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oriconazole, but not terbinafine, markedly
educes alfentanil clearance and prolongs its
alf-life

Objective: Alfentanil is a short-acting synthetic opioid analgesic, which is extensively metabolized, mainly by
hepatic cytochrome P450 (CYP) 3A enzymes. Concomitant administration of alfentanil and CYP3A inhib-
itors may lead to clinically important drug interactions. We investigated the possible interactions between
alfentanil and orally administered voriconazole and terbinafine.
Methods: A randomized crossover study design in 3 phases was used. Twelve healthy volunteers were given 20
�g/kg intravenous alfentanil without pretreatment (control), after oral voriconazole administration (400 mg
twice on the first day and 200 mg twice on the second day), or after oral terbinafine administration (250 mg
once daily for 3 days). Plasma concentrations of alfentanil were measured for 10 hours, and the pharmaco-
kinetic parameters were calculated by use of noncompartmental methods.
Results: Voriconazole decreased the mean plasma clearance of intravenous alfentanil by 85%, from the control
value of 4.4 � 2.4 mL · min�1 · kg�1 to 0.67 � 0.27 mL · min�1 · kg�1 (P < .001), and prolonged its
elimination half-life from 1.5 � 0.49 hours to 6.6 � 1.8 hours (P < .001). The area under the alfentanil
plasma concentration–time curve was increased by 6-fold by voriconazole (P < .001). Terbinafine had no
statistically significant effect on the pharmacokinetics of alfentanil. Alfentanil administration caused nausea
in 5 volunteers and vomiting in 2. These side effects all occurred in volunteers in the voriconazole phase.
Conclusion: Oral voriconazole, but not terbinafine, markedly inhibited the metabolism of alfentanil. Caution
should be exercised when alfentanil is given to patients receiving voriconazole. It is reasonable to assume that
patients receiving voriconazole require 70% to 90% less alfentanil for the maintenance of analgesia than
patients who are not receiving concomitant CYP3A inhibitors. (Clin Pharmacol Ther 2006;80:502-8.)
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The synthetic opioid alfentanil displays a rapid onset
f action and elimination. Because of its pharmacologic
roperties, it is widely used as an analgesic for short-
asting procedures. Alfentanil is eliminated exclusively
y hepatic metabolism.1,2 The main oxidation pathways
re piperidine N-dealkylation to noralfentanil and
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mide N-dealkylation to N-phenylpropionamide. Both
f these pathways seem to be catalyzed predominantly
y cytochrome P450 (CYP) isozyme CYP3A4,3,4 but
YP2D6 contributes significantly to the metabolism of
any other opioids, including codeine, tramadol, and

xycodone.5-7 Alfentanil clearance shows considerable
nterindividual variability, and alterations in CYP3A
ctivity markedly affect its systemic clearance.2,8

Voriconazole is a novel triazole antifungal agent that
s used in invasive fungal infections both intravenously
nd orally.9 It is rapidly and almost completely ab-
orbed from the gastrointestinal tract,10 and similar to
ther triazole antifungals, it undergoes extensive oxi-
ative metabolism involving the CYP enzyme isoforms
YP2C9, CYP2C19, and to a lesser extent, CYP3A4.11

oriconazole inhibits several CYP enzymes, namely
YP3A4, CYP2C9, and CYP2C19.12-14 We have pre-
iously shown that voriconazole has a strong interac-

ion with the CYP3A4 substrate midazolam.15 Voricon-
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zole increased the bioavailability of oral midazolam
rom 31% to 84% and the area under the midazolam
lasma concentration–time curve by more than 9-fold.
Terbinafine is an allylamine antimycotic agent used

n the treatment of fungal skin and nail infections.16 It
s widely oxidized by multiple CYP enzymes,17 and
tudies in humans have shown that orally administrated
erbinafine considerably inhibits CYP2D6-mediated
rug metabolism, without a significant effect on other
YP enzymes.18-20

Previous investigations have shown that inhibitors of
YP3A impair the metabolism of alfentanil. Erythro-
ycin and fluconazole reduce the clearance of alfen-

anil by 25% and 55%, respectively,21,22 and flucon-
zole also causes an increase in alfentanil-induced
ubjective effects.22 Correspondingly, the calcium an-
agonist diltiazem has been shown to prolong endotra-
heal extubation of patients undergoing coronary artery
ypass grafting after high doses of midazolam and
lfentanil.23 Because the interactions between strong
nhibitors of CYP3A and alfentanil are clinically sig-
ificant, we found it important to study the possible
ffect of the antimycotic voriconazole on the pharma-
okinetics of alfentanil. Furthermore, because the me-
abolism of several opioid analgesics is considerably
ediated by CY2D6,5-7 we also studied the possible

nteraction between alfentanil and terbinafine.

ETHODS
Subjects. The study protocol was approved by the

thics Committee of the Hospital District of Southwest
inland, as well as by the National Agency of Medi-
ines, Finland. Written informed consent was obtained
rom 12 healthy volunteers, 7 men and 5 women (age
ange, 19-31 years; weight range, 65-105 kg). Before
ntering the study, the volunteers were ascertained to
e in good health by medical history, clinical exami-
ation, and standard hematologic and blood chemistry
ests. None was receiving any continuous medication,
ncluding contraceptive steroids, and all were
onsmokers.
Study design. We used a randomized, open, 3-phase

rossover study design at intervals of 4 weeks. The
olunteers were given either no pretreatment (control
hase), oral voriconazole for 2 days (voriconazole
hase), or oral terbinafine for 3 days (terbinafine phase)
n a randomized order. The dose of voriconazole
Vfend, 200-mg tablet; Pfizer, New York, NY) was 400
g every 12 hours for 1 day and then 200 mg every 12

ours for 1 additional day. The dose of terbinafine
Lamisil, 250-mg tablet; Novartis Pharma, Huningue,

rance) was 250 mg once a day at 8 AM for 3 days. The a
ast doses of voriconazole and terbinafine were given at
AM with 150 mL of water by the investigators in the

esearch facility, and those volunteers not receiving any
retreatment were given 150 mL of water. The volun-
eers were instructed to take the pretreatment drug at
ome with a meal, and adherence to the drug-dosing
chedule was assessed by use of a mobile phone short
essage service.
One hour after the last dose of voriconazole or ter-

inafine or water was ingested, all volunteers received
0 �g/kg intravenous alfentanil (Rapifen, 0.5-mg/mL
njection; Janssen Pharmaceutica, Beerse, Belgium)
ver a period of 2 minutes. To prevent the sedative and
espiratory depressant effects of alfentanil, 0.1 mg nal-
xone (Narcanti, 0.4 mg/mL; Bristol-Myers Squibb,
romma, Sweden) was given intravenously 5 minutes
efore the alfentanil injection, and an additional dose of
.1 mg naloxone was given with the alfentanil injec-
ion. Additional doses of naloxone were used if needed
o counteract the side effects of alfentanil. The volun-
eers fasted for 12 hours before the administration of
lfentanil, and they were given standard meals 4 hours
nd 8 hours after alfentanil administration. The drink-
ng of grapefruit juice, alcohol, coffee, tea, or cola was
orbidden on the test days or for 2 days before the
tudy.

Blood sampling and drug analysis. For each ses-
ion, an intravenous catheter was placed in each arm, 1
or drug administration and the other for blood sam-
ling. A baseline venous blood sample was drawn into
thylenediaminetetraacetic acid–containing tubes just
efore the last pretreatment dose, and timed blood
amples (10 mL each) were drawn 0.25, 0.5, 1, 1.5, 2,
, 4, 5, 6, 7, 8, 9, and 10 hours after alfentanil admin-
stration. Plasma was separated within 30 minutes and
tored at �40°C until analysis. Trough concentrations
Ctrough) of voriconazole and terbinafine were deter-
ined from the baseline samples.
Plasma concentrations of alfentanil were quantified

y use of an Agilent 1100 series liquid chromatography
ystem (Agilent Technologies, Palo Alto, Calif) cou-
led to an API 2000 tandem mass spectrometry system
Sciex Division of MDS, Toronto, Ontario, Canada)
perating in positive turbo ion spray mode.24 Plasma
0.5 mL), fentanyl (internal standard) (20 ng in 100 �L
f water), and 200 �L of 5% phosphoric acid were
ortexed and applied to an Oasis MCX solid-phase
xtraction cartridge (1 mL, 30 mg; Waters, Milford,
ass) without prior conditioning. Cartridges were
ashed with 1 mL 0.1N hydrochloric acid and 1 mL
ethanol, and they were then eluted with 1 mL 5%
mmonium hydroxide (vol/vol) in methanol. Samples
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ere evaporated to dryness under a nitrogen stream,
econstituted with 100 �L of acetonitrile/10-mmol/L
ormic acid (15:85 [vol/vol]), and transferred to au-
osampler vials.

Chromatography was performed on an Agilent Zor-
ax Eclipse XDB C8 analytic column (2.1 � 150 mm,
�m; Agilent Technologies) with an Eclipse XDB C8

uard column (2.1 � 12.5 mm, 5 �m; Agilent Tech-
ologies) by use of gradient elution. The mobile phase
as acetonitrile (15%-80%)/formic acid, 10 mmol/L,

nd the flow rate was 0.2 mL/min. The ion transitions
onitored were mass-to-charge ratio (m/z) 417.2 to m/z

68.1 for alfentanil and m/z 337.3 to m/z 188.1 for the
nternal standard, fentanyl. The limit of alfentanil quan-
ification was 0.1 ng/mL. The interday coefficient of
ariation was 5.0%, 4.1%, 2.2%, and 2.8% at 0.2 ng/
L, 2.0 ng/mL, 20 ng/mL, and 200 ng/mL, respectively

n � 10). Voriconazole and terbinafine did not interfere
ith the alfentanil assay. Plasma concentrations of
oriconazole, as well as terbinafine concentrations,
ere determined by HPLC.25-27 The limit of quantifi-

ation was 20 ng/mL for voriconazole and 10 ng/mL
or terbinafine. The interday coefficient of variation
as 3.4%, 0.7%, and 0.7% at 50 ng/mL, 1000 ng/mL,

nd 10,000 ng/mL, respectively, for voriconazole (n �
) and 2.5% and 3.7% at 25 ng/mL and 100 ng/mL,

ig 1. Mean plasma concentrations of alfentanil (� SD) after
ntravenous dose of 20 �g/kg alfentanil without pretreatment
triangles) or after pretreatment with oral voriconazole (solid
ircles) or oral terbinafine (open circles) in 12 healthy vol-
nteers. Voriconazole was given at a dosage of 400 mg twice
n the first day and 200 mg twice on the second day, and
erbinafine was given at a dosage of 250 mg once daily for 3
ays.
espectively, for terbinafine (n � 7). l
Pharmacokinetic analysis. For each subject, the ter-
inal log-linear phase of the alfentanil plasma

oncentration–time curve was identified visually, and
he elimination rate constant (ke) was determined by
egression analysis based on at least 8 time points. The
limination half-life (t½) was then calculated from the
ollowing equation: t½ � ln2/ke. The area under the
lasma concentration–time curve (AUC) was calcu-
ated by means of the logarithmic trapezoidal rule with
xtrapolation to infinity [AUC(0-�)] for alfentanil by
se of the ke value. Values for plasma clearance (CL)
nd steady-state volume of distribution (Vss) of alfen-
anil were calculated by noncompartmental methods
ased on statistical moment theory. The pharmacoki-
etic data were analyzed by use of the WinNonlin
harmacokinetic program (version 4.1; Pharsight,
ountain View, Calif).
Statistical analysis. Pharmacokinetic variables were

ompared by use of ANOVA with repeated measures,
nd a posteriori testing was performed by use of the
ukey test. The tests were used to determine the con-

ributions of treatments, phases, sequences, and gender
o overall variance. In addition, the Student t test was
sed for independent samples to test the possible effect
f gender on the pharmacokinetics of alfentanil during
he control phase. Differences were regarded as statis-
ically significant at P � .05. Because pharmacokinetic
rug interactions can also be assessed statistically by
he same methods that are standard for the investigation
f bioequivalence, we calculated geometric mean ratios
ith 90% confidence intervals (CIs). Bioequivalence

ie, the lack of an interaction) was concluded if the 90%
I of the geometric mean ratios for pharmacokinetic
ariables was within the acceptance limit of 0.8 to 1.25.
he Pearson product moment correlation coefficient
as used to investigate the possible relationship be-

ween the ratio of the AUC(0-�) of alfentanil during the
oriconazole phase to the AUC(0-�) of alfentanil dur-
ng the control phase and the plasma concentration of
oriconazole or terbinafine before the administration of
he last voriconazole or terbinafine dose. The results are
xpressed as mean � SD. All data were analyzed by
se of the SYSTAT for Windows statistical program
version 10.2; Systat Software, Richmond, Calif).

ESULTS
Alfentanil. Mean plasma concentrations of alfen-

anil as a function of time in 12 volunteers during
ifferent phases of the study are shown in Fig 1. During
he voriconazole phase, the mean plasma concentration
f alfentanil at 10 hours after injection was at the same

evel as at 1.5 hours during the control and terbinafine
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hases. Voriconazole decreased the plasma CL of in-
ravenous alfentanil by 85% (P � .001), and the elim-
nation t½ was prolonged from 1.5 � 0.49 hours to 6.6

1.8 hours (P � .001). Voriconazole increased the
UC(0-�) of intravenous alfentanil in all subjects, with

he greatest increase being 8.5-fold. Alfentanil Vss was
ecreased by 25% after voriconazole administration (P

.001) (Fig 2 and Table I). Terbinafine had no statis-
ically significant effect on the pharmacokinetics of
ntravenous alfentanil (Table I). Geometric mean ratios
nd 90% CIs are given in Table I. During the voricon-
zole phase, the geometric mean ratios for all calcu-
ated pharmacokinetic variables for alfentanil were out-
ide of the bioequivalence acceptance limits.

The total plasma CL of alfentanil was significantly
igher (P � .05) in women than in men during the
ontrol phase (6.1 � 2.5 mL · min�1 · kg�1 versus
.1 � 1.5 mL · min�1 · kg�1). The other pharmaco-
inetic variables of alfentanil, Vss (0.68 � 0.29 L/kg
ersus 0.40 � 0.07 L/kg) and t½ (1.3 � 0.20 hours
ersus 1.7 � 0.60 hours), did not differ significantly
etween women and men.
Plasma voriconazole and terbinafine. During the

Fig 2. Individual values for clearance (CL),
alfentanil plasma concentration–time curve e
half-life (t½) after intravenous dose of 20 �g
pretreatment with oral voriconazole (Vori) or
oriconazole phase, the Ctrough of voriconazole was b
190 ng/mL (range, 359-4353 ng/mL). There was no
ignificant linear correlation between the ratio of the
UC(0-�) of alfentanil during the voriconazole phase

o that during the control phase and the Ctrough of
oriconazole (r � 0.253, P � .43). During the terbin-
fine phase, the mean Ctrough of terbinafine was 39.2
g/mL (range, 14.9-56.6 ng/mL).
Adverse effects. All volunteers completed the study,

ut visual adverse events were reported by 6 of 12
olunteers during the voriconazole phase. For a few
ours after taking the first voriconazole dose, a tran-
ient altered perception of light, chromatopsia, and
hotophobia occurred. Alfentanil administration caused
ausea in 5 volunteers (2 women) and vomiting in 4
olunteers (1 woman). These side effects all occurred
n volunteers in the voriconazole phase, and they
tarted to have these symptoms in the afternoon, about
hours after alfentanil injection, and continued to have

hem until the end of the 10-hour follow-up time. One
dditional 0.1-mg dose of naloxone was given to 1
olunteer who had vomiting. There were no observed
r reported adverse effects during the control and ter-

tate volume of distribution (Vss), area under
ted to infinity [AUC(0-�)], and elimination
tanil without pretreatment (Control) or after
binafine (Terbi) in 12 healthy volunteers.
steady-s
xtrapola
/kg alfen
inafine phases.
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ISCUSSION
Oral voriconazole strongly affected the pharmacoki-

etics of intravenous alfentanil, whereas oral terbin-
fine had no pharmacokinetic interaction with alfen-
anil. Voriconazole reduced the mean plasma clearance
f alfentanil by 85%, and this was associated with a
ignificant prolongation of the t½. The mean plasma
oncentration of alfentanil during the voriconazole
hase at 10 hours after injection was still higher than
hat of alfentanil 1.5 hours after injection when no
oriconazole was administered.
Alfentanil is metabolized mainly by CYP3A,3,4 and

oriconazole is a strong inhibitor of CYP3A enzymes
n humans.12,14,15 Therefore it is plausible that the
dministration of voriconazole resulted in a major 77%
o 90% reduction in alfentanil CL. The effect of vori-
onazole was stronger than that of erythromycin (25%)
r fluconazole (55%) and similar to that of troleando-
ycin (79%) or ketoconazole (88%).2,21,22,28 In our

tudy voriconazole also reduced the mean Vss of alfen-
anil by 25%. Alfentanil is highly (90%) bound to
lasma proteins,29 and a decrease in its plasma protein
inding should have the opposite effect on Vss. Al-
hough there is no comprehensive evidence, a displace-
ent of alfentanil from its tissue-binding sites by vori-

onazole or saturable tissue binding at high alfentanil
oncentrations in the voriconazole phase could explain
he decrease in Vss.

There are no previous reports on the effect of terbi-
afine on the metabolism of opioid analgesics, includ-

able I. Pharmacokinetic parameters of alfentanil afte
retreatment (control) and after pretreatment with oral
n second day) or oral terbinafine (250 mg once daily

Parameter Control
Vo

CL (mL · min�1 · kg�1) 4.4 � 2.4 0.6
% of control [mean (range)] 100

Vss (L/kg) 0.52 � 0.23 0.3
% of control [mean (range)] 100

AUC(0-10) (ng · mL�1 · h) 97 � 50 35
% of control [mean (range)] 100

AUC(0-�) (ng · mL�1 · h) 100 � 54 54
% of control [mean (range)] 100

t½ (h) 1.5 � 0.49 6
% of control [mean (range)] 100

Data are given as mean � SD, unless otherwise indicated. Percent of contr
CI, Confidence interval; CL, plasma clearance of alfentanil; Vss, steady-state v
to 10 hours after alfentanil injection; AUC(0-�), area under alfentanil plasm
*Significantly different (P � .001) from control and terbinafine phases.
†Significantly different (P � .001) from control and terbinafine phases.
ng alfentanil, in healthy volunteers. Several opioids are b
etabolized by CYP2D6,5-7 and we hypothesized that
erbinafine might inhibit the metabolism of alfentanil in
ivo. Investigations using human liver microsomes
ave shown that terbinafine is a moderately potent
nhibitor of CYP2D6,30 and pharmacokinetic drug in-
eractions have been reported between terbinafine and
YP2D6 substrates in patients and healthy volun-

eers.31,32 The other members of the CYP family are
pparently not inhibited by terbinafine.18-20 Thus the
ack of effect of terbinafine on the pharmacokinetics of
lfentanil indirectly shows that CYP2D6 is not impor-
ant for the elimination of alfentanil. Furthermore, our
esults are in good accordance with previous studies on
he lack of interaction between terbinafine and the
ubstrates of CYP3A.19,20

Naloxone was given intravenously twice before al-
entanil injection to prevent the side effects of alfen-
anil. Because naloxone is metabolized predominantly
y glucuronosyltransferase,33 it is unlikely that nalox-
ne would have affected the pharmacokinetics of alfen-
anil and invalidated the conclusions of the study. Ad-
inistration of naloxone did not prevent the effects of

lfentanil totally, because 42% and 33% of the volun-
eers had nausea and vomiting, respectively, during the
oriconazole phase. The incidence of postoperative
ausea and vomiting after general anesthesia is approx-
mately 40% after ambulatory surgery,34 and it is an
mportant cause of delayed discharge and unplanned
ospital admission.35 The choice of opioid affects the
ikelihood of postoperative nausea and vomiting. It has

enous administration of 20 �g/kg alfentanil without
azole (400 mg twice on first day and 200 mg twice
ays) in 12 healthy volunteers

ole [geometric mean
io (90% CI)]

Terbinafine [geometric mean
ratio (90% CI)]

7* [0.17 (0.14-0.19)] 5.2 � 2.6 [1.19 (0.91-1.30)]
17 (12-26) 121 (97-158)
2† [0.74 (0.68-0.80)] 0.55 � 0.24 [1.07 (1.01-1.16)]
75 (59-93) 108 (85-151)

[3.97 (3.39-4.66)] 82 � 45 [0.84 (0.77-0.91)]
4 (224-587) 85 (65-103)
* [5.92 (5.20-6.71)] 84 � 47 [0.84 (0.78-0.91)]
7 (381-849) 85 (63-103)
* [4.39 (4.10-4.69)] 1.4 � 0.42 [0.90 (0.83-0.98)]
2 (342-530) 91 (70-123)

ulated individually for each subject.
istribution; AUC(0-10), area under alfentanil plasma concentration–time curve

ration–time curve extrapolated to infinity; t½, elimination half-life.
r intrav
voricon
for 3 d

riconaz
rat

7 � 0.2

7 � 0.1

3 � 84*
41

4 � 148
60

.6 � 1.8
44

ol was calc
olume of d
a concent
een shown that patients receiving alfentanil have sig-
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ificantly less postoperative nausea and vomiting than
atients receiving other opioids.34 Recent evidence also
uggests that there is a linear relationship between
pioid plasma concentrations and the likelihood of
ostoperative nausea and vomiting.35,36 Given that the
ose of alfentanil was the same in all phases of our
rossover study, the voriconazole-induced 6-fold
reater exposure to alfentanil seems to be responsible
or the increased incidence of nausea and vomiting.

The concentrations of alfentanil largely varied during
he control and terbinafine phases. Although CYP3A4
s the major hepatic CYP3A isoform in adult humans
nd its contribution to the elimination of alfentanil
learance is well established,2-4 recent in vitro studies
ith human liver microsomes suggest that it is the
etabolism of alfentanil by the polymorphic CYP3A5

hat leads to the large interindividual variability.37

oriconazole reduced the interindividual variation in
he pharmacokinetics of alfentanil, as judged by the
oefficient of variation of the calculated pharmacoki-
etic variables. This might be caused by the inhibition
f CYP3A5 by voriconazole. However, this claim is
ighly speculative because there is no information on
he effect of voriconazole on CYP3A5. Gender has
een shown to affect the pharmacokinetics of drugs
etabolized by CYP3A4.38 There were small gender

ifferences in the pharmacokinetics of alfentanil during
he control phase in our study, but gender did not
ontribute significantly to the overall variation during
he 3-phase crossover study.

Large interindividual variation was also displayed in
he trough concentrations of voriconazole. This varia-
ion may be a result of the saturable metabolism of
oriconazole.10 Another important factor increasing the
ariability of voriconazole concentrations is the genetic
olymorphism in the activity of CYP2C19, which plays
major role in the elimination of voriconazole.39 How-

ver, the crossover study design allowed us to evaluate
he effect of voriconazole on the pharmacokinetics of
lfentanil reliably.

The interaction of voriconazole and alfentanil was
tudied in young healthy volunteers, and the results
ay not be directly extrapolated to elderly patients or

atients with critical illness. Alfentanil is a potent opi-
id with a rapid onset and relatively short duration of
ction.29 If only small bolus doses of alfentanil are
dministered during voriconazole treatment, a dose ad-
ustment of alfentanil is probably not needed, because
here are no major differences in the initial alfentanil
oncentrations. However, because the elimination of
lfentanil will be slower, it would be advisable to

aintain respiratory monitoring for a longer period.
hen larger doses of alfentanil are given either by
epetitive bolus administrations or continuous infusion,
he interaction between voriconazole and alfentanil is
bviously of major clinical significance.
Our results indicate that care should be exercised if

lfentanil is given concomitantly with voriconazole. It
an be calculated that patients receiving voriconazole
equire 70% to 90% less alfentanil for the maintenance
f analgesia than those who are not receiving concom-
tant CYP3A inhibitors. If high doses of alfentanil are
sed, it is prudent to adjust doses and monitor patients
losely. Alfentanil can be used without dosage adjust-
ent in patients taking terbinafine.
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