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1 Physiologically based pharmacokinetic (PBPK) modeling
1.1 PBPK model building
PBPK model building was started with an extensive literature search to collect physicochemical
parameters, information on absorption, distribution, metabolism and excretion (ADME) processes
and clinical studies of intravenous and oral administration in single- and multiple-dose regimens. In
addition to drug plasma concentration-time profiles, observed data on fraction excreted in urine or
feces and tissue concentrations should be integrated whenever available. The data of the clinical
studies was digitized and divided into a training dataset for model building and a test dataset for
model evaluation. The studies for the training dataset were selected to include intravenous and
oral studies covering the whole published dosing range. If multiple studies of the same dose were
available, studies with many participants, modern bioanalytical methods and frequent as well as late
sampling were chosen for the training dataset. Model input parameters that could not be informed
from literature were optimized by fitting the model simulations of all studies assigned to the training
dataset simultaneously to their respective observed data.

1.2 Virtual individuals
Virtual mean individuals were generated for each study according to the published demographic in-
formation with corresponding age, weight, height, sex and ethnicity. If no information was provided,
a default value was substituted (30 years of age, male, European, mean weight and height character-
istics from the PK-Sim® population database). Enzymes, transporters and binding partners relevant
to the pharmacokinetics of the modeled drugs were incorporated in agreement with current litera-
ture, utilizing the PK-Sim® expression database [1] to define their relative expression in the different
organs of the body. Details and references on the distribution and localization of the implemented
metabolizing enzymes, transport proteins and protein binding partners are provided in Section 7.

1.3 PBPK model evaluation
Model performance was evaluated with multiple methods. First, predicted plasma concentration-time
profiles were compared with the data observed in the respective clinical studies. Second, the predicted
plasma concentration values of all studies were plotted against their corresponding observed values
in goodness-of-fit plots. In addition, model performance was evaluated by comparison of predicted to
observed AUC and Cmax values. All AUC values (predicted and observed) were calculated from the
time of drug administration to the time of the last plasma concentration measurement (AUClast).

As quantitative measures of the model performance, the mean relative deviation (MRD) of all pre-
dicted plasma concentrations (Equation S1) and the geometric mean fold error (GMFE) of all pre-
dicted AUClast and Cmax values (Equation S2) were calculated. MRD and GMFE values ≤ 2 char-
acterize an adequate model performance.

MRD = 10x with x =

¿

Á
ÁÀ

1
k

k

∑

i=1
(log10 cpredicted,i − log10 cobserved,i)2 (S1)

with cpredicted,i = predicted plasma concentration, cobserved,i = corresponding observed plasma con-
centration, k = number of observed values.

GMFE = 10x with x =

1
m

m

∑

i=1
∣ log10 (

predicted PK parameteri

observed PK parameteri

) ∣ (S2)

4



with predicted PK parameteri = predicted AUClast or Cmax value, observed PK parameteri = cor-
responding observed AUClast or Cmax value, m = number of studies.

Furthermore, physiological plausibility of the parameter estimates and the results of sensitivity anal-
yses were assessed.

1.4 PBPK model sensitivity analysis
Sensitivity of the final model to single parameters (local sensitivity analysis) was calculated, measured
as relative change of AUC0–24. Sensitivity analysis was carried out using a relative perturbation of
1000% (variation range 10.0, maximum number of 9 steps). Parameters were included into the
analysis if they have been optimized, if they are associated with optimized parameters or if they
might have a strong impact due to calculation methods used in the model.

Sensitivity to a parameter was calculated as the ratio of the relative change of the simulated AUC
to the relative variation of the parameter around its value used in the final model according to
Equation S3.

S =

∆AUC

AUC
⋅

p

∆p
(S3)

where S = sensitivity of the AUC to the examined model parameter, ∆AUC = change of the AUC,
AUC = simulated AUC with the original parameter value, ∆p = change of the examined parameter
value, p = original parameter value. A sensitivity of +1.0 signifies that a 10% increase of the examined
parameter value causes a 10% increase of the simulated AUC.

1.5 Mathematical implementation of drug-drug interactions
1.5.1 Competitive inhibition

Competitive inhibitors reversibly bind to the active site of an enzyme or transporter and compete with
the substrate for binding. Competitive inhibition can be overcome by high substrate concentrations
(concentration-dependency); therefore, the maximum reaction velocity (vmax) remains unaffected,
while the Michaelis-Menten constant (Km) is increased (Km,app, Equation S4). The reaction velocity
(v) during co-administration of substrate and competitive inhibitor is described by Equation S5 [2]:

Km,app = Km ⋅ (1 + [I]

Ki
) (S4)

v =

vmax ⋅ [S]

Km,app + [S]

(S5)

where Km,app = Michaelis-Menten constant in the presence of inhibitor, Km = Michaelis-Menten con-
stant, [I]= free inhibitor concentration, Ki = dissociation constant of the inhibitor-enzyme/transporter
complex, v = reaction velocity, vmax = maximum reaction velocity, [S] = free substrate concentra-
tion.

1.5.2 Non-competitive inhibition

Non-competitive inhibitors reversibly bind to a site different from the active site. This reduces the
activity of the enzyme or transporter, but does not affect the substrate binding. The inhibitor binds to

5



the free enzyme or to the enzyme-substrate complex with the same dissociation constant (Ki) and the
substrate can still bind to the enzyme-inhibitor complex. In the case of non-competitive inhibition,
the maximum reaction velocity (vmax) is reduced (vmax,app, Equation S6), while the Michaelis-Menten
constant (Km) remains unaffected. The reaction velocity (v) during co-administration of substrate
and non-competitive inhibitor is described by Equation S7 [2]:

vmax,app =
vmax

1 + [I]Ki

(S6)

v =

vmax,app ⋅ [S]

Km + [S]

(S7)

where vmax,app = maximum reaction velocity in the presence of inhibitor, vmax = maximum re-
action velocity, [I] = free inhibitor concentration, Ki = dissociation constant of the inhibitor-
enzyme/transporter complex and of the inhibitor-enzyme/transporter-substrate complex, v = re-
action velocity, [S] = free substrate concentration, Km = Michaelis-Menten constant.

1.5.3 Mechanism-based inactivation

Mechanism-based inactivation is an irreversible type of inhibition. The return to baseline activity
requires the clearance of the mechanism-based inactivator and de novo synthesis of the inactivated
protein (time-dependency). In the case of mechanism-based inactivation, the enzyme or transporter
degradation rate constant (kdeg) is increased (kdeg,app, Equation S8), while its synthesis rate (Rsyn)
remains unaffected. The enzyme or transporter turnover during administration of mechanism-based
inactivator is described by Equation S9. As mechanism-based inactivators are also competitive
inhibitors, the Km in the Michaelis-Menten reaction velocity equation is substituted by Km,app as
shown in Equation S10 [2]:

kdeg,app = kdeg + (

kinact ⋅ [I]

KI + [I]
) (S8)

dE(t)

dt
= Rsyn − kdeg,app ⋅E(t) (S9)

v =

vmax ⋅ [S]

Km,app + [S]

=

kcat ⋅E(t) ⋅ [S]

Km,app + [S]

(S10)

where kdeg,app = enzyme or transporter degradation rate constant in the presence of mechanism-based
inactivator, kdeg = enzyme or transporter degradation rate constant, kinact = maximum inactivation
rate constant, [I] = free inactivator concentration, KI = concentration for half-maximal inactivation,
E(t) = enzyme or transporter concentration, Rsyn = enzyme or transporter synthesis rate, v =
reaction velocity, vmax = maximum reaction velocity, [S] = free substrate concentration, Km,app =
Michaelis-Menten constant in the presence of inactivator, kcat = catalytic rate constant.

1.5.4 Induction

Induction of an enzyme or transporter by rifampicin is mediated by activation of the transcription
factor pregnane X receptor (PXR), leading to increased gene expression. The return to baseline activ-
ity requires the clearance of the inducer and degradation of the induced protein (time-dependency).
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In the case of induction, the enzyme or transporter synthesis rate (Rsyn) is increased (Rsyn,app, Equa-
tion S11), while its degradation rate constant (kdeg) remains unaffected. The enzyme or transporter
turnover during administration of inducer is described by Equation S12 [2], the reaction velocity is
described by Equation S13:

Rsyn,app = Rsyn ⋅ (1 + Emax ⋅ [Ind]

EC50 + [Ind]
) (S11)

dE(t)

dt
= Rsyn,app − kdeg ⋅E(t) (S12)

v =

vmax ⋅ [S]

Km + [S]

=

kcat ⋅E(t) ⋅ [S]

Km + [S]

(S13)

where Rsyn,app = enzyme or transporter synthesis rate in the presence of inducer, Rsyn = enzyme
or transporter synthesis rate, Emax = maximal induction effect in vivo, [Ind] = free inducer con-
centration, EC50 = concentration for half-maximal induction in vivo, E(t) = enzyme or transporter
concentration, kdeg = enzyme or transporter degradation rate constant, v = reaction velocity, vmax

= maximum reaction velocity, [S] = free substrate concentration, Km = Michaelis-Menten constant,
kcat = catalytic rate constant.
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2 Verapamil
2.1 PBPK model development
Verapamil is a voltage-dependent calcium channel blocker (class-IV antiarrhythmic agent), used to
treat hypertension, angina pectoris and supraventricular tachycardia. It is a BCS Class I drug
of high solubility and high permeability, but although > 90% of an oral dose of verapamil is ab-
sorbed, bioavailability is only 10-22% due to high first-pass metabolism [3], with < 4% excreted
unchanged in the urine [4]. Verapamil is administered as a racemic mixture (1:1) of R- and S-
verapamil and the enantiomers exhibit different pharmacokinetic and pharmacodynamic properties.
The main metabolic pathway for both enantiomers is N-demethylation by CYP3A4, producing R-
and S-norverapamil. Verapamil inhibits CYP3A4 and Pgp and it is recommended by the FDA as a
moderate clinical CYP3A4 index inhibitor and as a clinical Pgp inhibitor for the use in clinical DDI
studies and drug labeling [5].

The verapamil model was established using 45 clinical studies, covering a broad dosing range of
0.1 to 250 mg verapamil, including 7 studies with only one of the verapamil enantiomers (R- or
S-verapamil) administered (Table S2.2.1). The final model applies enantioselective plasma protein
binding, enantioselective metabolism by CYP3A4 to different metabolites, non-stereospecific trans-
port by Pgp (according to literatur [6–8]) and passive glomerular filtration. To describe the verapamil
auto-inhibition and DDI potential, mechanism-based inactivation of CYP3A4 and non-competitive
inhibition of Pgp by the verapamil and norverapamil enantiomers were incorporated, based on in
vitro reports (Tables S2.3.1 and S2.3.2). Details on the implementation of CYP3A4 and Pgp in the
different organs are provided in the system-dependent parameter table (Table S7.0.1)).

The good descriptive and predictive performance of the verapamil model is demonstrated in semilog-
arithmic (Figure S2.4.1) as well as linear plots (Figure S2.4.2) of predicted compared to observed
plasma concentration-time profiles of all clinical studies. Predicted compared to observed fraction
excreted in urine data are shown in Figure S2.4.3. Goodness-of-fit plots comparing all predicted to
their corresponding observed plasma concentrations are presented (Figure S2.5.1) and MRD values
for each study are given (Table S2.5.1). Furthermore, the correlation of predicted to observed AUC
and Cmax values is shown in Figure S2.5.2 and Table S2.5.2 lists the corresponding predicted and
observed AUC and Cmax values of all clinical studies including calculated GMFE values.

Sensitivity analysis of a simulation of 120 mg orally administered racemic verapamil revealed that the
predicted total verapamil plasma concentrations are sensitive to the values of fraction unbound of R-
verapamil and S-verapamil (both fixed to literature values), and that the predicted total norverapamil
plasma concentrations are sensitive to the values of fraction unbound of R-norverapamil and S-
norverapamil (both fixed to literature values) as well as to the CYP3A4 catalytic rate constant for
the metabolism of R-norverapamil (optimized) (see Figures S2.5.3 and S2.5.4).
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2.2 Verapamil clinical studies
The clinical studies used for verapamil model development and evaluation are summarized in Table S2.2.1.

Table S2.2.1: Verapamil study table

Dose [mg] Route n Men [%] Age [years] Weight [kg] Height [cm] BMI [kg/m2] Dataset Reference

5.0 a iv, 5 min 1 100 (23-27) 92 - - training Eichelbaum et al. 1984 [9]
25.0 a iv, 5 min 1 100 (23-27) 92 - - training Eichelbaum et al. 1984 [9]
50.0 a iv, 5 min 1 100 (23-27) 92 - - training Eichelbaum et al. 1984 [9]
5.0 b iv, 5 min 1 100 (23-27) 92 - - training Eichelbaum et al. 1984 [9]
7.5 b iv, 5 min 1 100 (23-27) 92 - - training Eichelbaum et al. 1984 [9]
10.0 b iv, 5 min 1 100 (23-27) 92 - - training Eichelbaum et al. 1984 [9]
3.0 iv, 5 min 5 64 (25-50) - - - test Mooy et al. 1985 [10]
5.0 iv, 10 min 10 100 26 ± 4 (20-34) 74 ± 9 (61-98) - 23 ± 2 (21-28) training Streit et al. 2005 [11]
0.1 /kg iv, 5 min 6 67 (21-31) 65 ± 6 (60-73) - - test Johnston et al. 1981 [12]
10.0 iv, 10 min 1 100 24 67 - - test Abernethy et al. 1985 [13]
10.0 iv, 10 min 6 67 (24-37) - - - training Barbarash et al. 1988 [14]
10.0 iv, 10 min 1 100 21 70 - - test Wing et al. 1985 [15]
10.0 iv, 5 min 20 100 25 ± 4 (21-34) - - - test McAllister, Kirsten 1982 [16]
10.0 iv, bolus 8 100 27 ± 5 (24-38) - - - test Smith et al. 1984 [17]
13.1 iv, 13 min 1 100 40 72 - - test Freedman et al. 1981 [18]
20.0 iv, 30 min 1 100 20 79 ± 3 - - training Abernethy et al. 1993 [19]

250 a po, sol 1 100 (23-27) (68-91) - - test Vogelgesang et al. 1984 [20]
0.1 po, sol 8 100 26 ± 3 64 - 21 ± 1 training Maeda et al. 2011 [21]
3.0 po, sol 8 100 26 ± 3 64 - 21 ± 1 training Maeda et al. 2011 [21]
16.0 po, sol 8 100 26 ± 3 64 - 21 ± 1 training Maeda et al. 2011 [21]
40.0 po, drag 12 8 27 ± 12 (19-62) 65 ± 10 (50-85) 168 ± 7 (153-178) 23 ± 2 (20-27) test Blume, Mutschler 1983 [22]
40.0 po, tab 24 100 25 ± 3 (19-33) 74 ± 8 (62-93) 180 ± 6 (170-193) 23 ± 2 (20-26) test Blume, Mutschler 1990 [22]
40.0 po, tab 6 100 26 (22-29) - - - test John et al. 1992 [23]
40.0 po, tab 12 50 26 ± 6 (20-38) 71 ± 14 (50-94) 172 ± 16 (155-185) - test Sawicki, Janicki 2002 [24]
60.0 po, caps 12 100 24 ± 1 (22-27) 66 ± 3 (61-70) 172 ± 4 (164-178) 22 ± 2 (20-25) test Choi et al. 2008 [25]
80.0 po, - 6 64 (25-50) - - - test Mooy et al. 1985 [10]
80.0 po, - 1 100 21 70 - - test Wing et al. 1985 [15]
80.0 po, sol 8 100 26 ± 3 64 - 21 ± 1 test Maeda et al. 2011 [21]
a R-verapamil only, b S-verapamil only, c as two 40 mg tablets, d one hour after verapamil, the 0.25 mg digoxin, 1.0 mg furosemide, 10 mg metformin and 10 mg
rosuvastatin transporter probe drug cocktail was administered, -: not given, bid: twice daily, BMI: body mass index, caps: capsule, drag: dragée, fed: admini-
stration with a meal, IR: Isoptin film-coated tablet, iv: intravenous, n: number of individuals studied, po: oral, qd: once daily, SR: Isoptin RR retard formulation,
sol: solution, tab: tablet, test: test dataset (model evaluation), tid: three times daily, training: training dataset (model development and parameter optimization)
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Table S2.2.1: Verapamil study table (continued)

Dose [mg] Route n Men [%] Age [years] Weight [kg] Height [cm] BMI [kg/m2] Dataset Reference

80.0 po, tab 18 56 26 ± 3 (23-33) 70 ± 10 (55-92) 179 ± 7 (164-191) 22 ± 2 (19-26) training Blume, Mutschler 1989 [22]
80.0 po, tab 16 100 31 ± 7 (21-49) 77 ± 10 (60-100) 177 ± 8 (165-197) 25 ± 2 (20-29) training Ratiopharm 1988 [26]
80.0 c po, tab 16 100 26 ± 5 (18-32) 74 ± 8 (63-92) 179 ± 7 (170-193) 23 ± 2 (19-27) test Ratiopharm 1989 [26]
80.0, tid po, caps 12 100 (19-38) - - - training Johnson et al. 2001 [27]
120.0 po, - 6 67 (24-37) - - - test Barbarash et al. 1988 [14]
120.0 po, - 8 100 27 ± 5 (24-38) - - - test Smith et al. 1984 [17]
120.0 d po, IR 12 100 39 ± 12 (25-53) 86 ± 10 (72-104) 181 ± 6 (170-191) 26 ± 2 (22-29) test Boehringer 2018 [28]
120.0 po, IR 19 58 41 ± 10 (19-55) 73 ± 13 (55-99) 174 ± 10 (154-190) 24 ± 3 (20-29) training Härtter et al. 2012 [29]
120.0 po, tab 1 100 24 67 - - test Abernethy et al. 1985 [13]
120.0 po, tab 12 75 28 ± 5 (20-36) 66 ± 15 (41-100) 175 ± 12 (150-190) 21 ± 3 (18-28) test Blume, Mutschler 1987 [22]
120.0 po, tab 10 50 (20-48) - - - training Hla et al. 1987 [30]
120.0 po, tab 6 67 (21-31) 65 ± 6 (60-73) - - test Johnston et al.1981 [12]
120.0, bid po, IR 20 60 38 ± 11 (20-55) 73 ± 10 (58-92) 175 ± 9 (160-200) 24 ± 3 (20-29) training Härtter et al. 2012 [29]
120.0, bid po, tab 10 50 (20-48) - - - training Hla et al. 1987 [30]
160.0 po, sol 1 100 (25-43) (66-87) - - test Mikus et al. 1990 [31]
180.0, bid po, - , fed 10 60 (19-32) (62-85) (165-193) - test van Haarst et al. 2009 [32]
240.0, qd po, SR 24 100 31 ± 9 (20-47) 76 ± 8 (58-88) 179 ± 6 (170-193) 24 ± 2 (19-27) test Blume, Mutschler 1994 [22]
a R-verapamil only, b S-verapamil only, c as two 40 mg tablets, d one hour after verapamil, the 0.25 mg digoxin, 1.0 mg furosemide, 10 mg metformin and 10 mg
rosuvastatin transporter probe drug cocktail was administered, -: not given, bid: twice daily, BMI: body mass index, caps: capsule, drag: dragée, fed: admini-
stration with a meal, IR: Isoptin film-coated tablet, iv: intravenous, n: number of individuals studied, po: oral, qd: once daily, SR: Isoptin RR retard formulation,
sol: solution, tab: tablet, test: test dataset (model evaluation), tid: three times daily, training: training dataset (model development and parameter optimization)
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2.3 Verapamil and norverapamil drug-dependent parameters
The drug-dependent parameters of the final verapamil parent-metabolite model are summarized in Table S2.3.1 (R-verapamil and S-verapamil
parameter values) and Table S2.3.2 (R-norverapamil and S-norverapamil parameter values) below. The associated system-dependent parame-
ters are listed in Table S7.0.1.

Table S2.3.1: R- and S-verapamil drug-dependent parameters
Parameter Value Unit Source Literature Reference Value Unit Source Literature Reference Description

R-Verapamil S-Verapamil
MW 454.611 g/mol Literature 454.611 [33] 454.611 g/mol Literature 454.611 [33] Molecular weight
pKa (base) 8.75 - Literature 8.75 [34] 8.75 - Literature 8.75 [34] Acid dissociation constant
Solubility (pH 6.54) 46.0 g/l Literature 46.0 [35] 46.0 g/l Literature 46.0 [35] Solubility
logP 2.84 * - Optimized 3.79 [36] 2.84 * - Optimized 3.79 [36] Lipophilicity
fu 5.1 % Literature 5.1 [37] 11.0 % Literature 11.0 [37] Fraction unbound
CYP3A4 Km -> Norvera 19.59 µmol/l Literature 19.59 ‡ [38] 9.72 µmol/l Literature 9.72 ‡ [38] CYP3A4 Michaelis-Menten constant
CYP3A4 kcat -> Norvera 34.94 1/min Optimized - - 26.17 1/min Optimized - - CYP3A4 catalytic rate constant
CYP3A4 Km -> D617 35.34 µmol/l Literature 35.34 ‡ [38] 23.64 µmol/l Literature 23.64 ‡ [38] CYP3A4 Michaelis-Menten constant
CYP3A4 kcat -> D617 43.98 1/min Optimized - - 56.42 1/min Optimized - - CYP3A4 catalytic rate constant
Pgp Km 1.01 µmol/l Literature 1.01 [39] 1.01 µmol/l Literature 1.01 [39] Pgp Michaelis-Menten constant
Pgp kcat 12.60 ° 1/min Optimized - - 12.60 ° 1/min Optimized - - Pgp transport rate constant
GFR fraction 1.00 - Assumed - - 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - 1.00 - Assumed - - Fraction of bile continually released
CYP3A4 MBI KI 27.63 µmol/l Literature 27.63 ‡ [38] 3.85 µmol/l Literature 3.85 ‡ [38] Conc. for half-maximal inactivation
CYP3A4 MBI kinact 0.038 1/min Literature 0.038 [38] 0.034 1/min Literature 0.034 [38] Maximum inactivation rate
Pgp non-competitive Ki 0.038 * µmol/l Optimized 0.31 [40] 0.038 * µmol/l Optimized 0.31 [40] Conc. for half-maximal inhibition
Partition coefficients Diverse - Calculated R&R [41, 42] Diverse - Calculated R&R [41, 42] Cell to plasma partition coefficients
Cellular permeability 9.94E-02 * cm/min Optimized PK-Sim [2] 9.94E-02 * cm/min Optimized PK-Sim [2] Permeability into the cellular space
Intestinal permeability 3.54E-06 * cm/min Optimized 1.21E-05 Calculated 3.54E-06 * cm/min Optimized 1.21E-05 Calculated Transcellular intestinal permeability
SR tablet Weibull time 155.24 min Optimized - [22] 155.24 min Optimized - [22] Dissolution time (50% dissolved)
SR tablet Weibull shape 2.37 - Optimized - [22] 2.37 - Optimized - [22] Dissolution profile shape

* assumed to be the same for all four compounds, ° assumed to be the same for R-/S-verapamil, ‡ in vitro values corrected for binding in the assay using fraction unbound to microsomal protein measure-
ments from the same study, conc: concentration, CYP3A4: cytochrome P450 3A4, D617: verapamil metabolite, EHC: enterohepatic circulation, GFR: glomerular filtration rate, MBI: mechanism-based
inactivation, Norvera: norverapamil, Pgp: P-glycoprotein, PK-Sim: PK-Sim standard calculation method, R&R: Rodgers and Rowland calculation method, SR: sustained release formulation
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Table S2.3.2: R- and S-norverapamil drug-dependent parameters
Parameter Value Unit Source Literature Reference Value Unit Source Literature Reference Description

R-Norverapamil S-Norverapamil
MW 440.584 g/mol Literature 440.584 [33] 440.584 g/mol Literature 440.584 [33] Molecular weight
pKa (base) 8.75 - Literature 8.6 - 8.9 [43] 8.75 - Literature 8.6 - 8.9 [43] Acid dissociation constant
logP 2.84 * - Optimized - - 2.84 * - Optimized - - Lipophilicity
fu 5.1 a % Assumed - - 11.0 b % Assumed - - Fraction unbound
CYP3A4 Km -> D620 144.0 µmol/l Literature 144.0 [44] 36.0 µmol/l Literature 36.0 [44] CYP3A4 Michaelis-Menten constant
CYP3A4 kcat -> D620 145.64 1/min Optimized - - 41.10 1/min Optimized - - CYP3A4 catalytic rate constant
Pgp Km 1.01 * µmol/l Assumed - - 1.01 * µmol/l Assumed - - Pgp Michaelis-Menten constant
Pgp kcat 3.39 ° 1/min Optimized - - 3.39 ° 1/min Optimized - - Pgp transport rate constant
GFR fraction 1.00 - Assumed - - 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - 1.00 - Assumed - - Fraction of bile continually released
CYP3A4 MBI KI 6.10 µmol/l Literature 6.10 ‡ [38] 2.90 µmol/l Literature 2.90 ‡ [38] Conc. for half-maximal inactivation
CYP3A4 MBI kinact 0.048 1/min Literature 0.048 [38] 0.080 1/min Literature 0.080 [38] Maximum inactivation rate
Pgp non-competitive Ki 0.038 * µmol/l Optimized 0.30 c [45] 0.038 * µmol/l Optimized 0.30 c [45] Conc. for half-maximal inhibition
Partition coefficients Diverse - Calculated R&R [41, 42] Diverse - Calculated R&R [41, 42] Cell to plasma partition coefficients
Cellular permeability 9.94E-02 * cm/min Optimized PK-Sim [2] 9.94E-02 * cm/min Optimized PK-Sim [2] Permeability into the cellular space
Intestinal permeability 3.54E-06 * cm/min Optimized 1.40E-05 Calculated 3.54E-06 * cm/min Optimized 1.40E-05 Calculated Transcellular intestinal permeability

* assumed to be the same for all four compounds, ° assumed to be the same for R-/S-norverapamil, ‡ in vitro values corrected for binding in the assay using fraction unbound to microsomal protein
measurements from the same study, a assumed to be the same for R-verapamil/R-norverapamil, b assumed to be the same for S-verapamil/S-norverapamil, c IC50 at very low substrate concentration,
conc: concentration, CYP3A4: cytochrome P450 3A4, D620: norverapamil metabolite, EHC: enterohepatic circulation, GFR: glomerular filtration rate, MBI: mechanism-based inactivation,
Pgp: P-glycoprotein, PK-Sim: PK-Sim standard calculation method, R&R: Rodgers and Rowland calculation method
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Figure S2.4.1: Verapamil and norverapamil plasma concentration-time profiles (semilogarithmic) following intravenous
or oral administration of verapamil. Observed data are shown as dots, if available ± standard deviation
(SD). Simulations are shown as lines.
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Figure S2.4.1: Verapamil and norverapamil plasma concentration-time profiles (semilogarithmic) following intravenous
or oral administration of verapamil. Observed data are shown as dots, if available ± standard deviation
(SD). Simulations are shown as lines. (continued)

14



(s)
Verapamil − 3 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
−

1
10

0
10

1

0 3 6 9 12 15 18

●

●●
●

●
●

●

●

●

●

●

●
● ● ●

●
●

●

●

●

Norverapamil, Maeda 2011
Verapamil, Maeda 2011
n = 8

(t)
Verapamil − 16 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
−

1
10

0
10

1
10

2

0 3 6 9 12 15 18

●

●
●

●
●

●

●

●

●

●

●
●● ●

●
●

●

●

●

●

Norverapamil, Maeda 2011
Verapamil, Maeda 2011
n = 8

(u)
Verapamil − 40 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

0 3 6 9 12 15 18

●

●
●

●

●●

●

●

● Verapamil, Blume 1983
n = 12

(v)
Verapamil − 40 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

0 3 6 9 12 15 18

●

●
●●

●

●
●

●

●

●

●

●

● Verapamil, Blume 1990
n = 24

(w)
Verapamil − 40 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

0 3 6 9 12 15 18

●

●

●
●●●

●
●

●
●

●

●

●

● Verapamil, John 1992
n = 6

(x)
Verapamil − 40 mg, po

Time [h]
P

la
sm

a 
C

on
ce

nt
ra

tio
n 

[n
g/

m
l]

10
0

10
1

10
2

0 6 12 18 24

●

●
●

●
●

●

●

●

●

●

●

●●
● ●

●

●

●

●

●

●

●

Norverapamil, Sawicki 2002
Verapamil, Sawicki 2002
n = 12

(y)
Verapamil − 60 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

0 6 12 18 24

●

●

●
●

●

●

●

●

●

●

●

●●●
●

●

●

●

●

●

●

Norverapamil, Choi 2008
Verapamil, Choi 2008
n = 12

(z)
Verapamil − 80 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

0 3 6 9 12 15 18

●

●

●

●
●

●

●
● ●

●

●●● ●
●

● ●
●

●

●

Norverapamil, Mooy 1985
Verapamil, Mooy 1985
n = 6

(aa)
Verapamil − 80 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

168 171 174 177 180 183 186

●

●
●

●

●

●

●

● Verapamil, Wing 1985
n = 1

Figure S2.4.1: Verapamil and norverapamil plasma concentration-time profiles (semilogarithmic) following intravenous
or oral administration of verapamil. Observed data are shown as dots, if available ± standard deviation
(SD). Simulations are shown as lines. (continued)

15



(ab)
Verapamil − 80 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

0 3 6 9 12 15 18

●

●
●

●
●

●

●

●

●

●

●●● ●
●

●
●

●

●

●

Norverapamil, Maeda 2011
Verapamil, Maeda 2011
n = 8

(ac)
Verapamil − 80 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

0 6 12 18 24

●

●
●
●

●
●

●

●

●

●
●

●

● Verapamil, Blume 1989
n = 18

(ad)
Verapamil − 80 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

0 6 12 18 24 30 36

●

●●●●●●
●

●

●

●

●

●●●●●●●
●

●
●

●

●

●

●

Norverapamil, Ratiopharm 1988
Verapamil, Ratiopharm 1988
n = 16

(ae)
Verapamil − 80 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

0 6 12 18 24 30

●

●●●
●●

●
●

●

●

●

●

●●●●●●●
●

●

●

●

●

●

●

●

Norverapamil, Ratiopharm 1989
Verapamil, Ratiopharm 1989
n = 16

(af)
Verapamil − 80 mg, po, tid

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
−

1
10

0
10

1
10

2
10

3

42 48 54 60 66 72

●●

●●● ●
●

●
●

●
●

●

●

●●

●●● ● ● ●
●

●
●

●

●

●

●

Norverapamil, Johnson 2001
Verapamil, Johnson 2001
n = 12

(ag)
Verapamil − 120 mg, po

Time [h]
P

la
sm

a 
C

on
ce

nt
ra

tio
n 

[n
g/

m
l]

10
0

10
1

10
2

10
3

48 51 54 57 60 63 66

●

●●

●
●

●

●

●

●

●

●
●

● Verapamil, Barbarash 1988
n = 6

(ah)
Verapamil − 120 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

168 171 174 177 180 183 186

●
●

●●

●●●

●

●

●

● Verapamil, Smith 1984
n = 8

(ai)
Verapamil − 120 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

0 6 12 18 24

●●●
●●●

●
●

● ●
●

●

●

●●●●●●● ●
● ●

●
●

●

●

●●●
●●

●●
●

● ●

●●●●●●● ●
● ●

●
●

●

●

●

●

●

R−Norverapamil, Boehringer 2018
R−Verapamil, Boehringer 2018
S−Norverapamil, Boehringer 2018
S−Verapamil, Boehringer 2018
n = 12

(aj)
Verapamil − 120 mg, po

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
0

10
1

10
2

10
3

0 6 12 18 24

●●
●

●
●

●

●

●
●

●

●

●
●●●

●
●

●
●

●
●

●

●●
●●

●
●

●
● ● ●

●
●●● ●

●
●

●
●

●

●

●

●

●

●

R−Norverapamil, Härtter 2012
R−Verapamil, Härtter 2012
S−Norverapamil, Härtter 2012
S−Verapamil, Härtter 2012
n = 19

Figure S2.4.1: Verapamil and norverapamil plasma concentration-time profiles (semilogarithmic) following intravenous
or oral administration of verapamil. Observed data are shown as dots, if available ± standard deviation
(SD). Simulations are shown as lines. (continued)
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Figure S2.4.1: Verapamil and norverapamil plasma concentration-time profiles (semilogarithmic) following intravenous
or oral administration of verapamil. Observed data are shown as dots, if available ± standard deviation
(SD). Simulations are shown as lines. (continued)
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Figure S2.4.2: Verapamil and norverapamil plasma concentration-time profiles (linear) following intravenous or oral
administration of verapamil. Observed data are shown as dots, if available ± standard deviation (SD).
Simulations are shown as lines.
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Figure S2.4.2: Verapamil and norverapamil plasma concentration-time profiles (linear) following intravenous or oral
administration of verapamil. Observed data are shown as dots, if available ± standard deviation (SD).
Simulations are shown as lines. (continued)
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Figure S2.4.2: Verapamil and norverapamil plasma concentration-time profiles (linear) following intravenous or oral
administration of verapamil. Observed data are shown as dots, if available ± standard deviation (SD).
Simulations are shown as lines. (continued)
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Figure S2.4.2: Verapamil and norverapamil plasma concentration-time profiles (linear) following intravenous or oral
administration of verapamil. Observed data are shown as dots, if available ± standard deviation (SD).
Simulations are shown as lines. (continued)
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Figure S2.4.2: Verapamil and norverapamil plasma concentration-time profiles (linear) following intravenous or oral
administration of verapamil. Observed data are shown as dots, if available ± standard deviation (SD).
Simulations are shown as lines. (continued)
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2.5 Model evaluation
2.5.1 Predicted concentrations versus observed concentrations goodness-of-fit plots
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Figure S2.5.1: Predicted versus observed verapamil and norverapamil plasma concentrations of (a) the training and
(b) the test dataset. The solid line ( ) marks the line of identity. Dotted lines ( ) indicate 1.25-fold,
dashed lines ( ) indicate 2-fold deviation.

24



2.5.2 Mean relative deviation of plasma concentration predictions

Table S2.5.1: Mean relative deviation (MRD) values of verapamil and norverapamil plasma concentration predictions
Route Compound Dose MRD Reference

Intravenous
iv, 5 min R-Verapamil 5.00 mg 1.41 Eichelbaum et al. 1984 [9]
iv, 5 min R-Verapamil 25.00 mg 1.34 Eichelbaum et al. 1984 [9]
iv, 5 min R-Verapamil 50.00 mg 1.30 Eichelbaum et al. 1984 [9]
iv, 5 min S-Verapamil 5.00 mg 1.36 Eichelbaum et al. 1984 [9]
iv, 5 min S-Verapamil 7.50 mg 1.43 Eichelbaum et al. 1984 [9]
iv, 5 min S-Verapamil 10.00 mg 1.51 Eichelbaum et al. 1984 [9]
iv, 5 min Verapamil 3.00 mg 2.17 Mooy et al. 1985 [10]
iv, 10 min Verapamil 5.00 mg 1.65 Streit et al. 2005 [11]
iv, 10 min Norverapamil 5.00 mg 1.66 Streit et al. 2005 [11]
iv, 5 min Verapamil 0.10 mg/kg 1.45 Johnston et al. 1981 [12]
iv, 10 min Verapamil 10.00 mg 1.24 Abernethy et al. 1985 [13]
iv, 10 min Verapamil 10.00 mg 1.64 Barbarash et al. 1988 [14]
iv, 10 min Verapamil 10.00 mg 1.42 Wing et al. 1985 [15]
iv, 5 min Verapamil 10.00 mg 1.99 McAllister, Kirsten 1982 [16]
iv, 5 min Verapamil 10.00 mg 1.38 Smith et al. 1984 [17]
iv, 13 min Verapamil 13.10 mg 1.68 Freedman et al. 1981 [18]
iv, 30 min R-Verapamil 20.00 mg 1.26 Abernethy et al. 1993 [19]
iv, 30 min S-Verapamil 20.00 mg 1.31 Abernethy et al. 1993 [19]

MRD 1.51 (1.24–2.17)
17/18 with MRD ≤ 2

Oral
po, sol R-Verapamil 250.00 mg 1.85 Vogelgesang et al. 1984 [20]
po, sol Verapamil 0.10 mg 1.54 Maeda et al. 2011 [21]
po, sol Norverapamil 0.10 mg 1.31 Maeda et al. 2011 [21]
po, tab Verapamil 3.00 mg 1.50 Maeda et al. 2011 [21]
po, tab Norverapamil 3.00 mg 1.40 Maeda et al. 2011 [21]
po, sol Verapamil 16.00 mg 1.12 Maeda et al. 2011 [21]
po, sol Norverapamil 16.00 mg 1.35 Maeda et al. 2011 [21]
po, drag Verapamil 40.00 mg 1.25 Blume, Mutschler 1983 [22]
po, tab Verapamil 40.00 mg 1.56 Blume, Mutschler 1990 [22]
po, tab Verapamil 40.00 mg 1.98 John et al. 1992 [23]
po, tab Verapamil 40.00 mg 1.49 Sawicki, Janicki 2002 [24]
po, tab Norverapamil 40.00 mg 1.55 Sawicki, Janicki 2002 [24]
po, caps Verapamil 60.00 mg 1.15 Choi et al. 2008 [25]
po, caps Norverapamil 60.00 mg 2.09 Choi et al. 2008 [25]
po, - Verapamil 80.00 mg 1.28 Mooy et al. 1985 [10]
po, - Norverapamil 80.00 mg 1.14 Mooy et al. 1985 [10]
po, - Verapamil 80.00 mg 1.22 Wing et al. 1985 [15]
po, sol Verapamil 80.00 mg 1.23 Maeda et al. 2011 [21]
po, sol Norverapamil 80.00 mg 1.11 Maeda et al. 2011 [21]
po, tab Verapamil 80.00 mg 1.45 Blume, Mutschler 1989 [22]
po, tab Verapamil 80.00 mg 1.18 Ratiopharm 1988 [26]
po, tab Norverapamil 80.00 mg 1.22 Ratiopharm 1988 [26]
po, tab Verapamil 80.00 mg 1.18 Ratiopharm 1989 [26]
po, tab Norverapamil 80.00 mg 1.39 Ratiopharm 1989 [26]
po, caps Verapamil 80.00 mg (tid) 1.52 Johnson et al. 2001 [27]
po, caps Norverapamil 80.00 mg (tid) 1.14 Johnson et al. 2001 [27]
po, - Verapamil 120.00 mg 1.71 Barbarash et al. 1988 [14]
po, - Verapamil 120.00 mg 1.59 Smith et al. 1984 [17]
po, IR R-Verapamil 120.00 mg 1.36 Boehringer 2018 [28]
po, IR R-Norverapamil 120.00 mg 1.05 Boehringer 2018 [28]
po, IR S-Verapamil 120.00 mg 1.13 Boehringer 2018 [28]
po, IR S-Norverapamil 120.00 mg 1.15 Boehringer 2018 [28]
po, IR R-Verapamil 120.00 mg 1.41 Härtter et al. 2012 [29]
po, IR R-Norverapamil 120.00 mg 1.49 Härtter et al. 2012 [29]
po, IR S-Verapamil 120.00 mg 1.28 Härtter et al. 2012 [29]
po, IR S-Norverapamil 120.00 mg 1.39 Härtter et al. 2012 [29]
po, tab Verapamil 120.00 mg 1.54 Abernethy et al. 1985 [13]
po, tab Verapamil 120.00 mg 1.26 Blume, Mutschler 1987 [22]

-: not given, bid: twice daily, caps: capsule, drag: dragée, fed: administration with a meal,
IR: Isoptin film-coated tablet, iv: intravenous, MRD: mean relative deviation, po: oral, qd: once daily,
SR: Isoptin RR retard formulation, sol: solution, tab: tablet, tid: three times daily
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Table S2.5.1: Mean relative deviation (MRD) values of verapamil and norverapamil plasma concentration predictions (con-
tinued)

Route Compound Dose MRD Reference

po, tab Verapamil 120.00 mg 1.40 Hla et al. 1987 [30]
po, tab Verapamil 120.00 mg 1.16 Johnston et al. 1981 [12]
po, tab Norverapamil 120.00 mg 1.32 Johnston et al. 1981 [12]
po, IR R-Verapamil 120.00 mg (bid) 1.57 Härtter et al. 2012 [29]
po, IR R-Norverapamil 120.00 mg (bid) 1.27 Härtter et al. 2012 [29]
po, IR S-Verapamil 120.00 mg (bid) 1.35 Härtter et al. 2012 [29]
po, IR S-Norverapamil 120.00 mg (bid) 1.22 Härtter et al. 2012 [29]
po, tab Verapamil 120.00 mg (bid) 1.64 Hla et al. 1987 [30]
po, sol R-Verapamil 160.00 mg 1.25 Mikus et al. 1990 [31]
po, sol S-Verapamil 160.00 mg 1.63 Mikus et al. 1990 [31]
po, -, fed Verapamil 180.00 mg (bid) 1.82 van Haarst et al. 2009 [32]
po, -, fed Norverapamil 180.00 mg (bid) 1.65 van Haarst et al. 2009 [32]
po, SR Verapamil 240.00 mg (qd) 1.18 Blume, Mutschler 1994 [22]

MRD 1.43 (1.05–2.09)
50/51 with MRD ≤ 2

Overall MRD 1.46 (1.05–2.17)
67/69 with MRD ≤ 2

-: not given, bid: twice daily, caps: capsule, drag: dragée, fed: administration with a meal,
IR: Isoptin film-coated tablet, iv: intravenous, MRD: mean relative deviation, po: oral, qd: once daily,
SR: Isoptin RR retard formulation, sol: solution, tab: tablet, tid: three times daily
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2.5.3 AUC and Cmax goodness-of-fit plots
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Figure S2.5.2: Predicted versus observed verapamil and norverapamil AUC and Cmax values for the training and test
datasets. Each symbol represents the AUC or Cmax of a different study profile. The solid line ( ) marks
the line of identity. Dotted lines ( ) indicate 1.25-fold, dashed lines ( ) indicate 2-fold deviation. AUC:
area under the plasma concentration–time curve from the time of administration to the last observed data
point, Cmax: maximum plasma concentration
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2.5.4 Geometric mean fold error of predicted AUC and Cmax values

Table S2.5.2: Predicted and observed AUC and Cmax values of verapamil and norverapamil plasma concentrations
AUC Cmax

Route Compound Dose Pred [h⋅ng/ml] Obs [h⋅ng/ml] Pred/Obs Pred [ng/ml] Obs [ng/ml] Pred/Obs Reference

Intravenous
iv, 5 min R-Verapamil 5.00 mg 64.75 84.53 0.77 - - - Eichelbaum et al. 1984 [9]
iv, 5 min R-Verapamil 25.00 mg 332.72 381.44 0.87 - - - Eichelbaum et al. 1984 [9]
iv, 5 min R-Verapamil 50.00 mg 678.00 712.72 0.95 - - - Eichelbaum et al. 1984 [9]
iv, 5 min S-Verapamil 5.00 mg 32.60 39.74 0.82 - - - Eichelbaum et al. 1984 [9]
iv, 5 min S-Verapamil 7.50 mg 52.16 65.35 0.80 - - - Eichelbaum et al. 1984 [9]
iv, 5 min S-Verapamil 10.00 mg 69.66 96.77 0.72 - - - Eichelbaum et al. 1984 [9]
iv, 5 min Verapamil 3.00 mg 24.06 48.44 0.50 - - - Mooy et al. 1985 [10]
iv, 10 min Verapamil 5.00 mg 48.31 58.98 0.82 - - - Streit et al. 2005 [11]
iv, 5 min Verapamil 0.10 mg/kg 40.85 59.86 0.68 - - - Johnston et al. 1981 [12]
iv, 10 min Verapamil 10.00 mg 99.11 100.61 0.99 - - - Abernethy et al. 1985 [13]
iv, 10 min Verapamil 10.00 mg 108.57 133.05 0.82 - - - Barbarash et al. 1988 [14]
iv, 10 min Verapamil 10.00 mg 112.01 151.40 0.74 - - - Wing et al. 1985 [15]
iv, 5 min Verapamil 10.00 mg 117.91 184.07 0.64 - - - McAllister, Kirsten 1982 [16]
iv, 5 min Verapamil 10.00 mg 95.52 112.39 0.85 - - - Smith et al. 1984 [17]
iv, 13 min Verapamil 13.10 mg 141.72 200.20 0.71 - - - Freedman et al. 1981 [18]
iv, 30 min R-Verapamil 20.00 mg 139.84 120.64 1.16 - - - Abernethy et al. 1993 [19]
iv, 30 min S-Verapamil 20.00 mg 66.30 65.68 1.01 - - - Abernethy et al. 1993 [19]

GMFE 1.27 (1.01–2.00)
17/17 with GMFE ≤ 2

Oral
po, sol R-Verapamil 250.00 mg 1512.87 1705.65 0.89 329.92 429.36 0.77 Vogelgesang et al. 1984 [20]
po, sol Verapamil 0.10 mg 0.14 0.12 1.18 0.03 0.03 1.03 Maeda et al. 2011 [21]
po, sol Norverapamil 0.10 mg 0.22 0.27 0.81 0.03 0.03 0.97 Maeda et al. 2011 [21]
po, tab Verapamil 3.00 mg 4.99 3.68 1.36 1.15 0.80 1.44 Maeda et al. 2011 [21]
po, tab Norverapamil 3.00 mg 8.00 8.76 0.91 1.21 1.05 1.15 Maeda et al. 2011 [21]
po, sol Verapamil 16.00 mg 39.14 40.53 0.97 11.05 11.00 1.01 Maeda et al. 2011 [21]
po, sol Norverapamil 16.00 mg 66.08 80.44 0.82 11.55 10.59 1.09 Maeda et al. 2011 [21]
po, drag Verapamil 40.00 mg 115.79 125.57 0.92 37.61 46.77 0.80 Blume, Mutschler 1983 [22]
po, tab Verapamil 40.00 mg 101.56 153.37 0.66 28.10 48.09 0.58 Blume, Mutschler 1990 [22]
po, tab Verapamil 40.00 mg 100.81 185.01 0.55 30.52 44.50 0.69 John et al. 1992 [23]
po, tab Verapamil 40.00 mg 134.66 196.88 0.68 29.76 31.67 0.94 Sawicki, Janicki 2002 [24]
po, tab Norverapamil 40.00 mg 245.20 166.13 1.48 30.38 27.35 1.11 Sawicki, Janicki 2002 [24]
po, caps Verapamil 60.00 mg 282.88 284.47 0.99 59.37 55.49 1.07 Choi et al. 2008 [25]
po, caps Norverapamil 60.00 mg 490.42 243.34 2.02 56.16 30.67 1.83 Choi et al. 2008 [25]
po, - Verapamil 80.00 mg 188.05 163.63 1.15 58.88 66.70 0.88 Mooy et al. 1985 [10]
po, - Norverapamil 80.00 mg 262.33 266.23 0.99 59.64 55.50 1.08 Mooy et al. 1985 [10]
po, - Verapamil 80.00 mg 217.71 246.81 0.88 75.37 78.98 0.95 Wing et al. 1985 [15]
po, sol Verapamil 80.00 mg 257.10 226.06 1.14 69.76 58.93 1.18 Maeda et al. 2011 [21]

-: not given/not calculated, bid: twice daily, caps: capsule, drag: dragée, fed: administration with a meal, GMFE: geometric mean fold error, IR: Isoptin film-coated tablet, iv: intravenous
obs: observed, po: oral, pred: predicted, qd: once daily, SR: Isoptin RR retard formulation, sol: solution, tab: tablet, tid: three times daily
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Table S2.5.2: Predicted and observed AUC and Cmax values of verapamil and norverapamil (continued)
AUC Cmax

Route Compound Dose Pred [h⋅ng/ml] Obs [h⋅ng/ml] Pred/Obs Pred [ng/ml] Obs [ng/ml] Pred/Obs Reference

po, sol Norverapamil 80.00 mg 410.32 411.85 1.00 69.08 61.46 1.12 Maeda et al. 2011 [21]
po, tab Verapamil 80.00 mg 303.23 232.40 1.31 65.54 57.40 1.14 Blume, Mutschler 1989 [22]
po, tab Verapamil 80.00 mg 221.30 203.46 1.09 56.90 43.95 1.30 Ratiopharm 1988 [26]
po, tab Norverapamil 80.00 mg 529.62 535.03 0.99 57.67 45.57 1.27 Ratiopharm 1988 [26]
po, tab Verapamil 80.00 mg 236.69 223.71 1.06 62.55 55.57 1.13 Ratiopharm 1989 [26]
po, tab Norverapamil 80.00 mg 560.42 425.06 1.32 60.94 39.29 1.55 Ratiopharm 1989 [26]
po, caps Verapamil 80.00 mg (tid) 980.97 1474.22 0.67 127.92 199.20 0.64 Johnson et al. 2001 [27]
po, caps Norverapamil 80.00 mg (tid) 2006.67 1982.81 1.01 148.45 158.30 0.94 Johnson et al. 2001 [27]
po, - Verapamil 120.00 mg 378.87 458.97 0.83 128.42 168.46 0.76 Barbarash et al. 1988 [14]
po, - Verapamil 120.00 mg 285.28 240.70 1.19 98.94 123.48 0.80 Smith et al. 1984 [17]
po, IR R-Verapamil 120.00 mg 238.80 323.86 0.74 66.86 85.44 0.78 Boehringer 2018 [28]
po, IR R-Norverapamil 120.00 mg 519.41 521.00 1.00 56.10 51.20 1.10 Boehringer 2018 [28]
po, IR S-Verapamil 120.00 mg 44.16 49.43 0.89 16.78 16.79 1.00 Boehringer 2018 [28]
po, IR S-Norverapamil 120.00 mg 142.25 142.40 1.00 24.82 19.15 1.30 Boehringer 2018 [28]
po, IR R-Verapamil 120.00 mg 366.72 402.22 0.91 76.97 95.09 0.81 Härtter et al. 2012 [29]
po, IR R-Norverapamil 120.00 mg 591.31 592.63 1.00 66.04 66.00 1.00 Härtter et al. 2012 [29]
po, IR S-Verapamil 120.00 mg 79.72 77.90 1.02 19.49 16.95 1.15 Härtter et al. 2012 [29]
po, IR S-Norverapamil 120.00 mg 228.91 250.05 0.92 29.01 26.28 1.10 Härtter et al. 2012 [29]
po, tab Verapamil 120.00 mg 431.51 643.82 0.67 115.48 208.24 0.56 Abernethy et al. 1985 [13]
po, tab Verapamil 120.00 mg 416.36 427.11 0.98 107.27 106.33 1.01 Blume, Mutschler 1987 [22]
po, tab Verapamil 120.00 mg 452.31 424.51 1.07 94.45 118.87 0.80 Hla et al. 1987 [30]
po, tab Verapamil 120.00 mg 331.26 348.40 0.95 115.36 103.00 1.12 Johnston et al. 1981 [12]
po, tab Norverapamil 120.00 mg 502.03 413.68 1.21 110.84 74.76 1.48 Johnston et al. 1981 [12]
po, IR R-Verapamil 120.00 mg (bid) 1558.54 1414.09 1.10 152.25 204.36 0.75 Härtter et al. 2012 [29]
po, IR R-Norverapamil 120.00 mg (bid) 2307.58 1591.51 1.45 133.25 118.44 1.13 Härtter et al. 2012 [29]
po, IR S-Verapamil 120.00 mg (bid) 443.96 330.07 1.35 45.00 47.09 0.96 Härtter et al. 2012 [29]
po, IR S-Norverapamil 120.00 mg (bid) 922.57 705.73 1.31 60.47 56.07 1.08 Härtter et al. 2012 [29]
po, tab Verapamil 120.00 mg (bid) 3294.92 2007.74 1.64 251.11 260.40 0.96 Hla et al. 1987 [30]
po, sol R-Verapamil 160.00 mg 434.61 375.28 1.16 102.33 97.38 1.05 Mikus et al. 1990 [31]
po, sol S-Verapamil 160.00 mg 119.67 73.32 1.63 25.96 16.04 1.62 Mikus et al. 1990 [31]
po, -, fed Verapamil 180.00 mg (bid) 3176.72 2168.85 1.47 373.47 240.95 1.55 van Haarst et al. 2009 [32]
po, -, fed Norverapamil 180.00 mg (bid) 983.17 504.90 1.95 329.35 182.00 1.81 van Haarst et al. 2009 [32]
po, SR Verapamil 240.00 mg (qd) 2578.10 2713.10 0.95 241.35 253.08 0.95 Blume, Mutschler 1994 [22]

GMFE 1.22 (1.00–2.02) 1.22 (1.00–1.83)
50/51 with GMFE ≤ 2 51/51 with GMFE ≤ 2

Overall GMFE 1.24 (1.00–2.02) 1.22 (1.00–1.83)
67/68 with GMFE ≤ 2 51/51 with GMFE ≤ 2

-: not given/not calculated, bid: twice daily, caps: capsule, drag: dragée, fed: administration with a meal, GMFE: geometric mean fold error, IR: Isoptin film-coated tablet, iv: intravenous
obs: observed, po: oral, pred: predicted, qd: once daily, SR: Isoptin RR retard formulation, sol: solution, tab: tablet, tid: three times daily
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2.5.5 Sensitivity analysis

Sensitivity of the verapamil model to single parameters (local sensitivity analysis) was calculated as
the relative change of the predicted total verapamil AUC0-24 (Figure S2.5.3) and of the predicted
total norverapamil AUC0-24 (Figure S2.5.4) following a single dose of 120 mg racemic verapamil ad-
ministered as immediate release formulation. Sensitivity analysis was carried out using a relative
parameter perturbation of 1000% (variation range 10.0, maximum number of 9 steps). Parameters
were included into the analysis if they were optimized (CYP3A4 and Pgp kcat values, lipophilicity,
intestinal permeability, cellular permeability, Pgp non-competitive inhibition Ki), if they are associ-
ated with optimized parameters (CYP3A4 and Pgp Km values, CYP3A4 MBI KI values, CYP3A4
MBI kinact values) or if they might have a strong impact due to calculation methods used in the
model (solubility, fraction unbound in plasma, GFR fraction).

Figure S2.5.3: Verapamil PBPK model sensitivity analysis. Sensitivity of the model to single parameters, calculated as change
of the simulated total verapamil AUC0-24 following a single dose of 120 mg racemic verapamil as immediate
release formulation. To simplify the plot, parameters that are modeled with the same parameter value for all
4 compounds (namely lipophilicity, intestinal permeability, cellular permeability, GFR fraction, solubility and
Pgp Ki) are plotted only once, showing the sensitivity to the most impacting of the 4 compounds. CYP3A4
MBI KI and CYP3A4 MBI kinact sensitivity values are also reduced to the value of the one compound that
the model is most sensitive to. D617: verapamil metabolite, GFR: glomerular filtration rate, kcat: catalytic
rate constant (turnover number), KI: concentration for half-maximal inactivation, Ki: concentration for half-
maximal inhibition, kinact: maximum inactivation rate, Km: Michaelis-Menten constant, MBI: mechanism-
based inactivation, Norvera: norverapamil, Vera: verapamil

30



Figure S2.5.4: Norverapamil PBPK model sensitivity analysis. Sensitivity of the model to single parameters, calculated as
change of the simulated total norverapamil AUC0-24 following a single dose of 120 mg racemic verapamil as
immediate release formulation. To simplify the plot, parameters that are modeled with the same parameter
value for all 4 compounds (namely lipophilicity, intestinal permeability, cellular permeability, GFR fraction,
solubility and Pgp Ki) are plotted only once, showing the sensitivity to the most impacting of the 4 compounds.
CYP3A4 MBI KI and CYP3A4 MBI kinact sensitivity values are also reduced to the value of the one compound
that the model is most sensitive to. D620: norverapamil metabolite, GFR: glomerular filtration rate, kcat:
catalytic rate constant (turnover number), KI: concentration for half-maximal inactivation, Ki: concentration
for half-maximal inhibition, kinact: maximum inactivation rate, Km: Michaelis-Menten constant, MBI:
mechanism-based inactivation, Norvera: norverapamil, Vera: verapamil
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3 Verapamil-midazolam drug-drug interaction (DDI)
3.1 DDI modeling
The verapamil-midazolam DDI was predicted using a previously established whole-body PBPKmodel
of midazolam [46]. The drug-dependent parameters of this model are reproduced in Table S3.2.1.

The verapamil-midazolam interaction was modeled as mechanism-based inactivation of CYP3A4
midazolam metabolism using the intrinsic mechanism-based auto-inactivation processes that are part
of the verapamil model to describe the auto-inactivation of CYP3A4 by R-verapamil, S-verapamil,
R-norverapamil and S-norverapamil. KI (corrected for binding in the microsomal assay) and kinact
values for these inactivation processes were obtained from in vitro literature [38] and are listed in the
verapamil and norverapamil drug-dependent parameter tables (Tables S2.3.1 and S2.3.2).

Details on the predicted clinical DDI studies are given in Table S3.3.1. Model predictions of midazo-
lam plasma concentration-time profiles before and during verapamil co-administration, compared to
observed data, are shown in Figures S3.4.1 and S3.4.2. The correlation of predicted to observed DDI
AUC ratios (AUC of the victim drug during perpetrator treatment/AUC of the victim drug alone)
and DDI Cmax ratios (Cmax of the victim drug during perpetrator treatment/Cmax of the victim drug
alone) is shown in Figure S3.5.1. Table S3.5.1 lists the corresponding predicted and observed DDI
AUC ratios, DDI Cmax ratios, as well as GMFE values.

3.2 Midazolam drug-dependent parameters
The drug-dependent parameters of the midazolam model are summarized in Table S3.2.1 below. The
associated system-dependent parameters are listed in Table S7.0.1.

Table S3.2.1: Drug-dependent parameters of the midazolam PBPK model (adopted from [46])
Parameter Value Unit Source Literature Reference Description

MW 325.77 g/mol Literature 325.77 [33] Molecular weight
pKa (base) 6.15 - Literature 6.15 [47] Acid dissociation constant
Solubility (pH 6.5) 0.049 g/l Literature 0.049 [48] Solubility
logP 3.13 - Optimized 2.9, 3.9 [49, 50] Lipophilicity
fu 1.6 % Literature 1.6, 2.4 [49, 51] Fraction unbound
CYP3A4 Km 2.73 µmol/l Literature 2.73 [52] CYP3A4 Michaelis-Menten constant
CYP3A4 kcat 13.0 1/min Optimized - - CYP3A4 catalytic rate constant
GFR fraction 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Partition coefficients Diverse - Calculated R&R [41, 42] Cell to plasma partition coefficients
Cellular permeability 6.98E-02 cm/min Calculated PK-Sim [2] Permeability into the cellular space
Intestinal permeability 2.00E-05 cm/min Optimized 1.88E-04 Calculated Transcellular intestinal permeability
Tablet Weibull time 26.96 min Optimized - - Dissolution time (50% dissolved)
Tablet Weibull shape 0.70 - Optimized - - Dissolution profile shape

EHC: enterohepatic circulation, GFR: glomerular filtration rate, PK-Sim: PK-Sim standard calculation method,
R&R: Rodgers and Rowland calculation method
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3.3 Verapamil-midazolam clinical DDI studies
The clinical studies used to evaluate the verapamil-midazolam DDI model performance are summarized in Table S3.3.1.

Table S3.3.1: Verapamil-midazolam DDI study table

Perpetrator
Verapamil

Victim
Midazolam

Dose
gap [h]

n Men
[%]

Age
[years]

Weight
[kg]

Height
[cm]

BMI
[kg/m2]

Dataset Reference

240 mg, po, SR, qd 0.05 mg/kg, iv, 30 min 0 8 a - - - - - test Wang et al. 2005 [53]
240 mg, po, SR, qd 4 mg, po, sol 0 8 a - - - - - test Wang et al. 2005 [53]
80 mg, po, tab, tid 15 mg, po, tab 1 9 0 (19-28) (55-80) - - test Backman et al. 1994 [54]
a CYP3A5*3/*3 genotype i.e. CYP3A5 non-expressors, -: not given, BMI: body mass index, iv: intravenous, n: number of individuals studied, po: oral,
qd: once daily, SR: sustained release, sol: solution, tab: tablet, test: test dataset (model evaluation), tid: three times daily
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3.4 Profiles
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Figure S3.4.1: Midazolam plasma concentration-time profiles (semilogarithmic) before and during verapamil cotreat-
ment. Observed data are shown as dots, if available ± standard deviation (SD). Simulations are shown
as lines. The study by Wang et al. [53] only reported DDI AUC ratios without the associated plasma
concentration-time profiles.
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Figure S3.4.2: Midazolam plasma concentration-time profiles (linear) before and during verapamil cotreatment. Ob-
served data are shown as dots, if available ± standard deviation (SD). Simulations are shown as lines. The
study by Wang et al. [53] only reported DDI AUC ratios without the associated plasma concentration-time
profiles.
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3.5 Model evaluation
3.5.1 DDI AUC and Cmax ratio goodness-of-fit plots
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Figure S3.5.1: Predicted versus observed verapamil-midazolam DDI AUC ratios and DDI Cmax ratios. Each symbol
represents the DDI AUC or Cmax ratio of a different study profile. The straight solid line ( ) marks the line
of identity. The dotted lines ( ) indicate 1.25-fold, the dashed lines ( ) indicate 2-fold deviation. The
curved lines show the prediction success limits suggested by Guest et al. [55]. AUC: area under the plasma
concentration–time curve from the time of administration to the last observed data point, Cmax: maximum
plasma concentration

35



3.5.2 Geometric mean fold error of predicted DDI AUC and Cmax ratios

Table S3.5.1: Predicted and observed verapamil-midazolam DDI AUC ratios and DDI Cmax ratios
Perpetrator Victim DDI AUC ratio DDI Cmax ratio

Verapamil Midazolam Dose gap [h] n Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

240 mg, po, SR, qd 0.05 mg/kg, iv, 30 min 0 8 a 1.88 1.90 b 0.99 - - - Wang et al. 2005 [53]
240 mg, po, SR, qd 4 mg, po, sol 0 8 a 4.05 4.20 b 0.96 - - - Wang et al. 2005 [53]
80 mg, po, tab, tid 15 mg, po, tab 1 9 2.33 2.62 0.89 1.86 2.12 0.88 Backman et al. 1994 [54]

Overall GMFE 1.06 (1.01–1.12) 1.14
3/3 with GMFE ≤ 2 1/1 with GMFE ≤ 2

a CYP3A5*3/*3 genotype i.e. CYP3A5 non-expressors, b as stated in the reference, -: not given, GMFE: geometric mean fold error, iv: intravenous,
n: number of individuals studied, obs: observed, po: oral, pred: predicted, qd: once daily, SR: sustained release, sol: solution, tab: tablet, tid: three times daily
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4 Verapamil-digoxin drug-drug interaction (DDI)
4.1 DDI modeling
The verapamil-digoxin DDI was modeled using a previously established whole-body PBPK model of
digoxin [46]. The drug-dependent parameters of this model are reproduced in Table S4.2.1.

The verapamil-digoxin interaction was modeled as non-competitive inhibition of Pgp digoxin trans-
port by R-verapamil, S-verapamil, R-norverapamil and S-norverapamil. Non-stereospecific, equipo-
tent inhibition by all 4 compounds was assumed, as described in the literature [56, 57]. The Ki =
0.038 µmol/l (see Tables S2.3.1 and S2.3.2) to model the Pgp inhibition was optimized using one of
the 10 clinical verapamil-digoxin DDI studies [58] and was then applied to predict the remaining 9
studies.

Details on the modeled clinical DDI studies are given in Table S4.3.1. Model predictions of digoxin
plasma concentration-time profiles before and during verapamil co-administration, compared to ob-
served data, are shown in Figures S4.4.1 and S4.4.2. The correlation of predicted to observed DDI
AUC ratios, DDI Cmax ratios and DDI Ctrough ratios is shown in Figure S4.5.1. Table S4.5.1 lists
the corresponding predicted and observed DDI AUC ratios, DDI Cmax ratios, DDI Ctrough ratios, as
well as GMFE values.

4.2 Digoxin drug-dependent parameters
The drug-dependent parameters of the digoxin model are summarized in Table S4.2.1 below. The
associated system-dependent parameters are listed in Table S7.0.1.

Table S4.2.1: Drug-dependent parameters of the digoxin PBPK model (adopted from [46])
Parameter Value Unit Source Literature Reference Description

MW 780.93 g/mol Literature 780.93 [33] Molecular weight
pKa - - Literature - [59] Acid dissociation constant
Solubility (water) 0.0648 g/l Literature 0.0648 [60] Solubility
logP 1.40 - Optimized 1.22 - 1.67 [61–63] Lipophilicity
fu 71.0 % Literature 71.0 [64] Fraction unbound
ATP1A2 KD 25.6 nmol/l Literature 25.6 [65] ATP1A2 dissociation constant
ATP1A2 koff 9.89E-04 1/min Optimized - - ATP1A2 dissociation rate constant
Pgp Km 177.0 µmol/l Literature 177.0 [66] Pgp Michaelis-Menten constant
Pgp kcat 71.2 1/min Optimized - - Pgp transport rate constant
CLhep 0.038 1/min Optimized - - Specific hepatic plasma clearance
GFR fraction 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Partition coefficients Diverse - Calculated R&R [41, 42] Cell to plasma partition coefficients
Cellular permeability 1.01E-04 cm/min Optimized PK-Sim [2] Permeability into the cellular space
Intestinal permeability 2.76E-06 cm/min Optimized 3.86E-08 Calculated Transcellular intestinal permeability

ATP1A2: ATPase Na+/K+ transporting subunit alpha 2, CL: clearance, EHC: enterohepatic circulation, GFR: glomerular filtration
rate, Pgp: P-glycoprotein, PK-Sim: PK-Sim standard calculation method, R&R: Rodgers and Rowland calculation method
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4.3 Verapamil-digoxin clinical DDI studies
The clinical studies used to evaluate the verapamil-digoxin DDI model performance are summarized in Table S4.3.1.

Table S4.3.1: Verapamil-digoxin DDI study table

Perpetrator
Verapamil

Victim
Digoxin

Dose
gap [h]

n Men
[%]

Age
[years]

Weight
[kg]

Height
[cm]

BMI
[kg/m2]

Dataset Reference

80 mg, po, - , tid 1.0 mg, iv, 15 min 0 12 100 30 (18-38) 75 (61-93) - - test Johnson et al. 1987 [67]
120 mg, po, - , tid 1.0 mg, iv, bolus 0 1 100 (21-32) - - - test Pedersen et al. 1983 [68]
80 mg, po, - , tid 0.0625 mg, po, - , bid 0 7 86 (26-53) - - - training Pedersen et al. 1982 [58]
80 mg, po, - , tid 0.125 mg, po, - , tid 0 12 100 (20-33) (56-105) - - test Belz et al. 1983 [69]
80 mg, po, - , tid 0.125 mg, po, tab, tid 0 9 - (26-45) (51-71) (164-176) - test Doering 1983 [70]
120 mg, po, - , tid 0.125 mg, po, - , tid 0 12 100 (20-33) (56-105) - - test Belz et al. 1983 [69]
120 mg, po, tab 0.25 mg, po, tab a 1 12 100 39 ± 12 (25-53) 86 ± 10 (72-104) 181 ± 6 (170-191) 26 ± 2 (22-29) test Boehringer 2018 [28]
80 mg, po, - , tid 0.25 mg, po, tab, qd 6 7 b 41 61 ± 10 (30-78) - - - test Klein et al. 1982 [71]
80 mg, po, - , tid 0.25 mg, po, tab, bid 0.5 10 100 30 (23-40) 78 (62-94) - - test Rodin et al. 1988 [72]
80 mg, po, tab, qid 0.25-1.0 mg, po, tab, qd 21 10 c 70 61 ± 5 (52-69) 81 ± 21 (60-120) - - test Schwartz et al. 1982 [73]
a single dose of a 0.25 mg digoxin, 1.0 mg furosemide, 10 mg metformin and 10 mg rosuvastatin transporter probe drug cocktail, b chronic atrial fibrillation patients with different
co-medications, c chronic atrial fibrillation patients with different comorbidities and co-medications, -: not given, bid: twice daily, BMI: body mass index, iv: intravenous, n: number
of individuals studied, po: oral, qd: once daily, qid: four times daily, tab: tablet, test: test dataset (model evaluation), tid: three times daily, training: training dataset (model
development and parameter optimization)
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4.4 Profiles
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Figure S4.4.1: Digoxin plasma concentration-time profiles (semilogarithmic) before and during verapamil cotreatment.
Observed data are shown as dots, if available ± standard deviation (SD); additional individual observed data
are shown as light colored circles. Simulations are shown as lines.
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Figure S4.4.1: Digoxin plasma concentration-time profiles (semilogarithmic) before and during verapamil cotreatment.
Observed data are shown as dots, if available ± standard deviation (SD); additional individual observed data
are shown as light colored circles. Simulations are shown as lines. (continued)
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Figure S4.4.2: Digoxin plasma concentration-time profiles (linear) before and during verapamil cotreatment. Observed
data are shown as dots, if available ± standard deviation (SD); additional individual observed data are shown
as light colored circles. Simulations are shown as lines.
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Figure S4.4.3: Digoxin fraction excreted in urine when administered alone and during verapamil cotreatment. Observed
data are shown as dots. Simulations are shown as lines.
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4.5 Model evaluation
4.5.1 DDI AUC, Cmax and Ctrough ratio goodness-of-fit plots

( a ) DDI AUC ratios
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( b ) DDI Cmax ratios
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Figure S4.5.1: Predicted versus observed verapamil-digoxin DDI AUC ratios, DDI Cmax ratios and DDI Ctrough ratios.
Each symbol represents the DDI AUC, Cmax or Ctrough ratio of a different study profile. The straight solid
line ( ) marks the line of identity. The dotted lines ( ) indicate 1.25-fold, the dashed lines ( ) indicate
2-fold deviation. The curved lines show the prediction success limits suggested by Guest et al. [55]. AUC:
area under the plasma concentration–time curve from the time of administration to the last observed data
point, Cmax: maximum plasma concentration, Ctrough: lowest plasma concentration before administration of
the next dose
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4.5.2 Geometric mean fold error of predicted DDI AUC, Cmax and Ctrough ratios

Table S4.5.1: Predicted and observed verapamil-digoxin DDI AUC ratios, DDI Cmax ratios and DDI Ctrough ratios
Perpetrator Victim DDI AUC ratio DDI Cmax ratio DDI Ctrough ratio

Verapamil Digoxin Dose gap [h] n Pred Obs Pred/Obs Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

80 mg, po, - , tid 1.0 mg, iv, 15 min 0 12 1.34 1.08 1.24 - - - - - - Johnson et al. 1987 [67]
120 mg, po, - , tid 1.0 mg, iv, bolus 0 1 1.51 1.28 1.17 - - - - - - Pedersen et al. 1983 [68]
80 mg, po, - , tid 0.0625 mg, po, - , bid 0 7 - - - - - - 1.46 1.62 0.90 Pedersen et al. 1982 [58]
80 mg, po, - , tid 0.125 mg, po, - , tid 0 12 - - - - - - 1.54 1.77 0.87 Belz et al. 1983 [69]
80 mg, po, - , tid 0.125 mg, po, tab, tid 0 9 - - - - - - 1.51 1.53 0.98 Doering 1983 [70]
120 mg, po, - , tid 0.125 mg, po, - , tid 0 12 - - - - - - 1.91 1.61 1.18 Belz et al. 1983 [69]
120 mg, po, tab 0.25 mg, po, tab a 1 12 1.22 1.01 1.21 1.45 1.20 1.20 - - - Boehringer 2018 [28]
80 mg, po, - , tid 0.25 mg, po, tab, qd 6 7 b - - - - - - 2.04 1.98 1.03 Klein et al. 1982 [71]
80 mg, po, - , tid 0.25 mg, po, tab, bid 0.5 10 1.53 1.44 1.06 1.56 1.47 1.06 - - - Rodin et al. 1988 [72]
80 mg, po, tab, qid 0.25-1.0 mg, po, tab, qd 21 10 c - - - - - - 1.88 1.68 1.12 Schwartz et al. 1982 [73]

Overall GMFE 1.17 (1.06–1.24) 1.13 (1.06–1.20) 1.10 (1.02–1.18)
4/4 with GMFE ≤ 2 2/2 with GMFE ≤ 2 6/6 with GMFE ≤ 2

a single dose of a 0.25 mg digoxin, 1.0 mg furosemide, 10 mg metformin and 10 mg rosuvastatin transporter probe drug cocktail, b chronic atrial fibrillation patients with different co-medications,
c chronic atrial fibrillation patients with different comorbidities and co-medications, -: not given, bid: twice daily, GMFE: geometric mean fold error, iv: intravenous, n: number of individuals
studied, obs: observed, po: oral, pred: predicted, qd: once daily, qid: four times daily, tab: tablet, tid: three times daily45



5 Rifampicin-verapamil drug-drug interaction (DDI)
5.1 DDI modeling
The rifampicin-verapamil DDI was predicted using a previously established whole-body PBPK model
of rifampicin [46]. The drug-dependent parameters of this model are reproduced in Table S5.2.1.

The rifampicin interaction was modeled as induction of CYP3A4 verapamil metabolism and Pgp
verapamil transport with simultaneous competitive inhibition of CYP3A4 and Pgp by rifampicin.
The parameters to model these interactions were obtained from literature (see Table S5.2.1) and have
been qualified previously in several different DDI predictions [46, 74].

Details on the predicted clinical DDI studies are given in Table S5.3.1. Model predictions of vera-
pamil plasma concentration-time profiles before and during rifampicin co-administration, compared
to observed data, are shown in Figures S5.4.1 and S5.4.2. The correlation of predicted to observed
DDI AUC ratios and DDI Cmax ratios is shown in Figure S5.5.1. Table S5.5.1 lists the corresponding
predicted and observed DDI AUC ratios, DDI Cmax ratios, as well as GMFE values.

5.2 Rifampicin drug-dependent parameters
The drug-dependent parameters of the rifampicin model are summarized in Table S5.2.1 below. The
associated system-dependent parameters are listed in Table S7.0.1.

Table S5.2.1: Drug-dependent parameters of the rifampicin PBPK model (adopted from [46])
Parameter Value Unit Source Literature Reference Description

MW 822.94 g/mol Literature 822.94 [33] Molecular weight
pKa (acid) 1.70 - Literature 1.70 [75] First acid dissociation constant
pKa (base) 7.90 - Literature 7.90 [75] Second acid dissociation constant
Solubility (pH 7.5) 2.80 g/l Literature 2.80 [76] Solubility
logP 2.50 - Optimized 1.30, 2.70 [33, 77] Lipophilicity
fu 17.00 % Literature 17.00 [78] Fraction unbound
B/P ratio 0.89 - Calculated 0.90 ° [79] Blood/plasma ratio
OATP1B1 Km 1.50 µmol/l Literature 1.50 [80] OATP1B1 Michaelis-Menten constant
OATP1B1 kcat 7.80 1/min Optimized - - OATP1B1 transport rate constant
AADAC Km 195.10 µmol/l Literature 195.10 [81] AADAC Michaelis-Menten constant
AADAC kcat 9.87 1/min Optimized - - AADAC catalytic rate constant
Pgp Km 55.00 µmol/l Literature 55.00 [82] Pgp Michaelis-Menten constant
Pgp kcat 0.61 1/min Optimized - - Pgp transport rate constant
GFR fraction 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Induction EC50 0.34 µmol/l Literature 0.80*0.42 ‡ [78, 83] Conc. for half-maximal induction
Emax OATP1B1 0.38 - Optimized - - Maximum in vivo induction effect
Emax AADAC 0.99 - Optimized - - Maximum in vivo induction effect
Emax Pgp 2.50 - Literature 2.50 [84] Maximum in vivo induction effect
Emax CYP3A4 9.00 - Literature 9.00 [78] Maximum in vivo induction effect
OATP1B1 Ki 0.48 µmol/l Literature 0.48 [85] Conc. for half-maximal inhibition
Pgp Ki 169.00 µmol/l Literature 169.00 [86] Conc. for half-maximal inhibition
CYP3A4 Ki 18.50 µmol/l Literature 18.50 [87] Conc. for half-maximal inhibition
Partition coefficients Diverse - Calculated R&R [41, 42] Cell to plasma partition coefficients
Cellular permeability 2.93E-05 cm/min Calculated PK-Sim [2] Permeability into the cellular space
Intestinal permeability 1.24E-05 cm/min Optimized 3.84E-07 Calculated Transcellular intestinal permeability

° Blood/serum concentration ratio, ‡ in vitro value corrected for binding in the assay, AADAC: arylacetamide deacetylase,
conc: concentration, CYP3A4: cytochrome P450 3A4, EHC: enterohepatic circulation, GFR: glomerular filtration rate,
OATP1B1: organic anion transporting polypeptide 1B1, Pgp: P-glycoprotein, PK-Sim: PK-Sim standard calculation method,
R&R: Rodgers and Rowland calculation method
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5.3 Rifampicin-verapamil clinical DDI studies
The clinical studies used to evaluate the rifampicin-verapamil DDI model performance are summarized in Table S5.3.1.

Table S5.3.1: Rifampicin-verapamil DDI study table

Perpetrator
Rifampicin

Victim
Verapamil

Dose
gap [h]

n Men
[%]

Age
[years]

Weight
[kg]

Height
[cm]

BMI
[kg/m2]

Dataset Reference

600 mg, po, - , qd 10 mg, iv, 10 min 12 6 67 (24-37) - - - test Barbarash et al. 1988 [14]
600 mg, po, - , qd 120 mg, po, - 12 6 67 (24-37) - - - test Barbarash et al. 1988 [14]

-: not given, BMI: body mass index, iv: intravenous, n: number of individuals studied, po: oral, qd: once daily, test: test dataset (model evaluation)
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5.4 Profiles
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Figure S5.4.1: Verapamil plasma concentration-time profiles (semilogarithmic) before and during rifampicin cotreat-
ment. Observed data are shown as dots, if available ± standard deviation (SD). Simulations are shown as
lines.
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Figure S5.4.2: Verapamil plasma concentration-time profiles (linear) before and during rifampicin cotreatment. Ob-
served data are shown as dots, if available ± standard deviation (SD). Simulations are shown as lines.
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5.5 Model evaluation
5.5.1 DDI AUC and Cmax ratio goodness-of-fit plots

( a ) DDI AUC ratios
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Figure S5.5.1: Predicted versus observed rifampicin-verapamil DDI AUC ratios and DDI Cmax ratios. Each symbol
represents the DDI AUC or Cmax ratio of a different study profile. The straight solid line ( ) marks the line
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plasma concentration
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5.5.2 Geometric mean fold error of predicted DDI AUC and Cmax ratios

Table S5.5.1: Predicted and observed rifampicin-verapamil DDI AUC ratios and DDI Cmax ratios
Perpetrator Victim DDI AUC ratio DDI Cmax ratio

Rifampicin Verapamil Dose gap [h] n Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

600 mg, po, - , qd 10 mg, iv, 10 min 12 6 0.67 0.84 0.80 - - - Barbarash et al. 1988 [14]
600 mg, po, - , qd 120 mg, po, - 12 6 0.07 0.03 2.28 0.11 0.03 3.32 Barbarash et al. 1988 [14]

Overall GMFE 1.68 (1.24–2.28) 3.32
1/2 with GMFE ≤ 2 0/1 with GMFE ≤ 2

-: not given, GMFE: geometric mean fold error, iv: intravenous, n: number of individuals studied, obs: observed, po: oral, pred: predicted, qd: once daily
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6 Cimetidine-verapamil drug-drug interaction (DDI)
6.1 DDI modeling
The cimetidine-verapamil DDI was predicted using a previously established whole-body PBPK model
of cimetidine [88]. The drug-dependent parameters of this model are reproduced in Table S6.2.1.

The cimetidine-verapamil interaction was modeled as competitive inhibition of CYP3A4 verapamil
metabolism by cimetidine. The Ki = 268.0 µmol/l (see Table S6.2.1) for this weak inhibition was
obtained from literature [89], determined using human liver microsomes. This value was not corrected
for cimetidine binding in vitro, since no experimental values for cimetidine fraction unbound in
microsomal incubations could be obtained and the prediction of fuincubation according to Austin et
al. [90] resulted in a theoretical fuincubation of 0.97 that did not change the results significantly.

Details on the predicted clinical DDI studies are given in Table S6.3.1. Model predictions of vera-
pamil plasma concentration-time profiles before and during cimetidine co-administration, compared
to observed data, are shown in Figures S6.4.1 and S6.4.2. The correlation of predicted to observed
DDI AUC ratios and DDI Cmax ratios is shown in Figure S6.5.1. Table S6.5.1 lists the corresponding
predicted and observed DDI AUC ratios, DDI Cmax ratios, as well as GMFE values.

6.2 Cimetidine drug-dependent parameters
The drug-dependent parameters of the cimetidine model are summarized in Table S6.2.1 below. The
associated system-dependent parameters are listed in Table S7.0.1.

Table S6.2.1: Drug-dependent parameters of the cimetidine PBPK model (adopted from [88])
Parameter Value Unit Source Literature Reference Description

MW 252.34 g/mol Literature 252.34 [33] Molecular weight
pKa1 (base) 6.93 - Literature 6.93 [91] First acid dissociation constant
pKa2 (acid) 13.38 - Literature 13.38 [33] Second acid dissociation constant
Solubility (pH 6.8) 24.00 g/l Literature 24.00 [91] Solubility
logP 1.66 - Calculated from B/P ratio 0.48 [91] Lipophilicity
fu 78.00 % Literature 78.00 [92] Fraction unbound
B/P ratio 0.98 - Literature 0.98 a [93] Blood/plasma ratio
OCT1 Km 2600.00 µmol/l Literature 2600.00 [94] OCT1 Michaelis-Menten constant
OCT1 kcat 8.66E+04 1/min Optimized - - OCT1 transport rate constant
CLhep 0.16 1/min Optimized - [93] Specific hepatic plasma clearance
OAT3 Km 149.00 µmol/l Literature 149.00 [95] OAT3 Michaelis-Menten constant
OAT3 kcat 5.75E+07 1/min Optimized - - OAT3 transport rate constant
MATE1 Km 8.00 µmol/l Literature 8.00 [96] MATE1 Michaelis-Menten constant
MATE1 kcat 32.37 1/min Optimized - - MATE1 transport rate constant
GFR fraction 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
OCT1 Ki 104.00 µmol/l Literature 104.00 [97] Conc. for half-maximal inhibition
OCT2 Ki 124.00 µmol/l Literature 124.00 [97] Conc. for half-maximal inhibition
MATE1 Ki 3.80 µmol/l Literature 3.80 [97] Conc. for half-maximal inhibition
CYP3A4 Ki 268.00 µmol/l Literature 268.00 [89] Conc. for half-maximal inhibition
Partition coefficients Diverse - Calculated R&R [41, 42] Cell to plasma partition coefficients
Cellular permeability 5.04E-03 cm/min Calculated PK-Sim [2] Permeability into the cellular space
Intestinal permeability 8.72E-07 cm/min Optimized 1.12E-05 Calculated Transcellular intestinal permeability
Tablet fasted b

a in patients, b split dose administration with the fraction of dose and lag time for the second gastric emptying optimized in a NONMEM approach,
conc: concentration, EHC: enterohepatic circulation, GFR: glomerular filtration rate, PK-Sim: PK-Sim standard calculation method,
R&R: Rodgers and Rowland calculation method
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6.3 Cimetidine-verapamil clinical DDI studies
The clinical studies used to evaluate the cimetidine-verapamil DDI model performance are summarized in Table S6.3.1.

Table S6.3.1: Cimetidine-verapamil DDI study table

Perpetrator
Cimetidine

Victim
Verapamil

Dose
gap [h]

n Men
[%]

Age
[years]

Weight
[kg]

Height
[cm]

BMI
[kg/m2]

Dataset Reference

200/400 mg, po, - , qid 10 mg, iv, 10 min 0 1 100 21 70 - - test Wing et al. 1985 [15]
300 mg, po, - , qid 10 mg, iv, 10 min 0 1 100 24 67 - - test Abernethy et al. 1985 [13]
300 mg, po, - , qid 10 mg, iv, bolus 0 8 100 27 ± 5 (24-38) - - - test Smith et al. 1984 [17]
200/400 mg, po, - , qid 80 mg, po, - 0 1 100 21 70 - - test Wing et al. 1985 [15]
300 mg, po, - , qid 120 mg, po, - 0 1 100 24 67 - - test Abernethy et al. 1985 [13]
300 mg, po, - , qid 120 mg, po, - 0 8 100 27 ± 5 (24-38) - - - test Smith et al. 1984 [17]
400 mg, po, - , bid 160 mg, po, sol 0.5 1 100 (25-43) (66-87) - - test Mikus et al. 1990 [31]

-: not given, bid: twice daily, BMI: body mass index, iv: intravenous, n: number of individuals studied, po: oral, qid: four times daily, sol: solution,
test: test dataset (model evaluation)
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Figure S6.4.1: Verapamil plasma concentration-time profiles (semilogarithmic) before and during cimetidine cotreat-
ment. Observed data are shown as dots, if available ± standard deviation (SD). Simulations are shown as
lines.
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Figure S6.4.2: Verapamil plasma concentration-time profiles (linear) before and during cimetidine cotreatment. Ob-
served data are shown as dots, if available ± standard deviation (SD). Simulations are shown as lines.
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6.5 Model evaluation
6.5.1 DDI AUC and Cmax ratio goodness-of-fit plots
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Figure S6.5.1: Predicted versus observed cimetidine-verapamil DDI AUC ratios and DDI Cmax ratios. Each symbol
represents the DDI AUC or Cmax ratio of a different study profile. The straight solid line ( ) marks the line
of identity. The dotted lines ( ) indicate 1.25-fold, the dashed lines ( ) indicate 2-fold deviation. The
curved lines show the prediction success limits suggested by Guest et al. [55]. AUC: area under the plasma
concentration–time curve from the time of administration to the last observed data point, Cmax: maximum
plasma concentration
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6.5.2 Geometric mean fold error of predicted DDI AUC and Cmax ratios

Table S6.5.1: Predicted and observed cimetidine-verapamil DDI AUC ratios and DDI Cmax ratios
Perpetrator Victim DDI AUC ratio DDI Cmax ratio

Cimetidine Verapamil Dose gap [h] n Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

200/400 mg, po, - , qid 10 mg, iv, 10 min 0 8 1.00 1.07 a 0.93 - - - Wing et al. 1985 [15]
300 mg, po, - , qid 10 mg, iv, 10 min 0 9 1.00 1.04 a 0.96 - - - Abernethy et al. 1985 [13]
300 mg, po, - , qid 10 mg, iv, bolus 0 8 1.00 0.71 a 1.41 - - - Smith et al. 1984 [17]
200/400 mg, po, - , qid 80 mg, po, - 0 8 1.10 1.07 a 1.02 1.01 1.17 b 0.86 Wing et al. 1985 [15]
300 mg, po, - , qid 120 mg, po, - 0 9 0.95 0.86 a 1.10 1.01 1.03 a 0.98 Abernethy et al. 1985 [13]
300 mg, po, - , qid 120 mg, po, - 0 8 0.99 1.37 a 0.72 1.01 1.13 a 0.89 Smith et al. 1984 [17]
400 mg, po, - , bid 160 mg, po, sol 0.5 6 1.03 1.29 a 0.80 1.01 1.42 a 0.71 Mikus et al. 1990 [31]

Overall GMFE 1.17 (1.02–1.41) 1.17 (1.02–1.41)
7/7 with GMFE ≤ 2 4/4 with GMFE ≤ 2

a as stated in the reference, b calculated from n=1 plasma profile, -: not given, bid: twice daily, GMFE: geometric mean fold error, iv: intravenous,
n: number of individuals studied, obs: observed, po: oral, pred: predicted, qid: four times daily, sol: solution
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7 System-dependent parameters
Details on the expression of metabolizing enzymes, transport proteins and protein binding part-
ners implemented to model the pharmacokinetics of verapamil, midazolam, digoxin, rifampicin and
cimetidine are summarized in Table S7.0.1.

Although there are early reports of MATE2-K expression in the kidney [98, 99], a recent study that
quantified the protein expression of renal transporters via LC-MS/MS found that the predominant
transporters in the kidney are MATE1, OAT1, OAT3 and OCT2 with only negligible amounts of
MATE2-K [100].

OCT1 is an uptake transporter that is strongly expressed in the liver [101–103]. Initially allocated
to the basolateral membrane of intestinal epithelial cells, recent literature rather supports an apical
localization and function of OCT1 in the gut [104, 105].

Table S7.0.1: System-dependent parameters
Reference concentration Half-life [h]

Enzyme/Transporter Mean a GSD b Relative expression c Localization Direction Liver Intestine

AADAC 1.00 d [106] 1.40 e RT-PCR [109] Intracellular - 36 23
ATP1A2 0.48 [46] 1.40 e Array [110] Membrane - 36 23
CYP3A4 4.32 [111] 1.18 liver [1]

1.46 intestine [1]
RT-PCR [112] Intracellular - 36 [113] 23 [114]

MATE1 0.13 f [100, 107] 1.53 [100] Kidney [98, 99] Apical Efflux 36 -
OAT3 0.09 f [100, 107] 1.53 [100] RT-PCR [115] Basolateral Influx 36 -
OATP1B1 1.00 d [106] 1.54 [108] RT-PCR [115] Basolateral Influx 36 -
OCT1 0.16 g [108, 116] 1.50 [116] Array [110],

large intestinal
mucosa → 0

Basolateral,
in entero-
cytes apical

Influx 36 23

Pgp 1.41 [46] 1.60 [108] RT-PCR [115],
intestinal mucosa
→ factor 3.57 [46]

Apical Efflux 36 23

AADAC: arylacetamide deacetylase, ATP1A2: ATPase Na+/K+ transporting subunit alpha 2, CYP3A4: cytochrome P450 3A4,
MATE1: multidrug and toxin extrusion 1, OAT3: organic anion transporter 3, OATP1B1: organic anion transporting polypeptide 1B1,
OCT1: organic cation transporter 1, Pgp: P-glycoprotein
a µmol protein/l in the tissue of highest expression
b Geometric standard deviation of the reference concentration
c In the different organs (PK-Sim® expression database profile)
d If no information was available, the mean reference concentration was set to 1.0 µmol/l and the catalytic rate constant (kcat) was optimized [106]
e If no information was available, a moderate variability of 35% CV was assumed (= 1.40 GSD)
f Calculated from transporter per mg membrane protein × 26.2 mg human kidney microsomal protein per g kidney [107]
g Calculated from transporter per mg membrane protein × 37.0 mg membrane protein per g liver [108]
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