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Objectives: The objective of this study was to evaluate the standard voriconazole dosage regimen (main-
tenance dose was 200 mg bid orally) against Aspergillus infections in different CYP2C19 genotypes from
a pharmacokinetic/pharmacodynamic (PK/PD) perspective. Method: Monte Carlo simulation (MCS) was
applied to simulate 5,000 patients by integrating published pharmacokinetic (PK) parameters, variability of
PK parameters on CYP2C19 genotypes and microbiological data. Results: The standard dosage regimen
for poor metabolizers (PM) with Aspergillus infections was effective except A.versicolor; for heterozygous
extensive metabolizers (HEM), Aspergillus fumigatus, A.terreus and A.nidulans infections could be treated
effectively with the standard dosage regimen; for extensive metabolizers (EM), the standard voriconazole
dosage regimen failed to achieve the best outcome for the six Aspergillus spp. Increasing dose (e.g. 300 mg
bid) or even changing the antifungal drug was needed for EM and most HEM patients with Aspergillus infec-
tion. Conclusion: Instead of using a standard dosage regimen for all patients, the voriconazole dosage
regimen needs to be optimized for patients with different CYP2C19 genotypes.

1. Introduction

Voriconazole is a broad-spectrum antifungal agent showing in
vitro activity against Aspergillus spp., including itraconazole-
and amphotericin B-resistant Aspergillus fumigatus, and emerg-
ing pathogens such as Scedosporium spp.and Fusarium spp
(Herbrecht 2004). It is used as initial treatment for immuno-
compromised patients with invasive aspergillosis giving higher
survival rates compared with initial therapy with amphotericin
B (Herbrecht et al. 2002).
However, voriconazole resistance has now been reported in
most countries including Canada, India, China, and the United
States (Howard SJ, Arendrup MC 2011). Approximately 300000
people are estimated to develop invasive aspergillosis annu-
ally, 1.5%-10% of the millions of highly immunocompromised
patients at risk worldwide (Brown et al. 2012). Voriconazole
resistance is particularly problematic for these patients, as it
is accepted as first-line therapy. In addition, since voricona-
zole is mainly metabolized via the hepatic cytochrome P450
isoenzyme CYP2C19, which exhibits genetic polymorphisms
(Goldstein 2001), voriconazole PK is substantially influenced
by the CYP2C19 genotype (Mikus et al. 2006; Ikeda et al.
2004; Rengelshausen et al. 2005). Thus, only one standard
dosage regimen against a wide range of aspergillosis infec-
tions with variable minimum inhibitory concentrations (MIC)
in different CYP2C19 genotypes may be ineffective and lead
to further increase in voriconazole resistance. The current stan-
dard dosage regimen is 400 mg twice a day on the first day and
200 mg twice a day on the following days in adults weighing
≥ 40 kg.

Therefore, a pharmacokinetic/pharmacodynamic (PK/PD) eval-
uation of the efficacy of the standard voriconazole dosage
regimen for Aspergillus infections in different CYP2C19 geno-
types is needed. The Optimizing Pharmacodynamic Target
Attainment using the Meropenem Yearly Susceptibility Test
Information Collection Antibiogram (OPTAMA) program used
Monte Carlo simulation (MCS) as a tool for determining dosage
regimens and assisting in the selection of appropriate empirical
antibiotic therapies at national, regional and institutional lev-
els (Kuti and Nicolau 2005; Sun et al.2005). MCS was able
to link MIC data with a pharmacokinetic profile to predict the
probability of a certain therapeutic outcome, thereby improving
antimicrobial effectiveness and the quality of patient care.
The aim of the study was to calculate the probability of attain-
ing targeted pharmacodynamic exposure against six Aspergillus
spp. with variable MICs from different CYP2C19 genotypes
to evaluate the efficacy of the standard voriconazole dosage
regimen from a PK/PD perspective. Based on this, we inves-
tigated whether the standard dosage regimen achieves effective
treatment in different CYP2C19 genotypes.

2. Investigations and results

2.1. Pharmacokinetic parameters and microbiological
information

The pharmacokinetic (PK) parameters of voriconazole in
healthy volunteers with different CYP2C19 genotypes were
obtained from a published study (Lee et al. 2012). The steady-
state apparent clearance (CLss/F) data for a dose regimen of
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Table 1: Frequency distribution of voriconazole MICs for six Aspergillus spp. from five laboratories

Species n MIC(mg/L)

0.03 0.06 0.125 0.25 0.5 1.0 2.0 4.0 8.0 16 32

A.fumigatus 2778 0.04 0.58 4.43 42.94 39.27 10.48 1.40 0.61 0.25
A.flavus 590 0.17 2.54 19.49 49.15 26.78 1.69
A.terreus 462 0.43 5.19 21.43 46.97 22.94 2.17 0.22 0.65
A.niger 479 0.63 1.04 3.97 12.32 36.32 35.28 9.81 0.63
A.nidulans 139 2.88 10.07 36.69 23.74 8.63 10.07 7.35 0.72
A.versicolor 80 3.75 3.75 15 28.75 12.5 17.5 16.25 3.75

200 mg every 12 h, the only PK parameter used in stochas-
tic simulations, were 12.6 ± 6.5 L/h, 5.9 ± 3.5 L/h, 3.5 ± 0.9
L/h (mean ± CV %) for extensive metabolizers (EM), heterozy-
gous EM (HEM) and poor metabolizers (PM), respectively. A
58% protein binding (PB) of voriconazole in human plasma was
employed to caculate the percentage of free drug (f, f = 1-PB)
(Mouton et al. 2005)
The wild-type MIC for six Aspergillus spp. distribution data
were obtained from a study published by Espinel-Ingroff et al.
(2010). The voriconazole MICs for these pathogens varied
between 0.03 and 2.0 mg/L (Table 1).

2.2. Monte Carlo simulation

A pharmacodynamic study of a murine candidiasis model
showed that the best predictor of response to voriconazole ther-
apy was the free area under the plasma concentration–time
curve (AUC) from 0 to 24 h (fAUC24) divided by the MIC
(fAUC24/MIC) ≥ 25 (Andes et al. 2003; Theuretzbacher et al.
2006). The MCS were performed for the standard dosage reg-
imen in order to predict the outcomes of the standard dosage
regimen in patients.
The results of the MCS were expressed as the probability
of target attainment (PTA) and and cumulative fraction of
response (CFR) of fAUC24/MIC ≥ 25. A CFR result of ≥ 90%
represented the standard dosage regimen against a popula-
tion of organisms effectively, as previously established by the
OPTAMA program (Masterton et al.2005).

2.3. PTA analysis results

The chosen target was fAUC24/MIC ≥ 25 for three CYP2C19
genotypes. The Figure 1 shows the probability of PK/PD target
attainment by MICs for the three genotypes under the standard
dosing regimen. On the basis of simulation results, for EM,
the use of voriconazole 200 mg every 12 h provided PTA val-

Fig. 1: Probability of target attainment as a function of the MIC for 5,000 simulated
subjects given voriconazole.

Table 2: Expected cumulative fraction of response (CFR) for
voriconazole. The chosen target was fAUC24/MIC ≥25
for three genotypes

Species CFR (%)

EM HEM PM

A. fumigatus 57.22 93.77 98.20
A. flavus

72.54 88.99 98.99
A. terreus

60.22 90.17 98.87
A. niger

47.01 80.57 94.18
A. nidulans 79.47 90.73 96.14
A. versicolor

59.36 77.41 87.88

ues which were higher than 90% when MICs ≤ 0.25 mg/L; for
HEM and PM, all simulated patients reached the target until
MICs > 0.5 mg/L and MICs > 1 mg/L respectively.

2.4. Cumulative fraction of response analysis

Table 2 shows the assessment of CFR for standard voriconazole
dosage regimen evaluated based on the fAUC24/MIC ≥25 in the
treatment of six Aspergillus. infections for three genotypes. For
EM, the values of CFR for the six Aspergillus spp. with 200 mg
every 12 h were all lower than 90%. Whilst for HEM, the values
of CFR for A. fumigatus (93.77%), A. terreus (90.17%) and A.
nidulans(90.73%) were higher than 90%; the CFRs of A. flavus,
A. niger, and A. versicolor were noted to be lower (88.99%,
80.57%, and 77.41%, respectively) than 90%. For PM, the CFR
value of A. versicolor (87.88%) was only fractionally lower than
90%; among the remaining fungus, CFR values of ≥ 90% were
obtained with the using of the standard dose regimen in PM. The
standard dosage regimen was poorly active against A. versicolor
in three genotypes (CFRs varied from 59.36% to 87.88%).

3. Discussion

For the first time, we evaluated the standard voriconazole dosage
regimen by linking Aspergillus MIC data with the pharmacoki-
netic profile of different CYP2C19 genotypes through MCS
method. Voriconazole is commonly used for treatment of inva-
sive infections caused by Aspergillus spp. However, reports
of Aspergillus’ azole resistance are emerging, and resistance
is now recognised as a cause of treatment failure (Vermeulen
et al. 2012). Therefore, the efficacy of the current voriconazole
dosage regimen should be re-evaluated in the light of emerging
of Aspergillus resistance.
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Besides the sensitivity of Aspergillus to voriconazole, CYP2C19
polymorphism is a major factor of efficacy in patients (Hamada
et al. 2012; Weiss et al. 2009; Berge et al. 2011). In order to
attain therapeutic concentrations, therapeutic drug monitoring
(TDM) of voriconazole is usually conducted to adjust clinical
doses (Park et al. 2012). However, adverse reactions may have
already happened in PM or best treatment may fail to be attained
in EM before the data of high or low serum concentration will
be provided (Suan et al. 2011). Hence, it is necessary to adjust
regimens according patient’s genotype before drug administra-
tion, especially for Asian populations in which the percentage of
PM is approximately 7 times higher than in Caucasians (Desta
et al. 2002). Currently, there is only one standard dosage regimen
(400 mg twice on the first day and 200 mg twice on the follow-
ing days orally) for all CYP2C19 genotypes. In this study, we
firstly evaluated the standard voriconazole dosage regimen by
linking Aspergillus MIC data with the pharmacokinetic profile
of different CYP2C19 genotypes through the MCS method.
MCS, a technical statistical method, was invented in 1949 to
predict the probability or likelihood of certain consequences.
The method was widely used in various fields, such as soci-
ety, economy, industry, commerce and medicine (Koomanachai
et al. 2009). MCS provideds a computer-based mathematical
construct that can simultaneously integrate different variables
such as tissue concentrations of an antibiotic and antimicrobial
susceptibility each with its own probability distribution together
with information about the PK-PD measure associated with effi-
cacy, to estimate the likelihood of achieving the PK-PD target
(and thus, the likelihood of achieving cure) (Bradley et al. 2010).
On the basis of simulation results, the standard dosage regi-
men for poor metabolizers (PM) with Aspergillus infections was
effective except for A.versicolo ; for heterozygous extensive
metabolizers (HEM), A. fumigatus, A.terreus and A.nidulans
infections could be treated effectively with the standard
dosage regimen; for extensive metabolizers (EM), the standard
voriconazole dosage regimen failed to achieve the best outcome
in vivo for the six Aspergillus spp. Increased doses (e.g. 300 mg
bid) or even changing the antifungal drug was needed for EM
and most HEM patients with Aspergillus infection. This is con-
sistent with a previous conclusion that a maintenance dose of
200 mg every 12 h may probably not be adequate for the effec-
tive treatment or prophylaxis of severe fungal infections (Geist
et al. 2013). High variability in voriconazole exposure, as well
as low steady-state trough plasma concentrations would lead
to disease progression. On the contrary, another Monte Carlo
stimulation (Wang et al.2014) in patients with invasive fungal
infections (IFIs) concluded that Aspergillus infections could be
treated effectively with 200 mg of voriconazole administered
intravenously or orally twice daily. In that study, the PK data
was collected from IFIs patients who used omeprazole, dexam-
ethasone or azithromycin as concomitant medication which may
influence the PK of voriconazole. Secondly, the PK parameters
had not been separated according to CYP2C19 genotype of IFIs
patients. Thirdly, MIC distributions for the Aspergillus were dif-
ferent from our study. For the above three reasons, different PK
parameters for voriconazole and MIC distributions were used in
the simulation, which led to different results.
This study suggests that pharmacogenomic variations can
impact drug response and providing the same dosing regi-
men for all genotypes can lead to treatment failures. In current
clinical practice, dose adjustments to voriconazole therapy are
simply based on body weight in the first administration (Mat-
sumoto et al.2009). However, a case report suggested if an obese
patient who was dosed on total body weight is also a CYP2C19
poor metabolizer, the serum voriconazole concentrations will
be further elevated, potentially leading to drug-induced toxicity
(Moriyama et al. 2013). Although the distribution of voricona-

zole in adipose tissue of animals and humans is unknown,
another recent report suggested that voriconazole might not dis-
tribute extensively into fat tissue in humans (Pai and Lodise
2011).
Recently, CYP2C19*17, a new CYP2C19 genotype, was
detected and it was needed to be concerned about. The allele
is quite common in Europeans and Africans, but rare in Asians.
Carriers with at least one*17 allele were originally referred
as ultrarapid metabolizers (UMs), which would result in sig-
nificantly lower AUC and Cmax and higher CL/F values of
voricoanzole than what was found for homozygous EMs and
PMs (Wang et al. 2009). This suggested that poor treatment
outcome was probably observed in UMs using 200 mg bid oral.
Increasing doses, increasing frequency of administration or even
changing the antifungal drug was needed for UMs (Malingré
et al. 2012).
There are two limitations to the present study. (i) PK of voricona-
zole collected were conducted in a small population of healthy
volunteers, which was not accurate enough for estimating the
exposure of patients who may be immunocompromised and/or
infected with Aspergillus. (ii) Simulation of other dosage regi-
mens (like 300 mg bid) were not conducted for lacking of PK
parameters from different CYP2C19 genotypes. In the clinic,
while the dosage (200 mg bid) is FDA approved, much larger
doses are used when necessary, in order to optimize plasma
concentrations.
In conclusion, using MCSs, the standard dosage regimen
(200 mg bid orally) for PM with Aspergillcs infections was effec-
tive except for A.versicolor, and increasing dose (e.g. 300 mg
bid) or even changing the antifungal drug was needed for EM
and most HEM patients with Aspergillus infection. Instead of
using a standard dosage regimen for all patients, the voricona-
zole dosage regimen needs to be optimized for patients with
different CYP2C19 genotypes.
Further work needs to focus on the optimization of voricona-
zole dose regimens for the treatment of different infections with
invasive fungi. Rational drug use is important to prevent an
escalation in antifungual resistance and to maximize the like-
lihood of a favorable clinical response, as well as to minimize
the probability of exposure-related toxicity.

4. Experimental

4.1. Acquisition of PK parameters and microbiological information

The PK parameters of voriconazole in different CYP2C19 genotypes
were obtained from a published study (Lee et al. 2012). In this study,
healthy volunteers were classified into three groups by CYP2C19 phe-
notype: EM (CYP2C19*1/*1, n = 6), HEM(CYP2C19*1/*2, *1/*3, n = 6)
and PM(CYP2C19*2/*2, *2/*3, *3/*3, n = 6). Individual PK parameters
were calculated by noncompartmental method using WinNonlin 5.2.1. The
CLss/F was significantly different among the three CYP2C19 genotypes
(P = 0.006).
The wild-type MIC for six Aspergillus spp. distribution data were obtained
from the study published by Espinel-Ingroff et al. (2010). In the study, the
wild-type MIC distributions of voriconazole for six Aspergillus spp. were
defined using aggregated MIC data gathered from five laboratories in Europe
and the United States.

4.2. MCS

The MCS accounted for the variability in the population pharmacokinetic
parameters (PPK) of different CYP2C19 phenotype as well as the MIC
data, to determine the PTA value of fAUC24/MIC ≥ 25. The estimated mean
values and the interindividual variances of the population parameters (CL
and F) from the published study, which were assumed to follow lognormal
distribution, were analyzed by MCS. The AUC24 was then calculated with
the following formula (Fernandez de Gatta Mdel et al. 2009):
AUC24 = Dose24 × F/CL
In this equation, Dose24 stands for the daily dose, CL for the clearance and F
for oral bioavailability. For multiple dose regimens, CL stands for clearance
at steady state.
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Discrete MIC distributions of the Aspergillus were based on the MIC fre-
quencies (Table 1). The range of possible values was restricted to the 95%
CI for discarding marginal variable values in the random process. A MCS
with 5000 patients was performed using Crystal Ball (Ver7.2.2) software
(Decisioneering Corporation, http://crystalball.com)
The PTA (defined as the probability that at least a specific value of a PK/PD
index is achieved at a certain MIC) and CFR (defined as the expected
population probability of target attainment for a specific drug dose and a
specific population of microorganisms) were estimated by the MCS (Mou-
ton et al. 2005; Canut et al. 2012). The corresponding PTA was calculated
with one fixed MIC value ranging from 0.03 to 32 mg/L, and the calculation
of the CFR used the data from the MIC distribution. The dosage regimen
was evaluated by comparing the value of PTA and CFR in these simulated
patients.

Conflict of interests: The authors declare that no competing interests exist.
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