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Introduction

INTRODUCTION

1. Invasive fungal infections
Opportunistic infections occur frequently in the immunocompromised host The increasing
use of immunosuppressive drugs has dramatically raised the number of patients at risk of
invasive mycoses and has substantially broadened the range of fungi causing potentially
lethal disease Invasive fungal infections (IFI) can be caused by both yeast and filamentous
moulds Overall, yeast infections are encountered more often compared to filamentous
fungi, but this greatly depends on the underlying condition of the patient and the presence
of other risk factors For instance, Candida species (mainly Candida albicans) are most
commonly found in non-neutropemc critically ill patients causing bloodstream infections,
whereas Aspergillus species, mainly Aspergillus fumigatus, is the most common invasive
mycosis in patients with haematological disease causing invasive pulmonary aspergillosis
[1-3]
In an Italian survey of 3,228 patients who underwent either an autologous or allogeneic
stem cell transplantation, the overall incidence of IFI was 3 7% The attributable mortality
of allogeneic stem cell transplant patients with invasive aspergillosis was 721% versus
65 3% in those patients without invasive aspergillosis [2] In a series of 234 adult stem cell
transplant recipients with proven or probable IFI during the period July 2004 through
September 2007,250 episodes of IFIs were reported with invasive aspergillosis accounting
for 59 2% of the cases, invasive candidiasis for 24 8%, zygomycosis for 7 2% and other
moulds accounted for the remaining 6 8% [4] The 6-week survival rate was significantly
greater for invasive aspergillosis (78 5%) versus invasive candidiasis (511%), zygomycosis
(375%) or IFIs caused by other moulds (20%) There is also a growing appreciation of
invasive pulmonary aspergillosis in patients without classic risk factors, such as critically
ill patients without documented immunodeficiency An incidence of 5 8% has been
reported in a medical IC unit in Belgium [5] The majority of these patients did not have
haematological malignancies but rather chronic obstructive pulmonary disease, liver
failure and other risk factors
An invasive fungal infection is an infectious disease that is difficult to manage Once
infected, patients have poor outcomes even despite the introduction of new systemic
antifungal drugs Successful therapy depends not only on an early diagnosis but, even
more important, on reversal of underlying host immune defects, such as neutropenia or
high doses of immunosuppressive therapy [6]
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2. Antifungal drugs
Systemic antifungal drugs are important to bridge the period until the patient has
recovered from neutropenia Since the 1990s, there has been an acceleration in the
introduction of new antifungals into the clinic Currently, three classes of antifungal drugs
have become available to the clinician that have a broader antifungal coverage and/or
improved tolerabihty compared to previously used drugs such as conventional
amphotericin B, fluconazole and itraconazole [7, 8] (table 1) These antifungal agents are
used either prophylactically, [9, 10] empirically or for targeted therapy [11] for IFIs
Depending on the strategy chosen, different drugs can be used [12,13]

Table 1 Currently licensed antifungal drugs in the Netherlands for treatment or
prophylaxis of systemic fungal infections
Polyenes

Azoles

Echinocandins

Amphotericin Β deoxycholale

Fluconazole

Amdulafungm

Amphotericin Β Lipid Complex (Abelcet)

Itraconazole

Caspofungm

Liposomal Amphotericin Β (Ambisome)

Posaconazole

Micafungm

Voriconazole

The polyene agents exert their antifungal activity via binding to ergosterol in the fungal cell
membrane (figure 1) This disrupts cell permeability and results in rapid cell death To
date, amphotericin Β (together with posaconazole) remains one of the broadest-spectrum
antifungal agents available, with activity against many clinically relevant yeasts and
moulds [8]
The tnazole agents voriconazole and posaconazole exert their antifungal activity by
blocking the demethylation of lanosterol, thereby inhibiting ergosterol synthesis (figure 1)
They have an expanded-spectrum with cidal activity against a wide spectrum of moulds
as well as enhanced activity against Candida species and other yeasts
The echinocandins represent the newest class of antifungals The mechanism of activity
of the echinocandins is inhibition of the production of (1,3)-ß-d-glucan, an essential
component in the fungal cell wall The spectrum of activity is therefore limited to pathogens
that rely on these glucan polymers and is less broad than the spectrums of polyenes or
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azole agents. The echinocandins exhibit fungicidal activity against many Candida
species, making this drug class a desirable alternative to the azole agents, which exhibit
only static activity against yeasts. Because mammalian cells have no cell wall, the
echinocandins have very few toxic adverse effects in humans [7].

Figure 1 Targets of systemic antifungal agents.
Downloaded from: http://www.doctorfungus.org on 01 August 2010.

3. A clinical pharmacology approach to azole therapy
Clinical pharmacology can be viewed as the study of pharmacology in relation to clinical
science. It is a science and discipline that studies the effects of drugs in healthy volunteers
and in patients. The American Society for Clinical Pharmacology and Therapeutics has
taken this broad definition and added some specificity by asserting that clinical
pharmacology encompasses the spectrum of activities in drug discovery, development,
regulation, and utilization (source: http://www.ascpt.org, accessed 21-01-2011).

13

SECTION A | INTRODUCTION

Clinical pharmacology branches into pharmacokinetics and pharmacodynamics
Pharmacokinetics is the study of absorption, distribution, metabolism, and excretion of
the drug by the body This field differs from, but is intrinsically linked to, pharmacodynamics, which is the study of the relationship between drug concentrations and drug
activity Briefly stated where pharmacokinetics is the study what the body does to the
drug, pharmacodynamics is the study what the drug does to the body at various
concentrations
In the field of infectious diseases, pharmacodynamic studies are related to the activity of
the drug against the offending organism However, pharmacodynamics is not just the
study of efficacy, it also encompasses the study of adverse effects that occur in the
human body This is important because pharmacodynamic parameters that are
associated with efficacy (against the offending organism) may be different from those that
define safety (of the patient)
Despite the availability of newer antifungal drugs, fungal infections remain a great threat
to patients Success of azole therapy is dependent on the pharmacokinetic and -dynamic
properties of the drugs used There is substantial intra- and intenndividual variation in
pharmacokinetics and not all factors causing this variation are currently known To truly
individualize therapy, all these factors have to be elucidated in order to adapt drug
management to the individual and get the best targeted therapy
The clinical pharmacology approach to azole therapy would ideally include a number of
preclinical steps followed by clinical research (table 2) First, an assay to determine the
concentrations of azole drugs has to be available Subsequently, the drugs will be tested
in a preclinical animal model followed eventually by the use of a drug in humans These
steps are point by point addressed in the next paragraphs
3.1. The development of an analytical assay
The basis for clinical pharmacokinetic research is the availability of a sensitive and
selective analytical method for the quantitative determination of azole antifungal drugs
and their metabolites in a wide variety of matrices such as plasma, urine, cerebrospinal
fluid and tissue It will provide insight on the amount of protein binding, enabling us to
determine the free concentration of the drug, since only free drug can exert a pharmacological effect The availability of an analytical method will elucidate the pharmacokinetics
of a drug Participation in a proficiency testing program will help to further improve the
analytical methods for routine patient management and clinical research [14,15]
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Table 2 From bench to bedside Steps to be taken to integrate information from
preclinical research and clinical research to optimize therapy for the
individual. Adapted and modified from [16].
Analytical

Develop an assay to delermine concentration of azole drugs
Participate in proficiency testing program

Pre-clinical

Determine dose-response relation
Determine pharmacokinetics
Transform dose-response relation to concentration-response and
determine pharmacokinetic-pharmacodynamic index for best activity
Define the breakpoints associated with maximal success

Clinical

Determine pharmacokinetics in patient population of interest
Build a population pharmacokinetic model
Determine co-vanates of influence on pharmacokinetics
Perform a study with efficacy as end-point and determine the relation
between drug exposure and efficacy and/or toxicity
Validate breakpoints (or maximum efficacy and minimal toxicity
Use information on pharmacokinetics and dynamics to further individualize
therapy by means of therapeutic drug monitoring

3.2. Preclinical animal models
Pharmacokinetic-pharmacodynamic relationships, defined in experimental systems,
have been demonstrated to be predictive of therapeutic outcomes in humans [17] Several
steps have to be taken to use these models and bridge experience to the clinical setting
First, the pharmacokinetics in the experimental system must be defined to determine drug
exposure A measure of drug exposure made with respect to the host (ι e dose) must be
transformed into a measure made with respect to the invading organism (concentration)
Second, the dose-response relationship can be transformed to the relevant concentra
tion-response relationship The central tenant of modern antimicrobial pharmacodynam
ics is that the shape of the concentration-time profile has a critical bearing on the antifungal
effect [16] Three summary parameters are used to capture this information the time that
serum drug concentrations are above a certain threshold, the area under the concentra
tion-time curve (AUG), and the peak concentration (C m J These measures are then
related to the minimal inhibitory concentration (MIC), which represents a standardized

15

SECTION A ' INTRODUCTION

measure of antifungal potency The effiCdC/ of tnazole antifungals for both Candida and
Aspergillus infections is best predicted by the AUC/MIC ratio [18-20]
With the change in susceptibility of the organism causing an infection [21, 22], the
association between plasma concentration and response to therapy may shift Preclinical
models need to be defined to enable the identification of drug exposure targets that are
associated with therapeutic outcomes of interest and provide a rationale for pharmacokinetically optimized dosing regimens
3.3. Clinical: Human pharmacokinetics
Once the pharmacokinetic-pharmacodynamic target of interest has been defined in an
experimental system, the next step is to examine how that target can be achieved in either
an individual or a population of patients To do this, it is crucial to define the population
pharmacokinetics in the population of interest [23-26] This will provide an insight into the
expected drug exposure following the use of different dosages and schedules of
administration
No two tnazole agents offer the same pharmacokinetic profile Understanding the
differences among the members of this class with regards to absorption, distribution,
metabolism and elimination is essential in order to safely and effectively administer these
agents in the complex patient populations at risk for fungal infection It is also important
to appreciate the differences among these agents, as well as among different
pharmaceutical formulations of a given drug, since these can be used in one's advantage
(table 3)
3.4. Clinical: Special patient populations
The subjects in traditional pharmacokinetic studies are usually healthy volunteers or
highly selected patients, and the average behaviour of a group (ι e , the mean plasma
concentration-time profile) has been the mam focus of interest Intermdividual variability in
pharmacokinetics has been viewed by many as a factor that needs to be minimized, often
through complex study designs and control schemes, or through restrictive inclusion/
exclusion criteria In fact, the information on the variability that will occur during clinical use
is critical, and it is obscured by these restrictions Moreover, focusing on a single variable
(e g , renal function) in a traditional pharmacokinetic study makes it difficult to study
interactions among variables [28]
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Table 3 Basic pharmacokinetics properties of azole antifungal drugs.

Parameter

Fluconazole

Itraconazole

Voriconazole

Posaconazole

Formulation

IV infusion, PO capsules,
PO solution

IV solution (CDx), PO
capsules, PO solution
(CDx)

IV solution (CDx), PO
capsules, PO suspension

PO suspension

Maintenance dose for adults
for antifungal treatment

400 mg OD PO and IV

200 mg BID PO and IV

4 mg/kg BID IV, 200 mg BID
PO

400 mg BID PO

Absolute bioavailability

> 90% (independent of food
and gastric pH)

<55% (oral solution better +/- 90% (bioavailability
than capsules, capsules
decreased when taken
together with a meal)
dependent on food and
gastric pH, in contrast to
solution)

Protein binding

12%

> 99%

Half life

27 h

Elimination

Renal > Faecal, primarily in
unchanged form

Metabolism
CYP inhibition

"unknown'
(dose dependent,
availability increased by
intake with fat-rich food)

58%

> 98 %

21-64 h

> 6 h (non-linear kinetics)

25-35 h

Faecal > Renal, primarily
as metabolites Hyroxyitraconazole has similar
antifungal activity

Renal > Faecal, primarily as
inactive metabolites

Faecal > Renal,
extensively in unchanged
form

None

CYP3A4

CYP2C19>2C913A4

UGT1A4

CYP2C9>3A4>2C19

CYP3A4>2C9

CYP3A4,2C19I>2C9

CYP3A4

CDx= hydroxypropyl-beta-cyclodextrm in itraconazole lor miection, -suflobutylether-beta-cyclodexlrin in vonnonazole for in|ection BID= twice daily, QD=once daily,
IV= intravenous, PO= oral, adapted and modified from Lippefa/ [27]
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In real life, however, certain demographical, pathophysiological, and therapeutical
features, such as body weight, excretory and metabolic functions, and the administration
of other therapies, can regularly alter dose-concentration relationships By performing
population pharmacokinetics, one is able to identify the measurable pathophysiological
factors that cause changes in the dose-concentration relationship and the extent of these
changes so that, if such changes are associated with clinically significant shifts in the
therapeutic index, the dosage can be appropriately modified
With regards to azole therapy, limited data in both adult and pediatric haematology
patients are available on pharmacokinetic behaviour of azole drugs in these populations
[23-25, 29-31] More research is needed to reveal factors associated with variation and to
build a final population model
Finally, once population parameters are known, interpretations can be made for an
individual patient This aspect is addressed with antifungal therapeutic drug monitoring
3.5. Clinical: Azole drug-drug interactions
Among the many factors, such as variation in hepatic function, renal function, CYP2C19
genotype, that cause variation in pharmacokinetic behaviour of azole drugs, drug
interactions most probably play the most significant role These drug interactions remain
one of the most recurring challenges associated with the management of invasive fungal
infections [32]
Newer antifungals can interact with a number of medications through a variety of pharmacokinetic and pharmacodynamic mechanisms [7] Azole antifungal drugs specifically,
exhibit a wide range and variety of drug-drug interactions They are a substrate for and
inhibitors of cytochrome P450 enzymes, as well as inhibitors of membrane transporters
such as P-glycoprotem (P-gp) The inhibition or induction of CYP450 enzymes may alter
the pharmacokinetic profile of the drugs involved and can thus affect both interacting
agents The risk of this type of pharmacokinetic interaction occurring between an azole
antifungal drug and other drug classes can differ, depending on the individual drugs
involved, even for drugs within the same class [33-35] In addition to CYP enzymes, active
transporters, such as P-gp, organic amon-transportmg polypeptides (OATP), and breast
cancer resistant protein (BCRP), play an important role in drug interactions These active
drug transporters regulate the access of drugs to the drug metabolizing enzymes and
control drug concentrations in enterocytes and hepatocytes A contribution of efflux
transporters in drug-drug interactions cannot be excluded
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Drug-drug interaction studies need to be performed to elucidate the influence of one drug
on the other and vice versa These drug interaction studies can be designed from a
theoretical perspective but also based on pure clinical need if data are lacking
Awareness of the mechanisms involved in these interactions is pivotal in the optimization
of treatment of patients requiring antifungal therapy, together with clinical relevance in
terms of severity of the infection and scientific documentation This will result in a strategy
to safely manage co-prescriptions and to establish the level of recommendation
associated with the drug interaction (contramdicated, not recommended, warning)
Addressing drug-drug interactions is a multidisciplinary task with the goals to minimize
unwanted side effects in patients and optimize patient care, and TDM should be
considered in the optimization of such pharmacokinetic drug-drug interactions These
clinical caveats are particularly relevant to the population where the frequent requirement
for polypharmacy and the complexity of comorbidities can significantly influence the
success of therapy
3.6. Clinical: Therapeutic drug monitoring and the pursuit of clinical breakpoints
The measurement of plasma concentrations of azoles is often used in the research setting
to evaluate the pharmacokinetic behaviour of these drugs and to characterize their pharmacokinetic drug-drug interactions

Therapeutic Drug Monitoring (TDM) blends

knowledge of therapeutics, pharmacology, pharmacokinetics, laboratory technology and
clinical medicine and applies this to certain drugs that require determination of patient
specific dosage regimens to maximize therapeutic effectiveness while minimizing toxicity
[36] It provides the basis for determination of pharmacokinetic behaviour and linkage to
an expected response at a given time To influence efficacy and/or toxicity by adjusting
the dosage, a clear pharmacokinetic and pharmacodynamic relationship must be
established Drugs used for life-threatening diseases with a proven pharmacokineticpharmacodynamic relationship, a small therapeutic range, large intermdividual variation
of pharmacokinetic and pharmacodynamic parameters and severe adverse effects are in
particular good candidates for TDM [37] Taking into account the seriousness of the
disease, the adverse effects of the drug and the large intermdividual variation, azole
antifungal drugs would therefore be the ideal candidate for TDM
In the clinical setting, reports have emerged on the relationship between plasma
concentrations and efficacy or toxicity for selected azoles [23, 38-40] This suggests that
therapeutic drug monitoring of azole antifungals, especially for itraconazole, voriconazole,
and posaconazole may be warranted [41, 42] The therapeutic drug monitoring of
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voriconazole has now been included in the updated guidelines on treatment of invasive
aspergillosis of the Infectious Diseases Society of America [13] These breakpoints have
to be validated in other hospitals to determine whether these target concentrations can be
used for the purpose of one's own population and clinical setting

4. Objective of this thesis
This thesis focuses on the clinical pharmacology of antifungal agents, specifically the
class of triazole drugs fluconazole, itraconazole, voriconazole and posaconazole
The objectives of this thesis were to gam a better insight into the pharmacokinetics in
special patient populations, to gam information on the role of pharmacokinetic-pharmaco
dynamic behaviour of the azole antifungal drugs, and ultimately to be able to guide
therapy by the use of TDM in situations where pharmacokinetics or pharmacodynamics
may be altered for instance through drug-drug interactions
Thus, it basically involves the integration of the trias of "the bug", "the drug" and "the
body" The reason to pertain to azole antifungal drugs, is that these drugs have so far
been the cornerstone treatment for invasive mould infections They show a high degree of
pharmacokinetic variability due to differences in absorption or clearance, show substantial
toxicity, and are subject to and cause a wide range of drug-drug interactions The drugs
are available as oral formulations thereby rendering them a fine candidate for sequential
treatment Thus, patient care outside the hospital will frequently involve azole antifungal
drugs
Section A encompasses the introduction Section Β focuses on the preclinical aspects
and is divided into two sections I) analytical work and II) pharmacokinetic-pharmaco
dynamics of azoles in animal models First in chapter 1.1 the development of a
simultaneous assay for the determination of azole antifungal drugs is described with
subsequent in chapter 1.2 the results from an international proficiency testing programme
for azole drugs Chapters 2.1 and 2.2 focus on in vivo murine models defining the
pharmacokinetic-pharmacodynamic relations in the case of azole resistance
Section C focuses on clinical aspects and is divided into three sections I) focus on
clinical pharmacology in special patient populations and II) factors that contribute to
variation in pharmacokinetics and III) therapeutic drug monitoring Haematology patients,
HIV-infected patients and children may all have altered pharmacokinetics due to significant
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physiological changes or other factors Chapter 3.1 describes the pharmacokinetics of
voriconazole in haematology patients undergoing an allogeneic stem cell transplant
Chapter 3.2 focuses on defining the appropriate dose for children receiving posaconazole
as antifungal prophylaxis Chapter 4.1 provides an overview of all published drug-drug
interactions with azole antifungal drugs This work provided the basis to determine the
influence of azole drugs on antiretroviral drugs and vice versa in healthy volunteers The
results of this study are depicted in Chapter 4.3 In patients the effect of concomitant
administration of antifungal drugs and vincristin is retrospectively investigated The results
from this work are found in chapter 4.2 The third part of Section C represents the final
stage of therapeutic drug monitoring This section starts with chapter 5.1 that summarizes
the evidence of therapeutic drug monitoring for voriconazole This information of clinical
breakpoints is used in chapters 5.2, 5.3 and 5.4 where the use of TDM is demonstrated
in the clinical practice
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Simultaneous Determination of the Azoles Voriconazole, Posaconazole,
Isavuconazole, Itraconazole and its Metabolite Hydroxy-Itraconazole In
Human Plasma by Reversed Phase Ultra-Performance Liquid Chromatography
with Ultraviolet Detection
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Abstract
A reversed phase ultra-performance liquid chromatography method was developed for
the simultaneous quantitative determination of the systemically administered azoles
voriconazole, posaconazole, isavuconazole, itraconazole and its metabolite hydroxyitraconazole in plasma The method involved a simple liquid-liquid extraction followed by
ultra- performance liquid chromatography with an Acquity UPLC BEH Phenyl column and
ultraviolet detection set at a wavelength of 260 nm The assay was validated over the
concentration range of 0 050-10 mg/L for all five azoles The accuracies for the assay
were 97-104%, inter- and intra-day coefficients of variation were <75% and extraction
recoveries were 98% for voriconazole, posaconazole, isavuconazole and the internal
standard (UK115794), and 79% and 88% for itraconazole and hydroxy-itraconazole
respectively This method proved to be simple, accurate, precise and fast and is currently
in use in our laboratory for the quantitative analysis of these azoles for Therapeutic Drug
Monitoring and pharmacokinetic research
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1. Introduction
In the class of triazole antifungal drugs, there is large intermdividual variability in pharma
cokinetics because of differences in absorption and clearance at similar dosing regimens
[1] This leads to variable drug concentrations in plasma after giving the same dose to
different individuals As there is substantial evidence for a relationship between plasma
concentrations and efficacy or toxicity of the azoles, the variation in drug concentration
leads to a difference in pharmacological response [2-4] TDM provides the basis for
determination of pharmacokinetic behaviour and linkage to an expected response at a
given time Provisional cut-off points have been suggested for specifically itraconazole,
voriconazole and posaconazole
Using TDM in routine practice irrevocably implies that a validated assay has to be readily
available for the determination of plasma or serum concentrations In addition, such an
assay can and will be used for (pre)clinical pharmacokinetic research
An assay incorporating the simultaneous analysis of multiple antifungal drugs may be
more time- and cost-effective as it optimizes both the analytical process and the
necessary staff time necessary to operate the equipment This study focused on the
development of an ultraperformance liquid chromatography (UPLC)-ultraviolet (UV)
method that is fast, specific and highly sensitive and allows to determine the concentrations
of the four azoles voriconazole, posaconazole, isavuconazole, itraconazole and its
metabolite hydroxy-itraconazole simultaneously UPLC is based upon the well-estab
lished principles of high performance liquid chromatography However the resolution,
sensitivity, and speed of analysis are strongly increased by the use of 1 7 μπ\ particles in
the stationary phase, high linear velocities for the mobile phase, and instrumentation that
operates at higher pressures than those used in conventional HPLC The availability of an
integrated UPLC assay would allow real-time, instantaneous analyses with subsequent
dosage recommendations to individualize therapy thereby optimizing therapeutic
effectiveness and minimizing toxicity
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2. Experimental
2.1. Chemicals
Voriconazole and the internal standard UK115794, a structural analogue of voriconazole
were kindly supplied by Pfizer (Groton, USA), posaconazole, isavuconazole and hydroxyitraconazole were kindly provided by Schering-Plough (Kemlworth, NJ, USA), Basilea
Pharmaceutica Ltd (Basel, Switzerland) and Janssen Cilag (Beerse, Belgium) respectively
Itraconazole was obtained from Sigma (St Louis, MO, USA) Chemical purity for all
compounds was >99% Super gradient acetomtnle was purchased from Labscan
Analytical Sciences (Dublin, Ireland), ULC/MS quality methanol from Biosolve
(Valkenswaard, The Netherlands) and HPLC quality water was obtained with a Milli-Q
purifying system from Millipore (Amsterdam, The Netherlands ) All other reagents were
obtained from Merck (Darmstadt, Germany) The drugs that were investigated for possible
interference with the assay were obtained from Sigma (St Louis, MO, USA) or were
extracted from commercial products Drug-free human plasma was obtained from
Sanqum blood bank (Nijmegen, The Netherlands) and was stored at -40°C
2.2. Preparation of calibration curve, quality control samples and internal standard
Two series of stock solutions of each azole were prepared in methanol (voriconazole,
posaconazole and isavuconazole) or dimethyl sulfoxide (DMSO) (itraconazole and
hydroxy-itraconazole) at a concentration of 1 0 mg/ml, dispensed in polypropylene tubes
and kept at -40oC For the preparation of the calibration curve, one series of stock
solutions was diluted with blank plasma to obtain a concentration that equalled the three
highest standard concentrations (10-3 0-1 0 mg/L) To achieve standard concentrations
of 0 3 to 0 05 mg/L appropriate amounts of the 10 mg/ml stock in plasma were added to
blank plasma For the internal quality control (QC) samples, concentrations of 70,0 7 and
014 mg/L were prepared from the other series of stock solutions The calibration curves
and QC samples were stored at -40 "CThe stock solution of IS UK115794 was prepared
in methanol at a concentration of 1 mg/ml and was diluted in methanol to obtain a working
solution of 5 mg/L
2.3. Sample preparation
Frozen plasma samples were thawed and vortex-mixed before use To 200 μΐ of sample
(standard, control, or patient sample) in a 17 χ 98 mm conical glass tube, 200 juL MilhQ
water, 15 ml hexane-methylene chloride (70 30, v/v), 100 μΐ IS working solution in
methanol and 200 μ ι 01 Ν NaOH were added The samples were vortexed for 5 mm and
centnfuged at 1 910 g for 5 mm The aqueous layer was frozen in an alcohol freezing bath
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and the upper organic layer was transferred to pre-labeled conical glass tubes and dried
completely at 37 °C using a nitrogen evaporator. The samples were then reconstituted
with 200 μΐ 10 mM phosphate buffer pH 2.5: methanol (40:60 v/v), vortexed, and
transferred to maximum recovery vials (Waters) for UPLC analysis.
2.4. Chromatography and detection
UPLC analysis was performed with a Waters (Milford, MA, USA) Acquity UPLC system
equipped with a binary solvent manager, sample manager, column-heating compartment,
and tunable UV detector. This system was controlled by Waters Empower software. The
analytes were separated on a 100x2.1 mm i.d., 1.7 ^m particle size, Acquity UPLC BEH
Phenyl column. The analysis was achieved with gradient elution using (A) 10 mM
phosphate buffer pH 2.5 and (B) 10 mM phosphate buffer pH 2.5 : acetonitrile (30:70 v/v)
as the mobile phase at a flow rate of 0.4 ml/min. The elution started with 64% A for 1.1 min,
then the composition was linearly changed to 100% Β over 3.65 min and maintained at
this level for 1.25 min. Finally, the composition was returned to the initial composition over
0.1 min and maintained for 1.4 min. Total run time was 6 minutes The column temperature
was set at 45 °C. UV absorbance detection was performed at 260 nm. The sample
manager was operated at 20 0C and the sample injection volume was 10 μ ι in full-loop
mode.
2.6. Specificity and selectivity
The interference from endogenous compounds was investigated by analyzing blank
plasma of six different individuals, who did not use these azoles. In addition a total of 91
co-administered drugs frequently used in the target patient population were tested at
concentrations of 50 mg/L. No interfering peaks were allowed.
2.7. Accuracy, precision, recovery and lower limit of quantification
In accordance with the Guidance for Industry Bioanalytical Method Validation of the Food
and Drug Administration [5], five replicates of the lowest limit of quantification (LLOQ), the
highest limit of quantification (HLOQ) and three different concentrations of QC samples
were analysed on three different days in order to determine the accuracy and precision.
Average recovery of the azoles was determined by comparing peak height responses
with those obtained by direct injection of the same amount of drug in mobile phase at six
different concentrations. For the lower limit of quantification, the percent deviation from
the nominal concentration and the relative standard deviation has to be less than 20%, for
all other concentrations the relative standard deviation has to be less than 15%.
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2.8. Stability
The stability during sample handling of voriconazole, posaconazole, isavuconazole,
itraconazole and hydroxy-itraconazole was verified by subjecting samples to three
freeze-thaw cycles, testing the stability in plasma at room temperature and at -40 0C, all at
different concentration levels The stability of processed samples in the autosampler and
the stability of the standard solutions in methanol or DMSO at -40 °C were also tested

3. Results
3.1. Chromatographic characteristics
Figure 1A shows an analytical chromatogram for blank plasma containing only the IS,
Figure 1B shows a chromatogram of a spiked plasma sample containing 0 7 mg/L
voriconazole, posaconazole, hydroxy-itraconazole, isavuconazole and itraconazole The
retention times (RT) were 3 0 mm for voriconazole, 312 mm for the IS, 3 82 mm for
posaconazole, 3 94 mm for hydroxy-itraconazole, 4 02 mm for isavuconazole and 4 48
mm for itraconazole Total run time was 6 minutes

Figure 1A Chromatogram of a blank plasma sample containing only the IS

;
a
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Figure 1B Chromatogram of spiked plasma sample containing 0.7 mg/L
voriconazole, I.S., posaconazole, hydroxy-itraconazole, isavuconazole
and itraconazole.
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Figure 1C Chromatogram of a patient plasma sample (posaconazole 0.52 mg/L).
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Figure 1D Chromatogram of a patient plasma sample (voriconazole 2 58 mg/L)
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3.2. Specificity and selectivity
The six blank plasma samples showed no peaks that co-eluted with voriconazole,
posaconazole, isavuconazole, itraconazole and hydroxy-itraconazole Potentially co
administered drugs tested (Table 1) either had retention times that were different from
these azoles or were not detected with the described bioanalytical method
3.3. Accuracy, precision, recovery and lower limit of quantification
The results of the determination of accuracy and precision of the assay are presented in
Table 2 These results show that this method is accurate (with average accuracy ranging
from 96 to 104%) and precise (mtra-day coefficient of variation (CV) ranged from 0 to
6 7% and inter-day CV from 0 9% to 76 %) The average recoveries were 98% for
voriconazole, posaconazole, isavuconazole and the IS (UK115794), 79% for itraconazole,
and 88% for hydroxy-itraconazole The lower limit of quantification was found to be 0 050
mg/L for all five azoles The calibration curves were linear over the concentration range of
0 050-10 mg/L by using log-log regression of the peak height ratio The regression
coefficients (r2) of all calibration curves were >0 9995
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Table 1 Co-administered drugs for specificity.
Abacavir

Acenocoumarol

Acetaminophen

Acetylsalicylic acid

Aciclovir

Amitriptyline

Amoxicillin

Amphotericin Β

Amprenavir

Atenolol

Bupivacaine

Carbamazepine

Caspofungin

Chloordiazepoxide

Clarithromycin

Clindamycin

Clofazimine

Clomipramine

Coffeine

Dapson

Diazepam

Diclofenac

Didanosine

Digoxine

Domperidone

Doxepine

Efavirenz

Enalapril

Erythromycin

Etambutol

Ethinyl estradiol

Etoposide

Etravirine

Famotidine

Fenyloine

Fluconazole

Fluoxetine

Fluvoxamine

Folic acid

Furosemide

Ganciclovir

Gemfibrozil

Hydrochlorothiazide

Hydrocortisone

Ibuprofen

Indinavir

Isoniazid

Ketoconazole

Lamivudine

Lidocaine

Lopinavir

Lorazepam

Maprotilline

Methadone

Metropolol

Midazolam

Morphine

Naproxen

Nelfinavir

Nevirapme

Nilrazepam

Ofloxacin

Omeprazole

Oxazepam

Oxcarbazepine

Paroxetine

Pentamidine

Phénobarbital

Phenprocoumon

Pipamperone

Pyramelhamine

Pyrazinamide

Raltegravir

Ranitidine

Ribavirin

Rifabutin

Rifampicin

Risperidone

Ritonavir

Saquinavir

Stavudine

Sulfamethoxazole

Sulfametrol

Temazepam

Tenofovir

Tramadol

Trimethoprim

Trimipramine

Valproic acid

Zalcitabine

Zidovudine

3.4. Stability
The results of stability tests under various conditions are listed in Table 3. Under all
conditions tested, voriconazole, posaconazole, isavuconazole, itraconazole and hydroxyitraconazole proved to be stable with recoveries of at least 95% of the initial concentration.

3.5. Application of the method
This method is in use for online daily measurements for the azole antifungal drugs and for
the purpose of clinical pharmacokinetic research [6]. In our hospital, we consider the data
available significant enough to support the use of TDM in a certain subset of patients
(e.g., children, patients with abnormal body-mass index, abnormal liver function,

35

SECTION Β ] CHAPTER 1 1

Table 2 Accuracy and precision of the determination of voriconazole,
posaconazole, isavuconazole, itraconazole and hydroxy-itraconazole
in plasma

a

Analyte

Concentration Accuracy (%)
(mg/L)

Intra-day
Precision (CV%)

Inter-day
Precision (CV%)

Voriconazole

0 050
014
0 70
70
10 0

103
101
97
97
99

17
18
09
19
29

19
12
08
0d
0a

Posaconazole

0 053
014
0 70
70
10 6

101
97
97
99
102

38
34
27
50
51

20
67
29
15
42

Isavuconazole

0 054
014
07
70
107

104
99
98
98
100

20
29
19
19
34

10
08
13
07
24

Itraconazole

0 052
014
07
71
ΙΟ 4

102
99
96
96
98

59
53
76
66
53

38
18
0 0a
0 Ο
20

hydroxyItraconazole

0 055
015
0 74
74
10 9

101
102
100
99
97

19
16
16
60
55

60
16
12
07
38

ln cases where the inter-day precision is 0 0% no additional variation is observed as a result of
pertornning the assay on different days

mucositis, drug-drug interactions and patients with marked toxicity) In this cohort of
selected patients multiple samples in time are taken to make dose-interventions and
provide the clinician with an advice on how to optimize therapy for the individual
Representative chromatograms of patient samples are shown in Figure 1C and Figure 1D
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Table 3 Stability experiments.
Analyte

Cone, range Condition
(mg/L)

Matrix

Time
interval

Recovery
mean % (SD)

Voriconazole

0.14-7
0.10-10
0.14-7
0.05-10

20°C
-40°C
freeze-thaw
20°C

7 days
6 months
3 cycles
1 day

101 (0.7)
99 (3.5)
100(1.1)
97 (2.7)

1000

-40°C

Plasma
Plasma
Plasma
Processed sample
Autosampler
methanol

6 months

101.9(0.1)

0.14-7
0.10-10
0.14-7
0.05-10

20oC
-40oC
freeze-thaw
20°C

7 days
6 months
3 cycles
1 day

102(0.4)
98 (3.7)
105(1.0)
99 (4.9)

1000

-40°C

Plasma
Plasma
Plasma
Processed sample
Autosampler
methanol

6 months

95.4 (0.0)

0.14-7
0.10-10
0.14-7
0.05-10

20°C
-400C
freeze-thaw
20°C

7 days
6 months
3 cycles
1 day

98 (3.2)
98 (4.6)
101 (1.6)
100(3.4)

1000

-400C

Plasma
Plasma
Plasma
Processed sample
Autosampler
methanol

6 months

98 (2.7)

0.14-7
0.10-10
0.14-7
0.05-10

20°C
-400C
freeze-thaw
200C

7 days
6 months
3 cycles
1 day

100(3.2)
95 (2.3)
100 (4.6)
98 (5.8)

1000

-400C

Plasma
Plasma
Plasma
Processed sample
Autosampler
DMSO

6 months

98 (0.3)

0.14-7
0.10-10
0.14-7
0.05-10

20°C
-40°C
freeze-thaw
20oC

7 days
6 months
3 cycles
1 day

98(3.1)
102 (3.3)
101 (1.5)
101 (3.9)

1000

-40°C

Plasma
Plasma
Plasma
Processed sample
Autosampler
DMSO

6 months

98(1.3)

Posaconazole

Isavuconazole

Itraconazole

HydroxyItraconazole

3.6. Participation in an external quality control (proficiency testing) program
The laboratory of the department of Clinical Pharmacy participates in an ongoing international proficiency testing scheme [7], Twice yearly, spiked human plasma samples
containing the azoles fluconazole, itraconazole, hydroxy-itraconazole, posaconazole and
voriconazole are distributed to participants. Feedback of the results is given to the
participants to enable them to improve their method when necessary.
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4. Discussion and conclusion
This paper describes the development and extensive validation of a bioanalytical method
for the simultaneous determination of five azoles A fast method for the simultaneous
measurement of several azoles could save considerable time and costs When we started
method development, to our knowledge, one HPLC-UV [8], one UPLC/MS [9] and two
LC-MS/MS [10, 11] assays had been published on the simultaneous determination of
voriconazole, posaconazole, itraconazole and hydroxy-itraconazole In only one method
isavuconazole was included [10] However, this latter method had drawbacks, it used
itraconazole as internal standard and hydroxy-itraconazole, the active metabolite of
itraconazole, was absent in the assay panel [10] In addition, it used a technique
(LC-MS-MS) that is not affordable in many hospital laboratories Therefore we decided to
develop a new integrated assay for azoles based on UPLC separation with UV detection,
considering that this technique uses relatively inexpensive equipment that can be used in
hospital laboratories and that both sensitivity and specificity provided by UPLC-UV are
sufficient for our purposes
During assay development, we found that protein precipitation gave high recoveries, but
also many interfering peaks Therefore we chose liquid-liquid extraction, which generally
results in more clean extracts, for sample pretreatment Several solvents at different ratios
were used to extract the five compounds from the plasma sample, namely tert-butylmethylether, heptane, isoamyl alcohol, hexane and dichloromethane Highest recoveries and
the cleanest chromatogram were provided by hexane dichloromethane 70 30 Chroma
tographic separation of posaconazole and hydroxy-itraconazole is difficult to achieve on
a C18 column The Acquity UPLC BEH Phenyl column provided alternate selectivity and
better separation due to the π- π bonding orbital interactions of the phenyl hgands and
the aromatic compounds During assay development we also found that there was a poor
linearity of the calibration curve of posaconazole, itraconazole and hydroxy-itraconazole,
which appeared to be caused by adsorption of these substances to the injection needle
of the UPLC system and glassware This problem was circumvented by several strategies
We changed the UPLC peek needle for an injection needle with stainless needle tip,
Waters maximum recovery vials were used and the pH of the reconstitution solvent was
changed from 7 to 2 5 to improve the solubility of the posaconazole, itraconazole and the
hydroxy-itraconazole The pH of the mobile phase was also changed from 7 to 2 5 to
improve the solubility of these compounds in the eluent To attain pH 2 5 we first try to use
01 % formic acid, but peak retention times varied too much during the chromatographic
run Formic acid is not a good buffer and while the pKas of voriconazole, posaconazole
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and itraconazole are 1 76, 3 6 and 3 7 respectively, a better buffer was considered
imperative 10 mM Phosphate buffer appeared a good option and while this nonvolatile
buffer is not suitable for UPLC-MS, we found that it works fine for UPLC-UV Validation of
our assay included testing of 91 possible co-administered drugs for interference Stability
of the azoles was tested under various conditions Recovery, specificity, accuracy, mtraand inter-assay precision and the higher and lower limit of quantification were all been
validated Our laboratory participates in an interlaboratory quality control program of
antifungal drugs of the Association for Quality Assessment in Therapeutic Drug Monitoring
and Clinical Toxicology (KKGT) [7] to confirm and maintain the accuracy of the method
External validation confirmed the results of the assay In all cases we have demonstrated
to be within the 80-120% of weighed-m concentrations for all azoles
In conclusion, we developed a simple, accurate and fast UPLC-UV method for the
simultaneous quantitative determination of four azoles and one active metabolite in
plasma In our hospital the assay is in use for patient care and pharmacokinetic studies
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Abstract
An international interlaboratory proficiency testing program for measurement of antifungal
drugs was initiated in 2007 This first round was limited to azole antifungals fluconazole
(FLZ), itraconazole and hydroxy-itraconazole (ITZ, hITZ), voriconazole (VRZ) and
posaconazole (PSZ) The results demonstrate the need for and utility of an ongoing
proficiency testing program to further improve analytical methods for routine patient
management and clinical research
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Introduction
Measurement of plasma concentrations of azole antifungals is often used in a research
setting to assess the pharmacokinetic behavior of these drugs and to characterize their
pharmacokinetic drug-drug interactions In the clinical setting reports have emerged on
relations between plasma concentrations and efficacy or toxicity for selected azoles,
suggesting the usefulness of therapeutic drug monitoring (TDM) of azole antifungals,
especially for itraconazole [1], voriconazole [2] and posaconazole [3] By means of TDM
a clinician is able to individualize a drug dosage to improve efficacy and reduce toxicity
by optimizing target attainment TDM of azoles has now been included in the updated
guidelines for treatment of invasive aspergillosis by the Infectious Diseases Society of
America (IDSA) [4]
The wide application of analytical methods for azole antifungal drugs requires mtralaboratory and mterlaboratory quality control (QC) procedures to ensure that these methods
have sufficient accuracy, precision and specificity Participation in mterlaboratory
proficiency testing programs is common practice for many infectious disease drugs [5-8]
but such a program incorporating all currently marketed azole antifungal drugs has not
been available so far Therefore, we initiated an international mterlaboratory proficiency
testing program for measurement of azole antifungal agents

Methods
Drug-free plasma from selected healthy volunteers was obtained through plasmapheresis
with 100 mL of 4% sodium citrate and was provided by the Dutch Blood Bank (Sanqum,
Nijmegen) All antifungal azoles were obtained from pharmaceutical industries and had
a very high (>99%) and specified purity Purity was checked based on analytical
certificates provided by the supplier of the drug Samples were prepared using 3 mL of
human plasma that was spiked with fluconazole (FLZ), itraconazole (ITZ) hydroxyitraconazole (hITZ), voriconazole (VRZ) and posaconazole (PSZ) The azole compounds
were weighed out on an independently calibrated balance, subsequently dissolved
in methanol and diluted with blank human plasma to obtain five different samples
Sample 1 contained a combination of FLZ, ITZ, hITZ and VRZ (table 1) Samples 2 and 3
contained a high, respectively low, concentration of VRZ Samples 4 and 5 contained a
low, respectively high, concentration of PSZ The QC samples were dispensed in
polypropylene vials and stored at -40 0C until shipment Stability at -40 0C, 40C and at
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Table 1 Concentrations (in mg/L) of azole antifungals in QC samples.
Fluconazole Itraconazole HydroxyVoriconazole Posaconazole
Itraconazole
Sample 1

817

0 55

101

211

Sample 2

0 51

Sample 3

2 03

Sample 4

3 00

Sample 5

0 30

ambient temperature (including daylight environment at ambient temperature) was proven
for at least 14 days including three freeze-thaw cycles All samples were dispatched at
ambient temperature
All weighed-m concentrations were considered true values and the obtained concentrations
were all within a concentration range that is generally achieved after oral or intravenous
administration of azole drugs Samples were analyzed with our own validated high
performance liquid chromatography (HPLC) method as a confirmative check (less than
5% deviation from true concentration) before the samples were released for the QC
program
Forty laboratories from four different continents (USA, Europe, Asia and Australia) who
have published on bio-analysis of antifungal azoles were invited to participate, free of
charge, in the first round of the QC program Participants were requested to analyze the
samples within 6 weeks after dispatch and were asked to provide details about their
analytical method
Descriptive statistics were calculated after standardization of all laboratory results to
percentages with reference to the true value The deviation from the true concentration
(inaccuracy) was calculated by subtraction of 100% from these percentages
Concentrations within 20% of the weighed-m concentration were considered to be
satisfactory or correct [9] A one way ANOVA was performed to determine whether the
drug to be analyzed was of influence on the absolute inaccuracies of the laboratories
An unpaired T-test was performed on the absolute inaccuracies to determine a difference
in analytical methods A paired samples T-test was performed on the absolute inaccuracies,
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in order to determine if there was a difference between performances for the high versus
low concentrations of PSZ and VRZ All statistical analyses were performed using SPSS
14 0 (SPSS Ine, Chicago, IL) A p-value of <0 05 was considered statistically significant
All participants were provided feedback on their performance within three months after
the first rounds' deadline Results of the other laboratories were reported anonymously

Results
36 laboratories subscribed to the program, 33 laboratories returned results that could be
evaluated Laboratories used HPLC with either fluorescence, UV or diode-array detection
(n=26), Liquid chromatography-mass spectrometry (LC-MS, n=6) or bioassay (n=3)
techniques to measure the azoles Two laboratories used a combination of techniques to
measure different azole antifungal drugs None of the laboratories reported lower limits of
quantitation that were above the spiked concentrations, indicating the suitability of these
methods in clinical practice
The percent of correct analyses within the predefined range of 80-120% of the weighed-m
concentrations were FLZ 79% (n=14 analyses), ITZ 78% (n=23), hITZ 78% (n=18), VRZ
82% (n=57), PSZ 62% (n=26) (figure 1) Mean absolute inaccuracy (and 95% CI) for each
specific method was HPLC = 20 74 (12 36 - 2911), LC-MS = 1770 (1313 - 22 28),
Bioassay = 6 33 (-0 59 -13 25) No difference in the absolute inaccuracies was observed
in the performance of HPLC with UV or fluorescence detection versus LC-MS techniques
(p=0 615, unpaired T-test) No comparison could be made with regard to the bio-assays
since numbers were too small to make a valid statement All of the participating laboratories
using a bio-assay reported adequate values within the 80-120% range Laboratories
using bioassay were not able to measure concentrations of azole antifungals in the
combined sample A one way ANOVA analysis yielded no statistically significant
differences between the absolute inaccuracies related to the different azole antifungal
drugs F(4,86) = 0 884, p=0 477 All results were correctly reported by 18 of 33 laboratories
(54 5%)
Performance for the lowest concentration PSZ was less accurate than for the higher
concentration (54% vs 69% correct analyses) but the test did not yield a statistical
significance (N=13, p=0130, paired T-test) For VRZ there was no difference between
high and low concentration Laboratories were informed about their performance to
enable them to improve their methods
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Figure 1 Deviation from declared value
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Solid symbols = HPLC Open symbols = LC MS Open symbol with cross - bioassay
**4 data points are outside the axis limits and are not shown in graph One laboratory reported itraconazole
at 17595% Another laboratory reported hydroxy itraconazole at 126% A third laboratory reported
posaconazole 0 30 mg/L at 300% and posaconazole 3 00 mg/L at 231%
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Discussion
The purpose of our proficiency testing program for TDM of azole antifungals is to alert
laboratories to potential problems and is therefore a useful instrument to monitor accuracy
of analytical methods
The first results of this new QC program of azole antifungal agents show a performance
ranging between 62 and 82%, and thus clearly indicate the need to further improve
analytical methods Although not statistically significant from the other azoles, the data
suggest that in particular posaconazole analysis requires attention Inaccurate results
may introduce bias in pharmacokinetic studies or may provide a basis for incorrect dose
adjustments in TDM
For a first round the number of participating labs is relatively high However, even with this
great contribution from all participants, there are some minor drawbacks Very low and
high concentrations outside the therapeutic range have not yet been included so we were
not able to elude problems with lower limit of quantitation Dispatching a combined
sample of azoles may provide efficiency in determining difficulties with specificity and/or
selectivity, however this precludes laboratories with bio-assay from participation Sources
of error in the current program have not been established Therefore no conclusions from
this round on reasons of inadequate performance can be drawn Future rounds will
address potential explanations for these shortcomings in more detail These future rounds
are needed to establish whether the program indeed contributes to improvement of
antifungal azole analysis The program will also be extended to more laboratories and
more antifungal drugs
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Efficacy of Posaconazole against Three Clinical Aspergillus fumigatus Isolates
with Mutations in the cyp51A Gene
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Abstract
The in vivo efficacy of posaconazole against 4 clinical Aspergillus fumigatus isolates with
posaconazole MICs ranging from 0 03 to 16 mg/hter, as determined by CLSI method
M38A, was assessed in a nonneutropemc murine model of disseminated aspergillosis
The underlying resistance mechanisms of the isolates included substitutions in the cyp51A
gene at codon 220 (M220I), codon 54 (G54W), and codon 98 (L98H) The latter was
combined with a 34-bp tandem repeat in the gene promoter region (TR L98H) The control
isolate exhibited a wild-type phenotype without any known resistance mechanism Oral
posaconazole therapy was started 24 h after infection and was given once daily for 14
consecutive days Mice were treated with four different doses (1 to 64 mg/kg of body
weight), and survival was used as the end point Survival was dependent both on the
dose and on the MIC The Hill equation with a variable slope fitted the relationship between
the dose/MIC ratio and 14-day survival well (R2, 0 92), with a 50% effective dose (ED50) of
29 0 mg/kg (95% confidence interval [CI], 15 6 to 53 6 mg/kg) This also applied to the
relationship between the area under the plasma concentration-time curve (AUC)/MIC
ratio and 14-day survival (50% effective pharmacodynamic index [El50], 321 3 [95% CI,
222 7 to 463 4]) Near-maximum survival was reached at an AUC/MIC ratio of nearly
1,000 These results indicate that treatment of infections with A fumigatus strains for
which MICs are 0 5 mg/hter requires doses exceeding the present licensed doses
Increasing the standard dosing regimen may have some effect and may be clinically
useful if no alternatives are available
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Introduction
Over recent years, Aspergillus fumigatus has become the most widespread opportunistic
fungal pathogen, causing severe and commonly fatal invasive fungal infections in immunocompromised hosts [1-3] Management of invasive aspergillosis includes prompt
treatment with an appropriate antifungal agent at an adequate dose, but patients may fail
to respond for many reasons, including the persistence of the underlying condition and
associated neutropenia Although Aspergillus resistance to antifungal compounds is
considered uncommon, treatment failure due to acquired resistance of A fumigatus has
been reported more frequently in recent years than it was formerly [4-7] Azole resistance
has been observed in patients with aspergilloma and cavitary aspergillosis who developed
resistance during treatment with azoles, most notably itraconazole [4, 6, 8-11] However,
azole resistance has also been reported for patients with invasive aspergillosis [12-14] In
addition to pulmonary infections, cases of disease due to azole-resistant isolates have
been reported for a patient with osteomyelitis and patients with central nervous system
aspergillosis [15,16] Azole antifungals impair the ergosterol biosynthesis pathway via the
inhibition of the lanosterol 14 -demethylase, which is a product of the cyp51 gene in A
fumigatus This enzyme removes the methyl group at position C-14 of precursor sterols
In A fumigatus, there are two distinct but related cyp51 proteins, encoded by cypSIA and
cyp51B [17], respectively Different modifications in the cyp51 gene appear to be
associated with the mechanism of azole resistance These cyp51 modifications were
found to be due to specific mutations in the cyp51A gene, and each mutation is associated
with a distinct phenotype The associated phenotype is commonly characterized by a
lack of itraconazole activity, but also by reduced activities of the other azole compounds
A phenotype with no itraconazole or posaconazole activity in vitro has been associated
with ammo acid substitutions at glycine 54 (G54) [6,18] A phenotype with no itraconazole
activity but elevated voriconazole and posaconazole MICs was linked to different ammo
acid substitutions at methionine 220 (M220) [8, 19] Another A fumigatus resistance
mechanism involved a base change causing an ammo acid substitution in cyp51A at
codon 98 in combination with the duplication in tandem of a 34-bp sequence in the
cyp51A promoter (TR L98H) [12,20] The corresponding phenotype was characterized by
a lack of itraconazole activity and reduced voriconazole and posaconazole activities
Given the prominent and increasing role of azoles in the management of Aspergillus
diseases, it is important to determine if increased MICs correspond with reduced in vivo
efficacy We investigated the correlation between the in vitro and in vivo activities of
posaconazole in a nonneutropemc murine model of disseminated invasive aspergillosis
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in order to determine the pharmacokinetic (PK)-pharmacodynamic properties of
posaconazole For this purpose we used three clinical isolates with different profiles of
susceptibility to azoles, which appear to be related to distinct cyp51A substitutions

Materials and methods
Isolates. Four clinical A fumigatus isolates were used in this study Clinical isolates with
non-wild-type susceptibility included those with the following substitutions in Cyp51A
M220I (isolate identification number, V28-77), G54W (V59-73), and TR L98H (V52-35) A
clinical isolate without substitutions in cyp51A was used as a control (AZN8196) For all
isolates, the cyp51A substitutions and strain identifications were confirmed by sequencebased analysis as described previously [12] (Table 1) In addition, microsatellite typing of
the four isolates by short tandem-repeat typing [5] was performed to confirm that they
were genetically distinct The isolates had been stored in 10% glycerol broth at -80°C and
were revived by subculturing on Sabouraud dextrose agar (SAD) supplemented with
0 02% chloramphenicol for 5 to 7 days at 35°C Susceptibility testing was performed
based on method M38A of the Clinical and Laboratory Standards Institute (CLSI) using a
broth microdilution format [21]
Infection model. A total of 264 outbred CD-1 (Harlan, Horst, The Netherlands) female
mice, 4 to 5 weeks old, weighing 20 to 25 g, were randomized into 6 groups (11 mice per
group) for the four different A fumigatus strains Before the experiment, the isolate was
cultured once on SAD for 7 days at 35°C and subcultured twice on 15-cm Takashio slants
for 5 days at 35°C The comdia were harvested in 20 ml of sterile phosphate-buffered
saline (PBS) plus 01% Tween 80 (Boom BV, Meppel, The Netherlands) The comdial
suspension was filtered through sterile gauze folded four times to remove any hyphae,
and the number of comdia was counted in a hemacytometer After the inoculum was
adjusted to the required concentration, the comdial suspension was stored overnight at
40C The 90% lethal dose (LDgo) was determined for each isolate Mice were infected via
injection of an inoculum corresponding to the LD90 of the isolate into the lateral tail vein
The LD90s were 2 4X10' (wild-type control), 2 5X10' (TR L98H mutant), 5 X 107 (M220I
mutant), and 1X10' (G54W mutant) comdia, respectively Postinfection viability counts of
the injected inocula were determined to ensure that the correct inoculum had been
injected Therapy was begun 24 h after infection and continued for 14 days A posaconazole
(Schering-Plough BV, Boxmeer, The Netherlands) oral solution was administered in
doses of 1, 4, 16, and 64 mg/kg of body weight by oral gavage once daily Although a
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dose of 128 mg/kg was used for some groups, it resulted in toxicity and therefore was not
studied further The control group received single doses of saline On day 15 postinfection,
all remaining mice were humanely euthanized under isoflurane anesthesia, and blood
was collected through the orbital vein
The animals were housed under standard conditions, with drink and feed supplied ad
libitum The animal studies were conducted in accordance with the recommendations of
the European Community (Directive 86/609/EEC, 24 November 1986), and all animal
procedures were approved by the Animal Welfare Committee of Radboud University
(RU-DEC 2007-30 and RU-DEC 2008-105) The infected mice were examined at least
three times daily These clinical inspections were carried out in order to ensure that there
were no cases of desiccation, torticollis, staggering, high weight loss (a decrease of 15%
within 48 h or 20% within 24 h), or body temperature drop to below 330C Mice
demonstrating these signs of disease were humanely terminated
Pharmacokinetic analysis. A total of 96 outbred CD-1 (Charles River, The Netherlands)
female mice, 4 to 5 weeks old, weighing 20 to 22 g, were used for separate PK experiments
On day zero, mice were infected with the wild-type A fumigatus isolate through the lateral
tail vein, and after 24 h, treatment was initiated, as described above, with dosages of 1, 4,
16, or 64 mg/kg At day 2 of posaconazole treatment (day 3 after infection), blood samples
were drawn through the orbital vein into lithium-heparin-contaming tubes at 8 predefined
time points immediately before administration of posaconazole and subsequently at 0 5,
1, 2, 4, 8, 12, and 24 h postdose Blood samples were centrifuged for approximately 10
mm at 1,000 X g within 30 mm of collection Plasma was aspirated, transferred in two 5-ml
plastic tubes, and stored at -70oC Posaconazole samples were measured by a validated
(for human and mouse matrices) high-performance liquid chromatography (HPLC)
method with fluorescence detection Samples were pretreated using a protein precipitation
procedure The dynamic range of the assay was 0 05 to 10 mg/hter The assay had an
accuracy range (n = 15 replicates), dependent on the concentration, from 979% to
1041% Intraday precision ranged from 1 56% to 3 03%, and mterday precision was
between 1 37 and 411% The assay was externally validated by an international proficiency
testing program [22]
Arithmetic mean concentrations of posaconazole in plasma from three mice were
calculated per time point Peak concentrations in plasma (Cmax) were directly observed
from the data Pharmacokinetic parameters were derived using noncompartmental
analysis with WmNonLm, version 5 2 (Pharsight, Ine) The area under the plasma concen-
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tration-time curve (AUC) from time zero to 24 h postinfusion (AUC0_2i) was determined by
use of the log-linear trapezoidal rule The elimination rate constant was determined by
linear regression of the terminal points of the log-linear plasma concentration-time curve
The terminal halflife was defined as In2 divided by the elimination rate constant Clearance
(CL) was calculated as dose/AUC0_24
Statistical analysis. All data analysis was performed by using the software package of
GraphPad Prism, version 5 0, for Windows (GraphPad Software, San Diego, CA) A
regression analysis was conducted to determine linearity between dose and AUC
Mortality data were analyzed by the log rank test The survival data were plotted against
dose/MIC and the Hill equation with a variable slope fitted to the data, both for each
individual strain and for pooled survival data The goodness of fit was checked by
determination of the R2 and visual inspection Statistical significance was defined as a
Ρ value of <0 05 (two-tailed) Dose/MIC and AUC/MIC ratios were calculated by dividing
the dose (in milligrams per kilogram of body weight) or the AUC by the MIC Dose/MIC
and AUC/MIC ratio data were Iog10 transformed to approximate a normal distribution
prior to statistical analysis

Results
In vitro activity
The in vitro susceptibility profiles of the four isolates are presented in Table 1 Posaconazole
was the most active azole in vitro against the wild-type isolate (MIC, 0 031 mg/liter), but its
activity against the M220I and TR L98H mutants (MICs, 0 5 mg/iiter) was reduced, and
the drug exhibited no significant in vitro activity against the G54W mutant (MIC, >16 mg/
liter) All three cyp57A-mutated isolates showed no susceptibility to ITZ, with MICs of >16
mg/liter
Pharmacokinetic analysis
Table 2 shows the results of the pharmacokinetic experiments A total of 96 mice (3 mice
per time point, 8 time points, 4 different dosages) were available for pharmacokinetic
assessment All 96 mice were alive at the time of the sample collection The AUC
normalized to a dose of 1 mg/kg resulted in ratios of 1019, 11 27, 9 96, and 4 64 for
dosages of 1, 4,16, and 64 mg/kg, respectively The AUC correlated significantly with the
dose in a linear fashion from 1 to 16 mg/kg (fl 2 = 0 99) The dosage of 64 mg/kg resulted
in a relatively lower AUC
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Table 1 Origins, in vitro susceptibilities, and underlying azole resistance
mechanisms of the A. fumigatus isolates.
MICorMEC(mg/liter)·
Isolate no.
AZN8196

Origin

Prior azole Cyp51A
AMB
exposure substitution

VCR

POS

CAS

05

0125 0 25

0 031

0 25

M220I

05

>16

0 25

05

0 25

TR L98H

05

>16

2

05

0 25

G54W

05

>16

0125

>16

0 25

Proven invasive None

ITZ

aspergillosis
V28-77

Aspergilloma

V52-35

Proven invasive None
aspergillosis"
Clinical, disease Unknown
entity unknown

V59-73

ITZ

" AMB, amphotericin B, ITZ, itraconazole, VCZ, voriconazole, POS, posaconazole, CAS, caspofungin
For caspofungin, the minimum effective concentration (MEC) was determined, for all other drugs, the
MIC was determined
' See reference 14

Table 2 Pharmacokinetic parameters of posaconazole after doses of 1 to 64 mg/kg
administered by oral gavage.
Value for the following pharmacokinetic parameter (unit) *:
Posaconazole AUC.,.

AUG dose

CLss/F

dose
(mg/kg)

C,.
24

0-24

C
avg

C
max

Τ
max

(hr*mg/L) normalized (L/hr)
(hr*mg/Ly
dose)

(mg/L)

(mg/L) (mg/L)

(hr)

1

10 20

0 11(005)

0 42

4 00

4

1019

010

0 98(0 21)

4507

1127

009

090(039)

188

311(068)

200

16

159 42

9 96

0 10

2 62(0 57)

6 64

9 03(175)

8 00

64

296 72

4 64

0 22

4 80(2 77)

12 36

17 83(4 60)

8 00

' For C^, and the concentration at 24 h (C24), values in parentheses are standard deviations (n = 3)
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Survival curves
The survival curves for all 4 control groups receiving saline by oral gavage showed a
mortality of 90 or 100% and a median survival time of 3 to 3 5 days Figure 1 shows the
survival curves for the 4 isolates by dose The results show that for each dose, the
response decreased as the MIC increased Similarly, when the dose was increased, an
improved response was observed Table 3 shows a comparison between the various
survival curves within each group/strain This clearly shows that statistically significant
differences in survival between treatment and control groups became apparent either
when the dose increased or when the MIC was lower This applied to both the median
survival time and the survival rate The most significant difference was observed between
the wildtype and G54W isolates While the drug was not effective in the infection model at
any dose for the G54W mutant, a dose as low as 1 mg/kg had some effect against mice
infected with the wild-type isolate, and all higher posaconazole doses had a near
maximum effect for this isolate The treatment effects on TR L98H and M220I mutant-

Figure 1 Survival curves of four different isolates of A fumigatus by posaconazole
dose.
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Table 3 Bonferrom multiple-comparison test for survival curves
Ρ value for the difference between treatment and control groups
infected with the following isolate*
Posaconazole
dose (mg/kg)

WT

M220I mutant

TR L98H mutant G54Wm

64

<0 0001 *

<0 0001 *

< 0 0001 *

<0 0001

16

<0 0001 *

<0 0001 *

0 0209

0 0018*

4

<0 0001 *

0 0108

0 1554

0 0724

1

0 0068 *

0 0831

01554

0 0238

' The Bonterrom Kp value for 4 multiple comparisons was 0 01 Ρ values of <0 01, which indicate
a significant difference in survival rates between Irealment and control groups, are asterisked WT,
wild type

infected mice were similar, although the response of mice infected with the isolate
containing the TR L98H mutation to a 4 mg/kg dose was somewhat higher than that of
those infected with the M220I isolate (36 4% versus 0%, respectively)
Dose-response analysis
The dose-response curves for each of the four posaconazole dosing regimens and
controls for all four strains are shown in Fig 2 Posaconazole treatment improved the
survival of the mice in a dose-dependent manner for all four isolates Compared to that for
the wild-type control, the dose-response curves of mice infected with the M220I or TR
L98H mutant were shifted to the right, indicating that higher doses of posaconazole were
required to achieve efficacy similar to those for the wild-type-mfected mice, while a
maximal response against the G54W strain could not be reached even in mice treated
with the highest posaconazole dose A dose/MIC-survival plot for all four strains is
depicted in Fig 3 The data indicated a clear sigmoidal dose-response relationship The
Hill-type model fitted the data well, with an fl2 of 0 92 The 50% effective dose (ED50) was
29 0 mg/kg (95% confidence interval [CI], 15 6 to 53 6 mg/kg) This indicates a direct
relationship between MIC, dose, and effect In total, 82% of the mice were cured when the
dose/MIC ratio was >130
Exposure-response analysis
The AUG for each dose, as determined from the pharmacokinetic experiments, was used
to calculate the AUG from 0 to 24 h (AUC0_24)/MIC ratios for each strain These are shown
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Figure 2 Fourteen-day survival as a function of posaconazole dose for 4
A fumigatus isolates
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Figure 3 Fourteen-day survival as a function of the posaconazole dose/ MIC ratio
for 4 A fumigatus isolates
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in Fig 4 Like the dose-response relationship, the exposure-response relationship had a
sigmoidal shape The Hill model with a variable slope fitted the data well, with an R2 of
0 88 The 50% effective pharmacodynamic index (EIJ was 321 3 (95% CI 222 7 to 463 4)
Near-maximum survival was reached at a AUC/MIC ratio of nearly 1,000 We also
determined the Cmax/MIC-response relationship Because we used a once-daily dose
only, this relationship was comparable to the AUC/MIC relationship However, the R2 of the
model fit was slightly less, 0 84, because of pharmacokinetic differences between doses

Figure 4 Fourteen-day survival as a function of the posaconazole AUG/ MIC ratio
for 4 A fumigatus isolates

LOGEC50
HILLSLOPE
EC50

2 507
2 735
321 3

10Log AUCo^MC

Shown are data for the wild type (WT) (MIC, 0 031 mg/hter) and for the TR L98H (MIC, 0 5 mg/liter) M220I
(MIC, 0 5 mg/liter), and G54W (MIC, >16 mg/hter) mutants The curve is the model fit with the Hill equation
for pooled data

Discussion
We investigated the comparative efficacies of various regimens of posaconazole against
clinical A fumigatus cyp51A mutated isolates in a nonneutropenic murine model of
disseminated aspergillosis We believe that this research question is highly relevant,
because the azoles are the mam drug class for the management of invasive aspergillosis
and the only class that can be administered orally Our study shows that the MIC of the
isolate has a major impact on the efficacy of posaconazole, an agent shown to be highly
active in vitro and in animal models of invasive aspergillosis due to wild-type A fumigates
isolates We observed a 50% loss of efficacy in those isolates harboring cyp51A
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substitutions, ι e , the TR L98H and M220I substitutions, associated with a phenotype that
increased the MIC of posaconazole by four 2-fold dilution steps, from 0 03 to 0 5 mg/liter
While this loss of efficacy was completely or partly compensated for by increasing the
posaconazole dose, the drug showed no meaningful efficacy in mice infected with the
G54W-containing isolate, which exhibited no in vitro susceptibility to posaconazole
Recently, Arendrup et al [23] showed reduced efficacy of posaconazole in a neutropenic
murine model of invasive aspergillosis against a multiazole-resistanM fumigatus isolate
(posaconazole MIC, 4 mg/liter), genetically identified as an M220K mutant of the cypSIA
gene However, the study did not investigate a full dose range of posaconazole In our
study, treatment with posaconazole significantly prolonged survival at a dose of 64 mg/
kg for mice infected with the TR L98H or M220I mutated isolate as well as for those
infected with the wild-type control isolate Interestingly, although the TR L98H and M220I
isolates had the same MIC, efficacy comparable to that for the mice infected with the
wild-type isolate could be achieved only with the TR L98H isolate at a higher posaconazole
dose, and not at all with the M220I isolate This suggests that the underlying resistance
mechanism may have an impact on drug efficacy in addition to the phenotype, ι e , MIC
This topic requires further investigation, since our study was not sufficiently powered to
determine significant differences between the TR L98H and M220I isolates Also, other
factors, such as the presence of virulence factors or the fitness of the different isolates,
might be important In this respect, our model did not reveal significant differences in
inoculum size and survival between wild-type isolates and those with Cyp51A mutations,
although additional studies of the impact of mutations on the fitness of isolates are
warranted A previous study with a murine model of candidiasis [24] demonstrated that
the pharmacokinetic behavior of posaconazole was nonlinear for single administrations
of doses within the range of 20 to 320 mg/kg Our investigation revealed a linear PK profile
for multiple posaconazole administrations in doses as high as 16 mg/kg As with humans
[25], the plasma drug concentration for the 1- to 16-mg/kg dose range increased
proportionally to the dose Nomeir and colleagues [26] studied single administrations of
posaconazole in the dose range of 20 to 160 mg/kg and reported that the dose-related
increase in the AUC was slower than that in Cmai<, which was explained by slower absorption
at higher doses We observed the same Cmax effect within the dose-range of 1 to 64 mg/
kg In addition, there was a 2-fold increase in oral clearance (CLss/F) at a dose of 64 mg/
kg This was an unexpected finding, since the limited metabolism of posaconazole is
mediated predominantly through the UDP-glucuronosyltransferase (UGT) enzyme
pathway [27] and not through both the UGT and CYP (cytochrome P450) pathways, as
usually reported in the literature on the metabolism of most hepatically cleared xenobiotics
and endobiotics In humans, only 15% of the total posaconazole dose is metabolized, and
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the majority of the metabolites are glucuromde conjugates [28], excreted mostly in feces
Therefore, it was more likely that for mice, oral clearance would remain unchanged with
an increase in dose However, since no data have been obtained after administration with
full bioavailability, it is not clear whether lower AUCs are due to increased clearance or to
lower absorption These findings do indicate that it is important to use AUCs based on
measured pharmacokinetic profiles rather than the dose as a measure of drug exposure
Given that the pharmacokinetic profile of posaconazole in both humans and mice is
near-linear, an important question is whether we could use the observations from our
murine model to predict if humans with azole-resistant aspergillosis can still be treated
with posaconazole, and which doses are needed to result in efficacy In our studies,
maximum survival was achieved for mice infected with the wild-type isolate, with a MIC of
0 031 mg/hter This corresponded with an AUC/MIC ratio of around 1,000 for total drug
This value is comparable to the AUC/MIC ratios for Candida species found by Andes and
colleagues [24] and indicates that the pharmacokinetic/pharmacodynamic relationships
found for yeasts are comparable to those for A fumigatus We did not determine the
degree of protein binding of posaconazole in our model, but at present there are no
indications that protein binding of posaconazole in humans and mice differ to a great
extent, and that for mice is 98 to 99% [24] In fact, the dose-normalized AUG values are
similar in mice and humans, around 10 per mg/kg in both cases, at least as determined
with human volunteers [25] Thus, for strains for which MICs are 0 5 mg/hter, a 50-mg/kg
dose of posaconazole would be needed for an optimal effect, or 4 g per day for a human
weighing 80 kg if the survival end point used in this study is meaningful for predicting
clinical outcome While this is not feasible at present, the AUC/MIC relationship also
indicates that some effect is reached at ratios of 100, or 400 mg/day The El50 was 321,
and this is reached with 1,200 mg per day Thus, if no alternative treatment option is
available, higher doses of posaconazole may in part overcome the decreased
susceptibility The AUC/MIC relationship can also be used to determine optimal doses for
patients who have a higher clearance or who display nonlinear exposure-dose
relationships For instance, Ullmann and colleagues [29] administered posaconazole to
bone marrow transplant (BMT) patients and other patients with probable fungal infections,
and the total drug AUC0-24 levels were at least 4-fold less than those for healthy
volunteers [25], even though posaconazole doses were higher than 800 mg The AUCs
obtained were, however, sufficient to treat wild-type isolates With respect to the discussion
above, two issues should be noted The first is that we used survival as an end point
While this is the most stringent measure of drug efficacy, there are some caveats, as
discussed elsewhere [30, 31] The second is that we used an intravenous model and
therefore studied disseminated aspergillosis, while most human infections are pulmonary
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infections, in which dissemination, if present, is from the lungs It would be interesting to
determine whether the effects observed in a pulmonary model would corroborate those
found here with respect to the pharmacodynamic target We conclude that our model
supports the view that the efficacy of posaconazole treatment in Λ fumigatus is dependent
both on drug exposure and on the MIC for the isolate, as with other antifungal drugs [30,
31] In addition, the quantitative relationship between exposure and effect is comparable
to that found for Candida strains [24] These relationships can be used to optimize the
treatment of human infections
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Impact of cypSIA Mutations on the Pharmacokinetic and Pharmacodynamic
Properties of Voriconazole in a Murine Model of Disseminated Aspergillosis
Mavridou E, Brüggemann RJ, Melchers WJ, Verweij PE, Mouton JW.
Antimicrob Agents Chemother. 2010 Nov;54(11):4758-64.

SECTION Β I CHAPTER 2 2

Abstract
The in vivo efficacy of voriconazole against 4 clinical Aspergillus fumigatus isolates with
MICs ranging from 0125 to 2 mg/hter (CLSI, M38A) was assessed in a nonneutropemc
murine model of disseminated aspergillosis The study involved the TR/L98H, M220I,
G54W mutants and a wild-type control isolate Oral voriconazole therapy was started 24
h after intravenous infection and was given once daily for 14 consecutive days Mice were
treated with doses ranging from 10 mg/kg to 80 mg/kg and survival was used as the
endpomt Survival was found to be dependent both on the voriconazole dose and on the
MIC of the isolate Survival for all isolates was dependent on the voriconazole dose levels
(fl ? of 0 5 to 0 6) but a much better relationship existed with total AUC/MIC (R2 of 0 9) or
ÎAUC/MIC (R? of 0 9) The 24-h fAUC/MIC ratio showed a clear relationship to effect and a
maximum effect was reached at values around 80-100, which is similar to that observed
for posaconazole and A fumigatus We found that mice infected with an isolate with a MIC
of 2 mg/l required doubling of the voriconazole exposure to obtain similar efficacy to that
of the wild-type control Furthermore, efficacy of voriconazole isolates with high MICs of
other triazoles, but with voriconazole MICs that were within the wild-type population, was
similar to that of the wild-type control Finally, we used a grape fruit juice free murine
model of aspergillosis and conclude that this model is appropriate to study PK/PDrelationships of voriconazole
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Introduction
Aspergillus fumigatus is an ubiquitous fungus and the most common cause of invasive
fungal infections in severely immunocompromised patients Invasive aspergillosis
remains associated with significant morbidity and mortality, but the outcome of this
disease in hematopoietic stem cell recipients has improved significantly in recent years
[1] Although improved survival coincided with multiple changes in transplantation
practices, the introduction and use of voriconazole was independently associated with
protection from invasive aspergillosis-related death [1] Voriconazole is recommended for
primary therapy for most clinical manifestations of invasive aspergillosis including central
nervous system aspergillosis [2] However, the efficacy of voriconazole might be
hampered by the development of azole-resistance in aspergili! Several studies have
indicated that acquired resistance is an emerging problem, [3] and that in vitro resistance
is associated with treatment failure [3-7] Most of the recently reported mechanisms of
resistance to azoles included mutations in the fungal mitochondrial Cyp51 genes, leading
to alterations in the target enzyme 14 -sterol demethylase The identified different
mutations in the fungal Cyp51A are associated with distinct phenotypes in vitro These
phenotypes are commonly characterized by partial or complete loss of susceptibility to
one or more of the mold-active azoles For instance, a phenotype with ammo acid
substitutions at glycine 54 (G54) is expressed in vitro with resistance to itraconazole and
posaconazole [8,9], but the activity of voriconazole remains comparable to that of isolates
without Cyp51A mutations Isolates harboring the M220I substitution are resistant to
itraconazole, while the MIC of posaconazole is elevated compared to wild type isolates
The susceptibility of M220I isolates to voriconazole is comparable to that of wild type
isolates [10] Another A fumigatus resistance mechanism involves an ammo acid
substitution in Cyp51A at codon 98 in combination with the duplication in tandem of a
34-bp sequence in the Cyp51A promoter (TR/L98H) [11] This phenotypic profile shows in
vitro resistance to itraconazole and reduced susceptibility to posaconazole The activity
of voriconazole in strains with a TR/L98H mutation is variable ranging from susceptible to
complete lack of activity
Given the prominent role of voriconazole in the primary therapy of invasive aspergillosis it
is important to understand the impact of the presence of resistance mechanisms on the
efficacy of the drug Furthermore, it is important to investigate the efficacy of voriconazole
in those isolates that are resistant to other azole compounds, but remain susceptible in
vitro to voriconazole Using a non-neutropemc murine model of disseminated aspergillosis
we recently showed that the efficacy of posaconazole was dependent on the drug
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exposure and MIC of the A fumigatus isolate [12], underscoring that the presence of
Cyp57-mutations are clinically relevant
The aim of our research was to investigate the pharmacodynamic and pharmacokinetic
properties of voriconazole agamsl clinical A fumigatus isolates with CypSiA-mutations
and to determine whether the efficacy of the drug was attenuated in isolates with a
mutation in the CypSM-gene, but with a voriconazole susceptible phenotype

Materials and Methods
Isolates. Four clinical A fumigatus isolates were used in this study Clinical isolates with
non-wild type susceptibility included the following substitutions in Cyp51A M220I (isolate
identification number V28-77), G54W (V59-73), and TR/L98H (V52-35) A clinical isolate
without substitutions \r\Cyp51A was used as wild type control (AZN8196) For all isolates
the Cyp51A substitutions and strain identification were confirmed by sequence-based
analysis as described previously (Table 1)[3] In addition, microsatellite typing of the four
isolates by short tandem repeat typing was performed to confirm that they were genetically
distinct [3] The isolates had been stored in 10% glycerol broth at -80°C and were revived
by subculturmg on Sabouraud dextrose agar (SAD) supplemented with 0 02% chloram
phenicol for 5 to 7 days at 350C
Susceptibility testing was performed based on the M38-A method of the Clinical
Laboratory Standards Institute (CLSI) using a microbroth dilution format [13]
Infection model. A total of 143 outbred CD-1 (Harlan, Horst, the Netherlands) female
mice, 20-25 gr, 4 to 5 weeks old, were randomized into 13 groups (n=11 per group), for
the four different A fumigatus strains Before the experiment, the isolates were cultured
once on SAD for 7 days at 350C and subcultured twice on Takashio slants (15 cm slants)
for 5 days at 35°C The comdia were harvested in 20 ml of sterile phosphate-buffered
saline (PBS) plus 01% Tween80 (Boom BV, Meppel, The Netherlands) The comdial
suspension was filtered through sterile gauze folded four times to remove any hyphae and
the number of comdia was counted in a hemacytometer After the inoculum was adjusted
to the required concentration, the comdial suspension was stored overnight at 40C
Mice were infected via injection in the lateral tail vein with an inoculum corresponding to
the 10 % survival of each isolate as determined before [12] Post-infection viability counts
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of the injected inocula were determined to ensure that the correct inoculum had been
injected Therapy was begun 24 hours after infection and continued for 14 days
Voriconazole (Pfizer, Capelle a/d Ussel, The Netherlands) oral solution was administered
in doses of 10, 40, and 80 mg/kg by oral gavage once daily The placebo groups were
infected with one of the aforementioned isolates and received single doses of saline by
oral gavage On day 15 post-infection all remaining mice were humanely euthanized
under isofluran anesthesia
The animals were housed under standard conditions, with drink and feed supplied ad
libitum The animal studies were conducted in accordance with the recommendations of
the European community (Directive 86/609/EEC, 24 November 1986) and all animal
procedures were approved by the Animal Welfare Committee of the Radboud University
(RU-DEC 2007-30 and RU-DEC 2008-105)
The infected mice were examined at least 3 times daily These clinical inspections were
carried out in order to ensure that there were no cases of desiccation, torticollis, staggering,
high weight loss (15% decrease within 48 hours or 20% within 24 hours) or body
temperature drop to below 33°C Mice demonstrating these signs of disease were
humanely terminated
Pharmacokinetic analysis: A total of 72 outbred CD-1 (Charles River, The Netherlands)
female mice, 20-22 gr, 4 to 5 weeks old were used for separate PK experiments On day
0 mice were infected with the wild-type A fumigatus isolate through the lateral tail vein and
after 24 h treatment initiated, as described above, with dosages of 10, 40, or 80 mg/kg At
day 2 of voriconazole treatment (day 3 after infection) blood samples were drawn trough
the orbital vein into lithium-heparm containing tubes at 8 predefined time points
immediately before administration of voriconazole and subsequently at 0, 0 5,1, 2, 4, 6, 9
and 24 hours post dose Blood samples were centrifuged for approximately 10 minutes at
1000 χ g within 30 minutes of collection Plasma was aspirated and transferred in two
5 mL plastic tubes and stored at 70oC Total and unbound fraction voriconazole samples
were measured by a validated (for human and mouse matrices) High Performance Liquid
Chromatography method with fluorescence detection (Thermo Scientific, Breda, The
Netherlands) using a SymmetryShield RP18 column (Waters, Ettenleur, the Netherlands)
Samples were pretreated using a protein precipitation procedure The dynamic range of
the assay was 0 05 to 10 mg/L The assay had an accuracy range (n=15), dependent on
the concentration, from 96 7% to 101 4% Intraday precision varied between 0 8 % and
3 2% and mterday precision was between 0 and 2 0% To determine the free fraction of
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voriconazole, we pooled plasma from identical time points (n=3 samples per time point,
1, 2 and 4 hours after oral gavage) for all three dosing regimens to obtain at least 0 5 mL
voriconazole plasma The recovery from mice plasma of the ultrafiltrate was 831 % (SD
3 2%) No loss of voriconazole to the filter occurred during ultrafiltration This plasma was
then transferred into YM-30 Centrifree Centrifuge tubes (Millipore, Carngtwohill, Ireland)
Samples were centrifuged during 10 minutes at 2000 RCF (rpm 3310) (Rotante 46 R,
radius 164 mm, angle 45 degrees, temperature 25 C) The ultra filtrate was injected directly
onto the H PLC system For very low concentrations, the method was slightly modified to
obtain a lower limit of quantitation of 0 01 mg/L without loss of accuracy and precision
The assay was validated for mouse plasma and is externally validated by an international
proficiency testing program [14]
Arithmetic mean plasma concentrations from three mice were calculated per time point
Peak plasma concentrations (Cmai<) were directly observed from the data Pharmacokinetic
parameters were derived using noncompartemental analysis with WinNonLm 5 2
(Pharsight Ine , MountamView, Ca) The area under the plasma concentration-time-curve
(AUG) from time zero to 24 hours post infusion (AUC0 24) was determined by use of the
log-linear trapezoidal rule The elimination rate constant was determined by linear
regression of the terminal points of the log-linear plasma concentration time curve The
terminal half life was defined as In2 divided by the elimination rate constant Clearance
(CL) was calculated as dose/AUC024
Statistical analysis. All data analysis was performed by using the software package of
GraphPad Prism version 5 0, for Windows (GraphPad Software, San Diego, CA) A
regression analysis was conducted to determine linearity between dose and AUG
Mortality data were analyzed by the log rank test The survival data were plotted against
dose/MIC and the Hill-equation with variable slope fitted to the data, both for each
individual strain as well as for pooled survival data The goodness-of-fit was checked by
determination of the R! and visual inspection Moreover, the £max model was used to
evaluate the exposure index (El) required for 80% (ΕΙΘ0) and 50% (El50) of maximum
effectiveness and outcome for all isolates
Statistical significance was defined as a ρ value <0 05 (two-tailed) Dose/MIC, AUC/MIC
and /AUC/MIC ratios were calculated by dividing the dose (mg/kg of body weight) or AUC,
fAUC by the MIC Dose/MIC, AUC/MIC and fAUC/MIC ratio data were transformed to log,0
to approximate a normal distribution prior to statistical analysis
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Results
In vitro activity. The in vitro susceptibility profiles of the four isolates are presented in
Table 1 Voriconazole showed reduced in vitro activity against the TR/L98H isolates with
a MIC of 2 mg/L The G54W isolate was resistant to itraconazole and posaconazole, and
the M220I isolate was resistant to itraconazole However, the MICs of voriconazole were
0125 mg/L and 0 25 mg/L, respectively These MIC values were comparable to that of the
wild type control isolate
Survival curves The survival curves for all 4 control groups receiving saline by oral gavage
showed a mortality of 90 or 100% and a median survival time of 2-3 days Figure 1 shows
the survival curves of the 4 infection groups against time The survival study indicated that
for all 4 groups the outcome was significantly improved when the voriconazole concentration
increased from 10 to 40 mg/kg or from 40 to 80 mg/kg (p < 0 0001) A comparative analysis
of the 10 mg/kg doses of voriconazole between groups showed no difference in survival
between all four groups (log rank test, p=0 37) For the dose 40 mg/kg the comparative
analysis showed no significant difference for the WT, M220I and G54W groups (p= 0 22) in
survival In contrast, mice infected with TR/L98H showed a significant difference of
therapeutic response compared to the 3 other isolates (p=0 0007) a two-fold increase of
voriconazole dosage was required for mice infected with the TR/L98H isolate to achieve
the maximum response similar to that obtained with the wild type isolate

Table 1 Origin, in vitro susceptibility and underlying azole resistance mechanism of
the A fumigatus isolates
Isolate
no.

AZN8196

Origin

Proven invasive

Prior azole
Cyp51A
exposure substitution

No

MIC (mg/L)
AMB

ITZ

VCZ

POS

CAS

-

05

0125

0 25

0 031

0 25

aspergillosis
V28 77

Aspergilloma

ITZ

M220I

05

>16

0 25

05

0 25

V59-73

Clinical disease
enlity unknown

Unknown

G54W

05

>16

0125

>16

0 25

V52-35

Proven invasive
aspergillosis

No

R/L98H

05

>16

2

05

0 25

AMB ampholencm Β ITZ itraconazole VCZ voriconazole, POS posaconazole, CAS caspofungm
For caspofungm the minimum elfective concentration (MEC) was determined
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Figure 1 Efficacy of voriconazole monotherapy at 10,40, and 80 mg/kg depicted
by strain
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A significant prolonged survival of mice infected intravenously with four different clinical A lumigatus isolates
was shown when voriconazole administration was higher than 40 mg/kg once daily Placebo groups received
saline For all groups η = 11

Pharmacokinetic analysis. Table 2 shows the results of the pharmacokinetic experiments
A total of 72 mice (3 mice per time point, 8 time points, 3 different dosages) were available
for pharmacokinetic assessment All 72 mice were alive at the time of the sample
collection The AUG normalized to a dose of 10 mg/kg resulted in a ratio of 0 31,1 75, and
3 68 for dosages of 10, 40, and 80 mg/kg, respectively Clearance decreased by increasing
doses showing nonlmeanty Plasma voriconazole concentrations after administration of oral
doses of 10, 40, and 80 mg/kg are shown in figure 2
The unbound fraction of voriconazole in the three different dosing arms (n=3 per dosing
arm) was 26 51%, 33 28% and 30 59% for the 10, 40 and 80 mg/kg group respectively
Geometric mean unbound voriconazole fraction for all groups combined (n=9) was
29 97% (95% CI 2756 - 32 59) No comparison between the dosing regimens was
performed because numbers were too small to perform a valid statistical analysis and
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draw firm conclusions These data indicate that there was no concentration dependent
protein binding over the range measured There was no loss of voriconazole in the filter
system

Table 2 Pharmacokinetic parameters of voriconazole after doses of 10-80 mg/kg
by oral gavage
Treatment AUC,^ AUCdose
(mg/kg) (mg*hr/L) normalized
(mg*hr/(L)/
dose
10

3 05

fAUC
(mg*hr/L)

CLss/F C,,,,,, C,^ Τ,,,,
(Uhr) (mg/L) (mg/L) (hr)

0 31

1149

2 53

0 36

161

05

t^
(hr)

1752Θ

40

7012

175

3129

0 39

4 58

1181

20

5 0098

80

294 61

3 68

129 6

010

23 01

35 86

20

16 2103

Dose-response analysis. The dose-response curves for each of the four voriconazole
dosing regimens and controls for all four strains are shown in figure 3 for day 7 and 14
respectively Voriconazole treatment improved the survival of the mice in a dose dependent
manner for all four isolates The TR/L98H was shifted to the right as it had a higher MIC
compared the other three isolates and thus a higher dose was required compared to the
others in order to obtain a similar efficacy (100% survival) A dose/MIC - survival plot at
day 7 and 14 of all four strains is depicted in ligure 4 As can be observed, there was a
significant scatter around the line of the best fit by the Hill type model (R2 of 0 60 and 0 54)
for day 7 and 14, respectively Since voriconazole displays nonlinear pharmacokinetics,
this could be the reason for the observed scatter The El50 for day 7 was 42 83 mg/kg and
for day 14, 59 85 mg/kg, respectively
Exposure-response analysis The AUG and /AUG for each dose as determined from the
pharmacokinetic experiments were used to calculate the AUC024/MIC and /AUC024/MIC
ratio's for each strain The relationships between exposure and response are shown in
figure 5 and 6 for days 7 and 14 for all groups for AUC0 24/MIC and /AUC/MIC respectively
The relationships of AUC/MIC and /AUC/MIC with response were significantly better for
both time points (fl2 of 0 9) than for dose/MIC (R2 of 0 60 and 0 54) as expected for a drug
with a nonlinear clearance The estimates of the El50's on day 7 were similar to those
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Figure 2 Plasma voriconazole concentrations after administration of oral doses of
10, 40, and 80 mg/kg in immunocompetent infected mice

Each symbol corresponds lo the geometric mean standard deviation ol plasma levels of three mice

Figure 3 Voriconazole dose - survival relationship for four A fumigatus isolates
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Voriconazole treatment improved the survival of the infected mice in a dose dependent manner for all four
isolates The curves indicate lits with the Hill equation for each isolate

obtained on day 14, 15 84 and 15 82 respectively (figure 6), but the Hillslope was much
steeper on day 14 The confidence intervals at day 14 for both the Hillslope as well as the
El60 are relatively wide, despite the high R2 and seemingly good fit Inspection of goodness
of fit criteria indicate that the covanance between these two parameters was very high,
mainly because only one datapomt being present above 10% and below 100% survival,
resulting in large SB's
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Figure 4 Survival as a function of voriconazole dose/MIC infected with four A
fumigatus isolates at two different time points
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in order to achieve similar outcome (100%) as the groups mlected with a wild type isolate (MIC of 0 25 mg/L)
The curve is the model fit with the Hill equation for pooled data

Figure 5 Statistical timed analysis of survival as a function of voriconazole AUG/
MIC for four A fumigatus isolates
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Increased voriconazole exposure is required to obtain maximum efficacy in mice infected by isolates with an
attenuated susceptibility The Hillslope is steeper for day 14 than for day 7 probably due to the effect of
autoinduction of hepatic metabolic genes in mice resulting in lower concentration plasma levels over time
The curve is the model fit with the Hill equation for pooled data
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Figure 6 Survival as a function of /AUC/MIC for 4 A. fumigatus isolates.
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Figure 7 Channel 1 and 2 of the G54W and M220I mutations in the a-demethylase
are accessible for voriconazole (b, c), whereas closed through position
change of Y107 by the L98H mutation (a).

The two ligand access channels are indicated in green. The heme cofactor is indicated in black
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Discussion
Our animal model indicated that the efficacy of voriconazole was significantly reduced in
mice infected with the TR/L98H isolate, which had a MIC of 2 mg/L According to the
recently proposed breakpoints a MIC of 2 mg/L should be interpreted as intermediate
susceptibility [15] In a previous study we investigated the efficacy of posaconazole
against the same four clinical A fumigatus isolates as used in our present study [12] The
posaconazole MICs ranged from 0 063 to >16 mg/L and we showed that the MIC had
major impact on posaconazole efficacy [12] Our model indicated that doubling of the
voriconazole dose in mice infected with the TR/L98H (MIC of 2 mg/L) isolate was required
to achieve similar efficacy of voriconazole against mice infected with a wild type isolate
(MIC of 0 25 mg/L) Doubling of the voriconazole exposure appears feasible although
close therapeutic drug monitoring would be needed in order to ascertain the achievement
of a higher pharmacodynamic target Furthermore, the therapeutic index would decrease,
with the probability of toxicity occurring increasing
The exposure-response relationship of voriconazole indicated that improvement of
survival for all four clinical isolates was dependent on the voriconazole dose levels but a
much better relationship existed with the increased total AUC/MIC or /AUC/MIC exposure
The significantly improved /AUC/MIC relationship as opposed to dose/MIC can be
explained by the nonlinear clearance of voriconazole Thus, as opposed to posaconazole,
the effect of voriconazole can not readily be predicted by dose alone
Our animal model furthermore showed that voriconazole remained effective against
isolates with a MIC that was within the wild type range despite the presence of a
Cyp-mutation and high MICs of other tnazoles [15] The efficacy of voriconazole against
these isolates was similar to that of the wild-type isolate We recently investigated the
relation between Cyp-mutations and the CypSM protein using a homology model [16]
This model indicated that there are two hgand access channels which are probably used
by azole compounds for docking Ammo acid G54 and M220 are located in loops in close
vicinity of the opening of channel 2 It was suggested that these changes close to the
entrance of channel 2 disturb the docking of large azole molecules such as itraconazole
and posaconazole Voriconazole, however, is a much smaller molecule and can access
channel 2 or even channel 1 of the G54W and M220I mutants in the modeling experiments
(figure 7, panel b and c), which corresponds with a MIC that is similar to that of a wild-type
isolate In contrast, the change of leucine in histidme at the L98H mutant can disturb both
channel 1 and 2 through the change of position Y107 (figure 7, panel A), resulting in
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attenuated voriconazole susceptibility The protein model therefore supports our observed
phenotypes in vitro and the voriconazole efficacy in vivo Our aspergillosis model suggests
that patients with an infection due to an A fumigatus isolate that is resistant to one or more
azoles, but susceptible to voriconazole could be treated with this azole
Voriconazole exposure-response relationships have been investigated in different
experimental models of fungal infections These studies seemed to suggest that the
mouse is a poor model for investigating the efficacy of voriconazole in vivo because of the
rapid elimination of the drug, whereas guinea pigs, with their slower metabolism and
clearance, are able to retain the drug in their system for longer [17-19] However, mice are
preferred over guinea pigs for efficacy studies because they offer advantages in cost,
animal handling, and housing To improve the murine model for voriconazole the use of
grapefruit juice has been adopted by some authors for its property to inhibit intestinal
CYP3A4 and as a consequence to enhance systemic exposure [20] However, the use of
grapefruit juice has several disadvantages The first is a lack of standardization of the
contents of the juice The second is possible, yet unknown, interactions of grapefruit juice
with voriconazole metabolism and activity Furthermore, Graybill et al suggested that
grapefruit juice may exhibit antifungal activity or inhibit fungal cytochrome enzymes [21]
Given that there are not sufficient data about the effect of the juice on the intrinsic factors
of the CYP genes of the fungus or even the host immune system, we employed the
experimental mouse model without grapefruit juice application By carrying out a timed
analysis of the exposure-response we were able to determine the relationship between
these two factors, confirming that these parameters can be investigated in a grapefruit
juice free model
Besides rapid clearance of voriconazole, another potential drawback of the mouse model
is the decrease of systemic exposure of voriconazole during multiple dosing experiments,
probably due to autoinduction of the voriconazole metabolism [18] This phenomenon
was more pronounced in mice and rats than in the guinea pig [18] We found that the
pharmacokinetic analysis could be performed at day 7 of the study, which reduces the
impact of autoinduction and reduces animal suffering Although we did not measure the
voriconazole exposure on day 14, the survival-AUC/MIC relationship was similar for both
time points in that the EI50 values were similar However, the Hill-slope was steeper on
day 14 This effect could be due to autoinduction phenomenon because of the lower
voriconazole plasma levels on day 14 compared to day 7 This phenomenon would result
in lower drug exposure and therefore lower % of survival on day 14 than on day 7 as it was
shown in figure 5
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Statistical analysis at two time points of the therapy demonstrates that /AUC/MIC ratio is
the critical pharmacokinetic (PK)-PD index associated with treatment efficacy of
voriconazole against aspergillosis As early as day 7, as depicted in Figure 6, the 24-h
ÎAUC/MIC ratio showed a clear relationship to effect and a maximum effect is reached at
values around 80-100 This corresponds to values found for Candida infections [22] and
for gram-negative microorganisms [23] This indicates that our model is robust and useful
for investigating clinically relevant pharmacokinetic and pharmacodynamic relationships,
despite the fact that it is a non-neutropemc model and infection is established through
intravenous inoculation of mice rather than following the natural route of infection, via the
airways It also corresponds with a 2log reduction of colony forming units of Candida after
2 hours as described by Andes et al [24] For most tnazoles, effect is governed only by the
concentration ol free drug concentrations [24, 25] Our aspergillosis model showed a
voriconazole protein free fraction of 29 87% (standard deviation 2 9%) This was similar for
all doses and for three different time points Previous studies in humans showed that
standard dose oral voriconazole results in a total AUC024 value of 18-23 mg*h/L [26] An
oral dose of 200 mg twice daily would produce free drug AUCs of 8 4 mg*h/L [27] In
HSCT recipients the median total AUC02il on study day 7 was found to be approximately
70 mg*h/L and 50 mg*h/L on day 14 [28] which would correspond to an fAUC of
approximately 21 and 15 mg h/l, respectively, based on a free fraction of 29 87%
Previously studies [1] reported [he voriconazole protein binding by 78% The reason for
these discrepant findings is possibly the experimental variation
Our model indicates that the highest MIC value that can be treated with maximum efficacy
would be 0 25 mg/L In our opinion taking the variation in pharmacokinetic parameters in
the population into account as determined by Monte Carlo simulations (EUCAST,
voriconazole rationale document, version 2 0 EUCAST website, access March 2010) the
MIC would be even lower, 0125 mg/L, which is similar to the EUCAST breakpoint for
Candida spp
We conclude that our model supports the view that the efficacy of voriconazole treatment
in A lumigatus is dependent both on drug exposure and on the MIC for the isolate, as with
other antifungal drugs [8] Although voriconazole has a nonlinear pharmacokinetic profile,
the quantitative relationship between exposure and effect was comparable to that found
for posaconazole We have shown that increased voriconazole exposure is required to
obtain maximum efficacy in mice infected by isolates with an attenuated susceptibility,
while the drug remains effective against those isolates with high MICs of other azoles, but
MICs of voriconazole that are within the wild-type population
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Abstract
Background: Voriconazole is used to manage invasive fungal diseases in recipients of an
allogeneic haematopoietic stem cell transplant (HSCT) after myeloablative treatment
Little is known about the pharmacokinetics (PK) of voriconazole in this population, who
also receive cyclosporme A
Methods: Patients admitted for an allogeneic HSCT were eligible for the study
Voriconazole was given intravenously at 6 mg/kg twice daily on day 1, then 4 mg/kg twice
daily until the day of transplant to reach steadystate conditions and then continued for a
further week during which cyclosporme A was administered Blood samples were drawn
on the day of HSCT and daily for the next 14 days PK curves were determined on days 7
and 14 PK parameters were calculated using non-compartmental analysis CYP2C19*2
and CYP2C19*3 polymorphisms were also determined
Results Ten patients were fully évaluable Median AUC012 of voriconazole on the day of
HSCT was 33 81 mg*h/L (IQR 20 59 - 39 39) and 25 61 mg*h/L (IQR 22 48 - 38 65) one
week later AUC0 ]2of voriconazole on both days was similar to data reported for healthy
volunteers Trough levels were below 1 0 mg/L for 3 of 10 patients on the day of HSCT and
for 4 of 10 patients one week later No difference in clearance of voriconazole was found
between CYP2C19 extensive metabohsers (n=4) and carriers of one non-functional allele
(n=6)
Conclusions Exposure and clearance of voriconazole in recipients of an allogeneic
HSCT are similar to those of healthy volunteers though there was high intra- and mtermdividual variation in drug exposures which may have implications for similar patient
populations
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Introduction
Patients receiving a haematopoietic stem cell transplant are known to be at risk for
invasive fungal infections [1] The majority of infections are caused by Candida and
Aspergillus species, followed by less common pathogens such as Scedosponum and
Fusarium species [2] These infections are associated with high morbidity and mortality
[2-5] Indeed, mortality due to invasive aspergillosis may be as high as 80 % in high risk
patients [3] Voriconazole is frequently used to manage these invasive fungal diseases in
recipients of an allogeneic haematopoietic stem cell transplant (HSCT) after myeloablative
treatment However, little is known about the pharmacokinetics (PK) of voriconazole in
recipients of an allogeneic HSCT, who also receive cyclosporme A, a drug known to
interact with voriconazole, [6, 7] to prevent graft-versus-host disease [8] The existence of
single nucleotide polymorphisms of CYP2C19 results in differences in voriconazole
pharmacokinetics as CYP2C19*2 and *3 haplotypes lead to decreased clearance of
voriconazole [9] and the consequent higher exposure which could result in increased
toxicity Approximately 20% of Japanese subjects and 3-5% of Caucasian and African
subjects are estimated to be poor metabohsers of CYP2C19 substrates as a result of
having these polymorphisms [1]
This study was designed to assess the safety and the pharmacokinetics of voriconazole
given as prophylaxis to recipients of an T-cell depleted matched sibling allogeneic HSCT
who also received cyclosporme A to prevent graft-versus-host disease

Methods
The study was approved by the ethics committee of the Radboud University Nijmegen
Medical Centre in June 2003 and was conducted in compliance to the declaration of
Helsinki during 2004 and 2005 Adults aged 18 - 65 years who were admitted to receive
an allogeneic HSCT were eligible if they were to receive the same myeloablative therapy
to prepare for the transplant, they weighed 66-100 kg and had a Body Mass Index <30,
and were to receive their HSCT from a matched related donor In addition, all were to be
managed with a 4-lumen central venous catheter (Arrow-Howes'" Quad-Lumen 8 5,5
French, Arrow International) and had to show no signs or symptoms of invasive fungal
disease and have not used antifungal drugs within the previous month This study was an
open label phase II study in which voriconazole was administered parenterally one week
before HSCT (Figure 1) in a loading dose of 6 mg/kg administered as a 2h infusion twice
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on the first day at 9 00 and 21 00 h followed by 4mg/kg in a 1h infusion given twice daily
at 9 00 and 21 00 for the next 13 days This scheme was designed to allow steady state to
be reached before starting cyclosporin for graft-versus-host disease prophylaxis
Treatment was followed by a period of 14 days during which drug concentrations were
measured daily during the first week after discontinuing treatment and once more one
week later on day 28 after starting treatment
Myeloablative therapy The details are shown in Figure 1 All patients received the same
myeloablative conditioning regimen of idarubicm and cyclophosphamide followed by
total body irradiation On day 7 of voriconazole treatment patients were given cyclosporin
at a reduced dose of 2 mg/kg twice daily ι ν, which was maintained until oral administration
was possible
Chemistry Blood was obtained to determine sodium, potassium, chloride, calcium,
inorganic phosphorus, total protein, albumin, glucose, total cholesterol, triglycerides,
blood urea nitrogen , creatinine, uric acid, total bilirubin, alkaline phosphatase, aspartate
ammo transaminase, alanine aminotransammase, gamma-glutamyl transpeptidase and
lactate dehydrogenase

C-reactive protein and an ammo-acid profile were also

determined
Haematology Blood was obtained to determine haematological measurement including
haemoglobin, leukocyte differential counts and platelet counts
Vital signs Temperature, pulse saturation and blood pressure were monitored immediately
before starting the infusion and hourly for the first 4 h afterwards
Safety All adverse events were recorded regardless of treatment or potential causal
relationship to voriconazole

Events involving adverse drug reactions, illness that

developed during the study, or exacerbations of pre-existing illnesses were considered
adverse events In addition, abnormal measurements (e g electrocardiogram changes,
abnormal laboratory test results) that resulted in a change in voriconazole dosage or in
discontinuation of the drug, or required intervention or diagnostic evaluation to assess the
risk to the subject were also recorded as adverse events
Pharmacokinetic analysis Blood samples were drawn and placed in hthium-heparm
containing tubes On days 1 and 2 blood samples were drawn immediately before and at
the end of the 1s' and 2nd infusion On days 3 to 14 blood samples were drawn immediately
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Figure 1 Timeline of events.
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before the morning infusion of voriconazole Additionally on days 7 and 14 a PK curve was
determined at intervals immediately before infusion (time 0), and 1,1 25, 1 5, 1 75, 2, 3, 4,
7, 9 and 12 h after the morning dose Blood samples were centrifuged for approximately
10 minutes at 1000 g (2500 rpm) within 30 minutes of collection Plasma was aspirated
and transferred in two 5 mL plastic tubes and stored at -80oC
Peak plasma concentrations (CmJ were directly observed from the data Pharmacokinetic parameters were derived using non-compartmental analysis with WinNonLm 41
(Pharsight Ine) The area under the plasma concentration-time-curve (AUG) from time
zero to 12 h post infusion (AUC012) was determined by use of the log-linear trapezoidal
rule The elimination rate constant was determined by linear regression of the terminal
points of the log-linear plasma concentration time curve Clearance (CL) was calculated
as dose/AUC012
Analytical procedure Voriconazole samples were measured by High Performance
Liquid Chromatography (HPLC) Samples were pretreated using a protein precipitation
procedure The dynamic range of the assay was 01-10 mg/L and the accuracy range
(n=15), which was dependent on the concentration, was 96 7% to 101 4% Intraday
precision varied between 0 8 % - 3 2% and mterday precision was between 0 - 2 0 % The
assay is externally validated by an international proficiency testing program [10]
Genotypic analysis After signing the informed consent and before staring voriconazole
therapy, two 10 mL samples of EDTA anti-coagulated full blood were obtained for genetic
analysis of CYP2C19 Metabolic status was determined by analysis of the CYP2C19
genotype for poor and extensive metabohsers (CYP2C19*2 and CYP2C19*3 alleles)
Analysis of CYP2C19 genetic polymorphism was conducted by means of pyrosequencing
analysis using a 3-primer system [11]
Statistics Data were entered into in a purpose built relational database (Filemaker version
9, Filemaker Ine) and each item was reviewed and approved by RJB, NMB and JPD SPSS
16 01 (SPSS INC, Chicago, Illinois) was used for statistical testing The results of the pharmacokinetic parameters (AUG, Cmin, Cmax, half-life and clearance) are expressed as
median ± inter quartile range (IQR) A paired students T-test was used to compare
exposure on the two PK day curves A Mann Whitney was used to determine a difference
in clearance related to genotypic variation
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Results
14 patients gave written informed consent to participate in this study Two patients were
not eligible, one of whom was treated with itraconazole and the other withdrew consent
In addition another patient was excluded because of cyclophosphamide had not been
given according to schedule and a fourth was excluded because voriconazole was
stopped early due to a rash which the attending physician assumed was due to
voriconazole The demographic characteristics of the remaining 10 eligible patients
(7 male and 3 female) and the voriconazole dose each received are summarized in Table 1
Pharmacokinetics
Table 1 shows the pharmacokinetic parameters for voriconazole after multiple dose
administration Plasma peak concentrations occurred at the end of the 1 h infusion
Median AUC012 of voriconazole on study day 7 was 33 81 mg*h/L (IQR 20 59-39 39) and
25 31 mg*h/L (IQR 22 48-38 65) one week later on day 14 A paired Student's t-test of the
AUC on day 7 and day 14 showed no significant difference between the two periods
(p=0 642) With regard to trough concentrations, there was considerable inter-subject
variation as well as mtra-subject variation (Figure 2) The median inter-individual coefficient
of variation from day 1 to 14 amounted to 77% (range 49-139%), and the median mtra-mdividual coefficient of variation over the same period was 51% (range 40-132%) Visual
inspection of the trough data showed that the concentration at steady state was reached
before day 2 of therapy One patient (No 3) never reached steady state concentrations
(Figure 2), which was reflected in an elimination half-life that increased from around 9 h on
day 7 of treatment to more than 27 h on day 14 Another patient (No 1) showed the
opposite effect, with increased clearance and, therefore, a shorter half-life over time (half
life day 7= 17 h and day 14= 8 5 h)
Genotypic analysis
Four patients did not carry any of the variant alleles of CYP2C19, six patients had a single
nucleotide polymorphism on one allele rendering them CYP2C19*2 heterozygous poor
metabohsers (Table 1) There was no statistical difference in clearance on either day 7 or
14 between common allele carriers and the CYP2C19*2 heterozygous group (median
clearance for the common genotype carriers on day 7 of treatment was 15 52 L/h (IQR
917- 19 67) versus 8 49 L/h (IQR 747-10 76) for heterozygotes CYP2C19*2) (p=0 257,
Mann Whitney) The median clearance on day 14 of treatment in the wild-type group was
1415 L/h (6 30 -19 63) versus 9 71 L/h (8 27 -14 85) in the heterozygous group, (p=0 762,
Mann Whitney)
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Table 1 Subject characteristics and voriconazole pharmacokinetics on day 7
and day 14 of study.
Day 7 of study (day of HSCT)
Patient

Age Height Weight Dose Gender Underlying
(years) (cm) (kg) (mg)
disease

1ab

41

174

815

2a b

28
60
51

156
190
170

64

176
172
179

8b
9a

56
59
37
49
49

10b

49

169
182
168

89
88
85
66
84

Median

49

173

3
4a
5"b
6a
Tab

IQR

93
75

73
82 8

326

Myeloproliferative
disease
256 Female ALL
372 Male AML
300 Female AML
356 Male NHL
352 Male CML
340
264

AUC(0-12)

Male

Male
Male
336 Male
292 Female

NHL
Waldenstrom
NHL
NHL

1 31

5 52

3918

2 33
2 79

8 07
5 87
3 52
5 07

39 76
4782

0 51
0 95
124
23
143
017
1 79

6 38
5 24
6 38
14 22
13 61

14 75
2112
26 36
39 26
30 23
18 99
37 39

137
612
33 81
(0 84-2 31) (5 20-9 4f3) (20 59

C™.· rmnimal concentration, C r a i , maximum concentration, AUC, area under the concentration
time curve, CLss, clearance under steady-state conditions, 112, serum half-life, ALL, acute lymphoblastic
lymphoma, AML, acute myelogenous leukaemia, CML, chronic myelogenous leukaemia, NHL,
non-Hodgkm lymphoma

Safety
All patients were alive at the end of the study period All patients experienced a total of 167
adverse events that were considered possibly related to voriconazole All adverse events
were mild and transient and resolved and treatment was not discontinued in any of the
assessable cases Two patients experienced three serious adverse events Patient No 3
experienced sepsis syndrome which resolved after a short course of antibiotics Another
patient (No 1) developed sepsis syndrome and then a breakthrough invasive fungal
disease due to Rhizopus pusillus on the penultimate day of voriconazole treatment The
patient recovered after treatment with liposomal amphotericin Β
Of the adverse events considered to be related to voriconazole, 15 were visual adverse
events which affected 7 of the 10 patients who voluntarily reported them to the study nurse
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Day 14 of study (7 days after HSCT)
CLss

HL

Cml„

C^

AUC(0-12)

CLss

HL

8 32

1736

0,69

4,00

22,71

14,35

8,49

6 44

19 68
8 98

2 46
703
0 53
104
0 94

6 61

39 69
99 94

6 45
3 72
2142
16 35

1702
2795
6 37

7 78
20 33

68
8 32
9 27

10 5
34

212

3 83
6 31
5 71

7 81

7 28
19 55

113
0 36
176

7 38
8 06
617

87
(7 80-1707)

9 57
(8 06-1791)

109
(0 65-2 21)

6 24

16 86
13 35
8 66
8 73
1769

9 88
11 24

(3 96-7 55)

14
2177
24 68
38 3
25 93
23 95
3163

14 26
8 88
1018
14 03
9 23

1211
25 31
(22 48-38 65) (8 27-14 85)

8 28
7 31
16 44
7 28
12 61
16 35
10 55
(730-16 59)

"Patients who experienced visual disturbances
"Patients who are heterozygous (or CYP2C19

or attending physician (Table 1) Visual disturbances developed at the start of therapy in
all cases and lasted two to three days in 4 cases and for 1 - 2 weeks in the remaining
cases One patient complained of a hot and cold sensation during infusion and another
of a flushing sensation Seven patients complained of nausea and 5 experienced vomiting
Renal function remained stable in every case (serum creatinine + SD on day 1 68μιτιοΙ/Ι± 12 versus day 14 61 μπηοΙ/Ι- ±11) No nephrotoxicity was observed
No important laboratory abnormalities were reported and the median changes from
baseline in were moderate and not related to voriconazole administration (Table 2) No
electrocardiogram abnormalities were observed Neither visual disturbances nor any
other adverse event appeared related to the CYP2C19*2 genotype
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Figure 2 Trough concentrations of voriconazole from day 0 to day 21 of therapy

Days after start voriconazole

Table 2 Safety profile of liver enzymes at baseline, day 7 and day 14 of voriconazole
treatment
ALAT
(U/L)
median
(range)

ASAT
(U/L)
median
(range)

AP
(U/L)
median
(range)

Bilirubin
(jumol/L)
median
(range)

GT
(U/L)
median
(range)

r

Baseline

25 (10-50)

14 (9-22)

73 (59-112)

13(10-17)

21 (14-42)

Study day 7

62(13-114)

44 (18-83)

90(61-118)

13 (10-33)

105 (36-378)

Study day 14

36 (17-301)

22(11-117)

104(51-205)

17 (10-77)

133 (84 - 485)

ASAT = aspartate ammo transaminase, ALAT= alanine aminotransaminase γ-GT = gamma-glutamyl
Iranspeptidase

There was no evidence of any interactions between voriconazole and the drugs that were
given as co-medication (data not shown)
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Discussion
We report the pharmacokinetics of voriconazole given intravenously to this specific
patient population of allogeneic HSCT recipients at risk of developing invasive fungal
disease Administration of the recommended dose of voriconazole (a loading dose of 6
mg/kg voriconazole twice daily on the first day of treatment followed by 4 mg/kg twice
daily) showed widely variable exposures both within and between these patients who had
all received identical myeloablative conditioning therapy and other comedications
Neither the myeloablative conditioning regimen or cyclosporin had any marked effect on
the pharmacokinetics of voriconazole Patients were profoundly leucopemc and might
have been expected to have shown an altered volume of distribution or differences in
transport mechanisms However our data show that the pharmacokinetics of voriconazole
in this population is not markedly different from other patient groups published in earlier
reports [12-15]
Multiple doses of voriconazole were well tolerated and though serious adverse events
affected two patients they did not lead to premature discontinuation of treatment There
were no clinically significant or voriconazole treatment-related changes in laboratory
tests, vital signs, or in the electrocardiogram during the study period of 21 days
Visual adverse events affected 7 out of the 10 patients and the symptoms were transient
and did not necessitate altering treatment These disturbances generally developed after
the first dose administered and lasted for several days and showed no relationship to any
specific factors, such as high peak levels, total exposure or genotype for CYP2C19 nor
was there any relationship with concomitantly administered drugs The rates of infusion
and the dose per kg were also similar The frequency of visual disturbances in our study
is very high and has not been reported before [16-18] The frequency of visual adverse
events in other settings might have been under-reported due to the transient nature of
these side effects or because they were overlooked when the patient does not complain
The high frequency we observed might also be a chance finding but it does serve as a
useful reminder that these and other side-effects should be monitored closely to gam an
accurate picture of this and other expected adverse drug reactions that affect special
populations such as allogeneic HSCT recipients
Sulphobutylethercyclodextrm is employed as an excipient to suspend voriconazole for
injection and is known to accumulate in patients with compromised renal function and
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may itself cause nephrotoxicity [19, 20] However no nephrotoxicity was observed in this
study as serum creatinine levels were within the normal range at the start of treatment and
essentially remained unchanged throughout the study
There was one breakthrough invasive fungal disease (patient No 1) The pulmonary
infection was due to the zygomycete Rhizopus pusillus which was not susceptible to
voriconazole and was detected on the penultimate day of therapy This was more likely to
have been an infection that would have occurred anyway and simply highlights a potential
shortcoming of prophylaxis with voriconazole rather than any direct consequence of
exposure to voriconazole [21]
Geist et al reported that there was impaired clearance of voriconazole in both heterozygous
and homozygous poor metabohsers [22] We found no homozygous PM patients and
identified 6 out of 10 patients to be heterozygous carriers of CYP2C19*2 It was striking
that the frequency of heterozygous poor metabolisers was much higher than might have
been expected in the general Dutch population [1] This requires further investigation
None the less there was no significant difference in the clearance of voriconazole between
the two genotypic groups, either on day 7 or day 14 of treatment One subject carrying
only common alleles of CYP2C19 showed a saturable metabolism of voriconazole with
increasing plasma trough concentrations over time (patient No 3, Figure 2) but we could
find no explanation for the prolonged half-life Nor did we identify any reports on the
influence of time on a change in the clearance of voriconazole A prospective study would
seem worthwhile to investigate whether time does in fact influence the clearance of
voriconazole in both poor and extensive metabohsers
A number of reports have examined the relationship between plasma voriconazole
concentrations and either efficacy or toxicity of voriconazole [23-25] Low voriconazole
levels have been associated with a higher failure rate in patients with confirmed fungal
infections, and higher levels have been associated with neurological and hepatic toxicity
Provisional boundaries for plasma trough concentrations have been set at 1 to 6 mg/L for
patients without elevated liver enzymes [26] Based on the available data on cut-off
values, around 33 - 40% of these patients could potentially be associated with a higher
likelihood of failure due to plasma trough concentrations below 1 mg/L [23] If, in any
given patient, voriconazole plasma trough concentrations vary to the extent that we
observed, it remains to be seen when levels should be obtained and, which level should
be used to adjust the dose upwards if too low or downwards if too high Moreover, single
trough concentrations may not be representative of a patient's average level Clearly this
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needs to be further explored to determine the utility of therapeutic drug monitoring in this
patient population
The sample size we chose may seem relatively small However when the first concept was
discussed in April 2001 there were no good data at all for allogeneic stem cell transplant
recipients Denning et al collected samples from 122 patients to determine voriconazole
concentrations at various times during the dosing interval "more or less randomly" but
could only report that trough concentrations ranged <01-9 7jijg/L in different patients
[27] No specific data were shown for the 23 recipients of allogeneic HSCT and the
company only had data on 7 healthy male volunteers who had received the 6 mg/kg ι ν
every 12h on day 1 followed by 4 mg/kg ι ν every 12h on days 2 to 7 After discussion with
the company we decided to opt for an intensive sampling scheme in a cohort of 10
allogeneic HSCT recipients all managed with the same conditioning regimen similar to
that employed for the healthy volunteers to determine the basic pharmacokinetics and
found overall exposure and safety of voriconazole among adult HSCT recipients to be
similar to that found for healthy volunteers as well as for similar patients [12-15] However,
the subjects in our study also showed high intra- and inter-individual variation in drug
exposures which may have implications for similar patient population Future studies on
voriconazole should therefore incorporate prospective drug monitoring to confirm these
findings
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Chapter 3.2
A Twice Daily Posaconazole Dosing Algorithm for Children with Chronic
Granulomatous Disease
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Klein N; Burger DM; Warris A.
Pediatr Infect Dis J. 2011 Sep;30(9) 794-797.

POSACONAZOLE IN CGD PATIENTS

Introduction
Chronic granulomatous disease (CGD) is a rare primary immunodeficiency in which
phagocytes fail to generate the microbicidal reactive oxidant superoxide anion and its
metabolites due to mutations in any of the 4 structural components of NADPH oxidase [1]
Clinically, as a result of the defect in the key innate host defense pathway, CGD patients
suffer from recurrent life-threatening bacterial and fungal infections Itraconazole (ITZ) is
used as a first line prophylactic agent in CGD patients [1], but there are several
disadvantages breakthrough infections have been observed [2], it has shown erratic
absorption and patients dislike the taste of the solution
Posaconazole (PSZ, Noxafil®) may be a better alternative for prophylaxis PSZ exhibits a
less potent drug-drug interaction profile on CYP3A4 as compared to some other azole
drugs such as itraconazole However, the major variability of PSZ exposure mainly due to
unpredictable drug absorption may be a challenge [3] (for instance by pH changes due
to simultaneous administration of protonpump inhibitors)
Prophylactic use of PSZ in children has not been reported and no dose recommendations
are available for the pediatric population Treatment of children with PSZ has been
described in literature, but its use is off-label Data derived from an open-label study and
a multicenter retrospective survey in which PSZ was used as salvage therapy, showed
that PSZ was safe and well tolerated in children aged 3-17 years [4, 5] In CGD patients
(age 9-36 years) receiving salvage treatment with PSZ for an invasive fungal infection, 7
out of 8 patients showed a complete response [6]
Since a twice daily regimen has been shown to be efficacious in the curative setting of
antifungal treatment, this frequency was preferred for prophylaxis over a three times daily
dosing algorithm since adherence of young children may improve with less frequent
intake of a drug
The objective of our study is to determine whether this algorithm for PSZ prophylaxis is
safe and well tolerated and results in adequate exposure in children with CGD

113

SECTION C | CHAPTER 3 2

Methods
Approval was obtained from the Committee on Research involving Human Subjects of the
Radboud University Nijmegen Medical Centre and the Academic Medical Centre in
Amsterdam The trial was conducted in compliance with the Declaration of Helsinki during
2009 and 2010 (Clinicaltnals gov ID NCT00799071) Informed consent was obtained from
all parents and patients older than 12 years
In this open-label, non-randomised, multi-centre, phase II, dose-finding trial we aimed to
include 20 CGD patients aged 2-16 years, in order to evaluate 16 patients Any ITZ
prophylaxis was stopped upon inclusion in the trial An allometric dosing algorithm based
on bodyweight (Kleiber potency index 0 75) was chosen for PSZ Patients received PSZ
oral suspension 40mg/mL during 30 days with the following dosages 10-14kg 120mg,
15-19kg 160mg, 20-24kg 200mg, 25-29kg 220mg, 30-34kg 260mg, 35-39kg 280mg,
>40kg 300mg All doses were given BID with a meal (without dietary recommendations)
and with a preferred interval of 12 hours The patient and the parents or legal representative
were provided with a diary to record the intake of PSZ
Blood samples were drawn in the morning after 10, 20 and 30 days A PSZ trough plasma
concentration (Clrough) of 0 5 mg/L was pursued for adequate prophylaxis [7] If the PSZ
Clrough was lower, the dose was doubled and accompanied by repeated dietary advice
The dose was lowered by 50% if Clrough was >3 0 mg/L
Safety was clinically assessed by using the Clinical Toxicity Grades (ACTG) scoring
system at four predefined timepomts Patients were to report side effects to the physician
over the complete treatment period
PSZ plasma concentrations were determined by a validated HPLC assay with fluorescence
detection at the laboratory of the Department of Clinical Pharmacy, Radboud University
Nijmegen Medical Centre, The Netherlands The assay is externally validated by an
international proficiency testing program [8] Patients could choose to continue PSZ after
termination of the trial
SPSS 16 01 (SPSS Ine, Chicago, IL, USA) was used for statistical testing A repeated
measures ANOVA was used to compare PSZ Clrough on day 10,20 and 30 A Mann-Whitney
test was used to test for differences in PSZ Clrou h on day 10 for patients with and without
prior ITZ prophylaxis
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Results
Twelve patients (9 boys) were included and completed the study The demographic
characteristics and the PSZ Clrough on days 10 20 and 30 are presented in Table 1 and
Figure 1

Figure 1 Graphical representation of PSZ C
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A statistically significant difference was noted between the mean PSZ C

on days 10

20 en 30 (repeated measures ANOVA, p<0 001) Post-hoc analysis revealed that the
mean PSZ Clfough on day 30 was significantly lower than on day 10 and 20 (p=0 002 en
0 004, respectively) One PSZ C

was above 3 0 mg/L (patient 11 on day 20) The dose

was reduced by 50% and on day 30 the Clrough was 2 6 mg/L Patient 7 had a Ctrough <0 5
mg/L on day 30 (no deviation of adherence was reported m the patients diary) Median
PSZ Clrough on day 10 for patients with or without ITZ prophylaxis prior to the trial was 1 90
and 1 50 mg/L respectively (Mann-Whitney test p=0 432)
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Table 1 Demographic characteristics of the pediatric study population and PSZ Clr
Patient

6

Gender

Male

Subtype CGD

AR (p47)

Age
(years)

Weight
(kg)

Twice daily dose PSZ
(mg) [mg/kg]

35

15

160 [10 6]

$

2

Male

AR (p47)

48

22

4$

Male

AR(p47)

82

26

on days 10,20 and 30 (sequential order based on age)
PSZ Cl(oljgll (mg/L)
Day10

Day20

Day

30

10

10

08

200 [91]

21

24

19
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9
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Day 20-29 140 [3 8]
7

Male

AR(p47)
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300(6 4]

08
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3
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AR (p47)
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300 [61]
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15
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Male

AR (p47)
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72

300 [4 2]

08
163

195

154

10 6

32

180

180

160

123-210

155-2 45

120-190

Mean
Median
IQR

Note AR, autosomal recessive, XL, X-lmked, PSZ posaconazole Clrougn trough plasma concentration $, ITZ prophylaxis prior to trial, *, patient refused to have blood
samples taken on day 20 and 30 Out of specification concentrations are underlined
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Four patients experienced adverse events judged to be possibly or probably related to
PSZ skin rash (n=2), stomach ache (n=2), headache (n=1), nausea (n=1) and vomiting
(n=1) Both skin rashes started during treatment and both patients had no prior azole
exposure One skin rash, one headache and one stomach ache were grade 2, all other
adverse events were grade 1 In one patient the rash resolved during treatment In all
patients the adverse events did not prompt for cessation of therapy
No serious adverse events were reported The following laboratory abnormalities were
observed, each in one patient elevation of alkaline phosphatase (grade 1) and aspartate
aminotransammase (grade 1), decreased albumin (grade 2), and mild leucocytosis
No breakthrough fungal infections occurred during the trial All five children that used
once daily ITZ prophylaxis prior to the study chose to continue with the twice daily regimen
of PSZ after completion of the trial

Discussion
The results show that an allometric approach is suitable for designing a dosing algorithm for
PSZ prophylaxis in children with CGD, irrelevant of their age PSZ was safe and well tolerated
All children using once daily ITZ (n=5) prior to the study, chose to continue with PSZ after
the trial, mostly because PSZ tasted better and caused less nausea Patient 7 had a PSZ
C

h

< 0 5 mg/L on day 30 This may be caused by temporary reduced adherence, as

previous plasma concentrations were adequate Although only one dose intervention was
necessary, the data are still too limited to apply the dosing algorithm without determining
PSZ Clrough Increasing data suggests that therapeutic drug monitoring (TDM) is warranted
during PSZ treatment [9], because of large intra- and inter-individual pharmacokinetic
differences as a result of food intake, gastric pH and mucosal damage [9]
The mean PSZ Ctmugh was lower on day 30 than on day 10 and 20 A possible explanation
could be an increased clearance of PSZ, as observed previously in mice [10] Another
explanation could be intake of PSZ with smaller amounts of food during the trial
Irrespective of the responsible mechanism, the small differences are regarded clinically
irrelevant TDM was pursued in all 5 patients who continued on PSZ after the trial showing
no further decline in plasma concentrations over time We tested for an influence of prior
exposure to ITZ to rule out an effect on PSZ due to for instance inhibition of the
P-glycoprotem drug transporter
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The EMA registered prophylactic dose of PSZ in adults is 200 mg three times daily A
twice daily schedule was chosen to improve adherence and because combining the daily
dose of PSZ in a single administration would probably lead to insufficient exposure
because of saturable absorption A twice daily dosing regimen is feasible also due to the
long terminal halflife of posaconazole
To limit the number of blood samplings, Clrough was preferred over a full pharmacokinetic
curve for exploratory purposes The most suitable plasma concentration for prophylaxis
and treatment with PSZ remains a point of discussion At the time of study initiation,
Comely ei al [7] reported on the superiority of PSZ to fluconazole or ITZ in the prophylaxis
of invasive fungal infections in adult patients with neutropenia, with mean plasma PSZ
concentration of 0 583 ± 0 381 mg/L In line with these findings a target Clrou h of 0 5 mg/L
was chosen In a recent report [9] the FDA recommends a higher target value of an
average PSZ plasma concentration of 0 7 mg/L As for 11 patients in this trial the PSZ
Clrougli (and thus also the average PSZ plasma concentration) was >0 7 mg/L, the current
FDA recommendation has no influence on the interpretation of the results of this trial
There is no evidence to support the 3 mg/L upper limit but this target was chosen
empirically to prevent unnecessary high drug exposure with possible subsequent toxicity
Initially the trial would encompass 16 patients An interim analysis was planned after 8
patients to prevent treating too many patients with inadequate doses, no stopping criterion
was defined if PSZ exposure was adequate in all patients After evaluation of the data for
12 patients we concluded that the dosing algorithm was suitable for children with CGD It
was decided not to burden any further patients with this trial
It remains to be proven whether the current algorithm can be used in other pediatric
patient populations We believe that also in patients known to have lower exposure to PSZ
due to aspects such as mucositis, poor oral intake etc, this dosing algorithm can be used
as an initial starting regimen, and be further guided by TDM to assure adequate exposure
is attained
Although no invasive fungal infections were observed, the trial design does not allow for
any conclusions concerning the superiority of PSZ with respect to ITZ, because of short
duration of treatment and the limited number of patients
This is the first trial concerning a twice daily dosing regimen for PSZ prophylaxis in
children The designed dosing algorithm is well suited for children with CGD and provided
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adequate exposure Other children can also benefit from PSZ prophylaxis in a twice daily
regimen, as long as sufficient exposure is achieved Because of large intra- and mter-mdividual pharmacokinetic differences that could hamper PSZ exposure, TDM is advised
Further investigation on the use of PSZ in children is necessary
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Abstract
There are currently a number of licensed azole antifungal drugs, however only four are
used frequently in a clinical setting for prophylaxis or treatment of systemic fungal
infections, namely, fluconazole, itraconazole, posaconazole and voriconazole This article
reviews the pharmacokinetic drug-drug interactions of these azole antifungals
The focus of this article is the definition of the (two-way) interactions with azole antifungal
drugs, the metabolic pathway or supposed mechanism involved in these interactions,
and their extent The interaction table provides an overview of all published interactions in
humans (either healthy volunteers or patients) and, based on these findings, we have
developed recommendations for dealing with the specific interactions
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Introduction
Azole antifungals exhibit a wide range and variety of drug-drug interactions Azole drugs
are a substrate for and inhibitors of cytochrome P450 (CYP450) enzymes as well as being
inhibitors of membrane transporters such as P-glycoprotem (P-gp) Inhibition or induction
of CYP450 enzymes may alter the pharmacokinetic profile of the drugs involved and can
thus affect both interacting agents The interaction, should be avoided whenever possible,
as this can lead to either over-dosing or under-dosing of both drugs, leading to toxicity or
a loss of efficacy, respectively The risk of interactions between azole antifungal drug and
other drug classes can differ substantially between individual drugs, even within the same
class of drugs

Methods
A Pubmed search of peer-reviewed journals and review articles was performed using the
keywords 'antifungal', 'pharmacokinetics', 'metabolism', 'drug interactions' and the names
of the individual antifungal drugs Only drug interactions studied clinically are dealt with in
detail in this review since the clinical importance of theoretical interactions cannot be
properly assessed The drug interactions were tabulated according to risk category with
the most relevant category mentioned first Within each category the interacting agent is
the primary determinant Advice on how to cope with specific interactions has been
provided as clearly as possible
The prediction of metabolic drug interactions in humans from m-vitro investigations or
studies in laboratory animals is not straightforward [1, 2] Only human studies were
considered for review as, with respect to animals, substrate specificities and inhibitor
potencies for the enzymes mediating drug biotransformation are not conserved between
species

Pharmacokinetics of Azole Antifungal Drugs
Fluconazole
After oral administration, fluconazole is rapidly and fully (>90%) absorbed with a maximum
absorption (TmaK) 0 5-1 5 hours after intake [3] Tablets are bio-equivalent to oral suspension
as well as rectal suppositories [3, 4] Fluconazole has a protein binding of around 11-12%,
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but this can increase up to 23% in patients with chronic renal failure [5] The volume of
distribution in adults is 0 56 to 0 82 L/kg [3, 6] Elimination is primarily by renal excretion,
with 80% of the drug being excreted unchanged and approximately 10% as metabolites
[7, 8] The elimination half life for adults is around 30 hours but is markedly reduced in
children (15-25 hours) [3] In patients with renal failure the maintenance dose has to be
reduced to 50% [3] In patients requiring hemodialysis, one full dose (100%) should be
administered after every dialysis session [3]
Itraconazole
The oral formulation of itraconazole consists of capsules and an oral solution Capsules
have a less favourable pharmacokinetic profile compared to the oral solution [9] Systemic
bioavailability of itraconazole oral solution is optimized under fasting conditions [10] and
is approximately 55% [11] Itraconazole is highly protein bound (>99%) [12], penetrates
extensively into human tissue [13] but has limited penetration into the cerebrospinal fluid
[14] Itraconazole is extensively metabolised by the liver, predominantly by the CYP3A4
isoenzyme system, and is known to undergo enterohepatic recirculation [15] Hydroxyitraconazole is the major metabolite and shows an equal antifungal activity to the parent
compound Metabolites of itraconazole are excreted into the urine (40%) and bile (55%)
Itraconazole is both a substrate to and inhibitor of CYP3A4, and an inhibitor of P-gp [10,16]
Vor/conazo/e
Voriconazole, given orally, is rapidly and almost fully absorbed (oral bioavailability > 90%)
with a maximum plasma concentration (Cmax) being achieved about 2 hours after
administration in a fasting state [17] The volume of distribution of voriconazole is estimated
to be around 4 6 L/kg with a plasma protein binding of approximately 58% [18]
Voriconazole is extensively distributed into tissues and penetrates well into cerebrospinal
fluid [19, 20] and into vitreous and aqueous humours [21-23] The steady state plasma
concentrations of voriconazole in healthy volunteers are reached after 5-7 days of
treatment but can be advanced to 24 hours by giving a loading dose [24-26] Voriconazole
has non-linear pharmacokinetics with Cmai and Area Under the concentration vs time
Curve (AUG) values that increase more than proportionally to the increase in dose,
possibly due to saturation of the hepatic metabolism of the drug The major redundant
metabolic pathway is through CYP2C19, with CYP2C9 and CYP3A4 being involved to a
much lesser extent The major metabolite of voriconazole possesses no antifungal
activity Voriconazole is an inhibitor of CYP2C9, CYP2C19 and CYP3A4 The drug's
metabolites are primarily excreted in the urine [18] The apparent serum half life of
voriconazole is approximately 6 hours and increases with higher dosages [27]

126

AZOLE DRUG INTERACTION REVIEW

Posaconazo/e
Posaconazole is only available as an oral formulation Like itraconazole, posaconazole is
slowly absorbed with a median Jmai of 5 hours and is also strongly bound to plasma
proteins (>98%) The volume of distribution varies considerably and steady state is
reached after a period of 7-10 days [28-31] Administration of 50 to 800 mg to healthy
volunteers resulted in a linear pharmacokinetic profile [29], and doses over 800 mg
showed no marked increase in total exposure Administration of posaconazole in 2 or 4
divided doses leads to a 2-fold or 3-fold increase in exposure to once daily administration
respectively Posaconazole is metabolised through a phase II reaction (UDP-glucuronosyltransferase 1A4 enzyme system) and converted to a non-active metabolite [32, 33]
About 78% of the drug is recovered in faeces [33] and most of the metabolites are
excreted into the urine with an elimination half-life of the parent compound of around 35
hours (range 20-66 hr) [29] Posaconazole is a substrate for P-gp in vitro

Mechanisms of Drug Interaction
Generally, pharmacokinetic interactions occur at the level of drug absorption, distribution,
excretion, and metabolism, with the frequent involvement of the CYP450 metabolising
enzyme system and drug transporters such as P-gp (Figure 1) The results of these
interactions can be a decrease or an increase in exposure of both interacting drugs, which
can in turn lead to reduced efficacy or increased toxicity, respectively The mechanisms
involved in pharmacokinetic drug interactions are outlined in the following sections

Pharmacokinetic Interactions
Drug Absorption
All four antifungal drugs discussed in this review can be given orally and require absorption
through the mucous membranes of the gastrointestinal tract, so a change in plasma
concentrations can be the result of incomplete drug absorption Drug absorption, and
thus the pharmacokinetic profile of a drug, can be substantially influenced by gastric pH
or by the presence of food
Effect of food on the absorption of azoles
The pharmacokinetics and bioavailability of fluconazole are not affected by food The
mean bioavailability of itraconazole oral solution under steady state conditions was 43%
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Figure 1 Involvement of Cytochrome P450 enzymes and P-gP in the metabolism of
azole antifungals
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higher under fasting conditions compared to fed conditions [34] Single and multiple oral
administration of voriconazole with food lowered the bioavailability by approximately 22%
and delayed absorption compared to a fasting state [35] Administration of voriconazole
with a high fat meal reduced mean Cmüx and AUG by 34% and 24% respectively [18] For
this reason oral administration is recommended either 1 hour before or 1 hour after meals
Posaconazole absorption is strongly affected by the presence and composition of food
The mean increases in AUG and Cmax values were about 400% when administered with a
high-fat meal compared with the fasting state [36] Administration of posaconazole with a
non fat meal enhanced exposure, resulting in a 2 6 and 3 0 fold increase in AUG and Cmax
relative to the fasting state [37 38] Co-administration of posaconazole with a nutritional
supplement increased the Cmax and AUG of posaconazole 3 4 and 2 6-fold compared to
those for the fasting state [39] The daily dose of posaconazole should be divided for
patients suffering from malnutrition, e g 200 mg, four times daily
Effect of gastric pH and Acid reducing agents (ARA) on the absorption of azotes
The absorption of fluconazole is not affected by drugs that increase gastric pH [40] The
concomitant administration of itraconazole and proton pump inhibitors (e g omeprazole)

128

A20LE DRUG INTERACTION REVIEW

or H2-receptor antagonists (e g famotidine, ranitidine) leads to impaired absorption of
itraconazole, resulting in a decrease in exposure [10]
The absorption of voriconazole is not markedly influenced by antacids or proton-pumpmhibitors (PPI), although the mean Cmax and AUG of voriconazole are increased by 15% and
41% by omeprazole due to inhibition of plasma clearance of voriconazole [41] Posaconazole
Cmaji and AUG were reduced by 39 % when co-administered with Cimetidine (400 mg twice
daily) possibly as a result of decreased gastric acid production Effects of proton pump
inhibitors (e g esomeprazole) that may suppress gastric acidity for several hours have only
been presented in abstract form [36] Concomitant administration of posaconazole with
esomeprazole resulted in a 33% decrease in posaconazole exposure [28]
Not only the gastric pH but also the integrity of the gastro-mtestmal tract may be important
for the absorption of antifungal drugs For instance, posaconazole absorption appeared to
be reduced in patients with grade 1 to 2 mucositis compared to patients without mucositis
(AUG 4 54 mg*h/L versus 8 85 mg*h/L for twice daily 400 mg posaconazole) [42]
Metabolism
Drug metabolism mainly occurs in the liver, where two types of reactions occur
Metabolism of most drugs occurs via phase I reactions involving oxidation, reduction and
hydrolysis principally involving the CYP450 enzymes In contrast, phase II reactions are
not mediated by GYP enzymes but involve conjugation of the drugs Drugs can be
substrates, inducers, or inhibitors Substrates are moieties that undergo metabolism by
one or more enzyme Enzyme induction can lead to both increased drug exposure (in
case of a prodrug) as well as decreased drug exposure, with subsequent decreased
effect It may take from a few days to up to 2-3 weeks for enzyme induction to reach its
full extent Enzyme inhibition on the other hand is instantaneous and dose dependent
Effect of azole antifungals on co-medication
All azoles inhibit the CYP3A4 isoenzyme (Figure 1) In humans, CYP3A comprises the
largest fraction of the total GYP content and is responsible for the metabolism of a broad
range of drugs Furthermore, CYP3A4 is involved in pre-systemic metabolism in the gastro-mtestmal tract, influencing the absorption of CYP3A substrates The inhibitory potential
of the azole antifungals vary greatly, with itraconazole and posaconazole being more
potent inhibitors of CYP3A4 than fluconazole or voriconazole In addition to CYP3A4,
fluconazole and voriconazole are also strong non-competitive or mixed-type inhibitors of
CYP2C9 and CYP2C19 [27, 43, 44]
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The clinical relevance depends on the CYP isoform that metabolises the co-administered
drug and the potency of the antifungal agent as an inhibitor of that isoform
Effect of co-medication on azole antifungals
Itraconazole and voriconazole are metabolised by the liver via phase I reactions
Voriconazole is substrate of CYP2C19 and, to a lesser extent, CYP2C9 and CYP3A4 [45,
46] Itraconazole is predominantly metabolised by CYP3A4 and is the only azole antifungal
with an active metabolite [13, 15] Fluconazole is mainly excreted unchanged into the
urine, and hepatic metabolism through CYP3A4 accounts for only 11% of total drug
excreted [6] Interactions influencing the pharmacokinetic profile of fluconazole through
this system are therefore unlikely Posaconazole metabolism involves phase II reactions
(glucuromdation of the drug) [32] Drugs influencing phase II enzyme systems such as
lopinavir / ritonavir [47] can exert a change in the pharmacokinetic profile of the azole drug
involved, leading to an increased or decreased exposure
Genetic Polymorphism of Cytochrome P450 enzyme systems
All enzymes involved in the metabolism of azole antifungals are known to have multiple
polymorphisms that divide the population into poor metabohsers (PM) and extensive
metabohsers (EM) Patients that are homozygous or heterozygous PMs have a limited
enzymatic capacity of the isoenzyme, which leads to a lower metabolic turnover of the
drug involved and thus higher exposure Polymorphisms of CYP2C9 and CYP2C19 may
play a clinically relevant role while polymorphisms of CYP3A4 are not considered clinically
relevant In homozygous PMs of CYP2C19, the C ^ and AUG of voriconazole are
approximately 2-5 times higher than those of EMs [48] The CYP2C9 genotypic variation
does not significantly influence the exposure to voriconazole, as only a small fraction of
the drug is metabolised through this enzymatic pathway [49] The prevalence of variations
in the gene sequence differs by race, with 20-30% of the Asian population being
heterozygous PM for CYP2C19 and 2-3 % of Caucasians [50] Determining the CYP2C19
genotype upfront may predict possible toxicity, Asian patients might especially benefit
from this approach A cost-benefit analysis should be performed before bringing this to
general practice We do not recommend determining genotype before initiation of therapy,
as monitoring of plasma concentrations and clinical signs provide a better basis for
management
Drug transporters
Active transporters such as P-gP, Organic Amon-Transportmg Polypeptides (OATP), and
Breast Cancer Resistant Protein (BCRP) play an important role in drug interactions by
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regulating access of drugs to the drug-metabolising enzymes and by controlling drug
concentrations in enterocytes and hepatocytes Hence the contribution of efflux
transporters in drug-drug interactions cannot be excluded [16,51] however there is a lack
of convincing data on the clinical relevance of drug transporters
P-Glycoprotein (P-gp)
P-gP acts as an energy-dependent efflux pump that exports substrates out of the cell and
is an important molecular determinant of oral bioavailability, brain penetration, and treatment
resistance to several therapeutically used drugs Modulation of P-gp function may play a
significant role in drug interactions Two azole antifungals, itraconazole and posaconazole,
are substrates and inhibitors of the MDR-1 gene product P-gp [16, 28] In vivo, no concrete
relations between azole antifungal drug and P-gp have been established [51]
Other transporter systems
The organic anion-transporting polypeptide 1B1 (OATP1B1) is a multi-specific carrier
capable of bidirectional transport across the sinusoidal liver membrane [52] For instance,
atorvastatm is subject to cellular membrane transport by OATP1B1 and P-gp It is
suggested that itraconazole might block transport of atorvastatm due to inhibition of the
OATP1B1 enzyme system [53] The exact role of OATP however has not been established
and thus its specific role in drug-interactions with selected substrates and inhibitors such
as itraconazole remains unclear and requires further investigation
The human breast cancer resistance protein (BRCP) belongs to the ATP-bindmg cassette
transporter family BCRP does not seem to be inhibited by fluconazole and voriconazole
A simulation model has demonstrated that it is highly likely that BCRP is inhibited by
itraconazole [54] In vivo no relations between azole antifungal drug and BCRP have been
established

Renal excretion
Drug interactions based on alterations in renal elimination mainly involve changes in
tubular secretion or changes in kidney function Drugs that use the same active transport
system in the kidney tubules can compete for this excretory system The two drugs
excreted by the kidneys are fluconazole and hydroxy-itraconazole There have been
no reports as yet that impaired renal function caused by nephrotoxic drugs such as
cyclosporme or gentamicm has led to increased toxicity of fluconazole or hydroxyitraconazole as a result of increased exposure
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Prediction of drug interactions
Drug interactions can cause many clinical problems Ideally, comprehensive information
should be available before a new drug completes the registration process As we aim
for the maximum attainable therapeutic effect when treating invasive fungal disease it
is important to be aware of the mechanisms, whether theoretical or proven, behind
drug-drug interactions Nowadays, software tools are available which facilitate rapid
monitoring for interactions thereby assisting clinical decision making
Therapeutic Drug Monitoring
A drug-drug interaction is never straightforward, in a way that every single patient shows
a similar degree of the effect when experiencing a drug-drug interaction Therapeutic
drug monitoring (TDM) is an important tool in identifying the extent of the interaction and
help resolve actual and potential problems TDM can be used to guide dosing and to
optimize therapy to prevent sub therapeutic effects or toxicity [55]

Practical issues for use of the interaction table
The interaction table (Table 1) provides an overview of drug-drug interactions published
in peer-reviewed journals The table has a risk ranking order (adapted from Up to Date/
Lexi Interact Tool [56]) Avoid combination (X), Consider therapy modification (D), Monitor
therapy (C), No action needed (B) and No known interaction (A) The interactions that are
most severe are listed first This type of grading system helps the clinician to judge which
drug combination to avoid or which combinations can be safely used Futhermore, we
have defined nine areas (see Table 1 legend) which we consider necessary to be able to
make a judgement of the drug-drug interaction In the advice section, the authors have
provided recommendations on how to deal with the specific interaction Both the risk
ranking and the advice reflect the opinion of the authors of this article, and is based on
interpretation from (multiple) studies and gathered information The advice may therefore
differ slightly from the opinion in the referred article

Considerations
We aimed to provide a comprehensive review of drug-drug interactions with the azole
antifungals in current use for treating invasive fungal diseases New information is
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emerging rapidly and thus this review is by its very nature incomplete Awareness of the
mechanisms involved in these interactions is pivotal for the optimization of treatment of
patients requiring antifungal therapy
For the clinical interpretation, it should be kept in mind that much of the data presented
are from studies in healthy volunteers or a limited number of patients and the clinical
setting may therefore differ from the controlled setting of an interaction study
Drug interactions do not only occur when therapy is initiated but can also become evident
only after the drug is stopped, particularly if the agent in question is an enzyme inducer
as this might lead to toxic concentrations
TDM is a valuable tool in assessing the effect of a drug-drug interaction for both antifungal
azole drugs and, if possible, the co-administered drug To perform TDM, a validated
analytical method has to be available to determine whole blood or plasma concentrations
Assays have to be validated to ensure accuracy and precision Measurement of samples
can be done m-house if facilities are available or sent to reference laboratories with
validated assays The shorter the turnaround time, the better (for instance, within 48 hours
would be preferable for prompt patient management) Interpretation of the results can be
carried out by a clinical pharmacist/pharmacologist or another healthcare professional
familiar with TDM
Finally, addressing the problem of drug-drug interactions is a multidisciplmary task, with
the goal of minimizing unwanted side effects, while optimizing patient care
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Table 1 Interaction table of azole antifungal drugs with co-administered agents.
CATEGORY X
AVOID COMBINATION
Dafa demonstrate that the specified agents may interact with each other in a
clinically significant manner. The risks associated with concomitant use of these
agents usually outweigh the benefits. These agents are generally considered to be
contraindicated.

Co-administered agent

Antifungal
agent

Type of study

Subjects involved

Nr
of patients

Antacids

ITZ

Open label randomized,
cross-over

Healthy volunteers

12

Carbamazepme and / or
Phénobarbital

ITZ

Case report

Patients

3

Cimetidine

PSZ

Not available

Not available

Not available

Didanosine chewable
tablet
Fluticasone

ITZ

7

Grapefruit juice

ITZ tablet

Open label, randomized, Healthy volunteers
cross-over
Open label, nonLung TX Patients
randomized, parallel
Open label randomized, Healthy volunteers
cross-over

Lovastatm

ITZ

Healthy volunteers

12

Lovastatm

ITZ

Healthy volunteers

10

Omeprazole

ITZ

Double-blind,
randomized, cross-over
Double-blind,
randomized, cross-over
Open label, nonrandomized

Healthy volunteers

11

Phenytoin

ITZ

28

Phenytoin

PSZ

Open label, randomized, Healthy volunteers
parallel
Open label, randomized, Healthy volunteers
parallel

Rifabutin

PSZ

Open label, nonrandomized,parallel

Healthy volunteers

24

Rifampin

ITZ

Open label, nonrandomized, parallel,
cross-over

9

Sirolimus

PSZ

Healthy volunteers

Combination of healthy
volunteers, and AIDS
Patients
Not available
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ITZ

20
11

36

Not available
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Interaction
mechanism

Effect of Interaction

Advice

References

Stomach pH

ITZ AUCU and C ^ l

Avoid combination

[57]

Induction of
CYP3A4

ITZC 1

Avoid combination

[58]

?

mm

PSZ AUG I and Cmax4ITZ AUCU and C ^ i i

Inhibition of
CYP3A4
Inhibition of
intestinal CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Stomach pH
increase
Induction of
CYP3A4

Fluticasone CssTT

Avoid combination, momlor side effects

ITZ AUC-l and C i, HITZ
Avoid combination, use ITZ oral solution
AUCl and C m a x i
Lovastm AUCTT and
Avoid combination
C TT
ma»

Lovastm AUCTT and
C TT
max

ITZ Cmm4.1 and AUCU
ITZ AUCU and C ^ U ,
Phenytoin AUCT

[60]
[61]
[62]

Avoid combination

[63]

Avoid combination with ITZ capsules, use oral
solution ITZ
Avoid combination, TDM of ITZ

[64]
[65]

PSZ AUCU and C i

Avoid combination, If no alternative increase
[66]
dose of PSZ and TDM of PSZ, Monitor for toxicity
of phenytom, TDM of phenytom

PSZ AUG J. and C

Avoid combination, otherwise increase PSZ
[67]
dose, TDM of PSZ, Monitor for toxicity of rifabutin

I,

max

Induction of
CYP-P450

Avoid combination If combined TDM of PSZ
[28]
and increase dose of PSZ if necessary
Use didanosine enteric coated capsules (Videx [59]
EC) not chewable tablet (these contain antacids)

rifabutin AUCT and
C Τ
max

ITZ AUCJ.J. and C

U

Sirohmus AUCTT and
C TT

Avoid combination

[68]

Avoid combination

[28]
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Co-administered agent

Antifungal
agent

Type of study

Subjects involved

Nr
of patients

Sirolimus

VRZ

Retrospective

Patients

11

St John's Wort

VRZ

Controlled open label

Healthy volunteers

16

Terfenadine

ITZ

Healthy volunteers

6

Triazolam

ITZ

Open label, nonrandomized, cross-over
Open label, randomized
cross-over

Healthy volunteers

10

Triazolam

ITZ

Vincristine

ITZ

136

Double-blind,
randomized, cross-over
Case reports

Heallhy volunteers
Patients

Multiple
patients
in multiple
reports
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Interaction
mechanism

Effect of interaction

Advice

References

Inhibition of
CYP3A4

Sirohmus A U C Î Î

Avoid combination

[69]

Induction ol
CYP-P450

Short term increase in
exposure followed by a
reduced exposure of VRZ

Avoid combination

[70]

Inhibition of
CYP3A4

Terfenadine AUCT, QT
prolongation

Avoid combination

[71]

Inhibition of
CYP3A4

Triazolam A U C Î Î and

Avoid combination, monitor for toxicity ol
triazolam

[72]

Inhibition of
CYP3A4

Triazolam A U C Î Î and

Avoid combination, monitor for toxicity of
triazolam

[73]

Inhibition of
CYP3A4, P-gP

Unknown

Avoid combination Monitor (or toxicity of
vincristine,

[74-82]

max

C^TT
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CATEGORY D
CONSIDER THERAPY MODIFICATION
Data demonstrate that the two medications may interact with each other in a
clinically significant manner. A patient-specific assessment must be conducted to
determine whether the benefits of concomitant therapy outweigh the risks. Specific
actions must be taken in order to realize the benefits andlor minimize the toxicity
resulting from concomitant use of the agents. These actions may include aggressive
monitoring, empiric dosage changes, choosing alternative agents.

Co-administered agent

Antifungal
agent

Type of study

Alfentaml

FLZ

9

Alfentaml

VRZ

Double-blind,
Healthy volunleers
randomized, cross-over
Open randomised cross- Healthy volunteers
over

Amitriptylme

FLZ

Case report

3

Atazanavir (either with or
without ritonavir)
Atorvastatin

PSZ

Not available

AIDS and ESRD
Patients
Patients

ITZ

Double-blind,
randomized, cross-over

Healthy volunteers

10

Budesomde

ITZ

Healthy volunteers

10

Budesomde

ITZ

Double-blind,
randomized, cross-over
Open label, nonrandomized, wilh
retrospective matched
controls

CF and CGD Patients

67

Cabergolme

ITZ

Case reports

PD Patients

2

Celiprolol

ITZ

Open label, randomized
cross-over

Healthy volunteers

12

Ciclosporine

FLZ

Renal TX Patients

16

Ciclosporine

FLZ

Double-blind,
randomized
Open label, cross-over

Renal TX Patients

6

Ciclosporine

FLZ

Patients

6

Ciclosporine

ITZ

Open label, nonrandomized
Open label nonrandomized

Renal TX Patients

8
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Subjects

Nrof
patients

12

Not available
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Interaction
mechanism

Effect of interaction

Advice

References

nhibition of
CYP3A4

Alfentaml AUCT

Monitor for toxicity of alfentanyl and adjust dose
of alfentanyl if necessary

[83]

nhibition of
CYP3A

Mentami AUCTT

Monitor for toxicity of alfentanyl and adjust dose
of alfentaml if necessary

[84]

nhibition of
CYP2C9

Amitriptyline AUCT

Monitor for toxicity of amitryptilme

[85]

?

Atazanavir AUCTT and
C TT

Monitor for toxicity of atazanavir, TDM of
atazanavir

[28]

nhibition of
CYP3A4

Atorvastatin AUCTT,

Monitor for toxicity of atorvastatin and adjust
dose if necessary Upon initiation of therapy,
start with low dose of atorvastatin

[86]

nhibition of
CYP3A4

Budesomde AUCTT and
C Τ

Increased risk of adverse effects

[87]

nhibition of
CYP3A4

Not available

Monitor adrenal function

[88]

nhibition of
CYP3A4

Cabergolme CssTT

Reduce dose of cabergolme

[89]

P-gP

Celiprolol AUCT and

Monitor for toxicity of Celiprolol and reduce dose [90]
if necessary

nhibition of
CYP3A4

Ciclosporine AUC Τ

Monitor for toxicity of Ciclosporine and adjust
dose if necessary TDM of Ciclosporine

[91]

nhibition of
CYP3A4

Ciclosporine AUCTT and

Monitor for toxicity of Ciclosporine and adjust
dose if necessary TDM of Ciclosporine

[92]

nhibition of gut
metabolism,

Ciclosporine AUCT and

Monitor for toxicity of Ciclosporine and adjust
dose if necessary TDM of Ciclosporine

[93]

nhibition of
CYP3A4

Ciclosporine AUCT and

Momlor for toxicity of Ciclosporine, TDM of
Ciclosporine, Upon initiation of Ciclosporine,
start with a 50% reduced dose of Ciclosporine,
a dose reduction of 50% of Ciclosporine upon
initiation of azole seems warranted

[94]

max

C

™T' actlve
metabolitesTT

max
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Co-administered agent

Antifungal
agent

Type of study

Subjects Involved

Ciclosporine

ITZ

Open label, nonrandomized, cross-over

SCT Patients

Ciclosporine

PSZ

Open label, nonrandomized

Heart TX Patients

Ciclosporine

VRZ

Randomized, placebo
controlled, double-blind,
cross-over

Renal TX Patienls

Cimetidine

ITZ

Heallhy volunteers

8

Diclofenac

VRZ

Open label, nonrandomized, cross-over
Two-way, open label,
cross-over

Healthy volunteers

10

Digoxin

ITZ

Healthy volunteers

10

Elavirenz

PSZ

Double-blind,
randomized, cross-over
Not available

Not available

Not available

Etavirenz

VRZ

Randomized, placebocontrolled

Healthy volunteers

34

Efavirenz

VRZ

Open label, nonrandomized

Healthy volunteers

16

Ethinyl estradiol and
norethmdrone

VRZ

Open label, non
randomized

Healthy volunteers

16

Felodipme

ITZ

Healthy volunteers

9

Fluvastatm

FLZ

Double-blind,
randomized, cross-over
Double-blind,
randomised, cross-over

Healthy volunteers

12
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Interaction
mechanism
Inhibition ol
CYP3A4

Inhibition of
CYP3A4

Inhibition of
CYP3A4

Effect of interaction

Advice

References

[95]

Ciclosporine CssT

Monitor for toxicity of Ciclosporine, TDM of
Ciclosporine, Upon initiation of Ciclosporine,
start with a 50% reduced dose of Ciclosporine,
a dose reduction of 50 % of Ciclosporine upon
initiation of azole seems warranted

[96]

Ciclosporine Τ

Monitor for toxicity o( Ciclosporine, TDM of
Ciclosporine, Upon initiation of Ciclosporine,
start with a 75% reduced dose of Ciclosporine,
a dose reduction of 75% of Ciclosporine upon
initiation of azole seems warranted
Monitor for toxicity of Ciclosporine, TDM of
Ciclosporine, Upon initiation of Ciclosporine,
start with a 66% reduced dose of Ciclosporine,
a dose reduction of 66% of Ciclosporine upon
initiation of azole seems warranted
Monitor for toxicity of Cimetidine

[97]

Clinical relevance unknown

[99]

Digoxin AUCT and C ^ T

Monitor digoxin plasma level

[100]

Ciclosporine AUCTT

P-gP
Inhibition of
CYP2C9, and
CYP3A4 and
CYP2C19
P-gP

Cimetidine AUCT

[98]

Diclofenac AUCTT and

CLÎÎ

PSZ A U C i and C ^ i

TDM of PSZ, increase dose of PSZ if necessary

[28]

Induction of
CYP2C19
and CYP2C9
by efavirenz,
inhibition of
CYP3A4 by VRZ

Efavirenz AUCT and
C T.VRZAUCUand

Use 300 mg efavirenz once daily, use 400 mg
VRZ twice daily, TDM of efavirenz and VRZ

[101 ]

Induction of
CYP2C19
and CYP2C9
by efavirenz,
inhibition of
CYP3A4byVRZ

Efavirenz AUCT and
C T, VRZ A U C U and

Use 300 mg efavirenz once daily, use 400 mg
VRZ twice daily, TDM of efavirenz and VRZ

[102]

Inhibition of
CYP2C19by
ethinyl estradiol,
inhibition of
CYP3A4byVRZ

VRZAUCTandC m l < T,
ethinyl estradiol AUCÎ
and C ^ T , norethmdrone
AUCT and C ^ T ,

Inhibition of
CYP3A4
Inhibition of
CYP2C9

mai

'

CU

max ,

* '

C I

- Felodipme CmaxTT and
AUCTT
Fluvastatm AUCT and

C. J

Monitor for toxicity of voriconazole and oral
contraceptive

[103]

Monitor for felodipme toxicity, ad|ust dose of
felodipme if necessary

[104]

Monitor for toxicity of fluvastatm and adjust dose
if necessary Upon initiation of therapy, start with
low dose of fluvastatm

[105]
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Co-administered agent

Antifungal
agent

Type of study

Subjects involved

Nr
of patients

Glimepiride

FLZ

Healthy volunteers

12

Methadone

VRZ

Patients on methadone
therapy

23

Midazolam

FLZ

Healthy volunteers

9

Midazolam

FLZ

Double-blind,
randomized, cross-over
Randomized, placebo
controlled, double-blind,
parallel
Open label, randomized,
cross-over
Open label, parallel

ICU Patients

10

Midazolam

FLZ

Healthy volunleers

12

Midazolam

FLZ

Double-blind,
randomized, cross-over
Open label, parallel

Midazolam

ITZ

Healthy volunteers

12

Midazolam

ITZ

Healthy volunteers

9

Midazolam

ITZ

Healthy volunteers

9

Midazolam

ITZ

Healthy volunteers

12

Midazolam

PSZ

Healthy volunteers

13

Midazolam

VRZ

Healthy volunteers

10

Nellmavir

FLZ

Double-blind,
randomized, cross-over
Open label, non
randomized, cross-over
Double-blind,
randomized cross-over
Double-blind,
randomized cross-over
Open label, randomized,
cross-over
Open, randomized,
cross-over
Case report

HIV Patients

3

Nevirapme

ITZ

Open label, randomized, Healthy volunteers
cross-over

12

Omeprazole

FLZ

Open label, non
randomized, cross-over

Healthy volunteers

18

Omeprazole

VRZ

Open, randomized,
placebo controlled, two
way cross-over

Healthy volunteers

18

Phenytoin

FLZ

20

Phenytoin

VRZ

Open label, randomized, Healthy volunteers
parallel
Healthy volunteers
Study A open label
Study Β double-blind,
randomized
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Healthy volunteers

Study A 21
Study Β 15
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Interaction
mechanism

Effect of interaction

Advice

Inhibition of
CYP2C9
Inhibition of
CYP3A4, CYP2C9
and/orCYP2C19
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition ol
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition ol
CYP2C19and
CYP3A4
Induction of
CYP3A4 by
nevirapme
Inhibition of
CYP2C19and
CYP3A4
Inhibition of
CYP2C19

Glimepinde AUCTT and
C Î

Monitor for glimepinde toxicity and adjust dose
if necessary
Monitor for toxicity of methadone and adjust
dose if necessary

Inhibition of
CYP2C9
Induction of
CYP2C19and
CYP2C9 by
Phenytoin,
inhibition of
CYP2C9byVRZ

max

Methadone AUCÎÎ

Midazolam AUG TT and
C Î
max.

Midazolam AUCTT
Midazolam AUCTT and
C Τ
ma»

Midazolam AUCT
Midazolam AUCÎT and
C ÎÎ
max

Midazolam AUCÎÎ and
C TT
max

Midazolam AUCÎT and
C ÎÎ
max

Midazolam AUCTT and
C TT
max

Midazolam AUCT
Midazolam AUCTT and
C TT
mai

Nellinavir AUCÎ

Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
Monitor for toxicity of midazolam and adjust
dose if necessary
TDM of nelfmavir and adjust dose il necessary if
boosted with ritonavir

ITZ C i and AUCU

TDM of ITZ and increase dose of ITZ

Omeprazole AUCTT and
C Τ

Monitor lor loxicity of omeprazole and adjust
dose if necessary Upon initiation of therapy,
start with low dose of omeprazole
No clinical relevant effect on VRZ, Monitor
for toxicity of omeprazole and adjust dose if
necessary Upon initiation of therapy, start with
low dose of omeprazole
Monitor for toxicity of phenytom and adjust dose
if necessary TDM of phenytom
Increase VRZ maintenance dose to 400 mg bid,
TDM of VRZ, monitor for toxicity of phenytom,
TDM of phenytom

max

VRZAUCT, omeprazole
AUCTT and G î

Phenytoin AUCT
VRZ AUCU and
C ^ i i , Phenytoin
AUCÎÎ and C TT

References
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Co-administered agent

Antifungal
agent

Type of study

Subjects involved

Nr
of patients

Ritonavir

VRZ

Study A Randomized ,
double-blind, placebo
controlled, parallel
Study Β Randomized

Healthy volunteers

Study A 34
Study Β 17

Ritonavir

VRZ

20

Saquinavir

ITZ

Randomized placebo
Healthy volunteers
controlled cross over
Open label, randomized, HIV Patients
parallel

Simvastatine

ITZ

Double-blind
randomized, cross-over

Healthy volunteers

10

Tacrolimus

FLZ

Open label, non
randomized

Patients

15

Tacrolimus

FLZ

Open label, non
randomized

Kidney, liver and heart
transplant patients

16

Tacrolimus

ITZ

Open label, nonrandomized, cross-over

HSCT Patients

Tacrolimus

ITZ

Retrospective

Lung TX Patients

40

Tacrolimus

PSZ

Open label, non
randomized

Healthy volunteers

34

Zolpidem

VRZ

Open, randomized, two
phase, cross over

Healthy volunteers

10
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Interaction
mechanism

Effect of interaction

Advice

References

Induction of
CYP2C19and
CYP2C9

VRZ AUCJ-J-and C 11

Consider alternative therapy or monitor VRZ

[121]

Inhibition of
CYP3A4
Inhibition of
CYP3A4 and P-gP
Inhibition of
CYP3A4

VRZ AUCT and CmajT

Consider alternative therapy or monitor VRZ

[122]

Saquinavir AUCT

Monitor for toxicity of saquinavir and adjust dose [123]
if necessary

Simvastatin AUCTT and
C TT

Monitor for toxicity of simvastatin and adjust
dose if necessary Upon initiation of therapy,
start with low dose of simvastatin
Monitor for toxicity of tacrolimus, TDM of
tacrolimus, Upon initiation of tacrolimus, start
with a 50% reduced dose of tacrolimus, a dose
reduction of 50 % of tacrolimus upon initiation of
azole seems warranted
Monitor for toxicity of tacrolimus, TDM of
tacrolimus, Upon initiation of tacrolimus, start
with a 50% reduced dose of tacrolimus, a dose
reduction of 50 % of tacrolimus upon initiation of
azole seems warranted
Monitor for toxicity of tacrolimus, TDM of
tacrolimus, Upon initiation of tacrolimus, start
with a 50% reduced dose of tacrolimus, a dose
reduction of 50 % of tacrolimus upon initiation of
azole seems warranted

max

[124]

Inhibition of gut
metabolism

Tacrolimus AUCT and
C Î

Inhibition of
CYP3A4

Tacrolimus C„ TÎ

Inhibition of
CYP3A4

Tacrolimus CssT

Inhibition of
CYP3A4

Tacrolimus C

Inhibition of
CYP3A4

Tacrolimus AUCTT and
C TT

Monitor for toxicity of tacrolimus, TDM of
[96]
tacrolimus, Upon initiation of tacrolimus, start
with a 50% reduced dose of tacrolimus, a dose
reduction of 50 % of tacrolimus upon initiation of
azole seems warranted

Inhibition of
CYP2C9 and
CYP3A4

Zolpidem AUCT

Monitor for toxicity of Zolpidem and adjust dose
if necessary

ÎÎ

[93]

[125]

[95]

Monitor for toxicity of tacrolimus, TDM of
[126]
tacrolimus, Upon initiation of tacrolimus, start
with a 50% reduced dose of tacrolimus, a dose
reduction of 50 % of tacrolimus upon initiation of
azole seems warranted

[127]
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CATEGORY C
MONITOR THERAPY
Data demonstrate that the specified agents may interact with each other in a
clinically significant manner. The benefits of concomitant use of these two
medications usually outweigh the risks. An appropriate monitoring plan should be
implemented to identify potential negative effects. Dosage adjustments of one or
both agents may be needed in a minority of patients.

Co-administered agent

Antifungal
agent

Type of study

Alprazolam

ITZ

Brompendol

ITZ

Cimetidine

VRZ

Double-blind
Healthy volunteers
randomized cross-over
Open label, nonHealthy volunteers
randomized, cross-over
Open label, randomized, Healthy volunteers
placebo controlled,
cross-over

Clarilhromycm

ITZ

Cyclophosphamide

FLZ

Cyclophosphamide

ITZ

Dexamethasone

ITZ

Diazepam

FLZ

Diazepam

ITZ

Diazepam

VRZ

Elizolam

ITZ

Fentanyl

FLZ

Fentanyl

ITZ

Fentanyl

VRZ

Haloperidol

ITZ

146

Case report

Subjects

MAI Patients

Open label, randomized, SCT Palients
Open label, randomized

SCT Patients

Double-blind,
Healthy volunteers
randomized, cross-over
Open label, randomized, Healthy volunteers
cross-over

Nrof
patients
10

12

3
104
105
8
12

double-blind,
Healthy volunteers
randomized, cross-over
Open label, randomized, Healthy volunteers
cross-over

10

Double-blind,
randomized, cross-over
Open label, randomized,
cross-over
Double-blind
randomized cross-over
Open label, randomized,
cross-over
Double-blind
randomized cross-over

Healthy volunteers

12

Healthy volunteers

12

Healthy volunteers

10

Healthy volunteers

12

Healthy volunteers

19

12
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Interaction
mechanism

Effect of interaction

Advice

References

nhibition of
CYP3A4
nhibition of
CYP3A4
nhibition of
CYP450 by
Cimetidine
nhibition of
CYP3A4
nhibition of
CYP2C9
nhibition of
CYP3A4
nhibition of
CYP3A4
nhibition of
CYP2C19and
CYP3A4
nhibition of
CYP3A4
nhibition of
CYP2C19and
CYP3A4
nhibition of
CYP3A4
nhibition of
CYP3A4
nhibition of
CYP3A4
nhibition of
CYP3A4
nhibition of
CYP3A4

Alprazolam AUCT

Monitor for toxicity of alprazolam

128]

Brompendol Cssî

Monitor for side effects ol brompendol

129]

VRZAUCÎandCmaxT

Monitor (or toxicity of voncconazole

130]

Clarithromycin AUCT

Clinical relevance unknown, Monitor for toxicity
of clarithromycin
Monitor for toxicity of cyclophosphamide

131]
132]

Monitor (or toxicity of cyclophosphamide

132]

Dexamethasone AUCTT
and C Τ
max
Diazepam AUCÎ

Monitor for toxicity of dexamethasone

133]

Monitor for toxicity of diazepam and adjust dose
if necessary

134]

Diazepam AUCT

Monitor for toxicity of diazepam

135]

Diazepam AUCÎ

Monitor tor toxicity of diazepam and adjust dose
if necessary

134]

Etizolam AUCT

Monitor for toxicity of etizolam

136]

Fentanyl AUCÎ

Monitor for toxicity of fentanyl

137]

No effect

No clinical relevance, no action

138]

Fentanyl AUCÎ

Monitor for toxicity of fentanyl

137]

Haloperidol AUCÎ and

Monitor for toxicity of halopendol

139]

Alternative metabolic
pathway
AUG of metabohtesT
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Co-administered agent

Antifungal
agent

Type of study

Subjects involved

Nr
of patients

Ibuprofen

FLZ

Healthy volunteers

12

Ibuprofen

VRZ

Healthy volunteers

12

Loperamide

ITZ

Healthy volunteers

12

Losartan

FLZ

Open label, randomized,
parallel
Open label, randomised
cross-over
Open, randomized
cross-over
Open, randomized,
parallel

Healthy volunteers

16

Losartan

FLZ

Healthy volunteers

11

Methylpredmsolone

ITZ

Healthy volunteers

10

Penspirone

ITZ

Healthy volunteers

9

Quinidme

ITZ

Healthy volunteers

6

Quinidme

ITZ

Healthy volunteers

9

Repaglimde

ITZ

Healthy volunteers

12

Rifabutin

FLZ

HIV Patienls

12

Rifabutin

FLZ

Double-blind
randomised, cross-over
Double-blind,
randomized, cross-over
Open label, nonrandomized, cross-over
Open label, nonrandomized, cross-over
Double-blind,
randomized, cross-over
Open label, randomized
cross-over
Open label, nonrandomized, cross-over
Open label, randomized

HIV Patients

10

Rifampin

FLZ

AIDS Patients

11

Rifampin

FLZ

Open label, nonrandomized
Open label, parallel

AIDS Patients

24

Rifampin

FLZ

IC Patients

2

Risperidone

ITZ

Schizophrenic patients

19

Ropivacame

ITZ

Healthy volunteers

8

Triazolam

FLZ

Case series, parallel
controlled
Open-label, nonrandomized, cross-over
Double-blind,
randomised, cross-over
Double-blind,
randomized, cross-over

Venlafaxm

VRZ

?

Heallhy volunteers

Warfarin

FLZ

Open-label, nonrandomized

Healthy volunteers

Warfarin

VRZ

Double-blind, placebo
controlled, cross over

Heallhy volunteers
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Healthy volunteers
12
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Interaction
mechanism

Effect of Interaction

Advice

Inhibition of
CYP2C9
Inhibition of
CYP2C9
Inhibition of
CYP3A4, P-gP
Inhibition of
CYP2C9 and
CYP3A4
Inhibition of
CYP2C9
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4, P-gP
Inhibition of
CYP3A4, P-gP
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Induclion of
CYP-P450
Induction of
CYP-P450
Induction of
CYP-P450
Inhibition of
CYP3A4
Inhibition of
CYP3A4
nhibition of
CYP3A4
nhibition
of CYP3A4,
CYP2C9,
CYP2C19
nhibition of
CYP3A4 and
CYP2C9
nhibition of
CYP2C9

Ibuprofen AUCT

Monitor for toxicity of Ibuprofen

Ibuprofen AUCT

Monitor for toxicity of Ibuprofen

Loperamide AUCTT and

Monitor for toxicity of loperamide

References

C^TT
Losartan AUCT and

C

Effect unclear, Monitor for toxicity of losartan

„J

Losartan AUCÎ, Active
metabolite AUCl
Methylpredmsolone
AUCTT
Perispirone AUCTT and

c^îî

Effect unclear, Monitor for toxicity of losartan
Monitor for toxicity of methylpredmsolone
Monitor for toxicity of perispirone

Quinidme C^T

Monitor for toxicity of quinidme

Quinidme AUCTT and

Monitor for toxicity of quinidme

c^î
Repaglmide AUCT and

Monitor for toxicity of repaglmide

O
Rifabutin AUCT and

Monitor for toxicity of rifabutin
rifabutin metabolite AUCTT
Rifabutin AUCT and Cma)T Monitor for toxicity of rifabutin
No effect

Monitor efficacy of FLZ TDM of FLZ

FLZAUCiandC^J.

Monitor efficacy of FLZ, TDM of FLZ

FLZAUCi

Monitor efficacy of FLZ, TDM of FLZ

Risperidone CssT

Monitor for toxicity of risperidone

Ropivacame AUCT and

Monitor for toxicity of ropivacame

Triazolam AUCÎ and

O

Monitor for toxicity of triazolam

Venlafaxm AUCT

O

Monitor for toxicity of venlafaxm

Warfarin AUCT

Monitor for toxicity of warfarin

Warfarin induced increase
of AUEc and maximum of
prothrombin time
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CATEGORY Β
NO ACTION NEEDED
Data demonstrate that the specified agents may interact with each other, but there
is little to no evidence of clinical concern resulting from their concomitant use.
Co-administered agent

Antifungal
agent

Type of study

Anpiprazole

ITZ

24

Atenolol

ITZ

Open-label, non
Healthy volunteers
randomized, cross-over
Open-label randomized, Healthy volunteers
cross-over

Azilhromycin

VRZ

Healthy volunteers

30

Bupivacame

ITZ

Healthy volunteers

7

Busulfan

FLZ

SCT Patients

52

Cotrimoxazole

FLZ

HIV Patients

Didanosme

ITZ

Open, randomized,
parallel
double-blind randomized
cross-over
Open label, non
randomized, parallel
Open label, randomized,
parallel
Open label, randomized,
cross-over

Part A 9
PartB 12
27

Erythromycin

VRZ

Open label, randomized, Healthy volunteers
parallel

30

Ethinyl estradiol

FLZ

Open label, randomized, Healthy volunteers
cross-over

20

Ethinyl estradiol and
norethmdrone

FLZ

Double-blind,
randomized, cross-over

Healthy volunteers

21

Everolimus

FLZ

Case report

Renal TX Patient

16

Fexofenadine

ITZ

10

Fexofenadine

ITZ

Open label, randomized, Healthy volunteers
cross-over
Open label, non
Healthy volunteers
randomized

Fexofenadine

ITZ

Open label, randomized
cross-over

Healthy volunteers

11

Gefitimb

ITZ

Open label, randomized, Healthy volunteers
cross-over

48
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Subjects

Healthy volunteers

Nrof
patients

10

14
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Interaction
mechanism

Effect of Interaction

Advice

References

Inhibition of
CYP3A4

Anpiprazole AUG? and
C Τ

No clinical relevance, no action

[160]

No clinical relevance, no action

[161]

No clinical relevance, no action

[162]

No clinical relevance, no action

[163]

No clinical relevance, no aclion

[164]

Clinical relevance unknown

[165]

Use didanosme enteric coated capsules
(Videx EC) not chewable tablet (these contain
antacids)
No clinical relevance, no action

[166]

Clinical relevance unknown

[167]

No threat of contraceptive failure, no action

[168]

No clinical relevance, no action

[169]

P-gP

Fexofenadine AUCÎÎ and No clinical relevance, no action
C TT

[170]

P-gP (MDR1
- G2677T
or C3435T
haplotype)

Fexofenadine AUCÎT

No clinical relevance, no action

[171]

P-gP

Fexofenadine AUCÎT and No clinical relevance, no action
C TT

[172]

Inhibition of
CYP3A4

Gefitinib AUCT and C Î

P-gP

max

No effect
VRZ AUCT and C^T
Bupivacame CssT
Busulfan AUCT
CYP2C9, CYP3A4
AUG of hydroxylaminei
pH
No effect
Inhibition of
CYP3A by
erythromycin
Inhibilion of
CYP3A4
?

Inhibition of
CYP3A4

VRZ C Τ

Ethinyl estradiol AUCT
andC Τ

[162]

max

Ethinyl estradiol AUCT
and C^T, norethmdrone
AUCTandC Î
max

No effect

max

max

No clinical relevance, no action

[173]
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Co-administered agent

Antifungal
agent

Type of study

Subjects involved

Nr
of patients

Grapefruit juice

ITZ oral
solution

Open label randomized,
cross-over

Healthy volunteers

20

Lasofoxifene

FLZ

Open label, randomized, Healthy volunteers
parallel

45

Lignocame IV

ITZ

Healthy volunteers

9

Lignocame oral

ITZ

Healthy volunteers

9

Lumiracoxib

FLZ

Double-blind,
randomized, cross-over
Double-blind,
randomized, cross-over
Open label, randomized
cross-over

Healthy volunteers

13

Methadone

FLZ

Omeprazole

ITZ

Oxybutinin

ITZ

Prednisolone

ITZ

Ranitidine

VRZ

Ritonavir

FLZ

Ritonavir

FLZ

Rosuvaslatm

FLZ

Rosuvastatm

ITZ

Saquinavir

FLZ

Temazepam

ITZ

Terfenadine

FLZ

Zidovudine

FLZ

Zolpidem

ITZ

Zopiclone

ITZ
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double-blind,
randomized,

Patients on methadone
therapy
Open label, randomized, Healthy volunteers
cross-over

25

double-blind,
randomized, cross-over
Double-blind,
randomised, cross-over
Open label, randomized,
placebo controlled,
cross-over
Open label, randomized,
cross-over
Open label, parallel

Healthy volunteers

10

Healthy volunteers

10

Healthy volunteers

12

Healthy volunteers

8

HIV Patients

3

Double-blind,
randomized, cross-over

Healthy volunteers

14

double-blind,
randomized, cross-over
Open label, parallel

Healthy volunteers
HIV Patients

Trial A 12
Trial Β 14
5

Double-blind,
randomized, cross-over
Open label, non
randomized
Open label, non
randomized, parallel
Open label, randomized,
cross-over
double-blind,
randomized, cross-over

Healthy volunteers

10

Healthy volunteers

6

HIV Patients

20

Healthy volunteers

10

Healthy volunteers

10
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Interaction
mechanism

Effect of Interaction

Advice

Inhibition of

ITZAUCT

No clinical relevance, no action

No effect

No action

Inhibition of

Lignocame AUCT and

No clinical relevance, no action

CYP3A4

C Τ

intestinal CYP3A4
Inhibition of
CYP2C9

Inhibition of
CYP3A4
Inhibition of
CYP2C9
Inhibition of

max

Lignocame AUCT and
C Τ
max

No clinical relevance, no action
No clinical relevance, no action

Lumiracoxib AUCT,

No clinical relevance, no aclion

CYP3A4

Methadone AUCT and
C Τ

Stomach pH

No effect on ITZ

No action in case of ITZ oral solution

Oxybutimn AUCT and
C
Î

No clinical relevance, no action

max

increase
Inhibition of
CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP450
Inhibition of

max

No clinical relevance, no action

Prednisolone AUCT
No clinical relevance, no action
VRZ AUCT and C

Τ

Ritonavir AUCT and C^Jt

No clinical relevance, no action

No effect

No clinical relevance, no action

Rosuvastatin AUCÎ

No clinical relevance, no action

Rosuvastatin AUCT and
C„..T

No clinical relevance, no action

Inhibition of

Saquinavir AUCÎ and

No clinical relevance, no action

CYP3A4

C Τ

CYP3A4
Inhibition of
CYP3A4
Inhibition of
CYP2C9 and
CYP2C19
Inhibition of
CYP3A4

unknown

max

No clinical relevance, no action
Temazepam AUCÎ

Inhibition of
CYP3A4

No clinical relevance, no action
Terfenadine AUCÎ

Inhibition of
CYP2C9

No clinical relevance
Zidovudine AUCÎ

Inhibition of
CYP3A4
Inhibition of
CYP3A4

No clinical relevance
Zolpidem AUCÎ
Zopiclone AUCÎ and

No clinical relevance

C î
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CATEGORY A
NO KNOWN INTERACTION
Data have not demonstrated either pharmacodynamic or pharmacokinetic
interactions between the specified agents.
Co-adminstered agent

Antifungal
agent

Type of study

Bromazepam

FLZ

Clozapine

ITZ

Double-blind,
Healthy volunteers
randomized, cross-over
double-blind randomized Psychiatric Patients

Delavirdme

FLZ

Didanosme

FLZ

Didanosme (Videx EC)

FLZ

Digoxin

VRZ

double-blind,
Healthy volunteers
randomized, placebocontrolled, parallel-group

25

Eprosartan

FLZ

Open label, randomized, Healthy volunteers
parallel

16

Estazolam

ITZ

double-blind randomized Healthy volunteers
cross-over

10

Fluvastatm

ITZ

Open label, randomized, Healthy volunteers
cross-over

10

Indinavir

FLZ

HIV Patients

13

Indinavir

VRZ

Double-blind,
randomized, cross-over
Study A Open label
randomized, placebocontrolled
Study Β double-blind,
randomized, two-way
cross-over

Healthy volunteers

Study A 18
Study Β 14

Lidocame inhalation

ITZ

Healthy volunteers

10

Mexiteline

FLZ

Healthy volunteers

6

Omeprazole

FLZ

Double-blind,
randomized, cross-over
Open label, non
randomized, cross-over
Randomized, cross-over

Healthy volunteers

12

Pioglitazone

ITZ

Healthy volunteers

12

Pravastatme

FLZ

double-blind,
randomized, cross-over
Double-blind,
randomized, cross-over,

Healthy volunteers

12
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Subjects

Open label, randomized, HIV Patients
parallel
Open label, non
HIV Patienls
randomized
Open label, randomized, Healthy volunteers
cross-over

Nrof
patients
12
7
13
12
14
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Interaction
mechanism

Effect of interaction

Advice

References

?

No effect

No action

[191]

Inhibition of
CYP3A4
Inhibition of
CYP3A

No effect

No clinical relevance, no action

[192]

No effect

No clinical relevance no action

[193]

?

No effect

No clinical relevance, no action

[194]

?

No effect

No clinical relevance no action

[166]

Unknown,
possibly P-gP
related

No effect

No clinical relevance, no action

[195]

?

No effect

No action

[142]

Inhibition of
CYP3A4
Inhibition of
CYP3A4

No effect

No action

[196]

No effect

No action

[63]

7

No effect

No action

[197]

Inhibition of
CYP3A4

Study A No effect of
indinavir on VRZ

No clinical relevance no action

[19Θ]

Inhibition of
CYP3A4

No effect

No action

[199]

No effect

No action

[200]

No effect on FLZ

No action

[201]

No effect

No action

[202]

No effect

No action

[105]

Stomach pH
increase
Inhibition of
CYP3A4
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Pravastatine

ITZ

double-blind,
randomized, cross-over

Healthy volunteers

10

FLZ = fluconazole, ITZ = itraconazole, hITZ = hydroxy-ilraconazole, PSZ = posaconazole,
VRZ = voriconazole, 7 = no interaction mechanism given in article
ALL
AML
BMT
CF

=
=
=
=

acute lymphoblaslic leukaemia
acute myeloid leukaemia
bone marrow transplantation
cystic fibrosis

All patients participating in a study protocol are included in the number of participants
In case of controlled study the control group is included in the total amount of participants
In case of two research arms both arms are included
1 The first column 'Co-administered agent' is presented in alphabetical order, either for
the individual drug or the drug class
2 The second column 'Antifungal agent' describes which antifungal agent is involved in
the drug-drug interaction For one co-medicated agent, more than one row can be
presented This occurs when information on a drug interaction with an antifungal agents
is presented with supposed different effects
3 The third column describes 'Type of study' The setup of the study is reviewed in this
column Randomized or non-randomized, Open label or blinded, cross-over or case
series reports are summarized
4 This column indicates whether healthy volunteers or patients are recruited to judge the
extent of the interaction Also the kind of patient is mentioned in this column, for instance
HIV patient, renal transplant patients etc
5 The number of patients or healthy volunteers involved in the study is reviewed In case
of multiple drugs being investigated, only the number of the patients involved in an
azole interaction (including control group) is mentioned
6 In the section 'Interaction mechanism', the most plausible mechanism is given Some
drug interactions are based on theoretical considerations, e g because it is known that
the drugs are metabolized by the same CYP isoenzymes When a question mark is
given, no certain mechanism can be provided
7 The column 'Effect of interaction' includes the effect of the increase or decrease in
plasma concentration of the antifungal drug and/or co-medication The name of the
drug influenced is stated first followed by the pharmacokinetic parameter and a single
or double arrow A single arrow indicates an increase ranging from 0- 100% or a

156

AZOLE DRUG INTERACTION REVIEW

Inhibition of
CYP3A4
CGD
ESRD
HSCT
IC
MAI
PD

=
=
=
=
=
=

No effect

No action

[124]

chronic granulomatous disease
end stage renal disease
haematopoetic stem cell transplant
Intensive Care
Mycobacteria avium infection
Parkinson disease

decrease from 0-50% in AUG or C

A double arrow indicates an increase of more

max

than 100% or a decrease to less than 50%
8 The section 'Advice' suggests how to deal with the interaction The advice as mentioned
is judged by the authors of this review It might reflect the opinion of the authors of the
published article but may also differ slightly based on interpretation from multiple
studies and gathered information Therapeutic drug monitoring (TDM) of selected
azole antifungals is currently considered as an additional clinical tool since relationships
have been described between plasma concentrations and efficacy and/or toxicity
[203-206] A validated assay needs to be used to determine adequate plasma
concentrations and interpretation of the result should be performed by a qualified
person (e g clinical pharmacist / clinical pharmacologist)
9 The last column ('Reference') provides the literature source that describes the drug
interaction It could be that a presented drug interaction is not supported by a literature
reference In this case, an interaction can be based on another drug interaction with a
co-medicated agent that is structurally similar In addition, the drug interaction can be
based on knowledge of the metabolic pathway of the drugs involved and/or the
capacity to inhibit or induce this metabolic pathway by one of the implicated drugs
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Abstract
Background Vincristine is one of the cornerstones of the treatment of children with acute
lymphoblastic leukemia (ALL) Constipation and peripheral and central neurotoxicities are
the most common side effects A comparative study exploring vincristine toxicity in
individual patients receiving vincristine with and without azoles, however, is lacking
Methods In total, twenty pediatric patients with de novo ALL were included In each
patient, vincristine toxicity in the period with and without azole comedication was retrospectively graded according to the National Cancer Institute toxicity scale Statistical
analysis was performed using the Wilcoxon Signed Rank test and McNemar test
Results Patients receiving vincristine in combination with azole treatment experienced
significantly more constipation and peripheral neurotoxicity (P = 0 001 and P< 0 001,
respectively) Vincristine induced central nervous system (CNS) toxicity was only seen in
patients (30%) receiving vincristine in combination with azole treatment
Conclusions we retrospectively analyzed toxicity induced by vincristine with and without
co-administration of azoles Vincristine toxicity is significantly enhanced when combined
with azole treatment and can even be life threatening Therefore we advise to avoid the
combination of azole and vincristine treatment in patients with ALL
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Introduction
Multi-agent intensive chemotherapy for children with acute lymphoblastic leukemia (ALL)
includes vincristine as one of the mam drugs Neurotoxicity is the dose limiting side effect,
resulting in a narrow therapeutic index of vincristine [1,2] Vincristine is metabolized by the
CYP3A subfamily and is transported by the multidrug resistance (MDR) transporter,
p-glycoprotem (P-gp) [2] The triazole antifungal agents, fluconazole, voriconazole,
itraconazole, posaconazole are commonly used for prophylaxis and for treatment of
invasive fungal infections Over the last two decades the frequency and severity of fungal
infections has increased in pediatric patients due to more intensive chemotherapy,
prompting the use of the antifungal therapy [3-5] Based on the increased incidence of
fungal infections, itraconazole prophylaxis 5 mg/kg once daily (oral suspension) during
phases of neutropenia, was recommended by the current Dutch Childhood Oncology
Group (DCOG), International Berlin Frankfurt Munster (IBFM) based ALL-10 protocol The
downside of the use of azole antifungal drugs is the interaction with the metabolism of
vincristine Some of the triazoles may furthermore inhibit P-gp The interaction of azole
drugs with vincristine may potentiate the side effects of vincristine [6, 7]
In literature, some case reports describe enhanced vincristine toxicity by co-admimstration of the azoles [8] However, a comparative study comparing the vincristine induced
toxicity, within individual patients, during a treatment phase with and without azoles, is
lacking Therefore, we retrospectively analyzed vincristine induced toxicity in periods with
and without co-administration of azoles (prophylaxis and treatment) in 20 individual
patients with childhood ALL

Methods
Patients and study design
Patients treated according to the current DCOG, IBFM based ALL-10 protocol and who
simultaneously received azole therapy, were included in our study The azole therapy
consisted of prophylaxis with itraconazole or treatment with fluconazole or voriconazole
The DCOG protocol ALL-10 comprises an induction phase, followed by high dose
Methotrexate For post induction treatment, patients were stratified in either a standard
risk, medium risk or high risk group based on the presence of high risk criteria and/or the
response to treatment The vincristine schedule of the ALL-10 protocol is shown in Table 1
In each patient, vincristine toxicity was retrospectively graded in a period with and without
azole comedication
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Table 1 Vincristine regimen during different phases of ALL treatment.
Treatment

Vincristine
dose
(mg/m2)

Frequency

Cumulative
dose
(mg/m2)

Dose
Interval
(weeks)

Treatment
duration
(weeks)

Induction

15

4

6

1

9

SR

1 5

2

3

1

3

MR

20

28

56

3

84

HR with
SCT

15

4

6

1

22

HR without SCT

1 5

12

18

1

50

SR=standard risk, MR= medium risk HR= high risk SCT= stem cell transplantation
vincristine maximum single dose is 2 mg
Treatment duration is without maintenance treatment with 6-mercaptopurine and methotrexate

The phase of chemotherapeutic treatment in which the antifungal therapy was administered
differed between patients (Table 2)

Toxicity assessment
Toxicity of vincristine was graded retrospectively according to the National Cancer Institute
toxicity scale (http //ctep cancer gov/protocoldevelopment/electronic_applications/docs/
ctcaev3) A blinded and independent investigator performed the toxicity assessment For
vincristine related toxicity, constipation, peripheral neurotoxicity (motor and sensory
neuropathy) and toxicity of the central nervous system (CNS) was evaluated

Statistical analyses
The Wilcoxon Signed Rank and McNemar's tests were used for pair wise comparisons
The nonparametnc Wilcoxon Signed Rank test was used for comparisons in toxicity grade
for peripheral neurotoxicity and constipation

For CNS toxicity comparisons of the

dichotomous variables between vincristine alone and vincristine plus an azole agent were
performed using a paired McNemar's test All statistical tests were two-sided, and p<
0 05 was used to indicate statistical significance Data were analysed by SPSS 16 0
(SPSS, Chicago, IL, USA)
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Table 2 Indication of phase of treatment in which azole therapy was administered
and difference in vincristine toxicity grade in the period vincristine was
administered without and with azole antifungal therapy.
Patient
no

Azole

Indication

Administration
of azoles:

Constipation:
vincristine
toxicity grade c

PN: vincristine
toxicity
grade c

Phase of
chemotherapy

Without With
azoles azoles

Without With
azoles azoles

1

ι tra

prophylaxis

induction

0

3

0

4

2

itra

prophylaxis

induction

0

3

2

3

3

flue

Sytemic yeast
infection

induction

0

3

0

2

4

vonc

Fusarium fungal
infection

induction

0

2

0

2

5a

itra

prophylaxis

induction

0

0

0

3

6

itra

prophylaxis

induction

0

2

0

3

7

itra

prophylaxis

medium risk

1

2

1

3

8a

itra

prophylaxis

medium risk

2

2

0

2

9

itra

prophylaxis

medium risk

1

1

0

2

IO 3

itra

prophylaxis

medium risk

0

0

0

2

11

itra

prophylaxis

medium risk

0

0

1

2

12

itra

prophylaxis

medium risk

1

2

0

3

13

itra

prophylaxis

medium risk

0

0

2

3

14 a

itra

prophylaxis

medium risk

1

2

0

2

15

itra

prophylaxis

medium risk

0

1

0

2

Itra

prophylaxis

medium risk

2

3

0

3

itra

prophylaxis

medium risk

1

3

0

3

itra

prophylaxis

medium risk

1

3

2

3

19

vonc

CNS fungal
infection

high risk

0

1

0

3

20 b

vonc
+ itra

empirical
treatment

high risk

0

1

0

3

16

a

17
18

a

• = patients who experienced CNS toxicity Type of azoles ltra=itraconazole, flue = fluconazole,
voric= voriconazole PN= peripheral neurotoxicity
" = patient first received voriconazole treatment, after voriconazole treatment itraconzole prophylaxis was
adminmstered
c
= toxicity assessment occurred either before or after combination therapy
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Results
Patients
Twenty paediatric patients received azole therapy simultaneously with vincristine and
were included in this study After stratification, one patient was treated according to the SR
regimen, sixteen patients to the MR regimen and three patients to the HR regimen One
patient received the induction treatment according to the DCOG ALL-10 protocol and was
changed to the DCOG ALL-9 protocol [9], because treatment was complicated by a
systemic yeast infection According to the DCOG ALL-9 protocol, vincristine (2mg/m2) was
administered every six weeks during 81 weeks of treatment Table 2 shows in which phase
of the treatment patients received azole therapy in combination with vincristine Sixteen
patients received itraconazole prophylaxis at 5 mg/kg once daily Three patients received
intravenous voriconazole at a dose of 7 mg/kg twice daily as empirical or diagnostic
driven treatment One of these patient was switched to itraconazole as secondary
prophylaxis after resolution of symptoms One patient with a systemic yeast infection
used fluconazole 5 mg/kg once daily Duration of azole treatment ranged from one to 9
weeks
Toxicity assessment
In the period patients were treated with vincristine in combination with azoles, they
experienced significantly more complains of constipation (P=0 001) and peripheral
neurotoxicity (P < 0 001) than in the period in which they received vincristine without
azoles (table 2) Six patients experienced > grade 3 constipation toxicity when treated with
an azole agent Of them, five received itraconazole prophylaxis, one patient was treated
with fluconazole Twelve patients developed > grade 3 peripheral neurotoxicity, in ten
patients after itraconazole prophylaxis was started and in two patients after administration
of voriconazole treatment Neurotoxicity > grade 3 was not noted in patients while they
were treated with vincristine without azole therapy Three patients developed severe
peripheral neurotoxicity while vincristine was co-administered with itraconazole and
needed an admission to the paediatric intensive care unit for opiate analgesic medication
None of the patients died as a consequence of vincristine toxicity
Vincristine induced CNS toxicity was seen in 6 patients All of these patients received
itraconazole prophylaxis in combination with vincristine CNS toxicity was not observed
while patients received vincristine without azoles (P =0 014) Of six patients with CNS
toxicity two patients experienced multiple occasions of convulsions, in two patients
vincristine related toxic encephalopathy was diagnosed and in two patients the syndrome
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of inappropriate secretion of antidiuretic hormone (SIADH) was found In all children
progressive improvement was noted after discontinuation of azole treatment

Discussion
To our knowledge, this is the first comparative study comparing the toxicity, within
individual patients, in a treatment phase in which the patients receive vincristine AND
azoles, with the toxicity m a treatment phase in which the same patients receive vincristine
WITHOUT azoles Our study showed that vincristine toxicity was enhanced significantly
by concomitant use of azole antifungal therapy
All toxicity parameters determined, increased in the period when patients received
vincristine in combination with azole agents For peripheral neuropathy the toxicity grade
was significantly higher in all patients when azoles were co-administered with vincristine
Although differences in severity of neurotoxicity can be explained by the co-admimstration of azoles, cumulative dose of vincristine administered to the patients plays probably
also a role CNS toxicity was only observed in the period vincristine was combined with
azoles Significant improvement of neurotoxicity was noted after discontinuation of azole
treatment in all children
The azole agents were administered in different phases of ALL treatment, in which different
chemotherapeutic agents were used other than vincristine Enhanced vincristine
neurotoxicity was seen irrespective of the phase of therapy (e g induction-, consolidation-,
and maintenance-treatment) when azole agents were used Therefore, the involvement of
other chemotherapeutic agents in the enhancement of neurotoxicity seems unlikely, but
an additive effect could not be ruled out completely
Based on the risk of developing severe fungal infections, the current DCOG IBFM based
ALL-10 protocol prescribed itraconazole antifungal prophylaxis during the intensive
phases of the ALL chemotherapeutic treatment Although there are some case reports
describing enhanced toxicity of vincristine when co administered with azole therapy,
serious complications were not expected when we started with antifungal prophylaxis in
the ALL 10 protocol
In this study, the majority of patients (n=16) received itraconazole prophylaxis All azoles
inhibit the CYP3A4 isoenzyme [2] Based on potency of enzyme inhibition, less
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enhancement of vincristine toxicity would be expected when vincristine is combined with
fluconazole or voriconazole than with itraconazole Also fluconazole and voriconazole
lack the inhibition of P-gp whereas it has been suggested that itraconazol can inhibit the
pump Yet, the vincristine toxicity grade for constipation and peripheral neurotoxicity also
increased in patients in which fluconazole and voriconazole was co-administered with
vincristine but a comparison in severity of vincristine toxicity caused by different azoles
cannot be performed due to the small numbers of patients (Table 2)
The efficacy of itraconazole was previously limited by poor absorption from the gastro
intestinal tract The bioavailability of itraconazole had been increased by using the oral
suspension Still, it would be contributing to monitor itraconazole plasma concentrations
for investigating an exposure-toxicity relation The itraconazole plasma concentration was
not monitored in our patients However, since itraconazole enhanced vincristine toxicity in
all patients, irrespective of phase of therapy, and reversibility in toxicity occurred after
cessation of itraconazole, we expect a high inhibitory potential even at low concentrations
As described before, the human CYP3A and MDR genes are highly polymorphic [10]
Genetically polymorphic enzymes involved in the metabolism of vincristine might be an
additional explanation for the interpatient variability in vincristine neurotoxicity [10]
However, genetic polymorphisms did not influence our results as comparisons were
made within individuals Intensive monitoring of vincristine plasma concentration might be
another option in preventing toxicity but the relation between vincristine plasma levels and
toxicity remains debatable
In conclusion, this study shows that vincristine toxicity is significantly increased and even
can be life threatening when vincristine is combined with azole treatment, especially
itraconazole Combination should therefore be avoided or, at least, be critically monitored
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Abstract
Objectives To manage the interaction between fosamprenavir/ntonavir and posaconazole,
we hypothesized that ritonavir can be replaced by posaconazole as an alternative booster
of fosamprenavir with no significant influence on posaconazole pharmacokinetics
Method This was an open-label, randomized, 3-period, cross-over, single-centre trial in
24 healthy volunteers All subjects received the following three treatments for 10 days,
separated by washout periods of 17 days posaconazole 400 mg twice daily,
fosamprenavir/ntonavir 700/100 mg twice daily, posaconazole 400 mg twice daily with
fosamprenavir 700 mg twice daily
Results 20 subjects completed the trial Geometric mean ratios (GMR, +90% CI) of
posaconazole AUG and Cmax when taken with fosamprenavir vs posaconazole alone
were 0 77 (0 68-0 87) and 0 79 (0 71-0 89), respectively The GMRs of amprenavir AUG
and CrTiax when taken as fosamprenavir and posaconazole vs fosamprenavir/ntonavir
were 0 35 (0 32-0 39) and 0 64 (0 55-0 76), respectively No serious adverse events were
reported during the trial
Conclusion Unboosted fosamprenavir should not be used concomitantly with
posaconazole
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Introduction
Infections with fungi and yeasts frequently occur in patients infected with the human
immunodeficiency virus (HIV) Since the introduction of combination antiretroviral therapy
(cART), the incidence and prevalence of most opportunistic infections has decreased
[1, 2] but it can still pose a problem in, for instance, resource limited settings or in
non-compliant patients Azole antifungal drugs are first line therapy in the prophylaxis and
treatment of invasive fungal infections Posaconazole is a second generation triazole with
a broad antifungal spectrum against yeasts and moulds It has proven to be effective in
the prevention and treatment of invasive fungal infections in high-risk patients, including
those who are immunosuppressed [3-5] Once absorbed, 76 9% of the administered
dose of posaconazole is excreted with faeces 14% Of the administered dose is retrieved
in the urine as a glucuromde metabolite [6] UDP-glucuronyltransferase 1A4 (UGT1A4)
has been identified as the key enzyme responsible for posaconazole glucuromdation [7]
Posaconazole is a potent inhibitor of the cytochrome P450 isoform 3A4 (CYP3A4) [8]
Fosamprenavir is a protease inhibitor, that is used to treat HIV-infection [9] Once hydrolysed
to amprenavir, this substance is both a substrate and an inhibitor of CYP3A4
Fosamprenavir is given concomitantly with ritonavir which serves as a booster of the
pharmacokinetics of amprenavir [10] Although ritonavir is capable of potent CYP3A4
inhibition, ritonavir induces other metabolic pathways including glucuromdation and
CYP2C19 [11-14]
The combination of antiretroviral drugs with azole antifungal drugs is not without risk
First, combining fosamprenavir/ritonavir with posaconazole may lead to subtherapeutic
posaconazole exposure due to induction of UGT by ritonavir Second, inhibition of
CYP3A4 by posaconazole may (further) increase exposure to amprenavir with an
increased risk of fosamprenavir toxicity
To manage the interaction between fosamprenavir/ritonavir and posaconazole, we
hypothesized that ritonavir can be replaced by posaconazole as an alternative booster of
the pharmacokinetics of fosamprenavir, with the additional advantage of eliminating the
potential negative effect of ritonavir on posaconazole Based on these theoretical
considerations, we performed a trial to determine the effect of unboosted fosamprenavir
on posaconazole and vice versa
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Methods
Study design
This open-label, 3-period, cross-over, single-centre, phase-l, multiple-dose trial was
conducted from March to May 2009 in the Clinical Research Centre of the Radboud
University Nijmegen Medical Centre, The Netherlands The study was designed to
examine the effect of fosamprenavir on the pharmacokinetics of posaconazole and vice
versa by intrasubject comparison The secondary objective of this trial was to evaluate the
safety of combined administration of posaconazole and fosamprenavir
The trial (ClinicalTnals gov Identifier NCT00817765) was approved by the review board of
the Radboud University Nijmegen Medical Centre and conducted according to the
declaration of Helsinki
Study population
This trial was conducted in healthy male and female volunteers, aged 18-55 years with a
body mass index of 18 to 30 kg/m2 Subjects who were included had to be able and willing
to sign the Informed Consent Form prior to screening evaluations Subjects had to be m a
good age-appropriate health condition as established by medical history, physical
examination, electrocardiography, biochemistry, haematology and urinalysis testing
within 4 weeks prior to the first day of dosing The mam exclusion criteria were a history of
sensitivity / idiosyncrasy to any of the study drugs, a HIV positive test, a positive hepatitis
Β / C test or therapy with any drug (two weeks preceding dosing), except for acetaminophen
Other exclusion criteria were participation in a drug trial or donation of blood within 60
days prior to the first dose Pregnant females were also excluded
Study drug and dosing
In this cross-over design three treatment arms were investigated Subjects were
randomised to start with different treatment arms (6 different treatment sequences in
total), (table 1) Each period consisted of 10 days of treatment with either one of the three
regimens After each treatment period, there was a wash-out period of 17 days The
interaction arm contained fosamprenavir 700 mg twice daily together with posaconazole
Posaconazole was dose escalated from 200 mg once daily on day 1, 200 mg twice daily
on day 2 and 400 mg twice daily from day three onward As the first comparator arm
posaconazole was given in a similar fashion as the interaction arm As the second
comparator arm fosamprenavir 700 mg twice daily with ritonavir 100 mg twice daily was
given The chosen dose escalation for posaconazole, which is not listed in the label, was
chosen to minimize toxicity since this regimen had never been tested
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Table 1 Study Design

I

1
1

CM £ }

Ρ

ι. 9.

3
4

POS*
POS
FPV/RTV#
FPV/RTV

5
6

POS + FPV$
POS + FPV

2

j

!

1η

1

FPV/RTV
POS + FPV
POS
POS + FPV
POS
FPV/RTV

POS + FPV
FPV/RTV
POS + FPV
POS
FPV/RTV
POS

* POS = POS 200 mg once daily on day one, 200 Iwice daily on day two, 400 mg twice daily from days 3-10
#FPV/RTV = FPV 700 mg twice daily + RTV 100 mg twice daily from days 1-10
$ POS + FPV = POS 200 mg once daily on day one, 200 twice daily on day two, 400 mg twice daily from days
3-10 + FPV 700 mg twice daily from days 1-10

Fosamprenavir, ritonavir and posaconazole were taken with food at approximately 8 AM
and 8 PM Subjects visited the trial centre approximately every other day during the
treatment periods for supervised dosing and blood sampling On every visit day of each
treatment period, subjects received a standardized breakfast at around 8 AM followed by
the supervised intake of an oral dose of posaconazole, fosamprenavir/ritonavir or
fosamprenavir/posaconazole (depending on the treatment arm) Fosamprenavir tablets
and ritonavir capsules were swallowed whole with 200 mL of water The posaconazole
suspension was swallowed with 200 mL water The breakfast consisted of 2 slices of
wheat bread (one slice with 48+ cheese and one with luncheon meat or cervelat) and one
glass of full milk or full chocolate milk This breakfast contained, depending on the choice
of topping and milk, 488 - 553 kcal and 26-28 gram fat (43-50% fat)
Pharmacokinetic sampling and safety assessments
Blood samples for pharmacokinetics were collected throughout a 12-hour period at 11
pre-defined time points (0,1, 2, 3, 4, 5, 6, 7, 8, 10 and 12 hours after dosing) at day 10 of
every treatment period to characterize drug absorption and elimination Trough
concentrations, just before intake of the drugs, were collected on study days 1, 3, 5, and
8 of each treatment period

183

SECTION C | CHAPTFn 4 3

Serum biochemistry and haematology were checked at screening and on days 1,3,5,8
and 10 of each treatment period Adverse events assessment, blood glucose and
urinalysis were performed at screening and on days 1 and 5 of each treatment period A
pregnancy test for women was conducted at screening and a screening for drugs of
abuse was conducted before the dosing on day 1 of each treatment period Electrocardiogram and blood pressure / pulse rate (supine) were checked at screening and on days
1 and 5 of each treatment period
Compliance
Study personnel supervised all medication intakes at the clinical trial unit on visit days
The times of dosing were recorded Drug intake of subjects at home was monitored by the
use of MEMS caps (Aardex Ltd, Zug, Switzerland), which records the opening of the
medication bottle Furthermore, subjects were asked to write down exact times of
medication intake in a diary
Pharmacokinetic analysis
Pharmacokinetic parameters for posaconazole, amprenavir and ritonavir were calculated
by non-compartmental methods using the WinNonLm software package (version 5 21,
Pharsight, Mountain View, CA) and the log/linear trapezoidal rule On the basis of the
individual plasma concentration-time data, the following pharmacokinetic parameters
were determined the area under the plasma concentration-time curve from 0 to 12 hours
after intake (AUC0,2, in mg*hour per liter), the maximum plasma concentration of the drug
(Cfnax'in m 9 per liter), the time to reach CmM (Tmax, in hours), the apparent clearance after
oral administration (CUF) (in liters per hour), the apparent volume of distribution (V/F) (in
liters), the trough concentration in plasma (C12 [12 hours after intake]) and the apparent
elimination half-life (t1/2, in hours)
Analytical procedure
All plasma samples were analyzed at the Department of Clinical Pharmacy, Radboud
University Nijmegen Medical Centre
Amprenavir and ritonavir were determined by a validated High Performance Liquid
Chromatography method with UV-detection [15] Samples were pre-treated using a
liquid-liquid extraction from plasma The dynamic range of the amprenavir assay was
010-30 mg/L and for ritonavir 0 045-30 mg/L The assay had an accuracy range (five
replicates of three concentrations of QC samples), dependent on the concentration, from
102-105% for amprenavir and 101-104% for ritonavir, respectively Intraday precision
(n=15) for amprenavir varied between 2 55-4 05% and 0 89-3 22% for ritonavir The
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mterday precision (n=3) for amprenavir was 118-5 04% and 110-3 64% for ritonavir,
respectively
Posaconazole samples (total and free fraction) were measured by a validated High
Performance Liquid Chromatography method with fluorescence detection Samples were
pretreated using a protein precipitation procedure The dynamic range of the assay was
0 05-10 mg/L The assay had an accuracy range (five replicates of three concentrations
of QC samples), dependent on the concentration, from 979- 1041% Intraday precision
varied between 1 56-3 03% and mterday precision was between 1 37-411%
To determine the free fraction of posaconazole, we used plasma samples drawn at or
around Tmax This plasma was then transferred into Centrifree Centrifuge tubes (30 kDa)
Samples were centnfuged during 10 minutes at 2000 RCF (rpm 3310) (Rotante 46 R,
radius 164 mm, angle 45 degrees, temperature 25 C) The analysis was modified to be
able to determine very low concentrations of unbound posaconazole and had a lower
limit of quantification of 0 01 mg/L without loss of accuracy and precision Both assays are
externally validated by an international proficiency testing program [16-18]
Sample size calculation and Statistical Analysis
To determine bioequivalence with sufficient power, the sample size calculation was
performed on posaconazole since this drug has the highest estimated degree of
mtrasubject variation [19-21] The study was powered (power of 80%) to detect a 20%
difference in posaconazole AUG The required number of participants was 16 and
compensating for drop-outs, 24 subjects were included
For the identification of a clinically relevant drug interaction, we used the bioequivalence
approach "Guidance for Industry Statistical Approaches to Establishing Bioequivalence"
[22] Geometric mean ratios (GMRs) with 90% confidence intervals (CIs) were calculated
for AUC012 and CmaK after log transformation of within-subject ratios GMRs with 90% CIs
falling entirely within the range of 0 80 to 1 25 were considered to indicate no significant
interaction
To assess the carry-over and period effect of concomitant administration of posaconazole
on the pharmacokinetics of fosamprenavir, linear mixed model analyses were performed
on the log(AUC012) of amprenavir Similar analysis were performed on fosamprenavir In
this approach treatment, period, and a carry-over variable will be treated as fixed factors
and patients effects as random
Statistical evaluations were carried out using SPSS for Windows, version 16 01 (SPSS,
Chicago, IL, 1989-2005)
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Results
Baseline characteristics
Twenty-four healthy volunteers (10 females and 14 males) were included The mean
(range) age, body weight and body mass index were 36 (18-54) years, 73 (44-104) kg and
23 (18-29) kg/m2, respectively 21 Participants were Caucasian, three participants were
from Hispanic ethnicity Three subjects prematurely withdrew from the study due to
adverse events and a fourth subject withdrew at own request, not related to treatment
Twenty participants completed the trial (9 female and 11 male) and were available for
pharmacokinetic analyses
Compliance
The compliance of all participants was good, as indicated by their statements about the
intake of the drug, the number of tablets in the returned vials, the trough drug
concentrations, and the MEMS caps (data not shown)
Pharmacokinetics
The mean pharmacokinetic parameters of posaconazole are described in Table 2
Fosamprenavir reduced the exposure to posaconazole m a statistically significant manner
For posaconazole co-administered with fosamprenavir relative to posaconazole alone,
the GMR (90% CI) was 0 77 (0 68-0 87) for AUC012, and 0 79 (0 71-0 89) for Cmax
(Table 2, Figure 1 and 2)
Geometric mean free posaconazole concentration in the posaconazole arm was 0 029
mg/L (95% CI 0 023-0 036) and 0 029 mg/L (95%CI 0 022-0 038) in the combination
arm There was no statistically significant difference in geometric mean (range) free
fractions of posaconazole (n=20) in the posaconazole alone arm versus in the combination
arm 0 988% (0 63-1 64%) versus 110% (0 63-1 74%)(p=0177, paired samples T-test)
The mean pharmacokinetic parameters of amprenavir are presented in Table 2 For
fosamprenavir with posaconazole relative to fosamprenavir with ritonavir, the GMR (90%
CI) was 0 35 (0 32-0 39) for AUC0^12, and 0 64 (0 55-0 76) for Cmai< (Table 2, Figure 2 and 3)
There was no carry-over effect of fosamprenavir on posaconazole as assessed by the
contribution of the variable defined to be 1 respectively 0 in case a treatment with
fosamprenavir preceded or did not precede the treatment with posaconazole (P = 0 9)
Likewise, there was no carry-over effect of posaconazole on fosamprenavir (P = 0 6)
For both outcome variables there was no indication of a period effect to be present (p=0 5
for posaconazole and p=0 9 for fosamprenavir, respectively)
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Table 2 Steady state pharmacokinetic parameters as determined on day 10 of treatment; Geometric Mean Ratios of Area under the
Concentration Time Curve and Maximum Concentration of Posaconazole and Amprenavir.
Steady-State Plasma Pharmacokinetic Parameter Estimates,
Geometric Mean (95% CI)
Posaconazole
Parameter
A U C ^ (mg*h/L)
C ™ (mg/L)
T™, (h)

Amprenavir

POS

POS + FPV

FPV / RTV

FPV + POS

POS + FPVvs
POS alone

30 4 (25 2-36 7)

23 5(19 7-27 9)

42 0 (36 7-47 9)

14 8(12 4-17 7)

0 77 (0 68 - 0 87)

0 35 (0 32 - 0 39)

3 0 (2 5-3 6)

2 4 (2 0-2 8)

5 8 (5 0-6 6)

3 7 (3 0-4 5)

0 79 (0 71 - 0 89)

0 64 (0 55 - 0 76)

5 (4-5)

5 (4-5)

3 (2-4)

2(1-3)

2 2 (1 8-2 7)

1 6 (1 4-2 0)

2 1 (1 8-2 5)

0 3 (0 2-0 4)

13 2(10 9-15 9)

17 1 (14 4-20 3)

16 7(14 6-19 1)

47 2 (39 5-56 4)

V/F (L)

609 (489-759)

471 (385-576)

173(137-218)

241 (171-341)

T1/2 (h)

32 1 (26 0-39 7)

19 1 (16 3-22 5)

7 2 ( 6 1-8 5)

3 5 (2 7-4 7)

Cmin (mg/L)
CUF (Uh)

Treatment Comparisons,
Geometric Mean Ratio (90% CI)

FPV + POS vs
FPV/RTV

AUC, area under the plasma concentration-time curve over the 12 hour dosing interval, C,,^, peak plasma concentration, Tmax, lime to reach Cmal, C^ plasma concentration
12 hours after intake of study drug, CUF, apparent oral clearance, V/F, volume of distribution, t1/2, elimination half-life, CI, confidence interval
* For T ^ median + interquartile range is reported
POS = posaconazole, FPV = fosamprenavir RTV = ritonavir
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Figure 1 Arithmetic mean plasma posaconazole concentration profile following the
administration of multiple doses of 400 mg posaconazole twice daily
alone versus posaconazole 400 mg twice daily with fosamprenavir 700
mg twice daily. Error bars represent the standard error of the mean.
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A regression analysis was performed to determine if there was a concentration dependant
inhibition of amprenavir metabolism by posaconazole. No significant correlation was
found between posaconazole exposure and amprenavir exposure (p=0.099; fl2=0.144).
Adverse events and safety assessments: A total of 141 adverse events were reported by
a total of 23 subjects. The severity of 28 adverse events was grade 2; 2 adverse events
were grade 3 and two grade 4 (three occasions of increased CK in one subject and one
grade 4 occasion of increased CK in a second subject, all were judged not to be related
to the study medication); all other (109) adverse events were grade 1. No serious adverse
events were reported. There was no notable difference in adverse events in the different
treatment arms.
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Figure 2 Individual changes in Area under the Concentration Time Curve of
Posaconazole alone versus Posaconazole combined with Fosamprenavir
and of Fosamprenavir / ritonavir versus Fosamprenavir combined with
Posaconazole.

Posaconazole

Posaconazole and
Fosamprenavir

Fosamprenavir/ Fosamprenavir and
Ritonavir
Posaconazole

The relation to the study drug was judged to be definite in 8 occasions reported by 3
subjects: a grade II rash occurred in two subjects (one on fosamprenavir / ritonavir and
one on posaconazole / fosamprenavir) and one subject experienced a grade III rash on
posaconazole / fosamprenavir treatment. All three subjects discontinued treatment after
which they recovered from the rash. Other side effects definitely related to the study drug
were reported by a single subject: loose stool (2 occasions), flatulence (2 occasions) and
pruritus. Seventeen adverse events were judged to be probably related and 36 possibly.
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Figure 3 Arithmetic mean plasma amprenavir concentration profile following the
administration of multiple dose of 700 mg of fosamprenavir twice daily
with 100 mg ritonavir twice daily versus fosamprenavir 700 mg twice daily
with posaconazole 400 mg twice daily. Error bars represent the standard
error of the mean.
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Discussion
This trial showed a significant, bidirectional effect on the pharmacokinetics of posaconazole
and fosamprenavir. Exposure to both posaconazole (-23%) and fosamprenavir (-65%)
were significantly lower than in the comparator arms.
We could think of four possible explanations for the decrease in exposure of posaconazole
by fosamprenavir: 1) Induction of UGT1A4; 2) Induction of P-glycoprotein; 3) Decreased
absorption of posaconazole 4) Protein displacement of posaconazole.
It is generally thought that ritonavir is responsible for induction of glucuronidation [12,13]
although an effect of the boosted protease inhibitor cannot be ruled out. [12, 13, 23].
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Fosamprenavir has been shown to significantly reduce plasma raltegravir exposure, likely
through UGT1A1 induction [24], however the effect on UGT1A4 remains unknown [10,25]
Based on the average 23% decrease in posaconazole exposure, fosamprenavir may be
a less potent UGT1 A4 inducer than efavirenz and phenytom, which have shown a reduction
of 50% in exposure of posaconazole [26, 27]
Posaconazole is a substrate for P-glycoprotem Fosamprenavir has been shown to induce
intestinal expression of P-glycoprotem in rats [28] This mechanism could be an additional
explanation for an increase in intestinal efflux of posaconazole with subsequent lowered
exposure
Effect of fosamprenavir on the absorption of drugs by, for instance, alterations in gastric
pH is not supported by literature Although posaconazole absorption is significantly
influenced by gastric pH, prandial state and timing of intake relative to the meal [29] the
Tmax of posaconazole was not changed after addition of fosamprenavir, indicating that at
least the rate of absorption was not influenced
In general, an increased free fraction due to protein displacement, will result in a lower
total plasma concentration [30] Posaconazole is >98% bound to serum albumin [27]
while amprenavir is 90% bound to alpha-1-acid glycoprotein and albumin [31], hence an
interaction based on protein displacement is possible In our study posaconazole free
drug fraction was unaltered and thus protein displacement can be ruled out as an
explanation
In a recent study the AUG and Cmax of atazanavir combined with posaconazole were
comparable to the AUG and Cmax of atazanavir boosted with ritonavir (33 4 mg*h/L and
3 57 mg/L versus 35 4 mg*h/L and 3 93 mg/L, respectively) [26] This suggests that
posaconazole may be an equipotent inhibitor of CYP3A4 when compared to ritonavir
In our study, AUG and Cmax of amprenavir after intake of fosamprenavir with posaconazole
were 2 9 and 1 6 fold lower compared to administration of fosamprenavir with ritonavir
Yet, when compared to a historical control group published in literature an effect on pharmacokinetics of fosamprenavir by posaconazole compared to unboosted fosamprenavir
700 mg twice daily can be noted AUC01214 82 mg*h/L (95% CI 12 41-1770, this study)
versus AUC012 9 51 mg*h/L (95% CI 7 81 -11 6) [32] The extent of boosting of fosamprenavir
by posaconazole is an indication that there might be a moderate effect of posaconazole
on fosamprenavir pharmacokinetics, but clearly not to a similar extent as ritonavir In
addition, the exposure of amprenavir given as fosamprenavir 700 mg twice daily with
posaconazole approximates that of unboosted fosamprenavir 1400 mg twice daily which
is a licensed dose for treatment of therapy naive patients by the FDA [10, 33] However,
this 1400 mg fosamprenavir twice daily dose is considered a non-favourable regimen
according to the Panel on Antiretroviral Guidelines for Adults and Adolescents [9]
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No serious adverse events were reported during this trial and none of the included
subjects experienced irreversible damage due to the use of trial medication Three
subjects dropped out because of a rash, but the other adverse events during this trial
were mild or moderate We expected rash to be an adverse event of fosamprenavir, as it
is described as "common" in the Safety Product Characteristics (SPC) of fosamprenavir
[10]
Once again our study demonstrates the complexity of combined use of antiretroviral and
antifungal drugs From the results of our study we conclude that combined use of
fosamprenavir with posaconazole results in subtherapeutic amprenavir concentrations
compared to ritonavir boosted fosamprenavir and therefore must not be used in this way
Future studies must reveal whether ritonavir boosted fosamprenavir can be safely
combined with posaconazole With regards to posaconazole, concentrations must be
monitored by means of therapeutic drug monitoring to assure adequate exposure in order
to warrant efficacy
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Therapeutic Drug Monitoring
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Therapeutic Drug Monitoring of Voriconazole
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Summary
Voriconazole is a tnazole antifungal, developed for the treatment of life-threatening fungal
infections in immunocompromised patients The drug, which is available for both oral and
intravenous administration, has broad-spectrum activity against pathogenic yeasts,
dimorphic fungi and opportunistic moulds Voriconazole has a non-linear pharmacokinetic profile with a wide inter- and mtra-mdividual variety This variability is caused by
many factors such as gender, age, genotypic variation, hverdysfunction, the presence of
food etc Another important factor influencing vonconazol's pharmacokinetic profile is
drug-drug interactions with CYP450 inhibitors as well as inducers Variability in plasma
concentrations, due to the above mentioned aspects, may lead to variability in efficacy or
toxicity Determination of plasma concentrations is indicated in situations to guide dosing
and to individualize and improve the treatment options resulting in better therapeutic
outcome or fewer side effects
In this article we review factors influencing voriconazole pharmacokinetic profile, the data
supporting exposure-effect and exposure-toxicity relationships, review the gaps in current
knowledge which make broad recommendations for TDM difficult for voriconazole,
provide the indications where TDM is reasonable based upon currently available data
(e g children) and outline the ways in which this problem could be solved We provide a
summary of the problem so that further research can be conducted to address this is of
clinical need
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1. Introduction
Opportunistic invasive fungal diseases continue to pose a threat to the immunocompromised host [1] and are associated with high morbidity and mortality rates [1-4] Most
invasive fungal diseases are caused by Candida and Aspergillus species, and other
pathogens such as Scedosponum and Fusarium species are less commonly encountered
[2] The number of agents available for treating invasive fungal disease has grown over
the recent years [5, 6] and now includes three classes of drugs namely the polyene
amphotericin B, the azoles and the echmocandms each possessing a specific profile with
respect to antifungal activity against different pathogens and toxicity Therapeutic drug
monitoring (TDM) comprises the measurement of drug concentrations in biological fluids
to integrate dose, concentration, and pharmacological effect in order to understand more
precisely the pharmacokinetics and pharmacodynamics of the drug in an individual
General indications for individualization of therapy by means of TDM in specific patient
populations include improvement of response to therapy, prevention of drug related
toxicity and management of drug-drug interactions TDM of antiretroviral agents is
common practice in Europe but less common in the United States [7-9] and has been
suggested for antifungal drugs [10,11] but, with the possible exception of flucytosine [12,
13] and itraconazole after oral administration [13-15], it is not generally recommended in
international guidelines
Voriconazole is usually the drug of first choice for treating invasive aspergillosis However,
incomplete response to therapy and toxicity can cause ineffective treatment of this and
other fungal infections Hence any correlation between the plasma concentrations and
efficacy [11,16-18] or toxicity might provide the basis for TDM which, in turn, may contribute
to improving therapy in terms of patient outcome, survival and toxicity
The purpose of this article is to review the most recent findings and to discuss the potential
role of TDM for voriconazole We first explore the pharmacokinetic profile of the drug, then
discuss the pharmacodynamic characteristics and finally integrate this information to
propose recommendations for optimizing therapy
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2. Pharmacokinetics of Voriconazole
Voriconazole is a broad spectrum, second-generation triazole antifungal that shows
activity in vitro against several Candida species, Aspergillus species and other moulds
that are fluconazole- or itraconazole-resistant [19-22] Voriconazole is used in the
prophylaxis and treatment of invasive aspergillosis as well as for infections caused by
Candida species

2.1 Pharmacokinetics
Voriconazole is available as an intravenous and an oral formulation When given orally to
a fasting person, the drug is rapidly and almost completely absorbed (oral bioavailability
is > 90%) yielding a maximum plasma concentration (C m J approximately 2 hours after
administration (table 1) [23] Food lowers the drug's bioavailability by approximately 22%
and delays absorption [24] Administration of voriconazole with a high fat meal reduces
the mean Cmax and Area under the curve (AUG) by 34% and 24% respectively Hence oral
administration is recommended either 1 hour before or after meals [25]

Table 1 Pharmacokinetic profile of voriconazole [23, 33]
Parameter

Value

Oral bioavailability (%)
Time to reach peak plasma concentration (h)
Volume of distribution (L/kg)
Plasma protein binding (%)

>90
<2
46
58

Peak plasma concentration (mg/L)
6 mg/kg IV bid on day 1 maintenance dose 3 mg/kg bid

3-4 7

400 mg PO bid on day 1, maintenance dose 200 mg bid
AUC0,2(mg*h/l)
6 mg/kg IV bid on day 1, maintenance dose 3 mg/kg bid
400 mg PO bid on day 1, maintenance dose 200 mg bid

2-2 3

Clearance (LVh/kg)
Elimination half life (h)
Major routes of elimination

0 2-0 5
6
Hepatic
Metabolites renal

200

13
9-11
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The volume of distribution of voriconazole is estimated to be around 4.6 L/kg with a
plasma protein binding of approximately 58% [25] (table 1). Voriconazole is extensively
distributed into tissues and penetrates well into cerebrospinal fluid [26, 27] and into
vitreous and aqueous humours [28-30], The steady state plasma concentrations of
voriconazole in healthy volunteers are reached after 5-7 days of treatment but this can be
reduced by giving a loading dose [31-33].
Voriconazole has non-linear pharmacokinetics in the therapeutic range with Cmax and
AUG values that increase disproportionately as the dose increases. This is likely due to
saturation of the hepatic metabolism of the drug. CYP2C19 is the major metabolic pathway
with CYP2C9 and CYP3A4 being involved to a much lesser extent. The major metabolite
of voriconazole possesses no antifungal activity and is eliminated primary in the urine
[25], Voriconazole is also an inhibitor of CYP2C9, CYP2C19 and CYP3A4. As a result of
the saturated metabolism of voriconazole the half life is dose dependant. The apparent
half life of voriconazole is approximately 6 hours (table 1) and increases when voriconazole
concentration increases [34].
2.2 Variability of plasma drug concentration
Voriconazole pharmacokinetics may vary considerably among patients [23, 33, 35, 36].
While interpatient variability is reported extensively in literature, the published data on
intrapatient pharmacokinetic variation of individuals over several days are limited [36].
2.2.1. Effect of age and gender
Gender influences the C

concentrations and AUCs of voriconazole. After multiple oral

max

~

administration of voriconazole to healthy volunteers, young women (age 18-45) had a
83% higher Cmat and 113 % higher AUG compared to young men [31]. Age (>65 years)
also increases exposure to voriconazole [25]. However these differences are not
considered to be clinically important and do not necessitate adjusting the dose based on
gender or age. By contrast children under 12 years appear to have a near linear pharmacokinetic profile and likely require an increased dose of voriconazole to 7 mg/kg per dose
in order to achieve adequate plasma levels [25, 35, 37].
2.2.2. Patients with renal failure
Only a small amount of voriconazole (less than 2% of the parent compound) is excreted
by the kidney so the dose does not need to be adjusted for mild to moderate renal
dysfunction [25]. However renal insufficiency has a significant impact on the pharmacoki-
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netics of sulfobutylether-beta-cyclodextrine (SBECD) which is used as an excipient to
solubilise voriconazole for the intravenous formulation The mean AUC and Cmai< of SBECD
among patients with moderate renal failure (ι e creatinine clearance of 35-50 mL/mm),
was increased compared to that of patients with normal renal function [38] Therefore the
drug should not be given parenterally to patients with a glomerular filtration rate <50 mL/
mm [25] who, none the less, can still receive voriconazole orally
A small study and two case reports on the pharmacokinetics of voriconazole in patients
on renal replacement therapy have been published [39-41] Voriconazole was given
without a dose adjustment during CVVHDF to eight patients with acute renal failure (but
without liver cirrhosis) who were on the intensive care ward [39] Another patient receiving
intermittent renal replacement therapy required no dosage adjustment [41] Extracorporeal
elimination of voriconazole by means of peritoneal dialysis is less than 1% of the
administered oral dose [40], hence no dose adjustment is necessary
SBECD does accumulate in patients treated with voriconazole who are receiving
intermittent dialysis therapy Although no toxic effects have been observed, systematic
monitoring of the level of consciousness, hemodynamic stability, dermal reactions, and
liver function tests are required to prevent harm due to accumulation of SBECD [42]
2 2 3 Patients with hepatic failure
A standard loading dose of voriconazole should be given to patients with mild hepatic
impairment (Child-Pugh Class A and B), but the dose should be halved for standard
maintenance Currently, there are no data available on dosage adjustments for patients
with severe hepatic dysfunction and it is not clear whether administration of voriconazole
may further increase hepatotoxicity Consequently the drug should only be used for these
patients when the benefit outweighs the risks The recommendation for dose adjustment
does not apply to patients with acute hepatic injury whose transaminase levels are less
than 5 times the upper limit of normal [25] but these patients should be monitored for any
further increase in these enzyme levels
224 Genotypic variation of the metabolic pathway
CYP2C19 is known to have multiple polymorphisms that divide the general population into
poor (PM) and extensive metabohsers (EM) The prevalence of variations in the gene
sequence differs by race [43] Patients that are homozygous or heterozygous PMs have
CYP2C19 isoenzymes with a limited enzymatic capacity that will lead to a lower metabolic
turnover and thus higher exposure to voriconazole For homozygous PMs, the Cmai< and
AUC of voriconazole are 2-5 times higher than found for EMs [44] The CYP2C9 genotypic
variation does not influence the exposure to voriconazole [45]
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2.3. Interactions with other medication
As might be predicted based on the metabolic pathways of voriconazole, agents that
inhibit or induce CYP450 enzymes may alter the pharmacokinetics of voriconazole and
vice versa Clinically relevant interactions effecting voriconazole pharmacokinetics are for
instance phenytom [46], ritonavir [47] and rifampin Voriconazole, in turn, influences the
pharmacokinetic profile of comedicated agents such as tacrolimus [48], cyclosporme [10,
49,50] and midazolam [51] Concomitant use of medications that prolongs the QT interval
may result in an increased risk for cardiac side effects [25] The role of P-glycoprotem in
the transport of voriconazole is not yet clear but according to the manufacturer
voriconazole is neither a substrate nor an inhibitor of this membrane transporter [25]
Furthermore it is demonstrated that it is highly likely that BCRP does not seem to be
inhibited by voriconazole The exact role of OATP-1B1 has not been established and thus
its specific role in drug-interactions with selected substrates and inhibitors such as
voriconazole remains unclear and requires further investigation [52]
The occurrence of interactions and inhibition or induction of membrane transporters may
further support the use of TDM (see below)

3. Pharmacodynamics of Voriconazole
3.1. Plasma drug concentrations and efficacy
In the case of voriconazole, selection of a fixed dose yields a wide variety of plasma
concentrations Tnfiho et al investigated 87 (table 2) patients with haematological
malignancies who received different voriconazole doses

Steady state trough

concentrations of voriconazole ranged from 0 to 12 5 mg/L No correlation between the
dose administered or dose/kg body weight and efficacy was found [18]
Denning et al reported (table 2) that plasma concentrations below 0 25 mg/L correlated
with a higher rate of clinical failure of invasive aspergillosis [19] Three out of five patients
with concentrations below 0 25 mg/L failed to respond to therapy, while only 1/6 patients
with plasma concentrations between 0 25 and 0 5 mg/L failed to respond
Further support for this observation was provided by Smith et al who reported (table 2) an
association between higher plasma voriconazole concentrations and a successful
outcome in treating invasive aspergillosis [11] A favourable clinical response was
observed for all 10 patients with voriconazole trough concentrations of above 2 05 mg/L
while the disease progressed in 10/18 (56%) of those with lower concentrations
The results of 6 phase ll/lll trials of voriconazole showed that the success rate for patients
with invasive aspergillosis with mean voriconazole plasma concentrations <0 5 mg/L was
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Table 2 Published data on relation between plasma concentration and efficacy or toxicity
Study design

Patient population

Patients

Lazarusetal

Randomized
dose escalation

Patients with documented
18
hematologic malignancy or
solid tumor after BMT

300mg bid or 200 mg bid

Denning et al

Open label noncomparative

Immune compromised
patients with invasive

6mg/kg bid loading dose,

116

3mg/kg bid iv maintenance

aspergillosis
Imhof et al

Retrospective

Hematologic patients or

Voriconazole dosage

followed by 200mg bid po
26

Multiple dosing schedules

28

400mg bid loading followed
by 200mg bid

liver transplant
Smith et al

Retrospective

Multiple patient
populations

Trifiho et al

Retrospective

Hematologic patients with
SCT

25

300mg bid or 200 mg bid
(some patients after loading
dose of 400mg bid

Walsh et al

Open-label,
randomized

11

3mg/kg bid iv versus 4 mg/
kg bid iv

Boyd et al

Case report

Children 2-11 years
leukemia, lymphoma,
aplastic anemia or
preparation for BMT
Pulmonary fibrosis, COPD,
diabetes mellitus

Trifiho et al

Retrospective

Hematologic malignancies

87

Pascual et al

Prospective
All patients receiving
(TDM group) and voriconazole based on a
retrospective
clinical indication
(no-TDM)

Patient 1 and 3 6mg/kg
bid loading dose, 3mg/kg
bid iv, patient 2 6mg/kg
bid loading, 4mg/kg bid iv
maintenance
Loading dose 400 mg bid po,
100-400 mg bid po

52 (TDM) IV 6mg/kg bid, followed by 4
and 39
mg/kg bid
(no-TDM) Oral 400mg bid loading
followed by 200mg bid

BMT, bone marrow transplantation, Ift, liver function tests, ULN, upper limit of normal, SCT, stem cell transplantation,
NA, not applicable, COPD, chronic obstructive pulmonary disease, AE, adverse event, TDM, therapeutic drug monitoring
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Notes

Relation plasma
concentration -efficacy or
toxicity

Suggested lower and Reference
upper limit

Higher dose of 300mg bid has
more adverse events than 200
mg bid Plasma concentrations
on day 1 and 14 were significant
higher in the 300 mg BID group
14,6% had Ift 3-5 times ULN with
plasma concentrations
>6 mg/L
6/26 patients had neurologic
adverse events
17/28 patients with plasma
concentrations determined for
progression, 11/28 patients
concentrations determined for
toxicity
6/36 concentrations in patients
with 200 mg bid were too low, 0/7
concentrations in patients on 300
mg bid were too low
No relation with serum
concentrations investigated, only
relation with dosing regimen

No, serum concentration
is not compared to toxicity
only dose regimen

NA

[57]

Yes, for toxicity and efficacy

Lower limit 0 25 mg/L
Upper limit 6 mg/L

[19]

Yes, relation for toxicity

Lower limit 1 mg/L
Upper limit 4 mg/L
Lower limit 2 05 mg/L

[56]

Yes, relation with disease
progression, relation with
toxicity not described

[11]

Yes, relation with efficacy
Relation with toxicity is not
found

Lower limit 0 5 mg/L
Upper limit 7 mg/L

[17]

No association with higher
dose and toxicity

NA

[35]

Multiple AE reported by authors

Yes, high serum
concentration associated
with increase in toxicity

NA

[55]

Correlation between dose and
plasma concentration is poor

No serum concentration
is not compared to toxicity
only dose regimen
Yes, concentration
< 1 mg/L correlated with
reduced efficacy and
concentration >5 5 mg/L
correlated with more
neurological side effects
No correlation between
hepatic side effects and
voriconazole concentration

NA

[18]

Provisional cut-off points
pre-defined at 1 mg/L for dose
increase and 5 5 mg/L for dose
decrease

Lower limit 1 mg/L
Upper limit 5 5 mg/L

[16]
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Table 3 Pros and Cons for TDM of Voriconazole.
Pro-TDM

Contra-TDM

Efficacy
Narrow therapeutic range
No surrogate marker available to determine outcome
Relation between efficacy and plasma concentration unclear
No m-vivo breakpoints have been established
Toxicity
Relationship with toxicity can be predicted by genotypmg for
CYP2C19
Relationship between high plasma concentrations and toxicity is
described
Pharmacology
Non-linear pharmacokinetics
Drug - drug interactions as well as drug - food interactions
Unpredictable relation between dose administered and plasma
concentration
No dose adjustment recommendations have been established
based on plasma concentrations
Oral route might yield low plasma levels
Wide interpatient variability
Wide mtrapalient variability
Technical
A validated assay has to be readily available
Cost
Time intensive

yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

46% compared to 56 % with mean plasma concentrations >0 5 mg/L [38] However, since
data obtained in experimental settings have shown a clear correlation between AUG and
efficacy, the relationship found probably only reflect the lower AUCs in these patients [53]
Most recently Pascual et al used trough levels rather than random samples and showed a
correlation between efficacy and plasma concentration [16] Lack of therapeutic response
was more common among patients with voriconazole trough concentrations <1mg/L
3.2. Plasma drug concentrations and toxic effects
Intravenous and oral voriconazole is generally well tolerated with the most common side
effects being visual disturbances, hepatic enzymes abnormality, rash, gastrointestinal
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side effects and prolongation of QTc interval In a combined analysis of 10 Phase ll/lll trials
the frequency of visual adverse events appeared to be positively correlated with median
plasma voriconazole concentrations [38, 54] These visual disturbances such as blurred
vision, photopsia, changes in color perception and photophobia affect 20-30% of patients
but in these trials therapy was rarely discontinued [25]
Hepatic enzyme abnormalities are also relatively common [19,20, 22, 23, 55-58] The risk
for developing elevated liver function test increased by 7-17% for every 1 mg/L increase in
voriconazole concentrations and no threshold was found [59] However, all samples were
drawn randomly thus frustrating any attempt to determine a threshold
Both Denning et al and Potoski and Braun (table 2) reported that there may be an
association between abnormal liver function and plasma voriconazole concentration
higher than 6 mg/L [19, 60]
Tan et al conducted a retrospective analysis of 10 phase II and III clinical trials and showed
that an increase in hepatic enzymes correlated with higher plasma concentrations but the
authors could not discriminate between true positive and false-positive liver function
abnormalities despite employing various cut-points between 0 5 and 10 mg/L [54]
In an analysis of 26 patients, 6 experienced neurological side effects which were not
specified further but their occurrence was significantly associated with elevated serum
concentrations of voriconazole [56]
Boyd et al reported (table 2) that hallucinations, hypoglycaemia, electrolyte disturbance
and pneumonitis were possibly attributed to high voriconazole concentrations [55]
However no cut-off value was determined and proof was not forthcoming because of the
heterogeneity of the clinical manifestations and the small number of cases
Pascual et al investigated whether there was a correlation between a high trough level of
voriconazole and the occurrence of neurological and hepatic side effects among 52
patients based on a provisional cut-off value of 5 5 mg/L Analysis of neurological toxicities
showed a correlation with plasma trough levels > 5 5 mg/L while no correlation was found
between hepatic enzyme elevation and higher trough levels [16]

4. The case for TDM of voriconazole
For TDM of a drug to be useful let alone necessary it has to fulfill several requirements
Voriconazole adheres to these requirements the drug displays a wide inter-individual
variability in dose-concentration relationships, it has a narrow therapeutic range and is
subject to drug-drug interactions influencing its pharmacokinetic behavior Also
boundaries for the therapeutic range are identifiable based on current published literature
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and thresholds for concentrations for efficacy and toxicity have been identified
Patients with invasive fungal infections often require long-term treatment with voriconazole
After initial intravenous treatment most patients will continue on oral voriconazole A
patients compliance to voriconazole might be a factor to account for Patients compliance
can be monitored by TDM
Here we will attempt to put the pharmacokinetic and pharmacodynamic profile of
voriconazole into context with respect to the need for TDM for the individual patient
Indications where TDM is reasonable are provided (based upon the currently available
data)
4.1 There is a large interindividual variability in voriconazole plasma
concentrations
As described previous in this article the interpatient variability is large, and the predicted
plasma concentration based on the administered drug dose is poor The wide interpatient
variability can be explained by the large variability in the activity of CYP isoenzymes that
catalyse the metabolism of voriconazole and the large potential for drug-drug interactions
and drug-food interactions Genotypic variation in the metabolizing enzyme CYP2C19
accounts for a large interpatient variability and is one of the major determinants for toxicity
The frequency of poor metabolizers (either heterozygous or homozygous) is higher
among Asian patients (20-30%) but can occur also in Negroid or Caucasian patients
albeit at a lower frequency (2-5%) [43] A low metabolic turnover is associated with
increased exposure to voriconazole with subsequent increase in the possibility for toxicity
Ultra-rapid metabolizers of CYP2C19 may yield subtherapeutic levels of voriconazole
Since the genotype can not readily be determined routinely, TDM offers a good alternative
to verify phenotypic outcome and to guide therapy
Voriconazole disposition is influenced by many drugs resulting in either high or low
plasma concentrations The importance of drug-drug interactions (DDI's) involving
voriconazole is even more prone than the effect of genotypic variation Concomitant
administration of strong CYP2C19 enzyme inducers such as phenytom, rifampicm or
efavirenz [46, 61, 62] will increase clearance of voriconazole and a combination of these
drugs must be avoided if possible If a combination of these drugs is indicated this must
be accompanied by measuring voriconazole plasma levels to guarantee adequate
exposure since clinical failure might be eminent Furthermore enzyme inhibitors of
CYP2C19 such as Cimetidine [63] may lead to an increase in voriconazole exposure
resulting in toxic effects
Lately, some reports have emerged suggesting low trough levels of voriconazole after oral
intake [16, 18, 64] If a patients starts with, or is switched to, oral administration it will
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almost certainly lead to less exposure to voriconazole than would be attained after
intravenous administration Assuming a body weight of 75 kg, the regular intravenous
dose is 300 mg twice daily while the recommended oral dose is 200 mg twice daily,
resulting in 33% less drug being given With the average bioavailability being around 90%
for adults, the ratio of oral to intravenous drug will be 0 6 Hence lower plasma
concentrations could be anticipated which, in turn, might become suboptimal leading to
therapeutic failure Hence measuring plasma concentrations soon after the switch from IV
to oral voriconazole would seem advisable to ensure adequate exposure Bioavailability
after oral intake is even further reduced when given with food The mam question that
arises is then "Is the recommended oral dosage sufficient to achieve adequate blood
levels9" Until it is known whether the usual oral dose is sufficient to achieve good clinical
efficacy, measuring plasma concentrations may provide a good surrogate to help
determining adequate exposure If this does indeed prove inadequate, the dosage might
then be increase to attain better efficacy
4.2. Sampling times and target plasma drug concentration
In most reports investigating the relation between voriconazole plasma concentration and
efficacy or toxicity random samples have been taken thereby frustrating attempts to
define good lower and upper limits for trough plasma concentrations [54, 59] None the
less lower limit values ranging from 0 25 to 21 mg/L and upper limit values of 4 to 7 mg/L
have been proposed [11, 17 19, 56] Clearly a prospective randomized clinical trial is
needed to investigate the trough concentrations necessary to optimize efficacy
Antifungal drug concentrations above the MIC of the micro-organism predict a good
response to treatment [65, 66] Conversely, certain breakthrough infections might be the
result of lower concentrations which in turn yield a lower AUG to MIC ratio for the fungi
involved [67]
On the basis of the several published studies, it is possible to arrive at "target" plasma
concentrations of voriconazole
Until a good population PK model is available to interpret random samples we propose
measuring plasma trough concentrations We suggest the target plasma trough
concentration obtained under steady state conditions be >1 mg/L If the focus of the
infection is in an inaccessible place such as the brain or in the eye higher trough
concentrations of >2 mg/L may be necessary Conversely, trough concentrations should
not exceed 6 mg/L to keep the risk for neurological adverse events and hepatotoxicity to
a minimum
Guidelines concerning dose modifications appear to be problematic only because of the
non-linear kinetics of voriconazole These guidelines about dose modifications for
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patients with very low or too high plasma concentrations need to be developed and
validated to further support clinical management of patient with invasive fungal infections
using voriconazole Until there is a consensus on how to manage dose adjustment, an
approach with repeated plasma concentration monitoring is warranted after dose
adjustment to ensure adequate concentrations are reached
4.3. Practical issues for implementation of TDM
There is sufficient evidence to support the use of TDM for voriconazole Recently the
Infectious Disease Society of America has published guidelines on the treatment of
invasive aspergillosis, in which in selected cases, they support the use of TDM [68] In
order to perform TDM a validated analytical method has to be available to determine
voriconazole plasma concentrations Numerous high performance liquid chromatographic (HPLC) assays with ultraviolet or mass spectrometnc detection and bioassays
have been described for measurement of voriconazole concentrations [69-73] However,
with the increased use of combination therapy for the treatment of invasive fungal disease,
the use of bioassays will be limited and the use of LC techniques appears to be the most
appropriate method
Assays will have to be validated to ensure accuracy and precision A international mterlaboratory quality control program for therapeutic drug monitoring of azole antifungal
agents including voriconazole has been set up by the author of this article The objectives
of the program are to define sources of error in bioanalytical methods, to contribute to the
optimisation of the bioanalysis of antifungal drugs and to establish mterconvertibihty of
results among laboratories and methods
If possible the samples can be done in house if facilities are available or sent to other
laboratories with validated assays With current analytical techniques, TDM of voriconazole
can be little time consuming HPLC analysis (including sample processing) will take
around half an hour whereas LC-MS will take only few minutes Results can thus be readily
available for the clinician The shorter the turn-around time the better (for instance within
48 hours would be preferable for prompt patient management) The logistical challenges
involved in TDM are substantial The proper use of TDM includes correct administration of
the drug, correct collection and processing of blood samples, precise and accurate
measurements of the drug and appropriate interpretation of results All professionals
involved need to be familiar with each step in the process For voriconazole specific,
plasma trough samples are preferred since trough concentrations reflect the overall
exposure and plasma trough concentrations can be interpreted more easily than area
under the curve or other parameters Also for reasons of convenience trough samples
may be preferred since trough levels can be readily attained
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Interpretation of the results can be done by a clinical pharmacist / pharmacologist or
another health care professional acquainted with TDM The clinical pharmacologist might
provide the clinician with advice on how to optimize therapy for the individual patient A
proposal for a provisional therapeutic range for voriconazole trough concentrations from
1- 6 mg/L has been suggested earlier in this article Frequent monitoring after dose
adjustments to ensure the patient has concentrations in the therapeutic range is warranted
A once weekly sampling schedule might be a good frequency to start with When drugs
interacting with voriconazole are introduced or when the patient's condition is changed
(eg liverfunction) this will prompt for a renewed or more intensive control of plasma
concentrations
Obviously, the implementation of TDM and a goal-directed dosage strategy is costly
However, TDM can offer a cost-effective strategy in the long term [74], and can provide
benefit by reducing the overall health care costs incurred in managing patients requiring
voriconazole to treat invasive fungal disease However, as yet, there are no studies
available that have investigated the cost-effectiveness of the TDM of voriconazole

5. Future perspectives
More evidence is gathering supporting the use of TDM of voriconazole Voriconazole has
a non-linear pharmacokinetic profile with a wide inter- and mtra-mdividual variety In
addition the pharmacokinetic profile differs in children under the age of 12 years compared
to that in adults, as does the pharmacokinetic profile in patients with mild to moderate
hepatic impairment and a genotypic variation of CYP2C19 Voriconazole exhibits
drug-food interaction and numerous drug-drug interactions with CYP450 inhibitors as well
as inducers with dosage adjustments of voriconazole, the second drug or both that might
be indicated All these items are in support for the use of TDM to warrant optimal therapy
in the individual
Assessing the genotype of patients may predict possible toxicity especially for Asian
patients who may be at risk since the frequency of PMs is higher among them resulting in
higher plasma concentrations and toxicity However, the issue of genotype vs phenotype
needs further consideration At present it appears that a plasma concentration will be the
more useful end-point When TDM yields high concentrations the genotype could be
assessed in order to determine the cause of the high concentrations of voriconazole
Limited data is available from clinical trials investigating the relation between plasma
concentrations and the therapeutic outcome and there has been no prospective
randomized trial conducted to evaluate the use of TDM of voriconazole However we
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consider the data available sufficiently reliable to support the use of TDM in a certain
subset of patients [11, 16, 17, 54, 56] (eg , children, patients with a high BMI, abnormal
liver function, drug-drug interactions and patients with marked toxicity) Although these
data do not allow specific recommendations for solid breakpoints for therapeutic drug
monitoring, we suggest, on the basis of currently available data, the use of a therapeutic
range between 1 and 6 mg/L for voriconazole plasma trough concentrations Prospective
studies are warranted to further investigate the appropriateness of this therapeutic range
and to assess the added value of TDM of voriconazole
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Chapter 5.2
Failure of Posaconazole Therapy in a Renal Transplant Patient with Invasive
Aspergillosis due to Aspergillus fumigatus with Attenuated Susceptibility to
Posaconazole
Kuipers S, Brüggemann RJ, de Sévaux RG, Heesakkers JP, Melchers WJ, Mouton JW,
Verweij PE.
Antimicrob Agents Chemother. 2011 Jul;55(7):3564-6.
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Abstract
We report the case of a kidney transplant recipient with invasive aspergillosis due
to Aspergillus fumigatus resistant to voriconazole and intermediately susceptible to
posaconazole who failed to posaconazole therapy Blood and tissue posaconazole
concentrations indicated an unfavorable area under the concentration-time curve over
MIC ratio Posaconazole should be used with caution in invasive aspergillosis caused by
strains with attenuated posaconazole susceptibility, as drug exposure may be inadequate
resulting in therapeutic failure
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Acquired azole resistance is reported to be an emerging problem in patients with
aspergillosis [1-3] Aspergillus isolates may have variable susceptibility to different
licensed azole drugs, but are often multi-azole-resistant [1, 4] Itraconazole commonly
shows no in vitro activity, while the activity of voriconazole and posaconazole may be
attenuated, ι e the minimum inhibitory concentrations (MICs) are elevated compared to
wild-type isolates, but the drug retains moderate in vitro activity [4,5] Here we describe
the first case of an azole-naive patient with aspergillosis due to an Aspergillus fumigatus
isolate resistant to voriconazole and with reduced susceptibility to posaconazole, in
whom posaconazole treatment failed Measurement of posaconazole concentrations
in blood and tissues indicated a probable failure to achieve the pharmacodynamic
target
A 51-year-old female kidney transplant patient, weighing 104 kg, was admitted to our
hospital in October 2009 with abdominal pain, fever, leukocytosis, and increased CRP
She had received a cadaveric-kidney transplant in her left iliac fossa nine months earlier
Her immunosuppressive regimen included oral tacrolimus, mycophenolate mofetil and
prednisone Nineteen days earlier, abdominal hysterectomy had been performed in
another hospital because of a growing uterine myoma, with normal postoperative renal
function However, upon admittance to our hospital creatinine levels were 350 μπηοΙ/Ι_
Renal ultrasound showed partial stenosis of the distal transplant ureter The newly inserted
percutaneous nephrostomy catheter dislocated, and only after four attempts a catheter
was reinstalled in the non-dilated renal system Cutaneous erythema developed around
the nephrostomy catheter for which a 5-day course of ceftriaxone was given
The following months she remained intermittently febrile In November, renal biopsies
revealed tubuhtis and interstitial inflammation A 3-day course of methylpredmsolone was
given for possible transplant rejection
In January 2010, the stenotic transplant ureter was replaced by the left native ureter
Penoperatively, pus and a necrotic transplant ureter were found medially to the transplant
Histology showed necrosis and fungal elements Cultures identified A fumigatus
Treatment was initiated with oral voriconazole 300 mg b ι d after a loading dose of
400 mg b ι d on the first day Immunosuppressive medication was reduced Antifungal
susceptibility testing using EUCAST methodology [6] showed that voriconazole was
inactive (MIC >16 jivg/mL), MICs of itraconazole and posaconazole were 2 and 0 5 /jg/
ml, respectively After 4 days, voriconazole was replaced by posaconazole 200 mg q ι d ,
aiming at an exposure above 1 μg/m\ However, after 1 week of therapy under steady
state conditions, the trough plasma posaconazole concentration measured 0 6 /jg/ml
The dosing regimen was changed to 200 mg six times daily with intake after high-fat-
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containing food The increased posaconazole dose did not yield higher concentrations
after another week of therapy
In February, pus drained spontaneously from the operation wound Upon presentation,
our patient was severely septicemic Nephrostomy catheter urine showed gram positive
rods and cocci She was started on piperacillm-tazobactam, caspofungm, and liposomal
amphotericin Β Ultrasonography showed pus surrounding the kidney transplant
Computed tomography showed the infection had progressed to the lower pole of the
transplant and abdominal wall Although surgical drainage was performed, the patient
died shortly afterwards
Urine culture grew Enterococcus faecahs and Corynebactenum species From the
double-J catheter A fumigatus was cultured Autopsy confirmed the fungal infection
had only progressed to the transplant and abdominal wound Postmortem fungal culture
results are shown in Table 1 Pulmonary thrombosis secondary to sepsis was identified as
the most likely cause of death Posaconazole concentrations were measured by validated
HPLC-fluorescence method [7] in tissue samples and whole blood obtained by cardiac
puncture (Table 1) Molecular identification of the isolate was consistent with A fumigatus,
and sequence-analysis showed two mutations in the Cyp51A-gene and a tandem repeat
in the gene promoter
Invasive aspergillosis occurs infrequently in kidney transplant recipients We assume
that the infection in our patient occurred through inoculation either during hysterectomy
or insertion of nephrostomy catheters Presence of azole resistance in the absence of
previous azole exposure suggests the isolate had been obtained from the environment [8,
9] Although failure to azoles in azole-resistant aspergillosis has been reported previously
[1, 3, 5, 10], the impact of in vitro resistance on the clinical response has been difficult
to establish because several factors contribute to treatment outcome, e g refractory
underlying disease, low drug exposure and previous exposure to other antifungal agents
In this patient, primary therapy with posaconazole could be evaluated during infection
with an A fumigatus isolate with attenuated susceptibility Oral posaconazole solution was
given because the isolate was vonconazole-resistant, the infection was surgically drained,
and the clinical condition permitted out-patient treatment According to recently proposed
interpretative breakpoints, the isolates were borderline to intermediate susceptible to
posaconazole [4] We monitored posaconazole plasma concentrations and ultimately
used a dosing regimen of 200 mg six times daily for maximum drug exposure The
posaconazole trough level of 0 6 μg/mL could have been suboptimal as this signified total
drug and not free drug Furthermore, this level was much lower than mean posaconazole
levels measured in volunteers taking at least 800 mg posaconazole per day [11] Average
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Table 1 Culture results and posaconazole drug concentrations in blood and tissue
samples obtained at autopsy.

Site

Fungal

MIC ^g/mL, (classification)1

Culture

POS level
ftig/g)

rrz

VCZ

POS

Abscess

A. fumigatus

2 (I)

>16(R)

0.5 (I)

5.1

Kidney - swab

A. fumigatus

MS)

>16(R)

0.5 (I)

5.9

Kidney - tissue

A. fumigatus

1(S)

>16(R)

0.5 (I)

6.5

Renal fat tissue

A. fumigatus

MS)

>16(R)

0.25 (S)

Liver

Negative

18.4

Spleen

Negative

5.8

Lung

Negative

4.1

Blood

Negative

1.1 (yg/ml,
whole blood)

7.1

ITZ, itraconazole; VCZ, voriconazole; POS, posaconazole. ' Classilicalion according to recently proposed
interpretative guidelines (4).

plasma concentrations of 0.4 to 0.7^g/mL corresponded with treatment success rates of
only 53% in aspergillosis patients receiving posaconazole salvage therapy, compared to
75% in those with average concentrations of 1.2/L/g/mL [12]. Besides, only 29.7% of 202
serum samples tested for posaconazole levels in a reference laboratory had levels above
0.7^g/mL[13].
The efficacious area under the concentration-time curve over MIC for posaconazole
is probably above 200, and conservative estimations are as high as 1,000 [14]. The
pharmacodynamic target of 200 could have been achieved with posaconazole plasma
concentrations of 0.6 ivg/mL if the infection had been caused by an A. fumigatus isolate
with a wild type susceptibility. However, due to elevated MICs, the AUG/ MIC ratios in
our patient were 30 to 60, at least 3.5 to 7 fold lower than the pharmacodynamic target.
Plasma levels above 4 /jg/mL would have been required to achieve a pharmacodynamic
target of 200, which is impossible to achieve with the current formulation of posaconazole.
Our case demonstrates that posaconazole should be used extremely cautiously in
treatment of patients with invasive aspergillosis caused by Aspergillus isolates with
attenuated posaconazole susceptibility, due to unfavorable AUC/MIC ratios and higher
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probability of treatment failure Therapy with non-azole antifungal agents, eg lipidformulations of amphotericin B, may be an appropriate alternative treatment option,
although clinical experience with azole-resistant aspergillosis is still limited
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Chapter 5.3
Therapeutic Drug Monitoring of Voriconazole in a Child with Invasive Aspergillosis
Requiring Extracorporeal Membrane Oxygenation
Brüggemann RJ, Antonius Τ, Heijst A, Hoogerbrugge PM, Burger DM, Warris A,
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Abstract
We describe a patient on extracorporeal membrane oxygenation (ECMO) therapy
and invasive pulmonary aspergillosis (IPA) in which therapeutic drug monitoring and
individualisation of therapy by measurement of voriconazole plasma concentrations was
performed
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Clinician:
Our patient is a 5 year old boy diagnosed with pre-B cell acute lymphatic leukaemia (ALL)
in July 2005 The patient was treated conform the Dutch Childhood Oncology Group
ALL-10 protocol In January 2007 the patient was hospitalized for acute respiratory failure
caused by a varicella zoster pneumonia for which aciclovir was initiated At that moment,
he was in the consolidation phase of his ALL treatment consisting of methotrexate and
6-mercaptopurin Laboratory tests showed a pancytopenia (hemoglobine 6 6 mmol/L,
leucocytes 11 χ 109/L with 0 6 χ 109/L neutrophils, thrombocytes 18 χ 109/L, serum creatinine
17 ^mol/L) Intensive artificial ventilation was needed to achieve an adequate ventilation
and oxygenation Despite maximal conservative treatment, his pulmonary condition
deteriorated and after three days veno-venous ECMO therapy was started as a rescue
treatment [1] The patient was cannulated through the right femoral and jugular vein
Because of increasing amounts of fluid retention caused by systemic inflammatory
response syndrome, continuous veno-venous haemofiltration (CVVH),(PRISMA® CVVH
machine with filter and solutions, Gambro Healthcare, Breda, The Netherlands) was
started on day 4 of ECMO therapy
After cannulation, broad spectrum antibiotics (teicoplamn, meropenem, gentamicm,
ceftazidime, in consecutive order) were started and aciclovir was continued Despite in
tensification of treatment, his pulmonary infection deteriorated A positive sputum culture
ior Aspergillus fumigatus at day 5 of ECMO treatment followed by a positive galactomannan
in the bronchoalveolar lavage fluid was suggestive for IPA Voriconazole, administered
intravenously, was initiated at a dose of twice daily 6 7 mg/kg with an infusion rate of 3 mg/
kg/hr (according to the manufacturer's leaflet [2]) In vitro testing showed that the A
fumigatus was susceptible for voriconazole (MIC 1 mg/L)
TDM consultant:
Drugs administered during ECMO therapy exhibit complicated pharmacokinetics due to
a larger volume of distribution and altered drug elimination [3, 4] In addition, drugs may
be lost due to mactivation, absorption and sequestration by ECMO circuit components
[3, 5] which in turn might lead to subtherapeutic effects I would suggest at this stage to
measure trough plasma concentrations of voriconazole to ensure that the child is
effectively covered against the fungus I would use a validated High Performance Liquid
Chromatography (HPLC) method Samples will be pretreated using a protein precipitation
procedure The dynamic range of the assay was 01-10 mg/L The assay has an accuracy
range (n=15), dependent on the concentration, from 96 7% to 101 4% Intraday precision
varied between 0 8 % - 3 2% and mterday precision was between 0 - 2 0 %
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Clinician:
A first plasma concentration, with unknown sample time relative to dose administration,
on day 5 of voriconazole treatment yielded a result of 0 7 mg/L Based on this result I
would increase the dose to twice daily 10 mg/kg
TDM consultant:
I would argue that, an even higher dosage is needed to achieve a target plasma trough
concentration of > 1 mg/L Since the timing of the sample relative to the dosing was not
known, extrapolated trough concentrations were expected to be even lower and when
taken the near linear pharmacokinetic profile into account [6] an increase to 10 mg/kg
would not be sufficient to achieve these target concentrations
Clinician:
The dose was further increased to twice daily 14 mg/kg to achieve adequate exposure
TDM consultant:
After this dose adjustments trough plasma concentrations should be determined daily to
determine if further adjustment was necessary
Clinician:
At a dose of 14 mg/kg infused over a 4 hour period, adequate concentrations of
voriconazole were achieved (From day +3 to day +7 of voriconazole therapy, average
trough concentration under steady state conditions were 4 22 mg/L , C\/=8 6%, n=7) No
further increase of voriconazole was considered necessary and therapy was continued
On day 7 of voriconazole therapy we obtained sufficient samples to determine pharmacokinetic parameters
TDM consultant:
I used WmNonLm 41, (Pharsight Ine), non-compartmental analysis with the log-linear
trapezoidal rule (figure 1, table 1) to calculate the Area under the plasma concentration vs
time curve (AUG) and clearance which resulted in an AUG of 64 mg*hr/L and a clearance
of 0 22 L/hr/kg, respectively Peak plasma concentration (CmJ was 8 2 mg/L
Clinician:
Safety of voriconazole was monitored by daily analysis of liver enzymes which remained
within the range of three times the upper limit of normal The patients renal function
remained stable throughout the treatment period with serum creatinine values ranging
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Figure 1 Plasma concentrations of the patient measured at day 17 of voriconazole

therapy. Voriconazole was administered as a 4 hour infusion of starting at
t = 0 at 14 mg/kg.
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from 13-34 μηποΙ/Ι-. Since the patient was fully sedated, assessment of ocular or central
nervous toxicity was impossible. We conclude that voriconazole toxicity did not occur and
did not contribute to the outcome of this case.
Despite the ECMO treatment the clinical condition of the patient deteriorated and after 19
days of ECMO he died due to a combination of disturbed coagulation resulting in a
massive haematothorax and an invasive aspergillosis. Autopsy was not performed. The
combination of a diffuse intravascular coagulation and the I PA might have led to this fatal
complication.
TDM consultant:
For TDM of a drug to be useful let alone necessary it has to fulfill several requirements.
Voriconazole fulfills these requirements: the drug displays a wide inter-individual variability
in dose-concentration relationships, it has a narrow therapeutic range and is subject to
drug-drug interactions influencing its pharmacokinetic behavior.
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Pharmacokinetics of voriconazole m children exert vastly different pharmacokinetics than
adults with near linear elimination instead of non-linear elimination [6] Pharmacokinetics
of voriconazole may additionally vary because of the use of an extracorporeal circuitry,
due to an increase in volume of distribution or absorption to system components Since
an ex-vivo experiment showed great loss of voriconazole up to 71% [5], therapeutic drug
concentrations cannot be presumed without measurement of plasma concentrations of
voriconazole used during ECMO therapy No dose recommendation is given by the
manufacturer of voriconazole for patients on ECMO
A third factor possibly influencing the pharmacokinetic profile of voriconazole is CVVH,
although the extracorporeal elimination is limited [7] and thus the contribution of CVVH to
altered pharmacokinetics will be negligible No dose modifications of voriconazole are
recommended by the manufacturer in case of CVVH
All above mentioned factors might alter the pharmacokinetic profile of voriconazole
justifying the use of TDM in this specific patient in order to prevent suboptimal therapy
In order to achieve certainty on effective therapy, target plasma trough concentrations
> 1 mg/L were aimed for This cut-off point is based on current published literature [8,9]
We consider the data available sufficiently reliable to be used to guide dosing We chose
trough levels to guide dosing since they reflect overall exposure Also for reasons of
convenience trough samples may be preferred since they can be readily attained In this
case, at a dosage of 6 7 mg/kg the plasma concentration of 0 7 mg/L was too low to
achieve target concentrations and it was argued that even a dosage of 10 mg/kg would
not attain this target Thus a dosage of 14 mg/kg was chosen to arrive at these levels At
14 mg/kg plasma trough concentration were high enough to result in effective
concentrations In this specific case it was possible to calculate the AUC Free drug 24
hour AUC / mie values of 20-25 are known to correlate with efficacy [10] The patients free
24 hour AUC / mie ratio was 53 8 (0 42 (58% protein binding) * 64 hr*mg/L * 2 (correction
of 24 hour AUC)/1 mg/L) This is an additional argument to stress that sufficient exposure
was reached and to assume adequate therapy
The patient presented in this report demonstrated a slower clearance rate compared to
pediatric reference values This may be caused by the higher dose (due to saturation of
enzymatic processes) but no conclusions can be drawn on the basis of these findings
since it is within the distribution of the reference population ECMO might have lead to an
increased volume of distribution Increase in volume of distribution will cause lower

232

VORICONAZOLE IN AN ECMO PATIENT

Table I Estimated pharmacokinetic parameters of voriconazole on day 7 of
voriconazole therapy in patient on ECMO and CVVH therapy.

Parameter

Patient

Adult Reference
group (4mg/kg bid)*

Pediatric Reference
group (4mg/kg bid)

Half life (hr)

4.7

7.8

7.5

Tma»(hr)

4.0
8.2

1.0 (end of infusion)

5.4

64.0

29.5

C,™ (mg/L)

AUC^hfmg/L)
Cmn (12 hours after
start infusion) (mg/L)
Cav8(mg/L)
Clearance (LVhr/kg)

2.8

14.3
0.43

5.3
0.22

2.4

1.19
0.120

0.4

* from reference Purkins et al [13]
** from reference Walsh et al [14]

plasma concentrations. The total volume in the circuitry is around 0.45 L (less than 5% of
total volume of distribution) thus the effect of the extra volume of distribution in this patient
were considered negligible. From the findings in this patient it cannot be concluded that
71 % of voriconazole is lost due to absorption in the ECMO system components, yet some
loss may have been the reason for lower plasma concentration requiring the need for
higher dosages. No definite conclusions can be drawn since we have not measured
concentrations of voriconazole at the beginning versus the end of the ECMO system.
The solubilising excipient in the intravenous formulation of voriconazole, a sulfobutylethercyclodextrin (SBECD) causes nephrotoxicity and accumulates in patients with renal
failure[11]. This might limit the possibility of dose incrementation of voriconazole due to
higher exposure to SBECD. Our patient however was not suffering from renal failure and
CVVH was started only to mobilize oedema and reduce fluid retention. No toxic effects, in
particular no nephrotoxicity, were observed. The concentration of the SBECD could not
be determined.
All co-medication was screened for interactions with voriconazole. No significant interaction was identified.
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In conclusion it is not clear whether the high dose of voriconazole needed in our patient
was required due to the ECMO therapy ECMO therapy is merely one factor that might be
of influence to the pharmacokinetic profile of voriconazole justifying the need for
therapeutic drug monitoring to prevent suboptimal therapy
Irrespective of the ECMO treatment, concentrations of voriconazole show a wide mtermdividual variation caused by many factors such as disease status, altered clearance,
changes in volume of distribution etc and should therefore be monitored Our own
experience based on drug monitoring as well as reports in literature [6] show that a
higher dose of voriconazole in children up to 10 mg/kg might be indicated in pediatric
populations in order to reach exposure equivalent to that in adults In our opinion,
guidelines about voriconazole dose modifications for pediatric patients in general need to
be developed and validated The use of TDM in special patient population, such as
severely ill children, is further supported by the advice of the IDSA guideline on treatment
of invasive aspergillosis [12] A prospective trial assessing the value of TDM in selected
pediatric patient groups with expected altered pharmacokinetics has to be carried out
More data are warranted to support the use of TDM in the management of children treated
with voriconazole for invasive fungal infections Optimizing voriconazole levels in pediatric
patients will improve therapeutic outcome and reduce toxicity
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Abstract
Voriconazole trough concentrations above 1 mg/L are associated with a higher likelihood
of success It is unknown whether these trough concentrations are reached with the
current recommended pediatric dosing schedule We retrospectively analyzed the results
of our therapeutic drug monitoring service for voriconazole in 18 children treated at our
children's hospital Thirty-nine voriconazole plasma concentrations were measured In
44% of patients the first voriconazole concentration was below the target Dose adjustment
eventually resulted in plasma concentrations within the predefined target range in all
patients Given the high proportion of patients with sub-therapeutic concentrations,
monitoring plasma concentrations should be performed routinely in pediatric patients
receiving voriconazole
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Introduction
Voriconazole belongs to the class of triazoles with activity against a wide range of yeasts
and molds and is first line therapy for treatment of invasive aspergillosis The drug is
licensed for use in patients 2 years of age and older In children, voriconazole exhibits
near-linear pharmacokinetics as compared with non-linear pharmacokinetics in adults
[1] The increased clearance of voriconazole in patients aged 2-12 years has resulted m a
recommended intravenous dosage of 7 mg/kg BID and a fixed oral dose of 200 mg BID
to achieve exposure similar to that in adults receiving 4 mg/kg BID [2]
Recently, reports have emerged on the relation between voriconazole exposure and
overall success of treatment in adults with suggested provisional cut-off points for
voriconazole trough concentrations ranging from 1 0 to 6 0 mg/L [3, 4] In a pediatric
subpopulation trough concentrations >1 0 mg/L were associated with a higher likelihood
of success and that each voriconazole trough concentration <1 0 mg/L increased the
relative risk of death by 6 3-fold [5] Furthermore, it was predicted that 33% of patients
aged 2-12 years receiving voriconazole at a dose of 7 mg/kg BID would not attain the
target of >1 0 mg/L
We performed a retrospective analysis to determine the percentage of adequate trough
concentrations in children receiving the current recommended dosing regimen [6]

Methods
Patients, aged 0-18 years, were identified from our hospital patient records for retrospective
analysis if at least one plasma concentration of voriconazole was measured between
May 2007 and September 2009 Patients were divided into two cohorts those below the
age of 12 years and those older than 12 years Proposed treatment regimen in our centre
for patients aged 2-12 years was either 7 mg/kg BID intravenously or 200 mg BID orally
For children aged >12 years the adult dosage including a loading dose was prescribed
Case report forms were used to collect the following information age, gender, weight,
underlying disease, fungal infection, treatment regimen, outcome, amount of samples
taken, timing of sampling relative to dose administration and dose adjustments Fungal
infections and response to antifungal therapy were retrospectively classified according to
the revised definitions of the EORTC-MSG [7, 8] Voriconazole trough plasma
concentrations were determined at the department of pharmacy of our hospital using a
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validated High Performance Liquid Chromatography (HPLC) method with fluorescence
detection The assay is externally validated by an international proficiency testing
program [9]
A trough concentration of < 1 0 mg/L was taken as the cut off point for dose adjustment
in patients For patients with infection at sanctuary sites or disseminated disease (including
central nervous system or sinuses) a target concentration of > 2 mg/L (based on expert
opinion) was pursued due to limited penetration at the target organ [10] Trough
concentrations above 6 0 mg/L were considered as an indication for dose reduction [3-5]
A Pearson correlation coefficient was calculated to determine if a correlation existed
between administered dose and plasma concentrations The Pearson Chi-square test
was performed to determine the correlation between plasma concentrations and the
occurrence of side effects

Results
Patient demographics, underlying disease, and classification and localization of fungal
disease are summarized in table 1
In 5 children < 12 years of age the initial treatment regimen was not in concordance with
the recommended dosage as described in the summary of the product characteristics
Two of them were < 2 years-of-age and therefore a TDM-guided approach with a lower
initial dose was chosen In the age group above 12 years, three out of 6 were initially not
treated according to the guidelines (Table 1)
Three patients received combination therapy (case 6, 7 and 14) Two of them received
amphotericin B, the third patient suffered from candidemia and was treated with
caspofungm and voriconazole
Thirty-nine voriconazole plasma concentrations were determined (range 1-7 per patient)
The median time between initiation of voriconazole treatment and the first measurement
of plasma concentration was 5 days (IQR 3 0-195) Trough concentrations measured in
children <12 years-of-age (n=25) ranged from <01 to 6 0 mg/L (median 1 25 mg/L), and
in children >12 years-of-age (n=14) from <01 to 9 6 mg/L (median 1 69 mg/L) Overall, in
8 of 18 patients (44%), the first trough concentration measured after initiation of
voriconazole treatment was below the target concentration of either 1 mg/L or 2 mg/L

240

VORICONAZOLE TDM IN PEDIATRICS

Four out of 5 patients (80%) with CNS infection or disseminated infection had initial trough
concentrations < 2.0 mg/L. In three of these four patients (75%) the initial trough
concentrations was even below 1 mg/L.
From the patients who did not attain the target concentration, 6 out of 12 (50%) were aged
0-12 years and 2 out of 6 (33%) were aged 12-18 years respectively.
In five out of 8 patients treatment was adjusted after voriconazole concentration
measurement, and three resulted in target attainment. In the remaining two patients,
multiple interventions had to be done to eventually achieve the target concentrations (3
out of 5 and 1 out of 2 follow up samples were considered adequate). In the remaining
three patients with subtherapeutic concentrations, no dose adjustments were made as
the diagnosis of fungal infection had become unlikely (n=2) or for unknown reason (n=1).
There was no significant correlation between voriconazole dose and the trough
concentration for both children below and above 12 years of age, regardless of the route
of administration (p > 0.05 for all four groups).
Adverse events were reported in 6 patients (Table 1). There was no significant correlation
between plasma concentrations and the occurrence of adverse events (p=0.16). Visual
disturbances were not reported. Two patients (case 7 and 15) had plasma trough
concentrations > 6.0 mg/L, but no clinical signs of toxicity were observed. In one patients
(case 15), therapy was discontinued one week after sample assessment as the diagnosis
of fungal infection had become unlikely. In the other patient (case 6) voriconazole was
switched to a lipid formulation of amphotericin Β because of persistent fever. The
correlation between plasma concentrations and outcome was not assessed, because of
the small number of patients and due to the use of combination therapy in multiple
patients.
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Localisation
of fungal
infection

Table 1 Characteristics of pediatric patients receiving voriconazole including
dosages, number of plasma samples for therapeutic drug monitoring
and trough levels

m υ

ALL infant leukemia
Hemo-phagocytic
lymphohistiocytosis, relapse
ALL

none
nonen

lungs
lungs

none
none

proven

CNS and lungs

A lumigatus

Juvenile myelomonocytic
leukemia
ALL
Down syndrome,
hemo-phagocytic
lymphohistiocytosis, relapse,
allo-SCT

nonen

unknown

none

possible
nonen

lungs
unknown

none
none

proven
probable

candidemia
lungs

C albicans

32 6

ALL
Oculocutaneous albinism,
medulloblastoma
ALL

proven

CNS and lungs

A lumigatus

F
F

25 3
192

ALL
Non-Hodgkm lymphoma

proven*

lungs and liver
lungs

none
A lumigatus

15

M
F
M

30
53
52

CML, relapse, allo-SCT
ALL
CF

possible
nonen
not
applicable

lungs
unknown
ΑΒΡΑ"

none
none
none

16
10

15
16

F
M

50
63 1

ALL, relapse
ALL

proven
possible

candidemia

C tropicalis
none

18
5

16
18

F
M

46 8
66

Abdominal Burkitt-lymphoma
AML, relapse, allo-SCT

probable
possible

J

S

1

J
1

3
13

0
0

F

67

M

51

1

2

F

14

17

2

M

15

7
8

3
3

F
M

146
154

14
11

3
5

F
F

178
185

6

7

M

9
12

7
8

4
15
2

11
14

<
c S
3 TJ
n

probable

lungs and
possibly
abdomen
lungs
CNS

none*

none*
none

~Classilication according to the revised EORTC-MSG 2008 criteria (3)
* Response to treatment until nine weeks after initiation according to the EORTC-MSG 2008 criteria (9),
based on available radiologic imaging (X-thorax or (HR)CT-scan)
" Allergic Broncho-Pulmonary Aspergillosis
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4 mg/kg BID IV

0.09-0.22

Ino 0/23 si sii

35 mg BID PO

<0.1

no

0/2

160 mg BID PO

0.89-3.34

yes

0/2

200 mg BID PO

177-5.6

no

7 mg/kg BID IV

6

7 mg/kg BID IV

0.97

I

c

,„
^

I

none
nephro- and
hepatotoxicity
exanthema and
hepatotoxicity

complete

2/2

none

complete

no

1/1

none

partial

no

1/1

none

death

2/2

complete
complete

Θ0 mg BID PO

1

3.6

no

1/1

progression

1

1.25

no

1/1

-

none

θ mg/kg BID IV

hepatotoxicity

complete

200 mg BID PO

4

<0.1-5.89

yes

0/2

2/2

photoloxicity of
skin

stable

200 mg BID PO

3

<0.1-1.21

no

0/3

-

none

partial

200 mg BID PO

3

0.21-2.83

yes

0/1

2/2

phototoxicity of
skin

complete

-

none

stable

none

complete

exanthema

not applicable

-

none

progression

none

unknown

150 mg BID PO

1

3.1

no

1/1

200 mg BID PO

1

9.6

no

1/1

160 mg PO
(morning), 200 mg
PO (evening)

1

1.2

no

1/1

200 mg BID PO

1

4.54

no

1/1

3 mg/kg BID IV

1

5.7

no

1/1

200 mg BID PO

3

0.7-1.81

yes

0/1

1/2

none

complete

3 mg/kg BID IV

7

<0.1-3.22

yes

0/2

3/5

none

partial

° Persistent febrile neutropenia
« Culturing of fungi unsuccessful, but fungal structures were seen in histology from liver biopsy
'Galactomannan-testing positive
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Discussion
We investigated if the current voriconazole dosing regimen results in adequate exposure
in pediatric patients and if TDM would be beneficial to attain target concentrations
between 1 and 6 mg/L Our study indicates that adequate exposure defined as a trough
concentration of >1 mg/L was not achieved initially in 44% of patients Furthermore, it can
be concluded, albeit from a small dataset, that TDM is useful to achieve plasma
concentrations within a predefined range of 1-6 mg/L
While the official safety product characteristics provides recommendations for children
aged 2-12 years, there is no dose recommendation for children below the age of 2 years
In daily practice however, for some patients voriconazole is considered to be the best
treatment option A TDM guided approach was chosen in those < 2 years-of-age, with a
prudent initial dose when therapy was initiated None of the two children below the age of
two, who started with a dosage of 4 mg/kg IV BID and 35 mg orally BID, respectively,
achieved the target concentrations Based on this experience, we recommend a higher
empiric starting dose together with twice weekly therapeutic drug monitoring
Neely et al [5] predicted that around 34% of all children receiving voriconazole would not
achieve plasma trough concentrations >1 mg/L In our pediatric patient population 44%
(8/18) had initial trough concentrations below the target concentration of 1 mg/L The fact
that we pursued higher trough concentrations of > 2 mg/L, for sanctuary infection sites or
disseminated disease, is not the explanation for the higher percentage of children not
reaching an adequate trough concentration, since the majority of patients with higher
target concentrations had initial trough concentrations below 1 mg/L Therefore, using a
higher target concentration stresses even more the need to perform therapeutic drug
monitoring to assure that these concentrations are reached TDM is considered a
favorable approach to achieve a higher target concentration, due to its direct availability
and possibility of timely intervention
In 3 of 5 patients with follow-up samples, intervention based on the results of TDM resulted
in concentrations within the target range upon the first new concentration assessment
Eventually, in all cases where the trough concentration prompted for a dose increase, this
resulted in the desired increase in exposure
We have shown that specifically children aged 2-12 years have lower trough concentrations
than recommended for therapeutic efficacy and that higher dosages may be needed to
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obtain exposure within the predefined target range of 1 - 6 mg/L. Furthermore, albeit with
limited patients, TDM appears to be a valid tool to guide dosing to achieve concentrations
within this target. We recommend performing TDM in pediatric patients on a routine basis
to prevent sub-optimal exposure when treating life threatening fungal infections. In our
experience, a good general approach in children aged 2-12 years would be to assess
plasma concentrations once weekly and at a later stage, for example after 4 weeks of
treatment, sampling intervals could be prolonged to once every two weeks.
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General discussion
This thesis focuses on tailor-made azole antifungal therapy for the individual. When we
started with clinical pharmacological oriented research for triazole antifungal drugs in
January 2007, no analytical assay for drugs such as voriconazole or posaconazole was
routinely available in The Netherlands. Over the past four years we developed and
validated analytical assays to determine plasma and other matrix (such as tissue)
concentrations of azole antifungal drugs and performed experimental studies to determine
target exposure that corresponds with near maximum efficacy. We have performed
pharmacokinetic studies in healthy volunteers and in special patient populations such as
haematology patients, and paediatric patients as part of our goal to elucidate factors that
cause major changes in pharmacokinetics. At the moment, the results of the studies
presented in this thesis are being used to guide dosing in the individual patient.

Figure 1 The triad of "the Host" - "the Bug" - "the Drug",

The figure provides an overview of aspects included in this thesis (areas 1, 5, 6. 9.10 and 12) as well as
future areas of possible research.
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The discussion on clinical pharmacological research of antifungal drugs is depicted in
three sections Part 1 of the discussion includes aspects related to the drug, the host and
the bug and a translation of findings with azole drugs in neutropenic patients to other
populations and other drug classes (figure 1) It includes traits on animal research as well
as on research in special patient populations In part 2, a perspective on the current status
and future investigations on therapeutic drug monitoring (TDM) of antifungal drugs is
provided Part 3 stipulates a personal perspective on a new approach to TDM

PART 1. The Bug, the Host, the Drug
The BUG
When studying efficacy of antifungal drugs against fungal pathogens in clinical trials
usually only 1 dose and 1 dosing interval are studied, making discrimination of the PK-PD
linked measure difficult, if not impossible Animal models have a distinct advantage over
both in vitro experiments and clinical trials in the ability to discern which PK-PD dosing
index is most closely associated with efficacy Therefore, we usually rely on animal PK-PD
infection models to provide this information [1]
With the emergence of resistance of Aspergillus fumigatus [2, 3] there is a shift in
pharmacodynamics of azole antifungal drugs which may have a clinical impact (chapter
5.2) Most clinical trials are unable to enrol enough patients with these resistant pathogens
to feel comfortable predicting treatment efficacy Animal studies are able to define the
relationship between magnitude and effect against organisms with widely varying minimal
inhibitory concentrations (MIC) [4] In chapters 2.1 and 2.2 we tested different dosages
of voriconazole and posaconazole in a non-neutropemc mouse model after injection of
Aspergillus conidia in the lateral tail vein This model was used to determine the exposure
needed to achieve near maximum efficacy (ECgo) against drug-resistant pathogens with
survival as outcome parameter Differences with other models reported in literature can
be found [5, 6] One treatment variable that can impact the amount of antifungal drug
needed for efficacy is the host immune state It has been suggested that the PK-PD index
magnitude necessary for successful therapy is reduced in animal models by the presence
of neutrophils [7] Using a non-neutropemc model may result in lower area under the
concentration time curve (AUG) over MIC ratios required for near maximum efficacy
Similarly, in our case we chose to look at disseminated disease after injection of conidia
in the lateral tail vein, but a pulmonary invasive model would be an option as well, since
the 'porte-d'entrée' of the opportunistic pathogen is usually via the airway Next, the
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parameter used to calculate target exposure (EC50 versus EC90) will impact interpretation
of results When using a mouse model with the goal to determine when maximum efficacy
is achieved, EC90 can best be used, whereas EC50 is usually chosen to be able to make
best inter-model comparisons since EC50 will have the smallest deviation of its prediction
Only a single study has repeated the investigation on the use of posaconazole in resistant
Aspergillus species [8] The results from the two models did not corroborate which may
be attributed to several factors mentioned earlier In addition to these factors, another
possible explanation that may account for the observed differences between the two
models is the approach used to determine exposure The exact contribution of all of these
factors on the final outcome has to be investigated since the translation of the two studies
will result in different breakpoints for isolates that can be treated with posaconazole
The BUG- the DRUG: combination therapy and other therapeutic approaches
The use of azole drugs may be limited in pan-azole resistant fungal species and other
options need to be explored A first way to address this, is to test whether combination
therapy may be beneficial over mono-therapy A number of combinations can be thought
of azoles with echmocandms, azoles with lipid formulations of amphotericin Β or
echmocandms with lipid formulations of amphotericin Β At the moment clinical studies in
haematology patients are ongoing to test whether the combination of echmocandms and
azole drugs results in a favourable outcome over azole mono-therapy These studies will
not address the issue of resistance and a mouse model may therefore provide additional
input on the value of combination therapy in the case of resistance
Another use of the mouse model may be to explore breakpoints for prophylaxis A pulmonary
infection model through nasal inhalation of A fumigatus comdia in neutropenic mice may be
a valid option to test whether certain exposure is needed to prevent breakthrough infections
This has been performed for wild-type species of A fumigatus but must, similar to the
model with combination therapy, be tested for azole-resistant species [9]
When available, patient population exposure-response analyses serve as the ultimate
arbiter of dose regimen justification However there is much to be learned by comparing
predictions made by animal models to PK-PD analyses of human data, because the
knowledge gained allows us to improve our ability to make the best translations from
animal models to man [10] In this specific case, the findings provide us with more
information on how to deal with patients infected with azole resistant A fumigatus
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The HOST
As stated m the introduction of this thesis, interindividual variation in pharmacokinetics is
a critical factor in the use of drugs but is obscured by the strong selection of healthy
volunteers or patients in the early phases of drug development In critically ill patients,
both pharmacokinetics and dynamics may be substantially different from healthy
volunteers Thus, translation of these findings from healthy volunteers to "real life situation"
cannot be done irrevocably In this thesis, pharmacokinetics of azole drugs were
investigated in two different populations haematology patients (chapter 3.1), and
paediatnc patients (chapter 3.2, 5.3 and 5.4) The work in this thesis and other work in
the public domain can be considered a first step towards resolving pharmacokinetics m
special patient populations Despite all the research performed in these cohorts of
patients, our knowledge on the behaviour of antifungal drugs in specific populations
remain subject to ongoing investigations, as many questions still have to be addressed
The HOST: Interpatient variability
Many co-vanates are known to cause significant changes in both the pharmacokinetics
and pharmacodynamics of a drug Changes in oral absorption (ι e due to mucositis),
distribution (ι e due to fluid retention) as well in metabolism and clearance (ι e
chemotherapy induced changes in liver- and kidney function, drug-drug interactions,
pharmacogenetics, changes in protein binding) may be present with the consequence of
higher degree of toxicity or sub-optimal effectiveness Body weight may play a crucial role
in the pharmacokinetics of antifungal agents The average weight of haematology patients
on the ward of the Radboud University Nijmegen Medical Centre is around 85 kg (personal
communication Dr JP Donnelly) The consideration of body size characteristics of patients
is essential for the optimization of drug therapy in specific patient populations such as
haematology, critical care and paediatnc patients However, contrary to antineoplastic
drugs, dosing of antimicrobial / antifungal drugs does not take into account adjustments
to body size measures [11] There is evidence that some drug pharmacokinetic indices
differ with respect to body size and composition Obesity may affect the processes of
distribution, protein binding, metabolism and clearance of antifungal drugs Particularly
for tissue distribution, the degree of this process depends on the hydrophilic or lipophylic
properties of a drug, among other factors For instance, lipid formulations of amphotericin
Β are dosed on a kilogram weight basis but are not limited to a maximum dose As a
consequence, obesity may play an important role in development of renal toxicity of
liposomal amphotericin Β A recent abstract showed that by administration of a fixed dose
of 3 mg/kg of liposomal amphotericin Β (Ambisome) resulted in more renal toxicity in
those patients that had a body mass index > 30 [12] Pharmacokinetics may help in
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defining an optimal dosing strategy preventing unnecessary toxicity while optimizing
efficacy in obese patients receiving lipid formulations of amphotericin Β In ICU patients a
first report has appeared suggesting a strong correlation between low trough concentration
of caspofungin and high body weight (volume of distribution) and hypo-albuminemia (low
protein binding) [13] The use of this drug class in this population warrants attention to
elucidate determinants of pharmacokinetic variability such as body weight (and volume of
distribution), protein binding and the effect of drug-transporters and efflux pumps These
aspects need to be addressed in future research
The HOST: How to translate findings from one population to another population?
Fungal infections are a serious complication in the immunocompromised host and do
affect specifically the haematological patients Recent studies indicate that invasive
aspergillosis is also important in other critically ill patients such as patients on steroids,
patients with chronic obstructive pulmonary disease and those being admitted to the
intensive care unit (ICU) [14] In addition to invasive aspergillosis, candidemia and invasive
candidiasis are increasingly important in the ICU and associated with high mortality
Intensive care patients will have vastly different pharmacokinetics compared to
haematological patients [15] This is, among many factors, attributable to the changes in
hemodynamics in this populations [16,17] In septic shock, blood flow is directed to vital
organs (ι e brain and heart) with hypoperfusion of organs such as the liver, the gastroin
testinal system and the kidney, which will result in altered clearance Clearance of drugs
will be even further influenced when extracorporeal elimination techniques are deployed
Other challenges in this population are the increase in volume of distribution as well as
shift in protein binding that will result in changes in both pharmacokinetics as well as
pharmacodynamics of the drug In chapter 3.1 we have investigated the pharmacokinet
ics in haematology patients undergoing an allogeneic stem cell transplant For other
populations such as the ICU patients, this information is lacking and only limited data is
available on the pharmacokinetics of azole antifungal drugs and the influence of patho
physiological changes in the ICU patient The pharmacokinetic and dynamic challenges
must be addressed in this cohort of critically ill patients to be able to adapt therapy to the
individual
The DRUG
This thesis focuses on azole antifungal drugs Yet, also other classes of antifungal drugs
(such as the class of echmocandms and lipid formulations of amphotericin B) are of high
interest for pharmacokinetic and dynamic research Pharmacokinetic information on
echmocandms in haematology and ICU patients is still limited And when it comes to
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knowledge on the pharmacokinetics of lipid formulations of amphotericin Β in humans,
we know even less In the section below several possibilities for future research with these
classes of antifungal drugs will be addressed
The DRUG - The BUG: Optimal dosing strategies
In the therapeutic setting of treatment of Candida infections, Andes et al [18] recently
examined the effect of amdulafungm dose scheduling in neutropenic mice with
disseminated candidiasis They demonstrated that mice treated with the most intermittent
regimen (once every 96 h) had less kidney fungal burden than those treated with more
frequent dosing, consistent with a Cmax/MIC linked effect One study with caspofungm
identified AUC/MIC ratio as best predictive PK-PD indices linked to activity [19] whereas a
third study with micafungm reported the Cmax/MIC to be the best predictive PK-PD indices
[20] The differences in the PK-PD index identified are probably the result of differences
in study design and schedules for killing infected mice Both Cmax/MIC driven activity and
AUC/MIC-driven activity offer strong PK-PD support for designing intermittent
echinocandin dose schedules From a therapeutic point of view, two studies have been
performed to test whether a higher dose of echinocandin drug provided better therapeutic
efficacy against Candida species In one trial caspofungm regular dose was compared to
high dose [21], in the second trial the same was performed for micafungm [22] In both
trials there was no apparent benefit of the high dose over the regular dose Maybe this
was because the regular echinocandin dose given was already sufficient enough to
achieve maximum efficacy against Candida species Unfortunately, longer dosing
intervals with the same cumulative dose were not tested A clinical trial in haematology
patients is ongoing to address this aspect and the pharmacokinetics of a double dose of
echinocandin drug every 48 hours or a triple dose every 72 hours will be investigated
For lipid formulations of amphotericin B, similar results are found Animal research
investigating the dosing strategies for prophylaxis has shown that less frequent
administration of liposomal amphotericin Β results in adequate protection against fungal
infections In the clinical setting, although not supported by a clinical trial, experts
recommend using twice weekly liposomal amphotericin Β as prophylaxis for invasive
fungal infections [23] By using a twice weekly prophylaxis schedule, adequate protection
against invasive fungal infections may be achieved while minimizing the chance of renal
toxicity Pharmacokinetic research will provide the basis for future therapeutic approaches
to administer a single or twice weekly dose in the outpatient clinic as antifungal prophylaxis
This strategy may substantially reduce the burden of frequent hospital visits and be a valid
policy when orally administered drugs are not an option
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PART 2: Therapeutic drug monitoring
The benefits of TDM should be explored in light of what the alternatives are to a patient in
terms of impaired health if no monitoring is done For TDM to be useful, it has to fulfil
several criteria [24] Many anti-infective drugs meet these criteria and, TDM of these drugs
is thus widely applied [25-27] TDM of antifungal drugs was, likewise, not a new concept,
but was until recently only implemented for itraconazole [28] Evidence in favour of TDM
for the tnazole drugs agents voriconazole and posaconazole was very limited First
reports on a possible role for TDM of voriconazole had emerged for the first time in 2005
[29, 30] It was not until 2008 that a first large single centre study reported on possible
cut-off points for voriconazole efficacy and toxicity [31] This study was ranked among the
10 most influential papers in mycology at the Interscience Conference on Antimicrobial
Agents and Chemotherapy (ICAAC) in 2009, already highlighting the change in
perspective with regards to TDM All studies addressing the use of voriconazole TDM and
specific methodological points raised were reviewed in chapter 5.1 With regards to
posaconazole, this field is still emerging The first time breakpoints were suggested in the
international literature was in 2007 [32] and on the website of the FDA in the scientific
discussion [33]
Sampling and analytical issues
For TDM to be useful, a robust and fast analytical assay has to be readily available
Chapter 1.1 presents an integrated ultra-performance liquid chromatography technique
with ultraviolet detection for the quantitative determination of isavuconazole, itraconazole
plus metabolite, posaconazole and voriconazole Assays have to be validated according
to the current requirements for validation of bioanalytical assays [34] To help identify
sources of errors and to further improve analytical methods, participation in an ongoing
proficiency-testing program is recommended Results from a recent proficiency testing
program (chapter 1.2) show that correct analyses within the predefined range of 80 to
120% of the weighed-m concentrations were as follows fluconazole, 79% (n = 14
analyses), itraconazole, 78% (n = 23), hydroxy-itraconazole, 78% (n = 18), voriconazole,
82% (n = 57), and posaconazole, 62% (n = 26) The results from this proficiency-testing
program demonstrate the need for and utility of an ongoing proficiency-testing program
to further improve the analytical methods for routine patient management
The sampling technique will influence outcomes from TDM specifically in drugs with a
very short half-life such as voriconazole In previous studies, sampling for TDM purposes
of voriconazole have, in many cases, been performed randomly, which makes
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interpretation of the results difficult [35, 36] The ultimate sampling scheme would
encompass a certain amount of sampling moments that would best predict exposure but
this method is considered unfavourable for many reasons such as patient burden,
required nursing time, complex logistics, etc In routine practice the most common
sampling moment is just prior to the next dose (trough concentrations or Cmin) Using a
single sample will reduce costs and more important will reduce patients burden due to
frequent sampling Since trough concentrations correlate with exposure, this provides a
measure that in clinical practice can be easily introduced For posaconazole different
aspects apply This drug has a very long terminal half-life The difference between peak
and trough concentrations is minimal, especially when frequent dosing (ι e three or four
times daily) is used Sampling at trough concentrations is therefore not necessary but
may only be preferred from a practical point of view
The therapeutic range for a drug is based on steady-state plasma concentrations
Concentrations drawn too soon after a dosage regimen has been started or changed
may provide misleading information In the case of voriconazole a first sample can be
drawn on day 3 of therapy But for posaconazole, steady state conditions are only reached
by day 7-10 An algorithm has been suggested to be able to determine samples early
after start of therapy (day 3) and targeting a lower concentration that will eventually result
in a final target concentration on day 7 [37]
Lastly, the frequency of sampling remains subject to ongoing debate A single sample is
not considered TDM and will not provide the necessary input on a patient's mtra-mdividual
pharmacokinetic variability Multiple interventions over time are sometimes necessary
to achieve target concentrations and remain within the therapeutic range As shown
in chapter 3.1 there is substantial mtra-mdividual variation in voriconazole trough
concentrations over time Due to the high mtra-subject variability an optimal sampling
frequency has to be determined to timely adjust dose in order to achieve concentrations
within the target range A good starting point would be to perform TDM once or twice a
week shortly after initiation of therapy This can be reduced to once every two weeks when
the patient is clinically improving or even less frequent when the patient is no longer in the
hospital Changes in clinical condition or when interacting drugs are introduced may
prompt for more frequent sampling even when therapy has been given already for a
longer period of time
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Clinical breakpoints
Patients achieving high concentrations of azole drugs may show a better response to
therapy but are also at higher risk for toxicity, while patients achieving lower concentrations
may have reduced therapeutic response but subsequently a lower risk for adverse events
For most antifungal drugs, the safe and effective target concentrations (or "therapeutic
window") have not been definitely established The questions remains how can one
identify those breakpoints that best fit the population at risk or those having invasive
fungal disease9 Many large trials are conducted but refrain on a relation between dose
and effect [38-42] Ideally, these would include a (post-hoc) pharmacokinetic and
-dynamic analysis to identify a relation between concentration and effect or toxicity and
help define initial estimates for target concentrations Specifically for the azoles this is of
high interest since dose does not correlate with plasma concentrations for both
voriconazole and posaconazole Without these trials being conducted, it is almost
impossible to identify clinical breakpoints Recently, the FDA conducted an analysis to
identify target concentrations that best correlate with efficacy of posaconazole [37] I
foresee an important role for the competent authorities to request from the pharmaceutical
industry to conduct these analyses, thereby providing more insight into possible clinical
breakpoints Up until today, the competent authorities refrain from this field thus no
initiatives from the side of the pharmaceutical industry are deployed to conduct such a
research From the viewpoint of pharmaceutical industry TDM is associated with a
negative label (specifically from a commercial viewpoint), whereas to my opinion, by
using TDM a tool is offered to further improve therapy for the individual and so must be
seen as a positive characteristic
TDM at present time
Since no definite breakpoints are available for azole antifungal drugs, provisional target
concentrations are used (Table 1)
These target concentrations must be validated in a prospective trial of TDM versus no
TDM study In 2009 a multicenter prospective cluster randomised trial has been initiated
in 12 hospitals in The Netherlands, headed by the University Medical Centre Groningen
This initiative merited the support of ZonMw to address whether TDM of voriconazole is
beneficial and cost-effective Up until that moment no well-designed, randomised
controlled trial was conducted and single centre experiences have major drawbacks For
instance, in many cases combination therapy was used, voriconazole was used for
different causative microorganisms, the time of assessment of outcome differed and even
interventions were done during the course of treatment [43] With the Dutch voriconazole
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Table 1 Target concentrations of azole antifungal drugs used for prevention or
treatment of invasive mould infections
Target concentration
Itraconazole
Prophylaxis
Treatment

Posaconazole
Primary prophylaxis
Secondary prophylaxis
Primary therapy
Salvage therapy
Voriconazole
Primary prophylaxis
Secondary prophylaxis
Primary therapy
(focus of infection lung)
Primary therapy
(disseminated or sanctuary
sites)

> 0 5 mg/L
(or > 1 0 mg/L for itraconazole and hydroxy-itraconazole)
> 1 0 mg/L
(or > 2 0 mg/L for itraconazole and hydroxy-itraconazole)

> 0 7 mg/L
ND, > 07 mg/L
ND, > 1 0 - 1 25 mg/L
> 1 25 mg/L

ND, same as primary therapy
ND, same as primary therapy
> 1 mg/L and < 4 mg/L
(< 6 mg/L if no hepatic enzyme elevation)
> 2 mg/L

ND = not determined

TDM trial, for the first time, standardised treatment was given for a single causative
organism Aspergillus species Hospitals are cluster randomised to perform either TDM or
no TDM during a period of one year After this period there is a cross over to the other arm
The primary endpoint of the study is a composite endpoint of both efficacy and toxicity A
total of 200 évaluable patients have to be included to achieve sufficient power In this
study provisional targets (based on literature) are validated and, in the end should settle
the controversy of TDM of voriconazole The study is ongoing and first results are expected
by 2014
For voriconazole and itraconazole there is sufficient evidence to support provisional
cut-off points for TDM For posaconazole TDM is an emerging field First reports on
possible breakpoints have emerged In patients with invasive aspergillosis who were
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refractory to or intolerant to conventional antifungal therapy, the rate of clinical response
to posaconazole salvage therapy increased by increasing average plasma concentrations
Patients with an average concentration of 013 mg/L, 0 41 mg/L, 0 72 mg/L and 1 25 mg/L
responded successfully in 24%, 53%, 53% and 74% of cases, respectively [44] In two
FDA phase ll/lll trials in acute myeloid leukemia or myelodysplastic syndrome patients
(study I) and in patients with Graft-versus-Host Disease (study II) who received
posaconazole 200 mg three times daily for antifungal prophylaxis, the incidence of proven
and probable breakthrough fungal infections was 6 5% in those who had posaconazole
average plasma concentrations below 0 7 mg/L versus 1 9% in those who attained
average plasma concentrations above 0 7 mg/L in study I, and 3 9% vs 0% in study II,
respectively [37]
Recently, the pharmacokinetic data for these two posaconazole prophylaxis trials were
reanalyzed The exposure-response analyses in this study suggested that a target
threshold for posaconazole average plasma concentrations of 0 7 mg/L needs to be
obtained eg by increasing the posaconazole dose before switching to a different
prophylactic regimen This target threshold was selected because the clinical failure rate,
defined as the initiation of empirical therapy, was substantially higher in patients with
average plasma concentrations below 0 7 mg/L The incidence of proven or probable
breakthrough invasive fungal infections was also substantially higher in patients in whom
average plasma concentrations were below 0 7 mg/L, supporting the hypothesis that this
may be a reasonable target threshold for minimizing clinical failures Based on the abovementioned arguments, TDM will in most cases be used to determine whether sufficient
exposure to posaconazole is attained The herein proposed target concentration of 0 7
mg/L is subject to debate [45] and needs to be further evaluated Notably, a recent report
from a TDM reference laboratory found that 70% of 202 serum concentrations contained
less than 0 7 mg/L of posaconazole [46] Other reports have confirmed the variability of
posaconazole in specific patient populations, [47, 48], but only two reported clinical
breakpoints for efficacy [37, 49] So far, no data are available on the association of
posaconazole exposure and occurrence of adverse events the role of TDM for improving
both efficacy and short and/or long-term safety of posaconazole therapy remains thus to
be determined
How to translate findings from TDM in one host with one bug, to another host
with another bug?
Once we have the results from the TDM trial in haematology patients with invasive
aspergillosis, how do we translate this to other populations such as intensive care patients
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with invasive aspergillosis or to haematology patients with an invasive candidiasis or a
mucormycosis'? Do the same criteria and breakpoints still apply9 This question is difficult
to answer Knowing the pharmacokinetics in your target population by measuring plasma
concentrations will circumvent problems such as absorption problems or low plasma
concentrations in patients with increased volumes of distribution Measuring the plasma
concentration will enable us to take preventive measures to avoid subtherapeutic exposure
or unnecessary toxicity So differences in pharmacokinetics will be dealt with by
performing TDM Differences in pharmacodynamics are more difficult to embark upon
Ideally, the same study is performed in other populations and patients with other causative
microorganisms From a practical point of view, it could be argued that the same
breakpoints can be used for more susceptible species such as Candida albicans The
same may apply for non-neutropemc patients, in whom both the immune system as well
as the antifungal therapy will target the invasive mycosis Yet this will not provide the
ultimate scientific evidence and furthermore other challenges will come to pass For
instance how to deal with polymicrobial infections, micro-organisms with reduced
susceptibility, patients with combination therapy, patient that had a fungal infection in the
past, patients pre-exposed to other antifungal drugs
Even if the ideal TDM study for every condition has been conducted one should bear in
mind that the notion of a therapeutic range is more a probabilistic concept than an
absolute entity It represents a range of drug concentrations within which the probability
of a desired clinical response is relatively high and the probability of unacceptable toxicity
is relatively low Also it remains a challenge to extrapolate findings based on population
research to the individual Some patients will respond effectively below the therapeutic
range, whereas others need concentrations above it Similarly, some patients experience
toxic reactions within the therapeutic range Common sense and sound clinical judgment
must remain the cornerstone of a patient's treatment and TDM is a diagnostic tool that
may help explain the clinical course of a patient
How to bring results from a TDM trial into practice?
Once sufficient evidence is available for TDM, specific guidelines need to be developed
and brought to practice Current international guidelines such as the "Treatment of
aspergillosis clinical practice guidelines of the Infectious Diseases Society of America"
and the "European guidelines for antifungal management in leukemia and hematopoietic
stem cell transplant recipients 2009 update (ECIL 3)", only briefly mention TDM [50, 51]
None of the international guidelines provide solid recommendations on how to perform
TDM Also in The Netherlands, future guidelines have to be implemented Both the
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"Nationale Antibioticaboekje" (the antibiotic policy booklet) and the guideline "Invasieve
schimmelmfecties" (invasive fungal infections) from the "Stichting Werkgroep Antibioticabeleid (SWAB)" seem to be the ideal platform to share this information with the clinical
field
Once established, adherence to guidelines on TDM is crucial in obtaining the optimal
result for the individual TDM emphasizes that pharmacokmetic-guided dose recommendations must be considered a process involving a series of steps and interrelated activities
and should not be viewed simply as a numerical value for plasma drug concentrations
Also it is considered a multidisciplinary approach The clinician must use results from
TDM to answer the clinical question they raised when the measurement was ordered The
clinical pharmacist can provide an interpretation of plasma drug concentration and make
recommendations how to optimize patient dosages The clinical microbiologist can
provide input with regards to susceptibility of cultured species All three professions must
be acquainted with the population for which the test is ordered and have sufficient
knowledge on the individual's background Only when a clinician works closely with the
clinical pharmacist and microbiologist, the multidisciplinary approach of TDM of
antifungals can be beneficial
In the near future more studies are warranted to assess the value of TDM of antifungal
drugs in both the setting of primary or secondary prophylaxis and primary or salvage
treatment A voriconazole TDM trial in the setting of invasive aspergillosis is ongoing but
voriconazole TDM also needs to be validated in the setting of prophylaxis The time frame
to start a posaconazole international TDM trial is at an optimal When starting a TDM trial
to validate clinical breakpoints, it is crucial not to start to early as preliminary breakpoints
may change with evidence up-and-coming Nor can starting with such trial being
postponed, since at a certain time point all physicians are acquainted to use posaconazole
TDM In the latter situation, performing a TDM study may be considered unethical Now
would be the perfect time to start a TDM trial investigating and validating the clinical
breakpoints of posaconazole for prophylaxis and therapy It is not achievable to perform
this trial only in The Netherlands, since large numbers of patients will be required to make
a valid statement This research needs to be performed by an international platform
validating both prophylaxis cut-off values as well as therapeutic targets
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PART 3: A new approach to TDM
The issues discussed in part 1 and 2 of the discussion provide opportunities for future
research in the next couple of years But what about a long term forecast7 Where will we
stand in ten years'7 Will all be the same or does the current research help us to induce a
change in the way TDM is used7
At the moment, TDM can be considered a diagnostic tool Diagnostics may be useful to
detect a change in a clinical condition such as an infection or in the case of TDM a sub- or
supra-therapeutic exposure Unfortunately, diagnostics always follow a change in clinical
condition that necessitates frequent monitoring The inherent downside of TDM is the
possible delay in first time assessment as well as follow-up assessments This may be
due to pharmacokinetic aspects (ι e steady state not reached), cost-aspects as well the
availability of m-house testing facilities A delay in the possibility to timely determinate too
low or too high exposure may have clinical consequences It has been repeatedly shown
that delay in the initiation of antifungal therapy and inadequate exposure are independently
associated with increased hospital mortality
At this time point, TDM is warranted since the current dosing regimens do not fit the
individual Many antifungal drugs have been licensed at a dose that has been changed at
a later stage regardless of the population examined For instance, both the adult and
paediatric dosing guideline of voriconazole has changed multiple times after market
introduction In a similar fashion, the impact of obesity on both echmocandms as well as
liposomal amphotericin Β has not been addressed until recently This indicates that when
these drugs came on the market, no sufficient data were available to identify the optimal
dose in specific cohorts of patients
Unfortunately, the pharmaceutical industry has left the field of antibiotic research because
of a poor return on investment owing to increasing costs, caused, in part, by increasing
demands from regulatory authorities, and other factors that decrease revenues such as
shorter treatment periods, patent expiry soon after market introduction [52] On the other
hand, once licensed for use in patients, investigator initiated research is not supported
by governmental money since it is the public's opinion that this kind of research should
be supported by the pharmaceutical industry The industrial companies thus would be
our natural partners when it comes to resolving pharmacokinetic and pharmacodynamic
behaviour of drugs in special patient populations The pharmaceutical industry must be
encouraged to continue their own research as well as to support investigator initiated
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trials to gam more knowledge on the behaviour of their drug in specific subpopulations
Even when large clinical trials are initiated by the pharmaceutical companies, these trials
should need to incorporate pharmacokinetic research instead of only investigating the
effect of dose on outcome [53-57] It is unclear from these studies if failure to respond to
therapy originates from under-exposure or toxic exposure since plasma concentrations
are unknown Effort must be taken to perform additional pharmacokinetic studies in these
large cohorts of phase III trials to get a better notion of population pharmacokinetic
behaviour and the contribution of exposure to therapeutic response With large cohort
studies it is not necessary to conduct full and intensive PK sampling A limited sampling
strategy may be applied to reduce patient burden and keep logistic challenges to a
minimum
Governmental regulation may become an important stimulus to perform research in
special patient populations As an example for paediatric research the EU Paediatric
Regulation has entered into force in 2007 The objective of the paediatric regulation was
to improve the health of children by facilitating the development and availability of
medicines, ensure that medicines are of high quality, ethically researched and authorized
appropriately Finally, it should improve the quality of information on the use of these
medicines in children Specific rewards, incentives and obligations with regards to drug
development for paediatrics were introduced (information accessed on March 1st 2011
from http //www ema europa eu - regulatory - paediatric medicine - guidance) One such
incentive for the pharmaceutical industry to perform clinical trials in the paediatric
population is that the patent on the drug is extended by six month when all results from
paediatric research are included in the product information A paediatric committee
(PDCO) was established with the primary responsibility for the assessment and agreement
of Paediatric Investigation plans (PIP) and waivers The PIP covers the timing and
measures proposed to obtain a paediatric indication, with an age-appropriate formulation,
in all paediatric subsets affected by the condition These regulatory acts on medicinal
products for use in the paediatric population has already lead to an increase in the number
of clinical trials conducted in this population and should be considered an example for
other special patient populations
All these collaborative efforts are necessary to identify as many as possible factors that
contribute to changes in PK-PD to finally truly individualize upfront a patients' dosing
regimen In vivo experimental models could be used to explicate pathogen influence
Specific patient populations such as children, haematology, and ICU patients need to be
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included m clinical trials and other antifungal drugs need to be investigated as well Host
factors such as mucositis for oral absorption, obesity, renal and hepatic dysfunction and
the extent of their influence need to be resolved This research should be performed
before or very short after market authorisation We can then seek for a probabilistic (or
stochastic) model to upfront give the patient the optimal dose based on specific patient
features (identified co-variates) This implies that we would switch from TDM as a
concentration guided dosing tool to an approach were the drug concentration could be
used as a validation set of an individualised dosing advice and thereby bringing it to
earlier time point with subsequent reduction in host-risk Also, whenever possible an
attempt should be made to integrate pharmacodynamic parameters such as a pathogen's
MIC This probabilistic approach, with a tailored dose followed by validation of target
concentrations, will be performed very soon (ie two or three days) after start of therapy
Inherent to whatever new approach is chosen, we may not be able to identify all factors
that cause changes in PK/PD In other words there will always be a grey zone, a residual
error will always be present And unforeseen changes in the clinical situation will prompt
for new assessments of concentrations But I strongly believe that we should put effort
into bringing this diagnostic tool to an earlier time point after initiation of therapy with a
tailored dose Changing to such a new paradigm could be accompanied by a new term
to cover the scope of work Target Concentration Validation (TCV)
Closing remarks
Clinical pharmacology of antifungal drugs remains highly relevant for the individualization
of treatment of patients The challenges of TCV of antifungal drugs in wide cohort of
patients provide an interesting opportunity and challenge for future research to further
optimize the individual's treatment
Experimental animal research has additional value to solve issues that cannot be tested
in humans and may provide the basis for studies in humans Research of antifungal drugs
in the setting of the ICU will provide a great opportunity to address unmet needs to gam
more knowledge on the behaviour of drugs in this vulnerable population But we must
never forget to continue our research where we started four years ago the haematological
patient and the paediatnc patient since also in this cohort of patients there are many
scientific questions to address Due to their specific underlying illnesses and the use
of chemotherapy and their smaller size and age-related kidney and liver function,
respectively, they deserve special attention

266

GENERAL DISCUSSION

Reference List
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)

(20)

(21)

(22)

Ambrose PG, Bhavnam SM, Rubino CM, el al Pharmacokinetics-pharmacodynamics of antimicrobial
therapy it's not just lor mice anymore Clin Infect Dis 2007 Jan 1. 44(1) 79-86
Verwei] ΡΕ, Mellado E, Melchers WJ Multiple-lnazole-resistant aspergillosis Ν Engl J Med 2007 Apr 5
356(14) 1481-3
Verwei] ΡΕ, Snelders E, Kema GH, Mellado E, Melchers WJ Azole resistance in Aspergillus fumigalus a
side-ellect ol environmental fungicide use7 Lancet Infect Dis 2009 Dec, 9(12) 789-95
Andes D, Craig WA Animal model pharmacokinetics and pharmacodynamics a critical review Ini J
Antimicrob Agenls 2002 Apr, 19(4) 261-8
Andes D, Marchillo K, Slamstad T, Conklm R In vivo pharmacokinetics and pharmacodynamics of a new
tnazole, voriconazole, in a murine candidiasis model Antimicrob Agents Chemother 2003 Oct, 47(10) 3165-9
Andes D, Marchillo K, Conklm R, et al Pharmacodynamics of a new tnazole, posaconazole, in a murine
model of disseminated candidiasis Antimicrob Agents Chemother 2004 Jan, 48(1) 137-42
Andes D, Craig WA Animal model pharmacokinetics and pharmacodynamics a critical review Int J
Antimicrob Agents 2002 Apr, 19(4) 261-8
Howard SJ, Lésiner JM, Sharp A, et al Pharmacokinelics and Pharmacodynamics of Posaconazole for
Invasive Pulmonary Aspergillosis Clinical Implications for Anlifungal Therapy J Inlecl Dis 2011 Feb 28
Allen SD, Sorensen KN, Ne|dl MJ, Durrani C, Prolfil RT Prophylactic efficacy of aerosolized liposomal
(AmBisome) and non-hposomal (Fungizone) amphotericin Β in murine pulmonary aspergillosis J Antimicrob
Chemother 1994 Dec, 34(6) 1001-13
Hope WW, Drusano GL Antifungal pharmacokinetics and pharmacodynamics bridging Irom the bench lo
bedside Clin Microbiol Infect 2009 Jul, 15(7) 602-12
Falagas ME, Karageorgopoulos DE Ad|uslment of dosing of antimicrobial agenls lor bodyweighl in adults
Lancet 2010 Jan 16, 375(9710) 248-51
Gabardi, Wilck, Grafals M Evaluating the Impact of Obesity on the Incidence ol Nephrotoxicity from
Liposomal Amphotericin Β 2010
Nguyen TH, Hoppe-Tichy T, Geiss HK, et al Factors influencing caspofungm plasma concentrations in
patients ol a surgical intensive care unit J Antimicrob Chemother 2007 Jul, 60(1) 100-6
Meersseman W, Lagrou K, Maerlens J, Van WE Invasive aspergillosis in Ihe intensive care unii Clin Infecl
Dis 2007 Jul 15, 45(2)205-16
Boucher BA, Wood GC, Swanson JM Pharmacokinetic changes in cnlical illness Cnt Care Clin 2006 Apr
22(2) 255-71, VI
Power BM, Forbes AM, van Heerden PV, llett KF Pharmacokinetics of drugs used in crilically ill adulls Clin
Pharmacokmet 1998 Jan, 34(1) 25-56
de Paepe P, Belpaire FM, Buylaert WA Pharmacokinetic and pharmacodynamic considerations when
treating patients with sepsis and septic shock Clin Pharmacokmet 2002, 41(14) 1135-51
Andes D, Diekema DJ, Pfaller MA, et al In vivo pharmacodynamic characterization of amdulalungm in a
neutropenic murine candidiasis model Antimicrob Agents Chemother 2008 Feb, 52(2) 539-50
Gumbo T, Drusano GL, Liu W, et al Once-weekly micalungm therapy is as elfeclive as daily therapy for
disseminated candidiasis in mice with persistent neutropenia Anlimicrob Agenls Chemother 2007 Mar,
51(3)968-74
Wiederhold NP, Kontoyiannis DP, Chi J, Prince RA, Tam VH, Lewis RE Pharmacodynamics ol caspofungm
in a murine model ol invasive pulmonary aspergillosis evidence of concentralion-dependenl activity J
Infect Dis 2004 Oct 15, 190(8) 1464-71
Betts RF, Nuca M, Talwar D, et al A Multicenter, double-blind trial of a high-dose caspofungm treatment
regimen versus a standard caspofungm treatment regimen for adult patients with invasive candidiasis Clin
Inlecl Dis 2009 Jun 15. 48(12) 1676-84
Pappas PG, Rotslem CM, Betts RF, et al Micalungm versus caspofungm for Irealmenl of candidemia and
other forms of invasive candidiasis Clin Infect Dis 2007 Oct 1, 45(7) 883-93

267

SECTION D | GENERAL DISCUSSION

(23) Konloyiannis DP Aniilungal prophylaxis m hemalopoielic stem cell transplani recipients Ihe unfinished tale
ol imperfect success Bone Marrow Transplani 2011 Feb, 46(2) 165-73
(24) Ensom MH, Davis GA, Cropp CD, Ensom RJ Clinical pharmacokinetics in Ihe 21st century Does Ihe
evidence support definitive outcomes9 Clin Pharmacokmel 1998 Apr, 34(4) 265-79
(25) RybakMJ, LomaeslroBM.RotschalerJC, elal Vancomycin therapeutic guidelines a summary of consensus
recommendations Irom the infectious diseases Society of America, the American Society ol Health-Syslem
Pharmacists, and the Society of Inleclious Diseases Pharmacists Clin Infect Dis 2009 Aug 1 49(3) 325-7
(26) Kappelhoff BS, Crommentuyn KM, de Maat MM, Mulder JW, Huitema AD, Bei|nen JH Praclical guidelines to
mlerprel plasma concenlrations of anlirelroviral drugs Clin Pharmacokmel 2004, 43(13) 845-53
(27) van Lum M, Kuks PF, Burger DM Use of therapeutic drug monitoring in HIV disease Curr Opm HIV AIDS
2008 May, 3(3) 266-71
(28) Laboratory momloring of antifungal chemotherapy British Society lor Antimicrobial Chemotherapy Working
Parly Lancet 1991 Jun 29, 337(8757) 1577-80
(29) Tnlilio S, Ortiz R, Penmck G, el al Voriconazole therapeutic drug monitoring in allogeneic hemalopoielic
slem cell transplant recipienis Bone Marrow Transplani 2005 Mar. 35(5) 509-13
(30) Smith J, Saldar Ν, Knasinski V, et al Voriconazole therapeutic drug momloring Anlimicrob Agents
Chemolher 2006 Apr, 50(4) 1570-2
(31) Pascual A, Calandra Τ, Bolay S, Buclin Τ, Bille J, Marchelli Ο Voriconazole Therapeutic Drug Monitoring in
Patients with Invasive Mycoses improves Efficacy and Safety Outcomes Clin Infect Dis 2008 Jan 15,
46(2)201-11
(32) Walsh TJ, Raad I, Patterson TF, et al Trealmenl ol invasive aspergillosis with posaconazole in patients who
are refractory to or mloleranl of conventional therapy an externally controlled Inai Clin Infecl Dis 2007 Jan 1,
44(1)2-12
(33) Smith J, Andes D Therapeutic drug monitoring of anlifungals pharmacokinetic and pharmacodynamic
considerations Ther Drug Moml 2008 Apr, 30(2) 167-72
(34) US Department of Health and Human Services, Center for Drug Evaluation and Research, Food and Drug
Admmislralion Guidance lor Industry Bioanalytical Method Validation (2001) 2001
(35) Smilh J Saldar Ν, Knasinski V, et al Voriconazole therapeutic drug monitoring Anlimicrob Agents
Chemother 2006 Apr, 50(4) 1570-2
(36) Tnlilio S, Orliz R, Penmck G, et al Voriconazole therapeutic drug momloring in allogeneic hematopoietic
stem cell transplant recipients Bone Marrow Transplant 2005 Mar, 35(5) 509-13
(37) Jang SH, Colangelo PM, Gobburu JV Exposure-response of posaconazole used (or prophylaxis against
invasive fungal infections evaluating the need to ad|ust doses based on drug concentrations in plasma Clin
Pharmacol Ther 2010, 88(1) 115-9
(38) Comely OA, Maerlens J, Winston DJ, el al Posaconazole vs fluconazole or itraconazole prophylaxis in
patients with neutropenia Ν Engl J Med 2007 Jan 25, 356(4) 348-59
(39) Ullmann AJ, Lipton JH, Vesole DH, et al Posaconazole or fluconazole lor prophylaxis in severe grafl-versushosl disease Ν Engl J Med 2007 Jan 25, 356(4) 335-47
(40) Herbrecht R, Denning DW, Palterson TF, et at Voriconazole versus amphotericin Β for primary therapy of
invasive aspergillosis Ν Engl J Med 2002 Aug 8, 347(6) 408-15
(41) Wmgard JR, Carter SL, Walsh TJ, et at Randomized, double-blind trial of fluconazole versus voriconazole for
prevention of invasive lungal mfeclion alter allogeneic hematopoietic cell Iransplanlalion Blood 2010 Dec 9,
116(24)5111-8
(42) Cordonnier C, Rovira M, Maertens J, et al Voriconazole for secondary prophylaxis of invasive lungal
infections in allogeneic slem cell transplant recipients results ol the VOSIFI study Haematologica 2010 Oct,
95(10) 1762-8
(43) Pascual A, Calandra Τ, Bolay S, Buclin Τ, Bille J, Marchetti Ο Voriconazole Therapeutic Drug Monitoring in
Patienls with Invasive Mycoses improves Efficacy and Safety Outcomes Clin Infecl Dis 2008 Jan 15,
46(2)201-11
(44) Walsh TJ, Raad I, Patterson TF, et al Treatment of invasive aspergillosis with posaconazole in patients who
are refractory to or intolerant of conventional therapy an externally controlled trial Clin Infect Dis 2007 Jan 1,
44(1) 2-12

268

GENERAL DISCUSSION

(45) Cornely OA, Ullmann AJ Lack ol evidence for exposure-response relationship m the use of posaconazole
as prophylaxis against invasive fungal infections Clin Pharmacol Ther 2011 Mar, 89(3) 351-2
(46) Thompson GR, III, Rinaldi MG, Pennick G, Dorsey SA, Patterson TF, Lewis JS Posaconazole therapeutic
drug monitoring a reference laboratory experience Antimicrob Agents Chemother 2009 May 53(5)2223-4
(47) Lebeaux D, Lantermer F, Elie C et al Therapeutic drug monitoring ol posaconazole a monocentric study
with 54 adults Antimicrob Agents Chemother 2009, 53(12) 5224-9
(48) Kohl V, Muller C, Cornely OA, et al Factors influencing pharmacokinetics of prophylactic posaconazole in
patients undergoing allogeneic stem cell transplantation Antimicrob Agents Chemother 2010 Jan,
54(1) 207-12
(49) Walsh TJ, Raad I, Patterson TF, et al Treatment of invasive aspergillosis with posaconazole in patients who
are refractory to or intolerant of conventional therapy an externally controlled trial Clin Infecl Dis 2007 Jan 1,
44(1) 2-12
(50) Walsh TJ, Anaissie EJ, Denning DW, et al Treatment of aspergillosis clinical practice guidelines ol the
Inleclious Diseases Society of America Clin Infect Dis 2008 Feb 1, 46(3) 327-60
(51) Maertens J, Marchetti O, Herbrecht R, et al European guidelines for antifungal management in leukemia and
hematopoietic stem cell transplant recipients summary of the ECIL 3-2009 Update Bone Marrow Transplant
2010 Jul 26
(52) Norrby SR, Nord CE, Finch R Lack of development of new antimicrobial drugs a potential serious threat to
public health Lancet Inlect Dis 2005 Feb, 5(2) 115-9
(53) Betts RF, Nuoci M, Talwar D, el al A Multicenter, double-blind trial of a high-dose caspofungm treatment
regimen versus a standard caspofungm treatment regimen lor adult patients with invasive candidiasis Clin
Infect Dis 2009 Jun 15, 48(12) 1676-84
(54) Pappas PG, Rotstem CM, Betts RF, el al Micafungm versus caspofungm for treatment of candidemia and
other forms of invasive candidiasis Clin Infect Dis 2007 Oct 1, 45(7) 883-93
(55) Cordonnier C, Rovira M, Maertens J, el al Voriconazole (or secondary prophylaxis of invasive fungal
mfeclions in allogeneic stem cell transplant recipients results ol the VOSIFI study Haematologica 2010 Oct,
95(10) 1762-8
(56) Cornely OA, Maertens J, Bresmk M, et al Liposomal amphotericin Β as initial therapy for invasive mold
infection a randomized trial comparing a high-loading dose regimen with standard dosing (AmBiLoad Inai)
Clin Inlect Dis 2007 May 15, 44(10) 1289-97
(57) Wmgard JR, Carter SL, Walsh TJ, el al Randomized double-blind trial of fluconazole versus voriconazole for
prevention of invasive fungal infection alter allogeneic hematopoietic cell transplantation Blood 2010 Dec 9,
116(24)5111-8

269

SUMMARY

Summary
Fungi are organisms that are ubiquitous in our environment They can infect humans but
are in general not causing severe damage once infected An exception to this situation is
the patient in whom the immune defense system is hampered due to, for instance, the use
of chemotherapeutics or immunomodulatory drugs In these patients fungal infections
can be life threatening It is thus of crucial importance that their infection is being treated
adequately In the treatment of life-threatening fungal infections, the group of azole
antifungal drugs plays an important role
This thesis focuses on the clinical pharmacology of antifungal therapy and more specific
on the individualization of therapy The thesis comprises of 13 chapters, which are divided
in two sections
Section 1 is on pre-climcal research and is subdivided into two parts Part one involves
analytical aspects while part 2 is on research conducted in animals
Section 2 focuses on clinical research and is subdivided into three parts Part one
describes the pharmacokinetic behavior of azole drugs in specific cohorts of patients
The second part is on factors that influence the pharmacokinetics in humans, among
which drug-drug interactions The third and last part is on therapeutic drug monitoring
(TDM) with the goal to tailor the treatment to the individual The thesis ends with a general
discussion that summarizes the current development in the area of individualized therapy
with antifungal drugs as well as a future perspective
Preclinical analytical work
The availability of a good analytical technique is crucial in pharmacokinetic research and
TDM Chapter 11 describes the development of an integrated assay for the determination
of 4 different azole drugs and 1 metabolite
Setting up an accurate and sensitive assay is not easy To enable a clinical laboratory to
externally validate their analysis and to improve the quality of their analytical work, we
have set up an international proficiency-testing program Chapter 1 2 describes the results
of the first round of this proficiency-testing program 36 laboratories took part in the first
round of which 33 returned the results In 20-40% of the analytical results were incorrect
and there was room for improvement (dependent on the specific drug)
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Preclinical animal research
With the emergence of resistance of Aspergillus fumigatus, treatment with azole drugs
can be compromised It is unclear if an infection with a species with attenuated
susceptibility can still be treated with the class of azole drugs Chapters 21 and 2 2 are
devoted to the pharmacokinetics and pharmacodynamics of posaconazole and
voriconazole respectively, if these are used in the case of azole resistant Aspergillus
fumigatus Two experiments were conducted simultaneous for each drug The first
experiment encompassed a pharmacokinetic investigation of posaconazole or
voriconazole given in different dosages to mice In the second experiment survival was
assessed during a 15-day period in mice with a fungal infection in the bloodstream with
either a susceptible or a resistant species By combining the pharmacokinetic and the
pharmacodynamic results we were able to provide more insight into the possible impact
of resistance On the basis of these findings, target values have been calculated to
achieve near maximum survival Careful translations of the impact of resistance to humans
have been performed
Clinical: pharmacokinetics of azole antifungal drugs in special patient
populations
The studies in chapters 31 and 3 2 focused on defining the pharmacokinetics of antifungal
drugs in special patient populations
Hematology patient who receive, as part of their treatment, an allogeneic stem cell
transplant, are very susceptible to fungal infections during the neutropenic phase after
their stem cell transplant This group of patients very often receives antifungal drugs Both
the stem cell transplant as well as concomitant medication given during the period of
transplantation may affect the pharmacokinetics of voriconazole The study in chapter 31
investigated the steady state pharmacokinetic parameters of voriconazole in patients
who received an allogeneic stem cell transplant and were treated with Ciclosporin In 10
patients, the pharmacokinetic behavior of voriconazole was exhaustively characterized
during a period of 21 days The exposure to voriconazole was comparable to the exposure
in healthy volunteers and other patients groups However, this study showed for the first
time the large intra- and intermdividual variation in pharmacokinetics
The debate on the proper dose of posaconazole in children is still ongoing The use of
posaconazole in this cohort of patients is still off-label At the start of this study, only case
reports were reported on the use of posaconazole in children and only in a very limited
subset of these cases plasma concentrations were assessed No prospective randomized
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trials were conducted The study as described in chapter 3 2 is a first description of a
"dose-finding" study The study was conducted in children with chronic granulomatous
disease, a hereditary disease that results in a defect in the immune system These children
are at high risk for developing an invasive fungal infection Posaconazole is a drug that
may be beneficial as prophylaxis in this group By using a predefined dosing regimen, we
tried to attain target concentrations between 0 5 and 3 0 mg/L in these children These
target concentrations were chosen on the basis of available evidence in literature Twelve
children participated in the trial Patients were routinely checked on days 10, 20 and 30 of
treatment The developed dosing algorithm resulted in target attainment in all patients On
two occasions, a plasma concentration was out of bound In one case it was too low, in
the other case too high By adjusting the dose, the subsequent measurement was within
the target range From this we can conclude that the algorithm was adequate for this
population Whether the algorithm can also be deployed in other populations remains to
be determined In any case, the investigated dosing regimen would be a good starting
point followed by sequential assessment of plasma concentrations by means of TDM
Clinical: factors influencing pharmacokinetics
The chapters 41, 4 2 and 4 3 all had the goal to identify sources of influence on the
pharmacokinetics of azole drugs Azoles are known to cause multiple two-way interactions
with concomitant administered drugs Chapter 41 is a systematic review of the literature
on all published interactions with azole antifungal drugs The management of these
interactions is a complex task Therefore, a risk classification of severity of the interaction
is incorporated in this review, including a strategy on how to cope with the interaction This
enables physicians and other healthcare providers to make solid recommendations on
therapy, preventing unwanted toxicity or sub-therapeutic efficacy
An example of an unwanted interaction is the interaction between azole antifungal drugs
and vincristine Vincristine is an essential drug in the treatment, of among others, lymphatic
leukemia in children Vincristine is metabolized by cytochrome P450-3A4 (CYP3A4) and
transported by P-glycoprotem (P-gp) By concomitant administration of an azole, this
enzyme system and this drug transporter may be inhibited which results in an increase in
exposure of vincristine with at the same time an increase in side effects Not all azole are
equipotent inhibitors of CYP3A4 nor are all of the azoles inhibitors of P-gp Chapter 4 2
describes the results of a retrospective analysis in 20 children who received the
combination of an azole drug together with vincristine During the period that the patients
received these two drugs together, they had a significant increase in side effects like
constipation and peripheral neuropathy The majority of the patients were treated with

273

SECTION D | SUMMARY

itraconazole The other azoles were relative small in number thus a direct comparison of
toxicity was unfortunately not possible
Chapter 4 3 describes the interaction between posaconazole and the anti-retroviral drug
fosamprenavir Fosamprenavir is almost always combined with ritonavir Ritonavir inhibits
CYP3A4 and in this way enhances the pharmacokinetics of fosamprenavir ("booster")
The use of ritonavir is not without drawbacks Based on theoretical considerations,
ritonavir may induce glucuromdation of posaconazole Because posaconazole is a potent
inhibitor of CYP3A4 as well, we hypothesized that posaconazole could replace ritonavir as
a "booster", and in such a way circumvent a two-way interaction In 24 healthy volunteers
the combination of posaconazole and fosamprenavir was tested and compared to
fosamprenavir boosted with ritonavir and compared to posaconazole It was found that
posaconazole was not able to be equally beneficial in boosting fosamprenavir as ritonavir
The combination of fosamprenavir with posaconazole was only 35% of the exposure
achieved when combining fosamprenavir with ritonavir Also it was found that the exposure
of posaconazole was reduced by 23% when given together with fosamprenavir The
conclusion of this research was that the combination of posaconazole and fosamprenavir
should not be used simultaneously in HIV patient with a fungal infection
Clinical: Therapeutic Drug Monitoring
Chapter 5 is about tailor made antifungal therapy for the individual
Chapter 51 provides an overview of the relations between concentration of voriconazole
in human plasma and the chance of therapeutic efficacy or toxicity Based on the findings
in literature a target therapeutic range is distilled from 1 - 6 mg/L Also the advantages
and disadvantages of TDM are discussed as well as the aspects that are relevant to
conduct TDM successful
Chapter 5 2 describes for the first time, the possible impact of resistance on therapeutic
outcome We report on a patient infected with Aspergillus fumigatus that was resistant to
voriconazole and had attenuated susceptibility for posaconazole In chapter 21 the target
exposure was defined for posaconazole in mice The measured plasma concentrations of
posaconazole showed an unfavourable ratio of predicted AUC over the MIC (sensitivity of
the micro-organism) We conclude that the use of posaconazole in patients with an
Aspergillus fumigatus with attenuated susceptibility for this drug, could lead to therapeutic
failure and should only be used under strict controlled circumstances
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In chapter 5 3 we report on a young man with a severe pulmonary fungal infection He
received voriconazole as treatment and during the course of this treatment he was on
the extracorporeal membrane oxygenation (ECMO) This system can, because of the
large extracellular volume, have a significant impact on the clearance and volume of
distribution of voriconazole To achieve adequate exposure (based on targets defined in
chapter 51) the dose of voriconazole was adjusted to twice the regular dose By means
of TDM exposure could be adjusted to accomplish target concentrations ECMO was,
among other factors, one of the most likely major contributing elements that caused the
initial low exposure
Based on the concentration targets defined in chapter 51 we investigated if pediatric
patients receiving voriconazole would attain these concentrations In chapter 5 4 we
described 18 patients that were identified by means of TDM of voriconazole during a two
year period In 44% of the cases, the first measured trough concentration was not
adequate Furthermore we showed that by means of an intervention (increasing the dose
based on the measured plasma concentration) we were able to realize target
concentrations within the desired range
In this thesis the process is described from preclinical work to the adaptation of therapy for
the individual patient, in other words the Road to Tailor Made Azole Antifungal Therapy
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Samenvatting
Schimmels zijn organismen die de mens kunnen infecteren Ze veroorzaken zelden
ernstige schade, behalve bij patiënten bij wie het immuunsysteem sterk is onderdrukt
bijvoorbeeld door behandeling met chemotherapeutica of immuunmodulantia In
deze patiënten kunnen schimmelmfecties levensbedreigend zijn Het is van essentieel
belang dat deze patiënten voor hun infectie worden behandeld BIJ de behandeling van
levensbedreigende gist- en schimmelmfecties speelt de geneesmiddelgroep van de
azolen een prominente rol
Het voorliggende proefschrift handelt over klinisch farmacologische onderwerpen in het
veld van antifungale therapie met de nadruk op het individualiseren van de therapie Het
proefschrift bevat 13 hoofdstukken die zijn ingedeeld in twee grote secties
Sectie 1 bespreekt pre-klinische onderzoeken en is opgedeeld in twee delen Het eerste
deel betreft analytische werkzaamheden Het tweede deel omvat onderzoeken uitgevoerd
in proefdieren
Sectie 2 betreft klinische onderzoek en is opgedeeld in drie delen Het eerste deel
beschrijft het gedrag van het geneesmiddelen in specifieke patiënten Het tweede deel
gaat over de factoren die van invloed zijn op het gedrag van het geneesmiddel in de mens,
waaronder geneesmiddel-interacties Het derde en laatste deel gaat over therapeutic
drug monitoring (TDM) met als doel de therapie op het individu af te stemmen Het
proefschrift wordt afgesloten met een discussie welke een samenvatting geeft van de
huidige ontwikkeling op het gebied van individuele therapie met antifungale middelen
alsmede een toekomstperspectief
Preklinisch onderzoek
De beschikbaarheid van een goede analytische methode is essentieel bij farmacokmetisch
onderzoek en TDM Hoofdstuk 11 beschrijft een analyse methode waarmee tegelijkertijd
vier verschillende geneesmiddelen (allen azolen) en één metaboliet kunnen worden
gemeten
Het juist meten van de plasmaconcentraties is een voorwaarde voor toepassing van TDM
in de patiëntenzorg en voor het uitvoeren van farmacokmetisch onderzoek Om laboratoria
in staat te stellen de kwaliteit van hun analyses te toetsen en waar nodig te verbeteren,
is een internationaal kwaliteitscontrole programma opgesteld Hoofdstuk 1 2 beschrijft
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de resultaten van de eerste ronde van het internationale kwaliteitscontroleprogramma
36 laboratoria hebben deelgenomen aan de eerste ronde en 33 laboratoria hebben
resultaten teruggestuurd In 20-40% van de gevallen (afhankelijk van het geneesmiddel)
was er ruimte voor verbetering van de analyse
Preklinische onderzoek: diermodellen
Met de opkomst van resistentie van Aspergillus fumigatus kan de behandeling met eerste
hjns middelen, de azolen, in het gedrang komen Het is onduidelijk of een infectie met
verminderd gevoelig species nog behandeld kan worden met azolen Hoofdstukken
21 en 2 2 zijn gewijd aan de farmacokmetiek en farmacodynamiek van posaconazol
respectievelijk voriconazol als deze worden toegepast bij azool resistente schimmels
In beide onderzoeken werden simultaan twee experimenten uitgevoerd Het eerste
experiment was gericht op het karakteriseren van de blootstelling aan posaconazol
respectievelijk voriconazol wanneer dit in verschillende dosering aan muizen werd
gegeven Het tweede experiment keek naar de kans op overleving gedurende 15 dagen
in muizen geïnfecteerd met een Aspergillus fumigatus met een gevoelig dan wel een
resistent species Middels deze twee onderzoeken zijn we in staat geweest om meer
duidelijkheid te krijgen van de impact van resistentie Op basis van de bevindingen in het
muizenonderzoek zijn target geneesmiddelconcentraties voor een maximale overleving
gedefinieerd Vanuit het muizenonderzoek zijn voorzichtig voorspellingen gedaan voor
de humane setting
Klinisch georiënteerd onderzoek: farmacokinetiek in speciale patiënten
populaties
De onderzoeken in hoofdstukken 31 en 3 2 hebben allen betrekking op het definieren van
het farmacokmetisch gedrag van antifungale geneesmiddelen in specifieke patiëntenpopulaties
Hematologiepatienten die als onderdeel van hun behandeling een allogene
stamceltransplantatie krijgen zijn in de periode kort na de stamceltransplantatie zeer
vatbaar voor schimmelmfecties Het is een patiëntengroep die veelvuldig antifungale
middelen zal krijgen Zowel de stamceltransplantatie alsmede de geneesmiddelen die
in deze periode worden gegeven kunnen een effect hebben op de farmacokmetiek
van voriconazol Het onderzoek beschreven in hoofdstuk 31 onderzocht de steady
state farmacokmetische parameters bij patiënten die een dergelijke allogene
stamceltransplantatie ondergingen en werden behandeld met onder andere Ciclosporine
BIJ 10 patiënten werd het gedrag van voriconazol gedurende een periode van 21 dagen
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zeer nauwkeurig in beeld gebracht De blootstelling aan voriconazol was vergelijkbaar
met de blootstelling in gezonde vrijwilligers en andere patiëntengroepen Echter, deze
studie liet als eerste zeer duidelijk zien dat de intra- alsmede intermdividuele variatie van
de geneesmiddelconcentraties groot is
De juiste dosering van posaconazol bij kinderen is nog steeds een onderwerp van
discussie Formeel is de toepassing bij kinderen oif-label Ten tijde van de start van
dit onderzoek (hoofdstuk 3 2)

waren er slechts casuistische gevallen beschreven

van het gebruik van posaconazol bij kinderen In slechts een heel enkel geval waren
plasmaconcentraties gemeten Er waren nog geen prospectieve onderzoeken opgezet
naar de juiste dosering van posaconazol bij kinderen Het onderzoek beschreven
in hoofdstuk 3 2 is een eerste beschrijving in de literatuur van een dose-findmg
onderzoek bij kinderen Het onderzoek is uitgevoerd in kinderen met een aangeboren
afweerstoornis chronische granulomateuze ziekte Deze kinderen hebben een zeer
grote kans op het krijgen van een schimmelmfectie waardoor ze in aanmerking voor een
profylactische behandeling met antifungale middelen Posaconazol is een middel dat
bij uitstek geschikt is voor toepassing in deze groep patiënten Op basis van een vooraf
bepaald doseerregime werd getracht een posaconazol concentratie tussen 0 5 mg/L en
3 0 mg/L te bereiken bij deze kinderen Deze streefwaardes waren gekozen op basis van
beschikbare aanwijzingen in de literatuur Twaalf kinderen hebben deelgenomen aan het
onderzoek Het door ons ontwikkelde dosisalgontme leidde er toe dat gedurende de
periode van een maand slechts 2 maal de concentratie met binnen de gewenste range
lag In 1 geval was de concentratie te hoog en in een tweede geval was deze te laag
Aanpassing van de dosering resulteerde in concentraties in de juiste range Daarmee kan
gesteld worden dat het voorgestelde doseerregime geschikt is voor deze populatie Of
deze dosering ook geschikt is voor andere doelgroepen patiënten moet nog blijken Het
is echter een goed startdosermg die vervolgens bijgesteld kan worden door het meten
van plasmaconcentraties
Klinisch georiënteerd onderzoek: factoren die de farmacokinetiek
beïnvloeden
Hoofdstuk 41, 4 2 en 4 3 hadden als doel de factoren die van invloed zijn op het
farmacokmetisch gedrag van azolen in kaart te brengen
Azolen geven veel interacties met andere geneesmiddelen die gelijktijdig moeten worden
ingenomen Hoofdstuk 41 is een systematische review van de literatuur naar alle in de
literatuur beschreven interacties met azool antifungale middelen Het managen van deze
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interacties is geen sinecure In het overzicht van de interacties is daarom een classificatie
van ernst van de interactie aangegeven, inclusief een management strategie voor het
afhandelen van de interactie Op deze wijze worden artsen en apothekers ondersteund bij
het maken van beslissingen bij geneesmiddelmteracties om bijwerkingen of subtherapie
bij patiënten te voorkomen
Een voorbeeld van een ongewenste beïnvloeding van een geneesmiddel is de interactie
tussen azolen en vincristine Vincristine is een essentieel geneesmiddel in de behandeling
van lymfatische leukemie bij kinderen Vincristine wordt omgezet door cytochroom 3A4
(CYP3A4) en getransporteerd door P-glycoproteine (P-gp) Door het gelijktijdig geven
van een azool worden zowel het enzym als de transporter geremd wat leidt tot een
stijging in blootstelling van vincristine met meer bijwerkingen als resultaat Echter, met alle
azolen zijn even potente remmers van het enzym CYP3A4 en met alle azolen beïnvloeden
P-gp Hoofdstuk 4 2 beschrijft de resultaten van een retrospectief onderzoek bij 20
kinderen die gelijktijdig vincristine en een azool hebben gekregen In de periode dat de
patiënten gelijktijdig vincristine met een azool kregen hadden ze significant meer last van
bijwerkingen zoals obstipatie en perifere vergeleken met de periode waarin ze alleen
vincristine kregen Centraal zenuwstelsel toxiciteit werd zelfs alleen gezien in de periodes
waarbij de vincristine werd gecombineerd met een azool Het merendeel van de patiënten
werd behandeld met itraconazol De andere azolen waren relatief ondervertegenwoordigd
waardoor een directe vergelijking tussen de diverse azolen helaas met mogelijk was
Hoofdstuk 4 3 beschrijft een onderzoek naar de interactie tussen het antischimmelmiddel
posaconazol en het antiretrovirale middel fosamprenavir Fosamprenavir wordt in de
dagelijkse praktijk gelijktijdig gebruikt met ritonavir, wat door remming van het CYP3A4
zorgt voor een gunstige beïnvloeding van het farmacokmetisch profiel van fosamprenavir
(booster effect) Het gebruik van ritonavir is echter met zonder keerzijde Op theoretische
gronden werd gedacht dat ritonavir door inductie van glucuromdermg een negatief effect
zou hebben op posaconazol Omdat posaconazol een zeer potente remmer is van het
enzym CYP3A4 was de hypothese voor het onderzoek dat posaconazol ritonavir kon
vervangen als booster Daarmee zouden twee problemen m één keer worden opgelost
geen negatief effect van ritonavir op posaconazol en een gunstige beïnvloeding van
fosamprenavir In 24 gezonde vrijwilligers werd de combinatie van posaconazol en
fosamprenavir getest en vergeleken met fosamprenavir geboost door ritonavir In dit
onderzoek werd posaconazol ook alleen gegeven Het bleek dat posaconazol met in
staat was om fosamprenavir op een zelfde wijze gunstig te beïnvloeden als ritonavir De
blootstelling aan fosamprenavir indien gecombineerd met posaconazol was slechts 35%
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van de blootstelling fosamprenavir in combinatie met ritonavir Daarnaast bleek dat de
blootstelling van posaconazol 23% verlaagd was in aanwezigheid van fosamprenavir De
conclusie van dit onderzoek was dan ook dat deze combinatie met geschikt is om te
geven aan HIV patiënten met een schimmelmfectie
Klinisch georiënteerd onderzoek: Therapeutic Drug Monitoring
De onderzoeken in hoofdstuk 5 waren er op gericht om de behandeling in de patiënten af
te stemmen op het individu
Hoofdstuk 51 geeft een overzicht van de beschikbare gegevens over relaties tussen de
concentratie van vonconazol in het plasma en de kans op succes of toxiciteit Op basis
van de resultaten uit onderzoek beschreven in de literatuur wordt een therapeutische
range voor vonconazol van 1 tot 6 mg/L voorgesteld Tevens worden de voor- en nadelen
van TDM benoemd alsmede de randvoorwaarden waaronder TDM succesvol kan zijn
Hoofdstuk 5 2 beschrijft voor het eerst de mogelijke impact van resistentie We rapporteren
over een patient met een Aspergillus fumigatus infectie die volledig resistent was voor
vonconazol en verminderd gevoelig voor posaconazol In hoofdstuk 21 werd de target
blootstelling gedefinieerd van posaconazol in muizen De gemeten plasma concentraties
van posaconazol laten een ongunstige ratio zien van de voorspelde blootstelling ten
opzichte van de MIC (gevoeligheid van het micro-organisme) We concluderen dat therapie
met posaconazol bij patiënten met een verminderd gevoelige Aspergillus fumigatus kan
leiden tot therapeutisch falen en enkel onder goed gecontroleerde omstandigheden kan
worden toegepast
In hoofdstuk 5 3 beschrijven we een casus van een jongeman met een ernstige
pulmonale schimmelmfectie welke werd behandeld met vonconazol De patient lag aan
de longmachine (ECMO = extracorporele membraan oxygenatie) Dit systeem kan, mede
gezien het grote extracorporele volume, een significante invloed hebben op de klaring en
het verdelmgsvolume van vonconazol Om voldoende blootstelling te bereiken (op basis
van in hoofdstuk 51 gedefinieerde streefwaarden) werd uiteindelijk een dubbele dosering
vonconazol gegeven aan deze patient Met TDM kon de blootstelling worden bijgesteld
om de doelconcentraties te bereiken ECMO was naar alle waarschijnlijkheid één van de
vele variabelen die heeft geleid tot de lage initiële blootstelling
Op basis van de in hoofdstuk 51 gedefinieerde ranges, hebben we gekeken of een groep
kinderen die vonconazol kregen voor een schimmelmfectie daadwerkelijk de gewenste
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blootstelling behaalden De resultaten staan beschreven in hoofdstuk 5 4 We hebben m
een periode van 2 jaar 18 kinderen geïdentificeerd die vonconazol kregen Het bleek dat
in 44% van de gevallen de eerst gemeten concentratie met hoog genoeg was Tevens
konden we aantonen dat door middel van interventie (verhoging van dosering naar
aanleiding van het meten van de plasmaconcentraties) de spiegels wel in de gewenste
range kwamen
In dit proefschrift is het proces beschreven van preklinisch werk tot en met het afstemmen
van de therapie op het niveau van een individuele patient, met andere woorden The Road
to Tailor Made Azole Antifungal Therapy
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Dankwoord
Het succesvol afronden van je promotie is afhankelijk van vele factoren maar voornamelijk
van de mensen waar je het onderzoek mee uitvoert Ik prijs me gelukkig dat ik de
afgelopen jaren in zo'n top omgeving heb mogen werken en wil iedereen die hier bij
betrokken is geweest hartelijk danken Ook de participatie van alle patiënten en de vele
gezonde vrijwilligers was van essentieel belang
Een aantal personen die een bijzondere rol hebben gespeeld wil ik persoonlijk bedanken
Prof Dr David Burger, promotor Beste David, toen ik vijf jaar geleden kenbaar maakte
dat ik graag naar Nijmegen wilde komen voor onderzoek, heb JIJ dit mogelijk gemaakt Je
hebt de kaders gezet, was altijd toegankelijk en je hebt me de vrijheden gegeven om me
zelfstandig te ontwikkelen op het onderzoeksgebied Je stuurde op hoofdlijnen We
hebben gewacht met het indienen van het manuscript tot dat je benoemd was als
hoogleraar Om met jou als promotor deze periode af te ronden weerspiegelt het beste je
betrokkenheid Het is voor mij een leerzame en boeiende tijd geweest en ik kan terug
kijken op geanimeerde discussies zowel over inhoudelijke zaken als persoonlijke zaken
Ik zie er naar uit om tezamen de volgende stappen te zetten binnen het academisch
onderzoek
Prof Dr Paul Verweij, promotor Beste Paul, vanaf het begin van mijn tijd in het UMC St
Radboud waren we vaak allebei aanwezig bij de hematologie patientenbesprekmg, altijd
op de "tweede rij" De discussies waren serieus maar gingen ook gepaard met de nodige
humor Ik ben je zeer erkentelijk voor de mogelijkheid die je me hebt geboden om samen
onderzoek te doen Je gedrevenheid en snelheid op onderzoeksgebied is een voorbeeld
voor mij Deze samenwerking tussen medische microbiologie en apotheek zal in de
komende jaren alleen maar intensiever worden en ik hoop dat we op een zelfde wijze als
de afgelopen jaren verder zullen gaan
Dr Adilia Warns en Dr Nicole Blijlevens, copromotores, voor jullie beiden geldt dat ik jullie
een zeer warm hart toedraag Naast de persoonlijke band die ik met jullie heb, vind ik jullie
gedrevenheid en passie voor zowel de patient als de wetenschap onmiskenbaar een
toonbeeld van een goede dokter
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Lieve Adilia, al vrij snel na mijn komst in Nijmegen zijn we gestart met pediatnsch
onderzoek Je was altijd erg betrokken en kritisch Nu bijna vijf jaar later ben ik je eerste
promovendus Velen zullen na mij volgen maar er is maar 1 de eerste Dat ik dat mag zijn,
koester ik
Lieve Nicole, vanaf het begin van mijn onderzoek heb JIJ me opgenomen in je team De
patientenbesprekmgen hebben voor een belangrijk deel bijgedragen aan de noodzakelijk
klinische expertise om onderzoeksresultaten in hun verband te plaatsen Je enthousiasme
was onuitputtelijk Ook moge het duidelijk zijn dat WIJ dezelfde humor hebben, wat zorgde
voor de broodnodige ontspanning van tijd tot tijd
Dr Peter Donnelly Beste Peter Ondanks dat je geen formele rol hebt bij mijn promotie,
ben je een drijvende kracht geweest achter mijn onderzoek in de breedste zin Je steun
was onbeperkt en JIJ was degene die mij heeft geïntroduceerd in de nationale en
internationale onderzoekswereld op het gebied van schimmelmfecties Je kritische
houding scherpte mijn geest Het is een privilege om samen met jou te kunnen werken
Dr Rob Aarnoutse, mijn sparring-partner Beste Rob, vele malen ben ik even mijn
gedachten bij je komen toetsen Of dit nou van wetenschappelijke aard was of van organisatorische, altijd was je bereid om mee te denken Inmiddels delen we de kamer en
continueren we de discussies Dank voor alle hulp en adviezen
Dr Johan Mouton Beste Johan, we staan nog maar aan het begin van een intensieve
samenwerking Ik hoop dat we de vruchten zullen plukken van het gezamenlijke PK-PD
onderzoek De onderzoeken in dit proefschrift zie ik als een hele goede eerste stap
Ik wil graag Drs Remco de Jong, afdelingshoofd van de apotheek van het UMC St
Radboud, bedanken voor het mogelijk maken van dit promotietraject JIJ hebt de ruimte
gecreëerd voor een combinatiefunctie als ziekenhuisapotheker en onderzoeker Dat je dit
kunt bieden aan een onderzoeker, en ook in de toekomst blijft bieden, maakt onze
apotheek uniek
Mijn paranimfen, Angela Colbers en Bob Scheffer Angela, jouw bijdrage aan het
onderzoek is van onschatbare waarde Altijd vrolijk en zonder enig gemopper heb je
talloze onderzoekstaken opgepakt en uitgevoerd en mij daarbij enorm geholpen Het
staat als een paal boven water dat je mijn paranimf bent
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Bob, al sinds onze studententijd zijn we vrienden en hoewel de (geografische) afstand de
laatste jaren iets groter is, is het altijd gezellig om samen iets te ondernemen Of dit nu
skien of fietsen is of gewoon een hapje uit eten, we hebben altijd lol Ik ben blij dat JIJ straks
naast me staat tijdens de verdediging
Jan Willem Alffenaar, Matthijs van Lum, Rita Mavridou en Marieke Weizen Jullie hebben
één voor één een substantiële bijdrage geleverd aan de totstandkoming van dit
proefschrift Vele uren hebben we over studie-opzetten, analyses en resultaten gesproken
Dank voor de bijzonder prettige samenwerking
Oud collega-onderzoekers, Rafaella l'Homme, Manneke Nijland, dank voor de prettige
samenwerking Manon van der Lee dank ik voor de gezellige tijd en de vele discussies die
we hebben gehad als kamergenoten en als promovendi Ook de huidige promovendi
Diane Bastiaans, Maren Blonk, Angela Colbers, Quirme Fillekes, Klaartje de Kanter en
Marieke Weizen wil ik bedanken voor de betrokkenheid en gezelligheid Veel succes met
jullie eigen onderzoek
De operationeel managers en analisten van het Laboratorium Klinische Farmacie
(inmiddels Laboratorium Apotheek) wil ik hartelijk bedanken voor de vele metingen, de
interesse in mijn onderzoek en voor het verwerken van samples in de routine patiëntenzorg
Met naam noem ik graag Khalid Asouit, Robert Bijlsma, Michel Broekman, Peter Diebels,
Noor van Ewijk, Erik van den Hombergh, Guus Huntjens, Martijn Meuleman, Carlo
Raijmakers, Anja de Ruijter en Kirsten Velthoven Een speciaal woord van dank aan Comen
Verweij en Marga Teulen Vele malen heb ik aan jullie gevraagd om haast onmeetbare
concentraties te bepalen Dit moest altijd snel en altijd tussendoor Soms manoeuvrerend
tussen de regels door Dit was altijd mogelijk bij jullie en maakte onze samenwerking
ontzettend prettig Ik hoop dat we dit blijven doen
Collega's waar ik gedurende mijn promotietijd mee heb samengewerkt Myrthe van den
Düngen, Omar Hamza, Saskia Kuipers, Jan van der Linden, Maroeska te Loo, Rosalm van
Schie en Andre van der Ven en alle co-auteurs wil ik bedanken voor hun bijdrage aan de
diverse onderzoeken
De leden van de manuscriptcommissie, Prof Dr B-J Kullberg, Prof Dr R Ρ Pickkers
en Prof Dr D R A Uges wil ik bedanken voor het bestuderen en beoordelen van dit
proefschrift
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Een special woord van dank aan de collega ziekenhuisapothekers specialistische
farmaceutische patiëntenzorg en ziekenhuisapothekers in opleiding voor hun flexibele
houding Met name de laatste maanden heb ik veelvuldig gebruik mogen maken van jullie
bereidheid om voor mij waar te nemen als ik op congres was of andere onderzoeksverplichtmgen had De collega's uit de apotheek wil ik graag bedanken voor hun
betrokkenheid en interesse in mijn onderzoek
De medewerkers van het Clinical Research Centre Nijmegen wil ik bedanken voor hun
bijdrage aan de interactieonderzoeken die we bij jullie hebben uitgevoerd
De stafartsen, arts-assistenten en verpleegkundigen van de afdeling hematologie wil ik
bedanken voor hun steun en de mogelijkheid die jullie mij geboden hebben om deel te
nemen aan jullie team De donderdagochtend blijft steevast gereserveerd voor jullie en
jullie patiënten Ik hoop dit nog lange tijd zo te kunnen continueren
Onderzoek wordt vaak mogelijk gemaakt door een goed partnerschap met de
farmaceutische industrie Gilead (Dhr Gijs Crone), Merck Sharp & Dohme (en voormalig
Schering Plough, Dhr John Vrusch en Mw Stefanie de Joode, Dhr Rien Dorland), Pfizer
(Mw Smeke Puister, Mw Irma Noordman, Dhr Louis van der Ploeg) en Astellas (Mw Olga
Wedemeier en Dhr Winfried Weel) wil ik bedanken voor de prettige samenwerking
Alsmede de firma's BMS en GSK voor de betrokkenheid bij de interactiestudies
Mijn schoonfamilie, vrienden en jaarclubgenoten dank ik voor hun belangstelling voor
mijn onderzoek Jullie hebben altijd gezorgd voor de nodige ontspanning
Jeroen en Annehes, mijn fantastische broer en schoonzus Naarmate we ouder worden,
wordt de familie band alleen maar hechter Wat is het heerlijk om samen tijd door te
brengen Fijn dat jullie er altijd voor ons zijn
Leef pappa en mamma Zónder twiefel hob geer de basis gelag Daorneve hob geer us
de meugelikheid gebooje tot veer maximaal van 't leve kmne genete Pappa, diech hobs
miech laote zien tot-ste door samewèrrekmg vaol miejer bereiks es door te konkurrere De
bis mien groete veurbeeld wie-ste, mèt behaajd van eige identiteit, op gans eige meneer,
suuksesvol kms zien Mamma, allied stoons diech klaor urn te hellepe en op de mies
ónmeugelike mommte hob-ste dit gedoon Wat waor dat fijn 't Is heerlijk urn uuch same
zoe intens te zien genete vaan 't "opa en oma zien" lech bin gruuts op uuch
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Lieve Jasmijn, Viggo en Mats Jullie zijn nu vier jaar, drie jaar en 4 maanden en staan nog
aan het begin van jullie leven Jullie onvoorwaardelijke liefde, de open armen als ik thuis
kom en grote glimlachen met twinkelende ogen zijn het mooiste wat er op deze wereld is
Lieve Monique JIJ eindigde jouw dankwoord met de woorden op naar het volgende
avontuur Sindsdien zijn er vele avonturen geweest we zijn getrouwd, zijn verhuisd,
hebben allebei een andere baan en we hebben drie kinderen gekregen Je hebt mij de
ruimte gegeven om mijn onderzoek uit te voeren, je vulde me aan en zorgde voor de
nodige rust Maar al te vaak heb JIJ de boel draaiende gehouden als ik zat te werken of op
pad was Het onderzoek gaat voort maar dit zal nooit ten koste van ons gaan We zijn nu
een groot gezin en JIJ bent mijn grote liefde, samen kunnen we de wereld aan
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Curriculum Vitae
Roger Johannes Mane Bruggemann werd op 29 oktober 1973 geboren te Eijsden Na het
behalen van zijn VWO diploma aan het Sint Maartenscollege te Maastricht startte hij
met de studie Farmacie aan de Universiteit Utrecht HIJ behaalde in 1999 zijn doctoraalbul
en in 2002 zijn apothekersdiploma Gedurende de periode van augustus 1997 - april 1998
was hij student aan de afdeling farmacologie bij de School of Medicine, University of
California San Diego te San Diego, USA waar hij onderzoek verrichtte naar moleculaire
simulaties van mechanismen van oxim- reactivatie van het acetylcholinesterase
(begeleider Prof Dr Ρ Taylor)
In 2002 begon hij als apotheker-met in opleiding bij de Apotheek Haagse Ziekenhuizen
gevolgd door de opleiding tot ziekenhuisapotheker aan de Apotheek Haagse Ziekenhuizen
en het Medisch Centrum Haaglanden (locatie Westemde) van 2003 - 2006 (opleider Drs
Β Η Graatsma) Gedurende deze periode heeft Roger onderzoek gedaan op het gebied
van HlV-behandelmg met als focus het effect van een éénmaal daags behandel regime
van nevirapme op de lever
Vanaf januari 2007 is Roger werkzaam als ziekenhuisapotheker-onderzoeker bij de
afdeling Apotheek van het UMC St Radboud De onderzoeksgroep van de afdeling
Apotheek onder leiding van Prof Dr D M Burger richt zich op klinische farmacologie van
antimicrobiele middelen met een focus op HIV, hepatitis C, tuberculose en schimmelinfecties
De interessegebieden van Roger zijn management van mvasieve schimmelmfecties, farmacokmetiek, farmacodynamiek en farmacogenetica van antifungale middelen in zowel
humane als diermodellen, therapeutic drug monitoring, geneesmiddelmteracties en
analyse van antifungale middelen in diverse matrices Roger is verantwoordelijk voor het
internationale kwaliteitscontrole programma voor antifungale middelen van de Stichting
Kwaliteitsbewaking Klinische Geneesmiddelanalyse en Toxicologie
HIJ werkt nauw samen met diverse afdelingen binnen het UMC St Radboud, waaronder
de afdeling Hematologie (Dr J Ρ Donnelly and Dr NMA Blijlevens), de afdeling
Medische Microbiologie (Prof Dr ΡΕ Verweij and Dr JW Mouton), de afdeling
pediatrische infectieziekten (Dr A Warns), en de afdeling Intensive Care (Prof Dr R Ρ
Pickkers)
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Roger is actief lid van een aantal nationale en internationale organisaties en werkgroepen
waaronder de Nederlandse Vereniging van Ziekenhuisapothekers (NVZA) en de Special
Interest Group voor Infectieziekten van de NVZA, de Nederlandse Vereniging voor
Klinische Farmacologie en Biofarmacie (NVKF&B), de "European Society for Clinical
Microbiology and Infectious Diseases (ESCMID)", de ESCMID PK/PD Study Group en de
ESCMID Fungal Infections Study Group, de "International Association of Therapeutic
Drug Monitoring and Clinical Toxicology (IATDMCT)"en de "Antifungal Drugs Committee
of the IATDMCT"
Naast het onderzoek werkt Roger als ziekenhuisapotheker specialistische farmaceutische
patiëntenzorg met de focus op de hematologie, Intensive Care en kindergeneeskunde Hi]
is lid van het regionaal toxicologisch expert team In jum 2011 is hi] gestart met de
opleiding tot klinisch farmacoloog (opleiders Prof Dr D M Burger en Prof Dr Ρ Smits)
Roger is getrouwd met Monique Bruggemann-de Maat en zi] hebben drie prachtige
kinderen Jasmijn, Viggo and Mats
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