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Abstract
Systemic and oral clearances of alfentanil are in vivo probes for hepatic and first-pass CYP3A.
Both alfentanil single point plasma concentrations and miosis are surrogates for area under the
concentration-time curve (AUC), clearance, and are minimal and non-invasive CYP3A probes.
This investigation determined alfentanil sensitivity for detecting graded CYP3A induction, and
compared it with that of midazolam Twelve volunteers (sequential crossover) received 0, 5, 10, 25
or 75 mg oral rifampin for 5d. Midazolam and alfentanil were given intravenously and orally on
sequential days. Dark-adapted pupil diameters were measured with blood sampling. Graded
rifampin decreased plasma midazolam AUCs to 83, 76, 62 and 59% (intravenous) and 78, 66, 39,
and 24% (oral) of control. Hepatic and first-pass CYP3A induction were detected comparably by
plasma midazolam and alfentanil AUCs. Single alfentanil concentrations detected all CYP3A
induction, while midazolam was less sensitive. Alfentanil miosis detected induction of first-pass
but not hepatic CYP3A.
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Cytochrome P450 (CYP) 3A subfamily enzymes metabolize >50% of all drugs, are a major
determinant of systemic and first-pass drug clearance in adults and children, and exhibit
marked inter- and intra-individual differences as a result of variable expression, genetic
polymorphism, and sensitivity to drug and dietary interactions, resulting in significant
alternations in drug bioavailability, clearance and clinical effect, and challenges to
developing and safely using CYP3A drugs.1 Identifying an ideal in vivo probe for assessing
(phenotyping) human hepatic and intestinal CYP3A activity, predicting CYP3A-dependent
drug metabolism, and individualized dosing of CYP3A drugs with narrow therapeutic
indices remains an ongoing effort.2–6 Food and Drug Administration regulations for new
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drug development require clinical assessment of potential drug interactions, and preferably,
their consequences. Additionally, there is clinical interest in using CYP3A activity to predict
optimal CYP3A drug dosing, improve therapeutic efficacy, and minimize adverse drug
effects.7,8

The CYP3A substrates alfentanil (ALF) and midazolam (MDZ) possess most characteristics
of an ideal probe.2,9 Both are “sensitive substrates”,* are metabolized exclusively by
CYP3A4 and CYP3A5 (and henceforth will be referred to jointly as CYP3A probes), neither
are P-glycoprotein substrates, and they have similar intestinal extraction, although MDZ
hepatic extraction is approximately twice that of ALF.10,11 MDZ clearance is the most
widely used CYP3A probe. Surrogate approaches for MDZ clearance have also been used,
such as limited sampling strategies of reduced or single-point plasma concentrations or
metabolite:parent ratios, with widely varying accuracy, success and enthusiasm for their
clinical utility.12–16 MDZ clearance, and its surrogates, may be influenced by hepatic blood
flow as well as by CYP3A-dependent metabolism,17,18 thus MDZ may not be an optimal
CYP3A probe. ALF may have some advantages compared with MDZ, due to a shorter half-
life and thus also briefer sampling periods, and ALF clearance is not influenced by hepatic
blood flow.19,20 ALF intravenous and oral clearances have been used to probe hepatic,
intestinal and first-pass CYP3A activities.10,11,14,21–25 Additionally, single-point ALF
plasma concentrations have been used as a surrogate for ALF clearance, and to assess
hepatic and first-pass CYP3A activities.14,22 Moreover, the decrease in dark-adapted pupil
diameter (miosis) caused by ALF is a surrogate for ALF plasma concentrations, and ALF
miosis is a suitable noninvasive in vivo probe for both hepatic and first-pass CYP3A
activities.10,11,22

Current recommendations are that inhibitory in vivo probes should be sufficiently sensitive
to detect a 20–50% decrease in first-pass CYP3A activity (≥1.25-fold increase in oral MDZ
AUC) as the clinically important threshold.8,* A previous investigation demonstrated the
sensitivity of ALF and MDZ clearances, single-point concentrations, and ALF miosis, for
detecting hepatic and first-pass CYP3A inhibition.22 However, the sensitivity of ALF for
detecting CYP3A induction remains unknown. While CYP3A induction by rifampin (600
mg for 5d) significantly increased intravenous and oral MDZ clearances,10,26 and
intravenous and oral ALF plasma clearances and oral ALF effect clearance,10 this was
nonetheless not a stringent test of a CYP3A induction probe because the induction was so
profound. Therefore the primary goal of this investigation was to determine the sensitivity of
ALF clearance, single-point plasma concentrations, and miosis in detecting and quantifying
CYP3A induction, and in comparison with MDZ clearance and single-point concentrations.
This investigation of sensitivity to graded CYP3A induction complements the previous
study of sensitivity to graded CYP3A inhibition.22 The target was ~20–80% decreases in the
plasma MDZ concentration AUC ratio (rifampin/control) for oral MDZ.

Results
Increasing doses of rifampin progressively reduced MDZ and ALF plasma concentrations
and ALF clinical effects (Figure 1 and Table 1; Figure 2 and Table 2, for IV and oral probes,
respectively). MDZ systemic clearance and hepatic extraction (EH) were increased 21, 29,
58, and 66% by 5, 10, 25, and 75 mg rifampin, and ALF clearance and EH were increased
19, 32, 70, and 92%. These rifampin doses increased oral MDZ CL/F 23, 45, 246 and 415%,
and ALF CL/F 33, 77, 377 and 826%. MDZ intestinal extraction (EG) was only increased

*Food and Drug Administration Center for Drug Evaluation and Research (FDA-CDER) Guidance for Industry: Drug Interaction
Studies-Study Design, Data Analysis, and Implications for Dosing and Labeling, (http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/ucm072101.pdf). Last accessed December 28, 2010.
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(28%) by 75 mg rifampin, and that of ALF by 25 (33%) and 75 mg (63%). Bioavailability
(Foral) of ALF was reduced to 78, 51, and 24% of control by 10, 25 and 75 mg rifampin,
while that of MDZ was unchanged, and decreased to 62 and 38% of control, respectively.
Significant correlations were found between MDZ and ALF disposition, for CLIV, CL/F,
EH, Foral, and EG, (shown in Figure 3 for CLIV, and other correlation coefficients provided
in the figure legend).

CYP3A induction was assessed by the recommended standard of geometric mean AUC∞
ratios (inducer/control). Ratios for IV and oral ALF and oral MDZ were significantly
decreased by all rifampin doses, but those for IV MDZ by only 25 and 75 mg rifampin.
Dose-response relationships for rifampin induction, assessed using arithmetic (Figure 4) and
geometric means (Tables 1, 2), showed significantly greater magnitude of CYP3A induction
effects on ALF than MDZ, except at minimal or full induction.

Rifampin induction of CYP3A was also determined by single point plasma concentrations
and concentration ratios (induced/control) for MDZ and ALF. A preliminary analysis
showed optimal correlations between plasma AUC and single point concentrations, across
all control and rifampin-treated groups, at 4 and 2 hr for MDZ and ALF, respectively (both
IV and oral) (not shown). A previous investigation showed that correlations were optimal at
5 and 4 hr for MDZ and ALF, across the full range of CYP3A induction as well as
inhibition.14 Therefore, the influence of graded rifampin induction of CYP3A on single
point plasma concentration metrics was determined at 4 and 5 hr for MDZ, and 2 and 4 hr
for ALF (Tables 1, 2). IV MDZ 4 and 5 hr concentrations and ratios were significantly
different from controls in subjects treated with 25 and 75 mg rifampin, while both 2 and 4 hr
IV ALF concentrations and ratios were significantly different at all rifampin doses. All oral
MDZ and ALF concentrations and ratios were significantly different from controls at all
rifampin doses. Ratios (geometric means) for ALF were generally lower than those for
MDZ, at both sets of time points.

CYP3A induction was reflected by changes in the time course of ALF dark-adapted pupil
diameter change (miosis) for oral ALF, and less so for IV ALF (Figs 1 and 2). Decreases in
IV ALF AUEC were not significantly different from control (Table 1). After oral ALF,
maximum miosis was significantly reduced at all rifampin doses, as were the AUEC and
AUEC ratios (except the latter, at 5 mg rifampin) (Table 2).

ALF pharmacodynamics were determined by the plasma concentration-miosis relationship
(Figure 5). The EC50 for miosis was approximately 40 ng/ml, maximum miosis did not
occur at the highest ALF concentrations (100 ng/ml), and little miosis was observed at low
ALF concentrations (<10 ng/ml), as reported previously.10,22,27 Rifampin had no influence
on ALF concentration-miosis relationships, which were reproducible across all study
sessions

ALF and MDZ were administered in a total of 120 study sessions. All subjects tolerated
MDZ and ALF well and without incident. Side effects were rare. Three subjects received
ondansetron for nausea and one experienced emesis, all after IV probe dosing, with no
events after oral dosing. No subject had clinically meaningful respiratory side effects.
Research nurses were entirely comfortable administering the drugs and monitoring subjects
without any physician presence.

Discussion
The purpose of this investigation was to compare responses of the CYP3A probes ALF and
MDZ to graded CYP3A induction, and to determine the sensitivity of single point ALF and
MDZ concentrations, and ALF miosis, in detecting hepatic and first-pass CYP3A induction.
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Results were obtained in normal healthy volunteers, and the influence of concomitant
disease or other factors was not assessed. The FDA draft guidance on drug interaction
studies defines strong, moderate and weak CYP3A inhibitors as causing ≥ 5-fold, ≥ 2-<5-
fold, and ≥1.25-<2-fold increases in plasma AUC, or >80%, 50–80%, and 20–50%
decreases in clearance, of a sensitive oral CYP3A substrate (e.g. MDZ).* An analogous
quantitative classification system for inducers of CYP3A, or other CYPs, is not
defined,28–31 however the FDA guidance document lists inducers as those decreasing
plasma AUC values by ≥30%* (corresponding to a 43% increase in CL/F). Hence for this
investigation, oral CYP3A probe sensitivity was ideally defined as capable of detecting a
change equivalent to a 30% decrease in oral MDZ AUC. Although no analogous guidelines
exist for hepatic CYP3A and IV dosing, the same criterion of detecting a 30% change in IV
MDZ AUC was also applied.

This investigation is the first to use lesser, graded CYP3A induction with low-dose rifampin
in contrast to more profound CYP3A induction with full therapeutic antitubercular (600mg)
doses, to evaluate either MDZ or ALF as CYP3A probes. Previously, hepatic and intestinal
CYP3A induction by 5–7d full-dose rifampin increased MDZ CL, EH, CL/F, and EG 2.2-,
2-, 22-, and 1.6-fold, and decreased IV and oral AUC ratios to 45–52% and 5–10% of
control.10,26,32 Presently, graded low-dose rifampin (5, 10, 25, and 75 mg) decreased the IV
MDZ AUC ratios to 83, 76, 62, and 50% of control, corresponding to 1.2-, 1.3-, 1.6-, and
1.7-fold increases in hepatic CL and EH. Oral MDZ AUC ratios were reduced to 78, 66, 39
and 24% of control, corresponding to 1.2-, 1.4-, 2.5-, and 4.2-fold increases in CL/F. Thus,
the investigational target of graded hepatic and first-pass CYP3A induction, using a range
within which a 30% decrease in oral MDZ AUC (1.4-fold increase in CL/F) would occur,
was achieved.

This investigation provides rifampin dose-response data for CYP3A induction, a previously
identified unmet need,30 Most rifampin induction studies evaluate full antitubercular doses
for 5–7d, although some evaluated longer.26 CYP3A induction was maximal after 8d.26

Maximal CYP3A induction, based on IV and oral MDZ AUC ratios, is approximately 2- and
25-fold, respectively.10,26,32 The first major finding of this (crossover) investigation was
that the 5d rifampin dose to achieve 50% of maximal induction (IV and oral ALF AUC
ratios of 0.7 and 0.52, based on AUC ratios of ~0.4 and 0.04 at full induction10) was
between 10 and 25 mg. In a previous (parallel group) study, using 20, 100 or 500 mg
rifampin for 14d, and CYP3A assessment by plasma single point oral quinine:3-
hydroxyquinine ratios and 4β-hydroxycholesterol concentrations, induction ratios after
20/100/500mg rifampin were 1.6/3.0/4.2 and 1.5/2.5/4.0 for the two probes, respectively.33

Assuming maximal induction at the highest rifampin dose, this also suggested 50% of
maximal induction at approximately 20 mg rifampin.

The second major finding was that both MDZ and ALF could detect induction of hepatic
and first-pass clearances, using the conventional metric of AUC ratios (≥30% decrease in
plasma AUC, corresponding to ≥1.4-fold induction of clearance). Indeed, even at the lowest
rifampin dose (5mg), which decreased mean IV and oral MDZ AUCs 16 and 20%
(corresponding to 1.2-fold increases in clearance), ALF IV and oral AUC ratios were also
significantly decreased. Ability to detect smaller degrees of induction was not evaluated.
Thus both IV and oral MDZ and ALF have requisite and ample sensitivity to detect at least a
30% decrease (and in actuality a 20% decrease) in plasma AUC with 12 subjects.

The third finding of this investigation was a greater effect of rifampin on ALF compared
with MDZ disposition. For example, after 75 mg rifampin, the increase in IV and oral ALF
clearances was 16 and 200% greater than that of MDZ. This may simply reflect the lower
EH of ALF, although both probes have similar EG, and that ALF metabolism was induced
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more and at lower rifampin doses than that of MDZ. Another potential explanation is that
ALF could be a better substrate than MDZ for a rifampin-inducible efflux transporter,
although neither drug has been identified to date as a substrate for hepatic or intestinal
transporters such as P-glycoprotein,34,35 making this explanation unlikely. Greater induction
of ALF than MDZ clearances resulted in greater sensitivity of ALF to detect CYP3A
induction (vide infra). Consensus documents recommend that the most sensitive CYP probe
substrates be used to assess drug interactions.8,31,*, therefore ALF may be considered a more
sensitive and therefore preferable CYP3A probe than the current standard MDZ. Other more
sensitive CYP3A probes have also been identified.36,37

This investigation is the first to evaluate the sensitivity of single point MDZ and ALF
concentrations for assessing graded CYP3A induction. Both 2 and 4 hr ALF concentrations
could detect 1.2-fold induction of hepatic and first-pass CYP3A, which occurred at the
lowest rifampin dose tested (5 mg). Thus single point ALF met the criteria for CYP3A probe
sensitivity and appears suitable as a minimally invasive (single blood sample) probe. Greater
sensitivity may be achievable, but an additional investigation using lower rifampin doses
would be required to test this hypothesis. Results for 4 and 5 hr single point MDZ were
similar to those for single point ALF for oral dosing, however for IV dosing, single point
MDZ concentrations (both 4 and 5 hr) were unable to detect small degrees of induction (1.2
to 1.3-fold). Thus the fourth major finding is that single point ALF is a valid probe (and
more sensitive than MDZ) for CYP3A induction. Although both 4 hr (optimal time to
evaluate a full spectrum of CYP3A induction and inhibition)14,22 and 2 hr (optimal time for
specifically evaluating CYP3A induction) times were equally sensitive, the latter is more
time-efficient (and assuming that induction is anticipated).

This is the first investigation to evaluate the sensitivity of ALF miosis in detecting CYP3A
induction. Miosis was sufficiently sensitive, based on geometric mean AUEC ratios, to
detect a 40% decrease in oral ALF or MDZ plasma AUC ratios (with 10 mg rifampin). It
was not sensitive enough to detect 22–28% decreases in oral ALF or MDZ plasma AUC
ratios (with 5 mg rifampin). Maximum miosis, in addition to AUEC, could also detect first-
pass CYP3A induction. More intermediate degrees of CYP3A induction were not assessed,
so the sensitivity of ALF miosis (to detect a 30% decrease in oral MDZ AUC) cannot be
estimated from the present data. ALF miosis (AUEC ratio) was not sufficiently sensitive to
detect changes in hepatic CYP3A activity at the threshold of a 30% decrease in IV MDZ
AUC. Thus the fifth major finding of this investigation is that ALF miosis can detect
significant induction of first-pass CYP3A activity, and can serve as a noninvasive first-pass
CYP3A probe. It could not, however, under the conditions used in this investigation (ALF
dose, pupillometer used, cut-off criterion of a 30% decrease in probe concentration AUC,
and group size of 12 subjects), and due in part to the interindividual variability in the miotic
response, detect hepatic CYP3A induction. Therefore the sensitivity of IV ALF miosis is
less than that of ALF plasma AUCs or single-point measurements for detecting hepatic
CYP3A induction. It is possible that larger group sizes or other technological improvements
might overcome this limitation.

As described previously,22 one major factor affecting the sensitivity of ALF miosis is the
sigmoidal character of plasma concentration-effect relationships. Current and previous10,22

results show that the optimal (linear) range for measuring miosis is ~20–100 ng/ml ALF,
and that changes in miosis will underestimate those in plasma ALF at lower concentrations.
In this protocol, 15 μg/kg IV ALF resulted in plasma concentrations >20 ng/ml only briefly,
and particularly after CYP3A induction. This contrasts with CYP3A inhibition, where
plasma ALF concentrations (and miosis) were increased and prolonged.10,22 Other
considerations affecting the sensitivity of ALF miosis include interindividual variability in
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ALF pharmacodynamics, hippus or pupillary unrest, pupillary noise, and differences
between studies in the hand-held pupillometers used, as previously summarized.22

The sixth major finding of this investigation was that rifampin had no effect on ALF
concentration-miosis relationships. Using clinical effect as a surrogate for plasma
concentrations, in general, requires minimal delay, or hysteresis, in the plasma
concentration-effect relationship. Moreover, when using an effect surrogate for plasma
concentrations to probe a pharmacokinetic interaction, lack of active transport at the blood-
brain barrier (uptake or efflux) is a desirable characteristic to ensure that the effect vs time
relationship is not confounded by a blood-brain barrier interaction in addition to a
pharmacokinetic interaction. Thus, ideally, to use ALF miosis as a concentration surrogate,
ALF should have rapid brain access and equilibration, and undergo negligible active
transport at the blood-brain barrier. This is particularly important, because drugs which
might induce CYP3A activity might also induce one or more transporters, through effects on
pregnane X or constitutive androstane receptors.38

ALF blood-brain barrier permeability and brain uptake have been studied in rodents and
humans. In mice, among a physicochemically diverse set of clinically-used drugs, ALF had
the largest permeability surface coefficient, and one of the highest brain uptake clearances
and rates of brain equilibration.39 In rats, similar near-instantaneous ALF brain distribution
kinetics were also observed, and ALF transport to an effect site was considered not to be
rate-limiting, due to high passive permeability.35 Clinically, ALF has extremely fast onset,
rapidly equilibration (1 min half-life for equilibration between plasma concentrations and
effect, t½,ke0) and no hysteresis.10,40 Thus, ALF has rapid brain access. ALF transport by
uptake and efflux proteins is less well studied. In cells overexpressing human P-glycoprotein
(P-gp), transcellular ALF movement was not affected by P-gp inhibition and ALF was a
poor P-gp inhibitor, suggesting that ALF was not a P-gp substrate.34,35 In mice, ALF was
considered a weak P-gp substrate, with brain uptake clearance increased only 1.4-fold in P-
gp knock-outs,39 although a prior investigation unambiguously classified ALF as a P-gp
substrate, with P-gp knock-outs having a 3-fold greater steady-state brain-to-serum
concentration ratio, and P-gp efflux significantly altering ALF antinociception.41 That report
suggested that ALF pupillometry might have the potential to detect alterations in P-gp
activity, and that future ALF drug interaction studies should assess whether any observed
effect interactions are caused by P-gp inhibition.

In the present investigation, rifampin had no effect on ALF concentration-effect
relationships. This recapitulates a previous finding that 600 mg rifampin also had no
influence on ALF pharmacodynamics.10 One interpretation is that ALF is not a substrate for
rifampin-inducible transporters at the blood-brain barrier. Another is that rifampin does not
induce blood-brain barrier transporters. Although clinical effects of rifampin on human brain
P-gp are not known, rifampin did upregulate P-gp expression in vivo in transgenic mice
expressing human pregnane X receptor42 and in vitro in a human brain microvessel
endothelial cell line43 and porcine brain capillaries.44 Since rifampin appears to upregulate
P-gp at the blood-brain barrier, while ALF pharmacodynamics are unchanged by rifampin,
ALF therefore appears to undergo little or no active transport at the blood-brain barrier by
rifampin-inducible transporters. Thus, ALF has rapid brain access and equilibration, and
there is no evidence for active transport at the blood-brain barrier. This further supports ALF
miosis as a surrogate for plasma concentrations and noninvasive CYP3A assessment.

This investigation used measured hematocrits for calculating hepatic plasma flow. Previous
ALF studies used population hematocrits (36 in women and 40 in men).11,22,27 Present
hematocrits overall were 33±3 and 42±2 in females and males, respectively, and were
unchanged across sessions (35±2, 34±3, 34±4, 32±3, and 33±3 in females, 43±2, 41±2,
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42±1, 42±3, and 42±3 in males), in controls and ascending rifampin dose groups,
respectively. Interday variations, and differences between measured and population
hematocrits, had little influence on pharmacokinetic parameter estimates. Therefore, using
actual vs population hematocrit values had little effect on the use of these CYP3A probes.

Although MDZ is the standard oral CYP3A probe,8,31,36,37,* discussion continues about the
optimal in vivo probe for assessing CYP3A and drug interactions, predicting CYP3A-
dependent drug metabolism, and individualized dosing of CYP3A drugs with narrow
therapeutic indices.2,7–9,36,37 MDZ is probably the most widely used CYP3A probe, albeit
possibly not ideal, because MDZ clearance may be influenced by hepatic blood flow as well
as by CYP3A-dependent metabolism,17,18 and variability in hepatic blood flow may
contribute to variability in MDZ clearance,17,45,46 and other substrates, including buspirone,
sildenafil, simvastatin, and ALF, appear more sensitive.36,37

In summary, this investigation assessed the sensitivity of IV and oral ALF AUCs and
clearances, single-point plasma concentrations, and miosis, in detecting and quantifying
CYP3A induction, and in comparison with MDZ AUCs and clearance and single-point
concentrations. ALF was a more sensitive substrate for detecting CYP3A induction, and 2 hr
single-point ALF plasma concentrations were excellent surrogates for formal ALF clearance
determinations and detecting CYP3A induction. ALF miosis may be a useful surrogate for
ALF plasma concentrations and a probe for first-pass, but not hepatic CYP3A induction.
ALF miosis confers significant advantages of noninvasiveness and real-time availability of
results.

Methods
Study Population and Protocol

Twelve volunteers (8 male, 4 female) participated in the investigation, which was approved
by the Washington University Institutional Review Board, after obtaining written informed
consent. Subjects (25 ± 6 yr, range 18–38, smokers and nonsmokers) were healthy, within
30% of ideal body weight (74 ± 16 kg, range 55–108), had no remarkable medical problems,
history of hepatic or renal disease, and were taking no drugs or natural products known to
alter CYP3A activity. Subjects using oral or implanted contraceptives were excluded, due to
potential rifampin effects on their effectiveness. Subjects were instructed to consume no
grapefruit-containing foods 5d before and during each study day, abstain from alcohol for 24
hr prior to and during study days, and from caffeine on study days. The study period was
approximately 2 mo per subject, and 9 mo overall.

The protocol was a 5-way sequential crossover. Each 5-session pair was separated by at least
2 weeks. Subjects were studied in the clinical research center. Catheters were placed in an
arm vein for drug administration and blood sampling. For hepatic and intestinal CYP3A
induction, subjects received nothing or rifampin (5, 10, 25 or 75 mg capsules orally) at
bedtime for 5 days. The next day they received 1 mg intravenous (IV) MDZ followed 1 hr
later by 15 μg/kg IV ALF. That night, subjects received an additional rifampin dose. The
next day they received 3 mg oral MDZ followed 1 hr later by 75 μg/kg oral ALF (both
injectable formulations, used without modification) with 100cc water. Subjects were
monitored with pulse oximetry for routine safety, and received supplemental oxygen for
saturation <94%. They received a standard breakfast 2 hr after ALF, with free access to food
and water thereafter. Blood samples were obtained for up to 9 hr after MDZ (8 hr after
ALF). Plasma was stored at −20°C for later analysis. Coincident with blood sampling, and at
intermediate times, dark-adapted pupil diameter was measured using a PLR-200™

Pupillometer (NeurOptics, Irvine, CA) as described previously.10,11 Pupil diameter change
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(miosis) at each time point was the pre-drug baseline diameter minus the diameter at each
time point.

Analytical Methods
Plasma MDZ and ALF concentrations were measured by HPLC-tandem mass spectrometry
with multiple reaction monitoring as previously reported.47 Interday coefficients of variation
were 7, 8, and 7% at 1.4, 12 and 100 ng/ml MDZ, and 9, 7, and 7% at 1, 10, and 100 ng/ml
ALF.

Pharmacokinetic Analysis
Data were analyzed using noncompartmental methods (WinNonlin, Pharsight, Cary, NC) as
described previously.10,11 Systemic clearance was (CLIV)=DoseIV,/AUCIV,, apparent oral
clearance was (CL/F)=Doseoral/AUCoral,, bioavailability was (Foral)=(AUCoral/
Doseoral)x(DoseIV/AUCIV), steady-state volume of distribution was (Vss)=mean residence
time x CL. Hepatic extraction (EH) was (CLIV/Qp), where hepatic plasma flow (Qp) was
estimated as the product of hepatic blood flow (25.3 and 25.5 ml/kg in males and females)32

and hematocrit (determined on the morning of the oral ALF study day), and negligible
extrahepatic ALF metabolism was assumed. Gastrointestinal extraction (EG) was 1−(Foral/
(FH × Fabs)), where oral absorption was assumed to be complete and thus Fabs considered to
be unity. Rifampin was assumed not to influence hepatic blood flow.10 In addition to formal
clearance determinations, single point plasma concentrations were also assessed as potential
surrogates for AUC. Concentrations used were 2 and 4 hr for IV and oral ALF and 5 hr for
IV and oral MDZ, respectively.14 ALF effect (miois) disposition curves were analyzed using
noncompartmental analysis, analogously to conventional plasma concentration curves, to
yield effect parameters (area under the effect curve, AUEC) similar to conventional
pharmacokinetic parameters, as described previously.10,11

Statistical Analysis
Results are expressed as the arithmetic mean ± SD, unless indicated otherwise. One-way
(rifampin dose) or two-way (rifampin dose and substrate) repeated measures analysis of
variance (with log transformation of non-normal data) followed by the Student-Newman-
Keuls test was used to assess the significance (assigned at p<0.05) of differences between
groups (SigmaPlot, Systat Corp., San Jose, CA) AUC, AUEC and single-point concentration
ratios with and without the interacting drug (rifampin/control) were used to assess the
differences between groups using geometric mean ratios and 90% confidence intervals.
Relationships between MDZ and ALF pharmacokinetic parameters were analyzed using
Pearson product moment correlations. Correlations between MDZ or ALF AUC and plasma
concentrations at each time point were evaluated by weighted (1/y2) linear regression, and
goodness of fit determined by comparing the coefficients of determination (r2) as described
previously.14 Dose-response relationships for CYP3A induction were analyzed by nonlinear
regression using the Hill equation.

Sample size was based on ALF clearance. Based on 13% intraindividual variability in ALF
clearance,48,49 11 subjects per group were required to detect a 20% difference in clearance
(α=0.05, β=0.8). Twelve subjects were enrolled.
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Figure 1.
Effect of graded CYP3A induction on (A) MDZ plasma concentration, (B) ALF plasma
concentration, and (C) ALF miosis, after 1 mg IV MDZ and 15 μg/kg IV ALF. Results are
the mean ± SD (n=12). Some SD are omitted for clarity.
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Figure 2.
Effect of graded CYP3A induction on (A) MDZ plasma concentration, (B) ALF plasma
concentration, and (C) ALF miosis, after 3 mg oral MDZ and 75 μg/kg oral ALF. Results
are the mean ± SD (n=12). Some SD are omitted for clarity.
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Figure 3.
Relationship between MDZ and ALF clearances after IV administration. Each data point is
an individual subject session. The correlation was significant (Pearson r=0.86, p<0.05).
Similar significant correlations were found between MDZ and ALF for CL/F (r=0.72),
hepatic extraction (EH, r=0.86), bioavailability (Foral, r=0.87), and intestinal extraction (EG,
0.68).
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Figure 4.
Relationship between rifampin dose and CYP3A induction, assessed by the plasma
concentration AUC ratio, for both MDZ and ALF. Results are shown as the arithmetic mean
± SD (n=12). Dose-response curves were determined using the Hill equation, and non-linear
regression analysis of individual data. Lines represent predicted values based on regression
parameters. Significant differences between MDZ and ALF ratios at the same rifampin dose,
assessed by 2-way repeated measures analysis of variance, are indicated by asterisks
(p<0.05) Results for induction by 600 mg rifampin are from a previous publication, and
were also assessed by 2-way repeated measures analysis of variance.10
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Figure 5.
Relationship between alfentanil miosis and plasma concentration after IV administration.
Some SD are omitted for clarity. Results are the mean ± SD (n=12).
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