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1 PBPK Model Building
1.1 PBPK Model Building – General
In agreement with pediatric physiologically based pharmacokinetic (PBPK) model development work-
flows, first, an adult PBPK model was built and evaluated with observed plasma profiles to gain
confidence in the parametrization of the PBPK model, before the model was scaled to pediatric pop-
ulations [1–4]. The general model building process is described in the methods section of the main
manuscript. This includes the implementation of important distribution and elimination processes
including cytochrome P450 (CYP) and uridine 5’-diphospho-glucuronosyltransferase (UGT) enzymes
as well as transporters. For the buprenorphine model these are the metabolism of buprenorphine
to norbuprenorphine through CYP3A4 and CYP2C8 [5], the metabolism pathways metabolizing
buprenorphine to other non-specified metabolites through CYP3A4, CYP3A7, UGT1A1, UGT1A3
and UGT2B7 as well as renal excretion through glomerular filtration.

For the metabolite norbuprenorphine metabolism through UGT1A1 and UGT1A3 as well as renal
clearance by glomerular filtration and tubular secretion through the transport protein P-glycoprotein
(P-gp) were implemented in the model [6, 7] . The respective Michaelis-Menten constants (Km) and
maximum reaction velocities (vmax) were obtained from published in vitro experiments [5, 8]. As
nonspecific binding influences Km and Ki values in in vitro assays in microsomes, the values need to
be adjusted by multiplication with fraction unbound in the microsomal assay (fu,mic) [9]. Hence, the
obtained literature values of Km and Ki were multiplied by measured fu,mic values of buprenorphine
(0.42) and norbuprenorphine (0.84), respecitvely [6]. The enzyme CYP3A4 catalyzes two different
metabolic pathways of buprenorphine, the metabolism to norbuprenorphine (R1) and a reaction, in
which norbuprenorphine is not the product substance (R2) [5]. For the latter one, no specific Km
and vmax values were reported. Hence, the Km, R2 value was assumed to be the same as for R1 and
vmax, R2 was calculated to be a multiple of vmax, R1 using the amount of buprenorphine consumed
and the amount of norbuprenorphine produced, respectively, from the in vitro study by Picard et al.
yielding a vmax, R2 value of 1352.1 pmol/min/mg microsomal protein [5].

Studies have shown that CYP3A7 is involved in buprenorphine metabolism [5, 10]. CYP3A7 is the
major fetal form of CYP3A [11]. Hence, CYP3A7 can be important for PK predictions of CYP3A
substrates in pediatrics and therefore was incorporated in our model for predictions in pediatrics.
Km and vmax values for the metabolism of buprenorphine through CYP3A7 have not been reported.
However, a study by Williams et al. provides information on the relative metabolic capabilities of
CYP3A4 and CYP3A7 to metabolize a structurally diverse set of molecules (n=15) by comparing
Km [µmol/L] and vmax [nmol/min/nmol P450] values [11]. The dataset was extended by three
more molecules including their respective Km and vmax values from a recently published study [12].
On average, Km values for CYP3A7 were 5.1 times higher compared to the respective Km values
of CYP3A4 for the model substances, vmax values were 75% lower. These factors were used and
multiplied with the Km and vmax values for the metabolism of buprenorphine through CYP3A4 (5.7
µmol/L and 12.5 pmol/min/pmol P450, calculated from 1352.1 pmol/min/mg microsomal protein
and the content of CYP3A4 enzyme of 108 pmol P450/mg microsomal protein in liver microsomes
[5, 13, 14]) to obtain the values for CYP3A7. This yields a Km value of 29.1 µmol/L and a vmax value
of 3.17 pmol/min/pmol P450 or 632.6 pmol/min/mg microsomal protein using the protein content
of CYP3A7 enzyme of 199.57 pmol P450/mg microsomal protein in fetal liver microsomes [15].

According to the literature, about 35% of buprenorphine is metabolized to norbuprenorphine [5,
16, 17]. In order to achieve this amount, two factors for the metabolism to norbuprenorphine and
the metabolism to other metabolites, respectively, were estimated and multiplied with the in vitro
literature values for the respective maximum reaction velocities (see Table 2 in the main manuscript).
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1.2 System-dependent Parameters and Virtual Populations
PBPK modeling enables mechanistic representation of drug disposition in virtual individuals. Virtual
individuals with all system-dependent physiological parameters such as blood flow rates and organ
compositions were generated in PK-Sim® based on the demographic characteristics of the respective
study population (see Table 1 in the manuscript and Table S2). The applied algorithms for the
generation of virtual individuals have been previously reported [18]. If no information on study
demographics was available, a standard 30-year-old male was assumed with weight and height values
according to the PK-Sim® database.

Virtual populations of 100 individuals for each study were set up according to the population demo-
graphics of each respective simulated study. If no age range was specified, virtual populations were
created with individuals 20 to 50 years of age and without specific body weight or height restrictions
as implemented in PK-Sim®. In the generated virtual populations, demographics such as age, height,
weight and corresponding organ volumes, tissue compositions, blood flow rates, etc. were varied
by an implemented algorithm in PK-Sim® within the limits of the ICRP (International Commis-
sion on Radiological Protection) or NHANES (National Health and Nutrition Examination Survey)
databases [19, 20]. Tissue expression distributions of the enzymes and proteins were provided in the
PK-Sim® expression database according to the literature [21–23].

Additionally, variability of the expression levels of the implemented drug metabolizing enzymes
CYP2C8, CYP3A4, CYP3A7, UGT1A1, UGT1A3 and UGT2B7 as well as of the transport protein
P-gp was implemented. System-dependent parameters, such as information on reference concentra-
tions and the respective variabilities of metabolizing enzymes and transporters are shown in Table S1.
Population predictions were plotted as geometric mean with geometric standard deviation. If all in-
dividual concentration-time datasets were available but demographic values could not be matched to
the specific profile, median with 90% population prediction intervals were plotted.
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Table S1: System-dependent parameters and expression of relevant enzymes and transporters.
Enzyme /
Transporter

Mean reference
concentration [µmol/L]a

Geometric standard deviation of the
reference concentration in adultsb

Relative expression
in the different organsc

Ontogeny
function

Half-life
liver [hours]

Half-life
Intestine [hours]

Enzymes
CYP2C8 2.56 [14] 2.05 [24] RT-PCR [21] [24] 23 23
CYP3A4 4.32 [14] 1.18 (liver)[24]

1.45 (intestine)[24]
RT-PCR [21] [24] 36 23

CYP3A7 7.98 [15] 1.25 [24] RT-PCR [21] [24] 36 23
UGT1A1 1.30 [25] 1.37 [24] RT-PCR [23] [24] 36 23
UGT1A3 0.40 [25] 1.60d RT-PCR [23] [24]d 36 23
UGT2B7 2.78 [25] 1.60 [24] EST [26] [24] 36 23

Transporters
P-gp 1.41 [27] 1.60 [28] RT-PCR [22]e - 36 23

CYP: cytochrome P450, EST: Expressed Sequence Tags, P-gp: P-glycoprotein, RT-PCR: reverse transcription polymerase chain reaction, UGT: uridine 5’-diphospho-
glucuronosyltransferase
a [µmol protein/L] in the tissue of the highest expression
b for information on geometric standard deviation in pediatrics, please refer to [24]
c PK-Sim® expression database profile
d since no specific ontogeny function for UGT1A3 is implemented in PK-Sim®, the same ontogeny function as for UGT2B7 was assumed based on ontogeny information in [29]
e with the relative expression in intestinal mucosa increased by factor 3.57 according to [27]
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Table S2: Extension of Table 1 in the main manuscript with detailed information on the demographics and dosing regimens of the study by Barrett et al. [30]
Clinical study Loading dosea

(30 min) [µg/kg]
Second Dosea
[µg/kg/h]

Infusion Time
(second dose) [h]

n Female [%] Ageb [weeks] Weight [kg] Blood
sample

Norbuprenorphine
measurements

Barrett et al. 1993 (1) 3.00 0.72 48 1 - 31 1.5 arterial no
Barrett et al. 1993 (2) 3.00 0.72 24 1 - 30 0.9 arterial no
Barrett et al. 1993 (3) 3.00 0.72 11 1 - 32 1.3 arterial no
Barrett et al. 1993 (4) 3.00 0.72 42 1 - 31 1.8 arterial no
Barrett et al. 1993 (5) 3.00 0.72 42 1 - 30 1.5 arterial no
Barrett et al. 1993 (6) 3.00 1.44 23 1 - 28 1.2 arterial no
Barrett et al. 1993 (7) 3.00 1.44 77 1 - 31 1.1 arterial no
Barrett et al. 1993 (8) 3.00 0.72 42 1 - 34 1.8 arterial no
Barrett et al. 1993 (9) 3.00 2.16 81 1 - 30 1.6 arterial no
Barrett et al. 1993 (10) 3.00 0.72 43 1 - 32 2.4 arterial no
Barrett et al. 1993 (11) 3.00 0.72 76 1 - 31 1.6 arterial no
Barrett et al. 1993 (12) 3.00 0.72 118 1 - 27 1.0 arterial no

-: not available
a intravenous administration
b postmenstrual age5



2 Drug-Drug-Interaction (DDI) Modeling
2.1 DDI Modeling – General
Rifampicin is both an inhibitor and inducer of different CYP enzymes. This includes the enzymes
CYP2C8, CYP3A4, UGT1A1 and UGT1A3 as well as the transporter P-gp among others [31–39]. A
previously developed rifampicin PBPK model [27] was used for the DDI assessment and was extended
by interaction constants describing the induction of CYP2C8, UGT1A1 and UGT1A3 as well as the
competitive inhibition of CYP2C8, UGT1A1 and UGT1A3 by rifampicin. The parameters of the
extended rifampicin model are shown in Table S3.

Table S3: Drug-dependent parameters of the rifampicin PBPK model (adopted from [27])
Parameter Value Unit Source Literature Reference Description

MW 822.94 g/mol Literature 822.94 [40] Molecular weight
pKa (acid) 1.70 - Literature 1.70 [41] First acid dissociation constant
pKa (base) 7.90 - Literature 7.90 [41] Second acid dissociation constant
Solubility (pH 7.5) 2.80 g/l Literature 2.80 [42] Solubility
logP 2.50 - Optimized 1.30, 2.70 [40, 43] Lipophilicity
fu 17.00 % Literature 17.00 [36] Fraction unbound
B/P ratio 0.89 - Calculated 0.90a [44] Blood/plasma ratio
OATP1B1 Km 1.50 µmol/l Literature 1.50 [45] OATP1B1 Michaelis-Menten constant
OATP1B1 kcat 105.41 1/min Optimized - - OATP1B1 transport rate constant
AADAC Km 195.10 µmol/l Literature 195.10 [46] AADAC Michaelis-Menten constant
AADAC kcat 9.87 1/min Optimized - - AADAC catalytic rate constant
P-gp Km 55.00 µmol/l Literature 55.00 [47] P-gp Michaelis-Menten constant
P-gp kcat 0.61 1/min Optimized - - P-gp 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 [36, 48] Conc. for half-maximal induction
Emax OATP1B1 0.38 - Optimized - - Maximum in vivo induction effect
Emax OATP1B3 0.38 - Assumed - - Maximum in vivo induction effect
Emax AADAC 0.99 - Optimized - - Maximum in vivo induction effect
Emax P-gp 2.50 - Literature 2.50 [38] Maximum in vivo induction effect
Emax CYP2C8 3.20 - Literature 3.20 [39] Maximum in vivo induction effect
Emax CYP3A4 9.00 - Literature 9.00 [36] Maximum in vivo induction effect
Emax UGT1A1 1.30 - Literature 1.30 [34] Maximum in vivo induction effect
Emax UGT1A3 1.40 - Literature 1.40 [35] Maximum in vivo induction effect
OATP1B1 Ki 0.48 µmol/l Literature 0.48 [49] Conc. for half-maximal inhibition
OATP1B3 Ki 0.90 µmol/l Literature 0.90 [50] Conc. for half-maximal inhibition
P-gp Ki 169.00 µmol/l Literature 169.00 [37] Conc. for half-maximal inhibition
CYP2C8 Ki 30.20 µmol/l Literature 30.20 [31] Conc. for half-maximal inhibition
CYP3A4 Ki 18.50 µmol/l Literature 18.50 [31] Conc. for half-maximal inhibition
UGT1A1 Ki 33.00 µmol/l Literature 33.00 [33] Conc. for half-maximal inhibition
UGT1A3 Ki 600.00 µmol/l Literature 600.00 [32] Conc. for half-maximal inhibition
Partition coefficients Diverse - Calculated R&R [51, 52] Cell to plasma partition coefficients
Cellular permeability 2.93E-05 cm/min Calculated PK-Sim [13] Permeability into the cellular space
Intestinal permeability 1.24E-05 cm/min Optimized 3.84E-07 Calculated Transcellular intestinal permeability
Formulation Solution

AADAC: arylacetamide deacetylase, conc: concentration, CYP: cytochrome P450, EHC: enterohepatic circulation, GFR: glomerular
filtration rate, OATP: organic anion transporting polypeptide, P-gp: P-glycoprotein, PK-Sim: PK-Sim standard calculation method,
R&R: Rodgers and Rowland calculation method, UGT: uridine 5’-diphospho-glucuronosyltransferase
a Blood/serum concentration ratio

For the simulation of the DDI with itraconazole and clarithromycin two previously published PBPK
models were used [27]. The parameters of both models can be found in the supplementary material
of the respective publication [27].
The DDI simulations presented in the manuscript depict pure predictions. No DDI study was used
for model input parameter estimation during buprenorphine and norbuprenorphine PBPK model
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development. Interaction parameters necessary for DDI simulation were obtained from literature or
from the published DDI perpetrator PBPK models. With that, the adult PBPK model could not
only be evaluated by its predictive performance with the test dataset but also by prediction of a DDI
study [53].

2.2 Mathematical Implementation of DDIs
2.2.1 Competitive Inhibition

Competitive inhibition describes the reversible binding of an inhibitor to the active site of an enzyme
or transporter and hence, the competition of substrate and inhibitor for binding. This inhibition
process can be overcome by high substrate concentrations leading to a concentration-dependency.
As a result of competitive inhibition vmax is not affected, while Km is increased through the inhibi-
tion yielding Km,app (Equation S1). The reaction velocity (v) for the substrate during concomitant
administration with a competitive inhibitor is described by Equation S2 [13]:

Km,app = Km ⋅ (1 + [I]
Ki

) (S1)

v = vmax ⋅ [S]
Km,app + [S] (S2)

with 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.

2.2.2 Mechanism-Based Inhibition (MBI)

Mechanism-based inhibition (MBI) is an irreversible type of inhibition. De novo synthesis of the
inactivated protein and clearance of the mechanism-based inactivator is required to return to baseline
activity of the enzyme or transporter (time-dependency). In the case of MBI, the protein degradation
rate constant (kdeg) is increased (kdeg,app, Equation S3), while the synthesis (Rsyn) is not affected by
the inhibition process. The protein turnover during MBI is described by Equation S4. As mechanism-
based inactivators are also competitive inhibitors, the Km in the Michaelis-Menten reaction velocity
equation is substituted by Km,app as in Equation S5 [13]:

kdeg,app = kdeg + (kinact ⋅ [I]
KI + [I] ) (S3)

dE(t)
dt

= Rsyn − kdeg,app ⋅E(t) (S4)

v = vmax ⋅ [S]
Km,app + [S] =

kcat ⋅E(t) ⋅ [S]
Km,app + [S] (S5)

with 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 = rate of enzyme or transporter synthesis, v =
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reaction velocity, vmax = maximum reaction velocity, [S] = free substrate concentration, Km,app =
Michaelis-Menten constant in the presence of inactivator, kcat = catalytic rate constant.

2.2.3 Induction

Induction of an enzyme or transporter is often mediated through activation of the transcription
factor pregnane X receptor (PXR). Similarly as in the case of an MBI, the return to baseline activity
requires the clearance of the inducer and degradation of the induced protein (time-dependency).
However, in contrast to the MBI, in this case Rsyn is increased (Rsyn,app, Equation S6), while kdeg
remains unchanged. The protein turnover during induction is described by Equation S7 [13]:

Rsyn,app = Rsyn ⋅ (1 + Emax ⋅ [Ind]
EC50 + [Ind]) (S6)

dE(t)
dt

= Rsyn,app − kdeg ⋅E(t) (S7)

v = vmax ⋅ [S]
Km + [S] = kcat ⋅E(t) ⋅ [S]

Km + [S] (S8)

with Rsyn,app = rate of enzyme or transporter synthesis in the presence of inducer, Rsyn = rate of
enzyme or transporter synthesis, 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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3 Allometric Scaling
After the development of the adult PBPK model, the model was scaled to a children and preterm
neonate population for a priori predictions of the PK in pediatrics as described in the methods section
of the main manuscript. In order to compare the PBPK model predictions for plasma concentration-
time profiles observed in pediatric patients, a classical allometric scaling approach as described by
Tod et al. was used [54]. Here, the parameters of classical compartmental models are scaled by
allometry from adults to the pediatric populations with:

CLpediatrics = CLadults ⋅ (
BWpediatrics

BWadults
)

0.75
(S9)

Q2, pediatrics = Q2, adults ⋅ (
BWpediatrics

BWadults
)

0.75
(S10)

Q3, pediatrics = Q3, adults ⋅ (
BWpediatrics

BWadults
)

0.75
(S11)

Vc, pediatrics = Vc, adults ⋅ (
BWpediatrics

BWadults
) (S12)

V2, pediatrics = V2, adults ⋅ (
BWpediatrics

BWadults
) (S13)

V3, pediatrics = V3, adults ⋅ (
BWpediatrics

BWadults
) (S14)

To obtain the relevant parameters of the elimination clearance, intercompartmental clearances and
volume of distributions in adults (CL, Q2, Q3, Vc, V2 and V3 of a classical three compartment model,
which best described the observed plasma concentration-time profiles), the parameters were estimated
with NONMEM® using the internal dataset from the PBPK modeling approach. Body weight values
of the adult (71 kg) and pediatric patients (see Table 1 in the main manuscript and Table S2) were
extracted from the corresponding study information. In the case of scaling the elimination clearance
for preterm neonates (CLpreterm neonates), the calculation was performed both with an exponent of
0.75 and with the age-dependent exponent of 1.2 as suggested by Mahmood and Tegenge [55]:

CLpreterm neonates, ADE = CLadults ⋅ (
BWpediatrics

BWadults
)

1.2
(S15)

The plasma concentrations were then simulated with the scaled parameters (Table S4) and compared
with the corresponding plasma concentrations observed.
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Table S4: Parameters calculated with the allometric scaling approach
Clinical study CL [ml/min] a CL [ml/min] b Q2 [ml/min] Q3 [ml/min] Vc [L] V2 [L] V3 [L]

Adults (internal dataset) 982.0 982.0 2980.0 554.0 29.6 105.0 676.0
Barrett et al. 1993 (1) 54.5 9.6 165.0 31.0 0.6 2.2 14.3
Barrett et al. 1993 (2) 37.8 5.3 115.0 21.0 0.4 1.4 8.8
Barrett et al. 1993 (3) 50.1 8.4 152.0 28.0 0.6 2.0 12.8
Barrett et al. 1993 (4) 61.4 12.0 186.0 35.0 0.7 2.6 16.8
Barrett et al. 1993 (5) 54.5 9.6 165.0 31.0 0.6 2.2 14.3
Barrett et al. 1993 (6) 44.9 7.1 136.0 25.0 0.5 1.7 11.1
Barrett et al. 1993 (7) 44.4 6.9 135.0 25.0 0.5 1.7 10.9
Barrett et al. 1993 (8) 61.4 11.6 186.0 35.0 0.7 2.6 16.8
Barrett et al. 1993 (9) 56.9 10.3 173.0 32.0 0.7 2.4 15.2
Barrett et al. 1993 (10) 77.5 16.9 235.0 44.0 1.0 3.6 22.9
Barrett et al. 1993 (11) 56.7 10.2 172.0 32.0 0.7 2.3 15.1
Barrett et al. 1993 (12) 41.4 6.2 126.0 23.0 0.4 1.5 9.9
Olkkola et al. 1989 400.0 400.0 1214.0 226.0 8.9 32.0 204.0

CL: elimination clearance, Q2: intercompartmental clearance between compartment 2 and the central compartment,
Q3: intercompartmental clearance between compartment 3 and the central compartment, Vc: volume of the central compartment,
V2 and V3: peripheral compartment volumes
a elimination clearance parameter calculated using the allometric scaling approach without an age-dependent exponent
b elimination clearance parameter calculated using the allometric scaling approach with an age-dependent exponent as suggested by
Mahmood and Tegenge [55]
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4 PBPK Model Evaluation
The descriptive (internal training dataset) and predictive (external test dataset) performance of the
PBPK model is comprehensively demonstrated in this section: Linear and semilogarithmic plots of
population predictions of plasma concentration-time profiles are compared to the observed profiles
for both adult and pediatric PBPK models in Figures S1, S2, S5 and S6. Further, linear plots of
population predictions of fractions of buprenorphine excreted unchanged in urine as well as frac-
tion of dose excreted in urine as norbuprenorphine are compared to measured values in Figure S2.
Moreover, goodness-of-fit plots comparing predicted to observed plasma concentrations are shown
in Figures S3 and S7. Predicted compared to observed area under the plasma concentration-time
curves from the first to the last data point (AUClast) and maximum concentrations (Cmax) values for
long-term infusions in preterm neonates and norbuprenorphine metabolite are shown in Figures S4
and S8. The mean relative deviation (MRD) values as well as the predicted and observed AUClast
and Cmax values including the geometric mean fold errors (GMFE) are listed in Tables S5 and S6. A
local sensitivity analysis was performed in a steady-state scenario (1.4 mg (adults), 0.7 mg (children),
0.009 mg (preterm neonates), 168 hours long-term infusion, mimicking steady-state plasma concen-
trations of about 0.13 ng/ml, which were achieved with an administration of marketed transdermal
buprenorphine patches [56]). A detailed description and the results of the sensitivity analysis can be
found in Section 4.6.
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4.1 Adult PBPK Model Evaluation
In this section, linear and semilogarithmic plots of plasma concentration-time profiles, linear plots
of fractions of buprenorphine dose excreted unchanged in urine and fraction of dose excreted in
urine as norbuprenorphine (Figures S1 and S2), a goodness-of-fit plot of predicted compared to ob-
served plasma concentrations (Figure S3) and goodness-of-fit plots of predicted compared to observed
AUClast and Cmax values (Figure S4) after intravenous administration of buprenorphine in adults are
shown.
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Figure S1: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (semilogarithmic) after intravenous administration of buprenorphine
in adults. Observed data are shown as circles, if available ± standard deviation (SD). Population simulation
(n=100) geometric means are shown as lines; the shaded areas represent the predicted population geometric SD
except for subfigure (q) where the line represents the population median and the shaded area the 90% population
prediction interval. References with numbers in parentheses link to a specific observed dataset described in the
study table (Table 1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in
Table S6. DDI, drug-drug-interaction; iv, intravenous; m.d., multiple dose.
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Figure S1: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (semilogarithmic) after intravenous administration of buprenorphine
in adults. Observed data are shown as circles, if available ± standard deviation (SD). Population simulation
(n=100) geometric means are shown as lines; the shaded areas represent the predicted population geometric SD
except for subfigure (q) where the line represents the population median and the shaded area the 90% population
prediction interval. References with numbers in parentheses link to a specific observed dataset described in the
study table (Table 1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in
Table S6. DDI, drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)
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Figure S1: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (semilogarithmic) after intravenous administration of buprenorphine
in adults. Observed data are shown as circles, if available ± standard deviation (SD). Population simulation
(n=100) geometric means are shown as lines; the shaded areas represent the predicted population geometric SD
except for subfigure (q) where the line represents the population median and the shaded area the 90% population
prediction interval. References with numbers in parentheses link to a specific observed dataset described in the
study table (Table 1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in
Table S6. DDI, drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)
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Figure S2: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (linear) as well as fraction of buprenorphine (yellow) and norbuprenor-
phine (orange) excreted in urine after intravenous administration of buprenorphine in adults. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means
are shown as lines; the shaded areas represent the predicted population geometric SD except for subfigure (q)
where the line represents the population median and the shaded area the 90% population prediction interval.
References with numbers in parentheses link to a specific observed dataset described in the study table (Table
1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in Table S6. DDI,
drug-drug-interaction; iv, intravenous; m.d., multiple dose.
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Figure S2: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (linear) as well as fraction of buprenorphine (yellow) and norbuprenor-
phine (orange) excreted in urine after intravenous administration of buprenorphine in adults. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means
are shown as lines; the shaded areas represent the predicted population geometric SD except for subfigure (q)
where the line represents the population median and the shaded area the 90% population prediction interval.
References with numbers in parentheses link to a specific observed dataset described in the study table (Table
1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in Table S6. DDI,
drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)
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Figure S2: Buprenorphine (blue: venous blood, red: arterial blood) and norbuprenorphine (green: venous blood)
plasma concentration-time profiles (linear) as well as fraction of buprenorphine (yellow) and norbuprenor-
phine (orange) excreted in urine after intravenous administration of buprenorphine in adults. Observed data
are shown as circles, if available ± standard deviation (SD). Population simulation (n=100) geometric means
are shown as lines; the shaded areas represent the predicted population geometric SD except for subfigure (q)
where the line represents the population median and the shaded area the 90% population prediction interval.
References with numbers in parentheses link to a specific observed dataset described in the study table (Table
1 in the main manuscript). Predicted and observed AUClast and Cmax values are compared in Table S6. DDI,
drug-drug-interaction; iv, intravenous; m.d., multiple dose. (continued)
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Figure S3: Predicted versus observed plasma concentrations of buprenorphine and norbuprenorphine after intravenous
administration of buprenorphine in adults. The black solid line marks the line of identity. Black dotted lines
indicate 1.25-fold, black dashed lines indicate 2-fold deviation.
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Figure S4: Predicted versus observed buprenorphine and norbuprenorphine AUC (a) and norbuprenorphine Cmax (b)
values after intravenous administration of buprenorphine in adults. Cmax values were only calculated for
long-term infusions and norbuprenorphine metabolite. Each symbol represents the AUClast or Cmax of a different
plasma profile. The black solid lines mark the lines of identity. Black dotted lines indicate 1.25-fold, black dashed
lines indicate 2-fold deviation. AUC, area under the plasma concentration-time curve from the first to the last
data point; Cmax, maximum plasma concentration.
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4.2 Pediatric PBPK Model Evaluation
In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figures S5
and S6), goodness-of fit plots of predicted compared to observed plasma concentrations including the
results of the allometric scaling approach (Figure S7) and goodness-of-fit plots of predicted compared
to observed AUClast and Cmax values (Figure S8) after intravenous administration of buprenorphine
in pediatrics are shown.
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Figure S5: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (semilogarith-
mic) after intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles.
Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted
population geometric SD except for subfigure (a) where the line represents the population median and the shaded
area the 90% population prediction interval. References with numbers in parentheses link to a specific observed
dataset described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed
AUClast and Cmax values are compared in Table S6. iv, intravenous.
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Figure S5: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (semilogarith-
mic) after intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles.
Population simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted
population geometric SD except for subfigure (a) where the line represents the population median and the shaded
area the 90% population prediction interval. References with numbers in parentheses link to a specific observed
dataset described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed
AUClast and Cmax values are compared in Table S6. iv, intravenous. (continued)
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Figure S6: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (linear) after
intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles. Population
simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted population
geometric SD except for subfigure (a) where the line represents the population median and the shaded area the
90% population prediction interval. References with numbers in parentheses link to a specific observed dataset
described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed AUClast and
Cmax values are compared in Table S6. iv, intravenous.
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Figure S6: Buprenorphine (blue: venous blood, red: arterial blood) plasma concentration-time profiles (linear) after
intravenous administration of buprenorphine in pediatrics. Observed data are shown as circles. Population
simulation (n=100) geometric means are shown as lines; the shaded areas represent the predicted population
geometric SD except for subfigure (a) where the line represents the population median and the shaded area the
90% population prediction interval. References with numbers in parentheses link to a specific observed dataset
described in the study table (Table 1 in the main manuscript and Table S2). Predicted and observed AUClast and
Cmax values are compared in Table S6. iv, intravenous. (continued)
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( b ) Preterm neonates
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Figure S7: Predicted versus observed plasma concentrations of buprenorphine and norbuprenorphine after intravenous
administration of buprenorphine in (a) children and (b) preterm neonates. Blue circles represent predicted
versus observed plasma concentrations derived from the PBPK scaling approach. Light grey circles represent
predicted versus observed plasma concentrations derived from the classical allometric scaling approach; dark
grey circles represent predicted versus observed plasma concentrations derived from allometric scaling with an
age-dependent exponent of 1.2 for preterm neonates as suggested by Mahmood and Tegenge [55] (for detailed
information on the allometric scaling approach see Section 3). The black solid lines mark the lines of identity.
Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation.
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Figure S8: Predicted versus observed buprenorphine and norbuprenorphine AUC (a) and Cmax (b) values after intra-
venous administration of buprenorphine in pediatrics. Cmax values were only calculated for long-term infusions.
Each symbol represents the AUClast or Cmax of a different plasma profile. The black solid lines mark the lines of
identity. Black dotted lines indicate 1.25-fold, black dashed lines indicate 2-fold deviation. AUC, area under the
plasma concentration-time curve from the first to the last data point; Cmax, maximum plasma concentration.
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4.3 Quantitative PBPK Model Evaluation
As quantitative performance measures, mean relative deviations (MRD) of the predicted plasma
concentrations for all observed and the respective predicted plasma concentrations as well as the
geometric mean fold errors (GMFE) of the predicted versus observed AUClast and Cmax values were
calculated according to Equation S16 and Equation S17, respectively. Cmax values were only cal-
culated for long-term infusions and norbuprenorphine metabolite since Cmax values of a substance
administered as intravenous bolus injection or as short-term infusions are very sensitive to the timing
of blood sampling.

MRD = 10x with x =
¿
ÁÁÀ 1

n

n

∑
i=1

(log10 ĉi − log10 ci)2 (S16)

Here, ci is the ith observed plasma concentration, ĉi is the respective predicted plasma concentration
and n equals the number of observed values. Overall MRD values of ≤ 2 were considered as reasonable
predictions [57]. MRD values for all studies are given in Table S5.

GMFE = 10x with x = 1
n

n

∑
i=1

∣ log10(
âi

ai
)∣ (S17)

Here, ai is the ith observed AUClast or Cmax value, respectively, âi is the predicted AUClast or Cmax
value, respectively, and n equals the number of studies. The calculated GMFE values are shown in
Table S6.

4.4 Mean Relative Deviation (MRD) Values of Buprenorphine and Norbuprenorphine
Plasma Concentration Predictions

Table S5: Mean relative deviation (MRD) values of buprenorphine and norbuprenorphine plasma concentration predictions.
Route & Dose Compound MRD Reference

Buprenorphine iv adults
iv, 0.3 mg (2 min) Buprenorphine 2.06 Bai et al. 2016 [58]
iv, 0.3 mg (1 min) Buprenorphine 1.58 Bartlett et al. 1980 [59]
iv, 0.3 mg (1 min) Buprenorphine 1.35 Bullingham et al. 1980 (1) [60]
iv, 0.3 mg (1 min), m.d. Buprenorphine 1.26 Bullingham et al. 1980 (2) [60]
iv, 0.3 mg (1 min) Buprenorphine 1.37 Bullingham et al. 1982 (1) [61]
iv, 0.3 mg (1 min) Buprenorphine 1.21 Bullingham et al. 1982 (2) [61]
iv, 0.3 mg (1 min) Buprenorphine 1.42 Bullingham et al. 1982 (3) [61]
iv, 1 mg (bolus) Buprenorphine 1.44 Hagelberg et al. 2016 [53]
iv, 1 mg (bolus, DDI with rifampicin) Buprenorphine 1.39 Hagelberg et al. 2016 (DDI) [53]
iv, 1 mg (30 min) Buprenorphine 1.43 Mendelson et al. 1997 [62]
iv, 1.2 mg (1 min) Buprenorphine 1.27 Kuhlman et al. 1996 [63]
iv, 1.2 mg (1 min) Norbuprenorphine 3.13 Kuhlman et al. 1996 [63]
iv, 2 mg (1 min) Buprenorphine 1.42 Huestis et al. 2013 (1) [64]
iv, 2 mg (1 min) Norbuprenorphine 1.54 Huestis et al. 2013 (1) [64]
iv, 4 mg (10 min) Buprenorphine 1.58 Harris et al. 2000 [64]
iv, 4 mg (1 min) Buprenorphine 1.40 Huestis et al. 2013 (2) [64]
iv, 4 mg (1 min) Norbuprenorphine 1.98 Huestis et al. 2013 (2) [64]
iv, 8 mg (1 min) Buprenorphine 1.44 Huestis et al. 2013 (3) [64]
iv, 8 mg (1 min) Norbuprenorphine 1.91 Huestis et al. 2013 (3) [64]
iv, 12 mg (1 min) Buprenorphine 1.46 Huestis et al. 2013 (4) [64]
iv, 12 mg (1 min) Norbuprenorphine 2.18 Huestis et al. 2013 (4) [64]
iv, 16 mg (1 min) Buprenorphine 1.40 Huestis et al. 2013 (5) [64]

Overall MRD 1.74 (1.21–4.58)
34/45 with MRD ≤ 2

DDI: drug-drug-interaction, iv: intravenous, m.d.: multiple dose, MRD: mean relative deviation
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Table S5: Mean relative deviation (MRD) values of buprenorphine and norbuprenorphine plasma concentration predictions.
(continued)

Route & Dose Compound MRD Reference

iv, 16 mg (1 min) Norbuprenorphine 1.99 Huestis et al. 2013 (5) [64]

MRD 1.70 (1.21–3.13)
20/23 with MRD ≤ 2

Buprenorphine iv children
iv, 3 µg/kg (2 min) Buprenorphine 1.44 Olkkola et al. 1989 (1) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.27 Olkkola et al. 1989 (2) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.86 Olkkola et al. 1989 (3) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.39 Olkkola et al. 1989 (4) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.46 Olkkola et al. 1989 (5) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.55 Olkkola et al. 1989 (6) [65]
iv, 3 µg/kg (2 min) Buprenorphine 2.00 Olkkola et al. 1989 (7) [65]
iv, 3 µg/kg (2 min) Buprenorphine 1.75 Olkkola et al. 1989 (8) [65]
iv, 3 µg/kg (2 min) Buprenorphine 2.00 Olkkola et al. 1989 (9) [65]
iv, 3 µg/kg (2 min) Buprenorphine 2.62 Olkkola et al. 1989 (10) [65]

MRD 1.72 (1.27–2.62)
8/10 with MRD ≤ 2

Buprenorphine iv preterms
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (48 h) Buprenorphine 1.66 Barrett et al. 1993 (1) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (24 h) Buprenorphine 1.66 Barrett et al. 1993 (2) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (11 h) Buprenorphine 4.58 Barrett et al. 1993 (3) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 1.34 Barrett et al. 1993 (4) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 1.85 Barrett et al. 1993 (5) [30]
iv, 3 µg/kg (30 min) 1.44 µg/kg/h (23 h) Buprenorphine 2.65 Barrett et al. 1993 (6) [30]
iv, 3 µg/kg (30 min) 1.44 µg/kg/h (77 h) Buprenorphine 2.22 Barrett et al. 1993 (7) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 2.98 Barrett et al. 1993 (8) [30]
iv, 3 µg/kg (30 min) 2.16 µg/kg/h (81 h) Buprenorphine 1.46 Barrett et al. 1993 (9) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (43 h) Buprenorphine 1.51 Barrett et al. 1993 (10) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (76 h) Buprenorphine 1.33 Barrett et al. 1993 (11) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (118 h) Buprenorphine 1.42 Barrett et al. 1993 (12) [30]

MRD 1.86 (1.33–4.58)
8/12 with MRD ≤ 2

Overall MRD 1.74 (1.21–4.58)
34/45 with MRD ≤ 2

DDI: drug-drug-interaction, iv: intravenous, m.d.: multiple dose, MRD: mean relative deviation
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4.5 Geometric Mean Fold Error (GMFE) of AUClast and Cmax Predictions

Table S6: Predicted and observed AUClast and Cmax values of buprenorphine and norbuprenorphine plasma concentrations
AUClast Cmax

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

Buprenorphine iv adults
iv, 0.3 mg (2 min) Buprenorphine 3.34 4.56 0.73 - - - Bai et al. 2016 [58]
iv, 0.3 mg (1 min) Buprenorphine 1.65 2.59 0.64 - - - Bartlett et al. 1980 [59]
iv, 0.3 mg (1 min) Buprenorphine 2.75 3.69 0.75 - - - Bullingham et al. 1980 (1) [60]
iv, 0.3 mg (1 min), m.d. Buprenorphine 3.49 2.99 1.17 - - - Bullingham et al. 1980 (2) [60]
iv, 0.3 mg (1 min) Buprenorphine 2.14 2.80 0.76 - - - Bullingham et al. 1982 (1) [61]
iv, 0.3 mg (1 min) Buprenorphine 1.05 1.20 0.87 - - - Bullingham et al. 1982 (2) [61]
iv, 0.3 mg (1 min) Buprenorphine 1.09 1.56 0.70 - - - Bullingham et al. 1982 (3) [61]
iv, 1 mg (bolus) Buprenorphine 8.42 11.09 0.76 - - - Hagelberg et al. 2016 [53]
iv, 1 mg (bolus, DDI with rifampicin) Buprenorphine 7.46 9.41 0.79 - - - Hagelberg et al. 2016 (DDI) [53]
iv, 1 mg (30 min) Buprenorphine 9.31 10.04 0.93 - - - Mendelson et al. 1997 [62]
iv, 1.2 mg (1 min) Buprenorphine 18.04 17.20 1.05 - - - Kuhlman et al. 1996 [63]
iv, 1.2 mg (1 min) Norbuprenorphine 5.98 8.07 0.74 0.49 0.53 0.92 Kuhlman et al. 1996 [63]
iv, 2 mg (1 min) Buprenorphine 22.97 29.19 0.79 - - - Huestis et al. 2013 (1) [64]
iv, 2 mg (1 min) Norbuprenorphine 7.67 8.99 0.85 0.73 0.53 1.37 Huestis et al. 2013 (1) [64]
iv, 4 mg (10 min) Buprenorphine 51.44 51.64 1.00 - - - Harris et al. 2000 [64]
iv, 4 mg (1 min) Buprenorphine 47.68 60.38 0.79 - - - Huestis et al. 2013 (2) [64]
iv, 4 mg (1 min) Norbuprenorphine 15.34 13.12 1.17 1.46 0.94 1.56 Huestis et al. 2013 (2) [64]
iv, 8 mg (1 min) Buprenorphine 95.68 115.63 0.83 - - - Huestis et al. 2013 (3) [64]
iv, 8 mg (1 min) Norbuprenorphine 30.68 26.68 1.15 2.91 1.82 1.61 Huestis et al. 2013 (3) [64]
iv, 12 mg (1 min) Buprenorphine 143.30 179.05 0.80 - - - Huestis et al. 2013 (4) [64]
iv, 12 mg (1 min) Norbuprenorphine 46.05 38.98 1.18 4.37 2.91 1.50 Huestis et al. 2013 (4) [64]
iv, 16 mg (1 min) Buprenorphine 191.08 201.30 0.95 - - - Huestis et al. 2013 (5) [64]
iv, 16 mg (1 min) Norbuprenorphine 61.44 57.87 1.06 5.84 3.53 1.65 Huestis et al. 2013 (5) [64]

GMFE 1.22 (1.00–1.57) 1.45 (1.09–1.65)
23/23 with GMFE ≤ 2 6/6 with GMFE ≤ 2

Buprenorphine iv children
iv, 3 µg/kg (2 min) Buprenorphine 0.92 1.26 0.73 - - - Olkkola et al. 1989 (1) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.79 0.66 1.21 - - - Olkkola et al. 1989 (2) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.79 0.43 1.83 - - - Olkkola et al. 1989 (3) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.55 0.43 1.28 - - - Olkkola et al. 1989 (4) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.55 0.41 1.36 - - - Olkkola et al. 1989 (5) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.56 0.39 1.44 - - - Olkkola et al. 1989 (6) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.55 0.28 1.97 - - - Olkkola et al. 1989 (7) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.55 0.37 1.49 - - - Olkkola et al. 1989 (8) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.34 0.23 1.45 - - - Olkkola et al. 1989 (9) [65]
iv, 3 µg/kg (2 min) Buprenorphine 0.33 0.14 2.31 - - - Olkkola et al. 1989 (10) [65]

GMFE 1.54 (1.21–2.31)
9/10 with GMFE ≤ 2

Buprenorphine iv preterms
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (48 h) Buprenorphine 93.54 67.34 1.39 2.74 3.02 0.91 Barrett et al. 1993 (1) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (24 h) Buprenorphine 26.99 31.77 0.85 2.15 2.80 0.77 Barrett et al. 1993 (2) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (11 h) Buprenorphine 18.81 4.71 3.99 2.99 0.73 4.10 Barrett et al. 1993 (3) [30]

Overall GMFE 1.37 (1.00–3.99) 1.45 (1.02–4.10)
41/45 with GMFE ≤ 2 16/18 with GMFE ≤ 2

-: not calculated, DDI: drug-drug-interaction, GMFE: geometric mean fold error, iv: intravenous, m.d.: multiple dose, obs: observed, pred: predicted
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Table S6: Predicted and observed AUClast and Cmax values of buprenorphine and norbuprenorphine plasma concentrations (continued)
Route Compound Pred [ng⋅h/ml] Obs [ng⋅h/ml] Pred/Obs Pred [ng/ml] Obs [ng/ml] Pred/Obs Reference

iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 120.02 95.53 1.26 2.76 2.29 1.21 Barrett et al. 1993 (4) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 85.51 134.06 0.64 2.88 4.55 0.63 Barrett et al. 1993 (5) [30]
iv, 3 µg/kg (30 min) 1.44 µg/kg/h (23 h) Buprenorphine 66.15 28.34 2.33 4.64 3.20 1.45 Barrett et al. 1993 (6) [30]
iv, 3 µg/kg (30 min) 1.44 µg/kg/h (77 h) Buprenorphine 322.93 220.52 1.46 5.34 4.46 1.20 Barrett et al. 1993 (7) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (42 h) Buprenorphine 99.31 230.04 0.43 2.05 4.17 0.49 Barrett et al. 1993 (8) [30]
iv, 3 µg/kg (30 min) 2.16 µg/kg/h (81 h) Buprenorphine 797.92 583.00 1.37 10.17 10.42 0.98 Barrett et al. 1993 (9) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (43 h) Buprenorphine 132.68 99.25 1.34 2.74 2.50 1.10 Barrett et al. 1993 (10) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (76 h) Buprenorphine 238.11 209.79 1.14 3.05 3.33 0.92 Barrett et al. 1993 (11) [30]
iv, 3 µg/kg (30 min) 0.72 µg/kg/h (118 h) Buprenorphine 485.01 528.79 0.92 4.47 7.59 0.59 Barrett et al. 1993 (12) [30]

GMFE 1.57 (1.09–3.99) 1.44 (1.02–4.10)
9/12 with GMFE ≤ 2 10/12 with GMFE ≤ 2

Overall GMFE 1.37 (1.00–3.99) 1.45 (1.02–4.10)
41/45 with GMFE ≤ 2 16/18 with GMFE ≤ 2

-: not calculated, DDI: drug-drug-interaction, GMFE: geometric mean fold error, iv: intravenous, m.d.: multiple dose, obs: observed, pred: predicted
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4.6 Buprenorphine and Norbuprenorphine PBPK Model Sensitivity Analysis
A sensitivity analysis of the buprenorphine and norbuprenorphine PBPK models (adults and pedi-
atrics) to single parameter changes (local sensitivity analysis) was performed. Sensitivities of the
PBPK models were calculated as the relative changes of the predicted AUCs extrapolated to infinity
(AUCinf) of buprenorphine and norbuprenorphine, respectively, to the relative variation of model
input parameters in a steady-state scenario (1.4 mg (adults), 0.7 mg (children), 0.009 mg (preterm
neonates), 168 hours long-term infusion, mimicking steady-state plasma concentrations of about 0.13
ng/ml, which were achieved with an administration of marketed transdermal buprenorphine patches
[56]). Parameters, optimized as well as parameters fixed to literature values, were included into the
analysis if they had significant impact in former models (e.g. glomerular filtration rate fraction, max-
imum reaction velocity, inhibition constants), if they might have a strong influence due to calculation
methods used in the model (e.g. lipophilicity) and/or if they have been optimized. The analyses
were performed using a relative perturbation of parameters of 10%. Model sensitivity to a model
parameter was calculated as follows:

S = ∆AUCinf

∆p
⋅ p

AUCinf
(S18)

where S is the sensitivity of the AUCinf to the examined model parameter, ∆AUCinf is the change
of the AUCinf , AUCinf is the simulated AUCinf with the original parameter value, p is the original
model parameter value and ∆p is the variation of the model parameter value. A sensitivity value of
+1.0 signifies that a 10% increase of the examined parameter causes a 10% increase of the simulated
AUCinf.
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Figure S9: Sensitivity analysis of the adult PBPK model for buprenorphine and norbuprenorphine. Sensitivity of the
model to single parameters, calculated as change of the simulated buprenorphine (blue) and norbuprenorphine
(green) AUCinf following a 168 hours long-term infusion, mimicking steady-state plasma concentrations of about
0.13 ng/ml, which were achieved with an administration of marketed transdermal buprenorphine patches in adults
[56]. bup: buprenorphine, GFR: glomerular filtration rate, kcat: transport rate constant (turnover number), Ki:
concentration for half-maximal inhibition, Km: Michaelis-Menten constant, norbup: norbuprenorphine, P-gp:
P-glycoprotein, undef: undefined metabolite, vmax: maximum reaction velocity
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Figure S10: Sensitivity analysis of the PBPK model in children for buprenorphine. Sensitivity of the model to single
parameters, calculated as change of the simulated buprenorphine (blue) AUCinf following a 168 hours long-
term infusion, mimicking steady-state plasma concentrations of about 0.13 ng/ml, which were achieved with
an administration of marketed transdermal buprenorphine patches in adults [56]. bup: buprenorphine, GFR:
glomerular filtration rate, Ki: concentration for half-maximal inhibition, Km: Michaelis-Menten constant, nor-
bup: norbuprenorphine, undef: undefined metabolite, vmax: maximum reaction velocity
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Figure S11: Sensitivity analysis of the PBPK model in pediatrics for buprenorphine. Sensitivity of the model to single
parameters, calculated as change of the simulated buprenorphine AUCinf following a 168 hours long-term infusion,
mimicking steady-state plasma concentrations of about 0.13 ng/ml, which were achieved with an administration
of marketed transdermal buprenorphine patches in adults [56]. bup: buprenorphine, GFR: glomerular filtration
rate, Ki: concentration for half-maximal inhibition, Km: Michaelis-Menten constant, norbup: norbuprenorphine,
undef: undefined metabolite, vmax: maximum reaction velocity
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