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Introduction

1

Invasive fungal infections are infections of the blood or in other normally sterile
sites, mainly caused by Aspergillus or Candida species (1). These infections occur
in particular in immunocompromised patients such as neutropenic patients,

hematopoietic stem cell or solid organ transplant recipients and critically ill patients.
Even with the introduction of new antifungal agents morbidity and mortality of
invasive fungal infections have remained high (2, 3). The numbers of patients at risk

for invasive fungal infections are increasing due to increasing survival rates of cancer

and transplant patients and a broad clinical use of new immunosuppressive agents
(3). Therefore continued efforts are required to improve the currently daunting
perspective of patients with invasive fungal infections (2).

Besides the development of novel antifungal agents there are other priorities

for future research to improve the outcome of invasive fungal infections (2). A
considerable part of these priorities focus on an earlier start of an adequate treatment

by improved diagnostic tests, direct detection of fungal species and antifungal

resistance, better risk prediction models to target surveillance, prophylaxis and

rapid diagnostics more appropriately and mechanisms to ensure the attainment of
maximal antifungal effect as quickly as possible (2). Other approaches consist of
novel immunomodulatory treatments to maximize antifungal effect and minimize
immune-mediated damage and fibrosis; and finally to build collaborative national
and international programs for antifungal resistance surveillance (2).

From a pharmacist’s perspective, the most obvious focus for research in the field
of antifungal treatment is to ensure the attainment of maximal antifungal effect as

quickly as possible, especially focusing on pharmacokinetics and therapeutic drug

monitoring. More insight in the pharmacokinetics of antifungal agents in specific
patient populations is mandatory to be able to achieve sufficient concentrations or

exposure as soon as possible. Therapeutic drug monitoring can be of assistance to
maintain sufficient concentrations of antifungal agents.

OBJECTIVE
The objective of this thesis is to improve understanding of the pharmacokinetics of
antifungal agents in severely ill patients and in the application of therapeutic drug
8
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monitoring in order to eventually improve the outcomes of these patients receiving
antifungal treatment.

OUTLINE OF THE THESIS
The research described in this thesis focuses on two antifungal agents, anidulafungin

and voriconazole. For anidulafungin relatively little information on pharmacokinetics

and therapeutic drug monitoring is available, whereas for voriconazole, therapeutic

drug monitoring has gained a solid position in daily practice. The research performed
therefore is more explorative for anidulafungin and more daily practice based for
voriconazole.

ANIDULAFUNGIN
Anidulafungin is a semi-synthetic echinocandin, a lipopeptide synthesized from a

fermentation product of Aspergillus nidulans. The enzyme 1,3-β-D glucan synthase
is selectively inhibited by anidulafungin, resulting in inhibition of the formation of

1,3-β-D-glucan, an essential component of the fungal cell wall. Anidulafungin has
shown fungicidal activity against Candida species and activity against regions of
active cell growth of the hyphae of Aspergillus fumigatus. Anidulafungin is registered
for the treatment of invasive candidiasis in adult non-neutropenic patients.

Anidulafungin is rapidly distributed after intravenous infusion and is extensively
(99%) bound to plasma proteins. Anidulafungin undergoes slow chemical
degradation at physiologic temperature and pH to a ring-opened peptide that lacks
antifungal activity. This ring-opened product is subsequently converted to peptidic

degradants and eliminated mainly through biliary excretion. No dosing adjustments
are required for patients with renal insufficiency or hepatic impairment.

Even though echinocandins are first-line treatment of invasive candidiasis in critically
ill patients, limited data are available on the pharmacokinetics of anidulafungin
in this patient population (4). Anidulafungin has predictable pharmacokinetics in
healthy volunteers; exposure is dose-dependent and there is a low inter-individual

variability (5). In patients with fungal disease, anidulafungin clearance appeared to

be approximately 30% higher in patients with invasive candidiasis than in patients
9
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with esophageal candidiasis. The patients with invasive candidiasis were more
severely ill than the patients with esophageal candidiasis (6).

To investigate anidulafungin pharmacokinetics an accurate and simple liquid
chromatography-tandem

mass

spectrometry

method

was

developed

for

quantification of anidulafungin with straightforward sample preparation. (Chapter

2) Subsequently a prospective open-label study was performed to determine
anidulafungin concentrations and exposure in critically ill patients and explore
a possible correlation with disease severity and plasma protein concentrations.

(Chapter 3) With the extensive data derived from this study, a model was developed

to estimate the individual anidulafungin exposure in critically ill patients using
limited-sampling strategies. (Chapter 4)

VORICONAZOLE
Voriconazole is a triazole antifungal agent. An essential step in fungal ergosterol

biosynthesis is inhibited by voriconazole, by inhibiting the cytochrome P-450-

mediated 14 alpha-lanosterol demethylation (7). This results in a loss of ergosterol
in the fungal cell membrane. Voriconazole is the first line treatment for invasive

aspergillosis (8). Besides, voriconazole is registered for the treatment of candidemia

in non-neutropenic patients, fluconazole-resistant serious invasive Candida
infections (including C. krusei) and treatment of serious fungal infections caused by
Scedosporium spp. and Fusarium spp.

Voriconazole is available for both oral and intravenous administration. Absorption

of voriconazole is rapid and almost complete (96%) following oral administration
and is reduced when administered with high fat meals (9). Plasma protein binding
is estimated to be 58 % (9). Voriconazole is metabolized by the hepatic cytochrome
P450 isoenzymes, CYP2C19, CYP2C9 and CYP3A4 (9). The major metabolite of

voriconazole is the N-oxide, which has minimal antifungal activity and does not
contribute to the overall efficacy of voriconazole (9). Less than 2 % of the voriconazole
dose is excreted unchanged in the urine (9).

Measuring voriconazole concentrations, in conjunction with other measures of

clinical assessment, is recommended in the Infectious Diseases Society of America
10
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guidelines, to evaluate potential toxicity or to document adequate voriconazole
exposure (8). This can be justified because of the large inter- and intra-individual
variability in voriconazole concentrations (10, 11) and the relation between

voriconazole trough concentrations and efficacy and safety. A recent randomized

controlled trial in mainly hematology patients showed the benefits of routine

therapeutic drug monitoring of voriconazole, reducing drug discontinuation due to

adverse events and improving the treatment response in invasive fungal infections
(12). However studies investigating voriconazole therapeutic drug monitoring

included only patients with voriconazole concentrations measured (13-16). No data
are available on when voriconazole therapeutic drug monitoring is applied and
when not. The application of therapeutic drug monitoring in daily practice on the
intensive care was investigated in a retrospective study. (Chapter 5)

In daily practice, a large variability in voriconazole concentrations is observed, not

only between patients (10), but also within individual patients (11). Polymorphisms

of cytochrome P450 isoenzymes (17), impaired liver function (18), and drug-drug
interactions (19) are known to influence voriconazole pharmacokinetics, but do not

explain the observed variability completely. Therefore other factors may contribute
to the variability of voriconazole pharmacokinetics. Infections or inflammatory
stimuli can cause changes in the activities and expression levels of various forms

of cytochrome P450 isoenzymes (20). As voriconazole is extensively metabolized by

cytochrome P450 isoenzymes, inflammation may also be a contributing factor to the
variability of the pharmacokinetics of voriconazole. Whether inflammation, reflected

by C reactive protein concentrations, influenced voriconazole trough concentrations
was investigated in a retrospective study. (Chapter 6)

Finally, a general discussion and perspectives for future studies are described in
Chapter 7 and a summary of the obtained results is presented in Chapter 8.
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ABSTRACT
Introduction. Echinocandins are a valuable addition for the treatment of

2

invasive fungal infections, as they are efficacious, demonstrate low toxicity and

have limited drug-drug interactions. In specific clinical situations when altered
pharmacokinetics can be expected or dosing guidelines are conflicting, it may

be useful to measure concentrations. For this purpose, a liquid chromatography

tandem mass-spectrometric method to measure anidulafungin and caspofungin in
ethylenediaminetetraacetic acid plasma was developed.

Methods. The method was developed on a Thermo Fisher TSQ Quantum LC-MS/

MS. For separation, a BetaBasic C4 (100 mm x 3.0 mm; 5μm) analytical column

was used. Sample preparation consisted of protein precipitation directly in the
autosampler vial. The internal standard aculeacin A is structurally related, not used
in humans, and commercially available. The method was validated according to the

guidelines for bioanalytical method validation of the Food and Drug Administration.
Results. The method was accurate (bias ranging from -3.0 to 1.9%) and precise
(within run and between run coefficients of variation of 2.2 to 7.7% and 1.6 to 9.0

%, respectively). All calibration curves were linear over a range of 0.5 – 10.0 mg/L
for anidulafungin and 0.1-20.0 mg/L for caspofungin, and if necessary, samples
can be diluted 10 fold. The samples were stable for three freeze-thaw cycles, with a
bias ranging from 0.6 to 11%. The maximum bias from the worst storage condition,

72 h at room temperature, was -14.7%. In patient samples, anidulafungin peak

concentrations ranged from 2.8 to 8.6 mg/L (n=20) and trough concentrations ranged
from 1.0 mg/L to 4.7 mg/L (n=79). The measured caspofungin concentrations ranged
from 1.9 to 7.3 mg/L (n=20).

Conclusion. The method developed has a straightforward sample preparation and
uses a structural analogue as the internal standard. This method has been applied
successfully for the measurement of anidulafungin and caspofungin concentrations
in patient samples, both for clinical practice as well as for research.
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INTRODUCTION
Echinocandins are a valuable addition for the treatment of invasive fungal infections,
as they are efficacious, demonstrate low toxicity and have limited drug-drug

interactions (1). A good predictor of in vitro and in vivo efficacy of these antifungal

drugs appears to be the area under the concentration-time curve (AUC) divided by
the minimal inhibitory concentration (MIC) (2). The AUC/MIC ratio has an impact

on the mortality of patients with invasive Candida infections, which was earlier
shown for fluconazole (3). Although no clinical data are available to show a similar
relationship for echinocandins, it may be useful to measure concentrations in specific
clinical situations in which altered pharmacokinetics can be expected and dosing

guidelines are conflicting. A typical situation in daily practice is dosing caspofungin

in a patient weighing over 80 kg with hepatic impairment (4, 5). In this case a clinician
has to choose between an increased dose based on body weight or a decreased dose
based on the hepatic impairment. Another situation in which dosage guidelines are
conflicting is when caspofungin and rifampicin are used concomitantly in a patient

with hepatic impairment. The options are an increased dose based on the drug-

drug interaction (6) or a decreased dose based on the hepatic impairment. In these

cases, it would be informative and decision supportive to be able to measure plasma
concentrations of echinocandins. Although liquid chromatography tandem massspectrometric (LC-MS/MS) methods have been described for the determination of

anidulafungin (7) or caspofungin (8) alone and for the simultaneous quantification

of echinocandins and azoles (9, 10), they have several limitations. Time-consuming
sample preparation and diluting steps (8-10), use of online solid phase extraction (7),

or expensive ultra-performance liquid chromatography (10), are major drawbacks
for routine analysis. But most importantly, some methods (7, 10) do not use an
internal standard that structurally resembles the echinocandins, such as a structural
analogue or stable label. This should be discouraged because internal standards that

are not structurally related are less able to compensate for unavoidable variances
(11).

To overcome the problems with current methods of analysis our objective was
to develop an accurate and simple LC-MS/MS method for the simultaneous

quantification of anidulafungin and caspofungin, with straightforward sample
preparation.
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MATERIAL AND METHODS
Chemicals and reagents. Anidulafungin was provided by Pfizer (New York), and

2

caspofungin was supplied by Merck Sharp & Dohme (Whitehouse Station, NJ). A
structural analogue for the echinocandins, aculeacin A (Fig. 1), was obtained from
Sigma-Aldrich (St. Louis, MO). Acetonitrile, trifluoroacetic anhydride and water for
LC-MS were purchased from BioSolve (Valkenswaard, The Netherlands). Methanol

Lichrosolv and formic acid were from Merck KGaA (Darmstadt, Germany). Acetic
acid (100%), ammoniumacetate, and ammonium formate (98-100%) were from Acros

Organics (Geel, Belgium). All reagents were of suitable analytical grade. Ultra pure

water was obtained from a Milli-Q water purifying system (Millipore Corporation,
Billerica, MA).







FIG 1 Chemical structures of anidulafungin (A), caspofungin (B), and the internal standard
aculeacin A (C).

The precipitation reagent consisted of 0.5 mg/L internal standard in a solution

containing 3 g/L formic acid and 180 mg/L ammonium formate in acetonitrilemethanol (10:3 [vol/vol]). High-performance liquid chromatography eluent A was

an aqueous buffer (pH 3.5) containing ammonium acetate (5 g/L), acetic acid (35
18
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mg/L), and trifluoroacetic anhydride (2 mL/L) in water. Water and acetonitrile were
used as high-performance liquid chromatography  eluents B and C, respectively.

Equipment. All experiments were performed on a triple-stage quadrupole LC-MS/

MS (TSQ Quantum, Thermo Fisher, San Jose) with a Finnigan Surveyor MS pump

and a Finnigan Surveyor autosampler (Thermo Fisher). The TSQ Quantum mass-

selective detector was operated in selected reaction monitoring mode with positive
electrospray ionization. Xcalibur software version 2.0 SR1 (Thermo Fisher) was used

for peak height integration for all components. For separation, a BetaBasic C4 (100
by 3.0 mm; 5μm particle size; Thermo Fisher) analytical column was used.

Calibrators and quality control samples. Stock solutions were prepared in

methanol-water (50:50 [vol/vol]). For the preparation of the calibration standards,

2 individual stock solutions were prepared, with 1000 mg/L anidulafungin or 1000

mg/L caspofungin. These stock solutions were diluted to obtain working stock
solutions with either 100 mg/L anidulafungin or 100 mg/L caspofungin.

Separate stock solutions, containing 1000 mg/L anidulafungin or 1000 mg/L
caspofungin, were made for the preparation of the quality control (QC) samples.

Working stock solutions with either 100 mg/L anidulafungin or 100 mg/L
caspofungin were obtained after dilution.
The

calibration

and

QC

samples

were

prepared

by

spiking

pooled

ethylenediaminetetraacetic acid (EDTA) plasma with the prepared stock solutions

and working stock solutions. For the concentrations used, see Table 1. The calibration
samples and QC samples were stored at -20 ºC.
TABLE 1 Concentrations of calibration standards
Drug

Calibrator concentration (mg/L)

QC sample concentrations (mg/L)
LLOQ

LOW

MED

HIGH
8.0

Anidulafungin

0.5; 1; 1.25; 1.50; 2.5; 3.75; 5; 6.25; 7.5; 10

0.5

1.25

5.0

Caspofungin

0.1; 0.25; 0.5; 1; 2.5; 5; 7.5; 10; 15; 20

0.1

0.5

10.0

Sample processing. In a 2 mL glass autosampler vial, 100 μL of EDTA plasma and
500 μL of precipitation reagent were vortexed for 1 minute on a Lab-tek multitube
19
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vortexer (Christchurch, New Zealand). The vials were stored at -20 °C for 30 minutes

to promote protein precipitation. Afterwards the vials were vortexed again for 1

2

minute. For the last preparation step, the vials were centrifuged at room temperature

for 5 min at 10,164 x g (11,000 rpm) in a Hettich benchtop centrifuge (Mikro 22
centrifuge, Hettich, Bäch, Switserland).

From the clear upper layer of the samples, 5 μL was injected into the LC-MS/MS.
LC-MS/MS conditions. The eluent gradient was tuned in such a way that all

compounds were baseline separated (Table 2). The flow rate was 250 µL/min and

the column was kept at room temperature. The temperature in the autosampler was

set at a temperature of 10 ºC. The ion source spray voltage was set at 3500 V and
the capillary temperature at 350°C. Nitrogen was used as sheath and auxiliary gas,
pressures were set at 35 and 5 (arbitrary units), respectively. Argon was used as
collision gas. The scan time was 0.050 s at a scan width of 0.5 m/z. The following
m/z transitions of precursor ions to product ions were used: anidulafungin 1140.7 ->
343.2 (collision energy, 61 eV), caspofungin 547.4 -> 538.0 (collision energy, 11 eV),
and aculeacin A 1036.7 -> 1018.7 (collision energy, 15 eV).
TABLE 2 Gradient elution program

a

Time (min)

Solvent A (%) a

Solvent B (%)

Solvent C (%)

0.0

5.0

75.0

20.0

1.0

5.0

35.0

60.0

2.0

5.0

35.0

60.0

3.2

5.0

20.0

75.0

3.5

5.0

5.0

90.0

4.0

5.0

0.0

95.0

9.0

5.0

0.0

95.0

10.0

5.0

75.0

20.0

Solvent A, aqueous buffer with pH 3.5 (ammonium acetate 5 g/L, acetic acid 35 mg/L, and

trifluoroacetic anhydride 2 mL/L in water); Solvent B: ultra pure water; Solvent C: acetonitrile

Calibration and calculation. The calibration curves were constructed using a linear
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regression of the ratios of the observed peak heights of either anidulafungin or

caspofungin and the internal standard aculeacin A against the spiked concentrations
of the standards. The concentration of patient samples was determined based on a
1-point calibration. The highest calibrator concentration was used for the 1-point

calibration. The results from the 1-point calibration were only valid if the bias of the
control sample (plasma spiked with anidulafungin [1.0 mg/L] and caspofungin [2.0
mg/L]) was less than 15%.

Method validation. In accordance with the Guidance for Industry Bioanalytical
Method Validation of the Food and Drug Administration (12), method validation
included selectivity, linearity, accuracy, precision, sensitivity, recovery and stability.

Precision was subdivided into within run and between run precision. On each of the
4 analytical days, a single calibration curve was obtained and the QC samples were
analyzed in 5 replicates.

Selectivity and sensitivity. The selectivity of this method was evaluated by analyzing 6

lots of pooled EDTA plasma. Sensitivity was examined by comparing the response of
6 lots of pooled blank EDTA plasma with the response of lower limit of quantification

(LLOQ) samples. The possible existence of ion suppression or ion enhancement was
determined by analyzing 6 lots of pooled EDTA plasma during simultaneous postcolumn continuous infusion of a stock solution containing 15 mg/L anidulafungin,

caspofungin, and internal standard by a syringe pump at a flow rate of 10 µL/min
(13).

Accuracy and precision. The accuracy and precision of the method were determined

by analyzing QC samples of 4 concentrations in 5-fold on 4 different days. The
responses were analyzed using 1-way ANOVA for each single concentration level.

The bias of the mean from the true value served as the measure of accuracy. The
precision was calculated as the coefficient of variation of the concentrations within

a single run (within run) and of the concentrations in the runs on the different days
(between run).

Recovery. The recovery was determined at 3 concentrations (low, medium, and high)
using 5 replicates of each by comparison of the mean peak height in plasma with

the mean peak height of samples prepared in a nonbiological matrix (precipitation
reagent without internal standard).

Stability. Stability tests included 3 freeze-thaw cycles, storage stability, and

autosampler stability. For the freeze-thaw stability test, samples with low and high
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concentration were stored at -20 °C. After 3 cycles of freeze-thaw, the concentration was

compared with the mean concentration of the freshly prepared samples. In addition,

2

the stability of anidulafungin and caspofungin in plasma was determined after 24,

48 and 72 hours of storage in the refrigerator at +4 °C and at room temperature. The
stability of processed samples in the autosampler was also evaluated after residing
24, 48 and 72 hours in the autosampler.

Dilution integrity. On 4 consecutive days, a sample with a concentration of 25 mg/L
for anidulafungin or caspofungin was diluted 10-fold, processed in 5 replicates and
then analyzed.

Matrix comparison. The calibration curves of anidulafungin and caspofungin resulting
from calibrators prepared in sodium heparin plasma and serum were compared and

analysed by 1-way ANOVA with the calibration curve from the samples prepared in
EDTA plasma.

Application of the method. This method has been used in our hospital, both

for research and for clinical practice. For a clinical trial (NCT01047267) on the
pharmacokinetics of anidulafungin in critically ill patients, samples from 20

patients were measured. The study protocol was approved by the local institutional

ethics committee. Written informed consent was obtained from the patient or the

legal representative of the patient. In addition, anidulafungin and caspofungin
concentrations were measured in selected patients. For caspofungin, special attention

was paid to pediatric patients and patients weighing more than 80 kg with elevated
liver enzymes. Besides this, concentrations were measured in neutropenic patients
treated with anidulafungin.

RESULTS
The retention times of anidulafungin, caspofungin and aculeacin A were 5.0, 4.3, and
5.6 minutes, respectively. Figure 2 shows ion chromatograms of a sample spiked at
LLOQ and a blank sample.

Selectivity and sensitivity. There were no peaks observed in any of the pooled blank

EDTA plasma samples at the retention time of the echinocandins or the internal
standard. No ion suppression or ion enhancement was observed (see Figures,

Supplemental Digital Content 1, presented after the references, which show
representative ion chromatograms of the test).
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FIG 2 Ion chromatograms for aculeacin A (a), a LLOQ sample of anidulafungin (b) and
caspofungin (c) and ion chromatograms of a blank EDTA plasma sample at the ion
transitions of anidulafungin (d) and caspofungin (e).
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Linearity, accuracy and precision. All calibration curves were linear over a range of
0.5 - 10.0 mg/L for anidulafungin and 0.1 - 20.0 mg/L for caspofungin. The mean

2

equations were y = 0.158x + 0.00343 (R2 = 0.996) for anidulafungin and y = 0.877x

+ 0.00780 (R2 = 0.999) for caspofungin. For patient samples, a 1-point calibration
was used because of the linearity of the calibration curves and the practically zero
intercept.

The results of accuracy and precision tests are listed in Table 3
TABLE 3 Accuracy and precision
Accuracy

Precision

Mean

Bias (%)

Within run (%)

Between run (%)

Overall (%)

(mg/L)
Anidulafungin

Caspofungin

LLOQ

0.509

1.9

7.7

9.0

11.9

LOW

1.27

1.6

5.7

5.6

8.0

MED

5.06

1.1

5.0

5.8

7.7

HIGH

8.06

0.8

4.4

3.9

5.9

LLOQ

0.0970

-3.0

6.0

8.3

10.2

LOW

0.487

-2.6

5.6

2.9

6.3

MED

10.1

0.8

2.2

1.8

2.8

HIGH

16.0

0.2

4.7

1.6

4.9

Recovery. The recovery of anidulafungin and caspofungin ranged from 104.4% to
106.7% and from 91.4% to 114.7%, respectively. The internal standard, aculeacin A,
had a recovery of 96.9%. All coefficients of variation were less than 7%.

Stability. The samples were stable for 3 freeze-thaw cycles, with a bias ranging from
0.6 to 11%. The maximum bias from the worst storage condition, room temperature,
was -14.7%.

Dilution integrity. The mean concentration of the diluted plasma samples was 2.57

mg/L (undiluted: 25.0 mg/L) for anidulafungin with a bias of 3% and 2.49 mg/L
(undiluted: 25.0 mg/L) for caspofungin with a bias of -1%.

Matrix comparison. There was no significant difference between the slope and the
intercept of the calibration curves of anidulafungin and caspofungin in sodium
heparin or serum in comparison with those of the calibration curve in EDTA plasma.
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Application of the method. This method of analysis for anidulafungin and
caspofungin has been used for more than 1 year in our hospital. For a clinical trial

(NCT01047267) on the pharmacokinetics of anidulafungin in critically ill patients,

samples from 20 patients were measured. The peak concentrations (n=20) ranged
from 2.8 to 8.6 mg/L. For each patient, more than 1 trough concentration was

measured. The anidulafungin trough concentrations (n=79) ranged from 1.0 mg/L to

4.7 mg/L. In addition, anidulafungin concentrations were measured in neutropenic
patients. Figure 3A shows an ion chromatogram following protein precipitation  of
an anidulafungin trough concentration sample from a neutropenic patient.

Caspofungin concentrations were measured in 8 patients with elevated liver

enzymes. In 2 infants, a peak (end of infusion) and trough concentration were
measured. A 5-year-old boy, with a traumatic pancreas rupture, received 42 mg (50
mg/m2) caspofungin after a loading dose of 60 mg (70 mg/m2). Caspofungin peak
and trough concentration were 10.8 and 1.9 mg/L, respectively. Another 8-year-

old boy, with liver failure after liver transplantation, received 50 mg caspofungin
after a loading dose of 70 mg. Caspofungin peak and trough concentration were

11.4 and 3.3 mg/L, respectively. The measured caspofungin concentrations (n=20) in
adult patients ranged from 1.9 to 7.3 mg/L. Figure 3B shows an ion chromatogram

following protein precipitation of a caspofungin trough concentration sample from
an overweight patient (103 kg) with elevated liver enzymes.

FIG 3 Ion chromatogram following extractions of a trough concentration (2.6 mg/L) from a
patient receiving 100 mg anidulafungin (A) and of a trough concentration (1.9 mg/L) from
a patient receiving 70 mg caspofungin (B).
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DISCUSSION
We developed an accurate and simple LC-MS/MS method, which proved to be

2

suitable for routine monitoring of anidulafungin and caspofungin. The method was
validated according to the guidelines for bioanalytical method validation of the
Food and Drug Administration (12).

One of the advantages of our method, compared with the methods currently
available, is the internal standard, aculeacin A. When stable isotope-labeled internal

standards are not available, a structural analogue is preferred as the internal
standard (11). Aculeacin A, isolated from Aspergillus aculeatus (14), is structurally

related to the echinocandins, not used in humans, and commercially available.
Previously reported methods use ascomycin, an ethyl analogue of tacrolimus (7),

or deuterated voriconazole (10) as internal standard. These internal standards have
the disadvantage that they are not structurally related to the echinocandins and are,

therefore, less able to compensate for the unavoidable variances in the method. The
2 methods that do use a structurally related internal standard (8, 9) chose a derivate
of caspofungin as internal standard, which is not commercially available.

The method we used for sample preparation is rather straightforward. Although

all previously published methods used protein precipitation in sample preparation,

most used a more complex sample preparation. Farowski et al. used diluted plasma
as matrix, which is obtained after centrifuging diluted blood layered onto a double-

discontinuous Ficoll-Hypaque density gradient and another dilution step (9). The

sample preparation method described by Decosterd et al. and Rochat et al. required

an additional dilution step (8, 10) which may result in an increased risk of errors and
an elevated assay variance.

The choice of the matrix does not seem to affect the analysis. No differences were

observed in matrix comparisons between serum and plasma (heparin and EDTA).
This observation is consistent with previously published results. However, the
stability of samples seems to be influenced by the matrix. At room temperature,

anidulafungin and caspofungin are more stable in EDTA plasma than in citrate
plasma (10) or serum (results not shown).

The simple sample workup procedure contributed to the slightly increased LLOQ
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of our method for analysis of anidulafungin compared to the LLOQ of previously
described methods (7, 9, 10). No clinical implications are expected because the
anidulafungin trough concentrations measured in this study, and previously
reported anidulafungin trough concentrations (15-17), were above our LLOQ.

In conclusion, a simple and accurate method for determination of anidulafungin
and caspofungin in plasma has been developed. This method has already been
successfully applied to the measurement of anidulafungin and caspofungin
concentrations in patient samples.
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SUPPLEMENTAL DIGITAL CONTENT 1 Representative ion chromatograms of the ion
suppression test. The dotted curve is an ion chromatogram after injection of water and
the solid curve after injection of EDTA plasma during postcolumn infusion of aculeacin A
(A), anidulafungin (B), and caspofungin (C).
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Low but sufficient anidulafungin exposure in critically ill patients

ABSTRACT
The efficacy of anidulafungin is driven by the area under the concentration-time

curve (AUC)/MIC ratio. Patients in intensive care may be at risk for underexposure.
In critically ill patients with an invasive Candida infection, the anidulafungin

exposure and a possible correlation with disease severity or plasma protein levels

3

were explored. Concentration-time curves were therefore obtained at steady

state. Anidulafungin concentrations were measured with a validated liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method. The MIC values
of Candida species were determined with the Etest. The target AUC/MIC ratio was

based on European Committee on Antimicrobial Susceptibility Testing (EUCAST)
data. Twenty patients were included. The patients received a maintenance dose of

100 mg once daily after a loading dose of 200 mg on the first day. The mean (+
standarddeviation) AUC, maximum concentratrion of drug in plasma (Cmax), and

minimum concentration of drug in plasma (Cmin) were 69.8 + 24.1 mg*h/L, 4.7 +1.4

mg/L, and 2.2 + 0.8 mg/L, respectively. The MIC values of all cultured Candida
species were below the EUCAST MIC breakpoints. The exposure to anidulafungin

in relation to the MIC that was determined appeared sufficient in all patients. The

anidulafungin exposure was low in our critically ill patients. However, combined
with the low MICs of the isolated Candida strains, the lower exposure observed in

comparison to the exposure in the general patient population resulted in favorable
AUC/MIC ratios, based on EUCAST data. No correlation was observed between

anidulafungin exposure and disease severity or plasma proteins concentrations. In

patients with less-susceptible Candida albicans or glabrata strains, we recommend
considering determining the anidulafungin exposure to ensure adequate exposure.
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INTRODUCTION
Invasive candidiasis is a serious problem in intensive care unit (ICU) patients. From
a retrospective matched case-control study in the United Kingdom between 2003

and 2007, the attributable mortality of candidiasis in ICU patients was estimated to
be 28.3% (1).

One of the risk factors for mortality of patients with candidemia is inadequate

antifungal therapy (2-4). For fluconazole, apart from delayed start of treatment (5),

the area under the concentration-time curve (AUC) divided by the MIC has an impact

on the mortality of patients with invasive Candida infections (6). Echinocandins are
relative new antifungal agents that are valuable for the treatment of patients with

invasive candidiasis (7). Anidulafungin compared favorably with fluconazole in
critically ill patients, particularly if given as empirical therapy (8). In a neutropenic
murine disseminated candidiasis model, the AUC/MIC ratio of anidulafungin was
a good predictor of efficacy (9, 10).

Anidulafungin has predictable pharmacokinetics in healthy volunteers; exposure is

dose dependent and there is a low inter-individual variability (11). In patients with
fungal disease, anidulafungin clearance appeared to be approximately 30% higher

in patients with invasive candidiasis than in patients with esophageal candidiasis.
Patients with invasive candidiasis were more severely ill than the patients with
esophageal candidiasis (12). For caspofungin, the trough concentrations were
more variable and correlated with albumin concentrations in surgical intensive
care patients (13). However, at this moment, there are limited data available on the
pharmacokinetics of anidulafungin in critically ill patients (14).

The objective of this study was to determine the anidulafungin concentrations and
exposure in critically ill patients and explore a possible correlation with disease
severity or plasma protein levels.

MATERIAL AND METHODS
Patients and ethics. This study was performed in the University Medical Center

Groningen, the Netherlands, between June 2010 and November 2011. The trial was
registered at ClinicalTrials.gov under registration no. NCT01047267. Patients were
33
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eligible for inclusion if they were at least 18 years old, admitted to an intensive care

unit, and diagnosed with invasive candidiasis. Diagnosis of invasive candidiasis
was based on isolation of Candida species obtained from a sterile site. Patients were
excluded if they were neutropenic or were allergic to echinocandins or any of the
excipients of anidulafungin.

3

The study protocol was approved by the local institutional ethics committee. Written

informed consent was obtained from the patient or the legal representative of the
patient.

Study design and procedures. Patients were treated with anidulafungin, starting

with a loading dose of 200 mg on day one and continuing with a maintenance dose
of 100 mg once daily.

On the first day of treatment, samples were drawn to measure anidulafungin

plasma concentrations at 3 and 12 hours after start of the 3-h infusion of the loading

dose. A concentration-time curve was obtained at day 3 (± 1 day) after the start of
anidulafungin. Blood samples were taken just before administering anidulafungin

and at 1.5, 2, 3, 4, 6, 8, 12, and 24 h after the start of the infusion. In addition, every 3
days during treatment, blood samples for anidulafungin trough concentrations were
collected during ICU admission.

For each patient included, data were collected from the medical chart, including
demographic data, medical history, and laboratory parameters. Total body water
volumes were estimated using the method of Watson (15).

Predictive scoring systems were used to assess the disease severity. Disease severity

scores have been developed to measure disease severity and overall prognosis
of patients, not to explain variability in pharmacokinetics, although they were

successfully used earlier for this purpose (16-19). The scores that were calculated
were the acute physiology and chronic health evaluation II (APACHE II) (20), logistic

organ dysfunction system (LODS) (21), multiple organ dysfunction score (MODS)
(22), organ dysfunctions and/or infection (ODIN) (23), simplified acute physiology

score (SAPS II) (24), SAPS 3 (25), and sepsis-related organ failure assessment (SOFA)
(26). All these different scores capture different aspects of disease severity; we
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calculated all of these scores to search for an appropriate disease severity score to
correlate with anidulafungin exposure. The disease severity was assessed on the day
that the concentration-time curve was obtained. On the same day, albumin and total

protein concentrations in plasma were measured. Mortality was assessed at day 28
of treatment.

Anidulafungin pharmacokinetics. Blood samples (4mL) were drawn into
Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) tubes. Plasma was

separated and frozen at -80°C until it was processed. All samples were determined
with a liquid chromatography-tandem mass spectrometry (LC-MS/MS) method
that was validated according to the guidelines for bioanalytical method validation of

the FDA(27). Sample preparation consisted of protein precipitation using aculeacin
A as internal standard. The method is accurate (bias ranging from -3.0 to 1.9%) and
precise (within-run and between-run coefficients of variation of 2.2 to 7.7% and 1.6

to 9.0%, respectively). All calibration curves were linear over a range of 0.5 to 10.0
mg/L for anidulafungin.

The AUC from 0 to 24 h (AUC0-24) was calculated using the log-linear trapezoidal rule

from 0 up to 24 hours using KINFIT (MWPharm 3.60; Mediware, the Netherlands)
(28). The clearance (CL) was estimated by dividing the dose administered by the
AUC0-24.

Microbiology. MIC values were determined with the Etest (bioMérieux, Marcy

l’Etoile, France). Etest assays were performed using RPMI glucose agar and inoculum

density adjustment with a 0.5 McFarland Standard. The plates were incubated at
35°C and were read after 24 h. If no growth was detected, the plates were incubated

for another 24 h. The drug concentration shown on the Etest strip at the outer border
of the elliptical inhibition halo was recorded as the MIC.

Pharmacokinetics/pharmacodynamics. For the assessment of sufficient exposure,

the calculated anidulafungin AUC in proportion to the MIC (AUC0-24 for the free,
unbound fraction of drug [fAUC0-24]/MIC ratio) for each patient was compared with

a target value based on European Committee on Antimicrobial Susceptibility Testing
(EUCAST) data (29). Exposure for the general patient population of 110 mg*h/L (11)

is accepted to be sufficient to treat infections with susceptible Candida species (29).
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A Candida species was considered susceptible if its MIC was not higher than the
EUCAST clinical breakpoint. The free fraction of anidulafungin is assumed to be 1%

(11). Therefore the target value for Candida albicans [(110 mg*h/L * 1%) / 0.03 mg/L]
was 36.7. For Candida glabrata, the target value [(110 mg*h/L * 1%) / 0.06 mg/L] was
18.3.

3

Statistics. Based on a large variation in disease severity and the consequent expectation
of a large variation in pharmacokinetics, a sample size of 18 patients is needed to detect

a clinically relevant correlation of 60% with 80% power and significance level of α

= 0.05 (two-sided). We planned to recruit 20 patients to cover a dropout rate of 10%.

The Mann-Whitney U test was used to assess whether the continuous data from two
groups was significantly different. Correlations were determined with the Spearman
correlation coefficient (rs) in SPSS version 20 (IBM, Armonk NY).

Multiple linear regression analysis was performed using a backward elimination
strategy, keeping variables with P values of <0.1 in the model. The variables that
were included in the multiple linear regression analysis were gender (11), age (11),

total body water (11), albumin (13), total bilirubin (30, 31), and the disease severity
score with the lowest P value for the correlation.

RESULTS
Twenty patients were included; nine were female. Most patients were admitted after
abdominal surgery with complications or severe abdominal infections. An overview
of patient characteristics is shown in Table 1.

At day 28 after the start of treatment with anidulafungin, five of the patients were
deceased. These patients died while on treatment with anidulafungin; at 4, 6, 7, 15,

and 16 days after the start of treatment. All five patients died after withholding and

withdrawing of therapy because of progressive multiple organ failure and lack of

treatment options for the underlying disease. All patients suffered from infections
when they died, but because no autopsies were performed, it remains uncertain

whether they died because of infection or with infection and whether the Candida
infection was still present.
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TABLE 1 Patient characteristics
Characteristic

Median value (IQRa)

Age (yr)

71 (60 - 75)

Weight (kg)

81 (72 - 102)

Height (cm)

175 (165 - 181)

BMI (kg/m )

25.8 (23.4 - 36.4)

Total body water (L)

41 (35 - 45)

2

3

Underlying condition (no. of patients)
Abdominal surgery

12

Pancreatitis

3

Infected prosthesis

2

Stomach perforation

1

Abdominal abscess

1

Pneumococcal sepsis

1

Diagnosis (no. of patients)

a

Candidemia

3

Candida peritonitis

13

Candidemia and candida peritonitis

4

IQR, interquartile range.

Anidulafungin pharmacokinetics. The mean concentration-time curve of

anidulafungin with standard deviation (SD) is presented in Fig. 1. The mean (+

SD) AUC0-24, maximum concentration of drug in plasma (Cmax), and minimum

concentration of drug in plasma (Cmin) were 69.8 + 24.1 mg*h/L, 4.7 + 1.4 mg/L,
and 2.2 + 0.8 mg/L, respectively. Both the anidulafungin Cmax and Cmin showed a
significant correlation with the anidulafungin exposure (Cmax, rs = 0.854, P < 0.001;
Cmin, rs = 0.884, P < 0.001). The mean (+ SD) estimated clearance was 1.6 + 0.6 L/h.

The anidulafungin trough concentrations ranged from 1.0 mg/L to 4.7 mg/L during
treatment.

On the first day of treatment with anidulafungin, the mean (+ SD) anidulafungin
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plasma concentration at the end of the infusion was 4.9 + 1.4 mg/L. Twelve hours
after start of the infusion, the mean anidulafungin concentration was 2.3 + 0.6 mg/L.

For logistical reasons, it was not possible to obtain samples from 4 patients on the
first day of treatment.

3
FIG 1 Mean anidulafungin concentration-time curve with standard deviations.

Microbiology. Blood cultures for Candida were positive in 7 patients and for 17

patients, intra-abdominal fluid cultures were positive. In 13 patients, C. albicans was
cultured, and in 11 patients, C. glabrata. No other Candida species were recovered. The

MIC values for C. albicans ranged from <0.002 to 0.008 mg/L, all below the EUCAST
anidulafungin MIC breakpoint of 0.03 mg/L. The MIC values for C. glabrata were

also lower than the EUCAST MIC breakpoint of 0.06 mg/L, ranging from 0.002 to
0.012 mg/L. The distribution of the MICs can be seen in Fig. 2.

FIG 2 AUC versus MIC of individual patients for C. albicans (a) and C. glabrata (b). The line
represents the ratio of the AUC of the general patient population and the EUCAST MIC
breakpoint of the Candida species.
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Pharmacokinetics/pharmacodynamics. The mean (+ SD) fAUC0-24/MIC ratio was

229 + 105 for C. albicans and 118 + 101 for C. glabrata and appeared to be above the
target value for all patients based on EUCAST data. Figure 2 shows the AUC0-24 that
was determined versus the MIC of the Candida species isolated.

Evaluation of possible variables of anidulafungin exposure. Table 2 provides the
median disease severity scores and data regarding a possible correlation with the

anidulafungin exposure, reflected by the AUC0-24. None of the disease severity scores
showed a significant correlation with the anidulafungin exposure.

TABLE 2 Disease severity scores and correlation with anidulafungin exposure.
Spearman correlation
Score

Median (IQR)

coefficient

P value

Apache II

14 (11-15)

0.078

0.743

LODS

4.50 (3.25-7)

0.317

0.174

MODS

4 (3-8)

0.374

0.105

ODIN

3 (2-4)

0.150

0.527

SAPS II

41 (31.5-51.5)

0.202

0.394

SAPS 3

74.50 (63.25-77.75)

-0.094

0.695

SOFA

7 (4-9)

0.153

0.520

The plasma protein concentrations were low in these patients. As expected, all 20
patients had albumin concentrations below the lower limit of normal (35 g/L). The
mean albumin concentration was 19 g/L (range 14 to 31 g/L). The total protein

concentration of most patients was also below the lower limit of normal (60 g/L).
Total protein concentrations ranged from 29 to 62 g/L, with a mean of 46 g/L. Neither
albumin nor total protein concentration showed a significant correlation with the
anidulafungin exposure (AUC0-24) (rs = 0.009, P = 0.677 and rs = 0.092, P = 0.700).

No significant correlation was observed between the anidulafungin exposure and the

body weight of patients (rs = -0.282, P = 0.229). The correlation with total body water
did not reach statistical significance (rs = - 0.427, P = 0.061). A possible correlation
between anidulafungin exposure and total bilirubin concentrations also could not
be established (rs = 0.312, P = 0.181).
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In the multiple linear regression analysis, total body water and bilirubin concentration

showed a significant correlation with anidulafungin exposure (Table 3). The adjusted
R square of the model is 0.345.

TABLE 3 Multiple linear regression analysis for anidulafungin exposure

3

a

Variable

β (95% CI)a

P value

Total body water

-2.566 (-4,192 to - 0.941)

0.004

Total bilirubin

0.232 (0.036 to 0.428)

0.023

β, regression coefficient of the population; 95% CI, 95% confidence interval.

The deceased patients did not seem to have a different anidulafungin exposure than
the surviving patients; the respective median exposures were 68.9 mg*h/L (range:
64.2 – 89.5 mg*h/L) and 60.8 mg*h/L (range 32.4 – 124.4 mg*h/L).

DISCUSSION
We found low exposure to anidulafungin in our critically ill patients. Although
the exposure was low, the MICs of Candida species isolates were also low,

and therefore, none of our patients received inadequate antifungal treatment.
No correlation was observed between anidulafungin exposure and disease
severity or plasma proteins concentrations in this group of critically ill patients.
An explanation for the lack of correlation could be that anidulafungin exposure is

influenced slightly by several factors at the same time, making it difficult to correlate

anidulafungin exposure with disease severity, plasma protein concentrations, or
other contributing factors. Total body water, expected to be similar to the volume

of distribution of anidulafungin (11), was also not significantly correlated to

anidulafungin exposure. Based on studies with micafungin, which showed a
reduced elimination clearance in the case of cholestatic hyperbilirubinemia (31) and

a correlation of micafungin concentrations with total bilirubin (30), we explored a

possible correlation between bilirubin concentrations and anidulafungin exposure.

The expectation was that in patients with high bilirubin concentrations, the excretion
of bilirubin and anidulafungin into bile would be decreased. No correlation could
be established. As no correlation was observed between anidulafungin exposure

and the individual contributing factors, a multiple linear regression analysis was
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performed. The multiple linear regression analysis provided a significant correlation

between anidulafungin exposure and total body water and bilirubin concentrations.
No significant correlations were observed between anidulafungin exposure and
disease severity or plasma protein concentrations.

The group of patients is on the one hand a limitation and on the other hand a strength

of this study. The limitation is that our group of patients was relatively homogeneous

with respect to their critical illness and plasma protein concentrations. Possibly, this
could be another explanation for the lack of correlation between anidulafungin
exposure and disease severity or plasma protein concentrations. The strength of this
group is that these are the critically ill patients that are in need of treatment with an
echinocandin.

The low anidulafungin exposure in our group of patients compared to the exposure

in the general patient population was expected based on previously published data
(12), as anidulafungin clearance appeared to be approximately 30% higher in the
more severely ill patients with invasive candidiasis than in patients with esophageal

candidiasis. The anidulafungin exposure also appeared to be significantly lower
(P = 0.045, Mann-Whitney U test) than was evidenced by earlier data from other

intensive care patients, i.e. 69.8 + 24.1 mg*h/L (14) versus 92.7 + 38.0 mg*h/L. From

the data available for both groups, it appears that our patients were significantly
older (P = 0.004), heavier (P = 0.001), taller (P = 0.032) and had a higher total body
water volume (P = 0.007). Further analysis is required to determine other factors
causing the apparent difference.

The observed lower exposure appeared to be not clinically relevant for our patients.
To assess the clinical relevance of the observed lower anidulafungin exposure, the

fAUC0-24/MIC ratio was used because of the listed sample size and the complex

pathology of critically ill patients. This could be advocated because the AUC/MIC
ratio appeared to be a good predictor of anidulafungin efficacy (9, 10). We did not use

the target values from these studies (9, 10) because the MICs used were measured
with the CLSI method, whereas our MICs were determined with an Etest. MICs
determined with an Etest are usually lower than those determined with the CLSI

method (32) and were used in determining EUCAST breakpoints; therefore, we used
target values based on EUCAST data. The observed lower exposure combined with
41
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the low MICs of the Candida species that were isolated resulted in favorable
fAUC0-24/MIC ratios in our patients.

Further research is necessary on factors that contribute to the variability of

anidulafungin exposure, because total body water and bilirubin only partly explain

3

the variability in anidulafungin exposure. This is necessary in order to anticipate

a lower exposure in patients before starting treatment with anidulafungin, as the
MIC of the pathogen is usually not available at that moment. Besides, validation of
target values for the fAUC0-24/MIC ratio in clinical practice is needed. Investigation

of limited sampling strategies for anidulafungin can be useful for future research
and for specific clinical situations.

No correlation could be established between anidulafungin exposure and disease

severity or plasma proteins concentrations in this group of critically ill patients. In
this population, we observed a lower anidulafungin exposure than in the general

patient population. In patients infected with a susceptible Candida albicans or glabrata
strain with a MIC well below the breakpoint, no problems are to be expected in

the case of a lower exposure. However, in patients with less-susceptible Candida
albicans or glabrata strains, a lower exposure can be a problem. If the MIC is high or

unknown, we recommend considering determining the anidulafungin exposure to
ensure the exposure is adequate.
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ABSTRACT
Efficacy of anidulafungin is driven by the area under the concentration-time curve

(AUC)/MIC ratio. Determination of the anidulafungin AUC along with MIC values

can therefore be useful. Since obtaining a full concentration-time curve to determine
an AUC is not always feasible or appropriate, limited sampling strategies may be

useful in adequately estimating exposure. The objective of this study was to develop a
model to predict the individual anidulafungin exposure in critically ill patients using

limited-sampling strategies. Pharmacokinetic data were derived from 20 critically
ill patients with invasive candidiasis treated with anidulafungin. These data were

4

used to develop a two-compartment model in MW\Pharm using an iterative 2-stage

Bayesian procedure. Limited sampling strategies were subsequently investigated
using two methods; a Bayesian analysis and a linear regression analysis. The best

possible strategies for these two methods were evaluated by a Bland-Altman analysis
for correlation of the predicted and observed AUC from 0 to 24 h (AUC0-24) values.
Anidulafungin exposure can be adequately estimated with the concentration from

a single sample drawn 12 h after the start of the infusion either by linear regression
(R2 = 0.99; bias, 0.05%; root mean square error [RMSE], 3%) or using a population

pharmacokinetic model (R2 = 0.89; bias, -0.1%; RMSE, 9%) in critically ill patients
and also in less severely ill patients, as reflected by healthy volunteers. Limited

sampling can be advantageous for future studies evaluating the pharmacokinetics
and pharmacodynamics of anidulafungin and for therapeutic drug monitoring in
selected patients.
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INTRODUCTION
Echinocandins are a valuable addition for the treatment of invasive fungal infections,

as they are efficacious, demonstrate low toxicity, and have limited drug-drug
interactions (1).

The area under the concentration-time curve (AUC) divided by the MIC appears to
be a good predictor of the efficacy of echinocandin drugs in a neutropenic murine

disseminated candidiasis model (2, 3). No data are available on the influence of
the AUC/MIC ratio on efficacy and mortality of anidulafungin in daily practice.

More information is necessary to elucidate this relation. Determination of the
anidulafungin AUC along with MIC values is therefore advisable for future research

and possibly also in specific clinical situations, since anidulafungin exposure can be
low in critically ill patients (4). Lack of response to the standard dose in the situation
of an anidulafungin-susceptible tested isolate may prompt measurement of the
anidulafungin concentration to detect whether drug exposure is too low.

Obtaining a full concentration-time curve to determine an AUC is not always
feasible, since this can be a burden to the patient, is time consuming, and is relatively

expensive. To overcome this problem, limited sampling strategies may be useful

in adequately estimating exposure with one or only a few samples. However, no
limited sampling strategy is available for anidulafungin at this moment.

The objective of this study was to develop a model to predict the individual
anidulafungin exposure in critically ill patients using limited-sampling strategies.

METHODS
Study population. Pharmacokinetic data were derived from patients that participated
in an open-label prospective study on the pharmacokinetics of anidulafungin in

critically ill patients (4). This study was performed in the University Medical Center
Groningen (The Netherlands). Patients were eligible for inclusion if they were at
least 18 years old, admitted to an intensive care unit, and diagnosed with invasive

candidiasis. The study protocol was approved by the local institutional ethics
committee. The trial was registered at clinicaltrials.gov (NCT01047267). Written
informed consent was obtained from each patient or his or her legal representative.
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The patients were treated with anidulafungin, starting with a loading dose of 200

mg on day one and continuing with a maintenance dose of 100 mg once daily. On
the first day of treatment, blood samples were drawn to measure anidulafungin
plasma concentrations 3 and 12 h after the start of the 3-h infusion of the loading

dose. A concentration-time curve was obtained at day 3 (± 1 day) after the start of
anidulafungin. Blood samples were obtained prior to the start of the 1.5-h infusion

of anidulafungin and at 1.5, 2, 3, 4, 6, 8, 12, and 24 h after the start of the infusion. In
addition, blood samples for measuring anidulafungin trough concentrations were

collected every three days during the continuation of anidulafungin treatment in

4

the intensive care unit. All samples were determined with a liquid chromatography-

tandem mass spectrometry (LC-MS/MS) method that was validated according to
FDA guidelines for bioanalytical method validation (5).

Pharmacokinetics. The area under the concentration-time curve from 0 to 24 h

(AUC0-24) was calculated using the log-linear trapezoidal rule from 0 up to 24 hours
using KINFIT (MW\Pharm 3.80; Mediware, The Netherlands).

Potential factors that contribute to the pharmacokinetic variability of anidulafungin

were previously investigated (4). A multiple linear regression analysis provided a
significant correlation between anidulafungin exposure and total body water and

bilirubin concentrations. MW\Pharm is straightforward software which is user-

friendly but lacks the ability to include an extensive set of influencing factors in
the model. The total body water was incorporated in the model by basing the

model on fat-free mass (FFM), but it was unfortunately not possible to include
the bilirubin concentration. A two-compartment model based on the observed
anidulafungin concentrations was created using an iterative 2-stage Bayesian

procedure (6), starting with estimates (Clearance [CL], 1.216 + 0.250 L/h/56kg FFM;
central volume of distribution [V1], 0.170 + 0.041 L/kg lean body mass corrected
[LBMc]; intercompartmental clearance [Q], 21.6 + 2.29 L/h/56kg FFM; peripheral

volume of distribution [V2], 0.392 + 0.043 L/kg LBMc) based on those in literature
(7). Interindividual variability of the pharmacokinetic parameters was assumed

to be log-normally distributed. The residual error was assumed to be normally
distributed and was modeled as a combination of additive and proportional error.

The residual error parameters were estimated during the analysis. The initial value
of both parameters was 0.1.
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Limited sampling strategies. Limited sampling strategies were investigated with
two methods: a Bayesian analysis and a linear regression analysis.

The optimal sampling times were determined with the limited-sampling module of
MW\Pharm based on a Monte Carlo simulation of 1,000 patients randomly drawn

from the population model using Bayesian analysis for parameter estimation. The
performance of a strategy was considered acceptable if the prediction bias was <5%
and the precision (root mean square error[RMSE]) was <15%. For the most suitable
strategy, the AUC0-24 was predicted using the developed pharmacokinetic model.

For the other method, linear regression analyses were performed in IBM SPSS

Statistics 20 (IBM Corp., Armonk, NY, USA) for the measured concentrations at every
sampling time of the concentration-time curve versus the AUC0-24. The performance
of a strategy was considered acceptable if the prediction bias was <5% and the

precision (RMSE) was <15%. The AUC0-24 was predicted using the equation of the
regression line of the most suitable strategy.

Data analysis. The validation of the population pharmacokinetic model and the

linear regression analysis was performed by a cross-validation in which one patient

was left out (n-1). The AUC0-24 of the patient left out from the developed model
was subsequently predicted using this n-1 model (8). The AUC0-24 predicted with

the developed model was subsequently compared with the AUC0-24 predicted with
the n-1 model using a Wilcoxon matched-pair signed-rank test. Means with 90%

confidence intervals (CIs) for the ratios of  AUC0-24 predicted with the developed
model and the n-1 model were also calculated.

The best possible limited sampling strategies for these methods were evaluated by

a Bland-Altman analysis for correlation of predicted and observed AUC0-24 and by

determining the mean with 90% confidence interval for the ratio of the predicted
versus the observed anidulafungin exposure as used in bioequivalence tests.

Numerical variables are summarized with medians and interquartile ranges unless
stated otherwise.

External dataset. To evaluate if the best possible strategies were also applicable in
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less-ill patients receiving anidulafungin, we used data from healthy volunteers from
drug interaction studies (9, 10).

Possible implications for clinical practice. Since the AUC/MIC ratio is a good

predictor of the efficacy (2, 3), information about the distribution of AUCs and MICs
is necessary to gain more insight in clinical situations in which it can be appropriate to

determine the anidulafungin exposure. Data about AUC distribution were available

(4). The distribution of MICs and AUC/MIC ratio were based on EUCAST data (11).
The exposure of the general patient population to 110 mg*h/L (12) is accepted to

4

be sufficient for treating infections with susceptible Candida species (11). A Candida

species was considered susceptible if its MIC was not higher than the EUCAST

clinical breakpoint. Hence, the AUC/MIC target value is the exposure of the general
patient population divided by the clinical breakpoint. Subsequently, the percentage
of patients who achieve the AUC/MIC ratio target was calculated per MIC.

The median anidulafungin exposure of 65.7 mg*h/L in our critically ill patients (4)

was lower than the exposure of the general patient population. An anidulafungin

maintenance dose of 170 mg seems appropriate to achieve an AUC of 110 mg*h/L
for a patient with this median anidulafungin exposure. This dose was calculated
on the basis of the linear pharmacokinetics of anidulafungin (1) by dividing the

AUC of the general patient population of 110 mg*h/L by the achieved AUC and
then multiplying the result by the administered dose (100 mg). A simulation of
this increased dose was made with the pharmacokinetic model in MW\Pharm.

RESULTS
Study population. Blood samples were obtained from 20 patients, 11 male and

9 female, with a median age of 71 (60 to 75) years and a body mass index (BMI)

of 25.8 (23.4 to 36.4) kg/m2. Patients received treatment with anidulafungin for

9 (7 to 15) days during their stay in the intensive care. Additional anidulafungin

trough concentrations were measured in 15 patients, 2 (2 to 4) concentrations per
patient, and they ranged from 1.2 mg/L to 4.7 mg/L. Figure 1 shows the obtained
concentration-time curves. The measured anidulafungin maximum concentration in

plasma (Cmax) was 4.6 (3.6 to 5.7) mg/L, and the minimum concentration in plasma
(Cmin) was 2.1 (1.8 to 3.1) mg/L.
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FIG 1 Concentration-time curves of the 20 critically ill patients receiving 100 mg
anidulafungin once daily.

Pharmacokinetics. The observed AUC0-24 was 65.7 (57.3 to 85.0) mg*h/L. The

population pharmacokinetic parameters of the developed model were: CL, 1.39 +
0.488 L/h/56kg FFM; V1, 0.426 + 0.164 L/kg LBMc; Q, 7.94 + 2.30 L/h/56kg FFM;

V2, 0.514 + 0.226 L/kg LBMc (each presented as population mean + the standard
deviation). The median values of the pharmacokinetic parameters of the model
and the model during cross-validation, based on all concentration-time curves, are

presented in Table 1. The parameters of the cross-validation were not significantly
different from the parameters of the model. The residual error parameters were 0.048

mg/L (additive error) and 0.111 (proportional error). The predicted AUC0-24 values
during the cross-validation with the n-1 models were not significantly different (P =
0.254) from the values obtained with the developed model.

TABLE 1 AUC0-24 values and population pharmacokinetic model parameters from the
developed model and from the n-1 models from the cross-validation
Parametera

Model

Validation

P value

AUC0-24 (mg*h/L)

64.0 (55.3 – 84.2)

64.0 (55.3 – 84.2)

0.254

CL (L/h/56 kg FFM)

1.26 (1.10 – 1.71)

1.26 (1.11 – 1.71)

0.062

V1 (L/kg LBMc

0.401 (0.338 – 0.529

0.401 (0.335 – 0.530)

0.131

Q (L/h/56 kg FFM)

7.79 (7.32 – 8.45)

7.81 (7.48 – 8.39)

0.550

V2 (L/kg LBMc)

0.514 (0.439 – 0.657)

0.520 (0.442 – 0.659)

0.334

AUC0-24, area under the curve over a 24-h dosing interval; CL, clearance; FFM, fat free mass; LBMc, lean
body mass corrected; V1, central volume of distribution; Q, intercompartmental clearance; V2, peripheral
volume of distribution.
a
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Limited sampling strategies. Table 2 shows the results of the limited-sampling
module of MW\Pharm using Bayesian analysis for parameter estimation. The

anidulafungin concentration measured 12 h after the start of the infusion seemed
to be the most suitable time point for predicting the AUC0-24 with an acceptable bias

and precision. The predicted AUC0-24 values during the cross-validation with the n-1

models were not significantly different (P = 0.422) from the values obtained with the
developed model. The mean ratio (90% CI) of the predicted exposures was 100.04%
(99.67 to 100.40%).

4

Data from the limited-sampling strategies based on linear regression analyses are
presented in Table 2. The sampling time of the most suitable strategy for predicting

the AUC0-24 using linear regression was also 12 h after the start of the infusion

with anidulafungin. The equation of the corresponding regression line, which is
illustrated in Fig. 2, was AUC0-24 = 3.8 + 24.1 * C (12). The predicted AUC0-24 values

during the cross-validation with the n-1 regression were not significantly different (P

= 0.772) from the values obtained with the complete regression. The mean ratio (90%
CI) of the predicted exposures was 99.97% (99.76 to 100.19%).

TABLE 2 Limited sampling strategies from the pharmacokinetic model in MW\Pharm
and the linear regression.
Sampling times (h)

MW\Pharm

Linear regression

R2

Bias (%)

RMSE (%)

R2

Bias (%)

RMSE (%)

12

0.89

-0.1

9

0.99

0.05

3

8

0.80

0.8

12

0.97

0.7

6

24

0.79

1.3

12

0.91

0.7

10

1.5, 12

0.93

-1.2

7

0.99

0.04

3

8, 12

0.93

-0.9

7

0.99

0.1

3

1.5, 12, 24

0.97

-1.3

5

0.99

-0.02

3

1.5, 8, 12, 24

0.98

-1.5

4

0.99

0.1

2

The Bland-Altman analyses of the correlation between the observed AUC0-24 and
the predicted AUC0-24 using the pharmacokinetic model and the linear regression
equation are shown in Fig. 3A and 3B, respectively. The mean ratios (90% CIs) of
the predicted versus the observed anidulafungin exposure was 99.03% (96.56 to
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101.50%) for the pharmacokinetic model and 100.05% (98.97 to 101.12%) for the
linear regression analysis.

4

FIG 2 The observed AUC0-24 versus the concentration measured 12 h after the start of the
infusion of anidulafungin.

FIG 3 Bland-Altman plots of the observed anidulafungin AUC0-24 versus the predicted
AUC0-24 with MW\Pharm (A) or regression analysis (B) for critically ill patients (n = 20)
and Bland-Altman plots of the observed anidulafungin AUC0-24 versus the predicted
AUC0-24 with MW\Pharm (C) or regression analysis (D) for the healthy volunteers (n = 47).
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External dataset. Data were obtained from 47 healthy volunteers, 38 male and 9

female, with a median age of 24 (22 to 33) years and a BMI of 24.2 (21.5 to 26.2)

kg/m2. The observed anidulafungin AUC0-24 was 109.8 (86.7 to 122.4) mg*h/L.
The Bland-Altman analyses of the correlation between the observed AUC0-24 and
the predicted AUC0-24 using the pharmacokinetic model and the linear regression
equation are shown in Fig. 3C and 3D. The mean ratios (90% CIs) of the predicted

versus the observed anidulafungin exposure were 95.39% (93.75 to 97.03%) for the

pharmacokinetic model and 101.62% (99.89 to 103.35%) for the linear regression
analysis.

4

Possible implications for clinical practice. Figure 4 illustrates the specific clinical
situations in which it can be necessary to determine the anidulafungin exposure. In

most patients, anidulafungin exposure will be sufficient after receiving the standard

dose (i.e., a loading dose of 200 mg on day one and continuing with a maintenance
dose of 100 mg once daily). The anidulafungin AUC of approximately one-quarter of

the patients infected with a Candida species with MICs of 0.016 mg/L for C. albicans
and 0.03 mg/L for C. glabrata is expected to be insufficient. For the very few patients
with Candida species with MICs of 0.03 mg/L for C. albicans and of 0.06 mg/L for C.
glabrata, the exposure in most critically ill patients may be insufficient.

FIG 4 The probability of target attainment versus the MIC for C. albicans (A) and C.
glabrata (B) for critically ill patients. The bars represent the distribution of MICs based
on EUCAST data.

Figure 5 shows a pharmacokinetic simulation of the increased maintenance dose of
170 mg for a 75-year-old patient (BMI, 24.7 kg/m2) with an AUC of 64.5 mg*h/L after

the standard dose of 100 mg after a loading dose of 200 mg. The predicted AUC0-24 
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after 5 doses of 170 mg is 109.7 mg*h/L.

4
FIG 5 Simulation of an increased anidulafungin dose of 170 mg in a patient with an
AUC0-24 of 64.5 mg.h/L after a loading dose of 200 mg on day 1 and 100 mg anidulafungin
once daily on day 2 and 3.

DISCUSSION
We demonstrated here that limited-sampling strategies can be used to predict
anidulafungin exposure with acceptable precision and bias. Anidulafungin

exposure can be estimated with the concentration from a single sample drawn 12

h after the start of the infusion either by linear regression or using a population
pharmacokinetic model.

This limited-sampling strategy can be advantageous for future research, including
investigating the AUC/MIC ratio in daily practice and in specific clinical situations
when the MIC is unknown or close to the clinical breakpoint since only one sample

is required instead of a complete concentration time-curve. In the case of possible

insufficient exposure, anidulafungin doses can be increased in a linear manner since
anidulafungin exposure increases proportional to the dose (1). Simulation of a linearly
increased anidulafungin dose in our pharmacokinetic model supports this. Deviating

from the standard dose is not included in the summary of product characteristics,
however. There has been limited experience with increased anidulafungin doses in
patients with Candida endocarditis. A double anidulafungin dose seemed to be well
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tolerated (13). A decrease of the anidulafungin dose seems currently unnecessary
because adverse events are uncommon, but might be considered in the future to

decrease costs when more information is available about the AUC/MIC ratio in
daily practice.

We used cross-validation for our pharmacokinetic model and linear regression
analysis because this is an efficient method for reliable validation and evaluation

of the accuracy and precision of limited-sampling strategies without the need for
additional patients (14).

4

For anidulafungin it appeared feasible to develop a limited-sampling strategy based

on linear regression, which has some advantages. This method is easy to use without
extensive knowledge or pharmacokinetic modeling software. The time point 12 h
after the start of the infusion appeared to be the optimal sampling time for accurately

estimating the anidulafungin exposure based on the linear regression analysis and
the Bayesian analysis in MW\Pharm. This time point is convenient for daily practice
in our intensive care units since this time point coincides with the time for routine
sampling in most cases.

The strength of this study is that the developed limited-sampling strategies in
critically ill patients were also investigated with data from healthy volunteers.

Accurately estimating the anidulafungin exposure appeared possible using linear
regression and the pharmacokinetic model in critically ill patients and in healthy
volunteers. The two methods have their own advantages. Linear regression analysis
is simple and easy to use and does not require pharmacokinetic software. However,

limited sampling based on a pharmacokinetic model is more flexible regarding
sampling times, and other data that can improve the predictive performance can be
incorporated.

In conclusion, this study shows that anidulafungin exposure can be estimated
accurately using a single blood sample drawn 12 h after the start of the infusion by

using either linear regression or a pharmacokinetic model in critically ill patients
and in less-ill patients, as reflected by healthy volunteers.
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Voriconazole therapeutic drug monitoring practices in the intensive care

ABSTRACT
Routine therapeutic drug monitoring of voriconazole appears to be beneficial. This

study investigated the therapeutic drug monitoring practices on the intensive care
to derive possible recommendations for improvement. A retrospective chart review

was performed for patients aged ≥ 18 years started treatment with voriconazole
that lasted for at least three days while admitted to an intensive care unit (ICU)

to assess possible differences between the patients with and without voriconazole

trough concentrations measured. In 64 (76%) of the 84 patients, voriconazole trough

concentrations were measured. The groups differed significantly with respect to the

duration of voriconazole treatment and ICU admission. Timing of sampling was
premature for 66% of the first measured voriconazole trough concentrations and in

48% of the subsequent measured concentrations. Of the 349 trough concentrations

5

measured, 129 (37%) were outside the therapeutic window. In 11% of these cases no

advice was provided without identifiable reason. In addition, 27% of the advised
dose adjustments were not implemented, probably because the advice was not
suited for the specific clinical situation. The performance of voriconazole therapeutic

drug monitoring can still be improved although voriconazole concentrations were

monitored in most patients. A multidisciplinary approach - for instance by means
of antifungal stewardship will probably be able to overcome problems encountered
like timing of sampling, incompleteness of data on clinical context and lack of
implementation of recommendations.
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INTRODUCTION
Several studies have shown a correlation between the efficacy and safety of

voriconazole and voriconazole trough concentrations (1-8). Based on these studies

a voriconazole trough concentration above 1.5 mg/L is recommended, as this is
associated with a favorable response (4). Voriconazole trough concentrations above

5.0 mg/L should be avoided as these are associated with an increased incidence of
adverse events, such as visual disturbances and hallucinations (1).

Therapeutic drug monitoring may be helpful to optimize treatment because of

the large inter- and intra-individual variability in voriconazole concentrations (9,

10) and the relation between voriconazole trough concentrations and efficacy and

safety. Therefore, the Infectious Diseases Society of America guidelines recommend
determination of voriconazole concentrations, in conjunction with clinical
assessments to evaluate potential toxicity or to document adequate voriconazole
exposure (11). A recent randomized controlled study showed that routine therapeutic

drug monitoring of voriconazole may reduce drug discontinuation due to adverse
events and improve the treatment response in invasive fungal infections (5).

Routine therapeutic drug monitoring of voriconazole could therefore be advocated,
especially in critically ill patients since several of the elucidated mechanisms for

the pharmacokinetic variability are frequently present in these patients, as impaired
liver function (12), drug-drug interactions (13) and inflammation (14). We speculate
that voriconazole therapeutic drug monitoring in routine intensive care unit (ICU)
practice can be improved.

The aim of this retrospective study was to investigate the routine practice of

voriconazole therapeutic drug monitoring on the ICU and derive possible
recommendations for improvement.

PATIENTS AND METHODS
A retrospective chart review was performed for all patients aged ≥ 18 years that

started treatment with voriconazole while admitted to an intensive care unit in the
University Medical Center Groningen, The Netherlands, between January 2007 and
December 2012. The patients studied were retrieved from the pharmacy prescription

database, since voriconazole was not on stock in the ICU and had to be ordered
63
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in the pharmacy department with identification of the patient. Patients receiving
voriconazole for less than three days were excluded. This study was evaluated by

the local ethics committee (IRB 2013-491) and was approved in accordance with
Dutch legislation due to its retrospective nature.

For each eligible patient, data were collected from the medical chart, including

demographic data, medical history and voriconazole trough concentrations.

Voriconazole serum concentrations were measured using a validated liquid
chromatography tandem-mass spectrometry method (15). Data that were collected
from the medical chart were underlying disease, indication for treatment,
voriconazole treatment duration on the ICU and duration of the ICU admission, route

of administration at the start of treatment, why voriconazole treatment was ended

5

on the ICU and the overall mortality 4 and 12 weeks after the start of voriconazole
treatment. Regarding the indication for treatment, a distinction was made between

patients with an invasive fungal infection based on either the EORTC/MSG criteria
(16) or the clinical algorithm for critically ill patients (17), patients receiving either
pre-emptive or empirical treatment and patients receiving prophylaxis with
voriconazole.

Possible differences between the patients with and without voriconazole trough

concentrations measured were assessed by the Mann-Whitney U test (continuous
data) and the Fisher’s exact test (categorical data). Numerical variables are

summarized with medians and interquartile range and categorical variables are
summarized with frequencies and percentages. To explore a possible influence of
treatment duration on the number of measured voriconazole trough concentrations,

their correlation was assessed with a Spearman correlation coefficient. These analyses
were performed using IBM SPSS Statistics 20 (IBM Corp., Armonk, NY, USA).

To gather information about the time of sampling, we examined the moment of the

first trough concentration measured, the subsequent voriconazole concentrations
and of the last measured concentration on the ICU. The moment of sampling

was considered to be premature, adequate or fairly late. For the first measured
voriconazole trough concentration timing was considered adequate between day 4 to
7. Subsequently measured voriconazole concentrations were considered adequately

timed when drawn 2 to 5 days after the previous sample. For the last measured
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voriconazole concentration timing was considered adequate when drawn not more
than 5 days before the end of voriconazole treatment on the ICU.

For optimization of voriconazole treatment it is not only important to measure
voriconazole trough concentrations adequately (18), but also to provide the clinician
with appropriate advice. Therefore we investigated the recommendations based
on the corresponding voriconazole trough concentrations that were outside the

therapeutic window. In addition we evaluated the subsequent implementation of
these recommendations.

For an impression of the course of voriconazole trough concentrations during ICU

admission a boxplot was drawn with the trough concentration measured over time.
Also, the difference was plotted between the two most extreme voriconazole trough
concentrations measured for patients with two or more trough concentrations.

RESULTS
Eighty-four patients with a median age of 55 (IQR: 44 - 63) were included, 55 were

males. Patients received voriconazole treatment on the ICU for a median of 10 (6-20)

days. Table 1 displays the patient characteristics of the patients with and without
voriconazole trough concentrations measured. The groups significantly differ with
respect to voriconazole treatment duration on the ICU and the duration of ICU

admission. The number of voriconazole trough concentrations measured showed a
positive correlation with the voriconazole treatment duration on the ICU (rs = 0.721;
P <0.001).

The timing of the measured voriconazole concentrations is illustrated in figure 1.
Remarkably, 66% of the first samples were taken before day 4, at which steady-state
was expected in patients receiving a loading dose.(19) Almost half (48%) of the
subsequent voriconazole trough concentrations were measured prematurely.
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TABLE 1 Patient characteristics of patients treated with voriconazole with and measured.
Demographics

With (n=64)

Without (n=20)

P value

Male (n=55)

42 (66%)

13 (65%)

1.000

Age (yr)

55 (44-63)

55 (41-64)

0.854

Underlying disease

0.509

Solid organ transplant (n=43)

35 (55%)

8 (40%)

Hematological malignancy (n = 10)

7 (11%)

3 (15%)

Other (n=31)

22 (35%)

9 (45%)

a

Treatment

0.093

Prophylaxis (n=8)

4 (6%)

4 (20%)

Pre-emptive/empirical treatment (n=42)

31 (49%)

11 (55%)

Treatment (n=34)

29 (45%)

5 (25%)

Duration of voriconazole treatment on ICU (days)

13 (7-23)

6 (3-8)

<0.001

Duration of ICU admission (days)

32 (17-51)

13 (6-22)

<0.001

Intravenous start of voriconazole (n=56)

43 (67%)

13 (65%)

1.000

5

End of voriconazole treatment

0.459

End of treatment (n=23)

20 (31%)

3 (15%)

Switch (n=13)

10 (16%)

3 (15%)

Discharged to ward (n=30)

22 (34%)

8 (40%)

Deceased (n=18)

12 (19%)

6 (30%)

4 week (n=21)

14 (22%)

7 (35%)

0.250

12 week (n=30)

23 (36%)

7 (35%)

1.000

Overall mortality

Data presented as n (%) or median (IQR)
a:
Other: patients diagnosed with various disorders including chronic pulmonary obstructive disease,
cystic fibrosis, and collagen-vascular disease.
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FIG 1 Percentage of voriconazole trough concentrations considered to be timed premature,
adequate or fairly late for the first, the subsequent and the last measured voriconazole
trough concentrations.

A total of 349 voriconazole trough concentrations were measured, of which 27% were

considered subtherapeutic (<1.5 mg/L), 63% were adequate (1.5 – 5.0 mg/L) and

10% were above 5.0 mg/L. A median of 4 (2-8) voriconazole trough concentrations
were measured per patient. Figure 2 provides insight in the given advice and the
follow-up. In most cases an advice was given by the hospital pharmacist of which in
65% of the cases a dose adjustment was recommended. Lower trough concentrations
were accepted in case of prophylaxis or coinciding liver test abnormalities. High

trough concentrations were accepted in case of infections in sanctuary sites and
in case of last resort. The clinical situation of the patient seemed a reason for the

physician for not implementing the advised dose adjustment. Almost half of the

voriconazole trough concentrations measured subsequently after an implemented
dose adjustment was still outside the therapeutic window. This could partially be
explained because 10 (40%) of these samples were drawn the next day.

The voriconazole trough concentrations measured over time are displayed in figure
3. Over time, we noticed a decreasing trend in voriconazole trough concentrations.

Figure 4 illustrates the percent change between the two most extreme voriconazole
trough concentrations measured in individual patients.
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FIG 2 Provided advices and implementation of the advices for voriconazole trough
concentrations outside the therapeutic window.

FIG 3 Box (median and 25th to 75th percentile) and whisker (5th and 95th percentile) plots
of voriconazole trough concentrations (n = 349) observed over time. Filled circles are
outliers; n is the number of concentrations measured on that day of treatment. The
dashed lines represent the therapeutic window of voriconazole trough concentrations.
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FIG 4 Percent change between the two most extreme voriconazole trough concentrations
measured for patients (n = 51) with 2 or more concentration measurements available.
Due to constraints of scale the four highest changes (1087, 1433, 3400 and 6500%) were
not plotted. Positive numbers represent an increase over time and negative numbers
represent a decline.

DISCUSSION
This is the first study that provides information about the daily practice of voriconazole

therapeutic drug monitoring in the ICU. Our data confirmed the large inter- and
intra-individual variability in voriconazole trough concentrations (9, 10). The results

of this study also suggest that there is awareness among the ICU staff regarding the
need for therapeutic drug monitoring for voriconazole as in a large proportion of the

patients voriconazole trough concentrations were assessed. However several aspects
of voriconazole therapeutic drug monitoring need continuous attention since it may
help optimize its value in reducing drug discontinuation due to assumed adverse
events and improving treatment response (5).

Next to regularly monitoring voriconazole trough concentrations, the timing of
sampling is important as well. Premature sampling occurred frequently for both

first and subsequent samples. At this moment, sampling before steady state has
been reached complicates interpretation of trough concentrations and therefore

often additional samples are necessary making therapeutic drug monitoring less

efficient. Pharmacokinetic modeling, to enable interpretation of non-steady state

concentrations and to enhance the predictability of dose adjustments, is under
development (20) but has not yet been implemented in daily practice.

Professionals providing therapeutic drug monitoring services should endeavor
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to provide a tailor-made advice for every voriconazole trough concentration

outside the therapeutic window even when clinical information is lacking. Our
data showed that voriconazole therapeutic drug monitoring would benefit from a

multidisciplinary approach in which the measured trough concentration is viewed
in relation to the clinical context. Education alone will likely not be sufficient, since
the effect of education on health care professionals is limited (21) and wanes with

time (21, 22), especially in teaching hospitals due to frequent changes in staff. A more
active role of the pharmacist improved vancomycin therapeutic drug monitoring

in hospitalized pediatric patients (21). This more active involvement would fit well

in the context of antifungal stewardship. Valerio et al. concluded that antifungal
stewardship is urgently needed after they observed that the selection and duration

of antifungal therapy was substandard (23). We expect that voriconazole therapeutic

5

drug monitoring could as well benefit from antifungal stewardship.

The retrospective nature and its consequent incompleteness of data may be
considered as limitations. However, the aim of our study was to investigate the

clinical application of therapeutic drug monitoring as several studies already showed
the relation between treatment outcome and voriconazole concentrations (1-4, 6-8)
and also the effect of therapeutic drug monitoring on treatment outcome (5).

In conclusion, the performance of voriconazole therapeutic drug monitoring

can still be improved although voriconazole concentrations were monitored in

most patients. A multidisciplinary approach - for instance by means of antifungal

stewardship will probably be able to overcome encountered problems like timing of

sampling, incompleteness of data on clinical context and lack of implementation of
recommendations.
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ABSTRACT
Voriconazole concentrations display a large variability, which cannot completely
be explained by known factors. Inflammation may be a contributing factor, as

inflammatory stimuli can change the activities and expression levels of cytochrome
P450 isoenzymes.

We explored the correlation between inflammation, reflected by C- reactive protein
(CRP) concentrations, and voriconazole trough concentrations. A retrospective chart

review of patients with at least one steady-state voriconazole trough concentration
and a CRP concentration measured on the same day was performed. A total of
128 patients were included. A significantly (P < 0.001) higher voriconazole trough

concentration was observed in patients with severe inflammation (6.2 mg/L;

interquartile range [IQR], 3.4 to 8.7 mg/L; n=20) than in patients with moderate

inflammation (3.4 mg/L; IQR, 1.6 to 5.4 mg/L; n=60) and in patients with no to
mild inflammation (1.6 mg/L; IQR, 0.8 to 3.0 mg/L; n=48). The patients in all three

6

groups received similar voriconazole doses based on mg/kg bodyweight (P = 0.368).

Linear regression analyses, both unadjusted and adjusted for covariates of gender,

age, dose, route of administration, liver enzymes, and interacting coadministered

medications, showed a significant association between voriconazole and CRP
concentration (P < 0.001). For every 1-mg/L increase in the CRP concentration,

the voriconazole trough concentration increased by 0.015 (unadjusted 95%

confidence interval [CI], 0.011 to 0.020 mg/L; adjusted 95% CI, 0.011 to 0.019 mg/L).
Inflammation, reflected by the C-reactive protein concentration, is associated with

voriconazole trough concentrations. Further research is necessary to assess if taking
the inflammatory status of a patient into account is helpful in therapeutic drug

monitoring of voriconazole to maintain concentrations in the therapeutic window,
thereby possibly preventing suboptimal treatment or adverse events.
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INTRODUCTION
Voriconazole, a broad-spectrum antifungal agent, is considered a first-line agent for
the treatment of invasive aspergillosis (1). Several studies showed a relation between

the efficacy and safety of voriconazole and voriconazole trough concentrations (2-7).
Voriconazole trough concentrations of >1.5 mg/L are associated with a favorable

response to treatment. High voriconazole trough concentrations are associated with

an increased incidence of adverse events, such as visual disturbances, hallucinations
and abnormalities in liver enzymes levels. The Infectious Diseases Society of

America guidelines recommend determination of voriconazole concentrations in
conjunction with other measures of clinical assessment to evaluate potential toxicity
or to document adequate voriconazole exposure (1).

In daily practice, a large variability in voriconazole concentrations is observed,
not only between patients (8) but also within individual patients over time (9).

Polymorphisms of cytochrome P450 isoenzymes (10), impaired liver function (11),
and drug-drug interactions (12) influence voriconazole pharmacokinetics but do not
completely explain the observed variability. Therefore, other factors may contribute
to the variability of voriconazole pharmacokinetics.

We expect that inflammation could be one of these factors. Infections or inflammatory
stimuli can change the activities and expression levels of various forms of cytochrome

P450 isoenzymes (13). The downregulation of cytochrome P450 isoenzymes during

inflammation decreases the hepatic clearance of drugs that are metabolized by
these enzymes. As voriconazole is extensively metabolized by cytochrome P450
isoenzymes 2C19, 3A4, and 2C9 (14), inflammation may contribute to the variability
of the pharmacokinetics of voriconazole.

The aim of this retrospective study was to investigate whether inflammation,
reflected by C-reactive protein (CRP) concentrations, is associated with voriconazole
trough concentrations.

PATIENTS AND METHODS
A retrospective chart review was performed for all patients aged ≥ 18 years who had

at least one steady-state voriconazole trough concentration and a CRP concentration
75
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measured on the same day. The patients were treated at the University Medical Center

Groningen, The Netherlands, between January 2006 and December 2010. Patients
who were concomitantly using a strong inhibitor or inducer of cytochrome P450
isoenzymes were excluded. Steady state was considered to be achieved after 6 doses

when 2 loading doses were administered (15), after 10 doses when <2 loading doses
were administered (16), and 6 doses after a dosage adjustment (17). We measured
voriconazole serum concentrations using a validated method that involved liquid

chromatography coupled with tandem-mass spectrometry (18). This study was
evaluated by the local ethics committee (IRB 2013-491) and was in accordance with
the Dutch law because of its retrospective nature.

For each eligible patient, data that included demographic details, medical history,
and laboratory parameters were collected from the medical chart. In addition
to the voriconazole trough and CRP concentrations, alkaline phosphatase,
alanine aminotransferase (ALT), aspartate aminotransferase (AST), γ-glutamyl

6

transferase (γGT), and total bilirubin concentrations were collected. Information

on voriconazole treatment was also gathered. In addition, we evaluated medication

used concomitantly that may have influenced the voriconazole concentrations by
means of interactions with cytochrome P450 isoenzymes 2C19 and 3A4.

Numerical variables are summarized as medians and interquartile ranges (IQRs),
and categorical variables are summarized as frequencies and percentages.
To explore the possible association of inflammation with voriconazole trough

concentrations, voriconazole trough concentrations of patients with no to mild
inflammation (CRP, <40 mg/L), those with moderate inflammation (CRP, 41 to

200 mg/L), and those with severe inflammation (CRP, >200 mg/L) (19, 20) were
compared using a Kruskal-Wallis test. A linear regression analysis was performed

to assess the contribution of inflammation, reflected by CRP concentrations, to the
variability in voriconazole trough concentrations, both unadjusted and adjusted for

gender, age, dose, route of administration, alkaline phosphatase, ALT, AST, γGT,

total bilirubin, and interacting comedication covariates. We corrected for these
variables as much as possible to determine the direct association of inflammation
(reflected by CRP concentrations) with voriconazole trough concentrations. For each

patient, only the first steady-state voriconazole trough concentration with a CRP
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concentration measured on the same day was used for analysis. These analyses were
performed using IBM SPSS 22.0 (IBM Corp., Armonk, NY, USA).

RESULTS
Based on data from the hospital information system, we selected patients who had a

steady-state voriconazole trough concentration and a CRP concentration measured

on the same day. Of these 133 patients, 128 patients were included in our analysis.
Five patients were excluded because they concomitantly used phenytoin (n=2),
rifampicin (n=2), or HIV medication (n=1).

The patient characteristics are shown in Table 1. The median values of most
laboratory parameters were inside their respective normal ranges. CRP and γGT
concentrations were higher than the upper limit of normal. Regarding medication

used concomitantly, which potentially influenced voriconazole concentrations, only
omeprazole and esomeprazole were used simultaneously with voriconazole.

A significantly (P < 0.001) higher voriconazole trough concentration was observed in

patients with severe inflammation (6.2 [IQR, 3.4 to 8.7] mg/L; n=20) than in patients

with moderate inflammation (3.4 [1.6-5.4] mg/L; n=60) and no to mild inflammation
(1.6 [0.8-3.0] mg/L; n=48). These differences are shown in Fig. 1. The patients in

all three groups received similar doses of voriconazole (P = 0.368) twice daily. The
median (IQR) voriconazole doses were 3.0 (2.5 to 3.8) mg/L for patients with no to

mild inflammation, 3.6 (2.7 to 3.9) mg/L for patients with moderate inflammation,
and 3.5 (2.9 to 4.0) mg/L for patients with severe inflammation. Of the 48 patients with

a CRP of <40mg/L, only one patient (2.1%) had a voriconazole trough concentration

of >5 mg/L (5.8 mg/L). Of the 20 patients with a CRP concentration of >200 mg/L,
none had a voriconazole trough concentration of <1.5 mg/L.
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TABLE 1 Patient characteristicsa
Characteristic

No. (%) of patients or median (IQR)

Demographic
Gender (female)

59 (46)

Age (yr)

55 (42-62)

Weight (kg)

75 (61-85)

Height (m)

1.75 (1.67 - 1.81)

BMI (kg/m )
b

2

24.2 (21.6 - 26.6)

Underlying disease
Hematologic malignancy

67 (52)

Solid organ transplant

34 (27)

Other

27 (21)

c

Voriconazole treatment

6

Twice-daily dose (mg/kg)

3.3 (2.6-3.9)

Intravenous administration

64 (50)

Laboratory parameter
Voriconazole (mg/L)

2.7 (1.3-4.8)

CRP (mg/L

71 (15-152)

Alkaline phosphatase (U/L)

114 (71-192)

ALT (U/L)

36 (17-69)

AST (U/L)

31 (19-61)

γ- glutamyl transferase (U/L)

105 (55-232)

Total bilirubin (μmol/L)

9 (6-16)

Coadministered medication
(Es)omeprazole
a

n = 128.

81 (63)

BMI, body mass index.
Other diagnosed diseases included chronic pulmonary obstructive disease, cystic fibrosis, and
granulomatosis with polyangiitis
b
c
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The association between CRP concentrations and voriconazole trough concentrations
was significant in both the unadjusted (P = < 0.001) and adjusted linear regression
analyses (P = < 0.001). For every 1-mg/L increase in the CRP concentration, the

voriconazole trough concentration increased by 0.015 mg/L in each of the two

analyses (unadjusted 95% confidence interval [CI], 0.011 to 0.020; adjusted 95% CI,

0.011 to 0.019 ). The adjusted linear regression analysis explained 46% of the variance

in voriconazole trough concentration. Figure 2 shows the voriconazole and CRP
concentrations of a patient during treatment with voriconazole.

6
FIG 1 Box (median and 25th to 75th percentile) and whisker (5th and 95th percentile) plots
of voriconazole trough concentrations for patients with no to mild inflammation (n =
48), moderate inflammation (n = 60), and severe inflammation (n = 20). The filled circles
represent outliers. The median (interquartile range [IQR]) voriconazole dose (in mg/kg of
body weight) for each group is displayed above each box-and-whisker plot. The dotted
lines represent the therapeutic window of voriconazole trough concentrations.
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FIG 2 Voriconazole trough concentrations (solid curve) and CRP concentrations (dashed
curve) of a 46-year-old male patient with cystic fibrosis who was admitted to the intensive
care with respiratory insufficiency and was treated with voriconazole after Aspergillus
fumigatus was isolated from his respiratory secretions. On day 24, the patient received
a bilateral lung transplant. The dotted lines represent the therapeutic window of
voriconazole.

DISCUSSION
This is the first study to show that inflammation, reflected by C-reactive protein

concentration, is associated with voriconazole trough concentrations. The

multiple linear regression analysis showed that, for every 1-mg/L increase in CRP
concentration, the voriconazole trough concentration was 0.015 mg/L higher. These
results provide a possible explanation for some of the variability of voriconazole
concentrations.

Inflammation is associated with the variability observed between and within
patients at different time points, regardless of polymorphisms of cytochrome P450
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isoenzymes (10), impaired liver function (11), and drug-drug interactions (12), which

are already known to influence voriconazole pharmacokinetics. The inflammatory

status of patients is different and can change over time during voriconazole
treatment, which alters inflammatory cytokine concentrations. The inflammatory
cytokines cause a downregulation of cytochrome P450 isoenzymes at the level of
gene transcription, which results in a decrease in the corresponding mRNA, protein,

and enzyme activities (13, 21-23). These decreases change the rate of the metabolism

of voriconazole, resulting in variable voriconazole concentrations. Trifilio et al.
hypothesized that the observed variability is caused by multiple factors, including
changes in absorption, patient protein status, liver function, and disease modifying
effects, such as graft versus host disease (9). Long-term exposure to voriconazole has
been suggested to cause auto-induction of cytochrome P450 isoenzymes, resulting in

decreasing voriconazole concentrations (24). However, autoinduction has not been
seen in healthy human volunteers (25).

A limitation of this study is its retrospective nature, which possibly introduced
selection bias and limited the availability of desired data. The impact of selection

bias on the results was expected to be limited, given that voriconazole concentrations
were measured in most patients in our hospital, not only when efficacy or safety

was in question. Information on the genetic polymorphisms of the cytochrome
P450 isoenzymes in individual patients was not available, because these were not

determined in routine patient care. Therefore, we could explain only a part of the

variability of voriconazole pharmacokinetics. Cytochrome P450 polymorphisms

contribute to the variability of voriconazole pharmacokinetics between patients
(10). Polymorphisms might explain some of the pharmacokinetic variability of
voriconazole, in particular the unexplained variability in our model. It is unlikely

that polymorphisms completely explain the observed variability, because the
prevalence of poor metabolizers of CYP2C19, who likely contribute most to the

variability of voriconazole trough concentrations between patients, is only 3 to 5%
in the Caucasian population (26).

CRP concentrations were used as markers for inflammatory status because the

concentrations of inflammatory cytokines were not available in this retrospective

study. Cytokines stimulate the production of acute-phase proteins; CRP
concentrations in particular change rapidly when the inflammatory status of a
81
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patient changes (27). As a result, CRP concentrations are used extensively in daily
practice as markers for inflammation.

Further research that includes information about cytochrome P450 isoenzyme

polymorphisms is necessary. We suggest a prospective study to investigate if a
dosing algorithm can be developed to predict the voriconazole concentration on the
basis of patient characteristics and voriconazole dose and route of administration.

In conclusion, we have shown that inflammation, reflected by the CRP concentration,

is associated with voriconazole trough concentrations. Further research is necessary

to assess if accounting for the inflammatory status of a patient is helpful in therapeutic
drug monitoring of voriconazole to maintain concentrations in the therapeutic
window, thereby possibly preventing suboptimal treatment or adverse events.

6

REFERENCES
1.

Walsh, T. J., E. J. Anaissie, D. W. Denning, R. Herbrecht, D. P. Kontoyiannis, K. A. Marr, V.
A. Morrison, B. H. Segal, W. J. Steinbach, D. A. Stevens, J. A. van Burik, J. R. Wingard, T. F.
Patterson, and Infectious Diseases Society of America. 2008. Treatment of aspergillosis: clinical
practice guidelines of the Infectious Diseases Society of America. Clin. Infect. Dis. 46:327-360. doi:
10.1086/525258.

2.

Dolton, M. J., J. E. Ray, S. C. Chen, K. Ng, L. G. Pont, and A. J. McLachlan. 2012. Multicenter study
of voriconazole pharmacokinetics and therapeutic drug monitoring. Antimicrob. Agents Chemother.
56:4793-4799. doi: 10.1128/AAC.00626-12.

3.

Park, W. B., N. H. Kim, K. H. Kim, S. H. Lee, W. S. Nam, S. H. Yoon, K. H. Song, P. G. Choe, N. J.
Kim, I. J. Jang, M. D. Oh, and K. S. Yu. 2012. The effect of therapeutic drug monitoring on safety and
efficacy of voriconazole in invasive fungal infections: a randomized controlled trial. Clin. Infect. Dis.
55:1080-1087. doi: 10.1093/cid/cis599.

4.

Smith, J., N. Safdar, V. Knasinski, W. Simmons, S. M. Bhavnani, P. G. Ambrose, and D. Andes.
2006. Voriconazole therapeutic drug monitoring. Antimicrob. Agents Chemother. 50:1570-1572. doi:
10.1128/AAC.50.4.1570-1572.2006.

5.

Miyakis, S., S. J. van Hal, J. Ray, and D. Marriott. 2010. Voriconazole concentrations and outcome of
invasive fungal infections. Clin. Microbiol. Infect. 16:927-933. doi: 10.1111/j.1469-0691.2009.02990.x.

6.

Pascual, A., T. Calandra, S. Bolay, T. Buclin, J. Bille, and O. Marchetti. 2008. Voriconazole therapeutic
drug monitoring in patients with invasive mycoses improves efficacy and safety outcomes. Clin.

82

Inflammation is associated with voriconazole trough concentrations

Infect. Dis. 46:201-211. doi: 10.1086/524669.
7.

Pascual, A., C. Csajka, T. Buclin, S. Bolay, J. Bille, T. Calandra, and O. Marchetti. 2012. Challenging
recommended oral and intravenous voriconazole doses for improved efficacy and safety: population
pharmacokinetics-based analysis of adult patients with invasive fungal infections. Clin. Infect. Dis.
55:381-390. doi: 10.1093/cid/cis437.

8.

Trifilio, S., R. Ortiz, G. Pennick, A. Verma, J. Pi, V. Stosor, T. Zembower, and J. Mehta. 2005.
Voriconazole therapeutic drug monitoring in allogeneic hematopoietic stem cell transplant recipients.
Bone Marrow Transplant. 35:509-513. doi: 10.1038/sj.bmt.1704828.

9.

Trifilio, S. M., P. R. Yarnold, M. H. Scheetz, J. Pi, G. Pennick, and J. Mehta. 2009. Serial plasma
voriconazole concentrations after allogeneic hematopoietic stem cell transplantation. Antimicrob.
Agents Chemother. 53:1793-1796. doi: 10.1128/AAC.01316-08.

10. Weiss, J., M. M. Ten Hoevel, J. Burhenne, I. Walter-Sack, M. M. Hoffmann, J. Rengelshausen, W. E.
Haefeli, and G. Mikus. 2009. CYP2C19 genotype is a major factor contributing to the highly variable
pharmacokinetics of voriconazole. J. Clin. Pharmacol. 49:196-204. doi: 10.1177/0091270008327537.
11. Jeu, L., F. J. Piacenti, A. G. Lyakhovetskiy, and H. B. Fung. 2003. Voriconazole. Clin. Ther. 25:13211381.
12. Bruggemann, R. J., J. W. Alffenaar, N. M. Blijlevens, E. M. Billaud, J. G. Kosterink, P. E. Verweij,
and D. M. Burger. 2009. Clinical relevance of the pharmacokinetic interactions of azole antifungal
drugs with other coadministered agents. Clin. Infect. Dis. 48:1441-1458. doi: 10.1086/598327.
13. Morgan, E. T. 1997. Regulation of cytochromes P450 during inflammation and infection. Drug
Metab. Rev. 29:1129-1188. doi: 10.3109/03602539709002246.
14. Theuretzbacher, U., F. Ihle, and H. Derendorf. 2006. Pharmacokinetic/pharmacodynamic profile of
voriconazole. Clin. Pharmacokinet. 45:649-663.
15. Purkins, L., N. Wood, K. Greenhalgh, M. D. Eve, S. D. Oliver, and D. Nichols. 2003. The
pharmacokinetics and safety of intravenous voriconazole - a novel wide-spectrum antifungal agent.
Br. J. Clin. Pharmacol. 56 Suppl 1:2-9.
16. Purkins, L., N. Wood, K. Greenhalgh, M. J. Allen, and S. D. Oliver. 2003. Voriconazole, a novel
wide-spectrum triazole: oral pharmacokinetics and safety. Br. J. Clin. Pharmacol. 56 Suppl 1:10-16.
17. Purkins, L., N. Wood, P. Ghahramani, K. Greenhalgh, M. J. Allen, and D. Kleinermans. 2002.
Pharmacokinetics and safety of voriconazole following intravenous- to oral-dose escalation
regimens. Antimicrob. Agents Chemother. 46:2546-2553.
18. Alffenaar, J. W., A. M. Wessels, K. van Hateren, B. Greijdanus, J. G. Kosterink, and D. R.
Uges. 2010. Method for therapeutic drug monitoring of azole antifungal drugs in human serum
using LC/MS/MS. J. Chromatogr. B. Analyt Technol. Biomed. Life. Sci. 878:39-44. doi: 10.1016/j.
jchromb.2009.11.017.

83

6

Inflammation is associated with voriconazole trough concentrations

19. Manian, F. A. 1995. A prospective study of daily measurement of C-reactive protein in serum of
adults with neutropenia. Clin. Infect. Dis. 21:114-121.
20. Clyne, B., and J. S. Olshaker. 1999. The C-reactive protein. J. Emerg. Med. 17:1019-1025.
21. Aitken, A. E., and E. T. Morgan. 2007. Gene-specific effects of inflammatory cytokines on cytochrome
P450 2C, 2B6 and 3A4 mRNA levels in human hepatocytes. Drug Metab. Dispos. 35:1687-1693. doi:
dmd.107.015511 [pii].
22. Aitken, A. E., T. A. Richardson, and E. T. Morgan. 2006. Regulation of drug-metabolizing enzymes
and transporters in inflammation. Annu. Rev. Pharmacol. Toxicol. 46:123-149. doi: 10.1146/annurev.
pharmtox.46.120604.141059 [doi].
23. Renton, K. W. 2004. Cytochrome P450 regulation and drug biotransformation during inflammation
and infection. Curr. Drug Metab. 5:235-243.
24. Moriyama, B., J. Elinoff, R. L. Danner, J. Gea-Banacloche, G. Pennick, M. G. Rinaldi, and T.
J. Walsh. 2009. Accelerated metabolism of voriconazole and its partial reversal by cimetidine.
Antimicrob. Agents Chemother. 53:1712-1714. doi: 10.1128/AAC.01221-08.
25. Roffey, S. J., S. Cole, P. Comby, D. Gibson, S. G. Jezequel, A. N. Nedderman, D. A. Smith, D. K.

6

Walker, and N. Wood. 2003. The disposition of voriconazole in mouse, rat, rabbit, guinea pig, dog,
and human. Drug Metab. Dispos. 31:731-741.
26. Tamminga, W. J., J. Wemer, B. Oosterhuis, J. Weiling, B. Wilffert, L. F. de Leij, R. A. de Zeeuw,
and J. H. Jonkman. 1999. CYP2D6 and CYP2C19 activity in a large population of Dutch healthy
volunteers: indications for oral contraceptive-related gender differences. Eur. J. Clin. Pharmacol.
55:177-184.
27. Gabay, C., and I. Kushner. 1999. Acute-phase proteins and other systemic responses to inflammation.
N. Engl. J. Med. 340:448-454. doi: 10.1056/NEJM199902113400607.

84

Chapter 7
Discussion

Discussion

The main objective of this thesis was to improve the understanding of the

pharmacokinetics of antifungal agents in severely ill patients. In addition the
application of therapeutic drug monitoring was evaluated in order to eventually
improve the outcome of antifungal treatment. In this chapter the results of the
studies performed are discussed and perspectives for future research are provided.

ANIDULAFUNGIN
For pharmacokinetic studies it is essential to be able to measure concentrations

of the drugs of interest. Therefore a validated method was developed to measure
anidulafungin and also caspofungin concentrations in plasma (1). It is convenient

if all drugs from the same class can be determined with the same method of
analysis. Unfortunately it appeared not feasible to include also micafungin, the

third echinocandin. The signal of anidulafungin and caspofungin were better when
operating in the positive mode whereas the signal of micafungin was better in the

negative mode. In addition, we would like to have been able to determine the free
fraction because of the high protein binding of the echinocandins. Unfortunately, the

simple method, using ultrafiltration, is not suitable for the echinocandins because of
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the adhesion to the ultrafiltration caps. For the separation of the free fraction timeconsuming micro-dialysis methods are needed. Besides the difficulties in separating

the free fraction, the concentrations of the free fraction would be below the limit
of quantification of our method. Therefore, the only possibility at this moment is,

to assume that the free fraction of anidulafungin is 1%. Perhaps in the near future
complementary procedures may be of help to solve this problem (2).

The pharmacokinetics of anidulafungin were studied in critically ill patients who
are rarely the population of interest in studies, although conceivably, anidulafungin
treatment can be very important for these patients. A lower anidulafungin exposure

was observed in the critically ill patients in our hospital (3). Assessing treatment
outcome is challenging in critically ill patients with complex pathology, as final

outcome is confounded by many factors not easily captured in studies with limited
sample size. The clinical relevance of a lower exposure was therefore investigated

based on the area under the concentration-time curve from 0 to 24 h (AUC0-24)/
MIC ratio. The observed lower anidulafungin exposure in our patients may not be
clinically relevant as all AUC0-24/MIC ratios appeared above the target value based
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on European Committee on Antimicrobial Susceptibility Testing (EUCAST) data

(4). The caveat is that this was based on an estimated free fraction of 1%, not on a
measured free fraction. The free fraction of anidulafungin in critically ill patients

could be higher since a low plasma protein concentration is typical for those patients.
This can possibly result in a free, unbound fraction of the exposure (fAUC) that could
be comparable with the fAUC of the general patient population.

The observed variability in anidulafungin exposure was partly explained by total
body water volumes and total bilirubin concentrations (3). No correlation could

be established between anidulafungin exposure and disease severity scores or

plasma protein concentrations (3). A correlation between exposure and disease
severity was expected based on an increased clearance in more severely ill patients
(5). Although disease severity scores were never developed or validated to explain

pharmacokinetic variability, they were tentatively used to successfully explain
pharmacokinetic variability of other drugs (6-9). A positive correlation between

exposure and plasma protein concentrations was expected based on the high protein

binding of anidulafungin (10) and the results from a study with caspofungin (11). In

case of hypoalbuminaemia the apparent total volume of distribution and clearance
of a drug are likely to increase, which would translate into a lower exposure (12).

Again, measuring the free fraction of anidulafungin would be preferred but this was
unfortunately not possible.

Currently there are limited data available on the distribution, metabolism,
and elimination of anidulafungin, which makes it difficult to determine which

pathophysiological changes in critically ill patients influence anidulafungin

pharmacokinetics. From a clinical point of view, it would be helpful to identify

patients at risk for a low and/or inadequate exposure beforehand. Future studies
should therefore include a more heterogeneous population, i.e. not only critically
ill patients, with larger variations in plasma protein and bilirubin concentrations, in
order to be able to detect possible differences.

The data from the study in critically ill patients (3) were subsequently used to
investigate if limited-sampling strategies were feasible (13). The anidulafungin

exposure can be estimated accurately using a single sample drawn 12 h after the
start of the infusion, by using linear regression or a population pharmacokinetic
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model, in critically ill patients and in healthy volunteers. By using a limited-sampling
strategy, a single blood sample can be drawn instead of a full concentration-time

curve to assess the AUC, which is convenient for future research and in specific
clinical situations. While developing the pharmacokinetic model in MW\Pharm for

limited sampling the importance of including additional data other than the data

of the concentration-time curve was noticed. The additional data ensured a more
accurate estimation of the elimination half-life. When using only the data from the

concentration-time curve, which shows a slow terminal elimination, the elimination
half-life was overestimated to such an extent that it contradicted the observed
relatively constant anidulafungin trough concentrations.  

VORICONAZOLE
At this moment there are various data available for voriconazole; voriconazole
pharmacokinetics display large inter- and intra-individual variability and there is

evidence for the added value of therapeutic drug monitoring of voriconazole. In
addition, a validated method for the analysis of voriconazole was already available

(14). Therefore the focus for voriconazole was on the ability to explain more of the

7

observed pharmacokinetic variability and on the application of therapeutic drug
monitoring in daily practice in patients admitted to the intensive care.

Although the importance of voriconazole therapeutic drug monitoring seems
accepted by clinicians and pharmacists, given that in most patients voriconazole
concentrations were measured, the implementation requires improvement given the

frequent premature sampling, incompleteness of data on clinical context and lack of
follow up on recommendations. The effect of education of health care professionals
is limited (15) and wanes with time (15, 16), especially in teaching hospitals due

to frequent changes in staff. Nowadays there are opportunities to support effective
therapeutic drug monitoring with clinical decision rules. However in our hospital

there was not enough clinical information digitally available, at the moment the

study was conducted, to design an efficient clinical decision rule. A multidisciplinary
approach – for instance by means of antifungal stewardship – will probably be able
to overcome problems encountered.

Inflammation, reflected by C-reactive protein (CRP) concentrations, is associated
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with voriconazole trough concentrations(17). A limitation of this retrospective study

was that only a part of the variability of voriconazole pharmacokinetics could be

explained, partly because data on the polymorphisms of cytochrome P450 isoenzymes
were not available and polymorphisms of cytochrome P450 2C19 contribute to
the inter-individual variability of voriconazole pharmacokinetics (19). Further
prospective research is therefore necessary that includes data on the polymorphisms

of cytochrome P450 isoenzymes. It would be desirable to also gather data on the

voriconazole n-oxide, interleukin 6, and interleukin 8 concentrations. Voriconazole
n-oxide is the main metabolite of voriconazole (20) and the ratio of voriconazole and

this metabolite could possibly change when the inflammatory status of the patient
changes. Measuring pro-inflammatory cytokines, as interleukin 6 and 8, is preferable

because the cytokines influence the cytochrome P450 isoenzymes (21). We used CRP
concentrations as a marker for inflammatory status because concentrations of pro-

inflammatory cytokines were not available due to the retrospective nature of this
study. Cytokines stimulate the production of acute-phase proteins and especially
CRP concentrations change rapidly when the inflammatory status of a patient
changes (22).

When more prospective data are gathered regarding the influence of inflammation
on voriconazole concentrations it could be possible to develop a dosing algorithm

that may predict the voriconazole concentration based on patient characteristics
and voriconazole dose and route of administration. So far it has been challenging
to build a pharmacokinetic model for voriconazole. Using data from ICU patients,

an attempt was made to build a model for voriconazole in critically ill patients in
MW\Pharm. Unfortunately, these efforts have not yet resulted in an easy-to-use
and validated model. Information on cytochrome P450 isoenzymes was lacking

due to the retrospective nature and we were not aware of the possible influence
of inflammation on voriconazole pharmacokinetic at that moment. Hope et al.

succeeded in developing a pharmacokinetic model for voriconazole although even

this model is not yet broadly applicable in daily practice, since only intravenously
administered voriconazole was included in the model and it was only tested in
patients without invasive fungal infection (23). Developing a model for daily

practice is still challenging, since several factors contribute to the pharmacokinetic

variability and we still do not know if we are currently able to explain all of the
observed variability. Besides, for the development of a pharmacokinetic model for
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voriconazole, software is required that is able to take into account all the factors that

contribute considerably to the variability of voriconazole pharmacokinetics and is
easy to use in daily practice.

In conclusion, the research performed contributed to the knowledge about the

pharmacokinetics of antifungal agents in severely ill patients, but continued efforts
are required for improvement. Management of invasive fungal infections can be
improved by a multidisciplinary approach, in clinical practice as well as in research.

For anidulafungin, clinical validation of AUC/MIC ratios and more insight in the

pharmacokinetic variability between patients is necessary. Although many factors
explaining the variability of voriconazole pharmacokinetics have been identified,

it is not unconceivable that there are more factors that influence voriconazole
pharmacokinetics. A dosing algorithm or pharmacokinetic model would be

useful for clinical practice. Improvement of the implementation of voriconazole
therapeutic drug monitoring is important considering the pharmacokinetic

variability of voriconazole and the relation between trough concentrations and
treatment outcome. Collaborative networks of institutions prepared to share data

would potentially importantly improve the speed and power to further enhance

7

our scientific knowledge to improve the treatment of these severely ill vulnerable
patients.
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Summary

Continued efforts are required to improve the currently daunting perspective of
patients with invasive fungal infections. Even with the introduction of new antifungal

agents morbidity and mortality of invasive fungal infections have remained high.
The numbers of patients at risk for invasive fungal infections are increasing due to

increasing survival rates of cancer and transplant patients and a broad clinical use of
new immunosuppressive agents.

Pharmacists could contribute to the improvement of antifungal treatment by ensuring

attainment of maximal antifungal effect as quickly as possible, by improving the

understanding and expanding the knowledge of the pharmacokinetics of antifungal
agents in specific patient populations and to provide reliable therapeutic drug
monitoring services.

Therefore the main objective of this thesis was to improve understanding of the

pharmacokinetics of antifungal agents in severely ill patients. In addition the
application of therapeutic drug monitoring was evaluated in order to eventually

improve the outcomes of antifungal treatment. The research described in this thesis

focused on two antifungal agents; anidulafungin for the treatment of invasive
candidiasis and voriconazole, the first line treatment of invasive aspergillosis.

8

ANIDULAFUNGIN
For pharmacokinetic studies it is essential to be able to measure concentrations of the
drugs of interest. Since the previously described methods had several limitations,

we started with developing a method to measure anidulafungin. The challenge
was to develop a method suited to measure all three echinocandins in one run. It

appeared feasible to include caspofungin, but unfortunately not micafungin. Our

efforts resulted in an accurate and simple liquid chromatography-tandem mass
spectrometry method with straightforward sample preparation for anidulafungin
and caspofungin. (Chapter 2)

Since the anidulafungin clearance seems to be higher in more severely ill patients
a prospective open-label study was performed to determine anidulafungin

concentrations and exposure in 20 critically ill patients with invasive candidiasis

and explore a possible correlation with disease severity and plasma protein
94
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concentrations. (Chapter 3) Anidulafungin exposure was low in our critically ill

patients. The multiple linear regression analysis provided a significant correlation
between anidulafungin exposure and total body water and bilirubin concentrations.
No significant correlations were observed between anidulafungin exposure
and disease severity or plasma protein concentrations. Concerns about a low
anidulafungin exposure seemed unnecessary since this was accompanied by low

MICs of the isolated Candida strains that resulted in favorable AUC/MIC ratios,

based on EUCAST data. However we recommend considering determining the
anidulafungin exposure in patients with less susceptible Candida albicans or glabrata
strains to ensure adequate exposure.

Since obtaining a full concentration-time curve to determine the exposure is not
always feasible or appropriate, the extensive data derived from the previous study

was used to develop strategies to estimate the individual anidulafungin exposure in
critically ill patients using one or a few samples. (Chapter 4)

First, a two-compartment model was developed in MW\Pharm using an iterative
2-stage Bayesian procedure. Limited sampling strategies were investigated
subsequently using two methods; a Bayesian analysis and a linear regression analysis.
Anidulafungin exposure can be adequately estimated with the concentration from
a single sample drawn 12 hours after the start of the infusion either by linear

regression or using a population pharmacokinetic model, not only in critically
ill patients but also in less severely ill patients as reflected by healthy volunteers.
Besides that limited sampling can be advantageous for future studies evaluating

the pharmacokinetics and pharmacodynamics of anidulafungin, this strategy can

also be applied in anidulafungin therapeutic drug monitoring in selected patients
as described above.

VORICONAZOLE
Although routine therapeutic drug monitoring of voriconazole appears to be

beneficial no data are available on the implementation of voriconazole therapeutic

drug monitoring in daily practice. Therefore this was investigated in a retrospective
study in patients admitted on the intensive care. (Chapter 5)
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A retrospective chart review was performed for patients that started treatment with
voriconazole that lasted for at least three days while admitted to an intensive care unit.

Voriconazole trough concentrations were measured in 64 of the 84 patients receiving
voriconazole treatment. Patients with and without concentrations measured differed
significantly with respect to the duration of voriconazole treatment and intensive

care admission. Even though voriconazole concentrations were measured in most

patients we concluded that the performance of voriconazole therapeutic drug
monitoring can still be improved to overcome problems encountered like timing of

sampling, incompleteness of data on clinical context and lack of implementation of
recommendations.

Ideally we would be able to explain the observed variability in the daily practice of
voriconazole therapeutic drug monitoring, but unfortunately this is not possible at

this moment. We investigated whether inflammation, reflected by C reactive protein
(CRP) concentrations, might influence voriconazole trough concentrations. (Chapter
6)

A retrospective chart review was performed for patients with at least one steady

state voriconazole trough concentration and a CRP concentration measured on the
same day.

8

One hundred and twenty-eight patients were included. Linear regression analyses

both unadjusted and adjusted for covariates gender, age, dose, route of administration,

liver enzymes and interacting co-medication, showed a significant association

between voriconazole and CRP concentrations. For every 1 mg/L increase in CRP
concentration, the voriconazole trough concentration increased by 0.015 mg/L. We

therefore concluded that inflammation, reflected by C-reactive protein concentration,

is associated with voriconazole trough concentrations. Further research is necessary
to assess if taking the inflammatory status of a patient into account can be helpful

in therapeutic drug monitoring of voriconazole to maintain concentrations in the

therapeutic window, thereby possibly preventing suboptimal treatment or adverse
events.

In conclusion, the research performed contributes to the knowledge about the

pharmacokinetics of antifungal agents in severely ill patients, but continued efforts
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are required for improvement as described in Chapter 7 such as clinical validation
of AUC/MIC ratios for anidulafungin and a dosing algorithm or pharmacokinetic

model for voriconazole. We suggest a multidisciplinary approach to improve
diagnosis and treatment of invasive fungal infections, in clinical practice as well

as in research. Collaborative networks of institutions prepared to share data

would potentially importantly improve the speed and power to further enhance
our scientific knowledge to improve the treatment of these severely ill vulnerable
patients.

8
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INTRODUCTIE
Dit proefschrift gaat over geneesmiddelen die gebruikt worden voor de behandeling
van

invasieve

schimmelinfecties

(antifungale

geneesmiddelen).

Invasieve

schimmelinfecties zijn niet de oppervlakkige infecties van de huid, nagels of

slijmvliezen, maar binnendringende infecties op plaatsen dieper in het lichaam,

zoals in de bloedbaan, longen, lever of hersenen. Deze infecties zijn veel zeldzamer.
Mensen met een normale afweer krijgen deze invasieve schimmelinfecties niet; het

overkomt patiënten met een sterk verzwakte afweer, zoals patiënten die behandeld

worden voor bloedkanker, die een transplantatie hebben gehad van een orgaan of van

stamcellen of die op de intensive care zijn opgenomen. Invasieve schimmelinfecties
kunnen levensbedreigend zijn. De meest voorkomende verwekkers van deze
invasieve schimmelinfecties zijn de schimmels Aspergillus en Candida. De diagnostiek
en behandeling van invasieve schimmelinfecties is vaak zeer gecompliceerd.

In de afgelopen decennia zijn er nieuwe antifungale geneesmiddelen bijgekomen.

Toch blijft de ziektelast en sterfte door invasieve schimmelinfecties hoog. Doordat
de behandelingen van de eerder genoemde ziektes, die voor een sterk verminderde
afweer zorgen, steeds beter worden, neemt het aantal patiënten dat risico loopt op
een invasieve schimmelinfectie toe. Hierdoor blijven voordurende inspanningen

nodig om de overlevingskansen van patiënten met invasieve schimmelinfecties te
verbeteren.

Naast de ontwikkeling van nieuwe antifungale geneesmiddelen is er ook ander
onderzoek nodig om de bestaande behandelingen van invasieve schimmelinfecties

9

te verbeteren. Het is belangrijk dat de diagnostiek wordt verbeterd zodat zo

snel mogelijk de juiste behandeling kan worden gestart en ook dat de bestaande
behandelingen worden geoptimaliseerd zodat zo snel mogelijk het maximale effect
wordt bereikt. Door onderzoek te doen naar de farmacokinetiek en therapeutic drug

monitoring van antifungale geneesmiddelen kunnen de bestaande behandelingen
worden geoptimaliseerd.

Farmacokinetiek beschrijft wat het lichaam doet met geneesmiddelen: hoe ze worden
opgenomen in het bloed (absorptie); hoe het middel zich verdeelt in het lichaam

(distributie); hoe het wordt afgebroken (metabolisme); en hoe het wordt uitgescheiden
(eliminatie). Van veel geneesmiddelen is die farmacokinetiek bestudeerd bij mensen
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die gezond zijn. Vaak ontbreken gegevens over de farmacokinetiek bij mensen die

ernstig ziek zijn. Dat terwijl kennis over de farmacokinetiek van een geneesmiddel
het vaak makkelijker maakt om meteen met de juiste dosering te starten, wat bij
ernstig zieke patiënten met een invasieve schimmelinfectie enorm belangrijk is.

Therapeutic drug monitoring is het bepalen van de concentratie van een
geneesmiddel in lichaamsmateriaal (in het algemeen bloed) met als doel de
behandeling te optimaliseren. Therapeutic drug monitoring is niet zinvol voor alle
geneesmiddelen. Het is zinvol wanneer aan een aantal voorwaarden wordt voldaan.

Allereerst moet er natuurlijk een verband zijn tussen de gemeten concentratie en
het effect van het geneesmiddel. De gemeten concentratie moet vervolgens kunnen

leiden tot aanpassing van de dosering van het geneesmiddel. Het aanpassen van de
dosering is niet mogelijk op geleide van het effect van het geneesmiddel alleen. Als

laatste is het is het verschil tussen de minimaal en maximaal gewenste concentratie
van het geneesmiddel niet groot. Voor therapeutic drug monitoring is het dus erg
belangrijk om kennis te hebben over de farmacokinetiek van het geneesmiddel.

DOELSTELLING
Het doel van dit proefschrift is om meer inzicht te krijgen in de farmacokinetiek van
antifungale geneesmiddelen bij ernstig zieke patiënten en in de inzet van therapeutic

drug monitoring, om daarmee uiteindelijk de uitkomst van de behandeling van
invasieve schimmelinfecties te verbeteren.

Het onderzoek in dit proefschrift is gericht op twee geneesmiddelen, namelijk

anidulafungin en voriconazol. Anidulafungin wordt gebruikt voor invasieve infecties
veroorzaakt door Candida. Voriconazol is de eerste keus behandeling bij patiënten

met een infectie met Aspergillus. Over de farmacokinetiek van anidulafungin is
relatief weinig informatie beschikbaar, terwijl therapeutic drug monitoring al

een belangrijke plaats heeft in de behandeling met voriconazol. Het uitgevoerde
onderzoek is daarom voor anidulafungin meer verkennend en voor voriconazol
meer gericht op de dagelijkse praktijk.
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ANIDULAFUNGIN
Anidulafungin is een geneesmiddel dat wordt gemaakt uit een stof die afkomstig is
van de schimmel Aspergillus nidulans (A. nidulans), vandaar de naam anidulafungin.

Dit geneesmiddel remt de vorming van een van de essentiële celwandbestanddelen
van de schimmel, waardoor de schimmel doodgaat. De absorptie van anidulafungin
is dermate slecht dat het alleen toegediend kan worden als infuus. Het volume in

het lichaam waarover anidulafungin zich verdeelt komt overeen met het volume
van het water dat zich in het lichaam bevindt. Anidulafungin is in het bloed voor
99% aan eiwitten gebonden. In het lichaam wordt anidulafungin vanzelf langzaam
afgebroken. Het restproduct wordt vervolgens met de gal mee uitgescheiden. Het

lijkt hierdoor niet nodig de dosering aan te passen bij patiënten met een slecht nieren/of leverfunctie.

Ondanks dat anidulafungin, met caspofungin en micafungin, deel uitmaakt van

een groep geneesmiddelen (de echinocandines) die de eerste keus behandeling is
bij ernstig zieke patiënten met een invasieve Candida infectie is er maar beperkte
informatie beschikbaar over de farmacokinetiek in deze patiëntengroep. Dit komt
omdat ernstig zieke patiënten worden uitgesloten van de eerste onderzoeken die

er met nieuwe geneesmiddelen worden uitgevoerd. Het is echter wel belangrijk om
informatie over anidulafungin bij ernstig zieke patiënten te hebben omdat zij bij
uitstek risico lopen om een invasieve Candida infectie te krijgen. Bovendien is van

verschillende antibiotica bekend dat de farmacokinetiek in intensive care patiënten
anders is.

9

Voor farmacokinetisch onderzoek is het noodzakelijk dat je de concentraties van

het te onderzoeken geneesmiddel kan meten. De methodes die tot dusverre in de
literatuur waren beschreven om anidulafungin te bepalen hadden echter dusdanige

beperkingen dat er als eerste een andere analysemethode is ontwikkeld. De uitdaging
was om een methode op te zetten die de concentraties van alle drie de echinocandines

tegelijk kan meten. Dit bleek helaas een te grote uitdaging. Het is wel gelukt om een
simpele en accurate methode te ontwikkelen om anidulafungin en caspofungin te
kunnen meten in bloed na een eenvoudige monstervoorbewerking. (Hoofdstuk 2)

Uit eerder onderzoek bestond er de indruk dat de concentraties in het bloed sneller
afnemen bij ernstig zieke patiënten dan bij minder zieke patiënten. Om dit goed
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te kunnen onderzoeken is een studie opgezet om bij 20 intensive care patiënten

met een invasieve schimmelinfectie de blootstelling aan anidulafungin te bepalen.
Vervolgens is onderzocht of de blootstelling aan anidulafungin afhing van hoe ernstig

ziek de patiënt was en wat de concentratie eiwitten in het bloed was. (Hoofdstuk 3)

De blootstelling aan anidulafungin bleek laag te zijn bij intensive care patiënten. Uit
een multiple lineaire regressie analyse bleek dat er een correlatie bestaat tussen de
blootstelling aan anidulafungin met zowel het volume lichaamswater als de bilirubine

concentratie. Er is geen significante correlatie gevonden tussen de anidulafungin

blootstelling en de ziekte-ernst of de concentratie eiwitten in het bloed. Zorgen
over de lage blootstelling aan anidulafungin bleken bij deze patiënten niet nodig
omdat de gevonden Candida stammen goed gevoelig waren voor behandeling met

anidulafungin. Bij intensive care patiënten met minder gevoelige Candida stammen
is het verstandig om de blootstelling aan anidulafungin te bepalen om er zeker van
te zijn dat deze voldoende hoog is.

Voor het bepalen van de blootstelling aan anidulafungin is het nodig om op veel
verschillende tijdstippen op dezelfde dag bloed af te nemen. Dit is echter niet altijd

haalbaar of wenselijk. Met de uitgebreide data die verzameld zijn in het onderzoek
bij intensive care patiënten is onderzocht of het ook mogelijk is om de blootstelling

aan anidulafungin te bepalen bij intensive care patiënten door maar op één of een
paar momenten bloed te prikken. (Hoofdstuk 4)

Op twee verschillende manieren is onderzocht of het mogelijk was om met minder
bloedafname momenten de blootstelling te kunnen schatten, namelijk met behulp

van farmacokinetische software en door middel van lineaire regressie. Hieruit
is gebleken dat het mogelijk is om de anidulafungin blootstelling betrouwbaar
te kunnen schatten door slechts één bloedmonster af te nemen 12 uur nadat het

infuus is gestart. Uit analyse van data afkomstig van eerdere studies met gezonde
vrijwilligers blijkt dit ook mogelijk te zijn bij minder zieke patiënten. Het bepalen

van de blootstelling aan anidulafungin, nodig voor onderzoek en de behandeling

van patiënten met minder gevoelige Candida stammen, wordt makkelijker nu dit
met één bloedmonster mogelijk is.
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VORICONAZOL
Voriconazol is een triazole antifungaal geneesmiddel. Triazolen remmen de aanmaak
van ergosterol, een onderdeel van de celmembraan van de schimmel, waardoor de
celmembraan doorlaatbaar wordt en de groei van de schimmel wordt geremd.

Voriconazol is beschikbaar als infuus en als tablet of suspensie voor orale toediening.
Na orale inname is de absorptie zeer goed (96%), maar de absorptie wordt verminderd

als voriconazol wordt ingenomen met een vetrijke maaltijd. Voriconazol wordt

uitgebreid gedistribueerd over weefsel en is voor 58% gebonden aan eiwitten in het
bloed. Voriconazol wordt in de lever door cytochroom P450-enzymen afgebroken tot
niet-actieve stoffen (metabolieten). Geneesmiddelen die een effect hebben op deze
enzymen beïnvloeden hierdoor de concentratie van voriconazol in het bloed. Slechts

een klein deel (<2%) wordt onveranderd door de nieren uitgescheiden. Er is een grote
variatie in voriconazol bloedconcentraties, zowel tussen patiënten als bij individuele
patiënten. Het effect van de behandeling is beter bij voriconazol concentraties boven
de 1,5 mg/L en boven de 5,0 mg/L neemt de kans op bijwerkingen sterk toe.

Dat therapeutic drug monitoring van voriconazol toegevoegde waarde heeft is
inmiddels algemeen bekend. Gegevens over hoe dit wordt ingezet in de dagelijkse

praktijk ontbreken echter. Daarom is de inzet van therapeutic drug monitoring van
voriconazol in de dagelijkse praktijk van de intensive care onderzocht. (Hoofdstuk 5)

Bij 84 patiënten die op één van de intensive cares in het UMCG zijn gestart met
voriconazol en die het middel minimaal drie dagen hebben gebruikt, is onderzocht

9

of er voriconazol concentraties in bloed zijn bepaald en zo ja, wat er met de uitslag
is gebeurd. Voriconazol concentraties zijn gemeten in 64 van de 84 patiënten (76%).

Patiënten waarvan voriconazol concentraties wél waren bepaald werden langer

behandeld met voriconazol en waren langer op de intensive care waren opgenomen
dan patiënten waarvan geen voriconazol concentraties werden bepaald. Ondanks
het feit dat bij de meeste patiënten voriconazol concentraties zijn bepaald, was

de conclusie dat er toch nog veel verbeterpunten waren. De momenten van
bloedafnames volgden vaak te snel op elkaar, er was soms onvoldoende informatie
beschikbaar om tot een goed advies te komen en het advies dat werd gegeven naar
aanleiding van de uitslag werd niet altijd opgevolgd.
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Op dit moment is het nog niet mogelijk om alle variatie te verklaren, die gezien

wordt bij de therapeutic drug monitoring van voriconazol. De werking van de
lever, de hoeveelheid cytochroom-enzymen en medicatie die de activiteit van

deze cytochroom-enzymen beïnvloeden, kunnen de concentratie van voriconazol
veranderen. Maar dit verklaart nog niet alles. Er is onderzocht of ontstekingen de
voriconazol concentraties ook kunnen beïnvloeden. Tijdens ontstekingen komen

namelijk eiwitten (cytokines) vrij die de werking van de cytochroom-enzymen
kunnen afremmen. Cytochroom-enzymen zorgen voor de afbraak van voriconazol.

Als deze enzymen worden afgeremd, wordt er minder voriconazol afgebroken en

zal de voriconazol concentratie in het bloed toenemen. Als maat voor ontsteking zijn

C-reactive protein (CRP) concentraties gebruikt. CRP is een eiwit dat door de lever
wordt geproduceerd als reactie op een ontsteking en vervolgens wordt afgegeven
aan de bloedbaan. (Hoofdstuk 6)

In het onderzoek zijn 128 patiënten geïncludeerd die voriconazol hebben gebruikt

en van wie op dezelfde dag een voriconazol-, en CRP concentratie was bepaald.
Lineaire regressie analyses, zowel onaangepast als aangepast voor de variabelen
geslacht, leeftijd, dosering, route van toediening, leverenzymwaarden en

beïnvloedende co-medicatie, lieten in beide gevallen een verband zien tussen de
voriconazol en de CRP concentratie. Verder onderzoek is nodig om te kijken of het

zinvol is om bij voriconazol therapeutic drug monitoring rekening te houden met de
CRP concentratie.

Samenvattend heeft het uitgevoerde onderzoek bijgedragen aan het vergroten
van het inzicht in de farmacokinetiek van antifungale geneesmiddelen bij ernstig

zieke patiënten en in de inzet van therapeutic drug monitoring, maar verder
onderzoek zal nodig blijven. Voor het verbeteren van diagnose en behandeling van

invasieve schimmelinfectie is het belangrijk dat door de verschillende betrokken

afdelingen goed wordt samengewerkt. Dat geldt zowel voor verder onderzoek als
in de dagelijkse praktijk. Samenwerkingsverbanden van ziekenhuizen en andere

instellingen die bereid zijn om data te delen zijn van cruciaal belang voor voldoende
snelheid en daadkracht om de kennis te verbeteren en daarmee de behandeling van
deze ernstige zieke kwetsbare patiënten te verbeteren.
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