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1 PBPK/PD model development
In this study, a physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) parent-
metabolite model of nicotine and cotinine was developed. 90 reported observed plasma concentration-
time profiles after intravenous (iv), oral, transdermal and pulmonary administration, a brain tissue
concentration-time profile and 11 heart rate profiles were digitized from 34 clinical studies and split
into an internal training and an external test dataset.

The training dataset was selected in a way to inform all the physiological processes implemented in
the model. Hence, for cotinine PBPK model building three plasma profiles of cotinine administered
intravenously were used which covered a broad dosing range and included information on urinary
excretion of cotinine. For the nicotine PBPK model building plasma profiles of nonsmokers and
smokers after intravenous administration were included in the training dataset with a broad dosing
range including studies with cotinine metabolite data, information on fraction of nicotine excreted
unchanged to urine and fraction of nicotine metabolized to cotinine. Moreover, a study with plasma
concentrations of cytochrome P450 (CYP) 2A6 poor metabolizer (PM) and a study with brain tissue
concentrations after nicotine intake were included in the training dataset in order to inform model
input parameters for CYP2B6 and brain transporters.
For the PD heart rate model, three studies with intravenous administration were used for model
training which covered the largest timeframe of heart rate measurements and the highest nicotine
plasma concentrations.

A tabular overview of all clinical studies and the division into test and training datasets are shown
in Tables S2.6.1 to S2.6.3.

2 PBPK/PD model building
2.1 General PBPK model building
Drug-specific model input parameters for nicotine and cotinine were obtained from published in vitro
and human phramacokinetic (PK) data (see Table S2.7.1). Cotinine and nicotine model input pa-
rameters which could not be adequately informed from literature were estimated using the parameter
identification function in PK-Sim®.

Parameter estimation was performed by

1. fitting the cotinine model to

• cotinine observed intraveneous data

• published fractions of cotinine dose excreted unchanged to urine

2. fitting the nicotine model to

• nicotine and cotinine observed intraveneous data

• nicotine and cotinine observed oral data

• nicotine brain tissue concentrations after pulmonary nicotine intake

• published fractions of nicotine dose excreted unchanged to urine

• published fraction of nicotine dose metabolized to cotinine [1]

of the training dataset with the Monte Carlo algorithm.
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For the simulation of different studies, the reported mean values for age, weight, height and ethnic
and genetic background of each study protocol were used to create representative virtual individu-
als. If no information on these demographics was available, a standard 30-year-old male European
was assumed with weight and height values according to the PK-Sim® database. Distribution and
elimination processes including CYP enzymes and transporters were implemented according to lit-
erature [1–3]. The nicotine model incorporates (1) metabolism of nicotine to its major metabolite
cotinine via two CYP enzymes, (2) unspecific metabolic hepatic clearance (responsible for the re-
maining hepatic metabolism of nicotine including metabolism via UGT2B10 (uridine 5’-diphospho-
glucuronosyltransferase 2B10) and FMO3 (flavin-containing monooxygenase 3)) and (3) influx and
efflux transport of nicotine over the blood-brain-barrier (BBB). For cotinine, an unspecific metabolic
hepatic clearance was implemented in the model. Additionally, renal excretion through glomerular
filtration was implemented as an elimination pathway for both compounds, as they are subject to
glomerular filtration under physiological conditions [2, 4].

To model the metabolic clearance of nicotine to cotinine, which accounts for about three quarters of
nicotine elimination, nicotine metabolism via CYP2A6 and CYP2B6 was implemented in accordance
with literature [1, 2]. Nicotine is primarily metabolized via CYP2A6. However, in CYP2A6-PM
that lack CYP2A6 metabolism, and thus cotinine production diminishes, CYP2B6 is responsible for
a modest nicotine conversion to cotinine [2]. A PM plasma-concentration time profile was included
in the training dataset to estimate CYP2B6 metabolism in the model [5]. Relative CYP enzyme
expression in different organs of the body was implemented using PK-Sim® expression database
reverse transcription-polymerase chain reaction profile (CYP2A6) [6] and protein tissue data from
the ProteomicsDB database (CYP2B6) [7].

The Michaelis-Menten constant (Km) value for CYP2A6 was fitted with bounds obtained from litera-
ture [8–11]. According to published data, nicotine clearance in smokers is about 15% lower compared
to nonsmokers [12]. To account for this difference, the catalytic rate constant (kcat) of CYP2A6 was
estimated seperately for the smoker subpopulation leading to a lower kcat in comparison to the non-
smoker subpopulation. Since PM show no CYP2A6 activity, kcat for PM was set to 0 [5]. Moreover,
since nicotine is metabolized not solely to cotinine, an unspecific first-order hepatic clearance was
implemented and was fitted during parameter optimization.

As published literature suggests, influx and efflux of nicotine over the BBB play an important role
for nicotine brain tissue concentration kinetics [3]. Hence, an influx and an efflux transporter with
nicotine specific transport and Michaelis-Menten kinetics were added to the BBB in PK-Sim®. The
kcat value for the BBB nicotine influx transporter and Km and kcat values for the BBB efflux trans-
porter were fitted to nicotine brain tissue concentrations from literature [13], the Km value for the
BBB influx transporter was obtained from literature [3]. Subsequently, this implementation yielded
to a reasonable description of experimental nicotine brain tissue concentrations (see Figures S3.5.1r
and S3.5.2r). A summary of all drug-dependent PBPK model parameters is shown in Table S2.7.1.

2.2 Nicotine gum PBPK model building
To model and simulate nicotine gum consumption, nicotine was administered via the oral route
in PK-Sim®. The corresponding nicotine release from the gum was implemented according to an
empirical release function (PK-Sim® table release) based on published in vitro release profile data
of Nicorette® chewing gum [14]. Although bucal absorption was neglected, predictions of plasma
concentration-time profiles showed very promising results (see Figures S3.3.1j to S3.3.1t and Fig-
ures S3.3.2j to S3.3.2t).
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2.3 Transdermal patch PBPK model building
The modeling and simulation of the administration of nicotine via transdermal therapeutic systems
(TTS) was implemented via a two-compartment skin model. Here, the skin is divided into the
lipophilic stratum corneum (SC) and hydrophilic deeper skin layers (DSL) which are composed of
the viable Epidermis and Dermis. As shown before, a two-compartment skin model is typically a
sufficiently accurate description for the transport of various compounds if the storage capacity and/or
the permeability of the SC and DSL compartments should be taken into account [15–17].

TTS SC DSL

PBPK Model

Plasma
(venous blood)

k1

k−1

k2

k−2

k3

k−3

Figure S2.3.1: Schematic depiction of the nicotine transdermal absorption model.

Since detailed information about TTS composition is typically scarce it was assumed that the trans-
dermal patch could be described as a homogenous matrix system. A schematic representation of the
transdermal absorption model is depicted in Figure S2.3.1. Diffusion is considered the main driving
force of substance transport through the skin. Thus, the mass flux between the compartments was
modeled via first-order kinetics (Equations S1 to S3). The transdermal model was implemented in
MoBi® and subsequently connected to the PBPK model.

dmTTS

dt
= k−1 ⋅mSC − k1 ⋅mTTS (S1)

dmSC

dt
= k1 ⋅mTTS − k−1 ⋅mSC + k−2 ⋅mDSL − k2 ⋅mSC (S2)

dmDSL

dt
= k2 ⋅mSC − k−2 ⋅mDSL + k−3 ⋅mPlasma − k3 ⋅mDSL (S3)

Simulations for plasma concentration-time profiles after TTS application of nicotine are shown in
Figure S3.4.1 and Figure S3.4.2. Estimated transfer parameters are summarized in Table S2.8.3.

2.4 Pulmonary PBPK model building
Inhalation of combustible cigarettes and electronical cigarettes (e-cigarettes) was modeled as zero-
order pulmonary administration kinetics since overall specific activity in mainstream smoke was
shown to be constant from puff to puff in a radioisotopically labelled tobacco constituents study [18].
The rate of nicotine delivery equals the nicotine dose administered divided by the number of puffs
and the puff duration. If the number of puffs and the puff duration were not provided, the delivery
rate was set equal to the nicotine dose administered divided by the smoking period. The intracellular
subcompartment of the lung was selected as target compartment in PK-Sim®.

Studies on inhalation of combustible cigarettes typically state nicotine doses derived from machine
smoked yields of the investigated brand or type of cigarette. However, machine smoked yields of
combustible cigarettes are typically not equivalent to human nicotine uptake for the products under
investigation since they do not adequately represent human smoking behavior leading to a false
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representation of the actual amount of nicotine reaching systemic circulation [19]. To overcome this
issue two sets of simulations were performed:

• The application of combustible cigarettes was simulated with the stated cigarette nicotine yield
provided by the study protocol (Figure S3.6.1 and Figure S3.6.2).

• The actual pulmonary nicotine exposure with combustible cigarettes was estimated (Table S2.8.2)
while fixing all other model parameters (Figure S3.5.1 and Figure S3.5.2). This was executed
for all studies with combustible cigarettes where venous blood plasma concentrations were
reported.

The mean deviation of estimated pulmonary nicotine exposure to machine smoked nicotine yields was
31% (see Table S2.8.2). For simulation of plasma concentration-time profiles for e-cigarettes, nicotine
doses as stated in the respective study were used. For combustible cigarettes and e-cigarettes, 100%
of the administered dose was assumed to reach the lung compartment since bioavailability of nicotine
after smoking is reported to be very high [2].

2.5 PBPK/PD model building
A PD model was added to the PBPK model to be able to describe the positive chronotropic effect of
nicotine [20, 21] based on its PK. Direct-effect Emax models implemented as relative (proportional to
heart rate baseline) and absolute effect with and without tolerance development were used to describe
the effect. The model, which best described heart rate including drug effect, was the direct-effect
Emax model with absolute effect including a tolerance development based on a recently published
heart rate tolerance model [22]. This model had been developed to characterize the decrease in heart
rate by the selective S1P1 receptor modulator ponesimod.

Here, placebo data had been utilized to characterize heart rate changes during the course of the day
due to circadian rhythm in the absence of a drug before the direct-effect Imax model with tolerance
development was added. However, in contrast to the drug ponesimod, nicotine does not decrease but
increases heart rate via activation of nicotine receptors. Therefore, the Imax effect was changed to an
Emax effect and the PD model for heart rate (HR) was defined as

circ = amp ⋅ cos(2π
24
⋅ (t − shift)) (S4)

E = Emax ⋅ ch
ECh50 + ch

(S5)

tol = 1 +
Aγtol
tolγ50

(S6)

dAtol
dt

= tolin ⋅ c − tolout ⋅Atol (S7)

αtotal =
E

tol
(S8)

HR =HRbaseline(1 + circ) + αtotal (S9)

where circ is a circadian function with a 24-h period, t is the time, amp denotes the daily heart rate
variation as percentage of the estimated baseline heart rate (HRbaseline) and shift represents the
time from dosing until time of the maximum daily heart rate. tolin and tolout are first-order rate
constants describing appearance and disappearance of tolerance in a tolerance compartment (Atol), c
is the concentration of nicotine in the peripheral venous blood plasma, Emax the maximum positive
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chronotropic effect of nicotine without tolerance, h the hill coefficient and EC50 the concentration
required to achieve half of the maximum drug effect. tol50 and γ represent scaling parameters describ-
ing the relationship between the tolerance compartment and the overall tolerance (tol) influencing
the drug effect and leading to a total effect αtotal.

The tolerance compartment was implemented to describe the extent of acute tolerance development of
the system and its subsequent reduction of the drug effect on heart rate following the administration
of nicotine. The appearance of tolerance was set to depend on the concentration of nicotine which has
been shown in the literature [23]. To obtain values for the PD model input parameters, optimization
was performed by fitting the PD model to heart rate data of the training dataset using the parameter
identification function with the Monte Carlo algorithm in MoBi® while fixing the parameters of the
PK model. The circadian amplitude (amp) was provided by the published tolerance model [22].
Circadian shift time for each study was fitted if no dosing information with regards to daytime was
available. Otherwise, the circadian shift was calculated using the time of dosing and the time for
maximum heart rate. Time of peak heart rate was gathered from the published tolerance model and
set to 5:42 PM – a value that is in good agreement with data published before [24, 25]. For studies
which lack data on absolute heart rate values, published mean heart rate data was added to heart
rate changes from baseline [26]. Figure 1 in the main manuscript shows a structural overview of the
developed PBPK/PD model. The parameter set for the PD model is summarized in Table S2.9.1
and simulated heart rate profiles after the administration of nicotine in comparison to observed data
is depicted in Figure S3.11.1.
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2.6 Clinical study data
2.6.1 Clinical study data of nicotine used for PBPK model building and evaluation

Table S2.6.1: Clinical study data of nicotine used for PBPK model building and evaluation.
Dose Subjects

Study Route Dataset [mg] [µg/kg] N Smokers [%] Females [%] Age [y] Weight [kg] Cotinine
metabolite

Andersson and Arner 2001 [27] iv (30 min, s.d.) e 15.0 11 0.0 0.0 (20–32) - no
Benowitz and Jacob 1993 (1) [12] iv (30 min, s.d.) i 15.0 11 0.0 18.2 34.0 (22–58) - yes
Benowitz and Jacob 1993 (2) [12] iv (30 min, s.d.) i 15.0 11 100.0 18.2 33.0 (22–51) - yes
Benowitz and Jacob 1993 (3) [12] iv (30 min, s.d.) e 60.0 11 100.0 18.2 33.0 (22–51) - yes
Benowitz and Jacob 1994a (1)a [1] iv (30 min, s.d.) e 4.2 60.0 20 100.0 50.0 36.0 (23–51) 70.5 (53.0–100.4) yes
Benowitz et al. 1991a (1) [28] iv (24 h, s.d.) i 19.8 14 100.0 0.0 39.0 (27–64) 72.8 (56.2–103.9) yes
Benowitz et al. 1994b [29] iv (24 h, s.d.) i 288.0 12 100.0 0.0 34.0 (20–55) 76.4 (60.0–96.9) yes
Feyerabend et al. 1985 (1) [30] iv (1 min, s.d.) i 1.8 25.0 5 100.0 0.0 (24–41) 69.3 no
Gourlay and Benowitz 1997 (1) [31] iv (30 min, s.d.) e 5.1 60.0 12 100.0 0.0 38.0 - yes
Molander et al. 2001 (young) [32] iv (10 min, s.d.) e 28.0 20 100.0 50.0 (22–43) - yes
Molander et al. 2001 (elderly) [32] iv (10 min, s.d.) e 28.0 20 100.0 60.0 (65–76) - yes
Porchet et al. 1988 (1)b [23] iv (30 min, m.d.) e 75.0 8 100.0 0.0 36.0 (22–43) - no
Porchet et al. 1988 (2)c [23] iv (30 min, m.d.) e 75.0 8 100.0 0.0 36.0 (22–43) - no
Porchet et al. 1988 (3)d [23] iv (30 min, m.d.) e 75.0 8 100.0 0.0 36.0 (22–43) - no
Zevin et al. 1997 (1)e [33] iv (30 min, s.d.) i 15.0 12 0.0 50.0 33.0 (18–47) 73.0 no
Zevin et al. 1997 (2)f [33] iv (30 min, s.d.) e 15.0 12 0.0 50.0 33.0 (18–47) 73.0 no
Benowitz et al. 1991b (1) [34] po (cap, s.d.) i 3.0 7 100.0 0.0 (24–48) 77.1 (68.1–89.9) no
Benowitz et al. 1991b (2) [34] po (cap, s.d.) e 4.0 2 100.0 0.0 (24–48) - no
Benowitz et al. 1991b (3) [34] po (cap, s.d.) e 6.0 1 100.0 0.0 (24–48) - no
Benowitz et al. 2010 [35] po (-, q.i.d., 5 days) e 0.05 12 0.0 50.0 32.6 (20–61) - yes
Green et al. 1999 (1) [36] po (cap, s.d.) i 6.0 12 0.0 41.7 28.0 (21–33) 73.0 (57.0–96.0) yes
Green et al. 1999 (2) [36] po (cap, s.d.) e 15.0 12 0.0 41.7 28.0 (21–33) 73.0 (57.0–96.0) yes
Jarvis et al. 1988 [37] po (cap, 7 times/day, 5 days) e 4.0 1 0.0 - (27–54) - yes
Xu et al. 2002 (NM) [5] po (cap, s.d.) i 4.0 6 7.1 64.3 - - yes
Xu et al. 2002 (PM) [5] po (cap, s.d.) i 4.0 3 7.1 64.3 - - yes
Benowitz et al. 1988 (1) [21] gum (s.d.) e 4.0 10 100.0 0.0 (24–61) - no
Choi et al. 2003 (1) [38] gum (s.d.) e 2.0 25 100.0 52.0 33.7 - no
Choi et al. 2003 (2) [38] gum (13 gums, m.d.) e 2.0 24 100.0 53.8 29.0 - no
Choi et al. 2003 (3) [38] gum (s.d.) e 4.0 20 100.0 50.0 31.0 - no
Choi et al. 2003 (4) [38] gum (13 gums, m.d.) e 4.0 26 100.0 53.8 29.0 - no
Dautzenberg et al. 2007 [39] gum (12 gums, m.d.) e 2.0 24 100.0 0 - - no
Du 2018 (1) [40] gum (s.d.) e 2.0 62 100.0 47.6 26.8 (19–51) - no
Du 2018 (2) [40] gum (s.d.) e 4.0 73 100.0 47.6 26.8 (19–51) - no
Hansson et al. 2017 (1) [41] gum (s.d.) e 2.0 42 100.0 43.2 28.4 (19–49) - no
Hansson et al. 2017 (2) [41] gum (s.d.) e 4.0 40 100.0 43.2 28.4 (19–49) - no

values for age and weight are given as mean (range)
-, not given; cap, capsule; cigs., cigarettes; combust., combustible; e, external test dataset; e-cigs, e-cigarettes; i, internal training dataset; iv, intravenous;
m.d., multiple dose; N, number of individuals studied; NM, normal metabolizer; PM, poor metabolizer; po, oral; q.i.d., four times daily; q.d., once daily; s.d., single dose
a fraction of nicotine dose metabolized to cotinine depicted b two nicotine iv infusions 90 minutes separated c two nicotine iv infusions 150 minutes separated d two nicotine iv infusions 240 minutes separated
e nicotine iv and placebo po administered concurrently f nicotine iv and cotinine po administered concurrently g loading dose of the nicotine patch h six patches over seven days with no patch on day two
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Table S2.6.1: Clinical study data of nicotine used for PBPK model building and evaluation. (continued)
Dose Subjects

Study Route Dataset [mg] [µg/kg] N Smokers [%] Females [%] Age [y] Weight [kg] Cotinine
metabolite

Hansson et al. 2017 (3) [41] gum (12 gums, m.d.) e 4.0 33 100.0 50.0 30.0 (19–50) - no
Bannon et al. 1989 (1) [42] transdermal (24 h, s.d.) e 15.0g 9 100.0 - 24.6 - no
Bannon et al. 1989 (2) [42] transdermal (24 h, s.d.) i 30.0g 9 100.0 - 24.6 - no
Bannon et al. 1989 (3) [42] transdermal (24 h, q.d., 7 days) e 30.0g 9 100.0 - 28.3 - no
Bannon et al. 1989 (4) [42] transdermal (24 h, s.d.) e 60.0g 9 100.0 - 24.6 - no
Benowitz et al. 1991a (2) [28] transdermal (24 h, s.d.) i 52.5g 11 100.0 0.0 39.0 (27–64) 72.8 (56.2–103.9) no
Fant et al. 2000 (Alza) [43] transdermal (24 h, q.d., 3 days) i 114.0g 25 100.0 36.0 25.8 73.3 no
Fant et al. 2000 (Novartis) [43] transdermal (24 h, q.d., 3 days) i 52.5g 25 100.0 36.0 25.8 73.3 no
Fant et al. 2000 (Upjohn) [43] transdermal (16 h, q.d., 3 days) i 24.9g 25 100.0 36.0 25.8 73.3 no
Gupta et al. 1993 (1) [44] transdermal (24 h, s.d.) i 105.0g 12 100.0 0.0 34.0 (20–55) 76.4 (60.0–96.9) yes
Gupta et al. 1993 (2) [44] transdermal (24 h, q.d., 7 days)h e 105.0g 12 100.0 0.0 34.0 (20–55) 76.4 (60.0–96.9) yes
Armitage et al. 1975 [45] inhalation (combust. cigs., s.d.) e 2.1 8 100.0 0.0 (29–51) - no
Benowitz et al. 1988 (2) [21] inhalation (combust. cigs., s.d.) e 1.5 10 100.0 0.0 (24–61) - no
Benowitz et al. 1982 (1) [46] inhalation (30 combust. cigs., m.d.) e 0.4 12 100.0 42.0 38.8 (21–63) - no
Benowitz et al. 1982 (2) [46] inhalation (30 combust. cigs., m.d.) e 1.2 12 100.0 42.0 38.8 (21–63) - no
Benowitz et al. 1982 (3) [46] inhalation (30 combust. cigs., m.d.) e 2.5 12 100.0 42.0 38.8 (21–63) - no
Fearon et al. 2017 (Study 1) [47] inhalation (combust. cigs., s.d.) e 1.0 24 100.0 29.2 34.0 (24–51) 76.4 (46.2–107.5) no
Fearon et al. 2017 (Study 2) [47] inhalation (combust. cigs., s.d.) e 0.5 18 100.0 33.3 33.5 (24–54) 76.3 (49.0–95.5) no
Feyerabend et al. 1985 (2) [30] iv and inhalation

(1 min, m.d. plus 6 combust. cigs.)
e 1.8; 1.3 5 100.0 0.0 (24–41) 69.3 (62.0–80.2) no

Feyerabend et al. 1985 (3) [30] inhalation (13 combust. cigs., m.d.) e 0.8 1 100.0 0.0 (24–41) 71.2 no
Feyerabend et al. 1985 (4) [30] inhalation (21 combust. cigs., m.d.) e 1.3 1 100.0 0.0 (24–41) 71.0 no
Feyerabend et al. 1985 (5) [30] inhalation (13 combust. cigs., m.d.) e 2.4 1 100.0 0.0 (24–41) 71.2 no
Gourlay and Benowitz 1997 (2) [31] inhalation (combust. cigs., s.d.) e 1.9 6 100.0 0.0 38.0 85.0 no
Mendelson et al. 2008 [48] inhalation (3 combust. cigs., m.d.) e 0.8 12 100.0 0.0 25.7 - no
Rose et al. 2010 [13] inhalation (combust. cigs., s.d.) i 0.1 13 100.0 30.8 41.0 89.0 no
Russell et al. 1983 [49] inhalation (combust. cigs., s.d.) e 1.4 3 33.0 0.0 (30–50) - no
St. Helen et al. 2016 [50] inhalation (e-cigs., s.d.) e 1.2 13 100.0 46.2 38.4 (19–58) - no
St. Helen et al. 2019 (1) [51] inhalation (e-cigs., s.d.) e 0.9 33 100.0 22.2 35.4 (25–41.5) - no
St. Helen et al. 2019 (2) [51] inhalation (combust. cigs., s.d.) e - 33 100.0 22.2 35.4 (25–41.5) - no
Brain tissue concentration
simulation (gum, 2 mg)

gum (16 gums, m.d.) - 2.0 100 100.0 0.0 30.0 (20–40) 80.4 (70.4–90.4) -

Brain tissue concentration
simulation (gum, 4 mg)

gum (16 gums, m.d.) - 4.0 100 100.0 0.0 30.0 (20–40) 80.4 (70.4–90.4) -

Brain tissue concentration
simulation (pulmonary)

inhalation (16 cigs., m.d.) - 1.4 100 100.0 0.0 30.0 (20–40) 80.4 (70.4–90.4) -

Brain tissue concentration
simulation (transdermal)

transdermal (24 h, s.d.) - 52.5g 100 100.0 0.0 30.0 (20–40) 80.4 (70.4–90.4) -

values for age and weight are given as mean (range)
-, not given; cap, capsule; cigs., cigarettes; combust., combustible; e, external test dataset; e-cigs, e-cigarettes; i, internal training dataset; iv, intravenous;
m.d., multiple dose; N, number of individuals studied; NM, normal metabolizer; PM, poor metabolizer; po, oral; q.i.d., four times daily; q.d., once daily; s.d., single dose
a fraction of nicotine dose metabolized to cotinine depicted b two nicotine iv infusions 90 minutes separated c two nicotine iv infusions 150 minutes separated d two nicotine iv infusions 240 minutes separated
e nicotine iv and placebo po administered concurrently f nicotine iv and cotinine po administered concurrently g loading dose of the nicotine patch h six patches over seven days with no patch on day two
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2.6.2 Clinical study data of cotinine used for PBPK model building and evaluation

Table S2.6.2: Clinical study data of cotinine used for PBPK model building and evaluation.

Dose Subjects

Study Route Dataset [mg] [µg/kg] N Smokers [%] Females [%] Age [y] Weight [kg]

Benowitz and Jacob 1994a (2) [1] iv (30 min, s.d.) e 4.4 60.0 6 0.0 50.0 37.0 (27–39) 73.2 (58–94)
De Schepper et al. 1987 (1) [4] iv (30 min, s.d.) i 5.0 4 0.0 0.0 (22–24) (64–73)
De Schepper et al. 1987 (2) [4] iv (30 min, s.d.) i 10.0 4 0.0 0.0 (22–24) (64–73)
De Schepper et al. 1987 (3) [4] iv (30 min, s.d.) i 20.0 3 0.0 0.0 (22–24) (64–73)
Curvall et al. 1990 (1) [52] iv (1.5-3 min, s.d.) e 5.0 7 0.0 22.2 31.6 (23–56) 72.2 (55–85)
Curvall et al. 1990 (2) [52] iv (1.5-3 min, s.d.) e 10.0 9 0.0 22.2 31.6 (23–56) 72.2 (55–85)
Curvall et al. 1990 (3) [52] iv (1.5-3 min, s.d.) e 20.0 9 0.0 22.2 31.6 (23–56) 72.2 (55–85)
Zevin et al. 1997 (3) [33] iv (30 min, s.d.) e 15.0 12 0.0 50.0 33.0 (18–47) 73.0
Zevin et al. 1997 (4) [33] iv (30 min, s.d.) e 15.0 12 0.0 50.0 33.0 (18–47) 73.0

values for age and weight are given as mean (range)
e, external test dataset; i, internal training dataset; iv, intravenous; N, number of individuals studied; s.d., single dose
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2.6.3 Clinical study data used for PD model building and evaluation

Table S2.6.3: Clinical study data of nicotine used for PD model building and evaluation.

Dose Subjects

Study Route Dataset [mg] [µg/kg] N Smokers [%] Females [%] Age [y] Weight [kg]

Andersson and Arner 2001 [27] iv (30 min, s.d.) e 15.0 11 0.0 0.0 (20–32) -
Porchet et al. 1988 (1)a [23] iv (30 min, m.d.) i 75.0 8 100.0 0.0 36.0 (22–43) -
Porchet et al. 1988 (2)b [23] iv (30 min, m.d.) i 75.0 8 100.0 0.0 36.0 (22–43) -
Porchet et al. 1988 (3)c [23] iv (30 min, m.d.) i 75.0 8 100.0 0.0 36.0 (22–43) -
Benowitz et al. 1988 (1) [21] gum (s.d.) e 4.0 10 100.0 0.0 (24–61) -
Benowitz et al. 1988 (2) [21] inhalation (combust. cigs., s.d.) e 1.5 10 100.0 0.0 (24–61) -
Gilbert et al. 1989 (1) [53] inhalation (combust. cigs., s.d.) e 0.1 40 50.0 50.0 28.8 (25–35) -
Gilbert et al. 1989 (2) [53] inhalation (combust. cigs., s.d.) e 0.8 40 50.0 50.0 28.8 (25–35) -
Gourlay and Benowitz 1997 (2) [31] inhalation (combust. cigs., s.d.) e 1.9 6 100.0 0.0 38.0 85.0
Mendelson et al. 2008 [48] inhalation (3 combust. cigs., m.d.) e 0.8 12 100.0 0.0 25.7 -
St. Helen et al. 2016 [50] inhalation (e-cigs., s.d.) e 1.2 13 100.0 46.1 38.4 (19–58) -
Heart rate simulation (4 cigs.) inhalation (4 cigs., m.d.) - 1.4 100 100.0 0.0 30.0 (20–40) 80.4 (70.4 - 90.4)
Heart rate simulation (16 cigs.) inhalation (16 cigs., m.d.) - 1.4 100 100.0 0.0 30.0 (20–40) 80.4 (70.4 - 90.4)
Heart rate simulation (16 gums) gum (16 gums, m.d.) - 2.0 100 100.0 0.0 30.0 (20–40) 80.4 (70.4 - 90.4)
Heart rate simulation (transdermal) transdermal (24 h, s.d.) - 52.5d 100 100.0 0.0 30.0 (20–40) 80.4 (70.4 - 90.4)

values for age and weight are given as mean (range)
-, not given; cigs., cigarettes; combust., combustible; e, external test dataset; i, internal training dataset; iv, intravenous; m.d., multiple dose; N, number of individuals studied;
s.d., single dose
a two nicotine iv infusions 90 minutes separated
b two nicotine iv infusions 150 minutes separated
c two nicotine iv infusions 240 minutes separated
d loading dose of the nicotine patch

11



2.7 Drug-dependent parameters of the final parent-metabolite nicotine-cotinine PBPK model

Table S2.7.1: Drug-dependent parameters of the final nicotine-cotinine PBPK model.

Nicotine Model Cotinine Model

Parameter Unit Value Reference Value Reference Description

MW g/mol 162.2 [54]a 176.2 [54]b Molecular weight
pKa1 8.1 (basic) [55] 4.5 (basic) [56] Acid dissociation constant 1
pKa2 3.3 (basic) [55] Acid dissociation constant 2
logP 1.6* 1.2, 1.4 [55, 57] -0.1* 0.21 [54]b Lipophilicity
Solubility (pH) mg/mL 93.3 (7.0) [54]a 117.0 (7.0) [54]b Solubility
fu % 95.1 80.0-95.1 [58] 97.4 [59] Fraction unbound (plasma)
CYP2A6 KM µmol/L 29.4* 11.0, 32.0, 33.0, 144.0 [8–11] CYP2A6 Michaelis-Menten constant
CYP2A6-NM kcat (nonsmokers) 1/min 12.0* n.a. CYP2A6-NM catalytic rate constant

for nonsmokers
CYP2A6-NM kcat (smokers) 1/min 10.5* n.a. CYP2A6-NM catalytic rate constant

for smokers
CYP2A6-PM kcat 1/min 0.0 [5] CYP2A6-PM catalytic rate constant
CYP2B6 KM µmol/L 820.0 [60] CYP2B6 Michaelis-Menten constant
CYP2B6 kcat 1/min 16.0* n.a. CYP2B6 catalytic rate constant
BBB-transporterin KM µmol/L 92.4 [3] BBB-transporterin Michaelis-Menten constant
BBB-transporterin kcat 1/s 5.3E+03* n.a. BBB-transporterin catalytic rate constant
BBB-transporterout KM µmol/L 7.0E-05* n.a. BBB-transporterout Michaelis-Menten constant
BBB-transporterout kcat 1/s 0.4* n.a. BBB-transporterout catalytic rate constant
Cell permeabilities calculated PK-Sim® Standard [61] calculated PK-Sim® Standard [61] Permeation across cell membranes
Partition coefficients calculatedc Rodgers and Rowland [62–64] calculatedc PK-Sim® Standard [61] Organ-plasma partition coefficients
GFR fraction 1.0 6.0E-02* Fraction of GFR used for

passive elimination by the kidney
Unspecific hepatic clearance 1/min 0.3* n.a. 2.0E-02* n.a. Elimination from plasma

(first order process in the liver)

BBB, blood-brain-barrier; CYP, cytochrome P450; GFR, glomerular filtration rate; n.a., not available; NM, normal metabolizer; PM, poor metabolizer
* model input parameter estimated
a DrugBank entry for nicotine. https://www.drugbank.ca/drugs/DB00184. Accessed 21 Oct 2019
b DrugBank entry for cotinine. https://www.drugbank.ca/metabolites/DBMET00519. Accessed 21 Oct 2019
c for details see Table S2.7.2
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Table S2.7.2: Tissue-plasma partition coefficients of the final nicotine-cotinine PBPK model.

Tissue Nicotinea Cotinineb

Bone 1.27 0.70
Brain 1.89 0.88
Fat 0.74 0.74
Gonads 3.27 0.82
Heart 2.24 0.81
Kidney 4.15 0.82
Stomach 2.90 0.84
Small intestine 2.90 0.84
Large intestine 2.90 0.84
Liver periportal 3.96 0.81
Liver pericentral 3.96 0.81
Lung 3.25 0.83
Muscle 3.05 0.83
Pancreas 2.46 0.77
Skin 2.10 0.72
Spleen 2.86 0.80

Partition coefficients between intracellular space and plasma
a Estimated via Rodgers and Rowland [62–64]
b Estimated via PK-Sim® Standard [61]
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2.8 Formulation-dependent parameters of the final nicotine-cotinine PBPK model

Table S2.8.1: Formulation-dependent parameters of the final nicotine-cotinine PBPK model for oral application of nicotine.

Dissolution

Study tlag [min] 50 % dissolved [min] Shape Tablet time
delay factor

Description

Benowitz et al. 1991b (1) [34] 10.5 22.0 1.9 0.2 capsule
Benowitz et al. 1991b (2) [34] 10.5 22.0 1.9 0.2 capsule
Benowitz et al. 1991b (3) [34] 10.5 22.0 1.9 0.2 capsule
Benowitz et al. 2010 [35] - - - - oral solution
Green et al. 1999 (1) [36] 167.4 346.9 0.5 0.7 capsule
Green et al. 1999 (2) [36] 167.4 346.9 0.5 0.7 capsule
Jarvis et al. 1988 [37] - - - - oral solution
Xu et al. 2002 (NM) [5] 5 59.6 1.8 0.2 capsule
Xu et al. 2002 (PM) [5] 5 59.6 1.8 0.2 capsule
Benowitz et al. 1988 (1) [21] - - - - guma

Choi et al. 2003 (1) [38] - - - - guma

Choi et al. 2003 (2) [38] - - - - guma

Choi et al. 2003 (3) [38] - - - - guma

Choi et al. 2003 (4) [38] - - - - guma

Du 2018 (1) [40] - - - - guma

Du 2018 (2) [40] - - - - guma

Dautzenberg et al. 2007 [39] - - - - guma

Hansson et al. 2017 (1) [41] - - - - guma

Hansson et al. 2017 (2) [41] - - - - guma

Hansson et al. 2017 (3) [41] - - - - guma

Brain tissue concentration
simulation (gum, 2 mg)

- - - - guma

Brain tissue concentration
simulation (gum, 4 mg)

- - - - guma

Heart rate simulation
(gum, 2 mg)

- - - - guma

NM, normal metabolizer; PM, poor metabolizer
a Release kinetics profile used from Morjaria et al. (PK-Sim® table release) [14]
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Table S2.8.2: Reported machine smoked nicotine yield and estimated human pulmonary nicotine exposure of combustible
cigarettes for studies under investigation.

Exposure [mg]

Study Machine smoked
nicotine yield

Estimated yield

Benowitz et al. 1982 (1) [46] 0.4 0.4
Fearon et al. 2017 (Study 2) [47] 0.5 0.7
Feyerabend et al. 1985 (3) [30] 0.8 1.1
Mendelson et al. 2008 [48] 0.8 1.2
Fearon et al. 2017 (Study 1) [47] 1.0 1.3
Benowitz et al. 1982 (2) [46] 1.2 1.4
Feyerabend et al. 1985 (4) [30] 1.3 1.5
Feyerabend et al. 1985 (2) [30] 1.3 2.0
Russell et al. 1983 [49] 1.4 2.2
Benowitz et al. 1988 (2) [21] 1.5 1.6
Gourlay and Benowitz 1997 (2) [31] 1.9 2.2
Feyerabend et al. 1985 (5) [30] 2.4 1.5
Benowitz et al. 1982 (3) [46] 2.5 1.8
St. Helen et al. 2019 (2) - 2.4

-, not given

Table S2.8.3: Drug product-dependent and system-dependent parameters of the transdermal nicotine PBPK model.
TTS/SC SC/DSL DSL/Plasma

Study Loading dose [mg] k1 [ 1
min ] k-1 [ 1

min ] k2 [ 1
min ] k-2 [ 1

min ] k3 [ 1
min ] k-3 [ 1

min ]

Bannon et al. 1989 (1) [42] 15.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Bannon et al. 1989 (2) [42] 30.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Bannon et al. 1989 (3) (m.d.) [42] 30.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Bannon et al. 1989 (4) [42] 60.00 8.63E-04 2.79E-03 1.93E+01 3.39E+00 9.63E-03 4.72E-03
Benowitz et al. 1991a (2) [28] 52.50 2.24E-04 8.35E-02 8.27E-01 1.18E-04 8.10E-03 1.64E-05

Fant et al. 2000 [43]
(Upjohn, m.d.)

24.90 3.69E-01 4.60E+00 2.98E-02 8.57E-01 5.42E-01 1.85E+00

Fant et al. 2000 [43]
(Novartis, m.d.)

52.50 1.11E-03 8.29E-03 5.00E-03 1.68E-02 3.46E+01 7.61E-01

Fant et al. 2000 [43]
(Alza, m.d.)

114.00 1.57E-01 1.35E+01 2.24E+00 1.63E-01 3.60E-02 6.26E+01

Gupta et al. 1993 (1) [44] 105.05 9.83E-01 2.40E+01 1.17E-01 9.93E-01 8.24E-01 4.00E+01
Gupta et al. 1993 (2) (m.d.) [44] 105.05 9.83E-01 2.40E+01 1.17E-01 9.93E-01 8.24E-01 4.00E+01
Brain tissue concentration
simulation (transdermal)

52.50 1.11E-03 8.29E-03 5.00E-03 1.68E-02 3.46E+01 7.61E-01

Heart rate simulation
(transdermal)

52.50 1.11E-03 8.29E-03 5.00E-03 1.68E-02 3.46E+01 7.61E-01

k1, first order rate constant for nicotine transport from nicotine patch into stratum corneum
k-1, first order rate constant for nicotine transport from stratum corneum back into nicotine patch
k2, first order rate constant for nicotine transport from stratum corneum into deeper skin layers
k-2, first order rate constant for nicotine transport from deeper skin layers back into stratum corneum
k3, first order rate constant for nicotine transport from deeper skin layers into plasma
k-3, first order rate constant for nicotine transport from plasma back into deeper skin layers
DSL, deeper skin layers; m.d., multiple dose; SC, stratum corneum; TTS, transdermal therapeutic system

15



2.9 Parameters of the final PD heart rate model

Table S2.9.1: Drug-dependent and system-dependent parameters of the final PD model.

Parameter Unit Value Reference Standard deviation Descriptiona

Emax bpm 111.6 n.a. Maximum possible heart rate
elevation without tolerance

EC50 ng/mL 33.7 n.a. Concentration at half-maximum elevation
h 1.3 n.a. Hill coefficient
tolin 1/h 15.3 n.a. Tolerance appearance rate
tolout 1/h 0.2 n.a. Tolerance disappearance rate
tol50 ng/mL 11.7 n.a. Scaling parameter for tolerance
γ 0.4 n.a. Nonlinearity parameter
amp % 6.3c [22] Circadian amplitude
HRBL[27] bpm 111.5 n.a. 10.0 [26] Baseline heart rate for [27]
HRBL[21](1) bpm 65.2 n.a. 7.0 [26] Baseline heart rate for [21] (1)
HRBL[21](2) bpm 64.7 n.a. 7.0 [26] Baseline heart rate for [21] (2)
HRBL[53](1) bpm 73.6 n.a. 10.0 [26] Baseline heart rate for [53] (1)
HRBL[53](2) bpm 78.5 n.a. 10.0 [26] Baseline heart rate for [53] (2)
HRBL[31] bpm 81.6 n.a. 7.0 [26] Baseline heart rate for [31]
HRBL[48] bpm 68.8 n.a. 10.0 [26] Baseline heart rate for [48]
HRBL[50] bpm 72.2 n.a. 7.0 [26] Baseline heart rate for [50]
HRBL[23](1) bpm 60.1 n.a. 7.0 [26] Baseline heart rate for [23](1)
HRBL[23](2) bpm 60.1 n.a. 7.0 [26] Baseline heart rate for [23](2)
HRBL[23](3) bpm 60.1 n.a. 7.0 [26] Baseline heart rate for [23](3)
HRBL, HR simulations bpm 78.0 [26] 7.0 [26] Baseline heart rate for HR simulations
shiftBL[27] h 9.7 [22, 27]b Circadian time shift for [27]
shiftBL[21](1) h 10.7 n.a. Circadian time shift for [21] (1)
shiftBL[21](2) h 10.7 n.a. Circadian time shift for [21] (2)
shiftBL[53](1) h 8.2 [22, 53]b Circadian time shift for [53] (1)
shiftBL[53](2) h 8.2 [22, 53]b Circadian time shift for [53] (2)
shiftBL[31] h 2.7 n.a. Circadian time shift for [31]
shiftBL[48] h 7.7 [22, 48]b Circadian time shift for [48]
shiftBL[50] h 8.2 [22, 50]b Circadian time shift for [50]
shiftBL[23](1) h 6.7 n.a. Circadian time shift for [23] (1)
shiftBL[23](2) h 6.7 n.a. Circadian time shift for [23] (2)
shiftBL[23](3) h 6.7 n.a. Circadian time shift for [23] (3)

n.a., not available
a Descriptions carried over from [22]
b Computed
c amp was set to 0 for HR simulations in Section 3.12 for better comparability
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2.10 System-dependent parameters and virtual populations
System-dependent parameters for the PBPK/PD model, including reference concentrations with
geometric standard deviation, tissue expression as well as protein half-lives of all enzymes and trans-
porters implemented in the model are summarized in Table S2.10.1.

Table S2.10.1: System-dependent parameters and expression of relevant enzymes, transporters and other ADME processes.
Reference concentration Half-live [h]

Mean [µmol/L]a GSDb Relative expression Liver Intestine

Enzymes
CYP2A6-NM 2.72 [65] 1.40 RT-PCRc [66] 26.0 23.0
CYP2A6-PM 2.72 [65] 1.40 RT-PCRc [66] 26.0 23.0
CYP2B6 1.56 [65] 1.40 ProteomicsDBd [7] 32.0 23.0

Transporters
BBB-transporterin 1.00e [6] 1.40 36.0 23.0
BBB-transporterout 1.00e [6] 1.40 36.0 23.0

Processes
Unspecific hepatic clearance of nicotine - 1.40
Unspecific hepatic clearance of cotinine - 1.40

ADME, absorption, distribution, metabolism and elimination; CYP, cytochrome P450; GSD, Geometric standard deviation;
NM, normal metabolizer; PM, poor metabolizer; RT-PCR, reverse transcription polymerase chain reaction
a In the tissue of the highest expression
b Geometric standard deviation with coefficient of variation (CV) of 35% assumed
c PK-Sim® expression database profile
d ProteomicsDB entry for CYP2B6. https://www.proteomicsdb.org/proteomicsdb/#human/proteinDetails/P20813/expression. Accessed 21 Oct 2019
e If no information available it was set to 1.0 µmol/L and kcat optimized according to [6]

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 Commission on Radiological Protection)
or Japanese databases [61, 67]. Furthermore, the reference concentrations of both the metabolizing
enzymes CYP2A6 and CYP2B6 and the nicotine transporters in the BBB as well as unspecific
hepatic clearance rates of nicotine and cotinine were set to be log-normally distributed with a relative
standard deviation of 35%. Heart rate was set to be normally distributed with variabilities according
to Umetani et al. [26]. For details on study populations see Tables S2.6.1 to S2.6.3. Simulations
were generated with the virtual populations with geometric mean ± geometric standard deviation
and plotted with the corresponding observed data (see Section 3).
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3 PBPK/PD model evaluation
The descriptive (internal training dataset) and predictive (external test dataset) performance of
the PBPK/PD model is comprehensively demonstrated: Linear and semilogarithmic plots of pop-
ulation predictions are compared to observed plasma concentration-time profiles, fractions excreted
to urine, brain tissue concentrations (Sections 3.1 to 3.6) and heart rate profiles (Section 3.11).
Moreover, goodness-of-fit plots comparing predicted to observed plasma concentrations are shown in
Figures S3.1.3, S3.2.3, S3.3.3, S3.4.3, S3.5.3, S3.6.3 and S3.11.2.

Predicted compared to observed area under the concentration–time curves from the first to the
last data point (AUClast) and maximum concentrations (Cmax) values of all studies are shown in
Figure S3.9.1 and of each route of administration seperately in Figures S3.1.4, S3.2.4, S3.3.4, S3.4.4,
S3.5.4 and S3.6.4. The predicted and observed AUClast and Cmax values of all studies including the
geometric mean fold error (GMFE) and the mean relative deviation (MRD) values of all studies are
listed in Tables S3.8.1 and S3.8.2.

A local sensitivity analysis was performed with a simulation of the highest studied pulmonary dose in
steady-state (30 times 2.5 mg over 15 hours). A detailed description and the results of the sensitivity
analysis can be found in Section 3.10.
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3.1 Intravenous administration of nicotine
In this section, linear and semilogarithmic plots of plasma concentration-time profiles, linear plots
of fractions of nicotine dose excreted unchanged to urine (Figs. S3.1.1 and S3.1.2), goodness-of-
fit plots of predicted compared to observed plasma concentrations (Fig. S3.1.3) and goodness-of-fit
plots of predicted compared to observed AUClast and Cmax values (Fig. S3.1.4) after intravenous
administration of nicotine are shown.
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Figure S3.1.1: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (linear) and nicotine
fraction excreted unchanged to urine (●) after intravenous administration of nicotine. 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 described in the study table with detailed information
about dosing regimens (Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in
Table S3.8.2. iv, intravenous; m.d., multiple dose.
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Figure S3.1.1: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (linear) and nicotine
fraction excreted unchanged to urine (●) after intravenous administration of nicotine. 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 described in the study table with detailed information
about dosing regimens (Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in
Table S3.8.2. iv, intravenous; m.d., multiple dose. (continued)

20



(s)

0
10

20
30

40

iv, 1 µg/kg/min (30 min)

Time [h]

F
ra

ct
io

n 
E

xc
re

te
d 

to
 U

rin
e 

[%
]

0 12 24 36

●

● Nicotine, Molander et al. 2001 (elderly)

(t)

0
10

20
30

40

iv, 0.5 µg/kg/min (30 min)

Time [h]

F
ra

ct
io

n 
E

xc
re

te
d 

to
 U

rin
e 

[%
]

0 3 6 9

●

● Nicotine, Zevin et al. 1997 (1)

Figure S3.1.1: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (linear) and nicotine
fraction excreted unchanged to urine (●) after intravenous administration of nicotine. 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 described in the study table with detailed information
about dosing regimens (Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in
Table S3.8.2. iv, intravenous; m.d., multiple dose. (continued)

21



(a)

iv, 0.5 µg/kg/min (30 min)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

0
10

1

0 0.5 1 1.5 2

●

●

●
●

●
●

● Nicotine, Andersson and Arner 2001

(b)

iv, 2.0 µg/kg/min (30 min)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

0
10

1
10

2

0 12 24 36 48

●

●
●

●
●
●
●

●

●

●

●

●

●

●

●
●
●●

●● ● ●

●

●

●

●

Cotinine, Benowitz and Jacob 1994a (1)
Nicotine, Benowitz and Jacob 1994a (1)

(c)

iv, 19.8 mg (24 h)

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

●

●
●

●● ● ● ● ● ● ● ●●●●●●●

●

●

●

●

●

●

●
●

●
● ●

● ●
●●●●● ●

● ●

●

●

Cotinine, Benowitz et al. 1991a (1)
Nicotine, Benowitz et al. 1991a (1)

(d)

iv, 0.5 µg/kg/min (30 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 12 24 36 48 60 72

●

●
●
●
●
●

●
●
●

●

●

●
●

● ●

●

●

●

●

●

Cotinine, Benowitz and Jacob 1993 (1)
Nicotine, Benowitz and Jacob 1993 (1)

(e)

iv, 0.5 µg/kg/min (30 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 12 24 36 48 60 72

●

●
●

●
●
●
●

●
●

●
●
●
●

●
●●
●●●●

●

● ●

●

●

Cotinine, Benowitz and Jacob 1993 (2)
Nicotine, Benowitz and Jacob 1993 (2)

(f)

iv, 2.0 µg/kg/min (30 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 12 24 36 48 60 72

●

●
●

●
●
●
●

●
●

●

●

●

●

●
●
●●

●●●
●

●

●

●

●

●

Cotinine, Benowitz and Jacob 1993 (3)
Nicotine, Benowitz and Jacob 1993 (3)

(g)

iv, 0.2 µg/kg/min (24 h)

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

●
●

●
● ● ● ● ● ●

● ●
●
●●●●

●
●

●

●

●

●

●

●
●

● ●
●

● ● ● ● ● ●
●

●

●

●

Cotinine, Benowitz et al. 1994b
Nicotine, Benowitz et al. 1994b

(h)

iv, 25 µg/kg/min (1 min)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

0
10

1

0 1 2 3 4

●

●

●

●
●

●
●

●

● ●

● Nicotine, Feyerabend et al. 1985 (1)

(i)

iv, 2.0 µg/kg/min (30 min)

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]
10

0
10

1
10

2

0 2 4 6 8

●

●

●
●●

●●
●●

●●●

●

●

●

●●
●

● ● ● ● ● ● ●

●

●

Cotinine, Gourlay and Benowitz 1997 (1)
Nicotine, Gourlay and Benowitz 1997 (1)

Figure S3.1.2: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (semilogarithmic) after
intravenous administration of nicotine. 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
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and
observed AUClast and Cmax values are compared in Table S3.8.2. iv, intravenous; m.d., multiple dose.
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Figure S3.1.2: Nicotine (●, ●) and cotinine metabolite (●, ●) plasma concentration-time profiles (semilogarithmic)
after intravenous administration of nicotine. 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 described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. iv, intravenous; m.d., multiple dose.
(continued)
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Figure S3.1.3: Predicted versus observed plasma concentrations ((a) nicotine, (b) cotinine metabolite) after intra-
venous administration of nicotine. 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 S3.1.4: Predicted versus observed nicotine and cotinine metabolite AUC (a) and Cmax (b) values after intrave-
neous administration of nicotine. 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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3.2 Intravenous administration of cotinine
In this section, linear and semilogarithmic plots of plasma concentration-time profiles, linear plots
of fractions of cotinine dose excreted unchanged to urine (Figs. S3.2.1 and S3.2.2), a goodness-of-
fit plot of predicted compared to observed plasma concentrations (Fig. S3.2.3) and goodness-of-fit
plots of predicted compared to observed AUClast and Cmax values (Fig. S3.2.4) after intravenous
administration of cotinine are shown.
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Figure S3.2.1: Cotinine plasma concentration-time profiles (linear) and cotinine fraction excreted unchanged to urine
after intravenous administration of cotinine. 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 described in the study table (Table S2.6.2). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. iv, intravenous.
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Figure S3.2.1: Cotinine plasma concentration-time profiles (linear) and cotinine fraction excreted unchanged to urine
after intravenous administration of cotinine. 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 described in the study table (Table S2.6.2). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. iv, intravenous. (continued)
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Figure S3.2.2: Cotinine plasma concentration-time profiles (semilogarithmic) after intravenous administration of co-
tinine. 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 geo-
metric SD. References with numbers in parentheses link to a specific observed dataset described in the study
table (Table S2.6.2). Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. iv,
intravenous.
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Figure S3.2.3: Predicted versus observed plasma concentrations after intravenous administration of cotinine. 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 S3.2.4: Predicted versus observed cotinine AUC (a) and Cmax (b) values after intraveneous administration of
cotinine. 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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3.3 Oral administration of nicotine (including nicotine gums)
In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figs. S3.3.1
and S3.3.2), goodness-of-fit plots of predicted compared to observed plasma concentrations (Fig. S3.3.3)
and goodness-of-fit plots of predicted compared to observed AUClast and Cmax values (Fig. S3.3.4)
after oral administration of nicotine including nicotine gums are shown.
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Figure S3.3.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after oral administration
of nicotine. 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 described
in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and observed
AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal Metabolizer; PM,
Poor Metabolizer; po, oral; q.i.d., four times daily.
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Figure S3.3.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after oral administration
of nicotine. 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 described
in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and observed
AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal Metabolizer; PM,
Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)
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Figure S3.3.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after oral administration
of nicotine. 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 described
in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted and observed
AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal Metabolizer; PM,
Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)
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Figure S3.3.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after oral ad-
ministration of nicotine. 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 pre-
dicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal
Metabolizer; PM, Poor Metabolizer; po, oral; q.i.d., four times daily.
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Figure S3.3.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after oral ad-
ministration of nicotine. 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 pre-
dicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal
Metabolizer; PM, Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)
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Figure S3.3.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after oral ad-
ministration of nicotine. 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 pre-
dicted population geometric SD. References with numbers in parentheses link to a specific observed dataset
described in the study table with detailed information about dosing regimens (Table S2.6.1). Predicted
and observed AUClast and Cmax values are compared in Table S3.8.2. m.d., multiple dose; NM, Normal
Metabolizer; PM, Poor Metabolizer; po, oral; q.i.d., four times daily. (continued)
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Figure S3.3.3: Predicted versus observed plasma concentrations ((a) nicotine, (b) cotinine metabolite) after oral
administration of nicotine (including nicotine gums). 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 S3.3.4: Predicted versus observed nicotine and cotinine metabolite AUC (a) and Cmax (b) values after oral
administration of nicotine. 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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3.4 Transdermal administration of nicotine (nicotine patches)
In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figs. S3.4.1
and S3.4.2), goodness-of-fit plots of predicted compared to observed plasma concentrations (Fig. S3.4.3)
and goodness-of-fit plots of predicted compared to observed AUClast and Cmax values (Fig. S3.4.4)
after transdermal administration of nicotine with nicotine patches are shown.
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Figure S3.4.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after transdermal admin-
istration of nicotine (nicotine patch). 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 described in the study table with detailed information about dosing regimens (Table S2.6.1).
Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch, transdermal therapeutic
system (nicotine patch).
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Figure S3.4.1: Nicotine and cotinine metabolite plasma concentration-time profiles (linear) after transdermal admin-
istration of nicotine (nicotine patch). 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 described in the study table with detailed information about dosing regimens (Table S2.6.1).
Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch, transdermal therapeutic
system (nicotine patch). (continued)
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Figure S3.4.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after transder-
mal administration of nicotine (nicotine patch). 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 described in the study table with detailed information about dosing regimens
(Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch,
transdermal therapeutic system (nicotine patch).
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Figure S3.4.2: Nicotine and cotinine metabolite plasma concentration-time profiles (semilogarithmic) after transder-
mal administration of nicotine (nicotine patch). 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 described in the study table with detailed information about dosing regimens
(Table S2.6.1). Predicted and observed AUClast and Cmax values are compared in Table S3.8.2. patch,
transdermal therapeutic system (nicotine patch). (continued)
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Figure S3.4.3: Predicted versus observed plasma concentrations ((a) nicotine, (b) cotinine metabolite) after trans-
dermal administration of nicotine (nicotine patches). 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 S3.4.4: Predicted versus observed nicotine and cotinine metabolite AUC (a) and Cmax (b) values after trans-
dermal administration of nicotine (nicotine patches). 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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3.5 Pulmonary administration of nicotine (combustible cigarettes with estimated
pulmonary nicotine exposure and e-cigarettes)

In this section, linear and semilogarithmic plots of plasma and brain tissue concentration-time profiles
(Figs. S3.5.1 and S3.5.2), goodness-of-fit plots of predicted compared to observed plasma concentra-
tions (Fig. S3.5.3) and predicted versus observed AUClast and Cmax values (Fig. S3.5.4) after admin-
istration of combustible cigarettes (with estimated pulmonary nicotine exposure) and e-cigarettes are
shown.
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Figure S3.5.1: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (linear) after inhalation (com-
bustible cigarettes and e-cigarettes). 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. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous.
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Figure S3.5.1: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (linear) after inhalation (com-
bustible cigarettes and e-cigarettes). 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. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous. (continued)
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Figure S3.5.2: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (semilogarithmic) after inhalation
(combustible cigarettes and e-cigarettes). 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. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous.
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Figure S3.5.2: Nicotine plasma (●, ●) and brain tissue (●) concentration-time profiles (semilogarithmic) after inhalation
(combustible cigarettes and e-cigarettes). 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. For venous blood plasma simulations (−) estimated pulmonary nicotine
exposures for combustible cigarettes were used (see Table S2.8.2). References with numbers in parentheses
link to a specific observed dataset described in the study table (Table S2.6.1). Predicted and observed AUClast
and Cmax values are compared in Table S3.8.2. comb. cig., combustible cigarette; e-cig., e-cigarette; iv,
intravenous. (continued)
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Figure S3.5.3: Predicted versus observed nicotine concentrations after pulmonary administration of combustible
cigarettes (with estimated pulmonary nicotine exposure) and e-cigarettes. 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 S3.5.4: Predicted versus observed nicotine AUC (a) and Cmax (b) values after pulmonary administration of
combustible cigarettes (with estimated pulmonary nicotine exposure) and e-cigarettes. Each symbol
represents the AUClast or Cmax of a different 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 concentration–time curve from the first to the last data point; Cmax, maximum concentration.
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3.6 Pulmonary administration of nicotine (combustible cigarettes with machine
smoked nicotine yields)

In this section, linear and semilogarithmic plots of plasma concentration-time profiles (Figs. S3.6.1
and S3.6.2), goodness-of-fit plots of predicted compared to observed plasma concentrations (Fig. S3.6.3)
and goodness-of-fit plots of predicted compared to observed AUClast and Cmax values (Fig. S3.6.4)
after administration of combustible cigarettes (with machine smoked nicotine yields) are shown.
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Figure S3.6.1: Nicotine plasma (●, ●) concentration-time profiles (linear) after inhalation (combustible cigarettes with
machine smoked nicotine yields). 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. Machine smoked nicotine yields from the respective studies were used for nicotine
doses (see Table S2.8.2). References with numbers in parentheses link to a specific observed dataset described
in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv, intravenous.

51



(j)

0
20

40
60

80

inhalation, 1.3 mg, 21 comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

0 3 6 9 12 15

●

●●

●

●
●
●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

● Nicotine, Feyerabend et al. 1985 (4)

(k)

0
20

40
60

inhalation, 1.9 mg, comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

0 0.5 1 1.5

●

●

●
●●

●
●

●

●
● ●

●
●

●

●

●

●

●●

●

●

●

●●

●

●
●

●
● ●

●

●

Nicotine, Gourlay and Benowitz 1997 (2)

Nicotine, Gourlay and Benowitz 1997 (2)
(arterial blood plasma)

(l)

0
10

20
30

inhalation, 0.8 mg, 3 comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

0 1 2 3 4

●

●

●

●

●
●

●
●

●

●

●
●

●
●

●
● ●

●

●

●

●
●

●
● ●

●

● Nicotine, Mendelson et al. 2008

(m)

0
5

10
15

20
25

30

inhalation, 1.4 mg, comb. cig.

Time [h]

P
la

sm
a 

C
on

ce
nt

ra
tio

n 
[n

g/
m

l]

0 0.5 1 1.5 2

●

●

●

●

●

●

●

●

●

●

●
●

● Nicotine, Russell et al. 1983

Figure S3.6.1: Nicotine plasma (●, ●) concentration-time profiles (linear) after inhalation (combustible cigarettes with
machine smoked nicotine yields). 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. Machine smoked nicotine yields from the respective studies were used for nicotine
doses (see Table S2.8.2). References with numbers in parentheses link to a specific observed dataset described
in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv, intravenous. (continued)
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Figure S3.6.2: Nicotine plasma (●, ●) concentration-time profiles (semilogarithmic) after inhalation (combustible
cigarettes with machine smoked nicotine yields). 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. Machine smoked nicotine yields from the respective
studies were used for nicotine doses (see Table S2.8.2). References with numbers in parentheses link to a
specific observed dataset described in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv,
intravenous.
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Figure S3.6.2: Nicotine plasma (●, ●) concentration-time profiles (semilogarithmic) after inhalation (combustible
cigarettes with machine smoked nicotine yields). 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. Machine smoked nicotine yields from the respective
studies were used for nicotine doses (see Table S2.8.2). References with numbers in parentheses link to a
specific observed dataset described in the study table (Table S2.6.1). comb. cig., combustible cigarette; iv,
intravenous. (continued)
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Figure S3.6.3: Predicted versus observed nicotine plasma concentrations after pulmonary administration of com-
bustible cigarettes with machine smoked nicotine yields. 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 S3.6.4: Predicted versus observed nicotine AUClast (a) and Cmax (b) values after pulmonary administration
of combustible cigarettes with machine smoked nicotine yields. 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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3.7 Brain tissue concentration simulations
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Figure S3.7.1: Simulations of nicotine brain tissue concentration-time profiles after pulmonary (16 hours), oral (2 mg
and 4 mg gums, 16 hours) and transdermal (patch, 24 hours) nicotine administration. Population sim-
ulation (n=100) geometric means are shown as lines (−); the shaded areas represent the predicted population
geometric SD. Detailed information about dosing regimens, study populations and model input parameters
is given in Tables S2.6.1, S2.8.1 and S2.8.3. patch, transdermal therapeutic system (nicotine patch).
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3.8 Quantitative PBPK model evaluation
As quantitative performance measures, mean relative deviations (MRD) of the predicted plasma con-
centrations for all observed and the corresponding predicted plasma concentrations and the geometric
mean fold errors (GMFE) of the AUClast and Cmax were calculated according to Equation S10 and
Equation S11, respectively.

MRD = 10x with x =
¿
ÁÁÀ 1

n

n

∑
i=1
(log10 ĉi − log10 ci)2 (S10)

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 [68]. MRD values for all studies are given in Table S3.8.1.

The GMFE was calculated for all observed AUClast and Cmax values according to Equation S11.

GMFE = 10x with x = 1
n

n

∑
i=1
∣ log10(

âi
ai
)∣ (S11)

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 S3.8.2.

3.8.1 Mean relative deviation (MRD) values of nicotine and cotinine concentration predictions

Table S3.8.1: Mean relative deviation (MRD) values of nicotine and cotinine plasma concentration predictions.
Route Dose MRD Reference

Nicotine
iv (1 min, s.d.) 25.0 µg/kg 1.41 Feyerabend et al. 1985 (1) [30]
iv (10 min, s.d.) 28.0 µg/kg 1.62 Molander et al. 2001 (young) [32]
iv (10 min, s.d.) 28.0 µg/kg 1.50 Molander et al. 2001 (elderly) [32]
iv (24 h, s.d.) 19.8 mg 1.06 Benowitz et al. 1991a (1) [28]
iv (24 h, s.d.) 288.0 µg/kg 1.12 Benowitz et al. 1994b [29]
iv (30 min, m.d.) 75.0 µg/kg 1.16 Porchet et al. 1988 (1) [23]
iv (30 min, m.d.) 75.0 µg/kg 1.19 Porchet et al. 1988 (2) [23]
iv (30 min, m.d.) 75.0 µg/kg 1.19 Porchet et al. 1988 (3) [23]
iv (30 min, s.d.) 15.0 µg/kg 1.09 Andersson and Arner 2001 [27]
iv (30 min, s.d.) 60.0 µg/kg 1.11 Benowitz and Jacob 1994a (1) [1]
iv (30 min, s.d.) 15.0 µg/kg 1.15 Benowitz and Jacob 1993 (1) [12]
iv (30 min, s.d.) 15.0 µg/kg 1.13 Benowitz and Jacob 1993 (2) [12]
iv (30 min, s.d.) 60.0 µg/kg 1.16 Benowitz and Jacob 1993 (3) [12]
iv (30 min, s.d.) 60.0 µg/kg 1.20 Gourlay and Benowitz 1997 (1) [31]
iv (30 min, s.d.) 60.0 µg/kg 1.40 Gourlay and Benowitz 1997 (1)

(arterial blood plasma) [31]
iv (30 min, s.d.) 15.0 µg/kg 1.17 Zevin et al. 1997 (1) [33]
iv (30 min, s.d.) 15.0 µg/kg 1.20 Zevin et al. 1997 (2) [33]
iv and inhalation (1 min, m.d.
plus 6 combustible cigarettes)

1.8; 2.0 mg 1.21 Feyerabend et al. 1985 (2) [30]

po (cap, s.d.) 4.0 mg 1.17 Benowitz et al. 1991b (2) [34]
po (cap, s.d.) 3.0 mg 1.26 Benowitz et al. 1991b (1) [34]
po (cap, s.d.) 6.0 mg 1.31 Benowitz et al. 1991b (3) [34]
po (cap, s.d.) 6.0 mg 1.60 Green et al. 1999 (1) [36]
po (cap, s.d.) 15.0 mg 1.48 Green et al. 1999 (2) [36]
po (cap, s.d.) 4.0 mg 3.10 Xu et al. 2002 (NM) [5]
po (cap, s.d.) 4.0 mg 1.75 Xu et al. 2002 (PM) [5]

Overall MRD: 1.52 (80/91 with MRD ≤ 2)
-, not given; cap, capsule; iv, intravenous; m.d., multiple dose; MRD, mean relative deviation;
NM, normal metabolizer; PM, poor metabolizer; po, oral; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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Table S3.8.1: Mean relative deviation (MRD) values of nicotine and cotinine plasma concentration predictions. (continued)
Route Dose MRD Reference

gum (m.d., 12 gums) 2.0 mg 1.28 Dautzenberg et al. 2007 [39]
gum (m.d., 12 gums) 4.0 mg 1.37 Hansson et al. 2017 (3) [41]
gum (m.d., 13 gums) 4.0 mg 1.89 Choi et al. 2001 (3) [38]
gum (m.d., 13 gums) 2.0 mg 1.15 Choi et al. 2001 (2) [38]
gum (s.d.) 4.0 mg 3.51 Benowitz et al. 1988 (1) [21]
gum (s.d.) 2.0 mg 2.96 Choi et al. 2001 (1) [38]
gum (s.d.) 4.0 mg 1.21 Choi et al. 2001 (4) [38]
gum (s.d.) 2.0 mg 1.50 Du 2018 (1) [40]
gum (s.d.) 4.0 mg 1.55 Du 2018 (2) [40]
gum (s.d.) 2.0 mg 2.26 Hansson et al. 2017 (1) [41]
gum (s.d.) 4.0 mg 1.72 Hansson et al. 2017 (2) [41]
inhalation (13 combustible cigarettes, m.d.) 1.1 mg 1.40 Feyerabend et al. 1985 (3) [30]
inhalation (13 combustible cigarettes, m.d.) 1.5 mg 1.39 Feyerabend et al. 1985 (5) [30]
inhalation (21 combustible cigarettes, m.d.) 1.5 mg 1.15 Feyerabend et al. 1985 (4) [30]
inhalation (3 combustible cigarettes, m.d.) 1.2 mg 1.27 Mendelson et al. 2008 [48]
inhalation (30 combustible cigarettes, m.d.) 1.8 mg 1.58 Benowitz et al. 1982 (3) [46]
inhalation (30 combustible cigarettes, m.d.) 1.4 mg 1.48 Benowitz et al. 1982 (2) [46]
inhalation (30 combustible cigarettes, m.d.) 0.4 mg 1.25 Benowitz et al. 1982 (1) [46]
inhalation (combustible cigarettes, s.d.) 2.2 mg 1.19 Gourlay and Benowitz 1997 (2) [31]
inhalation (combustible cigarettes, s.d.) 2.2 mg 1.73 Gourlay and Benowitz 1997 (2)

(arterial blood plasma) [31]
inhalation (combustible cigarettes, s.d.) 1.6 mg 1.09 Benowitz et al. 1988 (2) [21]
inhalation (combustible cigarettes, s.d.) 0.7 mg 1.08 Fearon et al. 2017 (Study 2) [47]
inhalation (combustible cigarettes, s.d.) 1.3 mg 1.36 Fearon et al. 2017 (Study 1) [47]
inhalation (combustible cigarettes, s.d.) 2.2 mg 1.20 Russell et al. 1983 [49]
inhalation (combustible cigarettes, s.d.) 2.4 mg 1.08 St. Helen et al. 2019 (2) [51]
inhalation (combustible cigarettes, s.d.) 2.1 mg 1.69 Armitage et al. 1975

(arterial blood plasma) [45]
inhalation (combustible cigarettes, s.d.) 0.14 mg 1.57 Rose et al. 2010 [13]
inhalation (e-cigarettes, s.d.) 0.9 mg 1.17 St. Helen et al. 2019 (1) [51]
inhalation (e-cigarettes, s.d.) 1.2 mg 1.16 St. Helen et al. 2016 [50]
transdermal (16 h, m.d.) 15.0 mg 1.08 Fant et al. 2000 (Novartis) [43]
transdermal (24 h, m.d.) 21.0 mg 1.34 Fant et al. 2000 (Alza) [43]
transdermal (24 h, m.d.) 21.0 mg 1.19 Fant et al. 2000 (Upjohn) [43]
transdermal (24 h, m.d., 7 days) 30.0 mg 1.36 Bannon et al. 1989 (3) [42]
transdermal (24 h, q.d., 7 days) 36.0 mg 1.40 Gupta et al. 1993 (2) [44]
transdermal (24 h, s.d.) 52.5 mg 1.56 Benowitz et al. 1991a (2) [28]
transdermal (24 h, s.d.) 15 mg 1.18 Bannon et al. 1989 (1) [42]
transdermal (24 h, s.d.) 30 mg 1.07 Bannon et al. 1989 (2) [42]
transdermal (24 h, s.d.) 60 mg 1.22 Bannon et al. 1989 (4) [42]
transdermal (24 h, s.d.) 36 mg 1.12 Gupta et al. 1993 (1) [44]

Nicotine MRD 1.44 (60/64 with MRD ≤ 2)

Cotinine
iv (1.5-3 min, s.d.) 20.0 mg 1.10 Curvall et al. 1990 (3) [52]
iv (1.5-3 min, s.d.) 10.0 mg 1.14 Curvall et al. 1990 (2) [52]
iv (1.5-3 min, s.d.) 5.0 mg 1.24 Curvall et al. 1990 (1) [52]
iv (10 min, s.d.)a 28.0 µg/kg 1.08 Molander et al. 2001 (young) [32]
iv (10 min, s.d.)a 28.0 µg/kg 1.04 Molander et al. 2001 (elderly) [32]
iv (24 h, s.d.)a 19.8 mg 4.74 Benowitz et al. 1991a (1) [28]
iv (24 h, s.d.)a 288.0 µg/kg 1.32 Benowitz et al. 1994b [29]
iv (30 min, s.d.)a 60.0 µg/kg 1.46 Benowitz and Jacob 1994a (1) [1]
iv (30 min, s.d.) 60.0 µg/kg 1.37 Benowitz and Jacob 1994a (2) [1]
iv (30 min, s.d.)a 15.0 µg/kg 1.87 Benowitz and Jacob 1993 (1) [12]
iv (30 min, s.d.)a 60.0 µg/kg 2.22 Benowitz and Jacob 1993 (2) [12]
iv (30 min, s.d.)a 60.0 µg/kg 1.68 Benowitz and Jacob 1993 (3) [12]
iv (30 min, s.d.)a 60.0 µg/kg 2.32 Gourlay and Benowitz 1997 (1) [31]
iv (30 min, s.d.)a 60.0 µg/kg 2.36 Gourlay and Benowitz 1997 (1)

(arterial blood plasma) [31]
iv (30 min, s.d.) 15.0 µg/kg 1.25 Zevin et al. 1997 (3) [33]
iv (30 min, s.d.) 15.0 µg/kg 1.26 Zevin et al. 1997 (4) [33]
iv (30 min, s.d.) 20.0 mg 1.10 De Schepper et al. 1987 (3) [4]
iv (30 min, s.d.) 10.0 mg 1.14 De Schepper et al. 1987 (2) [4]

Overall MRD: 1.52 (80/91 with MRD ≤ 2)
-, not given; cap, capsule; iv, intravenous; m.d., multiple dose; MRD, mean relative deviation;
NM, normal metabolizer; PM, poor metabolizer; po, oral; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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Table S3.8.1: Mean relative deviation (MRD) values of nicotine and cotinine plasma concentration predictions. (continued)
Route Dose MRD Reference

iv (30 min, s.d.) 5.0 mg 1.09 De Schepper et al. 1987 (1) [4]
po (-, q.i.d., 5 days)a 0.05 mg 1.42 Benowitz et al. 2010 [35]
po (cap, 7 times/day, 5 days)a 4.0 mg 2.14 Jarvis et al. 1988 [37]
po (cap, s.d.)a 6.0 mg 1.12 Green et al. 1999 (1) [36]
po (cap, s.d.)a 15.0 mg 1.18 Green et al. 1999 (2) [36]
po (cap, s.d.)a 4.0 mg 2.01 Xu et al. 2002 (NM) [5]
po (cap, s.d.)a 4.0 mg 2.20 Xu et al. 2002 (PM) [5]
transdermal (24 h, q.d., 7 days)a 36.0 mg 1.06 Gupta et al. 1993 (2) [44]
transdermal (24 h, s.d.)a 36.0 mg 1.91 Gupta et al. 1993 (1) [44]

Cotinine MRD 1.77 (20/27 with MRD ≤ 2)

Overall MRD: 1.52 (80/91 with MRD ≤ 2)
-, not given; cap, capsule; iv, intravenous; m.d., multiple dose; MRD, mean relative deviation;
NM, normal metabolizer; PM, poor metabolizer; po, oral; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite

60



3.8.2 Geometric mean fold error (GMFE) for nicotine and cotinine concentration-time profiles

Table S3.8.2: Predicted and observed AUClast and Cmax values of nicotine, cotinine metabolite and cotinine after intravenous administration
AUClast Cmax

Route Dose Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

Nicotine
iv (1 min, s.d.) 25.0 µg/kg 9.52 10.09 0.94 24.01 23.05 1.04 Feyerabend et al. 1985 (1) [30]
iv (10 min, s.d.) 28.0 µg/kg 28.70 24.92 1.15 17.63 10.51 1.68 Molander et al. 2001 (young) [32]
iv (10 min, s.d.) 28.0 µg/kg 37.25 32.47 1.15 21.91 17.29 1.27 Molander et al. 2001 (elderly) [32]
iv (24 h, s.d.) 19.8 mg 282.59 286.29 0.99 11.88 13.19 0.90 Benowitz et al. 1991a (1) [28]
iv (24 h, s.d.) 288.0 µg/kg 304.03 285.59 1.06 13.14 15.07 0.87 Benowitz et al. 1994b [29]
iv (30 min, m.d.) 75.0 µg/kg 141.94 125.34 1.13 52.92 45.36 1.17 Porchet et al. 1988 (1) [23]
iv (30 min, m.d.) 75.0 µg/kg 132.54 117.64 1.13 49.40 37.91 1.30 Porchet et al. 1988 (2) [23]
iv (30 min, m.d.) 75.0 µg/kg 117.40 103.33 1.14 45.99 39.51 1.16 Porchet et al. 1988 (3) [23]
iv (30 min, s.d.) 15.0 µg/kg 6.62 6.74 0.98 7.59 7.42 1.02 Andersson and Arner 2001 [27]
iv (30 min, s.d.) 60.0 µg/kg 55.19 50.80 1.09 29.18 24.22 1.20 Benowitz and Jacob 1994a (1) [1]
iv (30 min, s.d.) 15.0 µg/kg 12.14 10.80 1.12 7.93 6.19 1.28 Benowitz and Jacob 1993 (1) [12]
iv (30 min, s.d.) 15.0 µg/kg 12.40 12.87 0.96 8.02 8.31 0.97 Benowitz and Jacob 1993 (2) [12]
iv (30 min, s.d.) 60.0 µg/kg 62.36 59.51 1.05 31.87 29.62 1.08 Benowitz and Jacob 1993 (3) [12]
iv (30 min, s.d.) 60.0 µg/kg 21.19 19.50 1.09 32.42 28.81 1.12 Gourlay and Benowitz 1997 (1) [31]
iv (30 min, s.d.) 60.0 µg/kg 30.85 29.86 1.03 56.34 48.36 1.17 Gourlay and Benowitz 1997 (1)

(arterial blood plasma) [31]
iv (30 min, s.d.) 15.0 µg/kg 13.06 13.00 1.00 7.44 6.96 1.07 Zevin et al. 1997 (1) [33]
iv (30 min, s.d.) 15.0 µg/kg 13.06 13.35 0.98 7.44 7.58 0.98 Zevin et al. 1997 (2) [33]
iv and inhalation (1 min, m.d.
plus 6 combustible cigarettes)

1.8; 2.0 mg 210.37 194.84 1.08 57.41 60.83 0.94 Feyerabend et al. 1985 (2) [30]

po (cap, s.d.) 4.0 mg 17.24 18.70 0.92 6.24 6.39 0.98 Benowitz et al. 1991b (2) [34]
po (cap, s.d.) 3.0 mg 22.28 21.08 1.06 8.14 7.51 1.08 Benowitz et al. 1991b (1) [34]
po (cap, s.d.) 6.0 mg 32.16 39.65 0.81 11.88 18.75 0.63 Benowitz et al. 1991b (3) [34]
po (cap, s.d.) 6.0 mg 20.96 23.69 0.88 2.10 2.20 0.96 Green et al. 1999 (1) [36]
po (cap, s.d.) 15.0 mg 52.25 47.69 1.10 5.10 5.00 1.02 Green et al. 1999 (2) [36]
po (cap, s.d.) 4.0 mg 20.91 29.45 0.71 7.18 7.74 0.93 Xu et al. 2002 (NM) [5]
po (cap, s.d.) 4.0 mg 67.38 112.77 0.60 19.30 22.15 0.87 Xu et al. 2002 (PM) [5]
gum (m.d., 12 gums) 2.0 mg 115.38 105.77 1.09 10.24 9.58 1.07 Dautzenberg et al. 2007 [39]
gum (m.d., 12 gums) 4.0 mg 185.20 232.74 0.80 20.65 29.68 0.70 Hansson et al. 2017 (3) [41]
gum (m.d., 13 gums) 4.0 mg 22.63 34.08 0.66 9.40 9.91 0.95 Choi et al. 2001 (3) [38]
gum (m.d., 13 gums) 2.0 mg 120.80 101.20 1.19 12.56 14.30 0.88 Choi et al. 2001 (2) [38]
gum (s.d.) 4.0 mg 8.30 9.76 0.85 6.57 6.50 1.01 Benowitz et al. 1988 (1) [21]
gum (s.d.) 2.0 mg 11.36 10.01 1.13 4.71 3.64 1.29 Choi et al. 2001 (1) [38]
gum (s.d.) 4.0 mg 241.18 217.14 1.11 25.16 30.10 0.84 Choi et al. 2001 (4) [38]
gum (s.d.) 2.0 mg 10.73 10.37 1.03 4.08 3.37 1.21 Du 2018 (1) [40]
gum (s.d.) 4.0 mg 21.40 21.48 1.00 8.10 6.47 1.25 Du 2018 (2) [40]

Total GMFE (AUClast): 1.12 (1.00–1.80)
Total GMFE (Cmax) : 1.15 (1.00–1.72)
-, not given; AUC, area under the concentration–time curve from the first to the last data point; cap, capsule; Cmax, maximum concentration; GMFE, geometric mean fold error;
iv, intravenous; m.d., multiple dose; NM, normal metabolizer; obs, observed; PM, poor metabolizer; po, oral; pred, predicted; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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Table S3.8.2: Predicted and observed AUClast and Cmax values of nicotine, cotinine after intravenous administration and cotinine metabolite (continued)
AUClast Cmax

Route Dose Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

gum (s.d.) 2.0 mg 12.43 21.11 0.59 4.53 6.59 0.69 Hansson et al. 2017 (1) [41]
gum (s.d.) 4.0 mg 25.07 33.92 0.74 9.02 10.13 0.89 Hansson et al. 2017 (2) [41]
inhalation (13 combustible cigarettes, m.d.) 1.1 mg 166.34 158.34 1.05 34.22 43.04 0.80 Feyerabend et al. 1985 (3) [30]
inhalation (13 combustible cigarettes, m.d.) 1.5 mg 222.82 209.81 1.06 45.87 53.04 0.86 Feyerabend et al. 1985 (5) [30]
inhalation (21 combustible cigarettes, m.d.) 1.5 mg 292.69 291.80 1.00 64.21 67.05 0.96 Feyerabend et al. 1985 (4) [30]
inhalation (3 combustible cigarettes, m.d.) 1.2 mg 27.80 30.89 0.90 20.01 18.38 1.09 Mendelson et al. 2008 [48]
inhalation (30 combustible cigarettes, m.d.) 1.8 mg 155.80 156.44 1.00 12.26 9.72 1.26 Benowitz et al. 1982 (3) [46]
inhalation (30 combustible cigarettes, m.d.) 1.4 mg 585.29 576.54 1.02 46.16 35.03 1.32 Benowitz et al. 1982 (2) [46]
inhalation (30 combustible cigarettes, m.d.) 0.4 mg 766.59 700.24 1.09 60.49 43.29 1.40 Benowitz et al. 1982 (1) [46]
inhalation (combustible cigarettes, s.d.) 2.2 mg 10.73 10.20 1.05 18.12 19.10 0.95 Gourlay and Benowitz 1997 (2) [31]
inhalation (combustible cigarettes, s.d.) 2.2 mg 14.87 12.97 1.15 58.99 37.13 1.59 Gourlay and Benowitz 1997 (2)

(arterial blood plasma) [31]
inhalation (combustible cigarettes, s.d.) 1.6 mg 11.27 10.79 1.04 12.79 12.70 1.01 Benowitz et al. 1988 (2) [21]
inhalation (combustible cigarettes, s.d.) 0.7 mg 3.60 3.57 1.01 6.69 6.30 1.06 Fearon et al. 2017 (Study 2) [47]
inhalation (combustible cigarettes, s.d.) 1.3 mg 2.09 2.13 0.98 12.38 11.98 1.03 Fearon et al. 2017 (Study 1) [47]
inhalation (combustible cigarettes, s.d.) 2.2 mg 11.53 10.46 1.10 21.21 24.51 0.87 Russell et al. 1983 [49]
inhalation (combustible cigarettes, s.d.) 2.4 mg 23.06 22.58 1.02 20.80 20.50 1.01 St. Helen et al. 2019 (2) [51]
inhalation (combustible cigarettes, s.d.) 2.1 mg 13.76 9.79 1.41 59.41 34.50 1.72 Armitage et al. 1975

(arterial blood plasma) [45]
inhalation (combustible cigarettes, s.d.) 0.14 mg 0.94 0.97 0.97 6.25 6.45 0.97 Rose et al. 2010 [13]
inhalation (e-cigarettes, s.d.) 0.9 mg 10.10 9.34 1.08 9.55 6.02 1.59 St. Helen et al. 2019 (1) [51]
inhalation (e-cigarettes, s.d.) 1.2 mg 10.52 9.33 1.13 10.76 8.11 1.33 St. Helen et al. 2016 [50]
transdermal (16 h, m.d.) 15.0 mg 997.83 989.51 1.01 16.41 17.97 0.91 Fant et al. 2000 (Novartis) [43]
transdermal (24 h, m.d.) 21.0 mg 1168.23 1107.57 1.05 18.62 26.65 0.70 Fant et al. 2000 (Alza) [43]
transdermal (24 h, m.d.) 21.0 mg 516.08 521.19 0.99 9.96 11.52 0.86 Fant et al. 2000 (Upjohn) [43]
transdermal (24 h, m.d., 7 days) 30.0 mg 568.18 457.57 1.24 15.98 15.19 1.05 Bannon et al. 1989 (3) [42]
transdermal (24 h, q.d., 7 days) 36.0 mg 451.81 366.48 1.23 17.16 19.33 0.89 Gupta et al. 1993 (2) [44]
transdermal (24 h, s.d.) 52.5 mg 188.12 190.92 0.99 7.96 9.51 0.84 Benowitz et al. 1991a (2) [28]
transdermal (24 h, s.d.) 15.0 mg 151.09 150.41 1.00 7.42 6.86 1.08 Bannon et al. 1989 (1) [42]
transdermal (24 h, s.d.) 30.0 mg 300.41 288.76 1.04 14.81 15.76 0.94 Bannon et al. 1989 (2) [42]
transdermal (24 h, s.d.) 60.0 mg 600.29 501.96 1.20 29.60 26.98 1.10 Bannon et al. 1989 (4) [42]
transdermal (24 h, s.d.) 36.0 mg 417.71 409.07 1.02 15.87 18.12 0.88 Gupta et al. 1993 (1) [44]

Nicotine GMFE 1.11 (1.00–1.70) 1.17 (1.01–1.72)

Cotinine
iv (1.5-3 min, s.d.) 20.0 mg 1123.80 1091.34 1.03 207.30 138.84 1.49 Curvall et al. 1990 (3) [52]
iv (1.5-3 min, s.d.) 10.0 mg 2278.15 2367.41 0.96 414.59 326.58 1.27 Curvall et al. 1990 (2) [52]
iv (1.5-3 min, s.d.) 5.0 mg 5120.26 5019.92 1.02 829.19 640.50 1.29 Curvall et al. 1990 (1) [52]
iv (10 min, s.d.)a 28.0 µg/kg 587.72 622.84 0.94 61.40 62.36 0.98 Molander et al. 2001 (young) [32]
iv (10 min, s.d.)a 28.0 µg/kg 868.09 882.38 0.98 84.08 86.76 0.97 Molander et al. 2001 (elderly) [32]

Total GMFE (AUClast): 1.12 (1.00–1.80)
Total GMFE (Cmax) : 1.15 (1.00–1.72)
-, not given; AUC, area under the concentration–time curve from the first to the last data point; cap, capsule; Cmax, maximum concentration; GMFE, geometric mean fold error;
iv, intravenous; m.d., multiple dose; NM, normal metabolizer; obs, observed; PM, poor metabolizer; po, oral; pred, predicted; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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Table S3.8.2: Predicted and observed AUClast and Cmax values of nicotine, cotinine after intravenous administration and cotinine metabolite (continued)
AUClast Cmax

Route Dose Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

iv (24 h, s.d.)a 19.8 mg 2556.29 2683.54 0.95 124.38 141.56 0.88 Benowitz et al. 1991a (1) [28]
iv (24 h, s.d.)a 288.0 µg/kg 3121.84 3278.14 0.95 134.73 158.64 0.85 Benowitz et al. 1994b [29]
iv (30 min, s.d.)a 60.0 µg/kg 830.69 1028.67 0.81 36.88 39.28 0.94 Benowitz and Jacob 1994a (1) [1]
iv (30 min, s.d.) 60.0 µg/kg 1125.82 1317.41 0.85 112.74 86.71 1.30 Benowitz and Jacob 1994a (2) [1]
iv (30 min, s.d.)a 15.0 µg/kg 253.91 342.80 0.74 10.03 10.69 0.94 Benowitz and Jacob 1993 (1) [12]
iv (30 min, s.d.)a 60.0 µg/kg 245.43 440.95 0.56 9.68 10.49 0.92 Benowitz and Jacob 1993 (2) [12]
iv (30 min, s.d.)a 60.0 µg/kg 981.12 1228.36 0.80 37.76 37.29 1.01 Benowitz and Jacob 1993 (3) [12]
iv (30 min, s.d.)a 60.0 µg/kg 189.53 183.33 1.03 37.97 36.61 1.04 Gourlay and Benowitz 1997 (1) [31]
iv (30 min, s.d.)a 60.0 µg/kg 198.99 198.82 1.00 38.10 38.01 1.00 Gourlay and Benowitz 1997 (1)

(arterial blood plasma) [31]
iv (30 min, s.d.) 15.0 µg/kg 228.90 248.78 0.92 28.26 20.98 1.35 Zevin et al. 1997 (3) [33]
iv (30 min, s.d.) 15.0 µg/kg 228.93 264.75 0.86 28.26 27.57 1.03 Zevin et al. 1997 (4) [33]
iv (30 min, s.d.) 20.0 mg 1332.21 1329.89 1.00 136.93 137.05 1.00 De Schepper et al. 1987 (3) [4]
iv (30 min, s.d.) 10.0 mg 2664.42 2322.18 1.15 273.85 286.25 0.96 De Schepper et al. 1987 (2) [4]
iv (30 min, s.d.) 5.0 mg 5328.83 5034.70 1.06 547.70 517.04 1.06 De Schepper et al. 1987 (1) [4]
po (-, q.i.d., 5 days)a 0.05 mg 22.68 27.48 0.83 2.48 2.42 1.02 Benowitz et al. 2010 [35]
po (cap, 7 times/day, 5 days)a 4.0 mg 3161.91 5705.77 0.55 336.93 294.00 1.15 Jarvis et al. 1988 [37]
po (cap, s.d.)a 6.0 mg 813.08 769.41 1.06 32.07 32.19 1.00 Green et al. 1999 (1) [36]
po (cap, s.d.)a 15.0 mg 2030.27 1942.74 1.05 79.60 91.85 0.87 Green et al. 1999 (2) [36]
po (cap, s.d.)a 4.0 mg 291.79 235.60 1.24 61.21 58.91 1.04 Xu et al. 2002 (NM) [5]
po (cap, s.d.)a 4.0 mg 23.67 20.36 1.16 5.29 6.42 0.83 Xu et al. 2002 (PM) [5]
transdermal (24 h, q.d., 7 days)a 36.0 mg 7638.70 7499.03 1.02 228.97 243.25 0.94 Gupta et al. 1993 (2) [44]
transdermal (24 h, s.d.)a 36.0 mg 4106.03 4172.18 0.98 155.78 156.90 0.99 Gupta et al. 1993 (1) [44]

Cotinine GMFE 1.14 (1.00–1.80) 1.11 (1.00–1.49)

Total GMFE (AUClast): 1.12 (1.00–1.80)
Total GMFE (Cmax) : 1.15 (1.00–1.72)
-, not given; AUC, area under the concentration–time curve from the first to the last data point; cap, capsule; Cmax, maximum concentration; GMFE, geometric mean fold error;
iv, intravenous; m.d., multiple dose; NM, normal metabolizer; obs, observed; PM, poor metabolizer; po, oral; pred, predicted; q.d., once daily; q.i.d., four times daily; s.d., single dose;
a cotinine metabolite
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3.9 AUClast and Cmax goodness of fit plots
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Figure S3.9.1: Predicted versus observed nicotine and cotinine AUClast (a) and Cmax (b) values. Each symbol represents
the AUClast or Cmax of a different plasma profile (circles: nicotine, triangles: cotinine metabolite and cotinine
iv). 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 concentration–time curve from the first to
the last data point; Cmax, maximum concentration; iv, intravenous; patch, transdermal therapeutic system
(nicotine patch); po, oral.
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3.10 Nicotine and cotinine PBPK model sensitivity analysis
A sensitivity analysis of the final nicotine and cotinine PBPK model to single parameter changes
(local sensitivity analysis) was performed. Sensitivity of the PBPK model was measured as the
relative change of the AUC from the last applied dose in a steady-state scenario extrapolated to
infinity (AUCinf) of the largest applied pulmonary dose of nicotine in the clinical studies used for
the PBPK model development (30 times 2.5 mg during 15 hours). 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) or if they might have a strong influence
due to calculation methods used in the model (e.g. fraction unbound) and/or if they have been
optimized. Model sensitivity to a model parameter was calculated as the ratio of the relative change
of the simulated AUCinf of nicotine and cotinine metabolite, respectively, to the relative variation of
the parameter around the value used in the final model according to Equation S12.

S = ∆AUCinf
∆p

⋅ p

AUCinf
(S12)

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. The analysis was performed using a relative perturbation of parameters of 10%.
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Figure S3.10.1: Nicotine and cotinine PBPK model local sensitivity analysis. Sensitivity of the model to single parame-
ters, measured as change of the simulated area under the plasma concentration-time curve of nicotine and
cotinine metabolite, respectively, from the last applied dose in a steady-state scenario (30 times 2.5 mg over
15 hours) extrapolated to infinity (AUCinf). A sensitivity value of +1.0 signifies that a 10% increase of the
examined parameter causes a 10% increase of the simulated AUCinf.

The results of the local sensitivity analysis (see Figure S3.10.1) reveal that, among the tested param-
eters, lipophilicity of nicotine and fraction unbound and unspecific hepatic clearance of cotinine have
the biggest impact on the tested nicotine and cotinine AUCinf. The analysis underlines the model’s

65



sensitivity to changes in the lipophilicity of nicotine, which plays a key role in many calculation
methods (e.g. partition coefficients) in the PBPK model. The fact that the unspecific heaptic clear-
ance of cotinine represents the major route of elimination for cotinine in the model explains the high
sensitivity of the model to this parameter. Additionally, the high sensitivity to the fraction unbound
of cotinine is to be expected, as the fraction unbound determines the concentrations available for all
pharmacokinetic processes. Values for the fractions unbound used in the model have been obtained
from literature [58, 59] and were not subject to any fitting endeavours.
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3.11 Heart rate population predictions after nicotine intake compared to observed data
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Figure S3.11.1: Heart rate profiles after intravenous, oral and pulmonary administration of nicotine. 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 described in the study table with detailed
information about dosing regimens (Tables S2.6.3 and S2.8.2). comb. cig., combustible cigarette; e-cig.,
e-cigarette; iv, intravenous; m.d., multiple dose.
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Figure S3.11.1: Heart rate profiles after intravenous, oral and pulmonary administration of nicotine. 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 described in the study table with detailed
information about dosing regimens (Tables S2.6.3 and S2.8.2). comb. cig., combustible cigarette; e-cig.,
e-cigarette; iv, intravenous; m.d., multiple dose.(continued)
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Figure S3.11.2: Predicted versus observed heart rates after nicotine intake. The black solid ( ) line marks the line of
identity, black dotted lines ( ) indicate 1.25-fold deviation.
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3.12 Heart rate simulations
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Figure S3.12.1: Simulations of heart rate profiles after pulmonary (16 cigarettes and 4 cigarettes, respectively), oral (16
gums) and transdermal (1 patch) nicotine administration. Population simulation geometric means are
shown as lines (−); the shaded areas represent the predicted population geometric SD. Detailed information
about dosing regimens, study populations and model input parameters is given in Tables S2.6.3, S2.8.1
and S2.8.3. patch, transdermal therapeutic system (nicotine patch).
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