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Abstract

Aim—Our objective was to describe the association between voriconazole concentrations and

CYP2C19 diplotypes in pediatric cancer patients, including children homozygous for the

CYP2C19*17 gain-of-function allele.

Materials & methods—A linear mixed effect model compared voriconazole dose-corrected

trough concentrations (n = 142) among CYP2C19 diplotypes in 33 patients (aged 1–19 years).

Voriconazole pharmacokinetics was described by a two-compartment model with Michaelis

−Menten elimination.

Results—Age (p = 0.05) and CYP2C19 diplotype (p = 0.002) were associated with voriconazole

concentrations. CYP2C19*17 homozygotes never attained therapeutic concentrations, and had

lower dose-corrected voriconazole concentrations (median: 0.01 µg/ml/mg/kg; p = 0.02) than

CYP2C19*1 homozygotes (median: 0.07 µg/ml/mg/kg). Modeling indicates that higher doses may

produce therapeutic concentrations in younger children and in those with a CYP2C19*17/*17

diplotype.

Conclusion—Younger age and the presence of CYP2C19 gain-of-function alleles were

associated with subtherapeutic voriconazole concentrations. Starting doses based on age and
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CYP2C19 status could increase the number of patients achieving therapeutic voriconazole

exposure.
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Background

Pediatric cancer patients who experience prolonged periods of immunosuppression caused

by myeloablative hematopoietic stem cell transplantation or myelosuppressive

chemotherapy are highly susceptible to invasive fungal infections [1–3] . Voriconazole is a

triazole antifungal agent that has potent activity against a broad spectrum of clinically

important pathogens, and is recommended as a primary treatment for invasive aspergillosis

in immunocompromised patients [4–8]. Because invasive fungal infections are associated

with significant morbidity and mortality, promptly attaining therapeutic voriconazole plasma

concentrations is imperative for achieving a favorable response [9–11]. An initial low

voriconazole plasma concentration, even when therapeutic drug monitoring is subsequently

utilized to target a specific concentration, may be a risk factor for increased mortality [12].

However, elevated voriconazole concentrations can result in adverse effects such as

neurotoxicity and hepatotoxicity [13–17]. Pediatric patients have large interindividual

variation in voriconazole pharmacokinetic parameters, which may contribute to delays in

achieving appropriate voriconazole concentrations [3,7,18,19]. Identifying patient

characteristics, such as genetic variants in pharmacogenes, that influence voriconazole

plasma concentrations will facilitate the individualization of voriconazole dosing, allowing

for faster achievement of therapeutic concentrations.

Voriconazole exhibits nonlinear pharmacokinetics, possibly due to saturable metabolism

[3,18,20–22]. Children have lower voriconazole plasma concentrations than adults when

administered weight-equivalent doses, which may be partially explained by decreased

voriconazole oral bioavailability in children [22–24]. The role of gastrointestinal

transporters or metabolism in voriconazole absorption is not clear [21]. Age-dependent

differences in voriconazole plasma concentrations are also explained by pediatric patients

having a higher elimination capacity of voriconazole due to increased voriconazole

metabolism [3,7,19,25]. Voriconazole is metabolized by CYP2C19, CYP3A4, and to a

lesser extent by CYP2C9, to compounds that have minimal antifungal activity [22,26].

CYP2C19 and FMO3 have been demonstrated to contribute to voriconazole metabolism in

human liver microsomes [3,26,27]. CYP2C19 is a highly polymorphic pharmacogene, and

genetic variants in the CYP2C19 gene locus may alter CYP2C19 substrate metabolism

resulting in interindividual phenotypic variability [28–30]. Therefore, CYP2C19 genetic

variants may have a clinically important impact on voriconazole concentrations in pediatric

patients [3,31].

Limited data are available describing the correlation between CYP2C19 genetic variants and

voriconazole plasma concentrations in pediatric patients [3,18,19,31]. CYP2C19 diplotypes

predictive of intermediate or poor metabolism have been demonstrated to be associated with

elevated voriconazole plasma concentrations when compared with pediatric patients with
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normal (extensive) CYP2C19 metabolism [3,31]. However, other studies have suggested

that CYP2C19 polymorphisms may not be predictive of voriconazole plasma concentrations

in a clinical setting [18,19]. Previous investigations either did not include patients who

carried the CYP2C19*17 allele, which is responsible for CYP2C19 ultrarapid metabolism,

or combined extensive and ultrarapid metabolizers into one category. Therefore, there is a

lack of data in pediatric patients to illustrate whether CYP2C19 ultrarapid metabolizers have

decreased voriconazole plasma concentrations with standard doses. In this retrospective

study focusing on immunocompromised pediatric patients, we present data describing the

correlation between voriconazole plasma concentrations and CYP2C19 diplotypes that are

representative of all four phenotypic groups (i.e., ultrarapid, extensive, intermediate and

poor metabolizers), including individuals homozygous for the CYP2C19*17 gain-of-

function allele.

Materials & methods

Study design & patient population

This study was designed as a single-center retrospective review focusing on

immunocompromised patients with cancer treated at St Jude Children’s Research Hospital

(TN USA). Patients were prescribed voriconazole for either antifungal prophylaxis or

treatment of an invasive fungal infection. Every patient genotyped for CYP2C19 who was

prescribed oral voriconazole prior to 20 March 2013 and had at least one voriconazole

plasma trough concentration determined was eligible for study inclusion. Any patient with

an ambiguous CYP2C19 diplotype or any patient carrying a CYP2C19 allele of

uncharacterized enzymatic function was excluded owing to the inability to clearly assign a

phenotype. Individual voriconazole plasma trough concentrations were excluded if the

concentration was obtained while a patient was on continuous oral feeds, the voriconazole

concentration was not a trough, or the voriconazole concentration was not obtained at steady

state. To be considered a trough concentration, the blood sample for voriconazole analysis

must have been obtained within 2 h of the scheduled trough. Patients were considered to be

at steady state after 5 days of voriconazole treatment without a loading dose or after 2 days

of treatment following a loading dose [22]. Five individuals received intravenous

voriconazole before being switched to an oral formulation; these patients must have been

taking oral voriconazole for at least 2 days for the trough concentrations to be considered for

analysis. The initial recommended voriconazole maintenance dose in patients 12 years of

age and older was 400 mg/day (200 mg administered twice daily) [32–35], and in those less

than 12 years of age the initial recommended voriconazole maintenance dose was 14

mg/kg/day (7 mg/kg administered twice daily) [23,32,34,36,37]. Although patients were

counseled not to take oral voriconazole within 2 h of food, confirmation of the timing of

voriconazole administration in relation to meals was not available. All patients were enrolled

on an institutional review board-approved research protocol, Pharmacogenetic Determinants

of Treatment Response in Children (PGEN5).

Every voriconazole plasma trough concentration (µg/ml) and the corresponding daily dose

(mg/kg) was recorded along with the covariates age, ancestry, gender, and any prescribed

drug documented to alter voriconazole plasma concentrations [4,22,38,39]. Ancestry was
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determined using DMET Plus (Affymetrix, CA, USA) genotyping results by applying a

naive Bayesian classifier to cluster patients into four major groups (i.e., African, Asian,

European or Hispanic ancestry) based on population-specific allele frequencies provided by

Affymetrix. A particular ancestry group was assigned if the posterior probability was greater

than 90%.

Genotyping & phenotype assignment

Genotyping was performed at the Medical College of Wisconsin (WI, USA) in a Clinical

Laboratory Improvement Amendments-certified laboratory using the DMET Plus array.

Previously, the DMET Plus genotyping results were demonstrated to be concordant with

orthogonal genotyping methods [40]. DMET Plus interrogates 18 CYP2C19 genetic

variants, which are translated into 16 possible CYP2C19 star (*)-alleles using the DMET

Console Software (version 1.2; Affymetrix). Four CYP2C19 star-alleles (CYP2C19*1, *2A,

*2B and *17) were observed in the patients meeting inclusion criteria. CYP2C19*1 is

assigned by default when no genetic variants are detected, CYP2C19*2A is defined by

rs4244285 (c.681G>A), CYP2C19*2B is defined by rs4244285 (c.681G>A) and rs17878459

(c.276G>C) and CYP2C19*17 is defined by rs12248560 (c. −806C>T). Nucleotide

coordinates are annotated to GenBank CYP2C19 mRNA sequence M61854.1[41].

CYP2C19 phenotype assignment was based on Clinical Pharmacogenetics Implementation

Consortium guidelines [28,30]. Patients with a CYP2C19*17/*17 or *1/*17 diplotype are

predicted to be ultrarapid metabolizers, CYP2C19*1/*1 patients are predicted to be

extensive metabolizers, patients with either a CYP2C19*1/*2A or *1/*2B diplotype are

predicted to be intermediate metabolizers, and patients with a *2A/*2A diplotype are

predicted to be poor metabolizers. Extensive metabolizers are considered to have normal, or

wild-type, CYP2C19 metabolic activity.

Analysis of voriconazole plasma concentrations

Except for one sample, voriconazole plasma concentrations were measured at St Jude in a

Clinical Laboratory Improvement Amendments-certified laboratory by reverse-phase HPLC

with UV detection. Samples underwent liquid–liquid extraction in methyl tert-butyl ether

and evaporation under nitrogen, followed by reconstitution in a mobile phase consisting of

20 mM sodium acetate (pH 4.88) in acetonitrile at a ratio of 49:51 (v:v). Analytical

chromatography was performed by injecting the samples onto a YMC™C8 (YMC America,

Inc. PA, USA) reverse phase column (150 mm × 4.6 mm, 3.0 µm particle size) at a flow rate

of 1.0 ml/min and a temperature of 35°C using isocratic elution as the mode of separation.

Voriconazole concentrations were calculated by comparing the peak height ratio of the drug

with the internal standard ketoconazole against a four-point calibration curve. The lower

limit of voriconazole detection was 0.025 µg/ml and the upper limit of detection was 30

µg/ml. As part of our validation process, selected patient samples (n = 23) were measured in

our laboratory and were also sent to an external reference laboratory (ARUP Laboratories,

UT, USA) that used liquid chromatography– tandem mass spectrometry (LC–MS/MS). The

median percentage difference between measurements using the two methods was 6% (range:

0.3–21; n = 23). One sample was analyzed outside of St Jude by a reference laboratory that

used HPLC for analysis.
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Pharmacokinetic analysis

For purposes of estimating doses needed to achieve therapeutic concentrations, a two-

compartment nonlinear pharmacokinetic model with Michaelis–Menten elimination was

used to describe the pharmacokinetics of voriconazole, as has been used previously

[23,36,42,43]. Because only voriconazole plasma trough concentrations were measured in

this study, the absorption rate (Ka), bioavailability (f), Michaelis–Menten half-saturation

(Km), volume of distribution of the peripheral compartment (Vp), and intercompartmental

clearance (Q) values were obtained from a previously reported voriconazole population

pharmacokinetic analysis [23]. The volume of the central compartment (V) and Michaelis–

Menten maximum activity (Vmax) along with interindividual and interoccasion variability

were estimated using nonlinear mixed-effects modeling as implemented in Monolix (V4.2).

The covariate effects of age and CYP2C19 diplotype were included in the parameter Vmax.

The model was internally tested to determine how well the post hoc estimated

pharmacokinetic parameters could predict trough concentrations at higher doses.

Specifically, for those patients who had multiple voriconazole trough concentrations

reported, we used each patient’s post hoc estimated pharmaco kinetic parameters determined

at each of their lower voriconazole doses to predict the trough concentration at the highest

prescribed dose. The predicted trough concentrations were then compared with observed

trough concentrations corresponding to the highest prescribed voriconazole dose. Simulation

studies using each individual’s post hoc estimated pharmacokinetic parameters were used to

determine a voriconazole dose for each diplotype/age group that increased the percentage of

predicted day 5 voriconazole trough concentrations within the goal therapeutic range of 1–6

µg/ml relative to a fixed dose.

Statistical analysis

The χ2 test was used to compare patient characteristics between age groups. A linear mixed-

effects model was used to compare the relationship between CYPC19 diplotypes and

voriconazole trough concentrations corrected for daily voriconazole dose. Linear mixed-

effects modeling of all the log2 transformed voriconazole trough concentrations corrected

for daily dose was also used to identify covariates (age, ancestry, gender, CYP2C19

diplotype and interacting drugs) that may influence voriconazole plasma concentrations,

with CYP2C19 diplotypes treated as an ordinal variable. For pharmacokinetic analysis, the

McNemar’s χ2 test was used to compare the number of voriconazole troughs predicted to be

within the therapeutic range based on extrapolated doses versus the observed number of

voriconazole troughs in the therapeutic range. The significance of covariates that may affect

Vmax was determined using the χ2 test (to compare the difference in the −2 log-likelihood

between the two hierarchical models) and the t-test (to determine if the covariate term was

significantly different from zero).

Results

The clinical and demographic characteristics of the 33 patients who qualified for this study

are summarized in Table 1. The study population was stratified by age (i.e., <12 years and

>12 years) to determine if there was equal representation of younger and older patients

among the covariates ancestry, gender and CYP2C19 diplotypes. There were no significant
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differences between the two age groups in any of the covariates. Overall, 58% of patients

were 11 years of age and younger and 42% of patients were 12 years or older. The observed

allele frequencies for CYP2C19*1, *2 and *17 were 59.1, 16.7 and 24.2%, respectively.

Based on average allele frequencies observed in European, Hispanic and African ancestry

groups, the expected allele frequencies of our patient population for CYP2C19*1,*2 and *17

is approximately 64, 15 and 20%, respectively [28].

The voriconazole doses administered ranged from 2.6 to 41.2 mg/kg/day among those aged

less than 12 years; doses ranged from 3.6 to 16.1 mg/kg/day for those children aged 12 years

or older (Table 2). A total of 142 voriconazole plasma trough concentrations were analyzed,

with a median of three voriconazole concentrations per patient (range: 1–15). The

relationship between individual voriconazole trough concentrations corrected for the daily

voriconazole dose and CYP2C19 diplotypes is depicted in Figure 1. Patients homozygous

for CYP2C19*17 had lower dose-normalized trough voriconazole concentrations (median:

0.01 µg/ml/mg/kg; range: 0.002–0.05; p = 0.02) and patients with a CYP2C19*1/*2A,

*1/*2B diplotype (median: 0.14 µg/ml/mg/kg; range: 0.004–1.24; p = 0.04) or

CYP2C19*2A/*2A diplotype (median: 0.62 µg/ml/mg/kg; range:0.47–0.91; p = 0.04) had

higher dose-normalized trough voriconazole concentrations than those with a

CYP2C19*1/*1 diplotype (median: 0.07 µg/ml/mg/kg; range: 0.003–1.47). Patients

heterozygous for CYP2C19*17 did not have significantly lower dose-normalized trough

voriconazole concentrations (median: 0.05 µg/ml/mg/kg; range: 0.003–1.26; p = 0.95) than

those with a CYP2C19*1/ *1 diplotype.

Other antifungals (fluconazole and posaconazole), proton pump inhibitors (omeprazole and

pantoprazole) and steroids (dexamethasone, hydrocortisone and methylprednisolone) were

prescribed to patients included in this study, all of which may alter voriconazole plasma

concentrations. For approximately 7% of trough concentrations obtained from

CYP2C19*1/*17 or CYP2C19*1/*2A, *1/*2B patients, fluconazole or posaconazole was

coadministered with voriconazole; these agents were not concurrently taken with

voriconazole in CYPC19*1/*1 patients. Proton pump inhibitors were coadministered with

voriconazole for 58% of the trough concentrations obtained from CYP2C19*1/*17 patients,

24% of trough concentrations obtained from CYP2C19*1/*1 patients, and 39% of trough

concentrations obtained from CYP2C19*1/*2A, *1/*2B patients. Steroids were

coadministered with voriconazole for 11% of the trough concentrations obtained from

CYP2C19*1/*17 patients, 8% of trough concentrations obtained from CYP2C19*1/*1

patients, and 37% of trough concentrations obtained from CYP2C19*1/*2A, *1/*2B patients.

Although one might predict steroids would induce metabolism of voriconazole (and thus

decrease trough levels), those carrying a low function CYP2C19 allele still tended to have

higher trough concentrations despite a slightly higher frequency of steroid use. Those who

were either a CYP2C19*17 homozygote or CYP2C19*2A homozygote were not

administered any known CYP2C19 inducers or inhibitors. With this small sample size, a

multivariate analysis detected no significant effect of these medications, nor ancestry and

gender, on voriconazole trough concentrations corrected for daily dose, but CYP2C19

diplotype and age did have a significant impact (Table 3). Consistent with the previously

established relationship between older age and voriconazole plasma concentrations, there
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was a correlation between age and higher voriconazole trough concentrations corrected for

daily dose (Figure 2) [3,21,24,36].

Voriconazole plasma trough concentrations between 1 and 6 µg/ml were considered to be

therapeutic. Therapeutic voriconazole concentrations were not observed in any of the four

patients homozygous for CYP2C19*17 (Figure 3A); however, increasing the voriconazole

dose in these patients yielded higher voriconazole concentrations than did lower doses

(Figure 3B), suggesting that higher voriconazole doses may overcome ultrarapid metabolism

caused by the CYP2C19*17 allele. Approx- imately 38% of patients heterozygous for

CYP2C19*17 had a mean voriconazole concentration that was sub-therapeutic, and 27% of

CYP2C19*1 homozygotes had a mean concentration that was subtherapeutic. Because only

one patient was homozygous for CYP2C19*2A, the CYP2C19*1/*2A, *1/*2B and *2A/*2A

diplotype groups were combined for determining the number of patients outside therapeutic

voriconazole trough concentrations. None of the patients with these diplotypes had a mean

voriconazole concentration that was sub-therapeutic, with one patient having a

supratherapeutic concentration (Figure 3A).

The population pharmacokinetic model, using the parameters in Table 4, resulted in a

relationship between the observed trough concentrations and the predicted trough

concentrations with an r2 = 0.97, p < 10−3, and a relative mean absolute error (expressed as a

percentage of the predicted concentration) of 19%. Consistent with the observed

voriconazole trough concentrations, the population pharmacokinetic parameter Vmax

decreased with age (p < 1 × 10−7) and was significantly higher in the CYP2C19*17/*17

patients (p = 0.002; Table 4). Internal testing of our population pharmacokinetic model was

performed by using post hoc estimated pharmacokinetic parameters determined at lower

voriconazole doses to predict trough concentrations at the highest prescribed doses.

Comparing predicted voriconazole concentrations to observed concentrations, our

population pharmacokinetic model predicted trough concentrations with a median error of

−0.3 µg/ml, a 26% error relative to observed concentrations.

Using each individual’s post hoc estimated pharmacokinetic parameters, a voriconazole

daily dose was extrapolated for each CYP2C19 diplotype/age group to increase the number

of voriconazole troughs predicted to be in the therapeutic range. Table 2 shows the median

(range) of the predicted trough concentrations based on these extrapolated doses. The

proportion of voriconazole troughs within the therapeutic range using extrapolated doses

(60%) was predicted to be higher (p < 0.03) than the proportion observed to be within the

therapeutic range with standard dosing (46.5%), while achieving fewer troughs (28%) below

the therapeutic range (compared with 44.4% observed) and maintaining a similar percentage

above the therapeutic range (12% compared with 9.2% observed). Considering the

CYP2C19*17/*17 patients, all 11 observed voriconazole troughs were less than 1 µg/ml

(median trough: 0.21 µg/ml). However, simulations using extrapolated doses (based on age

and diplotype) of 36 mg/kg/day for those less than 12 years of age and 28 mg/kg/day for

those 12 years of age or greater predicted that eight of the 11 trough concentrations (73%) in

this group would be in the therapeutic range (median trough = 0.88 µg/ml for age <12 years

and median trough = 1.76 µg/ml for age ≥12 years; Table 2), with three troughs predicted to

be below the therapeutic range.
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Based on population pharmacokinetic parameters (Table 4), voriconazole trough

concentrations for each CYP2C19 diplotype/age group were simulated for the initial

maintenance voriconazole doses currently used at St Jude (14 mg/kg/day for patients less

than 12 years of age and 400 mg/day for patients 12 years of age or greater; Figure 4) and

for the extrapolated voriconazole doses based on CYP2C19 diplotype and age (Figure 5).

The diplotype/age-based voriconazole extrapolated doses were predicted to yield a higher

percentage of trough concentrations in the therapeutic range than the predictions based on

the standard initial St Jude maintenance doses (p = 1 × 10−10).

Discussion

In both adult and pediatric populations, CYP2C19 intermediate and poor metabolizers have

been demonstrated to have elevated voriconazole plasma concentrations when compared

with extensive metabolizers [3,31,44–47]. However, the clinical importance of CYP2C19

phenotypic variability in relation to voriconazole treatment is controversial. It has been

proposed that in a clinical setting, covariates such as comorbidities or concomitant drugs

may diminish the influence of CYP2C19 polymorphisms on voriconazole concentrations

[18,19]. In our clinical setting, we were able to detect that CYP2C19 diplotype was

significantly associated with voriconazole plasma concentrations in immunocompromised

pediatric patients, even in the presence of covariates such as concomitantly administered

drugs. Individuals predicted to be CYP2C19 intermediate or poor metabolizers had higher

dose-corrected voriconazole trough concentrations versus extensive metabolizers, which is

consistent with a recent study in pediatric patients [31].

There are limited data in adults, and a lack of data in pediatrics, demonstrating that

CYP2C19 ultrarapid metabolizers have decreased voriconazole plasma concentrations when

compared with extensive metabolizers [46–49]. In a study of healthy Chinese adults, it was

shown that even those with only one CYP2C19*17 allele (CYP2C19*1/*17) had

approximately 50% lower voriconazole exposure versus CYP2C19*1 homozygotes [50].

Our data in a pediatric population demonstrates that the CYP2C19*17 allele is associated

with lower dose-corrected voriconazole trough concentrations when compared with

CYP2C19*1 homozygotes, especially in those homozygous for the CYP2C19*17 allele.

Because nontherapeutic voriconazole plasma concentrations are associated with unfavorable

treatment outcomes, we investigated whether CYP2C19 polymorphisms were correlated

with either supratherapeutic or subtherapeutic voriconazole concentrations [9–11,51]. A

therapeutic range for voriconazole has not been well defined, but generally trough plasma

concentrations less than 1 µg/ml have been associated with treatment failure and

concentrations greater than 6 µg/ml have been associated with adverse effects such as

neurotoxicity [9,10,14,38,52]. There is increasing evidence to support a minimum

therapeutic voriconazole concentration of 2 µg/ml [9,51,53], but for the purpose of our study

a trough concentration of 1 µg/ml was considered therapeutic. Only three patients in our

study had mean voriconazole concentrations above the therapeutic range, but the group most

likely to have supratherapeutic concentrations, CYP2C19 poor metabolizers, was not well

represented in this study. The four patients included in our study who were homozygous for

CYP2C19*17 never attained therapeutic voriconazole concentrations at any dosage.
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Additionally, every patient homozygous for CYP2C19*17 had an initial steady-state

voriconazole trough concentration that was less than 0.35 µg/ml, which may be a risk factor

for increased mortality [12] . Higher voriconazole concentrations were observed in

CYP2C19*17 homozygous patients with increased voriconazole doses (Figure 3B), although

doses as high as those predicted to be necessary to yield therapeutic voriconazole

concentrations (Table 2) were not used.

All children at least 12 years of age in this study weighed a minimum of 40 kg, therefore the

initial recommended voriconazole maintenance dose for our patients 12 years of age and

older in this study was 400 mg/day [32–35] with a recommended maximum daily dose of

600 mg/day [34]. In those less than 12 years of age, the initial recommended maintenance

dose is less clear with suggested maintenance doses ranging from 8 to 18 mg/kg/day [54,35].

There is evidence to support an initial voriconazole maintenance dose of 14 mg/kg/day in

patients less than 12 years of age [23,32,34–36], and this is generally the initial maintenance

dose utilized at St Jude. We used pharmacokinetic modeling for the purpose of extrapolating

a voriconazole dose predicted to achieve a plasma trough concentration of 1–6 µg/ml in

patients stratified by CYP2C19 diplotype and age (Table 2 & Figure 5) [23,36,42,41,36].

Because initial low voriconazole trough concentrations are associated with unfavorable

outcomes, a voriconazole starting dose high enough to achieve therapeutic concentrations

may be of benefit [12,51,53,55]. Our predictions suggest that, except for CYP2C19 poor

metabolizers, most children <12 years of age should receive starting doses of voriconazole

above the recommended dose of 14 mg/kg/day, and for all children, doses based on age and

CYP2C19 status should theoretically decrease variability in voriconazole trough

concentrations. For patients in our study who were CYP2C19*17 homozygotes, an

extrapolated voriconazole dose that is approximately three-times higher than the initial

recommended maintenance dose (14 mg/kg/day for those aged less than 12 years and 400

mg/day for those aged 12 years and older) was predicted to be necessary to yield a steady-

state trough concentration of 1–6 µg/ml. The extrapolated voriconazole dose for

CYP2C19*17 homozygotes aged 12 years and older in this study is similar to, though higher

than, the dose that was required (800 mg/day) to reach a trough concentration of 1–2 µg/ml

in an adolescent cystic fibrosis patient who was homozygous for CYP2C19*17 [46]. For the

purpose of pharmacokinetic modeling, the voriconazole dosage (Table 2) was expressed as

mg/kg/day in individuals aged 12 years and older. Because we stratified our patient

population by CYP2C19 diplotype and age we had relatively few patients in each CYP2C19

diplotype/age group. Other factors that may influence our population pharmacokinetic

model include the inability to determine if all patients were in a fasting state. Our patient

population ranged from 1 to 19 years of age. Younger individuals may have lower

voriconazole bioavailability [22–24], though it is unclear if decreased bioavailability is due

to increased CYP2C19 expression, differences in intestinal metabolism or drug transport, or

differences in hepatic blood flow [7,23]. Correlation of treatment outcomes or voriconazole-

induced adverse events with CYP2C19 diplotypes was not investigated in this retrospective

analysis.

Steroids may upregulate CYP2C19 expression through a glucocorticoid-response element

found in its promoter region, thereby resulting in decreased voriconazole concentrations
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[38,49,56], but in our study, steroid use was more common in the diplotypes with higher

voriconazole concentrations, suggesting that genotype may have been more important than

concurrent drug use in this case. Coadministration of voriconazole with CYP2C19 substrates

such as proton pump inhibitors or other antifungals may increase voriconazole plasma

concentrations due to competitive inhibition [38]; however, an analysis of over 3300

voriconazole concentrations obtained from 240 patients did not identify proton pump

inhibitors as a significant covariate influencing voriconazole metabolism [49]. Although

concurrent drugs are likely to interact with voriconazole, we found no evidence of

pharmacokinetic interactions in our study, though our study was not powered to detect such

differences. Similar to our study, an investigation of 406 voriconazole concentrations

obtained from 151 patients found that CYP2C19 genotype greatly influenced voriconazole

pharmacokinetics while proton pump inhibitors or steroids did not significantly influence

voriconazole concentrations, though study size hampered covariate analysis [57].

Nonetheless, steroids, proton pump inhibitors or other antifungals were not predictive of

voriconazole concentrations, whereas, in agreement with prior studies [3,21,24,36,51], age

and CYP2C19 status were.

Conclusion

In this relatively small cohort of immunosuppressed patients exposed to multiple

concomitant drugs, we found that CYP2C19 diplotype was significantly associated with

voriconazole trough concentrations in pediatric patients, even when adjusting for age and

other clinical covariates. We suggest that tailoring the starting dosage of voriconazole, based

on age and CYP2C19 diplotype, is a reasonable approach to attempt to reach therapeutic

voriconazole concentrations, particularly when accompanied by therapeutic drug monitoring

of voriconazole plasma concentrations.

Future perspective

There is a growing body of evidence demonstrating that CYP2C19 genetic variants and age

influence voriconazole plasma concentrations. There is substantial evidence for interpatient

variability, and for pharmacodynamic associations between response/toxicity and

voriconazole concentrations. Future evaluations of whether dosing based on age and

CYP2C19 status yields a higher proportion of patients being in the goal range for

voriconazole are needed.
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Executive summary

Background

• Pediatric patients have large interindividual variation in voriconazole

pharmacokinetic parameters, which may contribute to delays in achieving

therapeutic voriconazole trough concentrations.

• CYP2C19 is one of the main enzymes responsible for the metabolism of

voriconazole, and genetic variants in the CYP2C19 gene locus may alter

voriconazole metabolism thus contributing to the observed inter individual

variations in voriconazole trough concentrations.

Results

• CYP2C19*17 homozygotes had lower dose-corrected voriconazole trough

concentrations than extensive metabolizers (CYP2C19*1/*1) and never attained

therapeutic voriconazole trough concentrations

• Increasing the voriconazole dose in CYP2C19*17/*17 patients yielded higher

voriconazole concentrations, suggesting that higher voriconazole doses in these

patients may at least partly overcome their pharmacokinetic disadvantage.

• Intermediate and poor metabolizers (CYP2C19*1/*2A,*1/*2B) had higher dose-

corrected voriconazole trough concentrations than extensive metabolizers.

Conclusion

• CYP2C19 diplotypes were significantly associated with voriconazole trough

concentrations in pediatric patients, even when adjusting for age and other

clinical covariates.

• Our data support the utilization of CYP2C19 genotyping and age to

individualize starting doses of voriconazole.
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Figure 1. Linear mixed-effects model analysis of the relationship between CYP2C19 diplotypes
and voriconazole trough concentrations corrected for daily voriconazole dose
A total of 142 voriconazole trough concentrations grouped by CYP2C19 diplotype were

measured in 33 children, where (n) is the number of voriconazole concentrations measured

in each diplotype group.

EM: Extensive metabolizer; IM: Intermediate metabolizer; PM: Poor metabolizer; UM:

Ultrarapid metabolizer.
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Figure 2.
Correlation of age with voriconazole trough concentrations corrected for daily voriconazole

dose (r2 = 0.16; p < 0.05).
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Figure 3. Relationship between CYP2C19 diplotypes and voriconazole trough concentrations
(A) A scatter plot of the mean voriconazole trough concentration per patient versus the mean

voriconazole daily dose. Patients with a CYP2C19*17/*17 diplotype (predicted ultrarapid

metabolizers) are represented by black circles, patients with a CYP2C19*1/*17 diplotype

(predicted ultrarapid metabolizers) are represented by green squares, patients with a

CYP2C19*1/*1 diplotype (predicted extensive metabolizers) are represented by blue

triangles, and patients with a CYP2C19*1/*2A*1/*2B or *2A/*2A diplotype (predicted

intermediate or poor metabolizers) are represented by brown diamonds. The voriconazole

plasma concentrations located between the dotted lines are considered to be therapeutic

concentrations. (B) A plot of the first initial voriconazole trough concentration and the last

measured voriconazole concentration versus daily dose of the four CYP2C19*17

homozygous patients. Please see color figure at www.futuremedicine.com/doi/pdf/10.2217/

pgs.14.53
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Figure 4. Voriconazole trough concentrations observed for actual voriconazole doses prescribed
and percentage of patients in the goal therapeutic range of 1–6 µg/ml (shaded area)
Boxes indicate 25th to 75th percentile, and whiskers indicate the minimum and maximum

values.
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Figure 5. Simulated voriconazole doses based on age and CYP2C19 diplotype that are predicted
to result in trough concentrations in the therapeutic range of 1–6 µg/ml (shaded area)
Variability in each diplotype group is based on actual pharmacokinetic variability observed

in patients in each group. Boxes indicate 25th to 75th percentile, and whiskers indicate the

minimum and maximum values.
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Table 1

Patient characteristics (n = 33).

Characteristic All patients <12 years of age ≥ 12 years of age p-value

Gender, n (%)

Female 14 (42.4) 9 5 0.72

Male 19 (57.6) 10 9

Ancestry, n (%)

African 6 (18.2) 4 2 0.97†

European 23 (69.6) 12 11

Hispanic 2 (6.1) 2 0

Multiple race 2 (6.1) 1 1

CYP2C19 diplotype, n (%)

*17/*17 4 (12.1) 2 2 0.15‡

*1/*17 8 (24.3) 6 2

*1/*1 11 (33. 3) 8 3

*1/*2A*1/*2B 9 (27.3) 3 6

*2A/*2A 1 (3.0) 0 1

Primary diagnosis, n (%)

Acute lymphoblastic leukemia 12 (36.4) 7 5 0.48§

Acute myeloid leukemia 13 (39.4) 6 7

Non-Hodgkin lymphoma 3 (9.1) 2 1

Other¶ 5 (15.1) 4 1

Age, n (%) 19 (57.6) 14 (42.4)

Median (years) 9.0

Range (years) 1–19

Weight

Median (kg) 19.4 71.6

Range (kg) 8.6–57.8 4 0 –110

†
Hispanic and multiple race were combined for statistical analysis

‡
CYP2C19*1/*2A,*1/*2B and *2A/*2A diplotype groups were combined for statistical analysis

§
Acute lymphoblastic and myeloid leukemia groups were combined for statistical analysis.

¶
Ganglioglioma, Ewing’s sarcoma, germ cell tumor, Hodgkin lymphoma and pineoblastoma
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Table 2

Observed median voriconazole dose and corresponding median trough concentration stratified by CYP2C19

diplotype and age, and extrapolated voriconazole dose predicted to achieve a steady-state trough concentration

of 1–6 µg/ml.

CYP2C19 diplotype Observed median
voriconazole dose
mg/kg/day (range)

Observed median
voriconazole
trough concentration,
µg/ml
(range)

Extrapolated
voriconazole dose
to achieve a therapeutic
concentration in
majority of
patients, mg/kg/day

Predicted median
voriconazole
trough concentration
based
on the extrapolated dose,
µg/ml
(range)

Patients <12 years of age

CYP2C19*171*17 (n = 2)† 14.05(9.3–22.2) 0.17(0.030.38) 36 0.88(0.44–1.22)

CYP2C19*1/*17 (n = 6) 19.2(8.6–33.1) 0.90(0.06–10.89) 30 1.72 (0.09–49.65)

CYP2C19*1/*1 (n = 8) 14.9(2.6–41.2) 0.82 (0.03–20.17) 20 1.89(0.11–34.07)

CYP2C19*1/*2A,*1/*2B (n = 3) 23 (15.9–34.6) 2.71 (0.20–8.46) 18 1.82 (0.66–5.70)

CYP2C19*2A/*2A (n = 0) - - - -

Patients ≥12 years of age

CYP2C19*17/*17(n = 2) 7.6(6.2–11.5) 0.30(0.05–0.49) 28 1.76(1.13–3.03)

CYP2C19*1/*17(n = 2) 9.5 (6.3–13.6) 1.73(0.03–6.99) 14 3.22(0.06–10.11)

CYP2C19*1/*1 (n = 3) 8.3(3.9–16.1) 1.39(0.05–3.57) 14 2.21 (0.19–8.10)

CYP2C19*1/*2A,*1/*2B (n = 6) 8.3(3.6–16.0) 1.64(0.03–11.21) 10 2.66(0.06–12.41)

CYP2C19*2A/*2A (n = 1) 5.9(4.2–6.3) 3.69 (2.97–3.86) 4 2.30(1.80–3.35)

†
(n) represents the number of patients per group.
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Table 3

Characteristics associated with dose-corrected voriconazole trough concentrations.

Covariate Coeffcient p-value†

CYP2C19 diplotype‡ 0.85 0.002

Age 0.08 0.05

Ancestry

Caucasian – –

African–American − 0.18 NS

Hispanic 0.58 NS

Multiple race 1.06 NS

Gender

Female – –

Male 0.22 NS

Antifungals

Not concomitantly administered – –

Concomitantly administered 0.83 NS

Proton pump inhibitors

Not concomitantly administered – –

Concomitantly administered −0.30 NS

Steroids

Not concomitantly administered – –

Concomitantly administered 0.64 NS

†
The p-value indicates if the covariate significantly affected dose-corrected voriconazole plasma concentrations in a linear mixed-effects model.

‡
CYP2C19 diplotypes were treated as an ordinal variable. Increasing numerical ordinal scores are representative of a predicted decrease in

CYP2C19 catalytic activity (i.e., CYP2C19*2A/*2A > CYP2C19*1/*2A,*1/*2B > CYP2C19*1/*1 > CYP2C19*1/*17 > CYP2C19*17/*17).

NS: Not significant.
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