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Abstract: Voriconazole, a second-generation and broad-spectrum triazole derivative of fluconazole, inhibits the cytochrome P450
(CYP)-dependent enzyme 14-a-sterol demethylase, which is a pivotal step in cell membrane ergosterol synthesis in fungi. CYP2C19,
CYP3A4, flavin-containing monooxygenase (FMO), and to a lesser extent CYP2C9 contribute to the oxidative metabolism of
voriconazole by human liver microsomes. Clinical trials have demonstrated the safety and efficacy of voriconazole for prophylaxis
and treatment in candidiasis, invasive aspergillosis, and in invasive fungal infections (IFIs) caused by a variety of non-Aspergillus
molds, such as Fusarium or Scedosporium spp., and was generally well tolerated as primary therapy in adults and children. The avail-
ability of both parenteral and oral formulations and the nearly complete absorption (bioavailability of 96% for adults, ca. 40% in chil-
dren) of the drug after oral administration provide for ease of use and potential cost savings, and ensure that the therapeutic plasma
concentrations are maintained when switching from intravenous to oral regimes. It exhibits nonlinear pharmacokinetics in healthy
controls and patients at high risk of IFIs, but considerable intra- and interpatient pharmacokinetic variability has raised the question of
therapeutic drug monitoring. Most common adverse events are visual disturbances and elevated transaminase levels. The emergence of
resistance towards voriconazole has been rarely reported.
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Introduction

Over the last two to three decades, an increase in the
frequency and severity of invasive fungal infections
(IFT) has been observed as a result of advances in
the management of cancer, transplants and autoim-
mune diseases. Most are caused by Candida spp. and
Aspergillus fumigatus. However, previously uncom-
mon or new pathogens, many of which are resistant
to antifungal agents, are increasing; these include
non-fumigatus Aspergillus spp., Scedosporium and
Fusarium spp."” Despite antifungal therapy, these
IFIs imply an elevated rate of morbidity and mortality,
with a mortality rate in high-risk patients of approxi-
mately 30%—-50% for candidiasis and 70%—-100% in
the case of aspergillosis, with particularly poor out-
comes in non-Aspergillus mold infections.' '3

Until a decade ago antifungal agents, such as
amphotericin B, itraconazole and fluconazole, were
mainly administered as conventional therapies for IFIs.
However, amphotericin B is associated with dose-
limiting toxicity and is only available as an intravenous
(IV) formulation, itraconazole has been described with
variable bioavailability and fluconazole has limited
antifungal activity, mainly to yeasts and endemic fungi,
eg, Coccidioides immitis, Blastomyces dermatitidis, and
Histoplasma capsulatum. Moreover, the emergence of
resistance to these antimycotics is increasing amongst
clinical isolates and shift in Candida spp. in candidi-
asis has been reported.* Therefore, new development of
antimycotics with broad-spectrum activity was urgently
needed. The second generation triazole voriconazole,
besides the echinocandin caspofungin, is a new option
for the management and monitoring of IFIs.”"”

Voriconazole is a synthetic derivative of flucon-
azole with the addition of a-methyl group and the
replacement of a triazole ring with a fluorinated
pyrimidine (Fig. 1) which increases the activity over
the parent compound fluconazole.

Voriconazole, as an extended-spectrum triazole,
is available in oral and IV formulations with a high
bioavailability (96%) in adults, which makes its
use easier in switch therapy from the intravenous to
oral route. Population pharmacokinetic analyses of
voriconazole in children 2 to 12 years of age have
shown that an intravenous dosage of 7 mg/kg in young
children yields a similar exposure of 3 to 4 mg/kg
given to adults. Furthermore, oral bioavailability of

F

Figure 1. Voriconazole is designated chemically as (2R,3S)-2-(2,4-
difluorophenyl)-3-(5-fluoro-4-pyrimidinyl)-1-(1H-1,2,4-triazol-1-yl)-2-butanol
with an empirical formula of C16H14F3N50.

voriconazole was found to be much lower (44.6%) in
children than in adults (~96%).2°

Additionally, voriconazole is cleared much more
rapidly in children than in adults, and it exhibits dis-
tinctly different pharmacokinetic profiles in these
two populations.'®?* The oral formulation allows for
reducing the duration of the hospital stay, given that
it favours hospital discharge, and thus cost-effective
therapy option.'®?* Recent data suggest that topical
application of voriconazole is also recommended in
ocular infections. In fungal endophthalmitis, keratitis
and skleritis it may be administered safely and effec-
tively against a broad range of fungal pathogens.'®°

IV and oral voriconazole formulations are rec-
ommended in the USA in adults for the treatment of
invasive aspergillosis, candidemia in non-neutropenic
patients, disseminated infections caused by Candida
spp., esophageal candidiasis and in patients with sce-
dosporiosis and fusariosis who are refractory to or
intolerant of other antifungal therapy'®!® whereas in
Europe IV and oral voriconazole formulations are
recommended in both adults and pediatric patients of
at least 2 years of age.'®!%4

It was approved by the FDA for clinical use in humans
in 2002 for the treatment of invasive aspergillosis
and as salvage therapy when patients fail standard
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treatments for fungal infections caused by Scedospo-
rium apiospermum and Fusarium species, and in 2005
for the treatment of invasive candidiasis.'>'#* Recent
guidelines suggest voriconazole as first-line therapy
for treatment of invasive aspergillosis infection!>-3!-33
and as an alternative treatment for patients with inva-
sive Candida infections.'*

Pharmacodynamic Properties

Mechanism of pharmacologic action

The mechanism of action of voriconazole is the
same as for all other azole antifungals (itracon-
azole, fluconazole, ketoconazole), which is inhibi-
tion of cytochrome P-450-dependent 140.-lanosterol
demethylation, thereby preventing the conversion of
lanosterol to ergosterol. This is the critical step in fun-
gal membrane ergosterol synthesis. This inhibition
leads to accumulation of methylated sterol intermedi-
ates and depletion of ergosterol in fungal cells, which
in turn disrupts the cell membrane and halts fungal
growth, 133439

In vitro activity

Voriconazole has demonstrated activity both in
vitro and in clinical infections against Aspergillus
fumigatus, A. flavus, A. niger, and A. terreus species.
A. terreus often expresses amphotericin B resistance.
The majority of isolates studied in vivo and in vitro
studies were A. fumigatus but several other Aspergillus
isolates were noted in clinical trials. It also demon-
strated variable in vitro activity against Scedosporium
apiospermum and Fusarium species.

Voriconazole is fungistatic for most yeasts, but
for Aspergillus species, it is fungicidal."**** This
increased activity against moulds may be attributable
to increased activity at the site of action and a more
complete inhibition of ergosterol synthesis.'**

Voriconazole is active against the majority of
Candida spp. including those resistant to fluconazole. '
Against C. guilliermondii, C. keyfr and C. lusitaniae,
voriconazole exhibited fungistatitic acitivity that was
independent of drug concentration, but induced no
post-antifungal effect at any concentration.*' There is
generally a 1-2 log reduction in minimum inhibitory
concentrations (MICs) compared with fluconazole,
although there have been isolates resistant to all
azole antifungal substances. However, the safety

and effectiveness of voriconazole in treating clinical
infections due to Candida lusitaniae or Candida
guilliermondii have not been established in adequate
and well-controlled clinical trials. Voriconazole also
demonstrates in vitro activity against other yeasts'™3
including Cryptococcus neoformans, and dimorphic
fungi Coccidioides immitis, Blastomyces dermatitidis,
and Histoplasma capsulatum.** Clinical data about
efficacy for some of these mycoses are insufficient.
Obviously, therapeutic drug monitoring is well
established when using medicines with narrow thera-
peutic indices to minimize toxicity.* Optimal thera-
peutic levels of voriconazole have not been described,
but in phase II/III studies a median trough voricon-
azole level of 2.49 ug/mL was found. Although high
voriconazole blood levels have been implicated in
increased toxicity?’*”* and low levels to discase
progression,*® therapeutic and toxic levels of this
agent are yet to be determined. Moreover, correlation
between dose and levelsis weak, and there is significant
inter- and intrapatient voriconazole level variability.?’
According to Smith et al positive clinical response
was observed in 100% of patients with random vori-
conazole concentrations of above 2.05 pg/mL, while
disease progressed (and patients died) in patients
with concentrations of below 2.05 pg/mL.* Neely
et al found a pharmacodynamic association between
voriconazole trough >1 pg/mL and survival and
marked pharmacokinetic variability in children,
particularly after enteral dosing, justifying the mea-
surement of serum concentrations. Trough serum
voriconazole concentration <1 pg/mL was associ-
ated with a 2.6-fold increased odds of death. Serum
voriconazole concentrations were not associated with
hepatotoxicity.* Tan and colleagues found that the
absolute risk of liver function test abnormality in
voriconazole treated patients is low.*® There was no
statistically significant relationship between plasma
voriconazole concentrations and ALT abnormalities,
whereas statistically significant, but weak, associa-
tions were identified between plasma voriconazole
concentrations and AST and bilirubin abnormalities.
Denning et al reported that plasma concentrations
below 0.25 mg/I correlated with a higher rate of clini-
cal failure of invasive aspergillosis.*” Three of five
patients with concentrations below 0.25 mg/l failed to
respond to therapy, whereas only one of six patients
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with plasma concentrations between 0.25 and 0.5 mg/1
failed to respond. Pascual et al used trough levels
rather than random samples and showed a correlation
between efficacy and plasma concentration.”® Lack
of therapeutic response was more common among
patients with voriconazole trough concentrations less
than 1 mg/L.

However, the optimal dosage regimens of voricon-
azole, based on pharmacokinetic and pharmacodynamic
end points, are still to be analysed and developed.

Pharmacokinetics (Absorption,

Distribution, Metabolism, Excretion)

Voriconazole is poorly soluble, despite structural simi-
larity to fluconazole. Following oral administration, as
either tablet or solution, bioavailability is 96%. Oral
absorption is reduced by 22% when taken with food.
Solubility of the intravenous formulation is achieved
by sulfobutyl ether B-cyclodextrin (SBECD), a mol-
ecule pharmacologically similar to hydroxypropyl
B-cyclodextrin. The oral solution does not contain
SBECD. Voriconazole is 56% bound to serum proteins
and independent of dose or plasma concentrations. The
volume of distribution of voriconazole is 2-4.6 L/kg,
suggesting extensive distribution into extracellular and
intracellular compartments. And the drug is metabo-
lized in the liver, mainly by CYP2C19 and CYP3A4
and to a lesser extent by CYP2C9 (Table 1).>* Recently,
the clearance of voriconazole via flavin-containing
monooxygenase (FMO) was reported.” Steady-state
concentration without a loading dose is achieved
within 5 to 6 days of treatment. Voriconazole pene-
trates the blood-brain barrier, and CSF level is approx.
46% of the serum level. The percentages of voricon-
azole level in non-inflamed vitreous and aqueous

Table 1. Metabolism of voriconazole.

Enzyme system Voriconazole

Inhibitor
02C9 ++
02C19 +++
o 3A4 ++
Substrate
02C9 +
02C19 +++
o 3A4 +

Note: + indicate the severity of inhibition or induction.

humor are 38.1% and 53.0%, respectively.? The major
metabolic pathways in humans involve fluoropyrimi-
dine N-oxidation, fluoropyrimidine hydroxylation, and
methyl hydroxylation. The main metabolite in serum
is the inactive N-oxide.* Only 2% of the active drug is
excreted in the urine. Voriconazole exhibits nonlinear
pharmacokinetics due to saturation of metabolism, and
small increases in dose result in exponential increases
in blood levels. Voriconazole pharmacokinetics are
also affected by, at least, CYP2C19 enzyme genetic
variability.® Nineteen percent of the Asian and 2%
of the Caucasian population are poor metabolizers in
terms of CYP2C19 activity.”'** (homozygous for the
CYP2C19 allele) resulting in high voriconazole blood
levels. Higher percentages of patients are heterozygous
for the CYP2C19 allele, leading to an intermediate
metabolizer phenotype with moderately increased
voriconazole blood levels. Patients with mild to
moderate hepatic disease should get 50% of the usual
maintenance dose. The safety of voriconazole has not
been sufficiently established for liver cirrhosis and may
not be used in this setting.”>** Due to accumulation of
the intravenous voriconazole vehicle SBECD, the drug
should be used with caution in patients with creatinine
clearance of <50 mL/min.>>’

Pharmacokinetics in Special
Populations

Gender

According to Purkins et al and Briiggemann et al
gender influences the C__ concentrations and AUCT
of voriconazole. After multiple oral administration
of'voriconazole to healthy volunteers, young women
(aged 18-45 years) had a 83% higher C__ and
113% higher AUC compared with young men. No
significant differences in the mean C__ and AUC
were observed between healthy elderly males and
healthy elderly females (>65 years). In a similar
study, after dosing with the oral suspension, the
mean AUC for healthy young females was 45%
higher than in healthy young males whereas the
mean C_  was comparable between genders. The
steady state trough voriconazole concentrations
(C_.) seen in females were 100% and 91% higher
than in males receiving the tablet and the oral sus-
pension, respectively.’>8
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In the clinical program, no dosage adjustment was
made on the basis of gender. The safety profile and
plasma concentrations observed in male and female
subjects were similar. Therefore, no dosage adjust-
ment based on gender is necessary.’’ %

Geriatric

In an oral multiple dose study the mean C__ and AUC
in healthy elderly males (>64 years) were higher,
respectively, than in young males (1845 years).
No significant differences in the mean C__ and AUC
were observed between healthy elderly females
(>64 years) and healthy young females (1845 years).
In the clinical program, no dosage adjustment was
made on the basis of age. An analysis of pharmacoki-
netic from voriconazole clinical trials showed that the
median voriconazole plasma concentrations in the
elderly patients (>65 years) were higher than those
in the younger patients (<64 years) after either IV
or oral administration. However, the safety profile of
voriconazole in young and elderly subjects was simi-
lar and, therefore, no dosage adjustment is necessary
for the elderly.*' ¢

Pediatric

Initial pharmacokinetic studies in children demon-
strated that the standard adult dosage of 4 mg/kg every
12 hours of intravenous (i.v.) voriconazole resulted in
approximately 3-fold-lower plasma exposures in pedi-
atric patients than in adults. Thus, a subsequent phar-
macokinetic study of higher dosages was critically
needed in order to understand the dosage of voricon-
azole (i.v.) in pediatric patients that would approach
the median adult plasma exposure associated with
the 4-mg/kg dosage that was effective in treatment of
invasive aspergillosis. A population pharmacokinetic
analysis was conducted on pooled data from 35 immu-
nocompromised pediatric patients aged 2—11 years old
who were included in two pharmacokinetic studies of
intravenous voriconazole (single and multiple doses).
Twenty four of these patients received multiple intra-
venous maintenance doses of 3 mg/kg and 4 mg/kg. A
comparison of the pediatric and adult population phar-
macokinetic data revealed that the predicted average
steady state plasma concentrations were similar at the
maintenance dose of 4 mg/kg every 12 hours in chil-
dren and 3 mg/kg every 12 hours in adults.®"!

According to Walsh and colleagues the plasma
pharmacokinetics of higher dosages of voriconazole
needed to treat an immunocompromised pediatric
patient population with exposures comparable to
those of adult patients. In order to attain exposure of
voriconazole in plasma comparable to that achieved
with the 4 mg/kg i.v. dosage in adults, children
aged <12 years old would need a dosage approach-
ing 8 mg/kg. Oral bioavailability of voriconazole in
children is much lower (44.6%) than that in adults
(~96%), as mentioned above, suggesting the need
for higher weight-adjusted oral dosages than those
used for i.v. treatment.”**** However, due to very
high interpatient variability and the nonlinear phar-
macokinetic profile of voriconazole, formal dosing
recommendations cannot be based solely on noncom-
partmental analysis. Nevertheless, when combined
with an overall favorable safety profile indicating
the absence of dose-dependent toxicity and the cur-
rent exposure profiles, the current data reported here
indicate that a dosage of voriconazole of approxi-
mately 8 mg/kg i.v. provides comparable and safe
exposure in immunocompromised pediatric patients,
Moreover, clearance of voriconazole in pediatrics is
different. Voriconazole is eliminiated in children in a
linear manner over the dosage range of 3 mg/kg every
12 hours (i.v.) and 4 mg/kg q12 hours (i.v.). And the
capacity for elimination was higher compared with
that in adults; this was possibly due to the greater
systemic metabolism and greater firstpass metabolism
with higher hepatic blood flow in children compared
to adults.?*%® Although oral dosing is unclear in gen-
eral, according to European recommendations, a
fixed 200-mg oral dose should be given twice daily
in children aged 2—-12 years, irrespective of age or
weight. As a consequence, children with a low weight
would receive a higher dose on a mg/kg basis than
would those with a high weight. This is bewildering
given that voriconazole dosing on the basis of body
weight is recommended for the intravenous route,
because previous results showed that weight signifi-
cantly influenced the pharmacokinetics of intrave-
nous voriconazole in pediatric population. Karlsson
and colleagues reported that 7 mg/kg twice a day
(BID) i.v. or 200 mg BID p.o., irrespective of body
weight, was recommended for children. Loading
doses or individual dosage adjustments according to
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baseline covariates are not considered necessary in
administering voriconazole to children.?**?

Adverse Events

The most frequently reported adverse events in the
therapeutic trials were visual disturbances, fever,
rash, vomiting, nausea, diarrhea, headache, sepsis,
peripheral edema, abdominal pain, and respiratory
disorder. The treatment-related adverse events which
most often led to discontinuation of voriconazole
therapy were elevated liver function tests, rash, and
visual disturbances.”® "

Voriconazole is wusually well tolerated; the
most common adverse events after voriconazole
treatment are visual changes, with an incidence
of 20 to 23%."" Occurrence of 44.8% has been
reported in one study.” Typically, the patients report
blurred vision, photopsias, photophobia, and color
changes 30 minutes to 1 hour after dosing. The symp-
toms are transient and reversible, almost never lead
to drug discontinuation, and tend to dissipate after
repeated dosing. The mechanism of action of the
visual disturbance is unknown, although the site of
action is most likely to be within the retina. In a study
in healthy subjects investigating the effect of 28-day
treatment with voriconazole on retinal function, vori-
conazole caused a decrease in the electroretinogram
(ERG) waveform amplitude, a decrease in the visual
field, and an alteration in color perception. The ERG
measures electrical currents in the retina.

As with all azoles, voriconazole can cause
hepatotoxicity, mainly manifested by elevation of
AST/ALT, which, on rare occasion, can be serious
or lethal.” Both visual changes and hepatotoxicity
have been associated with high voriconazole blood
levels.?” Visual and, rarely, auditory hallucinations
can occur in less than 5% of patients” and should be
distinguished from visual changes. Hallucinations
are most often reported with the intravenous for-
mulation and tend to disappear with the oral drug or
with continued treatment. Confusion is less common.
Skin rashes and cheilitis can occur after prolonged
treatment, mainly due to photosensitivity. The mech-
anism underlying these dermatologic adverse events
remains unknown.”®”’

Although most commonly the rash is restricted to
facial erythema in sun-exposed areas, more serious

eruptions can occur necessitating discontinuation
of the drug.”® Pseudoporphyria, toxic epidermal
necrolysis, and multifocal facial squamous cell carci-
nomas have also been reported.”*! Use of sunscreen
should be advised, and appropriate guidance for sun
exposure avoidance should be given in chronically
treated patients. QT-prolongation and torsades de
pointes should be considered in patients with pre-
disposing factors.*> Acutely painful extremities and
peripheral neuropathy have been also described.®
Voriconazole is teratogenic in animals and should
not be used during pregnancy and is also not recom-
mended during breast-feeding.5*

Drug Interactions

Antifungal drugs have a high potential for drug—drug
interactions, especially azoles, which exhibit a wide
range and variety of drug—drug interactions. This is
an ongoing concern in the treatment of IFIs. Drug
interactions can be categorized as pharmacokinetic
or pharmacodynamic.’®% Pharmacokinetic interac-
tions occur at the level of drug absorption, distri-
bution, metabolism or excretion. Frequently, the
CYP450 metabolizing enzyme system and drug
transporters, such as P-glycoprotein, are involved in
these interactions In vitro studies with human hepatic
microsomes show that voriconazole inhibits the
metabolic activity of the cytochrome P450 enzymes
CYP2C19, CYP2C9, and CYP3A4. In these studies, the
inhibition potency of voriconazole for CYP3A4 met-
abolic activity was significantly less than that of
two other azoles, ketoconazole and itraconazole, but
more potent CYP3A4 inhibition than fluconazole or
posaconazole. In vitro studies also show that the major
metabolite of voriconazole, voriconazole N-oxide,
inhibits the metabolic activity of CYP2C9 and
CYP3A4 to a greater extent than that of CYP2CI19.
Therefore, there is potential for voriconazole and its
major metabolite to increase the systemic exposure
(plasma concentrations) of other drugs metabolized
by these CYP450 enzymes.’®3387192 Triazoles have
numerous clinically significant drug interactions, the
list is constantly expanding and the majority of those
currently identified are presented in Table 2!7:85:86.91-102
and Table 3.523°57.6275-8286 Most of these interac-
tions arise from competitive inhibition of liver oxi-
dative metabolism via rapid reversible binding to
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Table 2. Effect of voriconazole on pharmacokinetics of co-administered drugs.

Drug (mechanism of interaction
by voriconazole)

Drug plasma exposure
(C,..x and AUC)

Recommendations for voriconazole
dosage adjustment/comments

Alfentanil (CYP3A4 inhibition)?®

Alprazolam?; benzodiazepines
(CYP3A4 inhibition)*!

Astemizole, Cisapride,
Terfenadine, Pimozide, Quinidine
(CYP3A4 inhibition)®%
Carbamazepine (CYP2C9
inhibition)?®

Cyclosporine (CYP3A4 inhibition)?”

Digoxin (P-glyco protein-induced
transport)*
Ergot alkaloids (CYP3A4 inhibition)g®

Felodipine (dihydropyridine
calcium channel blockers
(CYP3A4 inhibition)>®
Glimepiride (CYP2C9 inhibition)®”
Ibuprofen, NSAIDs

(CYP2C9 inhibition)&®

Lovastatin; Statins

(CYP3A4 inhibition)®%

Methadone (CYP3A4 inhibition)*

Methylprednisolone

(CYP3A4 inhibition)*%*

Omeprazole (CYP2C19-inhibition;
CYP2C19- and CYP3A4-substrate)®
Phenytoin (CYP2C9 inhibition)®

Rifabutin (CYP3A4 inhibition)®
Ritonavir (CYP3A4 inhibition)'*

Sirolimus (CYP3A4 inhibition)8s%
Tacrolimus (CYP3A4 inhibition)®®1%

Warfarin (CYP2C9 inhibition)'"

Zolpidem (CYP3A4 inhibition)'?

Significantly increased

Potential for voriconazole to inhibit
metabolism (increased plasma
exposure)

Not studied in vivo or in vitro, but
drug plasma exposure likely to be
increased

Significantly increased

AUC significantly increased; no
significant effecton C__
No significant change

Not studied, but drug plasma
exposure likely to be increased
Potential for voriconazole to inhibit
metabolism (increased plasma
exposure)

Increased

Increased

In vitro studies demonstrated potential
for voriconazole to inhibit metabolism
(increased plasma exposure)
Increased

Increased

Increased

Significantly increased

Significantly increased

No significant effect of voriconazole
on ritonavir C__ or AUC

Significantly increased
Significantly increased

Prothrombin time significantly
icreased

Significantly increased

Reduction in the dose of alfentanil and
other opiates metabolized by CYP3A4
(eg, sufentanil) should be considered
when co-administered with voriconazole
Frequent monitoring for adverse events
and toxicity (ie, prolonged sedation)
related to benzodiazepines metabolized
by CYP3A4 (eg, midazolam, triazolam,
alprazolam)

Cl because of potential for QT
prolongation and rare occurrence of
torsade de pointes

Cl carbamazepine may reduce the C___
voriconazole

ClI (neurotoxicity due to “ergotism”)

Frequent monitoring for adverse events
and toxicity related to calcium channel
blockers

Hypoglycemia

Frequent monitoring for adverse events
and toxicity related to NSAIDs
Frequent monitoring for adverse
events and toxicity related to statins
(rhabdomyolysis)

Increased plasma concentrations of
methadone have been associated with
toxicity including QT prolongation; dose
reduction of methadone may be needed

No voriconazole dosage adjustment is
necessary

frequent monitoring of phenytoin plasma
concentrations and frequent monitoring
of adverse effects related to phenytoin
Cl

Cl because of significant reduction of
voriconazole C__ and AUC

Cl

Reduce the tacrolimus dose to one-
third of the starting dose and follow with
frequent monitoring of tacrolimus blood
levels (nephrotoxicity)

Monitor PT or other suitable
anticoagulation tests; adjustment of
warfarin dosage

Notes: 2Includes most benzodiazepines except: bromazepam, diazepam, temazepam, and estazolam; °Includes most calcium channel inhibitors;
°Includes glyburide and tolbutamide; “Includes simvastatin and atorvastatin but not pravastatin, fluvastatin, and rosuvastatin; ¢Includes betamethasone,

dexamethasone, hydrocortisone, fludrocortisone, budesonide, and fluticasone, but not prednisolone.

Abbreviation: Cl, contraindication.
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Table 3. Effect of co-administered drugs on voriconazole pharmacokinetics.

Drug (mechanism of interaction)

Voriconazole plasma concentration
(C,..x and AUC)

Recommendations for voriconazole
dosage adjustment/comments

Rifampin, rifabutin

(CYP450 induction)®

Ritonavir (CYP450 induction)'®
Carbamazepine (CYP450 induction)

Long acting barbiturates
(CYP450 induction)®

Phenytoin (CYP450 induction)?>*

St. John’s Wort (CYP450 inducer)'%
Oral contraceptives containing
ethinyl estradiol and norethindrone
(CYP2C19 inhibition)®”

HIV protease inhibitors

(CYP3A4 inhibition)'0+-107

NNRTIs (CYP3A4 inhibition
or CYP450 induction)'05-110

Significantly reduced

Significantly reduced/reduced

Not studied in vivo or in vitro, but likely
to result in significant reduction

Studied in vivo or in vitro, but likely
to result in significant reduction

Significantly reduced

Significantly reduced
Increased

In vivo studies showed no significant
effects of indinavir on voriconazole
exposure

In vitro studies demonstrated potential
for inhibition of voriconazole metabolism
(increased plasma exposure)

In vitro studies demonstrated potential for

inhibition of voriconazole metabolism by

delavirdine and other NNRTIs (increased

plasma exposure)

Voriconazole-Efavirenz Drug Interaction
study demonstrated the potential for
the metabolism of voriconazole to be
induced by efavirenz and other NNRTIs

Cl

Cl
Cl

Cl

Increase voriconazole maintenance
dose

Cl

Monitoring for adverse events and
toxicity related to voriconazole

No dosage adjustment

Frequent monitoring for adverse
events and toxicity related to
voriconazole

Frequent monitoring for adverse
events and toxicity related to
voriconazole

Careful assessment of voriconazole
effectiveness

(decreased plasma exposure)

Abbreviations: Cl, contraindicated; NNRTIs, Non-Nucleoside Reverse Transcriptase Inhibitors.

CYP450 system enzymes (phase I metabolism).
Voriconazole interferes mainly with CYP3A4,
CYP2C9, and CYP2C19 with distinctive affinity
and, accordingly, it exhibits slightly different drug
interaction profiles compared to other azoles.!33>!13
Among the most significant common drug interactions
of triazoles are drug elevations of cyclosporine, tac-
rolimus, and sirolimus, most calcium channel block-
ers, most benzodiazepines, many statins and steroids,
warfarin, and rifabutin (Table 2). Although not stud-
ied in vitro or in vivo, carbamazepine and long-acting
barbiturates (eg, phenobarbital, mephobarbital) are
likely to significantly decrease plasma voriconazole
concentrations. Coadministration of voriconazole
with carbamazepine or long-acting barbiturates is
contraindicated. Carbamazepine, phenytoin, rifampin,
and rifabutin significantly decrease azole concentra-
tions (Table 3). Increased blood levels of terfenadine,

astemizole, cisapride, pimozide, and quinine can
cause QT prolongation and predispose to torsades de
pointes. Increased cytotoxic chemotherapy-related
toxicity can be caused by concomitant treatment with
voriconazole and vinca alkaloids, cyclophosphamide,
vinorelbine, and busulfan.’>!? Therefore, careful
monitoring and/or dosage adjustment of these drugs
is needed.

Voriconazole’s pharmacokinetic profile is not
influenced by antacids or proton pump inhibitors.3¢
The mean maximum plasma concentrations (C__)and
areaunder the curve (AUC) of voriconazole were clini-
cally irrelevantly increased by 15% by omeprazole due
to the inhibition of plasma clearance of voriconazole.”
Single and multiple oral administration of vori-
conazole with food lowered the bioavailability by
approximately 22% and delayed absorption compared
with a fasting state. Administration of voriconazole
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with a high-fat meal reduced mean C__ _and AUC by
34% and 24%, respectively. For this reason, oral dose
administration is recommended either 1 hour before
or 1 hour after meals.®*

Resistance
There are several mechanisms of fungal resistance to
azole antimycotics. These include overexpression of
the target enzyme, point mutations in fungal enzymes,
or the appearance of efflux pumps.'® Voriconazole
resistance developmenthas notbeenadequately studied
in vitro against Candida, Aspergillus, Scedosporium
and Fusarium species. The frequency of drug resis-
tance development for the various fungi for which this
drug is indicated is not well known.63!14-11

In contrast to voriconazole, fluconazole has lim-
ited antifungal activity, mainly to yeasts and endemic
fungi, eg, Coccidioides immitis, Blastomyces der-
matitidis, and Histoplasma capsulatum. In the last
few years, resistance of 4. fumigatus to itraconazole
has been found to be due to different mechanisms
including reduced intracellular accumulation, over-
expression of the target enzyme and the presence
of point mutations in the cyp57/4 gene which codes
for the target enzyme 14-o-sterol demethylase.'?%!*!
The number of reports of resistance of clinical iso-
lates of 4. fumigatus to voriconazole and multi-azole
resistance is gradually increasing.'*>'** The develop-
ment of resistance in an Aspergillus fumigatus isolate,
originally sensitive to itraconazole and voriconazole,
recovered from a case of pulmonary aspergilloma
treated with voriconazole was described by sequenc-
ing of the gene with described the G448S muta-
tion in cyp51A4 gene after prolonged treatment with
voriconazole.'?

Voriconazole in Clinical Trials
Opportunistic fungal infections are a major cause
of morbidity and mortality in neutropenic cancer
patients and antifungal therapy are used both empir-
ically and therapeutically in these patients. Few
clinical trials compared the benefits and adverse
effects of voriconazole with those of amphoteri-
cin B and fluconazole when used for prevention or
treatment of invasive fungal infections in cancer
patients with neutropenia. The antifungal agent
was given empirically in one trial”® and as treat-
ment in one trial.”

Walsh et al mainly included patients with leukemia,
but also other types of cancer, and patients who had
undergone transplantation with hematopoietic stem
cells. Herbrecht et al™ included patients with definite
(39%) or probable (61%) invasive Aspergillus infec-
tion with a similar distribution of underlying disease
as in Walsh et al trial.”

In Walsh’s randomized comparison of voriconazole
with liposomal amphotericin B for empirical antifun-
gal therapy in patients with neutropenia and persistent
fever, the activity of voriconazole in the preven-
tion of breakthrough fungal infections is consistent
with its efficacy in a recently completed clinical trial
involving primary treatment of documented invasive
aspergillosis.'”® These effects may be related to the
combination of its potent in vitro antifungal activity
and its pharmacokinetic properties.'2*7* An advantage
is also the low molecular weight of voriconazole which
may permit penetration into the endobronchial-lining
fluid and other mucosal surfaces.”” Empirical
antifungal therapy with voriconazole should be used
in patients with persistent neutropenia, who are at
high risk for invasive antifungal infections. In the
prospectively defined high-risk group in our study,
the overall response rate among patients who received
voriconazole was similar to the rate among those who
received liposomal amphotericin B, and the frequency
of breakthrough fungal infections was significantly
reduced in the voriconazole group.”

Wingard and his colleagues also report that
voriconazole as first-line for treatment of invasive
aspergillosis resulted in significantly fewer deaths
as compared to those treated with conventional
amphotericin B. Hospital-free survival was significantly
greater for patients initially treated with voricon-
azole, thus this antimycotic has shown to be cost-
effective.'”’

In another randomized unblinded trial by Herbrecht
and colleagues patients with invasive aspergil-
losis who were initial therapy with voriconazole
showed better responses and improved survival and
resulted in fewer severe side effects than the standard
approach of initial therapy with amphotericin B,™
although liposomal amphotericin B is well known
to have significantly lower infusion-related toxicity
than conventional amphotericin B, severe acute reac-
tions have been described.” By comparison, the only
significant infusion-related reaction to voriconazole

Clinical Medicine Reviews in Therapeutics 2011:3

91


http://www.la-press.com

Ghebremedhin

%

was transient photopsia, which was not associated
with discontinuation of therapy. In brief, the study
by Herbrecht and colleagues shows the superiority of
voriconazole over amphotericin B as initial therapy
for invasive aspergillosis, in terms of response rate,
survival rate, and safety.

Summary

Voriconazole is a promising triazole compound
derived from fluconazole with enhanced activity
against a variety of fungal species. Voriconazole is
available as an oral and intravenous product, and may
become the drug of choice for Scedosporium and
Fusarium infections; however, because of adverse
events, drug interactions, and evolving efficacy lit-
erature, it should not supplant fluconazole as first-line
therapy for most candidal infections. The data for the
use of voriconazole as a first-line agent in aspergil-
losis are strong and favor use over all amphotericin
B formulations. The oral formulation offers a potent,
consistently bioavailable product for the management
of aspergillosis for patients with a functional gastro-
intestinal tract. The clinician must consider the mul-
tiple, potential drug interactions and adverse events
when considering voriconazole. Despite these limi-
tations, voriconazole offers a significant advance in
azole antifungals and a welcomed addition to the anti-
fungal armamentarium. However, resistance to vori-
conazole has been reported in Aspergillus species.

Disclosure

This manuscript has been read and approved by the
author. This paper is unique and is not under con-
sideration by any other publication and has not been
published elsewhere. The author and peer reviewers
of'this paper report no conflicts of interest. The author
confirms that they have permission to reproduce any
copyrighted material. No funding was received for
this review.

References

1. Neofytos D, Horn D, Anaissie E, et al. Epidemiology and outcome of invasive
fungal infection in adult haematopoietic stem cell transplant recipients: anal-
ysis of multicentre Prospective Antifungal Therapy (PATH) Alliance registry.
Clin Infect Dis. 2009;48:265-73.

2. Ben-Ami R, Lewis RE, Kontoyiannis DP. Invasive mould infections in
the setting of hematopoietic cell transplantation: current trends and new
challenges. Curr Opin Infect Dis. 2009;22:376-84.

3. Pappas PG, Alexander BD, Andes DR, et al. Invasive fungal infections among
organ transplant recipients: results of the transplant-associated infection
surveillance network (TRANSNET). Clin Infect Dis. 2010;50:1101-11.

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Pfaller MA, Diekema DJ. Azole antifungal drug cross-resistance:

mechanisms, epidemiology and clinical significance. J Invasive Fungal
Infect. 2007;1:74-92.

. Hayes-Lattin B, Maziarz RT. Update in the epidemiology, prophylaxis, and

treatment of fungal infections in patients with hematologic disorders. Leuk
Lymphoma. 2004;45:669-80.

. Pagano L, Caira M, Candoni A, et al. The epidemiology of fungal infections

in patients with hematologic malignancies: the SEIFEM-2004 study.
Haematologica. 2006;91:1068-75.

. Ghebremedhin B, Bluemel A, Neumann KH, Koenig B, Koenig W. Peritonitis

due to Neosartorya pseudofischeri in an elderly patient undergoing peri-
toneal dialysis successfully treated with voriconazole. J Med Microbiol.
2009;58:678-82.

. Fournier S, Pavageau W, Feuillhade M, et al. Use of voriconazole to success-

fully treat disseminated 7richosporon asahii infection in a patient with acute
myeloid leukaemia. Eur J Clin Microbiol Infect Dis. 2002;21:892—6.

. Gothard P, Rogers TR. Voriconazole for serious fungal infections. Int J Clin

Pract. 2004;58:74-80.

Kaufman CA. Fungal infections. Proc Am Thorac Soc. 2006;3:35-40.
Boucher HW, Groll AH, Chiou CC, et al. Newer systemic antifungal agents:
pharmacokinetics, safety and efficacy. Drugs. 2004;64:1997-2020.
Ullmann AJ. Review of the safety, tolerability, and drug interactions of the
new antifungal agents caspofungin and voriconazole. Curr Med Res Opin.
2003;19:263-71.

Johnson LB, Kauffman CA. Voriconazole: a new triazole antifungal agent.
Clin Infec Dis. 2003;36:630-7.

Herbrecht R, Denning DW, Patterson TF, et al. Voriconazole versus ampho-
tericin B for primary therapy of invasive aspergillosis. N Engl J Med.
2002;347:408-15.

Walsh TJ, Anaissie EJ, Denning DW, et al. Treatment of aspergillosis:
clinical practice guidelines of the Infectious Diseases Society of America.
Clin Infect Dis. 2008;46:327—60.

Viscoli C, Herbrecht R, Akan H, et al. An EORTC phase II study of caspo-
fungin as first-line therapy of invasive aspergillosis in haematological
patients. J Antimicrob Chemother. 2009;64:1274-81.

Herbrecht R, Maertens J, Baila L, et al. Caspofungin first-line therapy
for invasive aspergillosis in allogeneic hematopoietic stem cell transplant
recipients: an European Organisation for Research and Treatment of Cancer
Study. Bone Marrow Transplant. 2010:1-7.

Scott LJ, Simpson D. Voriconazole. A review of its use in the management
of invasive fungal infections. Drugs. 2007;67:269-98.

Shehab N, DePestel DD, Mackler ER, et al. Institutional experience with
voriconazole compared with liposomal amphotericin B as empiric therapy
for febrile neutropenia. Pharmacother. 2007;27:970-9.

Karlsson MO, Lutsar I, Milligan PA. Population pharmacokinetic analysis of
voriconazole plasma concentration data from pediatric studies. Antimicrob
Agents Chemother. 2009;53:935-44.

Han K, Capitano B, Bies R, et al. Bioavailability and population pharma-
cokinetics of voriconazole in lung transplant recipients. Antimicrob Agents
Chemother. 2010;54(10):4424-31.

Goutelle S, Larcher R, Padoin C, Mialou V, Bleyzec N. Oral voriconazole
dose in children: one size does not fit all. Clin Infect Dis. 2010;51(7):870.
Levéque D, Nivoix Y, Jehl F, Herbrecht R. Clinical pharmacokinetics of
voriconazole. Int J Antimicrob Agents. 2006;27(4):274-84.

Walsh TJ, Karlsson MO, Driscoll T, Arguedas AG, et al. Pharmacoki-
netics and safety of intravenous voriconazole in children after single- or
multiple-dose administration. Antimicrob Agents Chemother. 2004;48(6):
2166-72.

Hariprasad SM, Mieler WF, Holz ER. Determination of vitreous, aqueous,
and plasma concentration of orally administered voriconazole in humans.
Arch Ophthalmol. 2004;122:42-7.

Hariprasad SM, Mieler WF, Lin TK, Sponsel WE, Graybill JR. Voriconazole
in the treatment of fungal eye infections: a review of current literature. Br
J Ophthalmol. 2008;92(7):871-8.

Senthilkumari S, Lalitha P, Prajna NV, et al. Single and multidose ocular
kinetics and stability analysis of extemporaneous formulation of topical
voriconazole in humans. Curr Eye Res. 2010;35(11):953-60.

92

Clinical Medicine Reviews in Therapeutics 2011:3


http://www.la-press.com

Voriconazole in invasive fungal infections

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

. Srinivasan M. Fungal keratitis. Curr Opin Ophthalmol. 2004;15(4):321-7.

. Bunya VY, Hammersmith KM, Rapuano CJ, Ayres BD, Cohen EJ. Topical
and oral voriconazole in the treatment of fungal keratitis. Am J Ophthalmol.
2007;143(1):151-3.

Kim JE, Perkins SL, Harris GJ. Voriconazole treatment of fungal scleritis and
epibulbar abscess resulting from scleral buckle infection. Arch Ophthalmol.
2003;121:735-7.

Pappas PG, Kauffman CA, Andes D, et al. Clinical practice guidelines
for the management of candidiasis: 2009 update by the Infectious Disease
Society of America. Clin Infect Dis. 2009;48:503-35.

Graybill JR. Voriconazole for candidosis: an important addition? Lancet.
2005;366:1413-4.

Maschmeyer G, Ruhnke M. Update on antifungal treatment of invasive
Candida and Aspergillus infections. Mycoses. 2004;47(7):263-76.

Sanati H, Belanger P, Fratti B, Ghannoum M. A new triazole, voriconazole
(UK-109, 496), blocks sterol biosynthesis In Candida albicans and Candida
krusei. Antimicrob Agents Chemother. 1997;41:2492—6.

Hyland R, Jones BC, Smith DA. Identification of the cytochrome P450
enzymes involved in the N-oxidation of voriconazole. Drug Metab Dispos.
2003;31:540-7.

Tkeda Y, Umemura K, Kondo K, Sekiguchi K, Miyoshi S, Nakashima M.
Pharmacokinetics of voriconazole and cytochrome P450 2C19 genetic
status. Clin Pharmacol Ther. 2004;75:587-8.

Fera MT, La Camera E, De Sarro A. New triazoles and echinocandins: mode
of action, in vitro activity and mechanisms of resistance. Expert Rev Anti
Infect Ther. 2009;7(8):981-98.

Manavathu EK, Cutright JL, Chandrasekar PH. Organism-dependent
fungicidal activities of azoles. Antimicrob Agents Chemother. 1998;42:
3018-21.

Marco F, Pfaller MA, Messer S, Jones RN. In vitro activities of voricon-
azole, and four other antifungal agents against 394 clinical isolates of
Candida species. Antimicrob Agents Chemother. 1998;42(1):161-3.
Sabatelli F, Patel R, Mann PA, et al. In vitro activities of posaconazole,
fluconazole, itraconazole, voriconazole, and amphotericin B against a large
collection of clinically important moulds and yeasts. Antimicrob Agents
Chemother. 2006;50(6):2009-15.

Di Bonaventura G, Spedicato I, Picciani C, D’Antonio D, Piccolomini R.
In vitro pharmacodynamic characteristics of amphotericin B, caspofungin,
fluconazole, and voriconazole against bloodstream isolates of infrequent
Candida species from patients with hematologic malignancies. Antimicrob
Agents Chemother. 2004;48(11):4453—-6.

Gonzalez GM, Fothergill AW, Sutton DA, Rinaldi MG, Loebenberg D.
In vitro activities of new and established triazoles against opportunistic
filamentous and dimorphic fungi. Med Mycol. 2005;43(3):281-4.

Smith J, Safdar N, Knasinski V, et al. Voriconazole therapeutic drug
monitoring. Antimicrob Agents Chemother. 2006;50:1570-2.

Imhof A, Schaer DJ, Schanz U, Schwarz U. Neurological adverse events to
voriconazole: evidence for therapeutic drug monitoring. Swiss Med Wkly.
2006;136:739-42.

Neely M, Rushing T, Kovacs A, Jelliffe R, Hoffman J. Voriconazole
pharmacokinetics and pharmacodynamics in children. Clin Infect Dis.
2010;50(1):27-36.

Tan K, Brayshaw N, Tomaszewski K, Troke P, Wood N. Investigation of
the potential relationships between plasma voriconazole concentrations and
visual adverse events or liver function test abnormalities. J Clin Pharmacol.
2006;46:235-43.

Denning DW, Ribaud P, Milpied N, et al. Efficacy and safety of vori-
conazole in the treatment of acute invasive aspergillosis. Clin Infect Dis.
2002;34:563-71.

Pascual A, Calandra T, Bolay S, et al. Voriconazole therapeutic drug moni-
toring in patients with invasive mycoses improves efficacy and safety
outcomes. Clin Infect Dis. 2008;46:201-11.

Roffey SJ, Cole S, Comby P. The disposition of voriconazole in mouse, rat,
rabbit, guinea pig, dog, and human. Drug Metab Dispos. 2003;31:731-41.
Tkeda Y, Umemura K, Kondo K, Sekiguchi K, Miyoshi S, Nakashima M.
Pharmacokinetics of voriconazole and cytochrome P450 2C19 genetic
status. Clin Pharmacol Ther. 2004;75:587-8.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Mizutani T. PM frequencies of major CYPs in Asians and Caucasians. Drug
Metab Rev. 2003;35:99-106.

Wang G, Lei HP, Li Z, Tan ZR, et al. The CYP2C19 ultra-rapid metabolizer
genotype influences the pharmacokinetics of voriconazole in healthy male
volunteers. Eur J Clin Pharmacol. 2009;65(3):281-5.

Weiler S, Zoller H, Graziadei I, Vogel W, et al. Altered pharmacokinetics of
voriconazole in a patient with liver cirrhosis. Antimicrob Agents Chemother.
2007;51(9):3459-60.

Carbonara S, Regazzi M, Ciraci E, Villani P, et al. Long-term efficacy and
safety of TDM-assisted combination of voriconazole plus efavirenz in an
AIDS patient with cryptococcosis and liver cirrhosis. Ann Pharmacother.
2009;43(5):978-84.

Johnston A. The pharmacokinetics of voriconazole. Br J Clin Pharmacol.
2003;56 Suppl 1:1.

Briiggemann RJ, Donnelly JP, Aarnoutse RE, et al. Therapeutic drug moni-
toring of voriconazole. Ther Drug Monit. 2008;30(4):403—11.

Hafner V, Czock D, Burhenne J, Riedel KD, et al. Pharmacokinetics
of sulfobutylether-beta-cyclodextrin and voriconazole in patients with
end-stage renal failure during treatment with two hemodialysis systems and
hemodiafiltration. Antimicrob Agents Chemother. 2010;54(6):2596—602.
Theuretzbacher U, Ihle F, Derendorf H. Pharmacokinetic/pharmacodynamic
profile of voriconazole. Clin Pharmacokinet. 2006;45:649-63.

Boyd AE, Modi S, Howard SJ, Moore CB, Keevil BG, Denning DW.
Adverse reactions to voriconazole. Clin Infect Dis. 2004;39:1241-4.
Trifilio S, Pennick G, Pi J. Monitoring plasma voriconazole levels may
be necessary to avoid subtherapeutic levels in hematopoietic stem cell
transplant recipients. Cancer. 2007;109:1532-5.

Andrews E, Damle BD, Fang A, Foster G, et al. Pharmacokinetics
and tolerability of voriconazole and a combination oral contraceptive
co-administered in healthy female subjects. Br J Clin Pharmacol. 2008;
65(4):531-9.

Keirns J, Sawamoto T, Holum M, Buell D, Wisemandle W, Alak A.
Steady-state pharmacokinetics of micafungin and voriconazole after
separate and concomitant dosing in healthy adults. Antimicrob Agents
Chemother. 2007;51(2):787-90.

http://www.druglib.com/druginfo. Accessed December 23, 2010.

Rubin ZA, Somani J. New options for the treatment of invasive fungal
infections. Semin Oncol. 2004;31(2 Suppl 4):91-8.

Hatziagorou E, Walsh TJ, Tsanakas JN, Roilides E. Aspergillus and the pae-
diatric lung. Paediatr Respir Rev. 2009;10(4):178-85.

Michael C, Bierbach U, Frenzel K, Lange T, et al. Voriconazole pharma-
cokinetics and safety in immunocompromised children compared to adult
patients. Antimicrob Agents Chemother. 2010;54(8):3225-32.

Steinbach WJ. Invasive aspergillosis in pediatric patients. Curr Med Res
Opin. 2010;26(7):1779-87.

Walsh TJ, Driscoll T, Milligan PA, Wood ND, et al. Pharmacokinetics,
safety, and tolerability of voriconazole in immunocompromised children.
Antimicrob Agents Chemother. 2010;54(10):4116-23.

Yanni SB, Annaert PP, Augustijns P, Ibrahim JG, et al. In vitro hepatic
metabolism explains higher clearance of voriconazole in children versus
adults: role of CYP2C19 and flavin-containing monooxygenase 3. Drug
Metab Dispos. 2010;38(1):25-31.

Howard A, Hoffman J, Sheth A. Clinical application of voriconazole con-
centrations in the treatment of invasive aspergillosis. Ann Pharmacother.
2008;42(12):1859-64.

Cronin S, Chandrasekar PH. Safety of triazole antifungal drugs in patients
with cancer. J Antimicrob Chemother. 2010;65(3):410-6.

Ally R, Schurmann D, Kreisel W. A randomized, double-blind, double-
dummy, multicenter trial of voriconazole and fluconazole in the treatment
of esophageal candidiasis in immunocompromised patients. Clin Infect Dis.
2001;33:1447-54.

Walsh TJ, Pappas P, Winston DJ, et al. Voriconazole compared with
liposomal amphotericin B for empirical antifungal therapy in patients with
neutropenia and persistent fever. N Engl J Med. 2002;346:225-34.
Herbrecht R, Denning DW, Patterson TF, et al. Voriconazole versus ampho-
tericin B for primary therapy of invasive aspergillosis. N Engl J Med.
2002;347:408-15.

Clinical Medicine Reviews in Therapeutics 2011:3

93


http://www.la-press.com
mailto:http://www.druglib.com/druginfo

Gh

ebremedhin

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Scherpbier HJ, Hilhorst MI, Kuijpers TW. Liver failure in a child receiving
highly active antiretroviral therapy and voriconazole. Clin Infect Dis. 2003;
37:828-30.

Meletiadis J, Chanock S, Walsh TJ. Defining targets for investigating
the pharmacogenomics of adverse drug reactions to antifungal agents.
Pharmacogenomics. 2008;9(5):561-84.

Arnold TM, Dotson E, Sarosi GA, Hage CA. Traditional and emerging
antifungal therapies. Proc Am Thorac Soc. 2010;7(3):222-8.

Vandecasteele SJ, Van Wijngaerden E, Peetermans WE. Two cases of
severe phototoxic reactions related to long-term outpatient treatment with
voriconazole. Eur J Clin Microbiol Infect Dis. 2004;23:656-7.

Curigliano G, Formica V, De Pas T. Life-threatening toxic epidermal
necrolysis during voriconazole therapy for invasive aspergillosis after
chemotherapy. Ann Oncol. 2006;17:1174-5.

McCarthy KL, Playford EG, Looke DF, Whitby M. Severe photosensitiv-
ity causing multifocal squamous cell carcinomas secondary to prolonged
voriconazole therapy. Clin Infect Dis. 2007;44:e55-6.

Tolland JP, McKeown PP, Corbett JR. Voriconazole-induced pseudo-
porphyria. Photodermatol Photoimmunol Photomed. 2007;23:29-31.
Philips JA, Marty FM, Stone RM, Koplan BA, Katz JT, Baden LR.
Torsades de pointes associated with voriconazole use. Transpl Infect Dis.
2007;9:33-6.

Tsiodras S, Zafiropoulou R, Kanta E, Demponeras C, Karandreas N,
Manesis EK. Painful peripheral neuropathy associated with voriconazole
use. Arch Neurol. 2005;62:144—6.

Moudgal VV, Sobel JD. Antifungal drugs in pregnancy: a review. Expert
Opin Drug Saf. 2003;2(5):475-83.

Nivoix Y, Levéque D, Herbrecht R, Koffel JC, Beretz L, Ubeaud-Sequier G.
The enzymatic basis of drug-drug interactions with systemic triazole
antifungals. Clin Pharmacokinet. 2008;47(12):779-92.

Albengres E, Le Louét H, Tillement JP. Systemic antifungal agents. Drug
interactions of clinical significance. Drug Saf. 1998;18(2):83-97.

Saari TI, Laine K, Leino K, Valtonen M, et al. Voriconazole, but not
terbinafine, markedly reduces alfentanil clearance and prolongs its half-life.
Clin Pharmacol Ther. 2006;80:502-8.

Romero AJ, Pogamp PL, Nilsson LG, Wood N. Effect of voriconazole
on the pharmacokinetics of cyclosporine in renal transplant patients.
Clin Pharmacol Ther. 2002;71:226-34.

Purkins L, Wood N, Kleinermans D, Nichols D. Voriconazole does not
affect the steady-state pharmacokinetics of digoxin. Br J Clin Pharmacol.
2003;56(Suppl 1):45-50.

Hynninen VV, Olkkola KT, Leino K. Effects of the antifungals voriconazole
and fluconazole on the pharmacokinetics of s-(+)- and R-(-)- Ibuprofen.
Antimicrob Agents Chemother. 2006;50:1967-72.

Liu P, Foster G, Labadie R, Somoza E, Sharma A. Pharmacokinetic inter-
action between voriconazole and methadone at steady state in patients on
methadone therapy. Antimicrob Agents Chemother. 2007;51:110-8.

Saari TI, Laine K, Leino K, Valtonen M, et al. Effect of voriconazole on
the pharmacokinetics and pharmacodynamics of intravenous and oral
midazolam. Clin Pharmacol Ther. 2006;79:362—70.

Wood N, Tan K, Purkins L. Effect of omeprazole on the steady-state pharma-
cokinetics of voriconazole. BrJ Clin Pharmacol. 2003;56(Suppl 1):56-61.
Purkins L, Wood N, Ghahramani P, Love ER, et al. Coadministration of
voriconazole and phenytoin: pharmacokinetic interaction, safety, and
toleration. BrJ Clin Pharmacol. 2003;56(Suppl 1):37-44.

Dodds-Ashley E. Management of drug and food interactions with azole
antifungal agents in transplant recipients. Pharmacotherapy. 2010;30(8):
842-54.

Schwiesow JN, Iseman MD, Peloquin CA. Concomitant use of voricon-
azole and rifabutin in a patient with multiple infections. Pharmacotherapy.
2008;28(8):1076-80.

Ohno Y, Hisaka A, Suzuki H. General framework for the quantitative pre-
diction of CYP3A4-mediated oral drug interactions based on the AUC
increase by coadministration of standard drugs. Clin Pharmacokinet.
2007;46(8):681-96.

Shobha JC, Muppidi MR. Interaction between voriconazole and glimepiride.
J Postgrad Med. 2010;56(1):44-5.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

. Mathis AS, Shah NK, Friedman GS. Combined use of sirolimus and
voriconazole in renal transplantation: a report of two cases. Transplant
Proc. 2004;36(9):2708-9.

Pai MP, Allen S. Voriconazole inhibition of tacrolimus metabolism. Clin
Infect Dis. 2003;36:1089-91.

Capone D, Tarantino G, Gentile A, Sabbatini M, et al. Effects of voricon-
azole on tacrolimus metabolism in a kidney transplant recipient. J Clin
Pharm Ther. 2010;35(1):121-4.

Purkins L, Wood N, Kleinermans D, Nichols D. Voriconazole potentiates
warfarin-induced prothrombin time prolongation. Br J Clin Pharmacol.
2003;56(Suppl 1):24-9.

Saari TI, Laine K, Leino K, Valtonen M, et al. Effect of voriconazole on the
pharmacokinetics and pharmacodynamics of zolpidem in healthy subjects.
BrJ Clin Pharmacol. 2007;63:116-20.

Rengelshausen J, Banfield M, Riedel KD. Opposite effects of short-term
and long-term St. John’s Wort intake on voriconazole pharmacokinetics.
Clin Pharmacol Ther. 2005;78:25-33.

Yakiwchuk EM, Foisy MM, Hughes CA. Complexity of interactions
between voriconazole and antiretroviral agents. Ann Pharmacother. 2008;
42(5):698-703.

Thompson GR 3rd, Lewis JS 2nd. Pharmacology and clinical use of
voriconazole. Expert Opin Drug Metab Toxicol. 2010;6(1):83-94.
Girmenia C. New generation azole antifungals in clinical investigation.
Expert Opin Investig Drugs. 2009;18(9):1279-95.

Kulemann V, Bauer M, Graninger W, Joukhadar C. Safety and potential of
drug interactions of caspofungin and voriconazole in multimorbid patients.
Pharmacology. 2005;75(4):165-78.

Damle B, LaBadie R, Crownover P, Glue P. Pharmacokinetic interactions
of efavirenz and voriconazole in healthy volunteers. BrJ Clin Pharmacol.
2008;65(4):523-30.

Liu P, Foster G, LaBadie RR, Gutierrez MJ, Sharma A. Pharmacokinetic
interaction between voriconazole and efavirenz at steady state in healthy
male subjects. J Clin Pharmacol. 2008;48(1):73-84.

Carbonara S, Regazzi M, Ciraci E, et al. Long-term efficacy and safety
of TDM-assisted combination of voriconazole plus efavirenz in an AIDS
patient with cryptococcosis and liver cirrhosis. Ann Pharmacother. 2009;
43(5):978-84.

Purkins L, Wood N, Kleinermans D, Nichols D. Histamine H2-receptor
antagonists have no clinically significant effect on the steady-state pharma-
cokinetics of voriconazole. BrJ Clin Pharmacol. 2003;56(Suppl 1):51-5.
Black DJ, Kunze KL, Wienkers LC, et al. Warfarin-fluconazole. II.
A metabolically based drug interaction: in vivo studies. Drug Metab
Dispos. 1996;24:422-8.

Di Bonaventura G, Pompilio A, Picciani C, Iezzi M, et al. Biofilm forma-
tion by the emerging fungal pathogen Trichosporon asahii: development,
architecture, and antifungal resistance. Antimicrob Agents Chemother.
2006;50(10):3269-76.

Tumbarello M, Posteraro B, Trecarichi EM, Sanguinetti M. Fluconazole
use as an important risk factor in the emergence of fluconazole-resistant
Candida glabrata fungemia. Arch Int Med. 2009;169:1444-5.

Bueid A, Howard SJ, Moore CB, Richardson MD, et al. Azole antifun-
gal resistance in Aspergillus fumigatus: 2008 and 2009. J Antimicrob
Chemother. 2010;65(10):2116-8.

Mortensen KL, Mellado E, Lass-Florl C, Rodriguez-Tudela JL, et al.
Environmental study of azole-resistant Aspergillus fumigatus and other
aspergilli in Austria, Denmark, and Spain. Antimicrob Agents Chemother.
2010;54(11):4545-9.

White TC, Marr KA, Bowden RA. Clinical, cellular, molecular factors that
contribute to antifungal drug resistance. Clin Microbiol Rev. 1998;11:382—402.
Miller FM, Weig M, Peter J, Walsh TJ. Azole cross-resistance to
ketoconazole, fluconazole, itraconazole and voriconazole in clinical
Candida albicans isolates from HIV-infected children with oropharyngeal
candidosis. J Antimicrob Chemother. 2000;46(2):338—40.

Diaz-Guerra TM, Mellado E, Cuenca-Estrella M, Rodriguez-Tudela JL.
A point mutation in the 14a-sterol demethylase gene Cyp51A4 contributes
to itraconazole resistance in Aspergillus fumigatus. Antimicrob Agents
Chemother. 2003;47:1120-4.

94

Clinical Medicine Reviews in Therapeutics 2011:3


http://www.la-press.com

Voriconazole in invasive fungal infections

121.

122.

123.

124.

Mellado E, Gracia-Effron G, Alcazar-Fuoli L, Cuenca-Estrella M,
Rodriguez-Tudela JL. Substitutions at Methionine 220 in the 14 a-sterol
demethylase (Cyp51A4) of Aspergillus fumigatus are responsible for resis-
tance in vitro to azole antifungal drugs. Antimicrob Agents Chemother-.
2004;48:2747-50.

Bart-Delabesse E, Humbert JF, Delabesse E, Bretagne S. Microsatellite
markers for typing Aspergillus fumigatus isolates. J Clin Microbiol. 1998;
36:2413-8.

Howard SJ, Webster I, Moore CB, et al. Multi-azole resistance in
Aspergillus fumigatus. Int J Antimicrob Agents. 2006;28:450-3.

Pfaller MA, Messer SA, Boyken L, et al. In-vitro survey of triazole cross-
resistance among more than 700 clinical isolates of Aspergillus species.
J Clin Microbiol. 2008;46:2568-72.

125.

126.

127.

Bellete B, Raberin H, Morel J, Flori P, et al. Acquired resistance to
voriconazole and itraconazole in a patient with pulmonary aspergilloma.
Med Mycol. 2010;48(1):197-200.

McGinnis MR, Pasarell L, Sutton DA, Fothergill AW, Cooper CR Jr,
Rinaldi MG. In vitro activity of voriconazole against selected fungi. Med
Mpycol. 1998;36:239-42.

Wingard JR, Herbrecht R, Mauskopf J, Schlamm HT, Marciniak A,
Roberts CS. Resource use and cost of treatment with voriconazole or con-
ventional amphotericin B for invasive aspergillosis. Transpl Infect Dis.
2007;9(3):182-8.

Clinical Medicine Reviews in Therapeutics 2011:3

95


http://www.la-press.com

