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Abstract
Background Cytochrome P450 (CYP) 3A contributes to the metabolism of many approved drugs. CYP3A perpetrator drugs 
can profoundly alter the exposure of CYP3A substrates. However, effects of such drug-drug interactions are usually reported 
as maximum effects rather than studied as time-dependent processes. Identification of the time course of CYP3A modula-
tion can provide insight into when significant changes to CYP3A activity occurs, help better design drug-drug interaction 
studies, and manage drug-drug interactions in clinical practice.
Objective We aimed to quantify the time course and extent of the in vivo modulation of different CYP3A perpetrator drugs 
on hepatic CYP3A activity and distinguish different modulatory mechanisms by their time of onset, using pharmacologi-
cally inactive intravenous microgram doses of the CYP3A-specific substrate midazolam, as a marker of CYP3A activity.
Methods Twenty-four healthy individuals received an intravenous midazolam bolus followed by a continuous infusion for 
10 or 36 h. Individuals were randomized into four arms: within each arm, two individuals served as a placebo control and, 
2 h after start of the midazolam infusion, four individuals received the CYP3A perpetrator drug: voriconazole (inhibitor, 
orally or intravenously), rifampicin (inducer, orally), or efavirenz (activator, orally). After midazolam bolus administration, 
blood samples were taken every hour (rifampicin arm) or every 15 min (remaining study arms) until the end of midazolam 
infusion. A total of 1858 concentrations were equally divided between midazolam and its metabolite, 1’-hydroxymidazolam. 
A nonlinear mixed-effects population pharmacokinetic model of both compounds was developed using  NONMEM®. CYP3A 
activity modulation was quantified over time, as the relative change of midazolam clearance encountered by the perpetrator 
drug, compared to the corresponding clearance value in the placebo arm.
Results Time course of CYP3A modulation and magnitude of maximum effect were identified for each perpetrator drug. 
While efavirenz CYP3A activation was relatively fast and short, reaching a maximum after approximately 2–3 h, the induction 
effect of rifampicin could only be observed after 22 h, with a maximum after approximately 28–30 h followed by a steep drop 
to almost baseline within 1–2 h. In contrast, the inhibitory impact of both oral and intravenous voriconazole was prolonged 
with a steady inhibition of CYP3A activity followed by a gradual increase in the inhibitory effect until the end of sampling 
at 8 h. Relative maximum clearance changes were +59.1%, +46.7%, −70.6%, and −61.1% for efavirenz, rifampicin, oral 
voriconazole, and intravenous voriconazole, respectively.
Conclusions We could distinguish between different mechanisms of CYP3A modulation by the time of onset. Identifica-
tion of the time at which clearance significantly changes, per perpetrator drug, can guide the design of an optimal sampling 
schedule for future drug-drug interaction studies. The impact of a short-term combination of different perpetrator drugs on 
the paradigm CYP3A substrate midazolam was characterized and can define combination intervals in which no relevant 
interaction is to be expected.
Clinical Trial Registration The trial was registered at the European Union Drug Regulating Authorities for Clinical Trials 
(EudraCT-No. 2013-004869-14).

Yomna M. Nassar and Nicolas Hohmann shared first authorship.

Gerd Mikus and Charlotte Kloft shared last authorship.

Extended author information available on the last page of the article

http://orcid.org/0000-0003-0507-7130
http://orcid.org/0000-0002-5485-607X
http://orcid.org/0000-0002-5249-3914
http://orcid.org/0000-0003-0672-6876
http://orcid.org/0000-0003-1783-133X
http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-022-01175-6&domain=pdf


1596 Y. M. Nassar et al.

Key Points 

Time and magnitude of the in vivo changes in hepatic 
cytochrome P450 (CYP) 3A activity, in response to 
CYP3A inhibitors, inducers, and activators were identi-
fied using a nonlinear mixed-effects population pharma-
cokinetic model of the CYP3A substrate midazolam and 
its metabolite 1’-hydroxymidazolam based on clinical 
data.

Quantification of the changes in CYP3A activity over 
time identified different modulatory mechanisms by their 
time of onset. This can contribute to better planning of 
drug-drug interaction studies and optimize sampling 
times by intensifying sampling around the time of onset 
of the interaction.

The identified impact of short-term combinations of 
perpetrator drugs on CYP3A substrates can define com-
bination intervals in which no relevant interaction is to 
be expected.

1 Introduction

Cytochrome P450 (CYP) 3A isozymes participate in the 
metabolism of over 50% of all marketed drugs. For many of 
them, this is a rate-determining step in the elimination from 
plasma. CYP3A, mainly expressed in the liver and small 
intestine, exhibits large interindividual variability (IIV) in 
enzyme activity that can further be modulated by co-mor-
bidities and co-medication [1, 2]. Mechanisms of drug inter-
actions involved in the modulation of CYP3A activity are 
inhibition, activation, induction, or repression, with the latter 
two taking the longest time to evolve (days) [3–5]. There-
fore, knowledge on the impact of CYP3A activity modula-
tion on drug exposure by perpetrator drugs is essential for 
the safe and effective use of CYP3A substrates whose clear-
ance (CL) largely relies on these isozymes.

The European Medicines Agency, the US Food and 
Drug Administration, and the Japanese regulatory author-
ity (PMDA) recommend the detection and quantification 
of metabolic drug-drug interactions (DDIs) as a significant 
potential cause of change in drug exposure of victim drugs 
[6–8].

To detect the overall magnitude of the DDI effect, a com-
mon approach is to report the fold-change in maximum plasma 
concentrations or the area under the concentration–time curve 
obtained from noncompartmental analyses, or to calculate 
their geometric mean ratios [7]. Recommendations on the 

use of population pharmacokinetic (PK) analyses, in particu-
lar the nonlinear mixed-effects (NLME) approach, are lim-
ited to scenarios when noncompartmental analyses may not 
prove reliable to derive exposure parameters, for example, for 
drugs with a long half-life [7] or late-stage clinical studies 
with sparse blood sampling [6]. Therefore, a population PK 
(NLME) analysis also focuses on the change in systemic expo-
sure. Currently, the recommended endpoints in DDI studies 
are exposure based and time independent, and mostly report 
worst-case scenarios, meaning that the dynamic change of 
effect is usually not measured or reported, i.e., thus ignored.

Surrogate probe substrates, i.e., drugs exclusively metabo-
lized by a single drug-metabolizing enzyme and sensitive to 
small changes in the enzyme’s activity, are a commonly used 
tool in DDI trials [3]. Midazolam (MDZ), a short-acting ben-
zodiazepine derivative, is almost exclusively metabolized by 
CYP3A to its main metabolite 1’-hydroxymidazolam (1’-OH-
MDZ) [9]. Its metabolic CL to 1’-OH-MDZ is considered to 
reliably reflect in vivo CYP3A activity [10, 11]. As a result, 
both the European Medicines Agency and the US Food and 
Drug Administration recommend MDZ as a CYP3A probe 
substrate [6, 12]. Because MDZ pharmacokinetics is linear 
within a 30,000-fold dose range [13], the use of microdosed 
MDZ to determine CYP3A activity is advantageous as these 
very small doses are well tolerated without experiencing any 
benzodiazepine-related pharmacological effects [12, 14].

The aim of this clinical trial and subsequent analysis was 
to identify the in vivo time of onset of perpetrator drugs 
on MDZ pharmacokinetics, as a probe substrate for hepatic 
CYP3A activity. Hence, a top-down approach (i.e., model 
building based on measured data) best suited the availabil-
ity of densely sampled clinical data. By applying a popula-
tion NLME modeling approach, we aimed to quantify the 
time course and extent of metabolic DDIs in healthy indi-
viduals using a continuous microdosed intravenous (i.v.) 
MDZ infusion. During the infusion time, we investigated 
the time-dependent impact of the CYP3A perpetrator drugs 
voriconazole (inhibitor, oral and i.v.), efavirenz (activator), 
and rifampicin (inducer).

2  Methods

2.1  Study Population, Design, and PK Sampling 
Schedule

The clinical trial protocol (EudraCT-No. 2013-004869-14) 
was approved by the competent authority (BfArM, Bonn, 
Germany) and the responsible Ethics Committee of the 
Medical Faculty of Heidelberg University (Heidelberg, 
Germany). The trial was conducted at the Early Clinical 
Trial Unit of the Department of Clinical Pharmacology 
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and Pharmacoepidemiology (KliPS, certified according to 
DIN EN ISO 9001:2015, Heidelberg University Hospital, 
Heidelberg, Germany) in accordance with Good Clinical 
Practice (ICH-GCP) guidelines and the current version of 
the Declaration of Helsinki. All individuals gave their writ-
ten informed consent prior to any study procedures.

The study was an open-label, fixed-sequence, rand-
omized, four-arm, two-period clinical phase I trial. The first 
period investigated the pharmacokinetics of a single 3 µg i.v. 
bolus of MDZ in 24 healthy individuals (bolus period). Over 
6 h after administration, 14 blood samples were taken and 
MDZ concentrations were quantified to assess individual 
drug CL (Table S1 of the Electronic Supplementary Material 
[ESM]) and calculate an individualized bolus/continuous 
infusion scheme to achieve a MDZ target concentration of 
approximately 100 pg/mL in the second period. Afterwards, 
the individuals were randomized (http:// www. rando mizat 
ion. com/) into four arms with different CYP3A perpetrator 
drugs (perpetrator period). Each arm consisted of six indi-
viduals (four were administered the perpetrator drug and two 
served as a placebo control).

In the second (perpetrator) period, an individualized 
MDZ dosing scheme was started with a MDZ bolus followed 
by a continuous i.v. administration at a constant individual-
ized infusion rate (Table S2 of the ESM). Two hours after 
the start of MDZ administration, the individuals received 
either a single 400 mg dose of voriconazole (CYP3A inhibi-
tor) either orally or intravenosuly as a 2-hour infusion, a 
single 400 mg oral dose of efavirenz (CYP3A activator) or 
600 mg oral rifampicin (CYP3A inducer) every 24 h for 2 
days. Blood samples were taken every 15 min after admin-
istration of the MDZ bolus for 10 h (end of MDZ infusion) 
except for the rifampicin arm, with blood samples collected 
every hour for 36 h (end of MDZ infusion) [Fig. 1]. For 
data analysis, four study arms were formed based on the 
perpetrator drug type and a fifth arm of individuals receiv-
ing no perpetrator drug (placebo): oral voriconazole, i.v. 
voriconazole, rifampicin, efavirenz, and placebo. Adverse 
events were collected and reported for the different study 
arms during the clinical trial (ESM).
2.2  Bioanalytical Assay

Midazolam and 1’-OH-MDZ were quantified in plasma 
using a validated liquid chromatography-tandem mass 
spectrometry assay with a lower limit of quantification of 
0.093 pg/mL and 0.255 pg/mL for MDZ and 1’-OH-MDZ, 
respectively [15, 16].

2.3  Parent‑Metabolite PK Model Development

To develop the joint PK model for MDZ and 1’-OH-MDZ, 
the data collected in the perpetrator period of the trial were 

used. Data collected during the times before perpetrator drug 
administration (i.e., −2 to 0 h) were considered as part of the 
placebo arm. The dataset was built using R® version 3.5.3 
[4] and Microsoft Excel Version 15.14. The PK population 
model was developed using Nonlinear Mixed-Effects Mod-
elling program (NONMEM) Version 7.4.3 [5], in combina-
tion with Perl-speaks-NONMEM Version 4.8.1 [6] using the 
ADVAN6 subroutine and the first-order conditional estima-
tion method with interaction.

Descriptive statistics were calculated using R® Version 
3.5.3, and exploratory and diagnostic graphics were gener-
ated with Xpose4 package Version 4.5.3 [17] and ggplot2 
package Version 3.3.1 [7]. R Studio® Version 1.3.1056 [8] 
and Pirana Version 2.9.4 [9] were used as graphical user 
interfaces.

2.3.1  PK Base Model for Midazolam 
and 1’‑Hydroxymidazolam

The NLME model was sequentially developed. First, a 
model for MDZ was developed followed by the incorpora-
tion of the 1’-OH-MDZ data. A molar mass correction fac-
tor (1.049) was applied to the metabolite compartment, and 
based on previous knowledge, the fraction of MDZ metabo-
lized by CYP3A was fixed to 0.92 [18]. The structural sub-
model was developed by analyzing different compartment 
models based on graphical exploration (one, two, and three 
compartments), assuming linear elimination. To account for 
variability between individuals, the IIV was implemented 
on PK parameters by exponential functions, assuming log-
normal distribution of the PK parameters. Different residual 
variability models (additive, proportional, and combined 
models) were explored for both MDZ and 1’-OH-MDZ.

2.3.2  Covariate Analysis

Individual Demographics: Based on the identified base 
MDZ and 1’-OH-MDZ model, demographic characteristics 
(Table S3 of the ESM) were explored as potential covari-
ates impacting the PK parameters. Because of the correla-
tion between the different covariates (e.g., body mass index, 
weight, and height), they were tested univariately and the 
most significant covariate was taken forward. For continu-
ous covariates, linear, power, and exponential relations 
were investigated. For categorical covariates, the fractional 
change due to the presence of the different states was esti-
mated. When a parameter-covariate relation was significant 
in a univariate analysis, correlated covariates were excluded 
and remaining covariates were tested in multiple forward 
inclusion steps followed by backward elimination with a 
drop in the objective function value (OFV) ≥3.84 (≡p ≤ 

http://www.randomization.com/
http://www.randomization.com/
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0.05,df = 1 ) or increase in OFV ≥10.8 (≡p ≤ 0.001,df = 1 ) 
for the inclusion and exclusion of a parameter-covariate rela-
tionship, respectively.

Perpetrator Drug Effects: The perpetrator drug effect was 
quantified in each trial arm compared to the pooled placebo 
arm. Moreover, to describe the dynamics of CYP3A modu-
lation, each concentration-time profile (per study arm) was 
divided into discrete time intervals and the covariate effect 
was quantified for each time interval. Initially, the profiles 
were discretized into 1-hour time intervals (2-hour time 
intervals for the rifampicin arm) after which, merging of the 
time intervals was judged after each iteration step. An impre-
cision (relative standard error [RSE]) >50% for the relative 
change in MDZ CL parameter was set as a criterion to select 
a time interval for adjustment. Afterwards, the magnitude of 
CYP3A modulation of the imprecise time interval was com-
pared to that of the previous and the subsequent time interval 
to identify the time interval with the smallest difference in 
CYP3A modulation. The selected imprecise time interval 
was then merged with the neighboring time interval that had 
the smallest difference in CYP3A modulation. This avoided 
a potential bias to the intervals quantifying a stronger modu-
latory effect. In this way, each arm was described with a 
tailored time interval strategy to precisely characterize the 
CYP3A modulatory effect of each perpetrator drug. These 

effects were explored starting from the time of perpetrator 
drug administration (i.e., 2 h after the start of MDZ admin-
istration). Because of the marginal effect of rifampicin in 
the first hours, its effect was only quantified starting from 
the administration of the second dose (i.e., after 24 h). The 
covariate effect was quantified  per unique time interval j 
and study arm, according to Eq. 1.

For each time interval j,

where CLij is the individual MDZ CL at time interval j, 
CLpop is MDZ population CL of the placebo arm, and �ij is 
the fractional change in MDZ population CL as a result of 
perpetrator drug administration per time interval j , unique 
per study arm.

2.3.3  Model Selection and Evaluation

Decisions on model selection during the model development 
process were based on the change in OFV or Akaike Infor-
mation Criterion, goodness-of-fit (GOF) plots, and precision 
and plausibility of parameter estimates. A more complex 
nested model was accepted if the drop in OFV was ≥3.84 
(≡p ≤ 0.05, df = 1 ) or the increase in OFV was ≥10.8 (≡p ≤ 
0.001, df = 1 ) for the inclusion and exclusion of a parameter, 

(1)CLij = CLpop ⋅ (1 + �ij) ⋅ e
�CL

Fig. 1  Schematic of the design of the perpetrator drug period of the 
clinical trial (t = 0 h [h] represents time of perpetrator drug adminis-
tration). Bold arrows represent drug administration (either midazolam 
[MDZ] or perpetrator drug); small arrows indicate blood sampling 

times; horizontal purple rectangle represents 2 h of voriconazole 
intravenous [i.v.] infusion.  VCZ  voriconazole  (blue: oral, purple: 
i.v), EFV efavirenz (brass), RIF rifampicin (green), placebo (red)
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respectively. Precision was estimated as RSE with a limit 
of <30% for structural parameters but <50% for covariate 
effects and variability parameters owing to the low number 
of individuals per study arm.

Predictive performance of the model was assessed by a 
visual predictive check stochastically simulating 1000 data-
sets from the original dataset including IIV and stratifying 
to either MDZ or 1’-OH-MDZ (eight bins of equal obser-
vations in each). The 10th, 50th, and 90th percentiles of 
the observed data were compared with the 95% confidence 
interval of the same percentiles of the simulated data [19, 
20]. Parameter precision and robustness of the final devel-
oped model were evaluated using sampling importance re-
sampling including three iterations of 1000, 2000, and 5000 
samples and 200, 400, and 1000 resamples [21].

2.3.4  Quantification of the Perpetrator Drug Effect Over 
Time

For each individual, the magnitude of the estimated CL 
values as well as the relative change in CL over time fol-
lowing administration of each perpetrator drug were calcu-
lated based on the final developed model for each study arm. 
Moreover, the timepoint was identified, within each study 
arm, at which CL significantly changed from the estimated 
population CL of the placebo arm (i.e., deviating beyond 
the limits of 80–125% as a chosen boundary for clinical 
relevance).

3  Results

3.1  Data and Study Population Characteristics

A total of 24 healthy individuals (12 were female, 12 were 
male, demographics in Table S3 of the ESM) were included 
in the PK model development. Individualized MDZ doses 
of the 24 individuals in the perpetrator part of the trial are 
specified in Table S2 of the ESM. The bolus dose ranged 
from 2.70 to 6.10 µg and the infusion rate ranged from 2.00 
to 4.40 µg/h for 36 h (rifampicin arm) or 10 h (all other 
arms). The dataset included 1870 samples, equally divided 
between MDZ and 1’-OH-MDZ. Only 12 samples (0.64%) 
were missing (six in each analyte) summing up to 1858 
quantified concentrations with an average of 38.7 concen-
tration/individual/analyte (range 36–40 concentration per 
individual). No concentrations were below the lower limit 
of quantification. MDZ concentrations ranged from 28.3 to 
187 pg/mL and 1’-OH-MDZ concentrations from 0.550 to 
30.7 pg/mL.

3.2  PK Model for MDZ 1’‑Hydroxymidazolam

The MDZ and 1’-OH-MDZ population PK model was 
parameterized in terms of CL and volume of distribution 
(V). The final model structure is depicted in Fig. 2. A one-
compartment model with linear elimination described MDZ 
continuous infusion better than a two-compartment model. 
A two-compartment model had worse precision of param-
eter estimates compared to the one-compartment model for 
both structural parameters (RSE ≤36% vs ≤23% for the base 
model, rising to ≤41% vs ≤11% in the covariate model) 
and random effects (RSE ≤466% vs ≤65% in the covariate 
model) with no improvement in GOF plots. Moreover, MDZ 
CL estimates, as the parameter of primary interest, were 
comparable with a relative percent change of −1.02% and 
−3.19% for the base and covariate model, respectively. The 
pharmacokinetics of 1’-OH-MDZ was best described with a 
one-compartment  model with linear elimination, assuming 
non-reversible metabolism.

The data supported the inclusion of IIV on all four struc-
tural parameter estimates of MDZ and 1’-OH-MDZ com-
partments (results of IIV ≤93.7 % coefficient of variation). 
A proportional residual variability model best fitted MDZ 
and 1’-OH-MDZ data.

As expected, with this homogenous group of individuals, 
the demographic characteristics of the healthy population 
were insignificant as covariates on any PK model parameter. 
The effect of perpetrator drugs was quantified per time inter-
val, starting from the time of their administration until the 
end of MDZ infusion in the respective study arm. No effect 
was estimated for the placebo arm and the first 2 h of each 
perpetrator arm. The final optimal time intervals, j, were the 
following (note: square brackets include the number; round 
brackets do not):

• For oral voriconazole, [0, 1], (1, 2], (2, 3], (3, 4], (4, 5], 
(5, 6], (6, 7], and (7, 8] h;

• For i.v. voriconazole, [0, 1], (1, 3], (3, 4], (4, 5], (5, 6], 
(6, 7], and (7, 8] h;

• For efavirenz, [0, 2], (2, 3], (3, 4], (4, 5], and (5, 6] h;
• For rifampicin, [22, 24], (24, 26], (26, 28], (28, 30], and 

(30, 34] h.

The last efavirenz time interval (6–8] h and the first 
rifampicin time interval [0–22) h were considered to not 
contain enough information to inform the perpetrator drug 
effect and were thus excluded from the covariate model and 
considered as part of the placebo arm. Inclusion of the per-
petrator drug effects resulted in a reduction of 740 points 
in the OFV compared with the base model and a relative 
reduction in the IIV of CLMDZ, VMDZ, and  V1’-OH-MDZ of 
34.2%, 16.4%, and 57.4%, respectively. Despite the low 
number of individuals, the final model showed precise 
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voriconazole was observed for i.v. voriconazole (Fig. 3, 
RelCL −61.1%, Fig. 4). For oral efavirenz, CYP3A acti-
vation increased rapidly and gradually, reaching a maxi-
mum effect at 2–4 h (Fig. 3, RelCL +59.1%, Fig. 4) after 
its administration and then started to return to baseline. For 
oral rifampicin, the induction effect increased and peaked 
between 28 and 30 h (i.e., 2–4 h after administration of the 
second dose, Fig. 3, RelCL +46.7%, Fig. 4). Detailed results 
for the estimated CL values per time interval and study arm 
are presented in Table S4 of the ESM.

For all perpetrator drugs, a significant change in CL rela-
tive to the placebo population CL (43.9 L/h) was defined as 
below 35.1 L/h or above 54.9 L/h (i.e., beyond the bound-
ary of 80–125%). These significant changes in CL occurred 
as follows in each arm: for oral voriconazole, immediately 
after administration; for i.v. voriconazole, 4 h after admin-
istration; for efavirenz, 2 h after administration; and for 
rifampicin, 28 h after administration of the first dose (4 h 
after the second dose).

4  Discussion

The time-dependent modulatory effect of CYP3A inhibi-
tion (oral and i.v. voriconazole), induction (rifampicin), 
and activation (efavirenz) on hepatic CYP3A activity was 
quantified using a joint MDZ and 1’-OH-MDZ-perpetrator 
population PK model leading to the identification of time-
points at which CL is expected to significantly change. 
The clinical trial involved four different perpetrator drug 
study arms and a fifth pooled placebo arm in which all 
individuals were administered a long-term i.v. infusion 
of microdosed MDZ to monitor CYP3A activity. Popula-
tion NLME PK modeling was selected as the approach of 
choice to best quantify modulatory effects and account 
for IIV. Moreover, we wanted to expand further the use of 
population NLME modeling in detecting DDIs and par-
ticularly characterizing the dynamic profile rather than an 
overall exposure.

A one-compartment model for MDZ and 1’-OH-MDZ 
with compound-specific proportional residual variability 
best described the data. In contrast to the established two-
compartment models for MDZ generally developed for i.v. 
bolus and oral dosing [14, 22, 23] rather than continuous 
i.v. infusions [24], the one-compartment model was suf-
ficient to characterize the pharmacokinetics of MDZ and 
1’-OH-MDZ in the current trial. This can be explained 
by the presence of a continuous long-term infusion [25] 
over the entire observation time, which likely masked the 
distinct differentiation of distribution, metabolism, and 
excretion processes. The slight misspecifications observed 
in the GOF plots were due to the fact that we aimed to 
precisely estimate the parameter MDZ CL avoiding 

Fig. 2  Schematic of joint midazolam (MDZ) and 1’-hydroxymida-
zolam (1’-OH-MDZ) [parent  and metabolite] structural pharma-
cokinetic model consisting of a one-compartment model for each 
compound. CLMDZ total MDZ clearance, CL1’OHMDZ 1’-OH-MDZ 
clearance, Fm fraction of MDZ metabolized, VMDZ MDZ volume of 
distribution, V1’OHMDZ 1’-OH-MDZ volume of distribution. A(1) and 
A(2) are MDZ and 1’-OH-MDZ compartments, respectively. h hours, 
i.v. intravenous

estimates. Sampling importance re-sampling was adequately 
confirmed (Fig. S1 of the ESM) and its reported RSE was 
between 4.37% and 43.5% (Table 1). Diagnostic GOF plots 
and plots of residuals for MDZ and 1’-OH-MDZ showed 
a slight misspecification especially for 1’-OH-MDZ (Fig. 
S2 of the ESM). The visual predictive check for the final 
model adequately predicted MDZ and 1’-OH-MDZ, except 
for the median MDZ concentrations at the later time interval 
between 8 and 34 h where an underprediction was observed 
(Fig. S3 of the ESM).

3.3  Quantification of the Perpetrator Drug Effect 
Over Time

Figure 3 shows the effect of CYP3A modulation on MDZ 
CL, as a result of perpetrator drug administration, over time. 
It also reveals the time at which maximum modulatory 
effects occur—with inhibitors (oral and i.v. voriconazole), 
inducers (rifampicin), and activators (efavirenz). For oral 
voriconazole (Fig. 3), an inhibitory effect of approximately 
−30% was stable for the first 4 h, after which a two-fold 
increase in inhibition occurred at 4–6 h, relative to the first 
4 h, and continued to reach the maximum inhibitory effect 
until the end of the sampling time at 8 h (relative change in 
CL [RelCL] −70.6%, Fig. 4). A similar trajectory to oral 
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Table 1  Final parameters of the joint midazolam and 1’-hydroxymidazolam model (n = 24)

CI confidence interval, CL clearance, CV coefficient of variation, Fm fraction metabolized, h h, IIV interindividual variability, i.v. intravenous, 
MDZ midazolam, n.a. not available, 1’-OH-MDZ 1’-hydroxymidazolam, RSE relative standard error, V volume of distribution
a Obtained from sampling importance resampling
b Fixed value[18]
c Change in CL per time interval relative to the estimated population midazolam CL in the placebo arm

Parameter Description Estimate Uncertaintya

RSE, % 95% CI [lower, upper]

Structural parameters
CLMDZ [L/h] MDZ CL for placebo, efavirenz (6, 8] h and rifampicin [0, 22) h 43.9 4.37 40.0, 47.5
VMDZ [L] MDZ volume of distribution 56.7 6.84 49.9, 65.1
CL1’-OH-MDZ [L/h] 1’-OH-MDZ CL 264 7.68 224, 305
V1’-OH-MDZ [L] 1’-OH-MDZ volume of distribution 300 8.87 250, 353
Fm Fraction of MDZ metabolized 0.92b n.a. n.a.
Interindividual variability [%CV]
ω2  CLMDZ IIV of MDZ CL 21.9 27.4 16.8, 28.5
ω2  VMDZ IIV of MDZ volume of distribution 29.9 32.9 22.3, 40.7
ω2 CL 1’-OH-MDZ IIV of 1’-OH-MDZ CL 42.0 25.7 33.1, 53.2
ω2 V 1’-OH-MDZ IIV of 1’-OH-MDZ volume of distribution 39.9 37.5 28.5, 56.5
Residual variability [proportional, %CV]
MDZ Proportional residual variability for MDZ 12.6 4.93 12.1, 13.3
1’-OH-MDZ Proportional residual variability for 1’-OH-MDZ 22.6 4.84 21.6, 23.8
Perpetrator drug effects [%]c

Oral voriconazole
[0, 1] Oral voriconazole effect on MDZ CL during [0, 1] h −39.9 14.8 −50.6, −27.4
(1, 2] Oral voriconazole effect on MDZ CL during (1, 2] h −29.0 20.1 −39.2, −16.5
(2, 3] Oral voriconazole effect on MDZ CL during (2, 3] h −23.8 25.8 −34.2, −10.2
(3, 4] Oral voriconazole effect on MDZ CL during (3, 4] h −31.9 17.5 −42.2, −20.7
(4, 5] Oral voriconazole effect on MDZ CL during (4, 5] h −63.9 10.1 −76.4, −51.1
(5, 6] Oral voriconazole effect on MDZ CL during (5, 6] h −54.0 8.33 −63.0, −45.1
(6, 7] Oral voriconazole effect on MDZ CL during (6, 7] h −70.6 5.57 −78.5, −62.5
(7, 8] Oral voriconazole effect on MDZ CL during (7, 8] h −-69.4 5.66 −76.5, −61.1
Intravenous voriconazole
[0, 1] I.v. voriconazole effect on MDZ CL during [0, 1] h −16.6 37.4 −28.8, −4.10
(1, 3] I.v. voriconazole effect on MDZ CL during (1, 3] h −11.1 38.0 −19.0, -−2.90
(3, 4] I.v. voriconazole effect on MDZ CL during (3, 4] h −15.2 38.8 −27.0, −4.30
(4, 5] I.v. voriconazole effect on MDZ CL during (4, 5] h −36.4 18.3 −49.1, −23.5
(5, 6] I.v. voriconazole effect on MDZ CL during (5, 6] h −39.3 14.7 −49.7, −27.5
(6, 7] I.v. voriconazole effect on MDZ CL during (6, 7] h −61.1 7.70 −70.0, −51.5
(7, 8] I.v. voriconazole effect on MDZ CL during (7, 8] h −58.3 8.13 −67.0, −48.7
Efavirenz
[0, 2] Efavirenz effect on MDZ CL during [0, 2] h 15.0 31.3 6.20, 24.4
(2, 3] Efavirenz effect on MDZ CL during (2, 3] h 59.1 14.4 44.1, 77.1
(3, 4] Efavirenz effect on MDZ CL during (3, 4] h 56.0 14.5 40.3, 72.5
(4, 5] Efavirenz effect on MDZ CL during (4, 5] h 28.5 25.9 13.1, 41.7
(5, 6] Efavirenz effect on MDZ CL during (5, 6] h 33.3 26.0 18.1, 52.3
Rifampicin
[22, 24] Rifampicin effect on MDZ CL during [22, 24] h 27.9 26.4 13.1, 42.1
(24, 26] Rifampicin effect on MDZ CL during (24, 26] h 17.6 43.5 4.00, 33.3
(26, 28] Rifampicin effect on MDZ CL during (26, 28] h 23.7 33.6 8.50, 40.5
(28, 30] Rifampicin effect on MDZ CL during (28, 30] h 46.7 15.6 32.1, 61.6
(30, 34] Rifampicin effect on MDZ CL during (30, 34] h 10.2 38.6 3.30, 17.8
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overparameterization with respect to the low number of 
individuals. Nevertheless, these slight misspecifications 
did not impact the model performance, and the very dense 
sampling and clinical trial design allowed the precise esti-
mation of MDZ CL. Thus, because the scope of this work 
was assessing the impact of perpetrator drugs on MDZ 
CL, as a surrogate for CYP3A activity, a one-compartment 
model was sufficient.

So far, no PK parameters have been reported for a con-
tinuous i.v. infusion of microdosed MDZ. In comparison 
to values derived from oral and i.v. bolus administration, 

parameter estimates of MDZ were in line with literature val-
ues of MDZ CL (estimated: 43.9 L/h, reported: 15.2–45.0 
L/h) [22, 23, 26, 27] and V (estimated: 56.7 L, reported: 
33.3–180 L/h) [22, 23, 26, 27]. 1’-OH-MDZ CL and V were 
close to estimates by Wiebe et al. [23] and Tomalik-Scharte 
et al. [25], respectively (CL estimated: 264 L/h, reported: 
186–208 L/h; V estimated: 300 L, reported: 256–876 L) 
but rather higher than values reported by Hotz et al. for the 
metabolite in the absence of a parent compound (reported 
CL: 34.4–56.7 L/h, reported V: 49.7–79.8 L) [27]. This 
was due to the fact that the rate of 1’-OH-MDZ formation 

Fig. 3  Individual midazolam clearance-time profiles showing the dif-
ferent time intervals and modulatory effects of the different perpe-
trator drugs at the different time intervals, per study arm. Time −2 
to 0 hours (h) represents baseline individual (colored) or population 
(black) clearance before perturbation. The dashed vertical line indi-
cates the time of perpetrator drug administration, dotted vertical lines 

indicate the time intervals, and the solid black line indicates mida-
zolam population clearance per study arm. The shaded gray area 
indicates a significant change in clearance beyond 80–125% (i.e., 
<35.1 L/h or >54.9 L/h). The following time intervals were estimated 
as the placebo value: 6–8 h (efavirenz arm), 0–22 h (rifampicin arm). 
i.v. intravenous
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dominates its terminal concentration-time profile (“flip-flop 
kinetics”) and is the rate-limiting step (our calculated forma-
tion rate constant was 0.712  h-1 vs an elimination rate con-
stant of 0.880  h-1) and our PK parameters were calculated 
from the metabolite concentration after metabolic conver-
sion of MDZ rather than from an independent administration 
of 1’-OH-MDZ, which does not take the metabolite forma-
tion rate into consideration [27].

Although age and sex were previously reported as poten-
tial covariates modulating MDZ V [22], it was in line with 
our expectation that none of the demographic characteris-
tics of the healthy and rather smaller number of individu-
als in this PK study significantly explained the observed 

variability. This was because the study population was 
homogenous and shared similar characteristics. This was 
also an advantage because it did not significantly influence 
the model parameters and thus allowed an estimation of the 
perpetrator drug effect with negligible confounding varia-
bles. Perpetrator drug effects were tested only for MDZ CL 
because the V is not expected to change in the short course 
of a metabolic DDI trial [28]. We only focused on the CL 
of the parent drug MDZ because the impact observed on 
1’-OH-MDZ is mainly a result of the modulation of MDZ 
CL. Additionally, as no 1’-OH-MDZ was administered sepa-
rately, its above-mentioned flip-flop kinetics make the pre-
cise analysis on 1’OH-MDZ challenging [27]. Yet, inclusion 

Fig. 4  Relative change in midazolam clearance over time relative to 
the placebo arm, as a result of perpetrator drug administration strati-
fied per perpetrator arm. The dashed vertical line indicates the time 

of perpetrator drug administration. In the plot of the rifampicin arm, 
the x-axis is truncated for better illustration and only day 2 is shown. 
Insert: full-time course of the rifampicin arm. h hours, i.v. intravenous
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of the metabolite in the population PK model allowed a more 
precise estimation of MDZ CL. In developing the model, 
1-hour time intervals were initially chosen over the 15-min-
ute time intervals (the planned sampling schedule) to accu-
rately capture effects of smaller magnitude when estimated 
over a wider time interval and to avoid overparameterizing 
the model.

An earlier reported semi-physiological model of vori-
conazole and MDZ suggested a decrease of 75% in hepatic 
CYP3A activity within 12 h after administration of oral 
voriconazole [29]. Furthermore, a reduction of 72–89.4% 
in MDZ CL was observed after 48 h of voriconazole admin-
istration [11, 30]. In line with these observations, an ~70% 
and ~60% decrease in MDZ CL occurred 6–8 h following 
administration of oral and i.v. voriconazole, respectively. 
Comparable inhibition results were observed between the 
two routes of voriconazole administration as intravenously 
administered MDZ assessed only hepatic CYP3A activity. 
Thus, the additional impact of oral voriconazole on intes-
tinal CYP3A [31] could not be addressed with this study 
design. Nevertheless, in the initial time interval, a stronger 
inhibitory effect of oral voriconazole was observed, com-
pared with i.v. voriconazole. The stronger inhibitory effect 
observed with oral voriconazole could be attributed to the 
fact that the whole amount of absorbed voriconazole (oral 
bioavailability >90% [31]) went directly to the liver in con-
trast to the same amount that was intravenously infused and 
distributed over 2 h into the systemic circulation. Moreo-
ver, oral voriconazole has initially faster kinetics (first-order 
kinetics) than the zero-order kinetics of the 2-hour infusion. 
Thus, voriconazole initially appears at a higher concentra-
tion in the liver compared with i.v. voriconazole. The obser-
vation most probably would have been different if a bolus i.v. 
dose of voriconazole was administered or if oral MDZ was 
used to measure modulation in the CYP3A enzymes of the 
gut wall. Our estimated efavirenz CYP3A activation was in 
line with what Mikus et al. reported [32]; where MDZ CL 
was increased by 27%, 12 h after efavirenz administration. 
In vitro studies of MDZ and efavirenz also reported an ~1.5-
fold increase in metabolite formation rates in pooled human 
liver microsomes [33]. Rifampicin induction of CYP3A has 
been reported to gradually increase with repeated dosing 
[34]. Therefore, within the rifampicin arm, the longer obser-
vation time (36 h) was necessary to quantify a strong induc-
tion effect. Quantification of the modulatory impact in the 
first doing interval was negligible and could not be reliably 
estimated: a 10- to 22-hour time interval or the complete 
first dosing interval (i.e., 0–22 h) had an estimated relative 
change in MDZ CL compared to the placebo arm of −1.02% 
and −1.77% with an RSE of 175% and 203%, respectively. 
Indeed, this minimal modulation in the first few hours (Fig. 
S4 of the ESM) affected the overall precise quantification 
of its effect. This was also supported by Yoshikado et al. 

[35] who showed an insignificant effect on MDZ area under 
the concentration-time curve and maximum concentration 
for the first 12 h after administration of rifampicin. Further-
more, inclusion of the first dosing intervals for rifampicin 
had a minor impact on the estimates of the subsequent time 
intervals, i.e., inclusion of a 10- to 22-hour time interval 
resulted in a percent relative change of −1.43% to −5.20% 
in the relative change of MDZ CL compared with placebo 
while inclusion of a 0- to 22-hour time interval resulted in 
a percent relative change of −5.57% to −17.1%. Therefore, 
only the second dose effect was retained in the final model. 
Although our estimated impact of rifampicin on MDZ 
CL was smaller than what has been simulated before by 
Yamashita et al. [34], a gradual increase in effect reaching 
a maximum of 1.5-fold induction with a 2-day dosing was 
shown. It is expected that with longer sampling times and 
repeated dosing up to 5 days, an even stronger effect could 
be observed [36].

With this study, which was designed to capture the time 
of DDI onset rather than identify its maximum effect, it was 
possible to distinguish different mechanisms of action of 
perpetrator drugs (e.g., activator vs inducer), exemplified 
by efavirenz and rifampicin. Both drugs exhibited differ-
ent modulatory patterns and times of onset, with a maxi-
mum DDI interaction after 2–4 h and 28–30 h, respectively. 
This was in contrast to voriconazole whose inhibitory effect 
gradually increased from the time of administration until the 
end of the sampling time with a maximum effect at 6–8 h.

A limitation of this study was the small number of 
individuals per arm, also a reason for the misspecifica-
tion observed in the visual predictive check. Nevertheless, 
despite the small sample size within each study arm, our 
approach still proved successful. The covariate model ade-
quately captured the change in MDZ CL, and hence CYP3A 
activity over time, estimating the magnitude of effect with 
high precision (sampling importance re-sampling-reported 
RSE ≤43.5%, Table 1). It is also worth noting that these 
results are only relevant to the healthy population. It is to be 
expected that these results can be different for a more hetero-
geneous group of patients, for example, with comorbidities.

Modeling a continuous perpetrator drug effect was also 
investigated, for example, using perpetrator concentration or 
cumulative perpetrator drug area under the concentration-
time curve. However, the relationship between the continu-
ous perpetrator drug effect and modulation was implausible 
because of the dependence of the CYP modulation on the 
perpetrator drug concentration at the site of action rather 
than the perpetrator drug plasma concentration alone. 
Hence, discretization provided the most plausible approach, 
given the purpose of the clinical study, with best characteri-
zation of the dynamics of modulation.

Nevertheless, this modeling approach, especially the 
discretization of time also presents some limitations. First, 
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weak modulation of CYP3A by a perpetrator drug in a spe-
cific time interval may be difficult to precisely quantify; 
however, this was overcome by merging few time intervals 
to have a larger magnitude of modulation/more data for this 
new time interval and consequently a more precise estima-
tion of modulation. Second, the choice of the time inter-
vals is crucial to capture the dynamics of the modulation. 
The chosen time interval should be as small as possible; the 
larger it is, the more dynamics is “hidden” and the higher 
the risk of missing on capturing the maximum modulation. 
However, the choice of the time intervals is dependent on 
the informativeness of the data (e.g., number of individu-
als) for a precise quantification. With larger sample sizes 
and narrower time intervals, weak modulatory effects can 
also be precisely captured. On the other hand, this mod-
eling approach has the advantage of accounting for a more 
detailed dissection of the dynamics of CYP modulation com-
pared to the quantification of a categorical effect over the 
whole observation period as a dichotomous effect. Thus, 
measurements of the perpetrator drug concentration are not 
needed, i.e., a substrate (i.e., MDZ) concentration was suf-
ficient. Microdosed MDZ could successfully assess CYP3A 
activity and its use as a component of a microdosed cocktail 
can identify the presence of DDIs. Our results can indeed 
further inform and validate physiologically based PK mod-
els as a complementary approach, irrespective of the avail-
ability of clinical data, to detect time-dependent changes in 
CYP3A activity or in the case of different dosing regimens 
[6, 37] to provide insights into the time-dependent patterns 
of CYP3A modulation and prediction of the time of onset. It 
would be useful to distinguish between different mechanisms 
of CYP3A modulation by the time of onset and explore 
whether the modulatory profiles are similar for perpetrator 
drugs with the same mechanism of CYP3A modulation.

Moreover, identification of the times at which CL signifi-
cantly changes can serve as suggested monitoring times for 
a significant modulatory effect and help design an optimal 
sampling schedule for future DDI studies. It is suggested that 
a larger sample size along with intensified sampling around 
the times of expected maximum effects can provide a more 
informative screening strategy for perpetrator drugs with a 
pre-hypothesized modulatory impact. Finally, these results 
could also inform about the impact of a short-term combina-
tion of perpetrator drugs on CYP3A substrates and help to 
define combination intervals in which no relevant interaction 
is to be expected in clinical practice.

5  Conclusions

The modulatory effect of three different CYP3A perpetrator 
drugs over time was successfully quantified by capturing 
the changes in the CL of the CYP3A substrate MDZ. The 

developed joint population PK model of MDZ and 1’-OH-
MDZ utilized the quantitative change in CL relative to the 
placebo arm, across the time intervals, to develop a dynamic 
profile that was specific to each perpetrator drug. This meth-
odology can form a framework for other DDI studies and 
inform physiologically based PK modeling frameworks.
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