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a  b  s  t  r  a  c  t

Voriconazole  (VCZ)  use  is limited  by  its  narrow  therapeutic  range  and  significant  interpatient  vari-
ability  in  exposure.  This  study  aimed  to assess  (i)  the  impact  of  CYP2C19  genotype  on VCZ  exposure
and  (ii)  the  doses  required  to achieve  the  therapeutic  range  in adult  patients  with  invasive  fungal
infections  (IFIs).  Therapeutic  drug monitoring  (TDM)  of  VCZ,  based  on trough  concentration  measure-
ment,  and  CYP2C19  genotyping  were  used  to guide VCZ  dosing  in  Caucasian  patients  with  IFIs.  The two
common  polymorphisms  in  Caucasians  (CYP2C19*2  and  *17),  associated  with  decreased  or  increased
CYP2C19  activity,  respectively,  were  correlated  with the  daily  VCZ  dose,  pharmacokinetic  parameters
and  concentration-to-dose  ratio.  In  total,  111  trough  concentration  measurements  from  35 genotyped
patients  were  analysed  using  linear  mixed-effect  models.  The  mean  VCZ  doses  required  to achieve  target
concentrations  were  significantly  higher  in  CYP2C19*17  carriers  compared  with  CYP2C19*1/*1  individ-
uals  (P  < 0.001):  2.57  ±  0.25  mg/kg  twice  daily  in CYP2C19*1/*1  patients  versus  3.94  ± 0.39  mg/kg and
6.75  ±  0.54  mg/kg  in *1/*17  and  *17/*17  patients,  respectively.  In addition,  exposure  to  VCZ  correlated
with  the  CYP2C19*17  variant.  Indices  of  exposure  for CYP2C19*2  carriers  were  in  line  with  the  functional

effect  of  this  polymorphism  compared  with  CYP2C19*1/*1  individuals,  however  comparisons  of  doses
required  to achieve  target  concentrations  were  not  statistically  different.  The  CYP2C19*17  allele  predicted
both  VCZ  exposure  and  dose  required  to  achieve  effective  and  non-toxic  concentrations.  CYP2C19  geno-
typing  appears  useful  to guide  VCZ  initial  dosing  when  coupled  with  TDM  and  to explain  subtherapeutic
concentrations  frequently  observed  in  clinical  practice.

lsevie
©  2015  E

. Introduction

Voriconazole (VCZ) is a second-generation triazole oral anti-
ungal with potent broad-spectrum activity that has become
 drug of choice for the treatment of a wide variety of fun-
al infections, including invasive aspergillosis, candidaemia and
uconazole-resistant invasive Candida infections [1,2]. VCZ inhibits
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harmacologie–Toxicologie, Pharmacogénétique, CHU–Hôpitaux de Rouen, 76000
ouen, France. Tel.: +33 2 32 88 90 34; fax: +33 2 32 88 90 49.
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r  B.V.  and  the  International  Society  of  Chemotherapy.  All rights  reserved.

the conversion of lanosterol into ergosterol in fungal membranes,
when the N-3 nitrogen (triazole) moiety binds to the heme co-
factor of fungal CYP450. VCZ is extensively metabolised by hepatic
cytochrome P450 (CYP) enzymes, principally by CYP2C19 and, to
a lesser extent, by CYP3A4 and CYP2C9, giving rise to N-oxide
and hydroxyl metabolites [3]. Despite its potent activity, a nar-
row therapeutic range and significant interpatient variability in
drug exposure complicate its use. Interpatient variability in VCZ
exposure is mainly due to non-linear pharmacokinetics, patient
characteristics (e.g. age, weight and liver function), co-medications

and genetic polymorphisms in the CYP2C19 gene [4]. VCZ plasma
trough concentrations have been correlated with efficacy and tox-
icity, thus therapeutic drug monitoring (TDM) represents a useful
tool to optimise VCZ dosing regimens and clinical outcomes [5–7].
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Retrospective review of  oral voriconazol e TDM  samples (2012 to  2014)

CYP2C1 9 genotyping

Sample s =  116

Patie nts = 37

Influence of CYP2C1 9 genotype on 

voriconazol e dose and pharmacokinetic 

param eter s

Patients = 35  | Sa mples  = 111

Excluded samples

uncharacterized en zymatic function

Patients = 2 | Sa mples  = 5

No CYP2C1 9 genotyping

Samples = 91

Patie nts = 30

Included Samples

Patient s = 67 | Sample s = 207

Trough le vel s (samples)

< 1 µg /mL (78) | 1-5 µg /mL  (95) | > 5 µg /mL (34)

Fig. 1. Subject inclusion, specifying individuals receiving voriconazole therapeutic drug monitoring (TDM) and CYP2C19 genotyping.

Fig. 2. Distribution of oral doses of voriconazole required to reach the target trough level at steady-state (n = 95, Shapiro–Wilk normality test P-value = 8.256e−08).

Table 1
Demographic data of individuals receiving routine voriconazole therapeutic drug monitoring and CYP2C19 genotyping (n = 35).

Demographic characteristic CYP2C19 genotype

*1/*1 *1/*17 *17/*17 *1/*2 *2/*2

N (%) 11 (31) 13 (37) 4 (11) 6 (17) 1 (3)
C0 samples (n) 41 36 14 16 4
Age  (years) (mean ± S.D.) 45 ± 18 46 ± 20 38 ± 18 47 ± 17 68
Sex  ratio (M/F) (n) 8/3 8/5 2/2 2/4 1/0
Weight (kg) (mean ± S.D.) 61 ± 14 60 ± 15 53 ± 14 63 ± 17 67
Concomitant PPI use (n) 7 4 1 0 0
Concomitant corticoid use (n) 1 4 0 2 0

C0, trough concentration at steady-state; S.D., standard deviation; PPI, proton pump inhibitor.
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Fig. 3. Influence of CYP2C19*17 (c.-806C>T) and CYP2C19*2 (c.681G>A) on voricona-
zole trough plasma concentrations: (A) distribution of voriconazole trough
concentrations; and (B) dose-adjusted trough concentrations, grouped according
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o  CYP2C19 genotype in 111 samples from 35 patients. Data are expressed as the
ean ± standard error of the mean (SEM). *P < 0.05; **P < 0.01. (Multivariate analysis

s  presented in Table 2.)

resently, there is no consensus for a VCZ target range or guidelines
egarding dosing [8]. Poor treatment outcome has been reported
n patients with trough concentrations lower than 1 �g/mL [1],

hereas trough concentrations higher than 4.5–5.5 �g/mL have
een associated with adverse events such as vision disturbances,
ash and hepatotoxicity [5,7,9]. Favourable outcomes have been
bserved in the range 2–4 �g/mL [1,9–11].

Polymorphisms in CYP2C19 influence drug metabolism and VCZ
ariability in exposure [1,12–14]. Two CYP2C19 alleles, rs4244285
CYP2C19*2, c.681G>A) and rs4986893 (CYP2C19*3, c.636G>A), lead
o an mRNA splicing defect and stop codon, respectively, resulting
n loss-of-function in the enzyme. A common allele, rs12248560
CYP2C19*17, c.-806C>T), is associated with increased CYP2C19

ctivity owing to a promoter region variation thought to enhance
he binding of nuclear proteins, resulting in increased transcrip-
ion. This allele has been associated with therapeutic failure with
CZ and other substrates [12,15,16]. CYP2C19*2 and CYP2C19*17 are
ntimicrobial Agents 47 (2016) 124–131

relatively frequent among Caucasians (15% and 22%, respectively),
whilst CYP2C19*3 is relatively rare (<1%).

Therapeutic failure with VCZ is potentially life-threatening.
Despite being dosed according to drug label recommendations,
subtherapeutic and supratherapeutic VCZ trough concentrations
are commonly observed during TDM [1,12]. Pharmacogenetic data
may  facilitate dosing decisions, especially at an early stage of
treatment. The aim of this study was  to assess (i) the impact of
CYP2C19 genotype on VCZ exposure following oral administration
and (ii) the doses required to achieve the therapeutic range in adult
patients with invasive fungal infections (IFIs).

2. Materials and methods

2.1. Study design and patient population

A single-centre retrospective analysis of data from adult patients
receiving oral VCZ for the treatment of suspected or proven IFI was
performed. Data from routine TDM of VCZ, taken as trough concen-
trations at steady-state (C0), conducted between 2012 and 2014
at University Hospital of Rouen (Rouen, France) were considered.
Patients were considered to be at steady-state after 2 days of treat-
ment following a loading dose of 400 mg  orally every 12 h for the
first 24 h or after 6 days without a loading dose. Patients receiving
intravenous (i.v.) VCZ were not included unless they were switched
to an oral formulation for ≥2 days before the trough concentra-
tion was measured. The initial recommended VCZ maintenance
dose was  200 mg  twice daily in accordance with the drug label.
Subsequent dosage adjustment following TDM and/or CYP2C19
genotyping was  at the discretion of each physician. TDM was per-
formed in 67 patients, and 207 C0 plasma samples were assessed
(Fig. 1). For 27 patients TDM was based solely on C0; in 37 patients
TDM included C0 and additional peak level 2 h after oral intake
(C2) to evaluate absorption; in 3 patients presenting difficulties
in achieving target levels despite dosage adjustment, additional
samples including C0 and at 2, 4, 6, 8 and 10 h were performed to
estimate the VCZ area under the concentration–time curve (AUC)
and to understand the underlying mechanisms.

Genotyping for CYP2C19*17 and *2 alleles was  proposed to
clinicians as complementary information to help guide dosing.
Determination of genotype was realised before the first dose or
within the first week of initiating therapy to predict the potential
risk of overexposure or underexposure to VCZ. Assessment of geno-
type after the first plasma measurement and/or after the first week
from initiation at steady-state was  performed in order to explain
extreme levels or adverse events.

Additional variables collected from medical records included
age, sex, weight, VCZ indication, VCZ dose and plasma concentra-
tion. The daily dose of VCZ was systematically recorded and the
weight-adjusted dose was calculated (mg/kg/12 h). Trough con-
centrations were dose-normalised using the concentration-to-dose
ratio (mg·L−1/mg·kg−1). Written informed consent was obtained
from each participant undergoing CYP2C19 genotyping and addi-
tional sampling for pharmacokinetic analysis. A target range of
1–5 �g/mL was  considered based on literature reports [7,10]. A
dose increase or reduction of 50 mg to 100 mg (or 0.5–1 mg/kg)
every 12 h was  typically proposed if the trough concentration was
<1 �g/mL or >5 �g/mL, respectively. Discontinuation of therapy
was proposed in patients with trough levels >5 �g/mL when asso-
ciated with adverse events related to VCZ.

This study was conducted respecting the Declaration of Helsinki

and was approved by the Local Ethics Board for Observational
Health Research [Comité d’éthique pour la recherche non interven-
tionnelle (CERNI) N◦E-2014-20, Centre de Protection des Personnes
Nord-Ouest-I, Rouen University Hospital, Rouen, France].
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Table  2
Univariate and multivariate linear mixed-effects regression analyses investigating the influence of covariates on voriconazole exposure (C0, C0/dose/kg) and dose (mg/kg/12 h)
required to achieve the therapeutic range (1–5 �g/mL).

Covariate Category Univariate analysis Multivariate final model

 ̌ coefficient (±S.D.) P-valuea Adjusted  ̌ coefficient (±S.D.) Adjusted P-valuea

C0 (�g/mL)
CYP2C19*17 (rs12248560) Intercept 3.985 ± 0.571 −0.357 ± 0.772

*1/*17 vs *1/*1 −1.575 ± 0.405 0.000178** −1.437 ± 0.385 0.000306**
*17/*17 vs *1/*1 −1.520 ± 0.559 0.007690** −0.984 ± 0.560 0.081565

CYP2C19*2 (rs4244285) *1/*2 vs *1/*1 1.880 ± 0.523 0.000495** 2.018 ± 0.497 9.20e−05**
*2/*2 vs *1/*1 0.641 ± 0.913 0.484822

Time Intercept 0.844 ± 0.358
Intervisit delay 0.626 ± 0.116 4.07e−07** 0.594 ± 0.098 1.77e−08**

CYP450 inducer combination Intercept 3.832 ± 0.707
Y  vs N −0.448 ± 0.513 0.384138

CYP450 inhibitor combination Intercept 2.881 ± 0.597
Y  vs N 0.899 ± 0.419 0.03412†

Weight Intercept 0.898 ± 0.940
Per kg increase 0.037 ± 0.013 0.004880** 0.025 ± 0.011 0.024000†

Total plasma proteins Intercept 9.592 ± 1.782
Per g/L increase −0.080 ± 0.023 0.100847

Age  Intercept 1.721 ± 0.799
Per year increase 0.027 ± 0.012 0.029200†

C0/dose ratio (�g·mL−1/mg·kg−1)
CYP2C19*17 (rs12248560) Intercept 1.510 ± 0.145 0.401 ± 0.305

*1/*17 vs *1/*1 −1.166 ± 0.207 1.65e−07** −0.984 ± 0.198 2.44e−06**
*17/*17 vs *1/*1 −1.291 ± 0.289 2.16e−05** −1.064 ± 0.275 0.000184**

CYP2C19*2 (rs4244285) *1/*2 vs *1/*1 −0.204 ± 0.268 0.4480
*2/*2 vs *1/*1 0.584 ± 0.475 0.2220

Time Intercept 0.382 ± 0.178
Intervisit delay 0.220 ± 0.058 0.000236** 0.141 ± 0.052 0.007909**

CYP450 inducer combination Intercept 0.734 ± 0.235
Y  vs N 0.287 ± 0.259 0.26930

CYP450 inhibitor combination Intercept 0.915 ± 0.204
Y  vs N 0.290 ± 0.212 0.17426

Total plasma proteins Intercept 2.616 ± 0.950
Per g/L increase −0.020 ± 0.013 0.13334

Age  Intercept −0.227 ± 0.304
Per year increase 0.023 ± 0.006 8.52e−05** 0.012 ± 0.005 0.021237†

Dose required to achieve the therapeutic range (mg/kg/12 h)
CYP2C19*17 (rs12248560) Intercept 2.574 ± 0.246 2.5742 ± 0.2456

*1/*17 vs *1/*1 1.373 ± 0.389 0.000741** 1.3732 ± 0.3890 0.000741**
*17/*17 vs *1/*1 4.185 ± 0.537 4.30e−11** 4.1846 ± 0.5370 4.30e−11**

CYP2C19*2 (rs4244285) *1/*2 vs *1/*1 0.829 ± 0.416 0.0511
*2/*2 vs *1/*1 0.785 ± 0.678 0.2508

Time Intercept 3.235 ± 0.395
Intervisit delay 0.066 ± 0.114 0.5650

CYP450 inducer combination Intercept 3.745 ± 0.468
Y  vs N −0.398 ± 0.522 0.4481

CYP450 inhibitor combination Intercept 3.427 ± 0.369
Y  vs N 3.95e−05 ± 4.53e−01 0.9999

Total plasma proteins Intercept 3.390 ± 1.666
Per g/L increase −0.001 ± 0.024 0.9709

Age  Intercept 5.716 ± 0.766
Per year increase −0.041 ± 0.013 0.00268†

S

2
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n
a
m
a
p
p
o
O
i

.D., standard deviation.
a Significant values are shown in bold: †P < 0.05; **P  < 0.01.

.2. Measurement of voriconazole plasma levels

VCZ trough plasma levels were determined using a two-
imensional high-performance liquid chromatography–tandem
ass spectrometry (2D LC-MS/MS) detection method developed

n our laboratory. The LC-MS/MS system comprised a quater-
ary and a binary pump (LC-20AD/AB; Shimadzu, Kyoto, Japan),
n auto sampler (SIL-20ACHT; Shimadzu), a column compart-
ent and a 4000QTRAP tandem mass spectrometer equipped with

 Turbo Ion Spray® source (AB Sciex, Les Ulis, France). Sample
reparation included protein precipitation by mixing 100 �L of

lasma with 200 �L of reagent containing a structural analogue
f VCZ as an internal standard (VCZ-d5 1 �g/mL in acetonitrile).
ne microlitre of the deproteinised supernatant was  directly

njected into the chromatographic system. The LC-integrated online
sample clean-up was performed using a perfusion column (POROS
R2/20, 2.1 mm × 30 mm;  Applied Biosystems, Waltham, MA) and a
loading phase composed of 15 mM  ammonium acetate in water.
Chromatographic separation was  achieved on an AlltimaTM HP
C18 HL (3 �m,  50 mm × 2.1 mm;  Alltech, Grace Discovery Sciences,
Columbia, MD)  at 60 ◦C and the mobile phase consisted of a mix-
ture methanol/ammonium acetate 10 mM buffer + 0.1% acetic acid
(97/3, v/v, respectively) at an isocratic flow rate of 0.2 mL/min.
Following optimisation of the MS/MS  system parameters, VCZ
detection and quantification were performed in the multiple reac-
tion monitoring mode (MRM)  using the protonated [M+H]+ VCZ

and VCZ-d5 as precursor ions (m/z 350 and 355, respectively).
The ion transitions monitored were m/z  350.0 → 126.9 and m/z
350.0 → 281.0 for quantitation and confirmation of VCZ, respec-
tively. The analytical assay was validated according to the US Food
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nd Drug Administration (FDA) guidelines for bioanalytical method
alidation and met  all of the required quality criteria, including:
electivity; between- and within-assay accuracy and precision;
inearity; upper/lower limits of quantification assessment; matrix
ffect evaluation; and stability. The lower limit of quantification of
he assay was 0.1 �g/mL and the upper limit of quantification was
0 �g/mL.

.3. CYP2C19 genotyping

Genomic DNA from whole blood was isolated using a QIAamp®

NA Blood Mini Kit (QIAGEN, Les Ulis, France) according to the
anufacturer’s instructions. CYP2C19 genotyping for rs4244285
>A (CYP2C19*2) and rs12248560 C>T (CYP2C19*17) was carried
ut by TaqMan® allelic discrimination assays (C 25986767 70
nd C 469857 10, respectively) on an ABI PRISM 7000 Sequence
etection System (Applied Biosystems). Direct sequencing was
sed to validate internal quality controls corresponding to
enomic DNA of each genotype. Amplification of sequences
ontaining the target alleles was conducted using the following
rimers pairs: forward 5′-TCTCTTGTCAGAATTTTCTTTCTCAA-
′/reverse 5′-TGAATCACAAATACGCAAGCA-3′ for the *2 allele;
nd forward 5′-ATCTCTGGGGCTGTTTTCCT-3′/reverse 5′-
CGTGAAGGCAGGAATTGTT-3′ for the *17 allele. Whilst there
re other loss-of-function alleles in CYP2C19, we did not genotype
or these due to their rare minor allele frequencies. The wild-type
orm of the gene lacking *2 and *17 alleles is represented by
YP2C19*1.

.4. Statistical analysis

The impact of CYP2C19 genotype on VCZ dose and exposure
dose per kg, C0/dose/kg and C0) was investigated by linear mixed-
ffect regressions using the lme4 R package (R Foundation for
tatistical Computing; http://www.r-project.org). Random effects
ere included on both the intercept and the time (visit) covariate

o take into account variability over time. Covariates included age,
YP2C19*17, CYP2C19*2,  per intervisit delay, total plasma proteins,
eight and concomitant use of CYP450 inducers and/or inhibitors.

n a first step, each covariate was tested as a fixed effect in uni-
ariate analysis and those characterised by a P-value of <0.1 were
ncluded in intermediate models. The final model was  selected
sing a backward stepwise process based on the likelihood ratio
est. The Shapiro–Wilk normality test was used to assess the dis-
ribution of VCZ doses required to achieve the targeted plasma
oncentrations. Statistical analyses were performed with R soft-
are v.3.2.1 (R Foundation for Statistical Computing).

.5. Pharmacokinetic modelling

A population pharmacokinetic model was developed from
ata obtained in 40 patients from whom more than one sam-
le was taken. C0 and C2 levels were obtained in 37 patients,
hilst full pharmacokinetic profiles (trough, 2, 4, 6, 8 and 10 h

evels) were performed in 3 individuals that represented dif-
erent CYP2C19 genotypes (*1/*1, *1/*2 and *1/*17).  A simple
ne-compartment non-parametric population pharmacokinetic
odel with first-order absorption and elimination was developed

sing the Pmetrics package of the statistical software R v.3.2.1 [17].
opulation pharmacokinetic parameters including apparent oral
learance (CL), elimination half-life (t1/2), apparent volume of dis-
ribution (Vd), elimination rate constant (Ke) and area under the

oncentration–time curve (AUC) were compared between geno-
ype groups. A combined error model was used to describe the
esidual variability. Median and interquartile range were calculated
or CL.
ntimicrobial Agents 47 (2016) 124–131

3. Results

3.1. Therapeutic drug monitoring of voriconazole

Among 207 levels from 67 patients, the mean VCZ trough level
was 2.50 ± 1.96 �g/mL and the mean VCZ dose was 210 ± 54 mg
twice daily. Trough concentrations with respect to the defined
range were subtherapeutic for 78 samples (37.7%), supratherapeu-
tic for 34 samples (16.4%) and within the target range for 95 samples
(45.9%). VCZ doses required for achieving target concentrations
ranged from 1.1 mg/kg to 10.6 mg/kg twice daily. The frequency
distribution of doses for the samples within the target range was
not normally distributed, suggesting a multimodal distribution of
drug disposition (P < 0.0001) (Fig. 2).

3.2. CYP2C19 genotyping

CYP2C19 genotype was determined in 37 patients, correspond-
ing to 116 TDM samples. The baseline characteristics of the five
genotype groups are displayed in Table 1. The allele frequencies of
the CYP2C19*17 and *2 alleles were 49% and 20%, respectively. Two
individuals (five samples), heterozygous for both CYP2C19*2 and
CYP2C19*17, were excluded from the analyses (Fig. 1).

3.3. Voriconazole dose requirements and exposure according to
CYP2C19 genotype

Observed VCZ trough concentrations correlated with the
CYP2C19 polymorphic alleles (Fig. 3A). The gain-of-function allele
CYP2C19*17 was  associated with significantly lower trough concen-
trations and more frequent subtherapeutic levels in CYP2C19*1/*17
and *17/*17 versus CYP2C19*1/*1 patients, respectively (P < 0.001)
(Fig. 3; Table 2). The loss-of-function allele CYP2C19*2 was associ-
ated with significantly higher trough levels in CYP2C19*2/*2 carriers
(P = 0.00626), but not for CYP2C19*1/*2 in the final multivariate
model (Fig. 3; Table 2). CYP2C19*2 was  associated with increased
trough levels versus CYP2C19*1/*1 (Fig. 3A).

Mean twice-daily VCZ doses required to achieve levels within
the target range were higher in CYP2C19*17 allele carriers
and demonstrated an allelic dose effect: 2.57 ± 0.25 mg/kg for
CYP2C19*1/*1 compared with 3.94 ± 0.39 mg/kg for CYP2C19*1/*17
(P < 0.001) and 6.75 ± 0.54 mg/kg for CYP2C19*17/*17 (P < 0.0001),
respectively (Fig. 4). The mean concentration-to-dose ratio in these
patients was 1.51, 0.34 and 0.22 for CYP2C19*1/*1,  CYP2C19*1/*17
and CYP2C19*17/*17, respectively (Fig. 3B; Table 2). CYP2C19*17
allele carriers required a mean VCZ dose of 4.76 ± 0.47 mg/kg
twice daily compared with 3.03 ± 0.36 mg/kg for *2 carriers. No
significant decrease was observed in doses needed to target the
therapeutic range in CYP2C19*2 allele carriers versus CYP2C19*1/*1
following multivariate analysis (Table 2; Fig. 4).

3.4. Voriconazole pharmacokinetics according to CYP2C19
genotype

With respect to the population pharmacokinetic model, indi-
vidual predicted plasma concentrations (iPRED) as a function of
observed concentrations, normalised residues as a function of
iPRED, and examples of individual fits showed that the developed
model adequately fit the data with a bias of 1.50% and a root-mean-
square error of 12.30% (Fig. 5).

The pharmacokinetic model was applied to the genotyped
patients: parameter estimates from the non-compartmental-

analysis and associated standard errors are shown in Table 3.
Among the three groups, all pharmacokinetic parameters corre-
lated with CYP2C19 allele carriage. In the CYP2C19*1*1 group, the
mean VCZ pharmacokinetic parameters were: CL = 4.52 ± 1.16 L/h;
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e = 0.07 ± 0.01 h−1; and t1/2 = 12.57 ± 0.80 h. CYP2C19*17 carriers
emonstrated increased VCZ CL and Ke and decreased t1/2. Con-
ersely, parameters for carriers of CYP2C19*2 were in the direction
f a loss-of-function effect (Table 3).

. Discussion

Despite its efficacy, clinical use of oral VCZ is complicated by
ts narrow therapeutic range and considerable systemic interindi-
idual variability. In the present work, we demonstrate that the
YP2C19*17 allele is an important determinant of clearance, in line
ith the findings of other authors [3,12,14,18]. To our knowledge,

his report is the first to correlate CYP2C19 genotype with VCZ expo-
ure in adults and to use this information to individualise dosing.
Poor outcomes are observed in patients with VCZ trough levels
elow 1 �g/mL [5,7,9,11]; this is a frequent occurrence and is a
ajor contributor to treatment failure [12,19]. When genotyping
as not performed, 47% of trough concentrations were within the
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therapeutic range. CYP2C19 genotype influenced the dose required
to achieve therapeutic concentrations up to 10-fold.

Low drug concentrations were observed among CYP2C19*17 car-
riers. The data presented led us to suggest that oral doses of VCZ
initiated at 2.5, 4 and 6 mg/kg every 12 h might better achieve tar-
get levels in adult *1/*1, *1/*17 and *17/*17 carriers, respectively.
Early CYP2C19 genotyping may  help clinicians in initial dose selec-
tion and result in a higher proportion of concentrations within
therapeutic targets.

High VCZ trough concentrations have been associated with
an increased risk of neurological and hepatic adverse events
[4,7,9]. Individuals carrying CYP2C19 loss-of-function alleles
exhibit elevated VCZ concentrations compared with wild-type and
CYP2C19*17 carriers [4,9]. A recent report described increased tox-
icity symptoms among intermediate metabolisers determined by
genotype, which in the studied cohort represented CYP2C19*2
and *3 carriers [20]. We likewise observed elevated VCZ trough
concentrations among CYP2C19*2 carriers compared with wild-
type carriers. Nevertheless, the proportion of individuals with
supratherapeutic levels and the doses required to achieve ther-
apeutic levels were not significantly different compared with
individuals expressing a functional enzyme. No adverse events such
as visual disturbances or altered liver function were observed in
the studied population. This might be due to insufficient power
given relatively few CYP2C19*2 carriers (six heterozygous and one
homozygous individuals).

Similar results were recently reported in paediatric cancer
patients. The authors suggest that starting doses based on age and
CYP2C19 genotype could facilitate dosing, especially in CYP2C19*17
allele carriers [21]. Although there are marked differences in VCZ
pharmacokinetics between children and adults [21–23], the data
from this study are consistent with these findings.

Since its approval by the FDA and the European Agency for
the Evaluation of Medicinal Products in 2002, VCZ has been com-
mercially available orally and intravenously. The oral route is
characterised by high bioavailability (>90%), without marked delay
to peak concentrations, thus similar dose adjustments would be
expected between the two  formulations. Contrary to the i.v. route,

labelling for the oral formulation does not recommend dosing based
on weight in adults. As is proposed for children and for the i.v.
route, we  suggest weight-adjusted oral VCZ starting doses based
on CYP2C19 genotype to achieve adequate trough concentrations
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Table  3
Univariate and multivariate linear mixed-effects regression analyses investigating the influence of covariates on voriconazole pharmacokinetic parameters (CL, t1/2 and Ke).

Covariate Category Univariate analysis Multivariate final model

 ̌ coefficient (±S.D.) P-valuea Adjusted  ̌ coefficient (±S.D.) Adjusted P-valuea

CL (L/h)
CYP2C19*17 (rs12248560) Intercept 4.516 ± 1.162 8.137 ± 1.534

*1/*17 vs *1/*1 5.006 ± 1.479 0.0010** 4.358 ± 1.490 0.00419**
*17/*17 vs *1/*1 6.985 ± 2.053 0.000954** 6.435 ± 2.027 0.00194**

CYP2C19*2 (rs4244285) *1/*2 vs *1/*1 −3.080 ± 1.911 0.0109905† −3.869 ± 1.922 0.04652†

*2/*2 vs *1/*1 −3.914 ± 3.376 0.249046
Time Intercept 9.725 ± 1.251

Intervisit delay −1.063 ± 0.406 0.0102† −1.015 ± 0.372 0.00747**
CYP450 inducer combination Intercept 7.168 ± 1.585

Y  vs N −0.222 ± 1.772 0.901
CYP450 inhibitor combination Intercept 7.173 ± 1.175

Y  vs N −0.287 ± 1.473 0.846
Total plasma proteins Intercept 6.644 ± 6.025

Per g/L increase 0.178 ± 0.083 0.0359†

Age Intercept 11.409 ± 2.172
Per year increase −0.085 ± 0.040 0.034†

t1/2 (h)
CYP2C19*17 (rs12248560) Intercept 12.572 ± 0.803 9.227 ± 1.399

*1/*17 vs *1/*1 −3.365 ± 0.864 0.000171** −3.313 ± 0.853 0.000179**
*17/*17 vs *1/*1 −3.394 ± 1.196 0.005454** −2.730 ± 1.210 0.026221†

CYP2C19*2 (rs4244285) *1/*2 vs *1/*1 2.568 ± 1.116 0.023336† 2.541 ± 1.0991 0.022744†

*2/*2 vs *1/*1 3.266 ± 1.963 0.099201
Time Intercept 8.572 ± 0.752

Intervisit delay 0.829 ± 0.244 0.00095**
CYP450 inducer combination Intercept 11.651 ± 1.122

Y  vs N −0.334 ± 1.063 0.7540
CYP450 inhibitor combination Intercept 11.184 ± 0.879

Y  vs N 0.301 ± 0.884 0.7340
Total plasma proteins Intercept 22.672 ± 3.529

Per g/L increase −0.152 ± 0.048 0.00227**
Age  Intercept 6.521 ± 1.292

Per year increase 0.080 ± 0.024 0.000881** 0.055 ± 0.021 0.012256†

Ke (h−1)
CYP2C19*17 (rs12248560) Intercept 0.066 ± 0.007 0.091 ± 0.008

*1/*17 vs *1/*1 0.028 ± 0.008 0.000414** 0.025 ± 0.008 0.00161**
*17/*17 vs *1/*1 0.032 ± 0.011 0.003301** 0.029 ± 0.011 0.00699**

CYP2C19*2 (rs4244285) *1/*2 vs *1/*1 −0.021 ± 0.010 0.037443† −0.025 ± 0.010 0.01683†

*2/*2 vs *1/*1 −0.026 ± 0.018 0.146351
Time Intercept 0.098 ± 0.007

Intervisit delay −0.007 ± 0.002 0.00302** −0.006 ± 0.002 0.01034†

CYP450 inducer combination Intercept 0.077 ± 0.009
Y  vs N 5.19e−04 ± 0.009 0.956

CYP450 inhibitor combination Intercept 0.079 ± 0.007
Y  vs N −0.003 ± 0.008 0.743

Total plasma proteins Intercept −0.013 ± 0.031
Per g/L increase 0.001 ± 4.31e−04 0.00674**

Age  Intercept 0.112 ± 0.012
Per year increase −5.87e−04 ± 2.10e−04 0.00621**

C ; S.D., 

[
i
r

c
a
y
f
[
e
t
a
C
s
a
6
f

L, apparent oral clearance; t1/2, elimination half-life; Ke, elimination rate constant
a Significant values are shown in bold: †P < 0.05; **P < 0.01.

21–23]. Although the present drug information label includes
nstruction regarding CYP2C19 loss-of-function alleles, information
egarding the frequent CYP2C19*17 allele is lacking.

Other proteins may  influence VCZ disposition and clinical out-
omes, however their genes have not received the same attention
s CYP2C19. VCZ N-oxidation and 4-hydroxylation is partially catal-
sed by CYP3A4 and CYP3A5: the genes for these enzymes harbour
requent variants that may  likewise impact VCZ pharmacokinetics
24,25]. The functional consequences of polymorphisms in these
nzymes are not always clear and these do not necessarily impact
he coding sequence. An example is the purported loss-of-function
llele CYP3A4*22.  CYP3A5 is expressed only in carriers of at least one
YP3A5*1 allele: when expressed, this enzyme is expected to reduce

ystemic concentrations of substrates, including VCZ [25,26]. This
llele exhibits a differential frequency between ethnic groups: ca.
5% in Africans, 25–40% in Asians and 5–30% in Caucasians. A three-
old higher increase in VCZ AUC is expected in CYP3A5*3/*3 carriers,
standard deviation.

which lack a functional enzyme, compared with CYP3A5*1 carriers,
based on in vitro work [25].

Flavin-containing monooxygenase enzymes, namely FMO1 and
3, catalyse ca. 25% of the total VCZ metabolism [27,28]. At present,
genetic polymorphisms of FMO  are not well characterised and their
impact on VCZ pharmacokinetics remains to be addressed by fur-
ther studies, particularly in adults.

Variability in VCZ trough concentrations may be influenced by
co-medications such as alternative co-substrates of metabolising
enzymes, inducers or inhibitors. CYP inducers such as rifabutin,
rifampicin or steroids can reduce VCZ levels [4]. CYP2C19 sub-
strates and/or inhibitors, including proton pump inhibitors (PPIs),
may  increase VCZ concentrations. PPIs did not cause significantly

decreased VCZ metabolism in a large series of VCZ samples,
although this was a retrospective evaluation [4]. We  retrospectively
analysed the medical records of included patients and found no
concomitant administration with potent CYP inducers or inhibitors,
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ncluding rifampicin, human immunodeficiency (HIV) antivirals
rugs, carbamazepine or St John’s Wort, nor evidence for a sig-
ificant effect of PPIs and steroids between the distinct genotype
roups.

. Conclusions

Targeting an appropriate therapeutic range is challenging with
CZ, and the use of optimal TDM together with pharmacogenomic

nformation could improve patient outcomes [29]. CYP2C19*17
as found to be significantly associated with VCZ exposure and

he dose required to achieve effective and non-toxic concentra-
ions in patients with IFIs. We  suggest that dose adjustment based
n early CYP2C19 genotyping, together with TDM and/or assess-
ent of VCZ/N-oxide VCZ ratio may  improve clinical outcomes

nd help to determine the cause of frequently observed subther-
peutic VCZ concentrations. Furthermore, genotyping costs are
elatively accessible (ca. D 75 or US$80) [30]. The prospective vali-
ation of predictive oral VCZ doses based on CYP2C19 genotype,
CZ/metabolite ratio, weight and trough concentration is currently
nder way in a larger series of patients at our centre.
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