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1 PBPK Model Building
1.1 PBPK Model Building – General
For a priori physiologically-based pharmacokinetic (PBPK) predictions in pediatrics, a common
workflow is to first model and evaluate the PBPK model with published pharmacokinetics (PK)
data in adults. Subsequently, the model is extrapolated to pediatric populations [1–5]. While the
general model building process is depicted in the methods section of the main manuscript, this section
provides additional model information.

The fentanyl PBPK model includes the metabolic pathway of fentanyl to the inactive metabolite
norfentanyl via Cytochrome P450 (CYP) 3A4 and CYP3A7 [6], an unspecific hepatic clearance meta-
bolizing fentanyl to other non-specified metabolites, distribution and excretion via P-glycoprotein
(P-gp), as well as renal excretion through glomerular filtration [7–9]. The involvement of CYP3A7
in the metabolic elimination of fentanyl is still unclear [6, 10]. As CYP3A4 and CYP3A7 share a
similar substrate spectrum [5, 11] and since CYP3A7 is the major fetal form of CYP3A [11], this CYP
enzyme might be important for PK predictions of fentanyl in pediatric populations. Hence, CYP3A7
was incorporated in the model. Unfortunately, Km and Vmax values for the metabolism of fentanyl
via CYP3A7 have not been published in the literature. Yet, a study by Williams and colleagues
provided information on the relative metabolic capabilities of CYP3A4 and CYP3A7 to metabolize
various molecules (n=15) and compared respective Km [µmol/L] and Vmax [nmol/min/nmol P450]
values [11]. The dataset was further expanded with the Km and Vmax values from three more
molecules [12]. On average, Km values for CYP3A7 were 5.1 times higher in comparison to the
corresponding Km values of CYP3A4 for the investigated substances, while Vmax values appeared to
be 75% lower. Subsequently, these factors were utilized and multiplied with the Km and kcat values
for the metabolism of fentanyl through CYP3A4 (117 µmol/L and 20.6 1/min) in order to obtain the
model input parameters for CYP3A7. This resulted in a Km value of 596 µmol/L and a kcat value
of 5.22 1/min.

In addition, various in vitro and animal studies as well as a DDI study with quinidine suggest that
fentanyl is a substrate of P-gp [13–16]. As a consequence, fentanyl was implemented to be a substrate
of the transport protein P-gp in the developed PBPK model. In contrast, there were no information,
which state that norfentanyl is a substrate of P-gp. As a result, norfentanyl was not implemented as
a substrate of the transport protein P-gp. Since norfentanyl is predominantly eliminated via urine,
a renal clearance was implemented [8]. Parameter optimization yielded a glomerular filtration rate
fraction of 4.3 indicating tubular secretion in the PBPK model.
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Table S1: Tissue-plasma partition coefficients of the final fentanyl PBPK model.
Fentanyla Norfentanylb

Organ Adults Neonates Infants Children Adults

Bone 1.43 1.46 1.39 1.27 2.11
Brain 1.55 1.97 1.90 1.73 28.53
Fat 2.15 1.82 2.05 2.09 1.37
Gonads 4.07 3.51 3.31 3.04 11.77
Heart 3.68 3.13 2.95 2.72 21.02
Kidney 7.77 6.26 5.88 5.43 16.76
Large Intestine 4.40 4.09 3.87 3.55 8.15
Liver Pericentral 7.13 5.83 5.47 5.05 19.23
Liver Periportal 7.13 5.83 5.47 5.05 19.23
Lung 6.19 5.11 4.81 4.43 9.27
Muscle 4.21 3.77 3.58 3.28 2.81
Pancreas 3.38 3.34 3.18 2.91 4.31
Saliva 0.21 0.33 0.32 0.29 0.82
Skin 3.10 3.33 3.19 2.90 6.70
Small Intestine 4.40 4.09 3.87 3.55 8.15
Spleen 4.94 4.01 3.76 3.47 6.86
Stomach 4.40 4.09 3.87 3.55 8.15

Partition coefficients between intracellular space and plasma.
Mean ages of the adult, child, infant, and neonate population were 32 years,
2.7 years, 6.5 months, and 0.4 days, respectively, adapted from [8, 17, 18]
a Estimated via Rodgers and Rowland [19–21]
b Estimated via Schmitt [22]

1.2 Clearance in Neonates with Increased Intraabdominal Pressure
In the gathered pediatric clinical trial data, several of the neonates showed a significantly reduced
fentanyl clearance [18, 23, 24]. It was hypothesized that this might partly be due to an increased intra-
abdominal pressure resulting in a decreased hepatic clearance [18, 23, 24]. The plasma concentration-
time profiles of four of these patients were depicted in the study by Gauntlett et al. and Koehntop et
al., respectively [23, 24]. The profiles were digitized and used as an internal training dataset. In order
to account for the reduced elimination, a factor was estimated for each patient and multiplied with
the catalytic rate constant values for CYP3A4 and CYP3A7 as well as with the unspecific hepatic
clearance. The resulting factors are shown in Table S2. The arithmetic mean of these factors was
then used to adapt the clearance of the remaining 6 patients with proposed increased intraabdominal
pressure. If no information on intraabdominal pressure was available in a study, the clearance was
adapted for all patients with abdominal surgery [23].

Table S2: Estimated factors for clearance adjustment in pediatric patients who had abdominal surgery.
Study ID Estimated Factor Study Reference

Gauntlett et al. (1) 0.168 [23]
Gauntlett et al. (2) 0.148 [23]
Koentrop et al. (1) 0.089 [24]
Koentrop et al. (2) 0.259 [24]

Arithmetic mean 0.166
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1.3 System-dependent Parameters and Virtual Populations
The demographic characteristics of the study populations (see Tables 1–2 in the main manuscript)
were used to create virtual individuals with the respective system-dependent physiological parame-
ters such as blood flow rates and organ compositions in PK-Sim®. The applied algorithms for the
generation of these virtual individuals have been previously reported [25]. If no information on the
patient demographics were available, a 30-year-old male was assumed with body weight, height and
BMI values according to the PK-Sim® database.

As Stader and colleagues pointed out, for most anatomical, physiological, and biological parameters,
a sample size of at least 100 individuals is recommended [26]. For system parameters with high vari-
ability, such as enzyme and transporter abundance, a virtual population containing 500 individuals
might be more appropriate [26]. Simulations with n=100 and n=500 for various dosing regimens
(i.e. including iv bolus, short infusions and long-term infusions) were tested resulting in negligibly
small differences in simulated plasma concentration-time profiles. Thus, predictions with virtual
populations were simulated with 100 individuals.

Virtual individuals were generated for virtual populations according to the respective population
demographics (see Tables 1–2 in the main manuscript) for each study separately. Demographics of
virtual individuals (i.e. 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 Commission on Radiological Protection) and NHANES (National Health
and Nutrition Examination Survey) databases, respectively [27, 28]. If no age range was reported
in the clinical trial with adult patients, virtual populations were created with individuals 20 to 50
years of age and without specific weight or height restrictions as implemented in PK-Sim®. Tissue
expression distributions of enzymes and proteins were used according to the PK-Sim® expression
database [29–31].

Furthermore, expression variability of the implemented enzymes (i.e. CYP3A4 and CYP3A7) and
of the transport protein P-gp was implemented. System-dependent parameters, such as information
on reference concentrations and the respective variabilities of enzymes and transporters are shown
in Table S3.
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Table S3: System-dependent parameters and expression of relevant enzymes and transporters.
Enzyme /
Transporter

Mean reference
concentration [µmol/L]a

GSD of the reference
concentration in adultsb

Relative expression
in different organsc

Ontogeny
function

Half-life
liver [hours]

Half-life
Intestine [hours]

Enzymes
CYP3A4 4.32 [32] 1.18 (liver)[33]

1.45 (intestine)[33]
RT-PCR [29] [33] 36 23

CYP3A7 7.98 [34] 1.25 [33] RT-PCR [29] [33] 36 23

Transporters
P-gp 1.00d 1.70, 1.84, 1.78, 1.60 [35]e RT-PCR [30]f [36]g 36 23

Processes
Unspecific hepatic clearance of fentanyl - 1.40h -

CYP: cytochrome P450, GSD: Geometric standard deviation, P-gp: P-glycoprotein, RT-PCR: reverse transcription polymerase chain reaction
a [µmol protein/L] in the tissue of the highest expression
b for information on geometric standard deviation in pediatrics, please refer to [33]
c PK-Sim® expression database profile
d reference concentration was set to 1.0 µmol/L and kcat optimized according to [37]
e geometric standard deviations for neonates, infants, children and adults, respectively, according to [36]
f with the relative expression in intestinal mucosa increased by factor 3.57 according to [38]
g since no specific ontogeny function for P-gp is implemented in PK-Sim®, the ontogeny function from Prasad et al. was used [36]
h geometric standard deviation with coefficient of variation (CV) of 35% assumed

5



2 Drug-Drug-Interaction (DDI) Modeling
2.1 DDI Modeling – General
Voriconazole is an inhibitor of two CYP enzymes, CYP3A4 and CYP2C9. While voriconazole in-
hibits CYP2C9 competitively, it acts as both a competitive and mechnism-based inhibitor in case of
CYP3A4 [39]. For the assessment of the DDI with voriconazole a previously developed voriconazole
PBPK model was used [39]. Voriconazole shows dose- and time-dependent nonlinear pharmacoki-
netics which was well captured in the simulations of the used voriconazole PBPK model [39]. The
parameters of the model can be found in the respective publication [39].
The DDI simulations presented in the manuscript are pure predictions. The DDI study was not used
for model input parameter estimation during fentanyl and norfentanyl PBPK model development.
Interaction parameters necessary for DDI simulation were obtained from the published DDI perpe-
trator PBPK model. 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 [7].

2.2 Mathematical Implementation of DDIs
2.2.1 Competitive Inhibition

Competitive inhibition describes the competition of substrate and inhibitor for reversibly binding
to the active site of an enzyme or transporter. The inhibition can be overcome by high substrate
concentrations leading to a concentration-dependency of the inhibition. Hence, the maximum reac-
tion velocity Vmax is not affected during a competitive inhibition, while Km is increased through the
inhibition process yielding Km,app (Equation S1). The reaction velocity (v) for the substrate during
concomitant administration with a competitive inhibitor is described by Equation S2 [33]:

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)

While competitive inhibition is a reversible mechanism, 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 for the enzyme or transporter to return to baseline activity
(time-dependency). During an MBI the protein degradation rate constant (kdeg) is increased yielding
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. In addition, 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 [33]:
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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 =
reaction velocity, Vmax = maximum reaction velocity, [S] = free substrate concentration, Km,app =
Michaelis-Menten constant in the presence of inactivator, kcat = catalytic rate constant.

Hereby, kdeg can be computed from the half-lives (t1/2) of the specific enzyme, which are depicted
in Table S2, with kdeg = ln(2)/t1/2. Moreover, Rsyn is calculated by Rsyn = E0,Enzyme ⋅ kdeg, with
E0,Enzyme being the amount of this enzyme in the tissue of interest before mechanism-based inhibi-
tion.

7



3 PBPK Model Evaluation
The descriptive and predictive performance of the developed adult and pediatric PBPK models is
comprehensively depicted in this section. Semilogarithmic and linear plots of plasma concentration-
time profiles (population predictions) are compared to the profiles observed for both adult and
pediatric PBPK models in Figures S1, S2, S5 and S6. Additionally, plots of population predictions
of fractions of fentanyl excreted unchanged in urine (linear plots) 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) values are depicted in Figures S4 and S8.

The mean relative deviation (MRD) values as well as the predicted and observed AUClast values
including the geometric mean fold errors (GMFE) are listed in Tables S4 and S5. Local sensitivity
analyses were performed with the PBPK model for adult, child, infant, full-term neonate and preterm
neonate subpopulations. Detailed descriptions and the results of the sensitivity analyses are shown
in Section 3.6.
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3.1 Adult PBPK Model Evaluation
In this section, semilogarithmic and linear plots of plasma concentration-time profiles, linear plots
of fractions of fentanyl dose excreted unchanged in urine (Figures S1 and S2), a goodness-of-fit plot
of predicted compared to observed plasma concentrations (Figure S3) and a goodness-of-fit plot
of predicted compared to observed AUClast values (Figure S4) after intravenous administration of
fentanyl in adults are shown.

( a )
iv, 10 µg/kg (bolus)

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 2 4 6 8

●

●

●
●

●
●

●
●

● ● ● ● ● ● ● ● ● ●

● Fentanyl, Bentley et al. 1982 (Adult)

( b )
iv, 10 µg/kg (bolus)

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 2 4 6 8

●

●

●

●

●
●

●
●

● ●
● ●

● ● ● ● ● ● ●

● Fentanyl, Bentley et al. 1982 (Eldery)

( c )
iv, 60 µg/kg (2 min)

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 6 12 18 24

●●● ●

●
●

●
● ●

● Fentanyl, Bovill and Sebel 1980

( d )
iv, 1.5 µg/kg (−)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
−

1
10

0
10

1

0 1 2 3

●

●

●●
●

●
●

●
●

●

● ●

●

● Fentanyl, Christrup et al. 2008

( e )
iv, 100 µg/h (24 h) + 1.4 µg/kg (bolus)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
−

1
10

0
10

1

0 6 12 18 24 30

●
●

●

●
●● ●

● ●
●
●
● ●

●

● Fentanyl, Duthie et al. 1986 (1)

( f )
iv, 100 µg/h (24 h) + 1.5 µg/kg (bolus)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

10
−

1
10

0
10

1

0 6 12 18 24 30

●

●
●

●

●● ● ● ●

●●●

● ●

● Fentanyl, Duthie et al. 1986 (2)

Figure S1: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheters, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (semilogarithmic) after intra-
venous administration of fentanyl 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. References with numbers in parentheses link to a specific observed dataset
ID described in the study table (Table 1 in the main manuscript). Predicted and observed AUClast values are
compared in Table S5. DDI, drug-drug-interaction; iv, intravenous.
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Figure S1: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheters, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (semilogarithmic) after intra-
venous administration of fentanyl 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. References with numbers in parentheses link to a specific observed dataset
ID described in the study table (Table 1 in the main manuscript). Predicted and observed AUClast values are
compared in Table S5. DDI, drug-drug-interaction; iv, intravenous.(continued)
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Figure S1: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheters, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (semilogarithmic) after intra-
venous administration of fentanyl 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. References with numbers in parentheses link to a specific observed dataset
ID described in the study table (Table 1 in the main manuscript). Predicted and observed AUClast values are
compared in Table S5. DDI, drug-drug-interaction; iv, intravenous.(continued)
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Figure S2: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheter, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (linear) as well as fraction of
fentanyl dose excreted unchanged in urine (yellow) after intravenous administration of fentanyl 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. References
with numbers in parentheses link to a specific observed dataset ID described in the study table (Table 1 in the
main manuscript). Predicted and observed AUClast values are compared in Table S5. DDI, drug-drug-interaction;
iv, intravenous.
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Figure S2: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheter, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (linear) as well as fraction of
fentanyl dose excreted unchanged in urine (yellow) after intravenous administration of fentanyl 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. References
with numbers in parentheses link to a specific observed dataset ID described in the study table (Table 1 in the
main manuscript). Predicted and observed AUClast values are compared in Table S5. DDI, drug-drug-interaction;
iv, intravenous.(continued)
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Figure S2: Fentanyl (blue: venous blood, darkblue: venous blood from central venous catheter, red: arterial blood)
and norfentanyl (green: venous blood) plasma concentration-time profiles (linear) as well as fraction of
fentanyl dose excreted unchanged in urine (yellow) after intravenous administration of fentanyl 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. References
with numbers in parentheses link to a specific observed dataset ID described in the study table (Table 1 in the
main manuscript). Predicted and observed AUClast values are compared in Table S5. DDI, drug-drug-interaction;
iv, intravenous.(continued)
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Figure S3: Predicted versus observed plasma concentrations of fentanyl and norfentanyl after intravenous adminis-
tration of fentanyl in adults. Each symbol represents a single plasma concentration (circles: fentanyl, triangles:
norfentanyl). 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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( a ) AUC - Test vs. Training
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( b ) AUC - Arterial vs. Venous Blood
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Figure S4: Predicted versus observed fentanyl and norfentanyl AUC values after intravenous administration of fentanyl
in adults grouped by test and training dataset (a) and by arterial and venous blood samples (b). Each
symbol represents the AUClast 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.
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3.2 Pediatric PBPK Model Evaluation
In this section, semilogarithmic and linear plots of plasma concentration-time profiles (Figures S5
and S6), a goodness-of fit plot of predicted compared to observed plasma concentrations (Figure S7)
and a goodness-of-fit plot of predicted compared to observed AUClast values (Figure S8) after intra-
venous administration of fentanyl in pediatrics are shown.
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Figure S5: Fentanyl (darkblue: venous blood from central venous catheter, red: arterial blood) plasma concentration-
time profiles (semilogarithmic) after intravenous administration of fentanyl in pediatrics. 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. References with numbers in
parentheses link to a specific observed dataset ID described in the study table (Table 2 in the main manuscript).
Predicted and observed AUClast are compared in Table S5. iv, intravenous.
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Figure S5: Fentanyl (darkblue: venous blood from central venous catheter, red: arterial blood) plasma concentration-
time profiles (semilogarithmic) after intravenous administration of fentanyl in pediatrics. 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. References with numbers in
parentheses link to a specific observed dataset ID described in the study table (Table 2 in the main manuscript).
Predicted and observed AUClast are compared in Table S5. iv, intravenous.(continued)
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Figure S6: Fentanyl (darkblue: venous blood from central venous catheter, red: arterial blood) plasma concentration-
time profiles (linear) after intravenous administration of fentanyl in pediatrics. 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. References with numbers in parentheses
link to a specific observed dataset ID described in the study table (Table 2 in the main manuscript). Predicted
and observed AUClast values are compared in Table S5. iv, intravenous.
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Figure S7: Predicted versus observed plasma concentrations of fentanyl for the pediatric PBPK model. Squares
depict values for individual patients with adjusted clearances due to increased intraabdominal pressure, circles
depict values for study populations without adjustment of clearances. Here, each symbol represents a single
concentration. The black solid line marks the line of identity. Black dotted lines indicate 1.25-fold, black dashed
lines indicate 2-fold deviation. abdom, abdominal.
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Figure S8: Predicted versus observed AUC of fentanyl for the pediatric PBPK model. Squares depict values for indi-
vidual patients with adjusted clearances due to increased intraabdominal pressure, circles depict values for study
populations without adjustment of clearances. Here, each symbol represents the AUC of a single concentration-
time profile. The black solid line marks the line of identity. Black dotted lines indicate 1.25-fold, black dashed
lines indicate 2-fold deviation. abdom, abdominal; AUC, area under the plasma concentration-time curve from
the first to the last data point.
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3.3 Quantitative PBPK Model Evaluation
Two quantitative performance measures, the mean relative deviations (MRD) of the predicted plasma
concentrations for all observed and the respective predicted plasma concentrations and the geometric
mean fold errors (GMFE) of the predicted versus observed AUClast values, were calculated according
to Equation S6 and Equation S7, respectively. Cmax values were not calculated as 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 (S6)

Here, ci is the ith observed plasma concentration, ĉi is the respective predicted plasma concentration
and n equals the number of observed values. Calculated MRD values for all studies are given in
Table S4.

GMFE = 10x with x = 1
n

n

∑
i=1

RRRRRRRRRRRR
log10

⎛
⎝

ˆAUCi

AUCi

⎞
⎠

RRRRRRRRRRRR
(S7)

Here, AUCi is the ith observed AUClast value, ˆAUCi is the predicted AUClast value and n equals the
number of studies. The calculated GMFE values are shown in Table S5.

3.4 Mean Relative Deviation (MRD) Values of Fentanyl and Norfentanyl Plasma
Concentration Predictions

Table S4: Mean relative deviation (MRD) values of fentanyl and norforfentanyl plasma concentration predictions.
Study ID Compound Blood Sample Dose [µg/kg]a Dose [µg/h]b Administration MRD Reference

Fentanyl iv adults
Bentley et al. 1982 (Adult) Fentanyl arterial 10.0 iv (bolus) 1.61 [40]
Bentley et al. 1982 (Eldery) Fentanyl arterial 10.0 iv (bolus) 1.94 [40]
Bovill and Sebel 1980 Fentanyl venous 60.0 iv (2 min) 1.41 [41]
Christrup et al. 2008 Fentanyl venous 1.5 iv (-) 2.56 [42]
Duthie et al. 1986 (1) Fentanyl venous 1.4 100.0 iv (24 h + bolus) 1.79 [43]
Duthie et al. 1986 (2) Fentanyl venous 1.5 100.0 iv (24 h + bolus) 2.00 [43]
Duthie et al. 1986 (3) Fentanyl venous 1.4 100.0 iv (24 h + bolus) 1.30 [43]
Duthie et al. 1986 (4) Fentanyl venous 7.2 100.0 iv (26 h + bolus) 2.37 [43]
Gourlay et al. 1989 Fentanyl venousc 1 iv (1 min) 2.71 [44]
Gupta et al. 1995 Fentanyl venousd 50.0 iv (48 h) 1.34 [45]
Holley and van Steennis 1988 (1) Fentanyl arterial 1.3 25.0 iv (loading dose + 24 h) 1.17 [46]
Holley and van Steennis 1988 (2) Fentanyl arterial 2.5 50.0 iv (loading dose + 24 h) 1.07 [46]
Holley and van Steennis 1988 (3) Fentanyl arterial 5.0 100.0 iv (loading dose + 24 h) 1.33 [46]
Holley and van Steennis 1988 (4) Fentanyl arterial 6.5 125.0 iv (loading dose + 24 h) 1.22 [46]
Lim et al. 2012 Fentanyl venous 1.5 iv (5 min) 2.62 [47]
MacLeod et al. 2012 Fentanyl arterial 0.3 iv (5 sec) 1.49 [48]
McClain and Hug 1980 Fentanyl arterial 6.4 iv (1.5 min) 1.77 [9]
Saari et al. 2008 Fentanyl venous 5.0 iv (2 min) 1.49 [7]
Saari et al. 2008 Norfentanyl venous 5.0 iv (2 min) 1.87 [7]
Saari et al. 2008 (DDI) Fentanyl venous 5.0 iv (2 min) 1.51 [7]
Saari et al. 2008 (DDI) Norfentanyl venous 5.0 iv (2 min) 2.40 [7]
Singleton et al. 1987 (1) Fentanyl arterial 20.7 iv (2 min) 1.65 [17]
Stoeckel et al. 1982 Fentanyl venous 7.6 iv (bolus) 2.00 [49]
Streisand et al. 1991 Fentanyl arterial 15.0 iv (8 min) 1.87 [50]
Varvel et al. 1989 Fentanyl arterial 11.4 iv (5 min) 1.51 [51]
Varvel et al. 1989 Fentanyl venous 11.4 iv (5 min) 1.29 [51]

a dose of bolus injection or short-infusion
b dose of long-term infusion
c venous blood samples from a central venous catheter
d sample information was not specified, venous blood samples were assumed
DDI: drug-drug-interaction, iv: intravenous, MRD: mean relative deviation
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Table S4: Mean relative deviation (MRD) values of fentanyl and norforfentanyl plasma concentration predictions. (continued)
Study ID Compound Blood Sample Dose [µg/kg]a Dose [µg/h]b Administration MRD Reference

Ziesenitz et al. 2015 Fentanyl venous 5.0 iv (10 min) 1.72 [8]
Ziesenitz et al. 2015 Norfentanyl venous 5.0 iv (10 min) 1.12 [8]

MRD 1.77 (1.07–2.71)
22/28 with MRD ≤ 2

Fentanyl iv children
Collins et al. 1985 Fentanyl arterial 30.0 iv (1 min) 3.16 [52]
Gauntlett et al. 1988 (1) Fentanyl arterial 52.5 iv (2 min) 2.43 [23]
Gauntlett et al. 1988 (2) Fentanyl arterial 56.5 iv (2 min) 2.25 [23]
Koehntop et al. 1986 (1) Fentanyl arterial 25.0 iv (1–3 min) 2.62 [24]
Koehntop et al. 1986 (2) Fentanyl arterial 50.0 iv (1–3 min) 1.71 [24]
Saarenmaa et al. 2000 Fentanyl arterial 10.5 1.5 iv (1 h + 58 h) 1.79 [18]
Singleton et al. 1987 (2) Fentanyl arterial 31.2 iv (2 min) 1.53 [17]
Singleton et al. 1987 (3) Fentanyl venous 30.8 iv (2 min) 1.64 [17]

MRD 2.04 (1.53–3.16)
4/8 with MRD ≤ 2

a dose of bolus injection or short-infusion
b dose of long-term infusion
c venous blood samples from a central venous catheter
d sample information was not specified, venous blood samples were assumed
DDI: drug-drug-interaction, iv: intravenous, MRD: mean relative deviation
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3.5 Geometric Mean Fold Error (GMFE) of AUClast Predictions

Table S5: Predicted and observed AUClast values of fentanyl and norfentanyl plasma concentrations.
AUClast

Study ID Compound Blood Sample Dose [µg/kg]a Dose [µg/h]b Administration Pred [ng⋅h/ml] Obs [ng⋅h/ml] Pred/Obs Reference

Fentanyl iv adults
Bentley et al. 1982 (Adult) Fentanyl arterial 10.0 iv (bolus) 7.08 8.58 0.83 [40]
Bentley et al. 1982 (Eldery) Fentanyl arterial 10.0 iv (bolus) 8.55 14.47 0.59 [40]
Bovill and Sebel 1980 Fentanyl venous 60.0 iv (2 min) 40.76 34.67 1.18 [41]
Christrup et al. 2008 Fentanyl venous 1.5 iv (-) 0.93 0.81 1.15 [42]
Duthie et al. 1986 (1) Fentanyl venous 1.4 100.0 iv (24 h + bolus) 45.21 42.71 1.06 [43]
Duthie et al. 1986 (2) Fentanyl venous 1.5 100.0 iv (24 h + bolus) 47.42 50.60 0.94 [43]
Duthie et al. 1986 (3) Fentanyl venous 1.4 100.0 iv (24 h + bolus) 44.10 41.61 1.06 [43]
Duthie et al. 1986 (4) Fentanyl venous 7.2 100.0 iv (26 h + bolus) 55.72 69.00 0.81 [43]
Gourlay et al. 1989 Fentanyl venousc 1 iv (1 min) 0.36 0.16 2.30 [44]
Gupta et al. 1995 Fentanyl venousd 50.0 iv (48 h) 51.12 64.32 0.79 [45]
Holley and van Steennis 1988 (1) Fentanyl arterial 1.3 25.0 iv (loading dose + 24 h) 10.18 11.48 0.89 [46]
Holley and van Steennis 1988 (2) Fentanyl arterial 2.5 50.0 iv (loading dose + 24 h) 19.31 19.87 0.97 [46]
Holley and van Steennis 1988 (3) Fentanyl arterial 5.0 100.0 iv (loading dose + 24 h) 40.55 31.57 1.28 [46]
Holley and van Steennis 1988 (4) Fentanyl arterial 6.5 125.0 iv (loading dose + 24 h) 50.81 42.43 1.20 [46]
Lim et al. 2012 Fentanyl venous 1.5 iv (5 min) 2.19 1.67 1.31 [47]
MacLeod et al. 2012 Fentanyl arterial 0.3 iv (5 sec) 0.36 0.31 1.14 [48]
McClain and Hug 1980 Fentanyl arterial 6.4 iv (1.5 min) 6.27 6.58 0.95 [9]
Saari et al. 2008 Fentanyl venous 5.0 iv (2 min) 3.86 4.71 0.82 [7]
Saari et al. 2008 Norfentanyl venous 5.0 iv (2 min) 2.13 1.31 1.62 [7]
Saari et al. 2008 (DDI) Fentanyl venous 5.0 iv (2 min) 4.71 6.25 0.75 [7]
Saari et al. 2008 (DDI) Norfentanyl venous 5.0 iv (2 min) 0.05 0.11 0.44 [7]
Singleton et al. 1987 (1) Fentanyl arterial 20.7 iv (2 min) 18.70 18.66 1.00 [17]
Stoeckel et al. 1982 Fentanyl venous 7.6 iv (bolus) 4.89 8.06 0.61 [49]
Streisand et al. 1991 Fentanyl arterial 15.0 iv (8 min) 13.99 25.51 0.55 [50]
Varvel et al. 1989 Fentanyl arterial 11.4 iv (5 min) 5.99 8.49 0.71 [51]
Varvel et al. 1989 Fentanyl venous 11.4 iv (5 min) 3.05 2.78 1.10 [51]
Ziesenitz et al. 2015 Fentanyl venous 5.0 iv (10 min) 6.41 4.22 1.52 [8]
Ziesenitz et al. 2015 Norfentanyl venous 5.0 iv (10 min) 2.54 2.57 0.99 [8]

GMFE 1.30 (1.00–2.30)
26/28 with GMFE ≤ 2

Fentanyl iv children
Collins et al. 1985 Fentanyl arterial 30.0 iv (1 min) 5.09 15.14 0.34 [52]
Gauntlett et al. 1988 (1) Fentanyl arterial 52.5 iv (2 min) 81.92 63.85 1.28 [23]
Gauntlett et al. 1988 (2) Fentanyl arterial 56.5 iv (2 min) 90.19 72.67 1.24 [23]
Koehntop et al. 1986 (1) Fentanyl arterial 25.0 iv (1–3 min) 57.43 51.80 1.11 [24]
Koehntop et al. 1986 (2) Fentanyl arterial 50.0 iv (1–3 min) 68.19 61.67 1.11 [24]
Saarenmaa et al. 2000 Fentanyl arterial 10.5 1.5 iv (1 h + 58 h) 92.50 133.53 0.69 [18]
Singleton et al. 1987 (2) Fentanyl arterial 31.2 iv (2 min) 20.65 15.93 1.30 [17]
Singleton et al. 1987 (3) Fentanyl venousa 30.8 iv (2 min) 20.18 24.51 0.82 [17]

GMFE 1.38 (1.11–2.98)
7/8 with GMFE ≤ 2

a dose of bolus injection or short-infusion
b dose of long-term infusion
c venous blood samples from a central venous catheter
d sample information was not specified, venous blood samples were assumed
DDI: drug-drug-interaction, GMFE: geometric mean fold error, iv: intravenous, Obs: observed, Pred: predicted
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3.6 Fentanyl and Norfentanyl PBPK Model Sensitivity Analysis
A sensitivity analysis of the developed PBPK models (adults and pediatrics) to single parameter
changes was performed (local sensitivity analysis). It needs to be noted, that sensitivity to parame-
ters regarding the metabolite norfentanyl was not investigated for the pediatric models as norfentanyl
plasma concentration measurements were only available in clinical studies with adults. In case of
full-term neonates, sensitivity was examined for model parameters (1) with metabolic clearance adap-
tion due to increased intraabdominal pressure (see Section 1.2) and (2) without metabolic clearance
adaption. Sensitivities of the PBPK models were calculated as the relative changes of the predicted
area under the plasma concentration-time curve extrapolated to infinity (AUCinf) of fentanyl and
norfentanyl, respectively, to the relative variation of model input parameters in a short infusion sce-
nario (20.7 µg/kg fentanyl administered over two minutes [17]). 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), if they could have a decisive 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
parameter was calculated as follows:

S = ∆AUCinf

∆p
⋅ p

AUCinf
(S8)

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 change 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 analyses of the fentanyl PBPK model in different populations. Sensitivity of the model to single
parameters, calculated as change of the simulated AUCinf of fentanyl and norfentanyl, respectively, following
a short infusion scenario (20.7 µg/kg of fentanyl administered over two minutes [17]). AUCinf: area under
the plasma concentration-time curve extrapolated to infinity, CYP: Cytochrome P450, fen: fentanyl, GFR:
glomerular filtration rate, kcat: catalytic rate constant, Km: Michaelis-Menten constant, norfen: norfentanyl,
P-gp: P-glycoprotein, undef: undefined metabolite, unspec. hep. CL: unspecific hepatic clearance.
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