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ABSTRACT

The Innovation and Quality Induction Working Group presents an
assessment of best practice for data interpretation of in vitro in-
duction, specifically, response thresholds, variability, application of
controls, and translation to clinical risk assessment with focus on
CYP3A4 mRNA. Single concentration control data and Emax/EC50

data for prototypical CYP3A4 inducers were compiled from many
human hepatocyte donors in different laboratories. Clinical CYP3A
induction and in vitro data were gathered for 51 compounds, 16 of
whichwere proprietary. A large degree of variability was observed in
both the clinical and in vitro induction responses; however, analysis
confirmed in vitro data are able to predict clinical induction risk.
Following extensive examination of this large data set, the following
recommendations are proposed. a) Cytochrome P450 induction

should continue to be evaluated in three separate human donors
in vitro. b) In light of empirically divergent responses in rifampicin
control and most test inducers, normalization of data to percent
positive control appears to be of limited benefit. c) With concentra-
tion dependence, 2-fold induction is an acceptable threshold for
positive identification of in vitro CYP3A4 mRNA induction. d) To
reduce the risk of false positives, in the absence of a concentration-
dependent response, induction ‡ 2-fold should be observed in more
than one donor to classify a compound as an in vitro inducer. e) If
qualifying a compound as negative for CYP3A4 mRNA induction,
the magnitude of maximal rifampicin response in that donor should
be ‡ 10-fold. f) Inclusion of a negative control adds no value beyond
that of the vehicle control.

Introduction

Regulatory agencies have issued guidelines and guidances for the
conduct of drug-drug interaction (DDI) studies with specific sections
focusing on human cytochrome P450 (P450) induction. The European
MedicinesAgency (EMA)2012 guideline (http://www.ema.europa.eu/docs/
en_GB/document_library/Scientific_guideline/2012/07/WC500129606.pdf),
the Pharmaceutical andMedical Devices Agency (PMDA) 2014 guidance

[Drug Interaction Guideline for Drug Development and Labeling
Recommendations (The Japanese Ministry of Health, Labour, and
Welfare MHLW), updated 2017, English translation not yet avail-
able], and the Food and Drug Administration (FDA) 2017 draft
guidance (In Vitro Metabolism and Transporter Mediated Drug-Drug
Interaction Studies Guidance for Industry https://www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/UCM581965.pdf; http://www.fda.gov/downloads/drugs/
guidancecomplianceregulatoryinformation/guidances/ucm292362.pdf)
specify that in vitro P450 induction assessment be conducted in human
hepatocytes from three different donors using mRNA as the primary
endpoint. All three agencies consider a 2-fold increase in mRNA the

1J.R.K., D.R., and D.B.B. contributed equally to this work.
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ABBREVIATIONS: AUC, area under the curve; AUCR, area under the curve ratio; Cmax,ss, maximum steady state concentration; Cmax,ss,u, unbound
maximum steady state concentration; Cmpd, compound; Ct, cycle time; DDI, drug-drug interaction; DMSO, dimethylsulfoxide; EMA, European
Medicines Agency; Emax, maximum fold increase (or induction) minus baseline of 1-fold; F2, concentration achieving 2-fold induction; FDA, Food
and Drug Administration; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IVIVE, in vitro in vivo extrapolation; IQ, innovation and quality; IWG,
Induction Working Group; LoB, limit of blank; LoD, limit of detection; P450, cytochrome P450; PCR, polymerase chain reaction; PMDA,
Pharmaceutical and Medical Devices Agency; RIS, relative induction score.
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threshold for a positive in vitro induction signal. The EMA and PMDA
also specify that this increase must be concentration dependent. The
FDA states that a$2-fold increase and a response of$20% of positive
control are interpreted as a positive finding. The EMA and PMDA state
that an in vitro induction response of ,100% (i.e., ,2-fold) is only
negative if it is also,20% of the positive control response. The agencies
agree that evaluation should adequately explore clinically relevant drug
concentrations for the maximum therapeutic dose, although the exact
definition differs. EMA calls for 50-fold mean maximum steady-state
(Cmax,ss) unbound (Cmax,ss,u) concentration for hepatic and 0.1 �
dose/250 ml for intestinal induction assessment. The PMDA requests at
least 10-fold Cmax,ss,u. The FDA asks that, if solubility allows, at least
one concentration should be an order of magnitude greater thanCmax,ss,u,
with the caveat that if protein binding is .99% the fraction unbound
in plasma be capped at 0.01. All three agencies agree that the in vitro
donor providing themost sensitive, worst-case positive response be used
to determine the clinical induction risk.
Once an in vitro induction assessment has been deemed positive,

the agencies provide recommendations for subsequent assessment of
whether a clinical DDI study is warranted. This step involves the use of
mathematical models to predict the DDI risk based on the relevant
clinical concentration and in vitro maximum fold increase (or induction)
minus baseline of 1-fold (Emax) and EC50 values. Risk assessment falls
into three general categories: 1) basic models or R values; 2) correlation
methods, where extensive in vitro calibration is performed (Fahmi and
Ripp, 2010); or 3) mechanistic models that use either static or dynamic
concentrations of inducer to predict the area under the curve (AUC)
ratio (AUCR). The latter two approaches use the clinical definitions
of bioequivalence for DDI to flag induction risk, namely, a victim drug
AUCR of 0.8 or less. The simplest calculation or R value approach (see
equation A in Table 1), is recommended as a first step by the FDA and
PMDA but not the EMA, where the concentration achieving 2-fold
induction (F2) is considered the basic method (Table 1, equation B).
Interestingly, the 2017 FDA draft guidance added a 10-fold multiplier to
unbound drug concentration and changed the threshold from R , 0.9
to R , 0.8 as a trigger for further evaluation of DDI risk (Table 1,
equation C). Common to all three agency recommendations are the
static mechanistic model (Einolf, 2007; Einolf et al., 2014; Vieira et al.,
2014), which considers induction at both the hepatic and intestinal level (for
CYP3A inducers) in relation to the fraction of victim drug that is
metabolized by a specific P450 (Table 1, equation D), and a correlation
method, the relative induction score (RIS) (Fahmi and Ripp, 2010) (Table
1, equation E), which relies on calibration to known clinical inducers in that
human hepatocyte donor. Notably, the FDA and PMDA (but not the EMA)
guidances include an option of dynamic mechanistic assessment, such as
physiologically based pharmacokinetic modeling, for induction DDI.
Finally, when a test compound has in vitro P450 induction and inhibition
(either reversible or time dependent), then the FDA and EMA both caution
against risk assessment of induction and inhibition in a combined approach.
The International Consortium of Innovation and Quality (IQ) in

Pharmaceutical Development Induction Working Group (IWG) recently
highlighted several areas of regulatory recommendations that would
benefit from further evaluation (Hariparsad et al., 2017). Recommenda-
tions from the IWG were provided on the evaluation of downregulation,
in vitro assessment of CYP2C induction, and the use of CITCO (6-(4-
chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-
dichlorobenzyl)oxime) as a positive control for CYP2B6. Two other areas
were highlighted by the IWG for further evaluation, namely, in vitro
data interpretation and induction time course. This paper focuses on
data interpretation; specifically, what constitutes a positive in vitro
induction signal and how to assess whether this induction signal is
clinically relevant.

IQ member companies shared blinded clinical induction data for
proprietary compounds along with the corresponding in vitro data. The
literature reports of clinical induction are dominated by CYP3A, with
very few examples of CYP1A2 (Gabriel et al., 2016) and CYP2B6
(Fahmi et al., 2016). The data set gathered reflected this and all data were
for CYP3A4, with the exception of one clinically relevant CYP1A2
DDI. Therefore, the following evaluation of in vitro P450 induction
data interpretation, namely, response thresholds, variability, application
of controls and translation to clinical risk assessment, and the subsequent
recommendations are focused on induction of CYP3A4.

Materials and Methods

Proprietary Inducer Data from within IQ Member Companies

To allow for an assessment of induction by proprietary compounds from IQ
consortium member companies, a template (https://iqconsortium.org/initiatives/
working-groups/induction/) was developed to collate the necessary data and
Supplemental Material. The survey was distributed by the IQ Secretariat to
representatives of IQ Consortium member companies. It was stipulated that
responses should be reflective of the company since only one response was
permitted from each company. Surveys were returned to the IQ Secretariat, who
then blinded the data as unnamed company and compound, for example
“Company A compound 1.” This was then streamlined to compound (Cmpd) for
Cmpds 1–16. Compound identity was further blinded by requiring both in vitro
and in vivo data in molar concentrations and withholding the molecular weight.
Companies were asked to provide regulatory quality data rather than discovery
screening data, and where available to include data for positive and negative
controls that were run in the same assay as the test compound. The template was
built to be relatively exhaustive and to collect the majority of the data generated
in an in vitro induction study. As with any survey, limitations do exist, including
the expectation that all information requested in the template would not be
provided by every company (Hariparsad et al., 2017). Different assay designs—
and especially data from studies before the 2012 EMA and FDA regulatory
guidances—would often result in less comprehensive data sets. Companies were
also asked to provide any evidence of time-dependent inhibition and/or auto-
induction, in vitro and in vivo.

In vitro parameters collected included time of incubation, cellular overlay (i.e.,
matrigel), plate layout (e.g., 96-well plates), media used, supplements added, any
additional protein in themedia, any viabilitymethod and viability cutoff values for
cytotoxicity assessment, housekeeping gene used, method of mRNA analysis,
probe substrates for P450 activity, enzyme(s) involved in the compound’s
metabolism, and estimation of the fraction metabolized by P450 (i.e., the fraction
of dose eliminated by a specific P450).

Clinical data requested included Cmax, average concentration, and AUC, at
both single andmultiple doses of the proprietary compound, alongwith the blood-
to-plasma ratio and fraction unbound in plasma. For the DDI study, companies
provided the identity of the probe drug, dosing regimen, AUC, Cmax, and time
maximal concentration is reached after dosing and pre- and postadministration of
the potential inducer to steady state.

Prototypical Inducer Data from the Literature

In vivo DDI data used for this analysis were also gathered from the University of
Washington (Seattle, WA) drug interaction database (www.druginteractioninfo.org).
The objects (hereafter, called victim drugs) included in this assessment were
those recommended by the FDA (https://www.fda.gov/Drugs/Development
ApprovalProcess/DevelopmentResources/DrugInteractionsLabeling/ucm093664.
htm#table3-1). In addition to collecting the CYP3A clinical induction studies by
considering the substrates recommended by regulatory agencies (designated as
CYP3A sensitive), a second-tier data collection was employed. Here, the focus was
to collect all positive and negative clinical induction studies for the perpetrators to
build knowledge around the thresholds for true in vitro and in vivo negatives. When
CYP3A was determined to contribute to the overall metabolism of the victim drug,
the clinical study was included as part of the “all data” or complete analysis.
Additionally, to account for perpetrators that exhibited both in vitro induction and
inhibition mechanisms (reversible or time dependent) positive and negative clinical
inhibition studies were also collected from the University of Washington drug
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interaction database and sorted in the same manner as described for the clinical
induction studies. A minimum of 5 days of repeat dosing was selected as the
threshold to include in clinical studies since this would likely establish steady-
state conditions by taking into account the half-life of both the clinical inducer
and CYP3A enzyme (reported to be 23–87 hours) (Ramsden et al., 2015). The
clinical data set collected for rifampicin was limited to a dose level of 600 mg
daily, which is the therapeutically relevant dose resulting in maximal in vivo
induction (Kozawa et al., 2009). Additionally, the dose level for ritonavir was
restricted to.100 mg daily to reflect both its clinical use as a boosting agent and
earlier therapeutic doses (Ruane et al., 2007). Clinical induction data were
collected for compounds with existing in vitro data made available frommember
companies and focused on identification of compounds with mild or no clinical
induction. Therefore, not all clinically relevant inducers are captured within this
data set (e.g., modafanil and avasimibe).

Median as well as worst-case clinical AUCR values were used to evaluate
the ability of the in vitro parameters to predict the observed clinical effect. (The
median is preferable to the mean in representing the center of a population because
it is less susceptible to bias when non-normality or outliers are present). In the
case of the in vitro parameters, both the worst-case donor and median induction
parameters were used for modeling purposes. Using the complete set of in vitro
data to fit a three-parameter sigmoidal dose-response model, a common Hill
function model used in pharmacology (Table 1, equation F), correlation
approaches were established using the slope and RIS. The RIS model was used
as described previously (Fahmi andRipp, 2010) by fitting the data using theCmax,ss,u

of inducers to generate a curve against known clinical induction response and
then inputting the Cmax,ss,u of test compounds to predict the percentage of change in
the AUC. The estimated portal concentration in the RIS model was also applied,
as recommended in the EMA guideline. In the case of literature compounds,

TABLE 1

Equations used in the mathematical models

Equation
Designation

Parameter Equation

A R3 value (2012 FDA and PMDA) [I] = Cmax,ss
a,b

R3 ¼ 1
½1þ d � ðEmax � ½I�Þ=ðEC50 þ ½I�Þ�

B F2c F2 ¼ 2

ðTop2 1Þð1=2Þ×EC50

C R3 value (2017 FDA and PMDA), [I] = Cmax,ss,u
a,b R3 ¼ 1

½1þ d � ðEmax � 10� ½I�Þ=ðEC50 þ 10� ½I�Þ�

D Static mechanistic model AUCi=AUC ¼
�

1
½Ah � Bh � Ch� � fm þ ð12 fmÞ

�
�
 

1
½Ag � Bg � Cg� � ð12 fgÞ þ fg

!

Da A Ah ¼ 1
1þ ð½I�h=KiÞ ; Ag ¼ 1

1þ ð½I�g=KiÞ

Db B Bh ¼ kdeg;h
kdeg;h þ ½ð½I�h � kinactÞ=ð½I�h � KI Þ� ;

Bg ¼ kdeg;g
kdeg;g þ ½ð½I�g � kinactÞ=ð½I�g � KI Þ�

Dc C (Induction only) Ch ¼ 1þ d � Emax � ½I�h
½I�h þ EC50

; Cg ¼ 1þ d � Emax � ½I�g
½I�g þ EC50

E RIS [I] = Cmax,ss,u
b Emax � ½I�

EC50 þ ½I�

F Three-parameter equation Y ¼ Bottomþ Emax 2Bottom
1þ 10log EC50 2X

G Percentage of prototypical inducer response %PI ¼ 100� Compound  Signal2Blank  Signal
Total  Signal2Blank  Signal

H Four-parameter equation Y ¼ Bottomþ Emax 2Bottom

1þ 10ðlogEC50 2XÞ�HS

I R3 value using slope, [I] = Cmax,ss
b R3 ¼ 1

1þ slope� ½I�

J True positive
TP

TPþ FN

K True negative
TN

TNþ FP

L False negative
FN

TPþ FN

M False positive
FP

TNþ FP

FN, false negative; FP, false positive; PI, prototypical inducer; TN, true negative; TN, true negative.
aThe R3 value is the same as described in the FDA and PMDA guidance. For in vitro induction characterization, the R value represents the ratio of the intrinsic clearance for an index substrate in the

absence or presence of an inducer. Under the assumption that the intrinsic clearance is proportional to the total clearance the R value represents the AUCR in the presence or absence of the inducer.
bI = concentration of the inducer used in the equation.
cF2 = in vitro concentration, where a 2-fold increase in mRNA is observed.
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the gut concentration was estimated for evaluation of the F2 value (Table 1,
equation B) and for inclusion into the mechanistic static models. The mechanistic
static model was evaluated with input concentrations by using the estimated portal
concentration and the estimated gut concentration, as recommended by regulatory
guidances. In addition, the Cmax,ss,u was used for the hepatic portion and the
calculated hepatic portal concentration was used as the input for the gut portion.
The concentration resulting in 2-fold induction (F2) was used, as described in
the EMA guideline, by considering 30- and 50-fold Cmax,ss,u as the inducer
concentration. The R3 model, as described in the FDA DDI guidance from 2012,
was evaluated using multiple approaches; total and Cmax,ss,u with a cutoff value of
0.9 and a d value of 1 [R3 = 0.9 (total and unbound)]; total Cmax,ss and a cutoff
value of 0.8 (R3 = 0.8, d = 1); gut concentration as the input (gut), cutoff value of
0.95 and the Cmax,ss,u (R3 = 0.95); applying a universal scaling factor value of 0.3
determined from empirical fitting of the full data set to varying d values with the
goal of increasing the quantitative accuracy (R3 = 0.9, d = 0.3, with the total Cmax,

ss as input); slope value with the total and Cmax,ss,u as inputs [R3 = 0.9, slope
(total), R3 = 0.9, slope (unbound)]; the average unbound or total concentra-
tion (average unbound, average total); and finally, limiting the maximum
plasma protein binding to 1% (fraction unbound in plasma .0.01). In
addition, the recommended approach in the draft FDA and PMDA DDI
guidance documents from 2017 was evaluated by using the R3 equation
as described previously with a 10-fold multiplier for inducer concentra-
tion. Additionally, a 50-fold multiplier for inducer concentration was used
to explore the impact on the number of false negative induction DDI
predictions.

Culture of Cryopreserved Human Hepatocytes for Induction

The in vitro data presented encompass data from member companies for
proprietary and well-known or prototypical inducer compounds, data from the
literature, and data generated by the IWG. Different conditions were employed by
laboratories (Hariparsad et al., 2017) that reflect general protocols for generating
in vitro induction data. Various lots of human cryopreserved hepatocytes, from
both males and females of different ages and racial origin, were obtained from
several commercial vendors; CellzDirect (Durham, NC), Bioreclamation
In Vitro Technologies (Baltimore, MD), Corning Life Sciences (Woburn, MA),
and XenoTech LLC (Kansas City, KS). As detailed in previous publications
(Fahmi et al., 2010; Sane et al., 2016), cryopreserved human hepatocytes were
thawed in hepatocyte thawing medium and seeded in collagen I coated 24- or
96-well plates at cell densities of 0.5–1 � 106 viable cells per well in hepatocyte
plating medium. Viability, as determined by trypan blue exclusion or other
methods, was 85% or better when cells were plated. The cells were initially
maintained overnight at 37�C in a humidified incubator, with 95% atmospheric
air and 5%CO2, in hepatocyte incubation media. Following overnight incubation,
the cells were either treated with compounds or were overlaid with matrigel to
form sandwich cultures, maintained for an additional 24 hours then treated with
compounds. Compounds were dissolved in dimethylsulfoxide (DMSO) and
added to the culture medium at various concentrations (final DMSO concentra-
tion, 0.1% or 0.5%). After daily treatment of 2 to 3 days, the mediumwas removed
and the cells were washed with phosphate-buffered saline. The cells were lysed in
lysis buffer and prepared for RNA isolation. Cell viability was assessed by visual
inspection of the monolayer, checking for confluency, and morphology. Different
companies used different plating conditions and a representation of the conditions
is shown in Supplemental Table 1.

mRNA Preparation and Analysis

Following the isolation of RNA with commercially available kits, cDNA was
synthesized using standard polymerase chain reaction (PCR) protocols. Desig-
nated P450 enzymes and an endogenous probe [e.g., glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)] mRNA levels were quantified by real-time PCR. The
gene-specific primer/probe sets were typically obtained fromApplied Biosystems
Incorporated (Foster City, CA). The relative quantity of the target cDNA
compared with that of the housekeeping gene was determined by the delta delta
cycle time (Ct) method (Livak and Schmittgen, 2001). This relative quantification
measures the change in mRNA expression in a test sample, relative to that in
a vehicle control sample (final DMSO concentration, 0.1% or 0.5%). To reduce
variability, Ct values.32were excluded from the analysis, since this is indicative
of low expression.

CYP3A Enzyme Activity

Midazolam 19-hydroxylase or testosterone 6b-hydroxylase activities were
measured in situ with methods similar to those described by Zhang et al. (2010).
Briefly, following the treatment period, cell culture medium was removed,
hepatocytes were rinsed, and marker substrate reactions were started by the
addition of either midazolam (30 mM) or testosterone (200 mM). Following
30-minute incubation at 37�C, marker substrate reactions were stopped by removal
of an aliquot from each well and combining with acetonitrile containing internal
standard (deuterated metabolite). Metabolite formation was quantified by liquid
chromatography–tandem mass spectrometry.

In Vitro Human Hepatocyte Induction Assay for Clinically Weak Inducers

In vitro induction data for clinically weak inducers (defined as eliciting
a clinical AUCR of 0.5–0.8 for a victim drug) were available for most
compounds from literature resources or IWG member companies. In vitro
induction parameters were generated for felbamate, rufinamide, oxcarbazepine,
flucloxacillin, and lersivirine using four human hepatocyte donors in four
laboratories since no published or IWG-derived values were available. The human
hepatocyte donors were obtained from different commercial vendors; including
Triangle Research Laboratories (Durham, NC), Bioreclamation In Vitro Tech-
nologies, Corning Life Sciences, and XenoTech LLC. The tested compounds
were purchased from Sigma-Aldrich (St. Louis, MO) or MedChem Express
(Monmouth Junction, NJ). The member companies followed their internal induction
protocols to generate the data. Two companies used sandwich-cultured hepato-
cytes and two used monolayer-cultured hepatocytes. Top test concentrations were
selected to cover the estimated gut exposure (0.1 � Dose/250 ml) and 50-fold
Cmax,ss,u, with consideration of solubility and cytotoxicity limits. Compounds
were dissolved in DMSO and added to the culture medium at seven or eight
concentrations (final DMSO concentration, 0.1% or 0.5%).

In Vitro Reversible and Time-Dependent P450 Inhibition for Prototypical
Inducers

Using the University of Washington drug interaction database, a literature
review was conducted to evaluate whether the in vitro inducers were also in vitro
reversible or time-dependent inhibitors. In cases where inhibition parameters were
available from the literature, the data were scrutinized to ensure that the
methodology for deriving the parameters was sound. Where information on the
inhibition potential was not available, the inhibition potential was evaluated by
the IWG and used to determine whether mixed mechanisms of DDI (inhibition
and induction) could impact the in vitro in vivo extrapolation (IVIVE) (see the
Supplemental Material for the methods).

Analysis of Basal Enzyme Levels and Single Point Data of Vehicle and
Negative and Positive Controls

Member companies were invited to submit historical in vitro induction data
sets obtained from multiple repeated experiments with single concentration
negative and positive control inducers. Given the limited application of negative
controls across participating laboratories, flumazenil was selected for further
evaluation as a negative control. An additional consideration was the availability
of in vitro CYP3A data sets with sufficient size to perform statistical analysis.
Specifically, statistical analysis of intradonor variability was performed on
CYP3A4 mRNA from flumazenil-treated hepatocyte donors, where there existed
a minimum of 20 repeated experiments. Based on this selection criterion,
subsequent data analysis was performed on 10 individual hepatocyte donors from
a single participating laboratory. For data sets with positive control inducers using
single concentrations, data analysis was performed on 15 individual hepatocyte
donors from two participating laboratories, where a minimum of 10 repeated
experiments were available. Both CYP3A4 mRNA and CYP3A enzyme activity
were analyzed.

The intradonor variation in rifampicin fold-induction response was further
interrogated in three hepatocyte donors, namely, H2, H4, and H12, which were
selected based on variability observed in rifampicin-CYP3A4 mRNA response to
be representative of low, mid, and high intradonor variability with large sample
sizes. Where available, additional gene expression (reverse transcription PCR)
data for CYP3A4 and the relevant housekeeping gene (18S or GAPDH) from
the vehicle control (DMSO), positive control (rifampicin), and negative control
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(flumazenil) treatment groups were also analyzed. These data sets included the
Ct, DCt (i.e., the change in Ct for the gene of interest relative to housekeeping
gene), and fold induction DDCt (i.e., the change in DCt for the test compound
relative to vehicle control) values. Similarly, these laboratories supplied additional
data for CYP3A activity, including enzymatic rates (midazolam 19-hydroxylation
or testosterone 6b-hydroxylation) for the vehicle control (DMSO) and
rifampicin-treated groups.

Data Normalization as Percentage of Positive Control

Test compound maximum fold-induction data were expressed as percentage
of positive control rifampicin response, where the total signal is the signal from
the positive control (e.g., 10 mM rifampicin) and the blank signal is the signal
from the solvent-treated wells (or 1-fold) (see Table 1, equation G) (Sinz et al.,
2006). To maximize the available data for analysis, several sources of in vitro
induction data were combined: IWG-generated data for weak clinical inducers,
IWG-gatheredmember data for prototypical and proprietary compounds, and data
published by Zhang et al. (2014). Data were normalized to the rifampicin-fitted
maximal fold induction rather than the response at a given concentration (e.g.,
10 mM rifampicin) since this was not available for all data sets.

In Vitro Data Analysis: Curve Fitting, Emax, EC50, F2, and Slope Analysis

In vitro concentration-induction response data were collected from the
literature or provided by IWG member companies. The data selected for analysis
was determined to meet quality criteria if the tested concentration range included
adequate points to define a baseline (no response) and maximal effect response
prior to fitting. Ideally, typical sigmoidal concentration-response data span no
effect to full effect, with a minimum of 5 to 6 data points. Nonlinear regression
analysis has been recommended for fitting concentration-dependent induction
response, as described previously for a typical physiology or pharmacology
response (Meddings et al., 1989). To remove data fitting as a source of variability,
collated induction data were refit using the sigmoidal model described previously
using GraphPad Prism versions 6.0 and 7.0 (GraphPad Software, La Jolla, CA).
Induction parameters were determined by plotting the in vitro fold-induction data
(mRNA and enzyme activity normalized to the control) against the nominal
in vitro concentration using GraphPad Prism and two concentration-response
models (Table 1, equations F and H). The baseline was set to 1, assuming that the
vehicle control represents no change and equals a fold induction of 1. The best-
fitting model was determined based on a sum of squares F-test and Akaike’s
information criteria results. Note that for IVIVE, the maximal fold induction was
converted to Emax by subtracting the baseline of 1-fold. In the case of atypical or
bell-shaped concentration-response curves, where the higher concentration gave
a lower response than the preceding concentration by more than 20%, the higher
concentration data were excluded from the fitting. In most of these cases
cytotoxicity was a plausible explanation for decreased induction response at
higher concentrations. Note that assessment of cytotoxicity was defined by the
laboratory that generated the data; a summary of these methods was provided in
a previous IWG publication (Hariparsad et al., 2017). No other data exclusion
criteria were applied. The initial slope was also determined by fitting the data
using linear regression in GraphPad Prism as a surrogate for full induction
parameters in the cases where solubility or cytotoxicity may limit the ability to
estimate the clinical risk from the in vitro data.

Rifampicin CYP3A4mRNA concentration-induction response data, generated
in 38 human hepatocyte donors and over a concentration range of 0.01–30 mM,
were collated from IQ member companies using their preferred conditions. The
data were fit in GraphPad Prism version 7.0 using a three-parameter log(agonist)
versus response equation (as detailed in Table 1, equation F) to determine the
fitted EC50 and Emax values.

A similar exercise was undertaken to summarize the fitted EC50 and Emax

parameters for CYP3A4 mRNA compound data for the following: troglitazone
(10 donors from three laboratories, concentration range of 0.01–20 mM);
pioglitazone (12 donors from five laboratories, concentration range of
0.05–150 mM); ritonavir (18 donors from four laboratories, concentra-
tion range of 0.01–100 mM); nifedipine (21 donors from six laboratories,
concentration range of 0.05–300 mM); phenobarbital (21 donors from
seven laboratories, concentration range of 0.9–3000 mM); carbamazepine
(25 donors from seven laboratories, concentration range of 0.01–500 mM);
rosiglitazone (26 donors from seven laboratories, concentration range of

0.05–300 mM); and phenytoin (28 donors from seven laboratories, concen-
tration range of 0.1–1000 mM). Mean, S.D., median, minimum, maximum,
and %CV values for each compound data set were calculated using GraphPad
Prism version 7.

To evaluate intradonor variability, three laboratories provided data for nine
donors, where data were available from at least three separate experiments to
determine EC50 and Emax values, on different days in the same donor, using
standard company methods. Mean, S.D., median, minimum, maximum, and %
CV values for each donor were calculated using GraphPad Prism version 7.

Clinical Risk Assessment

The clinical relevance of in vitro induction was assessed by considering the
recommendations in regulatory guidance documents as described by equations
A–E in Table 1. Since a degree of variabilitywas observed in the clinical induction
response, the median andworst-case in vitro induction parameters were compared
with both the median and worst-case AUCR values. In addition, the substrate
specificity was considered by binning clinical trials according to the contribution
of CYP3A to the overall clearance. In cases where the magnitude of clinical
induction was substrate dependent (e.g., for ritonavir), additional information
on the metabolic pathways was obtained by a literature review (Supplemental
Table 2). This review was helpful for evaluating whether the maximal induction
response could be mediated through a coregulated induced enzyme (other than
CYP3A), especially in cases where there were mixed mechanisms of DDI
observed. Where the plasma free fraction was reported to be ,1%, both the
reported value and 1% (as recommended in the regulatory guidances) were used to
estimate the Cmax,ss,u in the equations. All of the in vitro induction parameters
were fit using each equation and the worst-case and median donor data were used
to evaluate the IVIVE. The rates of false positive and false negative predictions
were used to assess the utility of the various IVIVE methods. The equations are
described in Table 1, equations J–M. Additionally, the ability of the equation to
result in quantitative predictions was assessed by comparing the predictions from
in vitro parameters with the clinically observed AUCR.

Statistical Analysis

Evaluation of Normality. Normal quantile plots in the distribution platform
of the JMP 12.0.1 software (SAS Institute Inc., Cary, NC) were employed to
evaluate normality of per-donor distributions of fold induction of negative and
positive controls. The distributions of negative controls were not systematically
non-normal; therefore, probability estimates for negative controls assume that the
data are normally distributed. The majority of distributions of positive controls
were positively skewed, necessitating a log transformation of the positive con-
trol data prior to estimation of probabilities. Indeed, both the 2001 FDA (https://
www.fda.gov/downloads/drugs/guidances/ucm070244.pdf) and 2010 EMA (http://
www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2010/
01/WC500070039.pdf) guidances on bioequivalence recommend a log trans-
formation prior to data analysis. Data sets with a normal distribution were graphed
on an arithmetic scale, whereas those exhibiting a non-normal distribution were
graphed with a log scale y-axis.

Limit of Blank and Limit of Detection Values. Calculations of the limit of
blank (LoB) and limit of detection (LoD) values were adapted from equations
published by Armbruster and Pry (2008). Briefly,

LoB ¼ Meanblank þ 1:645ðS:D:blankÞ

and

LoD ¼ LoBþ 1:645
�
S:D:low concentration sample

�
where blank is the negative control (flumazenil), and variation (S.D.) of the low
concentration sample is assumed to be equal to the variation in the blank response.
The LoB represents the fold-induction value for which there is a 95% probability
that a blank, or negative control, response falls below. The LoD represents the
fold-induction value for which there is a 95% probability that a response above
this value is a true positive response (i.e., 5% type I or II error).

Estimation of Probability of Exceeding X-Fold Induction (per Donor).
For negative controls, the mean and S.D. of the fold-induction values for each
donor (intradonor) were calculated by Excel 2010, and then the probability for that
donor to exceed X-fold induction was estimated by the Excel function 1-NORM.
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DIST(X,Mean,StDev,True), where “X” is the fold induction of interest, “Mean”
and “StDev” are the empirical intradonormean and S.D. of the fold-induction data
of each donor, and the flag “True” instructs the NORM.DIST function to provide
the corresponding cumulative normal probability. For positive controls, each fold-
induction value of each donor was first transformed by the natural logarithm
function (LN) in Excel 2010, and then the mean and S.D. of the log-transformed
values of each donor were calculated by Excel. Finally, the probability of
exceeding X-fold induction for each donor was estimated by the Excel function
1-NORM.DIST(LN(X),Mean(LN induction),StDev(LN induction),True), where
the terms within the NORM.DIST function are as defined previously, but now
applied to the log-transformed induction data of each donor.

Monte Carlo Simulation of the Probability That 0, 1, 2, or 3 of Three
Randomly Selected Donors Will Exceed X-Fold Induction. The variabilities
observed in the 10 negative control donors and 15 positive control donors were
assumed to be representative of their respective populations. For negative control
donors, the @Risk 7.5.1 software (Palisade Corporation, Ithaca, NY) was
employed, with an Excel worksheet, to randomly select three donors at a time
from among the 10 available donors, and for each selected donor to simulate
a fold-induction value from a normal distribution possessing that donor’s fold-
induction mean and S.D. values. From each set of three donors, the number (0, 1,
2, or 3) of donors exceeding X-fold induction was counted and logged by @Risk
7.5.1. This process was repeated 100,000 times to determine the probability that
0, 1, 2, or 3 donors, among three randomly selected donors, would exceed X-fold
induction. For positive control donors, the same calculation process was
employed and repeated 100,000 times, except that for each donor a log-
transformed fold-induction value was simulated from a normal distribution
possessing that donor’s log-transformed fold-induction mean and S.D. For
a positive control donor, X-fold induction is exceeded when the simulated
log-transformed value exceeds LN(X).

Results

Establishing a Threshold for a Positive versus Negative In Vitro
CYP3A4 mRNA Induction Response. To evaluate potential thresholds
for positive or negative in vitro induction response, the variability in in vitro
human hepatocyte induction experiments was interrogated by analyzing
CYP3A4 mRNA and activity data generated with a negative control

compound, namely, flumazenil, repeated under the same experimental
conditions. Fold-induction data for flumazenil were collected and analyzed
from 10 hepatocyte donors, where data from $20 repeated experiments
were available in each donor for CYP3A4mRNA expression. In total, data
were collected from 314 individual experiments for CYP3A4 mRNA
(range: 23–54 experiments/donor) and from 111 individual experiments for
CYP3A activity (range: 4–24 experiments/donor) (Table 2).
Individual flumazenil data for CYP3A4 mRNA and CYP3A activity,

across the 10 hepatocyte donors, are illustrated in Fig. 1, A and B,
respectively. Summarized data from statistical analyses are presented in
Tables 2 and 3. Since mRNA is the recommended primary endpoint in
most P450 induction experiments, subsequent data analyses focused on
the variability observed in the CYP3A4 mRNA data sets. Flumazenil-
CYP3A4mRNA data demonstrated a normal distribution and, therefore,
were plotted on an arithmetic y-axis (Fig. 1, A), and calculations of mean
and S.D. values were performed without log transformation (Table 2).
The majority (300/314; 95.5%) of individual experimental data points
for flumazenil-CYP3A4 mRNA were within 2-fold (0.5- to 2-fold)
of the vehicle control, DMSO. The mean fold-induction values for
flumazenil-CYP3A4 mRNA ranged from 1.01- to 1.53-fold (overall
mean of 1.20-fold), which tracked closely with the vehicle control
(represented by 1-fold change) as expected with a true negative control;
however, there was notable intradonor variability. In five out of 10 donors
examined (50%) there were no reported responses outside the 2-fold
range (i.e., ,0.5- or .2-fold). In the other five donors, one or more
values were outside the 2-fold range (1,0.5-fold; 13.2-fold). The
calculated probabilities of a flumazenil-CYP3A4 mRNA response
exceeding 2-fold within a single donor ranged from 0% to as high as
20.4% (donor H2).
The intradonor variability in the flumazenil-CYP3A4 mRNA re-

sponse was explored further with two orthogonal methodologies. First,
to better understand the magnitude of the intradonor variability for the
negative control, the mean and S.D. values of the flumazenil responses,
within each donor, were used to calculate the LoB and LoD values

TABLE 2

CYP3A4 mRNA levels (n = 314 experiments) and CYP3A enzyme activity (n = 111 experiments) in 10 hepatocyte donors following treatment with a single concentration of
flumazenil (25 mM)

Hepatocyte Donor

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 Mean (All Donors)

CYP3A4 mRNA
Fold-Induction Response

n 29 57 25 54 23 27 23 25 27 24 31.4
Minimum 0.56 0.38 0.79 0.61 0.75 0.69 0.54 0.82 0.62 0.90 0.67
Maximum 1.37 2.99 1.83 2.30 1.63 2.02 2.37 1.47 1.49 2.05 1.95
Meana 1.01 1.53 1.14 1.20 1.06 1.26 1.16 1.04 1.03 1.18 1.20
S.D.a 0.19 0.57 0.25 0.35 0.24 0.38 0.45 0.17 0.23 0.29 0.40
LoBb 1.31 2.47 1.55 1.78 1.45 1.89 1.90 1.32 1.41 1.65 1.86
LoDc 1.62 3.41 1.97 2.35 1.84 2.52 2.64 1.61 1.79 2.12 2.52

Probability of exceeding 2-fold (%) 0.0 20 0.0 1.1 0.0 2.6 3.1 0.0 0.0 0.2 2.3
CYP3A Activity

Fold-Induction Response
n 6 8 15 24 13 8 4 10 8 15 11.1
Minimum 0.72 0.97 0.91 0.76 0.80 0.92 0.96 0.91 0.82 0.83 0.86
Maximum 1.15 1.21 1.19 1.27 1.27 1.27 1.06 1.14 1.15 1.17 1.19
Mean 0.95 1.07 1.05 1.03 1.04 1.09 1.00 1.03 0.99 1.01 1.03
S.D. 0.16 0.09 0.09 0.11 0.14 0.13 0.04 0.08 0.11 0.10 0.11
LoBb 1.22 1.22 1.20 1.21 1.26 1.30 1.07 1.17 1.17 1.17 1.20
LoDc 1.48 1.38 1.34 1.40 1.49 1.50 1.14 1.31 1.36 1.33 1.37

Probability of exceeding 2-fold (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

n, number of experiments per donor.
aData normally distributed.
bLOB = mean + (1.645 � S.D. negative control)—95% probability that a blank or negative control response falls below this value.
cLoD = LOB + (1.645 � S.D. negative control)—5% type I and II error (false positive or negative).
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(Table 2). The LoB is the fold-induction value beneath which there is
a 95% probability that the response is a true negative. Conversely, the
LoD is the fold-induction value above which there is a 95% probability
that the response is a true positive. Across the 10 hepatocyte donors
examined, the calculated LoB or true negative value was ,2-fold in

9 out of 10 donors (the mean of 10 donors was 1.86-fold). Therefore,
a CYP3A4 mRNA fold-induction value #1.86-fold represents
a true negative response, with 95% probability based on the data
sets examined. The fold-induction value indicative of a true positive
response above background variation, with 95% confidence or LoD, was
calculated for the flumazenil-CYP3A4mRNA data sets based on a mean
and S.D. approach. This analysis resulted in a LoD value ranging from
1.61- to 3.41-fold (i.e.,.2-fold in five out of 10 donors). Similarly, the
calculated threshold for a true positive response above background
variation for CYP3A4 mRNA across all data sets was 2.52-fold.
Therefore, a CYP3A4 mRNA fold-induction value $2.52-fold
represents a true positive response with 95% probability, based on
the data sets examined.
The observation of negative control values for flumazenil-CYP3A4

mRNA exceeding 2-fold was confirmed with data from a second
company. Briefly, CYP3A4 mRNA data were obtained from 23 experi-
ments conducted across nine hepatocyte donors, following treatment
with a single concentration of flumazenil (30mM). In these experiments,

Fig. 1. Reproducibility of fold-induction responses for CYP3A4 mRNA and CYP3A enzyme activity from repeat experiments with a single concentration of a negative
(flumazenil; 25 mM) or positive (rifampicin; 10 or 20 mM) control. Values reported within each hepatocyte donor (H number) were generated in a single laboratory and
represent fold-induction responses collected across experiments conducted under the same experimental conditions. Data were collected from two different laboratories
(donors H1–H10 and H11–H15, respectively). Individual flumazenil (negative control) data for CYP3A4 mRNA (A, closed circles) and CYP3A enzyme activity (B, open
circles) were normally distributed and graphed on an arithmetic y-axis. Dotted lines represent a 2-fold change from vehicle control (0.5- and 2-fold). Individual rifampicin
(positive control) data for CYP3A4 mRNA (C, closed circles) and CYP3A enzyme activity (D, open circles) were not normally distributed and graphed on a log-based y-axis.
Dotted line represents 6-fold induction. Solid black lines represent mean fold-induction values within each donor.

TABLE 3

Frequency of a flumazenil (negative control) response $2.0-fold for CYP3A4
mRNA levels in the Monte Carlo simulations.

The Monte Carlo simulations were conducted with 100,000 theoretical experiments, each
containing three random hepatocyte donors rounded to three significant figures.

Negative Control
Threshold

Frequency of a Flumazenil (Negative Control)
Response $2.0-fold

In All Three
Donors

In $2
Donors

In $1
Donor

Not
Observed

% % % %

2.0-fold 0.000 0.117 8.13 91.9

Regulatory Guidance for P450 Induction from IQ: Part 2 1291

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


the observed mean fold-induction value for flumazenil-CYP3A4mRNA
was 1.30 (minimum, 0.88-fold; maximum, 3.37-fold), with calculated
LoB and LoD values of 2.12- and 2.95-fold, respectively.
The probability of a flumazenil-CYP3A4 mRNA response exceeding

a 2-fold threshold in a single concentration negative control treatment
group in three randomized human hepatocyte donors was assessed
with Monte Carlo simulations (Table 3). The simulations incorporated
variability parameters (i.e., mean and S.D. values) derived from data
reported across the 10 donors (314 experiments). When simulated with
100,000 iterations of individual experiments containing three donors
each, the probability of observing a flumazenil-CYP3A4 mRNA
response ,2-fold in all three donors was 91.9%. Conversely, there was
a probability of 8.1% that flumazenil would produce a CYP3A4 mRNA
response of $2-fold in one or more donors. Therefore, flumazenil is
likely to cause a false positive response in approximately 8% of cases if
a 2-fold increase in CYP3A4 mRNA defines the threshold between
a positive and negative CYP3A4 mRNA in vitro response.
For CYP3A activity, less intradonor variability in the flumazenil

response was observed compared with CYP3A4 mRNA. Across the
10 donors examined (n = 111 experiments), the mean fold-induction
values for flumazenil-CYP3A ranged from 0.95- to 1.09-fold (mean,
1.03-fold). The calculated overall mean LoB and LoD values were
1.20-fold (range: 1.07- to 1.30-fold) and 1.37-fold (range: 1.14- to
1.50-fold), respectively. There were no observations of flumazenil-
CYP3A activities .2-fold, and therefore the projected frequency
of exceeding 2-fold was not determined.
Establishing Thresholds of Positive In Vitro Induction Response

to Ensure Adequate Dynamic Range. The results of rifampicin
induction in 15 hepatocyte donors repeated on multiple occasions are
shown in Fig. 1, C and D, for CYP3A4 mRNA and CYP3A activity,
respectively. Summarized statistical analyses are presented in Tables 4
and 5. In total, data were collected from 581 individual experiments
for rifampicin-CYP3A4 mRNA (range: 13–70 experiments/donor)
and from 377 individual experiments for rifampicin-CYP3A activity

(range: 13–70 experiments/donor). Subsequent data analyses, as with
flumazenil, focused on the variability observed in the rifampicin-CYP3A4
mRNA data sets. In all cases, the rifampicin-CYP3A4 mRNA response
was reported as fold induction compared with the vehicle control,
DMSO. Rifampicin-CYP3A4 mRNA data sets demonstrated a non-
normal distribution and are graphed on a log-based y-axis in Fig. 1, C
and D, and calculation of probabilities assumed a lognormal distribu-
tion (Table 4). The median rifampicin-CYP3A4 mRNA fold-induction
values ranged from 7.1- to 75-fold across the 15 donors. There was
notable intradonor variability in response to rifampicin with dynamic
response ranges (minimum/maximum fold-induction response) of
3.4- to 41.5-fold and %CV values ranging from 33.6% to 93.1%. The
%CV values (or relative S.D. values) as an indicator of variability were
not dependent on the magnitude of the rifampicin-CYP3A4 mRNA
response; however, the S.D. values increased in proportion to the mean
response. In this regard, a higher fold change would be expected to be
more variable (i.e., larger S.D.).
Based on the observed intradonor variability in the rifampicin-CYP3A4

mRNA response, the likelihood of exceeding a predefined positive control
threshold (i.e., 6-, 10-, or 20-fold) for each hepatocyte donor was evaluated
(Table 4). The 6-fold positive control thresholdwas derived fromEMAand
FDA guidances, whereas the 10- and 20-fold thresholds were based on
empirical cutoff values used by some consortium member companies. The
6-fold positive control threshold assumes that 1) the minimum positive
in vitro induction signal is 2-fold (100% increase), 2) the minimum in vitro
signal (2-fold) represents nomore than 20%of the positive control response,
and 3) a 6-fold response equates to 500% increase when the vehicle control
is set equal to 1-fold. When the desired rifampicin-CYP3A4 mRNA
positive control response was set to 6-fold, the probability of exceeding
this threshold ranged from 70% to 100% across the 15 donors examined.
As the desired positive control threshold increases, the probability of
achieving the response decreases. The probability of achieving rifampicin-
CYP3A4 mRNA responses of greater than 10- or 20-fold across all donors
ranged from 34% to 100% or 4% to 94%, respectively.

TABLE 4

CYP3A4 mRNA levels (n = 581 experiments) and CYP3A enzyme activity (n = 377 experiments) in 15 hepatocyte donors following treatment with a single concentration of
rifampicin (10 or 20 mM)

Donors H1–H10 and H11–H15 were treated with 20 or 10 mM rifampicin, respectively.

Rifampicin (Positive Control)
Hepatocyte Donor

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15

CYP3A4 mRNA
Fold-induction response

n 43 65 24 64 35 31 31 41 36 24 46 70 13 43 15
Minimum 3.7 4.2 7.4 3.3 3.6 4.5 5.3 3.2 5.0 14.2 9.4 6.4 20.3 8.5 6.6
Median 11.9 13.4 17.3 29.9 7.1 10.5 8.5 7.6 18.7 75.0 31.6 13.0 31.8 19.6 12.0
Maximum 42.0 71.9 92.1 137 40.9 47.7 22.6 52.8 58.9 134 89.0 26.8 68.9 35.2 42.0
%CV 53.5 60.9 93.1 79 76.7 70.4 46.3 84 65.3 54.3 52.9 34 39.2 33.6 57.6
Maximum/Minimum 11.4 17.1 12.4 41.5 11.4 10.6 4.3 16.5 11.8 9.4 9.5 4.2 3.4 4.1 6.4

Probability of exceeding X-fold responsea

.6-fold (%) 92 96 92 98 70 87 87 70 97 100 100 99 100 100 97

.10-fold (%) 66 77 78 91 35 61 47 34 87 100 98 80 100 95 73

.20-fold (%) 17 26 47 67 5 19 4 5 50 94 80 10 94 41 16
CYP3A Activity

Fold-induction response
n 15 37 15 27 13 13 19 21 17 13 46 70 13 43 15
Minimum 4.5 1.1 2.2 3.0 2.7 3.0 2.3 4.0 9.1 3.4 5.7 3.1 6.4 5.1 2.9
Median 7.0 5.3 6.7 14.1 4.2 6.3 3.6 6.4 18.1 9.2 13.5 6.2 9.8 10.0 4.2
Maximum 11.1 19.8 9.7 29.4 7.3 11.2 5.3 12.6 34.7 19.1 27.6 12.0 15.3 15.2 5.5
%CV 27.2 61.7 29.3 44.5 29.9 38.4 21.5 34 40.7 38.4 34.7 26 25.4 18.2 21.2
Maximum/Minimum 2.5 18 4.4 9.8 2.7 3.7 2.3 3.2 3.8 5.6 4.8 3.9 2.4 3.0 1.9

Probability of exceeding 6-fold response (%)a 65 32 60 88 10 60 1 64 100 84 99 54 97 94 5

Donors H1-H10 and H11-H15 were treated with 20 or 10 mM rifampicin, respectively.
n, number of experiments per donor.
aData not normally distributed. Probabilities derived from the mean and S.D. of log-transformed data.
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The probability of a rifampicin-CYP3A4 mRNA response above
a 6-, 10-, or 20-fold threshold was further examined with Monte Carlo
simulations that incorporated variability parameters reported across the
15 donors (581 experiments) (Table 5). When simulated with 100,000
iterations the probability of observing a rifampicin-CYP3A4 mRNA
response .6-fold in all three donors was 78.4%, such that rifampicin
would produce a response above the desired threshold in all three donors
in nearly four out of five experiments, which equates to a 21.6% fail
rate. The probabilities of obtaining a rifampicin-CYP3A4 mRNA
response .10- and 20-fold in all three donors were 40.9% and 4.94%,
respectively.
As generally observed, the amplitude of the fold-induction response

for rifampicin-induced CYP3A activity was lower than the rifampicin-
CYP3A4 mRNA response (Fahmi et al., 2010). Also, there was less
intradonor variability observed for rifampicin-induced CYP3A activity.
Across all 15 hepatocyte donors examined, the median fold-induction
values for rifampicin-CYP3A activity ranged from 3.6- to 18.1-fold
(mRNA, 7.1- to 75-fold). The %CV values ranged from 18.2% to
61.7%, which were on average less than corresponding %CV values for
CYP3A4 mRNA. Monte Carlo simulations were not performed for
rifampicin-CYP3A activity.
Basal P450 Expression and Impact on Fold Induction. The basis

for the observed intradonor variability in the rifampicin-CYP3A4
mRNA response across repeat experiments was further explored in
hepatocyte donor H2 by analysis of reverse transcription PCR data.
Raw data (Ct values) were collected for CYP3A4 and a housekeeping
gene (GAPDH) from multiple treatment groups, including the vehicle
(DMSO), negative (flumazenil), and positive (rifampicin) controls
(Fig. 2). Figure 2A shows housekeeping gene Ct values for all
treatment groups plotted in chronological order of experimentation
(.50 experiments). Among all three treatment groups GAPDH Ct
values tracked similarly and there was a consistent interexperimental
variation regardless of time (experiments conducted over;1.5 years).
Figure 2B shows raw CYP3A4 Ct values for vehicle (DMSO) and
negative (flumazenil) controls. Data were rank ordered by increasing
CYP3A4 Ct values from the DMSO-treated samples. Since Ct values
are inversely proportional to transcript levels, the experiments with
the highest basal CYP3A4 transcript levels (lowest Ct values) are on
the left-hand side of the graph. Flumazenil CYP3A4 Ct values tracked
closely with the DMSO data. CYP3A4 Ct values were normalized to
GAPDH Ct values and the resultant delta Ct (DCt) values are plotted
in Fig. 2C. CYP3A4 DCt values for DMSO and flumazenil were
generally similar. Across the experiments, the range of DCt values for
DMSO-CYP3A4 was approximately 7, which equates to a 128-fold
difference in basal CYP3A4 transcript levels (calculated by 27). In
all cases, the rifampicin-CYP3A4 DCt values were lower than the
corresponding vehicle control values, denoting higher levels of CYP3A4
transcript, as expected.

In Fig. 2D, the resultant fold-induction values (DDCt) for rifampicin-
CYP3A4mRNA are ranked based on basal CYP3A4mRNA expression
(highest basal expression on the left-hand side). Figure 2D also shows
that the magnitude of the rifampicin-CYP3A4 mRNA response in-
versely correlates with basal CYP3A4 mRNA levels. This observation
suggests that hepatocytes with low basal CYP3A4 mRNA levels may
demonstrate high CYP3A4 mRNA fold-induction responses to rifam-
picin. Similar findings for CYP3A4 mRNA were observed in two
additional donors (H4 and H12 in Supplemental Figs. 1 and 2,
respectively). This effect was less pronounced for rifampicin-CYP3A
activity response but was based on fewer experiments from donors H2,
H4, and H12 (Supplemental Fig. 3).
The potential for assay noise to systematically affect the magnitude of

the rifampicin-CYP3A4 mRNA response was evaluated by comparison
with the corresponding intra-assay flumazenil response. This assessment
was conducted across multiple repeated experiments within the same
hepatocyte donor. As the fold induction for rifampicin increased in
donor H2, there was no corresponding change in the negative control
(flumazenil) response, confirming that the variability was not a function
of assay noise (Fig. 2, B and D). Similar results were observed in other
donors (data not shown).
The number of experiments that might be necessary to capture

the range of variability in the rifampicin-CYP3A4 mRNA response
described previously was evaluated, with data visualized based on
chronological order of experimentation (Fig. 2, E and F). Figure 2E
shows CYP3A4 DCt values for DMSO and rifampicin plotted by
chronological experiment order and Fig. 2F illustrates the resultant
rifampicin-CYP3A4 mRNA fold-induction values. There was no clear
trend in the data with respect to time in either DCt or fold-induction
values. Consequently, the number of repeat experiments required to
capture variability in the rifampicin-CYP3A4 mRNA induction response
in a single hepatocyte donor is considerable (e.g., $5 repeat experiments)
and may vary between donors.
Normalizing In Vitro Induction Data to a Positive Control.

Multiple data sets, with maximum fold induction for rifampicin and test
compound, were combined to explore the utility of normalizing data as
the percentage of positive control. Figure 3A shows the percentage of
positive control (rifampicin) data for CYP3A4 mRNA induction for
30 compounds in three donors. The untransformed fold-induction data
are shown in Supplemental Fig. 4. Note that in some donors the rifampicin
response was on the low side (;6-fold). Since data for test compound
indicated positive in vitro CYP3A4 mRNA induction (.2-fold), this data
set holds value and was included. There were marked differences ob-
served for compounds when looking at the percentage of rifampicin
control response across donors. For example, the carbamazepine
responses were 52%, 28% and 218%; the phenobarbital responses were
96%, 36% and 106%; and the phenytoin responses were 40%, 23%, and
44% (where rifampicin maximum induction results were 7-, 16-, and
7-fold for the first, second, and third donors, respectively, within the
same laboratory). A similar trend was observed in a data set gener-
ated across laboratories using different donors. Here, the felbamate
responses were 20%, 34%, and 33%; and the oxcarbazepine responses
were 28%, 105%, and 88% of the rifampicin responses (where rifampicin
maximum induction results were 19-, 13-, and 19-fold for the first,
second, and third donors, respectively). Similarly, in a third data set,
where each compound was tested in a single laboratory using multiple
donors, Cmpd 1 responses were 64%, 121%, and 136% of the rifampicin
responses, which were 25-, 24-, and 17-fold, respectively; Cmpd
4 responses were 15%, 18%, and 44% of the rifampicin responses,
which were 41-, 133-, and 96-fold, respectively; and Cmpd 7 responses
were 21%, 27%, and 20% of the rifampicin responses, which were 17-,
12-, and 11-fold, respectively.

TABLE 5

Frequency of a rifampicin response $X-fold for CYP3A4 mRNA levels
in the Monte Carlo simulations.

The Monte Carlo simulations were conducted with 100,000 theoretical experiments, each
containing three random hepatocyte donors rounded to three significant figures.

Positive Control
Threshold

Frequency of a Rifampicin Response $X-fold

In All Three
Donors

In $2
Donors

In $1
Donor

Not
Observed

% % % %

6-fold 78.4 98.5 99.9 0.04
10-fold 40.9 84.5 98.6 1.39
20-fold 4.94 32.2 77.9 22.1
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Fig. 2. Reproducibility of CYP3A4 gene expression data from .60 individual repeated experiments conducted in a single laboratory with hepatocyte donor H2 as measured
by real-time PCR (TaqMan reverse transcription PCR). Cycle threshold (Ct) values for the housekeeping gene (GAPDH) and CYP3A4 were collected from each experiment
for vehicle control (DMSO; 0.1%), negative control (flumazenil; 25 mM), and positive control (rifampicin; 20 mM) treatment groups. (A) Ct values for the housekeeping
gene (GAPDH) over experimental repeat in chronological order. (B) CYP3A4 Ct values for vehicle and negative controls, rank ordered by increasing vehicle CYP3A4 Ct
values (Ct values are inversely proportional to transcript levels). (C) CYP3A4 DCt values (DCt values; normalized to GAPDH) for vehicle, negative, and positive controls
rank ordered by increasing vehicle (DMSO) CYP3A4 DCt values. (D) CYP3A4 mRNA fold-induction values (or DDCt) for negative and positive controls rank ordered by
increasing vehicle CYP3A4 DCt values. (E) CYP3A4 DCt values (DCt values; normalized to GAPDH) for vehicle, negative, and positive controls over experimental repeat
in chronological order. (F) CYP3A4 mRNA fold-induction values (or DDCt) for negative and positive controls over experimental repeat in chronological order.
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Finally, the utility of normalization to a positive control response to
address intradonor variability was explored. Figure 3B shows rosigli-
tazone and pioglitazone induction as percentage of positive control
response (rifampicin CYP3A4 mRNA) in three different donors, in
which experiments were repeated on five separate occasions within the
same laboratory. Within a single donor over time, similar to the previous
data set, a lack of normalization was observed, with the percentage of
positive control values spanning a wide range for each compound. For
example, the rosiglitazone responses were 88%, 31%, and 61% and the
pioglitazone responses were 47%, 41%, and 77% of the rifampicin
response for each donor in the second experimental repeat. In the third
experimental repeat, the rosiglitazone responses were 76%, 13%, and
129% and the pioglitazone responses were 31%, 100%, and 85% of the
rifampicin response for each donor.
In Vitro Induction Parameters and Reproducibility across

Donors and Laboratories. Following analysis of a large data set
of single concentration data from two laboratories, the IWG extended
analysis to concentration-response induction data generated in multi-
ple laboratories under different conditions in multiple human donors.
Rifampicin CYP3A4 mRNA EC50 and Emax values were collated from
five literature sources (at least n = 3 unique donors for inclusion) and
from multiple IQ member companies (Supplemental Table 3). Variabil-
ity was observed for both the EC50 and Emax parameters calculated
within the six data sets (as given by %CV) (EC50: 51.6%–144% CV;
Emax: 28.6%–104% CV). Overall, the mean and median values across

the data sets were within 2-fold of each other with the exception of the
EC50 value for the IWG data, which was within 2.5-fold.
An additional rifampicin data set was collected to further examine

this variability. The reproducibility within a donor under the same ex-
perimental conditions in the same laboratory was examined. Rifampicin
CYP3A4 EC50 and Emax data were collated from three different
companies (nine donors) where at least three experiments were available
for each donor (Fig. 4; Supplemental Table 4). Variability, within each
donor (expressed as %CV) ranged from 28.6% to 77.3% for EC50 and
22.9% to 125% for Emax values. The mean and median values of the
data set were within 2-fold of one another. The spread in minimum-
to-maximum values observed within each donor ranged from 1.1- to
9.5-fold for EC50 and 1.49- to 9.19-fold for Emax. The variability
observed in CYP3A4 EC50 and Emax parameters was not unique to
rifampicin (Fig. 5; Supplemental Table 5). Similar %CV values were
noted for eight other CYP3A4 inducers (troglitazone, pioglitazone,
ritonavir, nifedipine, phenobarbital, carbamazepine, rosiglitazone, and
phenytoin) and ranged from 72% to 133% for EC50 and 59% to 119% for
Emax values.
Data Set for DDI IVIVE. In vitro CYP3A4 and clinical data were

collected for 51 compounds covering both clinical and in vitro induction
response from inhibition, no effect, and induction (Figs. 5 and 6;
Supplemental Table 6).
In Vitro Data Set. For most inducers, a minimum of three donors

were available for generating median induction parameters. In the case

Fig. 3. Impact of normalizing CYP3A4 mRNA
fold induction of test compound to positive
control fold induction (rifampicin). The Emax

values for rifampicin and compound were
used rather than response at a single maxi-
mum concentration. (A) Data combined from
three different sources using different donors
and experimental conditions; IWG generated
data for mild clinical inducers across three
different laboratories and three different donors
(felbamate, flucloxacillin, lersivirine, oxcar-
bazepine, and rufinamide), literature data from
Zhang et al. (2014) using the same three donors
in a single laboratory under the same exper-
imental conditions, and IWG gathered proprietary
compound data across different laboratories and
experimental conditions in three different donors
(untransformed fold-induction data Supplemental
Fig. 4). (B) Rosiglitazone and pioglitazone in three
donors; experiments were repeated on five different
occasions by the same laboratory under the same
experimental conditions.
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of saquinavir, teriflunomide, and Cmpds 3, 8, 9, and 15, data were only
available—or induction parameters could only be defined—from two
donors. In the case of Cmpds 5 and 14, induction parameters could only
be determined from one of the three donors investigated. For Cmpd 5,
only one donor resulted in measurable increases in CYP3A4 mRNA
(.2-fold) and two donors were negative. For Cmpd 14, while three
donors were evaluated, only one donor included enough concentrations
to characterize the concentration response profile. In both of these
cases, the clinical observation was inhibition. The weak in vitro inducers,
defined as those eliciting a,3-fold CYP3A4 mRNA induction in at least
one of the donors, were aprepitant, omeprazole, pioglitazone, pleconaril,
and terbinafine. In some cases, moderate-to-strong clinical inducers,
including carbamazepine, Cmpd 7, and phenytoin, had at least one donor
with an Emax value,4-fold. In general, the in vitro variability for all of
the inducers was consistent with that observed for rifampicin (Fig. 5).
There were some trends discernible for EC50, where moderate and
strong clinical inducers generally exhibited much lower EC50 values
compared with compounds that had weak or no clinical induction
(Fig. 5A). However, an exception was noted for Cmpd 3, which showed
moderate clinical induction due to its relatively high unbound circulating
concentration (5.6mM). As onemight expect, there was no trend in EC50

values with clinical DDI magnitude for the compounds that exhibited
both in vitro induction and inhibition (Fig. 5B). In general, the Emax

values for rifampicin, while variable, were higher than those observed
from weak or nonclinical inducers such as perampanel or lersivirine.

The Emax values for compounds with in vitro induction only (Fig. 5C)
generally trended down with increasing EC50 value. There were no
discernible trends in Emax values for compounds that exhibited both
in vitro induction and inhibition (Fig. 5D). In the case of rifapentine,
nifedipine, and rosiglitazone, the Emax values were comparable to those
determined for rifampicin, although these drugs resulted in no clinical
induction (Fig. 5D).
Clinical Data Set. The IWG collected data for 35 literature com-

pounds and 16 proprietary compounds from the IQ member companies.
When considering the median clinical AUCR and DDI category relative
to the 2012 FDA guidance, there were eight compounds with clinical
inhibition, 16 with no effect (AUCR: 0.8–1.25), 16 with weak induction
(AUCR: 0.5–0.8), nine with moderate induction (AUCR: 0.2–0.5), and
two with strong induction (AUCR: ,0.2). When considering the worst-
case (or greatest induction) clinical AUCR, there were six compounds
with clinical inhibition, nine with no effect, 15 with weak induction,
16withmoderate induction, and fivewith strong induction (Supplemental
Table 7). Of these compounds, 31 out of 51 (61%) exhibited mixed
DDI mechanisms toward CYP3A (i.e., in vitro induction plus inhibition
and/or inactivation).
Data from 1048 clinical trials were collected for in vitro CYP3A

inducers (Supplemental Table 9). These trials included all substrates
with some role of CYP3A in the overall metabolism, as determined by
literature searches for in vitro or in vivo metabolism data. When the
clinical data were refined to include only rifampicin doses 600 mg or
greater and dosing regimens of 5 days or longer, there were 835 data
sets remaining. This translated to a total of 181 clinical DDI data sets,
when considering only the sensitive CYP3A substrates, and 74 studies
that used the recommended index substrates, midazolam or triazolam
(71 and three, respectively) (Fig. 6). All of the proprietary clinical data
sets included midazolam as the probe substrate to assess induction
of CYP3A. In general, the AUCR range was similar whether all data
or only the sensitive CYP3A victim drugs were considered, with the
exception of some potent mixed mechanism DDI compounds (e.g.,
ritonavir). The prevalence of induction (i.e., AUCR , 0.8) was deter-
mined to be 56% using median AUCR values and 72% using the worst-
case AUCR values. Despite this refinement of the data, a reasonable
degree of variability remained in the clinical induction response as can
be visualized in the rifampicin and ritonavir data (Fig. 6).
Translating In Vitro Induction Data to Clinically Relevant Risk

of Induction DDI. The large data sets collected (Figs. 5 and 6) enabled
evaluation of various simplistic models for predicting clinical induction
risk. The potential for each method to provide meaningful risk assessment
was considered based on the number of false negative or false positive
compounds (Table 6).
High false positive rates (.35.7%) were observed when comparing

the output from the recommended models and the median observed
clinical AUCR, with the exception of the mechanistic static model that
considered both induction and inhibition (16.7% false positive rate using
the median in vitro donor induction data). The quantitative prediction
accuracy, using the induction/inhibition mechanistic static model (17%
within bioequivalence and 43%within 2-fold), was not as high as that of
other methods such as theR3 using the unbound average concentration at
steady state (31% within bioequivalence and 94% within 2-fold when
using the median in vitro donor data) and the percentage of false
negatives was higher with the inhibition/induction mechanistic static
model than other methods (27%–36%). Compiling all in vitro data into
the RIS or slope correlation curves enabled quantitative prediction and
a minimal number of false negatives (Table 6). A noted limitation of this
approach is that no test sets were available to evaluate true predictive
performance since predictions were made for compounds that were used
to build the correlation model. A similar observation was made using

Fig. 4. Rifampicin CYP3A4 mRNA for EC50 (A) and Emax (B) upon repeat
experiments using the same experimental conditions for each repeat in nine human
hepatocyte donors. Data gathered from three different laboratories by the IQ IWG.
Lines represent the median values.
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a d-value of 0.3, based on the large multidonor in vitro data set collected
here.When anR3 cutoff value of 0.8 is used rather than 0.9, with the total
Cmax,ss as the input and a d-value of 1, the percentage of true negatives
was significantly improved from 3% to 17% with only a small effect on
the false negatives (increased from one to two). Using the recommended
equation in the draft FDA 2017 DDI guidance (Table 1, equation C),
which incorporates a 10-fold multiplier to the Cmax,ss,u, resulted in two
more false negatives (pleconaril and Cmpd 15, in addition to dexameth-
asone) than the 2012 guidance (dexamethasone). Applying a multiplier
of 50-fold rather than 10-fold reduced the number of false negatives
from three to zero. Using the gut concentration as the input for theR3 and
F2 models also reduced false negatives. Limiting the input for unbound
plasma protein binding to 1% resulted in fewer false negatives. However,
those false negatives that remained (dexamethasone and oxcarbazepine)
had only moderate plasma protein binding, and the inclusion of

compounds with unbound plasma concentrations,1%, includingCmpd
13, efavirenz, rosiglitazone, and teriflunomide, resulted in appropriate
binning when the reported unbound plasma protein value was used. Of
all of themethodologies investigated, using the averageCmax,ss,u resulted
in the fewest number of false positives but increased the number of false
negatives (from one to six when using themedian induction parameters).
The average Cmax,ss,u also resulted in the highest number of predictions
within 2-fold or bioequivalence, 94% and 31%, respectively. Using the
Cmax,ss,u for the hepatic component and the portal concentration for the
gut component resulted in two false negatives (dexamethasone and
pleconaril) and improved the percentage of false positives over many of
the other IVIVE methods.
When in vitro induction parameters cannot be defined, either due to

solubility or cytotoxicity limitations, the F2 or slope values can often be
estimated. The slope tended to overpredict the magnitude of induction

Fig. 5. In vitro human hepatocyte CYP3A4 mRNA induction data for 50 compounds for which clinical induction DDI data are available: (A and B) EC50 values; (C and D)
Emax values. Compounds are arranged in order of ascending median in vitro induction potency (EC50). Each point represents a distinct human hepatocyte donor. Data are
from at least three different laboratories (sourced via IQ member company survey, from the literature, or generated by IQ induction group member companies specifically for
this analysis). Compounds are grouped as exhibiting either in vitro induction only (A and C) or a combination of in vitro induction and inhibition (B and D). Color coding is
by median clinical AUCR, where red represents strong DDI (induction AUCR , 0.2 or inhibition AUCR . 5), orange represents moderate DDI (induction AUCR = 0.200–
0.499 or inhibition AUCR = 2.001–5.000), yellow represents mild DDI (induction AUCR = 0.500–0.799 or inhibition AUCR = 1.250–2.000), and green represents no DDI
effect (AUCR within bioequivalence, 0.800–1.249). Marker shapes distinguish median clinical induction effects as defined previously: circles for induction, stars for
bioequivalence, and squares for inhibition. There are 50 not 51 compounds shown because EC50 and Emax could not be generated for flumazenil.
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compared with the EC50 and Emax values, while the F2 value resulted in
four false negatives (dexamethasone, pleconaril, and Cmpds 2 and 15)
compared with one false negative using the R3 equation with total Cmax,

d = 1, and a cutoff value of 0.8. When the F2/Cmax,ss,u multiplier was
reduced from 50- to 30-fold, there was no impact on the false negative
rate. However, the false positive rate decreased from 83% to 70% using

median data and from 87% to 78% using worst-case data. To evaluate
the ability of the F2 value to predict induction at the gut level, the F2
equation was solved for the dose level of perpetrator using molecular
weight and the equation in the EMA guideline (0.1 � Dose/250 ml).
When applying a cutoff value of 0.25 for dose level = F2/therapeutic
dose level, the only false negative observed was dexamethasone.

Fig. 6. Clinical CYP3A DDI data for 51 com-
pounds in order of ascending median victim drug
AUCR. Compounds are grouped as exhibit-
ing either in vitro induction only (A) or a combi-
nation of in vitro induction and inhibition (B).
Color coding is by clinical AUCR, where red
represents strong DDI (induction AUCR , 0.2
or inhibition AUCR . 5), orange represents
moderate DDI (induction AUCR = 0.200–0.499
or inhibition AUCR = 2.001–5.000), yellow
represents mild DDI (induction AUCR = 0.500–
0.799 or inhibition AUCR = 1.250–2.000), and
green represents no DDI effect (AUCR within
bioequivalence, 0.800–1.249). Triangles represent
midazolam or triazolam used as the clinical probe
victim drug; circles, stars, and squares represent
induction, bioequivalence, and inhibition, respec-
tively, for other clinical probe victim drugs.
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Discussion

The IWG compiled extensive in vitro and clinical induction data sets
focusing on interpretation of in vitro induction data for CYP3A4 mRNA
and its clinical relevance. Strikingly, there was a large degree of variability
in both clinical and in vitro induction responses (Figs. 5 and 6). Variability
occurred, irrespective of experimental conditions, laboratory, and test
compound, and was not solely accounted for by differences in donor
response as previously suspected. Importantly, despite being variable,
in vitro induction data have utility in clinical DDI risk assessment and
decision making. Six recommendations are derived from this analysis.
1. P450 Induction Should Continue to Be Evaluated in Three

Separate Human Donors In Vitro. In vitro CYP3A4 mRNA data for
rifampicin included diverse sets of multiple repeats within a donor, from
the same laboratory/experimental condition (Fig. 4). The intradonor
variability was similar to that observed between donors and across
laboratories (Fig. 5; Supplemental Table 3). Beyond rifampicin, variability
existed across the compound data set (Fig. 5). Of note, CYP3A4 activity
appeared to be less variable for the single concentration rifampicin data set
(Table 4). However, there were insufficient EC50 and Emax data for further
evaluation. Given the observed variability, in vitro P450 induction should

continue to be evaluated in three separate human donors, thus supporting
existing recommendations from regulators.
Why might this variability exist? It is possible that small differences

in cell culture, temperature, plate agitation, pipetting speed, and media
change times between each experiment could drive variability since all
may impact efficient attachment, cell morphology, and basal P450
expression (Hamilton et al., 2001; Hewitt et al., 2007). Intradonor
variability in basal P450 expression appeared to determine variability in
fold-induction response for rifampicin (Fig. 2). Additionally, differences
in intracellular drug concentration in response to changes in enzyme or
transporter expression could contribute to a range of induction responses
in inter- and intradonor experiments (Chu et al., 2013; Sun et al., 2017).
2. In Light of Empirically Divergent Responses in Rifampicin

Control and Most Test Inducers, Normalization of Data to
Percentage of Positive Control Appears to Be of Limited Benefit.
To account for donor variability in induction response, normalization
to the percentage of positive control was previously suggested (Bjornsson
et al., 2003). The assumption was that although the absolute fold-induction
value might be different between donors, the relative magnitude of
response for different compounds would be preserved within a donor.

TABLE 6

Clinical induction risk assessment equations and incidence of false positive and false negative prediction based on different approaches to IVIVE in regulatory guidance
using median observed clinical AUCR

Regulator and Equation Input (Inducer)
False Negative False Positive Within 2-fold Within BE

Median Worst case Median Worst case Median Worst case Median Worst case

% % % % % % % %
EMA

F2 (50-fold Cmax,ss,u) Cmax,ss,u 14.8a 11.1b 82.6 87.0 NC NC NC NC
F2 (30-fold Cmax,ss,u) Cmax,ss,u 14.8a 14.8a 69.6 78.3 NC NC NC NC
F2 (0.25 gut) 0.1 � Dose/250 ml 5.3c 5.3c 80.0 93.3 NC NC NC NC
RIS Cmax,ss,u 7.4d 0 82.6 87.0 38 36 20 12
RIS Portal,ss,u 0 0 93.3 100 42 39 24 15

FDA (current)
R3 = 0.9 Cmax,total 3.7c 3.7c 95.7 95.7 26 16 12 4
R3 = 0.9 Cmax,ss,u 25.9e 18.5f 60.9 73.9 72 54 28 18
R3 = 0.9 Cmax,ss,u Fu = 0.01 14.8g 7.4h 60.9 73.9 72 56 32 22
R3 = 0.9 Cav,total 11.1i 11.1i 78.6 92.9 47 28 25 6
R3 = 0.9 Cav,ss,u 33.3j 22.1k 35.7 50 94 81 31 31
R3 = 0.9 0.1 � Dose/250 ml 0 0 100 100 NC NC NC NC
R3 = 0.8, d = 1 Cmax,total 7.4i 3.7c 87.0 91.3 26 16 12 4
R3 = 0.95, d = 1 Cmax,ss,u 14.8a 11.1b 73.9 87.0 72 54 28 18
R3 = 0.9, d = 0.3 Cmax,total 7.4i 7.4i 82.6 91.3 60 46 26 12

FDA and PMDA (proposed 2017)
R3 = 0.8, d = 1, SF = 10X Cmax,ss,u 11.1b 7.4l 78.3 87.0 36 30 18 12
R3 = 0.8, d = 1, SF = 50X Cmax,ss,u 0 0 91.3 95.7 24 20 8 0
R3 = 0.9, calculated from slope Cmax,total 3.7c 3.7c 95.7 95.7 20 12 10 4
R3 = 0.9, calculated from slope Cmax,ss,u 25.9e 18.5f 60.9 73.9 68 52 28 14
Slope correlation NA 0 0 100 100 54 52 18 22

Mechanistic static model
Induction only Portal,ss,u and Igut (Fa × Ka × Dose/Qen) 5.3c 5.3c 100 100 12 6 3 3
Induction only Cmax,ss,u and Igut = Portal,ss,u 10.5h 10.5h 46.7 66.7 59 44 26 12
Induction + inhibition Portal,ssu and Igut (Fa × Ka × Dose/Qen) 36.4m 36.4m 16.7 25.0 30 26 22 22
Induction + inhibition Cmax,ss,u and Igut = Portal,ss,u 36.4m 27.3n 16.7 25.0 43 48 17 13

BE, bioequivalence; Cav, average concentration; Cav,ss,u, unbound average concentration at steady state; Fa, Fraction absorbed; Fu, fraction unbound; Igut, gut concentration (Fa � ka � Dose/Qen);
Ka, absorption rate constant; NA, not applicable; Qen, blood flow through enterocytes.

aDexamethasone, pleconaril, and Cmpds 2 and 15.
bDexamethasone, pleconaril, and Cmpd 15.
cDexamethasone.
dPleconaril and Cmpd 15.
eDexamethasone, flucloxacillin, oxcarbazepine, pleconaril, and Cmpds 2, 11, and 15.
fDexamethasone, pleconaril, and Cmpds 2, 11, and 15.
gDexamethasone, flucloxacillin, oxcarbazepine, and pleconaril.
hDexamethasone and pleconaril.
iDexamethasone and oxcarbazepine.
jClobazam, dexamethasone, efavirenz, flucloxacillin, oxcarbazepine, and pleconaril.
kDexamethasone, efavirenz, oxcarbazepine, and pleconaril.
lDexamethasone and Cmpd 15.
mDexamethasone, lopinavir, nevirapine, and troglitazone.
nDexamethasone, lopinavir, and nevirapine.
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This is commonly used for reporter gene assays (Persson et al., 2006;
Sinz et al., 2006), but reports in human hepatocytes are from smaller
studies (Kamiguchi et al., 2010). The range of percentage of control
response for each compound shown in Fig. 3A suggests that this does
not normalize the induction response across donors or laboratories; nor
does it normalize response within a donor over time (Fig. 3B). Thus,
normalization to percentage of rifampicin response provides limited
benefit in aiding data interpretation. Why is this normalization not
successful? There is no mechanistic evaluation that explains the
compelling data observed here. Do different metabolic pathways
predominate in different donors for a compound (Richert et al., 2006;
Heslop et al., 2017)? In this case, changes in metabolism between
donors, resulting in different effective drug concentrations, might
explain why test and control compound responses do not track.
Several genetic variants of PXR and CAR exist and could contrib-
ute to interindividual variation in induction response (Lamba et al.,
2005). Furthermore, if test and control compounds differ in regulation
of PXR and CAR and donors differ in PXR and CAR expression, then
test and control responses may not track (Faucette et al., 2006). Subtle
differences in intracellular concentration between donors and com-
pounds could also be confounding. This could occur due to multiple
factors, such as small changes in amount of drug dosed in vitro,
differences in seeding density and cell attachment (and thus changes
in unbound fraction in the incubation), and different drivers of cellular
uptake such as transporter expression and albumin concentration
(Miyauchi et al., 2018).
3. With Concentration Dependence, 2-Fold Induction Is an

Acceptable Threshold for Positive Identification of In Vitro
CYP3A4 mRNA Induction. Regulatory agencies recommend.2-fold
change relative to vehicle control to identify a positive in vitro inducer.
This recommendation has evoked considerable discussion as being too
stringent a threshold for clinical relevance (Fahmi et al., 2010), especially
for changes in CYP3A4 mRNA. A large flumazenil CYP3A4 mRNA
data set helped interrogate the appropriateness of a 2-fold cutoff.
Flumazenil is not an inducer of CYP3A4 mRNA or activity in vitro
(Fahmi et al., 2010), nor is it a CYP3A inducer clinically (Ma et al., 2009;
Fahmi et al., 2010). A LoB and LoD analysis in 10 donors was used to
understand thresholds based on assay signal-to-noise results. This defined
a true negative as #1.86-fold and true positive as $2.52-fold (Table 2).
This was consistent with a smaller data set (true negative #2.12-fold;
true positive$2.95-fold). This statistical analysis supports 2-fold as the
threshold to define positive induction of CYP3A4 mRNA. A compound
can confidently be assigned as having no CYP3A4 induction if three
donors all result in ,2-fold induction at clinically relevant concen-
trations. It should be noted that identifying a compound as positive
in vitro does not necessarily mean a clinical study is warranted, it only
indicates that further evaluation of risk is required using mathematical
DDI prediction models.
4. To Reduce the Risk of False Positives in the Absence of

a Concentration-Dependent Response, Induction ‡ 2-fold Should
Be Observed in More Than One Donor to Classify a Compound As
an In Vitro Inducer. Monte Carlo simulations of flumazenil (100,000
iterations; Table 3) indicate that the probability of observing a false
positive of .2-fold response in one of three donors is ;8%. Thus,
a single donor with a weak CYP3A4 mRNA induction .2-fold is not
sufficient to define a true positive. Two or more data points above 2-fold
and concentration dependence are recommended to confidently define
a positive. For weak induction, the IWG acknowledges that defining
concentration dependence can be somewhat subjective. The following
should be considered: evidence of concentration response (visual
inspection), statistical significance (correlation and linear regression),
and relevance (i.e., above 2-fold). If only one donor exhibits induction,

adding a fourth could be considered to probe for a false positive. If
the fourth donor is negative, this strongly suggests a false positive and
may obviate the need for follow up. To further avoid false positives, in
the absence of a concentration dependence (providing cytotoxicity or
solubility is not limiting), if only a single point is .2-fold CYP3A4
mRNA in more than one donor additional investigation is warranted to
contextualize in vitro observations to clinical relevance.
5. If Qualifying a Compound as Negative for CYP3A4 mRNA

Induction, the Magnitude of Maximal Rifampicin Response in
That Donor Should Be ‡ 10-Fold. Applying a minimum rifampicin
response threshold ensures that weak inducers are not overlooked.
A $10-fold threshold provides sufficient dynamic range, giving
confidence in a negative determination (,2-fold), and affords a window
to determine weak but clinically relevant inducers (e.g., pleconaril,
felbamate, and Cmpd 7, which had median Emax values of 3-, 4.7-, and
3.4-fold, respectively) (Supplemental Table 6). This threshold is only
critical when a test compound has data ,2-fold and the result is being
interpreted as negative for in vitro induction. For compounds with clear
concentration response and EC50 and Emax values readily determined,
those data are of value, independent of the rifampicin response in
that experiment. The selection of 10-fold is somewhat arbitrary but
pragmatic and data driven. Using single concentration rifampicin (Table
5), setting the threshold at.20-fold would result in toomany donors not
passing. Indeed, Monte Carlo simulations indicate a ;5% frequency of
all three donors tested reaching.20-fold. Conversely, while setting the
threshold at 6-fold would result in most data sets falling into range, there
would not be a sufficient window to detect weak inducers between the
true and false positive frequency since there is an 8% probability of false
positives .2-fold. At the proposed .10-fold threshold, there is .40%
probability of all three donors tested falling into range (Table 5). The
potential for a high in vitro assay failure rate is naturally concerning.
However, the additional in vitro investment becomes more palatable in
contrast to potentially unnecessary clinical DDI trials due to insufficient
confidence in defining negative in vitro induction. Finally, it should be
noted that the 15 hepatocyte donors examined here were initially
characterized to produce, at minimum, a .6-fold rifampicin-CYP3A4
mRNA response. Thus, the calculated probabilities could be biased
based on this initial acceptance criterion. An alternative approach might
be a weak inducer control to demonstrate confidence that clinically
relevant inducers in the 3- to 4-fold range could be identified. However,
there is insufficient data available to evaluate the utility of this
approach.
6. Inclusion of a Negative Control Adds No Value Beyond That

of the Vehicle Control. Vehicle and negative control data are
superimposable (Fig. 2C). The flumazenil data were useful for
determining false positive frequency. An appropriate vehicle control
should be included.

The rate of false positive prediction of induction DDI was gener-
ally lower when using the in vitro donor median versus the worst-case
parameters. Previously, various static and dynamic modeling methods
were used to predict clinical CYP3A induction in 28 clinical trials for
13 compounds (Einolf et al., 2014). Expanding this, we evaluated data
from over 1000 clinical trials for 51 compounds. However, dynamic
modeling was out of scope. All prediction methods, which were
variations of the five different approaches detailed by regulatory
agencies (F2, RIS, R3, slope correlation, and static modeling), had some
incidence of false positive prediction (Fig. 7) compared with the median
AUCR (Table 6). However, the rate of false positive prediction was
lower (19 out of 23 methods) when using in vitro donor median versus
worst-case parameters. Conversely, the rate of false negative predictions
was higher (10 out of 23 methods) using in vitro median versus worst
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case (Table 6; Supplemental Table 8), particularly with unbound
concentrations. Using slope or F2 as in vitro induction input parameters
served as a reasonable surrogate for EC50 and Emax when binning the
clinical induction risk. Additionally, applying unbound concentrations
generally lowered the false positive rate but increased false negatives.
Quantitative accuracy, as assessed by percentage of predictions within
2-fold, was better when unbound concentrations were used. Thus, the

situational preference for avoiding false negatives or false positives
could drive selection of the prediction approach. Historically, regulatory
agencies advocated total plasma concentration as a conservative estimate
to avoid false negative results in I/Ki calculations (Zhang et al., 2009).
Importantly, median donor data improve quantitative estimation of
risk by increasing the number of predictions within bioequivalence and
2-fold of observed clinical data (Table 6). Thus, median data of three

Fig. 7. Incidence of false positive (% FP) and false negative (%
FN) predictions of DDI for 51 compounds compared with observed
median CYP3A4 clinical DDI data using different IVIVE approaches
(see the equations in Table 1) for median induction in vitro parameters
(A) and worst-case induction in vitro parameters (B).
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in vitro donors, rather than the worst-case donor, should be considered
for induction DDI risk assessment.
The previous analysis and recommendations only pertain to CYP3A4

mRNA. It is possible that some findings are P450 isoform specific and
additional work is necessary to evaluate CYP1A2 and CYP2B6. Since
recent regulatory recommendations have focused on changes in mRNA,
there were limited enzyme activity data to mine. A prevalence of
CYP3A4 time-dependent inhibitors limits the value of P450 activity as
an endpoint. However, in the absence of time-dependent inhibition, it
retains significant value. Using activity, would the apparent decrease in
variability of single concentration positive control (Fig. 1) extend to
EC50 and Emax data? Additionally, attempting to avoid false positives, if
CYP3A4 mRNA response is .2-fold but activity is increased ,2-fold
(without time-dependent inhibition), would there be more confidence in
a negative induction definition? Another shortfall of the current analysis
is the use of nominal in vitro concentrations since actual concentration
data were not available. Not accounting for incubational binding or
compound loss by metabolism may result in overestimation of EC50,
subsequently impacting IVIVE (Sun et al., 2017). Finally, while
physiologically based pharmacokinetic modeling was out of scope,
dynamic simulation of inducer concentration could yield further
improvements to IVIVE (Einolf et al., 2014; Almond et al., 2016;
Ke et al., 2016). Given the incidence of complex DDI involving
multiple mechanisms, predicting DDI should address both inhibition
and induction (Kirby et al., 2011; Fukushima et al., 2013).
The IWGhas presented a data-driven evaluation of in vitro human P450

induction with several recommendations (Fig. 8). The analysis supports
the regulators’ recommendations to use three human donors in vitro to
assess induction and application of a 2-fold CYP3A4 mRNA threshold,
coupled with concentration dependency, to determine a positive in vitro
induction signal. The IWGproposes several actions around use of controls
to aid data interpretation, and showed that while both in vitro and in vivo
induction data are somewhat variable, simple static models of clinical risk
using in vitro data can be used for decision making.
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SUPPLEMENTARY MATERIAL 

Supplementary text: 

 

Reversible inhibition of CYP3A4 for prototypical inducers 

The potential of test compounds to inhibit CYP3A4 was evaluated in pooled, mixed-gender 

human liver microsomes (HLMs).  The incubation mixtures were prepared in 100 mM potassium 

phosphate buffer plus 1 mM EDTA (pH 7.4) with a final concentration of 0.1 mg/ml microsomal 

protein and 2 mM NADPH.  The test articles were evaluated at ten concentrations ranging from 

0 to 75 µM.  In parallel, a positive control inhibitor of CYP3A4 (ketoconazole) was also included. 

CYP3A4 substrate was used at Km-equivalent concentration of 50 µM testosterone. CYP3A4 

activity was quantified using the presence of the reaction-specific metabolite.  The reaction was 

incubated in triplicate for 10 minutes on a shaker in a 37°C incubator.  Following incubation, the 

samples were quenched with 2 volumes of acetonitrile containing stable isotope–labeled 

internal standards: 1 µg/ml of 6β-hydroxytestosterone-[D7] (CYP3A4).  Mixtures were 

centrifuged at 40 C for 15 minutes at 4000 rpm, and supernatants were collected for analysis by 
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RapidFire mass spectrometry (LC-MS/MS).  Percent inhibition for each concentration of test 

compound or positive control was calculated relative to vehicle control (no inhibitor).  IC50 values 

were calculated in Galileo LIMS (version 3.3; Thermo Scientific, Waltham, MA) using a 

sigmoidal inhibition model. 

 

Time-dependent inhibition of CYP3A4 for prototypical inducers 

The potential of test compound to inactivate CYP3A4 in a time-dependent manner was also 

evaluated in HLMs.  Test compound was combined with 1 mg/ml HLMs supplemented with and 

without NADPH for up to 30 minutes in the absence of substrate. Initial concentrations of the 

test articles during the preincubation ranged from 0 to 50 µM, and mifepristone was included as 

the positive control.  Following preincubation, remaining CYP3A4 activity was assessed by 10-

fold dilution into substrate mixtures containing 250 µM testosterone and NADPH. Following 10-

minute incubation, samples were quenched with 2 volumes of internal standard solution 

containing 1 µM 6β-hydroxytestosterone-d3 in acetonitrile.  The samples were centrifuged at 40 

C for 15 minutes at 4000 rpm, and supernatants were collected for analysis by RapidFire mass 

spectrometry (LC-MS/MS).  The residual CYP3A4 activity was determined at each 

concentration and was normalized relative to the solvent controls.  



	 3	

Supplementary Figures 

Supplementary Figure 1: CYP3A4 mRNA gene expression data from >50 individual repeated 

experiments conducted in a single laboratory with hepatocyte donor H4 as measured by real 

time PCR (TaqMan® RT-PCR).  Cycle threshold (Ct values for the housekeeping gene (GAPDH) 

and CYP3A4 were collected from each experiment for vehicle control (DMSO; 0.1%), negative 

control (flumazenil; 25 µM) and positive control (rifampicin; 20 µM) treatment groups. (A) Ct 

values for the housekeeping gene (GAPDH) over experimental repeat in chronological order.  

(B) CYP3A4 Ct values for vehicle and negative controls, rank-ordered by increasing vehicle 

CYP3A4 Ct values (Ct values are inversely proportional to transcript levels).  (C) CYP3A4 ΔCt 

values (ΔCt values; normalized to GAPDH) for vehicle, negative and positive controls.  (D) 

CYP3A4 mRNA fold-induction values (or ΔΔCt) for negative and positive controls.   (E)  CYP3A4 

ΔCt values (ΔCt values; normalized to GAPDH) for vehicle, negative and positive controls over 

experimental repeat in chronological order.  F) CYP3A4 mRNA fold-induction values (or ΔΔCt) 

for negative and positive controls over experimental repeat in chronological order. 

 

Supplementary Figure 2: CYP3A4 mRNA gene expression data from 70 individual repeated 

experiments conducted in a single laboratory with hepatocyte donor H12 as measured by real 

time PCR (TaqMan® RT-PCR).  Cycle threshold (Ct) values for the housekeeping gene (18S 

RNA) and CYP3A4 were collected from each experiment for vehicle control (DMSO; 0.1%) and 

positive control (rifampicin; 20 µM) treatment groups. (A) Ct values for the housekeeping gene 

(18S) over experimental repeat in chronological order.  (B) CYP3A4 Ct values for vehicle 

control, rank-ordered by increasing vehicle CYP3A4 Ct values (Ct values are inversely 

proportional to transcript levels).  (C) CYP3A4 ΔCt values (ΔCt values; normalized to 18S) for 

vehicle and positive controls rank-ordered by increasing vehicle (DMSO) CYP3A4 ΔCt values.  

(D) CYP3A4 mRNA fold-induction values (or ΔΔCt) for positive controls rank-ordered by 
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increasing vehicle CYP3A4 ΔCt values.   (E)  CYP3A4 ΔCt values (ΔCt values; normalized to 

18S) for vehicle and positive controls over experimental repeat in chronological order.  (F) 

CYP3A4 mRNA fold-induction values (or ΔΔCt) for positive controls over experimental repeat in 

chronological order. 

 

Supplementary Figure 3: Intra-donor basal and induced CYP3A enzyme activities and 

corresponding fold induction values across multiple repeated experiments in hepatocyte donors 

H2, H4 and H12.   CYP3A activity was measured by midazolam 1'-hydroxylase (H2 and H4) or 

testosterone 6β-hydroxylase (H12) activity. Intra-donor basal (vehicle control; DMSO) and 

induced (positive control, rifampicin) CYP3A activities, rank-ordered by decreasing vehicle 

control CYP3A activities, are represented in Panels A, C and E.  Corresponding CYP3A fold 

induction values for rifampicin, rank-ordered by decreasing vehicle control CYP3A activities, are 

represented in Panels B, D and F. 

 

Supplementary Figure 4: Untransformed Emax data for percent positive control dataset (Figure 

5, panel A).  (A) IWG generated data for mild clinical inducers across three different laboratories 

and donors (felbamate, flucloxacillin, lersivirine, oxcarbazepine and rufinamide); (B) Literature 

data from Zhang et al 2014 using the same three donors in a single laboratory under the same 

experimental conditions; and (C) IWG gathered proprietary compound data across different 

laboratories and experimental conditions in three different donors.  

 

Supplementary Figure 5: RIS and slope corrections 
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Supplementary Table 1:  Summary of methods used to generate single concentration flumazenil and rifampicin data in Figure 1 and 

Tables 2 and 3. 

 Company A Company B 

Hepatocyte donors n=10 (H1-H10) n=5 (H11-H15) 

Cryopreserved 
hepatocytes 

Yes Yes 

Cell overlay Yes, Matrigel No 

Adaptation period Overnight (24 hr) Overnight (24 hr) 

Cell culture medium MCM +ITS WME +ITS 

Dexamethasone in 
medium 

Yes (0.1 µM) Yes (0.1 µM) 

Duration of treatment 3 days (72 hr) 2 days (48 hr) 

Medium replacement Daily Daily 

[Rifampicin] 20 µM 10 µM 

[Flumazenil] 25 µM NT 

CYP3A marker reaction 

Midazolam 1’-

hydroxylation 

Testosterone 6β-

hydroxylation 
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Housekeeping gene 
(PCR) 

GAPDH 18S RNA 

MCM: Modified Chee’s Medium 

WME: Williams’s E Medium 

NT: Not tested 
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Supplementary Table 2:  Review of the metabolic pathways for probe substrates in clinical studies for compounds for which DDI 

magnitude was probe dependent. 

Inducer Median AUCR 
Worst case 
AUCR 

Probe Enzymes metabolizing probe Inducer 

ritonavir 3.31 0.16 voriconazole 3A,2C9,2C19, multiple UGT1A ritonavir 

nelfinavir 1.22 0.49 s-methadone 3A4, 2B6, 2C9, 2C19, 2D6 nelfinavir 

aprepitant 1.22 0.55 ethinyl estradiol 
1A1/2, 2C8, 2C9, 3A, UGT1A1, 
SULT 

aprepitant 

saquinavir 1.11 0.68 amprenavir 3A saquinavir 

rifapentine 1.07 0.43 bedaquiline 2C8, 2C19, 3A4 rifapentine 

omeprazole 1.03 0.38 atazanavir 3A omeprazole 

rosiglitazone 0.95 0.59 nevirapine 2C9, 2D6, 3A, 2B6 rosiglitazone 

lersivirine (clean) 0.93 0.49 midazolam 3A (highest dose level) lersivirine (clean) 

topiramate 
(clean) 

0.93 0.7 ethinyl estradiol 
1A1/2, 2C8, 2C9, 3A, UGT1A1, 
SULT 

topiramate 
(clean) 

nevirapine 0.71 0.3 artemether 2B6, 3A nevirapine 

efavirenz 0.65 0.22 voriconazole 3A,2C9,2C19, multiple UGT1A efavirenz 

bosentan 0.53 0.31 sildenafil 2C19, 2C9, 2D6, 3A bosentan 

phenobarbital 0.539 0.21 verapamil 3A, 2B6, 2C8, 2D6, UGT phenobarbital 
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Supplementary Table 3: CYP3A4 mRNA EC50 and Emax values for rifampicin from six different sources collated via the IQ IWG and 

from literature. 

Parameter 

IWG dataseta Fahmi, 2016a Einolf, 2014a Vermet, 2015b Hariparsad, 2008b Zhang, 2013b 

EC50 

(µM) 

Emax 

(Fold) 

EC50 

(µM) 

Emax 

(Fold) 

EC50 

(µM) 

Emax 

(Fold) 

EC50 

(µM) 

Emax 

(Fold) 

EC50 

(µM) 

Emax 

(Fold) 

EC50 

(µM) 

Emax 

(Fold) 

Mean 0.75 21.0 0.66 38 1.66 42.2 1.0 57 0.75 39.1 0.65 10.2 

Std Dev 1.09 18.0 0.6 23 1.5 44 0.91 44 0.39 11.2 0.67 5.00 

Min 0.04 5.14 0.12 8.9 n/a n/a 0.32 24 0.4 29.1 0.12 7.3 

Max 5.20 103 2.7 92 n/a n/a 2.8 141 1.3 52.5 1.4 16 

Median 0.33 16.1 n/a n/a 0.943 23.2 0.78 40.0 0.65 37.5 0.44 7.4 

% CV 144 85.6 89 61 90.4 104 89 78 51.6 28.6 102 48.8 

Donor lots (n) 38 38 18 18 17 17 6 6 4 4 3 3 

CV, coefficient of variation; Min, minimum; Max, maximum; Std Dev, standard deviation; n/a, not available  

adata compiled from multiple labs using different experimental protocols   

bdata generated in a single lab using the same experimental protocol 
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Supplementary Table 4: CYP3A4 mRNA EC50 and Emax values for rifampicin in nine human hepatocyte donors following multiple 

repeats within a laboratory using the same experimental methodology gathered from three companies by the IQ IWG  

Parametera 

Donor A Donor B Donor C Donor D Donor E 

EC50 
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax  
(Fold) 

EC50 
(µM) 

Emax  
(Fold) 

EC50 
(µM) 

Emax  
(Fold) 

EC50 

(µM) 

Emax  

(Fold) 

Mean 0.727 23.8 0.691 17.2 0.203 28.8 0.213 10.2 0.331 11.8 

Std Dev 0.300 5.58 0.534 3.93 0.0579 11.9 0.157 12.8 0.197 4.49 

Min 0.211 15.9 0.2 10.7 0.13 13 0.0748 3.60 0.151 7.28 

Max 1.30 36.1 1.9 23.6 0.3 56 0.484 33.0 0.542 16.3 

Median 0.752 22.5 0.5 17.2 0.2 29 0.172 5.20 0.301 11.8 

% CV 41.2 23.5 77.3 22.9 28.6 41.4 73.8 125 59.6 38.1 

Experimental repeats 
(n) 21 21 11 11 12 12 5 5 3 3 

Parametera 
Donor F Donor G Donor H Donor I 

EC50  
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax  
(Fold) 

EC50 
(µM) 

Emax  
(Fold) 

EC50 
(µM) 

Emax  
(Fold) 

Mean 0.567 21.5 0.403 24.6 0.982 57.1 0.749 27.6 
Std Dev 0.218 11.9 0.0211 5.88 0.343 21.8 0.564 16.6 
Min 0.322 14.0 0.382 21.0 0.591 43.0 0.389 9.31 
Max 0.741 35.2 0.425 31.4 1.23 82.2 1.40 41.6 
Median 0.639 15.3 0.403 21.5 1.13 46.2 0.459 31.9 
% CV 38.1 38.5 55.3 23.9 34.9 38.1 75.3 60.0 
Experimental repeats 
(n) 3 3 3 3 3 3 3 3 

CV, coefficient of variation; Min, minimum; Max, maximum; Std Dev, standard deviation;  

adata for each donor generated in a single lab using the same experimental protocol.   
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Supplementary Table 5: Prototypical inducer CYP3A4 mRNA EC50 and Emax values collated via the IQ IWG and from literature. 

Parametera 

Troglitazone Pioglitazone Ritonavir Nifedipine 

EC50 
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax 
(Fold) 

Mean 6.94 16.2 14.6 7.19 0.62 17.3 40.2 19.9 
Std Dev 6.15 9.61 11.2 5.75 0.57 10.6 45.2 23.2 
Min 0.69 3.96 1.27 0.81 0.01 4.80 0.54 3.55 
Max 16.7 38.7 37.8 23.5 1.68 48.3 159 103 
Median 5.96 13.3 11.6 5.57 0.47 15.8 25.7 12.5 
% CV 88.6 59.4 76.9 79.9 91.9 61.1 112 116 
Donor Lots 
(n) 10 10 12 12 18 18 21 21 

Parametera 
Phenobarbital Carbamazepine Rosiglitazone Phenytoin 

EC50 
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax 
(Fold) 

EC50 
(µM) 

Emax 
(Fold) 

Mean 391 20.4 63.9 19.6 41.0 27.6 48.9 16.3 
Std Dev 280 14.5 79.3 22.5 54.5 32.9 38.6 15.8 
Min 29.1 5.95 2.28 3.44 0.85 3.04 7.43 2.57 
Max 959 59.2 309 93.1 263 132 166 81.0 
Median 409 13.7 26.5 13.3 30.8 14.2 35.3 11.5 
% CV 71.6 71.3 124 115 133 119 78.9 96.7 
Donor Lots 
(n) 21 21 25 25 26 26 28 28 

CV, coefficient of variation; Min, minimum; Max, maximum; Std Dev, standard deviation 

adata compiled from multiple labs using different experimental protocols 
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Supplementary Table 6:  Summary of CYP3A in vitro induction parameters collected from IWG members and/or literature and clinical induction 

data for victim drugs with CYP3A mediated metabolism for 16 proprietary compounds collected from IQ member companies and 34 prototypical 

inducers collected from the UWDIDB   

 

 

 

Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 

range 
[median] 

# of in 
vitro 

Donors 

Competing 
mechanisms of DDI 

(Y/N) 

AUCR 
range 

observed 
[median] 

# of 
clinical 
studies 

Referencesd 
Reversible 

(Ki, µM) 

TDI 
(KI, µM 
/kinact, 
min-1) 

All CYP3A objects 

Sensitive CYP3A 
objects 

aprepitant 3.6 0.05 2.3 – 4.2 
[3.3] 

2.1 – 10 
[7.1] 6 Yc 

(10) 
Yc 

(NR) 

0.55 – 4.1 
[1.2] 15 

(Nygren et al., 2005; 
Vermet et al., 2016) 

NDA 021549 and 
Emend Product 

Label; Sanchez et 
al., 2004 

1.02 – 3.3 
[2.1] 5 

bosentan 1.4 – 2.8 0.02 1.2 – 4.5 
[3.5] 

5.9 – 23 
[13] 3 Y 

(10) Nc 

0.31 – 0.69 
[0.53] 6 

(Dingemanse and 
van Giersbergen, 
2004; Paul et al., 

2005; van 
Giersbergen et al., 

2006; Burgess et al., 
2008); Fahmi et al., 

2008 

0.31 – 0.66 
[0.47] 5 

carbamazepine 27 – 48 0.26 2.3 – 309 
[35] 

3.4 – 93 
[13] 35 Y,   

(529) Nc 

0.07 – 0.80 
[0.48] 35 

(Laroudie et al., 
2000; Sitsen et al., 
2001; Zhang et al., 
2014; Kasserra et 
al., 2015; Fahmi et 
al., 2016; Vermet et 

al., 2016) NDA 
202067; Einolf et al., 
2014 Supplementary 

Materials S2 

0.255 1 

clobazam 4.57 0.10 9.0 – 15.2 
[10.4] 

3.2 – 16 
[7.9] 4 N N 

0.72 – 0.73 
[0.73] 2 

(Walzer et al., 2012) 
NDA 202067 0.72 – 0.73 

[0.73] 2 

clotrimazole 0.0074 0.014 2.6 – 4.1 
[3.3] 

5.3 – 7.8 
[6.3] 3 Yc 

(0.018) Nc 0.90 – 2.5 
[1.6] 5 (Shord et al., 2010; 

Zhang et al., 2014) 
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Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing 
mechanisms of DDI 

(Y/N) 

AUCR range 
observed 
[median] 

# of 
clinical 
studies 

Referencesd  
Reversible 

(Ki, µM) 

TDI 
(KI, 
µM 

/kinact, 
min-1) 

All CYP3A objects 

Sensitive CYP3A objects 

dexamethasone 0.043 – 
0.21 0.3 22 – 31 

[25] 
3.8 – 8.4 

[7.4] 3 Y 
(52) Avg Nc 

0.75 – 0.77 
[0.76] 2 

(Moore et al., 1988; 
Puchalski et al., 

2002; Czock et al., 
2005; Zhang et al., 

2014); Relling et al., 
1994 

0.75 1 

efavirenz 3.7 – 20 0.0025 4.59 19.6 

Mean 
values 
from 11 
reported 

Y 
(20.6) N 

0.22 – 4.0 
[0.65] 

64 
(Weiner et al., 2005; 

Liu et al., 2008; 
Soon et al., 2010; 

Byakika-Kibwika et 
al., 2012; Fahmi et 

al., 2016) 

0.24 – 0.93 
[0.59] 

11 

ezetimibe 0.3 0.1 10.2 4.9 

Mean 
values 
from 2 

reported 

Y 
(3.3) 

Y 
(1.1/ 
0.06) 

0.91 1 (Fahmi et al., 2016) 

felbamateb 328 0.75 
189 – 2477 

[342] 
3.1 – 6.5 

[4.7] 
5 N N 

0.63 – 0.87 
[0.75] 

2 
(Saano et al., 1995) 

NA NA 

flucloxacillinb 
24.7 – 
30.4 

0.038 
25 – 115 

[77.4] 
4.5 – 17 

[8.1] 
5 N N 

0.53 – 0.75 
[0.58] 4 

(Du et al., 2013) 
NA NA 
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Clinical 
inducer 

Cmax,total 
(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax 
(Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing mechanisms 
of DDI (Y/N) 

AUCR 
range 

observed 
[median] 

# of 
clinical 
studies 

Referencesd  

Reversible 
(Ki, µM) 

TDI 
(KI, µM 

/kinact, min-1) 

All CYP3A objects 
Sensitive CYP3A 

objects 

flumazenil 0.001 0.5 
Not 

calculated 
0.76 – 

2.5 [1.2] 10 N N 
0.98e 1 (Fahmi et al., 2012; Zhang et 

al., 2014) 0.98 1 

lersivirineb 
0.93 – 

3.7 0.4 
16 – 33 

[23] 
5.5 – 15 

[9.5] 4 Nc Nc 

0.49 – 1.1 
[0.93] 

11 

(Davis et al., 2012) 
0.49 – 0.88 

[0.71] 
4 

lopinavir 20.5 0.01 
0.7 – 7.3 

[1.8] 
7.7 – 22 

[13] 
3 

Y 
(0.76) 

Y 
(1.0/ 0.11) 

0.40 – 0.79 
[0.46] 

7 

(Kasserra and O'Mara, 2011; 
Dumond et al., 2015; 

Mallikaarjun et al., 2016); Yu et 
al., 2015 Supplementary 

Materials NA NA 

nelfinavir 6.2 0.01 1.5 
15 – 22 

[18] 
3 

Y 
(0.9) 

Y 
(2.3/0.10) 

0.49 – 6.1 
[1.2] 

44 (Kurowski et al., 2002; 
McCance-Katz et al., 2004; 
Hsyu et al., 2006); Fahmi et 

al., 2016 
1.1 – 6.1 

[2.2] 
17 

nevirapine 19 - 29 0.4 86 27 

Mean 
values 
from 10 
donors 

Y 
(270) 

Y 
(31/0.029) 

0.30 – 2.5 
[0.71] 

31 
(Mildvan et al., 2002; Skowron 
et al., 2004; Byakika-Kibwika 

et al., 2012; Fahmi et al., 
2016); Erickson et al., 1999; 

Wen et al., 2009 
0.68 1 
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Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing 
mechanisms of DDI 

(Y/N) 

AUCR 
range 

observed 
[median] 

# of clinical 
studies 

Referencesd  

Reversible 
(Ki, µM) 

TDI 
(KI, µM 
/kinact, 
min-1) 

All CYP3A objects 

Sensitive CYP3A objects 

nifedipine 0.15 0.04 
0.54 – 159 

[14] 
3.3 – 103 

[12] 
30 

Y 
(1.8) 

Nc 

0.83 – 3.5 
[1.1] 

19 (Horsmans et al., 
1991; Bliesath et 
al., 1996); Foti et 

al., 2010 NA NA 

omeprazole 1.1 – 3.2 0.05 4.8 – 28 
[11] 

1.9 – 13 
[5.9] 

10 Y 
(47) 

N 

0.38 – 3.1 
[1.0] 

127 

(Gustavson et al., 
1995; Andersson 
et al., 1998; Fang 

et al., 2008; 
Tappouni et al., 

2008; Zhang et al., 
2014); Einolf et al., 

2014 
Supplementary 

Materials S2 

0.53 – 1.8 
[1.0] 

8 

oxcarbazepineb 3.0 – 6.0 0.55 
105 – 659 

[400] 
6.1 – 17 

[11] 4 Nc Nc 

0.53 – 0.92 
[0.59] 

6 (Zaccara et al., 
1993; Fattore et 

al., 1999; Theis et 
al., 2005) 

0.72  
[0.72] 

1 

perampanel 0.564 0.047 
1.9 – 11 

[8.7] 
4.0 – 26 

[5.7] 3 Nc N c 

0.87 – 1.0 
[1.0] 

3 IND 202834; 
Fycompa® NDA 0.87 1 
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Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing 
mechanisms of DDI 

(Y/N) 

AUCR range 
observed 
[median] 

# of 
clinical 
studies 

Referencesd  
Reversible 

(Ki, µM) 

TDI 
(KI, µM 
/kinact, 
min-1) 

All CYP3A objects 

Sensitive CYP3A objects 

phenobarbital 33 - 72 0.49 
29  – 959 

[300] 
5.9 – 89 

[14] 31 
 

N 
 

N 

0.21 – 0.83 
[0.54] 

8 

(Khoo et al., 1980; 
Rutledge et al., 

1988; Amabeoku et 
al., 1993; 

Reidenberg et al., 
1995; Zhang et al., 
2014; Fahmi et al., 
2016; Vermet et al., 
2016); Einolf et al., 

2014 Supplementary 
Materials S2 

NA NA 

phenytoin 7.9 - 69 0.11 
4.3 – 166 

[31] 
2.6 – 81 

[11] 
38 N 

 
N 
 

0.07 – 1.4 
[0.50] 

18 

(Singh et al., 1978; 
Bramhall and Levine, 
1988; Ducharme et 
al., 1995; Lim et al., 
2004; Robertson et 
al., 2005; Zhang et 
al., 2014; Vermet et 
al., 2016); Einolf et 

al., 2014 
Supplementary 

Materials S2 

0.11 – 0.61 
[0.46] 3 

pioglitazone 5.7 - 38 0.01 
1.3 – 38 

[12] 
0.8 – 24 

[5.3] 
21 

Y 
(12) 

Y 
(15/ 

0.039) 

0.92 – 1.1 
[1.0] 

17 
(Prueksaritanont et 

al., 2001; 
Manitpisitkul et al., 

2014b; Zhang et al., 
2014; Vermet et al., 

2016) 

0.98 1 
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Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing mechanisms 
of DDI (Y/N) 

AUCR 
range 

observed 
[median] 

# of 
clinical 
studies 

Referencesd  

Reversible 
(Ki, µM) 

TDI 
(KI, µM 

/kinact, min-1) 

All CYP3A objects 

Sensitive CYP3A 
objects 

pleconaril 2.5 – 3.0 0.01 
2.9 – 88 

[13] 
1.4 – 12 

[3.0] 
9 Nc Nc 

0.65 – 0.72 
[0.69] 2 

(Ma et al., 2006a; 
Ma et al., 2006b; 

Zhang et al., 2014; 
Vermet et al., 

2016) 
0.65 – 0.72 

[0.69] 
2 

probenecid 123 0.09 39 – 123 
[77] 

4.6 – 9.2 
[6.6] 

3 Nc Nc 

0.53 – 0.81 
[0.67] 

2 (Monig et al., 
1990; Kim et al., 
2005; Pea, 2005; 

Zhang et al., 2014) NA NA 

rifampicin 0.08 - 20 0.15 
0.045 – 5.2 

[0.44] 
5.1 – 141 

[18.2] 
48 

Y 
(6.9) 

N 

0.003 – 
0.83 

[0.23] 
208 

(Dilger et al., 
2005; Burger et 

al., 2006; 
Kharasch et al., 

2011; Zhang et al., 
2014; Fahmi et al., 

2016; Vermet et 
al., 2016); 

Kajosaari et al., 
2005 

0.003 – 
0.64 

[0.12] 
37 

rifapentine 9.1 - 34 0.02 
0.42 – 4.5 

[1.3] 
8.7 – 122 

[21] 
14 

Y 

(12) 
Nc 

0.43 – 1.7 
[1.1] 

2 (Budha et al., 
2008; Svensson et 
al., 2015; Vermet 

et al., 2016) NA NA 
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Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing mechanisms 
of DDI (Y/N) 

AUCR 
range 

observed 
[median] 

# of 
clinical 
studies 

Referencesd  

Reversible 
(Ki, µM) 

TDI 
(KI, µM 

/kinact, min-1) 

All CYP3A objects 
Sensitive CYP3A 

objects 

ritonavir 11 - 22 0.01 
0.031 – 1.4 

[0.58] 
8.9 – 55 

[20] 8 
Y 

(0.004) 
Y 

(0.07/ 0.21) 

0.16 – 49.1 
[3.3] 

101 (Buss et al., 2001; 
Liu et al., 2007; 
Kharasch et al., 
2008; Gutierrez-
Valencia et al., 

2014; Fahmi et al., 
2016) 

1.7 – 49.1 
[8.3] 49 

rosiglitazone 0.85 – 1.7 0.002 
0.85 – 263 

[16] 
3.0 – 132 

[11] 
35 

Y 
(36) 

Y 
(7/ 0.022) 

0.59 – 2.1 
[0.95] 8 

(Harris et al., 
1999; Oette et al., 
2005; Zhang et al., 

2014; Vermet et 
al., 2016); Einolf el 

al., 2014 
Supplementary 

Materials S2 

NA NA 

rufinamideb 26 0.66 
145 – 361 

[288] 
4.4 – 10 

[6.3] 
5 Nc Nc 

0.63 – 0.83 
[0.77] 

3 

NDA 021911 

0.63 1 
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Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing mechanisms 
of DDI (Y/N) 

AUCR 
range 

observed 
[median] 

# of 
clinical 
studies 

Referencesd  

Reversible 
(Ki, µM) 

TDI 
(KI, µM 

/kinact, min-1) 

All CYP3A objects 

Sensitive CYP3A 
objects 

saquinavir 2.35 0.02 2.8 12 

Mean 
values 
from 2 
donors 

Y 
(1.3) 

Y 
(7.7/ 0.09) 

0.68 – 5.2 
[1.1] 24 

(Sekar et al., 
2007; Fahmi et al., 

2016) 0.77 – 5.2 
[2.5] 7 

sulfinapyrazone 48.2 0.017 5.2 – 28 
[8.9] 

5.8 – 19 
[12] 6 Nc Nc 

0.78 1 (O'Reilly, 1982; 
Birkett et al., 1983; 
Zhang et al., 2014) NA NA 

terbinafine 5.2 0.01 2.2 – 8.6 
[2.6] 

2.8 – 3.4 
[3.1] 3 N Y 

(11/0.009) 

0.85 – 4.9 
[1.6] 9 (Long et al., 1994; 

Jensen et al., 
1996; Zhang et al., 

2014) 
1.6 – 4.5 

[3.1] 2 

teriflunomide 149 0.003 10.3 4.1 

Mean 
values 
from 2 
donors 

Y 

(100) Nc 

0.45 1 
(Fahmi et al., 
2016); NDA 

202992 NA NA 
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Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing mechanisms 
of DDI (Y/N) 

AUCR 
range 

observed 
[median] 

# of 
clinical 
studies 

Referencesd  

Reversible 
(Ki, µM) 

TDI 
(KI, µM 

/kinact, min-1) 

All CYP3A objects 

Sensitive CYP3A 
objects 

topiramate 14 – 114 0.83 905 36 4 Nc Nc 

0.7 – 1.2 
[0.93] 23 

(Rosenfeld et al., 
1997; Nallani et 

al., 2003; Bialer et 
al., 2004; 

Manitpisitkul et al., 
2014b; 

Manitpisitkul et al., 
2014a) 

NA NA 

troglitazone 4.1 – 6.1 0.01 0.69 – 17 
[3.9] 

3.7 – 68 
[19] 19 Y 

(12) 
Y 

(12/ 0.098) 

0.62 – 1.0 
[0.71] 4 

(Prueksaritanont 
et al., 2001; Zhang 

et al., 2014; 
Vermet et al., 

2016) 
0.62 1 

Cmpd 1 40.9 0.02 1.1 – 2.5 
[1.9] 

17 – 29 
[28] 3 N N 0.07 1 IWG proprietary 

data survey 

Cmpd 2 22 0.0007 4.0 – 21 
[8.3] 

12 – 21 
[18] 3 N N 0.33 1 IWG proprietary 

data survey 

Cmpd 3 15 0.376 12 – 59 
[35] 

15 – 26 
[20] 2 N N 0.43 1 IWG proprietary 

data survey 

Cmpd 4 0.913 0.093 0.49 – 12 
[0.83] 

6.1 – 44 
[27] 3 Y Y 3.65 1 IWG proprietary 

data survey 

Cmpd 5 0.281 0.034 0.50 7.9 1 N Y 2.89 1 IWG proprietary 
data survey 

Cmpd 6 7.6 0.022 2.1 – 3.3 
[2.6] 

5.9 – 12 
[6.8] 3 N Y 1.35 1 IWG proprietary 

data survey 

Cmpd 7 10.2 0.01 0.73 – 2.0 
[1.0] 

3.1 – 4.6 
[3.4] 3 N N 0.3 1 IWG proprietary 

data survey 

Cmpd 8 96-230 0.01 13 – 22 
[18] 

4.2 – 4.8 
[4.5] 2 N N 0.68 1 IWG proprietary 

data survey 

Cmpd 9 1.6 0.617 2.6 7.0 – 7.1 
[7.1] 2 N Y 2.0 1 IWG proprietary 

data survey 
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aPlasma protein binding data was collected from DrugBank, product labels or Goodman and Gilman 2001 

bin vitro induction data generated within the IQ induction group members 

cinhibition and time-dependent screening data generated within the IQ induction group members 

dReferences include those values displayed in the table (minimum, maximum and Cmax) and in vitro parameters when literature values are included in the data 

collection, refer to supplemental table 10 for all references 

eData from single dose i.v. study with flumazenil and midazolam 

 

 

 

 

Clinical inducer 
Cmax,total 

(µM) 
range 

fu,plasma
a 

EC50 (µM) 
range 

[median] 

Emax (Fold) 
range 

[median] 

# of in 
vitro 

Donors 

Competing mechanisms 
of DDI (Y/N) 

AUCR range 
observed 
[median] 

# of 
clinical 
studies 

Referencesd  
Reversible 

(Ki, µM) 

TDI 
(KI, µM 
/kinact, 
min-1) 

All CYP3A objects 

Sensitive CYP3A 
objects 

Cmpd 10 0.444 0.0583 0.042 – 2.5 
[0.13] 

3.2 – 25 
[5.4] 3 N Y 0.98 1 IWG proprietary 

data survey 

Cmpd 11 1.84 0.003 1.8 – 19 
[1.8] 

25 – 43 
[31] 3 N N 0.258 1 IWG proprietary 

data survey 

Cmpd 12 0.058 – 
0.75 0.334 1.3 – 3.6 

[1.5] 
12 – 25 

[19] 3 Y N 5.5 – 25 1 IWG proprietary 
data survey 

Cmpd 13 1.1 – 1.5 0.005 0.26 – 3.4 
[2.9] 

16 – 38 
[16] 3 Y Y 0.99 – 1.5 1 IWG proprietary 

data survey 

Cmpd 14 80 0.01 1.2 12 1 Y Y 11.5 1 IWG proprietary 
data survey 

Cmpd 15 1.4 0.001 0.55 – 1.7 
[1.1] 

7.6 – 19 
[13] 2 Y Y 0.25 1 IWG proprietary 

data survey 

Cmpd 16 14.6 0.11 3.6 – 12 
[8.0] 

4.6 – 15.2 
[7.5] 3 N Y 0.74 1 IWG proprietary 

data survey 
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Supplementary Table 7:  Classification of clinical induction and category changes based on median or worst case AUCR  

Classification Median Clinical AUCR Worst Case Clinical AUCR 

Inhibition 

ritonavir Cmpd 12   Cmpd 12 Cmpd 4   

Cmpd 4 Cmpd 14   Cmpd 14 Cmpd 5   

clotrimazole Cmpd 9   Cmpd 9    

Cmpd 5 Cmpd 6   Cmpd 6    

No induction 

nelfinavir terbinafine rifapentine omeprazole clotrimazole pioglitazone Cmpd 13  

perampanel pioglitazone topiramate Cmpd 13 Cmpd 10 perampanel   

aprepitant saquinavir nifedipine flumazenil terbinafine flumazenil   

rosiglitazone lersivirine ezetimibe Cmpd 10 nifedipine ezetimibe   

Weak induction 

nevirapine felbamate probenecid bosentan aprepitant rufinamide clobazam probenecid 

Cmpd 16 rufinamide troglitazone oxcarbazepine Cmpd 16 topiramate felbamate oxcarbazepine 

sulfinapyrazone dexamethasone pleconaril flucloxacillin saquinavir sulfinapyrazone troglitazone flucloxacillin 

Cmpd 8 clobazam efavirenz phenobarbital Cmpd 8 dexamethasone pleconaril  

Moderate induction 

phenytoin teriflunomide Cmpd 15  nelfinavir lersivirine phenobarbital Cmpd 2 

lopinavir Cmpd 2   rifapentine nevirapine lopinavir Cmpd 7 

carbamazepine Cmpd 7   omeprazole efavirenz teriflunomide Cmpd 11 

teriflunomide Cmpd 11   rosiglitazone bosentan Cmpd 3 Cmpd 15 

Strong induction 

Cmpd 1    Cmpd 1 ritonavir   
rifampicin    rifampicin    

    carbamazepine    
    phenytoin    
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Supplementary Table 8:  Clinical induction risk assessment equations and incidence of false positive and false negative prediction 

based on different approaches to IVIVE in regulatory guidances using worst case observed AUCR. 

adexamethasone, pleconaril, rosiglitazone, Cmpd 2, Cmpd 15, bdexamethasone, pleconaril, rosiglitazone, Cmpd 15, 

cdexamethasone, omeprazole, pleconaril, rosiglitazone, Cmpd 2, Cmpd 15,ddexamethasone, rosiglitazone edexamethasone, 

fdexamethasone, flucloxacillin, omeprazole, oxcarbazepine, pleconaril, rosiglitazone, Cmpd 2, Cmpd 11, Cmpd 15, gdexamethasone, 

Regulator Equation Input [Inducer] 
% False Negative % False Positive % within 2-fold % within BE 

Median Worst 
case Median Worst 

case Median Worst 
case Median Worst 

case 

EMA 

F2 (50-fold Cmax,ssu) Cmax,ssu 13.9a 11.1b 78.6 85.7 NC NC NC NC 
F2 (30-fold Cmax,ssu) Cmax,ssu 16.7c 13.9a 64.3 71.4 NC NC NC NC 

F2 (0.25 gut) 0.1 * Dose/250 mL 7.1d 3.6e 66.7 83.3 NC NC NC NC 

RIS 
Cmax,ssu 0 0 100 100 52 58 22 24 

Portal,ssu 0 0 100 100 62 76 24 26 

FDA current 

R3 = 0.9 

Cmax,total 2.8e 2.8e 92.9 92.9 36 22 20 6 
Cmax,ssu 25f 16.7g 50.0 64.3 68 58 32 34 

Cmax,ssu Fu = 0.01 16.7h 8.3i 50.0 64.3 72 56 32 22 
Cavg,total 7.4j 7.4j 40 80 47 31 16 13 
Cavg,ssu 37.0k 25.9l 0 20 66 63 31 38 

0.1 * Dose/250 mL 0 0 100 100 NC NC NC NC 
R3 = 0.8, d = 1 Cmax,total 5.6j 2.8e 78.6 85.7 36 22 20 6 

R3 = 0.95, d = 1 Cmax,ssu 13.9m 11.1n 64.3 85.7 68 58 32 34 
R3 = 0.9, d = 0.3 Cmax,total 5.6j 5.6j 71.4 85.7 68 64 32 24 

FDA and 
PMDA 

proposed 
2017 

R3 = 0.8, d = 1, SF = 10X Cmax,ssu 11.1b 8.3o 71.4 85.7 44 34 16 16 
R3 = 0.8, d = 1, SF = 50X Cmax,ssu 2.8p 0 92.9 92.9 34 22 12 4 
R3 = 0.9, calculated from 

slope Cmax,total 2.8e 2.8e 92.9 92.9 34 14 24 6 

R3 = 0.9, calculated from 
slope Cmax,ssu 25f 16.7g 50.0 64.3 64 54 34 26 

Slope correlation NA 0 0 100 100 66 66 20 22 

Mechanistic 
static model 

Induction only 
Portal,ssu and Igut 
(Fa*Ka*Dose/Qen) 

3.6e 3.6e 100 100 24 6 3 3 

Cmax,ssu and I gut = Portal,ssu 14.3q 10.7r 0 33.3 62 53 29 24 

Induction + Inhibition 
Portal,ssu and Igut 
(Fa*Ka*Dose/Qen) 

   47.4s 47.4s 0 25.0 35 22 13 4 

Cmax,ssu and I gut = Portal,ssu 52.6t 42.1u 0 25.0 35 43 22 17 
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pleconaril, rosiglitazone, Cmpd 2, Cmpd 11, Cmpd 15 hdexamethasone, flucloxacillin, omeprazole, oxcarbazepine, pleconaril, 

rosiglitazone, idexamethasone, pleconaril, rosiglitazone jdexamethasone, oxcarbazepine, kaprepitant, clobazam, dexamethasone, 

efavirenz, flucloxacillin, lersivirine, omeprazole, oxcarbazepine, pleconaril, rosiglitazone, laprepitant, clobazam, dexamethasone, 

efavirenz, oxcarbazepine, pleconaril, rosiglitazone, mdexamethasone, pleconaril, rosiglitazone, Cmpd 2, Cmpd 15, ndexamethasone, 

pleconaril, rosiglitazone, Cmpd 15, odexamethasone, rosiglitazone, Cmpd 15, prosiglitazone, qdexamethasone, omeprazole, 

pleconaril, rosigltizone, rdexamethasone, pleconaril, rosiglitazone, sclotrimazole, dexamethasone, lopinavir, nelfinavir, nevirapine, 

ritonavir, rosiglitazone, saquinavir, troglitazone, tclotrimazole, dexamethasone, lopinavir, nelfinavir, nevirapine, omeprazole, ritonavir, 

rosiglitazone, saquinavir, troglitazone, uclotrimazole, dexamethasone, lopinavir, nelfinavir, nevirapine, ritonavir, rosiglitazone, 

saquinavir 
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Supplementary Table 9:  Complete clinical induction set prior to refinement based on dose level and dosing regimen. 

 

Precipitant Object 
Percent Change 

AUC Precipitant Dose Accession # 

aprepitant bosutinib 108.1 125 mg 27718000 

aprepitant cabazitaxel 15.8 125 mg then 80 mg (3 days) 25307552 

aprepitant cyclophosphamide 28.3 125/80 mg (3 days) 22245954 

aprepitant dexamethasone 116.6 125 mg 021549 

aprepitant dexamethasone 116.7 125 mg 12844131 

aprepitant dexamethasone 119.5 80 mg (5 days) 12844131 

aprepitant dexamethasone 119.9 125/80 mg (5 days) 021549 

aprepitant dexamethasone 156.4 375 mg 021549 

aprepitant dexamethasone 309.6 375/250 mg (5 days) 021549 

aprepitant dexamethasone 21.6 40/25 mg (5 days) 021549 

aprepitant dexamethasone 45 40 mg 021549 

aprepitant digoxin -6.6 125/80 mg (5 days) 12953348 

aprepitant digoxin -6.6 80/125 mg (5 days) 021549 

aprepitant diltiazem 66.1 300 mg (5 days) 021549 

aprepitant dinaciclib -1.5 125 and 80 mg (3 days) 23053255 

aprepitant docetaxel -3.4 125/80 mg (3 days) 15723220 

aprepitant docetaxel -1 125/80 mg (3) 021549 

aprepitant docetaxel 4.5 125 mg 25053387 

aprepitant docetaxel 7 125 mg 25053387 

aprepitant ethinyl estradiol -44.9 180 mg (14 days) 021549 

aprepitant granisetron 10 125/80 mg (3 days) 12867217 

aprepitant granisetron 10 80/125 mg (3 days) 021549 

aprepitant melphalan -8.1 125 mg 21175446 

aprepitant methylprednisolone 33.7 125/80 mg (3 days) 021549 

aprepitant methylprednisolone 33.7 125 mg 12844131 

aprepitant methylprednisolone 146.4 125/80 mg (3 days) 021549 

aprepitant methylprednisolone 146.4 80 mg (2 days) 12844131 

aprepitant midazolama -22.1 125/80 mg (3 days) 14973304 

aprepitant midazolama -22 80/125 mg (3 days) 021549 

aprepitant midazolama 20.3 125/80 mg (3 days) 14973304 

aprepitant midazolama 20.3 80/125 mg (3 days) 021549 

aprepitant midazolama 49.1 125 mg 17463213 
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aprepitant midazolama 112.8 70 mg (capsule formulation) (18 days) 021549 

aprepitant midazolama 126.5 125 mg 021549 

aprepitant midazolama 229.1 125/80 mg (5 days) 021549 

aprepitant midazolama 229.1 125/80 mg (5 days) 12891225 

aprepitant midazolama 1.9 40/25 mg (5 days) 021549 

aprepitant midazolama 1.9 40/25 mg (5 days) 12891225 

aprepitant midazolama 22.4 40 mg 021549 

aprepitant ondansetron 14.8 250 mg or 375 mg 021549 

aprepitant ondansetron 14.8 375/250 mg (5 days) 12867217 

aprepitant palonosetron -1.4 125-80 mg (3 days) 15899109 

aprepitant paroxetine -25.8 150 mg (14 days) 021549 

aprepitant 
reduced dolasetron 
(hydrodolasetron) 14 80-125 mg (3 days) 16809805 

aprepitant 
reduced dolasetron 
(hydrodolasetron) 15.4 80-125 mg (3 days) 16809805 

aprepitant vinorelbine 0.8 80-125 mg (3 days) 17051369 

bosentan ethinyl estradiol -31 125 mg (7 days) 16550733 

bosentan glyburide (glibenclamide) -39.6 125 mg (4.5 days) 11956508 

bosentan sildenafila -69 62.5-125 mg (8 weeks) 15963102 

bosentan sildenafila -63.1 125 mg (7 days) 18040672 

bosentan sildenafila -53.2 62.5 mg (4 weeks) 15963102 

bosentan simvastatina -34.4 125 mg (5.5 days) 12603176 

bosentan tadalafilb -41.1 125 mg (10 days) 18305126 

carbamazepine (R)-fexofenadine -52.1 100 mg (7 days) 21950458 

carbamazepine (S)-fexofenadine -61.1 100 mg (7 days) 21950458 

carbamazepine aripiprazole -70.9 500 - 1600 mg/day (4-6 weeks) 17502775 

carbamazepine armodafinil (R-modafinil) -39 200 mg (34 days) 25438721 

carbamazepine basimglurant -36.9 400 mg (28 days) 27821711 

carbamazepine dasabuvir -70.3 200 mg (24 days) 206619 

carbamazepine dasabuvir -70 200 mg (24 days) 25646891 

carbamazepine dolutegravir -49.1 300 mg (5 days) 26898568 

carbamazepine efavirenz -36.2 200-400 mg (21 days) 18519918 

carbamazepine elvitegravir -69.3 200 mg (31 days) 207561 

carbamazepine ethinyl estradiol -44.5 600 mg/day (2 months) 21204827 

carbamazepine ethinyl estradiol -42.2 300-600 mg/day (8-12 weeks) 2126946 

carbamazepine ethinyl estradiol -42 600 mg/day (21 days) 12681003 

carbamazepine etizolam -45.6 200 mg (6 days) 15776275 

carbamazepine fexofenadine  -42.9 100 mg (7 days) 19855315 

carbamazepine ivabradine -80.3 400 mg (16 days) 21366652 
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carbamazepine lapatinib -72.1 200 mg (20.5 days) 022059 

carbamazepine lapatinib -72.1 200 mg (21 days) 19371315 

carbamazepine mirtazapine -63 400 mg (21 days) 11554425 

carbamazepine mirtazapine -60.9 400 mg (28 days) 11554425 

carbamazepine nefazodone -92.6 200 mg (35 days) 10653208 

carbamazepine norethindrone -57.9 600 mg/day (21 days) 12681003 

carbamazepine omeprazole -39.7 400-600 mg/day (3 weeks) 9278208 

carbamazepine phenobarbital -30.6 not given (stable therapy) 9591934 

carbamazepine phenytoin -36.5 733.3+-103.3 mg/day (12 weeks) 3386835 

carbamazepine pomalidomide -20.3 200 mg (11 days) 25159194 

carbamazepine praziquantel -90.3 860+-212 mg 1549207 

carbamazepine quetiapine -86.6 200 mg (26 days) 16390352 

carbamazepine ritonavir -87 200 mg (24 days) 25646891 

carbamazepine ritonavir -82 200 mg (24 days) 206619 

carbamazepine simvastatina -74.5 300 mg (14 days) 14691614 

carbamazepine tacrolimus -51.9 200 mg/day (11 days) 19332272 

carbamazepine tacrolimus -39.7 200 mg/day (3 months and 11 days) 19332272 

carbamazepine vilazodone -44.7 400 mg (as XR formulation) (31 days) 25236915 

carbamazepine ziprasidone -42.4 100 to 200 mg (29 days) 10771457 

carbamazepine zolpidem -56.8 400 mg (16 days) 21098143 

clobazam midazolama -27.7 40 mg (15 days) 22422635 

clobazam midazolama -27.3 40 mg (16 days) 202067 

clotrimazole midazolama 40 10 mg TID (5 days) Shord et al., 2010 
clotrimazole midazolama 61.1 10 mg (5 days) 20233179 

clotrimazole midazolama -9.7 10 mg (5 days) 20233179 

clotrimazole tacrolimus 83.3 10 mg (15 days) 1721250 

clotrimazole tacrolimus 147.5 clotrimazole troche (5 days) 16175131 

dexamethasone aprepitantb -25 8 mg/day (5 days) 021549 

dexamethasone casopitant -34 8 mg (3 days) 19205755 

dexamethasone cyclophosphamide -43.3 10 mg (2 days) 3058371 

dexamethasone ecteinascidin 743 -21.4 10 mg 12357306 

dexamethasone misonidazole -23.5 2 mg (3 weeks) 6626454 

dexamethasone valspodar (PSC-833) -1 8 mg 9855321 

efavirenz (R)-methadone -46.7 600 mg (20 days) 22398970 

efavirenz (R)-methadone -55.1 600 mg (20 days) 22398970 

efavirenz (S)-methadone -60 600 mg (20 days) 22398970 

efavirenz (S)-methadone -67 600 mg (20 days) 22398970 

efavirenz alfentanila -45.5 600 mg (20 days) 22398970 
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efavirenz alfentanila -76 600 mg (20 days) 22398970 

efavirenz amodiaquine 114.7 not provided (17 days) 17304470 

efavirenz amodiaquine 302.3 not provided (17 days) 17304470 

efavirenz amprenavir -57.3 600 mg (20 days) 16048950 

efavirenz amprenavir -40.4 600 mg (2 (at least) weeks) 12499178 

efavirenz amprenavir -28.3 600 mg (at least 1 month) 17926651 

efavirenz amprenavir -23.8 600 mg/day (7 (at least) days) 10671334 

efavirenz artemether -77 600 mg/day (46 days) 22687893 

efavirenz artemether -34 600 mg (26 days) 22918158 

efavirenz atorvastatinb -41.4 600 mg (15 days) 15980690 

efavirenz atovaquone -51.1 600 mg (chronic administration) 26797214 

efavirenz atovaquone -43.7 600 mg (chronic administration) 26797214 

efavirenz boceprevir -20.7 600 mg (17 days) 202258 

efavirenz buprenorphine -49 600 mg/day (15 days) 17109309 

efavirenz bupropion -55 600 mg (15 days) 18989234 

efavirenz carbamazepine -27.3 600 mg (14 days) 18519918 

efavirenz cobimetinib -73 600 mg (21 days) 206192 

efavirenz daclatasvir -31.6 600 mg  (14 days) 23963204 

efavirenz daclatasvir -31.6 600 mg (14 days) 206843 

efavirenz darunavira -13.3 600 mg (14 days) 20385850 

efavirenz darunavira -11.7 600 mg (7 days) 17668559 

efavirenz dolutegravir -57 600 mg (14 days) 25146692 

efavirenz dolutegravir -57 600 mg (14 days) 204790 

efavirenz etravirine -30.6 600 mg (14 days) 19620877 

efavirenz etravirine -26 600 mg (14 days) 19620877 

efavirenz etravirine -24.1 600 mg (14 days) 19620877 

efavirenz etravirine -20.2 600 mg (14 days) 19620877 

efavirenz ezetimibe 12.9 400 mg 22297387 

efavirenz faldaprevir -35.1 600 mg (9 days) 25091302 

efavirenz fexofenadine  -22.6 600 mg (20 days) 22398970 

efavirenz indinavira -24.6 600 mg (14 days) 11823758 

efavirenz indinavira -7.1 600 mg (4 weeks) 14526202 

efavirenz isoniazid -40.3 600 mg (4 weeks) 24663014 

efavirenz ketoconazole -72.8 600 mg (15 days) 17345073 

efavirenz lopinavir -51 not provided (chronic treatment) 20421406 

efavirenz lopinavir -25.4 600 mg (35 days) 12499212 

efavirenz maraviroca -44.8 600 mg (14 days) 18333864 

efavirenz methadone -57 600 mg (14 to 21 days) 11298066 
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efavirenz nelfinavir 29.6 600 mg (10 days) 15563361 

efavirenz nelfinavir -25.2 600 mg (32 weeks) 16048984 

efavirenz omeprazole -46.4 600 mg (17 days) 22318618 

efavirenz pravastatin -55.7 600 mg (15 days) 15980690 

efavirenz prednisolone -20.6 not provided, stable therapy (> 30 days) 18645517 

efavirenz proguanil 112.8 400 mg (11 days) 19961932 

efavirenz rifabutin 26.4 600 mg/day (2 weeks at least) 16206114 

efavirenz rilpivirineb -45 600 mg (14 days) 22293086 

efavirenz rilpivirineb -23.3 600 mg (14 days) 22293086 

efavirenz ritonavir -54.7 600 mg (2 (at least) weeks) 12499178 

efavirenz ritonavir -36.3 600 mg (14 days) 11823758 

efavirenz ritonavir -34.1 not provided (chronic treatment) 20421406 

efavirenz ritonavir -25.1 600 mg (14 days) 20385850 

efavirenz ritonavir -22 600 mg (14 days) 15060437 

efavirenz ritonavir -20 600 mg (10 days) 15563361 

efavirenz ritonavir -15.9 600 mg (18 days) 021976 

efavirenz simeprevir -70.6 600 mg (14 days) 205123 

efavirenz simvastatina -60.4 600 mg (15 days) 15980690 

efavirenz telaprevir -24.6 600 mg (20 days) 22642697 

efavirenz telaprevir -24.6 600 mg (20 days) 201917 

efavirenz voriconazole -78.3 400 mg (9 days) 18025525 

efavirenz voriconazole -47.9 300 mg (7 days) 18294336 

ezetimibe efavirenz -9.1 10 mg (11 days) 22588604 

felbamate ethinyl estradiol -13.1 1200 mg (29 days) 7586946 

felbamate gestodene -37.3 1200 mg (29 days) 7586946 

flucloxacillin repaglinide -46.8 500 mg (7 days) 23807564 

flucloxacillin repaglinide -44 500 mg (7 days) 23807564 

flucloxacillin repaglinide -39.6 500 mg (7 days) 23807564 

flucloxacillin repaglinide -25.3 500 mg (7 days) 23807564 

flumazenil midazolama -2 Not provided Fahmi et al., 2012 
lersivirine (R)-methadone -4.9 1000 mg (10 days) 22682979 

lersivirine (S)-methadone -6.9 1000 mg (10 days) 22682979 

lersivirine atazanavir -2.8 500 mg (10 days) 22517413 

lersivirine atazanavir -2.3 500 mg (10 days) 22517413 

lersivirine ethinyl estradiol 7.6 1000 mg (10 days) 22527351 

lersivirine levonorgestrel -16.2 1000 mg (10 days) 22527351 

lersivirine midazolama -51.4 1000 mg (14 days) 22527351 

lersivirine midazolama -36.4 600 mg (14 days) 22527351 



	 31	

lersivirine midazolama -21.3 400 mg (14 days) 22527351 

lersivirine midazolama -12.1 250 mg (14 days) 22527351 

lersivirine rifabutin 2.3 1000 mg (10 days) 22644026 

lopinavir amprenavir -60.2 400 mg (2-4 weeks) 26230332 

lopinavir amprenavir -59.7 400 mg (4 weeks) 15060509 

lopinavir amprenavir -59.3 400 mg (2-4 weeks) 15668539 

lopinavir amprenavir -48.1 400 mg (4 weeks) 15060509 

lopinavir amprenavir -46.4 400 mg (2-4 weeks) 26230332 

lopinavir ritonavir -54.3 400 mg (2 weeks) 15090803 

lopinavir vicriviroc -21.1 400 mg (14 days) 21348539 

nelfinavir (R)-methadone -43.1 1250 mg (8 days) 16299829 

nelfinavir (R)-methadone -40 1250 mg (7 days) 19232844 

nelfinavir (S)-methadone -50.8 1250 mg (8 days) 16299829 

nelfinavir (S)-methadone -49.7 1250 mg (7 days) 19232844 

nelfinavir alfentanila 118.5 1250 mg  (7 days) 19232844 

nelfinavir alfentanila 264.7 1250 mg  (7 days) 19232844 

nelfinavir alfentanila 118.5 1250 mg  (7 days) 19232844 

nelfinavir alfentanila 264.7 1250 mg  (7 days) 19232844 

nelfinavir amprenavir 8.9 750 mg (3 weeks) 11709366 

nelfinavir atorvastatinb 74 1250 mg (14 days) 11709322 

nelfinavir atorvastatinb 74 1250 mg (14 days) 11709322 

nelfinavir azithromycin 106.7 750 mg (11 days) 11185676 

nelfinavir azithromycin 106.7 750 mg (11 days) 11185676 

nelfinavir buprenorphine 4.6 1250 mg (5 days) 17109310 

nelfinavir caffeine -45.7 1250 mg (average of 14 days) 21930825 

nelfinavir caspofungin 8 1250 mg (14 days) 15504857 

nelfinavir caspofungin 16.2 1250 mg (1 day) 15504857 

nelfinavir digoxin 34.9 1250 mg (14 days) 22190694 

nelfinavir digoxin 9.2 1250 mg (14 days) 22190694 

nelfinavir digoxin 34.9 1250 mg (14 days) 22190694 

nelfinavir doxorubicin -9.2 800 mg/day (chronically) 15550586 

nelfinavir efavirenz -16.7 1250 mg (32 weeks) 16048984 

nelfinavir efavirenz -0.2 1250 mg (7 days) 18041735 

nelfinavir efavirenz 6.7 750 mg (for at least 4 weeks) 10594473 

nelfinavir fexofenadine  -0.9 1250 mg  (7 days) 19232844 

nelfinavir isoniazid 4.8 1250 mg (21 days) 17542762 

nelfinavir levomethadyl (LAAM) -8.4 1250 mg (5 days) 15204667 

nelfinavir methadone -38.7 1250 mg (5 days) 15204667 
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nelfinavir midazolama 83.1 1250 mg (average of 14 days) 21406602 

nelfinavir midazolama 241 1250 mg (average of 14 days) 21406602 

nelfinavir midazolama 429.2 1250 mg (average of 14 days) 21406602 

nelfinavir midazolama 83.1 1250 mg (average of 14 days) 21406602 

nelfinavir midazolama 241 1250 mg (average of 14 days) 21406602 

nelfinavir midazolama 429.2 1250 mg (average of 14 days) 21406602 

nelfinavir pravastatin -45.9 1250 mg (12 days) 16514303 

nelfinavir rifabutin 22.2 1250 mg (21 days) 17542762 

nelfinavir rifabutin 22.2 1250 mg (21 days) 17542762 

nelfinavir ritonavir -18 1250 mg (14 days) 21348539 

nelfinavir saquinavira 394.8 750 mg (2 days) 9412695 

nelfinavir saquinavira 13 1250 mg (8 days) 17255144 

nelfinavir saquinavira 394.8 750 mg (2 days) 9412695 

nelfinavir simvastatina 507.1 1250 mg (14 days) 11709322 

nelfinavir simvastatina 507.1 1250 mg (14 days) 11709322 

nelfinavir sirolimus 60.7 250 mg (>3 weeks) 12200787 

nelfinavir sirolimus 60.7 250 mg (>3 weeks) 12200787 

nelfinavir tenofovir 2.3 1250 mg (2 weeks) 16189129 

nelfinavir vicriviroc -3.7 1250 mg (14 days) 21348539 

nevirapine (R)-methadone -44 200 - 400 mg/day (28 days) 15504834 

nevirapine amprenavir -33.5 200 mg (at least 4 weeks) 16940117 

nevirapine amprenavir -11 200 mg (at least 4 weeks) 16940117 

nevirapine artemether -69.9 200 mg (46 days) 22687893 

nevirapine artemether -67 200 mg (at least 4 weeks) 26392500 

nevirapine artesunate 52.2 200 mg (at least 8 weeks) 22500218 

nevirapine bedaquiline 0 200 mg (4 weeks) 204384 

nevirapine buprenorphine -9.4 200 mg (15 days) 20132119 

nevirapine chlorpropamide 6.1 200 mg 19007042 

nevirapine dolutegravir -19.3 400 mg 26271944 

nevirapine efavirenz -29.2 400 mg (4 weeks) 11398107 

nevirapine ethinyl estradiol -32.2 200 mg (4 weeks) 11981363 

nevirapine indinavira -32.5 200 mg (19 days) 10191212 

nevirapine isoniazid -11.6 200 mg (4 weeks) 24663014 

nevirapine itraconazole -62.3 200 mg (7 days) 17342480 

nevirapine lumefantrine 55.6 
Not Provided (chronic therapy (at least 6 

weeks)) 21947399 

nevirapine lumefantrine -57.7 200 mg (at least 4 weeks) 26392500 

nevirapine lumefantrine -21.3 200 mg (46 days) 22687893 
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nevirapine methadone -52.5 200 mg/day (2 weeks) 11568856 

nevirapine methadone -48.8 400 mg (7 days) 17473920 

nevirapine methadone -47.9 200 mg (7 days) 17473920 

nevirapine methadone -37 200 - 400 mg/day (28 days) 15504834 

nevirapine nelfinavir 22.5 120 mg/m2 (4 weeks) 12949316 

nevirapine nelfinavir 146.2 120 mg/m2 (4 weeks) 12949316 

nevirapine nelfinavir 4 200 mg (28 days) 10723513 

nevirapine nelfinavir -50.4 200-400 mg/day (3 weeks) 9677165 

nevirapine nelfinavir -5.4 200 mg (4 weeks) 15097151 

nevirapine norethindrone -29.5 200 mg (4 weeks) 11981363 

nevirapine quinine -33.4 400 mg/day (12 days) 19298689 

nevirapine rifampin 21.5 200 mg (4 weeks) 24663014 

nevirapine rifampin 34.1 200 mg (chronic administration) 11744833 

nevirapine stavudine -3 200 mg (28 days) 10723513 

nevirapine stavudine -4.3 200 mg (4 weeks) 15097151 

nifedipine 6B OHF -4 20 mg NF for 15 days Horsmans et. al., 1991 
nifedipine antipyrine (phenazone) 4.6 20 mg (15 days) 1937348 

nifedipine atenolol -8.4 10 mg (7 days) 6146337 

nifedipine atenolol 2.4 10 mg (3 days) 6487472 

nifedipine atenolol 6.3 20 mg 2429095 

nifedipine betaxolol -3.1 10 mg (2 days) 2870990 

nifedipine candesartan 8.2 60 mg 23849325 

nifedipine cerivastatin 4.3 60 mg 9726692 

nifedipine cyclosporine -21.4 20 mg slow release 2689045 

nifedipine digoxin 17.9 20 mg (1 week (starting on day 31 of digoxin) ) 3468899 

nifedipine digoxin 21.4 5 mg (1 week starting after 17 days of digoxin) 3468899 

nifedipine digoxin 21.4 5 mg (7 days) 3943268 

nifedipine digoxin 23.3 10 mg (7 days) 3943268 

nifedipine digoxin 17.9 20 mg (7 days) 3943268 

nifedipine diltiazem 49.1 10 mg (3 days) 8408735 

nifedipine doxazosin -16.6 20 mg (10 days) 8491245 

nifedipine doxazosin -2 20 mg 8491245 

nifedipine dronedaronea 38.5 20 mg  (4.5 days) 022425 

nifedipine dronedaronea 10.9 20 mg  (4.5 days) 022425 

nifedipine glipizide -1.7 20 mg 3319639 

nifedipine melagatran 1.9 60 mg 12846597 

nifedipine metoprolol 1.3 10 mg (3 days) 6487472 

nifedipine metoprolol 8.9 10 mg (7 days) 6146337 
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nifedipine pantoprazole 9 20 mg, sustained release (5 days) 8793608 

nifedipine pantoprazole 9 20 mg, sustained release (5 days) 8929746 

nifedipine propranolol 23.2 10 mg (2 days) 2870990 

nifedipine propranolol -9.4 10 mg (7 days) 6146337 

nifedipine propranolol -2.6 10 mg 2612540 

nifedipine propranolol 10 10 mg (5 days) 2612540 

nifedipine quinidine -2.3 

10 mg, dosed to a 15% reduction in mean 
arterial pressure.  Titration began with 10 mg 
and was escalated to a maximum of 30 mg (1 

day) 2702799 

nifedipine quinidine -1.7 20 mg (1.5 days) 8408733 

nifedipine quinidine 14.7 20 mg (prolonged action) (4 days) 8453855 

nifedipine quinidine 16.3 20 mg slow release 7480098 

nifedipine repaglinide -8.3 10 mg (5 days) 12817528 

nifedipine theophylline  24.5 20 mg (1 week) 2584285 

nifedipine theophylline 1 10 mg (2 weeks) 3731682 

nifedipine theophylline 6.1 20 mg (7 days) 3391002 

nifedipine vincristine 244.8 10 mg (10 days) 2790693 

omeprazole (R)-citalopram 18.8 20 mg (8 days) 20642546 

omeprazole (R)-metoprolol 1 40 mg (8 days) 2060547 

omeprazole (R)-warfarin -8.9 20 mg (11 days) 18520598 

omeprazole (R)-warfarin 19.6 20 mg (11 days) 18520598 

omeprazole (S)-citalopram 51.2 30 mg (6 days) 16120067 

omeprazole (S)-citalopram  91.4 20 mg (8 days) 20642546 

omeprazole (S)-metoprolol 2.6 40 mg (8 days) 2060547 

omeprazole (S)-warfarin -6.9 20 mg (11 days) 18520598 

omeprazole (S)-warfarin 7.1 20 mg (11 days) 18520598 

omeprazole aminopyrine 1.9 20 mg (8 days) 21415279 

omeprazole amprenavir -4 20 mg (7 days) 17760738 

omeprazole atazanavir -62.3 40 mg (5 days) 18440920 

omeprazole atazanavir -27 20 mg (7 days) 17760738 

omeprazole boceprevir -8.4 40 mg (5 days) 23429642 

omeprazole bortezomib 7.7 40 mg (5 days) 19385713 

omeprazole brexpiprazole 34 40 mg (5 days) 205422 

omeprazole budesonidea -2.3 20 mg (5 days) 12562453 

omeprazole caffeine  0.3 40 mg 10584979 

omeprazole caffeine  11.8 40 mg 10584979 

omeprazole caffeine  16.7 80 mg 10584979 

omeprazole cannabidiol 11 40 mg (6 days) 23750331 
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omeprazole carbamazepine 89.5 20 mg (14.5 days) 11413862 

omeprazole cephalexin -7.2 40 mg (5 days) 15545310 

omeprazole cephalexin 5.3 20 mg (5 days) 15545310 

omeprazole cerivastatin 0.7 20 mg (5 days) 9799053 

omeprazole cilostazol 22.3 40 mg (11 days) 10702887 

omeprazole ciprofloxacin -16 20 mg (4 days) 7625786 

omeprazole ciprofloxacin -3.4 40 mg (3 days) 16554289 

omeprazole clarithromycin 15.3 40 mg (6 days) 8540719 

omeprazole clobazam 27.3 40 mg (5 days) 22422635 

omeprazole clobazam 27.3 40 mg (6 days) 202067 

omeprazole clopidogrel 20.9 80 mg (10 days) 20844485 

omeprazole clopidogrel 22 80 mg (10 days) 20844485 

omeprazole clopidogrel 38.9 80 mg (10 days) 20844485 

omeprazole cobicistat -6.9 20 mg (8 days) 23774876 

omeprazole daclatasvir -9.4 40 mg (7 days) 206843 

omeprazole daclatasvir 2.1 40 mg (7 days) 206843 

omeprazole danoprevir -17 40 mg (5 days) 24117531 

omeprazole darunavira 3.8 20 mg (5 days) 021976 

omeprazole darunavira 5.3 20 mg (4 days) 17210768 

omeprazole dasabuvir -5.3 40 mg (5 days) 27310328 

omeprazole dasabuvir 8 40 mg (5 days) 25646891 

omeprazole dasabuvir 8.3 40 mg (5 days) 206619 

omeprazole 
delta-(9)-

tetrahydrocannabinol -13.7 40 mg (6 days) 23750331 

omeprazole diazepam -9.7 
20 mg, enteric-coated tablet formulation (23 

days) 7648765 

omeprazole diazepam 10.3 20 mg (11 days) 2104790 

omeprazole diazepam 25.5 
20 mg, enteric-coated tablet formulation (23 

days) 7648765 

omeprazole diazepam 35.7 20 mg (11 days) 2104790 

omeprazole diazepam 39.5 20 mg (11 days) 2276389 

omeprazole diclofenac 7.6 20 mg (7 days) 9754983 

omeprazole digoxin -20.1 20 mg (at least 3 days) 25464482 

omeprazole digoxin 13.2 20 mg (8-11 days) 1954072 

omeprazole dipyridamole -3.5 80 mg (14 days) 23532686 

omeprazole dipyridamole -2.3 80 mg (7 days) 23532686 

omeprazole dolutegravir 0.3 40 mg (5 days) 204790 

omeprazole domperidone -5.7 20 mg (2.5 days) 17640489 

omeprazole domperidone 6.4 20 mg (2.5 days) 17640489 
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omeprazole elvitegravir 9.6 20 mg (8 days) 23774876 

omeprazole ethanol 8.1 20 mg/day (7 days) 9444664 

omeprazole ethanol 4.7 20 mg 9692688 

omeprazole ethanol 5.3 20 mg/day (7 days) 9444664 

omeprazole etravirine 40.8 40 mg (11 days) 18492125 

omeprazole etravirine 41.7 40 mg (11 days) 022187 

omeprazole gabapentin -5.9 20 mg 22240839 

omeprazole garenoxacin 6 40 mg (6 days) 17395892 

omeprazole gemifloxacin 6.7 40 mg (4 days) 10567781 

omeprazole imatinib -2.9 40 mg (5 days) 19740393 

omeprazole indinavira -46.7 40 mg (7 days) 18281734 

omeprazole indinavira -34.3 20 mg (7 days) 18281734 

omeprazole irinotecan -4.2 40 mg (18 days) 21216137 

omeprazole itraconazole -15.1 40 mg (7 days) 12562722 

omeprazole ivabradine -1.6 40 mg (5 days) 16988209 

omeprazole lacosamide 19.6 40 mg (6 days) 24567279 

omeprazole lacosamide 19.6 40 mg (7 days) 022253 

omeprazole ledipasvir -39.4 20 mg (6 days) 205834 

omeprazole lidocaine 8.6 40 mg (8 days) 8017592 

omeprazole lomefloxacin 5.2 20 mg (4 days) 7625786 

omeprazole lopinavir -7.9 40 mg (5 days) 18440920 

omeprazole lopinavir 6.6 40 mg (5 days) 18440920 

omeprazole lopinavir 22.6 40 mg (7 days) 20147613 

omeprazole lumiracoxib -5.1 20 mg (4 days) 15080766 

omeprazole moclobemide -19.9 40 mg (8 days) 11309556 

omeprazole moclobemide -1.6 40 mg 11309556 

omeprazole moclobemide 30.6 40 mg 11309556 

omeprazole moclobemide 121.3 40 mg (8 days) 11309556 

omeprazole naproxen (S-naproxen) -1.3 20 mg (7 days) 9754983 

omeprazole nelfinavir -30.4 40 mg (4 days) 18154473 

omeprazole nifedipine 2.7 20 mg 1577051 

omeprazole nifedipine 25.2 20 mg (8 days) 1577051 

omeprazole ombitasvir -0.7 40 mg (5 days) 26459906 

omeprazole ombitasvir -0.4 40 mg (5 days) 206619 

omeprazole ombitasvir 0 40 mg (5 days) 27310328 

omeprazole ombitasvir 1.4 40 mg (5 days) 27310328 

omeprazole ombitasvir 4.7 40 mg (5 days) 206619 

omeprazole ombitasvir 5 40 mg (5 days) 25646891 
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omeprazole ospemifene  15.7 40 mg (8 days) 23852652 

omeprazole ospemifene  15.7 40 mg (8 days) 203505 

omeprazole oxybutynin 15 20 mg (4 days) 16027408 

omeprazole paricalcitol 3 40 mg 17173278 

omeprazole paritaprevir -7.4 40 mg (5 days) 206619 

omeprazole paritaprevir -7.2 40 mg (5 days) 26459906 

omeprazole paritaprevir -2.5 40 mg (5 days) 27310328 

omeprazole paritaprevir 4.4 40 mg (5 days) 27310328 

omeprazole paritaprevir 18 40 mg (5 days) 25646891 

omeprazole paritaprevir 18.3 40 mg (5 days) 206619 

omeprazole phenytoin 24.5 40 mg (9 days) 3689634 

omeprazole piroxicam 0 20 mg (10 days) 9754983 

omeprazole prednisone -0.6 40 mg (7 days) 8973995 

omeprazole proguanil 49.1 40 mg (7 days) 9023285 

omeprazole propranolol 1.9 20 mg (8 days) 3443142 

omeprazole quinidine 9.4 40 mg (7 days) 1793783 

omeprazole raltegravir 210.9 20 mg (5 days) 19143531 

omeprazole ramelteon -32.8 40 mg (7 days) 021782 

omeprazole ritonavir -16.2 40 mg (5 days) 18440920 

omeprazole ritonavir -7.9 40 mg (5 days) 18440920 

omeprazole ritonavir -6.8 40 mg (5 days) 24117531 

omeprazole ritonavir -6.2 20 mg (4 days) 17210768 

omeprazole ritonavir -4.9 40 mg (5 days) 27310328 

omeprazole ritonavir -2.9 40 mg (5 days) 27310328 

omeprazole ritonavir 2 40 mg (5 days) 25646891 

omeprazole ritonavir 2.1 40 mg (5 days) 206619 

omeprazole ritonavir 3 40 mg (1 week) 17898705 

omeprazole ritonavir 6.6 40 mg (5 days) 26459906 

omeprazole ritonavir 6.9 40 mg (5 days) 16791014 

omeprazole ritonavir 7.2 40 mg (5 days) 18440920 

omeprazole ritonavir 7.2 40 mg (5 days) 206619 

omeprazole ritonavir 14.4 40 mg (1 week) 17898705 

omeprazole ritonavir 26.2 40 mg (7 days) 20147613 

omeprazole rivaroxabanb 1.2 40 mg (5 days) 21822144 

omeprazole rosuvastatin 1.7 40 mg 25719441 

omeprazole rotigotine 0.4 40 mg (6 days) 27128608 

omeprazole roxithromycin 15.9 20 mg (6 days) 10759619 

omeprazole sacubitril -7.3 40 mg (5 days) 27119576 
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omeprazole saquinavira 54.1 40 mg (1 week) 17898705 

omeprazole saquinavira 67 40 mg (1 week) 17898705 

omeprazole saquinavira 82.5 40 mg (5 days) 16791014 

omeprazole saxagliptin 12.5 40 mg (5 days) 022350 

omeprazole sibutramine 67 20 mg (7 days) 020632 

omeprazole sofosbuvir -37.2 20 mg (6 days) 208341 

omeprazole sofosbuvir -24.4 20 mg (6 days) 208341 

omeprazole sofosbuvir -9 20 mg (6 days) 205834 

omeprazole tapentadol 1.2 40 mg (4 days) 022304 

omeprazole theophylline -4.5 40 mg 1587966 

omeprazole theophylline 1.8 80 mg 1587966 

omeprazole theophylline -7.4 40 mg (10 days) 10510158 

omeprazole theophylline 3.3 20 mg (7 days) 1577056 

omeprazole tolterodine 13.1 20 mg (4 days) 16027408 

omeprazole trovafloxacin -17.6 40 mg 9222077 

omeprazole valsartan -6.1 40 mg (5 days) 27119576 

omeprazole vandetanib -2.7 40 mg (5 days) 25117183 

omeprazole velpatasvir -52.7 20 mg (6 days) 208341 

omeprazole velpatasvir -43.3 20 mg (6 days) 208341 

omeprazole velpatasvir -23.1 20 mg (6 days) 208341 

omeprazole voriconazole 41.4 40 mg (10 days) 14616415 

omeprazole vortioxetine (Lu AA21004) 5.3 40 mg 23975654 

oxcarbazepine ethinyl estradiol -47.2 600 mg (26 days) 10368079 

oxcarbazepine ethinyl estradiol -46.7 300 mg (31 days) 1464278 

oxcarbazepine felodipinea -28.1 450 mg (7 days) 8451779 

oxcarbazepine felodipinea 9.2 600 mg 8451779 

oxcarbazepine lamotrigine -8 300-600 mg (11 days) 16052246 

oxcarbazepine levonorgestrel -46.7 600 mg (26 days) 10368079 

oxcarbazepine levonorgestrel -36.3 300 mg (31 days) 1464278 

perampanel ethinyl estradiol 0 4 mg (21 days) 202834 

perampanel ethinyl estradiol 0 up to 12 mg (35 days) 202834 

perampanel midazolama -13 6 mg (20 days) 202834 

phenobarbital 
carbamazepine-10,11-

epoxide -55.1 100-150 mg/day (chronic) 2053116 

phenobarbital clonazepam -16.7 1.4 mg/kg/day (22 days) 7408397 

phenobarbital disopyramide -37.2 100 mg (22 days) 3440098 

phenobarbital disopyramide -33.6 100 mg (22 days) 3440098 

phenobarbital metronidazole -29.4 60 mg (6 days) 2897213 
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phenobarbital nifedipine -60.6 100 mg/day (8 days) 2724144 

phenobarbital verapamil -79.4 100 mg (21 days) 3392664 

phenobarbital verapamil -76.6 100 mg (21 days) 3392664 

phenytoin atorvastatin -53.9 
200-400 mg/days based on subjects' weight (3 

weeks) 21635243 

phenytoin clonazepam -34.5 4.3 mg/kg/day (22 days) 7408397 

phenytoin cyclosporine -47.1 300-400 mg/day (9 days) 6529529 

phenytoin dabrafenib -62 300 mg 202806 

phenytoin disopyramide -52.7 300 mg (13 days) 3816106 

phenytoin disopyramide -34 300-400 mg/day (7 days) 7213529 

phenytoin ethinyl estradiol -49 200-300 mg/day (8-12 weeks) 2126946 

phenytoin gefitinib -51.6 2.5 mg/kg (7 d (at 08:00 h and 20:00 h)) 19694743 

phenytoin itraconazole -93 300 mg (18 days) 8529326 

phenytoin ivabradine -69.2 150 mg (5 days) 22765768 

phenytoin lopinavir -30 300 mg (11 days) 15247556 

phenytoin losartan 41.5 200-400 mg (10 days) 12235444 

phenytoin methadone -52.1 300 mg (5 days) 7224382 

phenytoin mirtazapine -47 200 mg (10 days) 12242602 

phenytoin nisoldipine -89.5 200 to 450 mg per day (chronic treatment) 8917062 

phenytoin praziquantel -73.9 338+-49 mg 1549207 

phenytoin quetiapine -80 100 mg (10 days) 11199955 

phenytoin ritonavir -35.4 300 mg (11 days) 15247556 

phenytoin sirolimusa -39.3 100 mg (2 weeks) 12548156 

phenytoin voriconazole -72 300 mg (14 days) 14616412 

pioglitazone aliskiren 2.7 45 mg (7 days) 18786303 

pioglitazone alogliptin 9.7 45 mg (12 days) 19622714 

pioglitazone alogliptin 10.7 45 mg (12 days) 022271 

pioglitazone azilsartan 1.3 45 mg (multiple doses) 200796 

pioglitazone dapagliflozin 3 45 mg 202293 

pioglitazone dapagliflozin 3 45 mg 21114603 

pioglitazone empagliflozin -0.1 45 mg (7 days) 26051874 

pioglitazone empagliflozin -0.1 45 mg (7 days) 204629 

pioglitazone gemigliptin -2.4 30 mg (12 days) 22192641 

pioglitazone ipragliflozin (ASP1941) -0.1 30 mg (10 days) 22587345 

pioglitazone linagliptin 13.3 45 mg (7 days) 20875371 

pioglitazone linagliptin 13.4 45 mg (7 days) 201280 

pioglitazone luseogliflozin -5.9 30 mg (7 days) 25975816 

pioglitazone repaglinide -7.9 30 mg (5 days) 16447051 
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pioglitazone saxagliptin 11.4 45 mg (10 days) 022350 

pioglitazone saxagliptin 11.4 45 mg (5 days) 21332626 

pioglitazone simvastatina -1.9 45 mg (24 days) 11361054 

pioglitazone tofogliflozin 1.2 45 mg 26158794 

pioglitazone topiramate -7.8 300 mg (11 days) 25219351 

pioglitazone vildagliptin -5.4 45 mg  (28 days) 18793589 

pleconaril midazolama -28.2 tid for a total of 16 doses 16397289 

pleconaril midazolama -34.6 tid for a total of 15 doses on Days 2-7 16467135 

probenecid carbamazepine -18.6 500 mg (10 days) 15915352 

probenecid phenprocoumon -46.8 500 mg (7 days) 2257863 

rifampin (R)-talinolol -32.3 600 mg (9 days) 11835190 

rifampin (R)-verapamil -98.7 600 mg (12 days) 9517368 

rifampin (R)-verapamil -98 600 mg (12 days) 9591931 

rifampin (R)-warfarin -70 300 mg (14 days) 3665337 

rifampin (S)-ketamine -88.6 600 mg (6 days) 22676424 

rifampin (S)-talinolol -34.5 600 mg (9 days) 11835190 

rifampin (S)-verapamil -96.7 600 mg (12 days) 9517368 

rifampin (S)-verapamil -96.7 600 mg (12 days) 8855178 

rifampin (S)-warfarin -74.4 300 mg (14 days) 3665337 

rifampin abiraterone -55.6 600 mg (6 days) 27128004 

rifampin alectinib -73.2 600 mg (13 days) 208434 

rifampin alfentanila -95.4 600 mg (5 days) 15536460 

rifampin alfentanila -95 600 mg (6 days) 21346758 

rifampin alfentanila -94.1 600 mg (5 days) 21346758 

rifampin alfentanila -87.7 75 mg (6 days) 21562488 

rifampin alfentanila -70.5 25 mg (6 days) 21562488 

rifampin alfentanila -44.5 10 mg (6 days) 21562488 

rifampin alfentanila -30.8 5 mg (6 days) 21562488 

rifampin aliskiren -55.6 600 mg (5 days) 20179914 

rifampin alisporivir -90.4 600 mg (13 days) 25008118 

rifampin alisporivir -90.4 600 mg (13 days) 27128001 

rifampin alprazolamb -88.3 450 mg (4 days) 10634135 

rifampin amprenavir -81.7 600 mg (18 days) 11158747 

rifampin anacetrapib -64.9 600 mg (20 days) 23670789 

rifampin apixaban -51.8 600 mg (11 days) 26749408 

rifampin apixaban -51.8 600 mg (11 days) 202155 

rifampin apremilast -72.1 600 mg (15 days) 24962564 

rifampin apremilast -72.1 600 mg (15 days) 205437 



	 41	

rifampin atazanavir -80 600 mg (11 days) 17576825 

rifampin atazanavir -72.1 600 mg (10 days) 17005814 

rifampin atorvastatinb -80.3 600 mg (5 days) 16084850 

rifampin axitinib -78.9 600 mg (9 days) 19603168 

rifampin axitinib -78.9 600 mg (9 days) 202324 

rifampin bedaquiline -59 600 mg (24 days) 25535219 

rifampin bedaquiline -52 600 mg (21 days) 204384 

rifampin bosutinib -92.4 600 mg (10 days) 25803093 

rifampin bosutinib -92.4 600 mg (10 days) 203341 

rifampin brexpiprazole -76.2 600 mg (13 days) 205422 

rifampin brotizolam -91.5 150 mg (7 days) 16778710 

rifampin budesonidea -99.7 600 mg (7 days) 15726657 

rifampin budesonidea -99.3 600 mg (7 days) 15726657 

rifampin buspironea -92.5 600 mg (5 days) 9578186 

rifampin buspironea -91.2 600 mg (5 days) 10068153 

rifampin cabozantinib -77.2 600 mg (31 days) 25854986 

rifampin cabozantinib -77 600 mg (31 days) 203756 

rifampin caffeine -60.1 600 mg (average of 14 days) 21930825 

rifampin caffeine -32.8 600 mg (7 days) 24722393 

rifampin caffeine -32.3 600 mg (7 days) 24722393 

rifampin caffeine -23.3 600 mg (7 days) 26123704 

rifampin carvedilol -63 600 mg (9 days) 15001973 

rifampin carvedilol -57.2 600 mg (9 days) 15001973 

rifampin casopitant -96.1 600 mg (9 days) 20124517 

rifampin celecoxib -64.8 600 mg (5 days) 14768975 

rifampin cobimetinib -83 600 mg 206192 

rifampin codeine -81.2 600 mg (3 weeks) 9103514 

rifampin codeine -79.6 600 mg (3 weeks) 9103514 

rifampin cortisol -23.1 600 mg/day (10 days) 6490796 

rifampin crizotinib -81.9 600 mg (14 days) 26381275 

rifampin crizotinib -81.9 600 mg (14 days) 202570 

rifampin cyclosporine -79.5 600 mg (duration not provided) 6390878 

rifampin cyclosporine -73.3 600 mg (11 days) 1424418 

rifampin cyclosporine -50.2 600 mg/day (chronic treatment) 3904451 

rifampin daclatasvir -79 600 mg (9 days) 23963204 

rifampin daclatasvir -78.8 600 mg (9 days) 206843 

rifampin dasatiniba -81.9 600 mg (Days 2 - 9) 021986 

rifampin dextromethorphan -73.9 600 mg (average of 14 days) 21930825 
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rifampin diazepam -76.5 300 mg (7 days) 3608348 

rifampin diazepam -72.9 600 mg (7 days) 3608348 

rifampin dienogest -82.9 600 mg (5 days) 022252 

rifampin dienogest -82.9 600 mg (5 days) 22445438 

rifampin dolutegravir -54 600 mg (14 days) 204790 

rifampin dolutegravir -54 600 mg (14 days) 23075918 

rifampin domperidone -37.8 600 mg (7 days) 26353177 

rifampin dronedaronea -80.7 600 mg (8 days) 022425 

rifampin ebastinea -76.3 600 mg (10 days) 19841159 

rifampin edoxaban -40 600 mg (7 days) 206316 

rifampin edoxaban -35 600 mg (7 days) 26068927 

rifampin erlotinib -76.3 600 mg (7 days) 24474302 

rifampin ethinyl estradiol -65.5 600 mg (14 days) 10223781 

rifampin ethinyl estradiol -63.7 300 mg (10 days) 9824786 

rifampin etoricoxib -65 600 mg (12 days) 15342613 

rifampin etravirine -86.5 600 mg (6 months) 24531907 

rifampin etravirine -55.5 450 mg (9 months) 24531907 

rifampin everolimusa -62 600 mg (13 days) 12022896 

rifampin fexofenadine  -65.4 600 mg (7 days) 24722393 

rifampin flibanserin -95.5 600 mg (9 days) 022526 

rifampin 
fostamatinib active metabolite 

(R406) -75.4 600 mg (8 days) 26739683 

rifampin gefitinib -83.3 600 mg/day (16 days) 16176119 

rifampin gemigliptin -80.1 600 mg (10 days) 22534255 

rifampin ibrutiniba -89.5 600 mg (10 days) 26171235 

rifampin idelalisib -76.1 600 mg (8 days) 25760671 

rifampin idelalisib -76.1 600 mg (8 days) 206545 

rifampin imatinib -74 600 mg (11 days) 14605865 

rifampin imatinib -73.9 600 mg (11 days) 021335 

rifampin itraconazole -88.1 600 mg (14 days) 9626920 

rifampin itraconazole -64.5 600 mg (14 days) 9626920 

rifampin ivacaftor -89 600 mg (10 days) 203188 

rifampin ketoconazole -81.6 10 mg/kg 6095080 

rifampin ketoconazole -79.9 600 mg (8 days) 3391862 

rifampin ketoconazole -71.8 10 mg/kg 6095080 

rifampin ledipasvir -60.1 600 mg (7 days) 205834 

rifampin lenvatinib -17.7 600 mg (21 days) 25022720 

rifampin lenvatinib -17.3 600 mg (21 days) 206947 
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rifampin lersivirine -85.4 600 mg (14 days) 22644026 

rifampin lesinurad -37.6 600 mg (14 days) 207988 

rifampin levomethadyl (LAAM) -94.3 600 mg (9 days) 15966756 

rifampin linagliptin -39.6 600 mg (12 days) 201280 

rifampin lopinavir -67.7 600 mg/day (7 days) 21537021 

rifampin lurasidonea -83 600 mg (8 days) 200603 

rifampin macitentan -79 600 mg (7 days) 204410 

rifampin macitentan -78.5 600 mg (7 days) 22189899 

rifampin maraviroca -63.2 600 mg (14 days) 18333864 

rifampin mefloquine -67.9 600 mg (64 days) 11092571 

rifampin methadone -76.8 600 mg (10 days) 15371986 

rifampin midazolama -98.4 600 mg (5 days) 9591931 

rifampin midazolama -98.4 600 mg (6 days) 18537963 

rifampin midazolama -95.9 600 mg (5 days) 8549036 

rifampin midazolama -95.6 600 mg (7 days) 24722393 

rifampin midazolama -94.8 450 mg (5 days) 15114429 

rifampin midazolama -94.7 600 mg (5 days) 15536460 

rifampin midazolama -94.3 300 mg (7 days) 16432272 

rifampin midazolama -91.9 600 mg (average of 14 days) 21406602 

rifampin midazolama -90.3 600 mg (average of 15 days) 21406602 

rifampin midazolama -89.7 600 mg (7 days) 12966371 

rifampin midazolama -87.7 600 mg (28 days) 21191377 

rifampin midazolama -87.6 600 mg (9 days) 16580903 

rifampin midazolama -86 600 mg (14 days) 15703368 

rifampin midazolama -84.2 600 mg (7 days) 26123704 

rifampin midazolama -83.9 450 mg (7 days) 23974699 

rifampin midazolama -76.9 75 mg (6 days) 21562488 

rifampin midazolama -62 25 mg (6 days) 21562488 

rifampin midazolama -55.9 450 mg (5 days) 15114429 

rifampin midazolama 35.1 10 mg (6 days) 21562488 

rifampin midazolama -23.4 5 mg (6 days) 21562488 

rifampin midostaurin -94.1 600 mg (14 days) 24085261 

rifampin mirabegron -47.7 600 mg (11 days) 23625188 

rifampin mirabegron -43.5 600 mg (11 days) 202611 

rifampin mirodenafil -95.9 600 mg (10 days) 20110038 

rifampin naloxegola -89.1 600 mg (10 days) 26678015 

rifampin naloxegola -89 600 mg (10 days) 204760 

rifampin nateglinide -21.6 600 mg (5 days) 12968988 
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rifampin netupitant -79.6 600 mg (17 days) 23748441 

rifampin netupitant -79.6 600 mg (17 days) 205718 

rifampin nevirapine -46.1 9.02 mg/kg (6 days) 16639340 

rifampin nevirapine -41.6 600 mg (more than 12 days) 11744833 

rifampin nevirapine -40.1 450 mg or 600 mg 18096560 

rifampin nevirapine -25.6 
450 mg (body weight <= 50 kg), 600 mg 

(weight > 60 kg) (4 weeks) 19731452 

rifampin nifedipine -91.8 600 mg (7 days) 8894514 

rifampin nifedipine -64.2 1200 mg 9226591 

rifampin nifedipine -61.3 450 mg/day (several months) 1345893 

rifampin nifedipine -46.5 450 mg/day (4 days) 3453828 

rifampin nilotinib -82.1 600 mg (12 days) 022068 

rifampin nilotinib -82.1 600 mg (12 days) 20702754 

rifampin nintedanib -50 600 mg (7 days) 205832 

rifampin norethindrone -59.1 300 mg (10 days) 9824786 

rifampin norethindrone -50.6 600 mg (14 days) 10223781 

rifampin norethindrone -42.1 450 to 600 mg/day (3 to 12 months) 37091 

rifampin odanacatib -86.7 600 mg (28 days) 27321774 

rifampin omeprazole -93 600 mg (7 days) 26123704 

rifampin omeprazole -89.5 600 mg (7 days) 24722393 

rifampin ondansetron -65.3 600 mg (5 days) 10223773 

rifampin ospemifene  -59.5 600 mg (5 days) 23852652 

rifampin ospemifene  -59.5 600 mg (5 days) 203505 

rifampin oxycodone -86 600 mg (7 days) 19417618 

rifampin palonosetron -20.6 600 mg (17 days) 205718 

rifampin panobinostat -65 600 mg (14 days) 205353 

rifampin pioglitazone -53.8 600 mg (6 days) 16390353 

rifampin piragliatin -72 600 mg (5 days) 26272330 

rifampin ponatinib -62.5 600 mg (9 days) 27137144 

rifampin praziquantel -85.1 600 mg (5 days) 12426514 

rifampin praziquantel -80.1 600 mg (5 days) 12426514 

rifampin prednisolone -50.6 8 mg/kg 6403136 

rifampin propafenone -83.3 600 mg (9 days) 10824630 

rifampin propafenone -76.2 600 mg (9 days) 10824630 

rifampin propafenone -73.2 600 mg (9 days) 10591535 

rifampin propafenone -71.5 600 mg (10 days) 10850406 

rifampin propafenone -70.6 600 mg (9 days) 10591535 

rifampin quinidine -83.2 600 mg (7 days) 7231477 
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rifampin quinine -83.3 600 mg/day (2 weeks) 8527275 

rifampin quinine -75.4 15 mg/kg/day (7 days) 12709315 

rifampin ramelteon -81.6 600 mg (10 days) 021782 

rifampin ranitidine -51.6 600 mg (7 days) 17152347 

rifampin 
reduced dolasetron 
(hydrodolasetron) -26.6 600 mg (7 days) 9923817 

rifampin regorafenib -49.6 600 mg (9 days) 203085 

rifampin repaglinide -79.6 600 mg (7 days) 15034704 

rifampin repaglinide -57.5 600 mg (5 days) 11103752 

rifampin repaglinide -48.1 600 mg (7 days) 15034704 

rifampin repaglinide -31.9 600 mg (7 days) 12817528 

rifampin rilpivirineb -80 600 mg (7 days) 202022 

rifampin risperidone -72.9 600 mg (5 days) 17381666 

rifampin risperidone -46 600 mg (7 days) 18094221 

rifampin ritonavir -62.1 600 mg/day (7 days) 21537021 

rifampin rivaroxabanb -49 600 mg (7 days) 022406 

rifampin roflumilast -80.5 600 mg (11 days) 022522 

rifampin roflumilast -79.7 600 mg (11 days) 19843061 

rifampin ruboxistaurin (LY333531) -95.6 600 mg (9 days) 16433874 

rifampin ruxolitinib -71 600 mg (11 days) 202192 

rifampin ruxolitinib -69.5 600 mg (11 days) 202192 

rifampin saquinavira  -70.4 600 mg (14 days) 11417442 

rifampin saquinavira -35.9 600 mg (14 days) 11417442 

rifampin saxagliptin -76.7 600 mg (6 days) 022350 

rifampin saxagliptin -76.7 600 mg (6 days) 21651615 

rifampin simeprevir -47.6 600 mg (7 days) 205123 

rifampin simvastatina -91 600 mg (9 days) 16580903 

rifampin simvastatina -86.1 600 mg (5 days) 11180018 

rifampin sirolimusa -82.2 600 mg (14 days) 27128230 

rifampin sunitinib -79.2 600 mg (17 days) 021938 

rifampin sunitinib -75.5 600 mg (17 days) 021938 

rifampin suvorexant -87.7 600 mg (17 days) 204569 

rifampin tacrolimus -68.1 600 mg (18 days) 9987705 

rifampin tacrolimus -54.9 600 mg/day (throughout the study) 16003296 

rifampin tadalafilb -88.1 600 mg 021368 

rifampin tamoxifen -86.4 600 mg (5 days) 9871429 

rifampin tamoxifen -83.7 600 mg (15 days) 22617226 

rifampin tasimelteon -86.1 600 mg (10 days) 25851638 
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rifampin tasimelteon -86.1 600 mg (11 days) 205677 

rifampin telaprevir -92.1 600 mg (8 days) 201917 

rifampin telaprevir -92.1 600 mg (8 days) 22642697 

rifampin temsirolimusa -29.8 600 mg (12 days) 022088 

rifampin temsirolimusa -29.8 600 mg (12 days) 17913896 

rifampin ticagrelora -86 600 mg (14 days) 022433 

rifampin tofacitinib -83.9 600 mg (8 days) 203214 

rifampin tolvaptana -87.3 600 mg (7 days) 022275 

rifampin tolvaptana -87.3 600 mg (8 days) 21988334 

rifampin toremifene -87 600 mg (5 days) 9871429 

rifampin triazolama -95 600 mg (5 days) 9024169 

rifampin trimethoprim -46.7 600 mg (12 days) 11600390 

rifampin ulipristal -93 600 mg (9 days) 022474 

rifampin vandetanib -47.6 600 mg (31 days) 022405 

rifampin vandetanib -47.6 600 mg (31 days) 21410294 

rifampin venetoclax -72.8 600 mg (13 days) 26953185 

rifampin venetoclax -71.1 600 mg (13 days) 208573 

rifampin verapamil -93.5 600 mg (15 days) 3180898 

rifampin vorapaxar -54.5 600 mg (28 days) 23426761 

rifampin vorapaxar -54.5 600 mg (28 days) 204886 

rifampin vortioxetine (Lu AA21004) -54.6 600 mg (11 days) 23975654 

rifampin warfarin -57 600 mg/day (3 days) 4852505 

rifampin zolpidem -72 600 mg (5 days) 9433391 

rifampin zopiclone -81.8 600 mg (5 days) 9159561 

rifapentine bedaquiline -57.2 600 mg (24 days) 25535219 

rifapentine raltegravir 70.5 900 mg (3 weeks) 24343893 

ritonavir (R)-methadone -49.1 400 mg (21 days) 19238655 

ritonavir (R)-methadone -32.9 200-300 mg (3 days) 19238655 

ritonavir (S)-citalopram (escitalopram) 8.4 600 mg 12809966 

ritonavir (S)-methadone -49.4 400 mg (21 days) 19238655 

ritonavir (S)-methadone -42.3 200-300 mg (3 days) 19238655 

ritonavir (S)-warfarin -24.3 100 mg (14 days) 23872824 

ritonavir afatinib 20.9 200 mg (3 days) 24399452 

ritonavir afatinib 47.3 200 mg (3 days) 24399452 

ritonavir afatinib 48 200 mg (3 days) 201292 

ritonavir afatinib 11.5 200 mg (3 days) 24399452 

ritonavir albendazole -43.5 200 mg (1 day (short-term)) 19562329 

ritonavir albendazole -76.4 200 mg (8 days (long-term)) 19562329 
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ritonavir alfentanil 253.7 400 mg (21 days) 19238656 

ritonavir alfentanil 844 400 mg (21 days) 19238656 

ritonavir alfentanila 2192 400 mg (21 days) 19238656 

ritonavir alprazolamb 147.7 200 mg (1.5 days) 10801241 

ritonavir AMD070 29 100 mg  (16 days) 18285477 

ritonavir AMD070 76 100 mg  (1 day) 18285477 

ritonavir amprenavir 109.5 100 mg (7 days) 11399983 

ritonavir amprenavir 219.1 100 mg (14 days) 16569890 

ritonavir amprenavir 233.1 300 mg (7 days) 11399983 

ritonavir amprenavir 249.1 100 mg (14 days) 16569890 

ritonavir amprenavir 299.9 100 mg (7 days) 11399983 

ritonavir aplaviroc 112.1 100 mg 16934050 

ritonavir artesunate 26.6 100 mg (17 days) 22403324 

ritonavir atazanavir 2488 100 mg (2 days) 22288567 

ritonavir avanafila 1157.1 300-600 mg (7 days) 202276 

ritonavir BILR 355 1478.9 100 mg 18824608 

ritonavir BILR 355 1522.9 100 mg 18824608 

ritonavir BILR 355 1847.7 100 mg 18824608 

ritonavir BILR 355 2629.8 100 mg 18824608 

ritonavir BILR 355 2956.3 100 mg 18824608 

ritonavir boceprevir -18.7 100 mg (12 days) 202258 

ritonavir brecanavir 1814.3 100 mg 16723584 

ritonavir buprenorphine 57.4 100 mg (7 days) 17109310 

ritonavir bupropion 10.1 200 mg (2 days) 16638740 

ritonavir caffeine  -75.5 200-400 mg  (average of 14 days) 21930825 

ritonavir capravirine 833.8 100 mg (14 days) 15205383 

ritonavir cetirizine 42.7 600 mg (4 days) 15889300 

ritonavir clarithromycin 77.2 200 mg (4 days) 9797791 

ritonavir colchicineb 245.4 100 mg (4 days) 21480191 

ritonavir danoprevir 227.4 100 mg (13 days) 25488594 

ritonavir danoprevir 397.6 100 mg (10 days) 22624502 

ritonavir danoprevir 498.2 100 mg (10 days) 22624502 

ritonavir danoprevir -2.5 100 mg (13 days) 25488594 

ritonavir darunavira 480.3 100 mg (5 days) 021976 

ritonavir darunavira 559.3 100 mg (6.5 days) 18460033 

ritonavir darunavira 740.2 100 mg (5 days) 021976 

ritonavir darunavira 969.5 100 mg (9 days) 19131522 

ritonavir daunorubicin -12.1 600 mg  (at least 1 month) 10854138 
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ritonavir delavirdine -13.6 600 mg (stable therapy days) 12709342 

ritonavir desipramine 26 100 mg (2 weeks) 16338282 

ritonavir dextromethorphan 65.2 200-400 mg (average of 14 days) 21930825 

ritonavir 
didanosine (2,3-
dideoxyinosine) -12.4 600 mg (4 days) 9715843 

ritonavir digoxin 86.4 300 mg (11 days) 15229466 

ritonavir digoxin 21.4 200 mg (15 days) 15167636 

ritonavir digoxin 39.3 400 mg (14 days) 22190694 

ritonavir digoxin 46.7 400 mg (14 days) 22190694 

ritonavir efavirenz 2.5 100 mg (7 days) 18041735 

ritonavir elvitegravir 1888.3 100 mg (10 days) 203100 

ritonavir elvucitabine -21.2 300 mg 19015353 

ritonavir enfuvirtide 23.7 200 mg (4 days) 15199084 

ritonavir ethinyl estradiol -38.7 300-500 mg (16 days) 9723818 

ritonavir ethinyl estradiol -29.2 100 mg (10 days) 22015327 

ritonavir fenofibric acid -11.5 100 mg (19.5 days) 26799348 

ritonavir fentanyl 174.2 
200 mg on 1st day then 300 mg on 2nd and 

3rd days (3 days) 10485779 

ritonavir fexofenadine 38.6 400 mg (21 days) 19238656 

ritonavir fexofenadine 40.1 20 mg 23381882 

ritonavir fexofenadine 117.7 100 mg 23381882 

ritonavir fexofenadine 168.4 100 mg 16809801 

ritonavir fexofenadine 175.2 400 mg (21 days) 19238656 

ritonavir grazoprevir 103.3 100 mg (21 days) 208261 

ritonavir imatinib -3.3 600 mg (3 days) 18094422 

ritonavir indacaterol 48.5 300 mg (7.5 days) 022383 

ritonavir indinavira 100.1 100 mg (chronic treatment) 10513637 

ritonavir indinavira 175 200 mg (15 days) 9797204 

ritonavir indinavira 230 300 mg (15 days) 9797204 

ritonavir indinavira 400 300 mg (15 days) 9797204 

ritonavir indinavira 450 400 mg (15 days) 9797204 

ritonavir 
JNJ-56914845 
(GSK2336805) 55.4 100 mg (5 days) 27129005 

ritonavir linagliptin 101.4 200 mg (3 days) 201280 

ritonavir loperamide 107.7 200 mg (6 days) 16304151 

ritonavir loperamide 223 600 mg 11719726 

ritonavir maraviroca 140.2 100 mg (14 days) 18333863 

ritonavir mebendazole 10.5 200 mg (1 day (short-term)) 19562329 

ritonavir mefloquine -2.8 200 mg (7 days) 11422019 
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ritonavir midazolama -62.1 500 mg (12 days) 10809341 

ritonavir midazolama 231.5 200-400 mg (average of 14 days) 21406602 

ritonavir midazolama 55.1 0.1 mg 23748748 

ritonavir midazolama 78.7 1 mg 23748748 

ritonavir midazolama 81.6 3 mg 23748748 

ritonavir midazolama 162.8 10 mg 23748748 

ritonavir midazolama 289 30 mg 23748748 

ritonavir midazolama 290.3 300 mg (9 days) 21937987 

ritonavir midazolama 405.9 300 mg (9 days) 21937987 

ritonavir midazolama 457.9 40 mg 23939663 

ritonavir midazolama 474.5 300 mg (9 days) 21937987 

ritonavir midazolama 477.5 20 mg 23381882 

ritonavir midazolama 550.7 100 mg 23748748 

ritonavir midazolama 562.1 300 mg (9 days) 21937987 

ritonavir midazolama 591 300 mg (9 days) 21937987 

ritonavir midazolama 680.5 300 mg (9 days) 21937987 

ritonavir midazolama 728.2 200-400 mg (average of 14 days) 21406602 

ritonavir midazolama 801.4 300 mg 23748748 

ritonavir midazolama 810.6 300 mg (9 days) 21937987 

ritonavir midazolama 902.7 300 mg (9 days) 21937987 

ritonavir midazolama 935 200-400 mg (average of 15 days) 21406602 

ritonavir midazolama 1015 100 mg (14 days) 23872824 

ritonavir midazolama 1073.3 300 mg (9 days) 21937987 

ritonavir midazolama 1252.1 100 mg 23381882 

ritonavir 
midazolama 

1350 
100-600 mg (median=200 mg) (0 to 30 pre-

exposure days) 25923589 

ritonavir midazolama 2281.1 100 mg (14 days) 203100 

ritonavir midazolama 2286.9 100 mg (14 days) 20043009 

ritonavir midazolama 2541 100 mg (3 doses) 20002087 

ritonavir midazolama 17.3 0.3 mg 23748748 

ritonavir nelfinavir 27.2 100 mg (14 days) 12189359 

ritonavir nelfinavir 52.6 200 mg (14 days) 12189359 

ritonavir nelfinavir 633.3 400 mg/m2 12659608 

ritonavir oxycodone 188.2 300 mg (4 days) 20697700 

ritonavir paritaprevir 2874.5 100 mg 26710243 

ritonavir paritaprevir 4642.5 100 mg 206619 

ritonavir pravastatin 19.2 20 mg 23381882 

ritonavir pravastatin 31.3 100 mg 23381882 
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ritonavir prednisone 28.5 200 mg (14 days) 16284534 

ritonavir prednisone 37 200 mg (4 days) 16284534 

ritonavir pyronaridine -2.9 100 mg (17 days) 22403324 

ritonavir quinine 340.4 200 mg (7.5 days) 20233197 

ritonavir rifabutin 331.5 500 mg (10 days) 9585795 

ritonavir rivaroxabanb 152.9 600 mg (6 days) 022406 

ritonavir rivaroxabanb 152.9 600 mg (6 days) 23305158 

ritonavir saquinavira 777.9 200 mg (3 days) 10085276 

ritonavir saquinavira 1621.8 200 mg (14 days) 11560557 

ritonavir saquinavira 1666.7 300 mg 9585800 

ritonavir saquinavira 2052.1 300 mg (14 days) 11560557 

ritonavir saquinavira 2135 400 mg (14 days) 11560557 

ritonavir saquinavira 2414.9 20 mg 23381882 

ritonavir saquinavira 2810.8 100 mg 17361121 

ritonavir saquinavira 2888.5 100 mg 17361121 

ritonavir saquinavira 2968.4 100 mg 17361121 

ritonavir saquinavira 4786.4 200 mg 9585800 

ritonavir saquinavira 5742.1 300 mg (4 days) 9084785 

ritonavir saquinavira 6263.6 300 mg 9585800 

ritonavir saquinavira 7200 200 mg 9056009 

ritonavir saquinavira 10710.8 600 mg 9585800 

ritonavir saquinavira 11066.7 600 mg 9585800 

ritonavir saquinavira 23563.4 100 mg 23381882 

ritonavir sildenafila 889.4 300 to 500 mg (7 days) 10930961 

ritonavir simvastatina 457.1 40 mg 23939663 

ritonavir tadalafilb 74.5 600 mg (10 days) 021368 

ritonavir tadalafilb 157.1 200 mg (10 days) 021368 

ritonavir telaprevir 93.9 100 mg 201917 

ritonavir telaprevir 219.8 100 mg 201917 

ritonavir telaprevir -21.7 100 mg (chronic administration) 24145880 

ritonavir temsavir 38 100 mg (10 days) 25870057 

ritonavir tilidine 588.1 300 mg (3 days) 22381043 

ritonavir tilidine 591.8 300 mg (3 days) 22381043 

ritonavir tipranavira 358.9 100 mg (21 days) 15682350 

ritonavir tipranavira 383.9 200 mg (21 days) 15682350 

ritonavir tipranavira 448.3 100 mg (21 days) 15682350 

ritonavir tipranavira 696 100 mg (21 days) 15682350 

ritonavir tipranavira 809.6 100 mg (21 days) 15682350 
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ritonavir tipranavira 964.7 200 mg (21 days) 15682350 

ritonavir tipranavira 1025.3 200 mg (21 days) 15682350 

ritonavir tipranavira 1142.8 200 mg (14 days) 15097154 

ritonavir tipranavira 1242.9 200 mg (21 days) 15682350 

ritonavir trazodone 136.9 200 mg (2 days) 12723462 

ritonavir triazolama 1939.2 200 mg (2 days) 10935688 

ritonavir triazolama 2010.3 200 mg (10 days) 16513448 

ritonavir triazolama 3966.2 200 mg (1 day) 16513448 

ritonavir vardenafila 4810 600 mg (8 days) 021400 

ritonavir vicriviroc 437.4 100 mg (14 days) 21348539 

ritonavir voriconazole 54.4 300 mg (2 days) 16890574 

ritonavir voriconazole 94.5 300 mg (2 days) 16890574 

ritonavir voriconazole 354.5 300 mg (2 days) 16890574 

ritonavir voriconazole 806.8 300 mg (2 days) 16890574 

ritonavir voriconazole -84 400 mg (20 days) 17646413 

ritonavir voriconazole -27.2 100 mg (20 days) 17646413 

ritonavir zolpidem 27.6 200 mg (2 days) 10935688 

rosiglitazone digoxin 3.2 8 mg (14 days) 11185675 

rosiglitazone efavirenz -7 4 mg/day (28 days) 15983027 

rosiglitazone ethinyl estradiol -6.8 8 mg (14 days) 11402638 

rosiglitazone ISIS 113715 19.6 2 mg 16884318 

rosiglitazone lopinavir 14 4 mg/day (28 days) 15983027 

rosiglitazone metformin 1.6 2 mg (4 days) 11075314 

rosiglitazone mycophenolic acid 110.4 4 mg/day (3 months) 18360279 

rosiglitazone nevirapine -41 4 mg/day (28 days) 15983027 

rosiglitazone nifedipine -11.8 8 mg (14 days) 10579151 

rosiglitazone norethindrone -3.9 8 mg (14 days) 11402638 

rufinamide ethinyl estradiol -22.6 800 mg (14 days) bid 021911 

rufinamide norethindrone -16.8 800 mg (14 days) bid 021911 

rufinamide triazolama -36.7 400 mg (11.5 days) bid 021911 

saquinavir amprenavir -31.6 800 mg (3 weeks) 11709366 

saquinavir atazanavir 24 1200 mg/day (chronic treatment) 16041598 

saquinavir atazanavir 10.8 1600 mg (29 days) 15362661 

saquinavir atazanavir 16.4 1000 mg (4 weeks) 17296738 

saquinavir darunavira 50.6 1200 mg 021976 

saquinavir darunavira -23.4 1000 mg (14 days) bid 18043478 

saquinavir doxorubicin 4.6 600 mg/day (chronically) 15550586 

saquinavir efavirenz -10.9 1600 mg (7 days) 18041735 
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saquinavir eplerenonea 107.2 1200 mg  (6 days) 021437 

saquinavir eplerenonea 108 1200 mg (6 days) 15204695 

saquinavir loperamide 41.4 600 mg 15530130 

saquinavir lopinavir 27.5 750 mg/m2 (2 weeks) 18625762 

saquinavir lopinavir -6.9 750 mg/m2 (2 weeks) 18625762 

saquinavir lopinavir -0.1 1000 mg (chronically) 15504850 

saquinavir maraviroca 324.6 1200 mg (9 days) 18333863 

saquinavir midazolama 148.7 1200 mg (5 days) 10430107 

saquinavir midazolama 417.6 1200 mg (soft-gelatin capsule) (5 days) 10430107 

saquinavir rifabutin 44.2 1200 mg (10 days) 12207638 

saquinavir ritonavir -25.7 600 mg (7 days) 9517997 

saquinavir ritonavir -17.6 1000 mg (14 days) 21348539 

saquinavir ritonavir -11.5 1000 mg (chronically) 15504850 

saquinavir ritonavir -7.6 600 mg (14 days) 11560557 

saquinavir ritonavir -7.2 800 mg (14 days) 11560557 

saquinavir ritonavir -3.4 400 mg (14 days) 11560557 

saquinavir ritonavir 4.7 600 mg 9585800 

saquinavir sildenafila 192 1200 mg (soft gelatin capsule) (7 days) 10930961 

saquinavir vicriviroc 11 1000 mg (14 days) 21348539 

sulfinapyrazone (R)-warfarin -22 200 mg (13 days) 7053283 

terbinafine alfentanila -16 250 mg (3 days) 17112806 

terbinafine caffeine 29.5 500 mg 2612543 

terbinafine cyclosporine -12.9 250 mg (7 days) 8176256 

terbinafine cyclosporine -15 250 mg (12 weeks) 8869684 

terbinafine desipramine 394.4 250 mg (21 days) 12412819 

terbinafine digoxin -2.6 250 mg (12 days) 9250559 

terbinafine eliglustatb 64.3 250 mg (10 days) 205494 

terbinafine eliglustatb 349.2 250 mg (10 days) 205494 

terbinafine midazolama -24.5 250 mg (4 days) 8527290 

terbinafine paroxetine 195.3 150 (or 125?) mg (6 days) 17124578 

terbinafine theophylline  16.1 250 mg (4 days) 9517954 

terbinafine tramadol 114.8 250 mg (5 days) 25560051 

terbinafine triazolama -18.9 250 mg (4 days) 8730978 

terbinafine venlafaxine 227.1 250 mg (4 days) 17687273 

terbinafine warfarin 3.2 250 mg (14 days) 9250555 

teriflunomide caffeine  -55.1 14-70 mg (13 days) 202992 

topiramate amitriptyline 8 100 mg  (11 days) 15355124 

topiramate dihydroergotamine 1.3 100 mg  (9 days) 15355124 
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topiramate diltiazem -25.3 25 mg up to 75 mg (27 days) 27129011 

topiramate ethinyl estradiol -30 400 mg (28 days) 9070594 

topiramate ethinyl estradiol -21.1 200 mg (28 days) 9070594 

topiramate ethinyl estradiol -12 50 mg/day (21 days) 12681003 

topiramate ethinyl estradiol -18 100 mg (28 days) 9070594 

topiramate ethinyl estradiol -11.3 200 mg/day (21 days) 12681003 

topiramate ethinyl estradiol -2.4 200 mg/day (21 days) 12681003 

topiramate ethinyl estradiol 5.8 100 mg/day (21 days) 12681003 

topiramate glyburide  -25.4 dose up-titrated to 75 mg BID (47 days) 24132772 

topiramate haloperidol 12.6 100 mg  (9 days) 15355124 

topiramate norethindrone -7.2 400 mg (28 days) 9070594 

topiramate norethindrone -12.1 200 mg/day (21 days) 12681003 

topiramate norethindrone -9.2 50 mg/day (21 days) 12681003 

topiramate norethindrone -5.5 100 mg (28 days) 9070594 

topiramate norethindrone -3.8 200 mg (28 days) 9070594 

topiramate norethindrone 8 100 mg/day (21 days) 12681003 

topiramate norethindrone 15.4 200 mg/day (21 days) 12681003 

topiramate pioglitazone -15.3 16-96 mg escalating doses (14 days) 25219351 

topiramate propranolol -1.6 100 mg  (14 days) 15355124 

topiramate propranolol 10.9 50 mg  (9 days) 15355124 

topiramate risperidone -23.1 100 mg  (9 days) 15355124 

troglitazone acetaminophen 5.7 400 mg 9753210 

troglitazone digoxin 4 400 mg (10 days) 9549650 

troglitazone ethinyl estradiol -32.3 600 mg (22 days) 10197300 

troglitazone norethindrone -29.3 600 mg (22 days) 10197300 

troglitazone simvastatina -37.7 400 mg (24 days) 11361054 

asensitive substrate per FDA, bmoderate sensitive substrate per FDA 
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