

waardevolle bijdrage aan het voriconazol

sen wil ik in het bijzonder bedanken. Aller-

TDM onderzoek en het daaruit voortkomen-

eerst het kloppende hart van de apotheek,

de manuscript. Ik hoop dat wij deze goede

oftewel het secretariaat. Annemiek, Jessica

samenwerking zullen voortzetten. Dr. L.F.R

en Wianda. Ik wil jullie niet alleen bedanken

Span, Prof. dr. J.G. Zijlsta, dr. W.J.E. Tissing,

voor de administratieve hulp bij zowel

Bart, Jan en Wim, jullie hadden het grootste

mijn promotie als bij de opleiding tot

deel van de patiënten onder jullie hoede,

ziekenhuisapotheker, maar ook voor alle

die deelnamen aan de onderzoeken in dit

niet werkgerelateerde tips en weetjes. Ook

proefschrift. Ik heb bewondering voor de

al kwam ik met de meest bijzondere vragen

manier waarop jullie met de behandeling

binnen jullie hadden overal een passend

van deze (vaak ernstig) zieke patiënten om-

antwoord op (bijvoorbeeld voor het perfect

gaan en weet zeker dat de patiënten bij jullie

schoonmaken van mijn toetsenbord, tot de

in goede handen zijn. Bedankt voor de fijne

oplossing voor niet comfortabel zittende

samenwerking en jullie bijdrage aan de ver-

pumps). Beste (oud)collega’s van het lab,

schillende artikelen. Prof. dr. E.R. van den

Albert-Jan,

bedanken voor de getoonde belangstel-

Annalie,

Ben,

Ellen,

Erwin,
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Gerben, Hiltjo (Hillie!), Ingrid, Jan, Jan, Jus-

ik van alles kan regelen. Ik voel me dan ook

tine, Kai, Marieke, Mireille, Pauline, Remco,

vereerd dat ik ceremoniemeester mag zijn

Renella, Stephan en Tanja. Ik heb het getrof-

op jouw bruiloft. Ik kijk er naar uit om je

fen om mijn carrière als kersverse apotheker

31 augustus te zien stralen in jouw prach-

te mogen beginnen in zo’n leuk en gezellig

tige wedding dress (Wilco, she said yes to

team. Zowel tijdens mijn promotieonder-

a beautiful dress

zoek als tijdens mijn werkzaamheden als

won’t we?

). We’ll be friends forever,

apotheker van het laboratorium namen jullie altijd de tijd om mij dingen uit te leggen.

Miranda (aka Mir), wat zou ik toch zonder

Nu het promotieonderzoek en het boekje

jouw Drentse nuchterheid moeten. Het was

is afgerond, kan ik eindelijk weer wat vaker

heerlijk om af en toe te kunnen klagen over

mee voor een bakkie koffie (of in mijn geval

mijn promotieonderzoek en andere dingen.

een bakkie thee). Bedankt voor de prettige

Jij wist alles uiteindelijk weer in perspec-

samenwerking. Kai en Remco tevens be-

tief te plaatsen. Ik heb tevens genoten van

dankt voor jullie bijdrage aan enkele artike-

onze culinaire- en shopvakanties, waarbij

len in dit proefschrift. Lenneke (aka Lennie),

wij verbleven in luxe resorts om vervolgens

jou wil ik in het bijzonder bedanken voor

weer helemaal zen thuis te komen. Je bent

jouw steun in de afgelopen periode en de

niet alleen nu en tijdens mijn promotietra-

heerlijke maaltijden die jij regelmatig voor

ject een dierbare vriendin geweest maar

mij hebt bereid. Als jij voor me hebt gekookt

ook daarvoor, met als één van onze hoogte-

doe ik graag als tegenprestatie de afwas.

punten onze stage op Bonaire. Naast het

Ooit zal ik je verslaan met Just Dance I’m so

ontzettend harde werken was het behalen

excited. Ook wil ik alle collega apothekers

van ons duikbrevet en de vele duiken die wij

van de afgelopen jaren bedanken, Alwin,

vervolgens hebben gemaakt één van onze

Anette, Annelies, Bahez, Barbara, Bart, Bob,

mooiste avonturen samen.

Derk, Eefke, Elly, Gea, Hendrikus, Herman,
Hilda, Jan, Jasper, Johanna, Joke, Karen, Kim,

Sander (Sannepan!), als iemand mij altijd aan

Leonie, Lisanne, Lisette, Lotte, Manon, Ma-

het lachen kan maken, ben jij het. Het begon

rina, Marjolijn, Marlanka, Marlous, Matthijs,

al tijdens ons weekend/vakantiebaantje bij

Nour, Prashant, Richard, Simke, Simone,

de beddencentrale in het Scheper zieken-

Susan, Sylvia, Thijs, Trea, Wilma, Wouter en

huis Emmen: watergevechten, kijken of de

Wouter. Bedankt voor jullie interesse. Ik ben

drogers groot genoeg waren voor mensen,

er trots op dat steeds meer collega’s tijdens

ons verstoppen tussen het wasgoed om ver-

de ochtendoverdracht inzien dat zitten het

volgens onze collega’s de stuipen op het lijf

nieuwe roken is en daarom net zoals ik blij-

te jagen. Onze collega’s hadden het soms

ven staan

.

moeilijk met ons als jolig duo. Jij weet mij
daarnaast altijd op te vrolijken met de meest
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Lieve Lisanne, ik heb jou leren kennen toen

bijzondere en hilarische Snapchat filmpjes.

ik bij de souvenirwinkel van Dierenpark Em-

Dankzij Laurens en jou, heb ik tevens kennis

men kwam werken. Toen je aangaf dat je een

gemaakt met bijna alle hippe lunchtentjes in

keer de ringstaartmaki’s wilde voeren, heb ik

Emmen (hoewel Chez Nous toch echt mijn

dat direct voor jou geregeld. Vele jaren later

favoriet blijft). Bedankt voor de gezelligheid,

heb jij er nog steeds alle vertrouwen in dat

ik ben blij met een vriend als jij!

Chapter 11

Lieve mede-pillendraaiers, Jacquelien, Jas-

jullie steun de afgelopen jaren heb ik de

mijn, Jildau en Karyn. Bedankt voor jullie

sleutel gevonden om uit deze ‘escape room’

steun de afgelopen jaren. Het was fijn om

te ontsnappen en met jullie steun kan ik uit

met jullie even afstand te kunnen nemen

elke escape room ontsnappen. Lieve Jorien

van mijn onderzoek en te ontspannen tij-

van Dam, ik wil jou tevens bedanken dat je

dens een weekendje weg, een musical/

mijn paranimf wil zijn. Ons eerste project

theatervoorstelling (Karyn, ik vind het

samen begon ongeveer 20 jaar geleden:

heel dapper dat je nog een keer met mij

de dubbelzijdige tandenborstel, onze uitvin-

mee wilde naar een show van Jochem My-

ding voor een techniek opdracht. Enkele jaren

jer, ondanks dat ik tijdens een eerdere

geleden mocht ik ceremoniemeester zijn op

show met een opgestoken paraplu in de

jouw bruiloft (gelukkig is alles goed gekomen

zaal zat) of gewoon een ouderwetse spel-

met de limonadetap). Ik ben heel erg blij dat

letjesavond (Jacq, jij bent mijn favoriete

jij op deze bijzondere dag aan mijn zijde staat,

tegenspeler bij saboteur). Lieve Jasmijn,

om ook van dit ‘project’ een succes te maken!

samen hebben wij: geproost op mijn eerste
artikel dat geaccepteerd werd, geleerd wat

Lieve papa, mama en Inge, wat zou ik toch

de beste pose was om foto’s te maken met

zonder jullie moeten. Ik heb het echt enorm

een selfie stick (staand werkt beter dan

getroffen om in zo’n warm nest te zijn

zittend), de hoogste berg van het koninkrijk

opgegroeid. Jullie onvoorwaardelijke liefde

der Nederland beklommen, en regelmatig

en steun betekenen ontzettend veel voor

onze zangkunsten in de karaokebar getoond

mij en valt in geen 1000 woorden samen te

(Mamma Mia!). Tijdens mijn promotietraject

vatten. Altijd staan jullie voor mij klaar en

heb jij mij altijd gesteund en ik ben blij dat

geven jullie mij alle ruimte om die dingen

jij mijn paranimf wilt zijn op deze bijzondere

te doen die ik leuk vind. Ik vond het heerlijk
om tijdens mijn promotie afleiding en ont-

dag.

spanning te zoeken thuis in Klazienaveen en
Daarnaast wil ik mijn middelbare school

daar lekker in de watten te worden gelegd.

vriendinnen

Ariska,

Het is een wonder dat ik nog geen 100 kilo

Jolanda, Jorien Cnossen, Jorien van Dam

weeg want mama zorgde altijd dat er weer

en Martine, onze dagjes/weekendjes weg

wat lekkers was gebakken. Helaas hebben

en andere gezelligheid waren een erg fijne

Inge en ik het talent om taarten te bakken

afleiding tijdens deze soms hectische pe-

niet van jou geërfd maar papa at gelukkig,

riode. Ik kijk met veel plezier terug op de

als echte liefdevolle vader, onze misbaksels

vele avonturen die ik met jullie (ook afzon-

vol enthousiasme op

bedanken:

Anna,

.

derlijk) heb beleefd in de vele jaren dat
we elkaar al kennen: gezamenlijke eten-

Er is een wijs gezegde dat zegt: wat je zaait,

tjes (hoewel kaasfondue niet aan ons is

zul je oogsten. Ik ben misschien niet altijd

besteed), een trip naar Boekarest (ik vind

heel bewust bezig geweest met zaaien, maar

het nog steeds een wonder dat wij op tijd in

door het schrijven van dit dankwoord kom

het vliegtuig zaten), reizen door Zuidoost

ik er achter dat ik dik tevreden ben met mijn

Azië (Martine, het föhn verhaal doet het nog

oogst. Allen bedankt. Ik hoop dat ik met jullie

), en uiteraard één van onze

nog veel meer mooie herinneringen mag ma-

altijd goed

favoriete uitjes: de escape rooms. Door

ken, 17 april zal er ongetwijfeld één van zijn!
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